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1
Introduction

Massive stars (8−12 M� and up; Poelarends et al. 2008) end their lives as core-
collapse supernovae (CCSNe). They are powerful cosmic engines that strongly im-
pact their immediate surroundings (e.g., Douglas et al. 2010). Their intense ioniz-
ing radiation, stellar winds, chemical processing, and energetic final explosions are
dominant processes affecting the evolution of the galaxies in which they reside (e.g.,
Bresolin et al. 2008). It is thought that at the end of the cosmic dark ages, which span
the first few hundred million years of time, massive stars were the first sources of
optical and ultraviolet light (e.g., Bromm et al. 2009). The masses of the First Stars
may have ranged between ∼10 M� and 1000 M� (e.g., Hirano et al. 2014, but see e.g.,
Stacy & Bromm 2014), and their surface temperatures may have reached values up
to 100 000 K. They produced copious amounts of photons energetic enough to ionize
hydrogen and, therefore, played an important role in the re-ionization of the universe
(e.g., Haiman & Loeb 1997). Possibly, they were also key to shaping the first galaxies
(e.g., Aoki et al. 2014).

The supernovae that ended the lives of First Stars enriched the ambient medium
with elements heavier than helium (e.g., Larson 1998; Takahashi et al. 2014). These
elements, perhaps also in the form of solids formed in the explosion, allowed for
more efficient cooling of the cosmic gas, impacting the outcome of subsequent star-
formation events in such a way that after a relatively brief time stellar births typically
produced solar-mass stars.

The properties of the envelope and core of a massive star that has reached the end
of its life determine the characteristics of the final explosion. Given the many types of
supernovae that have been identified, including Type II, Type Ib/c, hypernovae, pair-
instability supernovae, and long gamma-ray bursts (e.g., Woosley & Bloom 2006;
Smartt 2009), these progenitor properties are expected to have been quite heteroge-
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1 Introduction

neous. To understand the wealth of CCSNe types – and, broadening the scope, the
role of massive stars in our universe – it is pivotal to understand the formation and
evolution of massive stars.

Perhaps surprisingly so, little is known about these processes. The formation of
massive stars – rare events in the present-day universe – takes place deep inside dusty
interstellar clouds and can only be studied at long wavelengths (e.g., Devine et al.
2011). Though evidence is mounting that massive stars form through core accretion,
similar to low-mass stars, much of the physics controlling the formation process re-
mains also figuratively speaking ‘covered in clouds’ (e.g., Zinnecker & Yorke 2007;
Krumholz 2014a). One striking aspect that awaits explanation is why all massive
stars appear to form as part of multiple systems (Sana et al. 2014a), preferentially
in close orbit with one of their companions (Sana et al. 2012). What happens after
formation is also poorly constrained, essentially because of the complex interplay
between many relevant physical processes. These include mass loss from the stel-
lar surface, stellar spin, convective and rotational mixing, interaction with a close
companion, and possibly magnetic activity (e.g., Langer 2012).

Fortunately, stellar astrophysics is a field that is rapidly developing. With the
advent of new instruments and telescopes, astronomers can obtain even better qual-
ity data in terms of signal-to-noise and spectral, spatial and temporal resolution, of
ever larger samples. They can combine different techniques to gather information at
different wavelengths. Finally, they can observe stars that are located ever further
away, accessing environments with different chemical properties. All of the above,
combined with improved theoretical models and computer facilities, allow them (and
me) to continue taking steps towards a better understanding of massive stars.

The studies presented in this thesis pursue the spectral analysis of the largest
homogeneous sample of massive O-type stars – stars that are initially at least 15 M�–
secured so far. In this introductory chapter, I will place these studies in the context of
massive star evolution. The next section presents a short discussion of their physical
properties. Here, we already link results obtained in this thesis work to the larger
perspective of stellar evolution. In section 1.2 aspects of this evolution are reviewed,
focussing on the role of mass loss and rotation. Then, in section 1.3, the site where
the 360 O-type stars studied in this thesis reside is introduced, followed by a short
presentation of the observational campaign in which the spectroscopic data of these
sources is secured: the VLT-FLAMES Tarantula Survey. This first chapter ends with
a brief overview of the topics that will be discussed in the remainder of the book.
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1.1 Physical properties of massive stars

1.1 Physical properties of massive stars

Massive stars reside in the upper part of the Hertzsprung-Russell diagram (HRD). An
8 M� star has spectral type B1.5 V at the start of its main-sequence phase, implying
a temperature of about 23 000 K and a luminosity of 2 500 L�. More massive stars
have hotter initial surface temperatures, up to ∼50 000 K, and higher luminosities,
exceeding millions of solar luminosities. This thesis work is concerned with O-type
stars, which start out their lives with at least ∼16 M�. A zero-age main-sequence
(ZAMS) object of such mass would have a temperature of∼31 000 K and a luminosity
of ∼30 000 L� (Martins et al. 2005; Brott et al. 2011a). From here on, we will focus
on the properties of O-type stars only and refer to these stars as massive stars.

