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Zusammenfassung

In der jiingeren Vergangenheit wurden heliumreiche Hauptreihensterne (14000K < Tig <
21000 K) und heiBe Unterzwerge mit 27000 K < T < 31000K der Spektralklasse B (auch
unterleuchtkraftige B-Sterne oder kurz sdBs genannt) sowie blaue Horizontalaststerne mit ei-
nem erhdhten Anteil des ®He Isotops entdeckt. Es steht auBer Frage, dass Diffusionsvorgange
auf atomarer Ebene in der Atmosphare dieser Sterne zu den beobachteten Haufigkeitsanoma-
lien fiihren. Jedoch brauchen gewohnliche gravitationsbedingte Diffusionsvorgange verglichen
mit der Lebenszeit des jeweiligen Sterns zu lange, um die meisten dieser Anomalien erkléaren zu
konnen. Andere theoretische Modelle wie das Zusammenspiel zwischen stellaren Winden und
Diffusionsvorgangen in der Atmosphare von Hauptreihensternen oder der sogenannte , Light
induced drift" (LID) verschaffen hier Abhilfe. Eine detaillierte quantitative Spektralanalyse mit
Hilfe von hochauflésenden Spektren zur Bestimmung des atmospharischen Heliumisotopiever-
haltnisses in bekannten 3He-Sternen der Spektralklasse B wurde bis jetzt aber noch nicht
durchgefiihrt.

Folglich besteht das Hauptziel der vorliegenden Arbeit darin, zwischen den beiden Isotopen
3He und *He zu unterscheiden und ihre jeweiligen Elementhaufigkeiten in der Atmosphére von
17 ausgewahlten Sternen der Spektralklasse B zu bestimmen, um die *He-Anomalie unter-
suchen und Haufigkeitsverhaltnisse ableiten zu konnen. Die Stichprobe beinhaltet zwei blaue
Horizontalaststerne mit *He sowie 15 heiBe Unterzwerge der Spektralklasse B (13 mit *He und
zwei ohne, die als Vergleichssterne dienen sollen). Ebenso sollen die Metallhaufigkeiten von C,
N, O, Ne, Mg, Al, Si, S, Ar und Fe fiir die betreffenden Sterne bestimmt werden. Die quanti-
tative Spektralanalyse wird anhand von hochauflésenden Spektren durchgefiihrt, die mit Hilfe
von fiinf unterschiedlichen Echelle Spektrographen, darunter CASPEC (ehemals verwendet am
ESO 3.6 m Teleskop), FEROS (am ESO 2.2m Teleskop), FOCES (am Calar Alto 2.2m bzw.
3.5m Teleskop), HRS (am Hobby-Eberly Teleskop) und UVES (am ESO VLT), aufgenommen
wurden.

Zur quantitativen Spektralanalyse wird die Temperatur- und Dichteschichtung im lokalen ther-
modynamischen Gleichgewicht (LTE) mit Hilfe des Programms ATLAS12 modelliert. Die er-
zeugten Modellatmospharen basieren dabei auf mittlerer Metallizitat fiir heiBe Unterzwerge
der Spektralklasse B. Abweichungen vom LTE werden mit dem Programm DETAIL bei der
Bestimmung der atomaren Besetzungszahlen im statistischen Gleichgewicht beriicksichtigt.
Zuletzt werden die optischen Spektren im Detail mit Hilfe des Programms SURFACE syntheti-
siert, wobei alle Modellatome, darunter auch ein erst kiirzlich entwickeltes fiir He, verwendet
werden.

Die meisten der analysierten heiBen Unterzwerge mit *He haufen sich in einem engen Tempera-
turbereich zwischen ~ 26 000 K und 30 000 K. Neben den bereits bekannten heiBen Unterzwer-
gen der Spektralklasse B mit *He wurde zudem noch ein Sample von insgesamt 76 zusatzlichen



sdBs aus dem ,,ESO Supernova la Progenitor Survey* im fiir 3He sdBs relevanten Tempera-
turbereich untersucht, von denen vier Sterne ebenfalls als sogenannte 3He sdBs klassifiziert
werden konnten. Alle untersuchten 3He-Sterne weisen Haufigkeitsverhaltnisse von “He/3He ~
0-7 auf, die die beobachteten Isotopieverschiebungen mehr oder weniger reproduzieren. Die
Profile der untersuchten Heliumlinien einiger Sterne, darunter diejenigen der beiden analysier-
ten blauen Horizontalaststerne sowie diejenigen von drei heiBen Unterzwergen, kdnnen jedoch
nicht korrekt reproduziert werden. Diese Sterne zeigen Hinweise auf vertikale Heliumschich-
tung in ihren Atmospharen, was bis jetzt nur bei einigen wenigen Hauptreihen- und blauen
Horizontalaststernen nachgewiesen wurde. Zu guter Letzt weisen die Metallhaufigkeitsmuster
der 3He-Sterne keine Abweichungen gegeniiber denen normaler unterleuchtkraftiger B-Sterne
auf. Jedoch gehéren die unterleuchtkraftigen 3He-Sterne der Spektralklasse B zur Gruppe der
kohlenstoff-, silizium-, schwefel- und argonreichen heiBen Unterzwerge.



Abstract

In the recent past, 3He isotope enrichment in helium-weak B-type main-sequence (14 000 K
< Ter S 21000K) as well as in blue horizontal branch (BHB) and hot subdwarf B stars (short
sdBs, but also known as hot subluminous B stars) with 27000 K < T < 31 000K has been
discovered. It is out of question that atomic diffusion processes occurring in the atmosphere
of these stars lead to the observed abundance anomalies. However, normal diffusion processes
driven by gravitational settling take too long compared to the particular stellar lifetime and,
therefore, are inadequate to explain most of these anomalies. Here, other diffusion models
like the diffusion mass-loss model for main-sequence stars and the light induced drift (LID)
provide remedies. A detailed quantitative spectral analysis of high-resolution spectra in order
to derive photospheric isotopic helium abundance ratios for known 3He B-type stars has not
been performed yet, though.

In consequence, this thesis’ main goal is the distinction between *He and “He and the determi-
nation of their individual elemental abundances in the atmospheres of a sample of 17 B-type
stars which consists of two *He BHB, and 15 sdB stars (13 3He sdBs and two He-normal
sdBs) in order to spectroscopically study the 3He anomaly and to derive abundance ratios.
Also, metal abundances for C, N, O, Ne, Mg, Al, Si, S, Ar, and Fe are derived for the relevant
stars. The quantitative spectroscopic analysis is performed by means of high-resolution spec-
tra obtained by five different Echelle spectrographs, including CASPEC (used at ESO 3.6 m
telescope in the past), FEROS (at ESO 2.2m telescope), FOCES (at Calar Alto 2.2m and
3.5m telescope, respectively), HRS (at Hobby-Eberly telescope), and UVES (at ESO VLT).
For the quantitative spectral analysis the temperature and density stratification is modeled in
local thermodynamic equilibrium (LTE) by means of the program ATLAS12. Computed model
atmospheres are based on the mean metallicity for sdB stars. Deviations from LTE are taken
into account as occupation number densities are calculated in statistical equilibrium by means
of the program DETAIL. Finally, the optical spectra are synthesized in detail by means of the
program SURFACE, whereby all model atoms, including a lately developed 3He one, are used.
Most of the analyzed *He sdBs cluster in a narrow temperature strip between ~ 26 000 K and
30000 K. Besides the already known 3He sdBs, a sample of 76 additional sdBs in total from
the hot subdwarf list of the ESO Supernova la Progenitor Survey has been re-investigated in
the relevant *He sdB temperature regime, whereby four of these stars could be identified as
3He enriched sdBs as well. All analyzed 3He stars exhibit abundance ratios of ‘He/3*He ~
0-7, more or less reproducing the observed isotopic line shifts. For some stars, including both
analyzed BHB stars and three sdBs, the investigated helium line profiles cannot be properly
reproduced, though. These stars show evidence for vertical helium stratification what has only
been reported for a few main-sequence and BHB stars before. Concerning metal abundance



patterns, the 3He sdBs finally show no peculiarities with respect to their He-normal siblings.
However, they belong to the group of carbon-, silicon-, sulfur-, and argon-rich sdBs.
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1. Introduction

Astronomy and astrophysics aim to develop a comprehensive understanding of what we call
the Universe, putting mankind and the evolution of our home planet Earth into context. It is
generally known that our host galaxy is the Milky Way, being only one out of an endless number
of galaxies populating the entire Universe. Each of the individual galaxies itself is populated by
a countless number of (gravitationally bound) constituents, i.e., by a large number of visible
stars, potentially hosting planets like it is the case in our solar system. The scientific topics of
present-day research in both fields are numerous. For instance, the search for a second Earth,
i.e., for new extrasolar planets in so-called habitable zones of their own solar systems, under-
standing the fact that only around 5% of the entire Universe consists of “normal matter” and
the question of what the remaining 95%, i.e., dark matter and dark energy, actually are, the
recent discovery of gravitational waves and the sophisticated knowledge behind their origin,
just to mention a few of them. However, the most intuitive and yet simplest access to other
galaxies is and remains the investigation of the shining objects - the stars.

Since the beginning of the 20th century, several milestones for the detailed understanding of
the nature of stars have been set in astronomy and astrophysics. Amongst others, the de-
velopment of the so-called Hertzsprung-Russell diagram in order to understand the evolution
process of stars and the Harvard spectral classification system for grouping stars into different
spectral types according to their individual spectral characteristics. Beyond spectral classi-
fication the physical modeling of the stellar atmosphere remains. An extremely fascinating
but at the same time challenging task is the detailed understanding of the origin of spectral
emission and absorption lines in the stellar atmosphere, in particular the optical part of a
stellar spectrum originating in the so-called photosphere. While it is generally accepted that
the behavior of the atmosphere is mainly controlled by the density of the gases in it and the
interaction of radiation with the stellar plasma, the dependencies of the latter two on chemical
composition is not fully understood, though. Specifically, atomic diffusion as a fundamental
physical process in stellar atmospheres is out of question, but often ignored because of its
complexity. However, it is known today, after several decades of studies, that atomic diffusion
can significantly affect the superficial elemental abundances of stars and even their evolution.
Abundance anomalies are observed throughout the Hertzsprung-Russell diagram (see Fig.
even though, in first approximation, a large fraction of stars have a chemical composition
similar to that of the Sun. Whereas in giants or supergiants with luminosities L > 10*L,), the
anomalies appear to be caused by nuclear reactions within the star itself, in most other types
of stars, they are mainly the result of atomic transport, i.e., diffusion processes. For instance,
some 30% of the warmer main-sequence B, A and F stars with effective temperatures between
around 7000 K and 21 000 K display abundance anomalies (Michaud et al., 2015). But anoma-
lies are also present in evolved stars, most notably on the (extreme) horizontal branch in blue



1. Introduction

horizontal branch (BHB) and hot subdwarf O and B-type (sdO and sdB) stars. Furthermore,
the surface abundances of all white dwarfs are caused mainly by atomic transport processes.
Even a closer look at the Sun often reveals the presence of small anomalies caused by diffusion
(Michaud et al., 2015)).

In a simplistic atmospheric diffusion theory model the particular elemental abundances are set
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Figure 1.0.1.: Groups of stars showing abundance anomalies in the Hertzsprung-Russell dia-
gram. On the main sequence, anomalies are nearly all believed to be mainly
caused by atomic diffusion processes with each group being identified using a
heavy colored frame. Abundance anomalies among hot subdwarf O and B-type
(sdO and sdB) stars as well as among blue horizontal branch (BHB) stars and
white dwarfs are also due to atomic diffusion. Only anomalies in giants and
stars with luminosities L > 104L® are attributed to nuclear reactions. Adopted
from |Michaud et al. (2015),

by a balance between gravitational settling caused by gravity and radiative levitation caused
by the radiation pressure, since the latter depends on the elemental abundance. Interestingly,
if simple atomic diffusion is taken into account, it turns out that all B-type main-sequence and
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(extreme) horizontal branch chemically peculiar stars have to be helium deficient in their upper
layers with the element being depleted on time scales much shorter than the evolutionary one.
At such low abundances no helium spectral lines should be observable at all in optical spectra
of these stars, being at odds with observations (Heber, 2016; [Michaud et al., 2015)).
Moreover, the discovery of helium-rich B-type main-sequence stars with effective temperatures,
Tefr, between around 20000 K and 25000 K, but also up to ~ 32000K (see the solid purple
colored frame in Fig. , at the beginning of the 1970s and the existence of *He isotope
enhancement in helium-weak B-type main-sequence with 14000 K < T, < 21 000K (see the
dotted purple colored frame in Fig. as well as in BHB and sdB stars were difficult
to reconcile with the general weakness of the radiative acceleration of helium. In principle,
the smaller atomic mass of He leads to a slower gravitational settling for it than for *He,
thus increasing the 3He/“He abundance ratio with time. Unfortunately, the time needed to
obtain the observed 3He overabundances is too long compared to the stellar lifetime in order
to explain 3He stars, when applying the simplistic diffusion theory model. That is why other
diffusion theory models had to be developed (Michaud et al., 2015).

Of course, knowledge of the possible diffusion processes occurring in the stellar atmosphere of
3He B-type stars is indispensable for the detailed understanding of their evolution. Empirical
information on the photospheric *He/“He abundance ratios are required to constrain theo-
retical concepts, though. Therefore, detailed quantitative spectral analyses of high-resolution
spectra have to be conducted. The identification of 3He is made by accurately measuring
the small isotopic shifts of the He | absorption lines in the optical part of the spectrum. The
isotopic shifts with respect to the *He isotope vary from line to line. Whereas some lines like
3He |, 5875 A are shifted only slightly (0.04 A) towards redder wavelengths, the shifts of *He I,
4922 A and *He |, 6678 A are considerably larger, reading 0.33 A and 0.50 A, respectively (Fred
et al., 1951)).

With the above mentioned aspects in mind, this thesis' scientific goal is the distinction be-
tween 3He and *He and the determination of their individual elemental abundances in the
stellar atmosphere of 17 analyzed B-type stars, including two 3He BHB, and 15 sdB stars (13
3He sdBs and two He-normal sdBs). In order to guarantee a sophisticated quantitative spec-
tral analysis, synthetic model spectra are calculated by means of use of a detailed *He model
atom and a hybrid local thermodynamic/non-local thermodynamic equilibrium approach. In
addition, metal abundances, i.e., chemical abundances of elements exhibiting a higher atomic
mass than hydrogen and helium, are derived. Last but not least, atmospheric parameters (ef-
fective temperature, Te, and surface gravity, log (g)) as well as radial and projected rotation
velocities are determined for all analyzed stars, too.

Chapter [2| summarizes the basic principles of astronomical instruments needed to obtain a
stellar spectrum, i.e., spectrographs. The different Echelle spectrographs used to obtain the
analyzed spectra are briefly introduced. In chapter [3] the basic concepts of modeling synthetic
spectra are presented. Chapter [4] is then a general review about quantitative spectral analy-
sis and its importance in stellar astronomy. While chapter [5 gives a general overview of the
properties, the chemical composition and the formation of hot subdwarf stars as well as of
atomic diffusion processes, in particular taking place in hot subdwarf stars of spectral type B,
both, chapter |§] and chapter , deal with the *He anomaly in B-type stars. Chapter (8| briefly

13
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introduces the analysis programs used for the local thermodynamic equilibrium (LTE) analysis
of chapter and for the hybrid LTE/non-LTE analysis of chapter [I1] The results derived
from the hybrid LTE/non-LTE analysis are presented in chapter .

14



2. Study of Stellar Spectra with Optical
Instruments

Spectroscopy provides astronomers access to plenty of parameters describing the physical state
and behavior of stars by obtaining and studying the distribution of electromagnetic radiation
as a function of wavelength. Hence, it is one of the most powerful tools in astronomy. Ana-
lyzing spectra of excellent quality with very high precision requires the development of larger
telescopes but also high-resolution spectrographs.

The following chapters and deal with the basic properties of a grating spectrograph as
well as of an Echelle spectrograph and, in principle, are an English version of both chapters 2.1
and 2.2 of the thesis “Eine Radialgeschwindigkeitsstudie des Réntgen-Doppelsterns BD +37 °
442" by D. Schneider from 2014 (Schneider, 2014)).

Chapter then gives a short overview of all the Echelle spectrographs used to obtain the
spectra analyzed in chapters[10] and [I1]

2.1. Grating Spectrograph

All analyzed spectra in this thesis were obtained by so-called Echelle spectrographs. In order
to understand their functionality, the “normal” (long-slit) grating spectrograph has to be ex-
plained at first.

A spectrograph is used for the dispersion of starlight into its components. As Fig. [2.1.1] shows,
it consists of several components which are briefly presented below (Drechsel et al., 2015).

e By means of the telescope, the starlight is collected and focused in the focal plane
afterwards.

e The slit serves for shielding of undesirable scattered light. The slit width b has strong
influence on the resolution of the obtained spectrum.

e A collimator is installed between slit and dispersion element so that the starlight falls
in parallel onto the dispersion element.

e The dispersion element is responsible for the separation of light into its constituent
wavelengths. Here, it is either dealt with a tilted reflection grating (so-called blaze
grating) or a prism.
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e The camera lens images the resulting spectrum created by the dispersion element onto
a CCD detector.

e Eventually, the digital image of the obtained spectrum is created in the CCD detector.

fcoll

N
(gt 1

\

=== - - Telescope

. . Ligh,,
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lens telescope’s

focal plane

Figure 2.1.1.: Schematic setup and light path in a grating spectrograph. While the telescope
focuses the light beam at the slit with slit width b, the collimator lens with focal
length feon is for parallelization. After the light has been dispersed by the blaze
grating, the resulting spectrum is imaged onto a CCD detector. This is done by
a camera lens with focal length f..,. Adopted from |Irrgang (2014).

The spectral resolving power Rgji;, defined as the ratio of wavelength X to its corresponding
minimal resolvable wavelength difference A\, reads for a spectrograph with a blaze grating:

A n- fcoll

Fsie = AN - d-bcosa

A~ (2.1)
Here, n is the diffraction order number, f.,; marks the collimator focal length, d is the distance
between two blaze grating's grooves which are tilted by the so-called blaze angle O relative
to the surface normal, b is the slit width and « is the angle of incident radiation relative to
the grating’s surface normal. From equation , two simple possibilities for increasing the
resolving power and thus the quality of the spectrum can be derived. On the one hand the slit
width b should be chosen preferably small and on the other hand it is recommended to observe
in high order numbers n. Due to the local seeing, i.e., atmospheric disturbances (turbu-
lences within different atmospheric layers, variably strong scattering of starlight off atoms and
molecules of Earth's atmosphere etc.), observed objects appear to be larger in the focal plane
of the telescope. If the slit width is therefore chosen to be smaller than the so-called seeing
disk, this would result in unnecessary light loss. Thus, in order to reach a high spectral re-

16



2.2. Echelle Spectrograph

solving power, a good location with preferably good seeing is necessary (Drechsel et al., 2015)).

