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CHAPTER 1
Introduction

Massive stars, with initial masses above ∼ 8M�, are key players in the universe.
Through their intense ionizing radiation, strong stellar winds, and energetic final ex-
plosions they are powerful cosmic engines (Bresolin et al. 2008). There are indica-
tions that in the primordial, metal-free environment of the young universe the forma-
tion of massive stars was favored (e.g., Larson 1998). It were these stars that provided
the interstellar medium with the first elements other than the hydrogen, helium, and
the trace amounts of lithium that were formed in the Big Bang. Furthermore, they
likely played an important role in the reionization of the universe (Haiman & Loeb
1997) and the formation of galaxies (e.g., Aoki et al. 2014). Massive stars enrich
the interstellar medium with most of the elements with atomic numbers higher than
helium when they end their lives in supernova explosions. The death of the most mas-
sive among them are thought to produce some of the most spectacular events seen in
the universe: hypernovae, pair-instability supernovae, and long-duration gamma-ray
bursts (e.g., Yoon & Langer 2005; Woosley & Bloom 2006; Langer 2012).

To understand these various explosion types and the distribution of compact rem-
nants (neutron stars and black holes) that are formed, the evolution of massive stars
up to their eventual death in a supernova explosion needs to be understood. Key
elements that affect the evolution of massive stars are their initial mass, angular mo-
mentum, and chemical composition (in particular their metallicity, the amount of
elements other than hydrogen and helium), the amount of mass they lose throughout
their lives, and mass exchange with a potential companion.

How these stars are formed, how massive a star can be, how much mass they lose
during the various stages of their short lives, and what their properties are just prior to
their supernovae are examples of key questions regarding massive stars. This thesis
aims to contribute to the answers of at least some of these questions by studying stars
in various stages of their lives and in various environments. Two tightly connected
themes are recurring throughout the chapters: the dependence of stellar properties on
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1 Introduction

metallicity, and the strength of the stellar winds through which their expel material
as a function of these properties.

With 8-10m class telescopes and state-of-the-art spectrographs it has now become
possible to obtained high-quality spectra of massive stars in and even beyond the
Local Group. The first part of this thesis utilizes this to target O-type stars in low-
metallicity dwarf galaxies within the Local Group. The composition of these stars
is closer to that of stars found in the early cosmos. The study of the properties of
these massive stars is thus a step towards understanding the very early evolution of
the universe. By comparing their stellar properties with those of massive stars in the
Magellanic Clouds and in the Milky Way, the impact of metallicity on the physical
properties and thus the evolution can be studied. The results of the first quantitative
spectroscopic analysis at intermediate spectral resolution of stars in galaxies beyond
the Magellanic Clouds are presented in Chapters 2 and 3.

In the second part of the thesis, the enigmatic oxygen sequence Wolf-Rayet (WO)
stars are studied. These extremely rare stars are in a very late stage of evolution, and
show the products of helium burning in their spectra. Although only nine members
of the class are known, the WO stars are distributed over four different galaxies, each
with a different metallicity. They therefore offer a unique opportunity to simultane-
ously study the properties of highly evolved massive stars as well as their metallicity
dependence. In Chapters 4 and 5, the most detailed spectroscopic analysis of all
single WO stars that were known by January 2014 is presented.

To illustrate how these topics fit in the bigger picture, the next section gives an
overview of our current understanding of the evolution of massive stars. Sections 1.2
and 1.3 give background information about the two foci of this thesis. The last section
briefly describes how the analyses in this thesis have been performed; from collecting
the observations to obtaining the stellar parameters.

1.1 The evolution of massive stars

The evolutionary stage of most stars is reflected by their spectral type and luminos-
ity class, and thus their position in the Hertzsprung-Russell diagram (HRD): dwarfs
usually represent main-sequence stars, and giants and supergiants have exhausted the
hydrogen in their cores and are in a more advanced evolutionary stage. However,
this is no longer necessarily the case in the upper regions of the HRD. The stellar
winds of these luminous stars affect the observational diagnostics that determine the
luminosity class. As a result, stars that have a luminosity class that is usually at-
tributed to an evolved phase may in fact still be core-hydrogen burning. This is for
instance the case for the majority of blue supergiants (BSG). Some very massive stars
may even be born as supergiants or Wolf-Rayet stars (e.g., Groh et al. 2014; Martins
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the thermal rather than on the nuclear timescale, because stellar models that reach the ! limit
during core hydrogen burning have evolved without any unstable behavior (Langer 1998).

