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Chapter 1

Introduction

The evolution of the Universe, since the time when the fiestsstvere formed, is a central topic of present-
day astrophysical research. The main engines of this évolare stars with masses in excess ofMg,
referred to as “massive stars” . These stars occupy the yapeof the Hertzsprung-Russell (HR) diagram
with luminosities between twenty thousands and one miliolar luminosities. On the main sequence,
massive stars are spectroscopically identified as typesi@anty-B with temperatures betweer?5 and~

50 kK while later evolutionary stages can encompass, depgrch the initial mass, blyeed supergiants,

Wolf-Rayet (WR) stars, Luminous Blue Variables (LBV), angbsrnovas (SN).

1.1 Massive Stars and the Universe

Observations in the solar neighborhood indicate that iptiesent cosmos Nature seems to favor the for-
mation of lower mass stars over the formation of the mass$ars.sHowever, despite of their rarity, massive
stars play very important role in the present, but also iretmy Universe. Massive stars are critical agents
in galactic evolution. In the present cosmos, they providstof the metals and energy. In the distant
Universe, they dominate the UV light from the young galaxi€se very first generation of these objects,
the so-called Population Ill, might have influenced the fation and evolution of the first building blocks
of galaxies. These very massive first stars might have akso tesponsible for the re-ionization of the early
Universe. At the endpoint of their evolution, massive staffer a gravitational collapse and explode as a

supernova. Eventually, a Gamma-Ray-Burst emerges, theaneggetic cosmic flash.

Evolution of the cosmic matter Due to their short lifetime ~10” years agents one Gyr for stars like our
Sun — and powerful stellar winds, massive stars deposiga Emount of momentum and processes material

(helium, oxygen and other heavy eleméhtsto the IterStellar Medium (ISM) influencing its compasit

1carbon and nitrogen are mainly produced by low and interatednass stars (Renzini & Voli 1981; Wheeler et al. 1989).

1



2 CHAPTER 1. INTRODUCTION

Figure 1.1: What appears to be the hole of an elongated snioderr this National Radio Astronomy
Observatory image, really is an enormous, nearly emptyhleutdown into the dusty, gas disk of our Milky
Way Galaxy. Located at a distance of 30,000 light years fioerHarth, this bubble measures 1,100 by 520
light years.

and energetics, and subsequently contributing to the aataand dynamical evolution of the host galaxies.
Thus, massive stars, and in particular BA supergiants (Sf@n)serve as tracers of abundance gradients

in galaxies, and in stellar atmospheres. Studies of largwkss of hot massive stars (HMS) infiiirent

galactic environments can also provide observationaltcaings on the chemical evolution of the galaxies

(see Przybilla et al. 2007 and references therein).

HII regions, Wind bubbles and Star formation HMS emit the bulk of their radiation in the UV. This
radiation ionizes and heats a very large volume of the anlgias which then starts to expand (due to
a pressure dierence with the cool ISM) leading to the formation of the atlexl Stromgren spheres, or
S-type H-Il regions. Due to the absorption of UV photospheadiation by thousans of millions of metal
lines, continuous mass loss from the stellar surface isiaigated and maintained. Flowing away from the
star at supersonic velocities, the gas particles creatarostellar shells and wind-bubbles. Since massive
stars are mostly seen grouped in young clusters, wind-blmviables frequently interact with each other
forming super-bubbles, as the one shown in Fig 1.1. Theserdubbles are presently thought to be places
for new stars formation (Oey & Massey 1995). Perhaps, theybso responsible for the phenomenon of
galactic energetic outflows in starbursts (Kunth et al. 988d in starburst galaxies even at high redshifts

(Pettini et al. 1998).

Dark ages and the re-ionization of the Universe One of the most important challenges in modern cos-
mology is to understand how the cosmic “dark ages” ended.e®hbtons suggest that the Universe was

re-ionized at red-shift >5.8 (Fan et al. 2000) where this process was traditionatfipated to a population
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Figure 1.2: Drawing of a massive star collapsing to form &lblaole. Energy released as jets along the
axis of rotation forms a gamma ray burst. Credit: Nicolle &dgulleyNSF

of quasars. However, numerical simulations (e.g., Bromomri€zki, Loeb 2001; Broom, Coppi, Larson
2002 and references therein) indicate that the primordaaistiunction might be dominated by very massive
(M, > 10°M,, ) stars of extremely high temperaturd@g{ ~ 10° K). Since such stars are verffieient in the
ionization of H and He, they might have played a significatfé io the re-ionization of the gas, especially
at high red-shift £ ~5) where the known quasars do not seem to be able to maintionization of the
intergalactic medium. Thus, an early generation of verysivas zero-metal stars, called Population llI,
might be responsible for the first light in the “dark ages’n&i no star with metallicity below 18 Z,

has been so far discovered, this possibility still remainbe observationally proven though. Penetrating
deeper into the early Universe, close to the Big Bang, thee§aWebb Space Telescope (JWST), scheduled

for lunch in 2013, might help to solve this issue.

vy-ray bursts (GRB) - the most energetic cosmic flashes, second only to the Big Baare known for
many years, but their origin was discovered only in 1997 winenfirst afterglow X-ray emission from a
GRB (GRB 970508) was detected. Since then, the redshift vesssured for more than 100 111 GRBs.
The distribution of the corresponding data shows a peakmatau~ 1 with values going up ta = 6.29
(Haislip et al. 2006), thus indicating these objects arextriagalactic origin.

Although the nature of GRBs is not still established, thesesauggestive evidence to believe this phe-
nomenon is a result of terminal collapses of very massiwe;rtetallicity, single stars in particular WR
stars of type WO (Hirschi, Meynet, Maeder 2004; Hirschi e@l05a). Nice illustration of the collapsar
scenario announced by MacFadyen & Woosley (1999) is shovirigare 1.2 where the core of a very

massive, rapidly rotating star collapses into a black hdidenits envelope forms a hyper-accreting disc

2An althernative hypothesis that binary stars are the pritamsrof GRBs also exists (Izzard et al. 2004; Heger et al. 5200
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around the hole. The infall of material from the disc onto liteck hole powers an extremely energetic
jet that blasts outwards through the stellar envelope. Wheipet reaches the stellar surface, a gamma-ray
burst is produced.

The most direct evidence connecting GRBs to massive startharobservations of the afterglow of
GRB 980425 (Galama et al. 1999), GRB 980326 (Bloom et al. 1,998 GRB 970228 (Galama et al.
2000).

First building blocks Observations indicate that the spectral appearance of hyaremk galaxies andd
emitters at high redshifts is dominated by an intrinsic gafion of hot massive stars (e.g., Shapley et al.
2003). These results imply that the first generation of veagsive, low metallicity stars has very likely
influenced the formation and evolution of the first buildifigdis of galaxies (Rhoads & Malhotra 2001;

Malhotra & Rhoads 2002).

Extra-galactic distances Another exciting possibility that makes massive stars,artipular blue SGs,
very attractive is that they might serve as extra-galadstadce indicators, alternative to Cepheids (Ku-

dritzki et al, 1999, 2003).

1.2 Stellar winds from hot massive stars

It took about 400 years — from the Tycho Brahe observationlsefirst “nova-like ” object in 1572 till the
lunch of theCopernicussatellite in the mid of the 20th century — for astronomerseialize that not only
nova-like objects, but nearly all stars undergo continumass loss troughout some fraction of their life.
The continuous outflow of mass particles from the stellafaméris called “solastellar wind” where this
term was coined by Eugene Parker (Parker 1958, 1960).

In general, to have a stellar wind an outward directed fdarger than the gravitational force, is re-
quired to present in the star. Depending on the physicahpetexs of the underlaying star, various driving
mechanisms and thus, various types of stellar winds suah@sine driven winds, coronal winds, sound
wave driven winds, Alfven wave winds etc., have been progésexplain the results derived by observa-
tions’.

In the particular case of hot stars, the driving force is tffduo be the radiation force on spectral lines,
and the continuum. Indeed, due to their huge luminositiessd stars generate an enormous radiation

presssure which at some point in the atmosphere cancelsooyletely the gravity force leading to

3For a detailed description of wind models based dfedént driving mechanisms the interested reader is reféoréite book of
Lamers & Cassinelly (1999).
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a continuous mass outflow from the stellar surface. The mattow is additionally accelerated by
the transfer of photon momentum from the photospheric tadianto the stellar atmosphere through
absorption in UV spectral lines. This driving mechanisnmnguout to be veryfiicient: velocities up to a
factor of 10 higher than the corresponding sound speed cagdobed. Due to these reasons, stellar winds
from hot stars are known &sipersonic, line-drivewinds. Some aspects of stellar winds from hot stars are

summarized below:

e Winds modify the physics of hot massive star atmospheresdmirthting the density stratification

and the radiative transfer via their transonic velocitydse{Kudritzki 1998). Clear wind signatures can be
found both in the emergent spectrum (e.g., blue-shiftedraions, P Cygni-type profiles and emission
lines), and in the spectral energy distribution (e.g., ¥-emission, IR and radio excess emission) of
massive stars. In addition, winds modify the temperaturectire of the underlying photosphere by
scattering back a large part of the continuum photospheadation (the so-called “ wind-blanketing”,

see Sect.1.6.1). All this indicates that the neglect ofastelinds in studies of massive stars can lead
to substential errors in the derived stellar parameters. eikample, &ective temperatures and surface

gravities from optical line diagnostics are heavily inflaed by stellar winds.

¢ Winds play an important role in the evolution of massivestafluencing their evolutionary timescales,
surface abundances and luminosities. Due to stellar wimdsses are continuously reduced: a star with
initially 60 My on the main-sequence is expected to end up its life as a WRfataty 6 M, (Meynet et

al. 1994). This fact has at least two major consequencest, Bepending on its final mass, which in turn
depends on the amount of mass lost during its entire life, ssiva star will end its evolution either as a
neutron star, or as a black hole. Second, since the procesass loss may have a place even during the
main-sequence phase, the letter evolution of a massivefstdwe main-sequence into the RED supergiant
phase might be strongly influenced. Given the on-going debatthe existence of the Humphreys —

Davidson limit (see, e.g., Vink 2000 and references théréiis possibility is especially important.

e As noted in the previous section, winds provide a significemput of mechanic#tadiative mo-
mentum, energy, and processed material into the ISM thusiboting to the chemical and dynamical

evolution of galaxes.

e Stellar winds are a gift of Nature. They provide us with theque opportunity to investigate dis-

tant galaxies by analysing wind features in their integtapectra (e.g., Pettini et al. 2000; Leitherer et
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al. 2001), or by investigating individual spectra of lumirsostars hosted in these galaxies (Bresolin et al.

2001, 2002; Urbaneja et al. 2005a).

e Last but not least, spectral observations of wind featuremfisolated blue-supergiants in spiral
and irregular galaxies can in principle provide an althveatool to determine extra-galactic distances
(Kudritzki et al. 1995; Kudritzki 1998; Kudritzki et al. 1992003).

From the outlined in this and in the previous sections twoghibecome apparent: first, our understand-
ing of the Universe as a whole is intimately linked to our kfexige about massive stars and their evolution
and second, the overall physics of massive stars is stranfjlienced by the processes of stellar winds.
As far as these two points have been realized, the develaprhamuantitative theory to account for the
effects of stellar winds in hot stars has became a task of crasiedphysical importance. Up to now the

most promissing attempt the radiation-driven wind theory

1.3 Standard wind theory — historical overview

The starting point of the development of radiation-drivendvtheory is rooted in a series of papers by
Milne (e.g., Milne 1926 and Milne 1926; see also Johnson 192t was the first to realize that radiation
could be couplet to ions leadingventuallyto mass outflow from the stellar surface. About thirty year
later on, Sobolev (1957) made the next fundamental stedaf@ng the basic ideas of radiative transfer in
expanding atmosphere.

The idea of Milne was additional worked out by Lucy & Solomd®70) who argued that in OB stars
line scattering is sofficient that the radiative momentum absorbed by even onegstresonance line
could overcome gravity. Their wind model, however, failedé¢produce the observed mass-loss rates for
the contribution of only a few optically thick resonanceskinwere taken into account.

Soon after that, the situation was significantly improveddagtor, Abbott and Klein (1975) (hereafter
CAK) who developed the concept of tHine-strength distribution functionto calculated the radiative
force cased by a large number of strong and weaker lines @&el3l.1). Being subject of several drastic
approximations, the original CAK approach has been massiugproved during the years (Cassinelli,
Olson, Stalio 1978; Abbott 1982; Hummer and Rybicki 1985jlBaach et al. 1986). Later improvements
concern the inclusion of non-LTHfects* and the ects of photospheric “line blocking” (Paudrach et al.
1994; Pauldrach et al. 2001), and the announcement of depindent line-force parameters (Kudritzki
1998).

4Due to the strong radiation field and the low densities in theoapheres of hot massive stars, non-LTIe&s are important
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Another more sophisticated approach to calculate the traeliforce, known as théMonte-Carlo
method”, has been developed by Abbott and Lucy (1985). One of themadjeentage of the Monte-Carlo
method is that it allows for the process of multi-line scattg which is important for stars with extremely
dense winds, e.g., WR stars. The Monte-Carlo method walseudeveloped by Vink et al. (2000, 2001)
and by Sim (2004). Due to the improved mass-loss rates fos stith stronger winds, the Monte-Carlo
predictions are now superior to those from the modified CArapch (Vink 2006), and are preferably
used to compare with the observations (see Chapter 6, Sgkt. 6

The original CAK theory as well as its modern-era modificasiare know as “standard radiation-driven
wind theory”. The basic concept in this theory is the assimngif a stationary, homogeneous, spherically

symmetricstellar wind.

1.4 The Castor-Abbott-and-Klein theory

Though somewhat simplified (see Sect. 1.6), ste@ndardwind theory has a well-established status in
the hot-star comunity, and that is simply because in the deaonk of this theory the globaheanwind

properties: mass-loss rafe,, and velocity fieldV(r), are reasonably well-understood for most early-type
stars. Indeed, the majority of present-day investigatimatuding the ones presented in this thesis, still rely
on the standard wind models, partly extended to allow foptiesence of wind inhomogeneities (clumping)

and X-rays.

1.4.1 The radiative force

The core of the radiation-driven wind theory is the detemtion of the radiative force which comprises the

acceleration due to the continuum opacity, and the one dakgorption in spectral lines.

The continuum force, geony  SUMMarises the contribution of the Thomson scattering &g &lectrons,
and bound-free and free-free absorptions of all considelmients. Since in hot star winds Hydrogen is
completely ionized (i.e., a large number of free electramsavailable), the continuum radiative force is

dominated by the Thomson scattering, and can be expressed as

oeFc _ el s
c 4l

(1.1)

Ocont =

whereF. marks the flux radiated by the star; (in cn?g™) is the absorption cdicient for the Thomson

scatteringl, - the total luminosity, and - the speed of light.
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Theoretical considerations (Lucy & Solomon 1970) indight in hot star winds the continuum force
alone will never overcome gravity, unless the acceleratiosmto absorption in spectral lin ‘235, is not

accounted for.

The line force Since hot star winds are driven by absorption of photosph#rotons in spectral lines,
it is obvious tha’g'riggS must depend (i) on the available amount of photospheric flak¢an be absorbed,
F¢; (ii) on the number of lines being available to absorb sigaiiit part of that fluxNe¢, and (iii) on their
ability to absorb, i.e., on their optical thickness, Note that depending on the strength of the transition,
two types of lines, optically thick and optically tfinmay present in the wind which contribute to the line
acceleration in a completelyfierent way (Kudritzki et al. 1989; Puls et al. 2000). Note dlsat optically
thin lines are not solely able to “drive” a stellar wind. Thkan only be done by optically thick lines.

Within the so-called “Sobolev approximation” (Sobolev 096&he acceleration generated by a single
line at frequency, and optical depth; = £1/(dv/dr) with £ the frequency integrated line-opacity, can be

approximated as

: L,y [dv)1l
line _ v 21 = _ T
Orad,i = Anr2c2 (dr)p (1-e7) (1.2)

wherelL, is the luminosity at the line frequency. Summarizing thenitthal contribution of all éective
lines, thetotal line acceleration can be estimated providing the opticptlié.e., the oscillator strengths,
the statistical weights, and the occupation numbers ofdter and upper levels) of each line is known.
This very dificult job has been done by Abbott (1982), by Pauldrach et 8Bg)land by Shimada et al.
(1994).

Fortunately, an elegant way to overcome thiidilty turns out to exist. Investigating of an ensemble
of C lll lines in Local Thermodynamic Equilibrium (LTE), CAKound that the distribution of these lines

on frequency position and line-strength can be approxidiayea power low of the form:
dN(v, k) = —Nof, (v) k*2dvdk (1.3)

wheref, is the frequency distribution which is rather independemtfthe distribution of the line strengths;
k is the line strengthpr — a parameter with a value between zero and unity, ldfid a hormalization
constant. The expression given by Eq. 1.3 is knowtlias-strength distribution function?”

The invention of thdine-strength distribution functioby CAK is a cornerstone in the development
of the radiation-driven wind theory. This way the summatimer the individual contribution of millions

of optically thin and tick lines can be replaced by integmtiallowing thetotal line acceleration to be

5By definition, an optically thin line with a given frequencgrmot absorb all the flux emitted from the core at that frequevhile
an optically thick line can do this, independent of the nundf@bsorbing particles per unit volume.
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easily calculated. Interestingly, and most importanthys fapproach has been validated by more recent
calculations, which take into accoumbn-LTEeffects and the contribution of ions froall participating
elements and ionization stages (see Puls et al. 2000).

Combining Egs. 1.2 and 1.3, and integrating over frequendyliae-strength, CAK have derived the
following expression for théotal line strength:

a'reef L,

4Anr2c

lines _
grad -

M(t) (1.4)

with 0" = 0.325cn?g ! — a reference value for the electron scattering opacityMa(tjl the so-calledorce
multiplier, given by:

M(t) = kt™ (C—\j)b (1.5)

In the last expressiom, is the electron density in units of ¥ocm™3; W is the geometrical dilution factor,

andt is a dimensionless optical depth parameter given by

~ O_(reefvthp

= {drdy (16)

with v, — the thermal velocity of the protons in the wind.

k, @ ands are known as force multiplier parameters (fmgs) k is a measure for the number of the
contributing linesNe¢+. It can be interpreted as the fraction of the flux that wouldloeked already at the
photospheréf all lines were optically thicka determines the slope of the line-strength distributiord, an
also represents the relative contribution of opticallythind thick linesa = 0 corresponds to the optically
thin case = 1 — to the optically thick one. In Eq.1.5, the factoe{W)° is added by Abbott (1982) to
account for ionizationféects in the case when the ionizatiomist frozen in. Thusg represents a value for
the ionization of the wind.

Here, it is important to realize that tHenpsare not free parameter, but their values have to be fixed
simultaneously, and in a self-consistent way, from the (HLline opacities and the radiation field (see,
e.g., Paudrach et al. 1994). For O-stars and early B-sugresgi = 2/3 is predicted by line-statistics (Puls

et al. 2000). Typical values @ffor O-stars aré ~ 0.05 to 0.1, but exceptions can also present.

1.4.2 Predictions from the CAK theory

To derive the global wind properties: mass-loss rate,and velocity lawy(r), the wind hydrodynamics
has to be solved. Within the standard theagtationary, homogeneous and spherically symmetric yind

the wind hydrodynamics can be described by two equatitresmass continuity equatiqiq. 1.7) andhe
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momentum equatioficq. 1.8):

M = 4rr?p(r)v(r) (1.7)

dPya
w50 - 0L g0+ gl 19)

with p(r) — the mass density distribution ane- the radial coordinate. The first term on the right of Eq. 1.8
expresses the contribution of gas presstigss The second term is related to the gravitational force
(=GM, /r?); the third represents theadiative accelerationgyag, Which is the most crucial term in the

equation of motion.

Calculatinggrag in the way outlined in the previous section, and neglectireggas pressure term, CAK
have solved the equation of motion and derived the followielgcity law and scaling relations fov and

the terminal wind velocity., :

B
V(r) = Vo (1 - RT) . B=05 (1.9)
0.5
Ve = Coo V2GMar/R, = CooVess Ceo = (%) (1.10)
i 04
. 1 17i
M o (KL)# ML 7 (1.11)

In the above equationd); represents thefiective mass, i.e. the mass corrected for the radiative force
due to electron scatterindles = M, (1-T)); Vesc @andG are, respectively, the photospheric escape velocity
and the gravitational constantangldescribes the slope of the velocity law;, is the maximum wind
velocity reached at very large distances from the star witereadiative acceleration approaches zero (due

to the geometrical dilution of the photospheric radiatietdj, anda’ = « - 6.

From Egs. 1.9 to 1.11 it is clear thatkf « andé werea priory known, mass loss rates and terminal
velocities could be immediately computed as functionfféative temperature, luminosity, and stellar mass.
Unfortunately, this exciting perspective turned out to bther optimistic since more recent theoretical
investigations have shown that tfimpsare not unique, but depend dg; and stellar abundances (Puls et
al. 2000), and that the assumption of CAK about depth indégetf mpsis too simplified (Kudritzki et al.
1998a).

Finally in this section, let me point out that though deriNgdmeans of a rather simplified approach,
Egs. 1.9 to 1.13 have been proven to be basically correch (sdtmewhat dferent values o andC,,
though) by the observations as well as by more elaboratedemasions including all details (see Puls,

Vink & Najarro 2008 and references therein). This is one efrain achievements of the CAK theory.
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1.5 Wind diagnostics

As noted in the previous section, stellar winds are charizet by three parameters: mass-loss rite,
wind terminal velocityy., , and the velocity exponefit These parameters can be estimated from the obser-
vations, fitting certain observational features, calleihthdiagnostics”, with model calculations. However,
this task is never straightforward and simple: dependintherdegree of sophistication of the underlaying

model, and on the diagnostics used, the reliability of thiaioled results can be vastlyfidirent.

1.5.1 Spectral line diagnostics

Technically, one can estimate wind properties either bipdjttertain spectral lines in the UV, optical or IR
domains with model calculations, or by analysing the IR, 8illoneter or Radio continua. While the first
approach provides the opportunity to determine andg in parallel withM , the second one is generally
considered to be more simple and easy for use.

Depending on the mehanism that feeds the upper level of tieetdansition, two types of lines can
be formed in a stellar wind: a P Cygni-type line with a bluéfteld absorption trough and a red-shifted
emission peak, and a pure emission line, or an absorptiemplmtly filled in by emission. Both types of
lines can be used to derivé , v., andg.

Wind diagnostics in the UV are P Cygni profiles of resonanaksubordinate lines of highly ionized
atoms (e.g., C IV, NV, Si IV, O VI etc): saturated profftdselp to constraiv,, andg; unsaturated profile
provide information abouM . In the optical, the primary wind diagnostic is,Hin the IR - members of
the Bracket series, but also Helium lines. The theoretiemh&work for determining wind properties from
spectral lines in the UV, optical and IR spectra is in prifheiplentical, but specific features also exist (see

below).

UV resonance lines are the most sensitive mass-loss indicators in hot stargy dhginate from line
scattering, i.e., their optical depth depends linearly égmdvdensity, and therefore sample the entire wind
being at the same time less sensitive to wind inhomogeseitid clumpiness. Irrespective of these obvious
advantages, the use of UV lines as a wind diagnostic is sonfdiel because of two reasons: first, UV
observations can be obtained only from space and second]dolate synthetic profiles for these lines,
one needs to know the corresponding elemental abundandésraratiojexcitation fractions, both being
subjects of still open questions (see Kudritzki & Puls 208@ aeferences therein). Consequeni;

estimates derived from UV resonance lines are generallgidered less reliable.

6saturated profiles are those which have almost zero ingefiosithe entire velocity range from zero tg, .
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Figure 1.3: Optical-infrared panchromatic view of the Taldmalaxy (UGC10214). The central image is a
composite combination of 8 bands. Maps of the individualdseere shown with side panels (from Jarrett
et al. 2006).

On the other hand, UV resonance lines are the outstandihgat@eterminev,, . The most easy way
is to measure the velocity position either of the blue-aptson edge ofsaturatedprofiles, or of the Dis-
crete Absorption Components (if any). Another widely uspdraach is the comparison of observed and
synthetic profiles, calculated by means of the SEI (Soboles pxact integration) method developed by
Lamers et al. (1987). Following fllerent methods high-precision (accuraei0 %) v, - estimates of a
large number of early-type stars have been derived (e.ggr@wegen & Lamers 1989; Howarth & Prinja

1989; Haser et al. 1995; Howarth et al. 1997).

Optical lines In hot star winds, the main optical wind diagnostigisl mainly a recombination line, i.e.,
its opacity depends on the square of wind density. This fastdt least three major consequences: firstly,
H, emission can be easy detected even from distant objecten@gcH, can be used to investigate only
the inner parts of the envelope, close to the wind base. IFiisathce the ionizatiofexcitation of Hydrogen

is not an issue, the accuracy M- estimates from His relatively high —~50% for weaker winds (in
absorption) and less than 10% for stronger windgsi(Hemission). For the particular case of stronger winds,
an additional adventage is that in parallelNb the velocity exponeng can be also fixed with relatively
high precision (Puls et al. 1996). All this makeg &lprimary tool to determine wind properties in hot stars.
And although problems exist (e.g., the influence of the Hddhd, the &ects of rotation and clumping),

the current consensus is that the results derived frgrarkl generally quite reliable.

IR lines Gabler et al. (1989) were the first who pointed out the gretgng@l of IR lines in providing

valuable information about the physics of hot star atmosghand winds. Apart from information about
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M, these lines can be also used to put constrains on the shapewaflocity field (e.g., Najarro et al. 1997;
Hillier et al. 1998). Interestingly and most importantlyedto some non-LTEfEects in the line profiles at
longer wavelengths (Kudritzki 1979), IR lines can be coasid superior to Fiwhen stars with very weak
winds (e.g., Najarro et al. 1998), or luminous stars froniaeg with large opacity (e.g., Figer et al. 1998;
Hanson et al. 2002; Kendall et al. 2003) have to be invegtija€Consequently, several tens of massive
stars have been discovered in the near-IR spectral windewtbe last decade. An example illustarting the
large potential of the IR observations is given in Figure 1.3

Due to the fast development of the observational facilitib® IR astronomy has made enormous
progress during the last decade. In addition to the largergtdrased telescopes, few missions from space
(e.g., IRAS, ISO, the Spitzer Space Telescope) have beerssfally realized which enlarge the relatively
narrow window accessable from the Earth. New missions lroth Epace (e.g., Space Infrared Telescope
Facility (SIRFT) and the James Webb Space Telescope) andtfre ground (e.g., the LIRIS project for
the William Herschel Telescope) are now in progress. In viéithe above outlined adventages of the IR
observations, these developments should not be a surpasgti.

However, the quantitative analysis of IR lines is not an @ask. In particular, modeling hydrogen and
helium lines in thel, H, K andL spectral windows requires good knowledge of all process&gygn in
the transition region from the photosphere to the supecdagers, where most of these lines are formed.
And although our present knowledge on this issue is far fromgete, the outcomes of the first IR analysis

are quite promissing (Lenorzer et al. 2004; Repolust et0152.

1.5.2 Stellar continuum diagnostics

It is a well-known fact that all hot stars with moderate angiéamass loss show excess radiation at longer
wavelengths. Thus, IR, (sub)millimeter, and radio cordiinfi these stars can be used to determine their
wind properties. Since the excess radiation originates frelatively simple atomjcradiation transfer
processes (bound-free and free-free transitions), thigedeestimates oM are usually considered quite

reliable.

Radio emission The method to analyze radio emission from OB-stars was dpedlby Wright & Barlow
(1975) and by Panagia & Felli (1975). The basic idea is as¥al Due to the negligible contribution of
the photopshere, th@bservedadio flux,S,, is essentially determined by three parameters: massdtess r

wind terminal velocity, and the distance to the sthiand can be expressed as

4/3
M / /06

S, « (E) = (1.12)
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Following this approach, mass-loss rates of many O and-&irbtars in our Galaxy have been derived
using radio data obtained mainly from the Very Large Areal{@tbet al. 1980, 1981; Bieging et al. 1989;
Scuderi et al. 1998; Puls et al. 2008), but also from the Alisttelescope (Leitherer et al. 1995).

However note that despite of its obvious advantages — kripelefv,, andd is only required to
determineM from S,, — the radio approach has at least two restrictions: (i) dube% - dependence of
the observed flux, radio emission from extragalactic OBsstannot be analyzed, and (iipn— thermal
radio emitters must be excluded from the target list. In Hterl case, since observations at minimum
two frequency points are required to estimate the corredipgrspectral index, additional Submillimeter

observations can be used to extend the frequency basd-bithdrer & Robert 1991).

IR excess Following the pioneer work of Barlow & Cohen (1977), sevegabups tried to derive
mass-loss rates for OB stars using IR excess in various bahdsagreement between these estimates and
those from H is generally good, but significant discrepancies are altablished (see, e.g., Kudritzki &
Puls 2000). A particular problem here is that the continuadiation in the IR becomes optically thick
already below,, , and thus information about the velocity field is required¢adculate the corresponding

fluxes. Also, the contribution of the photospheric flux habédaken into account.

To conclude let me point out that in this thesig Hbut also IR, Submillimeter and Radio continua diag-
nostics will be used to determine mass-loss rates of OB-sthile terminal velocities will be constrained

from the UV resonance lines.

1.6 Studies underlaying the thesis

In the very beginning, | have noted that massive stars arearsihgle group of objects, but comprise
various sub-groups in fierent parts of the HR diagram, and afeient evolutionary stages. Luminous OB
stars constitute one of the most important sub-groups o$ivestars, which represents early stages in the
evolution of these objects. In this thesis the main outcoofi@dong-term extensive survey of stellar winds

from single OB stars in the Milky Way will be presented andily discussed.

1.6.1 Main topics and goals

By means of my investigations | have aimed to improve our Kedge about the physics of hot luminous

stars by addressing three open issues, proven to be of imtedadierest to the astronomical comunity,

"Due to their weaker winds, mid and late-B stars have lessaraghto be detected as thermal radio sources.
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Figure 1.4: Examples illustarating th&ects of line blocking and blanketing in a typical O-star maxfe
Ter =40 kK. Left: Emergent fluxlog(1°F ) as a function ofog; Right: Local kinetic temperaturéggT,
as a function of monochromatic optical depth at blue wavglen,3i16. Dashed lines - metal free models;
solid - models accounting for metal line opacity in NLTE. ¢ated from Kudritzki & Urbaneja 2006)

namely:
i) the dfects of line-blocking and blanketing
i) the wind variability and structure, and
i) the validity of the standard wind predictions.

e Effects of line blocking and blanketingThe most complicating issues to be taken into account when
calculating hot star wind models are the departures from, lafi the presence of multitude of overlapping
metal absorption lines in the Extreme UV (EUV). Consequertdhly metal free models in LTE were
produced and used till recently. The calculations of “bitekl” models, which properly account for NLTE
effects and theféects of stellar winds, became possible only few years ago.

As illustrated in Figure 1.4, the inclusion of metal line ojii@s into the NLTE model calculations is
expected to have at least two major consequences: the eingldjé flux will be significantly blocked
(left panel), and the optical and IR fluxes will be slightly glified due to the so-called back-warming
(right panel). Consequently, the ionizing equilibrium difians with thresholds in the EUV will change
significantly. In particular, the He ionization balance igegicted to move to lowefes compared to the
unblanketed models. In addition, the surface gravitiesapected to decrease due to the increase in the
radiative acceleratidnwhilst the stellar radii will stay almost uffacted®. Following the decrease ifie
and logg, stellar luminosities and masses will also decrease. Simetal lines are formed both in the

photosphere and in the wind, thexts are expected to be stronger in SGs than in DWSs, but degsmd

8Note that in contrast to Helium, Hydrogen is almostfiieeted since in this case the two processes, blocking andveacking,
compensate each other.

9For stars with known distanc&, follows from a comparison of absolute magnitudes (indepanhdn the model) with theoretical
model fluxes in the V-band, which turned out to be quite sinfida both the blanketed and unblanketed models.
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onTer and, of course, on metallicity. (For a detailed discussiofire blanketing, see Puls et al. 2008 and
references therein.)

From the above outlined it follows that a revision of thelstednd wind parameters of OB stars derived
by means ofinblanketeanodel analyses is urgently required. Motivated by this reepbject to determine
the “blanketed” properties of a large sample of Galactic €&s was initiated and accomplished by me in

collaboration with other colleagues. The results of thesestigations will be outlined in Chapter 2.

e Wind variability and structure Though quite successful in explaining the globakan wind
properties of OB stars, the standard wind models fail to iles@ number of observational features, such
as, e.g., the X-ray emission, the black troughs in saturdiétines, the Discrete Absorption Components
in UV and optical spectra, the behaviour and complex streatd H, etc. All these features suggest hot
stars winds are not smooth and stationary, as assumed itatiaasd theory, but structured and variable.

This possibility is supported by recent numerical simolasi, which have shown that processes, such
as, e.g., rotation, magnetic fields, stellar pulsationsradéhtive wind instability may play significant role
in modifying the properties of hot star winds. (For a completview on this subject, see Kudritzki & Puls
2000.) And although first steps to include these physicakidignts into the standard theory have already
been taken (see, e.g., Bjorkman & Cassinelli 1993, for thects of rotation; Owocki & ud-Doula 2004
and ud-Doula et al. 2008 for thefects of magnetic fields; Owocki & Rybicki 1985 and Owocki, ©as
and Rybicki 1988 for the theory of line-force instabilitydaits ongoing refinements by Owocki & Puls
1996, 1999), it still remains to be seen on a broad obsenaltltase whether the role of these ingredients
is indeed as significant as predicted by theory.

Guided by these perspectives, a long-term project to imegst the nature and the origin of wind
structure and variability in hot massive stars was initlaaed realized by me (in collaboration with other

colleagues mainly from abroad). The main outcomes of tlagept will be described in Chapters 3, 4 and 5.

e \erification of theoretical predictions
The bi-stability jumprhe standard radiation driven wind theory predicts the eafrflow velocity to be
proportional to the escape velocity with a proportionatiphstand being dependent on the power law
exponent of the line-strength distribution functions (Eee 1.10). Since the steepness of the line strength
distribution function depends on the physical nature ofdheing lines, the proportionality constant may
also depend on it.

Recent calculations (Vink et al. 1999, 2000) have furtheershown that aT«; ~25000 K a drastic

change in the ionization stage of the dominant metal speagiéise wind (from Fe IV to Fe Ill) should
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appear. This would lead to an abrupt decrease invihiescratio at these temperatures, followed by a
dramatic increase iV . Due to similar reasons, a second jump is predicted to agtedrout 10 000 K.

The predictions of Vink et al. are qualitatively consistesith earlier observations (Lamers et al. 1995)
which revealed the presence of a dramatic decrease in tméntdrflow velocity fromv,, = 2.6vescfor
SGs of Teg >21 kK to v, = 1.3vescfor those cooler than 21 kK. This phenomenon is caldal-stability
jump (Pauldrach & Puls 1990). Since the temperature scale of @B & expected to change due to the
inclusion of metal line opacities into the model calculatipand since new more accurate measurements of
V., are available, a re-determination of the parameters ofuimp jis required. In addition, the temperature
behaviour ofM , have to be examined and compared to the Vink predictions.

Wind momentum Luminosity Relationsfipe CAK theory predicts the mass loss rate of hot stars to
depend strongly on luminosity (Eq. 1.11). Unfortunatelyedo the additional dependenceNdfon the ef-
fective mass, a stellar parameter that may be highly unodaasingle stars, this relation cannot be directly
used as a diagnostic tool. Aiming to overcome thiidilty Kudritzki et al. (1995) have introduced the so-
called “modified wind momentum rateDmom, by means of which they derived the following expression,

known as the ¥ind-momentum Luminosity RelationsWLR):
- 1
09 Dmom = l0g(MV,R2) = xlogL + D (1.13)

whereR, is expressed iR, , Ly -inLy, X= al =2/3, and the f'setD depends on the flux-weighted number
of driving lines,Neg.

One of the most important and exciting aspects of the concefite WLR is that if properly cali-
brated this relation might serve as a tool to determine lasities and thus, distances by means of purely
spectroscopic diagnostics. First results with respedtitoossibility seem very promising, but certain dis-
crepancies between observed and predicted wind momentB-atads have been established which need
to be additionally investigated (see, e.g., Puls et al. 1B8@ritzki et al. 1999).

Motivated by these prospectives, a detailed investigaifahe properties of the WLR for Galctic O-
stars and B-SGs was performed using original data as welhd@msdata from other investigations. The
empirical results were confronted with the calculationsetst the theory and to validate the predictions.

The main outcomes of these investigations will be outlime@hapters 2 and 6.

1.6.2 Approaches and methods used

The line of approach is both theoretical and empirical. Thmpieical part, which constitutes the major

part of this thesis, is concerned with the analysis of a lamgmber of OB stars in our Galaxy. Part of
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the used spectral and photometric data were collected atlatienal Astronomical Observatory (NAO,
Bulgaria) while other parts were secured at various obseres all over the world. In particular, spectral
observations were obtained at the European South Obsgr&80), Ritter Observatory (USA), Tartu
Astrophysical Observatory (Estonia) and Catania Obserydltaly). Photometric data were obtained with
the two Automatic Photometric Telescopes located in Ariz@dSA) and with the 0.4m telescope at the
University of Toronto, Canada. Radio data were securedea¥/¢hy Large Area (VLA) within the context

of a NATO project. IR fluxes were collected at the CrimeaniStedf the Sternberg Astronomical Institute
(Russia) while mm-data were obtained with thei5 space observatory. The data were analyzed utilizing
state-of-the-art methods of quantitative spectral aimglysodel atmosphere analysis, time-series analysis,
periodic analysis etc.

The theoretical approach includes: a modification of the@dmate method of Puls et al. (1996) to
account for the gects of line blockingblanketing (Sect. 2.1); calculations of NLTE line blankkteind
models to study the properties of Galactic B-supergiantst(S.2); a modification of the TVS method
of Fullerton, Gies & Bolton (1996) to account for th€ext of line emission, and a development of a
statistical approach to investigate wind variability ins@rs, as traced by HSect. 3.5); an approximate

treatment of wind clumping and itstect on the energy distribution of O-stars (Sect.3.5.5) dad e

The outline of the thesis is as follows.

In Chapter 2, | will focus on the derivation of the “blanketed” stellarcawind parameters of a large
sample of OB stars using a modified version of the approximeagthod of Puls et al. (1996) based on
H, alone (Sect. 2.1), and using the method of complete spextedysis as implemented in the state-of-
the-art model atmosphere code FASTWIND (Sect. 2.2). Theerapirical data will be used to investigate
and evaluate theffects of line blockingblanketing on the observed properties of these stars. liti@ld
the corresponding Wind-momentum Luminosity Relationshil be constructed and used to examine the
empirical dependence of hot star wind propertie$af and logg.

In Chapters 3 the outcomes of two long-term, international monitoriagnpaigns to study wind vari-
ability and structures in OB-stars, and their possibletiahahip to processes in the stellar photosphere,
will be outlined and largely discussed (Sections 3.1, 3@ 34). Also, a statistical approach to detect
and quantify variations in line profilestacted by wind emission will be announced and used to study the
dependence of wind variability, as traced by tbn the stellar and wind parameters of O-stars (Sect. 3.5).

In Chapter 4, the main results of a long-term optical (spectroscopic pimatometric) survey of the
LBV P Cygni will be described with particular emphasis onetigeneral issues: (i) the nature and origin

of the emission line spectrum (Sect. 4.3); the large dityedivariability patterns identified in the spectral
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and photometric behaviour of the star, and their possiti@rielations and interpretations (Sect. 4.4); (iii)
the discovery of the short S Dor phase (Sect. 4.5).

In Chapter 5, the clumping properties of a large sample of Galactic Gsstdlt be investigated combin-
ing our own and archival data for,H IR, mm and radio fluxes, and using approximate methodsreddid
to more sophisticated models. Our findings will be compargl theoretical predictions, and the impli-
cations will be discussed in detail, by assuminfjedent scenarios regarding the still unknown clumping
properties of the outer wind.

In Chapter 6, original results about the properties of the bi-stabjlityp at spectral type B1 (Sect. 6.2),
the WLR of O stars and B-SGs (Sect. 6.3), the wifiicency of OB stars (Sect. 6.4), and the properties
of wind clumping in O stars (Sect. 6.5) will be confrontedhedretical predictions to check our standard
picture of radiation driven winds.

Finally, in Concluding remarks and future perspectives | will briefly comment on several issues
following from our and similar investigations, which havedmn recognized from the massive star comunity
as ones of the most prominent challenges in the presentatastdr wind research. In addition, | will also
provide an overview of thdain Results and achievementsand aList of the publications underlying

the thesis.



20

CHAPTER 1. INTRODUCTION



Chapter 2

“Blanketed” properties of OB stars

In this chapter I'm going to outline original results aboublzal wind properties of Galactic OB stars
derived by means of two diagnostic methods: an approximeateoad based on the analysis of lihe alone
(Sect. 2.1), and a modern-era method of a complete spea@blsis (Sect. 2.2). Both of these methods

account for the #ects of line blocking and blanketing, and the wirtteets.

2.1 Approximate method to determine O-star wind parameters

Itis a well-known fact that due to uncertain distances, therévars inM - estimates for individual objects,
at least in our Galaxy, are rather large. To diminish the ttaggy, one has to investigate a (very) large
sample of stars. The computationfibet to analyze the spectra of evaenestar, however, is extremely large,
so that the application of the modern-era methods of compf@tctral analysis becomes rather problematic.
In order to find a suitable resolution to this problem, we dedito investigate the following question:
to what extent can the analysis of thg ptofile aloneprovide results consistent with those originating from
a complete spectral analysis? In case of reasonable agneesueh an analysis can be used at least in two
ways: first, valuable information can be added to complersgratler samples, which have been analyzed
in a detailed way by using already availablg s$pectra (or spectra with missing strategic lines). Second,
from such an analysis targets for follow-up observationstwa selected, particularly for investigations in

the radio and IR band (see Chapter 5).

2.1.1 Sample stars and observational material

Our investigation is based on a sample of 29 stars with spledmsses from O4 to 09.7 including 22

supergiants, one bright giant, 3 normal giants and 3 dwartse stars are listed in Table 2.1 together

21



22 CHAPTER 2. "“BLANKETED” PROPERTIES OF OB STARS

with the adopted spectral types and luminosity classesuf@ol2), clusters or association membership
(Column 3), visual magnitudes anB ¢ V) colours (Columns 4 and 5), extinction rafband distances
(Column 6 and 7), and absolute magnitudes,(&olumn 8).

Spectral types and luminosity classes for the majority afssare taken from the works of Walborn
(1971, 1972, 1973). For HD 24912, however, we adopt a lunitipnotass | instead of Il as assigned by
Walborn, in agreement with Herrero et al. (1992). For the stars without a classification by Walborn,
BD+56739 and HD 338926, spectral types and luminosity classgimate from Hilther (1956) and from
Hiltner & Iriarte (1955), respectively.

Cluster and association membership are from Humphreys8j18@m Garmany & Stencel (1992), and
from Lennon et al. (1992, HD 30 614). For all but two stars, Hi8&1 and HD 30 614, distances adopted
by Humphreys (1978) have been used. In these two exceptiases, distances are taken from the Galactic
O Stars Catalogue (Cruz-Gonzalez et al. 1974). To checkdng for spectroscopic binarity we consulted
the list of Gies (1987).

To avoid possible inconsistencies when adopting absolagnitudes from dferent sources, we recal-
culated the M of our targets using photometry and colours frelipparcos(columns 4 and 5 of Table 2.1)
combined with a mean intrinsic colouB - V) = — 0.31 and — 0.28 for stars of luminosity classeHIV
and I, respectively (Fitzgerald 1970; Wegner 1994), andxiimaion law withR = 3.1, again, with the
distances as mentioned above.

For stars in several associations, individual estimatéeoflistance aridr R turned out to be available
in the literature (Cardelli 1988; Clayton & Cardelli 1988ai@elli et al. 1989). To address thferts of
using diferent radii on the resulting mass-loss and wind-momenttesféhese data were also taken into
account when calculating 1 Since for the majority of stars the obtained, Malues agree withir0.3
with those published by Howarth & Prinja (1989), this valuaswadopted as a typical error for oux,M

estimates.

Observational material The study bases ong$pectra obtained with the Coudé spectrograph of the 2m
RCC telescope at the National Astronomical Observatory@NAulgaria. The project started in 1997
with aneLectron ccp With 520 x 580 pixels of 22 x 24as detector. Beginning in the fall of 1998, we used
aPHOTOMETRIC ccD With a pixel area of 1024 x 1024 and a pixel size ofi2¥Vith the former configuration
approximately 115 A can be observed in one exposure withautisn of R= 15 000, while with the latter
one the spectrum coverage is approximately 200 A, againavittsolution of 15000. Few more spectra
were taken in April 1998 using a SBIG ST6 Thomson CCD with aaaf 375 x 242 pixels and a pixel

size of 23 x 2. The resolution of these spectra is 15000 over a spectrgérah72 A.
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Table 2.1: Spectral types and photometric data of the dgters. For objects with more than one entry,
see footnote below and text.

Star Spec. type Assoc. Wi B-V R d My

HD mag mag kpc mag
HD 190429A  OA4lf CygOB3 6.62 0148 3.1 229 -651
HD 66811 O4l1(n)f Gum Nebula 2.21 -0.269 3.1 0.46 -6.14
HD 66 8112 field 3.1 -6.40
HD 66 8114 runaway 31 073 -7.14
HD 16 691 o4if PerOB1 869 0411 31 229 -525
HD 16 691V PerOB1 28 229 -504
HD 16 6913 runaway 3.1 -6.40
HD 14947 o5lf PerOB1 8.03 0389 31 229 -584
HD 14947V PerOB1 28 229 -564
HD 1494712 field 3.1 -6.90
HD 210839 06l(n)f CepOB2 505 0.192 31 0.83 -6.01
HD 210834 CepOB2 276 0.83 -585
HD 2108342 runaway 3.1 -6.60
HD 42088 06.5V GemOB1 755 0.014 31 151 -435
HD 42 084> GemOB1 31 200 -4.96
HD 54 662 06.5V CMaOB1 6.23 -0018 31 132 -528
HD 192639 O7Ib(f) CygOB1 712 0279 31 182 -591
HD 193514 0O71b(f) CygOB1 742 0392 31 182 -596
HD 34656 o7II(f) AurOB1 679 000 31 132 -4.68
HD 34 656° AurOB2 31 3.02 -6.64
HD 47839 o7V((H) MonOB1 466 -0233 31 071 -4.83
HD 24912 07.51(n)((f)) PerOB2 398 0.016 31 040 -4.95
HD 24914V PerOB2 3.98 324 040 -4.99
HD 249142 runaway 3.1 -6.70
HD 36 861 os8lli((f) OrioB1 339 -0160 3.1 050 -557
HD 36 861V OrioB1 50 050 -5.85
HD 210809 0O9lab CepOB1 756 0010 31 347 -6.04
HD 207 198 (ole]l]] CepOB2 594 0312 31 0.83 -549
HD 207 198V CepOB2 276 0.83 -5.29
HD 37043 o9lll OrioB1 275 -0210 31 050 -6.05
HD 37 043D OrioB1 50 050 -6.24
HD 24431 o9lll CamOB1 6.74 0349 31 100 -5.30
HD 24 431D CamOB1 351 100 -557
HD 16 429 09.511 CasOB6 770 0530 31 219 -651
HD 30614 09.5la NGC1502 426 -0008 31 095 -6.47
HD 306142 runaway 31 -6.00
HD 209975 09.51b CepOB2 507 0240 31 083 -6.14
HD 209 97%Y CepOB2 2.76 0.83 -596
HD 18 409 09.7lbe CasOB6 837 0419 31 219 -550
HD 17603 07.51b(f) field 8.49 0551 3.1 -6:70
HD 225 160 08Ib(f) field 819 0260 3.1 -6:40
HD 338926 08.51b(e?) field 952 1207 3.1 -6.60
HD 188 209 09.5lab field 560 -0.078 3.1 -6°00
HD 202124 09.5lab field 7.74 0209 3.1 -6°00
HD 218915 09.5lab runaway 7.23 -0026 3.1 -6.00
BD +56 739 09.5lb field 995 0991 3.1 -6'00
HD 47432 09.71b field 6.23 0.086 3.1 -6:00

* data corresponding to Garmany’s spectral typg-édlibration reproduced by Howarth & Prinja (1989).

(1) — My computed with individual values for R (see text)
(2) —suggested to be a figldnaway star by Gies (1987)
(3) — suggested to be a runaway star by Stone (1979)

(4) — suggested to be a runaway star by Sahu & Blaauw (1993)
(5) — distance (as a member of NGC 2175 in GemOB1) given by &ell. (1977)

(6) — distance as a member of AurOB2 (Tovmassian et al. 1994)
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2.1.2 Input parameters and mass-loss determinations

As noted in the beginning of this section, the major goal &f gtudy is to check to what extent the anal-
ysis of H, profilesalonecan provideM andg-estimates consistent with those originating from a comeple
spectral analysis. To this end, we employeddipgroximatemethod of Puls et al. (1996) which we have
modified to account for thefiects of line-blocking and blanketing. Since this methodsiders the wind
physics alone requiring additional information from ext@rphotospheric diagnostics, in the following, |
will describe how those input parameters thatrawevaried throughout the fit have been obtained, and how

the dfects of line-blockingblanketing have been accounted for.

Effective temperatures and surface gravities (Columns 2 and 4 of Table 2.2) were determined from
spectral types usingwn calibrations based on data obtained by Repolust et al. j2@G8@4a complete
(blanketed) spectral analysidn the particular case of luminosity class V stars, similata from Martins

et al. (2002) were also used to increase the statistics.

Fig 2.1 shows the derived temperature (left panel) and){oight panel) calibrations for luminosity
classes | (solid line), 11l (dotted line) and V (dashed linEhe scatter of th&es - data around the regression
lines is relatively small¢ = 950, 360 and 793 K, for Ic I, lll and V, respectively), while the case of
the spectral type—logrelations it is somewhat larges-(= 0.12, 0.17 and 0.20). The reader may also
note that thél ¢ - calibration for late spectral types (later than O7) rerm@omewhat uncertain due to the
strong influence of the specific wind-density ©g;. The dotted-dashed lines overplotted in each panel
represent the empirical calibrations obtained by Vaccd. €1896) using data derived by means of pure

H/He, non-LTE, plane-parallel, hydrostatic model atmospher

While the “blanketed” temperatures are found to be systieabt lower than the unblanketed ones,
our results indicate that the correspondinfjetences decrease with decreasiig, being largest for lu-
minosity class | and smallest for luminosity class V stars thuthe additional wind blanketing present in

supergiant atmospheres.

Concerning the logregressions, for luminosity classes Il and V no significdifiierences between
blanketed and unblanketed models were established. ey glapergiants an increase of less than 0.15 dex

is found, in agreement with what might be expected from théBuls et al. (1996)).

1Close binaries (HD 93129A and HD 303308, Nelan et al. 2003) fast rotators (e.g., HD 217086 and HD 13268 ) were
excluded due to a possible influence of the secondary on theeteed” temperatures and due to tiffees of stellar rotation on the
surface temperature distribution (gravity darkening)
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Figure 2.1: Spectral typ@—; (left panel) and spectral type—lggelations for luminosity class | (bold), I
(dotted) and V (dashed) derived and used in the present.slaayplotted are the corresponding data from
Repolust et al. (2004) and for Ic V objects in the left pansbdrom Martins et al. (2002): crosses — Ic |,
asterisks — Ic Ill, diamonds — Ic V. The dotted-dashed limgsesent the empirical calibrations obtained by
Vacca et al. (1996) using data derived by means of pukeeHnon-LTE, plane-parallel, hydrostatic model
atmospheres. All gravities have been corrected for ffexts of centrifugal forces.