Stellar winds

Because O-type stars are hot and bright, they produce copious amounts of extreme
ultraviolet photons. When they are still surrounded by material from their natal gas
cloud, these photons can ionize the hydrogen in this gas to produce H ii regions.
Over time, the natal material is dispersed, probably by the combined effect of photon
pressure and stellar outflows produced by the massive stars themselves. The stellar
outflows are driven by radiation pressure on spectral lines of ionized metal species in
the outer atmospheres of the stars (Lucy & Solomon 1970; Castor et al. 1975). The
rate at which material is expelled from the star is a function of the stellar properties
and may range from ∼10−9 to ∼10−5 M�yr−1, assuming homogeneous outflows.

Much effort is invested in determining the mass-loss rates, as the impact of mass
loss on the evolution of massive stars is ginormous: prior to their supernova explo-
sion, they may lose up to ∼90 percent of their initial mass. Theoretical efforts have
focussed on gaining an understanding of the wind-driving mechanism and predicting
the mass-loss rate as a function of stellar properties (see Puls et al. 2008, for a recent
review). For the O-type phase most modern evolutionary codes apply the rates of
Vink et al. (2000, 2001) that provide such predictions as a function of the total metal
content Z, meaning all elements heavier than helium.

Mass loss leaves an imprint on the shape and strengths of spectral lines. During
the main-sequence phase of O-type stars, the Hα and He ii λ4686 lines are the most
sensitive probes in the optical spectral regime. The photospheric absorption features
of these lines start to be affected by emission originating in the outflow when the
mass-loss rate is at least ∼10−7 M�yr−1. Ground-level resonance lines of metallic
species such as C iv and Si iv in the ultraviolet regime provide much more sensitive
diagnostics and can probe losses as low as ∼10−9 M�yr−1. The shapes of these res-
onance lines develop into P Cygni profiles that, once saturated, facilitate the direct
measurement of the maximum outflow velocity and, using models, of the flow ac-
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celeration profile. Terminal velocities of ∼1000−3000 km s−1 are found (e.g., Groe-
newegen et al. 1989; Kudritzki & Puls 2000). The outflow velocity stratification is
usually described by

3(r) = 3∞
(
1 −

R∗
r

)β
, (1.1)

where R∗ is the stellar radius, r the radial distance to the stellar center, 3∞ the terminal
velocity, and β essentially describes the rate at which the flow is accelerated (e.g.,
Lamers & Cassinelli 1999). Typical values for β are 0.8−1.5. It is unfortunate, and
often problematic, that both 3∞ and β can not be (well) constrained from optical
spectra. Compelling evidence has been presented (see e.g., Massa et al. 2003; Bouret
et al. 2005; Fullerton et al. 2006; Bouret et al. 2015) that small-scale inhomogeneities,
referred to as ‘clumps’, are present in the outflow. If the gas is clumped, Hα and
He ii λ4686 will be stronger than in the case of a homogeneous wind, as these lines
predominantly form in the electron cascade that is the result of recombination (a
process that scales with the square of the density). Hence, if one ignores the effect of
clumping in the spectroscopic modeling of the line profiles the mass-loss rates will
be overestimated. In case the medium in between the clumps is void, the empirical
mass-loss rates need to be scaled down by a factor 1/

√
fc, where fc is the volume-

filling factor associated with the clumping. In chapter 4 we report that for fc ∼ 1/7
to 1/5 we find agreement between the empirical mass-loss rates and the theoretical
mass-loss rates of Vink et al. (2001).

The debate on the appropriate range of volume filling factors for O-type stars
is ongoing (see Hamann et al. 2008, for a conference devoted to the topic). What
is essential to realize is that our findings imply that the mass-loss rates adopted in
modern models of evolution (Brott et al. 2011a; Ekström et al. 2012) are essentially
consistent with wind clumping properties as quoted above.

