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Introduction

1 Introduction

Blue supergiant stars (BSGs) are massive, hot and luminous stars, which are in an ad-
vanced state in their evolution. They start their lives with masses Minitial ≥ 10M� and
have the luminosity class I, which has the subcategories a and b. The stars considered
in this work have an effective temperature range of 18000K to 30000K, masses above
20M� and corresponding spectral types B0 to B2.

Some of the brightest stars of our night sky that can be seen by the naked eye are BSGs,
like ε Ori or γ Ara, which are both included in this thesis. BSGs have already evolved off
the main sequence, where they started as O or early-B type dwarf stars. In comparison
to stars with lower masses, their lives are relatively short. They are among the progeni-
tors of supernovae (SN) and might collapse into neutron stars (NSs) or black holes (BHs)
at the end of their evolution. The need to understand BSGs increased due to the recent
detection of gravitational waves from coalescing BHs and NSs. Also the supernova SN
1987A, which progenitor star was a BSG, gave reasons for further studies. The explosion
of the star wasn’t predicted by any theory and even though it is a core-collapse supernova
a neutron star couldn’t be detected in the supernova remnant yet. It is clear that there
are many questions about BSGs remain unanswered. They might be just a small group
of stars, but they are influential and many physical processes in them are not understood.

One of the most important processes in the evolution of BSGs are their stellar winds,
which are transferring matter, energy and momentum into the interstellar medium
(ISM). The removal of mass by stellar wind can determine if the star will become a
black hole or a neutron star at the end of its live. Searle et al. (2008), for example,
has fitted Hα-lines in spectra of 20 BSGs and on this basis derived mass loss rates in
orders between 10−8 and 10−6M� yr−1. However there are still huge differences between
empirically derived and theoretical predicted mass loss rates.

Stellar wind theory predicts a dependency of wind strength on stellar effective temper-
ature and consequently on spectral subtype. Between early and later subtypes of BSGs
is a huge drop in the wind strength, which is called the bi-stability jump, which was
first described by Lamers et al. (1995). This jump is so interesting, because it changes
the character of the wind itself. While on the hot side of the jump the winds are driven
by Fe iii ionisation, the temperature on the cooler side is not high enough for ionisation
of Fe iii any more. Studying the winds of stars with temperatures on both sides of the
bi-stability jump could help to clear the processes driving the stellar winds.

Nearly all massive stars emit x-rays, including BSGs. Since OB stars were first observed
by the Einstein observatory (Seward et al., 1979; Harnden et al., 1979) as x-ray sources
x-ray telescopes open a high-energy window for stellar wind studies, because the source
of the x-ray emission from massive stars seems to be their stellar winds. For the first time
we now can look into this with the biggest x-ray telescopes, like the XMM-Newton space
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Introduction

telescope of the European Space Agency (ESA) 1 or the Chandra x-ray observatory of
the National Aeronautics and Space Administration (NASA) 2. In this thesis the BSGs
on both sides of the bi-stability jump are addressed using x-ray spectroscopy. The goal
is to determine how x-ray properties depend on spectral type and by establishing that,
to confront stellar wind theory and the models of x-ray production in stellar winds.

1https://www.cosmos.esa.int/web/xmm-newton
2https://chandra.harvard.edu
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Blue supergiants stars and their stellar winds

2 Blue supergiants stars and their stellar winds

Figure 1 shows the upper Herzsprung-Russel-diagram (HRD) where the massive stars
are located. Unlike stars with lower masses, which cross the HRD just one time before
exploding, massive stars along in the green line or above in figure 1 can cross the HRD
two times. It is still not known if a BSG is evolving toward higher or lower temperatures
when it is placed on the HRD.

Figure 1: The Hertzsprung-Russel diagram for massive stars in galaxy M31 with evolu-
tionary tracks, displayed as coloured lines with the initial masses of the stars shown next
to them and the zero-age-main-sequence (ZAMS) from Ekström et al. (2012). Taken into
account in the evolutionary tracks are the mass loss of the stars, a Milky Way metal-
icity and no rotation. The dashed line shows the Humphreys–Davidson (H–D) limit.
OBA supergiants are displayed in blue, yellow supergiants (YSGs) are yellow and red
supergiants (RSGs) are red. The figure is adapted from Humphreys et al. (2017).

To expand our knowledge of stellar evolution it is necessary to understand stellar winds,
whose resulting mass loss rates Ṁ [M� yr−1] are among the key factors governing massive
star evolution. Stellar winds also impact the evolution of the ISM. The winds of early
B-type supergiants are also interesting because of the possibility to use them for mea-
suring extra-galactic distances using the Wind-Momentum-Luminosity-Relation (WLR)
(Kudritzki, 1999).

Stellar winds are streams of matter that are moving away from a star. In BSGs it con-
sists mostly of hydrogen (H) and helium (He) as well as trace metals. While in solar type
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stars the stellar winds are not really strong with mass loss rates of Ṁsun ∼ 10−12M�yr−1,
the mass loss rates of BSGs are 4 to 6 orders of magnitude higher. In contrast to our sun
they are driven by the radiative pressure. That means, the photons emitted by the star
transfer impulse to ions, which results in a radiative pressure, that in netto is directed
radially outwards. If the velocity of these particles is high enough they can escape the
gravitational hold of the star. Therefore this velocity is called escape velocity vesc. The
wind has a subsonic part, which is close to the photosphere. After the sonic point the
velocity becomes supersonic and is often described by the β-velocity law, which means
that it increases with distance r until it reaches the terminal velocity v∞.

v(r) = v∞

(
1− R∗

r

)β
(1)

Most of the times it is assumed that β is between 0.5 and 1.5 (e.g. Vink et al., 1999).

The velocity of the stellar winds is closely linked to the density. The connection between
these quantities lies in the continuity equation vρ = const. ≡ 4πṀ, so if the density of
the wind decreases, the velocity increases or vice versa.

Figure 2: The figure and the caption are
adapted from Feldmeier et al. (1997).

The theory predicts that the radiatively
driven stellar winds are unstable. The
models from Feldmeier et al. (1995) show
that the instability of line driven winds
results in shock waves. Those heat the
shocked part of the stellar wind up to mil-
lions degrees. However the models pre-
dicting the shockwaves are just one dimen-
sional. Until today these are the most com-
plete models, because transferring them to
three dimensions is still too complex. Fig-
ure 2 illustrates the shockwaves and the
corresponding heating of the plasma. Ver-
ifying the accuracy of this model for the
stellar wind of an actual star, whose wind
in reality is three dimensional, can just be
done empirically at the moment.
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2.1 Decline in the velocity of stellar winds in BSGs: Bi-Stability jump

The velocity of BSG stellar winds are empirically derived from the analysis of stellar UV
spectra. It was noticed that a huge drop in velocity occurs near the spectral type B1.
Lamers et al. (1995) had found that the velocities drop from v∞

vesc
= 2.6 at the hot side

to v∞
vesc

= 1.3 on the cold side of bi-stability jump.