Stellarradii  (Column 3 of Table 2.2) have been derived from de-reddensalate magnitudes, i, and

the corresponding theoretical fluxes in the V-baVWgs,, via

5logR, = 2958+ (Vineo— Mv) 2.1)

Vtheoz _2.5 |Og 4H/{S/{d/l (2.2)

filter

whereH, is the theoretical Eddington flux from the calculated modkels ~ B;(Tag) « Ter ), andS, is

the spectral response of the photospheric system (for méwamation see Kudritzki 1980). The theoret-
ical fluxes have been approximated using a radiation teryreraf Tioq~ 0.9 T (V-band!), where this
approximation results from an analysis of line-blanketest& model atmospheres. The typical accuracy
of this approximation (which translates almost linearlipithe derived radii) is of the order of 5% in the

O-star domain.

Helium abundance. Forthose stars in common with the sample by Repolust et alhave adopted their
helium abundance. For the rest, a “normal” abundandggf N(HeyN(H) = 0.1 was used as a first guess.
Subsequently, this value was increased, if necessary téinad better fit (with respect to the He 11 blend).

Therefore, these values can be considered only as roughegss.

Radial and rotational velocities For stars hotter than 35500 K, radial velocities (not listediable 2.2)
and projected rotational velocitiesini (Column 6 of Table 2.2) are taken from the General Catalogue

of Mean Radial Velocity (GCMRYV, Barbier-Brossat & Figon Z)Gand from Penny (1996), respectively.
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For the rest, we obtained own estimates Vgys andvsini fitting the He 116678 absorption line with
model calculations. The reliability of these estimates whscked by comparison with data from other
investigations. In particular, our set vsini - estimates conforms quite well (withial0 km s?1) with
those from Penny (1996) for 9 out of 11 objects in common. Gagpréement was also found between our

set 0fVsys- data and that of Conti et al. (1977) (withir20 km s?) for 13 stars in common.

Wind terminal velocities (Column 8 of Table 2.2) have been derived either by fitting Ugtanh lines,
available from théneslUE archive attp://ines.hia.nrc.ca/ines), with model calculations, or by in-
terpolating various estimates available in the literaftt@ser 1995; Howarth etal. 1997; Lamers et al. 1995;
Groenewegen et al. 1989). For several starsdata derived by means of the spectral type,€alibrations

of Kudritzki & Puls (2000) were also used.

Radiation temperatures at H, and photospheric profiles. To account for the fects of line blanketing,
we have used a value Gfag= 0.91 T4 for luminosity class | objects, antl,g= 0.86 T for the other
luminosity classes, where these values originate fromibradion of a large grid of (line-blanketed) model
fluxes. (For unblanketed model atmospheres this value Iseabtder of 0.7 T (cf. Puls et al. 1996).)

In principle, thephotospheric input profilelsave to be recalculated as well. Because of the insengitivit
of the Balmer lines to changesng in the O-star domaiphowever, we employed the same (unblanketed)
grid of photospheric profiles as described in Puls et al. §)9%aluated at the “new'fiective temperatures,

of course.

Wind minimum velocity, vmin, and the electron temperature,Te Following Puls et al., we adopfn, =
1 kmstandTe = 0.75T; . These values are consistent with the parameterized ruredfHe departure
codficients, which remains roughly ufiacted by blanketingfeects, at least if the values @f,qas cited

above were used.

Determination of global wind parameters In our approach mass-loss rati, (Column 9 of Table 2.2),
are derived from the best fit of the observedptofiles with model calculations. For stars with, 4
emission, also the velocity exponghtan be estimated from the line-profile fit in parallel with (Puls et
al. 1996). In these caseg given as italic numbers in Table 2.2), an average valygf1.02 + 0.09 was
derived. For objects with Hin absorption, on the other hangl,= 0.8 (as expected from theory for thin
winds) was adopted as a starting value and subsequentipuegrwhere possible.

In several cases a perfect fit to the observggtdfile was not possible to be derived using the Puls et al.

“standard” parameterization of the He Il ang geparture coicients. In these particular cases, to improve
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Table 2.2: Blanketed stellar and wind parameters of theaDsstmple, as derived in the present study. Stars
with more than one entry correspond to the entries in TaldleaBd difer mainly in the adopted stellar
radius and in the dependent quantities.

Bold face numbers for log and Dnon indicate the preferred solution that is used in our final ysialof

the WLR (“case C”, cf. Sect. 2.1.4) while italics férmark valuesderivedfrom emission type profiles.
Modifications of departure cdigcients for He Il are given aswltipliers r,6 to standard values from Puls
et al. (1996). Modifications of departure dheients for hydrogen are given by absolute numbla'f$b§‘.

“pt” indicates whether His in absorption or emission.

Terin kK, Lin Lo, vsini andve in km s, Min 10°° Me/Yr, Dmom in €gs andQ in units of My/yr.

Object  Ter Ri 1099 Yhe vsini logL Vo M g rire b/l log Dy log Q pt

HD 190429A 39.2 20.8 3.65 0.14 1355.97 2400 14.20.95 1.05 29.99 -6.82 e
HD 66811  39.2 17.5 3.65 0.20 2035.82 2300 6.4 0.92 /1.05 29.59 -7.06 e
HD 66 8112 19.8 5.92 7.6 /1.05 29.69 -7.06
HD 66 8114 27.8 6.22 12.8 /1.05 29.99 -7.06
HD 16691  39.2 11.6 3.65 0.10 140 5.46 2300 50696 29.46 -6.85 e
HD 16 691V 10.6 5.38 4.9 29.38 -6.85
HD 16 6913 19.8 5.92 125 29.92 -6.85
HD 14947  37.7 15.7 3.56 0.20 133 5.65 2300 7008 1.15 /1.45 29.65 -6.91 e
HD 14 9471V 14.3 5.57 6.67 1.J5 /145 2956 -6.91
HD 1494712 25.6 6.08 16.0 1.1% /1.45 30.07 -6.91
HD 210839 36.2 17.5 3.48 0.10 214 568 2200 51100 105 2/ 29.47 -7.16 e
HD 210834 16.3 5.62 4.6 1.05 2/ 2941 -7.16
HD 21083%?) 23.0 5.91 7.7 1.03 2/ 29.71 -7.16
HD 42088 386 7.7 3.85 0.12 62 5.08 2200 0.38 0.85 / 1.3 28.17 -7.75 a
HD 42 088> 10.7 5.36 0.62 1.3 28.45 -7.75
HD 54662  38.6 11.9 3.85 0.12 855.45 2450 0.6 0.80 2850 -7.84 a
HD 192639 34.7 17.2 3.39 0.20 1106.59 2150 5.3 1.09 1.25.80 29.47 -7.13 e
HD 193514 34.7 17.6 3.39 0.10 955.61 2200 2.7 0.80 /1.48 2920 -7.44 a
HD 34656 347 9.8 350 0.12 85 5.10 2150 0.62 1.09 /1.5 2842 -7.69 a
HD 34 656 24.1 5.88 2.40 1.3 29.20 -7.69
HD 47839 375 9.9 3.84 0.10 625.24 2200 1.2 0.75 28.72 -7.41 a
HD 24912  34.0 11.2 3.35 0.15 204 5.18 2400 1.19 0.78/.853 28.78 -750 a
HD 24914V 115 5.20 1.23 1/85 28.80 -7.50
HD 249142 25.2 5.88 4.0 1.3.85 29.48 -7.50
HD 36861  33.6 15.1 3.56 0.10 66 5.42 2400 0.8 0.80 28.67 -7.87 a
HD 36 861V 17.2 5.53 0.97 28.78 -7.87
HD 210809 31.7 19.6 3.23 0.14 1006.54 2100 4.5 091 1.J 29.42 -7.29 e
HD 207198 31.7 15.2 3.23 0.12 85 5.32 2100 0.9 097 /1.3 28.67 -7.82 a
HD 207 198V 13.9 5.25 0.79 1.3 28.59 -7.82
HD 37043 314 19.8 350 0.12 120 5.54 2300 1.2 0.85 /1.6 28.89 -7.87 a
HD 37043V 21.6 5.61 1.37 1.6 28.97 -7.86
HD 24431 314 14.0 350 0.12 90 524 2150 0.3 0.95 /1.3 28.18 -8.24 a
HD 24 431V 15.9 5.35 0.36 1.3 28.29 -8.25
HD 16429  31.0 24.8 3.19 0.10 805.71 1600 1.4 0.85 1/ 28.85 -7.95 a
HD 30614  31.0 24.9 3.19 0.10 100 5.71 1550 41205 1.3 29.31 -7.47 e
HD 306142 19.6 5.51 2.9 1.3 29.10 -7.48
HD 209975 31.0 20.9 3.19 0.10 90 5.56 2050 1.8 0.80 / 1.3/1.42 29.03 -7.72 a
HD 209 97%Y 19.2 5.49 1.58 1.3 /142 2895 -7.73
HD 18409  30.6 15.7 3.17 0.14 1105.29 1750 1.5 0.70 28.82 -7.62 a
HD 17603  34.0 25.2 3.35 0.12 110 5.88 1900 5P05 1.1 2955 -7.33 e
HD 225160 33.0 22.4 3.31 0.12 125 573 1600 9385 1.5.9 29.40 -7.30 e
HD 338926 32.5 22.7 3.27 0.12 80 5.72 2000 51700 2953 -7.28 e
HD 188209 31.0 19.6 3.19 0.12 87 5.51 1650 1.6 0.90 / 1.4/1.47 28.87 -7.73 a
HD 202124 31.0 19.6 3.19 0.12 140 551 1700 3125 1.4.7 29.18 -7.43 e
HD 218915 31.0 19.6 3.19 0.12 80 5.51 2000 1.7 0.95 / 1.2/1.54 28.98 -7.71 a
BD+56 739 31.0 19.6 3.19 0.12 80 551 2000 2.3 0.85 /1.351.33 29.02 -7.61 a
HD 47432 305 18.9 3.17 0.12 95 545 1600 11903 1.4.8 /1.07 28.92 -7.64 e
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the fit we were forced to “play” with the departure ¢deients. The finally adopted values are listed in
Columns 11 and 12 of Table 2.2. However, note that all thesdifinations are more or less “cosmetic”,
i.e., they improve the quality of the fit, but do ndfect the values of andg derived throughout the fitting
procedure. (For more detailed information see Markova.&xG04).

Having Teg , Ry , Voo and M determined as outlined above, stellar luminositiesltig, (= 4nRio-Tgff)
and modified wind momentum rat&yom, (= MV R, /R %%) were calculated and used to construct the

corresponding WLR.

2.1.3 Error analysis.

In this section | will briefly describe the error analysis,issue that is particularly important when deriving
the wind-momentum luminosity relationship (see Sect.4).1.

To estimate the errors in the derived stellar and wind patarsewe followed the philosophy outlined
in detail by Repolust et al. (2004) with one exception thau§mce in our approachs and logg are
derived from empirical calibrations, the error in thesemites is not determined by the quality of the line
profile fits, but instead reflects the uncertainties in oubcations and in the underlying data-base.

Concerning stellar radius, from Eqg. 2.1 it follows that theoein this parameter can be calculated as:

AlogR, ~ 0.2J(AM)?. + (2.5A log Ter)? 2.3)
AlogTer = log (1+ AT—eﬁ) (2.4)
Tesr

With AMy = = 0.3 andA Ter = = 1500 K, the corresponding error Ry, of our sample stars is dominated
by the uncertainty in M, and is of the order ok log R, = +0.06, i.e., roughly 15 %.

Specified in this way, the error in luminosity is given by

AlogL ~ \/(4Al0gTer)? + (24 logR.)? (2.5)

and results im logL ~ +0.15.
To assess the errors M, it is important to realize that any line-fit to,Hloes not specifM itself, but
only the quantityQ = % introduced by Puls et al. (1996). The error in this quansitgetermined by:

AM

AlogQ = Iog(1+ v (2.6)

)R* =const

For emission profiles, where algocan be constrained from the fit, we estimated the precisidheof
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Figure 2.2: Comparison of derive@-values from our analysis with corresponding data from Regicet
al. (2004), for eleven stars in common. The Q-values of theptete analysis have been corrected for
differences iMg; . Overplotted are the individual error bars calculated egiog to Sect. 2.1.3

derivedQ as+20% (from the fit quality). For absorption profiles, we haveie@dg typically by 0.1 (or
more, if necessary), and obtained the corresponding upypkioaer boundaries a1 (actually, ofQ) from
additional fits to the observed profiles. When these erranasts were smaller than the adopted error from
above (i.e.x20%), the latter value was chosen as a conservative minirhlate that the maximum errors

in Q can reach factors of almost two for absorption profiles (thealeds - problen).

From the error imQ, the uncertainty in the derived wind-momentum r&gom, can be calculated via

Al0gDmom ~ /(A10gQ)2 + (2A10gR.)? + (A logV.,)2. @.7)

With a typical error of about 150 km st in v,, , the error in logDmem Was estimated of the order #0.15,

i.e., similar to the error in log.

2.1.4 \Verifying the approximate approach

The basic outcome of our approximate analysis argghand logDmom- Values. Now, in accordance with
our primary goal, we have to convince ourselves that oumedtis for these quantities are consistent with
the results of the complete analysis. That way, we will gatérly verify our modifications concerning the

effects of line-blockingpblanketing.
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Comparisons in terms ofQ-values

There are 11 stars in common between our O-star sample amhéhef Repolust et al. (2004) analized
by means of the complete NLTE spectral analysis. In theioiig, | will use these stars as a reference to
justify the validity of our approximate approach to provigéable estimates dd.

In their work Puls et al. (1996) have noted that @wvalue derived from K profiles should be almost
independent of stellar parametéfsin the underlying models the same terminal velocities weeduand
if the influence of dferent dfective temperatures were considered by applying a temperabrrection
(their Egs. 48 and 49). For each of the eleven stars in comnittmnRepolust et al., identical values of
Vo have been used in the both analyses, whilst the correspptetinperatures are somewhaffelient.
Following the procedure outlined by Puls et al. (1996), #madperatures of these stars were unified, and
the two sets of lo@ - values were subsequently compared.

The results of the comparison are shown in Fig. 2.2. Whiletgiter values of lo@ (denser winds), the
agreement is excellent (within 0.06 dex), at lower valuesdifferences can become significant. Insofar,
the above mentione@-problem might be the source of this discrepancy, and a clospection of the
corresponding errors (see Table 3 of Markova et al. 2004)alexd that this actually is the major source of

disagreement. In many cases real variability in the stieafjthe studied winds seems also contribute.

Comparisons in terms of WLR

“Fine-tuning” e ffects Since the derived wind momenta are strongly dependent oustbe redding law
and the adopted distances, in our analysis we are forcedatanith more than one entry for many of our
sample objects. Using these data, we can now study the asersees of “fine tuning ” direct and indirect
parameters entering the Wind-momentum Luminosity Reatatsee Sections 1.6 and 6.3).

Let me first comment on the influence of usingfelient values for the total to selective extinctié,
The largerR, the brighter the star is in the visual, and the larger thkasteadius. Since we are fitting for
Q, the mass-loss and the wind-momentum rate also increaseslibas the (bolometric) luminosity. Even
in cases of an “extreme” extinction ratio of 5.0, howevee, thsulting diferences irR, and M are small,
roughly 10 to 14% of the values derived with= 3.1. (Hereafter all data obtained usifRy= 3.1 will be
referred to as “standard” values). The corresponding trariain logL and Dmem are also small, (much)
smaller than the individual uncertainties for these quisti Moreover, the corresponding shifts are found
to be almost in parallel to any expected wind-momentum |lasiiy relationship (see Fig. 5 of Markova
et al. 2004). These findings indicate that any uncertainfg gihould be of minor influence on the results

concerning the WLR.
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To account for the totalfeect of the “fine tuning ” on the derived WLR, various combinat of input

data have been considered:

i) Case A includes those entries without any superscripin¢kird, i.e., (almost) all distances from
Humphreys (1978) an® = 3.1) plus the specific values adopted for the four “peculiareoty’
(HD 16691, HD 4912, HD 34 656 and HD 42 088)

i) Case B refers to entries with superscript 1 (individuaddening) plus “peculiar objects” plus data

without superscript for the rest of the stars.

iii) Case C combines data with superscript 2 plus “pecullgects” plus data with superscript 1 (if no

entry with superscript 2 available) plus standard value$fe rest.
iv) Case D comprises case C plus field stars.

In Fig. 2.3 the WLR based on the data-set corresponding ® Bas shown. Numbers correspond to
luminosity classes. Linear regressions, obtained by megyisminimization accounting for the individual
errors inboth directions, are shown as solid (I.c/ll) and dotted (l.c. 1lIV) lines. We have used the

conventional formulation given by Eq. 1.13, namely

with exponentx being the inverse od’, which corresponds to the slope of the line-strength iligtion
function corrected for ionizationfiects (Puls et al. 2000; Kudritzki & Puls 2000).

To our knowledge, this investigation together with that epRlust et al. (2004) are the first to account
for errors in both directions. We consider this type of regien as essential since the errors inllogye
of the same order as those in Dgom, and theyare furthermore correlated. Indeed, if we assume that
the momentum rate is lower because of a smaller radius, weehalge to assume that the luminosity is
smaller (and vice versa), a fact not accounted for in thedstahtype of regression. Actually, by comparing
with results from a conventional least square fit (even acting for the specific errors in [0Bmom), We
sometimes find significantflierences in the regression ¢eients. Only when the errors in lagare small,
both methods yield similar results.

What is immediately apparent from Fig. 2.3 is thatmal giants and dwarfs show lower wind momenta
(roughly by 0.3...0.5 dex) than supergiants at the samerbetdc luminosity and that they are in good

agreement with the theoretical predictions (dashed ligdjibk et al. (2000). However, note that due to the

2From a detailed investigation of the derived stellar anddyirarameters of these stars we concluded that the corrdésgond
estimates seem somewhat dubious.
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Figure 2.3: WLR for our sample of Galactic O-type stars, dasé&rror bars with respect ta 10g Dom
are displayed for all stars with Hn absorption. The errors for the remaining objects withirHemission
and the errors foA logL roughly agree with the typical error bars displayed in therég. Regressions
accounting for individual errors in both co-ordinates dse&hown.

Numbers 1, 3 and 5 correspond to luminosity classes I, 11l ¥nespectively. Special symbols: “zP”
corresponds tg Pup; the “x” denotes HD 47 839 (15 Mon, Ic V), the open squar®-16 429 (Ic 1) and
the asterisk - HD 34 656; circles denote the field stars.

short interval in lod- covered by giants and dwarfs, the regression for lumindHify objects cannot be
regarded as significant. Consequently, in Table 2.3 onlygheession cdécients for the luminosity class |
objects obtained for the fierent samples (A, B, C and D) are listed. Similar data froneoithvestigations
(Kudritzki & Puls 2000; Herrero et al. 2002; Repolust et &02), and such predicted by theory for stars
with Teg >30000 K (Vink et al. 2000), are also included for comparison.

Close inspection of the data in Table 2.3 indicates that ngpfiiom Case A to Case D the regression
somewhat improves, i.e., the errors of the parameters @ser@nd move towards those predicted by the-
ory). Accounting for the fact that the positions of the fietdrs (case D) remain somewhat uncertain since
they strongly depend on the accuracy of the empiricalbalibration, | will concentrate now on sample C,

which appears to be the most relevant, in terms of both 8tatisnd underlying physical assumptions.

Comparison to results from complete spectral analyses A comparison between our results (Case C) to
such from other investgations shows that except for the fdama Kudritzki & Puls (2000), the remaining
“observational” results are rather similar. Given that th&ues quoted by Kudritzki & Puls (2000) have
been derived by means ohblockednodel atmospheres, and that the other three investigagithves use,

or rely on the same (line-blanketed) model atmosphere dede\Wmp, these findings should not be a
surprise though. On the other hand, however, the fairly gapéement between our results (case D) and

those from the complete spectral analysis (Repolust et0@i4Rindicates thathe approximate approach
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Table 2.3: Cofficients of the WLR obtained for the supergiants of our samases A, B, C and D in com-
parison to results from other investigations. The valuethefminimizedy? (not displayed here) indicate
an acceptable fit in all four cases. Regression accountirgyfors in both co-ordinates for case Ato D and
the analysis by Repolust et al.; standard least square fiefoaining entries.

Sample lodD, X o
Case A 16.882.53 2.2%0.45 0.450.09
Case B 17.582.18 2.130.38 0.480.09
Case C 19.001.37 1.8320.24 0.550.08
Case D 18.581.25 1.9@0.22 0.530.06
Herrero et al. 19.2¥1.37 1.740.24 0.580.08

Repolust et al. 18.3(R.12 1.940.38 0.5%0.10
Kudritzki & Puls 20.6%1.04 1.5%0.18 0.66-0.08
Vink et al. 18.680.26 1.830.044 0.550.013

followed by us actually can provide compatible results imte of both Q - values (respectiveM,) and

WLR, not only qualitatively, but also quantitatively

2.1.5 Enlarging the sample

The latter conclusion allows us to proceed in the spirit afired in the introduction, namely to combine
our data with the data-sets from Repolust et al. (2004) fansstot in common and Herrero et al. (2002),
in order to improve the statistics, and to study the WLR ofa@tt O stars by means of the largest sample
of stars used so far. In total, this sample comprises 19 gig#s and 15 Ic I}V objects entering the
regression. Again, we have accounted for the errors in hotletibns, with errors taken from the respective
investigations. Note that the errors in the sample from Regpp@t al. are dominated by the uncertainty in
radius, similar to the objects from our sample. In contris,errors in the sample from Herrero et al. are
somewhat lower, since these authors have investigatedtefj@moneassociation only, i.e. Cyg OB2,
which reduces the scatter.

The WLR for the unified O-star sample is illustrated in Figt.ZLheoretical wind momenta as predicted
by Vink et al. (2000) (see Sect. 6.1, Eq. 6.3) are also showiid(§ne) for comparison. Obviouslyhe
WLR for luminosity class IV objects strictly follows the theoretical predictions letthe relation for the
supergiants shows a verticajfeet, corresponding now to an average factor of roughly 026 Note that
with respect to Ic IIlV objects, the “unified” sample covers a much larger rang®dil Thus, a more
precise determination of the corresponding regressiofiic@ats than before is possible. Note in addition
that even those stars with only upper limits ., (those with an arrow), which havetbeen included
into the regression, follow the continuation of Ic/Wobjects - a finding that has already been discussed by

Repolust et al. (2004).
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Figure 2.4: WLR for Galactic O-type stars. Sample includessample case C, the sample by repo04 for
objectsnotin common and the sample by Herrero et al. (2002). Regressioounting for errors in both
directions and appropriate correlations; errors corredp to respective publications. All symbols as in
Fig. 2.3; arrows indicate upper limits for objects with akhpurely photospheric profiles which have been
discarded from the regression.

Table 2.4: Cofiicients of the WLR obtained for Galactic O-stars, by comtgnanr sample case C with
the results from Herrero et al. (2002) and Repolust et al042f@or objects not in common. Regression
accounting for errors in both co-ordinateg,/(N — 2) gives the “average” value of the minimizgd per
degree of freedom, wheN is the number of objects included in the sample. “Ic” denotggession as
function of luminosity class. Asterisks mark correspomdiata from Repolust et al.

Sample lodD, X o Y?/(N=2)
Ic | 18.731.13 1.840.20 0.530.06 0.77
Ic I 18.24+1.76 1.96:0.30 0.5%0.08

lch/v 1857+1.98 1.860.36 0.540.10 0.66
lclll/v* 18.64:1.29 1.850.23 0.540.07

The results of the regression analysis for our “unified” skengnd for the “unified” sample of Repolust
et al. (2004), are summarized in Table 2.4. Note in partichiat the co#icients for Ic | objects derived by
us are closer to the values predicted by theory dfetted by smaller errors (due to the improved statistics)
than those obtained by Repolust et al. (2004). Note alsdhzduse of the inclusion of giants and dwarfs
from our investigation, the “unified” Ic IV sample now shows a better coverage along thé lagis (with
no gaps in between). The corresponding regressiofiiciaats, however, deviate stronger from the values
predicted by theory and have a somewhat larger error thasetterived by Repolust et al. (2004). This
finding (for weak winds) again points to tieproblem discussed in Sect. 2.1.4, and may also indicate a

higher sensitivity of the results on the approximationgiusgour method.
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2.1.6 Summary

In this section | have outlined main results about wind proge of Galactic O-stars derived by mean
of an approximate approch using, Halone. One of the main objectives was to investigate thenpiate
of this approach to provide mass-loss and wind-momentuesyaiompatible to those from a complete
spectral analysis. This goal has been attained in two wayby (comparing the derived mass-loss rates
(actually, the corresponding-values) to those determined by Repolust et al. (2004) vianaptete NLTE
spectral analysis for stars in common, and (ii) by compaitied/Vind-momentum Luminosity Relationship
for our sample stars to those derived by other investigafi§tglritzki & Puls 2000; Herrero et al.
2002; Repolust et al. 2004) Additionally, we studied thesamuences of “fine tuning” direct and indirect

parameters entering the WLR, e.qg., by takinjetent values for stellar reddening and distance into adcoun

The main outcomes of this study can be summarized as follows:
e To determineM and the velocity field exponefit we applied the approximate method developed by Puls
et al. (1996), which has been modified by us to account for ffeets of metal line-blockin@lanketing.

The major modification concerns the change of radiation &atpre in the neighboring continuum.

e To estimate the “blanketedl's; , and logg -values of the sample stars, needed to perform thprbffile
fitting, we derived own calibrations for luminosity clas$ell and V using data from recent spectroscopic
analyses of individual Galactic stars derived via NLTE agpteeric models with mass-loss, sphericity and

metal line blockingblanketing (Repolust et al. 2004; Martins et al. 2002).

e A comparison of ouQ-values with those from Repolust et al. (2004) for 11 starsommon indicates
that both methods give excellent agreement in those case®wie wind-emission is significant, whereas
for (very) low wind-densities discrepancies may arise,clitdre mostly related to the problem of uncertain
velocity exponents3. Our analysis furthermore showed that not only @walues, but also the WLR
derived by means of our approximate approach, are in googkamnt to the results originating from a
complete spectral analysis. Therefore, this method carsed to solve the statistical problem mentioned

in the introduction when studying wind properties of GalaG-stars.

¢ Based on the complete set of stellar and wind parametersiwestigated the influence of usindierent
combinations of stellar reddening and distances (ava&lalthe literature) on the properties of the empirical
WLR. In particular, this analysis indicates that using indiial instead of mean values for stellar reddening
causes variations in ldgand Dyom, Which are (much) smaller than the individual uncertagfigr these

guantities.

e Based on our original data and incorporating similar dadenfother investigations (Repolust et al. 2004;
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Herrero et al. 2002), we studied the properties of the WLR alaGtic O stars by means of the largest
sample of stars used so far. Consequently, a clear sepatsioeen the WLRs for luminosity class |
objects, and those of luminosity classWlwas established. This finding is in agreement with Repats
al. (2004), but disagrees with results from theoreticalusations of line-driven winds (Vink et al. 2000;
Puls et al. 2003), which do not find such a separation, butigtradinique relation instead. In Sect. 5 | will

return to this point again.
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2.2 Complete spectral analysis of B supergiants with FASTWND

While the number of Galactic O and early B stars with reliatdyermined stellar and wind parameters has
progressively increased during the last few years (e.grereet al. 2002; Repolust et al. 2004; Markova
et al. 2004; Garcia & Bianchi 2004; Bouret et al. 2005; Martat al. 2005; Crowther et al. 2006), mid-
and late-B supergiants (SGs) are under-represented irathpls of stars investigated so far. Indeed, due
to the larger variety of atomic species being visible — thesimmportant among which is Silicon, the
main temperature indicator in the optical domain — the rdpction of B-star spectra is a real challenge
for state-of-the art model atmosphere codes since it regurgood knowledge of the physics of these
objects combined with accurate atomic data. On the othed,lB4$Gs represent an important phase in the
evolutionary sequence of massive stars, and it is thergianticularly important to increase and improve
our knowledge of these objects.

In this section, | will outline the main outcomes of a projecstudy the physical properties of Galactic
B-SGs employing modern-era methods of complete specti@ysis. One of the main goals of the
project is to test and to apply the potential of the NLTE atpiese code FASTWIND to provide reliable
estimates of stellar and wind parameters of stars With from 30 to 11 kK. By means of these data and
incorporating additional datasets from alternative stagseveral important, but still open issues, such as,
e.g., the fects of line-blockingblanketing, the WLR for B SGs etc, will be addressed and itiyated in

detail.

Before discussing the main topic, let me first consider tweeptssues that might be of interest to the
reader: the status-quo of the present-day quantitativegseopy of hot massive stars, and the FASTWIND

code.

Modern-era quantitative spectroscopy of hot stars Quantitative spectroscopy is the most powerful tool
to get observational constrains on the physics of varigpsdyf stars. The ultimate goal of the quantitative
spectral analysis is by means of appropriate “model atmerggfhto reproduce the observed spectral energy
distribution of a given star and to determine its fundamiestilar and wind properties.

However, to produce reliable quantitative predictionsdelcatmospheres have to include a realistic
description of the physics involved. In this respect, modgethe atmosphere of hot massive stars is a
tremendous challenge for the present day astrophysiceethdiue to their huge luminosities, the physics

of hot star atmosphere is dominated by radiative processespn— LT E effects in the entire atmosphere

SWhat astrophysicists understand when saying “model athessp) is a complete description of the behaviour of certaiptio-
dependent variables (e.g., temperature, presure, derisdps and electrons, velocity fields and chemical commgitby means of
which a given star, and its spectrum, can be characterized.
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are important, and therefore have to be taken into acconrdddlition, the fects of stellar winds on the
structure of the atmosphere have to be also accounted for.

While the first attempts to obtain quantitative informatfoom the spectrum of a hot star dates back
to Unsold in hisLT E analysis ofr Scorpii, the first successful explanation of the opticakspen of hot
massive stars by meansmbdel atmosphemates to the work of Auer & Mihalas (1972), wheren-LTE
effects in a plane-parallel and hydrostatic atmosphere has tagen into account.

Since this milestone, the quantitative spectroscopy ofedsive stars has made a dramatic progress.
Thanks to the enormous advancement of model atmosphemaicgphysics and radiative transfer tech-
nigues, and thanks to the exponential growth of the comiouiatpower, a new generation of model at-
mosphere codes have been developed, which properly adooumin-L TEeffects and theféects of stellar
wind, includingmetal line blockingplanketingand windclumping(see Sect.1.6.1). These a@MFGEN
(Hillier & Miller 1998; Hillier et al. 2003), thePoWRcode developed by W.R. Hamann and collabora-
tors, the multi-purpose model atmosphere coBelOENIX’' (Hauschildt & Baron 1999)W M — Basic
(Pauldrach et al. 2001), artAS TWIND(Santolaya-Rey et al. 1997; Puls et al. 2005). For the pdatic
case of late-B and A-SGs, a hybrid non-LTE technique to dater their stellar and wind parameters was
developed and used by Przybilla et al. (2006).

Here, it is important to realize that the calculationaofealistic hot star model atmosphere is a very
complicate task, which requires clever numerical techesgiw be developed and used. And although the
problem is tractable from the mathematical point of viewn@of the codes cited above is able to solve
consistently, and simultaneously, the complete physica reasonable amount of time. Consequently,
various simplifying assumptions and approximations hasenbintroduced by the modelliers to decrease
the complexity of the system, and thus to reduce the computdttime required.

Apart from the assumptions and approximations applied¢tiies can also fier in the methods used
to calculate the models. (For a brief comparison of the atséélcodes see Puls 2008.) Presently, three such

methods exist and are largely used, these are:

¢ i) self-consistenmethods in which the wind structure is determined by a radidbrce, calculated
by means of self-consistent NLTE occupation numbers, aacttiiresponding radiation field. To
determine the atmospheric structure and to produce théetyotspectrum, these methods require
four input parametersT¢s, logg, R. and chemical abundances (plus eventually clumping factors

and a description of the X-raftdV emission).

e i) consistenmethods where the main wind propertié4, andv., , can be adapted to fit the wind-

lines by varying the force-multiplier parameters. The esponding input parameters arg , logg,
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R, , stellar abundances, and the force-multiplier paramddessands (plus clumping factors and

description of X-rayeUV emission (if necessary)).

e iii) unified model atmosphereethods where the wind structure is analytically describadg ve-
locity law, and a smooth transition between the wind and thasghydrostatic photosphere. The
input parameters here affes, logg, R, , chemical abundanceM, v.,, 3, and eventually clump-
ing factors and description of X-r&gUV emission. (For more detailed comments on this issue the

interested reader is referred to Puls, Vink & Najarro (2008)

The FASTWIND code Most of the results presented in this thesis have been @utdip means of the
FASTWIND code (Fast Analysis of Stellar atmospheres witiN®), which calculates NLTE line blan-
keting model atmosphere for hot stars with winds. The methmgademented in this code belongs to those
described in the last item above, i.e. the code comprisesatheept ofunified model atmospheréGabler
et al. 1989) where the photosphere is assumed to be in haticostuilibrium with a velocity law follow-
ing from the equation of continuity (Eq. 1.7), while near #mic point a smooth transition to A type
velocity law of the form

v(r) = vw(l— IOi!’*)ﬂbz 1—(

r

1p
V(R*)) (2.9)

00

is made for the supersonic part of the wind. Consequentyctie can deal with extreme emission lines

produced by very strong winds as well as with an entire altisorgpectrum for extremely weak winds.

This point is particularly important when optical (but al&) spectra of OB stars have to be analyzed.
One of the main adventages of FASTWIND is that it is extrenfasy enabling a vast amount of models

to be calculated. In particular, it needs about 30 min, agaieveral hours faa MFGENor W M- Basig to

produce a single model. This higffieiency is obtained by applying appropriate physical apjpnations

to certain processes where high precision is not requiredetAiled and complete description of the code

can be found in Puls et al. (2005).

2.2.1 Sample stars and observational material

Sample stars. Table 2.5 lists our sample stars, together with their cpoading spectral and photometric
characteristics, associatj@iuster membership and distances. For hotter and inteatest@imperature stars,
spectral types and luminosity classes (Column 2) were thkemthe compilation by Howarth et al. (1997),
while for the remainder, data fro®|MBADhave been used.

SinceHIPPARCOSbased distances are no longer reliable in the distance @rggdered here (e.g.,

4This is the point where the velocity equals the sound speed.
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Table 2.5: Galactic B-SGs studied in this work, togethehvatiopted photometric data. For multiple
entries, see text.

Object  spectral member- d VvV B-V (B=V)y My
(HD#)  type ship
185859 BO0.5la -7.0*
190603 Bl.5la 157 b5.62 0.760 -0.16 -8.21
5.62 0.540.02 -7.53
206165 B21b CepOB2 0.83 4.76 0.246 -0.19 -6.19
198478 B25la CygOB7 0.83 481 0.571 -0.12 -6.93
4.84 0.46-:0.01 -6.37
191243 B51b CygOB3 2.2 6.12 0.117 -0.12 -6.41
1.7 -5.80
199478 BS8lae NGC 6991 1.84 5.68 0.408 -0.03 -7.00
202850 B9lab CygOB4 1.60 4.22 0.098 -0.03 -6.18
212593 B9lab -6.5*

2 Humphreys (1978f Garmany & Stencel (1992y;Barlow & Cohen (1977);
d Denizman & Hack (1988)
* from calibrations (Humphreys & McElroy 1984)

de Zeeuw et al. 1999; Schroder et al. 2004), photometrianiies collected from various sources in the
literature have been adopted (Column 4). In particularsfars members of OB associations, we drew
mainly from Humphreys (1978), but also consulted the listslished by Garmany & Stencel (1992), and
by Barlow & Cohen (1977). In most cases, good agreement legtite three datasets was found, and only
for Cyg OB3 did the distance modulus provided by Humphreysead out to be significantly larger than
that provided by Garmany & Stencel. In this latter case, tntvies ford are given in Table 2.5.

Apart from those stars belonging to the OB associationsethe two objects in our sample which have
been recognised as cluster members: HD 190603 and HD 1994i&8former was previously assigned
as a member of Vul OB2 (e.g., Lennon et al. 1992), but thiggassént has been questioned by McErlean
et al. (1999) who in turn adopted a somewhat arbitrary distanf 1.5 kpc. This value is very close to the
estimate of 1.57 kpc derived by Barlow & Cohen (1977), and this latter value which we will use in the
present study. For the second cluster member, HD 199 478tande modulus to its host cluster as used
by Denizman & Hack (1988) was adopted.

Visual magnitudesy, andB-V colours (Column 5 and 6) have been taken fromHRPARCOS Main
Catalogue (239). While for the majority of sample stars thiPPARCOShotometric data agree quite
well with those provided bysSIMBAD, for two of them (HD 190603 and HD 198 478) significaht- V
differences were found. In these latter cases two entridgsf&t are given, where the second one represents
the mean value averaged over all measurements listStMBAD).

Absolute magnitudes, M(Column 8), were calculated using the standard extincaanwithR = 3.1

combined with intrinsic coloursB - V), from Fitzpatrick & Garmany (1990) (Column 7), and distasice
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V andB - V magnitudes as described above. For two stars which do nmfpéb any clustéassociation
(HD 185859 and HD 212 593), absolute magnitudes accorditigetoalibration by Humphreys & McElroy
(1984) have been adopted.

For the majority of cases, the absolute magnitudes we dkragree within:0.3 mag with those pro-
vided by the Humphreys-McElroy calibration. Thus, we a@dghis value as a measure for the uncertainty
in My for cluster members (HD 199478) and members of spatiallyenconcentrated OB associations
(HD 198478 in Cyg OB7, see Crowther et al. 2006). For othesstéth known membership, a somewhat
larger error 0f+0.4 mag was adopted to account for a possible spread in déstaithin the host associa-
tion. Finally, for HD 190 603 and those two stars with caltechM,, we assumed a typical uncertainty of
AMy =+0.5 mag, representative for the spread ip Mf OB stars within a given spectral type (Crowther

2004)5

Observations and data reduction. High-quality R = 15000 ands/N ~ 200 to 300) optical spectra for
the sample stars were collected using the Coudé spegatwgfahe NAO 2-m telescope of the Institute of
Astronomy, Bulgarian Academy of Sciences. Since our spaetmple about 200 A, five settings were used
to cover the ranges of interest, from 4 100 to 4 900 A, plys o minimise the fects of temporal spectral
variability (if any), all spectra referring to a given staesg taken one after the other, with a time interval
between consecutive exposures of about half an hour. Thagxpect our results to be only sensitive to
temporal variability of less than 2 hours. The spectra werhiced following standard procedures, and

using the corresponding IRAFoutines.

2.2.2 Determination of stellar and wind parameters

To allow for an initial assessment of the stellar and winchpzaters, a coarse grid of FASTWIND models
(appropriate for the considered targets) was used. Thargridves 270 models covering the temperature
range between 12 and 30 kK (with increments of 2 kK), and iiclg logg values from 1.6 to 3.4 (with
increments of 0.2 dex). An extended range of wind-densiéiesgombined in the optical depth invarignt
(=M /(Veo R, )2, cf. Puls et al. 1996) has been accounted for as well, to ddowoth thin and thick winds.

All models have been calculated assuming solar HelitYym € 0.10, with Yge = N(He)/N(H)) and
Silicon abundance (log (&)= -4.45 by numbef, cf. Grevesse & Sauval 1998 and references therein),

and a micro-turbulent velocityc, of 15 km s for hotter, and 10 km s for cooler subtypes, with a

SFor a hypergiant such as HD 190 603 this value might be everehig

6The IRAF package is distributed by the National Optical Astmy Observatories, which is operated by the Associatfon o
Universities for Research in Astronomy, Inc., under carttreith the National Sciences Foundation.

"According to latest results (Asplund et al. 2005), the dcsatar value is slightly lower, log (8#) = —4.49, but such a small
difference has nofkect on the quality of the line-profile fits.
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Table 2.6: Radial velocities (from Si), projected rotaibwelocities, macro- and micro-turbulent velocities
(allin km s1) and Si abundances, given as ld¢($i)/N(H] + 12, of the sample stars as determined in the
present study. The number in brackets refers to the numbigresfused to derivesini andvmac.

Object Sp V, vsini Vmac Vimic Si abnd
HD 185859 B0O.5 la 12 62(5) 58(3) 18 7.51
HD 190603 B1.5 la 50 47(8) 60(3) 15 7.46

HD 206 165 B2 Ib 0 45(7) 57(3) 8 7.58
HD 198478 B2.51a 8 39(9) 53(3) 8 7.58
HD 191243 B5 Ib 25 38(4) 37(3) 8 7.48
HD 199478 B8 lae -12 41(4) 40(3) 8 7.55
HD 212593 B9 lab -13 28(3) 25(3) 7 7.65
HD 202850 B9 lab 13 33(3) 33(3) 7 7.99

border line at 20 kK.
By means of this model grid, initial estimates ®g , loggand M were obtained for each sample star.
These estimates were subsequently used to construct aessattigrid, specific for each target, to derive

the final, more exact values of the stellar and wind paraméiecluding Yy, 10g (SyH) andvpc ).

Radial velocities. To compare observed with synthetic profiles, radial velesiand rotational speeds
of all targets have to be known. Radial velocities from then&al Catalogue of Mean Radial Velocities
(111/213, Barbier-Brossat & Figon 2000) were used as a first stdpesd values were then modified (if
necessary) to obtain better fits to the analyzed metal lifrtedium or Hydrogen lines were discarded since
they might be influenced by (asymmetrical) wind absorpgamission.) The finally adopted -values are

listed in Column 3 of Table 2.6. The accuracy of these es@siattypically+ 2km s?.

Projected rotational velocities and macro-turbulence. As a first guessysini -values obtained by
means of the Spectral typevsini calibration for Galactic B-type SGs (Abt et al. 2002) weredisHow-
ever, during the fitting procedure we found that these vatuegide poor agreement between observed and
synthetic profiles, and that to improve the fits an additidima-broadening must be introduced and used.
These findings are consistent with similar results fromieaihvestigations claiming that absorption line
spectra of O stars and B SGs exhibit a significant amount aidening in excess to the rotational broad-
ening (Rosenhald 1970; Conti & Ebbets 1977; Lennon et al318®warth et al. 1997). And although
the physical mechanism responsible for this additionaktinoadening is still not understood, | will follow
Ryans et al. (2002) and will refer to it as “macro-turbuléhce

Since the influence of macro-turbuleneggc, is similar to those caused by axial rotation, and since
stellar rotation is a key parameter for stellar evolutioftgkation (e.g., Meynet & Maeder 2000; Hirschi

et al. 2005b), it is particularly important to distinguisbtiveen the individual contributions of these two
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Figure 2.5: Projected rotational (left panel) and macmbient (right panel) velocities of OB-SGs (spectral
types refer to O-stars, i.e., 10 corresponds to BO and 20 fo Aur determinations are marked with
diamonds while crosses refer to published data (Dufton &04l6; Simon-Diaz & Herrero 2007).

processes. To this end, we used the implementation of theéfinique as developed by Simon-Diaz &

Herrero (2007) (based on the original method proposed by G9@3, 1975), and applied it to a number

of preselected absorption lines. The obtained pairsseinf, Vmac), averaged over the measured lines,
were then used as input parameters for the fitting procedume subsequently modified to improve the

fits. The finally adopted values @kini andvpmgc are listed in Columns 4 and 5 of Table 2.6, respectively.
Numbers in brackets refer to the number of lines used forah#dysis. The uncertainty of these estimates
is typically less than-10 km s, being largest for those stars with a relatively low rotasibspeed, due to

the limitations given by the resolution of our spectx8% km s1).

Although the sample size is small, tiasini - andvy,c- data listed in Table 2.6 indicate that:

e in none of the sample stars is rotation alone able to repmthecobserved line profiles (width and shape).
¢ bothvsini andvy,c decrease towards later subtypes (loWgr), being about a factor of two lower at B9
than at BO.5.

e independent of spectral subtype, the size of the macratemb velocity is similar to the size of the
projected rotational velocity.

e also in all casesymac is well beyond the speed of sound.

Compared to similar data from other investigations forsstarcommon (e.g. Rosenhald 1970; Howarth
et al. 1997), ouwrsini - estimates are always smaller, by up to 40%, which is unaledstble since these
earlier estimates refer to an interpretation in terms ddtiohal broadening alone.

On the other hand, and within a given spectral subtype, dimates ofvsini andvmn,c are consistent
with those derived by Dufton et al. (2006) and Simon-Diaz &tideo (2007) (see Figure 2.5). From these

data, it is obvious that bothsini andvn,c appear to decrease (almost monotonically) in concert, when
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proceeding from early-O to late-B types.

Basic stellar parameters

Effective temperatures,Ter.  To estimate fective temperature we exploited the Silicon ionization bal
ance involving the Si Il features an4129, 4131, the Si Il features af4553, 4568, 4575 and ai4813,
4819, 4828, with a preference on the first triplet (for moraie see Markova & Puls 2008), and the Si IV
feature ati4116.

For stars of spectral type B2 and earlier, Helium can alscslee as an additional check dgr. Thus,
He | transitions atli14471, 4713, 4387, 4922, and He |l transitions1a#200, 4541, 4686, were also

analysed.

Column 2 of Table 2.7 lists allffective temperatures as derived in the present study. Tistiseates
are influenced by several processes and estimates of otaetitips, among which are micro- and macro-
turbulence, He and Si abundances, surface gravity and lnssgate (see below). Nevertheless, we are quite
confident that, to a large extent, we have consistently arttypadependently (regardingnic , Vmacand Si
abundances) accounted for these influences. Thus, theierooir T - estimates should be dominated
by uncertainties in the fitting procedure, amounting to akek00 K. Of course, these arefidirential
errors assuming that physics complies with all our asswmpfidata and approximations used within our

atmosphere code.

Micro-turbulent velocities and Si abundances. Recent studies have shown that the introduction of a
non-vanishing velocity, called “micro-turbulence”, cagrsficantly improve the agreement between syn-
thetical profiles and observations (McErlean et al. 1998itls& Howarth 1998). However, some stel-
lar properties, such as, e.g., abundandeg, and loggmight also be significantly modified by micro-
turbulence. For O-stars, thesezts were proven to be relatively small (see Villamariz & téep 2000).
For B-type stars, however, this issue has been investidategveral individual objects only.

Motivated by the above outlined, we decided to investighteihfluence of micro-turbulence on the
derived dfective temperatures for the complete range of B-type SGsthifoend, we calculated a sub-
grid of FASTWIND models withvyic ranging from 4 to 18 km (with increments of 4 km ), and
log Q values corresponding to the case of relatively weak windigs Sub-grid was then used to study the
behaviour of the SilV411&illl4553 and Sill412&5ill14553 line ratios, which are the main temperature
indicators in the B-star domain.

The obtained results, illustrated in Fig. 2.6, show thathimitthe temperature ranges of interest

(18 < T < 28 kK for SilV/Silll and 12< Teg < 18 kK for Sill/Silll), the differences caused by vari-
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Figure 2.6: Hects of micro-turbulence on the strength of Si IV 4/3i6lll 4553 (left panel) and
Si 11 4128Si 11l 4553 (right panel) equivalent width ratios for B-ty[®Gs. Triangles refer to the lowest
value ofvpmic = 4 km s, squares to the highest one - 18 km (see text).

OUSVnc are relatively small, resulting in temperaturfeiences lower than 1000 K, i.e., within the limits

of the adopted uncertainties (see below).

Based on these results, we relied on the following strategletermin€Tl ¢, Vimic and Si abundances.
As a first step, we used the FASTWIND model grid, as describedausly, to put initial constraints on the
stellar and wind parameters of the sample stars. Then, lyynggfe; (but also logy, M and the velocity
exponen8) within the derived limits, and by changing,c within +5 km s to obtain a satisfactory fit to
most of the strategic Silicon lines, we fix&édr /log gand derived rough estimates\gfic. Finalvp,c - values
and Si abundances then follow from the following proceddioe.each sample star a grid of FASTWIND
models was calculated, combining four abundances and fluesaf micro-turbulence (ranging from 10
to 20 km s, or from 4 to 12 km s, to cover hot and cool stars, respectively). By means ofghi
then we determined those abundance ranges which reprodeabserved individual EWs (within the
corresponding errors) of several previously selectech8slfrom diferent ionization stages. Subsequently,

we sorted out the value of,ic which provides the best overlap between these ranges,

In Column 6 and 7 of Table 2.6, our final values fg. and Si abundance are given. The error of these
estimates depends on the accuracy of the measured equwaditins (about 10%) and is typically about
+2 km stand+0.15 dex forvyc and the logarithmic Si abundance, respectively. A closspeation of
these data indicates that;c of B-type SGs might be closely related to spectral type ($&@ McErlean
et al. 1999), being highest at earlier (18 knt at B0.5) and lowest at later B subtypes (7 kmh at B9).
Interestingly, the latter value is just a bit larger than tyygical values reported for A-SGs (3 to 8 km's

e.g., Venn 1995), thus implying a possible decline in mindsulence towards even later spectral types.
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Table 2.7: Final results for our sample of Galactic B-SGsveerusing FASTWIND Teg in KK, Ry in Ro
M, in Mg , Voo iInkm s, Min 10%Mg/yr. Dmom (in cgs-units) denotes the modified wind-momentum rate.
High precisiorB-values are given bold-faced. For non-tabulated erroestesd.

Star Ter 1099 l0g0ue Re  Yue logL/Lg My Ve log M 109 Dmom

HD 185859 26.3 295 296 35 0.10 5.72 *3118301. ]_0 1¥ -5.82+0.13 29.0%0.20

HD 190603 19.5 2.35 2.36 80 0.20 5.92 é% 4852.9+0.2 -5.73:0.16 28.730.22
2.36 58 5.65 2€§2 -5.91+0.16 28.450.22

HD 206165 19.3 250 2.51 32 0.10-0.20 5.11 +47,126401 5+02 8 .6.57+0.13 27.790.17

HD198478 17.5 2.10 2.12 49 0.10-0.20 5.31 *gl — 1. 3+0 1 -6.93..-6.3926.97..27.48
212 38 5.08 -7.00..-6.46 26.84..27.36

HD 191243 14.8 260 2.61 34 0.09 4.70 é? 4700.8...1.5 -7.5826 2671027
2.60 46 4.96 31}% -7.30% Eg 27. OO‘8 5%

HD 199478 13.0 1.70 1.73 68 0.10 5.08 *292300.8..1.5 -6. 73 6 18 27. 33 27 88

HD 212593 11.8 2.18 2.19 59 0.06-0.10 4.79 jl 9 3500.8...1.5 -7. Otg25 27. 18*022

HD 202850 11.0 1.85 1.87 54 0.09 459 *4824008..1.8 -7.282% 268202

* - for this starv,, is highly uncertain ranging from 200 to 470 km's
3 H, (though in absorption) indicatgs> 1.

Surface gravity. Classically, the Balmer lines wings are used to determieestirface gravity, log,
where only higher members (ldnd H; when available) have been considered to prevent a bias $&céu
potential wind-emissionfects in H, and H;. Note that due to stellar rotation, the Iggvalues derived
from such diagnostics are onyf fectivevalues. To derive thue gravities, logue, required to calculate
masses, one has to apply a centrifugal correction (appaierbyv sini 2/R, ). For all our sample stars this
correction was found to be typically less than 0.03 dex. €ponding values forfiective and corrected
surface gravities are listed in Columns 3 and 4 of Table 2h& &rror of these estimates was consistently

adopted as- 0.1 dex due to the rather good quality of the fits and spectra.

Helium abundance. For all sample stars a “normal” helium abundangg,= 0.10, was adopted as a first
guess. Subsequently, this value has been adjusted (ifssrggso improve the Helium line fits. For the
two hottest stars with well reproduced Helium lines (and tergzation stages being present!), an error of
only +0.02 seems to be appropriate because of the excellent fityguahong those, an overabundance in
Helium (Yne = 0.2) was found for the hypergiant HD 190 603, which might deaexpected according to
its evolutionary stage.