6.3. Wolf-Rayet Stars
Depending on the predominance of nitrogen versus carbon and oxygen emission lines, WR stars
are divided into a nitrogen sequence (WN stars) and a carbon sequence (WC stars), with a subdivi-
sion into the apparently hotter early-type objects (WNE stars, with subtypes WN2· · ·WN6, and
WCE stars with subtypes WO, WC4–WC6) and the apparently cooler late-type objects (WNL
stars, with subtypes WN6–WN9, and WCL stars with subtypes WC7–WC9; see Crowther 2007).

In the Milky Way, single stars above 20−25 M⊙ are thought to evolve into WR stars (Hamann,
Gräfener & Liermann 2006) (see Figure 10). This mass limit is expected to be larger at lower
metallicity (Meynet & Maeder 2005). In close binary systems, however, WR stars are thought
to be produced from stars with initial masses of 10 M⊙ or less (Section 6.3.2). Originally it was
presumed that all WR stars are hydrogen deficient, but it has become clear in recent years that
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Figure 10
Schematic phase diagram for the main-sequence (lower part) and post-main-sequence (upper part) evolution
of massive stars at solar metallicity. A star of a given zero-age main sequence mass (abscissa) evolves vertically
upward in this diagram. The vertical stretch spent in a certain region is a measure of the fraction of core
hydrogen or core helium burning spent in the corresponding phase, according to the scenario outlined in the
text. This is an extended version of a diagram from Langer (1987).
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Figure 1.1: Schematic representation of the evolution of massive stars at solar metallicity. The lower
panel indicates the main-sequence phase, which lasts about 90% of the lifetime of the star. The upper
panel is the core-helium burning phase, which almost completely accounts for the remaining ∼ 10%
of the lifetime. Within each region the change in time is linear in the vertical direction. A star of a
certain initial mass evolves vertically. The various evolutionary phases it may undergo are indicated in
the figure, and are explained in the text. As shown in Chapter 5, we find the WO stars to be in a post
core-helium burning phase, and therefore should be located above the upper panel of this plot. Figure
from Langer (2012).

et al. 2008). Throughout this thesis, the term ‘main sequence’ is used explicitly for
core-hydrogen burning stars, and does not imply a dwarf classification.

Posing an evolutionary scenario that incorporates the variety of massive stars that
is observed is a big challenge. Our current understanding, following Langer (2012)
and Sander et al. (2012), is shortly described here. Figure 1.1 gives a schematic repre-
sentation of the evolutionary stages of stars with masses in the range of 10− 100 M�.
The location of the various evolutionary stages in the HRD are indicated in Figure 1.2.
For the ‘low mass’ massive stars, with masses < 20 M�, the current picture is rela-
tively straightforward. These stars will cross the Hertzsprung gap after they exhaust
the hydrogen in their core and become red supergiants (RSG). Depending on their
initial properties, they will either end their life in this stage as hydrogen-rich (type II)

3



1 Introduction

Figure 1.2: Distinct phases in massive star evolution in the Hertzsprung-Russell diagram. Overplotted
are evolutionary tracks for solar metallicity from Ekström et al. (2012).

supernovae (SNe), or shed their outer layers and evolve bluewards, becoming blue
supergiants before also exploding as type II supernovae.

At initial masses higher than ∼ 20 M�, the situation becomes more interesting.
The stellar winds of stars with initial masses in the range 20 ∼ 45 M� will at some
point after the RSG phase become so dense that the medium becomes optically thick
and produces an emission-line or Wolf-Rayet (WR) spectrum. At first, such a star is a
hydrogen-poor nitrogen-sequence Wolf-Rayet (WN or WNE) star. It may then evolve
into a carbon-sequence Wolf-Rayet (WC) star if the wind is strong enough to expose
the helium-burning core before explosion. These stars may produce hydrogen-free
(type Ib/c) supernovae.