The dependence of v∞ to spectral subtype is shown in figure 3. The drop in velocity
around spectral type B1 can clearly be seen. The mean terminal velocities v∞ for my
sample of stars are displayed in table 3.

Figure 3: Dependence of the terminal velocity on spectral type with values from Prinja
and Massa (1998).

Models from Pauldrach and Puls (1990) for the star P Cygni suggested that Ṁv∞ is
constant over the jump. That would mean that Ṁ increases when v∞ decreases. This
suggestion was tested in models in Vink et al. (1999) and indeed they could find an
accompanying jump in mass loss rate Ṁ . These models determine an increase of circa
factor 5 between Teff = 27500 K and Teff = 20000 K in Ṁ . Below and above this range
Ṁ decreases with Teff .

The mass loss rate is driven by spectral lines, therefore an increase in line force is needed
for an accompanying increase in Ṁ . With that Vink et al. (1999) explains the origin
of the bi-stability jump in Ṁ with a change of the ionization balance of Fe iii in hot
star winds. The Vink et al. (1999) models need to be verified empirically. However,
it is notoriously difficult to measure mass loss rates in BSGs. The term “bi-stability”
connects the behaviour of v∞ and Ṁ by reflecting the fact that two stable solutions are
possible for the stellar wind dynamics: fast and thin winds or slow and thick winds.
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Still one of the problems in calculating mass loss rates are the differences in values for
models like Vink et al. (1999) and calculations from fitting Hα-lines in observed data.
In general it seems that Ṁvink > ṀHα for spectral types B1 and later subtypes, while
for O-type star it’s the other way around. Petrov et al. (2014) modelled the Hα-line for
stars with different Teff and found a maximum in equivalent width (EW) in the region
of the bi-stability jump and a possible change in character of the Hα-line over the jump,
which could explain the differences between the empirically derived and theoretical pre-
dicted mass loss rates. There are also current models suggesting that the increase in Ṁ
over the jump results in a slower rotation of the star. This is called bi-stability braking
(BSB) (Vink et al., 2010).

Lamers et al. (1995), also mentioned the possibility of a second jump near Teff ∼ 10000K,
but this hasn’t been confirmed yet. There are also observations, which lead to specu-
lations, that B giants also go through a bi-stability jump even though their mass loss
rates Ṁ are predicted to be at least ten times smaller than in BSGs.

2.2 X-ray emission

From most massive stars, we can detect x-ray emission. The effective temperature of the
star itself is not sufficient to explain the observed x-ray luminosities. Now it is assumed,
that the x-rays result from highly heated plasma parts in their stellar wind, which are
due to shockwaves. Lucy and White (1980) first suggested that x-rays from massive
stars are due to dynamic processes in their stellar winds and later on Feldmeier et al.
(1997) with their one dimensional radiative hydrodynamic models demonstrated that
stellar wind shocks could be the source of x-ray emission in O stars.

The part of stellar winds heated by shocks can be described as collisional, optically-
thin, hot plasma. In those plasmas x-ray emission occur due to recombination and
Bremsstrahlung.

The atoms collide and get ionized or excited. When the electron recombines or falls
back to a lower energy level in the atom, a photon gets emitted. It applies here that the
electron temperature is proportional to the ionization energy of the photons kTe ∝ Ip.
Emission due to recombination can occur in two ways, radiative and dielectronic recom-
bination. Is the ionized atom with which the electron recombines in an excited state,
emission can occur as dielectronic recombination, when the recombining electron excites
another electron. Satellite lines occur when the excited electron changes to a lower en-
ergy level and because of the excited recombined electron the wavelength of the emitted
photon is a bit longer than the normal line emission. When the electron autoionizes
instead, the process can be compared to scattering.

To calculate the emissivity it is important to know the ionization balance of the plasma.
Emissivity of spectral lines is dependent on electron density ne and temperature T of the
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plasma as well as the ion densities ni. Collisional ionization equilibrium (CIE) plasmas
are types of plasma typically found in stellar winds and coronae. The dedicated codes,
such as APEC (Smith et al., 2001) can be used for spectral analysis.

Another relevant mechanism of x-ray emission in this plasma is the Bremsstrahlung. It
gets produced when a charged particle changes its velocity because it loses energy by
getting deflected by another charged particle. The loss in energy is converted into the
emission of a photon. Since both particles aren’t bound it is often referred to as free-free
radiation. The wavelength of the photon depends on the energy loss. Therefore it is a
continuum radiation. This is mostly important in optically thin plasma and therefore
relevant in stellar winds.

The resulting spectrum is a combination of the recombination and de-excitation and the
emission due to Bremsstrahlung. Black body emission isn’t relevant in optically-thin
plasmas because it only occurs when the photons get trapped inside the plasma.

2.2.1 Predicting the temperature of hot gas in stellar wind from basic con-
siderations

A shock wave or contraction wave in a one dimensional flow in a fluid can be divided
in two regions, before and after the shock. The connection between these two regions
is described by the Rankine-Hugoniot condition. It expresses the conversation of mass,
momentum and energy. In theory the plasma temperatures due to the shock waves is
proportional to the amplitude of the velocity jump. Equation 3 shows the connection
between those two variables with help of the Rankine-Hugoniot condition

kTX =
3

16
mHµv

2 (2)

with mH = 1 · 10−24g and in the case of hydrogen plasma µ=0.5. For the stellar winds
of BSGs this value is adopted (in equation 3) because in the winds the main source of
electrons comes from ionized hydrogen. In reality µ is slightly higher than 0.5, but to
estimate it correctly it would be necessary to know how strong the metals in the wind
are ionized. For the stellar winds of BSGs equation 2 could be expressed as

Ts [MK] = 14

(
v∞ [km s−1]

1000

)2

, (3)

where the maximum amplitude for the velocity jump is adopted.

2.2.2 Estimating the x-ray luminosity

Another important parameter in x-ray emission is the x-ray flux and the corresponding
x-ray luminosity. Luminosity describes the amount of light that gets emitted from a
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source in energy per second. It depends on the Emission Measure EM [cm−3] and a
cooling function Λ(E) [erg cm3 s1].

LX = EM Λ(E) (4)

with EM =

∫
V
nenidV (5)

with ne as electron column density and ni as ion column density. These can be expressed
via density as

neni =
ρ2

µeµ̊im
2
H

(6)

where µe and µi are the molecular weight per electron and per ion, mH [g] the proton
mass and ρ = ρ(r), which follows the continuity equation

ρ(r) =
Ṁ

4πr2v(r)
, (7)

It is commonly assumed, that the velocity v(r) follows the β-velocity law, which can be
seen in equation 1. However the wind consists realistically not just of hot gas. It is a
time independent, homogenous mix of “cool” (Tw ∼ 104 K) and “hot” (TX ∼ 107 K) gas.
It is spherically symmetrical and in a dynamical equilibrium. Therefore there is a filling
factor which adds the ratio of cool and hot wind emission fX = EMX

EMw
where realistically

fX � 1. Would all wind consist of hot gas only fX = 1. With equation 4, 5 and the
filling factor fX the x-ray luminosity is

LX = fXΛν(TX)

∫
V
nenie

−τwdV (8)

where τw is the optical depth within the stellar wind.