In mid and late-B types, on the other hand, the determinafidfh was more complicated, due to fitting
problems (for more informations see Markova & Puls 2008}ti@aarly for stars where the discrepancies
between synthetic and observed triplet and singlet linee vopposite to each other (HD 206 165 and
HD 198 478), no unique solution could be obtained by varyheghelium abundance, and thus for these
stars only upper and lower limits were derived. For HD 212 5%8the other hand (where all available

singlet and triplet lines turned out to be over-predictadjelium depletion by 30 to 40% would be required
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to reconcile theory with observations.

All derived values are summarized in Column 6 of Table 2.%,rmie that alternative fits of similar
quality are possible for those cases where an overabunfli@ptetion in He has been indicated, namely
by using a solar Helium content anglic being a factor of two largdower than inferred from Silicon:
Due to the well known dichotomy between abundance and ntictmilence (if only one ionization stage is
present), a unique solution is simply not possible, acdngrior the capacity of the diagnostic tools used

here.

Stellar radii, luminosities and masses. The input radii used to calculate our model grid have been
drawn from evolutionary models. Of course, these radii araesvhat diferent from the finally adopted
ones (listed in Column 5 of Table 2.7), derived following firecedure outlined in Sec. 2.1.3. With typical
uncertainties 0£500 K in ourTeg and of+0.3to 0.5 mag in M}, the error in the stellar radius (see Eq. 2.4)
is dominated by the uncertainty in\M and is of the order ohlog R, = +0.06...0.10, i.e., less than 26% in
R,.

Luminosities have been calculated fraig: andR, , while masses were inferred from Igg,... These
estimates are given in Columns 7 and 8 of Table 2.7, resgdgtiThe corresponding errors are less than
+0.21 dex inlod-/L, and+0.16 to 0.25 dex in logv, .

Compared to the evolutionary masses (Meynet & Maeder 2@@@d)apart from two cases, our estimates
of M, are generally lower. While for some stars, the discrepanaie less than, or comparable to the
corresponding errors, they are significant for some otheasr(ly at lower luminosities), and might indicate

a “mass discrepancy”, in common with previous findings (Grewet al. 2006; Trundle & Lennon 2005).

Wind parameters

Terminal velocities. For the four hotter stars in our sample, we adopted/theestimates of Howarth et
al. (1997). Interestingly, the initially adopted value afo4km s for v,, of HD 198478 did not provide a
satisfactory fit to H, which in turn required a value of about 200 kni.sThe later value, however, is rather
close to the corresponding photospheric escape velogity, Thus, for this object we considered a rather
large uncertainty, accounting for possible variationg.in

For the four cooler stars, on the other hand, no literatuta ware found ang,, - data from appropriate
calibrations (Kudritzki & Puls 2000) were used instead. llrbat one of these objects (HD 191 243, first
entry), the calibrated.,, - values were lower than the corresponding escape velscitiel we adopted, =
Vescto avoid this problem.

The used/,, - values are listed in Column 9 of Table 2.7. The error of thidesa is typically less than
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100 km s* (Prinja et al. 1990), except for the last four objects wherasymmetric error of -2550% was

assumed instead, allowing for a rather large insecuritytde higher values.

Velocity exponents. For stars with H in emission,8 was fixed from the | profile shape. For stars
with H, in absorption, since the determinatiorngdifom optical spectroscopy alone is (almost) impossible,
a typical value ofs = 1 was consistently adopted, but lower and larger values baga additionally used

to constrain the errors. (In Sect. 2.1.3 | have referreditoigisue as to A - problem.)

Mass-loss rates, M, have been derived from fitting the observed profiles with model calculations.
The obtained estimates are listed in column 11 of Table 2ofreSponding errors, accumulated from the
uncertainties iQ, R, andv,, (see Sect. 2.1.3), are typically less thet 16 dex for the three hotter stars
in our sample and less thar0.26 dex for the rest, due to more insecure valuegdnd Q. Since we
assume an unclumped wind, thetualmass-loss rates of our sample stars might, of course, be (oee
Chapter 5).

A comparison of present results with such from previousistCrowther et al. 2006; Barlow & Cohen
1977) for three stars in common indicates that the parasdtnived by Crowther et al. for HD 190 603
and HD 198478 are similar to ours (accounting for the fadthigherTes and My result in larger loggyand

M, respectively, and vice versa).

2.2.3 TheTg scale for B-SGs

Comparison to similar studies. Besides the present study, two other investigations haezrdaed the
effective temperatures @alacticB-type SGs by methods similar to ours. Crowther et al. (20@&f used
the non-LTE line blanketed code CMFGEN to determilg of 24 supergiants (luminosity classes la, Ib,
lab, la+) of spectral type BO-B3 with an accuracy #1 000 K; Urbaneja (2004) employed FASTWIND
and determinedfective temperatures of five early B (B2 and earlier) starsiofihosity classes [t with
an (internal) accuracy af500 K. In addition, Przybilla et al. (2006) have recently lsted very precise
temperatures (typical error af200 K) of four BA SGs (among which one B8 and two AO stars), agai
derived by means of a line-blanketed non-LTE code, in thég éa plane-parallel geometry neglecting wind
effects.

In Fig. 2.7 the &ective temperatures, originating from these four invesittms, are plotted as a function
of spectral type. Overplotted (dashed line) is a 3rd ordémmmial regression to these data, with a grey-
shaded area denoting the corresponding standard deviation

Obviously, the correspondence between theedént datasets is (more than) satisfactory: for a given
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Figure 2.7:Left: Comparison of oull ¢ - determinations with data from similar investigationsaiionds

- our data; triangles - data from Crowther et al. (2006); sgsia Urbaneja (2004); asterisks - Przybilla et
al. (2006). Large circles mark the three objects with stemtgvinds (all from the sample by Crowther et
al.). The regression to the data (dashed line) and its stdmigwiation (grey-shaded area) are also shown.
Spectral types refer to B-stars (i.e., “-1" corresponds 8 &d “10” to AO).

Right: Tes - estimates for the Lefever et al. GROUP | stars are compardiuktregression from the left.
The error bars correspond+d 000 K. Large circles mark data points which deviate sigaiftty from this
regression (see text).

spectral sub-type, the dispersion of the data does not dxe&000 K. There are only three stars
(marked with large circles) that make an exception showigigiicantly lower temperatures: HD 190 603,
HD 152236 and HD 2 905. Given their strong P Cygni profiles seét, and their high luminosities, this

result should not be a surprise though (higher luminositglenser wind— stronger wind blanketing»

lower Teg ).

Very recently, one more study on B-SGs has been publishddeeet al. 2007) where stellar and wind
parameters have been determined by means of FASTWIND. Haowawe to the lack of appropriate data,
the authors were not able to exploited the Silicon ionizabalance to determinky, but instead had to
rely on the analysis of one ionization stage alogigher Si Il or Si lll, plus two more He | lines{4471
and16678) . Consequently, the results derived through thissitigation might be prone to larger error bars

than those obtained by methods whallestrategic lines could be included.

To test this possibility, in Fig. 2.7 (right panél)g - estimates for stars from the so-called GROUP |
of the Lefever et al. sample are piloted together with theaggjon from the left panel. The error bars
correspond ta:1 000 K quoted by the authors as a nominal error. While moshefdiata are consistent
(within their errors) with our regression, there are alsgeots (marked again with large circles) which

deviate significantly.

Among these are two stars of B5-type, with safge, which lie above the regression. For one of them,



50 CHAPTER 2. "“BLANKETED” PROPERTIES OF OB STARS

HD 108 659, the derived log-value seems to be somewhat large for a SG, appropriate foglat lgiant.
Interestingly, the surface gravity of “our” B5 star, HD 1943 appears also to be larger than what is typical
for a supergiant of B5 sub-type. Thus, these two stars sedr toisclassified. This possibility, however,
cannot be applied to the other B5 target from the Lefever samhich logg (and My ) is consistent with
its classification as a supergiant.

Concerning the outliers situated below the regressiomgikieir strong emission components inwe

suggest that windféects might be the reason of their “underestimated” tempezat(see next section).

Effects of line-blockingblanketing and the wind effects. To improve the statistics and thus to diminish
the corresponding errors, the five datasets discussed Abwgdeen combined into one sample, which was
subsequently used to evaluate tifiets of line-blocking and the windtects in the B SG domain.

Figure 2.8, left panel, displays thefdirences between “unblanketed” and “blanketetiaive temper-
atures for this combined sample, as a function of spectpa.tyhe “unblanketed” temperatures have been
estimated using th€s — spectral type calibration provided by McErlean et al. @9®bjects enclosed by
large circles are the same as in Fig. 2.7, i.e., three fronatladysis by Crowther et al., and seven from the
sample by Lefever et &l As to be expected, the “blanketed” temperatures of Gal@®$Gs are system-
atically lower than the “unblanketed” ones. Thé&éeiences range from about zero to roughly 6 000 K, with
a tendency to decrease towards later sub-types (see bel@uvtfeer discussion).

The most remarkable feature in Figure 2.8 is the large déspein AT for stars of early BO-B3 sub-
types. Since the largestftbrences are seen for stars showing P Cygni profiles with &vediastrong
emission component in H we suggest that most of this dispersion is related to witetts.

To investigate this possibility, we have plotted the dimttion of theATgs -values of the BO-B3 object
as a function of the distant-invariant optical depth par@mkgQ. Since the H emission strength does
not depend o) alone, but also ofig; - for sameQ-values cooler objects have more emission due to lower
ionization - stars with individual sub-classes were stddieparately to diminish thidfect. The right-hand
panel of Fig. 2.8 illustrates our results, where the sizehef ¢ircles corresponds to the strength of the
emission peak of the line. Filled symbols mark data from CNENGopen ones — data from FASTWIND.
Inspection of these data indicates that objects with sephly emission tend to show larger I&@values
and subsequently higha&Ts— a finding that is model independent. This tendency is padity evident
in the case of B1 and B2 objects.

On the other hand, there are at least three objects that mafmpdaviate from this rule, but this might

still be due to the fact that the temperature dependen€elads not been completely removed (of course,

8Four B1 stars from the Lefever et al. sample have the smand thus appear as one data point in Figs 8 (right) and 9.
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Figure 2.8: Diferences between “unblanketed” and “blanketei@éaive temperatures for the combined
sample (this work, Urbaneja 2004, Crowther et al. 2006, fitayet al. 2006 and GROUP | objects from
Lefever et al. 2007), as a function of spectral type (leftggpand as a function of lo@ for individual
subtypes, B0 to B3 (right panel). Unblankefeg are from McErlean et al. (1999).

Left Large circles denote the same objects as in Fig. 2.7. Tleeptant indicating a significamegative
temperature dierence corresponds to ttveo B5 stars (at same temperature) from the Lefever et al. sample
Right The size of the symbols corresponds to the size of the peasim seen in K. Filled circles mark
data from CMFGEN, open circles those from FASTWIND.

uncertainties irB, Teg and logg can also contribute). All three stars (HD 89767, HD 94 909K{®0) and
HD 154043 (B1)) are from the Lefever et al. sample and do nloibéstrong H, emission, but nevertheless

the highesATg among the individual sub-classes.

In summary, we suggest that the dispersion in the derifiettave temperature scale of early B-SGs
is physically real and originates fromind gfects Moreover, there are three stars from the Lefever et al.
GROUP | sample (spectral types BO to B1) whose temperateess $0 be significantly underestimated,
probably due to indticient diagnostics. In our follow-up analysis with respectind-properties, we will

discard these “problematic” objects to remain on the “coretése” side.

2.2.4 Metallicity effects

Wanted to obtain an impression of the influence of metaflicit the temperature scale for B-type SGs, by
comparing Galactic with SMC data. To this end, we deriveidg— spectral type calibration for Galactic

B-SGs on basis of the five datasets discussed above, disganay those (seven) objects from the Lefever
et al. sample where the temperatures might be particuléiidgted by strong winds, or other uncertainties

(marked by large circles in Fig, 2.7, right). Accounting the errors inTes, we obtain the following
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Figure 2.9: Temperature scale for Galactic B-SG as derivéth present study (dashed, see text), compared
to Ter estimates for similar stars in the SMC (from Trundle et aD2Qdiamonds) and Trundle & Lennon
2005 (triangles)). The grey area denotes the standardtieviaf the regression for Galactic objects.
Spectral types account for metallicitffects (from Lennon 1997), see text.

regression (for a precision of three significant digits)

Ter = 27800— 6000 SP+ 878 SP — 459 SP, (2.10)

where “SP” (0-9) gives the spectral type (from BO to B9), aned standard deviation 81040 K. This
regression was then comparedTig - estimates obtained by Trundle et al. (2004) and Trundle &rlom
(2005) for B-SGs in the SMC.

We decided to compare with these two studialy, because Trundle et al. have used a similar (2004),
or identical (2005) version of FASTWIND as we did here, ig/stematic, model dependenftdrences
between dierent datasets can be excluded, and because the metalfititg SMC is significantly lower
than in the Galaxy, so that metallicity dependeiiets should be maximized.

The outcome of our comparison is illustrated in Fig. 2.9: dntcast to the O-star case (cf. Massey et
al. 2004, 2005; Mokiem et al. 2006), the data for the SMC staes within their errors, consistent with
the temperature scale for their Galactic counterpartss fésult might be interpreted as an indication of
small, or even negligible, metallicityfiects (both directly, via line-blanketing, and indirectja weaker
winds) in the temperature regime of B-SGs, at least for rteitads in between solar and SMC (about 0.2
solar) values. Such an interpretation would somewhat adigr our findings about the strong influence
of line-blanketing in the Galactic case (given that the§eats should be lower in the SMC), but might
be misleading since Trundle et al. (2004, 2005) have usedpéetral classification from Lennon (1997),

which already accounts for the lower metallicity in the SMC.
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To check the influence of this re-classification, we recaddhe original (MK) spectral types of the
SMC targets using data provided by Lennon (1997, Table 2, sabsequently compared them to our
results for Galactic B-SGs. Unexpectedly, SMC objectsdilnot show any systematic deviation from the
Galactic scale, but are, instead, distributed quite ralganound the Galactic mean.

Most plausibly, this outcome results from the large undetyan spectral types as determined by Az-
zopardi & Vigneau (197%) such that metallicity fiects cannot become apparent for the SMC objects
considered here. Nevertheless, we can also conclude thaletssification by Lennon (1997) has been done
in a perfect way, namely that Galactic and SMC stars of smsifeectral type also have similar physical

parameters, as expected.

2.2.5 Wind momentum - luminosity relationship. Comparisonwith results from

similar studies

Using the stellar and wind parameters, the modified wind mmdenean be calculated (column 12, Ta-
ble 2.7), and the wind momentum - luminosity diagram cortséd. The results for the combined sample
(to improve the statistics, but without the “problematitédrs from the Lefever et al. GROUP | sample) are
shown in Figure 2.10. Data fromftérent sources are indicated byfdrent symbols. For HD 190603 and
HD 198478, both alternative entries (from Table 2.6) arécaiéd and connected by a dashed line. Before

considering the global behaviour, | will first comment on fearticular objects.

e The position of HD 190603 correspondingBo- V=0.540 (lower luminosity) appears to be more con-
sistent with the distribution of the other data points thaa dlternative position witB — V=0.760. In the
following, we give more weight to the former solution.

e The positions of the two B5 stars suggested as being miffdalséHD 191 243 and HD 108 659, large
diamonds) fit well the global trend of the data, implying ttiase bright giants do not behaveétdiently
from supergiants.

e The minimum values for the wind momentum of HD 198 478 (with=200 km s') deviate strongly
from the global trend, whereas the maximum ones<£470 km s ) are roughly consistent with this trend.
For our follow-up analysis, we discard this object becadgbevery unclear situation.

e HD 152236 (from the sample of Crowther et al., marked withrgdaircle) is a hypergiant with a very
dense wind, for which the authors adopfed= 112 R, , which makes this object the brightest one in the

sample.

9using low quality objective prism spectra in combinationhaMK classification criteria, both of which contribute toetoincer-
tainty.
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Figure 2.10: Left Empirical WLR for Galactic B-SGs: diamonds - our data;rigées - data from Crowther
et al. (2006); squares - data from Urbaneja (2004) and pipssidata from Lefever et al. (2007). The two
pairs of symbols connected with dashed lines corresportiwto entries for HD 190 603 and HD 198 478
as listed in Table 2.6. For the latter object and for HD 199 £r8r bars indicating the rather large uncer-
tainty in their wind-momenta are also provided.

Right: Empirical WLR for Galactic O-stars (triangles) and B-SG&idonds and asterisks). Filled di-
amonds, asterisks and open diamonds separate B-type objibtTes >21 000 K, Ter <12500 K and
12500 T <21 000 K, respectively. Overplotted are the eamlg B- (small plus-signs) and A-SGs (large
plus-signs) data derived by Kudritzki et al. (1999) and theoretical predictions from Vink et al. (2000)
for Galactic SGs with 27 500T ¢ <50 000 (dashed-dotted) and with 12 50Q4 < 22 500 (dashed)

Error bars provided in the lower-right corner of each paegiresent the typical errors in laglL, and
log Dmomfor data from our sample. Maximum errors in IDg,omare about 50% larger.

Global features. From the left panel of Figure 2.10, one can see that the lowemosity B-SGs seem

to follow a systematically lower WLR than their higher lurosity counterparts, with a steep transition
between both regimes located in betweenlgh, = 5.3 and lod-/L, = 5.6. (Admittedly, most of the
early type (high L) objects are la’s, whereas the later tyypeentrate around lab’s with few/ll’s.) This
finding becomes even more apparent when the WLR is extendealds higher luminosities by including
Galactic O supergiants (from Repolust et al. 2004; Markdweh. €004; Herrero et al. 2002), as done on the
right of the same figure.

Kudritzki et al. (1999) were the first to point out that thi@sets in the corresponding WLR of OBA-
supergiants may depend on spectral type, being stronge®t8Gs, decreasing from B0-B1 to B1.5-B3,
andincreasingagain towards A supergiants. While some of these results haen confirmed by recent
studies, others have not (Crowther et al. 2006; Lefever. &0417).

To investigate this issue in more detail and based on the Eample available now, we have highlighted
the early objects (BO—B1.5, 21 08U; <27 500 K) in the right-hand panel of Figure 2.10 using filled
diamonds. (Very) Late objects withes < 12500 K have been indicated by asterisks, and intermediate

temperature objects by open diamonds. Triangles denot&€©-Additionally, the theoretical predictions
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by Vink et al. (2000) are provided via dashed-dotted and elddimes, corresponding to the temperature
regimes of O and B-supergiants, respectively (from heretarired to as “higher” and “lower” temperature

predictions). Indeed,

¢ O-SGs show the strongest wind momenta, determininfferdnt relationship than the majority of B-SGs
(see below).

e the wind momenta of BO—B1.5 sub-types are larger than thb&1 %—3, and both follow a dierent
relationship. However, a direct comparison with Kudritekal. reveals a large discrepancy for mid B1.5—
B3 sub-typesAlog Dmomabout 0.5 dex), while for BO—B1.5 subtypes their resultscarssistent with those

from our combined dataset.Late B4—B9 stars follow the same relationship as mid sulstype

Thus, the only apparent disagreement with earlier findimggtes to the Kudritzki et al. mid-B types,
previously pointed out by Crowther et al. (2006), and sutggkto be a result of line blockifiglanketing
effects not accounted for in the Kudritzki et al. analjigfter a detailed investigation of this issue for one
proto-typical object from the Kudritzki et al. sample (HD@&7), we are convinced that the neglect of line
blockingblanketing cannot solely account for such lower wind morae@ther &ects must also contribute,
e.g., overestimategtvalues, though at least the lattdfext still leaves a considerable discrepancy.

Another feature of particular importance is that the windmeata of the Kudritzki et al. A-SGs (marked
with large plus-signs on the right of Fig. 2.10) seem quitrilsir to those of mid- and late-B sub-types.
Further investigations based on better statistics aranejto clarify this issue.

On the other hand, from the right panel of Figure 2.10 it isiobs that the observed wind momenta
of Galactic OB-stars do not follow the theoretical predios by Vink et al. (2000). Instead, the majority
of O-SGs (triangles — actually those with, kh emission) follow the low-temperature predictions (dagh
line), while most of the early BO—B1.5 sub-types (filled diamds) are consistent with the high-temperature
predictions (dashed-dotted), and later subtypes (from B82open diamonds) lie below (!), by about 0.3
dex. Only few early B-types are located in between both ptexis, or close to the low-temperature one.

In Chapter 6 | will return to this point again.

2.2.6 Summary

In this section, | have presented a detailed investigatidheooptical spectra of a small sample of Galactic
B-SGs, from BO to B9. Stellar and wind parameters have betairad by employing the NLTE unified
model atmosphere code FASTWIND (Puls et al. 2005) assumiclymped winds. The major findings of

this analysis can be summarized as follows.

10These authors have employed timeblanketedversion of FASTWIND (Santolaya-Rey et al. 1997) to deteenivind parame-
terggravities while &ective temperatures were adopted using the unblanketade-plarallel temperature scale of McErlean et al.
(1999).
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e We confirmed recent results (Ryans et al. 2002; Dufton ettl62Simon-Diaz & Herrero 2007) of the
presence of a (symmetric) line-broadening mechanism iitiaddo stellar rotation, denoted as “macro-
turbulence”. The derived values @f,,c are highly supersonic, decreasing fren60 km st at BO to~

30 km s'at B9. How can we explain such affect within our present-day atmospheric models of hot
massive stars is still not clear.

¢ We determined the Si abundances of our sample stars ingdawéth their corresponding micro-turbulent

velocities.

(i) For all but one star, the estimated Si abundances wersistent with the corresponding solar value
(within £0.1 dex), in agreement with similar studies (Gies & Lamb&2; Rolleston et al. 2000;
Urbaneja 2004; Przybilla et al. 2006). For HD 202 850, on ttfeeohand, an overabundance of

about 0.4 dex has been derived, suggesting that this late@&giant might be a silicon star.

(i) The micro-turbulent velocities tend to decrease talgdater B subtypes, from 15 to 20 km'sit BO

(similar to the situation in O-supergiants) to 7 kn at B9, which is also a typical value for A-SGs.

(iii) The effect of micro-turbulence on the derivefilective temperature was found to be negligible as long

as Si lines from the two major ions are used to determine it.

e Based on original o - estimates and incorporating data from similar invesiiget (Crowther et al. 2006;
Urbaneja 2004; Przybilla et al. 2006; Lefever et al. 200®,aenfirmed previous results (e.g., Crowther
et al. 2006) on a 10% downwards revision of tifieetive temperature scale of early B-SGs, required after
incorporating the #ects of line blockingblanketing. Furthermore, we suggest a similar correctowmfid
and late sub-types. When strong winds are present, thigtiedwcan become a factor of two larger, similar
to the situation encountered in O-SGs.

e To our surprise, a comparison with data from similar SMC otgjéTrundle et al. 2004; Trundle & Lennon
2005) did not reveal any systematid¢fdrence between the two temperature scales. This resui¢ipieted
as an indication that the re-classification scheme as daeéloy Lennon (1997) to account for lower metal
line strengths in SMC B-SGs also removes tlieas of diferent degrees of line blanketing.

e We found that the empirical WLR for Galactic B-SGs does ndiofo the theoretical predictions by
Vink et al. (2000). In particular, the observed wind momeaftanost of the early BO—B1.5 sub-types are
consistent with the predictions for O-stars, while laternuB-¢ypes (from B2 on) lie even below (by about

0.3 dex) it. In Sect. 6.3 this issue will be investigated inrendetail.



Chapter 3

Wind structure and variability in OB
stars

As noted in Chapter 1, the standard (igationary, homogeneous and spherically symmetvind models

are generally quite successful in describing the overalthvyaroperties of OB stars. Nonetheless, there are
theoretical considerations, supported by numerous oasenal evidences, which indicate that hot stars
winds are very far from beingmoothandstationary

In particular, spectroscopic time-series in the satellte(with IUE), and in ground-based wavelength
ranges, have shown that time variability is a general clteriatic of the winds of early type stars. The
most prominent signatures of this variability are opticapth enhancements, migrating from red to blue
within the absorption troughs of P Cygni profiles, calledddée Absorption Components (DAC) (e.g.,
Kaper et al. 1999; Prinja et al. 2002; Markova 1986b). Olmémas indicate that at least in some cases,
stellar rotation plays a dominant role in setting the reence timescale of the DACs variability (Prinja
1988; Kaper et al. 1999). Large-scale structures rootelddrphotosphere have been suggested to explain
this phenomenon.

On the other hand, absorption line-profile variability (LP3¢ems to be commonplace among hot stars
(Fullerton, Gies & Bolton 1996 and references therein)ll&tpulsation and magnetic fields might equally
be responsible for this phenomenon. The coexistence obphberic and wind variability, and the rough
similarity of their timescales, suggest that these two phegna might be related in some way. Attempts
to detect a direct coupling between deep photospherichiityeand time-dependent wind variability have
become known as the search farphotospheric connection{Abbott et al. 1986).

The most frequently used approach to investigate the winidhidity and to look for a posiblépho-
tospheric connection”is to monitor the properties of spectral lines, formed iffaedtent regions of the
atmosphere, in order to determine relevant time-scalevanability patterns, which are then confronted

to obtain deeper insight into the nature and the physicglrodf the variations. Surveys of this kind, how-

57
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ever, are observationally very demanding: long sets of figdlity and high temporal resolution spectra are
required. As a result only a limited numbers of OB-stars Haen so far analyzed.
In this chapter, | am going to present main results deriveaightout two long-term international moni-

toring campaigns to study wind structure and variabilityDiB-stars.

3.1 Long-term monitoring campaigns ofa Cam

The late-O supergiant Cam has been know to be spectroscopically variable for déivelalong time.
Changes in | have been observed by Ebbets (1982) and by Kaper et al. (1B&iers et al. (1988)
argued that the UV resonance lines are also variable, bairéisult has been questioned by more recent
observations (Kaper et al. 1996). On the other hand, abearphe-profile variability seems also to
present (Zeinalov & Musaev 1986; Fullerton, Gies & Bolton9&® All this makesy Cam a promising
target for the search of thphotospheric connection”

Motivated by these prospectives, | have organized a long-teternational spectroscopic monitoring
campaignx Cam to investigate the nature of its variability, and to sbdor evidence of dphotospheric
connection”. The project was developed in collaboration with colleagiuesy the Catania Observatory,

Italy, and the University College London, Great Britain.

3.2 Observational material

The observational material includes spectroscopic data 998, 1999, 2002 and 2004. During the 1998-
1999 campaigns, 65toude spectra were obtained at the NAO 2m telescope of thiritef Astronomy,
Bulgarian Academy of Sciences.

The 2002-2004 observational data-sets, on the other hactljdies time-series of primarily He |
A5875.67 obtained during January, February and March 20@Rtime-series of i, He | 16678 and He
| 15876 obtained during November 2004. The majority of thesenlations were secured at the NAO 2m
telescope, but complementary spectra obtained at the @escope of the Catania Observatory (Italy)
were also used. A summary log of all data, together with sonaeacteristics, such as, e.g., Heliocentric
Julian Date, spectral resolution=R/52, the wavelength span recorded, and the @\ ratio, can be found

in Markova (2002) and Prinja et al. (2006).

3.2.1 Absorption line-profile variability

All data have been analyzed in terms of LPV. In particulariétect and quantify the level of significant

variability in the absorption lines as a function of velgditin, the Temporal Variance Spectrum (TVS)
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Figure 3.1: Grey-scale representations of variability &IF15876 for individual spectra phased on 0.36-d
period for the January (left), February (middle) and Mamitht) runs in 2002.

analysis as developed by Fullerton, Gies & Bolton (1996) aggdied.

The He 1 16678 absorption line. The calculated TVS of He16678 revealed the presence of significant
LPV within a velocity range of 400 km s*. This interval is a factor of 2 to 3 larger than the expectedthvi

of a photospheric line with no other broadening than steditation (2vsini=160 km s*), thus indicating
that at least part of the observed variations originate fiteenwind. The double-peaked morphology of the
TVS suggests time-dependent alterations in the positieritie core. This possibility was confirmed by
our measurements which revealed systematic changes ai vathcity with an amplitude 020 km s on

a timescale of 3 to 4 days.

The He | 15876 absorption line was intensively observed at the NAO and the CO between 21 to 27
January, 2002. The obtained data-set includes 114 speaulra dhus well-suited to perform a periodic
analysis.

Due to its larger opacity, He 15876 is expected to form in layers above the formation regioHe
| 16678, and its behaviour might be therefore influenced by ga®ees in the wind. However, since the
wind changes occur over time-scales of days, it seemsaéifliple to pursue thetects of shorter time-scale
photospheric variability in this line, e.g., by normaligithe individual line profiles to the corresponding
nightly mean profile, and subsequently performing timeesesnalyses on the residual spectra.

This approach turned out to be very successful. The obtaggreddogram, based on the 2-d Discrete
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Figure 3.2: Grey-scale representations of variability i IFR5876 (left) and the C IV doublet (right) for
individual spectra phased on 0.36-d period for the Janud®y 2uns.

Fourier Transform and the iterative CLEAN algorithm (Rdbeat al. 1987), clearly indicated a (dominant)
primary frequency, corresponding to a period of @8®1 days. We are very confident that this period is
not directly connected to the sampling window of each nigitesthe length of the nightly runs in 2002 is

between-0.12 to 0.27 days.

Grey-scale images of the phase versus velocity behaviaheahdividual residual He 45876 spectra
on the 0.36-d period are shown in Figure 3.1. The left-ham&pilustrates the coherent behaviour during
our main (January 2002) time-series. The two nights of datared in February 2002 and March 2002
are not suitable for a reliable Fourier analysis, but theypdwide some indication that the 0.36-d period

persists over at least several weeks.

In addition, the January data-set reveals some indicatiwnpfogressive changes across the ab-
sorption profile, though the acceleration of the pseudaig®n (emission) feature is not substan-
tial. There is evidence for characteristic “ blue-to-reddtion, accommodated within the projected ro-
tation velocity (115 km st). We estimated a prograde feature traveling across theckmger with
(dV/dg)~ 80 km st/cycle. This behaviour would be consistent with a low-ord&gtorial non-radial
pulsation mode. Unfortunately, these time-series @am are not extensive enough, noffsuently high

signal-to-noise, to attempt more detailed modelling tedatne pulsational parameters.
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Figure 3.3: Dynamic quotient spectra ofrhth June — July, 1998 (left panel) and in December — February,
1999 (right panel). The zero-pointin velocity is set to thledratory wavelength of the line. The top panels
show an overplot of all profiles from the relevant time seriEse gray-scale bar on the right of each plot
shows the intensity scaling. The panel on the right-hanel sfceach image shows the equivalent width of
the line (in A) as a function of time.

The C IV 145801, 5812 absorption lines. The wavelength range of the NAO spectra of January, 2002
includes the very weak photospheric metal lines of G801, 5812. Unfortunately, the intensity of these
lines is rather small, but we are confident that they are @sgobrally active. The results of the period
analysis illustrated in Fig. 3.2 shows that the subtle prdgrtraveling patter identified in Helb876 (left)

is tentatively mimicked in C IV (right). This finding supperén interpretation in terms of photospheric

velocity fields, though confirmation of this result clearbguires much higher/S time-series data.

3.2.2 Wind variability as traced by H,

The two longest It time-series, from June — July, 1998 and December, 1998 -ukgbt 999 are shown in
Figure 3.3 in the form of the so-callédynamic quotient spectrum”Within this representation, regions and
times of excess emission with respect to the mean appedntérigvhile darker regions indicate intervals,
when the local flux is smaller than its mean value. The plotshenright-hand side of the images show
the H, equivalent widthW,. The internal precision of individu&¥, determinations equals 0.29A and~
0.15A for data obtained before October 1998 and afterwards.

Figure 3.3 indicates that thenHsariability is rather systematic than erratic. In June anig (left panel),
for example, episodes of enhanced emission alternate mogetof reduced emission. The period analysis

of these data revealed a dominant frequency of G:D4®0 d* corresponding to P 6.99 days. Parallel
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variations inW, are also seen. Notice the sudden appearance of the bltedshifhanced emission at
~-150km s'onT = 22 days.

On the other hand, the December — February quotient speétigin panel) indicates another variabil-
ity pattern: two waves, one of enhanced emission and anotheduced emissiganhanced absorption, run
from “red” to “blue” and back to “red” within the profile (be®en+300 km s'). In addition to the wave-
like variability, an episode of enhanced blue-shifted apton is clearly noticed{ = 11 toT = 12 days).
The absorption moves blueward with a mean acceleratio®®di017 km st . This event has been accom-
panied by strong increase in emissiaM; reaches its maximum values.

Although scanty, the February data (right parel= >38 days) clearly indicate that the wave-like
phenomenon observed in December — January is no longer kt amad that the star has likely returned to
the kind of behaviour demonstrated in June and July whicinsde be its hormal’ state.

Generally, the K profile of @ Cam is not substantially variable dwurly time-scales. However, ex-
ceptions do present. Few examples are shown in Figure 3./eMdmalizedsystematichanges are clearly

evident over~ 10 hours. Such a behaviour was observed during the Novegi@t,run as well.

3.2.3 Evidence of a “photospheric connection”

In Figure 3.5 the LPV of the wind formed line tbver the December — January run is compared to that
of He 1 16678.15 and He IR6683.2 absorption lines. The dynamic quotient spectrunh@fte kHe Il
complex (right panel) gives clear evidence for systemartie-flux variations in the He R6678 profile
(within +4% in continuum units). No indication for such variationstive He 1116683 line, located at
+227 km s respect to He 16678, is noticed.

At the same time, the HeA6678 variations are almost symmetric with respect to the dienter. The

pattern of variability is reminiscent of that ofd;l but some dierences are still noted. For example, the
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Figure 3.5: Dynamic quotient spectra ofrHleft panel) and the He 16678 and He 116683 lines (right
panel) in December, 1998 — January, 1999. The zero-poirglotity is set at the laboratory wavelength of
Ha and He 116678. 15. Darker shadings denote regions and times whegedfite has a lower intensity
than its time-averaged value. Panels on the top show anlovefgall profiles (in diterence flux) from the
relevant time series. The gray-scale bar on the right of paattshows the intensity scaling.

variations extend to lower velocities,+200 km s . Also, the episode of enhanced blue-shifted absorption
seen in K during the last few days of the run is not observed. No clemesmce for a time lag between the
variations in the two lines is seen.

These findings suggest that (i) the Hal8683 line is more likely of “pure” photospheric origin; (ihe
He |1 16678 absorption line is partially formed in the wind, as sesjgd by the analysis of the TVS plot;

(iii) the spectacular spiral-like event seen ip dffects the deepest layers of the wind close to its the base.

3.2.4 Towards a possible interpretation of H variability

The observed behaviour of lduggests the inner part of the wind@fCam is not smooth and stationary,
but temporary variable and structured.

In particular, the properties of the LPV in June—July, 1988 a February, 1999 appear to be widely
consistent, at least qualitatively, with the idea of a shemntn perturbation in wind density cased by changes
in the mass-loss rate. The perturbations should be largeshodld have significant azimuthal extents
so as to be able to significantly modify the profile shape oweexdended velocity range simultaneously.
The limitation of the corresponding LPV in the central pdrthe profile as well as its recurrent character
both argue in favor of consecutive spherically symmetrielish However note that some evidence about

deviation from spherical symmetry (such as, e.g., the g red-shifted enhancedduced emissions)
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seems also to present.

On the other hand, the properties of variability ofiH the December, 1998 — January, 1999 run is com-
pletely diterent and requiresfiierent interpretation. In particular, the spiral-like et/a® have observed is
surprisingly similar to that derived by Harries (2000) vi®3ine-profile simulations involving a corotating
(one-armed) spiral density structure. This finding sugtiegtithis event might be due to rotational modula-
tion of a perturbed stellar wind. At least the timescale i fhenomenon is consistent, i.e. falls between,
the lower £4.9 days) and uppe«(8.3 days) limits for the rotational period @fCam, as determined from
itsvsini, and the adopted stellar parameters (Table 1 of Markova)2002

Concerning the physical cause of the wind perturbatiofiasteulsations seem to be the most plausible
candidate. Indeed, according to our resuli€am seems to experience non-radial pulsations, though on a
limited time-periods. Also, itsl(/Ls)/ (M/My) ratio is a factor of two larger than the lower limit required

for “strange-mode” instability to occur (Glatzel 1999) hetstar.

3.2.5 Summary

a Cam is an example of a massive star that demands substansiatvational and theoreticaffert to
understand its time-variable conditions. In this sectibave outlined main results derived via a long-term
spectroscopic survey of this star with particular emphagi$.PV of lines formed in dferent part of its
atmosphere. Our findings show that the optical line spectiiinis star is subject of at least thredfdrent

forms of variability patterns:

i) systematic changes in the photosphere with some evidbatthe behaviour may be linked to surface

velocity fields due to non-radial pulsations;

i) short time-scale+{ hourly) perturbations operating in the transition zonehaf atmosphere, which

potentially give rise to localized changes ig Hand
iii) a variable stellar wind with a complicated origin.

Concerning the deep-sited wind variability (iii), our rééstsuggest that in most cases this variability is
widely consistent with the idea of short-term, low-ampliéwariations inM , which cause the formation
of large-scale wind density perturbations. The morpholoighese perturbations cannot be specified with
confidence. Some of our results argue in favor of consecsprerically symmetric shells whilst others
support interpretation in terms of spatially localizedpsiey enhancements like, e.g., blobs.

Interestingly, a wind model including outward accelergshellgblobs, caused by variations M, was

also suggested by de Jager et al. (1979) and Lamers et al. 8)(i®@@&xplain the daily changes in the



3.2. OBSERVATIONAL MATERIAL 65

high-velocity part of the UV line profiles af Cam. The possibility that the wind af Cam is not smooth
but structured (clumped) has got additional support bynesults derived by Fullerton et al. (2006) and
Puls et al. (2006).

Another result of particular interest is that we found cleddence of time-dependent, large-scale asym-
metries in the wind which seem to be rotationally modulafidte presence of large-scale, time-dependent
structures in the wind o Cam was suggested by Kaper et al. (1999) based on observatidt) . Un-
fortunately, no further details were provided. Thus, ankkast at present, the character of the spectacular
S-like event observed by us is unclear: it may be either aota, or may reccur on some (still unknown)
timescale. Nevertheless, the detection of this even iscpdatly important since it is among the first em-
pirical evidence for the presence of rotationally modudad&ucture in O-star winds as predicted by 2D

hydrodinamical simulations (Cranmer & Owocki 1996).
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3.3 Long-term monitoring campaign of HD 199478

A close inspection of literature data shows that most ofithe4dependent observational campaign refer to
O-stars and early B supergiants (SGs), while mid- and lates®lidates are currently under-represented in
the sample of stars investigated to date.

Indeed, theoretical predictions supported by observatigsults (Markova & Puls 2008) indicate that
while winds in late-B SGs are significantly weaker than thins® SGs, there is no currently established
reason to believe that weaker winds might be less structhsgdstronger ones.

The first extended spectroscopic monitoring campaignsefirofile variability LPV) in late-B SGs
have been performed by Kaufer et al. (1996a,b), who showadstkllar winds at the cooler temperature
edge of the B-star domain can also be highly variable. Istergly, in all 3 cases studied by these authors
the variability patters, as traced byrHwere quite similar consisting of (i) blue- and red-shifeadission
with V/R variations similar to those in Be-stars, and (ii) suddereapance of deep and highly blue-shifted
absorptions, called high-velocity absorptions (HVAS).

Though the kinematic properties of the HVAs i ere found to be completelyftierent from those of
DACs in the UV spectra of O and early-B stars (e.g. HVAs do moppgate outwards but instead extend to
zero velocity indicating even mass infall) similar scenarconsisting of large-scale wind structures rooted
in the photosphere were suggested to interpret their appeaiand development in time.

Motivated by the intriguing time-variable properties reted above, | organized and conducted an in-
ternational long-term photometric and spectroscopic tooimg of HD 199478 to study time-dependent
phenomena in the stellar wind of this late-B SG, and theisids connection to processes in stellar in-
terior. The project was worked out in collaboration withleagues from the University College London,
Great Britain; the University of Toronto, Canada; the TeDipservatory, Estonia; the Ritter Observatory,
Ohio and the Citadel's Physics Department, SC, USA. Theltesf this investigation are published in
Markova & Valchev (2000), Markova et al. (2008), Percy et(2D08), Markova & Markov (2008) and
Austin et al. (2008).

3.3.1 Observational material

Photometric data. About 400 observations in the Stromgrewby system were obtained with the Au-
tomatic Photometric Telescope (APT) operated by the Falle@e Consortium. Additional 168 BV
observations were collected with the other APT operatechbyAPT Service. Both APTs are located in
Arizona. Few mordJ BV observations were derived by the 0.4m telescope at the tsitiyef Toronto,

Canada. Summary of the photometric observations is givéalie 3.1
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Table 3.1: Summary of photometric observatioNsienotes the number of observations

Author N Accuracy Reference

inV,B-V
Percy 300 notreported Percy etEd88
Zsoldos 10 notreported private communication
CAMC 124 Q05;—- Carlsberg 1985 1994
APT 220 0006;0010 Genetetall987

Table 3.2: Summary of the spectral data sets.
Region Observational dates HJID 245095, SN

H. 1998 June, 3 — July, 14 18.4-59.6 16 200
H.+ CIl 1998 Dec.,30 — May, 2 228.2-351.6 19 240
H,+ CIl 1999 Sept.,17 — Dec., 2 489.4-565.2 15 423
H.,+ CIl 2000 March, 28 — June, 23 682.6 —769.4 10 275
H.+ CIl 2000 Sept, 5—Dec., 8 842.7-937.2 32 320
He 115876 1999 March, 2 — April, 24 290.6 —343.5 4 240
He 115876 1999 Sept, 17 — Dec., 2 489.4-565.2 15 423
He 115876 2000 March, 28 —June, 23 682.6-769.4 10 275
He 115876 2000 Sept., 14—-Dec.,8 852.3-937.2 17 320

Spectroscopic datagonsisting of 92 spectra centred op &#hd 46 on He 5876, have been predomi-
nantly obtained with the coudé spectrograph of the 2md¢eles of the National Astronomical Observatory,
Bulgaria. Individual H observations were also secured at the Tartu Observatdopigsusing a 1.5-mre-
flector equipped with a Cassegrain spectrographsing, aRittat Observatory, USA, with a 1-m telescope,
fiber-fed échelle spectrograph. The resolution of these @dages between 15000 and 30 000 with a signal
to noise ratio of 300 to 500.

The total time coverage of the spectra is from March, 1998¢odmber, 2000 with large gaps in the
summer and the winter each year. The time sampling was tipR#o0 6 spectra per month, with a time-
interval between successful exposures of 1 to 2 days, exeephte fall of 2000 when HD 199478 was
monitored more intensively. The distribution of the dataiore and spectral regions are given in Table 3.2.
More information about the reduction strategy and the nathsed can be found elsewhere (Markova &

Valchev 2000; Markova et al. 2008).

3.3.2 Photospheric variability

Photometric evidence. The analysis of the collected photometric data indicates$ the photometric
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behaviour of HD 199478 is characterized by continuous ulagmulti-periodic variations with an
amplitude of about 0.15 mag on a time-scale of 20 to 50 daysorime observational runs colour variations
of up to 0.05 mag, in phase with the light curve, have been als®rved while in others no colour
variations were detected above the corresponding errdhelse properties HD 199 478 is similar to other
OB SGs which also show small amplitude micro-variation$imvisual, with little colour variations, on a
time scale from days to months (see, e.g., Aerts et al. 1999Genderen 2001; Mathias et al. 2001). (For

more detailed information about our photometric analysesRercy et al. 2008.)

Spectroscopic evidence.The absorption lines due to C H16578.03, 6582.85, He 16678 and He
| 15876 were used to probe the deep-seated variability, antbgpioeric structure in HD 199478 during
the period covered by our observations.

To improve the internal consistency of the wavelength saalthe extracted spectra fromftrent
observatories, which is of crucial importance for the pwgmof the time-series analysis, the C Il and He
| 26678 line profiles were realigned using thédse interstellar band 26613.6 as a fiducial. Similarly, the
interstellar line of Na | D15889.95 was aligned for our study of profile changes in H8876. Following
these adjustments, we estimate that the velocity scalétmeach line profile is stable to-R km s, We
are also confident that the C Il lines are not severéiigcéed by large fluctuations in the outer red wing of
H, , and for the photospheric analyses the C Il lines were ndzetto a local continuum assigned (using
a low-order polynomial) betweei6570 to 6590A.

The shape of the TVS of C Il and Helb678lines is double-peaked, suggesting existence oflraglia
locity variability (Fullerton, Gies & Bolton 1996). This geibility was confirmed by direct radial-velocity
measurements which revealed change¥;iwith a peak-to-peak amplitude of 10 to 20 kmt s Parallel
variations of~ 15% in the total equivalent widths of the lines were alsoldisthed. There is a tighter
correlation between the strength and velocity changesise@nl and He 116678, than between either of
these lines and He 15876. The simultaneous appearance of radial-velocity exeddtrength variations
implies that the variability is more likely connected to nlgas in velocity and temperature structures of the

stellar photosphere.

Periodic analysis. To search for periodicity in the behaviour of the analyzesbaption lines, we applied
the CLEAN method (Roberts et al. 1987) to the measured radlaktities. The obtained power spectra
did not reveal any strictly periodic signal that remains ex@mt between 1998 to 2000. There is instead
some indication that the absorption lines are semi-moddlat their central velocities over time-scales of

~ weeks to months. The only signal in the 2000 power spectr@hishconsistent between C Il and He
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Figure 3.6: Power spectrum (in arbitrary units) for the Gbl{d line) and He 6678 photospheric absorp-
tion lines. The arrow marks the ‘stable’ peaks-at1.7 days and 23.4 days.

| 16678 s at a frequency of 0.085 days?, i.e. a period of 11.7 days (Figure 3.6). Interestingly, while in
1998 this modulation is essentially absent, in 1999 thengtest peak in the C Il dataset at 0.0478 days
corresponds to precisely twice the 11.7 days period. Noeewid for a 11.7 days or 23.4 days modulation
was found in He 5876, but this might still be due to the bad data-sampling.

Despite the high signal-to-noise and spectral resolutfosuo data, there is also no evidence for sub-
features traveling blue-to-red (prograde) in the absonptiioughs of the lines, that might for example be

identified in terms of the presence of low-order non-radidsations.

Comparison between spectral and photometric variability. The 2000 photometry (fferentialuvby
andUBV) of HD 199 478, though not strictly simultaneous, coverssthime time period as the correspond-
ing spectroscopic data. The Fourier and self-correlatimalyses of these data indicate the presence of a
periodic variation of 1&4 (UBV) to 21+4 (uvby) days with an amplitude of about 0.15 mag. The colour
curve of this micro variation is blue in the maxima and rechi@ tinima of the light curve, thus resembling
a Cyg variations in BA-SGs.

The estimated photometric period is somewhat larger, Butshsistent (within 3r) with the 11.7 day
period variation in radial velocity of C 1l and Hel6678 photospheric lines. This finding strongly suggests
that same physical mechanism (based in the stellar phatospls more likely responsible for the two
phenomena observed, which might be identified as signatfipagdsations.

However, note that the interpretation of the photosphexi@bility of HD 199 478 is not straightforward
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Figure 3.7: The 1998 (left), 1999 (middle)) and 2000 (right)e-series of H shown as one-dimensional
plots (top) and two-dimensional grey scale images (bottofil) spectra have been corrected fdgys=-
12 km s*. Velocity scale given with respect to the rest wavelength pf

in terms of pulsation. On the one hand, radial pulsationsarékely since the period is not stable between
the observing runs carried out infidirent years, and since with only one exception, the estunzg¢eods
are longer than the radial fundamental pulsational peRaglad rund ~8 days.

On the other hand, the irregular character of this varigiigiquite similar to that observed in other late
B-SGs and A-type stars (Kaufer et al. 1997). One possibtgrofor these variations, at least for stars with

M, lower than 40M, , is the action of non-radial oscillation modes excited g/ dlpacity mechanism.

In this respect, we note that:

i) a period of about 20 days, as derived from photometric edtsoscopic data of HD 199478, is fully
consistent with the value inferred via the period-lumityeelation for B-type variables with excited

g-mode oscillations (Fig. 2 in Waelkens et al. 1998);

i) on the HR diagram, and with parameters as derived with FABND, HD 199 478 elegantly joints
the group of B-type SGs studied by Burki (1978) for whigimode instability is suggested to explain

their variability (Fig. 3 of Waelkens et al. 1998.)

Therefore, non-radia-mode oscillations might explain the photospheric vatigbof HD 199478.
But note again, the lack of evidence in our data for travebhge-to-red (prograde) features within the
absorption troughs of the lines, which normally betray madial pulsational behaviour.

Clearly, very extended time-series datasets are reqfsitxtracting reliable long period signals from
the irregular absorption lines changes which charact&i®&s. These targets lend themselves obviously

to modest-sized robotic telescopes equipped with higbhnéen spectrographs.
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3.3.3 Wind variability as traced by H,

In Figure 3.7 the KHtime-series for 1998, 1999 and 2000 are shown in the form ofdimensional gray-
scale images. Above each of the velocity-time frames, threesponding one-dimensional spectra are
plotted to allow for an easy assessment of the size of theuitions at each velocity bin. Gaps between
observations, if equal or larger than 1.0 day, are repreddnt black bands. All spectra have been corrected
for systemic velocityVsys = -12 km s. The zero point in velocity corresponds to the rest waveteng
H,.

From Figure 3.7 it is obvious that the,lrofile of HD 199478 is strongly variable, exhibiting a large
diversity of profile shapes and behaviour patterns. In @aldr, in June-July, 1998 as well as during the
first two months of 1999, the profile has appeared fully in sinisevolving from a double-peak morphol-
ogy with a blue component, being somewhat stronger tharetth®me, to a single-peaked feature centred
almost at the rest frame. Some hints about further develapwofethis feature to the red seem also to
be present. Three such cycles have been identified: the tiestween HID 2450 968-982; the second -
between HJID 2450 998-1009, and the third - between HID 2481.89. One more cycle taking place be-
tween HID 2451 217-247 can be easily recognized in March9.IB8is finding implies that the variability
pattern described above is relatively stable (over at Basvnths) with a characteristic time-scale of about
15 days, and a possible re-appearance after one month,garlon

Another variability pattern, where Happears not only in emission, but also in absorption (pantly
completely), can be identified during the 1999 and 2000 ebsiens. In particular, on HID 2451293
(April 24, 1999) in addition to the blue-shifted emissiof £-75km s1) a slightly red-shifted absorption
feature ¥, =+40 km s') has appeared giving rise to a reverse P Cygni profile. Therl|persisted for at

least 8 days, growing slightly stronger in intensity.

High-velocity absorptions. The 2000 observations (right panel of Figure 3.7) have fleddhe presence

of another unusual event during which, Ehanges suddenly and drastically from pure emission to pure
absorption, and back to pure emission. By chance, theldisioh of the available observations in time was
quite good allowing the development of this spectaculanttebe followed in more detail.

In particular, from Figure 3.8 it is appearant that beforedhset of the high-velocity absorption (HVA)
event H, has occurred fully in emission, developing from a doublekesl to a single-peaked morphology,
and strengthening slightly with time (HID 2451 792-816).K)D 2 451 827, in addition to the emission, a
localized blue-shifted\(, =-150km s?) absorption extending from -68 to -250 kmtsippears making the
profile appear P Cygni-like. Over the next 9 days, the P Cyestiifre evolves into double absorption with

central emission, where the blue component s significattnger and wider than the red one. Two weeks
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Figure 3.8: HVA event observed in the,ldata of HD 199478 in 2000.

later (HID 2 451 863), the morphology of the profile is stik #ame though the blue component is weaker
and narrower while the red one has apparently strengthesmmhting somewhat wider. Subsequently, the
two absorptions are fading in parallel and disappear cotalglen HID 2 451 877.