2.2. Echelle Spectrograph

The problem accompanying high diffraction order numbers n is the overlapping of the individ-
ual orders. In this case, light of different orders and wavelengths is diffracted under the same
emergent angle /3 at the blaze grating. That is why the so-called Echelle spectrograph ( Echelle
= French word for stair or ladder) is applied. Compared to the constituents of the grating
spectrograph already mentioned above, it consists of an additional grating or prism which is
placed between camera lens and blaze grating perpendicularly to the initial dispersion. This
so-called cross dispersion element ensures that the individual overlapping diffraction orders
are separated afterwards. In this way, a striped Echelle spectrum is created whose individual
orders do not image the whole spectrum as usual for a transmission grating, but each of these
orders covers only a small section of the spectrum (see Fig. [2.2.1)). This can be accomplished
by a convenient choice of all the involved parameters n, o, § and d. The whole continuous
spectrum is then created by merging the individual orders. Thus, a relatively small and rect-
angular CCD detector is sufficient to cover the whole spectral range (Drechsel et al., 2015).

The individual orders are influenced by the so-called blaze wavelength A2 which leads to the

Incoming light

Order n

Order n + |

Detector

Cross dispersion element

Echelle grating

Figure 2.2.1.: Schematic setup and light path in an Echelle spectrograph. The overlapping
higher diffraction order numbers are separated by the additional cross dispersion
element before reaching the CCD detector. In addition, each of the orders only
covers a section of the whole spectrum. For simplicity, slit, camera lens and
collimator lens are not displayed here. Adopted from [Irrgang (2014).
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2. Study of Stellar Spectra with Optical Instruments

effect that only the spectral range around )2 is covered in each of the orders. More precisely,
the intensity profile is given by the blaze function which has a maximum at \° and falls steeply
at the sides (Drechsel et al., 2015)).
By using the blaze wavelength A2, the spectral resolving power Rechee of an Echelle spectro-
graph is approximately given by:
)\O

Rechelle = 7A)n\2 ~ K = const. . (2.2)
Here, K describes a device-specific constant which can be derived from the different parameters
of the Echelle spectrograph, i.e., via incident and emergent angle, slit distance, slit width etc..
Of course, the resolving power of the CCD detector should match the one of the spectrograph,
i.e., the pixel size of the detector has to be small enough so that it can register the high
resolution (Drechsel et al., 2015)).

2.3. Echelle Spectrographs Used

In the following, all Echelle spectrographs used to obtain the spectra to be analyzed in chapters
and are listed. While the structure of a typical Echelle spectrograph as described in
section is represented by CASPEC, modern Echelle spectrographs like FEROS, FOCES,
HRS, and UVES are fiber-fed, thus resulting in even higher stability. Table [2.1]summarizes the
most important references from which the individual spectrograph descriptions are extracted.
Additional references used are also marked within the text.

CASPEC - Cassegrain Echelle Spectrograph

The Cassegrain Echelle Spectrograph, short CASPEC, was one of the three high-resolution
spectrographs available at La Silla, Chile, in the 1980s and 1990s. It was used at the f/8.09
Cassegrain focus of the 3.6 m telescope and was the first cross-dispersed high-resolution Echelle
spectrograph at La Silla operating from about the atmospheric cut-off at 310 nm to the long-
wavelength limit of the CCD detectors (1100 nm). Though, it was not suitable for programs
aiming at radial velocity measurements with a higher precision than ~ kms~!. Its maximum
resolving power was R ~ 41,000 achieved by a ~ 1 arcsec wide slit. But, the feature of
CASPEC was the availability of two cross dispersion elements (crossdispersers), one for the
blue and one for the red spectral range. With the RED crossdisperser no wavelength changes
were allowed within a night and the inter-order separation below 5500 nm was too small because
of a relatively small groove density so that it could not be used for observations at shorter
wavelengths. Also, a change of the crossdisperser during the same night was not possible. So,
if both, the red and the blue ranges, were to be observed during the same night, the BLUE
crossdisperser had to be used. The square CCD detector chip used for CASPEC was able
to cover 120 nm simultaneously with the BLUE and 240 nm with the RED crossdisperser and

18



2.3. Echelle Spectrographs Used

Instrument References
CASPEC (Randich & Pasquini, 1996)

FEROS https://www.eso.org/sci/facilities/lasilla/instruments/feros.html
FEROS https://www.eso.org/sci/facilities/lasilla/instruments/feros/overview.html
FOCES (Pfeiffer et al., 1998)

HRS http://www.as.utexas.edu/mcdonald/mcdonald.html

HRS http://www.as.utexas.edu/mcdonald/het/het.html

HRS http://hydra.as.utexas.edu/7a=help&h=11

UVES https://www.eso.org/public/germany/teles-instr/vlt/vlt-instr/uves/

Table 2.1.: References used for the descriptions of the individual spectrographs in chapter .

limited the full order overlap to wavelengths longer than 710 nm (Randich & Pasquini, 1996)).

FEROS - The Fiber-fed Extended Range Optical Spectrograph

Operating as a state-of-the-art bench-mounted, high-resolution and thermally controlled prism-
crossdispersed Echelle spectrograph, the Fiber-fed Extended Range Optical Spectrograph,
short FERQS, is permanently mounted at the MPG/ESO-2.20 m telescope at the European
Southern Observatory (ESO) in La Silla, Chile. Its high efficiency of ~ 20% and its high
resolution of R ~ 48,000 over a total of 39 Echelle orders together with the large wavelength
range covering almost the complete optical spectral region from ~ 350 nm to ~ 920 nm in only
one exposure, make FEROS one of the best astronomical instruments for a large variety of
stellar and extra-galactic spectroscopic observation programs requiring high spectral stability.
Also, its mechanical and thermal stability result in a precise wavelength calibration based on
daytime calibrations. Therefore, a high productivity in gathering scientific data is ensured. Via
an included Object-Calibration mode, precise radial velocity measurements with accuracies of
~ 25ms~! or better can be guaranteed, too. The instrument is fed by two fibres illuminated
via 2.0 arcsec apertures on the sky separated by 2.9 arcmins so that spectra of the object plus
either of a sky background region or of one of the two calibration lamps for wavelength calibra-
tion as well as flat-fielding can be produced simultaneously. The thinned and back-illuminated
EEV 2k x 4k CCD detector with its excellent quantum efficiency of ~ 98% measured at 450 nm
contributes considerably to the instrument’s high detection efficiency (Kaufer et al., 1999).
The core of the FEROS reduction pipeline is even included in the standard MIDAS (Munich
Image Data Analysis System) distribution and can thus be used user-friendly to reduce the
taken data.

FOCES - A Fibre Optics Cassegrain Echelle Spectrograph

The Fibre Optics Cassegrain Echelle Spectrograph, short FOCES, was designed and built in
the mid of the 1990s to be mounted at the Cassegrain focus of either the 2.2 m or the 3.5m
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2. Study of Stellar Spectra with Optical Instruments

telescope at the Calar Alto Observatory (German-Spanish Astronomical Center) located in the
Sierra de Los Filabres to the north of Almeria, Spain. It is fed by 100 um optical fibres and the
incident light is collimated by means of two off-axis parabolic mirrors. A small folding mirror
placed between the two parabolic mirrors guarantees an efficient way to remove scattered light,
too. The resulting Echelle image covers the optical spectral region from 380 nm to 750 nm
using 70 spectral orders with full spectral coverage. The instrument's maximum spectral
resolution is R ~ 40,600 with a 2 pixel resolution element. Here, the cross-dispersion is
achieved with a tandem prism mounting, separating the particular diffraction orders before the
light beam is finally imaged with an f/3 transmission camera onto a field centered on a 1024
x 1024 thinned Tektronix CCD with 24 ym pixel diameter. FOCES also offers a second fibre
carrying the sky background signal in order to correct spectra of extremely faint objects. For
this alternative mode, an additional prism for higher cross-dispersion has to be used resulting
in a correspondingly reduced spectral range, though (Pfeiffer et al., 1998)).

HRS - High-Resolution Fiber-Coupled Spectrograph of the
Hobby-Eberly Telescope

The McDonald Observatory located in the Davis Mountains of West Texas, i.e., 450 miles west
of its research and administrative home at The University of Texas at Austin, offers a wide
range of state-of-the-art astronomical instruments for imaging and spectroscopy in the optical
and infrared. Amongst others, a high-resolution Echelle spectrograph (HRS) constructed for
the Hobby-Eberly Telescope (HET), momentarily one of the world's five largest telescopes built
with a unique objective: to gather a very large amount of light, specifically for spectroscopy,
at extremely low cost. The HRS is a single channel spectrograph linked to the corrected prime
focus of the HET through its Fiber Instrument Feed. Just like FOCES, HRS is a so-called
“white pupil” spectrograph. Here, a 2-mirror collimator system is used. While the first mirror
serves as the main collimator located off-axis, the second one is even farther off-axis in order
to re-collimate the beam, directing all dispersed rays to the white pupil coinciding with the
surface of the cross-dispersing grating, and to compensate for the off-axis aberrations of the
main mirror. The instrument uses a mosaic of two R-4 Echelle gratings (with a nominal blaze
angle of © = 76°) and a selection of two cross-dispersing gratings to separate spectral orders.
The spectral resolving power ranges from R ~ 15,000 over R ~ 30,000 and R ~ 60,000
up to R ~ 120,000 depending on the four available effective slit widths used and an overall
wavelength range between 420 nm and 1100 nm is covered. Imaging is carried out by an all-
refracting camera onto a mosaic of two thinned and anti-reflection coated 2k x 4k Marconi
CCDs with 15 pm pixels arranged along their 4k side leaving a ~ 72 pixel dead space between
them. The HRS was officially commissioned in March 2001 (Tull, 1998).
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UVES - The UV-Visual Echelle Spectrograph for the VLT

UVES, the UV-Visual Echelle Spectrograph for the Very Large Telescope (VLT) at Paranal
Observatory in the Atacama desert of northern Chile, has been placed at the Nasmyth B focus
of Unit Telescope 2 (UT2, Kueyen) in the late 1990s. It is a two-arm versatile cross-dispersed
Echelle spectrograph covering a wavelength range of 0.3 pm to 0.5 pm (blue) and 0.42 ym to
1.1pm (red), with a 2-pixel resolution of up to R ~ 80,000 and R ~ 110,000, respectively.
UVES uses a detector system composed of thin, 2048 x 2048 and 15 pm CCD chips (Dekker
et al., 1995). The instrument can also be combined with a second fibre system called FLAMES
resulting in a lower resolution of R ~ 47,000, but then providing high-resolution spectroscopy
for up to eight different objects at the same time through fibres fed through the red arm.
Therefore, the main scientific goals of UVES are in particular the spectroscopic properties of
faint stars and galaxies in the Universe.

21






3. Model Spectra

In order to get access to the different parameters describing the condition, the composition
and the structure, therefore the physical state of a particular stellar atmosphere, quantitative
spectral analysis, i.e., the analysis of observed spectral lines in a stellar spectrum, is the most
powerful tool (see also chapter [4] for more details). While the analysis of spectra is based
on the calculation of synthetic spectra including model atmospheres and solving the radiative
transfer, the various methods to calculate synthetic spectra are provided by the theory of stellar
atmospheres. The latter includes the complex description of the interaction of radiation and
matter in the stellar plasma. Thus, this chapter shall discuss the most important concepts
of radiative transfer, model atmosphere construction, and spectral line formation. It closely
follows the descriptions in the textbook published by |Gray (2005) as well as the theses of
Irrgang (2014 )| and [Schaffenroth (2015).

3.1. Radiative Transfer

The radiative transfer equation, accounting for all changes of the macroscopic radiation field
due to absorption and emission processes in the traversed matter of the stellar atmosphere,

reads:
dl, = —k,I,ds + n,ds . (3.1)

Here, I, is the so-called specific intensity, defined as the energy dFE per frequency interval
dv traversing through an area dA in the direction of the solid angle df2 = sin ©d©dy within
a time interval dt. ds is a small layer thickness in the direction of solid angle df) and &,
and 7, are the so-called (macroscopic) absorption and (macroscopic) emission coefficients,
respectively. r, is often called opacity whereas 7, is also known as emissivity (Collins, 1989)).
Generally said, both, opacity and emission coefficient, are a non-trivial function of variables
describing the state of matter, amongst others temperature, occupation number densities as
well as elemental abundances. Using the concepts of microscopic physics, both quantities can
be determined via:

Ky =Y _ Y. > {ind. absorber pop. density x ind. atomic cross-section(r) }  (3.2)

k i 3
ny o< Y > Y { ind. emitter pop. density x ind. atomic trans. prob.(v) } , (3.3)
ki g

where both frequency-dependent measures, individual cross-sections and transition probabili-
ties, can only be derived from atomic physics, and the sum includes all different (excited) states
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j of all ionization levels ¢ of all participating chemical elements & in the stellar atmosphere. As
the dimension of «, is m™!, the so-called mean free path ), i.e., the mean distance a photon
can travel before being absorbed, is defined as A = x;!. Concerning absorption processes in
the stellar atmosphere, true absorption (bound-bound, bound-free, and free-free atomic tran-
sitions), where the photon is destroyed and the energy is thermalized, and scattering, where
the photon is deviated in direction and removed from the solid angle being considered, are
distinguished. Whereas only bound-bound transitions are responsible for spectral absorption
lines, bound-free and free-free transitions as well as scattering processes are important for the
continuum formation.

Stellar interior
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Figure 3.1.1.: The definition of the so-called opti-

cal depth in stellar atmospheres using
plane-parallel geometry (see section
3.2.1)). While the coordinate perpen-
dicular to the plane, i.e., the geomet-
rical depth z, is increasing from in-
wards to outwards, the optical depth,
defined as 7, = — fOL k,dz over some
path length L, is increasing from out-
wards to inwards. 6 is the angle
measured to the normal of the plane
and ds is a small distance measured
along the photon's path in its direc-
tion of motion. Adopted from Irrgang
(2014).

called source function S, yielding the form:

I,

cos
Ty
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In order to rewrite Eq. (3.1, the unit-
less frequency-dependent optical depth
has to be introduced (see Fig. 3.1.1)). It
is defined as the product of the frequen-
cy-dependent absorption coefficient «x,
times a small layer thickness dz over
some path length L as 7, = — fOL Kydz.
A medium is optically thick at a partic-
ular frequency if 7, > 1 and optically
thin if 7, < 1. Also, a distance equal
to one optical depth is the thickness of
the absorbing gas from which a fraction
of 1/e photons can escape. The optical
part of a stellar spectrum results from
the photosphere which is defined as the
surface where its optical depth is ~ 2/3.
Because of the frequency dependence of
Ty, the lower boundary of the photo-
sphere differs for different wavelengths
of the absorbed photons, though.
Using the definition of optical depth 7,
ds in Eq. can be transformed into
ds = dz/cosf = —dr,(k, cos0) L.
Therefore, the rewritten radiative trans-
fer equation reads:

cosf dl, = I,d1, — &dﬂ/ , (3.4)
Ky

where the ratio Z—” is defined as the so-

S, . (3.5)
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Hence, the radiative transfer equation transforms into a first-order differential equation with
constant coefficients, solvable when the exact form of the source function is known. The
formal solution of this differential equation reads:

I, (71,co88) = 1,(7,,2,cos ) exp (—7—1'2_;—”1>
COS

(3.6)

Tv,2
: tu — Tyl dtu

+ / Sulty) exp (_ cos 6 )cos@ '

Tu,1
This means that radiation along the line at low optical depths 7, ; in direction of positive cos ¢,
i.e., from the inner parts of the stellar atmosphere to its outer parts, is composed of the sum
of intensities, S, originating at the points ¢, along the line but suffering extinction according
to the optical-depth separation ¢, — 7,1 (second term in Eq. . Also, any radiation incident
at a higher optical depth 7,5, called I,(7, 2, cos @), suffers exponential extinction by a factor
of exp (—%) (first term in Eq. .
However, in reality the source function .S, is a complicated one, even being a function of specific
intensity I, itself because of the interaction between radiation field and matter, influencing
both, absorption and emission coefficient. Consequently, the formal solution of the radiative
transfer equation, i.e., Eq. (3.6), cannot be used to determine the radiative transfer.

3.2. Model Atmospheres

3.2.1. Basic Assumptions

The stellar atmosphere is the region where the observed optical spectrum results from. In
order to simplify the stellar structure equations, often several assumptions are made. These
are presented below:

e Plane-parallel geometry: Since the thickness of the stellar atmosphere is usually small
compared to the radius of the star, the curvature of the star is negligible on length scales
of interactions taking place in the atmosphere.

e Homogeneity: The stellar atmosphere is said to be homogeneous in each layer except
in the normal direction, i.e., there are no variations perpendicular to its normal. This
means that for example magnetic fields, spots, granules, etc. are neglected and that
one single coordinate is sufficient to give the location within the atmosphere.

e Stationarity: Time-dependent effects like, for instance, pulsations are neglected mean-
ing that the stellar atmosphere is stationary.

e Hydrostatic equilibrium: Since no relative motion of the atmospheric layers in the
normal direction is considered in a stationary atmosphere, hydrostatic equilibrium holds,
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meaning that the pressure gradient dgff') is time independent and fulfills the following
relation: aP(r) GM(r)p(r) GMp(r)
r r)p(r p(r

= — ~ — = — ) 3.7

Here, G is the gravitation constant, r is the radial distance to the star center, p(r)
is the density at distance r, and M (r) describes the total mass within a sphere with
radius r. The used approximation is valid since the stellar atmosphere thickness is small
compared to the radius R of the star, and the mass of the stellar atmosphere is negligible
compared to the total mass M of the star. Therefore, the surface gravity g is linked to
atmospheric pressure and density stratification, thus being one of the most important
parameters characterizing stellar atmospheres.

The pressure P consists of two components. Namely, Ppjasma, i-€., the pressure caused
by electrons and ions in the stellar plasma itself, and Pragiation, the pressure caused by
radiation.

e Radiative equilibrium: Not only that a static atmosphere implies hydrostatic equilib-
rium, stationarity is also responsible for energy conservation at each point. Hence, the
net energy flux is constant with depth, since the energy source of the star lies far below
the atmosphere on the one hand, and on the other hand no energy enters the atmosphere
from the outside. The total net flux is given by the Stefan-Boltzmann law F' = 0T (see
also section , linking the constant flux to another important parameter describing
the state of a stellar atmosphere. Namely to T, the effective temperature of the star.

e Constant elemental abundances/Chemical homogeneity: The atomic abundances
are specified and constant throughout the whole stellar atmosphere.

e Charge conservation: The whole charge is conserved, meaning that:

Zansz —ne =0 (3.8)

k1

is fulfilled. The sum includes all different ionization levels i of all different elements
k in the stellar atmosphere. Here, Z;;. is the charge associated with ionization state ¢
belonging to the particular element k& (i is zero for neutral atoms, unity for single-ionized
atoms, etc.), n; is the corresponding ion density, and n. is the electron density in the
stellar plasma.