τw =

∫ ∞
z

ρκwdz, (9)

where κw [cm2 g−1] is the mass absorption coefficient and depends on the ionisation
structure and chemical composition of the wind. If the optical depth would be set
τw = 0, it would mean that the stellar wind doesn’t absorb any x-rays. This case would
lead to the maximal x-ray luminosity that could be expected. However in reality τw = 0
is not likely. Like shown later in section 6.2, it can be assumed, that the stellar wind
absorbs part of the emitted x-rays again. For τw 6= 0 it is possible to do a spherical
separation and divide the stellar wind in two parts, where zone 1 is τw > 1 and describes
the part of the wind, that is optically too thick to contribute to the x-ray luminosity and
zone 2 with τw = 0, which is optically thin. For Wolf-Rayet stars Ignace and Oskinova
(1999) have already done that. In the case of spherical separation, it is possible to ignore
the area near the star, where the wind is optically too thick for x-ray emission. Therefore
the x-ray luminosity for the observable wind would be

LX ≈
1

2
2πfXΛν(TX, E)

∫ ∞
r1

(
1 +

√
1− r2

1

r2

)
nenir

2dr (10)

10



Blue supergiants stars and their stellar winds

This is called exospheric approximation and it overestimates the x-ray luminosity. Hereby

the factor 1+

√
1− r21

r2
is the part of the wind, that can’t be seen from the line of sight of

the viewer and therefore the x-rays will not be detected by a telescope. It is an occulta-
tion from the optically thick surface. Furthermore the x-ray luminosity is corrected by
the prefactor 1

2 to roughly account for the approximation. The radius r1 is calculated
trough K-shell photoelectronic absorption in the “cool” part of the wind, with equation
11

r1 =
Ṁ

4πv∞
κ(E), (11)

where κ(E) is the mass-absorption coefficient for the cool parts of the winds in units of
[cm2/g]. It is dependent on the energy of the photons. Now the equation 6 and 7 can
be used.

LX ≈ fXΛν(TX, E)
π

µeµ̊im
2
H

∫ ∞
r1

(
1 +

√
1− r2

1

r2

)(
Ṁ

4πr2v(r)

)2

r2dr (12)

= fXΛν(TX, E)
Ṁ2

µeµ̊im
2
H16π

∫ ∞
r1

(
1 +

√
1− r2

1

r2

)
1

r2v(r)2
dr (13)

To prevent division by zero for r = r1 I assume v(r) = v∞ and the velocity is therefore
constant. The resulting integral can be solved analytically.

∫ ∞
r1

(
1 +

√
1− r21

r2

)
r2

dr =
π + 4

4r1
(14)

That leads with help of equation 11 to the following equation for x-ray luminosity:

LX ≈ Λν(TX, E)
fX

Ṁ
v∞

µeµ̊im
2
Hκ(E)

1 + π
4

4
. (15)

The x-ray luminosity is therefore dependent not only on v∞ and TX, but also on Ṁ and
κ(E). To be consitent from our spectral analysis (see section 6), we retrieve the energy
integrated cooling funktion Λ(TX) using the x-ray analysis software xspec. The flux can
be described with the help of Λ(TX) as

FX =
LX

4πd2
=

Λ(E) · EM
4πd2

(16)

with d as the distance to the source. In the APEC model (see more in section 6.1), which

is most suited for the stellar winds of BSGs, norm is defined as norm = 10−14

4πd2
EM . For

Λ(E) that means, Λ(E) = 10−14FX
norm . When norm = 1 it is possible to create a table

where Λ(E) = 10−14FX, where the flux can be calculated with xspec (see table 1). The
resulting function Λ(TX) [10−23 erg cm3 s−1] is displayed in figure 4.
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Table 1: Cooling function Λ determined by setting the paramter norm to unity in the
apec model

kT [keV] FX in 0.2-10.0 keV [10−9 erg cm−2 s−1]
= Λ(TX) [10−23 erg cm3 s−2]

0.2 2.46
0.4 2.87
0.6 3.45
0.8 3.43
1.0 2.93
1.2 2.35
1.4 1.98
1.6 1.80
1.8 1.72

Figure 4: Cooling function Λν(TX) with the fit function y0 + A

√
2
π

w e−2(x−xcw )
2

and pa-
rameters A=1.6 ± 0.1; xc = 0.70 ± 0.01; w = 0.71 ± 0.04; y0 = 1.72 ± 0.05.

X-ray emission and their parameters like plasma temperatures and x-ray fluxes due to
shockwaves in the wind are highly dependent on the wind velocity and therefore, change
for stars located on both sides of the bi-stability jump. Hence, comparing the hot plasma
temperatures and fluxes derived from observations with those predicted theoretically for
shocks in stellar wind provides an excellent empiric test for the theory of x-ray production
in winds of BSGs. With the theories on x-ray properties described in this section, one
can make some predictions: velocity decreases by factor 1.7, as can be seen in the values
from Prinja and Massa (1998), meaning the temperature is expected to drop by factor
3. The density is increased, which could mean that EM is higher, but the absorption is
higher as well, therefore this is more difficult to predict.
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3 Absorption in the interstellar medium

While photons move from emitter to observer through space it happens that some pho-
tons get absorbed due to the interstellar medium (ISM). The part of the ISM important
in this work consists mostly of really cold clouds of gas and dust between stars. It con-
tains mainly neutral hydrogen, but also other metals and molecules. To map the cold
ISM it is common to use the 21cm-line emission of neutral hydrogen. The absorption in
the ISM is of crucial importance to spectral analysis, because the spectrum has to be
corrected accordingly. Through photoionization radiation gets absorbed, which leads to
a reddening in the observed spectrum, that can be seen in the parameter E(B − V ).

Photoionization cross sections σISM give the probability of photoionization, which de-
pends on the energy of the photons and the species of the ion. To estimate the pho-
toionization cross sections for models concerning ISM absorption it is necessary to use
the sum of the cross sections of gas, grain and dust (Wilms et al., 2000). For x-ray
radiation most absorption occurs in metals, because hydrogen itself has too low energy
levels to absorb x-rays. Therefore the assumed metal abundances are crucial to σISM.
The observed x-ray spectrum of a source can be described as

Iobs(E) = e−σISM(E)NHIsource(E) (17)

with σISM normalized to the total hydrogen number density NH [atoms/cm2].
In our milky way the reddening E(B − V ) and the extinction AV are linear.