Massive stars spin

Establishing the range of rotational velocities of O-type stars in the Large Magellanic
Cloud (LMC) is one of the topics of this thesis. Classical studies in the field by Conti
& Ebbets (1977) and Penny (1996) show that the projected rotation rates – which
is what is actually measured from the broadening of spectral lines (Carroll 1933) –
of galactic O-type stars peak at about 70−80 km s−1, with a modest fraction of stars
spinning at rates up 300−400 km s−1. Our findings for the presumed-single stars in
our sample establish similar characteristics for LMC stars (Chapter 2).

Rotation is not the only process that broadens the spectral lines. In principle, each
type of velocity field in the stellar atmosphere will have this effect. Motions that are
coherent on spatial scales that are large compared to the radial line-forming region,
so-called macro-turbulent motions (Gray 1976), have typical speeds of tens of km s−1,
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but can reach up to ∼100 km s−1, and might find their origin in sub-surface convec-
tion zones (Cantiello et al. 2009) or stellar pulsations (Simón-Díaz et al. 2010a,b).
If macro-turbulence is not taken into account when assessing the projected rotation
speed, the derived spin rates will be overestimated by some amount, especially so for
low spin rates. We will discuss macro-turbulent motions in Chapter 2. Motions that
occur on spatial scales that are small compared to the radial line forming region and
that are random in nature, may also broaden the spectral lines. Such micro-turbulent
motions are discussed in Chapters 4 and 5.

Evolution may impact the spin-rate distribution of massive stars. Current models
predict that for stars more massive than ∼40 M� (Vink et al. 2010) angular momen-
tum loss in the stellar wind will lead to a spin-down of the star as it evolves along the
main sequence. Whether such spin down also occurs for lower masses depends on
the treatment of angular momentum transport in the stellar interior. In models where
internal magnetic fields cause the star to rotate rigidly, such spin down seems negli-
gible (Brott et al. 2011a). In models where magnetic fields do not have this effect it
is found that the outer envelope of stars with masses down to ∼20 M� may have spun
down by some tens of percent once the star has reached the end of the main sequence
(Ekström et al. 2012). The bulk of the O star sample studied in this thesis has masses
in the range of ∼15−30 M�, implying that their current projected spin distribution is
probably close to their initial spin distribution (Chapter 2 and 3).

1.2 Evolution of massive stars

A gaseous sphere starts out its life as a star once the temperature and density in its
core have reached values high enough for thermonuclear burning to start, transform-
ing hydrogen into helium. Over time, the internal structure of the star will change
and mass and angular momentum may be lost. This has consequences for the outside
appearance and therefore for the morphological characterization of the star. Stel-
lar evolutionary models essentially predict the sequence of morphological states that
stars experience before they explode or fade away, as a function of initial mass.

One way of visualizing these sequences for massive stars is shown in Fig. 1.1
(from Langer 2012). The horizontal axis shows the range of initial masses consid-
ered. Notice that no scale is provided, reflecting some of our ignorance about massive
star evolution. The vertical axis shows time, again with very limited information re-
garding scale. Stars evolve vertically up in the diagram along straight lines. The
main-sequence phase accounts for the bottom half of the diagram; the post main-
sequence phase for the upper half. It is fair to say that the further to the right and
the higher up in the diagram, the more unsure we are about the physical processes
that control the evolution. This suggests that the best known phase is in the lower left
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Figure 1.1: Schematic representation of the morphological phases in the evolution of non- or slowly
spinning massive stars at solar metallicity. The lower panel shows the main-sequence phase, which
represents about 90% of the lifetime of the star. The upper panel represents the post main-sequence
phases, ignoring the very brief phase after core helium burning. A star of given initial mass moves up
vertically in the diagram. Within each region, time progresses linearly in the vertical direction. WN,
WC, and WO are sub-phases of the Wolf-Rayet stage; the letter E denotes ‘early’ and L denotes ‘late’.
Of stars are stars with particularly strong winds. The WNL main-sequence stars have even stronger
(optically thick) winds and are sometimes referred to as ‘stars on steroids’. From: Langer (2012).

corner, where the B-type dwarfs reside. Though in a relative sense this may be true
– B dwarfs are hydrogen burning and do not suffer from severe mass loss – we will
explain below that these ‘simple’ stars already offer a conundrum that we presently
can not solve.