Interestingly, our observations suggest that the abgmrpévent seen in the Hime-series of
HD 199478 between HJD 2451827 — 876 may not be unique. Indeeders should note that on
HJD 2451632 (see right panel of Figure 3.7) Iths also appeared as a double absorption feature. Un-
fortunately, due to poor temporal coverage, the time derakmt of this feature cannot be followed, but
given the similarity in the morphology of this profile, ancetbne taken, e.g., on HID 2451853, we are
tempted to speculate that about 6 months earlier an absprptienomena similar to the one recorded in
September - October 2000 may have occurred in this star.

A comparison of our Figure 3.8 with similar results from Keawét al. (1996a,b) shows that the spectac-
ular absorption event seen in, df HD 199 478 is qualitatively similar to those observed in BID085 (B8
la, 8 Ori), in HD 91619 (B7 la) and in HD 96 919 (B9 la), with one extiep though: in our data-set the
blue and the red-shifted absorption components do not nterfpem an extended blue-to-red absorption,
as is the case of the objects of Kaufer et al., but insteadrgzamallel to each other (though we accept the
caveat that a more intensive and extended dataset is rdqadéally).

The fact that such a spectacular phenomenon as HVAs, imald been so far observed in 4 late-B SGs

with peculiar emission in His quite interesting and deserves special attention sinméght point out to
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Table 3.3: Properties of HVAs in fbbserved in 3 late-B SGs. Data for HD 34 085 and HD 96 919 are
taken from Kaufer et al. (1996b). All velocities, measurathwespect to the stellar rest frame, are given
in units of the corresponding wind terminal velocities

HD 34085 HD 96919 HD 199478

Signature 1994 1995 2000
MJD of max. blue depth 2449493 2449792 2451836
Max depth in % of cont 20 70 49
Vel. of max. depth 0.40...0.60 0.29...0.43. 0.37...0.76
Blue-edge velocity 0.79..1.20 0.43..0.64 0.68...1.39
Red-edge velocity 0.34..0.52 0.32...0.48 0.41...0.84
Rise time ofW, [d] 11 21 22
Decay time ofW,[d] 20 46 33
Duration of event [d] 40 90 55

some fundamental property of the winds of these stars. Wighin mind we followed Kaufer et al. (1996b)
and measured the main properties of the 2000 HVA joHHD 199478 at the time of its maximum
intensity.

The derived estimates are listed in Table 3.3 together viitliies data for HD 34 085 and HD 96 919
(from Kaufer et al. 1996b). The comparison of these data shibat the HVA in HD 199478 is of interme-
diate duration and strength. Its development in time is hbpigonsistent with results from Kaufer et al.,
which show rising times that are smaller than the time of geta

The data listed in Table 3.3 suggest that the duration of a ldWént likely depends on its maximum
strength (stronger maximum absorption — longer duratishjle its development in time (rising time vs
time of decay) appears to be independent of this parameteaddition, the blue-edge velocity and the
velocity of maximum depth of a HVA event may anti-correlatighwits strength, i.e., stronger features
tend to reach maximum depth at lower velocities being lessngbed in velocity space than weaker ones.
Furthermore, and as also noted by Israelian et al. (1999 mdximum positive velocity of a HVA is always
lower than the corresponding maximum negative velocityweler note that due to the limited number of

stars, these results can only be regarded as suggestivesgrithtve to be confirmed with improved statistics.

3.3.4 Summary

Based on optical spectroscopic and photometric data-setsed between 1999 and 2000, a quantitative
analysis of time-variable phenomena in the photosphegir-photospheric, and wind regions of the late-B
supergiant (SG) HD 199478 was performed. The primary obetas to provide new perspectives on

the nature of outflows in late-B SGs, and on the influence afelacale structures rooted at the stellar

1This result has to be considered with caution since the giaetof maximum depth absorption in HD 199 478 is not knowrhwit
confidence due to limited time-series coverage.
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surface. The results derived troughout this project arsgmied in Markova & Valchev (2000), Markova
et al. (2008), Austin et al. (2008), Percy et al. (2008) anakdea & Markov (2008). The main outcomes

show that the temporal behaviour of HD 199478 is charaedii two key empirical properties:

(i) photospheric variabilitywhich manifests itself as irregujanulti-periodic changes in the stellar
brightness whose properties resemble those Gf/g variations in BA-SGs, and as systematic low-
amplitude variations in line-strengths and core velocftplmotospheric absorption lines. Non-radial
g-mode oscillations excited by the opacity mechanism seerbs the most plausible mechanism to

explain the photospheric variability of HD 199478.

(i) continuous deep-seated wind variabilithich gives rise to peculiarly strong blue- and red-shifted
emission with cyclicV/R variations similar to those in Be-stars. Variations of thipe suggest

presence of large-scale assymetries in the wind of the starr{ext section).

iii) occasional episodes of strong wind absorptindicating simultaneous magsfall andout flows
In these properties HD 199478 resembles few other late-B 8&wely HD 91619, HD 34 085,
HD 96919. In the next section | will consider and largely disged various possibilities to interprete

the peculiar behaviour of these stars.
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3.4 Wind structure in late B-SGs

Extensive monitoring campaigns of several late-B SGs, haMB 199478 (Markova & Valchev 2000;
Markova et al. 2008) and HD 91619, HD 34 085 and HD 96 919 (Kraefal. 1996a,b, 1997; Israelian
et al. 1997), indicate that their,Hbrofiles exhibit quite similar peculiarities consistingatlouble-peaked
emission with YR variations, and occasional episodes of strong absorpt@oatingsimultaneous mass
infall and outflows

The investigation of these stars by means of a completergpactalysis performed with FASTWIND
(Markova et al. 2008) has shown that such line signaturesatdre reproduced in terms of the standard
(i.e. non-rotating, spherically symmetric, smopttind models, which instead predict profiles in absorption
partly filled in by emission at this temperature regime. @Guuently, axially symmetric, disc-like envelopes
(Kaufer et al. 1996a; Markova & Valchev 2000); episodichazihally extended, density enhancements in
the form of co-rotating spirals rooted in the photospheraufi€r et al. 1996b), or closed magnetic loops
similar to those in our Sun (Israelian et al. 1997) have beggasted to account for the peculiar behavior

of H, in these stars.

3.4.1 Pulsations

Results of 2D hydrodinamical simulations (Cranmer & Owot896) showed that “brigfdark” spots on
the stellar surface carffectively enhangeeduce the radiative driving, leading to the formation aftifiow-
density, lowhigh-speed streams. Consequently, a specific wind stejctalled Corotating Interaction
Region (CIR) structure, forms where fast material collidéth slow material giving rise to traveling fea-
tures in various line diagnostics (e.g., Discrete Absorpttomponents in UV resonance lines of O stars,
cf. Kaper etal. 1996). The CIR scenario for the case of a Hitigurface spot in a rotating O-star is
schematically illustrated in Figure 3.9.

It is generally mooted that non-radial pulsations (NRPg) surface magnetic spots may equally be
responsible for creating large-scale inhomogeneitiestrstar winds (Fullerton, Gies & Bolton 1996).

For the four late-B SGs discussed here, non-radial pulsatitue tog-modes oscillations have been
suggested to explain absorptibRV in their spectra (Kaufer et al. 1997; Markova & Valchev 2Q0Dhis
explanation is supported by more recent results which atdithat on the HR diagram, and for parameters
derived with FASTWIND, these stars fall exactly in the regioccupied by known variable B-SGs, for
whichg-modes instability was suggested (Markova et al. 2008)dtfiteon, and at least in HD 199 478, the
photometric variability seems to be consistent with a gmesirigin in terms ofj-mode oscillations (Percy

et al. 2008). Thus, it seems likely that these late-B SGs areradial pulsators. Extensive, high-quality
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Figure 3.9: CIR structure created by a “bright” spot on thefase of a rotating O star. (adopted from
Cranmer & Owocki (1996))

data-sets are needed to investigate this possibility éarthlowever note that for any of these objects no
clear evidence of any causality between photospheric and variability (as traced by H) has been so
far derived. Note also that the variability patterns obedrin H, do not give any evidence of migrating

red-to-blue features, as those expected to originate fr@hiRastructure.

3.4.2 Magnetic fields

An alternate possibility exists that magnetic fields can dsponsible for the appearance of large-scale
structures and wind asymmetries in hot stars. In particatagneto-hydrodynamical (MHD) simulations
for rotating O and early-B stars (plus a magnetic dipoleradidjto the stellar rotation) showed that depending
on the magnetic spin-up, an equatorial compression, ddednay radialinfall andor outflowscan be
created, with no apparent tendency to form a steady, Keplelisc (Owocki & ud-Doula 2003; ud-Doula
et al. 2008).

Indeed, due to the lack of strong convection zones assdcwite hydrogen recombination, normal
(i.e. without any chemical peculiarities) hot stars aregesterally thought to be magnetically active. How-
ever, theoretical considerations (e.g., Cassinelli & Maggr 2000) supported by more recent observations
(Bychkov 2003; Hurbig et al 2005, 2007) indicate that thisymat necessarily be true and that relatively
strong, stable, large-scale dipole magnetic fields areeptés diferent groups of B stars (e.g., SPB, Be,
Cep itself etc.)

Thus, it seems likely that in, at least some, hot stars magfieitls can be an alternative source of wind
perturbations and asymmetries. And although the fourBaB$ss discussed here have not been recognized
so far as magnetically active stars (except for HD 34 085bsémw), the potential role of magnetic fields in
these stars remains intriguing, especially because ittpigivide a clue to understand the puzzling problem

of the simultaneous presence of red- and blue-shifted pisngemissions in their Elprofiles.
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Table 3.4: Magnetic field strengtB, (in G), required to get an equatorial confinement with siemdtous

mass infall and outflows around each of our targets. The KapleR«, the Alfven,Ra, and the escape,
Re, radii (in units ofR, above the photosphere) are calculated following Owocki &adlila (2003). The

HD 34 085 estimates correspond to the 2nd entry in

Parameters 91619 199478 34085 96919
R« 0.37 0.45 0.38 0.42
Ra 0.83..3.73 0.77..459 0.83..3.79 1.0..4.13
Re 3.77 4.58 3.81 4.18

B(Rk <Ra <Rg) 5..100 5..180 5..105 5..85

To investigate this possibility further, | have employeeé ttaling relations of Owocki & ud-Doula
(2003) and calculated the AlfveR,, the KeplerianRg, and the “escapeRg, radii of the four stars, using
data for their stellar and wind parameters as derived by Maxlet al. (2008), and fixing the magnetic
field strength at the values required to create an equatmidlnement. Interestingly, the results listed in
Table 3.4, show that in all four cases a very weak dipole mégfield is required to #ectively channel the
wind outflows, leading to the formation of an equatorial coeggion with simultaneous radial mass infall
and outflow.

Guided by these prospectives, MHD simulations for the chseiotargets have been recently initiated.
The preliminary results derived for HD 199478 (see Fig. B&lr@ quite promissing showing in particular
that a pure dipole magnetic field of only a few tens of Gaussefi@atively structure the wind of this star
leading to the formation afool equatorial compression with mass infall and outflow.

Thus, it appears that very weak dipole magnetic fields caeg@onsible for creating wind structures in
the envelopes of late-B SGs. An obvious advantage of thistigsis is that it has the potential to account
for, at least qualitatively, some of the puzzling propertid H, of our targets. In particular, the sudden
appearance of red and blue-shifted absorptions might blaierg if one assumes that during this event
the plasma in the infallinfgutflowing zones of the compression can become opticalbktim the Lyman
continuum and |. thus forcing H to behave as a resonance line, i.e., to absorb and emit lotepdh The
kinematic properties of the resulting absorption featdrase dificult to predict from simple qualitative
considerations, but it is clear that these properties cammdominated by stellar rotation, but instead will
be controlled by the physical conditions inside the comgicas

Concerning the interpretation of the peculiayéimission, the situation is more complicated since such
emission can originate from flierent parts of the envelope under quitéfetient physical conditions. For
example, one can expect that the cool, less dense plasnideathis compression will only emit line photons

(via recombinations), producing pure emission feature($Ja . Also, the cool equatorial compression

2(Depending on the size of the,Horming region emission may not appear in the spectrum.)
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logp R, R, R, t=670ksec

Figure 3.10: Density stratification for a model with stelierd wind parameters typical for O stars 670 ksec
after the initial introduction of a dipole magnetic field. arrows illustrate the upward and downward flow
direction of dense material above and below the Kepleridiusa(from ud-Doula and Owocki Owocki &
ud-Doula (2003)). The results for late-B SGs models areitatiakly similar.

might contribute to the Flemission providing the plasma inside the compression ceasignally become
optically thin in this line. However, note that even a plastimat is optically thick in lo and the Lyman
continuum can, under specific conditions, prodpaesemission profiles in EH(e.g.,if collisions dominate
the H, formation, orif due to some reasons the 2nd and 3rd levels of Hydrogen go TiEqlRetrenz and
Puls 1996)).

Additional observations to proygisprove the presence of weak magnetic fields can help tifycthe
picture. Of course, due to the low strength of the magnetidgieequired, one cannot expect to detect these
fields directly, but indirect evidence such as e.g., thediete of X-ray emission, abundance anomalies,
specific periodic variations in UV resonance lines, intenfeetric observations (for more information see
Henrichs 2001), might also be considered. Here, we feel fioiiant to note that a weak longitudinal
magnetic field of about 1320 G, was actually detected in HD 34 0§bQ@ri) (Severny 1970).

Finally, let me point out that at the cooler edge of the B-&arperature regime pure emission profiles in
H, can be accounted for if one assumes the windskmaped Indeed, a spherically symmetric, clumped
wind will mimics wind densities higher than the actual ortesis giving rise to strong line emission, sim-
ilar to that in O stars. Such winds may also give rise to wingoaption, providing some of the clumps
are optically thick in K. Detailed numerical simulations and line formation cadtiains are required to
discriminate between theftirent possibilities. (More detailed discussion about HV#empomena in late

B-SGs can be found in Markova et al. 2008 and Markova & Markoad&)
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3.5 Statistical approach to study wind variability

Wind structures and temporal variability are among the nraportant physical processes that may sig-
nificantly modify the mass-loss rates derived from obsémwat Since accurate mass-loss rates are crucial
for evolutionary studies (e.g., Meynet et al. 1994), andeiira-galactic distance determinations (via the
Wind Momentum Luminosity Relationship (WLR), cf. Kudritz& Puls 2000), it is particularly important

to know to what extent the outcomes of these studies mighttheehced by uncertainties M due to the
effects of wind structures and variability. Indeed, Kudritd®99) has noted that wind variability is not ex-
pected to fect the concept of the WLR significantly. However, this sigjige is based on results obtained
via a detailed investigation afneobject only, while similar data for a large number of starglisferent
spectral types and luminosity classes are needed to retha\y@oblem adequately.

Following the outlined reasoning, a project to study windafaility in a large sample of Galactic O-
type stars has been initiated and worked out be me, in caligibo with colleagues from the University
Observatory Munich, Germany, and the Catania Observditaty, As a result, a statistical approach to
detect and quantify variations in spectral liné&ated by wind emission was developed, and subsequently
used to address the important questions (i) of the depeerdérany) of O-star wind variability on funda-
mental stellar and wind parameters, and (ii) of the impathisfvariability on the estimated mass-loss and
wind-momntum rates. In this section, main results deriveddhtout this investigation will be described
and commented. Complete information about the project #nautcome can be found in Markova et al.

(2005).

3.5.1 Observational material

The sample consists of 15 Galactic supergiants with sgetasses from O4 to 09.7, all drawn from the list
of stars analyzed by Markova et al. (2004) in terms of theissdass and wind momentum rates. Table 3.5
lists the objects along with some of their stellar and winchpgeters, as used in the present study.

A total of 82 high-quality H spectraR = 15 000) of the sample stars were collected between 1997 and
1999. The observations were obtained at the Coudé focusea2m RCC telescope at the National As-
tronomical Observatory (Bulgaria) using an ELECTRON CCR(6580,2224u) and a PHOTOMETRIC
CCD (1024<1024,24).2 For all stars but one, the/1$ ratio, averaged within each spectral time series, lies
between 150 to 250, while in the case of HD 190429 #180.

The temporal sampling of the data for each target is not syaie but random, with typical values of the

3The use of dferent detectors is not expected to bias the homogeneityrafamaple because the noise characteristics of these two
devices are practically the same. The root-mean-squarg (ead-out noise of the ELECTRON CCD is 3 electrons per pixell(.5
ADU with 2 electrons per ADU) while themsread-out noise of the PHOTOMETRIC CCD is 3.3 electrons pezlgR.7 ADU with
1.21 electrons per ADU).
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Table 3.5: Stellar and wind parameters of the sample stagsinghe present study. All data are taken from
Markova et al. (2004).

Object Sp Veys  Terr R, logg VYye logL vsini v B
HD 190429A OA4l# -36 39200 20.8 3.65 0.14 5.97 135 2400 0.95
HD 16691 O4lf -51 39200 19.8 3.65 0.10 5.92 140 2300 0.96
HD 14947 O5If -56 37700 25.6 3.56 0.20 6.08 133 2300 0.98
HD 210839  O6lIf -71 36200 23.0 3.48 0.10 5.91 214 2200 1.00
HD 192639  O7Ib(f) -7 34700 17.2 3.39 0.20 5.59 110 2150 1.09

HD 17603 O7.5Ib(f) -40 34000 25.2 3.35 0.12 5.88 110 1900 1.05
HD 24912 O7.5I(f) 59 34000 25.2 3.35 0.15 5.88 204 2400 0.78
HD 225160  O8Ib(f) -40 33000 224 3.31 0.12 5.73 125 1600 0.85

HD 338926  08.5lb -9 32500 22.7 3.27 0.12 5.72 80 2000 1.00
HD 210809 O9lab -90 31700 19.6 3.23 0.14 554 100 2100 0.91
HD 188209 (09.5lab -16 31000 19.6 3.19 0.12 5.51 87 1650 0.90
BD+56 739  09.5Ib -5 31000 19.6 3.19 0.12 551 80 2000 0.85

HD 209975 09.5Ib -18 31000 19.2 3.19 0.10 5.49 90 2050 0.80
HD 218915 (09.5lab -84 31000 19.6 3.19 0.12 551 80 2000 0.95
HD 18409 09.71b -51 30600 15.7 3.17 0.14 5.29 110 1750 0.70

minimum and maximum time intervals between successivepetl to 2 and 7 to 8 months, respectively.
In several cases, observations with a time-resolution of3 days are also available, but in none of these
cases these observations dominate the correspondingdnies.sThus, we expect the results of our survey

to be sensitive to variations that occur on a time-scalafsigntly larger than the corresponding wind flow

time (of the order of a couple of hours).

3.5.2 Methodology and measurements

Since we were going to study a large number of objects, arwd $mmany cases our observations were
not systematic, but with large temporal gaps in betweem fitte onset of this investigation we recognized
that our ability to characterize the wind variability of imilual targets would be restricted, e.g., we would
not be able to determine time-scales and variability pasteMoreover, to workféectively, we would need

to employ some simple and fast method both to detect and ifpéiné profile variability (LPV) and to
constrain the properties of this variability as a functidriumdamental stellar and wind parameters of the
sample stars.

In the previous sections of this chapter, the TVS analysidl¢Fon, Gies & Bolton 1996) was widely

used tadetectand follow LPV in various lines ofr Cam and HD 199 478. However, note that this technique
was initially designed to handle LPV jure absorptiorines. Thus, its implication for the objectives of

a comparativeanalysis of lines influenced to afférent extent by wind emission may not be completely

justified.
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Figure 3.11: Results for two typical objects in our samplgper part of each panelMean H, profiles
(thick line) andRMS deviations as a function of velocity across the livdddle part of each panelTime-
series of observed }rofiles. Lower part of each panelH,, profiles with maximum and minimum wind
emission in the time series. Velocity scale centered atdhesponding systemic velocity.

Guided by these perspectives we decided to modify the malagoiphy of the TVS analysis in order

to take into account thefect of wind emission.

Calculating the TVS. To compute thd VS of H, as a function of velocity across the line, and to deter-
mine the velocity width over whickignificantvariability occurs AV, we followed the original approach of
Fullerton, Gies & Bolton (1996), but assumed that the nasgoiminated by photon noiéeln this case,
the TV Sfor the pixels in column (i.e., at wavelengtivelocity j) is calculated from

w(i)(Sij -
TVS; = Z S N 1) (3.1)

whereS; is the weighted mean spectrum for th¢h pixel, averaged over a time serieshfspectra, and

given by
= _ >N Sijw
Sj= N 3.2)
In the above expressioms are the weighting factors given by
_ (90)?
Wi = (Uic) (3.3)

with
1 N
o0 = [N Z %2) (3.4)
andoic, the value of the noise in thHeth spectrum, averaged over a certain number of continunelgp{40

in our case).

4This assumption seems to be justified because we rely oneCspetira of relatively high quality.
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The RMS deviations RMS = TVS®®) as a function of velocity across,Hor the time series of 3
representative targets ( HD 190603, O4If; HD 17 603. O7.5ith D18 409, 09.71b) are shown in the
top panels of Figures 3.11. The level of deviations in thetioomm, o, is represented by a dashed line;
the threshold o$ignificantLPV, fixed at the corresponding 99% confidence level, is nahvkith a dashed-
dotted line. | want to stress here that although our impleatam is in terms off VS®®, hereafter we shall

continue to refer to the “TVS” and the “TVS analysis”, resipagly. °

“Blue”and “red” velocity limits, v, and v;. To localize LPV in velocity space we used the “blue”
and “red” velocity limits ofsignificantvariability introduced by Fullerton, Gies & Bolton (1996)hese
guantities were measured interactively by fixing the postiof the two points where the TVS crosses the
horizontal line representing the thresholdsafnificant_PV. The accuracy of our measurements depends on
the quality of the used data, and on the strength of LPV. Famgte, in the limiting case of a strong LPV
(i.e., a TVS with large amplitudes and steep spectral grasliethe accuracy of the individual measurements
might be as good as20 km s?.

Alternatively, in the case of a weak LPV (e.g., with ampligsdust above the threshold sifjnificant
variability), the determination of the velocity limits nfigbecome so uncertain thatffidirent positions of
almost similar probability may exist for each limit. In tleektter cases, and in order to assess ffects
of such uncertainties on the outcomes of our analysis, weiggdwo couples of estimates fog andyv;.
These two sets of values, expressed in ki sire listed in Column 6 of Table 3.6 as a first and a second

entry. We consider the first entry as the more reliable ong vathrefer to it as the “conservative case”.

Total velocity width, A V. As a by-product of the measurementwgfandv;, we obtain the total velocity
width over whichsignificantvariability in H, occurs AV = (v; — w,). In order to find some constraints on
the distribution of the LPV irphysicalspace, we furthermore determined the radial distapgg where

V(r = rmax) = Vb, assuming the wind velocity obeys a standard law of the form
_ Ry \8
W(r) = Veo(1-b r V. (3.5)
b= 1 (Smm)", (3.6)

Veo

with 8 andv,, from Table 3.5 andmin = 1.0 km s. The obtained estimates gy, expressed in units of
R, , are given in Column 7 of Table 3.6. We are aware of the fadtehaission variability is dficult to

localize, and could in principle be due to the nffieet of fluctuations that occur infiiérent locations under

5Root mean square deviations have been used instead of th@SeSsince the former quantity scales linearly with theespf
the deviations. Thus, it is more appropriate for a direct ganson of the strength &fPV in various stars (see also Fullerton et al.).
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different conditions, and therefore consider these estimateggger limits only.

Mean and fractional amplitude of deviations. To quantify and compare LPV, Fullerton, Gies & Bolton
(1996) have introduced two parameters, called mean antidinat amplitude of deviations. (In the follow-
ing we will refer to these quantities asA£g¢ andagr with “F” referring to Fullerton). The first parameter is
expressed in units of the normalized continuum flux, whikegbcond one is a dimensionless quantity. The

authors define these quantities as follows:

1 " 5
Ae =1y A TVS®dv (3.7)

100 (TVS - ?)”” dv

S (ST (38)

From the above expressions it is clear that whlejs inde pendenof profile type and can therefore be
used for deciding the statistical significance of LPV bothlisorption and in emission profileg, depends
(via the denominator) on the strength of the underlying spefeature without making any fiierence
between profiles in absorption and in emission. Tlauds inappropriatefor investigating profiles, which

are influenced by wind emission offtérent extent.

Fractional amplitude, ay. In order to optimize the fractional amplitude to accounttfoe systematic
difference in the strength of Has a function of wind strength, we normalized the integrardkie TVS to
a quantity which we calletFractional Emission Equivalent Width(FEEW). With this new definition of
the fractional amplitude, now denoted &y to distinguish it from Fullerton’s parametay, this quantity is
a measure of thebserved degree of variability per unit fractional wind egion “Fractional” refers here

to the observed range of significant variability,[v;]. Formally,ay is given by

100" (TVS; - 02)’° dv
. | = %%
L:r (Sj-1)dv- [ (sg’“‘“— 1)dv

an = (3.9)
The first term in the denominator of Eq.3.9 represents thatifnaal equivalent width of the observed profile
(positive for emission and negative for absorption), whiile second one gives the fractional equivalent
width of the photospheric component of, khlways negative). In total, the denominator thus gives the

fractionalwind emission (always positive).

81n this expression only the uncertainty caused by the photise is taken into account, while the error due to smdledénces
in the continuum level of individual spectra in a given tinegiss is neglected.
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Mean amplitude, Ay. The mean amplitude, as defined by Eq. 3.7 does not seem to ppggablem
concerning an assessement of the statistical significafneariability across H. In their original study,
Fullerton et al. have noted that this quantiBnnotserve as a comparative tool because it does not account
for differences in the strength of the underlaying absorption feata contrast, in the case of,ifom O-
type SGs the mean amplitudaght depenan the wind strength and might therefore become of interest
as well, in order to examine and compare the wind variahititstars of various spectral types.

Motivated by this possibility, we re-defined the mean ampliét to account (partially) for ffierences in

the overall quality (i.e., in &) of the time series of the sample stars, by subtraaififpg'om the TVS,

100

A= —
NTAV U,

(Tvs; - o)™ dv. (3.10)

Thephotospheric profilesf H, required to derive the values af; have been selected from a grid of plane-

parallel models in dependence of the particular stellaapaters (Table 1, see also Markova et al. (2004)).
Note that the (relative) uncertainty of the denominatoidmees rather large in those cases where the wind-
emission is only marginal, since in this case the errors¢htced by uncertainties in the stellar parameters

(affecting the actual choice of the photospheric profiles) bexsignificant.

Accuracy of the mean amplitude determinations,o(ay). To estimate the uncertainty &y, we fol-
lowed Fullerton, Gies & Bolton (1996), but used a re-forntiola (derived by A. Fullerton, priv. com.) of
Eq. 16. Additionally, we assumed that the errors in heghand FEEW are negligible, and that the accu-
racy of the deviations for each pixgwithin H, is identical and equals,. & Under these circumstances,

standard error propagation gives:

10003Av[ 1 ]*°
o@) = FEEw [2mn-D)|
n L 05
> (3.11)
: TVSj - o}

wherej runs over all the pixels betweap andv;, while N andAv denote the number of spectra in the time
series and the discretized integration step, respectilretyur case\v ~ 9 km s (To not be confused with
the total velocity widthAV!).

The factor of 100 appearing in Egs. 3.8 to 3.11 converts theesponding quantities to a percentage.

The estimates af, Ay anday + o(ay)) for each sample star are listed in Table 3.6, Columns 5nti3l4,

“E.g., the numerator in Eq. 3.7 is expected to react on winditle(ihe higher the density the larger the emitting volume)
8The latter assumption is justified since we rely on Coudetspef relatively high signal to noise ratio.
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respectively.

Net H, emission. To assess the contribution of changes ipliHe strength to the LPV detected by the
TVS analysis, we estimated the mean value of the net windsémnis\e, by subtracting the equivalent

width (EW) of the photospheric profil&ypno, from the EW of the time-averaged observed profiles.

The observed equivalent widths were measured integrdimtirte flux between limits which were set
interactively, judging by eye the extension of the emis&ibeorption wings. These limits did not change
for a given star, but they could forftierent stars. The internal precision of individual EW meamants,
estimated in the way described in Markova & Valchev (2008)etter than 10%. The EW of the photo-
spheric component was calculated by integrating over theompiate synthetic profiles. T, estimates
and their (standard) error are given in Column 8 of Table thgether with the EW of the photospheric

components.

Contribution of absorption LPV.  Since in O-type SGs Horiginates from processes taking place in the
wind andin the photosphere, contributions fraabsorptionLPV to the observed LPV might be expected
(via the photospheric components of &hd He 115876). To investigate this possibility, we consulted
the literature concerning the presence of absorption LP®unsample. In addition, and as a secondary
criterion, we used the TVS of the Helb678 absorption line located in close proximity tg Hin those
cases where the results of our TVS analysis of H8678 did not agree with the results from the literature,

the latter were adoptetiThe results of this analysis are listed in column 3 of Tabe 3.

Mass-loss rate variability. To obtain constraints on the variability of mass-loss r&teeach star we
determined lower and upper limits f& . This has been done by fitting the, Hrofiles with the smallest
and the largest wind emission present in the time-seriesydmns of synthetic profiles. These have been
calculated using stellar and wind parameters from Tablea@18 employing the approximate method de-
scribed and used in Chapter 2, Sect. 2.1. The accuracy ®fl theterminations equals20% for stars with
H, in emission, and-30% for stars with HHin absorption (Markova et al. 2004). The estimated/ofin
andM max as well as the amplitude of tHd variability (given in percent oM in) are listed in Columns 9

to 11 of Table 3.6.

9Such inconsistencies may occur because the time samplimgr abservations is not well-suited for studying LPV on shione
scales (e.g., hours) which seem to be typical for absorptiv in O-type stars (Fullerton, Gies & Bolton 1996).
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Table 3.6: H line profile and variability parameters. Objects orderemdsble 3.5.N denotes the number
of used spectraz, is the velocity of the emission peak whilg, v; are the “blue” and “red” velocity limits
of significant variability. All velocities (in km ') are measured with respect to the stellar rest frame.

is the standardized dispersion of the corresponding tienies multiplied by 100t (in R, ) denotes the
upper limit in physical space where significant variatiom$dj, are presentWen, is the mean equivalent
width of net wind emission and its standard deviation, bategin A. Whnot is the equivalent width of the
photospheric component min andM max (in 10% M, /yr) denote the corresponding limits if the observed
variability is attributed to variations iM alone, whileAM is the amplitude of this variability expressed in
percents oM min. < p > is the mean wind density (Eq. 3.12), aAd anday are the mean and the fractional
amplitudes, respectively.

# N lpv ve oy [ Vo, Vi]  Tmax W—em/thot Mmin Mmax AM log<p> Ay an
1 9 no 210 0.93[-491,234] 1.23 1090.633.2 13.0 140 8% 13.16 2.24 6£6D.03
[-491, 363] 2.09 5.720.03

2 3 no 223 0.51 [-448,266] 1.22 1080.8Y3.2 12.0 13.0 8% 13.13 2.89 74D.02
3 4 no 82050 [-704,747] 1.43 9.36.903.2 145 16.0 10% 13.27 1.90 7:80.02
4 11 yes 220 0.67 [-633,478] 1.40 4#W553.0 6.8 9.8 44% 13.42 1.92 11.68.03

[-838, 665] 1.61 1.73 12.950.04
5 7 no 140 0.67 [-393,460] 1.27 646.523.0 4.7 54 16% 13.38 3.36 13¥D.03
6 7 yes 210 0.60 [-373,619] 1.27 4684928 55 7.2 31% 13.56 1.87 12:49.05
7 5yes -50 0.40 [-419,309] 1.12 186.142.8 45 52 16% 13.77 1.09 1589.14
8 4 no 140 0.46 [-491,384] 1.33 451.042.6 51 57 12% 13.45 3.21 1560.02
9 3 yes 140 0.44 [-352,362] 1.21 458.382.6 4.5 54 20% 13.59 2.48 11¥8.03
10 5 no 10 0.63 [-336,909] 1.15 3.66.632.6 3.2 45 41% 13.60 2.77 244D.05
11 6 yes -6 0.72 [-176,144] 1.09 156.192.2 15 1.8 17% 13.87 2.67 16:8D.08
12 3 no 13 0.69 [-295,96] 1.12 1.¥8.3}2.2 21 25 19% 13.80 2.84 24:66.72
13 4 no 26 0.48 [-277,220] 1.09 1.86.292.2 15 1.9 27% 13.92 1.90 20:88.10
14 6 no -8 0.70 [-149,206] 1.07 1.80.242.2 1.6 2.0 25% 13.91 2.51 174£40.10
15 5 no 3 0.70 [-274,268] 1.08 1.40.472.2 1.5 22 47% 13.64 3.39 4748.11

Mean wind density,< p >. To quantify the wind strength, we finally calculated the “meand density”

using data given in Table 3.5 and Table 3.6 (Column 12), bynneé

M 3.12
<077 mnL AR (342

i.e., we considered the density at a typical location ofR,.4

3.5.3 H, line-profile variability as a function of stellar and wind parameters

In order to obtain further clues concerning the origin of dvirariability (as traced by &) in O SGs, we
examined various correlations between line profile parameind parameters of the TVS o&Hon one
hand, and fundamental stellar and wind parameters of thelsastars, on the other. To search for such
correlations, we used the Spearman rank-order correlgirfsee e.g. Press et al. 1992) which apart from
the linear correlation cdicient of ranks, also calculates the two-sided significarfdesaeviation from

zero, without any assumption concerning the distributibanertainties in the individual quantities.
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H, profile shape as a function of spectral type. An inspection of themeanH, profiles of the sam-
ple stars (all supergiants!) shows that these profiles evatva function of spectral type from a slightly
asymmetric emission with a peak value red-shifted with eespo Vsys, via an emission feature with a
P Cygni-like core, to a feature in absorption (with or withgentral emission reversal). In stars of early
and intermediate spectral type extended emission wingbeaeen, while in stars of late spectral type the
presence of such wings is rare.

There are two stars that deviate from this behaviour, HD 24&1d HD 210809. The former one
exhibits a pure absorption profile instead of a P Cygni-likefifle. Consequently, its Hine resembles
much more those profiles from luminosity class Il than frerminosity class | objects of the same spectral
type. This finding implies that the (re-)assignment in luagitty class done by (Herrero et al. 1992) is likely
erroneous - that would be not a surprise due to the unceristende - and that the original value assigned
by Walborn (1973), luminosity class lll, is more appropeiat

The second outlier, HD 210809, shows a P Cygni-like profitgdad of an absorption profile partly
filled in by wind emission. The “peculiar” shape of the meangtbfile might be explained if a strong devi-
ation from spherical symmetry is present in the wind, a guilityi that is also suggested by the observations.
Hereafter, we will refer to HD 24912 and HD 210809 as to “p&sttars.

The observed evolution of Hn O-SGs with spectral type (actually wiffig) is in fair agreement
with results from theoretical line-profile computationsfpemed in terms of NLTE, spherically symmetric,
smooth stellar wind models. The main drivers of this evolutare: decreasing line emission caused by
decreasing wind density (sindé decreases with decreasifigr and logL/L, , see Vink et al. 2000), and
decreasing contribution of the Ha6560 blend®. Outliers, such as HD 210809 and HD 24912, can occur
either as a result of strong deviations from spherical sytnmad homogeneity in the wind (due to, e.g.,
fast rotation, CIRs, clumps), or as a result of an erronepastsal typduminosity class classification or

uncertaipwrong parameters.

Red-shifted emission-peaks. Our observations suggest that the position of the emisséak pf the
H, profiles of O SGs depends on the strength of the wind: for sthrgeaker winds (K in absorption
with/without central reversal) this peak is centered almostetdilt wavelength, while for stars of stronger
winds (H, in emission) it is red-shifted instead. This observatiosupported by results of the correla-
tion analysis, which shows that the velocity of the emisgieak,ve correlates significantly withc p >,

(0.790.0007) and in addition witfi (0.820.0003

10n contrast, purely photospheric,tprofiles of a given luminosity class do not change signifigaas a function ofT« , because
in this temperature regime the photospheric ionizatiootioa of neutral hydrogen remains fairly constant.

n this particular case and because of the reasons outlinedeathe “peculiar” stars HD 210809 and HD 24 912 have been
discarded from the correlation analysis.
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Figure 3.12: Blue and red velocity limits (left panel) andogity width (right panel) ofsignificantLPV in
Ha, as a function of mean wind density of the sample stars. Tieckcal lines denote the corresponding
projected rotational velocity;vsini. Asterisks refer to the conservative estimatesAdr while diamonds
mark the non-conservative ones.

Hereafter, numbers in brackets denote the Spearman rardlatan codficient and the two-sided sig-
nificance of its deviations from zero. Since the latter giamieasures the probability to derive a given

correlation cofficient from uncorrelated data, smaller values mean higlyeifsiance of the correlation.

Red-shifted emission peaks have been observed in UV resettiaps of O-type stars, where this find-
ing can been explained in terms of “micro-turbulenc&kets, withvmicro Of the order of 0.1v,, (e.g.,
Hamann 1980 and references therein, Groenewegen & Lam8€).19n a first glance, the phenomenon
seen in H seems to be somewhat similar. In contrast to the situatiot¥6 resonance lines, however,
our H, profile simulations meet no problem in reproducing the reifted peak, even if the shift is large,
without any inclusion of micro-turbulenc&his can be seen clearly by comparing theoretical profiiéds w
observations, e.g., Markova et al. (2004); Repolust e28l04). A closer inspection of the profile forma-
tion process reveals that the apparent shift of the emigmak results (at least in our simulations) from the
interaction between the red-side of the Stark-broadenetbppheric profile and the wind emission. Let
me note that we do not exclude the presence of micro-turbaldiut simply we do not need it to reproduce

the observed amount of.

3.5.4 Empirical properties of the TVS as a function of stellaand wind parameters

Before investigating the properties of the VS for our sample stars, let me point out that all results
outlined below refer to the “conservative case” (see Sebt23 Although the “non-conservative” data
have not been analyzed in detail, they are included in theesponding plots and | will comment on their

influence on the final outcome.



3.5. STATISTICAL APPROACH TO STUDY WIND VARIABILITY 89
Distribution of H ,, line-profile variability in velocity space

In Figure 3.12 we show the blue and red velocity limits (ledinpl, dashed) and the velocity widtV
(absolute value, right panel) of HLPV as a function of the mean wind density. In combinatiorhvite

results described in Sect. 3.5.3, these plots indicate that

i) for all stars the H LPV extends beyond the limits determined by stellar rotatiod therefore must

be linked to the wind;

i) in most of the stars in the sample, the variations extdtitee symmetrically (within the error) with
respect to the rest wavelength, or with a weak blue-to-rgchagetry. In addition, in two objects,
HD 17603 and HD 210809, TVS with a noticeable red-to-bluerasgtry have been observed,
while in other two stars, HD 190429A and HD 16 691, the vasiadiare stronger and more extended

bluewards of the rest wavelength.

iii) the velocity width for significantvariability in H, is larger in stronger winds than in weaker ones.
There are two stars that deviate from this rule: HD 190 429D 16 691 which exhibit variations

over a velocity interval that is considerably smaller thapeeted from the strength of their winds.

Further analysis of the velocity data shows that in all sanspdrssignificantLPV in H, occurs below
0.3 v, (i.e., < 1.5R,). Additionally, we found a significant correlation betwegg,x and log < p >,
(0.87/0.00001). This result as well as the possible dependeneeebeiAV and log < p > (0.62:0.01)
are readily understood in terms of an increasing wind volwhih contributes to the Hemission, as a
function of wind density.

We are aware of the fact that due to observational selecfi@eats, and other uncertaintiefecting
the determination of the velocity limits, the results ddsed above might be questioned. However, a more
detailed investigation of this issue indicates that theei¢y limits determined here do not seem to be
strongly biased by either observational selection, or ttagdies in the measured quantities. (But see also

the next sub-section.)

Mean and fractional amplitudes of deviations as a function bstellar and wind parameters

Our TVS analysis shows that the mean amplitude of deviatitwagys exceeds the corresponding threshold

for significantvariability, indicating genuine variability in |. The actual values &%y range between 1 and

4 percent of the continuum flux, without any clear evidencal&pendence on stellar and wind parameters.
This independence &y on log < p > can have a twofold interpretation: Firgtthe mean amplitude

is a reasonable measure for wind variability, then the wiadability is actually more or less independent
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Figure 3.13: Examples of significant correlations betwéenftactional amplitude of deviationay, and
stellar and wind parameters of the sample stars. Asterefks to the conservative estimates, while dia-
monds mark the non-conservative ones. Positions of the pwouliar” stars are denoted by ‘P’.

on wind-strength. Second, the mean amplitude is not the@aetequantity to compare to the strength of
H, LPV in our sample stars.

Leaving aside these two possibilities, let first considerfihilowing problem. If we assume that the
sources of observable variability are distributed over dage volume, which increases as a function of
mean wind density (as it is suggested from the increasgfvith log < p >), then one should expect that
alsoAy should increase with mean density: the numerator of thisitifydthe integral overTVS— 05)0-5)
increases as a function of the emittigume whereas the denominator corresponds to an (increasibg) 1-
guantity only. The fact that thebservednean amplitude is actually independent on fog > shows that
such a simple model is not ficient to explain the observations. | will come back to thisnpagain in
Sect. 3.5.5.

In contrast to the established independence of the mearitadgbn wind density, our analysis shows
the presence of aegativecorrelation between thiactional amplitude of deviationsay, and a number
of stellaywind parameters. Scatter plots for the strongest corogiatiwith T (0.920.000001) and with
log < p > (0.800.0003), are illustrated in Fig. 3.13. In particular, themase ofay with increasing
log < p > suggests thahe observed variability per unit fractional net emissisrsmaller in denser winds
than in thinner ones

The reliability of the derived values of the mean and frawticamplitudes has been checked in two
ways: first, we examined the stability of the results agairni¢as caused by observational selection and
other uncertainties in the measured quantisespndwe checked the validity of the assumptions underly-
ing our definitions ofAy anday. The obtained results showd that the established indepeedd Ay on
stellar and wind parameters as well as the negative caoetabetween these parameters agdannotbe

explained in terms of either observational selection oreutainties in the measured quantities.
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3.5.5 Simulations of LPV in H,

In order to obtain clues concerning the systematitedence in the strength of tas a function of spec-
tral typgmean wind density, in Sect. 3.5.2 the fractional amplitude been optimize by normalizing the
integral over the TVS to a quantity called fractional emasstquivalent width, FEEW (see Eq. 3.9).

The parameteay defined in this way has been used in the previous section ¢ésiigate the dependence
of the observed variability on wind density. The obtainesutes might be interpreted as an indication that
denser winds are less active than thinner winaddinding which would give firm constraints on present
hydrodynamical simulations.

Note, however, that (i) our definition @y implicitly assumes that the TVS amplitude is proportional
to the corresponding amount of wind-emission and thatf{i§ &ssumption has NOT been checked so far.
In particular, if this assumption was justified, the derivatlies ofay would provide a robust measure for

the “observed” degree of wind-variability, as it is true the photospheric LPV’s described in termspf

1D model simulations

Thus, a test of our hypothesis is urgently required. Ideallgch a test would make use of at least 2-D
models of instable winds, since the assumption of 1-D shallsld most probably overestimate the actual
degree of variability. However, given that 2-D simulationgolving a consistent physical description are

just at their beginning (Dessart & Owocki 2003), we have peated in the following way.

Model grids In complete analogy to our stationary models (Markova e2@04), we have constructed
a large number of very simple wind-models with variablgwind emission. The resulting profiles (10
per model) have been analyzed in the same way as the obsamgsdi@., by means of the TVS-analysis
as described in Sect. 3.5.2. To allow for a direct comparigitim results from our observations, we have
added artificial Gaussian noise to the synthesized profgé £ 200, which is a typical value), and have
re-sampled the synthetic output onto constant wavelengthdorresponding to an average resolution of
15000.

In order to account for theffects of wind disturbances offtirent size and density contrast ifdrent
geometries, we calculated various series of models: troesisting of spherical shells (series SS) and four
consisting of broken shells (i.e., clumps, series BS1 an2) B& summary of the various models and their
designation is given in Table 3.7.

All simulations are based on our (quiet) model for HD 188 20& W1 = 1.6- 10°M,/yr (cf. Markova
et al. 2004). In order to investigate the reaction of the TUShe underlying profile as function of

wind-strength, for each model series we calculatedfEdint models withA logM ~ 0.1, particularly
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Table 3.7: Summary of simple 1-D simulations. Models dethdtg'SS” refer to spherical shells, models
denoted by “BS” to broken shells, respectively.

Series  properties masd/ 0o)
SS1 v =0.5vn(H) +0.7
SS2 oV = 1.0vin(H) +0.7

BS11 o&m=constAp(core)=0.1R, +0.35
BS12 o&m=constAp(core)=0.1R, 0.7

BS21 ém= constAp(core)= R, +0.35
BS22 6m= constAp(core)= R, +0.7
SS3  ém=const +0.35

at 08,1.251.6,2.0,2.5,3.2,4.0,5.0 and 100 - 10°°M/yr. In this way, profile shapes going from pure
absorption over P Cygni type to pure emission have beenraataiovering all “observed” mean wind

densities.

In all these models, only the density was allowed to be végjathereas the velocity field and thus the

NLTE departure coficients (as a function of velocity) have been kept at themio&l value.

In a first step (series SES?2), we used the most simplistic approach of disturbinglémesity, namely
we varied this quantity in a random way as a function of radinly, i.e., we assumed spherical shells.
This step, although rather unrealistic, has been perfopaetitularly to check the stability of results from

somewhat more “sophisticated” models (series BSR), which are described below.

In order to preserve the mean profile, the variations are e@fin such a way as to allow for both
positive and negative disturbances around the “quiet” rhle divided the wind into shells of equidistant
velocity rangegvgnher, Where

OVshe = C-Vin(H), €=05,1 (3.13)

with vin(H) the thermal velocity of hydrogen. The two valuesafefine two diferent series, SS1 and SS2.

Inside each of the shells, the density has been perturbedraxanum amplitude o£70%,

o =po(l+6p/po), op/po=-0.7+14-RAN, (3.14)

with pg the stationary density anghny a random number uniformly drawn from the interval [0,1]. The
specific maximum amplitudes (for series SS, but also foesdBiS, see below) have been chosen in such a
way that the resulting TVS-integrals and FEEWSs are (rougtoysistent with the observed values. Lower

maximum amplitudes would result in a too low degree of valitghand higher ones in too large values.

Note that the density contrast has been assumed to be cowitdan each of the shells, i.e., the number

of drawn variables is given by the total number of shells,chlis of the order of 80 fov,, = 1650 knjs
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andc = 1. Note also that only the wind has been allowed to be varjalele we considered perturbations
only outside the sonic point, located roughly at 20 krh.s

In this way then, diferent and random amplitudes within the maximum raiggo € [-0.7,0.7]
are created, however, once more, at one unique value pér $helllow for a temporal variability of the
resulting profiles at “random” observation times, for eacided we performed 10 simulations withfidirent
initialization ofran and diferent locations of the contributing shells. The resultifglitferent profiles have
been analyzed subsequently by means of the TVS method (ampéx& given in Fig. 3.14).

Model series SS sters from (at least) two major problems. At first, the assuamptif sphericalshells
might amplify the LPV at all frequencies, since, especiallyhe wind lobes, there is only a weak chance
that fluctuations will cancel out due to statisticéfleets. Second, our simulations define equal amplitudes
of disturbance inside shells of equidistant rangeelocityspace. Accounting for the rather steep increase
in velocity inside and the flat velocity field outside, thisane that the contributing volume per shell is
strongly increasing with radius, which might give too muabight to disturbances in the outer wind.

To “cure” both problems, we have calculated four additianatlel series, which should be more realis-
tic than the above ones. At first, the spherical symmetryakdm by the following modificatio®? For the
core-rays, we assuno®herentshells (blobs), either of a relatively small lateral extétp ~ R, /10 (series
BS1), or of a larger exten\p = R, (series BS2). For each of the non-core rays (distributedhtyuoga-
rithmically), on the other hand, we assumé@lient locations of the density variatiopsr ray, to simulate

the presence dfrokenshells. The latter modification results in a lower TVS paitiely in the red part of

12Remember that the radiative transfer is performed in thelyse z geometry, with impact parametgrand height over equator
z. The so-callectore raysare defined by < R,, and thenon-corerays passingpothhemispheres of the wind lobes py> R, .
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the profiles, due to cancellatioffiects. Note that we have convinced ourselves th@tmdint distributions

of non-core rays gave very similar results.

In order to avoid the volumefiect, instead of assumid@/po as random, however constant per shell of

thicknesssv = const, we now require that the random perturbations sharddran shells oequal mass

OMghell = 47TI’2de‘, (3.15)

with roughly 50 (broken) shells per model. Inside each bnakm shell, the density fluctuations are eval-
uated as above. For each of our simulations BS1 and BS2, we used two dferent values for the
maximum amplitude, maxp/po) = +0.35 and+0.7 (BS1¥BS21 and BS1/BS22, respectively), which

gives a fair consistency with the range of observed vaitgbil

Obtained results Before | discuss the results in detail, let me already painthere the major outcome.
Although the assumptions inherent to the various mode¢s€B8S vs. BS) are rathefidirent, the results
with respect to interesting quantities are not. The refierBnce concerns “only” the distribution of the
variability over the profile. For the spherical shells mag@&e find significant variability on the red side,
whereas for the broken shell model the variability exterediatger blue velocities, due to the increased

influence of the shells in front of the disk (cancellatidfeets in the lobes, see Fig. 3.14).

In Fig. 3.15, the numerator enterirag, (lower set of curves) and the fractional emission equivalen
width (FEEW, denominator ody, upper set of curves) are compared as a function of mean vénsity
< p >. Obviously, series SS and BS give similar results. In paldic the results of models SS1 and
models BS11 (lower dotted and fully drawn curves) are alntesitical, which shows that a large number
(~ 160) of spherical shells (model SS1) can simulate the outooina model with a lower numbex (50)
of broken shells and a lower density contrast. Moreoveeénss that the “volumefkect” discussed above
is insignificant, simply because,Hforms in the lower wind region. This similarity in the resufioints to a

rather large probability that our results are robust andjpreethdent of the specific assumptions.

Interestingly, both the observations (except for the twgects with highest wind-density andore
localized TVSHD 190429A and HD 16 691) and all simulations roughly follanpower-law for both

guantities,

10g(TV Sintegra) = @+ blog < p > (3.16)
log(FEEW)~ c + dlog < p > (3.17)

which immediately shows that our hypothesis of both quigstibeing proportional to each other fails.
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Figure 3.15: “Observed” values of the numerator enteeggasterisks) and of the fractional emission
equivalent width (denominator @fy, crosses), compared with simulated quantities, as a fumofi mean
wind density log< p >. The dotted curves correspond to simulations with sphiestezlls and constaiy
spacing; fully drawn and dashed — to simulations with braiteglls and constadgtn. Note that inside each
series of simulations the maximum amplitude of densitytflatonsop/po, is identical, i.e., independent
on wind density.

The special symbols correspond to results from our TVSyaisbf the 3-D models presented by Harries
(2000), cf. Sect. 3.5.5 (diamonds: spiral structure; glas: clumpy structure).

The established logarithmic dependence of the FEEW orxlag> can be readily understood if one
remembers that thiotal emission equivalent width of fcales as a power-law of mean wind-density (cf.
Puls et al. 1996), and that the integration rangg\], entering the fractional equivalent width, is only
weakly increasing withk p >, if scaled tov,, and evaluated on a logarithmic scale (see Fig. 3.12). Given
that the TVS and its integral are both related to the meandasity'3, the power-law dependence of this
guantity on< p > can also be understood. Concerning the somewhat lower,stagsn be attributed, at
least in our simulation, to optical deptffects and the cancellation of fluctuations in the emissioadob

From Egs. 3.9, 3.16 and 3.17 then it follows thgtis a decreasing function of log p >,

logay ~ (a-¢)+(b—-d)log<p >, b<d, (3.18)

and since all our model series predict the same dependérisyather likely that this #ect should be
present also in more realistic simulations. In conclusioa predict thaty becomes a decreasing function
of mean wind densitygven if the disturbancegsnore precisely, their relative amplitudese independent
of < p >. The vertical df-set of this relation, on the other hand, depends stronglfherdensity contrast,

i.e., on maxfp/po). All this simulations, of course, refer to the case of flattons which are “globally”

134t least if the disturbances do not totally decouple from thiantity
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Figure 3.16: Comparison of “Observed” and simulated vabfake fractional amplitudey (in %). The
object numbers correspond to the entries given in TableAl&imbols as in Figure 3.15.

present, and will not explainfiects from localized macro-structures such as CIRs.