E(B − V ) = 3.1AV (18)

Furthermore, the observed relation between hydrogen column density NH and the optical
extinction AV by Güver and Özel (2009) in the galaxy is linear as well.

NH[cm−2] = (2.21± 0.09)× 1021AV[mag] (19)

Therefore not only hydrogen column density NH of the ISM and E(B − V ) are propor-
tional, but NH is also proportional to the amount of absorption.
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4 XMM-Newton Telescope

In this work I analyzed spectra of BSGs measured by the XMM-Newton telescope of
the ESA, which is an x-ray telescope. X-rays can only be observed in space, because
the atmosphere blocks out all x-rays. Therefore the XMM-Newton telescope is a space
telescope.

The XMM, which stands for x-ray Multi-Mirror Mission, consists of 3 telescopes and an
optical monitor (OM). The three telescopes consist of multiple mirrors which are lay-
ered. To detect x-rays the mirrors need to be nearly parallel to the path of the x-rays,
because of their grating angle. The telescopes use a combination of first parabolic and
then hyperbolic surfaces for the mirrors. For detection the XMM-Newton telescopes use
5 different cameras with CCD chips.

Figures 5 and 6 illustarte the construction of the telescopes. There are two systems for
detecting the x-ray spectra. For low resolution data the telescope has 3 EPIC Cameras.
The MOS1 and MOS2 cameras consist of seven CCD chips each, while the PN camera
has twelve CCD chips, which results in a higher count rate in the PN spectrum. The
cameras have a range between 0.2 to 10keV (Turner et al., 2001). For high resolution
data the Reflection Grating Spectrometers (RGSs) are used. It is a combination of an
array of reflection gratings behind two of the telescopes and an RGS camera with CCD
Chips in the focus. The two RGS Systems are identical (Brinkman et al., 1998).

The images are processed on-board and generated in x-ray event files. To extract the
spectrum out of these event files, one can use the science analysis software (SAS)3.

Figure 5: Light path in the XMM-Newton
telescope with only an EPIC camera in its
primary focus.

Figure 6: Light path in the two telescopes
in which a RGA is mounted into the optical
path.

The Figures 5 and 6 and their captions are adapted from the XMM-Newton Webside4.

3https://www.cosmos.esa.int/web/xmm-newton/sas
4https://www.cosmos.esa.int/web/xmm-newton/technical-details-mirrors, 04.07.2021
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5 Selection of the sample of B-type stars and their obser-
vations

5.1 B-type supergiants

To find suitable stars to analyze for my thesis I used the option ’query by criteria’ of
the astronomical database SIMBAD5. Important was to have stars on both sides of the
bi-stability jump. Therefore I selected stars with the criteria: a spectral type of B0, B1
or B2, a luminosity class splum < II and V magnitude vmag < 8.

Five of these stars were detected by the XMM-Newton telescope and the target was
within less than 5 arcsec from the observation coordinates. This can easily be checked
with the XMM-Newton Science archive6, where I used the catalogs 4XMM-DR10 Fil-
tered Catalog and 4XMM-DR10s Filtered Stack Catalog.

The star HD 14052 was detected by the Chandra x-ray telescope and within 1 arcsec
from the observation coordinates, which I found through the ’Quick search’ option of the
Chandra Source Catalog 2.07. However the count rate of the star was too low to analyze
with xspec, so for this star and the stars HD 91969, κ Ori and HD 91943 I just used
the parameters from literature. The star HD 152234 I first selected as well, because its
spectral type in SIMBAD is displayed as B0.5Ia, but the spectral type in newer papers is
specified as O9.7I (Le Bouquin et al., 2017). I decided to include it as well, but also only
used parameters retrieved from literature. The log of observations is shown in table 2 and
the stellar parameters of all B-type supergiants used in this work are displayed in table 3.

Table 2: Log of observations of BSGs observed by XMM-Newton telescope and analyzed
in this work

name HD number date of observation useful exporure time [s]
(1) (2) (3) (4)

ε Ori HD 37128 2002-03-06 12260
J Pup HD 64760 2007-03-16 65300
γ Ara HD 157246 2004-02-22 22310
θ Ara HD 165024 2005-10-12 55570
ζ Per HD 24398 2004-02-13 37320

the dates of the observations (column 3) are from the catalog summery of the PPS data;
the useful exposure times (column 4) are given by the xspec program, which I used to
analyze the x-ray spectra and every exposure time is for the EPN instrument of the
XMM-Newton telescope, except for ε Ori, which is the exposure time of the RGS2

5http://simbad.u-strasbg.fr/simbad/
6http://nxsa.esac.esa.int/nxsa-web/#search
7https://cxc.cfa.harvard.edu/csc/
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Selection of the sample of B-type stars and their observations

ε Ori has a high resolution spectrum, which was detected with the Reflection Grating
Spectrometer (RGS1 and RGS2) of the XMM-Newton telescope. I could use the Pipe-
line data (PPS) for this star.
J Pup, γ Ara and θ Ara have low resolution spectra observed with the MOS1, MOS2
and PN cameras of the XMM-Newton telescope.
ζ Per has an EPIC spectrum, but has no PPS data, so I needed to extract the EMOS1,
EMOS2 and EPN spectra from the event list using SAS. With that I could extract the
spectrum, background spectrum and create the rmf and arf files.
κ Ori has an high resolution spectrum and was observed by the Chandra telescope. I
used the data for temperatures from table 8 and the luminosity in table 7 from (Cazorla
and Nazé, 2017)
HD 91969, HD 91943 and HD 14052 were all observed by Chandra and I just used
the luminosity from literature in table 7
The x-ray light curves of all stars are just showing noise and don’t give any indication of
strong variability. I also checked Fast Fourier Transform spectra provided by PPS but
no sign of variability is obvious.

5.2 B-type giants

For comparison purposes I extended the x-ray analysis to B-type giants. Conveniently,
the proposal from Waldron (2006) for observation time with the XMM-Newton telescope
included five B-type giants. Four of them were detected by the XMM-Newton telescope.
I analyzed these stars, to compare them with the supergiants. The star 15CMa I had
first included in the sample of B-type supergiants, but discovered later that SIMBAD
displayed the wrong spectral type. In SIMBAD the star is identified as spectral type
B1Ib, but in recent papers its specified as B1IV (see Burssens et al., 2020). However,
I couldn’t include the star in the sample B-type giants, because its count rate was too
low to analyze the spectrum. The log of observations is shown in table 4 and the stellar
parameters for these stars are in table 5.