The diagram illustrates that O-type stars always reside on the main sequence,
even if they are supergiants. In this sense, they fundamentally differ from B-type
stars. Beyond the main sequence, the initially O-type stars expand and cool and
develop into blue and red supergiants, or experience a short Luminous Blue Variable
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1.2 Evolution of massive stars

star phase in which they expel the main part of their outer envelopes. Once the
compact helium core is revealed it is identified as a Wolf-Rayet star. The supernova
progenitor state (at the top of the diagram) determines the characteristics of the final
explosion and therefore also the nature of the compact object that is left behind.

It is not only mass that governs the evolution of massive stars, the initial chemical
composition and rotation velocity also play an instrumental role.

Stars are mainly composed of the primordial elements hydrogen and helium. Es-
sentially all other elements formed later through nucleosynthesis in stars that returned
part of this enriched material to the interstellar medium by means of stellar winds
and supernovae. In our galaxy, the mass fraction of all elements with atomic number
higher than that of helium (referred to as the metal content) amounts to about 1.4%
(Asplund et al. 2005, 2009). Though only a modest fraction, these elements do pro-
vide the bulk of the line opacity of a typical gas mixture. This impacts the structure
of stars. For instance, relatively metal poor stars start out their lives somewhat more
compact, and hence have a higher temperature on the ZAMS. The strongest impact
of metal abundance is however its effect on the strength of the stellar winds. For hot
massive stars these winds are driven by radiation pressure on spectral lines of metal
ions, as the number of lines these ions provide by far outweigh the number of lines
provided by the lightest two elements. This has profound consequences for their evo-
lutionary paths and the duration of morphological phases. Examples of the impact
of metallicity are the ratio of red supergiants to blue supergiants (Eggenberger et al.
2002; Langer & Maeder 1995), the minimum mass of formation of a Wolf-Rayet star,
the duration of the Wolf-Rayet phase and the time spent in the different Wolf-Rayet
sub-phases (Meynet et al. 1994).

The gas in rotating stars is subject to the centrifugal force that partly compensates
the force of gravity, hence the central layers ‘feel’ a mass that is effectively less than
the stellar mass. As the centrifugal force is not a radial force, the stellar structure
becomes latitude dependent. If the spin rate is large, this may have a noticeable effect
on the properties of the surface. Such stars will have an oblate spheroidal shape
with equatorial regions that are cooler than the polar regions, as a result of gravity
darkening (von Zeipel 1924). Moreover, rotation triggers instabilities that lead to
the transport of energy, angular momentum, and matter (see e.g., Langer 2012). The
reduced effective gravity results in somewhat cooler surfaces and less luminous stars,
however, this is countered by the effects of rotation induced instabilities, causing
the stars to become slightly hotter and brighter (Brott et al. 2011a). As a result, the
impact on the evolutionary tracks is usually relatively modest, unless the stars spin at
a substantial fraction of their breakup speed.

For very rapidly spinning stars, rotation induced mixing may become so efficient
that the star remains quasi-chemically homogeneous at all times, not just on arrival
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Figure 1.2: Evolutionary tracks for initial masses of 20, 30, and 60 M�, with Large Magellanic Cloud
metallicity. For spin rates surpassing a critical value the stars evolve quasi-chemically homogeneous,
i.e. the tracks do not evolve to the cool side of the diagram, but rather evolve up and toward hotter
temperatures. From: (Langer 2012).

on the ZAMS. Such evolution follows a track that runs along the ZAMS up to higher
temperatures and luminosities (see Fig. 1.2). Quasi-chemically homogeneous evolu-
tion sets in at lower spin rate for higher initial mass or lower metal content, but ceases
to occur if the rotational velocity drops below ∼350 km s−1 in all cases (Brott et al.
2011a). As the very rapidly spinning stars remain compact, they will not experience
spin down by envelope expansion in the post-main sequence phase. If also their mass-
loss rates are relatively modest, they may limit angular momentum loss and remain
rapid spinners up until their supernova explosion. It has been hypothesized that this
particular type of evolution may result in explosions that are associated with a long
gamma-ray burst (Yoon & Langer 2005; Woosley & Bloom 2006).

Whether indeed rotational mixing is at work in massive stars may be tested by
studying the relation between the surface abundances of the CNO cycle products and
the projected rotational velocity. In doing so, it is essential that the sample being
studied is large enough to correct for inclination effects. In the CNO cycle, nitrogen
is enhanced while carbon and oxygen are depleted. It is thus most practical to focus
on the nitrogen abundance. The first such studies by Hunter et al. (2008b) and Brott
et al. (2011b) have been done for presumed single B-type stars in the context of the
VLT-FLAMES Survey of Massive Stars (Evans et al. 2005), with the idea in mind
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that these are the simplest of all the massive stars (see above) and are therefore the
best targets to calibrate the efficiency of rotational mixing in massive stars.