Stars with initial masses higher than ∼ 45 M� cannot become red supergiants,
as they are so luminous that, when they expand, they will reach the Eddington limit
before reaching the cool side of the HRD. Observationally this corresponds to the area
in the HRD above the Humphreys-Davidson limit (HD limit Humphreys & Davidson
1994). Instead of becoming a RSG, these stars likely go through a luminous blue
variable (LBV) phase before becoming a WN or WC star, potentially even reaching
the very rare WO phase. Depending on the amount of mass they lose, they explode
as hydrogen-free (type Ib) or helium-poor (type Ic) supernovae.

The most massive stars (>∼ 60 M�) have very strong winds, and start their life as
an Of, Of/WNh, or WNh star. The suffix h in the notation WNh implies that hydrogen
emission lines are present in the Wolf-Rayet spectrum. Such objects are thought to
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1.1 The evolution of massive stars

be main-sequence stars (see Figure 1.2), unlike the other types of Wolf-Rayet stars
that are in a post main-sequence phase (de Koter et al. 1997). These stars likely
evolve so fast that they will explode in their WNh phase, thus producing a hydrogen-
rich (type II) supernova. WNh stars are the only type of Wolf-Rayet stars that may
have been observed to be associated with their expected supernova type, although
only indirectly from flash spectroscopy very shortly after the supernova explosion
(Gal-Yam et al. 2014).

Although the picture described above may give the impression that the evolution
of massive stars is mostly understood, it is hampered by many uncertainties. Exam-
ples of uncertainties are the treatment of core overshooting, the mass-loss rates in
the various phases of evolution, the initial spin rates of the stars and the treatment of
rotational mixing, and magnetic fields. Lastly, most of the massive stars are part of
a binary system, and will at some point in their evolution interact with a companion
(Sana et al. 2012). This can greatly alter the evolutionary path of the stars, either
because they receive new material and are rejuvenated, or because they strip their
envelopes and reveal hot, enriched layers. A significant number of massive stars are
even predicted to merge (de Mink et al. 2014). This complicates the comparison of
the properties of SNe with predictions from single-star evolutionary tracks.

Apart from mass transfer in binary interactions, the evolution of massive stars
is for a great deal determined by the amount of mass that is lost during the var-
ious stages of its life through their winds and potential mass ejections. For the hot
phases, the mass is lost through line-driven winds, while at the RSG phase dust-driven
winds dominate. The mechanism driving the large mass-loss episodes in LBVs is still
poorly understood. As stellar winds are one of the main topics of this thesis, they are
described in more detail below.

1.1.1 Stellar winds

The stars that are studied in this thesis all exhibit line-driven winds. In this mecha-
nism, the mass loss is driven by the transfer of momentum from the radiation field
to the atmospheric gas through line interactions. The theory that describes these in-
teractions was developed in the 1970’s to explain the mass loss that was observed
from O and B supergiants in Orion (Morton 1966). Lucy & Solomon (1967, 1970)
discuss that radiation pressure on ultraviolet resonance lines of ionized species like
Si iv, C iv and N v could drive material from the stellar surface to infinity, but not in
quantitities large enough to significantly influence the evolution of the stars. Castor
et al. (1975) showed that the radiative force on material in the envelope of O stars is
actually dominated by the large number of lines from subordinate ions of elements
such as iron at the flux maximum of these stars in the ultraviolet. Their predictions
yielded mass-loss rates ∼100 times higher than can be reached from the radiation
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1 Introduction

Figure 1.3: Long exposure picture of part of the Southern Hemisphere sky seen from 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 1 is visible on the right. Picture courtesy of ESO/Yuri Beletsky.

pressure on resonance lines alone. Various improvements to the theory have been
made in the 1980’s and 1990’s (e.g., Kudritzki et al. 1987), including effects such as
line-blanketing and the metallicity dependence of the stellar winds.