Table 4: Log of observations of B-type giants observed by XMM-Newton telescope and
analyzed in this work

name HD number date of observation useful exporure time PN [s]
(1) (2) (3) (4)

Φ1 Ori HD 36822 2010-03-14 27330
β CMa HD 44743 2015-04-21 98000
κ Sco HD 160578 2008-03-12 54120
γ Ori HD 35468 2012-09-22 43320

The dates of the observation (column 3) are from the catalog summery of the PPS data.
The useful exposure times (column 4) are given by the xspec program and every exposure
time is for the EPN instrument of the XMM-Newton telescope.
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Selection of the sample of B-type stars and their observations

The four B giants I analyzed with xspec had all low resolution spectra detected by the
MOS1, MOS2 and PN cameras of the XMM-Newton telescope. But usable data was
only obtained to maximal 2 keV, which is different from my sample of supergiant stars.
That can be seen in the spectra displayed in section 8.2.
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6 X-ray analysis

6.1 Modelling with the xspec program

The xspec program is an x-ray spectral analysis software from Arnaud (1996), which was
used in this work to measure x-ray fluxes and plasma temperatures of the sample stars.
For analyzing an EPIC spectrum of a star observed with the XMM-Newton telescope
not only the file with the spectrum is needed, but also the background spectrum and the
arf and rmf files. The software has different models for fitting a spectrum. To analyze
the x-ray spectra, I used two models combined, the Tuebingen-Boulder ISM absorption
model, which serves as a multiplicative model component and the model of an APEC
emission spectrum, which is an additive model. In the following paragraphs are short
introductions to these two models used for the x-ray spectra analysis for my sample of
stars. All the analyzed spectra in this thesis with their fitting models from the BSGs
are in section 8.1 and for the giants in section 8.2

The Tuebingen-Boulder ISM absorption model, known in xspec as tbabs model,
calculates the absorption of x-rays in the ISM. It has one parameter that can be varied
by the user and that is NH the hydrogen column density in units of [1022 atoms

cm2 ]. The
hydrogen column densities of the ISM of the sample of stars are in table 6. It calcu-
lates the x-ray absorption with photoionization cross sections, thereby using typical ISM
abundances (for more information see the review for the model from Wilms et al. (2000)).

The APEC emission spectrum model can be used on x-ray emission spectra of
optically-thin thermal plasmas, where the emission is dominated by emission through
collision. It is based on the AtomDB atomic database8. The processes of x-ray emission
are described in section 2.2. The vapec model is a variant of the apec model, where it
is possible to vary the metal abundances. Its parameters are plasma temperature kT in
[keV], metal abundances, redshift z (for all the sample stars z = 0) and norm which is
defined as

normxspec,T =
10−14

4π[dA(1 + z)]2

∫
nenHdV, (20)

with dA as angular distance to the source in [cm], redshift z, ne and nH electron- and
H- densities in [cm−3].

A model APEC spectrum for a typical energy range and plasma temperature is displayed
in figure 7. The continuum in the spectrum is due to Bremsstrahlung and the lines are
from de-excitation and recombination from electrons.

8http://atomdb.org/
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Figure 7: The apec model for an energy range of 0.2 - 10.0 keV with a plasma temperature
of 0.5 keV, solar metal abundances, redshift z = 0 and norm = 1.

All the stars in the sample had better fits, when the model had multiple temperatures
with corresponding norms. The norms give the amount of plasma with one temperature
and the corresponding metal abundances. By varying the metal abundances depend-
ing on the biggest deviations from model fit to the spectrum the fit could be improved
immensely. By freezing parameters like metal abundances after fitting them, I could
decrease the errors of the temperatures and norms. The results on the parameters kT
and norm from the models for the stars can be seen in table 9.

Xspec gives the possibility to not only show the absorbed flux, but also calculate the
de-reddened flux of a spectrum, by adding the component cflux to the model. This
model component has three parameters, the minimum and maximum energy, which are
fixed so they can not be varied and the logarithmic unabsorbed flux log10(FX) in units
of [ erg

s·cm2 ]. For my sample stars it is best to use a range of 0.3 - 10 keV to calculate the
flux, which is the range of the XMM-Newton telescope.For calculating the flux without a
spectrum the High Energy Astrophysics Science Archive Research Center (HEASARC)9

has an online version of this model called WebPIMMS10. Using this additional values for
the parameters absorbed flux, as well as NH, and an emission model with corresponding
plasma temperature is needed. I used this for the stars κ Ori and HD 14052.

9https://heasarc.gsfc.nasa.gov/
10https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3pimms/w3pimms.pl
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6.2 Results on hydrogen column density

The hydrogen column density NH is an important parameter in fitting an x-ray spectrum,
because the spectrum of the star has to be corrected for absorption in the ISM (for
further information see 3). Table 6 shows the the reddening E(B-V) (column 3) and the
hydrogen column density NH,ISM (column 4) for the sample of stars I analyzed with
xspec, both taken from literature, where the reddening due to the ISM is studied. Like
described in section 3 and shown in equations 18 and 19 these two parameters should
be proportional by an absorption of x-rays in the ISM. However, table 6 clearly shows,
that is not the case. For example the stars J Pup and γ Ara have the same value for
E(B − V ) but a huge difference in NH,ISM. When comparing the two PN spectra of the
stars, figure 8 shows that γ Ara has a higher absorption than J Pup. That can be seen
in the soft part of the spectrum that gets ”eaten” more with higher absorption.

Figure 8: Comparison of the PN spectra of J Pup (black crosses) and γ Ara (red crosses)
on a logarithmic y-scale.

Therefore it is a possibility these discrepancies from the typical observation of ISM ab-
sorption (see Güver and Özel, 2009) come from absorption of x-rays within the stellar
wind, which adds to the absorption from the ISM. When contemplating the continuity
equation ρv = const., an increase in density over the bi-stability jump can be assumed,
which is due to the drop in terminal velocity v∞. This increase in density could lead to
an increase in absorption within the stellar wind. To test the hypothesis of additional
x-ray absorption in the stellar wind, I tried adding another absorption model component
describing the absorption in the wind to the tbabs model with the fixed value of NH,ISM

for the ISM absoption. However, with a second tbabs model the resulting errors for
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the calculated NH,stellarwind were too high. When exchanging it for an absorption edge
model, which calculates the absorption edge with the parameters of a threshold energy
Ec and an absorption depth D, the program couldn’t find an edge in the spectrum. It is
likely, that the spectral resolution of the EPIC camera is not sufficiently high for testing
the edge model.

Therefore, I used my model tbabs*(vapec+vapec+vapec), but letting xspec calculate the
values for the hydrogen column densities. The resulting values are in table 6 column
5. Figure 9 compares the values for hydrogen column density of the ISM retrieved from
literature NH,ISM and those calculated with xspec NH,xspec. It shows clearly the excess
absorption for later spectral types. That strengthens the theory of absorption of x-rays
in the stellar wind, due to an increase in density with later spectral types. It seems
therefore, that x-rays are emitted far inside the wind and are absorbed in the wind when
propagating toward the observer. When calculating NH,xspec it is important to know,
that by varying metal abundances in the model for the emission of x-rays in the wind,
the value of NH,xspec is changing too. By having so many unknown parameters when
fitting the model, it is difficult to find an exact value for NH.