Fractional amplitudes, ay The actual and predicted behaviouragf is shown in Fig. 3.16. For lower
wind densities, the slopes of the relations for numeratdrdenominator are rather similar (optically thin
winds, wind emission dominated by core-rays), so that tedipted amplitudey remains roughly constant
or is even increasing, whereas from legp >~ —14.0 the predicted decrease is obvious. By comparison
with observations, we find that almost all stars lie in thegemauggested by BS/AS12 and BS2/BS22,
i.e., correspond to ffierences in (relative) amplitude within a factor of two. Tdare only two outliers,
HD 210809 (#10) and particularly HD 18 409 (#15aat~ 50). While the former star has been designated
as a “peculiar” object, the strong deviation of the last igeridkely due to uncertainties in wind parameters
(Repolust et al. 20043

Even for the two objects with the largest wind densities,clittiave been found not to follow the indi-
vidual relations for the TVS-integral and the FEEW, the tessior ay are consistent with the predictions.
In our interpretation, this would mean that both stars h&aeesame degree of activity as the other stars,
only in different and more localized regions.

In summary, there are no indications of a dependence of witiditg on wind density, at least on basis
of our present simulations; in our interpretation, the dase ofy is an artefact of the normalization, which
(unfortunately) does not follow the same slope as the T\t&giral.

Furthermore, from our simulations, we may also concludé tthe underlying disturbances (at given

14The large value ofy is notdue to a large TVS-integral, but due to a rather small valiits BFEEW (located at log: p >~ —13.64
and FEEW= 39 ks in the left panel.
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Figure 3.17:Left Observed blue and red velocity limit, v; (conservative and non-conservative values)
in units ofv,, , as a function of mean wind-density, compared with resulisifsimulation BS21 (dashed).
Right Observed asymmetry,(— [vp|)/(Vr + [Vo]) (conservative values, black dots), compared with simula-
tions (asterisks: BS21, squares: BS11, crosses: SS3). bjbet maumbers correspond to the entries given
in Table 3.6. The diamond and triangle refer to the data tieguirom our TVS-analysis of the 3-D spiral
and clumpy model presented by Harries (2000), cf. Sect53.5.

wind density) may introduce a scatter up to a factor of twadhi tnaximum amplitude. Of course, more

realistic simulations are needed before a final statememtsraing this problem can be made.

Velocity limits and distribution of LPV.  Further insight into the origin of the variability might beund
from a comparison of observed vs. predicted velocity limitsv, and particularly of their asymmetry.
In the left panel of Fig. 3.17, we compare these velocity tin{normalized tov.,, to obtain a unique
scale) with our predictions from BS21 (broken shells, lowpéitade). Obviously, for stars with low and
intermediate wind strength ([log p >] < —13.2) and except for HD 210809 (at logp >= —13.6, with
strongly asymmetric velocity limits), our models do fairlgproduce the observed amount of increase of
AV as a function ok p >. Since at largest wind densities we have only two objectsiirsample, it is not
clear at present whether their discrepant behaviour islipe@r not. Thus, except for the outliers, it might
be concluded that the observed variability results frdfaats which are preseewerywhere in the wind

in accordance with our models. This conclusion seems todmesalpported by the fact that HD 210809
deviates from our predictions: for this star our observatibave suggested the presence of large-scale wind

disturbances which are localized rather than uniformlyritisted over the wind volume.

The right panel of Fig. 3.17, however, shows the shortcomafg@ur models. Plotted is the asymmetry
of v, vy by means of the expression ¢ [vp|)/(V; + [Vp]) (Negative values correspond to blue-to-red, positive
values to red-to-blue asymmetries, respectively). Let ms#iyfidiscuss the “theoretical” predictions. We
have plotted the results for model series BS21(asteri@&),1 (squares) and for a model that has been

constructed additionally for this comparison, namely a el@dth sphericalshells andsm = const (SS3,
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Figure 3.18: “Observed” values of the mean amplitude of atéwns,Ay (conservative values) compared
with simulated quantities, as a function of mean wind degrisiy < p >. The bold curves correspond to
series BS1/BS12, the dashed curves to series BB&ZR?2 and the dotted curve to series SS3 (spherical
shells, low amplitude), respectively. Each series showss#ipe correlation with mean wind density. The
object numbers correspond to the entries given in Table 3.6.

crosses). All three models have the same maximum amplimd&(p/0o) = £0.35. Not surprisingly,
the last model shows the least asymmetry, whereas model BI824s the largest one (due to the large
lateral extent of the assumed broken shells in front of teltestdisk). Note that most models show a blue-
to-red asymmetry, even those with spherical shells, wisdreao case a redwards asymmetry is found
This prediction, of course, results from cancellatifiieets in the lobes, compared to the situation for core-
rays. For large wind-densities, all models converge to krmoakven negligible asymmetry, because of the
increasing influence of the lobes. For model SS3 (spherftls), symmetry is reached earliest, roughly
atlog< p >= -135.

With respect to the observations, the situation is as falowt low and intermediate wind densities,
only four objects display aignificantasymmetry, mostly to the red. The majority of stars, howesteow
either a small degree of asymmetry (to the bdunelto the red), or behave symmetrically. The predictions
of series SS3 are closest to this behaviour. For the two stitinslarger wind densities, the predictions

definitely deviate from what has been observed.

Mean amplitude, Ay In Sect. 3.5.4 | have noted that the mean amplitude of deviatseems to be
uncorrelated with mean wind density, at least for our sampléso | speculated that if the sources of
wind variability were (uniformly) distributed over the citbuting wind volume, one should see a positive

correlation. By means of our simple models, this conjectarebe now checked and additional constraints
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on the origin of wind variability may be found.

Fig. 3.18 shows the behaviour of the simulated mean ampliaasda function of mean wind density for
series BS1/BS12, BS21BS22 and SS3. Actuallyy is strongly correlated witk p > where the vertical
offset is a function of (relative) amplitudi»/po. On a first glance, we might conclude that the observed
values are again (i.e., as we have founddg) consistent with the models, if we allow for a variation in
amplitude of roughly a factor of two.

A closer inspection, on the other hand, reveals that atfeasto low density objects (HD 188 209, #11
and HD 218915, #14) there is the following problem. The meaapldudes of these objects are consistent
with our simulations with largesp/po (BS22). Concerning the fractional amplitudes, however, they
are consistent with our simulations for low&r/pg (BS21, cf. Fig. 3.15), which in turn produce a much too
large bluewards asymmetry in the TVS (Fig. 3.17). Remaskalie of these objects (HD 218 915, #14)

even stffers from an observed red-to-blue asymmetry.

Thus, from the comparison of mean amplitudes and asymmethei velocity limits we find a number of
indications that at least two (from 3) low and the high densltjectscannotbe explained by our simple
models consisting aoflensity fluctuations distributed everywhere in the wikfdve return to our original
TVS analysis, the primary sources for these inconsisteanye clearly identified: (i) the strong variability
of a central reversal at zero rest velocity, which gives tsa rather large TVS within a narrow, sym-
metric velocity range for stars of weaker winds and (ii) thther small extent of the observed variability,

preferentially bluewards of the emission peak for stargroihger winds.

3D model simulations

Recently, Harries (2000) has published results for 3-D-pr&file simulations of | for ¢ Pup, performed
by means of his Monte Carlo stellar wind radiative transéetez Two distinct models for the wind morphol-
ogy have been considered: one with a co-rotating (one-grspéal structure and another one consisting of
a clumpy wind. In the first case the author examined tteceof one spiral streamline of enhanced density
on Ha, while in the latter one he considered random blobs projragttroughout the wind.

In order to obtain an impression to what extent the outconmiomodel analysis might be influenced
by the fact that we consider 1-D instead of more realistic 8xlels, we analyzed the twoffdirent sets
of synthetic profiles derived by Harries (kindly made aualgato us by the author), in the same way as
for the time-series of our sample stars and for our own sitimia. The corresponding results are shown
in Fig. 3.19. Apart from the impressive sequence of synthatbfiles which allows to easily follow any
evolution of wind structure in time a number of interestiegtiures are noticeable.

In the first place, the distributions of amplitudes for the twodels are ratherfiiérent: in the one-armed
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Figure 3.19: As Fig. 3.11, however for the time-series oftsgtic H, profiles from¢ Pup as calculated
by Harries (2000), using two fierent 3-D models for the wind morphologdyeft wind with co-rotating,
one-armed spiral density enhancem@&ight clumped wind. Note the éfierent distributions of the corre-
sponding TVS.

spiral model, the derived TVS is double-peaked ayihmetric with respect to the stellar rest framadile

in the clumped model it is single peaked with maximum amgésiconcentrated on the blue. In addition,
for the clumped model the velocity range sifjni ficantvariability shows a clear blue-to-red asymmetry
(Vb=-1670,v,=1440 km s') while for the spiral model it is almost symmetrical with pest to the rest

wavelength ,=-2010,v,=2050 km s1).

Interestingly, also the parameters derived from the TVSyaigof the spectra for the 3-D clumped
model are quite similar to the ones we have derived in ternoaipfl-D broken shell (i.e., clumpy) models
(see Figures 3.15 and 3.17), whereas the smiéirdinces might explained by the fact that the spectra from

the 3-D simulations are free of noise, in contrast to the spdmm our 1-D models.

These findings suggest that at least in the case of a clummythanTVS signatures do not, or little,
depend on the specific model, and that the results of our sifiyl) simulations are comparable to those
from more realistic simulations. A final conclusion condegnthis point can be drawn only, of course,

when a larger set of 3-D simulations for a variety of wind paeters, will performed.

From the point of view of the observations, on the other hdnel,above finding means also that the

probability to obtain a symmetric TVS of Hwill be very low if the wind is clumpy, even if using snapshot
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Figure 3.20: WLR for our sample of Galactic O-type stars.oEbars display the influence of,HLPV
(interpreted in terms df1 ) on the modified wind-momenta.

observations.

In our models, a large variation at rest wavelength canno¢pmduced, at least if we allow for fluctu-
ations of both positive and negative amplitude. Such a hebamight be explained by radially extended,
coherent structures in front of the disk, which would mimieatain global increase of mass- loss by bring-
ing the innermost part of Hinto emission. That our models can never reproduce a (dyplagalized

variability has been discussed already above.

3.5.6 Spectral variability and the Wind Momentum Luminosity Relationship

The most extreme case of snapshot observations occurs wehinming a spectral analysis, since usually
only one spectrum (or two consecutive onegris available. Because of the spectral variability inhet@n
the objects under discussion, these individual data miglmidi very representative. In the following, | will
discuss on this point with respect to derived mass-loss ratith special emphasis on the question in how
far the Wind Momentum Luminosity Relationship (WLR) of Geiia O-type stars is influenced.

Firstly, let me assume that the observed variability gfiddonly due to processes in the wind (i.e., the
contribution of absorption LPV is neglected), and that thasability is interpreted in terms of a variable
mass-loss rate. Note that the latter assumption is inhéwemtypical spectrum analysis, since due to the
scarcity of the available data-set(s) a particular mass-tate is derived, which of course might be not
representative.

Following this philosophy, we derived upper and lower Ienif the mass-loss rate for all our sample

stars, from the two most extreme spectra present in thegdenies, and calculated the corresponding limits
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for the modified wind-momentum rate. Due to the adopted sfioations (standard model, no clumping)
the obtained values dfl might be overestimated.

The mass-loss rate estimates listed in Table 3.6 show teatitserved variations i range from:4%
of the mean value, for stars with stronger winds&6% for stars with weaker winds. Since the accuracy
of our determinations also depends on the strength of thd wir20%, for stars with |Hin emission,
and+30%, for stars with pure absorption profiles (Markova et 804 — we conclude thdhe observed
variability of M does not exceed the errors of individual determinations #us is not significantThis
result seems somewhat astonishing, especially in thoss edsen drastic changes in the ptofile shape
have been observed. Note, however, that for wind densitiesoo low small changes iM give rise to
large changes both in the profile shape and the EW (Puls €226)1

The derived amplitudes of the variability have been used to cast constraints on the viditjabf the
corresponding wind momentum rates. The results indicattestnd variability dfects the momentum rates
by less than 0.16 dex, which is smaller than the error of iddial estimates (0.30 dex, Markova et al. 2004)
and thus is insignificant again. In addition, and as it cargle® $rom Figure 3.20, the uncertainty caused by
wind variability does not provide any clue to resolve theljpeon concerning the WLR of Galactic O-type
stars being a function of luminosity class (Puls et al. 2B&holust et al. 2004; Markova et al. 2004).

Finally, | would like to note that the assumption of a homogmuns and spherically symmetric wind
(underlying our analysis) is in some obvious contrast with presence of large-scale perturbations in the
winds of some of our targets, which have been suggestedffgretit investigators on various occasions.
Consequently, problems may occur when trying to fit thepkbfiles with model calculations. Exemplary

is the case of HD 210839, where we failed to obtain a good fidfioamber of profiles of the time series.

3.5.7 Summary

Although line-profile variability of H in O-type supergiants has been known for a relatively lomg tfe.g.,
Rosendhal 1973; Conti & Frost 1977), our survey isfttet where this variability is detected and quantified
in anob jectiveandstatisticallyrigorousmanner for a large sample of stars.

The main results can be summarized as follows:
e To study the wind variability in O supergiants, as traced hy e employed the TVS analysis, originally
developed by Fullerton, Gies & Bolton (1996), however medifin such a way as to account for thfeeets
of wind emission of various strength on the observed profiles
e Our results show that all sample stars experiesigeificantine-profile variations in | with meanampli-
tudesAy between 1 and 4% of the continuum strength. Since absorpRdhseems to be common among

O-type stars (Fullerton, Gies & Bolton 1996), these amggfsican in principle be due to a combination of



3.5. STATISTICAL APPROACH TO STUDY WIND VARIABILITY 103

variations generated in the photosphere and in the wind.edewyour analysis indicate that even at lower
wind densities (logk p >~ —14) contributions from wind féects have to be accounted for, and that for a
number of stars wind variability is actually the dominatsaurce.

e By means of the newly introduced quantiy, we found that the observed variability of,ider unit
wind emission is a slight decreasing function of mean windsitg. This result might be interpreted as
an indication thastronger winds are less active than weaker ondswever, at least on the basis of our
present, simplistic line-profile simulations, this hypesis cannot be supported.

¢ For the case of density perturbations uniformly distrilutethe wind, our simulations predict that the
mean amplitude of deviationgy, should increase with increasing mean wind density. Istergly, this
prediction isnot supported by our observations which gave no evidence of anglation between mean
amplitude and density. Moreover, it turned out that a corlisparof observedy andAy with corresponding
simulated quantities would giveftirent information. In so far, both quantities deserve tbein right and
have to be reproduced simultaneously by future models wtiagi to explain the observed variability.

e By means of a series of models wittteérent wind morphology, we showed that the properties of M8 T
of H, can provide some insight into the structure of the inner withere this line forms. In particular, and
for not too large wind density, it was found that models wipharically symmetric shells produce a TVS
with a blue-to-red asymmetry similar to that originatingrfr models with blobs, providing the both kinds of
disturbances are distributed uniformly over the contiiimvolume. The only dierence is the actual degree
of asymmetry: at the same mean density, shell models prddseasymmetry than those with broken shells
(i.e., blobs). Moreover, this result does not seem to depenghether snapshots or systematic simulations
have been used. Note, however, that an asymmetric larde-kwag-lived co-rotating structure will always
produce a symmetric TVB the whole period of rotation is covered by observations.

e Allowing for a scatter within a factor of two for the maximumnalitude of the disturbances at given wind
density, a good correspondence between the predicted araithirically derived parameters of the TVS
of H, can be derived for stars of intermediate wind density. Farssbf lower and higher wind densities,
on the other hand, the established disagreement might\sipgiht to the presence of windfects that
are not accounted for in our simulations. In particular.gproduce the variations observed ip & lower
wind densities, one might suggest the presence of a radigignded, coherent structure in front of the disk
which can mimic variations in the global mass-loss rate. dc@oming the (two!) stars with stronger winds,
this corresponding discrepancy might be interpreted im$esf a rather confined region of variability close
to the star.

e Our analysis shows thatgnificantvariations in H occur below 0.3/, . Converted to units of physical

space, this limit corresponds to 1.4 to Rp, in good agreement with results from theoretical calcatai
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with respect to the outer limits of Hine-formation in O supergiant winds.

e Interpreted in terms of variable mass-loss rates, the gbdesriations in the Fiwind emission indicate
variations inM of +4% of the mean value for stars with stronger winds, angl ©6% for stars with weaker
winds. The ratio of maximum to minimum mass-loss averagest tve whole sample is 1.22, in good
agreement with the value provided by Prinja & Howarth (198B)e distribution of this ratio over wind
density suggests that weaker winds seem to be more varfaiestronger ones.

¢ The influence of wind variability on the derived wind momeistéound to be small, smaller than 0.16 dex
and hence not significant. This result agrees well with apstigation by Kudritzki (1999) who reported
0.15 dex as the error in the wind momentum rate of one(!) Aesgipnt, HD 92 207, introduced by wind
variability. Thus, part of the scatter in the WLR of Galadfetype stars might be caused by spectral
variability.

Finally, it may be worth noting that the Hprofiles of the sample stars derived throughout our observa-
tions are quite similar, both in shape and strength, to tbbssned by other investigators in various epochs
(e.g., Rosendhal 1973; Conti & Frost 1977; Scuderi et al21#bbets 1982; Underhill 1995; Kaper et
al. 1997). This finding suggests that the atmospheres obogets are not subject to long-term variability.
On the other hand, no information about previoysaiservations concerning the stars-B&% 739 and HD

338926 was found in the literature.



Chapter 4

Wind structure and variability in P
Cygni

4.1 Introduction

P Cygni is an early B-type supergiant classified variousl{3aeq, BO-B1, B1p or Blla(Lamers et al.
1983). Because of its spectral characteristics, the stamisidered the prototype of the P Cygni-type stars
(PCT), defined by Lamers (1986) as “luminous supergiantpetsal type O, B and A, which in their
visual spectrum show or have shown P Cygni profiles of not tdystrongest Balmer and He | lines, but
also of other lines, such as lines of higher Balmer membeaif®alines of other ions”. In comparison with
normal supergiants, the PCT stars have fiactive gravity a factor of 3 to 10 lower, a mass-loss rate a
factor of 3 to 10 higher, and a terminal wind velocity a faaib.0 lower, which results in a wind density a
factor of 30 higher. So, the PCT stars are an extreme casegiemot massive stars with mass loss.
Together withy Carina and S Dor, P Cygni is also considered as one of thetgpat® of the Luminous
Blue Variables (LBVS). LBVs form a rather heterogeneousslaf very massive unstable stars located close
to the Humphreys-Davidson limit on the HR diagram. The tekBV s’ was coined by Peter Conti in 1984
and comprises the galactic P Cygni type stars, the S Doraatisggies and the Hubble-Sandage variables in
M31 and M33. All these stars are characterized by high massrhtes, episodes of shell ejection and large
eruptions. The evolutionary status of the LBVs is a subjéargoing debates. In some stellar models,
the LBV phase occurs during (or shortly after) the main-seme phase, produces an enormous mass loss,
and prevents evolution to the red (Schaller et al. 1992; Meghal. 1994, Langer et al. 1994); in others,
the LBVs are post-red-supergiant objects in a late blue @lfslynamical instability (Stothers & Chin
1996, 2000). Some believe that two types of LBVs appear tstesglassical LBVs with My brighter
than -9.5 mag anddéw — luminous LBVs with My, weaker than -9.5 mag, both of which share the main

characteristics of the class, but may be ifiatient evolutionary state (e.g. Humphreys & Davidson 1994).
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The observational history of P Cygni has begun more than 4€@0syago, when it was discovered by
Williem Blaeu as a nova-like object. Since then, the starlieen many times investigated both photomet-
rically and spectroscopically, but despite of these cauitig eforts no clear understanding of its physics
has been achieved to date. (For a detailed review see lnaelie Groot 1999, and the proceedings of the
workshop orf'P Cygni 2000. 400 years of progressASPCS, Vol 233.)

Guided by the prospects to shed additional light on thiseissave initiated and leaded a long-term
international project to study wind variability and struiet in the LBV P Cygni. The survey was performed
in collaboration with colleagues from: the Catania Obalyltthe Tartu Obs., Estonia; the Armagh Obs., N.
Ireland; the Ritter Obs., USA,; the Canaries Astrophysioatitute, Spain; the Paris Astrophysical Institute
and the Marseille Astrophysical Laboratory, France. Is thiapter, main outcomes of this project will be
outlined and briefly discussed. More detailed informatian be found elsewhere (Markova & Kolka 1984,
1985, 1988; Markova 1986a,b, 1993a,b, 1994; Markova 20@0kba 2001; Markova & Zamanov 1995;
Markova & de Groot 1997; Markova & Tomov 1998; Markova et @08, 2001a,b; Muratorio et al 2002;
Friedjung et al. 2001).

4.2 Observational data

The observational part of the project includes long-terratpmetric and spectral monitoring campaigns
of P Cygni performed from dlierent sites all over the world, with various instrumentsjipments and

detectors.

4.2.1 Photometric and spectroscopic observations

Photometry In addition to our own UBV data derived with the NAO 0.6m telege, photometric data
from various literature sources have been collected andl. Udee total time-coverage of these data ranges
from March 1985 to October 1998 with some gaps between duecternent weather in addition to the
seasonal gaps. The distribution of the data by means ofdhigin is given in Table 4.1. Information about
the number of observations from a given sourcgsNthe accuracy itv andB - V, and the corresponding

reference is also provided.

Spectroscopy The majority of the original data have been collected with ¢budé spectrograph of the
NAO 2-m RCC telescope using either photographic plates dp @€tectors (after 1993). Additional CCD
observations were secured at the Ritter Observatory (USipua fiber-fed échelle spectrograph attached

to the 1-m telescope, and at the Tartu Astrophysical ObsagwdEstonia) using a Cassegrain spectro-
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Table 4.1: Photometric observations of P Cygni

Source Nps Accuracy Reference

inV, B-V
0.6mNAO 11 <0.01;<0.01 Markova & Tomov (1998)
Zsoldos 10 not reported  private communication
CAMC 124  0.05; Carlsberg 1985-1994
APT 220 0.006;0.010 Genetetal. 1987

Table 4.2: Summary of the spectroscopic data of P Cygni us#tkipresent thesis

Source Time coverage HJID region =R/6A, Nnights
2440006- in A

NAO (Bulgaria) 1981 - 1983 4690-5547 3500-4900 18200 52

NAO (Bulgaria) May— Sept.90 8017-8137 3500-4900 18200 9

4900-6800 10000 8
Landessternwarte, 1990-1992 8044-8764 4050-6750 12000 88
Germany

NAO 1993-1994 8840-9529 H 20000 15
NAO April-Oct. 98  10915-11095 H 15200 7
TAO (Estonia) 1994-1997 9512-10264 ,H 16000 30
RO (USA) 1994-1998 9512-11110 ,H 25800 39
Taylor et al.1991 1989-1990 7668-8159 , H 193 20
Scuderi et al. 94 1988-1993 73489227 , H 7000 32
Pollmann 1999 1994-1999 9600-11300 , H 2000 128

graph (ASP-32) attached to 1.5-m telescope. The origirtalslets were complemented with 88 more CCD
spectra collected with a fiber-linked echelle spectrograqpipled to the 0.75m telescope at the Landesstern-
warte, Heidelberg (Stahl et al. 1994)). The distributiortred observations in time, the spectral resolving
power,R = A/A1, and the number of the obtained spectra (one spectrum plet) Eige summarized in
Table 4.2. More information about the original data and tamdeduction can be found elsewhere (see,

e.g., Markova & Kolka 1984; Markova et al. 2001a; Markova 2P0

4.2.2 Ha equivalent width measurements

Original data Ha equivalent widths (EW) were estimated through line flux gnéion within a care-
fully selected spectral window, same for all spectra. SincB Cygni this line has strong and extended
(+ 1500km s') emission wings, special care must be put to fix the limitshef integration window so
that to cover these wings completely. However, in some c@sgs the Ritter observations) the spectral
coverage turned out to be irffigient to include the true continuum on either side af. Hn these cases
then,underestimate@&Ws would be obtained which have been subsequently codréatehe undetected

line flux (for more information see Markova et al. 2001b).
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Another problem, concerning the, EW-determinations, are line blendingfects which depend on
time, on spectral resolution, and on the geographic looatfdhe observatory (e.g., absorption from water
vapour lines, absorption plus emission from the C Il douaiet emission due to the N Il forbidden lines).
However, according to our estimates the totdieet of blending does not seem to be significant: in the
extreme case of the Ritter Observatory, which is locatedrawgly at the sea level, the contribution of
water absorption to the Jequivalent width amounts to less than 2%. Thus, no cornedtioline blending
was made. The accuracy of our individual EW-determinatsomainly determined by the quality of the

spectroscopic data, and is estimated to be better than 9%.

Literature data To complement our original sets bife EWSs, similar data from literature were also used.
Information about these data is given in Table 4.2 while nietailed description can be found in the

corresponding papers (Scuderi et al. 1994; Taylor et al1;1B6llmann 1999).

4.3 Emission line spectrum in the optical

The present day optical spectrum of P Cygni is notable wighgiteat number of emission lines of various
species and ions (Stahl et al. 1991, 1993; Markova 1994; Marl& Zamanov 1995). In some cases
(e.g., H I, He I and low-excited Fe Ill and N Il transitionshetemission is accompanied by blue-shifted
absorption (the so-called P Cygni-type profiles), whilsbiihers — profiles opureemission type have been
observed. A detailed comparison with identification listanfi earlier epochs (e.g., Beals 1950; de Groot
1969) has shown that more than 70 % of thee emission lines in P Cygni's spectrum appear to be of
recent origin (Markova & de Groot 1997). If not due to obséiosal selection caused by the continuous
improvement of the signal-to-noise ratio of photograpbiectra during the last century, this finding might
indicate the presence of a very long-term variation in thedwphotosphere properties of the star.

To get deeper inside into the nature and the origin of P Cggainission line spectrum, a detailed
investigation of the properties of a large sample of perditind forbidden emission lines was performed.
In this section, main results derived throughout this projeill be outlined and briefly discussed while
a more detailed description can be found elsewhere (Markoda Groot 1997; Friedjung et al. 2001;

Muratorio et al 2002).)

4.3.1 Permitted lines

The permitted pure emission spectrum of P Cygni consistalgnaf lines of Fe Ill, N Il and Si Il. Some

line parameters, such as, e.g., the position of the peahsitye Ve and the full width at half the maximum
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Table 4.3: Permitted emission lines in P Cygni’s opticalctpen. V. and FWHM are respectively, the
velocity of the emission peak and the full width at half maMimaveraged over the number of the studied
lines, N; &xcq) and excwup)denote the excitation energy of lower and upper levels getagely.

line N Ve[inkms?t] FWHMIinA] Eexc)lin €V]  Eexcup)[in eV]
NIl 1 -34 92 17.80 20.32
Felll113 7 -32 76 18.19 20.54
Felll114 2 -24 66 18.43 20.54
Felll115 2 -44 145 18.71 20.79
Felll117 2 -28 78 18.73 20.79
N1l 28 3 -31 85 21.07 23.14
N1l 31 1 -35 72 21.51 23.37
Felll118 2 -46 65 20.54 23.50
Felll119 2 -64 97 20.54 23.57
N1l 36 3 -58 65 23.04 25.04
NIl 41 1 -69 90 23.10 24.96
N Il 45 1 -28 83 23.14 25.04
N Il 46 3 -54 101 23.14 25.09
N Il 57 1 -45 112 23.37 25.35
Sill1 2 -35 79 6.83 10.03
Sill 2 2 -42 192 8.09 10.03
Sill4 2 -51 196 10.02 12.09
Sill5 2 -48 136 10.02 12.47

intensity (FWHM), averaged over the number of the measuned | N, are summarized in Table 4.3.

Location of the line formation zones. Most of the permitted pure emission lines are symmetric w&ith
sharp maximum, blue-shifted in respectMgs. The obvious similarity in the ¥ and FWHM-estimates
of most Fe Illl and N Il lines points to a possible formation otlbin same wind layers. By averaging the
FWHM-data, we located the formation zone of these linesw@0 km s. The Si Il emission lines, on
the other hand, are considerably broader than the Fe Il alhdndicating formation at outflow velocities
of about 230 km st. Concerning the few outliers (Fe 11l 115, N 11 57 and Si I11g a closer inspection
of the observed spectrum we found that an explanation of gresiuliar behaviour in terms of influence of
blends angbr rather strong photographic noise is possible in any cfdloases. Assumingsatype velocity
law of the form given by Eq. 2.9 witf=4, v, =240 km s, andv(R,)=4x10"%v,, , the Fe llJN Il and Si I

emitting regions were located ek 5R, andr < 100R,, respectively.

Excitation mechanism. All of the observed Fe Il and N Il transitions are from highexcited levels
which seems overpopulated. At distances 5R, where these lines probably form, the wind temperature
and density are likely higher than 14 000 K and 10%1dn®, respectively (Drew 1985). At these circum-
stances, fluorescence seems to be the most plausible machanpopulate the Fe 11l and N Il levels with

energies between 23.14 and 23.57 eV, which produce theiemis®es of Fe Ill 118, 119 and N Il 28, 31.
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In particular, we suggest that these levels could be pumpéddUV transitions in He | atoms at energies
of 23.09 eV (537A) and 23.74 eVA522A). Similar mechanism to feed the upper levels of Fe 511
and 117 was suggested by Wolf & Stahl (1985). Concerning thdlA.13 and 114, the upper levels of
these multiplets coinside with the lower levels of Fe Il 1d& 119. Consequently, these levels might be
populated via cascade transitions.

On the other hand, for N Il levels with energies between 2&r@#25. 35 eV, dielectronic recombination
seems to be more probable, although at the base of the wirdtressponding temperatures are more likely
too low to make this mechanisnffective.

Concerning the excitation mechanism of the Si Il lines, titleeanative possibilities exist: fluorescence
— pumping of electrons by Lymag and Lymany to levels 4D and 5SS, respectively — and radiative
recombination, both followed by cascade transitions. dfsthlines actually form at ~100 R, where the
wind temperature and density are below, respectivel§,KL@nd 5x16 cm3, the last possibility seems

more probable.

The Self Absorption Curve (SAC) analysis is a semi-empirical method developed by Friedjung & Mu-
ratorio (1987) to analyze emission line spectra of complexa, and ions without assuming detailed
models for the objects emitting these spectra.

The basic idea of this method is thétlevel populations inside the same spectroscopic term aigopr
tional to the statistical weight of each level in the ternmg points of a graph of Iogngf3 against logg f1)
for lines of the same multiplet will define a curve, calkedelf-absorption curve The exact shape of the
curve will depend on the nature of the line-forming regiaum, ibthe lines are optically thin (i.e., at smaller
values of log ¢f1)), this curve will tend to resemble a horizontal straightli On the other hand, if the
lines are optically thick, the corresponding SAC will teidktline with a slope of -1 at large values of log
(gf1). Another important feature is that curves originatingrirmultiplets with same upper term will be
shifted horizontally while curves from multiplets with sarfower term will be shifted vertically. As long
as the shapes of the curves are nearly the same, these ahitie eised to determine the relative values of
the corresponding level populations.

The main requirement of the SAC method to be applied is to ladaege number of emission lines
of different multiplets of the same ion originating from nearly saene region of the stellar envelope. In
P Cygni this requirement is fulfilled for the case of Fe Il addl ions: from 11 multiplets of Fe IIl and
7 multiplets of N Il a total of 72 pure emissi@ Cygni- type lines have been selected and subsequently

analyzed by means of the SAC method.

1This is because lines of one multiplet have the same uppeloars terms.
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Table 4.4: Results from the SAC analysis.
multplet &xclin €V]  EexcuplineV] slope rms lines

Felll 4 8.2 111 -0.40 0.20 4
Felll5 8.6 111 -0.16 0.20 8
Fe 111 68 14.1 16.5 0.00 0.20 3
Fe lll 113 18.2 20.6 -0.35 0.20 7
Felll 114 18.4 20.6 2
Fe 111115 18.7 20.9 2
Fe 11117 18.7 20.9 -0.42 0.30 3
Fe 11118 20.5 23.6 -0.44 0.20 4
Fe Ill 119 20.5 23.6 2
Fe Il 705 22.5 24.6 2
Fe Il 756 23.6 25.7 -0.80 0.40 5
N1I3 18.5 20.7 -0.44 0.10 6
NIIS 18.5 21.2 -0.62 0.20 6
N 1119 20.7 23.1 -0.70 0.20 3
N 1120 20.7 23.1 -0.21 0.10 4
N1l 28 21.2 23.2 -0.81 0.15 4
N Il 36 23.1 25.1 -0.81 0.10 3
N 11 46 23.1 25.1 -0.86 0.40 4

To construct the corresponding SACs, several parametensagy e.g., the statistical wight of the upper
level, g; the oscillator strengthf,, and the dereddened emission fl&x,of each line in the sample must be
known. A brief description of the procedure we have follow@determine these parameters is given below,
whilst more detailed information can be found in Friedjuhgle(2001) and in Muratorio et al (2002).

In our approach, the dereddened emission flux of a given le® determined from the corresponding
net emission equivalent width using a continuum flux calculdtedth B = 5.14 andv=4.72, and subse-
qguently dereddened wind(B — V) = 0.63. To estimate thaet emission, we took account of blending,
correcting for the presence of superposed photosphees,lind blue shifted absorption. In particular, to
minimize blending &ects, Gaussian fits to the profiles were made. The presend®tigpheric absorp-
tion was corrected for using the predictions of model catiahs as described by Israelian (1995). While
blue-shifted absorption was present, only the flux in thehaifl of each emission profile was measured,
this flux then being multiplied by 2.

Having the dereddened fluxes thus determined, for eachptailthe corresponding SAC was con-
structed, and its slope was measured by means of a lineéiskpaare fit to the data-points. The obtained
results are listed in Table 4.4 where data for two groups of kighly excited Fe 11l lines, called “multiplet
705" and “multiplet 756", are also provided.

From the small value of the root mean square (rms) devia(i@otumn 5 of Table 4.4), it is obvious
that in all but two cases the corresponding points do lie aeamve. Interestingly, the slope of the curves

was found to be large for more excited multiplets, thus iatliiy their lines are optically thick, even though
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their blue shifted absorption is not detectable. Also,¢reme some hints of a slope increase for the most
excited multiplets. In addition, the range of logf@)-values hardly changes between the least and the
most excited multiplets of N II, whilst for Fe Il these vakiare considerably smaller for the low-excited
compared to the high-excited multiplets.

While the optical thickness of the more excited Fe Ill and Nrigs is quite surprising, the established
increase of the SAC slope with increasing excitation is@bfuounter-intuitive because at same lgg {)
more excited lines are expected to be optically thiner. Tierpretation of these results idfitiult, but
some possibilities still exist. In particular, due to theadinvalues of the rms deviations, a conspiracy of
differential non-LTE &ects appears unlikely as an explanation. However, noteittisghard to rigorously
test for such anféect as both the upper and lower levels of the observed Fe dINafl lines could in
principle show deviations from LTE.

Another explanation, which could be suggested, will notkn@ther, if the increase of curve slope at the
same log ¢ f1) for more excited multiplets is confirmed in future work. larpcular, one might suppose
that the more excited lines are only emitted from certaingpaifra spherically symmetric wind. Then, the
absence of blue-shifted absorption components for thesg ihight be explained by a large source function,
so the emission in the lines per unit surface area would lgetdhan that of the photosphere. In that case
extra emission instead of absorption would be present obltreeside of the more excited lines, resulting
in a blue-shift of the mean radial velocity as was in fact obsé by Markova & de Groot (1997). Such a
blue-shift could be particularly important if part of thecesling material was behind, and so occulted, by
the photosphere, but the symmetry of the lines, noted by Marl& de Groot, would suggest that such
occultation is small. In any case, if the wind has spherigairaetry, the less excited lines could not be
optically thinner because these lines would also be emittélde region of emission of the more excited
lines, where they should not be optically thinner than tregsted lines.

An alternative explanation is to assume that the wind of PriCigganisotropic. Optically thick excited
lines with no blue-shifted absorption components wouldhiat ttase be mainly formed in clouds, which
either have large source function, or do not occult much efgthotosphere. The optically thinner lower
excitation lines with blue-shifted absorption could thenrbainly formed in regions of the wind, covering
the photosphere, with only small optically thicker contitibn to their emission from the clouds. The
physical reason for such a situation is however not immeljiaiear. Heating due to shock waves might
occur in the clouds, producing extra ionization radiatifmtipwed by more recombinations and cascades
plus pumping to extremely excited levels. Such a situatigghtralso be a way of explaining the presence
of the most excited N Il lines. Theoretical work is requiredsee whether this is a viable option.

From the outlined in this sub-section it follows that nonH &fects and deviations from homogeneity
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and spherical symmetry both seem to have place in the windQyfdgni.

4.3.2 Forbidden lines

Stahl et al. (1991) were the first to note the presence of kebidden lines in the P Cygni optical spectrum.
Soon after that the forbidden spectrum of the star was iigagstd in detail, and a large number of [Fe II],
[Fe T, [N 1], [Ti ] and [Ni 1] lines were identified and sibsequently analyzed (Stahl et al. 1993; Markova
1994; Markova & Zamanov 1995; Markova & de Groot 1997).

As a result, it was found that the [Fe II] lines show flat-topedfiles indicative of line formation in a
region of constant expansion velocity. From the line widthestimated Wu=231+3 km s. Surprisingly,
this value turned out to be a factor of two smaller than thedvterminal velocity, as determined from the
blue edge of the UV metal absorption lines (e.g., Under8il9; Cassatella et al 1979).

Sincev,, originating from measurements of the blue edge of UV profiigght be overestimated (due to
macro-turbulence, or presence of optical depth enhandsinere decided to re-determined this parameter,
employing an althernative approach (Prinja et al. 1990)rtretkes use of observed parameters of Discrete
Absorption Components, DACs (see Sect. 4.4.2). To this endsed data for DACs from Markova (1986b)
and from Lamers et al (1985) and obtained a value of 236 ®mis perfect agreement withy, from [Fe
1] lines. This finding indicates (i) that the earlier estiteaofv,, , based on the blue adge of UV absorption
lines, are likely overestimated, and (ii) that the [Felijds are formed at large distances from the stellar
surface where the wind has already reached its terminatiglor he latter possibility was suggested by
Stahl et al. (1991) as well.

Another important result of our analysis is the identificatof the [NII] red lines in addition to the
yellow one already identified by Stahl et al. (1991). The obesa properties of these three lines are quite
similar suggesting they all form in same wind region with ariflow velocity of ~200 km s*. With
this in mind and taking into account the theoretical intgnsif [N [I] 16584 is about 3 times that of
[N 1] 16548, we estimated the [NII|16548+16584)[NIl] 25755 ratio, and subsequently used it to put
constrains on the electron density, and temperatureglin the region of line formation. In particular, we
derived [NII] (16548+16584)[NIl] A5755= 1.50. According to Sobolev (1975), a flux ratio between 1
and 2 corresponds tq from 5x1¢ to 5x10° cm3 and T, from 5700 to 16 K where the former value of
Teg refers to the high-density limit of Sobolev’s formula.

As a next step we tried to constrain the [NII] forming region dpace. In particular, adopting
M =1.5x10°M, /yr, R, =76 R, (Lamers 1989) and., = 240 knys, we estimated an electron density be-

tween 5x16 and 5x16 cm™ at distances from 30 to 110 stellar r&diiAt these distances the linear ve-

2|n these calculations the gas is assumed to be fully ionigedogen.



114 CHAPTER 4. THE LBV P CYGNI

locity law of Waters & Wesselius (1986) gives-V., implying a flat-topped profile with HWZ240 knm's

for an optically thin line formed there; this is contradittey the observations. At the same distances the
BC-velocity law with=4 gives a velocity of 220 to 230 kf® (for v., =240 knys). The observed width

of the [NII] profiles, however, is below these values. Obwgigua velocity law flatter than one wifB=4,

but yielding the same density structure, would give betsults. Such a velocity law was obtained by
Pauldrach & Puls (1990) in the framework of their best motislterminal velocity, however, is quite low
(195 km's) compared with our value of 240 Kksn Concerning the [Fe 1] formation region, a combination
of a BC-velocity law with stellar parameters as already aeldpvould locate this region aty110R, where

Ne < 5x10° cm3.

Finally, let me point out that witkl=1.8 kpc for P Cygni the [NII] emitting region as determinedusy
would have an angular radius smaller than 1.5 arcsec, ir@esfjreement with Stahl (1989) who argued
that beyond an angular radius of 1.5 arcsec no evidence¢essXNI1]16584 emission exists. Interestingly
enough, Johnson et al. (1992) did not find any [NII] emissiotheir on-star spectrum. Bérences in the
slit position angles could possibly cause such a discrgpahigis points to a possible asymmetry in the

emitting [NII] region close to the star.

4.4 Photometric and line-profile variability

4.4.1 Photometric variability

To learn more about the nature and the origin of spectrosoggiability parallel information about the
photometric behaviour of the star is required.

To this end we investigated the light and colour curves of BrCyver a period of 13.5 years, from
March 1985 to October 1998. The distribution of the used datane is shown in Figure 4.1 (left). The
solid line (upper panel) connects points which representritban values of, computed over time windows
naturally defined by major seasonal gaps in the observatifims intention of this line is to guide the eye
and to emphasis the presence of a slow component in the phbiomehaviour of the star. The amplitude
of this variation is about 0.1 mag on a time scale of about 88y. Two cycles, both incomplete, seems to
present, during which the star becomes redd& V as it brightens and vice versa. Apart from the rapid
and very strong variation between JD 2 448538 and JD 2 448Bébehaviour of th&) — B colour index
tends to follow that oB - V.

In addition to this very long-term (VLT) variability in theedlar brightness, the observations further-

more revealed the existence of short-term (ST) variatioitls amplitudes between 0.1 to 0.2 mag, and a
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Figure 4.1:Left: Light and color curves of P Cygni. The presence of a very ltarg: (VLT) variability
component is highlighted by a solid lin®ight: Color behaviour of the short-term (ST) variations in the
stellar brightness.

characteristic time-scale of 3 to 4 months. The colour biehawf these variations, shown in the right-hand
panels of Figure 4.1, is redder Bi— V and bluer inU — B as the star brightens. Irrespective of the small
amplitudes of the established colour variations, we arinied to consider them real due to their systematic

character.

4.4.2 Line-profile variability in the optical

Merrill (1913) was the first who reported variations in theual spectrum of P Cygni. Since then a huge
amount of studies have been implemented to investigatéstug. Nevertheless, even at the early eighth a

consisten description of the P Cygni spectral variabiligswstill missing (see, e.g., Markova 1986a).

Discrete Absorption Components

One of the most intriguing aspects of wind variability is iresence of narrow optical depth enhancements,
calledDiscrete Absorption ComponenBACS), superimposed at velocities closestoin the UV spectra

of hot stars (see, e.g., Underhill 1975; Morton 1976; Lanetral. 1982; Howarth & Prinja 1989). The
features seem to be permanent: neither the velocity, nordtnength vary with time. Due to their ubiquity,

DACs are thought to be a fundamental property of hot star svifitherefore, it should be not a surprise that
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a huge amount of papers devoted to this topic have been pablguring the last 20 years. Nevertheles,
the nature and the origin of these features still remain aeny.s

So far, P Cygni is the only known LBV with DAC signature in it8/\$pectrum (Cassatella et al 1979;
Lamers et al 1985). Interestingly, and most important, ifiexastudies similar features have been detected
in Balmer lines of this star as well (de Groot 1969; Lood etl8I75). However, the dynamical properties
of DACs in UV seemed to be fierent from those of DACs in Balmer lines — the former perdistiaost
same velocity for a long time, while the latter oscillate hirit a wide range of velocities, from100 to
~250 km s!— that might point out to dierent origin. Irrespective of this possibility, the preserof
DACs in Balmer lines of P Cygni was a real opportunity to comneaner to a better understanding of this
phenomenon because UV data can be obtained only from spédlseaytical observationsis easy to collect.

Guided by these prospectives, the long-term behaviour mh&adines in P Cygni was investigated with
the primary goal to identify and follow the development of ©#) and to determine their properties as a
function of time. This way valuable information about théura of these features can be obtained which
might eventually provide us with a clue to solve the puzzissye of their origin. Below, main results of
this investigation are summarized, and various poss#éslio interprete the DAC phenomenon in P Cygni
are briefly discussed. More detailed description can bedaumarkova & Kolka (1984) and in Markova

(1986a,b).

Dynamical properties. From the analysis of radial velocities, two types of DACs evédentified:
“high-velocity” components which persist at aimost sameifimn (21<V, <210 km s?) for a rel-
atively long time, and “low-velocity” components which mage from red to blue within the profile
(90<V, <200 km s1). In these properties, our “high velocity” DACs obviousgsemble those observed in
UV, while the "low-velocity” ones are similar to the featgrebserved by de Groot (1969) and by Lood et
al. (1975) with one exception though: no clear evidence oéligating components was found. In addition,
the analysis of the corresponding FWHMSs and equivalenthwsidhowed that accelerating in velocity space
the ‘low-velocity” components become narrower and weakegerestingly, and in contrary to the situation
established in UV, the “high-velocity” components also @@ase in strengthranishingcompletely after
some time. Based on these findings we concluded that “loaeitgl' DACs in Balmer lines do not seem
to oscillate, as suggested in earlier studies, but rathezleate continuously becoming “high-velocity”

components when they reavh>200 km s .

Time scale Our analysis furthermore showed (i) that the appearanceéd@fs€in Balmer lines is a recur-

rent phenomena with a characteristic time of about 200 days (i) that independent of their individual
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Figure 4.2: Composite velocity vs. time curve representypical development of DACs in Balmer lines
of P Cygni.

properties (e.g. acceleration, optical depth etc), thepmmants develop in a similar way, i.e. they accel-
erated till the time they reach a given velocityfdrent for various DAC events, but limited between 200
and 230 km st. To test these findings on a larger statistical base, we atstl a composite velocity vs
time curve using own radial velocity data, and incorporgtimilar data from de Groot (1969) and Kolka
(1983). The total time coverage of these data is about 5Gy&ae obtained curve, shown in Figure 4.2, is
obviously well-defined supporting our suggestion that taeability pattern of DACs in Balmer lines of P

Cygni is relatively stable, with a cycle length of about 2@¥ sl

Density and excitation Close inspection of all lines in the optical spectrum of ttae sxdicated that clear
line-splitting can be confidently and frequently detectetlanly in Balmer lines, but also in other lines of

relativelylow excitation such as, e.g., the K-line of Ca Il, Mg#4481.14 and He | lines of:

e the triplet series 3P - *D with 1 < 3819 A;
o the triplet series 3P - S with 1 < 4713 A;

e the singlet series'P - n'D with A < 4387 A;

This result suggests that the excitafionization inside the region of DAC formation appears toddatively

low, lower than in the ambient wind.

Concerning the density, applying the Inglis Teller relatio the last visible Balmer line with and without
line-splitting, we found this quantity to be typically oneder of magnitude higher than in the ambient
wind. At such densities the excitatigionization of the plasma must be indeed lower inside thasidet

the structure.
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Optical and UV DACs As already noted above, the behaviour of DACs in Balmer lioethe LBV
P Cygni seems to be qualitativelyfiiirent from that of DACs in UV spectra of hot stars, where these
components tend to reside at same velocity with no variatioriheir optical depth for a long time. This
result could be interpreted in terms offé@irent origin of the both. However, such a conclusing might be
misleading for the correct way to proceed is to compare featabservedimultaneouslyn one and the
same star, but not in fierent starg

Luckily, it turned out that our optical data overlap, thougtpart, with similar data from UV (Lamers
et al 1985). By means of a direct comparison, good corresglin velocity and acceleration of Balmer
and UV DACs was established for several observational epofMote that in P Cygni DACs have been
observed not only in Fe Il, but also in Fe Il lines in the UV.talso that the dynamical properties of the
Fe Il and Fe Il components arefféirent. For more information see Lamers et al 1985 and Markd8éb.)
This finding has at least two major consequences: first, igsstg that DACs in optical and UV lines are
signatures of same physical phenomenon, and second, éhdbwrvelocity” components in Balmer lines
are more likely progenitors of the high-velocity stable gmments in the UV Fe Il lines. Within a wind
model with a velocity field as described by Eq. 1.9, this womldan that the DAC phenomenon is not
related to only the outer layers of the wind, as previoushutiht, but appears tdfact the inner parts of

the wind as well.

Possible origin About 20 years ago, when the origin of DACs in UV was still arwofissue, it was be-
lieved that these features originate and develope in ther suihd only. However, this picture is questioned
by our results which in contrary suggest DACs more likelyrion the inner parts of the wind and accelerate
outwards. In addition, we also found suggestive evidenatitiside the structures producing DACs the gas
density is higher, and the excitatjionization is lower than outside. Based on our observatifimdings,
a scenario consisting of a sequence of outward moving, égtbrdense shells was suggested to interprete
the appearance and evolution of DACs in P Cygni (Markova b38bhis scenario was supported by other
investigations as well (e.g., Lamers et al 1985; Van Gent &é&es 1986; Israelian et al. 1996).

Although many of the DAC properties can be easily explaineterms of the shell scenario, there
is at least one feature that could not conform with the ideawifvard moving dense shells: within a
given DAC episode an increase in emission strength of thes lshowing DACs should appear (due to the
shell expansion), but has not been observed. To avoid tiisudfy an althernative hypothesis could be
suggested where DACs originate from material confined inrdie geometric units ("blobs”, "gts” or

"spirals”) situated just in front of the stellar disk. Andtadugh the presence of such structures is strongly

3And even then one could not be absolutely sure since thestypemf DACs may form in dferent parts of the wind, and might
therefore provide dierent insides into the same phenomenon.
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supported by radio (Skinner et al. 1997), spectral (Barlbal.e 1994), interferometric (Vakili et al. 1997)
and polarimetric (Taylor et al. 1991) observations, it idnible difficult to reconcile the idea of randomly-
distributed regions of excess density with the recurrepeapance of DACs.

Recently, a model consisting of co-rotating spirals roadretthe photosphere, the so-called Co-rotating
Interacting Region (CIR) model, has been developed (Cradm®wocki 1996, see also Mullan 1984,
1986) and successfully applied to interprete DACs in UV $peaf O-type stars (Kaper et al. 1997; Kaper
et al. 1999). A simple qualitative consideration howevenghthat the CIR scenario does not seem to be

suitable for P Cygni. In particular,

i) if DACs in P Cygni were due to spiral-shaped structureg ttearotate (or nearly co-rotate) with
the star, their character should be strictly periodic (exeer a limited time interval) with a length
of the cycle (determined by the rotational period of the atad the number of co-rotating spirals)

comparable to, or an integer fraction of, the rotationaiqgabr

However, our analysis shows that the DAC-induced varigh#i not periodic, but recurs on a time-
scale that varies from about 150 to about 250 days with a maae wf 200 days. Also, it is a factor
of 2 to 3 longer than the maximum rotational period of 96 dasdetermined from the rotation
velocity (=40 km s!, Israelian 1995) and the radius76 R,, Pauldrach & Puls 1990) of P Cygni.
All this indicates that rotation does not seem to play a funelatal role in determining the recurrence

of DACs in P Cygni.

i) if DACs in P Cygni were due to spiral-shaped structurested in the photosphere, it should be in
principle possible to follow their development startingrfr the wind base up to the wind terminal
velocity. However, no indication of any DACs with velocgitwer than 90 kms has been provided

by the observations (Markova 1986b; Markova 2000; Israddizal. 1996).