More recently, Vink et al. (2000) provided a prescription of the mass-loss rates
from O and B stars as a function of stellar parameters. These prescriptions are based
on Monte-Carlo simulations to also evaluate the effect of multiple photon scatterings.
As the stellar winds are mainly driven through electron transitions in ions from iron-
like elements, it is a logical consequence that the strength of the winds scales with
metallicity. This effect is quantified in the mass-loss prescriptions of Vink et al.
(2001). Currently, the Vink et al. (2000, 2001) prescriptions are most commonly
used to describe the mass-loss rate of O and B-type stars in massive star evolutionary
models (e.g., Brott et al. 2011; Ekström et al. 2012).

The metallicity dependence of stellar winds has been empirically tested for O
stars in the Milky Way and Magellanic Clouds (Mokiem et al. 2007), covering a
metallicity range from solar down to 20% solar. The mass-loss rate (Ṁ) of the stars
in these galaxies showed a metallicity (Z) dependence of Ṁ ∝ Z0.78±0.17, in excellent
agreement with the predicted relation Ṁ ∝ Z0.69±0.10 from Vink et al. (2001). In
chapters 2 and 3 we present the first tests of radiation-driven wind theory from stars
in some of the more remote, metal-poor Local Group dwarf galaxies.

6



1.2 Local Group dwarf galaxies: stepping stones towards very low metallicities

1.2 Local Group dwarf galaxies: stepping stones towards
very low metallicities

The mean metal content of the universe is slowly increasing over time as a result of
the enrichment of the interstellar medium through the stellar winds and supernovae of
massive stars. Currently, the mean metallicity in the universe is log (Z/Z�) = −0.65
at a redshift of z = 0.1. It decreases by 0.22 dex per unit redshift up to at least a
redshift of z ∼ 5 (Rafelski et al. 2012). At each redshift, the metal content shows
a dispersion of about 0.5 dex in metallicity. This scatter is in part a result of the
dependence of the metal content of a galaxy on its stellar mass (e.g., Lequeux et al.
1979; Tremonti et al. 2004), with higher mass galaxies having a higher metallicity.

This implies that the metal content of our Milky Way galaxy is by no means
typical of what is found in the universe. More characteristic of the current average
metallicity are the Magellanic Clouds, which have metallicities of ZLMC = 0.5 Z�
and ZSMC = 0.2Z�. Clearly visible by the naked eye from the Southern hemisphere
(Figure 1.3), both Magellanic Clouds host a sizable population of massive stars. As
described above, the observed dispersion in metallicity implies that the Magellanic
Clouds are representative of massive galaxies at earlier epochs. If massive galaxies
have metallicities that are about one standard deviation above the mean, the LMC has
a metallicity that is typical for a massive galaxy at a redshift of z ∼ 0.68 or a cosmic
age of 7.5 Gyr. The metallicity of the SMC corresponds to typical massive galaxies
at z = 1.59 or 4.1 Gyr. Besides the Magellanic Clouds, the Local Group hosts several
other dwarf galaxies, some of which have a metallicity lower than that of the SMC.

Because single stars can not be resolved at distances much beyond the Local
Group (e.g., Hartoog et al. 2012), it is impossible to study massive stars at the high
redshifts corresponding to a very low mean metallicity. However, the low-metallicity
Local Group dwarf galaxies offer the opportunity to still investigate the properties
of massive stars throughout cosmic history. In the LMC and SMC, the massive star
population can be resolved using relatively small telescopes. Going beyond the Ma-
gallenic Clouds, 8m class telescopes combined with suitable instruments are needed
to study the stars. In this thesis, we study objects in three of these galaxies: IC 1613,
WLM, and NGC3109, located at distances of 10-20 times that of the SMC using the
X-Shooter instrument on ESO’s Very Large Telescope (Section 1.4.1).

These three dwarf irregular galaxies have a measured nebular oxygen abundance
that is only about 5-10% of the solar abundance. The measured oxygen abundance
in young stars is slightly higher, and corresponds to a metallicity of about 14% of
solar. Following the reasoning given above, this is typical of a massive galaxy at a
redshift of z = 3.2, or an age of the universe of 2 Gyr. However, there are indications
that the stars in these galaxies have a sub-solar α-to-iron ratio (e.g., Garcia et al.
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Figure 1.4: Image of the dwarf irregular galaxy IC 1613 in ultraviolet (left) and visible (right) light.
The two main star formation regions can clearly be distinguished in the UV image. Image credit:
NASA/JPL-Caltech/SSC.