Based on these assumptions, the atmospheric structure depends only on the input parameters
effective temperature, T, and surface gravity, g. The corresponding structure equations
read:

00 2T
dp amsa dp adiation 1 .
APpramsa (7) = —gp(r) — = Radiation _ —p(r) | g — //i,,//[,, cos 6 sin ©dOdpdr
dr dr ep(r) ;o
= _p(r) (g - gRadiation) (39)
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o0 2w T
///L, cos 0sin ©dOdpdr =: F = 0T (3.10)
000
dr,
0"~ =1,-5,, 3.11
cos i (3.11)

where ¢ is the vacuum speed of light and o is Stefan-Boltzmann’s constant. While Eq. @
results from hydrostatic equilibrium, Eq. is based on radiative equilibrium. Eq. (3.11]
is again the radiative transfer equation.

Typically, an iteration process is used to find the parameters that describe the model atmo-
sphere. For this, detailed knowledge of the radiative transfer through the atmosphere has to
be ensured. Given the input parameters effective temperature T, and g, a trial atmosphere
is chosen as a starting point (gray approximation). This trial atmosphere does not fulfill all
of the structure Egs. (3.9), (3.10)), and at first, but provides hints of what has to be
changed in order to guarantee this. For instance, the temperature profile can be changed,
resulting in a different guess for density or pressure, respectively. This can then be transferred
into a new photon flux resulting in a new temperature stratification. Once the trial functions
for all physical quantities are updated, the whole procedure starts anew, stopping when a
certain convergence criterion is fulfilled. The final parameters can be used to set up the model
atmosphere and to compute a synthetic model spectrum afterwards.

3.2.2. Local Versus Non-Local Thermodynamic Equilibrium

Besides the sophisticated knowledge of the atomic structure concerning energy levels, statisti-
cal weights and transition probabilities of the particular atmospheric chemical species, which is
provided by so-called model atoms, the statistical properties of the stellar plasma, i.e., opacity
and emissivity have to be known in order to get access to the source function and therefore
to the radiation field via the radiative transfer. As described in chapter [3.1} both variables
depend on the occupation number densities of all atomic levels of all species of participating
chemical elements. Level populations can be calculated in local thermodynamic equilibrium
(LTE) from Saha-Boltzmann statistics. Departures from LTE, i.e., non-LTE (NLTE) effects,
can be determined by the statistical equilibrium equation which is derived from the requirement
of stationarity. The velocity distribution for all particles is set by thermodynamic equilibrium
(TE).

Thermodynamic Equilibrium (TE)

A system is said to be in thermodynamic equilibrium if the particle velocity distributions as
well as the distributions of atoms over excitation and ionization levels can only be described
by the absolute temperature T" and the total particle number density of the individual element
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x, N,, or the electron density n.. In the following, the different implications derived from TE
are listed:

e Maxwellian velocity distribution: All particles follow a velocity distribution of the

form: 32 )
m mu

= - Amv® 12

p(v)dv <27rkBT) exp( 2k3T> mv dv (3.12)

with particle mass m, particle velocity v, and Boltzmann's constant kp.

e Boltzmann excitation formula: The energy-level population numbers are derived from

the formula: g g
Nyp Gup ( up — Iow)
— ="—exp|—+—7— 3.13

Now Glow kBT ( )
with occupation number density 7, statistical weight g,,, and energy E,, of the upper
level with respect to the ground state of the atom/ion. njow, giow, and Ejey correspond
to the lower energy level.

e Saha ionization equation: The number densities of different ionization stages of a
single element are given by the following equation:

/2
N[ n U] h2 ’ -3 X1
== T3/ () 3.14
Ny 2Urq (27Tme/€3 P kgT (3.14)

with total number density /N; of the ionization stage I, Planck constant A, electron mass
me, ionization potential y;, and so-called partition function U; = ;”;35 gjexp (—E;/kgT)
of the particular ion. Ny and Ury correspond to ionization stage /+1. g; is the sta-
tistical weight of the jth excitation level with respect to the ground state of the ion. In

combination with charge conservation, i.e., Eq. (3.8), Eqgs. (3.13) and ({3.14)) determine

all occupation number densities n; and Nj.
e Specific intensity: The specific intensity [, is described by the Planck function B,:

2h13 1

I, =B, = 2 hw/ksT _ |

(3.15)

with ¢ the vacuum velocity of light and v the particular frequency.

e Photon number density: The photon number density NV, can be determined by:

B
N, =% 3.16
chv ( )

However, because of stellar radiation and the dependence of gravitational force, pressure, and
temperature on the local position within the star, the assumption of TE cannot be applied to
the whole stellar atmosphere at once.
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Local Thermodynamic Equilibrium (LTE)

Although TE does not hold globally in stellar atmospheres, its thermodynamic relations can
be applied locally. Thus, each atmospheric layer in a plane-parallel geometry can be described
only by its local temperature T" and its electron density n.. This concept is called local
thermodynamic equilibrium (LTE). In principle, the local source function can then be derived
by using Egs. (3.12), (3.13]) and (3.14) together with the information of atomic structure in
model atoms. However, LTE is only valid if interactions between photons and particles remain
local, i.e., take place in atmospheric layers of almost the same temperature. This is certainly
the case in the interior of stars. But for stellar atmospheres, this is not universally valid,
since on the one hand, lower particle densities can result in larger mean free paths of particles
and photons than the typical distance between two layers of different local temperatures.
On the other hand, the photon flux might be high enough so that a non-negligible fraction
of photons can leave one atmospheric temperature zone, even interacting with matter of
a different one. Departures from LTE in stellar atmospheres therefore increase with higher
effective temperatures, implying a high photon flux (see Eq. [3.10|for details), and lower surface
gravities, resulting in lower particle densities. For the analyzed B-type stars, typical mean free
paths of particles are small enough so that LTE is conserved. The effective temperatures of
these stars are already high enough to cause deviations from LTE, though. This results in
different occupation numbers than the ones derived from LTE and is summarized by so-called
non-local thermodynamic equilibrium (NLTE) effects.

Non-Local Thermodynamic Equilibrium (NLTE)

Typically, in non-local thermodynamic equilibrium (NLTE) the velocities of all particles remain
Maxwellian distributed, applying the same local temperature 1" as for LTE, but the occupation
numbers cannot be derived from Egs. and ((3.14), respectively. That is why a more
general ansatz of stationarity has to be used, introducing the so-called statistical equilibrium
or rate equations, which can be expressed as departure coefficients from LTE, restoring the
latter one for high particle densities and low photon fluxes. The rate equations for a single
atomic level 7 of one individual chemical element in a certain ionization stage read:

iy (Rig + Cy) = D ny(Ryi + Cji) - (3.17)
JF#i j#i

While n; and n; describe the occupation number densities of levels 7 and j, R;; and Cj; are the
radiative (including bound-bound and bound-free processes) and collisional rates for atomic
transitions from level ¢ to level j. R;; and C}; are defined similarly. In consequence, statistical
equilibrium means that the depopulation rate (left-hand side of Eq. of each state i is
equal to its population rate (right-hand side of Eq. , meaning that stationarity of level
population is guaranteed. Usually, radiative and collisional rates depend on the radiation field,
on the particle velocity distribution, and on the particular atomic cross-sections.

The set of rate equations for a certain chemical species in the stellar atmosphere has to be
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solved simultaneously for all excitation levels of the corresponding model atom/ion. In order
to do so, the total particle number conservation equation for the different elements, i.e.,
Zf Zj nij = Niotal, With the summation extending over all possible excitation levels j of all
possible ionization states ¢ of an individual species, has to be used additionally. Thus, the
calculation of the occupation number densities and in this way of the source function, can only
be performed numerically by solving the complex, non-linear coupled equation system made
up of rate equations and total particle number conservation equation.

3.2.3. Hybrid LTE/NLTE approach

As already indicated in the previous section, the computation of synthetic model spectra
in NLTE is an extremely time-consuming numerical task. Typically, the determination of
atmospheric parameters (see section {4) is done via a grid of model spectra in a multidimensional
parameter space (effective temperature, surface gravity, elemental abundances, etc.). Since
the analyzed B-type stars show high effective temperatures so that NLTE effects occur, but
densities are relatively high because of high surface gravities, it can safely be assumed that
departures from LTE have a negligibly small effect on the temperature-density stratification.
This allows to use the so-called hybrid LTE/NLTE approach, which also shortens computation
time enormously. Within this approach, it is assumed that NLTE effects are only important for
the calculation of level population densities. Therefore, the stellar structure equations can be
solved in LTE. The resulting LTE model atmosphere is kept fixed while the radiative transfer
equation as well as the rate equations are being solved simultaneously. Moreover, the rate
equations for the occupation number densities of the individual metals are solved separately,
using LTE population number densities for the other “background” metals. This approximation
is valid as long as NLTE effects of individual metals on the radiation field are small. As has
been shown by Nieva & Przybilla (2007) and Przybilla et al. (2011), the calculated synthetic
model spectra are fully consistent with self-consistent NLTE calculations for B-type stars.
The calculation of synthetic model spectra with the hybrid LTE/NLTE approach, as used in
chapter , makes use of three generic codes. These are:

1. ATLAS12: In order to allow the calculation of the LTE atmospheric structure, AT-
LAS12, developed by Kurucz (1996), is used. This code assumes plane-parallel geometry,
chemical homogeneity, and hydrostatic, radiative, and LTE.

2. DETAIL: In order to obtain the occupation number densities, the source function, and
hence the radiation field in NLTE, the rate equations as well as the radiative transfer
equation have to be solved simultaneously. This is performed within DETAIL (Giddings
(1981); Butler & Giddings (1985), extended and updated), using a relatively coarse
frequency grid and approximated line broadening profiles. In this respect, the resulting
model spectra do not represent the actual shape of spectral lines.

3. SURFACE: After the coarse radiation field has been calculated within DETAIL, SUR-
FACE (Giddings (1981); |Butler & Giddings (1985), extended and updated) computes its
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formal solution (see Eq. for details), precisely determining the final radiation field
by using a much finer frequency grid and more detailed line broadening profiles.

3.3. Spectral Line Formation

A spectral line results from the discrete transition from one atomic state to the other. Given
that the associated photon wavelength of one of these atomic transitions can be determined
by calculating the difference between the upper and lower atomic level, and because of the
uniqueness of the atomic structure and the possible corresponding transitions for each ele-
ment, spectral lines contain a great deal of information about the chemical species in the
stellar atmosphere. However, such a quantitative spectroscopic analysis requires detailed and
sophisticated knowledge of different aspects, such as the already mentioned number density of
atoms which can absorb radiation at each frequency in a spectral line, the absorption profile,
i.e., the wavelength distribution of the particular line’s opacity, and the dependence of this
profile on the temperature as well as on the density of the plasma in the stellar atmosphere.
A simple qualitative model explaining the spectral line formation in a stellar atmosphere shall
be presented in the following.

The radiation emitted from gas in the stellar atmosphere is a strong function of temperature.
At first approximation, this radiation can be described by a black body, resulting in a temper-
ature dependence to the power of four according to Stefan-Boltzmann law L ~ T (see also
Eq. for details). The corresponding specific intensity emitted by such a black body is well
described by Planck’s radiation law of Eq. (B.15). Thus, hot matter shines brighter on the
one hand, i.e., has a higher intensity than cool matter. On the other hand, temperature and
therefore specific intensity decrease in a stellar atmosphere from inwards to outwards. Since
the atmospheric matter is less transparent, i.e., its opacity is higher at the wavelength of a
certain spectral line Ay than for the continuum, the cooler and outer atmospheric matter is
responsible for the formation of the line core/center. The neighbored spectral line wings and
the continuum result from the hotter matter at deeper atmospheric layers, i.e., larger optical
depths, with high flux.

Usually, the so-called equivalent width is measured in order to characterize the strength of an

absorption line. It reads:
oo

W, = / Fem By (3.18)
FC
0
where F is the continuum flux and F) the flux in the line. It is customary to write integrals
of this type as ranging from 0 to oo largely for convenience (Collins, 1989). What is meant is
that the integral should cover those wavelengths for which the integrand significantly differs
from zero (see also Eq. of chapter 5.3). The procedure of calculating W) strongly
depends on the shape of the line profile, though. Also, the interpretation on the basis of the
equivalent width only can be misleading since different shapes may exhibit same equivalent
widths. Hence, it is necessary to provide reliable modeling of the detailed line profile. In order
to do so, the dependence of spectral line shape on atomic properties of the chemical element
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and on the state of the surrounding plasma have to be fully understood. In the following, all
effects and parameters, affecting the shape as well as the strength of spectral lines, are briefly
introduced.

3.3.1. Microscopic Line Broadening

Microscopic line broadening mainly affects the frequency dependence of the bound-bound
emission or absorption coefficients, consequently influencing the radiative transfer in stellar
atmospheres. In this way, it is indispensable for the exact photon distribution as well as for
the number of absorbed and re-emitted photons, i.e. the shape and the strength of spectral
lines.

Natural or Radiation Broadening

The basic quantum mechanical approach of natural or radiation broadening involves the Heisen-
berg uncertainty principle. If an atom is in a certain excited state, then the length of time At
that it can remain in that state (lifetime) is related to the uncertainty of the energy AE of
that state by AEAt > h. For instance, if the lifetime At of a particular state is small, the
uncertainty of the energy level AFE' is large meaning that a wide range of frequencies can be
involved in the transition into or out of that state. In consequence, any line resulting from
such a transition will be unusually broad (Collins, 1989). Only ground levels are stable and
a typical value for the lifetime of excited states is of the order of 107®s. The corresponding
power spectrum of the energy absorbed or emitted can be derived from a classical damped
oscillator. It is a Lorentzian profile and reads:

r)/ra\d/Alﬂ-2
(v —10)? + (Yraa/4m)? "’

where v is the central frequency which can be calculated via the usual energy difference
between the upper and lower level Ey = hiy. a4 is the so-called damping constant or full
width at half maximum (FWHM) of the profile. It can either be measured experimentally or
obtained theoretically from quantum mechanical calculations of transition probabilities. For a
transition taking place between two excited states, which can be labeled w and [, it is derived
from the sum of all possible radiative decays of both levels:

[natural(V) = (319)

1 1
Yrad :ZAuz+zAlz: — +

i<u i<l Tup  Tlow

(3.20)

Here, A,; and A;; are the so-called Einstein probability coefficients for spontaneous emission
for the upper and lower level, respectively. The sum of all possible radiative decays of both
levels can be rewritten in terms of the reciprocal mean lifetimes of the upper and lower level
1/7up and 1/7iow, respectively (Collins, 1989).
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3.3. Spectral Line Formation

n Type Lines affected Perturber

2 Linear Stark Hydrogen Protons, electrons
4 Quadratic Stark  Most lines, especially in hot stars lons, electrons
6 Van der Waals  Most lines, especially in cool stars  Neutral hydrogen

Table 3.1.: Types of pressure broadening according to |Gray (2005).

Pressure Broadening

Pressure broadening results from the collisional Coulomb interaction between the atoms/ions
absorbing the light and other particles in the stellar plasma. The other particles can be
electrons, ions, or neutral atoms of the same element as the absorbers or of a different type.
In principle, the effect of pressure broadening increases with increasing pressure since then
the particles are closer and the Coulomb force becomes stronger. The atomic levels of the
transition of interest are disturbed such that their energy is altered. Typically, the upper
energy level is more strongly altered than the lower one and the distortion is a function of the
separation, R, between the absorber and the perturbing particle. The change of energy for
one energy level AW induced by the collision as a function of R is often approximated by a

power law of the form:
AW = constant/R" , (3.21)

where n depends on the type of interaction. This energy change can directly be converted to
a change in frequency in the observed spectrum by subtracting Eq. ([3.21)) for the lower level

from Eq. (3.21)) for the upper level, yielding:
Av=C,/R". (3.22)

The interaction constant C,, has to be measured or calculated for each of the considered
transitions and types of interactions. Table gives a summary of the types of interactions
related to pressure broadening in stellar atmospheres. While the relevant interactions in the
case of hot O and B-type stars with a large number of charged particles (mainly ions, protons
and electrons) in their stellar atmospheres are the linear and quadratic Stark effect, van der
Waals forces, mainly resulting from collisions with neutral hydrogen, dominate in cool stars.
It has to be pointed out that the net effect due to perturbers along a straight line through
the stellar photosphere results not only in pressure broadening, but also in line shifts and
asymmetries. This mostly depends on the shape of energy level curves as a function of
separation R as well as on the total distribution of all encounter separations. However, line
asymmetries and shifts due to collisions with absorber particles have been studied very little
in stellar spectra so far.

In the context of this work, it is sufficient to concentrate on pressure broadening only and
to mention that for moderate stellar plasma densities short-term perturbations dominate its
effect. According to|Gray (2005), the corresponding power spectrum Iyressure () can be derived
as a Lorentzian profile of the form of Eq. (3.19).
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3. Model Spectra

Thermal Doppler Broadening

Each atom in a stellar atmosphere has a component of velocity v along the line of sight to
the star due to its thermal motion. In consequence, the rest-frame wavelength, i.e., frequency
vy of a photon, absorbed or emitted by an atom, is shifted to some frequency v due to the

well-known Doppler effect:

Vg — vV (% 40
v c Y v/e+1 (3:23)
Here, c is the vacuum velocity of light. Since v < ¢, a simple Taylor expansion of Eq. (3.23))

leads to the following approximated expression for the line of sight velocity:

Vg — VUV

VR

c. (3.24)

%)

The isotropic thermal velocity distribution dV() s related to the Maxwell-Boltzmann statistics

Ntota
and becomes manifest in a Gaussian curve realding:
dN(v) 1 ( v2>
= exp | —— |, 3.25
Ntotal \/7_TU0 U% ( )

where the variance vy is related to the temperature by US = 2kgT/m. Here, m is the mass
of the atom and kg is Boltzmann's constant.

Using Eq. (3.24) and Eq. ({3.25)) in combination with the condition |Iipermal(v)dv| = \%(tvl)dv],
the thermal Doppler power spectrum can be derived:
~ dN(v) |dv

c (v — v)2c?
I = e = 7
thermal (V) Niotal |dv VTl %P ( vavd

1 (vo — V)2>
S SN G U0 3.26
ﬁAVthermal P ( AVtzhermal ( )

Therefore, it is a Gaussian distribution parametrized by the thermal Doppler width Avipermal :=
volo/ ¢, which depends on the local temperature 7.