On the other hand, the life-time of a given component is veng| about a factor of 100 longer then
the radial flow times of the wirfd This result implyes that the structures producing DACshhigpt
represent single mass-conserving features, but migh¢ratiise from slowly evolving perturbations
through which wind material flows. Since the phenomenorablstover more than 50 years, these
perturbations are more likely maintained by photosphadcgsses. The letter possibility seems to be
supported by the fact that on several occasions the appeaoéa new DAC was accompanied by an
increase in the stellar brightness (Israelian et al. 198BS, it seems rather likely that the physical
source of the perturbation producing DACs is coupled withgtellar photosphere. However, so far

no clear indication has been found that these perturbalsondevelop in the inner part of the wind.

4The characteristic radial flow time of P Cygni's wind is abau days
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Other forms of LPV

Most lines in P Cygni’s optical spectrum do not show cleagdgplitting, but exhibit significant variations in
their profiles on a variety of time-scales, and variabilifttprns. To obtain a detailed picture, we examined
the temporal behavior of a large sample of lines of varions end species (e.g. He I, O I, Silll, Si IV, N Il
etc), with the primary goal to classifyftierent forms of LPV, to specify their properties, and to skdoc
possible relationships between them. Brief descripticdheutcomes of this analysis is given below while
more detailed information can be found elsewhere (e.g.kMax & Kolka 1985, 1988; Markova 1993a,b;
Markova 2000; Markova 2001).

To detect and localized variations across the line profdenpdified version of the Temporal Variance
Spectrum (TVS) (Fullerton, Gies & Bolton 1996), firstly udeg Prinja et al. (1996), was employed. As
a result, in addition to the DAC-induced variability fouridirent forms of LPV were identified: short-
term (ST) variability in the troughs and lobes of lines ofimhediate and high excitation; long-term (LT)
variability in Balmer and He | lines of relatively high opsicdepth; very long-term (VLT) variability in the

H, EWs, and a red emission-wing variability.

Short-term variability  To identify the physical ingredients of the establishedalkility, the absorption
troughs and emission lobes of the lines were measured (asiitiing procedure with Gaussians) for the
size and position of the absorption core ammémission peak, and for equivalent width. The obtained,dat
partly illustrated in Fig. 4.3, give clear evidence of rddi@locity and line-strength variations in emission
and absorption.

In particular, it was found that independent of their extaita and optical depth all lines behave in a
similar way showing smooth fluctuations (i) in velocity ofsaloption cores and emission peaks; (ii) in
maximum absorption ardr emission fluxest-max (enyabs), and in absorption afoat emission EWs. The
fluctuations appear around a mean level specific for eachkitimm Their amplitudes are usually small, but
genuine since they exceed the accuracy of the individug&raétations. The variations in emission and
absorption fluxes do not correlate justifying they are noadiact of inconsistent continuum placement.
(Otherwise, a distinct anticorrelation must be observ@iear signature of ST variability are also seen in
the total EWSs of the lines (see the right-hand panel of Figusg Interestingly, and most importantly, even
the high excitation lines, such as, e.g. Si IV lines who$eotive level of formation is close to the wind
base, vary in symphony with the strongest Balmer and He &itians.

These results indicate that the ST variability can not belgalue to a redistribution of a fixed amount
of line absorbers, but instead requires real alteratiorth@humber of absorbers, either through changes

in the ionizationexcitation, or in the number density. And although changedbke excitation temperature
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Figure 4.3: Variability patterns in velocity of the absaoptcores (left panel) and in the maximum emission
flux (right panel) of lines of various ions. All velocitieseanegative and taken respect to the Sun.

of the wind were in fact established — By means of a curverofth analysis of 35 NIl lines we found
evidence of a 15% decreaselig,cin parallel to the increase in velocity and strength of thedi during the
ST variation, — we consider the latter interpretation moobpble because lines of quiteférent excitation
have been simultaneouffected. Thus, we suggest that the ST modulations in P Cygpiiisad spectrum
more likely originate from time-dependent enhanced-dgrstiuctures that operate in the inner layers of
the wind, from about 1R, (where the H line forms) down to its base.

A puzzling aspect of our results is that though qualitagiv@milar, the behaviour patterns of the ST
modulations in velocity and in line strength are charaetstiby diferent time scales<100 days in velocity
and ~ 50+10 days in light strength). A comparison with results fromlk€o(1989, 1991) showed that
similar variations, but on a shorther time-scale5(q days in velocity ang-30 days in line strength) have
been detected in other observational epochs as well. Thadiads suggest (i) that the wind structure
producing the ST modulation is likely caused by a photosph@ocess which is capable of reproducing
itself on a diferent time-scale, and (ii) that irrespective of thiatience in the corresponding time-scales,
the modulations in velocity and line strength appear to besiglally linked. Since these time-scales are

similar, oyand smaller than the maximum rotational period of the stalias rotation might be an issue.

Long-term variability  Stahl et al. (1994) have published radial-velocity and siois peak-intensity

measurements of the strongest Balmer and He | lines in P Gygytical spectrum. Based on these data,
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the authors found evidence of a slow variation both in th@cig} of the absorption cores, and in the
intensity of the emission peaks of the lines (I shall cal trariation long-term (LT) variation to distinguish

it from the ST variation described above). Analyzing thehGéd al. data we furthermore found that:

i) the LT variation in velocity is anti-correlated with thé lvariation in emission-peak intensity: when

the size of the emission peak increases, the absorptiomumres to longer wavelength;

ii) the amplitude of the LT variation, both in velocity and line intensity, decreases with decreasing

line optical depth.

The latter result is illustrated in the right-hand panel @f. B.3, where the limiting case of a line with and
without LT variability is represented, respectively, by ldnd N 11 14630. Note that while all lines exhibit
ST modulations in the size of their emission peaks, only trenger Balmer and He | lines do show LT
variability component. Note also that in the HEW curve, the LT variability can be easily recognized as a
sharp dip situated between JD 2448000 and JD 2 448 600 (seghidand panel of Figure 4.5). We are
confident that this feature is real since it was indepengeatorded by dierent authors (Markova et al.
2001a; Taylor et al. 1991).

Thus, it seems likely that the LT spectral variability isdded only in the relatively outer part of the

wind (V <0.82v,, ) with no obvious connection to the the inner parts.

The red-emission-wing variability affects the high-velocity part of the P Cygni-type profile€0 <

V < +230/250 km s*. This variability seems to be caused by low-intensity bumpese position varies
with time. The properties of this phenomenon are still Igrgmknown. A similar phenomenon may have
been observed by Kuss & Duemmler (1995) who suggested thaiumps are due to light echos from

outward-moving dense shells that produdéettient DAC sequences.

Very long-term variability  Finally, let me note that the analysis of thg HEWSs provided convincing
evidence of a very slow (time-scale of about 7 years or maagphility component with an amplitude of

~20 A In Sect. 4.5 | will described and discussed this phemumén detail.

4.4.3 Comparison between photometric and spectroscopic rabilities

Self-consistent non-LTE calculations (Pauldrach & Pul8)%ave shown that the wind of P Cygni is
highly unstable with respect to extremely small changebérfaindamentall stellar parameters. Therefore,
some relation between variations in the wind and in the g@pitere might be expected to present in the

star.
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Guided by these prospects, several investigators trietidiootbservational evidence in support of such
photospheric connection, but, in general, the results ané-@dictory. In particular, a possible relation be-
tween brightness variations and changes in line profilestalthe recurrent appearance of DACs, was sug-
gested by Israelian et al. (1996). Suggestive evidence-oand variations being correlated with changes
in the emission-flux of Hwere also reported by de Groot (1990) and by Percy et al. (1996

On the other hand, Scuderi et al. (1994) noted that althduglbéhaviour of the stellar parameters, as
deduced from UBV photometry, do correlate with variatiomshie structure of the wind, the global mass-
loss rate does not seem to react in symphony. Also, Stahl €384) argued that no clear evidence of a
correlation between photometric variability and LPV cob&lfound over the period covered by their obser-
vations. To investigate this issue further, we performedtaittd comparison of the available photometric

and spectroscopic data of P Cygni.

ST variability Our analysis provided clear evidence of a close relatignisbiween changes W, B -V
andU - B, on the one hand, and the ST variability as traced by theEM/s, on the other: when the EW
decreases, the star becomes bright&f,iredder inB -V and bluer inJ — B. This finding is fundamentally
important since it strongly supports our hypothesis abbatghotospheric origin of the wind structure
generating the ST variability. (For more detailed inforimathe interested reader is referred to Markova et
al. 2001a.)

If the ST wind modulations were indeed triggered by photesplprocesses what could these [&ifice
on the HR-diagram, P Cygni falls within the predicted indtgbstrip for strange-mode oscillations (Kiri-
akidis 1993), non-radial pulsations of strange-mode lagiihs might be the cause for the ST variability of
the star. On the other hand, Lamers et al (1998) argued thatittrovariability of LBVs could be explained
by means of NRPs of gravity-modes of ldwThus, and at least at present, NRPs of either strange-nmrode o
g-mode oscillations seem to be the most plausible candidagxplain the appearance of the ST variability
of P Cygni.

Another important issue to be address A&e the ST modulations and DACs linked to each other?
There are at least two pieces of indirect evidence that siglge modulations and the DACs are probably
notlinked to each other. First, the time-scales of the two phaa are too dlierent to suggest they might
be physically coupled, and second, there are lines (e.grefenance lines of Na | and Ca II) that show
DACs, but do not show modulations in velocity or strengthhait troughs.

On the other hand, on two occasions in 1981 the appearanca@i&AC event was preceded by
increase in velocity of high-excitation lines during the &fFiations, suggesting possible relation between

the two. However, in this case, some additional factor isdedeto explain why structures of figient
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strength to produce observable DACs do not occur duringyesyaie of the ST modulations.

LT variability =~ Concerning the LT variability established in the lower mersgof the Balmer series (Ho
H,) and in the strongest He | transitions, no evidence of a @patt in the photometric behaviour of the
star was found. No clear evidence for a direct coupling betwais variability and the VLT photometric
variability was found either. The time-scales of the twopdr@ena dier too much to suggest they may be
physically linked.

On the other hand, the maximum of the LT variation ipwhs found to occur very close to the maxi-
mum in the VLT photometric curve, and also, practically aidles with the strong and rapid increase of the
brightness in the U-band. It is not clear at present whettese events are causally or physically linked.

The correspondence between the VLT variability in the spkend photometric behaviour of P Cygni

will be discussed in the next section.

4.5 P Cygniin ashort SD phase

Recently, Van Gendered (2001) has published an extensn@wref the 20th century scientific achieve-
ments on LBVs where 46 confirmed and candidate members ofdke are listed. In addition, the author
updated the criteria for membership in the LBV class fronsthgiven by Humphreys & Davidson (1994)
introducing new terms, such as “S Dor (SD)-eruption” and ‘@ [B5D)-phase”. The latter is described as
a brightness variation of up to 2.5 mag on a time scale of yéaecades and even to centuries during
which the star becomes redder when it brightens and viceavers
P Cygni is a notorious S Dor-type star. It has a high lumiryoddg L/L, = 5.86; Pauldrach & Puls

1990), a high mass-loss rate @ x 10™°M, yr~*; Scuderi et al. 1994, 1998; Markova et al. 2001a), an
extended atmosphere and four visible ejecta containinggssed material (Barlow et al. 1994; Meaburn
et al. 1996; Skinner et al. 1997; Johnson et al. 1992). Intaxidithe star has undergone at least one
SD-eruption (in 17th century). However, and surprisingly,evidence of any SD-phases were reported to

date.

45.1 Photometric evidences

The properties of the VLT photometric variation in P Cygniaddished by us appear to be quite similar
to those of weak-active S Dor variablesarshort SD-phasas described by van Genderen (2001). To
investigate this issue further, we determined the basiampatersl o+ andR, of the star following a simple

3 step procedure. First, the obsen&dV colours were corrected for interstellar extinction wiB - V) =
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Figure 4.4: Relative variations ifig andR, as derived from the corresponding B-V data. The presence of
a very long-term (about 7.3 year) variation in the star bahauis highlighted by a solid line.

0.63 to derive the corresponding intrinsic colouBs{(V)o. Then, using the empirical relation betwe@h{(
V)o and Tz for normal SGs (Schmidt-Kaler 1982), the temperature okthewas determined at any time
for which photometric data are available. Finally, from thg and the corresponding magnitudes, the
stellar radius was derived using again the empirical @fatiof Schmidt-Kaler (1982). Since thbsolute
values ofTer andR, thus obtained were expected to be rather uncertain (due tarttertainty in the used
calibrations), theelative variations in these quantitieATe; /Ter andAR, /R, , can be only considered

reliable. The accuracy of these estimates is 2%gjnand 4% inR, .

The temporal behaviour ckTer /Teg and AR, /R, is illustrated in Figure 4.4 where in addition to
our data (dots), similar data from Scuderi et al. (1994)c(eB) are also used to increase the statistics.
Solid lines connect points that represent mean values dditiars in Tz andR, , calculated over time
windows naturally defined by seasonal gaps in the obsenati®bviously, when the star brightens its
temperature decreases (byL0 %) while the radius increases (kY %). In this behaviour P Cygni closely
resembles other SD variabale in a short SD-phase. Thus, maucte that during the period covered by
our observationB Cygni has experienced a short SD phesth a possible maximum in the fall of 1985, a

minimum in the winter of 1988, a maximum in the summer of 1989®) a minimum in the winter of 1995.
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Figure 4.5: Comparison betweé&fiband variations and changes in thg éduivalent width. Left: The
presence of a VLT variability component is highlighted byldand dashed lineRight: V-band data are
represented by circles; HEWs - by dots. For more information see text.

4.5.2 Spectroscopic evidences

To learn more about the nature of the VLT variability in P Ciydghe behaviour of théHa EW has been
compared to that of the stellar brightness. The obtainadtseare shown in Figure 4.5 (left). In the top
panel, the solid line traces out the VLT component in thband variability. In the three panels below,
the same curve (scaled in an appropriate way to fit the relelatn) is represented by a dashed line. The
purpose of these curves is to guide the eye and to make theacizmip easier. From the two panels in
the middle of the figure, it is apparent that, although sonreespondence between thleband variability
through the short SD-phase and the VLT spectral varialilitys exist, the two phenomena do not seem to
be strictly correlated.

However, given that the HEWSs are directly influenced by changes in théand trough the continuum
normalization, this result might not be absolutely corr8@t remove this ect, we procceded as follows.
For observations close enough in time to be considered &medus, we scaled the EWs to a constant
continuum level chosen to correspondMg= 4.8 mag. Thus, the measured EWs were multigi@dded
by a factorK, wherelogK = 0.4AV andAV = V(t) — V, correspondingly when P Cygni is brightiinter.

Strictly speaking, dferences in the continuum flux a=6563 A should be used, but in our cas¥ is
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a good approximation since the colour indices of P Cygni diovaoy greatly. The corrected EWs from
all observersW.or, are shown in the bottom panel of Figure 4.5. Unfortunateg, lack of complete
simultaneity between the spectroscopic and photometsermiations has led to a noticeable reduction in
the number of available EW estimates. Nevertheless, ons@authat the pattern of the VLT variability
of H, does not change significantly when theet of the changing continuum is taken into account. In
addition, it appears (if it is not an artefact of bad data dargpthat the corrected EW data follow more
closely the pattern of the S Dor-variability. In summary, eanclude that the VLT variability established
in Ha is intrinsic to the wind (not the photosphere), and that taisability is more likely linked to the

7.3-year SD-phase.

4.5.3 H, variability due to changes inM

Since the H emission is directly related to wind density, the variasiamthis quantity can be due to changes
in the mass-loss rate. A rough estimate of taktive variation in M that could result in the variations
observed in | during the SD phase can be derived employing the scalingiorlfound by Puls et al.
(1996, Eq. 43). This relation connects mass-loss rate,in@trwind velocity, stellar parameters ahtiy

equivalent width, and in the optically thick limit can be apximated as:

//]3/4

M(thick) ~ v¥“RY? [W] (4.1)

whereW, = Wobs + nghot- In fact this approximation was derived under the assumptioa s-velocity
law with 8 = 1, but it is appropriate for P Cygni as well since the authogsied that at largeM the value

of B is not of importance. (Note that for P Cygsi4 Pauldrach & Puls 1990.)

From the observations we derivido(max)=95 A andW,o(min)=75 A. With these estimates, and
neglecting the contribution of the photospheric absorptioe then derived (under the additional assump-

tion of constant stellar radius and wind terminal velocity)

M(max)
M(min)

(4.2)

And although this value might be a bit overestimatedié expected to vary in opposite td Markova
et al. 2001a), we conclude the variability of, HEW during the SD phase can be associated with a 19%

increase iV .

5In P Cygni the contribution of the photospheric absorptinthe total equivalent width dfle is less than 2%
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4.5.4 Possible interpretation

Neither the mechanism causing the SD-phases, nor the regjiere this mechanism originates is known.
Presently, two hypothesis exist. In the first one, the SD plsassumed to be due to a drastic increase in
M leading to the formation of a pseudo-photosphere (the Beecatmospheric hypothesis). In the second
one, an alternative sub-photospheric origin is suggestedat least partly, to variations in the underlying
stellar radius.

To check the first hypothesis, we followed de Koter et al ()29l calculated the optical depth of the P
Cygni wind,r, (at 5555 A). The obtained value of 2.30 implies that the wifithis star is sfficiently opti-
cally thick to create a permanent pseudo-photosphere handelatively small variations iM could cause
0.1 to 0.2 mag variations in the stellar brightness. Thisipd#ty received additional support by further
computations which showed that a 19% increasMican in fact lead to a7% increase in the apparent
stellar radius, in perfect agreement with estimates regart previous sections. (For more information see
Markova et al. 2001b.) These findings suggest that in P CymnSD phase could be interpreted as an
atmospheric phenomenon.

However, note that in a case of a star like P Cygni, the inggion of the SD variability as a pure
atmospheric phenomenon is never straightforwards. Indé#ue wind is optically thick and if "small”
photometric variations do exist, an alternative scenatiens an increagadecrease iR, /Tex (due to some
unknown reason) at constant luminosity result in an ineyeasrease i /v., , which in turn lead (because
of the high wind opacity) to an incregsgecrease in the apparent stellar raderaperature is alweys possi-
ble. With this in mind, we conclude that the 7.3-year SD d&tiin in P Cygni is more likely a mixture of

an expanding radiydecreasing temperature and an expanding pseudo-photesphe

4.6 Summary

The main outcomes of our long-term optical survey of P Cygmi lse summarized as follows:

eEmission line spectrum Our observations suggest that the emission line spectruf Gfygni was
much reacher and intensive in the early 90 than 60 yearsdaefionot due to observational selection this
finding might indicate the presence of a very long-term vamisin the windrphotosphere properties of the
star.

To address this issue, the parameters of a large sample efiemilines, permitted and forbidden,
have been derived and used to localize the region of linedtiom, and to put constrains on the physical

parameters of the gas inside these regions. In particuéafpund that the optical [N 1] lines are formed in
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a wind region situated between 30 and 110 stellar radii wisidikely asymmetric. In this region 5x£0<
ne <5x10' cm3 and 570& T, <10* K. Concerning the [Fe Il] lines, these lines more likely foan

distances £110R, where the density drops below 5¢1€m™3.

From the analysis of the permitted emission lines, on therottand, a quite surprising behaviour
was revealed: more excited lines without blue-shifted congmts appear to be opticallyickerthan less
excited lines with P Cygni-type profiles. This finding canhetinterpreted in terms of the standard wind

models, but might indicate deviations from spherical syrmyn@nd homogeneity in P Cygni’s wind.

eWind variability in the form of Discrete Absorption Components (DACs) About 20 years ago,
when the nature and the origin of DACs in the UV spectra of tartsswas an open issue, it was believed
that these features originate and develop in the outer wihd blowever, by means of a direct comparison
of DACs observed in the UV and optical spectrum of P Cygni wamhbiguously showed that this
hypothesis is not correct, and that DACs in UV form in the inparts of the wind and subsequently
accelerate outwards. Based on a detailed analysis of thavioein of these feature, we showed that
their properties are to a large extent consistent with aai@nmvhere DACs originate from large-scale,
time-dependent, enhanced-density (low-excitation)ysbations, which develop in the intermediate and
outer parts of the windy > 0.41Vix¢, but appear to be maintained by photospheric processegedmetry

of the perturbations cannot be constrained with confideftey could be either spherically symmetric
like shells, or curved, like kinks. The recurrence timelsaa the phenomenon does not appear to be

directly related to the stellar rotation.

During the next 10 to 15 years, our hypothesis about the eaitod the origin of DACs in hot star winds
have received additional theoretical (the CIR model, CrangénOwocki 1996) and observational support

(see, e.g., Kaper etal. 1996, 1997; Kaper et al. 1999 ledditite idea fora photospheric connection”

eShort-term (ST) photospheric variability By means of a detailed analysis of the photometric be-
haviour of the star over a period of 13.5 years, we found canng evidence of permanent microvariability
which we called ST variability. The properties of this pheremon are similar to those of the so-called
“100d-type microvariation” recognized in other LBVs (vae@leren 1997a,b), thus suggesting they both
are due to same physical mechanism. NRPs of either strange-or gravity-mode oscillations might be

equally responsible for this phenomenon.

e ST wind variability The detailed analysis of LPV in optical lines of P Cygni hasvided first

observational evidence for a direct coupling between wind photospheric variability in hot stars. In
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particular, we showed that the ST photometric variabiliag lits counterpart in the behaviour of Hand
other optical lines, including those formed closg@tdhe base of the supersonic wind. Both the position and
the strength of the lines are continuously changing whezdithe scale of the former tends to be a factor
of two longer. The signature of the ST spectral variabilidy de easily recognized in other observational
epochs, though on aftiérent time scale. The properties of this variability, asteduring our observational
campaigns, suggest an interpretation in terms of extenrd&ationally modulated, enhanced density wind
structure generated by photospheric processes (e,g, NRR$)eveloping in the inner (belowl4R, )

part of the wind only. In this scenario, ST variations in @t and line strength should originate from

different region of the structure.

eShort S Dor phaseOur analysis of the long-term photometric behaviour of P i@ygrovided first
observational evidence that the star has experienced & SBophase. In particular, we established the
presence of a cyclic 7.3-year oscillation in the stellagbmess, during which the stellar radius increases
(by about 7 %), the temperature decreases (by about 10 % atathbrightens. In addition, we also found
that this very slow photometric variation p@sitivelycorrelated with similar variations in the f¢mission
strength. Interpreted in terms of variable mass-loss,atterifinding would require a 19 % variationi .
In this behaviour P Cygni is similar to S Dor and R71, whichen@nce a sequence of such variations,
called SD-phases.

Concerning the origin of this variability, based on our teswe suggest that in P Cygni the 7.3-year SD
oscillation is more likely due to a mixture of an expandindiva/decreasing temperature and an expanding

pseudo-photosphere.



Chapter 5

Clumping in O-star winds

In Chapter 1, Section 1.6.1 | have pointed out that notwahding its considerable successes (e.g., Vink
et al. 2000; Kudritzki 2002; Puls et al. 2003), teeandardradiation driven wind theory is certainly over-
simplified. Stellar rotation (e.g., Owocki et al. 1996; Patsal. 1999 and references therein), and the
intrinsic instability of the line-driving mechanism (seeltw), produce non-spherical and inhomogeneous
structure, observationally evident from, e.g., X-ray esias and line-profile variability (for summaries, see

Kudritzki & Puls 2000 and Oskinova et al. 2004 regarding thespnt status of X-ray line emission).

Theoretical &orts to understand the nature and origin of these obsenadtilmdings have generally
focused on the line-driving mechanism itself; the first éinstability analyses showed the line force to be
inherently unstable (Owocki & Rybicki 1984 and referendesg¢in). Subsequent numerical simulations of
the non-linear evolution of the line-driven flow instahjlifor a review, see Owocki 1994) have shown that
the outer wind (typically, from 1.8, on) develops extensive structure, consisting of strongresvshocks
separating slower dense shells from high-speed rarefiéonggOnly a very small fraction of material is
accelerated to high speed, and then shocked; for most ofdiwetfie major &ect is a compression into

narrow, dense “clumps”, separated by large regions of mawkt density.

The amount of clumping is conveniently quantified by the atbed clumping factor (Runacres &

Owocki 2002, 2005)

2
<p®>
fa = >1, 5.1

which is a measure of the over-density inside the clumps ewetpto a smooth flow of identical average
mass-loss rate. (Angle brackets denote (temporal) avezeygities.) For the particular case of self-excited
instabilities (e.g., without any photospheric disturbessuch as pulsations or sound-waves), this clumping

factor was predicted to be radially stratified: beginninghvan unclumped wind in the lowermost part
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Figure 5.1: Left: WLR for Galactic O-type stars as derivedirction 2.1, but with regressions in depen-
dence of profile type (fully drawn and dotted). Class 1 cqroesls to objects with Hin emission, class 3
to objects with H in absorption and class 5 to objects with an almost purelytqepheric profile. Right:
As on the left, but withM of class 1 objects (Hin emission) decreased by a factor of 0.48.

(fa = 1), the clumping becomes significarft 4) at wind speeds of a few hundreds of km sreaches

a maximum € ~ 15...20), and thereafter decays, settling at a factor of roughly figain. In addition,

it was furthermore found that mass-loss rate diagnostiasdte linearly dependent on the density (e.g.,
resonance lines in the UV) are insensitive to clumping, sttthose sensitive tp? (e.g., recombination
lines and free-free continua) will tend to overestimistef a clumped wind by a factof ®. For further

details, see, e.g., Abbott et al. (1981) and Lamers & Wat384b).

Clumping in OB-star winds Although the potentialf@ects of clumping were first discussed some time
ago (e.g., Abbott et al. 1981; Lamers & Waters 1984b; Pulk 8083b), and have been accounted for in the
diagnostics of Wolf-Rayet stars since pioneering work b¥ieti(1991) and Schmutz (1995), this problem
has been reconsidered by the “OB-star community” only riyzemostly because of improvements in the
diagnostic tools, and particularly the inclusion of linkedking/blanketing in NLTE atmospheric models.

Indeed, while earlier studies (e.g., Vink et al. 2000; Ktakii 2002) found a rather good agreement
between theoretically predicted and observed (unbladke&tgrd momenta of O-stars, more recent inves-
tigations (e.g., Markova et al. 2004; Repolust et al. 20@G4)ehshown that SGs lie above the theoretical
WLR, whilst Gs and DWs fit perfectly. And although this diggamcy might in principle be explained by a
different number offective lines driving the wind; an interpretation in terms of wind clumping seems to
be also possible. In particular, Puls et al. (2003) have ssiggl that there might be no separation at all, but
that for objects with | in emission (i.e., SGs) one observes tffees of clumping which mimics a higher
mass-loss rate than actually present.

To investigate this possibility in more detail, in Figuré $left panel) the WLR of our “unified” sample

1(The codiicient D, depends on this quantity via, o« Né/"/ (c.f. Kudritzki & Puls 2000, their Eq. 18).
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of O-stars (from Section 2.1) was plotted as a function ofifgrdype. Consequently, and apart from two
outliers, a clear separation between objects withrHemission (marked as class 1) and those withrH
absorption (marked as class 3) has been established witfortmer having systematically larger wind
momenta than the last. Following the idea of Puls et al. (2008 shifted the WLR of class 1 stars onto
the WLR for class 3 stars and found that by redudimcy a factor of 0.48 (corresponding to afiestive
clumping factor of 4.3< p? > / < p >?= 0.487?) the diferences in the corresponding WLRSs vanish almost
completely, and a unique relation, similar to that predidtg theory can be obtained (see right panel of
Fig. 5.1)

The possibility to use the WLR as an indicator of wind clungpin O-star winds is very exciting, but
needs to be proven independently, e.g., by comparing &hd radio mass-loss rates. In case both the
suggested radial stratification of the clumping factor (Oki@t al. 2000), and the assumption made by
Puls et al. were correct, one might expect larggmtass-loss rates for stars with stronger winds iH
emission), whereas the opposite, i.e., similar or evendrighdio mass-loss rates, might be expected for
stars with weaker winds (Hn absorption).

With these perspectives a combinegd Hnfrared (IR) and radio survey of a large sample of Galactic
O-stars was initiated and realized be me in collaboratidh wolleagues from the University Observatory
Munich, Germany; the Catania Astrophysical Obs. and the@u Radio Institute, Italy; The Sternberg
Astronomical Institute, Russia and the University Collégadon, UK. The main objective of the project
was to determine the clumping properties of the stars, tatcaim the radial stratification of the clumping
factor, and to test how far the empirical results meet theliptens given by Runacres & Owocki (2002,
2005). In the following, I will describe and comment on theimautcomes of this analysis; more detailed
information can be found elsewhere (Markova & Markov 200&sket al. 2006, 2008a; Puls, Markova and
Scuderi 2008b)

5.1 A combined H,, IR and radio analysis

In the very beginning, let me note that investigations swgltha one I’'m going to describe here are not
new. Indeed, a number of similar studies have been presdntaty the recent years, e.g., Leitherer et al.
(1982); Abbott et al. (1984); Lamers & Leitherer (1993); Rares & Blomme (1996); Blomme & Runacres
(1997); Scuderi et al. (1998); Blomme et al. (2002, 2003)wEler, in comparison to these earlier works,
our survey has at least three main adventages. First, theetistellar parameters are more reliable, since
they have been derived by means of state-of-the-art, liaekieted models. Secondly, we did not derive

(different) mass-loss rates from thdfdient wavelength domains based on a homogeneous wind model,
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Table 5.1;: Sample stars and stefladdening parameters as used in this study. Note that duénimr m
revisions with respect to reddening, the stellar radii agdniass-loss rates for most objects are (slightly)
different from the original values (from “refl” and “ref2"\,, is in km s1; M -in 10°® My/yr; and
distances are in kpc. “pt” denotes the Igrofile type (emissiofabsorptiofintermediate). “refl” refers to
the “preferred” model chosen in Markova et al. (2004) (se8te
Star Ter 1000er Re Yhe Vo pt M B My E(B-V) Ry dist refl ref2
CygOB2#7 45800 3.93 15.0 0.21 3080 e 10.61 0.77 -5.98 1.770 3.01 2 5
HD190429A 39200 3.65 22.7 0.14 2400 e 16.19 0.95 -6.63 0.420 2.29 1 1-0
HD15570 38000 3.50 24.0 0.18 2600 e 17.32 1.05 -6.69 1.00 3106 4 6
HD66811 39000 3.60 29.7 0.20 2250 e 16.67 0.90 -7.23 0.04 B6.I8 3 1-4
18.6 8.26 -6.23 0.04 3.10 046 3 1-0
HD14947 37500 3.45 26.6 0.20 2350 e 16.97 0.95 -6.90 0.71 352 3 1-2
CygOB2#11 36500 3.62 23.6 0.10 2300 e 8.12 1.03 -6.67 1.765 3.7I1 2 5
CygOB2#8C 41800 3.73 15.6 0.13 2650 a 4.28 0.85 -5.94 1.620 3.01 2 5
Cyg OB2#8A 38200 3.56 27.0 0.14 2650 11.26 0.74 -6.99 1.6303.71 2 5
3
3

HD210839 36000 3.55 23.3 0.10 2250 e 7.95 1.00 -6.61 0.49 3.08 1-2
HD192639 35000 3.45 185 0.20 2150 e 6.22 0.90 -6.07 0.61 3.8Q 1-0
HD34656 34700 3.50 255 0.12 2150 a 2.61 1.09 -6.79 0.31 3.20 31 1-6
HD24912 35000 3.50 24.2 0.15 2450 a 2.45 0.80 -6.70 0.33 3.86 03 1-2
HD203064 34500 3.50 12.4 0.10 2550 a 0.98 0.80 -523 0.23 08I0 3 6

HD36861 33600 3.56 14.4 0.10 2400 a 0.74 0.80 -552 0.08 560 01 1-1
HD207198 36000 3.50 11.6 0.15 2150 a 1.05 0.80 -5.15 0.58 @88 3 1-1
HD37043 31400 3.50 17.9 0.12 2300 a 1.03 0.85 -5.92 0.04 560 01 1-1
HD30614 29000 3.00 20.7 0.10 1550 e 3.07 1.15 -6.00 0.25 3.16 03 1-2
CygOB2#10 29700 3.23 30.7 0.08 1650 i 2.74 1.05 -6.95 1.8053d¥1 2 5

HD209975 32000 3.20 14.7 0.10 2050 a 1.11 0.80 -545 0.35 Q.88 3 1-1

References: 1. Markova et al. (2004), 2. Mokiem et al. (20B5Repolust et al. (2004), 4. Repolust et al.
(2005), 5. Hanson (2003) (distance from Massey & Thomps681}), 6. Mais-Apellaniz et al. (2004).

but aimed at a unique solution by explicitly allowing for oiping as a function of radius. Thirdly, we
used original more recent radio observations obtainedtivéh/ery Large Array (VLA), which, because of
its gain in sensitivity, allowed us to measure the radio ffufce stars with only moderate wind densities,
which produce H in absorption. In this way, we were able to test the above thgsis concerning the
differences of |l mass-loss rates from stars with, Hh emission and absorption. Lastly, our IR analysis
does not depend on assumptions used in previous standandaseixploiting the IR excess (e.g., Lamers
& Waters 1984a), since we have calibrated against resolts fine-blanketed NLTE models.

Stellar sampleThe stellar sample consists of 19 Galactic supergjigiaists, covering spectral types O3
to 09.5. These stars have been analyzed in the optical (R&tpilal. 2004; Mokiem et al. 2005; Markova
et al. 2004) to derive their stellar parameters and, to @lpagt, (re-)observed by us with the VLA.

The stellar properties adopted in this study are presentédble 5.1. Note that due to minor revisions
with respect to reddening, the stellar radii angl hhass-loss rates (rescaled by assunﬁn@&f’: const,
e.g., Puls et al. 1996) for most objects are (slightlyljedtent from the original sources (from refl and ref2).

In Sect 5.1.3, I will discuss why these revisions were neargsand how they have been obtained. Note also
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that logg, are “dfective” values, i.e., without centrifugal correction, ided from H, or calibrations, and
thatM - andB-estimates originate from optical diagnostics, i.g.. Hinally, note that for Pup (HD 66811)

two entries have been used based dfedent distances.

5.1.1 Variability of the diagnostics used

Stellar winds are known to be variable ortdrent timescales and in all wavelength ranges in which they

are observed. Thus, the use of hon-simultaneous measuie@gin our analysis, can be an issue.

H, variability Line profile variations in i of early-type stars have been observed for years. According
to our results (see Sect. 3.5) the uncertaintiicaused by these variations is constrained withd6 of

the corresponding mean value for stars with stronger windto about16% for stars with weaker winds.
These estimates are in remarkably good agreement with ftayeerevious studies (Ebbets 1982; Scuderi

et al. 1992), which report variations M of about 10 to 30%.

Variability of the IR and radio continua Assuming the corresponding emission to be thermal, the
timescalef variability (due to variations of the local density or mdess raté) can difer significantly

in these two wavelength regimes: from hours (near-IR) to thmoand even years (radio domain). Con-
sequently, whilst the IR emission would display short-terniability, variations in the radio would be
averaged out if they occurred on timescales much shortartheatransit time.

Different considerations apply when the variability is of nbarinal origin. Then, only the radio emis-
sion is dfected. The main observed characteristics are variabiigy timescales of up to months, and a
power-law spectrum increasing with wavelength and withréalde spectral index (Bieging et al. 1989). In
such a case, which is met at least by one of our objects, Cyg8@B82he measured radio-flux(es) can still
be used as an upper limit of the thermal free-free emissipmnalyzing the lowermost flux measured at
the shortest radio wavelength.

Regarding theamplitudeof variability, no clear evidence of IR continuum variatyilhas been reported
up to now. (see also Sect. 5.1.2). With respect to radio éonis¢here are several pieces of evidence
for variability, both in the observed fluxes and in the spadimdex. In the case of non-thermal origin,
variability is alwayspresent (e.g., Bieging et al. 1989). Of our targets, in amfdiio #8A, this might be a
problem only for HD 190429A where no clear indication abdnet thermal origin of the observed emission
are present (and for HD 34656 and HD 37043 for other reasons).

Among thermal emitters, on the other hand, the situatioess klear (see e.g., Bieging et al. 1989;

2Note that variations in the ionization can also induce terapeariability, e.g., Panagia (1991).
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Scuderi et al. 1998; Blomme et al. 2002, 2003: while shariteariability could be ruled out, long-term

variations of up to 50 to 70 percent may still present at lsasbme objects.

Variability issue and the outcomes of our analysis The major hypothesis underlying our investigation
is that the clumping properties of a specific wind are cotgtbby small-scale structures. If related to any
intrinsic wind property, the derived clumping propertié®gld be (almost) independent of time, as long
as the major wind characteristics remain largely constaetounting for the observational facts above,
this assumption seems to be reasonable, and justifies orgaabpof using observational diagnostics from
different epochs.

If we had analyzed only one object, the derived results mightonsidered as spurious, of course.
However, due to the significant size of our sample, any glpbaberty (if present) should become visible.
Let me already mention here that our findings, on averagécate rather similar behaviour for similar
objects, and thus we are confident that these results reargialy un&fected by issues related strong

temporal variability.

5.1.2 Observations and data processing
H, , radio, IR and mm observations

Concerning B, the same observational material as described in Chap$ercs, 3.5 was used.

Radio observations Table 5.2 (left part) displays our original radio data tdgpetwith similar data from
other sources used to complement the sample. In parti¢afak3 stars new radio observations have been
carried out at the VLA in several sessions between FebruatyApril 2004, for a total of about 36 hours.
For four of them, additional VLA data derived by Dr. Scudertifferent sessions between 1998 and 1999
were also used.

For the remaining stars, we used literature values, inqadati from Scuderi et al. (1998), Bieging et
al. (1989) and Lamers & Leitherer (1993). RoPup, finally, we used the radio data obtained by Blomme
et al. (2003). For those objects which have been observddtiyotis and by others, or where multiple
observations have been obtained, we have added these taloas database. In almost all cases, the

different values are consistent with each other.

IR observations In the right part of Table 5.2 we have summarized the used tR eich are to a large

part drawn from the literature. For a few objects, IRAS datalf2, 25, 60 and 100m are also available
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Table 5.2: VLA radio fluxes (inuJy), with 1o errors in brackets. Data without superscripts are new
observations, whilst data with superscripts corresporaitteer (a) unpublished measurements by Scuderi
et al. or literature values: (b) Scuderi et al. (1998); (®@ddng et al. (1989); (d) 3.6 cm observations from
Lamers & Leitherer (1993); (e) Blomme et al. (2003, inclg#0 cm data for Pup, at 76@90 uJy).

Also indicated are the IR to mm fluxes and the sources fromlnthiey have been drawn (see foot of table).
Data denoted by “own” refer to our own observations ) for naetails see Sect. 5.1.2).

Star 4.86GHz 8.46GHz 14.94GHz 43.34GHz IR-and mm- refegnc
(6cm) (3.6cm) (2cm) (0.7cm) bands used (IR and mm)
CygOB2#7 <112 <100 HKLMN 1,14
Cyg OB2#8A <540 920(70} JHKLMNQ 1,5,14,19,20
1000(2009 500(200§
800(100y
700(100y
400(100Y
Cyg OB2#8C <20CF HKLMN 14
Cyg OB2#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
< 90? 90(307
120(30%
110(30¥
HD 15570 10040 220(40% JHKLMNQ 1,5,8,11,15,
1.35mm 18cuBa
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,own
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(3009) JHKLM,IRAS, 6,9,10,12,13,
0.85mm,1.3mm 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,own
HD 207198 105(25) 101(21) 249(82) JHKLM,IRAS 3,own
HD 209975 165(36) 184(28) 422(120) JHKLM,IRAS 3,own
HD 210839 238(34) 428(26) 465(120) 790(190JHKLMNQ, 1,2,3,5,14,
IRAS,1.35mm  15,0wR¢uBa

References for IR and mm data: 1. Abbott et al. (1984), 2. ®a& Cohen (1977), 3. Beichman et al.
(1988), 4. Breger et al. (1981), 5. Castor & Simon (1983), &clis & Wamsteker (1982), 7. Gehrz et al.
(1974), 8. Guetter & Vrba (1989), 9. Johnson & Borgman (19&8) Johnson (1964), 11. Johnson et al.
(1966a), 12. Johnson et al. (1966b), 13. Lamers et al. (1984 )Leitherer et al. (1982), 15. Leitherer &
Wolf (1984), 16. Ney et al. (1973), 17. Polcaro et al. (199®, Sagar & Yu (1990), 19. Sneden et al.
(1978), 20. Tapia (1981), 21. The et al. (1986), 22. Whitteta$a Breda (1980), 23. Leitherer & Robert
(1991), 24. Blomme et al. (2003).
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(Beichman et al. 1988), unfortunately mostly as upper Bnfidr 2 > 25 um. For¢ Pup (HD66811),
however, actual values are present at all but the last wagti€100um); see Lamers et al. (1984).

For nine objects (denoted by “own” in the “references” cotuof Table 5.2), newJHKLM fluxes
have been obtained at the 1.25 m telescope of the CrimedorStdithe Sternberg Astronomical Institute
(Russia). Appropriate stars from the Johnson catalog €lohet al. 1966b) were selected and used as
photometric standards. Where necessaryHh& magnitudes of the standards have been estimated from

their spectral types using relations from Koorneef (1983).

Mm observations For three objects, we were also able to us¢113% mm fluxes, acquired either with the
Swedish ESO Submillimeter Telescope (SEST) at La SflIRYp; see Leitherer & Robert 1991), or with
the Submillimetre Common User Bolometer Arraydga; Holland et al. 1999) at the James Clerk Maxwell
Telescope (HD 15570 and HD 210839). Additional 0.85 seosa data have been taken from the literature
(Blomme et al. 2003), fof Pup.

Detailed information about the original radio, IR and mm evations and the corresponding data

reduction procedures can be found in Puls et al. (2006).

Absolute flux calibration

To convert the observed IR magnitudes imeaningfuli.e., internally consistentphysical units, an ade-
guate absolute flux calibration has to be performed. For aypirpose, at least thredigirent methods can
be applied: (i) calibration by means of the solar absolute fising analogous stars; (ii) direct comparison
of the observed Vega flux with a blackbody and (iii) extragiolaof the visual absolute flux calibration of
Vega, using suitable model atmospheres. Although the firstmhethods are more precise, the latter one
provides the opportunity to interpolate in wavelengthowlhg the derivation of dierent sets of IR-band
Vega fluxes for various photometric systems. Thus, such proaph is advantageous in the case encoun-
tered here (observational datasets obtainedffier@int photometric systems), and we have elected to follow

this strategy.

Atmospheric model for Vega. To this end, we used the latest Kurucz moéiédsderive a set of absolute
IR fluxes for Vega in a given photometric system, by convajvine model flux distribution (normalized
to the Vega absolute flux at a specific wavelength; see beladtk)the corresponding filter transmission
functions. In particular, we used a model wikg; = 9550 K, logg = 3.95, [M/H] = -0.5 andvp,c = 2.0

km s (Castelli & Kurucz 1994). In order to account for the podéipthat the metallicity of Vega might

3from http://kurucz.harvard.edu/stars/vega
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differ from that adopted by us, an alternative model withHiM= -1.0 (cf. Garcia-Gil et al. 2005) was
used to check for the influence of df@érent metallicity on the derived calibration. At least foetlohnson

photometric system, theftiérences in the corresponding fluxes turned out to lie alwajmib1%.

Visual flux calibration. The most commonly used visual flux calibration for Vega iselobgn the com-
pilation by Hayes (1985). However, this has been questidnyellegessier (1995), who recommends a
value being 0.6% larger than the value provided by Hayesq3%4%, and equals 3560 Jy (i.e.48- 107°

erg cn? s A1) at 1 = 5556 A. This value has been used when normalizing the Kuruaefrfluxes to
the monochromatic flux at = 5556 A. Since the standard error of the Megessier calibrasi@about one

percent, this error is also inherent in our absolute fluxithistion.

Vega V-band magnitude. The availableV-band magnitudes of Vega range from 0.026 (Bohlin &
Gilliland 2004) to 0.035 (Colina & Bohlin 1994), while in th@resent investigation we adopt= 0.03
mag in agreement with Johnson et al. (1966b). With this vaheemonochromatic flux for a Vega-like star

at the éfective wavelength of th¥ filter is Fssgo(my = 0.0)= 3693 Jy.

Filter transmission functions. To calculate the absolute fluxes of Vega in a given photomeystem,
one has to know the corresponding filter transmission fonstifor each band of this system. In those cases
where such functions were explicitly available we used th&hile for the rest (including our own IR data)
we used trapezoidal transmission curves based on the pedl#ective wavelength and FWHM of the

filters?

Vega IR magnitudes. To convert stellar magnitudes into absolute fluxes usinga\Meg) a standard, the
magnitudes of Vega in thefiierent filters for the various photometric system have to twsm In our case,
these data have been taken from the corresponding literatnd the errors inherent to these measurements
are usually very small.

For a detailed discussion about the accuracy of our absBiikecalibration the interested reader is

referred to Puls et al. (2008).

5.1.3 De-reddening and stellar radii

To compare the observed with the theoretical fluxes, onedhds-tedden the observed fluxes and to derive

a consistent stellar radius for a given distadder vice versa). In our case this has been done in two step

4For more detailed information about the shape of the filmrgmission functions used to convert the literature dataRainacres
& Blomme (1996, their Table 3).
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Figure 5.2: De-reddening procedure for the example of Cyg#®2\.. Displayed is the ratio of distance-
diluted, theoretical fluxes and de-reddened, obsev#dK fluxes, corresponding to our final solution for
E(B-V) = 1.63, R/= 3.0 andR, = 27 R, , as a function of wavelength. Another solution with E(B-¥)
1.9, R, = 3.0 andR, = 24 R, (lower signs) is also shown for comparison. Obviously, ia ttter case
the extinction is too large (the ratio is much smaller at sdrdhan at larger wavelengths) and the assumed
radius is too small(the dotted line is well below unity).

procedure, using our own (simplified) model (see Sect. btt.dynthesize theoretic’lJHK fluxes®

In particular, by comparing the observed IR fluxes with theotietical predictions, we derived “em-
pirical” values for the color excess E(B-V) giod the extinction ratio R, by requiring the ratio between
de-reddened observed and distance-diluted theoretic&lsfiio be constant within thé- to K-bands. For
this purpose, we adopted the reddening law provided by GQeetlal. (1989). Visual fluxes were calculated
usingV-magnitudes from Markova et al. (2004) or from Mais-Apeifagt al. (2004).

In a second step, we adapted the stellar radius (for a giveardie) in such a way that tieeanratio
becomes unity. This procedure ensures the coratict between radius and distance, i.e., angular diameter,
which is the only quantity which can be specified from a congoerbetween synthetic and observed fluxes.
Fig. 5.2 gives an impression of this procedure, for the exam{pCyg OB2#8A.

One problem inherent to our approach is that the derivatioedziening parameters aiRj requires an
a priori knowledge oM (and clumping properties). Since a precise knowledge ofréed” wind density
and the near-photospheric clumping properties is not plesat this stage, only an iteration cycle exploiting
the results of our following mass-lgstumping analysis could solve the problem “exactly”.

To avoid such a cycle, we followed a simplified approach, whercalculate the theoretical fluxes for
objects with H, in absorption we used the actu@t-scaled, i§ mass-loss rates, whereas for objects with

H, in emission the corresponding value reduced by a factor48 @iere used instead. This approach is

50nly near-IR fluxes were used to ensure that the flux excestodhe wind remains low, i.e., rather ufected by clumping.
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Figure 5.3: Diferences betweederivedcolor excess, E(B-V), and corresponding literature vahgea
function of Ter . Asterisks denote supergiants, and crosses bright giadtgiants, respectively. The mean
deviation for supergiants is0.004 + 0.016 mag, and for l.c. Jlll stars—0.01 + 0.023 mag.

based on the hypothesis that the lowermost wind is unclupgatithat the previously derived,Hnass-
loss rates for objects with Hin emission are contaminated by clumping, with average plamfactors of
the order of(ris)z as derived in the beginning of this section. From the almesfggt agreement of the
theoreticalV-to-K fluxes with the observations for our final, clumped modelss, sissumption seems to be
fairly justified.

Fig 5.3 summarizes the results of our de-reddening proegtyrcomparing thderivedvalues of E(B-
V) for our complete sample with the corresponding “opticaiues, B—V) - (B- V), as a function off ¢
(with (B-V) given by the references in Table 5.1, entry “réf @nd the intrinsic colors as discussed above).

From this figure, we find no obvious trend of théfdience in E(B-V) as a function dkg (the average
differences being almost exactly zero for supergiants-@d1 mag for the remaining objects), which is
also true if we plot this quantity as a function of/Mnot shown). The majority of theseftiérences are less
than 002 mag, which seems to be a reasonable value when accouatitigefinaccuracy in the observed
(B - V) colors, the uncertainties in the intrinsic ones, the arresulting from our flux calibration and the
typical errors on the theoretical fluxes (cf. Sect. 5.1.4pm@hents on individual objects one can find in

Puls et al. (2006).

5.1.4 Simulations

In this section, | will describe our approach for calculgtthe various energy distributions required for our

analysis, and our approximate treatment of wind clumpingctvis based upon the assumptiorsaifall-
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Figure 5.4: Consistency check for, Horofiles: results of our approximate,Hine synthesis, for some
representative cases from Table 5 of Puls et al. (2006)efioH, line profiles with parametend (in) and
A(in) as derived from a complete NLTE analysis (cf. Table Sob)d: corresponding profiles withl = M,
or B = 32 (see Table 5 of Puls et al. (2008)).

scaleinhomogeneities. Since this treatment consists of a simpl@ipulation of our homogeneous models,
| will start with a description of these.

Because of the large number of parameters to be vakieds( clumping factors), and accounting for
the rather large sample size, an “exact” treatment by meBN& TE atmospheres is (almost) prohibitive.
Thus, we follow our previous philosophy of usiagproximatenethods, which are calibrated by means of

our available NLTE model grids (Puls et al. 2005), to prowieléable results.

Ho

Synthetic H, profiles have been calculated using the approximate appaescribed in detail in Sect. 2.1.
Except for the inclusion of clumping, no further modificatsohave been applied.

On the other hand, for most of our sample stars we have quatetised, within our de-reddening
procedure) wind parameters from a complete NLTE analydig;iwdo not rely exclusively on H, but also
on Har 4686 and other diagnostics. Furthermore, the obseryegrdfiles used here areftérent to those

in the corresponding sources, because of the variability,ofcf. Sect. 5.1.1). Thus, we have to check
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how far the values from the complete analysis (denotediin) andA(in)) might deviate from solutions
resulting from our simplified method, used in combinatiottmaur diferent H, data, to obtain consistent
initial numbers for the following investigations and toakeck the reliability of our approachTo this end,
we have re-determined mass-loss rates and velocity expgnesing our observational material, the stellar
parameters from Table 5.1 and the approximatdiHe synthesis as outlined above.

The obtained results, listed in Table 5 of Puls et al. (20B@licate that in most of the cases small or
negligible modifications oM have been required to reproduce ourdservations, mostly by keeping the
nominal velocity exponent. The average ratio between memtldnd input mass-loss rates was =@722.
Typical examples to illustarte this finding are shown in Fgt. Thus, we conclude that our simplified
routine delivers reliable numbers and thus can be used ifudtiver approach to derive constraints on the

clumping factors.

Infrared fluxes

For the calculation of the infrared fluxes, we closely folemithe approximations as outlined by Lamers
& Waters (1984a), with Gaunt factors from Waters & Lamers8dP® The major dierence concerns the
fact that the radiative transfer is solved by means of thebigki algorithm” (Rybicki 1971), to account for
electron scattering in a convenient way. A further modifarategards the photospheric input fluxes which
were chosen in such a way as to assure that the emergent fuxagerage, comply with the results from
our detailed NLTE model grids.