These studies revealed a complicated picture, with only some ∼15% of the stars
clearly displaying a correlation between projected rotation velocity and nitrogen abun-
dance. More than half (∼60%) of the sample showed relatively low 3e sin i and nitro-
gen normal abundances, hence may be in accordance with rotational mixing but can
not be used to calibrate its efficiency. Interestingly, a significant population (20%) of
highly nitrogen enriched intrinsic slow rotators were found that are incompatible with
the models. A further 15% of them were relatively unenriched fast rotators, also chal-
lenging the concept of rotational mixing. Though the nature of the two anomalous
populations is presently unidentified, it may be that this B-star sample is inadvertently
‘polluted’ by binary systems. It remains to be investigated whether binary evolution
may lead to systems that show the characteristics that can not be understood in the
context of rotational mixing in single stars.

In Chapter 5 we present the first study of the relation between N-abundance and
spin velocity for O-type giants and supergiants. We find that also these stars show a
population of N-enhanced slow spinners that defy rotational mixing theory.

1.3 30 Doradus and the Large Magellanic Cloud

To understand the role of massive stars in the formation and evolution of galaxies and
their cosmic impact, it is important to study massive stars across a range of metallicity
environments. So far, large samples of massive stars can be analyzed in the Milky
Way (Z� to 2 × Z�) and in the LMC (Z ' Z�/2) and Small Magellanic Cloud (Z '
Z�/5), offering a span of metallicity reaching one order of magnitude. Observational
studies of massive stars in lower metallicity environments, more representative of the
early Universe, are still in their infancy owing to observational challenges. However
new observational facilities in the last five years have enabled the first quantitative
spectroscopic studies of O-type stars at sub-SMC metallicity (Bresolin et al. 2002a,b,
2007; Tramper et al. 2011; Garcia & Herrero 2013; Garcia et al. 2014; Tramper et al.
2014).

The work carried out in the context of this thesis is dedicated to massive stars
in the LMC, a satellite galaxy of the Milky Way that is visible by naked eye from
the Southern hemisphere (see Fig. 1.3). With Z ' Z�/2, the LMC has a metallicity
that is representative of the conditions in massive galaxies during the Universe star
formation peak, around a redshift z = 1 to 2 (Rafelski et al. 2012). The LMC further
hosts a sizeable population of massive stars, allowing observational astronomers to
obtain statistically significant constraints on massive star properties.

The Tarantula Nebula at the North-East edge of the LMC is the brightest H ii re-
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Figure 1.3: Part of the Southern Hemisphere sky seen from the VLT site at Cerro Paranal in Chile.
Clearly visible are the Milky Way disk in the center and the Magellanic Clouds on the left. The dome
of Unit Telescope Antu (UT1) is visible on the right. From: ESO / Yuri Beletsky.

gion in the Local Group. Also known as 30 Doradus (30 Dor), the region has been
continuously forming stars for at least 25 Myr. Multiple sites of star formation have
been identified (Walborn & Blades 1997). The dense, massive star cluster “Radcliffe
136” at the core of NGC 2070, has a likely age of 2 Myr (de Koter et al. 1998; Massey
& Hunter 1998) and may consist of two subclusters (Sabbi et al. 2012). NGC 2060,
located about 6’ to the southwest of NGC 2070 is somewhat older, with an age esti-
mate of about 5 Myr (Walborn & Blades 1997). Hodge 301 and SL 639 are B-star
clusters with ages in the range of 10 to 20 Myr (Evans et al. 2015). Beside these local-
ized zones of star formation, a significant number of O- and B-type stars are spread
in the field of view. They may trace other, smaller scale, star formation events in the
region or may have been ejected from the clusters. Figure 1.4 shows a panoramic
view of 30 Dor released on the occasion of the 22nd anniversary of the Hubble Space
Telescope (HST) in October 2011.

By virtue of its location in the LMC, the distance to 30 Dor is well constrained
(we adopt a distance modulus to the LMC of 18.5 mag; Gibson 2000). Moreover,
the foreground extinction is relatively low compared to some of the most massive
Galactic clusters. Therefore 30 Dor constitutes one of the best possible laboratories
to investigate questions related to the formation and evolution of massive stars, with
implications for our understanding of massive stars in higher redshift galaxies (e.g.,
Erb et al. 2006).