Non-Thermal Doppler Broadening or Microturbulence

The so-called microturbulence has to be postulated so that hydrostatic model spectra match
observations. Microturbulence is motivated by small-scale mass motions caused by material
whose characteristic dimensions are well below the usual photon mean free path in atmospheric
layers, thus exhibiting an additional small-scale non-thermal velocity component. This results
in small Doppler shifts analogous to the one arising from thermal motions and the microturbu-
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3.3. Spectral Line Formation

lent power spectrum is therefore identical to Eq. (3.26)), in which the variance v, simply has to
be replaced by the so-called microturbulent dispersion parameter & (Avpon-thermal := &V0/¢):

1 (vo —v)°
Tron-therma = A ) .
th I(V> ﬁAVnon—thermal P < AVr%on—thermal ( )

The exact physical origin of microturbulence is still unknown. However, in the case of hot
O and B-type stars microturbulent motion might be linked to a possible sub-surface iron
convection zone (Cantiello et al., 2009).

Summary of Microscopic Broadening Effects

The four microscopic broadening effects that have been discussed before, take place simulta-
neously. All of them are uncorrelated, though, meaning that the total line profile (total power
spectrum) can be derived by a simple multiple convolution of the individual line profiles:

ItotaI(V) - [natural(y) * [pressure(l/) * Ithermal(y) * [non—thermaI(V)
- ILorentz(V) * IGauss(V) = IVoigt(V> . (328)

Here, it was used that convolutions are associative and commutative. The second equality sign
comes along with the fact that the convolution of two Lorentzian or Gaussian functions stays a
Lorentzian or Gaussian function. The convolution of a Lorentzian and a Gaussian distribution
results in the so-called Voigt function. Depending on the considered frequency interval, the
shape of this function can either be similar to a Gaussian or a Lorentzian profile. For instance,
the line cores of the Balmer lines resulting from neutral hydrogen are heavily influenced by
thermal Doppler broadening, shaping this part of the line profile Gaussian, while the relatively
broad wings exhibit the shape of a Lorentzian due to pressure broadening.

3.3.2. Macroscopic Line Broadening

While microscopic broadening is responsible for the strength as well as the shape of spectral
lines as seen in the previous chapter, macroscopic broadening just redistributes the photons.
Thus, it is irrelevant for the line strength, i.e., for the equivalent width, and influences the line
shape only.

Rotational Broadening and Macroturbulence

Rotational broadening results from the fact that stars may possibly rotate. Typical values
of measured rotation velocities of stars range from a few kms™! (the detection limit) up to
several hundred kms™! for the more massive stars on the main sequence. However, when
speaking of rotation velocity measurements, only the projection of the rotation velocity on
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the line-of-sight direction ¥yetops = VeqSin? = vsini can be derived. Here, veq = v is the
equatorial rotation velocity. In any case, the projected rotation velocity macroscopically shifts
light coming from different parts of the visible stellar disk via the Doppler effect. To determine
the broadening effects coming along with this, and therefore the rotation profile, the emitted
and geometrically weighted fluxes from the different parts of the projected stellar disk all have
to be summed up, since observed fluxes are typically integrated ones. It can be shown that
it is sufficient to convolve the non-rotating flux profile with the rotation profile I otation(V),
though. This is valid as long as the intrinsic line profile, i.e., the ratio of intensity at any point
in the spectrum to the continuum intensity, has the same shape over the disk of the star. As
shown in (Gray (2005), the rotation profile (power spectrum) reads:

20— 01— () + e (1 (52)°)
AN (1 —€/3) ’

(3.29)

Irotation (V) -

where A\, = A\gvsini/c is the maximum shift, corresponding to the disk points on the limb at
the equator and ¢ is the so-called linear limb-darkening coefficient. Limb darkening describes
the fact that the limb of a stellar disk appears less bright than its center. This effect can be
easily understood using the definition of the visible edge of a star, which is defined by means
of an optical depth of unity. When the observer looks near the edge of a star, he cannot see
to the same optical depth as if he looked at the center since the line of sight must travel at
an oblique angle through the stellar gas when looking near the limb, i.e., the distance from
the center of the stellar disk at which the observer sees the optical depth of unity increases
towards the limb. Because of the atmospheric temperature decrease from inwards to outwards,
light emerging from the limb therefore results from cooler outer layers. Consequently, the limb
exhibits a lower intensity than the one resulting from the center of the stellar disk.

For simplicity, limb darkening is often approximated by a linear function:

I(0)=1Iy- (1 —e+ecosh), (3.30)

where € is again the linear limb-darkening coefficient. This law sufficiently describes the de-
crease in the continuum intensity when going from the center of the stellar disk (6 = 0°) to
the limb (6 = 90°).

However, turbulent large-scale mass motions, whose dimensions (cells) are much larger com-
pared to the mean free path of photons in the stellar atmosphere, can also induce an additional
Doppler shift very similar to the previously discussed rotational broadening. This is referred to
as so-called macroturbulence (. In the context of this work, it is sufficient to say that each of
these “macrocells” emits a separate spectrum that is Doppler shifted with the cell’s specific
velocity. While for hot massive stars, these turbulent cells can physically be interpreted as the
collective effect of stellar pulsations, macroturbulence is mostly driven by convection in cold
stars.

Generally, all considered macroscopic line broadening effects, i.e., stellar rotation together
with the effects of limb darkening as well as macroturbulence, all have to be taken account
simultaneously. In order to derive the final joint macroscopic broadening power spectrum
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3.3. Spectral Line Formation

Tnacroscopic (V) with which the model spectrum has to be convolved, the integration of the
emitted and geometrically weighted flux over the whole projected stellar disk has to be per-
formed numerically.

Instrumental Profile

Due to the finite spectral resolving power of the used spectrograph and CCD detector, spectral
lines are additionally blurred. In order to take this effect into account, the synthetic model
flux has to be convoluted with the corresponding instrumental profile which is Gaussian. The
corresponding profile width can be determined by fitting a Gaussian curve to the observed
emission lines of the reference lamp that is used for wavelength calibration. Since these
emission lines do not show any intrinsic broadening because of the low temperature of the
lamp, their measured width is caused by instrumental smearing only.
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4. Quantitative Spectral Analysis

Quantitative spectral analysis allows to determine the (atmospheric) parameters (effective
temperature, T, surface gravity, log (¢), hydrogen and helium abundance, log (y), projected
rotation velocity vsin¢ and radial velocity v,.q as well as microturbulence ¢ and macroturbu-
lence ¢) and the individual metal abundances of stars. However, Tef, log (g), log (y) as well
as the hydrogen abundance are degenerated, meaning that these parameters cannot be deter-
mined separately, but have to be derived simultaneously from fitting the observed spectrum
with a grid of synthetic spectra, which will be discussed in a more detailed way in chapters [10]
and[II} This degeneracy also holds for £ and ¢, which are not relevant of the stars in question,
though. In order to understand the influence of spectroscopic parameters on synthetic model
spectra as used for the analysis part of this thesis, the characteristic spectral line features, from
which these parameters are primarily constrained, have to be explained. Fig. [4.5.1]summarizes
the effects of parameter variations on strategic spectral lines which shall be presented in the
following.

4.1. Effective Temperature

The effective temperature, T, which is a measure for the emitted flux (see Egq. for
details), is one of the key parameters describing the atmospheric structure of a star. This is
because temperature stratification is linked to T, via flux conservation. Consequently, the
temperature of any photospheric layer rises or falls when increasing or decreasing Tos. As
the excitation and ionization level of chemical elements in a certain atmospheric layer depend
on the local temperature, the shape of absorption lines is sensitive to T.s. However, the
strength of a spectral line increases quantitatively with T,¢ as long as the level population of
the lower state of the particular atomic transition increases. After having reached a maximum
at a certain temperature which increases with the level of excitation and ionization, this level
population starts to decrease again, though, since hotter temperatures result in more and
more atoms, belonging to energetically higher excitation and ionization stages. In the case
of hydrogen Balmer lines, for instance, the temperature value corresponding to the maximum
level population of the first excited state lies near 10000 K, being equivalent to stars of
spectral class AO. T, is well determined by measuring both, depth and width, of spectral lines
belonging to chemical elements that show at least two different ionization stages. While lines
corresponding to lower ionization levels weaken with higher temperatures, the ones of higher
ionized stages strengthen (see the silicon absorption line formation in Fig. . Therefore,
the “real” effective temperature of a star can be derived from the best fit for both of them
(ionization equilibrium). An additional indicator for T, is the width of lines showing strong
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thermal Doppler broadening, which is the case for most metal lines (see Fig. [4.5.1)).

As the analyzed B-type stars in this thesis are not hot enough to show He Il absorption lines in
their spectra, the cores and wings of the strong hydrogen Balmer lines are used to determine
their effective temperature. The already discussed correlation between temperature and level
population, i.e., line strength, and the fact that the line cores are mostly thermal Doppler
broadened, makes them a good indicator for the particular stellar effective temperature. In
addition, since thermal Doppler broadening is the dominant microscopic broadening effect for
most metal lines, T, can be further specified if these lines are taken into account as well.
Certainly, metals with varying degree of ionization constrain Ty, too (Irrgang, 2014).

4.2. Surface Gravity

Just as the effective temperature, the surface gravity, often scaled logarithmically and denoted
in cgs units via log (g(cms™2)), affects all spectral lines, since it is closely linked to atmospheric
pressure and density stratification through hydrostatic equilibrium (see Egs. and for
details). Generally, an increase in log (g) results in a denser stellar plasma, thus increasing the
probability of electron captures by free ions, which therefore decreases the ionization level of
the whole plasma (see Eq. for the dependence of Saha's equation on electron density
n.). Hence, as in the case of Ty, it is useful to investigate spectral lines of chemical elements
with at least two different ionization stages in order to constrain log (g) effectively (Irrgang,
2014).

As already mentioned, for the analyzed B-type stars no Hell absorption lines can be detected
in their spectra, though. It is again the hydrogen Balmer lines that are primarily used to derive
log (g) instead. Here, the focus is on the wings of the lines showing strong pressure broadening
due to the linear and quadratic Stark effect (see section [3.3.1]). However, the Balmer wings are
sensitive to effective temperature variations, too. That is why in this case Balmer lines cannot
be analyzed alone in order to determine both, Ty and log (g), simultaneously. Increasing T
in hot stars reduces the Balmer line strength on the one hand, resulting in narrower wings, but
on the other hand this effect could be compensated by stronger pressure broadening caused
by higher surface gravities (see the hydrogen Balmer line formation in Fig. [4.5.1]). As for the
determination of T,, other chemical elements showing different ionization stages should be
used to further constrain log (g) (Irrgang, 2014).

4.3. Helium Abundance

Helium usually is the second most abundant element right after hydrogen and, therefore, its
abundance, denoted as log (y), effects the temperature-density stratification of the particular

stellar atmosphere, while the effect of all metals is often considered collectively as metallicity
(Irrgang, 2014).
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4.4. Radial Velocity

The radial velocity v,.4, producing a Doppler shift of the spectrum due to the relative motion
between the observed target and the Earth, can be measured with respect to the barycenter,
i.e., the center of the whole solar system. It can be derived using the Doppler formula:

A — )\0 U Urad + Ubary

= = T by 4.1
™ . PR (4.1)

where ¢ is the vacuum speed of light, v the relative motion between the target and the Earth,
A the observed wavelength, Ay the rest-frame wavelength, and vn,y is a season-dependent
component caused by Earth's rotation and its motion around the barycenter. If the target
coordinates, the location of the telescope, and the time of observation are known, this season-
dependent parameter can be precisely determined and, hence, corrected. However, this can
only be done in combination with v,,4, since according to Eq. (4.1):

B A B A
N 1+U/C N 1+ (v,ad+vbary)/c '

Ao (4.2)

Nevertheless, the barycentric corrections are typically applied in a first step. v,,9 can then be
determined afterwards. This is done by calculating the barycentric corrected wavelength A,
via:

A
corp = ——— . 43
1+ vbary/c ( )
After that, the radial velocity v,,q can be simply determined via:
)\corr - )\
Urad = Zeor 70 (4.4)
Ao

The error introduced by these two subsequent corrections is negligible as shown by |[Irrgang
(2014).

4.5. Projected Rotation Velocity

This macroscopic broadening parameter, which has already been discussed in section [3.3.2]
describes the blurring of spectral lines and can be well determined by investigating the profiles
of intrinsically narrow lines, i.e., those resulting from metals (Schaffenroth, 2015). This is
because of the effect of atomic mass m on the thermal Doppler width Avihermal ~ 1/4/m (see
Eq. for details). Hence, lines belonging to heavier chemical elements are narrower, i.e.
broadened less strongly by thermal Doppler broadening.
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1 1
4100 4110 4120 4130 4550 4555 4560 4565 4570 4575
AA) A(A)

Effects of effective temperature T, surface gravity log(g), microturbulence
€, and silicon abundance log (n(Si)) variations on hydrogen, helium, and sil-
icon spectral line shapes in a model spectrum. The original reference model
(Ter =20000K, log (g) = 4.0dex, £ =4kms™, log (n(Si)) = —4.5dex, and
log (n(He)) = —1.15dex) is shown as a gray line in all eight panels. The
blue dashed line represents the new model after having increased one of the
parameters, whereas the red dashed-dotted line displays the new model after
having decreased the exact same parameter. The order of parameter variation
from row to row is: Effective temperature (AT = £5000K), surface gravity
(Alog (g) = +0.4dex), microturbulence (A¢ =+4kms™), and silicon abun-
dance (Alog (n(Si)) = £0.6 dex). Adopted from |Irrgang (2014),
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4.6. Metal Abundances

The higher the atmospheric elemental abundances of the individual metals, i.e., the higher
the number density n(X), where X € {C, N, O, Ne, Mg, Al, Si, S, Ar, Fe}, the larger the
number density of absorbers and the larger the absorption coefficient, i.e., opacity. All elemen-
tal abundances enter the continuum opacity and, thus, influence the atmospheric structure as
well as individual line profiles. As the metal abundances, i.e. those of elements with larger
atomic masses than hydrogen and helium, are usually orders of magnitude lower than those
of hydrogen and helium in B-type stars, they can be treated as trace elements, meaning that
the continuum flux is mostly independent of and insensitive to changes in their abundances.
Their effect is summarized by the so-called metallicity, taking into account both, mean atomic
weight as well as the number of free electrons originating from all present metals in the stellar
plasma (Irrgang, 2014). In order to determine the metal abundances, the strength of the
individual spectral lines can be investigated, though. This is possible since the latter increases
with the equivalent width (see Eq. [3.18)), and therefore with the number of absorbing atoms.
The exact correlation between line strength and equivalent width is called curve of growth and
actually turns out to be non-linear (see for instance |Gray (2005)| for more information).

Besides the already discussed spectroscopic parameters, microturbulence (see section
and macroturbulence (see section generally can also affect the shape of spectral lines.
An example for the effect of microturbulence variations is shown in Fig. [4.5.1] However, for
the later analysis of *He B-type stars presented in chapters [10| and , macroturbulence is set
to zero and microturbulence is not treated at all, because previous analyses on B-type stars
did not show evidence for non-zero micro- and macroturbulences, respectively.

While for the LTE analysis in chapter [10| only effective temperature, surface gravity, radial and
projected rotation velocity as well as helium abundance are determined by means of synthetic
model spectra, for the hybrid LTE/NLTE approach in chapter [11| also metal abundances are
derived. In the latter case, the focus will be on the distinction between *He and *He and
the determination of their individual elemental abundances in the stellar atmospheres of the
analyzed 3He B-type stars, though.
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5. Hot Subluminous Stars

This section is largely based on [Heber| (2009, [2016). Other references are marked at the
relevant passages within the text.

5.1. Atmospheric Properties

The discovery of the first hot subdwarf star dates back to the 1950s and was achieved by
exploiting the data of the Humason & Zwicky photometric survey of the North Galactic Pole
region from 1947. The number of such known objects remained comparatively small over the
next 30 years, though. It was only with the Palomar-Green survey of the northern Galactic
hemisphere that the number of these stars, also known as subluminous blue stars, strongly
increased. Today, after the successful execution of different other photometric and objective
prism surveys as well as high quality optical surveys such as the Sloan Digital Sky Survey
(SDSS), the catalogue of hot subdwarf stars has increased to more than 5000 stars in total
(Geier et al., 2016)).

Hot subdwarf stars have very little in common with their cooler traditional counterparts.
Representing several stages in the very late evolution of low-mass stars (~ 0.5 Mq) with radii
of about 0.1-0.2R(5)), these objects have evolved far beyond the main sequence locating them
between the white-dwarf (WD) and main sequence in the HRD (see Fig. [5.1.1)). These
descendants of red giant (RG) stars, that almost completely lost their hydrogen-rich envelope,
mostly consist of helium fusing to carbon and oxygen within their core. According to the
extension of the Harvard Spectral Classification System (Drilling et al., 2013)), hot subdwarf
stars can be divided into two categories: B-type (sdB) and O-type (sdO) subdwarfs. Whereas
sdBs lie at the blue end of the horizontal branch (HB) with effective temperatures between ~
25000 K and ~ 35000 K, sdOs with T > 37000 K show a large diversity including post red-
giant branch, post-HB, and post-asymptotic giant branch stars. Even a couple of central stars
of planetary nebulae are sometimes incorporated into the spectral class of sdOs if exhibiting
absorption lines only. However at apparent magnitudes brighter than 18 magnitudes, subdwarf
B-type stars were found to outnumber all other types of faint blue objects, even the WDs,
resulting in an all in all sdB to sdO frequency of 3 to 1.

Typically, the mass of the remaining hydrogen is less than 0.01 M, for sdBs, thus certainly too
little to guarantee further hydrogen-burning. Hence, sdBs evolve directly to the white-dwarf
cooling sequence without resting on the asymptotic giant branch (AGB). The small hydrogen
abundance within their outer envelope is sufficient for subluminous stars to produce more
intense absorption lines than in B-type main-sequence stars, though. Additionally, the spectra
of subdwarf B and O stars can be shaped by Hel and /or Hell lines, whereby only sdOs display
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Hell, 4686 A, and sometimes even more Hell lines. For the latter ones, the Balmer series may
even occasionally be absent. Whereas sdB stars spectroscopically form a homogeneous class
and largely contribute to the number of hot stars in old star systems, globular clusters and
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Figure 5.1.1.: Sketch of a Hertzsprung-Russell diagram highlighting the position of the extreme
horizontal branch (EHB) populated by hot subdwarf (sdB and sdO) stars located
to the left and below the hot end of the main sequence but above the white dwarf
sequence. The EHB is separated from the blue horizontal branch (BHB) as well.
The traditional cool subdwarfs lie below the lower main sequence. Adopted from
Heber (2009).

elliptic galaxies, a large variety of spectra is observed amongst sdO stars spanning two orders
of magnitude and, therefore, can be subdivided historically into “luminous” and “compact”
ones.