After some experiments, it turned out that the best choic#®various parameters is the following:

The velocity law is specified by

V(r) = Vo (1= b/r)P’, b=1- (Vmin/Voo)l/ﬁ, (5.2)

wherer is calculated in units oR, , and the minimum velocitym;,, is setto 10 kms-.

Electron temperature. All Gaunt factors are calculated at a temperature of 9, and the electron
temperature is calculated using Lucy’s temperature lawsfibrerical atmospheres (Lucy 1971, his Eg.
12, and using grey opacities), with an optical depth scat@waating for electron scattering only, and a

temperature cutfdat 0.5T¢ .

6Concerning those (four) objects with wind parameters tdkem Markova et al. (2004), we have convinced ourselves ttreat
corresponding fits could be reproduced.
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lonization equilibrium.  Hydrogen is assumed to be (almost) completely ionizeduhelis singly ion-
ized outside the recombination radil@nd the CNO metals as either two or three times ionized. An
extensive and detailed discussion about the influence dfehiem ionization balance can be found in Puls
et al. (2006) while here | shall only note that in O-star wihé@sium is singly ionized in theadio emitting
region (ford > 2 cm), but with respect to the mid- and far-IR emitting regithis statement is no longer

justified and needs to be additionally investigated.

Photospheric input fluxes For A < 1um, we used Kurucz fluxes, whereas for higher wavelengths we
used Planck functions witli;zg= 0.87Teg for 1um < A4 < 2um, Trag= 0.85Teg for 2um < A < 5um
andTq= 0.9 T elsewhere. To verify this approach, we have compared thedlogsulting from this
simplified model with those from our NLTE model grid as calted byrastwino, for the wavelength
bandsV to Q and found the corresponding mean ratio to be of the order38.0.1.01 (diferent for

different wavelengths), with a typical standard deviation &mhewavelength band below 5%.

Radio fluxes

Radio fluxes are calculated in analogy to the IR fluxes (witntetal parameters, but neglecting electron
scattering) using a numerical integration, wihax = 10,000R, , instead of the analytical expression
provided by Panagia & Felli (1975) and Wright & Barlow (197%Df course, we have checked that for
constant clumping factors and large wind densities, théytioal results are recovered by our approach.)
Unless explicitly stated otherwise, helium is adopted tsibgly ionized in our radio simulatiorfsin the
following figures, the radio range is indicated to start ad #éh = 0.4 mm (end of IR treatment at 200
um), but this serves only as a guideline, since at these wagtie helium might still not be completely

recombined.

Inclusion of wind clumping

To account for the influence of wind clumping, we follow theoepach as described by Abbott et al. (1981).
Modified by one additional assumption (see below), this aggin has been implemented into NLTE model
atmospheres already by Schmutz (1995), and is presentlyuatsd by the alternative NLTE cod@raen.
In the following, | will recapitulate the method and give seimportant caveats.

As | have noted in the beginning of this section, the term rfghing factor”, as defined from the

temporalaverages in Eg. 5.1, has been introduced by Owocki, CastbRgbicki (1988) To allow for

"The radius at which the ionization fraction of tleecomes larger than the fraction of Hevhen proceeding from outside to
inside
8Concerning the influence of the adopted He ionization orvedrinass-loss rates, see also Schmutz & Hamann 1986.
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a translation to stationary model atmospheres, one usasfiymes that the wind plasma is made up of
two components, namely dense clumps and rarefied intergchaaterial. The volume filling factoff, is
then defined as the fractional volume of thensegas, and one can define approprigpatialaverages for

densities and density-squares (cf. Abbott et al. 1981),

<p> = % [fo* + (- )p~|av (5.3)
<> = [+ a-ne o (5.)

wherep* andp~ denote the overdense and rarefied material, respectivedye, knd in the following, |
have suppressed any spatial dependence, both of thesdtiggaarid off. The actual mass-loss rate (still

assumed to be spatially constant) is then defined from the nheasity,

M =4rr’<p>v, (5.5)

andanydisturbance of the velocity field (e.qg., influencing the lin@nsfer escape probabilities; see Puls et
al. 1993a) is neglected.

The modification introduced by Schmutz (1995) relates taéiselts from all hydrodynamical simula-
tions collected so far, namely that the inter-clump mediwodmes almost voidfter the instability is fully
grown, i.e, outside a certain radius. In this case then— 0, and we find, assuming ficiently small

length scales,

<p> = % [fo]av = fp* (5.6)
2 _ i f+2d = f +2_<p>2
<> = 5y [V = £ = ——. (5.7)

Comparing with Eq. 5.1 and identifying temporal with spkdieerages, we obtain

fo = % and  p'=— = = fa<p>, (5.8)

i.e., the clumping factor describes the overdensity of themps, if the inter-clump densities are negligible.

Concerning model atmospheres and (N)LTE treatment, tieisaging process has the following conse-

qguences:

e Since, according to our model, matter is present only inideclumps, the actual (over-)density
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entering the rate equationsg8 = fy < p > (where the latter quantity is defined by Eq. 5.5).
Since both ion and electron densities become larger, tleemeination rates grow, and the ionization
balance changes. As a simple example, under LTE conditieaisa equation), and for hot stars, one
would find an increased fraction of neutral hydrogeside the clumpseing larger by a factor oﬂ‘czI
compared to an unclumped model of the same mass-loss ratheFumore realistic, examples for

important ions have been given by Bouret et al. (2005) anddganxb et al. (2008).

e The overall &ect of this increase in density, however, is somewhat cosgted for by the “holes”
in the wind plasma. For processes which are linearly depenaie the density (e.g., resonance
lines of major ions), the optical depth is similar in clumpatt unclumped models, provided that
the scales of the clunfipter-clump matter are significantly smaller than the doniintegration.
For p?-dependent processes, on the other hand, the optical depthportional to the integral over
< p? >= fy < p >%x fy(p""?, i.e., the optical depths are larger by just the clumpinddiac
Consequently, mass-loss rates derived from such diagsdmicome lower by the square root of this

factor, compared to an analysis performed by means of unppgddmmodels.

Now with respect to our models, the inclusion of clumpitigets in the spirit as described above (i.e.,
optically thin clumps and void inter-clump mattgbecomes very simple. In particular, since all opacities
entering the calculations (bound-free, free-free and thelire opacity) are dependent g3, they are
multiplied with a pre-described clumping factor, wherdaes torresponding source functions remain free
from such a manipulation, which is also true for the elecsoattering component, being proportional to
p. In addition, to obtain constraints on the radial stratifmaof the clumping factor, we have defined five

different regions of the stellar wind with correspondavgrageclumping factors, denoted by

region 1 2 3 4 5

MR« |1...fin Tin...Tmid Tmid---Tout Tout-.-Ffar > Ifar

|1 e e
The first region with fixed clumping factofg =1, has been designed mainly to allow for a lower, unclumped
wind region, in accordance with theoretical predictionksoi by choosingi, = 1 we are alternatively able
to simulate a wind where the medium is clumped from the wirgklmn.

Typical values forrin, rmig, fout @ndrsar are 1.05, 2, 15 and 50, respectively. For not too thin winds,

this corresponds to the major formation zones gf (fegion 1 and 2), the migfar-IR (region 3), the mm
range (region 4) and the radio-flux (region 5). Note that fouenber of test cases we have usefiledent

borders, and sometimes combined region 4 and 5 into one mgi&m. All clumping factors derived in

9For a critical discussion on the assumptions involved inmadels see Puls et al. (2006).
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Figure 5.5:Homogeneousiodels for/ Pup whicheitherfit H, (M = 13.5-10"%M,/yr, solid) or the radio
range M = 8.5-10"°M,/yr, dotted). A simultaneous fit cannot be achieved. (Regarttie “gap” between
0.2 and 0.4 mm in the theoretical predictions, see Sec#p.1.

the following are average values regarding thedent regions, which admittedly are rather extended. In
almost all cases, however, with such a low number of regionsistent fits could be obtained, with rather
tight constraints on thglobalbehaviour of the clumping factor.

As a final comment, | like to stress that since (except fortedecscattering) all diagnostics used in
this investigation have the same dependence on the clurppapgrties, we are not able to derizesolute
values for the clumping factors, but oniglative numbers. Note at first that in the cage= 1 all results
derived forfg (r) could be multiplied with an arbitrary factor, if in palalthe mass-loss rate were reduced
by the square root of this value, without any loss in fit qyalithe onlyphysicalconstraint is the require-
ment that the minimum value (regarding all five regions) &f derived clumping factor must not be lower

than unity. The corresponding mass-loss rate is thetatigest possibl®ene.

If, on the other sideri, # 1, this scaling property is no longer exactly preservedabse of the presence
of an unclumped region noffacted by such a scaling. Since particularly the innermost 0bH, , but
also the opticghear-IR fluxes (cf. Sect 5.1.3), are formed in this regiorytbonsequently deviate from
this scaling. As it turned out from the analysis performethmnext section, these deviations remain fairly
small, so that, unfortunately, the derivationadifsolutevalues forfg andM will require the use of dferent

diagnostics.

5.1.5 Two prototypical test casesz Pup and HD 209975

In this section, | will describe how our procedure to obtaamstrains on the clumping factor works using
¢ Pup (HD 24912) as a representative for a high-density wingd ifHemission), and HD 209975 as a

representative for a moderate-density wing (iH absorption).
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Figure 5.6: Clumped models fgrPup compared to Hleft) and the IRradio continuum (right). The best-
fitting model is displayed in bold. Other curves represemtatisn of the clumping factor in individual
regions, by a factor of two; dottedy(1.12...1.5R, ) 5.5-11; dashedfy(1.5...2 R, ) 3.1-6.2; dashed-

dotted: f(2...15 R, ) 2—4; dashed-dotted-dotted;; (> 15R, ) 1—»2. Note that i remains sensitive to
all variationsexcept for the last one. The mjtkr-IR, on the other hand, is sensitive “only” to variations

therange 2 .15R, .

¢ Pup. In Fig. 5.5 the results of our simulations (without clumpirigr H, and the IRradio range are
compared to the observations. This figure immediately shbeslilemma typical for all our objects with
H, in emission: the best fit for Hrequires a mass-loss rate typically twice as large as farattie domain,
if homogeneous models are used. The far-IR fluxes are alsercio the lowM solution than to the H-
fitting one.

Fig. 5.6, on the other hand, displays our best solution fduarpedmodel which consistently repro-
duces H and the complete IRadio band in parallel. In the spirit as outlined above, ttessaloss rate has
been chosen from the region with lowest clumping, which is tase is the radio domain. Bgtting glar
to unity then, the adopted mass-loss rate iddingest possibl®ne and corresponds to the “homogeneous”
radio mass-loss ratél = 8.5-10°M,/yr (cf. Fig. 5.5, right panel). In this case, the Horming region
displays a typical clumping factor of 5.5 (from= 1.12 to 1.5) to 3.1 (fromn = 1.5 to 2), angB has been
adapted to 0.7 to provide a perfect Hit.

Fig. 5.6 furthermore displays the advantage of fitting &hd the IRradio range in parallel. Note that
although the primary formation region of,Hs below 2R, , it also remains sensitive to variations of the
clumping factors in the intermediate wind,< 15, as can be seen from the reaction in the line wings if
fais doubled from 2 to 4 (dashed-dotted profile). Of courseretian of the clumping factors in the inner
regions (dotted and dashed) has even more impact. On thehathé, as displayed in the right panel of this
figure, the IRradio band reacts complementarily to variations beyoa@, although only from the mid-IR
on (1 > 10 um). Thus, a combined analysis is able to provide tight caids on the largest possible

mass-loss rate and to scan the complete stratificatidg @ (at least diferentially, i.e., modulo a constant
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Figure 5.7:Left Clumped models fof Pup: influence of a dierent onset of clumping on H Solid: best-
fitting model,ri, = 1.12 R, ; dotted:ri, = R, i.e., clumping starting at the wind base; dashed:= 1.3
R, .

Right Clumped models for Pup in the IRradio band: influence of helium ionization. Solid: bestigti
model, with Heun as the major ion fov < viec = 0.86 (5.3R, ), and Hax as the dominant ionization stage
outsideve.; dashed-dotted: Heas the major ion everywhere; dashed:nHas the major ion in the radio
emitting domain.

factor) if the far-IR is well observed. Concerning the pbisidegeneracy of clumping factors afdwe
refer the reader to Sect. 5.1.7.

Another important issue to be discuss here is the sengitbfithe outcomes of our analysis on the
assumed value af,, and the helium ionization balance. The firditeet is illustrated in the left panel of
Fig. 5.7 where the change in,ttaused by a dierent onset of clumping is shown.rlf were 1.3 (dashed
profile), the central emission would be missing, whereas;fos 1.0 (dotted profile, corresponding to a
model which is clumped from the wind base on), the absorpgtiongh is not perfectly reproduced: the
position of maximum depth is located at too high velocitas] the trough becomes too broad, resembling
our best solution for the homogeneous model.

From the arguments given at the end of Sect. 5.1.4, it shautddar that the derived best solution is not
unigue, since an alternative model wih clumping factors multiplied by an arbitrary factéyin parallel
with a mass-loss rate reduced by a factor pi/f, would result in an identical fit. If, on the other hand,
the perfectly matched absorption trough for our model wjths= 1.12 were actually due to a clumping-free
lower wind base (and not coincidentally matched due to sdmaeerroneous departure ¢bheients angor
the specific observational snapsh®)t such a scaling would no longer work (because of the presefic
an unclumped region), and our solution would become “altasigue, at least regarding the clumping
properties of the inner wind.

The “almost” refers to the fact that affirent distribution of the individual regions, combinedtwit

10Concerning the temporal variability of Hin ¢ Pup, see Reid & Howarth (1996) and references therein, Rals @993b) and
Berghofer et al. (1996). From these data-sets, a modesability of the absorption trough is visible indeed.
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Figure 5.8: As Fig. 5.6, but for HD 209975. The best-fittingdab(with all clumping factors at or close

to unity) is displayed in bold. Other curves show thEeets of varying, by a factor of 2, the clumping
factors in individual regions alone. Dottef};(1.05...1.5 R, ) 1—2; dashedf(1.5...2 R, ) 1-2; dashed-
dotted: f5(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 ehsens) is mostly
sensitive to variations in the range 2...R%. Note that the dashed solution is also consistent with the
observations.

somewhat dferent clumping factors, gives fits of similar quality. ThedZentry of Table 6 of Puls et al.

is such an example. In this case, we have combined the regiovebnr = 1.12 to 2 into one region,
whereas we have split the outer region, beyprdl5, into two regions, with a border a= 50. To fit H,
(with a slightly worse quality than displayed in Fig. 5.6)etinnermost clumping factors had to be reduced
(from 5.5 and 3.1 to an average factor of 5.0), whereas, bytadpthe clumping factors in the middle and
outer part, the fit quality at 60m becomes perfect and the quality at 3288 mm remains preserved Note,

however, that the overall stratification of the clumpingdas is rather similar.

Concerning the ffect of helium ionazation balance, the right panel of Fig. d&isplays the possible
error if the helium ionization were fierent to that assumed here (cf. Sects. 5.1.4 and 5.1.4 ljuhheere
singly ionized throughout the complete wind (instead obrabining only atvec = 0.86), the synthetic 10
and 20um fluxes in particular would become too low; compensatinglig éfect by increasing clumping
factors is not possible, becausg Would then no longer be fit. If, on the other hand, helium wenetnain
doubly ionized in the outermost region also, the radim (and the far-IR fluxes) would become larger than
observed; in this case, a reasonable fit is still possibldpiering the mass-loss rate and increasing the
inner clumping factors (with a factor roughly correspomgto (Moiq/Mnew)?). The parameters for such
a model (which fits both | and the entire IR—radio range) is given in Table 6 (3rd ertfyPuls et al.
(2006). The rather large fiierence in the resulting (maximum) mass-loss rate (factord@nd clumping
factors is due to the fact that our model/oPup has a helium content which is twice soMye, = 0.2. For

solar helium abundance, as is typical for most of the othgradb of our sample, the corresponding factor
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would be 0.85, as outlined in Sect. 5.1.4. Note again, howdvat it is rather improbable that helium is
still doubly ionized in the radio-forming region. From thensistency of the mm and radio fluxes, it is also
clear then that the Helium ionization must be similar in tha and the radio forming region, in agreement

with our predictions fokec.

HD 209975. Fig. 5.8 displays the results of our combined fit proceduréfis star, which has a moderate
wind density and | in absorption. Again, we have indicated the resulting pegfiuxes when the derived
clumping factors are varied by a factor of two in specific oggi, to check for their sensitivity. Most
interestingly this object can be fitted with almost constant clumping fisctioroughout the wingdin stark
contrast to the above example. Indeed, with slightijedentM andp, an almost equally perfect fit is
possible with all clumping factors being unity. If at alletthomogenous) radio mass-loss rate is somewhat
higher than the mass-loss rate derived frogn so that in this caséci? is set to unity.

Note that a moderate clumping factor of 2 fobk r < 2 is still consistent with the data, and that due
to missing far-IR information (the indicated data denotpergimits derived by IRAS), the clumping in
the intermediate wind remains somewhat unconstraineér Atime experimentation, it turned out that the
data are also consistent with a moderately clumped wigd=(10) in the region 16< r < 50, or a weakly
clumped wind €y = 2) in the region 3< r < 50. Only for the outermost wind (> 50), do the clumping
propertieshaveto be similar to the inner wind conditions.

Since the innermost wind has the lowest clumping, no statéo@cerning its onset is possible within
our approach. Thus, any scaled solutidg fnultiplied with f, M reduced by ;L\/?) provides an equally
perfect fit and cannot be excluded. In summary, the inner atet avind of this object have similar clump-

ing properties, whereas far-IR observations are requaednstrain the intermediate region.

5.1.6 Clumping properties of the complete sample

Before discussing the results of our analysis for the cotagi@mple, let me point out some general findings,
and remind the reader that the derived clumping factorsradependent of any uncertainty concerning
radius and distance, since all our diagnostics/fAdigIR) scale in an identical way with respect to these

guantities.

The core of H, as a tracer of wind clumping belowr ~ 2R,. Our simulations show that the strength of
the core of H , whether in emission or in absorption, is quite sensitivthtovalue of the clumping factor
in the inner part of the wind, and thus can be used to deterthisgparameter out to distances of about

r ~ 2. If one relies on the value gfas derived by means of unclumped models, the corresporaiigage)
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clumping factors are very precise, with an accuracy of rouf% (but see Sect. 5.1.7). Note particularly
that clumping factoréc",‘ of order 2 or largeare still visible for objects with K in absorption(Figure 9 of

Puls et al. 2006, dotted profile).

Constraints on the clumping factor beyondr ~ 2R,. In addition to constraining the clumping properties
in the lower wind, H can even serve as an indicator of wind clumping in layers béye- 2 (e.g, Fig. 5.6,
left panel).How much beyondTPhe answer depends, of course, on the specific wind density.

For those objects with H in emission and missing far-JRm information, in Table 5.3, column 14,
we have indicated the outermost raditfg,, to which H, alonecan provide information on the clumping
factor, on the assumption that the regiof), < r < rsr, is “unclumped” (or, more precisely, has the same
clumping properties as region 5). Indeed, for almost aleotsj,r , is of the order of &R, , except for
HD 14947 (No. 5) and HD 192639 (No. 8), wherg lgrovides information only out to B, . Thus, itis
safe to conclude that Hconstrains the clumping factor up to distances ef3. . .5R, if in emission Note,
however, that in some cases, significant clumping in regifnofn ro; to rso) has an &ect on H, , which
leads to an additional constraint on the clumping in thismegFor objects with | in absorption, on the
other hand, the intermediate region remains much lessreomst (Fig. 9 in Puls et al., left panel), and |
will comment below on the corresponding limits.

Table 5.3 summarizes the results of our simultaneouydRradio analysis. The objects are ordered
according to H profile type and spectral type where actual names can be fioufable 7 of Puls et al.
For almost all objects, we have used identical boundaries; 1.05, rnig = 2.0 andrg,, = 50, to obtain
comparable results. The default valuesrigg (region 3) correspond to 15 (Hin emission) and 10 (Hin
absorption or of intermediate type). Detailed commentandigg the individual objects are given in Puls
et al. (2006), where all fits are displayed as well.

Overall, our simulations show that for stars with kh emission, a simultaneous fit of the observed
radio fluxes and the shape and strength @f Iequires clumping factors which are always higher in the
H, -forming region than in the radio-forming one. For starshwit, in absorption, the situation seems
to be diferent: in most cases, the required clumping factors arenofasi order in the inner and outer
regions. However, this preliminary impression is dependarthe actual value ¢, a problem which will
be discussed in our error analysis further below.

For all objects quoted with a definite mass-loss rate (an@nigtan upper limit), this value represents
the largest possible valuéfor givenR, ), usually derived from adopting an outer, unclumped winthwi
fcff“ = 1 or, for weaker windsf"' = 1. These mass-loss rates correspond to the “usual” radie-toss

rate. (Except for HD 34656 (No. 13) where the maximum mass-tate have to be derived from b
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Table 5.3: Clumping properties as derived from our combiHgdR/radio analysis. Stars are ordered
according to H profile type (“pt”) and spectral type with actual names asgiin Table 7 of Puls et al.
Entries in bold mark objects with extremely well-constegirclumping parameters.

Ter is in KK, andMyg - in units of 10%M,,/yr. “ratio” gives the ratio of “clumped” mass-loss rate tdtiopl
results using unclumped models (cf. Table 54L)is the velocity field exponent as derived or adopted here.
Vrec @ndr ¢ are the velocity (in units of,, ) and radius where He recombines (see Sect. 5.1.4);(apxis
the radius where the radio continuum becomes opticallktfiat 2 cm ¢,ec andr(z,) in units ofR, ).
Clumping factors and boundaries are defined as in Sect.. 3-bdall models, region 1 witli, = 1 (not
tabulated) extends from= 1 tor;, = 1.05, except for HD 66811 (No.4) wherg = 1.12, andr,, (defining
the border between region 4 and 5) has been set tB,5@lways. For objects with H in emission or
of intermediate type, and missing far/Rm datayr;  (with corresponding clumping factor) indicates the
maximum radius to which H alonecan provide constraints on the clumping, on the assumptianthe
outer wind is “unclumped” (see text). For objects with kh absorption ™4 gives the maximum possible
clumping factor in region 3, which is still consistent witnetdata. fo is defined similar tof ™9, but for
region 4.

region 2 region 3 region4 |reg. 5

Star pt Ty Mg ratio Bopt Boi Vriec Trec M(72)| N rmig| I fIid(ry )| fout fout | flar
1 e 45.8<4.0** 0.38 0.77 0.90 1.00 inf 29]75.0 2.0] 4-6. 7.05) 1.0 10.0 1.0
2 e 39.2 95 0.59 095 095 0.85 6.2 4p.8.0 2.0 3.0 3.5(5) 1.0 2.0 1.0
75 0.46 5.0 2.0 5.0 5.8(5) 1.0 2.0 1.0

3 e 380 6.5 0.38 1.05 1.05 0.84 6.3 45.6.5 2.0 4-6 13.0 20.q 1.0
4 e 390 85 051 090 0.70 0.86 5.3 36.5.0 2.0 1.5 14 18 1.0
42 051 0.90 0.70 0.86 5.0 36.55.0 2.0 15 14 18 1.0

5 e 375 100 0.59 095 0.95 0.81 5.0 3r.8.1 2.0 25 4.0(3) 1.0 50 10
6 e 365 50 062 103 1.10 0.81 5.6 30p.B.0 2.0 5.0 6.0(5) 1.0 15.0 1.0
7 e 360 3.0 0.38 1.00 1.00 0.83 5.9 24.B.5 4.0/10.0 1.0 80 1.0
8 e 350 <3.00 0.48 090 1.14 082 6.3 27735 2.00 35 6.0(3) 1.0 10.0 1.0
9 e 290 15 049 115 115 016 1.2 2526 2.0 3.0 3.5(5) 1.0 40 10
10 i 38.2 <8.° 0.71 0.74 0.74 0.84 4.7 33625 2.0 1-2 2.53) 1.0 10.0 1.0
11 i 29.7 274 100 1.05 1.05 0.17 1.2 2324 20 1.8 2.0(3) 1.0 40 1.0

i

12 a 41.8 <3.5 0.82 0.85 1.00 0.94 17.3 33.01.0 2.0 1.0 -l 1.0 50 1.0
13 a 347 3.0 1.15 1.09 1.00 0.60 2.5 28.2.0 2.0 1.0 -l 1.0 8.0 6.0
14 a 350 <23 0.94 0.80 0.90 0.85 6.1 16(42.1 2.0 5.0 7.0 1.0 20 10
<1.2 0.49 8.0 2.0/20.0 250 1.0 3.0 1.0

15 a 345 11 1.12 0.80 0.90 057 2.2 23.3.0 2.0 1.0 200 1.0 8.0 10
16 a 33.6 <0.4 0.54 0.80 0.90 0.51 1.9 10/22.0 2.0 1.0 20.0 1.0 2.0 1.0
17 a 36.0 1.0 0.95 0.80 0.90 0.82 5.2 223.0 2.0 1.0 2.0 1.0 150 1.0
18 a 314 0.8 0.78 085 0.90 0.29 1.3 14.4.0 2.0 1.0 40 1.0 20 1.0
0.25 0.24 120 1.3 1.0 20.0 1.0 10.0 1.0

19 a 320 12 1.08 0.80 0.90 042 16 2f(.1.0 2.0 1.0 15 1.0 100 1.3

3 only upper limits of radio fluxes availabl® maximum radio mass-loss rate.
Y He assumed to be recombined in radio region.

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

9 M from H, , since radio fluxes (upper limits only) give larger value.
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For six objects, on the other hand, the maximum mass-lossoatld not be uniquely constrained, and
the quoted limits correspond to the largest value condistéh the data. In five of these cases (denoted
by superscripts “a”), all radio fluxes are upper limits onlkilst for Cyg OB2#8A (No. 10, a non-thermal
emitter) the adopted maximum mass-loss rate relies on time &ttich gives the lowest (radid)l within
the available data set (see Sect. 5.1.1). In addition tetbbgcts, three more stars (HD 190429A (No. 2),
HD 34656 (No. 13 ), and HD 37043 (No. 18, SB2!)) have somewbkatifiar radio fluxes, and might also

be non-thermal emitters.

Mostly because of these peculiarities, we have given twaiptessolutions for HD 190429A (No. 2),
HD 37043 (No. 18) and also HD 24912 (No. 14) in Table 5.3, casimg a minimum and maximum solution
with respect to the (relative) clumping properties. Forlditer two, the 2nd entries are the more plausible
ones, whereas for HD 190429A both solutions have similablpras (though the flierence is not as large

as for the other two stars).

Indicated by their number appearing in bold face, the remgiabjects have well-constrained clumping

properties, i.e., the derived results are roliiy8is not too diferent from the values derived or adopted here

The latter quantity has been specified as follows. For objeth H, in emission and of intermediate
type, we have used the values from our unclumped analysesT@des 5.1, present study, and Table
5 of Puls et al. 2006) wherever possible, i.e., if satisfigcfds could be achieved. This turned out to
be true in almost all cases, with the notable exceptior Bup, where our clumped analysis favours a
much lower value4; = 0.70) than previously found. For most objects with lh absorption (except
Cyg OB2#8C, No. 1 and HD 34656, No. 13), because of missingtcaints we used the “standard” value
(from hydrodynamical models) @f= 0.9, to obtain at least consistent results. Further coreseags of this

uncertainty are discussed in the next section.

For those stars where,Hs of P-Cygni shape, or displays a well-refilled absorptimugih, conclusive
limits could be derived regarding the maximum valuergf i.e., the maximum extent of a potentially

unclumped region. In all cases, this region lies belowR,.2

In addition to the derived clumping factors which repredéetbest-fitting solution, we also provide
maximum values forfc”ﬂid and fcolut which are still consistent with our data, and can be restidurther
only by additional far-IR and sub-mm observations. For th&t fl1 objects in Table 5.3b”|“d could be
constrained from the wings ofH either for the entirety of region 3 or, if indicated, at least tor} .. For
the other objects, the wind density is too low to induce digant reactions in either {{ or the IR when

the clumping properties in region 3 are changed, such thet ohefinite statements are not possible.
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5.1.7 Errors in the derived clumping factors

In the following, | will concentrate on the errors introdadeto the derived clumping factors; errors in the
mass-loss and modified wind-momentum rates are dominatedbss in the angular diameter and radius,

but do not &ect the major outcome of our investigation.

Let me first mention that during our detailed fits we foundsgetematigroblem concerning an under-
estimation of theN- andQ-band fluxes, so that at least our absolute flux calibratiemseo be appropriate
(see Sect. 5.1.2). On the contrary, for some obje@tbgnd: HD 15570N-band: Cyg OB2#11, #10 and
HD 207198), these fluxes lie above our predictions for the-fitig model. To investigate this point in

more detail, however, additional fluxes in the mid- and faiare required.

Errors introduced by uncertainties in the radio continuum Changingfé? and fc'{“d by identical fac-
tors and adaptinyl accordingly, until the observed radio fluxes could no loriiematched, we found that
the clumping factors in the regions traced by H.e., belowr = 3...5) are accurate (on an absolute scale)
to within 20 to 50%, whereas thatio of the clumping factors in the various regions remains presk
Extreme cases regarding this uncertainty in the radio flake$d1D 190429A, HD 14947 and Cyg OB2#11
(cf. Table 8 (3rd column) of Puls et al.)

The degeneracy of3 and clumping factors in the inner wind. As noted in the previous section, the
strength of the core of His highly sensitive to the value of the clumping factor in tlveer part of the wind,
belowr ~ 2R,. But it is also sensitive to the value of the velocity expangnand in a similar way: larger
values of bottB and clumping factors lead to more emission in the line cakeéng rise to an unfortunate

degeneracy.

This degeneracy requires an investigation into the quesfibow far any uncertainty id will propagate
into the errors off; . To this end, we have variggland determined the appropriate values‘c"@fand f;}“d
such that the quality of our Hfit remained preserved. For profiles with kh emission and of intermediate
type, the minimum and maximum valuespfvere taken from those solutions which were still compliant
with the observed profile shape. For objects with id absorption, we used reasonable limitsgat 0.7
andpB = 1.1, respectively. Larger values could usually be excludedhfthe profile shape, whereas in
certain cases a lower value (though being larger than theigdiimit, 3 > 0.5) might still be possible.
This procedure is somewhat similar to our approach to résplthe alternatived vs. M degeneracy in

homogeneous winds, whew is derived from H alone.

The results of this investigation are summarized in TablEButs et al.. As expected, for stars with H
in emission, the uncertainty fhis not dramatic. This uncertainty leads to an average uaiogytin fc"l1 of

about+ 30%, whereas for objects with,Hn absorption, much larger uncertainties are possibladfaof



156 CHAPTER 5. CLUMPING IN O-STAR WINDS

r 2.0[
12~

]
) | ]
o ! R
I ! — L 4
L I I o
L I n q ]
or | 815 -
L I I af F —
— L | | o L 4
@ gbo A - = 0 1
e E | T 3
Q I I G F H
=) | | JF ~ 1.0F ¥ >L JF ]
o 8 | | - - L 4
oA I | L L T ]
s [ ! <3 L ]
I
e 3 | L jfjr %7 5‘9:‘] 05
L= - o 0. 7
: vy TS |
, IR
0 I I I 0.0 I I I I
-8.5 -8.0 -7.5 -7.0 -7.8 -7.6 -7.4 =72 -7.0
log Q' log Q'

Figure 5.9:Left Clumping factors,fci? (region 2), for our sample, as a function of the distancedimant
quantity, logQ’. Asterisks: objects with H in emission; diamonds: objects with intermediatge ptrofile
type; triangles: objects with Hin absorption. Black colors: objects with definite maximurags+-loss
rates (corresponding to bold-face entries in Table 5.3py@plors: objects with upper limits favl and

corresponding lower limits fofc‘?. Maximum values oifc‘? correspond to minimum values 8§, and vice

versa for the minimum values. The open triangles with satidrébars display the highi —weak-clumping
solution for HD 24912 and HD 37043, and the open trianglek détshed error bars the alternative ot
strong-clumping solution for these objects.

Right As left, but for the ratiofc'}“d/fg?, and objects with B in emission or of intermediate profile type
only. The star with the lowest ratio (0.3) {sPup. For the three objects with a given interval fg}‘d
(Cyg OB2#7, HD 15570 and Cyg OB2#8A, see Table 5.3), we haed tlee mean value regarding this
interval.

between 2 and 7), # were 0.7 instead of 0.9.

An interesting outcome of this analysis furthermore shdvasif low-density winds (H in absorption)
were to have a velocity field exponent larger than the staholae (e.g., 1.1 instead of 0.9), théfdrences to
the objects with Hin emission would become even more pronounced: in this ts&uter region would
be even more clumped than the inner one. Onl§ Were close to its lower limit, would the clumping
properties of some of the thin winds become similar to thdgegh-density winds.

Concerning the resulting uncertainties fg?‘d (region 3), the situation for [ emission type objects is
similar as forfc"l‘. The average minima and maxima fiex 20% below and above the best-fitting value of
B. For the objects with weaker winds, on the other ha‘rgtﬂ still remains unconstrained, and in all cases

the upper limits as already quoted in Table 5.3 remain valid.

5.1.8 Clumping properties as a function of wind density

Fig. 5.9 (left panel) displays the derived clumping factimnisregion 2 (i.e., the first clumped region) as a
function of logQ’ = log M/R}f, i.e., a quantity which is closely related to the mean windsitg, but is
additionally distance invariant. Remember that in the @nésontextV is the largest possible mass-loss

rate, and that most of the derived factors refer to outermlashping factors set to unity. In other words,
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they have to be regarded as a measurement of the clumpingriespof the inner windelative to the
outermost one

The most important conclusions which can be drawn from tligré are the following. For thinner
winds with logQ’ < -7.5 (objects with H in absorption or of intermediate type plasCam),the inner
wind seems to be clumped by a similar degree as the outermesableast if we discard the alternative
low-M —strong-clumping solutions for HD 24912 (No. 14) and HD 33@Mo. 18) (open triangles with
dashed error bars). Note that if the latter solutions weseatttual ones (and we have indicated that this is
rather possible), then both stars are behaving compleigrent to the other absorption-type stars.

On the other hand, for stronger winds (almost all stars witlission profiles, plus Cyg OB2#8Aihe
inner wind seems to be more strongly clumped than the oustram® with an average ratio of 441.4.

Of course, for this class of objects there is also the pdigiltiat we encounter moderatelyciﬂ ~ 3) and
stronger c'? ~ 5) clumped lower wind regions, or that the degree of clumpiagreases again towards the
largest wind densities. However, due to the restricted rerrabobjects, the influence of temporal variations
(Sect. 5.1.1) and the error introduced by the uncertaintg@tontinuum flux level, such statements cannot
be verified at the present time.

Fig. 5.9 (right panel) displays the ratio of clumping fastam the intermediate and inner part of the
wind, for objects with H in emission or of intermediate type. Obviously, in most saske clumping
properties in both regions are either similar, or the (ayeya&lumping factors increase moderately from
region 2 towards region 3, at most by a factor of 2. For objedtis H, in absorption, on the other hand,
at least upper limits for the clumping factors in regiorf3, could be derived. For three well-constrained
objects, HD 203064 (No. 15), HD 207198 (No. 17) and HD 2099 (19), these upper limits lie between
1.5and 2, i.e., they might be twice as large as the correspgnrdiues forfg?, but are still rather low. For
the remaining stars, the maximum valuesfg)‘id lie in between 4 and 25, but only for HD 24912 is a large
value actuallyneededif the observed emission humps are to be interpreted instefrtlumping an@ were
of order 0.9 or larger (see above).

Concerning the clumping properties in region 4 &5 < 50), finally, definite statements are only
possible for those 3 stars observed in the mm region, namélyp (No. 4), HD 15570 (No. 3) and
HD 210839 (No. 7). The first of these objectsPup, displays the only notable exception concerning the
ratio of fc‘}“d and f;’l‘, namely that region 3 is much less clumped than region 2. Haravords, maximum
clumping must be close to R, , or even lower. For this star, thderivedclumping factor for region 4
(extending from 15 to 5@, ) is even lower than for region 3: at mo$f" < 1.8.

For HD 15570, (No. 3) on the other hand, regions 2 and 3 ardaimiclumped, and the derived

clumping factor might increase even further towards regipmith 3" being 5 to 20 times larger than
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Figure 5.10: Wind-momentum-luminosity relation for oumgde. Modified wind-momentum raté.eft
mass-loss rates derived from, Husinghomogeneoumodels. Right largest possible mass-loss rates.
Upper limits indicate those cases where radio fluxes arerdppi#s andor non-thermal emission cannot
be excluded. Asterisks: objects with, Hnh emission; diamonds: objects with intermediate profileety
triangles: objects with [ in absorption. Dashed line indicates theoretical prealichly Vink et al. (2000).

the average clumping in the radio-emitting region. For tbgect, the mm measurements fraowsa are
extremely valuable, though the rather large error barsl¢fa® situation not as clear as desirable.

For A Cep (HD 210839, No.7), finally, the intermediate region igeleeavily clumped than the inner
one, whereas region 4 could be constrained (againswisa observations) to display clumping factors
between 1 and 8.

In summary, at least one of these three objects is ratherlyelaknped in region 4. Although the same
might be true for the other two stars (accounting for the ktwmssible fluxes), a significantly clumped

outer region is more probable.

5.1.9 Wind-momentum—luminosity relation

Before discussing some further implications of our findintgg me consider the wind-momentum-—
luminosity relation for our stellar sample, accountingtfo results | have outlined above. Fig. 5.10 displays
two such relations, in comparison with the theoretical témhs by Vink et al. (2000). The left panel shows
the results using | mass-loss rates derived by unclumped models, updated édatermined stellar ra-
dius. As already noted in the beginning of this chapter, d@bjevith H, in absorption and of intermediate
type are perfectly consistent with the predictions (exdept few objects at log/L, < 5.35), whereas
objects with H, in emission populate a strip parallel to, but above, theiptiedhs. Only the large-distance
solution for¢ Pup liesonthe relation, whereas the low-distance solution displagssame discrepancy as

the other stars (both solutions indicated by “ZP”).

In the right panel, our new results, with mass-loss ratas ffable 5.3 are displayed. These mass-loss
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rates are the largest possible ones, and are essentiathdioamass-loss rates if the winds were unclumped
in the radio-forming regime. Except for this assumptiorg largest errors present in this figure are due
to errors in the distance estimate. What is obvious fromplog however, is that the agreement between
observations and theoretical predictions has signifigamproved. Almost all objects now lie very close
to the theoretical relatiomdependent of profile type

The reason, of course, is that the newly derived (radio) #usssrates for emission-profile objects are
smaller than the FI mass-loss rates (see Table 5.3, column “ratio”), by an geefactor of 049 + 0.10.
Most interestingly, this is almost exactly the same facthiclr has been claimed in Markova et al. (2004)
(0.48, drawn from a much larger sample), and which has besshaipriori in our de-reddening procedure
(see Sect. 5.1.3). A factor of the same order (0.42) has aea bound by Fullerton et al. (2006), for
a sample comprising objects similar to those consideree. hieor objects with K in absorption and of
intermediate type, K and radio mass-loss rates agree well, and they remain at‘tidl position. Note
that for the only absorption-type object in the sample ofdftdn et al. with H and radio data available in
parallel (HD 149757), a comparable agreement was foungastipg our results.

Whereas the “new” WLR agrees extremely well with the thdoa¢tpredictions for objects with
logL/L, > 5.35, the three best-defined absorption-type stars at ther lowenosity end of our sample
(HD 203064, HD 207198 and HD 209975) lie too high, by a facfot @.5. To unify these objects with the
others by clumping argumenédonewould require that they have to be much more clumped in therad
regime (on an absolute level).

Of course, one might argue that this problem is not relatédriknown) physics, but to wrong distances
and radii. Though this might be possible given the mean ginomodified wind-momentum rate (0.13 dex)
and luminosity (0.19 dex) derived for Galactic objects (Maa et al. 2004), it is more plausible to invoke
physical reasons, since we have to explain an identical@mofor three diferent stars (with dierentTgs )
at identical positions in the diagram.

Again, | stress that all displayed positions rely on the\dstjlargest possiblenass-loss rates. If the
radio regime were clumped, downward corrections becomessegy. In this case, however, the displayed

agreement would be pure coincidence.

5.2 Summary

An extensive and detailed discussion on the major impbcatof the results outlined in this chapter can be
found in Puls et al. (2006), while in the following | will onsummarize the main outcomes.

In this investigation, we have performed a simultaneou$yaisaof H, , IR, mm (if present) and radio
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data to constrain the radial stratification of the clumpiactér in a sample of 19 O-type supergidgiants,

with dense and moderate winds,(hh emission and absorption). All analysis tools used ingalertain
approximations, but we have ensured that the derived eesalnply with state-of-the art NLTE model
atmospheres, by comparing and calibrating to a large gr&iofi models. Clumping has been included in
the conventional approach, by manipulatingdidependent opacities and assuming the inter-clump matter
to be void. Caveats to this assumption and other problengsémtto this approach, namely the neglect of
disturbances of the velocity field due to the clumps, and ssai@ption of small length scales, related to
the problem of porosity, are given in Puls et al. (2006).

Instead of adapting the clumping-factorestchradial grid point (which is possible only if using op-
timization methods, requiring a well-sampled observedelavwth grid), we have introduced Sdirent
regions, with constant clumping factors inside each regiecause all our diagnostics dependpdiex-
cept for the small contribution by electron scatteringg thost severe restriction within our approach is
given by the fact that we cannot derive absolute clumpintpfac but only factors normalized to a certain
minimum. Since in all but one case (HD 34656) this minimum feasd to be located in region 5 (or, in
other words, since in all those cases the radio mass-lasssrtie lowest), our normalization refers to the
radio regime, and the corresponding (radio) mass-lossasatierived here is the largest possible one. Other
solutions are possible as well, with all clumping factordtiplied by a constant factorf, and a mass-loss
rate reduced by/T.

Our analysis is based on,Hine profiles, neaymid- /far-IR fluxes taken from our own observations
and the literature (de-reddened as detailed in Sect. 5.m@) fluxes observed bycusa/sest (own and
literature data), and radio data taken from our own VLA obatons and the literature. We have dis-
cussed the issue of non-simultaneous observations: basgeksent - day observational facts, the, HR
and radio variability of thermal emitters is low enough sonas to pose any problems for our study, at
least if the derived results are considered in a statistieae. Within our sample, there is only one con-
firmed non-thermal emitter (Cyg OB2#8A), and three more aijdisplay somewhat peculiar radio fluxes
(HD 190429A, HD 34656, see above, and HD 37043). These ahjeight be non-thermal emitters as well,
but this has to be confirmed by future observations. In ang,cée derived mass-loss rates (from the
minimum radio flux) can be considered as an upper limit.

As it turns out, the core of H provides very useful diagnostics for the clumping proesrin the inner
wind (r < 2R,), and, if in emission, the wings can be used to constrain litn@ging inside the first five
stellar radii, with an additional check provided by IR dathmm fluxes were available, the outer wind
(15R, < r < 50R,) could be constrained as well. Only the region betwe@n 5 r < 15R, remains “terra

incognita” in most cases, due to missing far-IR fluxes.
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For ten stars in our sample (six with,Hn emission, one of intermediate type and three with H
in absorption), the derived clumping factors are robust Edvithin well-constrained error bars. For
six stars (including Cyg OB2#8A), only upper limits for thedio mass-loss rate are available, and the
derived clumping factors have to be considered as lowetdin@bvious diferences to the best-constrained
objects were not found though, except for HD 24912, whichalbeh atypically. The three remaining objects
constitute HD 34656, which is the only object in our sampldnain H, mass-loss rate lower than the radio
mass-loss rate (and as such has been discarded from owrfanilysis), HD 37043, which exhibits similar
problems to HD 24912 (but has a better-constrained radig+teas rate), and HD 190429A, which displays
a certain degree of radio-variability. Taking the varioasuits together, | can summarize our findings as

follows:

o for almost all objects (except for 3 stars with, Hh absorption and lof < 5.35L), the derived
(radio) mass-loss rates are in very good agreement withrégigted wind-momentum—luminosity
relation (Vink et al. 2000), in contrast to previous resuéilying on unclumped K data alone. If
£ Pup is located at the “close” distance, then it behaves a®#telf, on the other hand, it is located

further away, its (radio) wind-momentum rate would lie ddesably below the predictions.

e the mean ratio of radio mass-loss rates to unclumpgdidss-loss rates for stars with kh emission
is 0.49+ 0.10. This is almost exactly the same factor as found in Maalai al. (2004), by shifting
theobservedVLR (using unclumped models) for these objects ontqoileelictedone. It also agrees

well with recent findings from Fullerton et al. (2006).

¢ the average, normalized clumping factor in the innermogiore < 2R,) of stars with H in

emission is~ 4.1 + 1.4.

o thinner winds with H in absorption have lower normalized clumping factors irs tieigion. For all
three stars with robust constraints, these factors ardasitoithose in the radio region, at least if the
velocity exponent is not too fierent from the hydrodynamical predictigh,~ 0.9. Factors of the

order of fci? > 2 can be excluded, due to the sensitive reactionof H

o for all objects where Kl is of P Cygni shape, or displays a well-refilled absorptioutyh, the maxi-

mum extent of a potentially unclumped region can be limiteliet insider < 1.2R,.

e in most cases, the clumping factors in the inner and adjaegion (R, < r < 5...15R,) are
comparable or increase moderately from inside to outsiady for / Pup, does our analysis restrict

the maximum clumping at < 2R,.
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¢ the presence of clumping introduces a new degeneracy irethdts, namely between the velocity
field exponents, and the clumping factors. H is lower than assumed or derived from the fits, the
clumping factors are larger, and vice versa. Extreme dewiatofs from values obtained from an
unclumped analysis can be excluded though. Interestiaghgrfect fit for¢ Pup requireg = 0.7,

contrasted with8 = 0.9 from unclumped diagnostics (Repolust et al. 2004).

o two of the three stars with mm-observations (HD 15570 and HZ839) indicate a certain probability
that the outer region 4 (& < r < 50R,) is considerably more clumped than the radio domain (but
remember the rather large error bars on the mm data), whiredsird star Pup (with negligible

observational errors), displays similar clumping proiesrin both regions.

e Our results dier from hydrodynamical predictions (incorporating theriimgic, self-excited line-
driven instability, Runacres & Owocki 2002, 2005) at leasbne respect: the latter imply a larger
radio than H mass-loss rate (or, alternatively, lower clumping in theeinthan the outer wind),

which is definitely not true for our sample.

The major implications of the above outlined findings cantagesl within three dferent assumptions

concerning the clumping properties of the outermost regjion

1) The radio region is not, or only weakly, clumped.In this case, our “old” hypothesis (concerning
a shift of mass-loss rates for objects with kh emission, due to clumping) would be confirmed, but there
would be a physical dierence between denser and thinner winds, in the sense thagitlwinds would
be less clumped than thicker winds in the inner region. THi&iEnce might then be related tdfdirent
excitation mechanisms of structure formation. If assuorp(il) were true, the theoretical WLR would
be perfectly matched. On the other hand, the absolute nenfibbleclumping factors and mass-loss rates
would be in severe contrast to results from other investigatthat have used alternative diagnostics, not

directly afected by clumping (e.qg., thesPesonance lines).

2) The radio region is strongly clumped, but the outermost adimping factors are independent of
wind density. In this case, a unification with results from other diagressts possible, and the present
mass-loss rates would have to be significantly revised, sétious implications for the evolution of, and
feedback from, massive stars. Again, weaker winds woul@ge ¢lumped in the inner region, and the the-
oretical WLR would no longer be matched. One of the most ropresdictions from radiation-driven wind
theory, namely that the modified wind-momentum rate shoelgedd almost exclusively on luminosity

(and not on mass or gravity), would still be consistent withh data, even if there were arffget between
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the theoretical and observed WLR.

3) The radio region is strongly clumped, but the degree of clmping is different for different wind
densities. This case is also consistent with present data, but woulthagmply, in addition to diferent
offsets between the theoretical and observed WLR, that thexais®/LR is dependent on a second pa-
rameter. Obviously, the implications of all three assuonipose their individual problems, and would
have diterent consequences regarding the urgent question abdtiiteemass-loss rates of massive stars.

At these circumstances the real question now concerns goduab value of the clumping factors. The
only way to clarify this issue is the inclusion of processésol do not depend gif. One such diagnostic is
Pv (Massa et al. 2003; Fullerton et al. 2004, 2006) which unaestirable circumstances scadep alone.
The major problem here arises from the uncertainties raggittie ionization fraction of this ion, which
might be additionally contaminated by the UV-tail of the 2¢remission. Assuming thav®s a major ion
between O4 and O7, Fullerton et al. (2006) derived a medidurt®dn inM (compared to homogenous H
and radio diagnostics) by a factor of 20, where thin windsreskto be moreféected than thicker ones.
Note that this would imply clumping factors of the order oDl the radio regime!

Detailed NLTE investigations accounting for clumping, v tother hand, are only in their infancy,
and again, the inclusion of X-rayffects is a dficult task. The only object within our sample which
can be compared with such an investigation is HD 190429Alyaed by Bouret et al. (2005). In their
conclusions, the authors quote a reduction of a factor @fetimM , compared to a homogeneous mass-
loss rate of 6105M,/yr derived from the far-UYexploitingp- andp?-dependent processes in parallel,
and accounting for a consistent ionization equilibriumotigh the implied clumping factor would be not
too different from “our” value, on an absolute scale there are mudetaliferences. Comparing their
final mass-loss rate (1.80°°My/yr, with R, = 19.5R, andv,, 2300km s') with our radio mass-loss
rate (7.5...9.510°My/yr, with R, = 22.7R, andv,, = 2400km s'), this would suggest a strongly
clumped radio regime, Wit}ﬁcf‘fIr ~ 10...16, at least if there have been no major changes in the avetiage
properties between their UV and our radio observations.ithaiaally, Bouret et al. (2005) point to the fact
that the predictions by Lenorzer et al. (2004) concerningiBdicate that the outer winds “would be less
affected by clumping”, compared to the regions they could accHsus far, the situation remains unclear.

Notably, the other object investigated by Bouret et al. 806 an object with | in absorption, and
for this object they find a reduction il by a factor of 7 (again with respect to UV observations alone)
This result would agree with our statement from above thiat\tinds are expected to be more strongly
structured than thick winds, at least if the latter are no¢mally triggered by photospheric disturbances.

Accounting for these findings and other investigations githilar results (e.g., Hillier et al. 2003;
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Bouret et al. 2003), there seems to be increasing evideaté¢hth agreement between the theoretical and
observed WLR (which, if real, would imply a smooth wind in ttagio regime) is indeed just coincidence,
and that the radio regime must be strongly clumped, mayhbemege strongly than presently described by
hydrodynamics.

Aside from the major implications such a reduction of massates would have, e.g., regarding stellar
evolution in the upper HRD and feedback from massive star) a result would also lead to the following
problem: since the present theoretical WLR originates framsistent calculations of the radiative line
force, lower wind momenta would imply that too much radiafpressure is available. A reduction of this
guantity, however, is ratherfiiicult.

Finally, let me note that a significant down-scaling of miss rates would unfortunately alsffect
stellar parameters (again!). For theédependent results derived here, such scaling is easibilgeswith-
out modifying any resultPhotospheridines, on the other hand, might bdigrently dfected by a strongly
clumped, but weaker wind, since they do not always scale @jthut depend on other combinationshf,

R, andv, as well.



Chapter 6

Theory and observations

In this chapter, empirical results derived troughout ourglterm extensive survey of Galactic OB-star
winds will be confronted to theoretical predictions. In Se&1 to 6.4, | will examine in how far the pre-
dictions of Vink et al. (1999, 2000), obtained via a MontelG&echnics, are followed by the observations.
We chose to compare to these predictions because they sdmrstgperior to those originating from the
improved CAK approach (Vink 2006). In Sect. 6.5, on the otm@nd, results derived via our combined
H., IR and radio investigations will be compared to predictiof Runacres & Owocki (2002) about the
radial stratification of the clumping factor in O-star windBhis way successes, but also failures, of the
corresponding theories will be revealed, which might beduse guidelines for further developments and

improvements of both the theory and the observations.