Figure 9: Comparison of the hydrogen column densities NH,ISM from literature and
NH,xspec for the sample of B-type supergiants analyzed with xspec. The black line marks
NH,ISM = NH,xspec.

As can be seen in figure 10 B-type giants show similar differences between NH,ISM and
NH,xspec as the BSGs. Deviating from the BSGs though is that the star Φ1 Ori, which
has the earliest spectral type, shows the highest absorption, while later spectral types
seem to have less absorption. The fact that NH,xspec > NH,ISM fits the theory of x-
ray absorption in the stellar winds. However, the highest excess absorption in earlier
sprectral types is different to the BSGs and therefore the absorption can’t be due to
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higher densities in later spectral types. In contrast to BSGs though values for v∞ for
B-type giants are difficult to find and a jump in velocity isn’t verified yet (see Waldron,
2006), therefore the density in later spectral types might not be higher.

Figure 10: Comparison of the hydrogen column densities NH,ISM from literature and
NH,xspec for the sample of B-type giants analyzed with xspec. The black line marks
NH,ISM = NH,xspec.

Table 6: Comparison of the hydrogen column densities from literature to the calculated
hydrogen column densities with xspec for the sample of stars used for spectral analysis

# name E(B − V ) NH,ISM [1020cm−2] NH,xspec [1020cm−2]
(1) (2) (3) (4) (5)

B-type supergiants analyzed with xspec

2 ε Ori 0.1 2.82 4.3± 1.3
5 J Pup 0.05 1.82 4.1± 1.7
8 γ Ara 0.05 4.79 6.8± 2.03
9 θ Ara 0.06 6.92 13.3± 2.3
10 ζ Per 0.27 6.31 16.3± 2.5

B-type giants analyzed with xspec

11 Φ1 Ori 0.07 6.46 19.3± 3.5
12 β CMa 0 0.02 10.2± 1.0
13 κ Sco 0 1.66 6.2± 2.6
14 γ Ori 0.02 0.18 4.8± 3.6

E(B − V ) (column 3) and NH,ISM (column 4) are from Jenkins (2009), except of γ Ori,
which is from Berghoefer et al. (1996). NH,xspec (column 5) is derived from the x-ray
spectra of the stars with the model tbabs*(vapec+vapec+vapec) from xspec, hereby the
model component tbabs calculates the hydrogen column density for ISM absorption.
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6.3 Results on x-ray luminosities

The X-ray flux corrected for the interstellar reddening could be used to compute X-ray
luminosities according

LX

[erg

s

]
= FX

[ erg

s cm2

]
4πd[cm]2 (21)

= 1.2 · 1044d[kpc]2FX

[ erg

s cm2

]
, (22)

where d is the distance to the star. The distance of a star is related to their parallax.
When a star is close enough to the observer to detect their parallax π, which is the case
for all the sample stars, because they are located in our galaxy, it is possible to calculate
the distance with

d[kpc] =
1

π[mas]
. (23)

The resulting x-ray luminosities of my sample stars are given in table 7.

Figure 11 shows the x-ray luminosity of the supergiants. It can clearly be seen, that the
x-ray luminosities of the BSGs decrease linear with decreasing Teff . This corresponds
with the drop in x-ray flux for BSGs with lower Teff Waldron (2006) mentions, though
it is a linear decrease instead of a clear drop.

Figure 11: X-ray luminosities (see table 7) plotted against effective temperature (see
table 3) for the sample of stars analyzed in this work. The supergiants analyzed with
xspec are displayed as black dots and the supergiants retrieved from catalogs as red
stars. The black line shows the best fit. The star with the highest x-ray luminosity and
Teff = 28.4 is the only O-type star in my sample.
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By using equation 15 I can approximate the expected order of magnitude, for an assumed
κ(E) = 80 [ cm2

g ] and a fX = 1, which corresponds with the exospheric approximation in
the equation.

LX ∼ 2 · 10−23

10−6 M�
yr

1.4·103 km
s

1.3 · 1.14 · (10−24 g)2 · 80 cm2

g

1 + π
4

4
∼ 1034

[erg

s

]
(24)

As seen in table 7 this is multiple orders of magnitude too high. This is probably due
to the yet unknown factor of the optically depth τw(E), approximated with a spherical
separation, where the mass-absorption coefficient κ(E) is different for every star and the
high approximation of v(r) = v∞ in this equation. The deviation from the Lx derived
from observations (table 7) could also imply filling factors of hot gas of orders 10−2 -
10−4, which appears to be a reasonable number.

Table 7: Unabsorbed fluxes and x-ray luminosities for the sample of stars analyzed in
this work

# name log10(FX) [ erg
s cm2 ] x-ray luminosity in log10(LX) [ erg

s ]
(1) (2) (3) (4)

supergiants included in this thesis

1 HD 152234 32.85
2 ε Ori −12.34± 0.48 31.30
3 HD 91969 31.44
4 κ Ori −11.46 31.21
5 J Pup −12.74± 0.021 30.75
6 HD 91943 30.61
7 HD 14052 −14.08 30.77
8 γ Ara −12.68± 0.11 30.13
9 θ Ara −13.01± 0.04 29.86
10 ζ Per −12.92± 0.08 29.88

B-type giants included in this thesis

11 Φ1 Ori −12.36± 0.13 30.77
12 β CMa −12.038± 0.006 30.40
13 κ Sco −12.85± 0.05 29.57
14 γ Ori −12.89± 0.08 28.97

The unabsorbed flux (column 3) has an absorbed flux in the range 0.3 - 10 keV and all
are calculated with xspec, except for κ Ori and HD 14052, which are calculated with
WebPIMMS. This online program calculates the unabsorbed flux with the absorbed
flux, which was for κ Ori from Cazorla and Nazé (2017) and for HD 14052 from Currie
et al. (2009) and the hydrogen column density NH, which was for κ Ori from Jenkins
(2009) and for HD 14052 from Evans et al. (2010). The x-ray luminosities (column 4)
are calculated with formula 22, except for HD 91969 and HD 91943, which are from
Preibisch et al. (2017) and HD 152234, which is from Townsley et al. (2019).
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In figure 12 the giants analyzed with xspec are added to the diagram. They show a
steeper drop in LX around the effective temperature Teff = 24.5, than the supergiants.
While the values of the x-ray luminosity for spectral type B0 and B1 are nearly similar,
later spectral types in giants have much lower values for x-ray luminosities. The lack
of information about wind properties of B-type giants makes theoretical predictions of
their x-ray properties difficult.

Figure 12: X-ray luminosity of the sample of stars analyzed in this work plotted against
their effective temperature Teff . The supergiants analyzed with xspec are displayed as
black dots, supergiants retrieved from catalogs as red stars and giants analyzed with
xspec as green squares.