Depending on the strength of the helium lines, hot subdwarf stars can generally be divided
into the following subcategories (Moehler et al., 1990):

e sdBs: These stars have strong hydrogen Balmer series and are neutral He weak-lined.
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e He-sdOs: The Balmer series is only weakly or not even present, but the spectra display
strong Hel and Hell absorption lines.

e sdOs: Characteristic for these stars is the presence of strong hydrogen and He Il absorp-
tion lines in combination with only weak or even not observable neutral helium.

e sdOBs: This category describes sdB-like spectra with weak Hell. Although the tem-
perature range (between ~ 30000K and ~ 45000 K) of these stars exceeds the one of
normal sdBs, they are nowadays often subsumed under the sdB class.

e He-sdBs: This class of hot subluminous stars exhibits spectra consisting of strong Hel
lines and a dominant Balmer series. However, He-sdB stars are rare.
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Figure 5.1.2.: Spectra of typical sdB and He-sdO stars displaying important hydrogen and
helium absorption lines. Whereas helium lines are weak in sdB stars, the Balmer
series is absent and additionally blended with Hell Pickering lines in (He-)sdOs.
Note that both spectra are not absolutely flux calibrated and shifted to each

other. Adopted from [Heber (2009).
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Consequently, spectra of hot subdwarf stars can be quite different, but one trend has to be
pointed out: Spectra of most sdBs are helium-weak and in most of the cases sdOs display
quite strong helium lines. This is emphasized by Fig. showing the comparison of the ex-
tremely different intensity profiles of two hot subluminous star spectra, an sdB and a He-sdO,
respectively.

Other important characteristics of hot subluminous stars apart from their effective tempera-
tures are gravity, and the helium abundance, usually simply defined as the logarithm of the
ratio of helium to hydrogen number density in the stellar atmosphere log (y) = log [];[V((i‘e))}.
Another way of defining log (y) is taking the logarithm of the ratio of helium number density
to the number density of all the elements in the stellar atmosphere.

Concerning gravity log (¢g), the distribution of subdwarf B, subdwarf OB and subdwarf O stars
is mostly homogenous within a certain regime. While most sdBs have log (g) values between
5.0dex and 5.7 dex, sdOs exhibit values between 5.5 dex and 5.9 dex (Heber et al., 1986). For
the group of sdOBs a regime of 5.0dex < log (¢) < 6.3dex has been found. The upper panel
of Fig. shows the distribution of hot subdwarf stars in the T.¢-log (¢) plane based on the
latest results from major hot subluminous star surveys like the ESO Supernova la Progenitor
Survey (ESO/SPY), the GALEX sample, the Hamburg quasar survey (HQS) sample as well as
the PG and EC star surveys. In fact, most of the analyzed hot subdwarf stars lie within typical
effective temperatures of ~ 25000K and ~ 37000K having 5.2dex < log(g) < 6.0dex.
Also, a trend is clearly visible: With increasing effective temperature, gravity also increases for
most of the stars. This is due to the link of luminosity L and mass M of a star. Since these
quantities are given by

L = 4w R?0T4 and (5.1)
M= gf , (5.2)

this results in R? = GTM = ﬁTjﬁ and therefore:
g~ T - (5.3)

However, the helium abundance log (y) for hot subdwarfs strongly depends on the spectral
class of the star. General log (y) values for subdwarf B stars lie between -3dex and ~ -
1.6 dex, whereas sdOBs show high fluctuations ranging from ~-3.1dex to ~-1.2dex (Heber
et al., 1986). Subdwarf O stars exhibit even higher values, though. For these stars, the
highest ever measured helium abundance exceeds log (y) = 3dex and has been found by
exploiting data from the GALEX sample. For sdB stars, Edelmann et al. (2003) found a linear
correlation between effective temperature 7o and helium abundance log (y). The larger T,
the larger the helium content log (y) in the stellar atmosphere. In addition, it was possible to
subdivide the hot subluminous B stars into two groups. As can be seen in Fig. [5.1.4] the first
group (upper helium sequence containing around 5/6 of the analyzed stars) has much higher
helium abundances at the same temperatures than the second group (lower helium sequence
containing around 1/6 of the analyzed stars). This behavior can also be seen in the lower
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Figure 5.1.3.: Upper Panel: Distribution of hot subdwarf stars in the T.-log (g) plane. Lower

Panel: Distribution of hot subdwarf stars in the helium abundances vs. Ty
plane. Different colors mark different samples: ESO/SPY sample (blue), GALEX
sample (yellow), HQS sample (red) and the sample drawn from the PG and EC
surveys (black). He-poor and He-rich stars are represented by filled and open
circles, respectively. The location of the zero age extreme horizontal branch

(ZAEHB) for two different masses (~0.45M), dotted, and ~0.5Mg), full
drawn), the helium main sequence (dashed-dotted line) and evolutionary
tracks for three hydrogen envelope masses (~ 0.000 M@, ~0.001 Mg, and
~0.005M, in dark gray lines, from bottom to top) with linewidths propor-
tional to evolutionary timescales are also shown in the T,4-log (g) diagram. The
solar helium abundance and one-tenth of it are also shown as a dotted and full
drawn horizontal line in the helium abundances vs. T, diagram, respectively.

Adopted from Heber (2016).
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panel of Fig. |5.1.3| [Edelmann et al. (2003) fitted two linear regressions describing each of the
groups which read:

N(H T

log [ N((He))] = —3.53 dex + 1.35 - <104T< - 2.00) dex for the bulk of sdB stars and (5.4)
N(H T

log [ N((He))] = —4.79dex + 1.26 - (104T< — 2.00> dex for the second group. (5.5)

Over the years, different suggestions have been made in order to explain this behaviour of
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Figure 5.1.4.: Helium abundance vs. effective temperature diagram for three different samples
of subdwarf B stars including the results of |Saffer et al. (1994), Maxted et al.
(2001) and [Edelmann et al. (2003). The dotted line indicates the linear regres-
sion of Eq. for the majority of the subdwarf B stars (marked with open
symbols) and the dashed-dotted line displays the linear regression of Eq. ((5.5))
for the peculiar subdwarf B stars (marked with filled symbols). Additionally, the
dashed horizontal line represents the solar helium abundance. Adopted from
Edelmann et al. (2003).
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subdwarf B stars. For instance, |[Edelmann et al. (2003) argued that, due to tidal effects, sdBs
residing in short-period binaries might exhibit higher helium abundances than long-period
systems or single stars. However, |Geier et al. (2013a)| could disprove this hypothesis. Also,
diffusion models by Michaud et al. (2011) predicted neither the observed correlation with
temperature nor the two helium sequences. Hence, no reasonable explanation has been found
yet.

5.2. Chemical Composition of Subdwarf B Stars

Since the spectra of hydrogen-rich subdwarfs differ significantly from those of hydrogen-poor
ones and since most of the subluminous B stars are hydrogen-rich, only hydrogen-rich sdBs shall
be discussed in the following. Besides hydrogen and helium, a typical sdB star spectrum shows
also prominent metal lines in the optical, resulting notably from carbon, nitrogen, magnesium,
silicon, sulfur, and to a lesser extent from iron. For the vast majority of subluminous B stars
this anomalous chemical composition is most likely due to atmospheric diffusion. Early analyses
have now been extended to more than 100 stars and to elemental abundances of up to 24
different ions per star (Geier, 2013). But in order to do this analysis in a most efficient way,
Geier (2013) used a semi-automatic analysis pipeline to fit the synthetic spectra computed
from local thermodynamic equilibrium (LTE) models to a standard set of optical spectral lines.
Some similarities have been found, although for several elements only upper limits could be
derived and the analysis is also dominated by relatively large star-to-star variations (see Fig.
5.2.1)).

While oxygen is depleted on average by 1-2 dex compared to the solar abundance value, carbon
and nitrogen show very different distributions. The nitrogen abundance is slightly subsolar
throughout the entire effective temperature range showing less scatter than for oxygen. But
the abundance of carbon varies by orders of magnitude from star to star ranging from strongly
subsolar to slightly supersolar.

The magnesium abundance being subsolar by about one order of magnitude on average and
the solar iron abundance display little scatter just like nitrogen. However, it is noticeable that
the intermediate mass elements just like silicon, aluminum and sulfur are overall depleted,
silicon also showing a large star-to-star scatter. All the heavier elements ranging from krypton
to cobalt are enriched, whereas peculiar elements like titanium and vanadium are found in at
least half or one third of the analyzed sample being strongly enhanced by +2 dex (Ti) and +3
dex (V), respectively. Also, scandium and chromium are detected in just a few stars but if so,
being strongly enriched. Generally, all elements beyond Ar (iron excluded) are enriched. The
strength of enhancement varies from star to star but also increases with increasing effective
temperature to as much as a factor of 1000.

Spectral analyses of UV spectra are available for a few stars only. These studies overall confirm
the findings from optical analyses, also adding heavier elements like Ni, Cu, Zn, Ga, Ge, Sn,
and Pb. They extend the information on elements that only have upper limits from optical

analyses, too (see Fig. [5.2.2).
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Figure 5.2.1.: Elemental abundances of sdB stars as a function of effective temperature based
on LTE models only. Filled diamonds mark measured abundances whereas open
The solid horizontal lines mark solar abun-

triangles mark only upper limits.

dances and typical error bars are given in the upper right corner.

Abundance

values are given in loge. In order to derive negative logarithmic values for the
elemental abundances as for instance for the helium abundance log (y), one
has to subtract —12.00 from the particular log € value (Asplund et al., 2009).

Adopted from [Heber (2016).
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Figure 5.2.2.: Mean elemental abundances and ranges for helium-rich subdwarfs and normal
subdwarfs relative to solar values. Also, surface abundances of the zirconium
star LS IV-14 116 and the lead stars HE 2359-2844 and HE 1256-2738 are
shown. Extracted from Heber (2016); original version |Naslim et al. (2013).

5.3. Diffusion Theory

Pure gravitational settling is caused by the gravitational force ~ mg acting on a particular
chemical element, where m is the mass of the corresponding atom/ion and g is the surface
gravity of the star. This means that right after a star has been born, the heavier chemical
elements sink out of the stellar atmosphere and only the lightest elements remain. This explains
the observation of hydrogen dominated spectra in the case of white dwarfs (WD) in a simple
way.

It is assumed that the abundance anomalies of sdB stars discussed in section[5.2]are also caused
by atomic diffusion processes in the stellar atmosphere. The most simplistic model acts on the
assumption that the particular elemental abundances can be derived from a balance between
gravitational settling caused by gravity and radiative levitation caused by the radiation pressure,
since the latter depends on the elemental abundance. For instance in the case of bound-bound
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(b-b) transitions only, the radiative acceleration g, due to a single b-b transition of A;, i.e.,
an ion ¢ of atomic species A, from level k to level m, can be obtained by:

o0

1 ]\7Z

ma,c

Here, F,dv is the net outward radiative energy flux in the frequency range dv, the ratio
describes the fraction of A; in state k, o, is the absorption cross-section for the con5|dered
b-b transition, c is the vacuum light velocity, and m 4, the mass of the ion. Remember that
the product N;0;.m, is defined as the so-called absorption coefficient x;,, for the considered
transition process. Thus, the higher the elemental abundance of a certain ion, the higher the
absorption coefficient, and therefore the radiative acceleration causing higher radiation pres-
sure. This is valid as long as the corresponding absorption line does not saturate. If so, the
net outward radiative energy flux F,, is proportional to /ilkm, resulting in N;x0xm F,, = const..
Hence, the integrand in Eq. (| reads ~ Ni only, limiting the radiation pressure since the
integral extends formally from 0 to oo, but the integrand vanishes rapidly outside a narrow
frequency range determined by the saturated line profile. In a simple picture without using any
formulas, saturation means a lack of photons compared to the absorber material, i.e., more
absorbers are available than photons can be absorbed. While the line core of the considered
absorption line is and remains saturated at any case at some point (7, > 1), desaturation may
occur in the line wings (7, < 1). If so, only the line wings strongly contribute to the integral
in Eq. , also limiting the radiation pressure. The limitation of the radiative acceleration
due to saturation effects is important for setting up an equilibrium state between gravitational
settling and radiative levitation on timescales that are short compared to the evolutionary time
of a subdwarf B star (Michaud et al., 2015).

In the following, the interplay of gravity g and radiative acceleration expressed as g,.q shall be
demonstrated assuming a simple scenario starting with non-saturated lines.

At first, assume an element whose initial abundance is high enough that the radiative acceler-
ation dominates the gravitational settling in the stellar atmosphere. In the case of an sdB star,
this could be for example nitrogen (N) with solar abundance. As long as g,aq is larger than g,
nitrogen is streaming upwards. But since g,.q for nitrogen ions also decreases with decreasing
nitrogen abundance, a balance between radiation pressure and gravitational settling will be set
up after a certain time interval. The atmospheric abundance of nitrogen has then increased
above its initial solar value.

However, by assuming an element whose initial atmospheric abundance results in a radiation
force lower than the gravitational one, the element will settle. Nickel (Ni) with solar abundance
is a good example in the case of sdB stars. Due to the increase of the atmospheric nickel
abundance, ¢,.q for nickel ions also increases until a balance between gravity and radiative
acceleration has been set up again. Here in the final equilibrium state, the atmospheric nickel
abundance is smaller than its initial solar value.

A peculiarity takes place if the limited upper value of the radiation pressure g,.q for an element
is lower than gravity. Then the element keeps on settling. For instance, this is the case for
helium and metals in a white dwarf's atmosphere since it is almost completely composed of
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Figure 5.3.1.:
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Comparison of the observed abundance pattern of the two normal sdB stars
PG 01014039 (top panel) and Feige 48 (bottom panel) with predicted curves
calculated by turbulent diffusion models of Michaud et al. (2011)| after 25 million
years for models with different original metallicities Z, (black: Z, = 0.0001,
cyan: Zy = 0.001, green: Z; = 0.004 and red: Z, = 0.02). Cobalt has
not been included in the model due to a lack of atomic data (gray symbol).

Extracted from Heber (2016); original version Michaud et al. (2011).
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hydrogen. The floating of hydrogen and the concomitant settling of helium and metals were
essential to understand the surface chemical composition of these stars (Michaud et al., 2015)).
It is evident that the white dwarf model does not hold for hot subdwarf sdB stars, though,
because of the abundance anomalies shown earlier in section 5.2

However, when applying the simplistic diffusion scenario from above to helium atoms and
ions in sdB star atmospheres, the element should be depleted to very low abundances, on
timescales much shorter than the evolutionary one. This is because the radiative support for
helium is rather small due to a lack of lines in the appropriate spectral range (UV), where the
radiation flux is highest (see the dependence of g,.q on the net outward radiative energy flux
and absorption coefficient in Eq. for details). In fact, the equilibrium helium abundance
in sdBs is even predicted to be lower by two orders of magnitude than the average observed
helium abundance. Usually, at such low abundances no absorption lines should be observable
at all in any optical spectrum of an sdB star. Also, radiative acceleration for irons having
plenty of UV lines, may be so large that the equilibrium abundance ends up super-solar which
is not seen for all metals (see Fig. [5.2.2).

In order to slow down the diffusion process and support the helium atoms and ions against
gravitational settling in the stellar atmosphere of an sdB star, additional processes were con-
sidered. For instance, [Fontaine & Chayer (1997) and \Unglaub & Bues (2001) suggested a
radiatively driven stellar wind. This model may only explain the observed helium abundance if
the mass loss rate is of the order 107'* — 107" M, /yr. However, on the other hand [Unglaub
(2008) showed that the atmospheric densities in sdB stars are so low that metals cannot share
their momentum with the lighter elements like hydrogen and helium through collisions. Hence,
the stellar wind just fractionates and becomes metallic.

Weak turbulent mixing of the outer 1076 M@ could in principle also explain the observed
helium abundances for sdB stars. Michaud et al. (2011) used a turbulence model to derive
detailed diffusion calculations for metals in hot subluminous stars amongst others. Their re-
sults reproduce moderately well the surface abundances of typical sdB stars (see Fig. ,
although diffusion calculations for several elements have not been possible yet because of
missing atomic data. But the real problem with the turbulence model still remains since it is
not supported by any physical model.

Last but not least without going into great detail, different pulsation models have been sug-
gested to match the observed helium abundances. Most likely, the major percentage of pulsat-
ing hot sdB stars can be explained by an opacity bump created by iron-group elements. This
needs a sufficiently high radiative levitation in subphotospheric layers since mass loss weakens
the opacity bump, therefore stopping pulsations. Hu et al. (2011)| showed that the mass-loss
rates required to explain the observed helium abundances with pulsations are not consistent
with observed sdB star pulsations, though.

All'in all, there has not been found any reasonable explanation for the high helium abundances
as well as for the diversity of abundances of heavier elements in hot subluminous B stars yet.

56



5.4. Formation and Evolution of Hot Subdwarf Stars

5.4. Formation and Evolution of Hot Subdwarf Stars

5.4.1. Close Binary Evolution

Since most of the sdB stars can be found in close binary systems, this implies a formation via
binary-interactions. Around 50% of all binary sdBs are formed by a red giant (RG) progenitor
star which loses its hydrogen envelope just before reaching the tip of the red giant branch
(RGB) due to strong mass transfer onto the companion star (Podsiadlowski et al., 2008).
However, in order to guarantee mass transfer in a binary system, the system has to be half-
separated, i.e., one of the two stars has to fill its Roche lobe.

How an sdB binary is actually formed during Roche-lobe overflow (RLOF) strongly depends
on the initial mass ratio ¢ = =2 of both stars, though. In the case of ¢ < 1.2 — 1.5 (see the
left panel of Fig. - ie., the primary mass m,, hardly differs from that of the secondary
ms, two mass transfer phases take place. First, consider a binary system consisting of two
main-sequence stars with an orbital period of P < 1yr so that both stars can interact. Due to
the correlation of mass and luminosity, the slightly more massive star will evolve faster, thus
reaching the red giant phase earlier. If the red giant star fills its Roche lobe at a certain time
before reaching the tip of the RGB and before the helium flash sets in, its expansion rate is not
excessively high and the hydrogen mass transfer from the red giant’s atmosphere is dynamically
stable resulting in a stable RLOF, not least because the companion has not reached the RGB
yet. Hence, the companion slowly accretes the matter. Since the accreted gas molecules have
a certain angular momentum with respect to the secondary star and undergo the effects of
the so-called Coriolis force within the new gravitational potential, either an accretion disk is
formed or the gas is directly accreted onto the companion’s surface. This depends on the size
of the accretor. The successors of this evolution are on the one hand a helium white dwarf
(WD) and on the other hand a more massive main -sequence star as a companion. Therefore,
the mass ratio has shifted and now reads: ) = = me > 1.2 - 1.5.