10



1.3 30 Doradus and the Large Magellanic Cloud

Figure 1.4: Panoramic view of 30 Doradus. The image is a mosaic of images taken with the Hubble
Wide Field Camera 2 and Advanced Camera for Surveys on board Hubble Space Telescope and ground
based images. Credit: NASA, ESA, D. Lennon (Principal Investigator).

The VLT- FLAMES Tarantula Survey (VFTS)

The VLT-FLAMES Tarantula Survey (VFTS) is an ESO Large Programme (ID 182.D-
0222) that has obtained multi-epoch optical spectroscopy of 360 massive O, 438
early-B and a dozen Wolf-Rayet stars across the 30 Dor region (Evans et al. 2011b;
Walborn et al. 2014; Evans et al. 2015). The VFTS was built on experience acquired
during the VLT-FLAMES Survey of Massive Stars (Evans et al. 2005, 2006) and con-
stitutes the largest homogeneous sample of massive OB-type stars spectroscopically
observed in the Local Group.

The observing campaign and the data reduction are fully described in Evans et al.
(2011b). In short, the VFTS obtained multi-epoch spectroscopy using the Fibre
Large Array Multi-Element Spectrograph (FLAMES; Pasquini et al. 2002) on the
Very Large Telescope (VLT). Most data were obtained with the medium-resolution
Giraffe spectrograph. A subset of the brightest targets were observed with the Ultra-
violet and Visual Echelle Spectrograph (UVES, Dekker et al. 2000). Observations
excluded a 15′′ region in and around R136 because the cluster can not be resolved in
seeing-limited observations as a result of high stellar density.

The O-type stars studied in this thesis have been observed with the Giraffe spec-
trograph and the Medusa fibers. The acquired data covered the 3950-5070Å range at
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a spectral resolving power λ/∆λ of about 8000 as well as the Hα region observed at
higher resolution (λ/∆λ = 17 000). By repeating observations up to six times over a
one-year timespan, the multi-epoch strategy of the VFTS allows us to detect a large
fraction of the spectroscopic binaries in the sample.

Radial velocity (RV) measurements and spectral classification have been obtained
as part of the VFTS series of papers (Sana et al. 2013; Walborn et al. 2014, respec-
tively) and constitute a key input in our analysis. The method adopted for RV mea-
surements was based on Gaussian fitting that provided Doppler shift, amplitude and
full width at half maximum (FWHM) values for a subset of He i and He ii lines.
116 objects were classified as spectroscopic binaries (SB) on the basis of their sta-
tistically significant and large-amplitude RV variations ( ∆ RV > 20 km s−1). The
identified O-type binary sample contains 85 single-lined (SB1) and 31 double-lined
(SB2) spectroscopic binary systems. The remaining 216 O-type stars are considered
presumably single although up to 25% of them are likely undetected binaries, being
either long-period, low mass-ratio and/or low inclination systems. The contamina-
tion of the presumed-single star sample with unidentified binaries is a limitation that
needs to be kept in mind when interpreting the data. In particular post-interaction
binary products (mergers and mass gainers) are very difficult to identify as such in
RV studies (de Mink et al. 2014).

1.4 The studies presented in this thesis

In the first part of the thesis, we analyze the rotation properties of the presumed-single
O-type stars and O-type spectroscopic binary stars in the VFTS sample (Chapters 2
and 3, respectively). The VFTS sample is large enough that we can compare sub-
samples selected based on indicators for their mass, location, evolutionary status, and
multiplicity properties. Taken together, these two science chapters present the largest,
most homogeneous study of the rotational properties of O-type stars performed so far.

In the second part of this thesis (Chapters 4 and 5), we focus on the stellar, wind
and surface abundance properties of the single evolved O-type stars in the VFTS
sample (i.e., the giants, bright giants, and supergiants). Separate studies in the VFTS
series address the properties of the dwarf O-type stars (Sabín-Sanjulián et al. 2014
and in preparation) and of the very massive stars (Bestenlehner et al. 2014).

Combined with the results of the atmospheric analysis of the O V stars, of the
very massive stars and of the B-type stars, our results provide an unprecedented set
of observational constraints on topics as diverse as star formation, stellar evolution,
binary interaction and tidal effects.
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