6.4 Results on x-ray temperature

The plasma temperatures and corresponding norms of the stellar wind of the sample of
supergiants and giants (see table 9) are calculated with the model vapec of the xspec
program. The best fits were all with three temperatures, except for the star κ Sco,
where a model with two temperatures fitted better. Important hereby is that by adding
a temperature it is necessary to add the corresponding norm as well. Therefore I added
up the vapec models depending on the best number of temperatures. Adding more
vapec model components than three would result in too many unknown parameters for
the program to calculate the fit. The average temperatures from these values were
calculated with equation 25 and are given in table 8.

< kT >=
kT1 normT1 + kT2 normT2 + kT3 normT3

normT1 + normT2 + normT3

(25)

Hereby it is important to notice that xspec gives a normxspec,T dependent on the distance
of the star (see equation 20). In order to be able to compare the x-ray temperatures of
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the stars, it is necessary to get a normT that is not dependent on distance. Therefore

normT = d2normxspec,T (26)

with d as distance in [cm].

Assuming that x-ray emission is due to shock wave heating of the plasma according to
the models from Feldmeier et al. (1995), the plasma temperature follows the equation
3. In that case the shock temperature TS is proportional to the terminal velocity v∞.
Looking at the behaviour of v∞ over the jump, TS should drop in stars with effective
temperatures lower than 21000 K and therefore with spectral type B1I and later. How-
ever, in figure 13 can be seen that the theoretical shock temperatures are much higher
than the results of the plasma temperatures measured using the observed spectra. The
theoretical temperatures are only approaching the empirically derived plasma temper-
atures in the stars with spectral type B2I, hence on the “cool” side of the bi-stability
jump. Furthermore the average temperatures of the BSGs don’t vary much with later
spectral types. Therefore in contrast to the x-ray luminosity, the x-ray temperature
doesn’t seem to correspond to the change in the wind character. The only star with
an unusually high average temperature is γ Ara, which is not to be expected in a B1I
star. Even in this star, the empirically measured temperature of X-ray emitting plasma
is significantly lower than predicted by the Rankine–Hugoniot shock condition (equation
3).

Figure 13: Average temperatures of the x-ray emitting plasma for the sample of stars
analyzed in this work (see table 8) plotted against Teff . The supergiants analyzed with
xspec are displayed as black dots, supergiants retrieved from catalogs as red stars and
giants analyzed with xspec as green squares. The theoretical shock temperatures are
shown as blue circles.
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With figure 14 the average temperatures of the BSGs can be compared to the ones of the
B-type giants more easily. It shows clearly, that the B-type giants have continually lower
temperatures than the supergiants and their average temperatures are nearly constant.
However we don’t have (like mentioned in subsection 6.3) a varifikation of a jump in
v∞ or solid values for the velocity. Therefore it is difficult to predict theoretical TS for
B-type giants with the Rankine–Hugoniot shock condition (equation 3).

Figure 14: Zoom of figure 13 with average temperature of the x-ray emitting plasma for
the sample of stars analyzed in this work (see table 8).The supergiants analyzed with
xspec are displayed as black dots, supergiants retrieved from catalogs as red stars and
giants analyzed with xspec as green squares.

The theory of shock wave heating can accordingly not explain the behaviour of the x-ray
temperatures correctly. Possibly, this is a result of the 1-D nature of the shock models,
or of the simplified physics of plasma cooling, which we assume in this work. However,
one may also speculate that the shock heating model is not a valid explanation of X-ray
emission from the winds of hot stars.

The weighted maximal plasma temperatures of the BSGs don’t show high variations with
spectral subtype either as can be seen in figure 15. It shows a slow increase with Teff ,
though hereby it has to be considered that especially < kTmax of ε Ori has high errors
and for verification it is necessary to have more observation data for analysis. However,
if there actually is an increase with spectral type, this could be related to the behaviour
of v∞. The giants all have lower < kTmax > and show in comparison to the supergiants
a much clearer increase with Teff and an according decrease with later spectral types.
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Figure 15: Weighted maximal temperatures of x-ray emitting plasma for the sample stars
derived from their x-ray spectra (see table 8) plotted against their effective temperatures.
The BSGs analyzed with xspec are displayed as black dots, BSGs retrieved from catalogs
as red stars and B-type giants analyzed with xspec as green squares. The displayed errors
are the relative errors dlog10(< kTmax >) = 1

ln(10)
d<kTmax>
<kTmax>

.

Table 8: Average plasma temperatures of the x-ray emitting part of the stellar winds
for the sample stars

# name < kT > [keV] < kTmax > [1037 keV
cm3 ] kTS [keV]

(1) (2) (3) (4) (5)

B-type supergiants

2 ε Ori 0.281± 0.009 94.9± 65.3 2.52
4 κ Ori 0.26± 0.012 14.2± 3.4 2.52
5 J Pup 0.41± 0.051 9.6± 5.8 2.33
8 γ Ara 0.78± 0.08 12.6± 4.1 1.77
9 θ Ara 0.289± 0.008 1.9± 0.41 0.85
10 ζ Per 0.45± 0.03 3.9± 1.2 0.85

B-type giants

11 Φ1 Ori 0.116± 0.003 4.0± 1.5
12 β CMa 0.119± 0.004 1.1± 0.2
13 κ Sco 0.089± 0.006 0.33± 0.09
14 γ Ori 0.131± 0.006 0.036± 0.011

The average plasma temperature < kT > (column 3) is calculated with formula 25.
The weighted maximal plasma temperature Tmax (column 4) is calculated with formula
< kTmax >= kTmax normTmax . The temperatures and norms for both formulas are from
table 9, except for κ Ori, which are from Cazorla and Nazé (2017). The theoretical shock
temperature (column 5) is calculated with equation 3.
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Discussion and Conclusion

7 Discussion and Conclusion

Using the analysis of x-ray spectra from B-type supergiants and giants, I studied their
stellar winds, and empirically tested stellar wind theory.

The increasing differences between hydrogen column density NH calculated from fitting
observed x-ray spectra and the values of NH,ISM from literature is interpreted as an ab-
sorption of x-rays in the stellar wind. By comparing the x-ray spectra of stars on both
sides of the bi-stability jump, there seems to be an increase in absorption from stellar
wind in stars on the “cooler” side. This is consistent with the observation of lower termi-
nal velocities v∞ and is due to higher densities, as well as theoretically predicted higher
mass loss rates Ṁ . This possibility of absorption in the stellar winds also indicates that
the x-ray emission takes place deep within the stellar wind. However when measuring
the hydrogen column density by fitting x-ray spectra, the value of NH is highly depen-
dent on the individual metal abundances. Therefore further studies on this phenomenon
will help improve the stellar wind models.