If the companion core runs out of hydrogen fuel, the star will become a red giant star, too.
In consequence, after some time this red giant will also fill its Roche lobe and because of
the strong disparity concerning the mass ratio, the WD cannot accrete all the transferred
matter at once, hence starting to fill and ultimately overfill its own Roche lobe. This leads to
the formation of a common envelope (CE) surrounding both orbiting stars (immersed binary
system). This common envelope gets heavily deformed by the gravitationally and centrifugally
acting forces. Also, due to friction with the envelope, both components lose orbital energy
and angular momentum such that they begin to spiral towards each other. At some point,
this spiral-in phase ends since enough orbital energy has been released to eject the common
envelope. During the post-common-envelope phase, a much closer binary with an orbital
period typically between 0.1 and 10 days is formed, consisting of the core of a giant star,
i.e., the new hot subdwarf star with masses between 0.40 and 0.49 M), and the secondary, a
helium white dwarf (Podsiadlowski et al., 2008)).

The mass transfer rate is sufficiently high such that the main-sequence companion star will
not be able to accrete all the matter, resulting in an unstable RLOF after the more massive
main-sequence star has evolved to the RGB, if larger initial mass ratios ¢ > 1.2 — 1.5 of the
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Figure 5.4.1.: Formation channels of sdB stars in close binaries showing the evolution of the

system proceeding from top to bottom. Left Panel: Small initial mass ratios
(¢ < 1.2—1.5) lead to two phases of mass transfer. First, mass is transferred via
stable Roche-lobe overflow (RLOF), but then followed by an unstable one leading
to the ejection of the common envelope (CE). The resulting binary consisting of
an sdB star and a white dwarf (WD) has a short-period orbit of around 0.1 and 10
days and the sdB has masses between 0.40 and 0.49 M. Middle Panel: Larger
initial mass ratios (¢ > 1.2 — 1.5) directly lead to an unstable RLOF such that
the common envelope is ejected. Here, a short-period binary is formed including
an sdB star with around the same mass as produced in the ¢ < 1.2—1.5 channel,
and mostly a main-sequence star (MS), i.e., a non-degenerate star. Left Panel:
In the case of low initial mass ratios (¢ < 1.2 — 1.5), the sdB star may form
in the first stable RLOF, then resulting in a wide, long-period sdB binary with
a non-degenerate companion (main-sequence or subgiant star). Extracted from

Heber (2016); original version Podsiadlowski et al. (2008),
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original P < 1yr binary prevail, though (see the middle panel of Fig. [5.4.1)). Consequently,
the formed accretion disk further expands beyond the edge of the companion potential well
forming a common envelope around both stars (immersed binary system). After the envelope
ejection at the end of the spiral-in phase, i.e., during the post-common-envelope phase, a
close binary with an orbital period as resulting from the ¢ < 1.2 — 1.5 channel is formed
including an 0.40 — 0.49 M) sdB star and mostly a main-sequence star (MS) companion, i.e.,
a non-degenerate star (Podsiadlowski et al., 2008).

In the best-fit model of Han et al. (2003) the birthrate of binary systems consisting of a
subdwarf B star and a main-sequence star is ~ 0.7 - 1072 /yr, whereas it is ~ 0.4 - 1072 /yr for
sdB stars with white-dwarf companions (Podsiadlowski et al., 2008)).

However, if the sdB progenitor star fills its Roche lobe near the tip of the RGB and during the
helium flash, a slow and stable Roche-lobe overflow may still occur in the case of low initial
mass ratios ¢ < 1.2 — 1.5 (see the right panel of Fig. . This is possible since for such
low mass ratios the amount of hydrogen in the giant star's envelope has already decreased
sufficiently during the RGB phase such that it can slowly be accreted onto the companion. In
this channel, the red giant loses its entire envelope to become an 0.30 — 0.49 M, sdB star
in a long-period (in the range of 10 — 500 days) binary with a main-sequence or subgiant
component (Han et al., 2003)). The period distribution found of such sdB+MS systems lies
between values of 700 to 1300 days, though. This is why new binary population synthesis
calculations based on Han's models have been reinvestigated recently by |Chen et al. (2013),
including atmospheric RLOF and a more challenging treatment of the angular momentum
losses during the formation of these systems. The new models predict periods up to 1200 days
and mostly agree with observed values.

5.4.2. Helium White Dwarf Mergers

The formation and evolution of subdwarf B stars via the common envelope and Roche-lobe
overflow channels mentioned above do not explain the occurrence of single isolated sdB stars.
However, the merger of two helium white dwarfs producing a single sdB star has already been
suggested in 1984 (Webbink, 1984).

In this scenario it is assumed that both stars closely orbit each other with periods of less than
~ 8 hours before losing energy and angular momentum through gravitational wave emission
such that the orbit decreases. At a certain time when the gravitationally and centrifugally act-
ing forces get strong enough to fill the Roche-lobe of one of the components, a half-separated
system is formed and stable RLOF sets in. Since the mass-radius relation for white dwarfs
reads R o< M3, the less massive WD firstly fills its Roche-lobe transferring mass onto the
more massive one. The more mass has been transferred, the larger the radius of the less
massive WD gets, therefore strongly intensifying the merging scenario. Fig. shows the
three possible WD merging scenarios (Zhang & Jeffery, 2012).

In the slow merger model (see the left panel of Fig. the entire mass of the less massive
WD s transferred forming a cold disk around the more massive one in a few minutes. During
the next several million years, the material remains cold and can be accreted slowly onto the
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primary surface.

In the fast merger model (see the middle panel of Fig. no accretion disk forms, though.
But the entire mass of the less massive WD directly falls onto the primary’s surface forming
a hot corona within a few minutes since the material is strongly heated to temperatures of
~ 10® K and therefore expands.

The right panel of Fig. [5.4.2] displays the so-called composite merger model. This model com-
bines both, slow and fast merging, in which one part of the disrupted companion (30%—50%
of its mass) forms a hot corona, whereas the remaining mass fraction forms a cold accretion
disk.

In all three models the more massive white dwarf ignites helium at a certain critical mass and
Slow merger Fast merger Composite merger

Star*1 Star*1 Star*1

- ® e ® 8 ®

Hot corona

Centre helium burning Centre helium burning Centre helium burning

C C C

Figure 5.4.2.: Schematic of three possible ways for the merger of two helium white dwarfs.

Extracted from Heber (2016); original version |Zhang & Jeffery (2012),

will become a single sdB star. The theoretical birthrate of sdB stars in the WD merger scenario
lies around 0.8 — 1.6 - 1072 /yr and is comparable to that resulting from the common envelope
channels. However, the predicted mass distribution of the resulting sdB stars for the merger
channel is quite broad with a range from 0.40 —0.65 M, and is at odds with the narrow mass
distribution of sdB stars determined from asteroseismic analysis (Podsiadlowski et al., 2008)).
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5.4.3. Other Formation Scenarios

Besides the already discussed scenarios in which a hot subdwarf B star can be formed, other
processes are also conceivable. For instance, |Politano et al. (2008) suggest a merger of a
low mass star or a brown dwarf with a red-giant core. Here, theoretical predictions for the
resulting sdB masses give values of 0.47 — 0.54 M. |Clausen & Wade (2011)| assume that
the merger of a helium white dwarf with a low-mass, hydrogen-burning star could in principle
create a star with a helium core and a thick hydrogen envelope which might evolve into an
sdB star in a few billion years. Furthermore, models exist in which an sdB star is created by a
single progenitor only. But for this purpose the star has to lose a high mass fraction during its
evolution on the red giant branch. Potentially, this could either be realized by strong rotation
effects or by strong star winds created at the time of the helium flash (Podsiadlowski et al.,
2008).
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6. The *He Anomaly in B-Type Stars

Besides the already presented abundance anomalies in section , the 3He isotopic line shift
for subdwarf B stars was first reported by Heber (1987). However, this isotopic shift had
also been observed before among blue horizontal branch (BHB) stars (Hartoog, 1979) and
chemically peculiar B-type main-sequence stars (Sargent & Jugaku, 1961; Hartoog & Cowley,
1979; Heber, 2016)).

The identification of 3He is made by accurately measuring the small isotopic shifts of the Hel
lines in the visible from high resolution spectra. The isotopic shifts with respect to the *He
isotope vary from line to line. This is illustrated by table in which the expected isotopic
shifts for pure He derived by [Fred et al. (1951) are shown. Whereas some lines like *Hel,
5875 A are shifted only slightly (0.04 A) towards redder wavelengths, the shifts of >He |, 4922 A
and *Hel, 6678 A are sufficiently large (0.33 A and 0.50 A, respectively) to be measurable. The
very small isotopic shift of Hel, 5875 A makes it useful as a check for other effects (amongst
others, pressure shifts due to the so-called Stark effect, occurring in electric fields or shifts
due to the presence of magnetic fields) which might shift the Hel positions relative to lines
of other elements. For some stars, especially in the case of Hg-Mn stars, 3Hel, 5015 A and
SHel, 4922 A are often in complex regions and so badly blended that they cannot be mea-
sured. Besides the large expected isotopic shift, *Hel, 6678 A has two other advantages for
measurement. On the one hand, the line is a singlet and therefore the line profile is expected
to be symmetric. On the other hand, it typically falls in a relatively uncrowded region of the
spectrum, thus not blended by other lines. It tends to be very weak in many helium-deficient
stars, though. In order to measure the position of the *Hel, 6678 A line accurately, a high
signal-to-noise ratio (SNR) is desirable. In general, the radial velocity of the star has also to
be well determined before the wavelengths of the observed helium lines can be interpreted.
Usually, helium lines should be avoided to determine the radial velocity when aiming at 3He
(Hartoog & Cowley, 1979; Heber, 2016).

The observed helium lines are blends of lines resulting from 3He and “He isotopes. Conse-
quently, the larger the observed line shifts, the higher the *He/*He ratio (Heber, 2016)).

6.1. 3He B-Type Main-Sequence Stars

The prototype for the existence of *He in a B-type main-sequence star is 3 Centauri A.
Sargent & Jugaku (1961) found the wavelengths of some of the Hel lines (notably *Hel,
6678 A) to be a few tenths of an angstrom (up to 0.39 A) greater than would be expected
from other lines of Hel and lines of other elements. There was a good correlation between



6. The 3He Anomaly in B-Type Stars

Line [A] AX [A]

3819 +0.08
3867 +0.08
4026 +0.08
4121 +0.07
4388 +0.28
4472 +0.07
4713 +0.07
4922 +0.33
5015 +0.21
5875 +0.04
6678 -+0.50

Table 6.1.: Expected isotopic shifts A\ for pure He. Positive values for A\ indicate red
shifted Hel lines due to the occurrence of 3He referred to [Fred et al. (1951).

the observed shifts and the isotopic shifts for pure *He determined by [Fred et al. (1951)
since amongst others, line broadening due to the Stark effect could be excluded by comparing
the displacements in 3 Centauri A with those measured in other B-type main-sequence stars.
Using the simple approximation that the observed displacements are linear proportional to the
fractional *He abundances expressed by the ratio *He/(*He+%He), |Sargent & Jugaku (1961)
derived 3He/(®*He-+*He)=0.84 & 0.10. Therefore, they concluded that the *He/*He ratio has
to lie between 3:1 and 16:1 which is abnormally large compared to the solar photospheric
3He/4He ratio estimated to be around 10~* (Michaud et al., 2015; Sargent & Jugaku, 1961)).
In the following years, a spectroscopic search for B-type main-sequence stars with enhanced
3He abundances resulted in the discovery of several new definite or probable 3He stars (see
table . The found 3He stars have total helium abundances being 5 to 20 times lower
than normal B-type main-sequence stars, but exhibit *He/*He values ranging from 0.35 to
2.7. These values were estimated by computing a large number of \6678 profiles for various
3He and *He abundances using very simple assumptions. For instance, the continuum was
assumed to be formed in pure absorption, but both, coherent isotropic scattering and pure
absorption, were included in the line opacity. Also, the level populations in *He and *He were
assumed to be the same and both, radiative transfer and statistical equilibrium equations, were
not solved simultaneously (more on radiative transfer and statistical equilibrium in chapter [3)).
However, considering the approximate nature of the calculations, the agreement with the
observed spectra was relatively good (Hartoog & Cowley, 1979).

Remarkably, it was found that the 3He stars occupy a narrow strip in the T.¢-log (g) plane
between the He-rich B stars (with effective temperatures up to ~32000K) and a group
of He-weak B stars which show no evidence for 3He (with effective temperatures down to
~13000K). The 3He B-type stars lie between effective temperatures of ~18000K and
~21000K (see also table [6.3). The fractional *He content tends to increase with increasing
effective temperature among the 3He stars, too (Hartoog & Cowley, 1979).
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6.1. ®He B-Type Main-Sequence Stars

Object  n(®He)/[n(*He) + n(*He)] n(*He)/n(*He) Comments

3 Cen A 0.71 2.5 Definite 3He star
a Scl 0.44 0.79 Definite 3He star

. Ori B 0.73 2.7 Definite 3He star
HR 1951 0.48 0.92 Definite 3He star
HR 2306 0.71 2.5 Definite 3He star
HR 7129 0.61 1.6 Definite 3He star
HR 7467 0.56 1.3 Definite 3He star
HD 191980 0.66 1.9 Definite 3He star
33 Gem 0.34 0.52 Probable 3He star
40 Gem 0.32 0.47 Probable *He star
HR 5998 0.44 0.79 Probable *He star
% Cnc <0.26 <0.35 Possible 3He star

Table 6.2.: Definite and probable B-type main-sequence stars which have been reported to
(possibly) show 3He. The fractional *He contents and the n(*He)/n(*He) ratios
are extracted from Hartoog & Cowley (1979). The HgMn star x Cnc has later
been confirmed as a definite He star by Dobrichev et al. (1989) and |Zakharova
& Ryabchikova (1996) concluding on a value of the n(*He)/n(*He) ratio of 0.35.

Object Tt [K] log (g) [dex] log (y) [dex] Reference
3 Cen A 17500 3.80 -1.70 (Pintado et al., 1998)
a Scl 17379 3.60 ; (Schmitt, 1972)
¢ Ori B 18000-19000 4.0 - (Conti & Loonen, 1970)
HR 1951 - - - -
HR 2306 - - - -
HR 7129 - - - -
HR 7467 - - - -
HD 191980 - - - -
33 Gem 14375 3.90 -1.96 (Pintado et al., 1998)
40 Gem - - - -
HR 5998 - - - -
r Cnc 13125 3.59 -2.26 (Pintado et al., 1998)

Table 6.3.: Atmospheric parameters of the definite and probable B-type main-sequence stars
which have been reported to (possibly) show *He. The values are extracted from
the given references. However, for most of the listed stars no parameters could be
found in literature.
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6. The 3He Anomaly in B-Type Stars

These results then have been discussed in the context of the diffusion theory for He-weak and
He-rich B-type stars, greatly strengthening the link between both. Michaud (1970) showed
that the radiation pressure was not sufficient to support helium, thus tending to sink out of
the atmosphere in B-type stars with stable atmospheres. This would explain the He-weak
B-type main-sequence stars as well as the general helium deficiency of the peculiar 3He B-
type stars. Later, it was suggested by [Osmer & Peterson (1974)| that at higher effective
temperatures radiation pressure could indeed facilitate helium (presumably “He) to stream
upwards, therefore explaining He-rich stars. They also came up with the idea that at slightly
lower effective temperatures 3He but not “*He would be radiatively driven resulting in a *He-
deficient, *He-rich star. At still lower temperatures, neither >He nor *He could be supported
producing a star in which both helium isotopes are depleted (Hartoog & Cowley, 1979).
However, in order to explain the observed *He/*He values and the total helium abundances for
3He B-type main-sequence stars, it is necessary to bring 3He to the surface and deplete *He
from the surface layers at the same time. If the primordial *He/*He ratio is close to the solar
value of 107, allowing “He but not 3He to settle gravitationally, would not leave detectable
amounts of *He on the star surface (Hartoog & Cowley, 1979). |Vauclair et al. (1974)| carried
out computations of the radiative force on both helium isotopes, amongst others showing
that gr.q(*He) ~ graq(*He) for an arbitrary number of 3He absorbers because of the strong
similarity of both isotopes concerning atomic structure and line spectrum. They also showed
that the radiative force on both helium isotopes is never larger than the gravitational one,
except at low helium abundances as in 3 Cen A. But even in the latter case, the replacement
of “He by 3He was found to be much slower (~ 108 yr) than the gravitational settling of helium
(Michaud et al., 1979). This certainly disproved the suggestion made by Osmer & Peterson
(1974).

According to Vauclair (1975), producing He-rich main-sequence stars should also be possible
if diffusion takes place in a radial mass-loss flux (stellar wind). This was the first time the
idea came up that such a stellar mass outflow could maybe also explain the observed *He B-
type stars. In this case the relationship between effective temperature and observed 3He/*He
ratios might arise because of a possible correlation of mass-loss flux with effective temperature
(Hartoog & Cowley, 1979). This so-called diffusion mass-loss model is still used today in order
to differentiate between He-rich, He and He-weak stars on the main sequence and will be
discussed in detail in section [7.1l

6.2. *He Blue Horizontal Branch Stars

Since blue horizontal branch (BHB) stars in globular clusters and in the halo were found to be
He-weak like the peculiar B-type stars with abnormally large *He/*He ratios, Hartoog (1979)
decided to investigate BHB stars for the presence of *He as well. Because of its spectroscopic
similarity to the *He B-type prototype star 3 Centauri A and given the fact that it is one of
the brightest of the faint blue stars in the halo, Feige 86 was chosen for the analysis at first
(Hartoog, 1979).

Different observing techniques than for any of the peculiar B stars surveyed before had to
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6.3. 3He Subdwarf B Stars from Literature

n(SHe)

Object (o) Terr [K] log(g) [dex] log (y) [dex] Reference Comments
Feige 86 0.7 16400 4.20 -1.82 (Bonifacio et al., 1995)) SHe star
PHL382 >1 18200 4.1 -2.2 (Heber & Langhans, 1986)  3He star
PHL25 >1 19500 5.0 -2.0 (Heber & Langhans, 1986)  ®He star

Table 6.4.: The definite blue horizontal branch stars which have been reported to show *He.
The n(3He)/n(*He) ratios are extracted from [Hartoog (1979) for Feige 86, and
from Heber (1987) for PHL 382 and PHL 25. The atmospheric parameters are

extracted from the given references.

be used for this significantly fainter BHB star. In consequence, during his analysis, Hartoog
(1979) concentrated on A6678 only because of the largest isotopic shift. The spectrum of
Feige 86 clearly showed a considerable shift of the A\ 6678 position towards the *He position.
Using the same approximated analysis procedure as presented in section for the 3He B-type
main-sequence stars, a value of 0.7 for the He/*He ratio could be derived. Via photometry
it was determined that Feige 86 lies in the same narrow strip of the T.g-log (g) plane as the
peculiar *He B-type main-sequence stars, although maybe at a slightly higher surface gravity.
This greatly strengthened the link between the He-weak blue horizontal branch stars and the
3He main-sequence stars suggesting that similar radiative diffusion processes could have acted
in both classes, on the one hand being responsible for the helium deficiency, but on the other
hand resulting in a 3He overabundance, too (Hartoog, 1979).