2014), so that the iron abundance relative to oxygen could be higher. Taking this into
account, these galaxies represent metallicities similar to (or still slightly below) that
of the SMC.

Chapters 2 and 3 present the first detailed quantitative spectroscopic analysis of O
stars in IC 1613, WLM, and NGC 3109. The first chapter focusses only on the stellar
winds of the target stars, while in Chapter 3 the physical and evolutionary properties
are discussed. Surprisingly, the metallicity dependence of the stellar winds that is
described in the previous section seems to break down in these galaxies. Instead of
wind strengths predicted for an SMC metallicity or lower, the O stars exhibit winds
reminiscent of an LMC metallicity.

The closest of the three galaxies is IC 1613, which is about ten times more distant
than the SMC. IC 1613 is currently vigorously forming stars (see figure 1.4), in two
clearly distinguishable star forming regions. Apart from the O stars, this galaxy also
hosts a very rare WO star, which is the topic of chapter 4.

1.3 The final stages of evolution: the enigmatic oxygen Wolf-
Rayet stars

Of the three types of non-core hydrogen burning Wolf-Rayet stars (WN, WC and
WO), those of the oxygen sequence (WO) are by far the rarest. Like all WRs, their
spectra are characterized by strong, broad emission lines formed in their dense stellar
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Figure 1.5: X-Shooter acquisition image of the WO star DR1 in IC 1613. DR1 is the faint star located
in the asymmetric nebula, and is its ionizing source. The angular size of the image is 30x30”.

wind. What makes them unique among the WR stars is the strong emission of O vi
3811-34 Å, which is usually attributed to a high oxygen abundance (e.g., Barlow &
Hummer 1982). An alternative explanation for this emission is a very high stellar
temperature, in which case a very high oxygen abundance is not necessarily implied
(Hillier & Miller 1999).

As the WO stars show the products of core-helium burning in their spectrum,
they must be highly evolved stars. This makes them extremely interesting targets to
improve our understanding of the final stages of the life of massive stars. They also
provide direct observational constraints on the physical processes during and perhaps
after core-helium burning. Finally, their properties determine the type and chemical
yields of their supernova explosion at the end of their lifes.

In Chapters 4 and 5 all the known single WO stars are analyzed, except for the re-
cently discovered WO2 star in the LMC (Massey et al. 2014). In Chapter 4, the most
distant WO star is analyzed: DR1 in the dwarf galaxy IC 1613 (Figure 1.5). This
chapter also provides the method for the spectroscopic and atmospheric analysis of
this type of stars. In Chapter 5 the full sample of WO stars is analyzed. The most
exciting result is the firm determination that these stars are in a post core-helium burn-
ing state. Moreover, their remaining lifetime is estimated and found to be extremely
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Figure 1.6: The X-Shooter instrument at the Cassegrain focus of UT2. Image credit: ESO.

short: they will explode in only a few thousand years.

1.4 From stellar light to fundamental parameters

All the stars in this thesis are analyzed through quantitative spectroscopy. The obser-
vations, data reduction, and analysis are described in detail in each of the chapters.
This section gives a short overview of how to get from the stellar light we see to the
fundamental stellar properties that we want to know. The information about these
properties is encrypted in their spectra, and the first step is thus to obtain these spec-
tra. The stellar properties can then be derived by a detailed modeling of the spectral
features using stellar atmosphere codes.