The theory of shock wave heating of parts of the stellar wind developed by Feldmeier
et al. (1995) predicts decreasing x-ray temperatures with the decreasing terminal velocity
v∞ at later spectral types. My measurements of plasma temperature from the analysis
of observed spectra show nearly constant values and are on the “hot” side of the jump
much lower than predicted. That the x-ray temperature doesn’t follow the shock wave
model from Feldmeier et al. (1995), is possibly due to the lack of a three dimensional
model or incorrect model assumption on plasma being heated by the wind shocks. Alter-
natively, the plasma could be heated by the magnetic processes associated with stellar
photosphere, i.e. analogous to the late type active stars. The lack of a drop in TX with
the bi-stability jump leads to the conclusion that either the x-ray temperature doesn’t
depend on v∞ or other parameters are compensating the drop in terminal velocity.

On the other hand the x-ray luminosity LX shows a steady decrease with lower effective
temperatures and accordingly later spectral subtypes. This follows the prediction from
Waldron (2006) of a decreasing x-ray flux over the jump. LX depend not only on v∞
and Ṁ (which still has differences in their theoretical predicted and empirically derived
values) but also on x-ray temperature due to the cooling function Λ(TX, E) and the op-
tical depth of the cool wind τw, which hasn’t been part of a study for the stellar winds of
BSGs yet and which receives importance, because of the earlier mentioned possibility of
absorption of x-rays in the stellar wind. Therefore it is difficult to calculate an accurate
theoretical prediction, which can be compared with the empirical observations of x-ray
luminosity. However LX shows a dependence on effective temperature and accordingly
spectral subtype.

The x-ray parameters, x-ray temperature and luminosity of giants in comparison to the
supergiants are lower, but seem to follow the same behaviour. Though the lack of infor-

32



Discussion and Conclusion

mation about v∞ and models on their bi-stability jump, makes it difficult to compare
their empirically derived x-ray parameters with theoretical predicted ones.

In general there is not much data for analysis available and more observations of BSGs
with big x-ray telescopes would help to increase the accuracy of distributions of x-ray
parameters over the bi-stability jump and the conclusions that can be drawn from them.

Finally, this thesis demonstrates that the spectroscopic analysis of x-ray spectra of BSGs
is a valuable tool for studies of these influential stars and their winds.
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8 Appendix

8.1 Spectra of supergiants fitted with xspec

Figure 16: Spectrum of J Pup fit-
ted with xspec with the model
tbabs*(vapec+vapec+vapec) on a loga-
rithmic y-scale.

Figure 17: Spectrum of γ Ara fit-
ted with xspec with the model
tbabs*(vapec+vapec+vapec) on a loga-
rithmic y-scale.

Figure 18: Spectrum of θ Ara fit-
ted with xspec with the model
tbabs*(vapec+vapec+vapec) on a loga-
rithmic y-scale.

Figure 19: Spectrum of ζ Per fit-
ted with xspec with the model
tbabs*(vapec+vapec+vapec) on a loga-
rithmic y-scale.
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Figure 20: Spectrum of ε Ori fit-
ted with xspec with the model
tbabs*(vapec+vapec+vapec) on a loga-
rithmic y-scale.

8.2 Spectra of giants fitted with xspec

Figure 21: Spectrum of Φ1 Ori fit-
ted with xspec with the model
tbabs*(vapec+vapec+vapec) on a loga-
rithmic y-scale.

Figure 22: Spectrum of β CMa
fitted with xspec with the model
tbabs*(vapec+vapec+vapec) on a loga-
rithmic y-scale.
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Figure 23: Spectrum of κ Sco fitted with
xspec with the model tbabs*(vapec+vapec)
on a logarithmic y-scale.

Figure 24: Spectrum of γ Ori fit-
ted with xspec with the model
tbabs*(vapec+vapec+vapec) on a loga-
rithmic y-scale.
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Zusammenfassung

Zusammenfassung

Blaue Superriesen (BSGs) sind große, heiße und sehr helle Sterne, die sich in ihrer
Entwicklung von der Hauptreihe entfernt haben. Eine besonders wichtige Eigenschaft
dieser Sterne sind ihre Sternenwinde, welche Massenverlustraten, die aus beobachteten
Daten hergeleitet wurden (see Searle et al., 2008), in Größenordnungen von 10−8 bis 10−6

M� yr−1 haben. Aufgrund ihrer Stärke spielen die Sternenwinde eine große Rolle bei
der Entwicklung der Sterne, sowie der Entwicklung des interstellaren Mediums (ISM), da
sie Impuls, Energie und Materie an dieses übertragen. In den Sternenwinden der BSGs
wurde beobachtet, dass es einen starken Abfall in der Geschwindigkeit des Windes um
den Spektraltypen B1 gibt. Diesen Sprung nennt man bi-stability jump. Er wird oft
verwendet um die Eigenschaften der Sternenwinde genauer zu untersuchen, da mit dem
bi-stability jump eine Veränderung im Charakter der Winde stattfindet. Da fast alle
massiven Sterne emittieren Röntgenstrahlen, deren Quelle das Plasma der Sternenwinde
ist. Damit bieten diese ein optimales Werkzeug zur Untersuchung der Winde. Ich habe
in dieser Arbeit Röntgenspektren von BSGs um den Spektralbereich des bi-stability
jumps analysiert. Die zugrunde liegende Daten wurden aufgenommen von den größten
derzeit existierenden Röntgenteleskopen XMM-Newton und Chandra. Das Ziel war die
Abhängigkeit der Eigenschaften von Röntgenstrahlen zum Charakter des Windes zu er-
mitteln und Theorien zur Produktion von Röntgenstrahlen in den Sternenwinden der
BSGs zu überprüfen. Dazu habe ich die Plasmatemperaturen der Bereiche des Windes
welche Röntgenstrahlen emittieren, sowie die Röntgenhelligkeiten aus den Spektren der
Sterne hergeleitet, indem ich diese mithilfe des Programmes xspec analysiert habe. Hi-
erbei wurde deutlich, dass sich die Plasmatemperaturen in den röntgenemittierenden
Teilen der Winde nicht mit dem Sprung in der Geschwindigkeit des Windes verändern.
Die mittlere Plasmatemperatur ist bei den Stichprobensternen relativ konstant in den
Spektralklassen B0 bis B2. Eine Theorie zur Röntgenemission von Feldmeier et al. (1995)
besagt, dass eine Instabilität in den Winden zu Schockwellen führt, die das Plasma auf
Millionen von Grad erwärmen, was zu Röntgenemission führt. Diese theoretischen Plas-
matemperaturen stellten sich jedoch als wesentlich höher heraus, als meine ermittelten
mittleren Plasmatemperaturen hergeleitet aus den Röntgenspektren der Stichproben-
sterne. Weiterhin habe ich die Röntgenhelligkeit untersucht, welche in den Spektral-
bereichen B0 bis B2 einen deutlichen Anstieg mit ansteigender Effektivtemperatur der
Sterne aufzeigt. Zudem liegen Abweichungen zwischen den Werten für die hydrogen
column density NH des ISMs in der Literatur und jenen von mir mit xspec ermittelten
vor. Aus diesen konnte ich auf eine mögliche Absorption von Röntgenstrahlen innerhalb
der Sternenwinde schließen.
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