6.1 Monte Carlo predictions

In Chapter 1, Sect. 1.3, | have pointed out that the radiadivren wind theory is the most promissing
attempt to account for thefects of stellar wind in hot massive stars. In addition, | haige mentioned that
within the standardtheory, two basic approaches to predict wind propertiesteltiydrodynamical methods
based on the improve CAK theory (e.g., Pauldrach et al 199@rikzki 2002; Pauldrach et al 2004), and
methods based on Monte Carlo radiative transfer techni@ues Vink et al. 1999, 2000, 2001). The major
difference between these two approaches is that in the latetteasg@ects ofmultiple scatteringcan be
taken into account. Here | will open a bracket to say that duhe velocity gradient, a photon scattered
in a given spectral line has no chance to be scattered ag#iairsame line anywhere in the wind, and

will therefore dfectively escape, unless it is not scatteredriotherspectral line of lower frequenéyThe

1Remind that for each point in an accelerating wind the sumgiing is receding.
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absorption of photons in fierent spectral lines is calledultiple scattering

The best theoretical reason to believe thattiple scatterindgs important, is the considerable line over-
lap seen in the UV spectra of hot stars whidfecs photons the possibility to multiply scatter. Concegnin
the observational evidence, the most striking exampledsthcalled “momentum problem” in WR stars,

MV,

where the wind momentunfieciency,n, (= e

), was found to exceed unity. Note that in #iegle scatter-
ing limit, every photon transfers its momentum just once to the wingriz, and thus the wind momentum
M v., must be equal to the radiative momentugyc, i.e.,n = 1 (see, e.g., Vink et al. 1999 and references

therein).

Using a Monte Carlo technique in whichultiple scatteringsre properly taken into account, Vink et
al. (2000) have calculated a grid of wind models covering@dewange of stellar parameters troughout the
upper part of the Hertzsprung-Russell diagram. In theseefsdtle photosphere and the wind are treated
in a unified manner; the level populations of the iron-grolgmeents are calculated within the nebular

approximations, and the mass-loss follow from a globalgparguments.

Based on this model grid, the authors obtain two analytigptessions to calculate mass-loss rates of

OB stars:

logM = —6.697+ 2.194log(L,/10°) — 1.313log(M, /30)
—1.226|og%\c’)eSC +0.933l0g(T#/40000)

~10.92 [log(Tes/40000)? (6.1)
for stars withTes between 50 and 27.5 kK ang, /Vesc=2.6, and

logM = —6.688+ 2.210log(L, /10°) — 1.339log(M, /30)

Voo /Vesc
2.0

-1.601log + 1.07log(Ter/20000) (6.2)

for stars withTer between 15 and 22.5 kK and, /Vesc= 1.3. In both expressiomﬁ isin My yrt; L, and
M, are in solar units, ande; is in Kelvin. Note also that the dependenceldbn the velocity exponent
B (see Eq. 1.9) has been found to be significantly smaller thainan the other parameters, and thus this

dependence is omitted from Eqgs. 6.1 and 6.2.

By means of their model grid, Vink et al. (2000) have alsodatithe “theoretical” WLR for the two

ranges ofT ¢ at either side of the bi-stability jump as follows:

rtheoy = —1212+ 1.826log(L/Ly) (6-3)
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for Teg >27 500 K, and
rtheoy = —1228+ 1.914log(L/Ly) ©4)

for 1250 T <22 500 K. Note that the predicted wind momenta for hotterssfby; >27.5 kK) are sig-
nificantly lower than those for cooleT § <22.5 kK) ones. Note also that the slopes of the two relatioas a

somewhat dferent resulting in dferent values of’ (Remind thaty’ = « — 6), namely :

, 1
1

o= T9ma" 0.522 12500< Tex < 22500 (6.6)

These findings are particularly important because theycatdithat one cannot expect a universal WLR
over the complete spectral range of OB-stars, nor does grexea constant value of (Vink et al. 1999,
see also Puls et al. 2000).

Contrary to earlier comparisons where systematic discrgpa have been reported (see Lamers &
Leitherer 1993; Puls et al. 1996), Vink et al. (2000) find geodrespondence between their predictions
and observational mass-loss (from radio and knd wind momentum rates for a large sample of O stars.
This finding has been interpreted as an indication that isgtlsgars “multiple-scattering” is important while
effects due e.g., to magnetic fields, clumping, and stellatiostare likely not significant (however see

Sect. 6.3).

6.2 The bi-stability jump

The solutions of the hydrodynamical equations for statignapherically symmetric line-driven winds
(Egs.1.7 and 1.8) with radiative line acceleration as patliin Sect 1.4.1 predict the terminal flow velocity

to be proportional to the escape velocity:

Voo &

Vesc (6.7)

Vesc = \/ 2G Meﬂ‘/R* (6.8)

whereMg is the dfective mass, i.e. the mass corrected for the radiative fitwedo electron scattering and
G is the gravitational constant. Note that the value.ofdepends or, the power law exponent of the line
strength distribution function (see Eq. 1.3), in sensedtsep line-strength distribution function (small
many weaker lines) will produce a slow wind, whereas a fldttection (largex, more stronger lines) will

lead to a faster wind. Note also that the/vesc ratio was predicted to depend dg; as well.
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Figure 6.1: Thev,, /Vescratio as a function of lo@ ¢ (from Markova & Puls 2008). Diamonds represent
a combined sample of Galactic SGs of O- (from Repolust etG52Markova et al. 2004; Herrero et al.
2002) and B-types (from Sec. 2.2 and from Crowther et al. 2Q0Baneja 2004; Lefever et al. 2007).
Asteriskgplus-signs refer to the eartyid B supergiants from the sample by Kudritzki et al. (199%)ge
diamonds correspond to the potentially misclassified Bjgaib HD 191 243 and HD 108 659. The triangle
denotes the hypergiant HD 152 236 and the three squaresatioais positions of HD 53 138 as derived by
Crowther et al. (2006), Lefever et al. (2007) and Kudritzkake (1999) (references ordered by increasing
Ter ). Individual errors extend from 33% to 43%. See text.

The existence of a correlation between, on the one hand, antky andvesc, On the other, was for
the first time demonstrated empirically by Abbot et al. (19¥882). These earlier findings have been
confirmed by more recent investigations (e.g., Howarth &jariLl989; Prinja et al. 1990; Lamers et al.
1995; Haser et al. 1995), which furthermore provide quatini codficients to describe the correlations on
a solid statistical base. In particular, it was found thaexperiences a dramatic decrease froPa6vesc,

for supergiants earlier than B1, 4d..3vesc, for those later than B1.

The presence of a jump in, , called abi-stability jump is theoretically explained as due to changesin
ionizations: winds of hotter stars are mainly driven by highization lines of C, N, O, etc in the Lyman
continuum, whereas those of cooler stars, With between 20 and 10 kK, are mainly driven by a large
number of metal lines in the Lyman and the Balmer continuuaul@ach & Puls 1990; Vink et al. 1999,
2001). Another jump, caused by similar reasons, is prediict@ppear at 10 kK, but these predictions have

not been observationally proven yet.

Interestingly, more recent observations (Crowther et @62 see also Evans et al. 2004) have ques-
tioned the presence of a “jump” W, at spectral type B1, and argued in favor of a gradual decr@ase
Voo /Vesc, from ~3.4 above 24 kK to-1.9 below 20 kK. In the following, | will comment on our new find

ings regarding this problem.
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First, let me define the “position” of the jump by means of thatadrom the OBA-supergiant sample as
defined in Sect 2.2.5 (excluding the “uncertain” object HB 498). As illustrated in Figure 6.1, two tem-
perature regimes, with considerablyfdrent values o¥., /Vesc, Can be identified, connected by a transition
zone. In the high temperature regimigd > 23 kK), our sample provideg, /Vesc ~ 3.3 + 0.7, whereas in
the low temperature onf §{r < 18 kK), we findv., /Vesc # 1.3 + 0.4. (Warning: The latter estimate has to
be considered cautiously, due to the large uncertaintigteedower end whereg,, = veschas been adopted
for few stars due to missing diagnostics.) Note that theviddal errors forv,, /Vesc are fairly similar, of
the order of 33% (foAMy, = 0.3,Alogg = 0.15 andAv,, /v, = 0.25) to 43% (in the most pessimistic case
AMy = 1.0), similar to the corresponding Fig. 8 by Crowther et al..

In the transition zoneon the other hand, a variety of ratios are present, thusastipg the findings
of Crowther et al. (2006) and Evans et al. (2004). Obviousyugh, large ratios typical for the high
temperature region are no longer present from the centdreofransition region on, so we can define a
“jump temperature” off ¢ ~ 20,000 K. Nevertheless, we have shifted the border of thie-i@mperature
regime toT¢; = 23KK, since at least low ratios are present until then (rfegestashed vertical and horizontal
lines in Fig. 6.1). The low temperature border has been défimalogously, as the coolest location with
ratios> 2 (dotted lines).

By comparing our (rather conservative) numbers with thoesefthe publications as cited above, we
find a satisfactory agreement, both with respect to the erdthe transition zone as well as with the
average ratios of., /Vesc. In particular, our high temperature value is almost id=itto that derived by
Crowther et al. (2006); Kudritzki & Puls 2000 provide an age ratio of 2.65 foll ¢ > 21 kK), whereas
in the low temperature regime we are consistent with thedattvestigation (Kudritzki & Puls: 1.4). The

somewhat larger value found by Crowther et al. results frassimg latest spectral subtypes.

6.3 The Wind-momentum Luminosity Relationship

As outlined in Section 1.4.2, the radiation-driven windahe(CAK approach) predicts that the mass-loss

rates should obey the following scaling law:
M o (KL)7 (Men /D) (6.9)

wherea’ = a — §, andD’ is a parameter related to the chemical composition. (Nateiththis expression,
the dependence &ft on D’ is explicitely given while in Eq. 1.11, this dependence hesrbomitted.) This

relation can in principle be used to compare observed ardigteel mass-loss rates, but due to the strong
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Figure 6.2: WLR for Galactic O (triangles) and B (diamonds asterisks) SGs (from Markova & Puls
(2008)). Filled diamonds indicate B-type objects witk >21 000 K, asterisks such withys <12500 K
and open diamonds B-types with temperatures in between A28 21000 K. Overplotted are the
earlymid B (small plus-signs) and A-SGs (large plus-signs) detivdd by Kudritzki et al. (1999) and the
theoretical predictions from Vink et al. (2000) for Galac8Gs with 27 508Ts <50 000 (dashed-dotted)
and with 12 508 T < 22 500 (dashed)

Error bars provided in the lower-right corner representtipécal errors in lod-/L, and logDmomfor data
from our sample.

dependence dfl on M, - of the order of -1.5....-0.5 for typical values@f= 0.5...0.7 and = 0.02...0.1,
andD’=const — such approach would be very problematic (because diigh uncertainty oM, for single
stars).

Luckily, it turned out that the strong dependencévbfon efective mass can be removidda quantity,
called “a modified wind momentum rateDmom, instead ofM , is to be considered (Kudritzki et al. 1995).
Then, assuming’ ~2/3, and taking the logarithm, the following relation, knowsithe Wind-momentum

Luminosity Relationship (WLR) is predicted to hold:
. 1
09 Dmom = 10g(MV,R2) = xlog(KLD’) + f(M,T, Ry, @, ) (6.10)

wherex = % andf is an only mildly varying function of stellar and force-miplier parameters.

Thus, for a given chemical compositioB’( = cons), a strict correlation ofogDmom With logL is
expected, where the slope of this relation is predicted étdyan average value af =2/3, at least if the
flux-weighted number of driving lines is not toofiirent for diferent spectral types (Puls et al. 2000).

On the other hand, using the Monte Carlo approach in winighiple scatterings properly taken into
account, Vink et al. (2000) predicted two, instead of onejuaj relations for stars at either side of the bi-
stability jump (see Eqs. 6.3 and 6.4) with somewhat sma#éres ofo’ (see Egs. 6.5 and 6.6). The vertical

offset between these relations is explainedalfgctor of five increase M at the bi-stability jump (more
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lines from lower iron ionization stages available to acakethe wind), which is only partly compensated
by the drop inv., . Note that the size of the jump i is determined requiring a drop in, by a factor of
two, as extracted from earlier observations (Lamers et9@5).

For solar metallicity, the presence of a strict correlabetweerDom andL has beembservationally
confirmed using data originating froomblanketednodel analysis: by Puls et al. (1996); Herrero et al.
(2000, 2002), for O-stars ; by Kudritzki et al. (1999), for Bipergiants, and by Kudritzki et al. (1997),
for Central Stars of Planetary Nebular (CSPN). Howevergthpirical results suggest that the flogents
of the WLR vary as a function of spectral type. In particukudritzki et al. (1999) were the first to point
out that the set in the corresponding WLR of OBA-supergiants depend eotsal type, being strongest
for O-types, decreasing from B0-B1 to B1.5-B3 aindreasingagain towards A-types. In addition, the
slope of the observed WLR was found to vary as a function oftspktype: @ decreases systematically
with decreasing féective temperatures. The later result is consistent wittutations from line-statistics
which predict smaller values of for A SGs 0.45) than for O-stars+(0.6 to 0.7) (see Puls et al. 2000).

While some of these earlier findings (theoretical and olesemwal) have been confirmed by recent
studies, utilizingblanketedmodel analysis, others have not (Repolust et al. 2004; Marled al. 2004;
Crowther et al. 2006; Markova & Puls 2008). In particulae thsults of our analysis illustrated in Figure 6.2
show that the observed behaviour of Galactic OBA supergidoés not follow the predictions of Vink et
al. (2000). Instead, the majority of O-SGs (triangles — altjithose with H, in emission, see below) follow
the low-temperature predictions (dashed line), while nobshe early BO-B1.5 subtypes (filled diamonds)
are consistent with the high-temperature predictionsh@aslotted), and later subtypes (from B2 on, open
diamonds) lie below (!), by about 0.3 dex. Only few early Bég are located in between both predictions
or close to the low-temperature one.

These results imply that the predicted strong increasédr a factor of 5 at the bi-stability jump is most
probablynotthe case for a statistically representative sample of “rdtB-SGs, but more definite state-
ments become dicult for two reasons. First, both the independent (pgnd the dependent (Id2om)
variables depend oR, (remember, the fit quantity is ndd , butQ, see Sect. 2.1.3), which is problematic
for Galactic objects. Second, the wind-momentum rate isatfan ofL, but not of Te¢ alone, such that
a division of diferent regimes becomedfiliult. To avoid these problems, let me firstly recapitulage th
derivation of the WLR, to see theftkrences compared to our alternative approach formulated/be

As noted above (see also Egs. 1.10 and 1.11), the theorcps¢hlat:

M « (KD7(My(1-D)# (6.11)

Vo = CuVeso Vesc ¢ (M, (1 - F))% (6.12)



172 CHAPTER 6. THEORY AND OBSERVATIONS

whereqa’ is the diference between the line force multipliers- 6 (corresponding to the slope of the line-
strength distribution function and the ionization paraenghor details, see Puls et al. 200R); the force-
multiplier parameter proportional to th&ective number of driving lines arld- the (distance independent!)

Eddington parameter.

Multiplying Eq. 6.11 withv,, and R, /R, )2, and taking into account Eq. 6.12, we obtain the following

expressions for the (modified) wind-momentum rate:

Dmom = MvVe(Ry/Ro)? o Coo(KL)7 (M, (1 - 1)) (6.13)
1 3
E = ; - E (614)
l0gDmom = i, logL + Do (6.15)
a
Do = i/ logk + logC,, + const (6.16)
a

where we have explicitly included here those quantitiesctvlaire dependent on spectral type (and metal-
licity). Remember that this derivation assumes the windsetanclumped, and thatis small, which is true

at least for O-supergiants (Puls et al. 2000).

Investigating various possibilities, it turned out tha {predicted) scaling relation for a quantity defined

similarly as the optical-depth invariant is particularvantageous:

;o Mgw kv_s M.(1-T)
Q = T « o Trget,  Ger *T* (6.17)
Rd
logQ =~ 3 log Tes + Dy (6.18)
Dy, = 5 logk — logC,, + const (6.19)

This relation for thedistance independenuantityQ’ becomes a function of lo@er andDy alone if
a’ were exactly 23, i.e., under the same circumstances as the WLR. Obviadih$yrelation has all the
features we are interested in, and we will investigate theperature behaviour dfl by plotting log Q’
vs. logTes. We believe that the factor, /ges iS @ monotonic function on both sides of and through the
transition zone, as is also the case dgr itself. Thus, the logY — log T relation should react only on
differences in theféective number of driving lines, and on thefdrent ratiov,, /VescOn both sides of the

transition region.

Fig. 6.3 displays our final result. At first glance, there imas$t no diference between the relation on

both sides of the “jump”, whereas inside the transition zithrege is a large scatter, even if not accounting
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log Q'

Figure 6.3: Modified optical depth invariant, 1) (Eqg. 6.17, as a function of lo@s. Symbols as in
Fig. 6.1, with vertical bars indicating the “transition"gien between 18 and 23 kK. Note that the mid B-
type supergiants from the Kudritzki et al. sample (plusisjgleviate from the trend displayed by the other
objects. Regression for the complete sample (excluding BD38, HD 152236 and the Kudritzki et al.
B-supergiants) overplotted in solid; dashed regressiwiiai, but additionally excluding the objects in the
transition region (see text).

for the (questionable) mid-B star data from Kudritzki et £1999).

Initially, we calculated the average slope of this relatigrinear regression, and then the corresponding
slope by additionally excluding the objects inside the s¢iion region (dashed). Both regressions give
similar results, interpreted in terms @f with values of 0.65 and 0.66 (!), respectivglpand with standard

errors regarding lo@’ of +0.33 and+0.28 dex.

If the relations indeed were identical on both sides of timeguwe would also have to conclude that the
oftset,Dy, is identical on both sides of the transition region. In ttase, the decreasevn /Vescwithin the
transition zone has to be more or less exactly balanced bgatmeamount of a decrease kv, i.e., both
M andv,, are decreasing in parallel, in complete contradiction éoptrediction by Vink et al.

A closer inspection of Fig. 6.3 (in combination with the @sponding WLR of Fig. 6.2) implies an
alternative interpretation. At the hottest (high lumingsend, we find the typical division of supergiants
with H, in emission and absorption, where the former display et of a factor 2...3 above the mean
relation, a fact which has been interpreted to be relatedndelumping previously.

Proceeding towards lower temperatures, @ieelation becomes well defined between roughly 31kK
and the hot side of the transition zone (in contrast to the WikRich shows more scatter, presumably due
to uncertainR, ). Inside the transition zone and also in the WLR aroundlfg, ~ 5.45, a large scatter
is present, followed by an apparent steep decrease i’lagd wind-momentum rate, where the former

is located just at the “jump temperature” of 20 kK. Note tHna imid-B type objects of the Kudritzki et al.

2slope of regression should correspond A 4if the relations were unique.
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sample are located just in this region. From then @happears to remain almost constant until 14 kK,
whereas the WLR is rather flat between &.lbgL /L, < 5.4, in agreement with the findings by Benaglia et
al. (2007, their Fig. 8). At the lowest temperatyhasinosities, both)’ and the WLR decrease again, with

a similar slope as in the hot star domain. Thifeos a possibility of a discontinuous behaviour, but, again,

in contradiction to what is predicted.

We now quantify the behaviour of the mass-loss rate in thedéomperature region (compared to the high
temperature one), in a more conservative manner than estiméove, by using both the 163 relation
andthe WLR. Accounting for the fact that the corresponding s®pare rather similar on both sides of the

transition zone, we define afférence of fsets,

ADg =~ i,AIogk+AIogCoo (6.20)
a

Q

1
ADy —Alogk - AlogCe, (6.21)
(04
evaluated with respect to “low” minus “high”. From the WLRewaveADg < 0, whereas th€) relation
impliesAD;, > 0, to be cautious. Thus, the changealm logk (which expresses theftiérence in logVl on

both sides of the jump, cf. Eq. 6.11) is constrained by
1
AlogC, < —Alogk < ~AlogC.. (6.22)
(07

To be cautious again, we note thalog C., should lie in the range log(1/2.4) ... log(1.83.3)=-0.1 ...

-0.4, accounting for the worst and the average situatianqgf 6.1).

Thus, the scaling factors of mass-loss rates on both side @iimp (cool vs. hot) dier by
04..08<kv <1.25..25 (6.23)

i.e., M either decreases in parallel wih /VescOr increasesnarginally.

Thus, in addition to the well-known factor of two discrepesdor dense O-SG winds, the most notable
disagreement (discarding locdfects within the transition zone for the moment) is found eltw T /low
L B-SG domain, confirming the analysis by Crowther et al. (300®e predictions by Vink et al. clearly
require the decrease in, to be overcompensated by an increaseNhthroughout the complete midte
B-star regime, whereas our analysis has shown that thistithaa@ase. At best increases by the same
amount as/,, decreases, though a reductionMfeems to be more likely, accounting for the fact that the

upper limitin Eq. 6.23 is a rather conservative estimate.
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Since the calculation afbsolutemass-loss rates and wind-momenta isféialilt task and depends on
a number of uncertainties (see below), let me firstly condide possibility that at least the predictions
regarding theelative change inM (from hot to cool objects) are correct, and that clumpifigas this
prediction only marginally.

In this case, the most simple explanation for the detectecrelpancy is that cooler objects are less
clumped than hotter ones. Since Vink et al. predict an irsgréaM of a factor of five, this would imply
that the clumping factors for hotter objects are larger lmydies of 4 (most optimistic case) to 156 (worst
case) compared to those of cooler oA&iven our present knowledge (see Fullerton et al. 2006, &b
2006 and references therein), this is not impossible, lisgsahe question about the physical origin of such
a difference. This hypothesis would also imply th#tB-SG mass-loss rates are overpredicted, though to a
lesser extent for cooler subtypes.

In the alternative, and maybe more reasonable scenariththalumping properties of OBA supergiants
were not too dferent, we would have to conclude that at least the low tenperaredictions dier from
unknown defects. Note, however, that a potential “failuoé'these predictions does not invalidate the
radiation driven wind theory itself. The actual mass-lages depend on thdfective number of driving
lines, and, at least in principle, this number shod&treasetowards lowerTes, due to an increasing
mismatch between the position of these lines and the flux maxi (e.g., Puls et al. 2000). In Vink’s
models, it increases instead becausanFeas many more lines than ke and because these lines are
distributed over a significant spectral range. The absoluneber of these lines and their strengths, however,
depend on details of the available data (not forgeting teemehtal abundances, Krticka & Kubat 2007),
a consistent description of the ionizatiercitation equilibrium and also on other, complicatirfieets
(e.g., the difuse radiation field diminishing the line acceleration in ineer wind, Owocki & Puls 1999,
and the potential influence of microturbulence, Lucy 20@m)ich makes quantitative predictions fairly
ambiguous. Moreover, if the winds were clumped, this wouaftlence the hydrodynamical simulations,
due to a modified ionization structure.

Thatthere is an ffect which is most probably related to the principal bi-digbinechanism (Pauldrach
& Puls 1990) remains undisputed, and is evident from the motess sudden decreasevig/Vesc. Addi-
tionally, there is a large probability that at least inside transition zone a “local” increase dfl(v., ) is
present, which would partly support the arguments by Vinklgtthough not on a global scale. Further-
more, the scatter @ (and wind-momentum rate) turned out torhachlarger in the transition region than
somewhere else. This might be explained by the fact thatdgedr begins to recombine in the wind just in

this region, whereas the degree of recombination dependswuititude of parameters, thus leading to the

Sfrom Eq. 6.23 with ratios of (8.5)% and (50.4)?
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Figure 6.4: Wind-éiciency,n, as a function ofTs;, for our combined sample (symbols as in Fig. 6.1)
and objects as analyzed by Benaglia et al. (2007) (filled, dotss-loss rates from radio excess). Eight
objects in common have been discarded fromldtter sample. Overplotted (dashed) are their theoretical
predictions, based on the models by Vink et al. (2000).

observed variety of mass-loss rates and terminal velscitiénally, note that at least the observed hyper-
giant seems to be consistent with the bi-stability scenavioch, after all, has been originally “invented”

for these kind of objects.

6.4 Wind dficiency

Recently Benaglia et al. (2007) have reported evidence éptissible presence of a local maximum in
the wind dficiency,n = M v,, /(L/c), around 21 000 K, which would be at leastqnalitativeagreement
with theoretical predictions of Vink et al. (1999, 2000). Higure 6.4, we compare the windieiencies

as derived for our combined OB sample (from Ho corresponding data from their radio measurements
(filled dots). The dashed line displays the theoretical jotexhs by Vink et al. (2000).

There are eight stars in common with our sample for which vepldy the H results only, not to
artificially increase the statistics. At least for five of #epall of spectral type B0 to B2, a direct comparison
of the H, and radio results is possible, since same valuekgf R, andv,, have been used to derive the
corresponding wind ficiencies. In all but one of these stdrsradio and optical mass-loss rates agree
within 0.2 dex, which is comparable to the typical uncertyaif the optical data. Translated to potential
wind-clumping, this would mean that the outer and inner wiagions were fiected by similar clumping
factors, in analogy to the findings fthin O-star winds (Puls et al. 2006). From Fig. 6.4 now, sevesalds

are apparent:

4HD 41117, withM from H, being 0.37 dex lower than from the radio excess.
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i) As for the wind-momenta and mass-loss rates, also the-efiinciencies of OB-supergiants do not
behave as predicted, at least globallynstead, they follow a dierent trend (for’ = 2/3, one
expectsy o« T2 (R0%k5C,,), i.e., a parabola with spectral type dependefset), where, as we have
already seen, thefiet at the cool side of the jump is much lower than in the sitraria by Vink et

al. Actually, this is true for almost the complete B-SGs donfaetween 27 and 10 kK).

i) Similar as in theobservedvind-momentum luminosity diagram (Fig. 6.2), some of theupergiants
do follow the predictions, while others show winéfieiencies which are larger by up to a factor of
two. Note that this result is supported bgthH, andradio diagnostics. If this discrepancy were
interpreted in terms of small-scale clumping, we would haveonclude that the winds of these

objects are moderately clumped, even at large distancestfre stellar surface.

iii) Within the transition zone, a large scatter towardstggvalues of; is observed, which, if not due to
systematic errors in the adopted parameters, indeed nmidictite the presence of a local maximum,
thus supporting the findings of Benaglia et al. (2007). Frararaful investigation of the distribution
of stellar radii, terminal velocities and mass-loss ratespelieve that this local bump does not seem

to be strongly biased by such uncertainties, but is insteadala real increase i .

6.5 Wind clumping. Stratification of the
clumping factor

One of the major results outlined in Sect. 5 is that in weakiexds; the clumping factor is the same in
the inner and outermost regions, whereas for stronger wshasping in the inner wind is a factor of 3
to 6 larger than in the outer one. This finding is in some canti@ hydrodynamical simulations, at least
regardingself-excitedstructure formation. Indeed, if there was any dependeneérhdensity predicted at
all, thin winds should be more strongly clumped than thickdg, because of the missing stabilization due
to the continuum, which induces a more heavily structurettivim the lower part (Owocki & Puls 1999),
and because of the relative importance of the (transoniogitg curvature terms, leading to gradient terms
in the source functions and modification of the line accéiengPuls et al. 1998).

Concerning the radial stratification of the clumping factor the best constrained obje¢tPup, where
a direct comparison is possible, the derived stratificagdound to be in strong contrast to the predictions
(see Figure 6.5): while theory suggests the maxinfigrrvalue to appear in the intermediate wind (10-

20R, ), the observations indicate it has been reached alreatigimbhermost part, belowR, .

5In contrast taQ’, 5 is not completely radius-independent, but includes a dégrarex R0, both if M is measured by fand by
the radio excess.
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Figure 6.5: Theoretical predictions for the clumping fadiolid: from Runacres & Owocki 2002) com-
pared to “observed” results frothPup. The red (dotted) solution correspond to an unclumpést etind,
whereas the blue (dashed) solution (with an assufged.5 in the radio-emitting region) gives the same
fit quality, when the mass-loss rate is reduced by a factof ¥85. See text.

To get more quantitative inside into this issue, we decidedltain appropriate spatial averages of
the predicted clumping factor to be compared to the valuewetkfor the 5 regions as introduced in
Sect 5.1.4. The most decisive quantity regarding radiatasmesfer is the optical depth, being proportional
to the spatial integral ovelg (r) p(r)? (assuming the source function to be fieated by clumping), so that
a meaningful comparison requires the predicted clumpiowfa, f, (r), to be averaged over inside the
regions considere®l. To this end, we have used the results displayed in the vafiguses provided by
Runacres & Owocki.

The predictions of Runacres & Owocki (2002) and the corradpty averages are summarized in Ta-
ble 6.1. Before commenting on these data | feel it necessanpte that similar to the results from our
simulations, the predicted radial stratification of thenghing factor (Runacres & Owocki 2002, 2005) also

depends on a number of assumptions, the most important chveine:

e 1-D hydrodynamical treatment. First results from a 2-D apph (Dessart & Owocki 2003) might

indicate somewhat lower (factor of 2) clumping factors tttzwse resulting from a 1-D treatment.

¢ line-driven instability due to self-excited perturbatiotunfortunately, externally triggered perturba-
tions, such as sound waves and photospheric turbulencEdtraeier et al. 1997), and photospheric

pulsations, have not been examined with regard to this guant

e the use of a line-strength cuffpxkmax, Which is typically three dex below the actual value (Owocki

6By adopting this approach, we discard certain details, sisdine fact that | reacts to averages over constant velocity surfaces
(and not along the radial direction), as well as optical deffects.



6.5. WIND CLUMPING. STRATIFICATION OF THE CLUMPING FACTOR 179

Castor and Rybicki 1988). While in the inner and outermostspaf the windf, seems to remain
rather insensitive to the value gfay, in the outer one (around B} ) it can increase if more realistic

values are used (Runacres & Owocki 2002).

Due to these assumptions as well as to the fact that for oupadson we are going to use spatial
averages instead of individual data, all numbers listedainld 6.1 might be considered in qualitative sense.
Another important issue to be noted is that to be consistéhtthe results from our combined,H IR and
radio analysis a discrimination between absolute thezaltiumbers and numbers referring to the average

clumping factor in region 5 have to be made.

Table 6.1: Clumping factors as predicted by hydrodynansicalilations from Runacres & Owocki (2002),
for the diferent regions as introduced in Sect); is a straight averagéf. ), - an average weighted

with p? (see text). Note that these numbers are only approximat simee they have been derived from
figures and not from tables.

region | fq (fopr (fa)2
1 1 1 1

2 1...4 25 >2.1
3 4...13 85 >47
42 13...5 9 <11.6
52 5...4 45 <47
4p 13...20 16 >14
5b 20...4 12 <15

2 kmax from Owocki, Castor and Rybicki (1988) xmax larger by a factor of 10.

Regarding the data listed in Table 6.1, the first thing to ke that in the theoretical computations,
the unclumped region 1 typically extends to R3 which is fairly consistent with thderivedmaximum
extent of such a potentially unclumped domaip € 1.1...1.2R,, see Sect. 5.2). Also, for region 2, we
find averagevalues(f ), ~ 2..3 (lower than in region 5!), for region 3 values around 8, and for region 4
values around 11, which again might be even larger for lagge Note that for diferent wind densities and
wavelengths, the calculated averages for regions 3 and Htiaéhigher and lower, respectively, than the
indicated ones, depending on the radial position at whiehl is reached. Finally, the predicted maximum
is located at the border between regions 3 and 4 (arouri®} }5but might be shifted towards larger radii
for largerkmax-

Compared to our results from Table 5.3, these predictioass@nificantly diferent, at leastf the
average clumping factor in the radio domain (region 5) ishef drder of 4 or larger. In this case, al,H
mass-loss rates should be lower than the radio mass-l@ss vetich is definitely not true. Thus, either the
clumping factors in region 2 are predicted as too low, oréingegion 5 as too large!

Disregarding this problem, the average clumping factoughmcrease monotonically from region 2 to

4 according to theory, and at leagstmeof our emission type objects (e.g., HD 15570) are compatilitle
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this result (though for otherg]"! is of the same order or even lower thiac'ﬁid, see Table 5.3). Only con-
cerning the dierential behaviour of region 2 to region 3, dmstobjects behave as predicted. As outlined
already above, the notable exception to this ruleup, where the complete run &f (r) and the position

of its maximum definitely deviate from the predictions (anaini the other objects investigated). Such a
deviation was already found by Puls et al. (1993b), who ttiesimulate the observed,Hprofile and IR
continuum for/ Pup, based on hydrodynamical models from S. Owocki. Thohgwere quite success-
ful in fitting H, with a mass-loss rate just a factor of 2 lower than when usergdgeneous models (and
consistent with present estimates), the IR continuum wastimng at thisM , indicating lower clumping

factors than predicted in region 3.

6.6 Summary

Regarding a comparison with theoretical models, the majockusions to be drawn from the previous
sections are as follows.
eThe Wind-momentum Luminosity Relation The observed WLR of Galactic OB-stars is in strong con-
tradiction to theoretical predictions from Vink et al. (Z)OWhile the majority of O-type stars show larger
wind momenta, B-SGs lie systematically below the predict@des. Also the wind4&ciencies of OB-
supergiants do not behave as predicted, at least globally.
e The bi-stability jump That there is a certainfiiect separating hotter winds from cooler ones remains
undisputed, and is also supported by our results. Howerdriracontrast with the predictions of Vink et
al. (1999), our analysis indicates a gradual decreaseaithstiea jump inv., in the bi-stability (“transition”)
region, which is located at lower temperatures than predici8 to 23 kK against 22.5 to 27 kK. This
finding is in fair accordance with recent results by Evangd.€2804) and by Crowther et al. (2006).
Concerning the behaviour ol , by means of aewly defined, distance independent quanty =
I\'/I/Ri-5 Oet/ Vo), We have shown that whilst within the transition zone adesgatter is preseny remains
a well defined function with low scatter in the hot and cool pemature region outside this zone. Combining
the behaviour ofy and the modified wind-momentum rate, the changd iover the bi-stability jump (from
hot to cool) was constrained to lie within the factors 0.4 f be conservative. Thuls| either decreases
in parallel withv,, /vesc(more probable), or, at most, the decrease.jiis just balanced by a corresponding
increase inM (less probable). This finding contradicts the predictiond/mk et al. that the decrease in
Ve should beover-compensatelly an increase i , i.e., that the wind-momenta should increase over the
jump. Considering potential clumpindfects, we have argued that sudteets will not change our basic

result, unless hotter objects turn out to be substantiatiyenstrongly clumped than cooler ones. In any
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case, at least in the low temperature region present theairptedictions foM are too large!

e Radial stratification of the clumping factor Compared to theoretical predictions, the derived clumping
properties of O-stars fler at least in two respects: first, thiner winds are not manenpled than thicker
ones, as predicted by theory and second, the clumping facctbe inner wind is definitely not lower than

in the outer wind.
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Concluding remarks and future perspectives

In view of the important role of hot star winds in so many arefsstrophysics, it should be not a
surprise that this topic is in the focus of attention for mitv@n 30 years. While developments in the past
decade have significantly improved our understanding of @B sind their winds, a number of completely
new, puzzling phenomena have been discovered, which gleditate that our knowledge about the nature
of these object is still not as complete as we would like it ¢o In particular, and if the outcome of our
investigations is to be concerned, the most prominentehgés we are faced with at present are the wind

clumping, the bi-stability jump, and the weak wind problem.

Wind clumping In this thesis compelling evidence about the clumped natti@-star winds of solar
metallicity have been presented. These results imply ti@attrrently accepted mass-loss rates of these
stars derived by means pf-diagnostics may need to be revised downwards by a factof f. The
absolute value of the clumping factor however is still a sabpf debates: the derived estimates range from
about 5 (from H , see, e.g., Markova et al. 2004; Repolust et al. 2004) totak@u(from UV diagnostics,
e.g., Bouret et al. 2003; Fullerton et al. 2006).

In addition, we found that the empirical radial stratificatof the clumping factor is not compatible with
that predicted by the line-driven instability mechanisrith@r self-excited or triggered), showing stronger
clumping in the inner than in the outer winds (Puls et al. 20@ile the opposite behaviour is predicted
(Runacres & Owocki 2002, 2005). Also, our results suggest the clumping factor depend on wind
density, where weaker winds seem to be less clumped thamgstrones, in full contradiction with what
might be expected from theory.

The lack of consistency between observed and predicted primpkrties of O-stars might point out to
some problems in our understanding of the physical caudeeoflumping, but may also indicate that the
presently accepted treatment of wind clumping (know asrtloeo-clumpingapproach) is rather simplified,
i.e. that défects, such as, e.g., the feedback of clumping on the iopizaind excitation of the gas; the
velocity dispersion of the clump ensamble and inside irtligi clumps; the radial stratification of clumping
and its properties and the spatial dementions of the clulmgdsiiave been so far neglected, are important
and must therefore be consistently implemented in our éuamalysis.

While first steps to clarify these puzzling issues have beeantly undertaken, further observational
and theoretical investigations need to be foreseen to du#mese dfects properly, and to find out whether
one of them dominates, or severfieets are required to resolve the mass loss discrepancy iarf $For
an extensive review on this issue the interested readefeised to Hamann et al. 2008).

Another important question to be answered 3o the clumping properties depend on metallicity ?
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Since in agreement with theoretical predictions (Vink e28l01), the global wind propertie®] andv.. ,

of O-stars are found to depend on the metal content (seg,Mofiem et al. 2007b) such a question is
more than legitimate. Direct evidence about wind inhomegt@s in low metallicity environment has been
recently reported by Marchenko (2008). In addition, thedvimomenta of O-stars in the Magelanic Clouds
were found to be systematically larger than those predioyedink et al. (2001). Interpreted in terms of

wind clumping, these results imply a clumping factor, tsaamewhat lower than that derived for MW stars
(de Koter et al. 2008). Due to the large uncertainties howthis result cannot be considered conclusive

and has to be additionally investigated.

The weak wind problem Our studies revealed that the wind momenta of Galactic B rgigrgts are
significantly lower than the predicted ones. Similar simathas been established for low luminosity
(logL/Le <5.3) O-stars as well (see, e.g., Herrero et al. 2002; Bourat. 2003; Martins et al. 2004).
This discrepancy has became popular as the“weak-wind @mobl

Various possibilities to explain this discrepant behavimave been suggested (e.g., errors in the spectral
analyses; missing physics dodinvalid assumptions in the wind predictionsffdrent nature of the stars
showing the weak wind problem, etc.), but due to the lack béiloée M - estimates in this regime — Note
that atM ~107-108M, , H, is not a reliable mass loss diagnostic, cf. Puls et al. (1998)oes not seem
possible, at least at present, to make any judgment whidheskt possibilities has the potential to account
for the weak wind problem. In these circumstances, the usb/adindor IR lines as mass-loss diagnostics
would be particularly advantageous, since it might helpal@esthe problem by eliminating one potential
cause, i.e., that of errors in the spectroscopic analysissing physics andr invalid assumptions in the
wind predictions; dferent nature of the stars showing the weak wind problem (Etar. a detailed review

on this issue the interested reader is referred to KudrézRuls 2000 and Puls, Vink & Najarro 2008).

The bi-stability jump Due to changes in the ionization equilibrium of iron aroupedral type B1,
the overwall properties of.,, andM are predicted to change drastically (Vink et al. 1999). @ithh clear
evidence about a certairftect, which divides hotter from cooler winds have been fouhd, predicted
dramatic increase iM at the bi-stability jump has not been empirically confirmbthtkova & Puls 2008
and references therein). Changes in the ionization equifibin the lower wind due to the presence of
X-rays, with a subsequenftect on the #iciency of the radiative force, might cause such discrepandy

further work is necessary to investigate this possibilityriore details.

To conclude, let me point out that another important issw tihallenges the present day hot star
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wind research is the dependence of wind properties on nuitiall Both the improve CAK (see e.g.,
Kudritzki 2002), and the Monte Carlo (Vink et al. 2001) malptedictM should scale wittz asM ~ Z™,

with m = 0.5 to 07 (Kudritzki 2002) anan = 0.85. This dependence has been basically confirmed by
observations (e.g., Massey et al. 2004, 2005; Mokiem et @0622007a,b), but problems still exist

requiring further investigation to be foreseen.
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Main results and achievements

The main results and achievements underlaying this thasi®e summarized as follows:

1. The approximate method, originally developed by Puld.€1.896), was additionally worked out to
account for the fects of metal line-blockin@lanketing. By means of a comparative analysis it was
shown that this approach can yield reliable results comsistith those from the complete model
analysis. Therefore can be used to derived wind properfieslarge sample of O-stars for which

only H, observations are available.

2. Using the NLTE, unified model atmosphere code FASTWIND determined the stellar and wind
properties of a sample of Galactic B-supergiants with spéttpes ranging from BO to B9. Based
on ourTg - estimates and incorporating similar data from other itigaions, theblanketedemper-
ature scale for these stars was obtained. According to sultsethe earlier (unblanketed) estimates
of Ter Of B-supergiants need to be revised downward by 10 to 20%attex value being appropriate
for stars with stronger winds. Callibrations such as theaerived by us are widely used to provide
temperature estimates in cases where high-quality specipy of stars are not available, but their
spectral types are known. Also, they serve as a valuabletdoolestigate the sensivity dfe; on

effects caused by fierent metallicity, or dierent strength of stellar winds.

3. Using the implementation of the Fourier transform teghri as developed by Simon-Diaz & Herrero
(2007), we investigated the individual contributions @fllstr rotation and “macro-turbulence” in the
spectra of Galactic B-supergiants. Our results show thetisntemperature regime a significant part
(up to 50 %) of the measured line width can be attributed tororaerbulence. Since rotation is a key

parameter for stellar evolution calculation, this findiagparticularly important.

4. Itis a well-known fact that a non-zero micro-turbulenkogity, vmic , can significantly improve the
agreement between synthetical profiles and observatianse &, affects the strength of Helium
and metal lines, the derivéldg and logg (but also abundances) might also lfkeated. Based on our
model grids calculated by FASTWIND, we showed that for B-@Bsolar metallicity the ffect of
Vmic ON Teg is Negligible, as long as the Si lines from the two major ioresswsed to determine it. In
addition, we also showed that for these stais depends o ¢ with values ranging from about 15

to 20 km st at spectral type BO te 7 km s! (at B9).

5. Compared to the predictions of Vink et al. (1999), thenketedwind properties of Galactic OB-

supergiants around the bi-stability jump were found to beewshat discrepant. In particular,
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i) in fair accordance with recent results, our findings ilmtiica gradual decrease instead of a jump
in V., over the bi-stability region, where the limits of this regiare located at loweFg; than

those predicted.

i) Introducing a distance-independent quant@yrelated to wind-strength, we showed that this
quantity is a well defined, monotonically increasing fuantdf T¢ outsidethe bi-stability re-
gion. Insideand from hot to coolM changes by a factor in between 0.4 and 2.5, which is much
smaller than the predicted factor of 5. Thus, the decreage aver the bi-stability region isot

over-compensated by an increaséwf as frequently arguéd

6 Including anelaborateerror treatment, we studied the properties of the Wind-momentum Lumi-
nosity Relation for théargestsample of Galactic OB-stars gathered so far. Surprisingdlyia full
contradiction to theoretical predictions, the majorityaafr O-stars turned out to follow the low-
temperature (12 5007 <22 500 K) predictions; most of the early B0-B1.5 subtypescamsistent
with the high-temperaturd (s >27 599 K) predictions whilst the later subtypes (from B2 oaYle-
low (1), by about 0.3 dex. For O-stars the “observed” disarggy can be interpreted as an indication
of wind clumping with an &ective clumping factor of 4.3. For B-SGs, however, this ésmustill a

mystery.

7. Forthe first time the consequences of “fine tuning” somaedlirect and indirect parameters entering
the WLR (e.qg., thefects of wind variability and dierent values of stellar reddening and distances )
have been studied. In particular, we found that thieat of such “fine tuning” on the corresponding
mass-loss rates and wind momenta is rather insignificacte@sing only the local scatter without

affecting the main concept of the Wind Momentum Luminosity Reteship.

8. To investigate line-profile variability for a large sammf O-supergiants in an objective and statis-
tically rigorous manner, the Temporal Variance Spectruaiyais, developed for the case of photo-
spheric absorption lines, was significantly modified to aetdor the éfects of wind emission. Using
this approach we showed that in O-supergiants thedtiability is mostly dominated by processes in
the wind, taking place between zero and@.Ji.e., below~ 1.5 R, ). By means of line-profile sim-
ulations we furthermore showed that for stars viittermediatewind densities the properties of the
H, variability can be explained by simple models, consistihgaherentroken shells (blobs) uni-

formly distributed over the wind volume, with an intrinsicadter in the maximum density contrast

“provided that wind-clumping properties on both sides df tieigion do not dier substantially.

8To our knowledge, this investigation together with that epRlust et al. (2004) are the first to account for errors i bi@ections.
We consider this approach as essential, since the erroog Indre of the same order as those in gom, and theyare correlated
indeed
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10.

11.

12.

of about a factor of two. For stars at lower and higher windsitees, on the other hand, we found
certain inconsistencies between the observations andredigtions, which might be explained with
the presence of coherent large-scale structures (e.gs) QdBrtly confined in a volume close to the

star.

. Using time-series spectroscopy of the 09.5 supergi@#m from epochs spread ove# years, we

found clear evidence that the wind of this star is not smoatipkrturbed, starting from its base up to
velocities 0f~500 km s . In some occasions, the observed variations can be exglajrghort-term,
low- amplitude recurrent variation iM , which give rise to the formation of outward accelerating,
consecutive shells and blobs. In others, a model involving two rotationally-anated wind pertur-
bations, which are not symmetric about the center of thesstams more appropriate. In addition, we
also found clear evidence of occasional photospheric lviditia which likely betrays prograde low-
order non-radial pulsational. These findings identif¢am as one of the most promissing targets to

investigate the origin of large scale wind structure in ightlof the “photospheric connection”.

We have performed a quantitative analysis of time-tdgiphenomena in the photospheric, near-star,
and outflow regions of the late-B supergiants HD 199 478. Tiadyais was based on photometric and
optical spectroscopic datasets secured between 1999 806d Ple obtained results indicate that the
photometric variability of this star is consistent with aspitle origin in terms of-mode oscillations.
Regarding the wind variability, from the behaviour of e found clear evidence of strong deviations
from spherical symmetry and homogeneity, originating midely from the influence of a weak

dipole magnetic field rather than from non-radial pulsation

Extensive monitoring campaigns of several late-B gyipats, indicate that their }Horofiles exhibit
quite similar peculiarities, consisting of a double-pahkeission with YR variations, and occa-
sional episodes of strong absorption indicating simubbasemass infall and outflows. Using the
NLTE line-blanketed code FASTWIND, we determined the atedind wind properties of these stars,
and showed that at the cooler temperature edge of B-supésdias ~11 to 13kK) there are ob-
jects whose wind properties, as traced hy, lre inconsistent with the predictions of the smooth,
spherically symmetric wind approximation. This discordars still not fully understood, but it may
highlight the role of a non-spherical, disk-like, geometviich may result from magnetically-driven
equatorial compression of the gas. The proximity of the sddui-stability jump as predicted by

theory might also be an issue.

Due to its extremely strong wind, the LBV P Cygni is an dagtarget to study wind structures and

variability. As a result of a long-term photometric and gpascopic survey, we found convincing
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evidence that the wind of this star is inhomogeneous andhhiggriable demonstrating fierent

variability patterns on various time scales, from monthgears and decades. In particular,

i) we provided first observational evidence that Discretsdkption Components seen in UV res-

onance lines presumably originate from large-scale, timgendent, enhanced-density (low
excitation) perturbations, which develop in the internageliand outer part of the wind/ (>
0.41Vint), but appear to be maintained by photospheric processesga@bmetry of the struc-
tures can be either spherically symmetric or curved, likékirhe recurrence of the DACs does

not appear to be directly related to the stellar rotation.

i) We discovered the presence of systematic microvariatio the stellar brightness with proper-

ties similar to the so-called “100d-type microvariatiortognized in other LBVs. Non-radial
pulsations of either strange-mode or gravity-mode osmltes might be equally responsible for

this phenomenon.

iif) We provided first observational evidence for a directipbing between wind and photospheric

variability in hot star. In particular, we showed that thecrovariability has its counterpart in
the spectral behaviour of P Cygni. The properties of thicspkvariability, at least during
our observational campaigns, suggest an interpretatiterins of extended, rotationally mod-
ulated, enhanced density wind structure generated by pplogsic processes (e,g, NRPs), and
developing in the inner (below14R, ) part of the wind only. This finding is particularly im-
portant since it is a clearly indication that although thadfospheric connection” has not been

sofar discussed in relation to LBVSs, it may be quite relevar® Cygni.

Using various methods and approaches, we studied thpepiies of a large sample of emission
lines (permitted and forbidden) in the optical spectrum &@y@ni. In many cases the obtained
results could not be interpreted in terms of the standardlwindels, but require deviations

from spherical symmetry and homogeneity to present in thelwi

13. P Cygniis usually considered as a notorious S Dor(Spg-star although no indications for any SD-

phases were reported till recently. Analysing an exteneéedfsphotometric and spectroscopic data

covering a period of more than 13 years, we provided connmeiidence of a 7.3-year photometric

oscillation, during which the behaviour of the star is sucattwhen it brightens, the temperature

decreases and the radius and mass-loss rate both increahés thehaviour P Cygni is similar to S

Dor and R71, which experience a sequence of such eventsdadibrt SD-pahses. The reason for

such behaviour might be at least twofold: drastic increasé j leading to the formation of a pseudo-

photosphere, or a sub-photospheric perturbation, dueast partly, to variations in the underlying
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14.

stellar radius o . By means of simple calculations, we showed that the obdefv&year SD

phase in P Cygni is more likely due to a mixture of an expandaaugdecreasing temperature and

an expanding pseudo-photosphere.

To address the clumping issue and in particular the ¢tieaily predicted radial stratification of

the clumping factor, we analyzed a large sample of Galact&taDs by combining our own and

archival data for H, IR, mm and radio fluxes, and using approximate method$yreéid to more

sophisticated models. Because (almost) all our diagrsodépend on the square of wind density, we

could not derive absolute clumping factors, but only fagtoormalized to a certain minimum. Since

in all but one case the radio mass-loss rate were found tosdewest ones, our normalization refers

to the radio regime. With this in mind, the main results of analysis can be summarized as follows:

i)

i)

For almost all objects, the derived (radio) mass-lossgatre in very good agreement with the
predicted wind-momentum—luminosity relation (Vink et2000), in contrast to previous results

relying on unclumped K data alone.

For all objects where H is of P Cygni shape, or displays a well-refilled absorpti@ugh, the

maximum extent of a potentially unclumped region can beténhto lie inside < 1.2R,.

iii) Our most important result concerns a (physicaffelience between denser and thinner winds:

iv)

Vi)

for denser winds, the innermost region is more strongly gledthan the outermost one (with
a normalized clumping factor of #+ 1.4), whereas thinner winds have similar clumping prop-

erties in the inner and outer regions.

In most cases, the clumping factors in the inner and adjaegion (R, <r < 5...15R,) are

comparable or increase moderately from inside to outside.

In two of the three stars with mm-observations there isrtageprobability that the outer region
with 15R, <r < 50R,) is considerably more clumped than the radio domain in agess with

what have been predicted by theory.

Our results difer from hydrodynamical predictions at least in one respbetlatter imply lower

clumping in the inner than the outer wind, which is definitedt true for our sample.

Finally let me note that the presence of clumping introdecesw degeneracy in the results, namely

between the velocity field exponefit,and the clumping factors. #fis lower than assumed or derived

from the fits, the clumping factors are larger, and vice versa
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