Later, 3He was also found in two other BHB stars (PHL 382 and PHL 25) by |Heber (1987).
Using the Cassegrain Echelle Spectrograph (CASPEC, see section , optical spectra were
obtained in the wavelength range from 5800 A to 6750 A. Therefore, the spectra allowed
relatively precise wavelengths of Hel, 5875 A and Hel, 6678 A to be measured. Heber (1987)
concluded that for PHL 382 as well as for PHL 25, the position of Hel, 6678 A is shifted
towards the expected position of ®He, clearly indicating *He/*He > 1 (Heber, 1987).

Table summarizes the results of the *He/*He ratios for the definite He blue horizontal
branch stars that have been found yet.

Because of their slightly higher gravities compared to the peculiar B-type main-sequence stars,
new models for the diffusion process of *He in BHB stars had to be developed. Nevertheless,
the 3He anomaly in BHB stars has not been fully understood until today, although the theories
presented in section [7| perhaps would also match the time scale for atomic diffusion to take
place and the lifetime of typical BHB stars, reading typically 7ang ~ 7ms (4-5 M).

6.3. *He Subdwarf B Stars from Literature

The first detected hot subluminous B star containing *He in its stellar atmosphere was SB 290,
for which [Heber (1987) detected strong line shifts indicating that basically the whole helium
content of the atmosphere consists of *He, giving *He/*He > 1. |[Edelmann et al. (2001) and
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6. The 3He Anomaly in B-Type Stars

Heber & Edelmann (2004)| found another three 3He enriched sdB stars (Feige 36, BD-+48°
2721 and PG 0133+114). BD+48° 2721 and PG 0133+114 showed line shifts of Hel, 4922 A
and Hel, 6678 A, whereas Hel, 4471 A and Hel, 4713 A were unshifted. Hence, taking into
account the smaller isotopic line shift of the latter two lines, this behaviour of the helium lines
was consistent with the isotopic line shifts for 3He measured by |Fred et al. (1951). In the case
of Feige 36, line shifts of the Hel lines 4471 A and 6678 A were observed, too. While the shift
of Hel 4713 A could not be detected again because of its small isotopic line shift, He | 5015 A
did not show the displacement expected from experiment. It was assumed that the line profile
of Hel lines 5015 A was blended, though (Edelmann et al., 2001)). Up to this point, the 3He
anomaly in sdB stars was found to be rare, i.e., it occurred in less than 5% of the program
stars (Edelmann et al., 1999).

Geier et al. (2013a)| determined the helium abundances and isotopic shifts caused by enrich-
ment of 3He of 44 sdB stars from high-resolution spectra. 39 bright subdwarf B stars were
observed with the FEROS spectrograph (R = 48,000, 3750 — 9200 A) and five stars were ob-
served with the FOCES spectrograph (R = 30,000, 3800 — 7000 A). Although high-resolution
Echelle spectrographs are widely used in astronomy, data reduction and analysis of Echelle
spectra can be difficult (extraction errors, insufficient order merging or normalization, etc.).
Especially for sdB stars, Echelle spectroscopy can be rather challenging because of their low
brightness and the fact that most of the important lines for their analysis are found in the bluest
parts of optical spectra where Echelle spectrographs are often not very sensitive. Therefore
in order to have a well suited comparison to the high-resolution Echelle spectra, Geier et al.
(2013a) obtained spectra of at least some of the program stars with medium resolution as
well. Twelve sdB stars were observed with the ISIS spectrograph (R ~ 4000, 3440 — 5270 A),
nine stars with the grating spectrograph and intensified Rection Photon Counting System of
the SAAO (R ~ 1300, 3300 — 5600 A) and five with the CAFOS spectrograph (R ~ 1000,
3500 — 5800 A).

In order to derive atmospheric parameters and helium abundances of the whole sample, model
spectra were used to fit the hydrogen Balmer and helium lines of the high-resolution spectra.
For this determination the SPAS routine developed by H. Hirsch was applied (see section
for further information on SPAS). The cooler sdBs (24 000 K < T, < 30000 K) have been an-
alyzed using local thermodynamic equilibrium (LTE) models with solar metallicity, hotter sdBs
with T > 30000 K using LTE models with supersolar metallicity (10 times solar). For both
cases, only hydrogen and helium and no metals have been synthesized (Geier et al., 2013a)).
All in all, |Geier et al. (2013a) found 8 *He enriched subdwarf B stars analyzing the high-
resolution spectra (see Fig. |6.3.1). One of them was BD+48° 2721, which has already
been discovered before by [Edelmann et al. (2001). Table lists the derived atmospheric
parameters together with the used instrument, the number of available (co-added) spectra
and their signal-to-noise (S/N) ratio for all found 3He enriched subdwarf B stars. The final
parameters were obtained either from high S/N ISIS and CAFOS spectra, if available, or from
high-resolution FEROS and FOCES spectra.

Fig. shows the distribution of the entire sample under study by |Geier et al. (2013a) in
the T, — log (g)-diagram, including the found 3He enriched sdB stars and the three sdBs with
isotopic shifts already discussed before. Remarkably, the *He sdBs cluster in a small temper-
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Figure 6.3.1.: Some helium lines of sdB stars. Left panel: Subdwarf B stars highly enriched
in 3He, but also showing a component of *He. For comparison, the helium
lines of SB 815 (CD-35° 15910), a star which does not exhibit line shifts due
to enrichment of *He, are shown in the lowest panel. Right Panel: Subdwarf
B stars whose helium lines are entirely shifted to the 3He rest wavelength and
where no traces of “He are visible at all. Here for comparison, the helium lines
of SB 290, which is the prototype of sdBs highly enriched in 3He, are plotted
in the lowest panel. Note that the lines of SB 290 are significantly broadened
due to stellar rotation. While the rest wavelengths of “He are plotted as solid
vertical lines in both panels, dotted vertical lines mark the rest wavelengths of
the He isotope. Adopted from |Geier et al. (2013a).

Object Instrument no. spec S/N T [K] log(g) [dex] log(y) [dex] Comments
BD+48 2721 FOCES 1 84 24800 5.38 -2.23 SHe star
EC 14338-1445  FEROS 3 37 27700 5.54 -2.82 SHe star
EC 03591-3232  FEROS 2 73 28000 5.55 -2.03 SHe star
EC 12234-2607 FEROS 3 26 28000 5.58 -1.58 SHe star
EC 03263-6403 FEROS 1 17 29300 5.48 -2.51 SHe star
PG 1519+640 ISIS 1 39 30300 5.67 -2.37 SHe star
PG 1710-+490 ISIS 1 27 30600 5.66 -2.43 SHe star
Feige 38 ISIS 5 89 30600 5.83 -2.37 SHe star

Table 6.5.: Sample of *He sdB stars found by |Geier et al. (2013a). Listed are the name of the
sdB star, the used instrument, the number of available spectra, the signal-to-noise
ratio (S/N) together with the derived atmospheric parameters extracted from |Geier
et al. (2013a).
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Figure 6.3.2.: To—log (g)-diagram for the sample of |Geier et al. (2013a). Open symbols mark
3He enriched sdB stars, filled symbols sdB stars whose atmosphere is dominated
by *He. The triangles mark the three sdBs with enriched *He that have already
been discussed before (Feige 36, BD+48° 2721 and PG 0133+114). Whereas di-
amonds highlight objects belonging to the bulk of sdBs (upper helium sequence),
circles mark stars belonging to the second group (lower helium sequence). For a
definition of both helium sequences see section [5.1] Together with EHB evolu-
tionary tracks for solar metallicity taken from Dorman et al. (1993)|labeled with
their masses, the helium main sequence (HeMS), the zero-age extreme horizon-
tal branch (ZAEHB) and the terminal-age extreme horizontal branch (TAEHB)
are plotted. Adopted from Geier et al. (2013a)|
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ature strip between ~ 27 000K and ~ 31 000K very similar to the known 3He main-sequence
B-type stars, which also cluster in a narrow range, although at different temperatures (see
section . BD-+48° 2721 is the only outlier with T.¢ =24800K. Also, all 3He enriched
subdwarf B stars belong to the upper helium sequence. However, this has to be further proved,
because maybe the diagnostic helium lines are too weak to measure the isotopic shifts in the
case of helium-poor sdBs belonging to the lower helium sequence. But the similarity to the
3He B-type main-sequence stars becomes even more evident when looking at the upper helium
sequence only. Here, the helium abundance is scattering around log (y) ~-2.5 dex for effective
temperatures below 31 000K (see Fig. , but *He is enriched at around this very tem-
perature. For higher temperatures (T >31000K) the helium abundance rises. This would
argue for a division of the upper helium sequence into “normal” helium sdBs, *He sdBs and
helium-rich ones (Geier et al., 2013a)).

In particular, part of the *He sdB stars exhibit clear displacements of the Hel, 6678 A line,
indicating that ®He is the dominant isotope in the stellar atmosphere (see the right-hand panel
of Fig. . The other part of the 3He sdB stars shows strong lines of 3He blended with
weak components of “He (see the left-hand panel of Fig. . Since these stars cover
the whole 3He effective temperature strip (see for example the positions of BD-+48° 2721,
EC 12234-2607 and PG 1519+640 in Fig. [6.3.2)), there is no correlation between the helium
isotopic ratio and effective temperature (Geier et al., 2013a)).

As for the 3He enriched B-type main-sequence and BHB stars, the 3He anomaly in hot sub-
luminous B stars is most probably related to diffusion processes in the stellar atmosphere. A
promising diffusion model that could possibly explain this anomaly in sdBs will be presented
in section [7.2

6.4. 3He Subdwarf B Stars from the ESO SPY Project

The ESO Supernova la Progenitor Survey, short ESO SPY, obtained high-resolution optical
spectra of over 1000 white dwarf candidates (Stroer et al., 2005), including 137 previously
misclassified hot subdwarf stars (79 hydrogen rich sdBs, 58 sdOs). All observations were
obtained at the ESO Very Large Telescope equipped with the UVES spectrograph (R ~
90,000, 3300 — 6650 A with gaps at 4500 — 4600 A and 5600 — 5700 A, see also section [2.3).
Hence, the analyzed UVES spectra do not include the helium line with the strongest isotopic
shift, Hel, 6678 A. In consequence, concerning the determination of *He and *He as well as
of the isotopic abundance ratio, the tip of the iceberg cannot be reached for the stars from
the ESO SPY project. Nevertheless, several other helium lines are covered, also including Hel,
4922 A, i.e., the line with the second strongest line shift.

Therefore, a sample of 76 additional sdBs in total from the hot subdwarf list of the ESO
Supernova la Progenitor Survey (Lisker et al., 2005)) is investigated within this thesis, too,
whereby only stars lying in the 3He sdB effective temperature regime between ~ 27 000 K and
~31000K are spectroscopically analyzed. Four of these candidates can actually be identified
as *He enriched hot subdwarf B stars by means of their derived isotopic abundance ratios (see
table . Their atmospheric parameters and metal abundances are determined in chapter
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Object Instrument Comments

HE 0929-0424 UVES 3He star
HE 1047-0436 UVES 3He star
HE 2156-3927 UVES 3He star
HE 2322-0617 UVES 3He star

Table 6.6.: The four additional *He sdBs taken from the hot subdwarf list of the ESO Super-
nova la Progenitor Survey (Lisker et al., 2005).

and are listed in tables [12.1} [12.5 and |[12.6) respectively.

72



7. He Diffusion Models for B-Type Stars

7.1. Diffusion Mass-Loss Model for Main-Sequence Stars

In order to explain the occurrence of helium-weak (14000K < T < 21000K), *He (18 000 K

< T S 21000K) and helium-rich B-type main-sequence stars (20000K < T < 25000K,

but also up to ~ 32000 K), modeling of their envelopes in the framework of atomic diffusion
started already at the beginning of the 1970s. While the helium deficiency in the upper at-
mospheric layers for B-type main-sequence stars could be easily understood within the model
with atomic diffusion (gravitational settling due to the weakness of the radiative acceleration
of helium), no reasonable explanation for the existence of *He in helium-weak stars, as well
as helium overabundances in hotter B stars was found. The smaller atomic mass of the 3He
isotope compared to “He results in a slower gravitational settling for He, slowly increasing the
3He/*He ratio with time. |Vauclair et al. (1974) showed that the time needed to obtain the
observed overabundances in *He is too long (compared to the stellar lifetime) to explain *He
B-type main-sequence stars, though. However, as already mentioned at the end of section [6.1],
Vauclair (1975)| presented a more sophisticated unified model, even giving a satisfying frame-
work for the explanation of the whole group of main-sequence stars with helium anomalies. In
this so-called diffusion mass-loss model, the competition between atomic diffusion and stellar
mass outflow plays an important role, since the corresponding velocities of both processes can
have opposite signs for some elements. This shall be presented in the following by means of
the textbook released by Michaud et al. (2015).

e Helium-weak Stars: Here, the mass loss is weak enough so that the gravitational
settling of helium dominates. Consequently, both helium isotopes are depleted in outer
atmospheric layers.

e 3He Stars: In this case, stronger mass loss, i.e., higher wind velocity, leads to the
dominance of gravitational settling for *He, but not for *He. This is due to the smaller
atomic mass and therefore slower settling velocity of *He. At a given interior radius,
helium gets twice ionized (Helll) and the collisional coupling through Coulomb forces
gets strong enough so that 3He is dragged towards the exterior. Closer to the surface,
helium recombines to He Il and since then the settling velocity dominates for *He, helium
cannot leave the star and *He accumulates at the surface.

e He-rich Stars: For strong mass loss, the wind velocity dominates for both helium
isotopes. Hence, all helium (*He and *He) which gets twice ionized at a certain interior
radius as in the case of 3He stars, recombines to Hell and accumulates at the surface
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since it cannot leave the star. Of course, this provides that the density of the wind is
not too high at all. Otherwise, helium is expelled in the interstellar medium together
with hydrogen.

All in all, if the wind velocity increases with effective temperature, this unified diffusion mass-
loss model explains qualitatively well the whole sequence of helium-weak /*He and helium-rich
stars. |Abbott (1982) and Babel (1996) showed that there is strong evidence for such a
correlation. Stars with peculiar helium abundances therefore lie in an effective temperature
regime where the mass-loss rate is mainly depending on the amount of transferred momentum
from the radiation field to matter. But, the resulting wind velocities have to be compatible with
atomic diffusion, i.e., the wind velocity should be small enough with respect to the diffusion
velocity so that elemental separation can take place. This simple model is not generally
acceptable as an explanation for helium-rich stars, though, because hydrogen and helium can
get coupled and leave the stellar atmosphere, hence causing a problem in order to explain
the observed helium overabundances. For instance, this could be the case if strong magnetic
fields are present or if the field lines are vertical (Krticka, 2006) as is the case for e.g. o
Orionis E (Groote & Hunger, 1997)). However, in order to explain the helium overabundances,
Babel (1996) and Hunger et al. (1996) came up with the idea that hydrogen and helium fully
decouple from the rest of the stellar wind at relevant effective temperatures of Te < 20000 K.
At these temperatures the density of the wind decreases and the coupling via collisions between
the metal ions absorbing the photons and hydrogen and helium becomes weak, resulting in
helium and possibly hydrogen decoupling as well. Hence, the stellar wind just fractionates and
becomes metallic. The result is a metal-poor, but helium-rich main-sequence star (Hunger &
Groote, 1999). In order to suppress turbulent motions resulting from a photosphere, which
has helium on top of hydrogen, and might transport matter of original composition to the
surface, a strong magnetic field as detected in several helium-rich stars is needed (Przybilla
et al., 20160).

7.2. LID - Light Induced Drift

In principle, the diffusion mass-loss model for B-type main-sequence stars presented in the
previous section could possibly be applied for the hot subluminous B stars, too. In consequence,
the effective temperature dependent sequence of “normal” helium sdBs, *He enriched sdBs
and helium-rich ones (see section would then also be related to the increasing stellar
wind strength. However, the strength and influence of the wind velocity in subdwarf B stars
is hard to model because of their higher effective temperatures. Because of this difficulty and
the lack of experience coming along with it, different diffusion models have been investigated.
One of them is the so-called light induced drift (LID) which has originally been suggested
by Atutov (1986)| to be even more efficient at causing abundance anomalies than radiation
driven diffusion in B-type main-sequence stars. It is applicable for all B-type stars exhibiting
sufficiently strong stellar winds and will be presented in the following, also making use of the
textbook published by Michaud et al. (2015).
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LID occurs when the radiative flux is asymmetric with respect to the absorption line center, i.e.,
the stronger this asymmetry the larger the influence of LID. In order to keep the explanation
of LID simple, a purely Doppler broadened resonance line of a trace element (see chapter
for detailed information on spectral line formation) is considered. For the following, the atom
is moving outwards with an increasing velocity because of the stellar wind. This results in a
blue shifted absorption due to the Doppler effect, i.e., light (flux) from the blue side of the line
center in the stellar reference frame is absorbed. If the flux is larger in the red half, this will lead
to more excited atoms by absorption on the red side of the profile (when they move towards
the star) than on the blue side (when they move away from the star). Since the collisional
cross section for momentum exchange between atoms and the hydrogen-dominated main gas
strongly depends on the radius of the electrons around the nucleus, the corresponding collision
rate is larger for the excited state than for the ground state. For instance, the collision rate for
the interaction of excited helium atoms with hydrogen turns out to be about nine times larger
than that for the ground state of helium (LeBlanc & Michaud, 1993)). In consequence, there
will be a larger collision rate, i.e. a smaller mean free path, for atoms moving towards the
star. Finally, this imbalance results in an additionally induced drift of the particular element
away from the star.

The maximum effect of LID is expected for neutral helium. This is because all lines of the
dominant isotope, *He, cause a frequency anisotropy on the same (blue) side of the lines of the
less abundant isotope, *He (see table . This makes LID not only a possible scenario for the
understanding of diffusion processes having occurred in *He B-type main-sequence stars, but
also in 3He enriched hot subdwarf B stars. In any case, LID leads to an upwards drift of *He
immediately after the star has been formed as discussed shortly before. For a B-type main-
sequence star such as 3 Cen A, starting with normal abundances of the two helium isotopes
on the main sequence, this would reduce the time needed for 3He to replace “He in the stellar
atmosphere by a factor of ~ 3-10, compared to the case if LID is neglected and only particle
diffusion (gravitational settling) is responsible for the progressive decrease of both, *He and
“He, throughout the atmosphere (LeBlanc & Michaud, 1993). Hence, 3He enrichment can
take place within the life time of the star when LID is taken into account. As the total helium
abundance (3He and “He) is reduced by LID acting on 3He and gravitational settling acting
on ‘He, the relative effect of LID progressively decreases in the particular atmospheric layers,
becoming even negligible once the total helium abundance has been reduced to around 1075
of its original value (see bottom right panel of Fig. and [LeBlanc & Michaud (1993)| for
details). This has to do with the disappearance of the lines causing the flux anisotropy which
is the driving force for LID.