1.4.1 Observations: The X-Shooter spectrograph on the Very Large
Telescope

All spectroscopic data that is used in this thesis have been obtained with the X-
Shooter instrument on ESO’s Very Large Telescope (VLT, Figure 1.6). Located at
Cerro Paranal in the Chilean Atacama desert, the observing conditions are among the
best in the world. The VLT consist of four telescopes with 8.2m primary mirrors,
the Unit Telescopes (UTs). The design of the UTs allows the light to be channeled
into one of three separate science instruments, one at the Cassegrain focus and two
at the Nasmyth foci. The UTs are supplemented by four movable 1.4m Auxiliary
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Figure 1.7: Part of the X-Shooter spectrum of two stars in IC 1613. The bottom spectrum belongs to
an early O-type star and shows absorption lines of hydrogen and helium. The top spectrum belongs to
the WO star DR1 and shows strong and broad emission of highly ionized oxygen and carbon. The flux
of the WO star has been reduced by a factor of five. The narrow emission lines in the WO spectrum
originate from the surrounding nebula (see Figure 1.5).

Telescopes (ATs) which are used for the VLT interferometer (VLTi), with or without
one of UTs.

X-Shooter (Vernet et al. 2011) is a second generation VLT instrument which was
installed on UT2 in 2009 and was moved to UT3 in 2013. It is mounted at the
Cassegrain focus. The design of X-Shooter is unique; it separates the light into three
different wavelength ranges with an efficiency of ≥ 90% into three disctinct spectro-
graphs. This design, combined with the collecting power of an 8.2m telescope, allows
to take the spectrum from the atmospheric cut-off at 300 nm up to the K-band (2.5
micron) in a single exposure, at intermediate spectral resolution. The combination
of high throughput and intermediate resolution makes X-Shooter suitable for many
applications, and it is currently one of the most popular instruments in the world.

1.4.2 Quantitative spectroscopy

Quantitative spectroscopy is the process of determining the physical properties of a
star by computing synthetic spectra using models that describe the atmospheres of
these stars. To model the observed spectra, two very different methods are used in
this thesis. The spectrum of O stars is formed in the photosphere of the stars and is
dominated by hydrogen and helium absorption lines (see Figure 1.7). These spectra
are analyzed using an automated fitting method. The spectra of WO stars are formed
in their optically thick stellar wind, and show strong emission from recombination
lines of helium, carbon and oxygen. To model these spectra, a tailored analysis is
needed. Both these methods are shortly described here.
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O stars: automated fitting

The O-star spectra are modeled using the fastwind code (Puls et al. 2005). As the
name suggests, this code can calculate a model of a stellar atmosphere in a relatively
short amount of time (approximately 15 minutes). The code iteratively solves the
transfer and statistical equilibrium equations starting from a grey atmosphere, and as
such only requires the stellar parameters as input. These characteristics allow a large
amount of models to be calculated, and thus facilitates a thorough exploration of the
multi-dimensional parameter space. In this thesis, parameter space is explored using
a genetic algorithm (GA), employing a method that was developed in Amsterdam
by Mokiem et al. (2005), and to which several improvements have been made (see
Chapter 3).

In short, the GA calculates several ‘generations’ of models, each generation con-
sisting of a number of ‘individuals’. The first generation of models consists of ran-
dom combinations of parameters. The goodness-of-fit is calculated for each of the
models, and the parameters of the best 50 models are used as parents for the next
generation, i.e. combinations of their parameters are used. This is repeated until a
local minimum in the goodness-of-fit is reached (typically within 15 generations).
For the remainder of the generations random mutations to the parameters are applied
to fully explore parameter space and make sure the final result is the global best fit.
As the goodness-of-fit is known for all the calculated models, formal error bars can
be defined.

A typical fitting run for a star calculates 300 generations of 79 models, and takes
about four days to compute on a cluster of 80 processors.

WO stars: detailed modeling

For the WO star modeling, the cmfgen code (Hillier & Miller 1998) is used. Models
for the optically thick winds of the WO stars cannot be computed from an initial grey
solution. Instead, they start out with an existing atmosphere model from which a new
model is calculated for only slightly different parameters. As line-blanketing is self-
consistently taken into account, and all transfer equations are solved in the co-moving
frame, each of these models can take up to a week to compute. This computing time
prevents the automated fitting method described above, and instead the parameter
space needs to be explored by making educated guesses for the change in parameters.
Therefore, no formal error bars can be calculated, although the uncertainties in the
parameters can to some extent be quantified by the amount of change that is needed
to significantly change the output spectrum.

—
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