LeBlanc & Michaud (1993) implemented LID in their atomic diffusion models showing that it
accelerates the separation of 3He from *He in the atmosphere of a main-sequence star with
T = 18000 K and log (g) = 4.0 dex. Fig. shows the comparison of the contributions of
LID and radiation driven diffusion to the transport velocity of 3He due to the Hel, 584 A line
as a function of the Rosseland optical deptlﬂ in the considered atmosphere for different total

1The Rosseland optical depth is a special characterization for the depth of a particular atmospheric layer.
As the normal optical depth, it is unitless and often logarithmically scaled and increases with increasing
atmospheric depth.
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helium abundances. Focusing on a total helium abundance of N(He)/N(H) = 0.01 (see the
upper right panel of Fig. [7.2.1]), the effect of LID dominates for 1% 3He over 0 < log g < 2.5
LeBlanc & Michaud (1993). In consequence, at least one case where LID dominates the particle
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Figure 7.2.1.: Ratio of the LID (Vp) to the radiative acceleration (V) contributions to the
transport velocity of *He due to the transition from ground to first excited
state, Hel, 584 A, as a function of the Rosseland optical depth (Ter =18 000K,
log (g) = 4.0dex). The various curves correspond to different *He contents of
the total helium abundance: 1% (open squares), 50% (crosses), 90% (triangles),
and 99% (filled squares), respectively. The different parts of the figure belong
to different total helium abundances which is also indicated on the particular
subpanels. Adopted from LeBlanc & Michaud (1993).

transport in one part of a B-type main-sequence star’s stellar atmosphere can be found to
explain the observed helium abundance anomalies. For different total helium abundances, the
log 7 interval, where LID dominates radiative acceleration, slightly shifts to other atmospheric
layers, even disappearing for total helium abundances lower than N(He)/N(H) = 107 as can

be seen from the different panels of Fig. [7.2.1]
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7.2. LID - Light Induced Drift

Although the effects of LID on atomic diffusion processes including both helium isotopes,
3He and *He, in main-sequence stars and/or hot subdwarf B stars cannot be denied at all,
detailed time dependent calculations including a more precise evaluation of the LID velocity
than currently available, have to be carried out. The interplay of mass loss and gravitational
settling may still be the dominant factor leading to the *He isotope anomaly in these stars.
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8. Analysis Programs

8.1. SPAS - Spectrum Plotting and Analysis Suite

For the LTE spectral analysis presented in chapter[10] the analysis program “Spectrum Plotting
and Analysis Suite”, short SPAS, is used. SPAS was designed by Heiko Hirsch and is based
on FITSB2, which had been developed earlier by Napiwotzki et al. (2004), While FITSB2 had
been a great and reliable program, it was not very user-friendly at the same time. Therefore,
Hirsch (2009)| developed SPAS, providing a graphical user interface for easy and fast access
to parameters like spectral resolution, fit ranges, start parameters, etc. (Hirsch, 2009).

SPAS also provides an elaborated quantitative spectral analysis by fitting models of synthetic
spectra to the observed spectrum. In this way, the atmospheric parameters, i.e., effective tem-
perature T, surface gravity log (g), and total helium abundance log (y) are determined. This
is done via the so-called downhill simplex algorithm from |[Nelder & Mead (1965). A simplex in
an N dimensional space is an (N+1)-polyhedron, i.e., a triangle in 2D or a tetrahedron in 3D
space. A point in the four-dimensional parameter space, consisting of the three atmospheric
coordinates T, log (g), and log (y) as well as of the corresponding test function (in this case,
the continuous y? probability distribution of Eq. value, is called a vertex. Generally,
linear interpolation between different parameter values for log (y), then for log (¢) and last for
T within a grid of synthetic model spectra using a simple cubic spline is performed in order
to compute all vertices. In short words, the test function is used to determine the goodness of
each vertex and replaces the worst one by a new vertex in each iteration by either contracting
or expanding the simplex in the multidimensional parameter space. The algorithm stops when
either the relative difference of the test functions evaluated at each vertex falls below a certain
threshold, or a maximum number of iterations has been performed. The found minimum is
not necessarily the global minimum, though (Hirsch, 2009).

If necessary, projected rotation velocity vyt 0ps = vsiné as well as macroturbulence ¢ can be
determined, too. However, in the context of this analysis (see chapter , it is sufficient
to derive v,o10bs ONly and to set macroturbulence always to zero. Afterwards, the synthetic
spectrum is folded with the instrumental profile (Hirsch, 2009).

Radial velocities of spectra are derived by fitting a combination of Lorentzian, Gaussian and
straight line (in order to model the slope of the continuum) function to the line profiles of the
selected absorption lines. Here, the particular line core position A of each used spectral line
is calculated and converted into its corresponding radial velocity value via the simple Doppler
formula A;—jo = ‘=4 where )¢ is the rest-frame wavelength of the considered spectral line
(Hirsch, 2009).

Error determination is done by using the so-called bootstrapping method. Here, the data



8. Analysis Programs

Figure 8.1.1.:

O 2 FIT window
Star: »Spectrum/LTE_analysis/Modelle_Stefan/blue_red_merged.spek Fit Emr
Visg = 8 Viea (B — = Add 3igaia_sdb_| _00i998_m
Tor = 20814 +/- 1067 Ter (28000 V) ) | 3 Sigaia s _D0mas mi |
~ 3 3igaia_sob_ 00m97_m1 |
log(g) = 4.93 +/- 0.133 loalg) 5 v v Sigaia_sdb | _00908_m
= 227+~
logly) =-2.27 +/-0.098 B % O g
Vot = v |0 Models: | <[ ] 1< >
zeta=0 — -
zeta [0 Terr 20000 22000 24000 26000 28000 30000
loglg) 505254565860
& 7 o ~
Ho Hg Hd A
<= <2 <=
> <= 486132 R= 20000 Vs ¥ Atmo || > o= 4340.46 R= 20000 Vs ¥ Atmo (¥ > <= 4101.73 R= 20000 Vs | Atmo ||
. . i
1.00 1.00 1.00
0.90 0.00 0.90
0.80 0.80 0.80
0.70 0.70 0.70
0.60 0.60 0.60
0.50 0.50 0.50
0.40 0.40 0.40
4820 4840 4860 4880 49b0 4300 4320 4340 4360 4380 4060 4080 41bo 4120 4140
% x x
; 8 Hel 4472 : o Hel 4026 : 8 Hel 4713
> ska= 4471.4802 R= 20000 Vs v AtmO ¥ > = 4026.1914 R= 20000 Voa | Atmo (¥ > sia= 4713.1457 R= 20000 Vet |V AtMo |
. f i
1.00 1.007 1.00 7 <
0.907
0.007]
0.80
0.90
0.70 L
0.60 o701 H
44B0 a4bs | aa70 | ad7s | a4Bo | a4B5 adis | 4020 aoes | 4030 4035 4040 U8 a7b4 " a7be  azbe  a7i0 471z 474 4716
x x x
: 5 Hel 4922 ; N Hel 4388 ; 5 Hel 6678
> <= 4921.9313 R= 20000 Vs ¥ Atmo || > <= 4387.9296 R= 20000 Ve ¥ Atmo (¥ > <= 6678.151 R= 20000 Vs | Atmo ||
i . i
1.007 1.00
1.007] 0.00]
0.90
0.80
~
v
| FIm | ind. FIT!
- =
= i E = )
eee [E Dolphin X PGPLOTSer (@ fuserdata/d: [ Fitwerte_ 8 201607 | X spas HRLGR | L= =l = a G Dot

A screenshot of SPAS’ fitwindow showing all important features. Upper Part:
While the binary synthetic model files are entered in the upper right text field in
order of increasing (helium) abundance, the effective temperature and surface
gravity gridpoints, which shall be used for linear interpolation, are listed below.
For each (helium) abundance, a separate binary file is used. The selection of
parameters to be fitted together with their start values can be entered in the
center. In contrast, the current best fit values are displayed in the left text
field. Lower Part: Important spectral lines are added or deleted manually and
the corresponding fit ranges can also be simply fixed by user interaction. The
current best fit is plotted as a red line over the black observed spectrum.
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8.2. ISIS

themselves are used to determine parameter errors. This is done by randomly resampling the
data with replacement a large number of times and performing a parameter fit for each of
the iterations. The standard error of each parameter can then be derived from the standard
deviation of the particular parameter bootstrap distribution. Nevertheless, in this way the
computed errors are realistically low (Hirsch, 2009).

SPAS is limited to the simultaneous determination of four parameters (T, log(g), log (v),
and projected rotation velocity, vsini), though. That is why a distinction between *He and
“He is difficult to realize within SPAS. Another important disadvantage of SPAS for the anal-
ysis of 3He stars in general is, that it treats the radial velocity separately. A simultaneous
treatment would be useful for these stars (see chapter for further information).

Fig. displays a screenshot of SPAS’ fitwindow including all important features.

8.2. ISIS

In order to successfully perform the hybrid LTE/NLTE spectral analysis presented in chapter
11}, it is carried out completely within the “Interactive Spectral Interpretation System”, short
ISIS, which was designed at the Massachusetts Institute of Technology (MIT) by Houck &
Denicola (2000) in order to facilitate the interpretation and analysis of high resolution X-ray
spectra. ISIS simplifies the investigation significantly since useful functions and tools as well
as several minimization algorithms, such as the simplex (see section [8.1]) and various gradient
methods, are provided. Consequently, ISIS is more flexible, also allowing many-parameter fits.
Hence, it overcomes the limitations of SPAS. Usually, the investigated x? landscapes are well
behaved so that finding the global minimum is guaranteed after a relatively small number of
iteration steps. The strategy used will be discussed in detail throughout chapter [11.3]
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9. Observation and Preparation of Data

The analyzed B-type stellar spectra all were obtained by five different Echelle spectrographs
introduced in chapter [2.3] Table provides a detailed overview of the observed sample and
the data. While the analyzed CASPEC spectra (R ~ 14,000, 4000-6850 A) obtained by U.
Heber date back to October 1986, the HRS spectra of PHL 25 (R ~ 60,000, 3660-9950
A) were obtained by H. Edelmann in July 2006. The FEROS (R ~ 40,000, 3530-9200 A)
as well as the FOCES (R ~ 40,000, 3800-7000 A) data are provided by S. Geier via private
communication and the UVES data (R ~ 90,000, 3290-6640 A), taken from the hot subdwarf
list of the ESO Supernova la Progenitor Survey (Lisker et al., 2005), are again provided by U.
Heber. While the FEROS and FOCES spectra have already been reduced before by S. Geier by
means of the MIDAS (Munich Image Data Analysis System) package and the UVES spectra
by Karl (2004), the remaining data still has to be re-investigated in the context of cosmics,
dead or hot pixels, insufficient order merging, etc.. Also, issues such as extraction errors, flat
fielding, normalization, and reduction artifacts still remain even in the case of sophisticated
data reduction. In the following, the principles of order merging, normalization and co-addition
of spectra as well as the determination of signal-to-noise ratios (S/N) shall be demonstrated.

9.1. Order Merging

Despite the fact that sophisticated data reduction pipelines are available for Echelle spectro-
graphs, insufficient flat fielding and merging of individual diffraction orders (see chapter
often still remains. Typically, the whole continuous spectrum is created by merging these
individual orders in an appropriate way, i.e., by determining a weighted mean at the edges
of neighboring diffraction orders. In the case of the analyzed CASPEC spectra, where the
overlapping orders always exhibit the same measured wavelength points, the wavelength dif-
ference, i.e., the difference between the last wavelength value of the previous diffraction order
and the first wavelength value of the subsequent one, is calculated at first. Then, this deter-
mined wavelength difference is halved and the previous diffraction order is simply cut off at
the approximate position of the first wavelength value of the subsequent one plus the halved
wavelength difference. Fig. and display the principle of order merging for two
overlapping orders in the single CASPEC spectrum of the *He sdB star SB 290 in SPAS.
Order merging only has to be applied manually to the analyzed CASPEC spectra of table [9.1]
It has already been applied to all the other spectra before.



9. Observation and Preparation of Data

Object Instrument  No. Spec Resolution S/N Comments
HD 4539 CASPEC 1 14,000 241 He-normal comparison sdB star
CD-35 15910 FEROS 2 40,000 56  He-normal comparison sdB star
PHL 25 CASPEC 1 14,000 204 3He enriched BHB star
PHL 25 HRS 2 60,000 40 3He enriched BHB star
PHL 382 FEROS 7 40,000 88 3He enriched BHB star
SB 290 CASPEC 2 14,000 278 3He sdB star
SB 290 FEROS 2 40,000 68 3He sdB star
EC 03263-6403  FEROS 2 40,000 23 3He sdB star
EC 03591-3232  FEROS 2 40,000 65 3He sdB star
EC 12234-2607 FEROS 4 40,000 28 3He enriched sdB star
EC 14338-1445  FEROS 3 40,000 38 SHe sdB star
Feige 38 FEROS 5 40,000 69 3He sdB star
BD+48 2721 FOCES 1 40,000 84 3He enriched sdB star
PG 1519+640 FOCES 1 40,000 39 3He enriched sdB star
PG 1710+490 FOCES 1 40,000 27 3He enriched sdB star
HE 0929-0424 UVES 2 90,000 22 3He enriched sdB star
HE 1047-0436 UVES 4 90,000 25 3He enriched sdB star
HE 2156-3927 UVES 3 90,000 29 3He enriched sdB star
HE 2322-0617 UVES 2 90,000 26 3He enriched sdB star

Table 9.1.: Target sample and data of the analyzed B-type stars. The four additional 3He
sdB stars (HE 0929-0424, HE 1047-0436, HE 2156-3927, and HE 2322-0617) are
taken from the hot subdwarf list of the ESO Supernova la Progenitor Survey (Lisker
et al., 2005)) and are only investigated using ISIS in combination with the hybrid
LTE/NLTE approach presented throughout chapter [11.3]

a5 4420 25 450 a5 4440 a5 4450 ad55 4450 4455 470 475 4480 4455 4400 4455

Figure 9.1.1.: Two overlapping diffraction orders in the single CASPEC spectrum of the *He
sdB star SB 290 in SPAS.
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9.2. Normalization

AutoY:off __Lines: off
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Figure 9.1.2.: Same diffraction orders in the single CASPEC spectrum of the *He sdB star SB
290 in SPAS as in Fig. 9.1.1} but after applied order merging.

09.2. Normalization

Normalization usually is the last step in the data reduction procedure. The stellar continuum is
approximately set to unity (ideally exactly to unity) so that several spectra can be compared.
However, this can cause errors since it is not always obvious where to set the continuum.
Especially in the case of broad absorption lines like the hydrogen Balmer ones, it is difficult or
impossible to judge the curve of the continuum within the far line wings.

The provided CASPEC and FOCES spectra are already normalized. Reconstructing this nor-
malization process is impossible, though. Thus, wrong continuum determination can only
be excluded to a certain extent for all of these spectra. FEROS, HRS and UVES spectra
are normalized by means of the analysis program SPAS (see section for details) for the
following analysis. In order to do so, numerous anchor points have to be set where the contin-
uum in the spectrum, which has to be normalized, is assumed. In this way, a so-called spline
function is formed describing the approximate stellar continuum. The normalized spectrum
can be determined by dividing the original spectrum by the spline function. This procedure is
demonstrated in Fig. [0.2.7] and [9.2.2] Nevertheless, the continuum is mostly set by eye and
hence, this normalization procedure is prone to errors, too.

2.00e-02

S

1.006-02

3850 3875 3900 3925 3950 3975 4000 405 4050 4075 4100 4125 4150 4175 4200 4225 4250 4275 4300 4325 4350 4375 44D 4425 4450 4475 4500 | 4525 4550 4575 4600 4625

Figure 9.2.1.: Section of a single and not normalized FEROS spectrum of the *He sdB star
SB 290 in SPAS. The continuum is assumed to follow the red spline function
which is defined by setting numerous green anchor points by eye.
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AutoY:off __Lines: off
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Figure 9.2.2.: Same section of a single but normalized FEROS spectrum of the 3He sdB star
SB 290 in SPAS as in Fig. [9.2.1] The normalized spectrum is derived by dividing
the original spectrum by the red spline function in Fig. [9.2.1}

9.3. Co-Addition

After order merging and normalization have been successfully performed, the single spectra of
all sample stars are co-added after correction for the radial velocity in order to achieve higher
signal-to-noise ratios (S/N). The signal-to-noise ratio (see table[9.1)) is typically defined as the
ratio of mean signal to standard deviation considered over some continuum spectral range.
A co-added spectrum consists of an addition of all single spectra, whereby the individual
signal-to-noise ratios and thereby also the individual exposure times are taken into account.
In consequence, the co-added spectrum has a significantly higher S/N, allowing a detailed line
identification. The comparison between a single and a co-added spectrum is shown in Fig.
033 and 032

In order to conduct co-addition, the single spectra have to be radial-velocity (RV)-corrected at
first. RV are determined via SPAS as described in chapter[8.1] Since it is not ensured that all
of the spectra are barycentric corrected, the derived RV values are not barycentric corrected
RV, but a combination of the season-dependent component caused by Earth's rotation and its
motion around the barycenter (vpary), and the actual RV v,,4 (see also section for details).
In the case of the two He-normal comparison stars HD 4539 and CD-35° 15910, all available
helium absorption lines in the spectrum can be used to determine RV. As can be seen in
table , these lines originate from neutral helium (Hel). Much broader lines, in particular the
hydrogen Balmer ones, are not well suited for RV measurements and therefore are excluded.
In the case of 3He (enriched) stars, RV can only be approximately determined via *Hel,
5875 A because of its only slight isotopic shift of 0.04 A. All other helium lines exhibit much
stronger shifts due to *He enrichment (see also table and cannot be used to accurately
measure exact RV because a *He model atom for the LTE analysis is missing. By including
other absorption lines, in particular those from metals, a more precise RV measurement is
guaranteed. An extremely precise RV measurement is not only important for illustrating the
isotopic shift due to 3He enrichment, but also for an accurate measurement of the particular
“He/3He ratio (see chapter for further information). This is ensured in the hybrid
LTE/NLTE analysis performed in ISIS which will be discussed in chapter . However, in
order to properly co-add the single spectra, the number of helium lines used is sufficient. Also,
for RV measurements in SPAS an old rest-frame wavelength for the Hel, 5875 A line has been
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Table 9.2.: Neutral helium absorption lines used for the RV determination. Whereas for the two He-normal comparison stars
HD 4539 and CD-35° 15910 in principle all listed lines can be used, if visible, in the case of He (enriched) stars,
Hel, 5875 A is the only suitable line to accurately measure RV. All other helium lines exhibit much stronger shifts

due to *He enrichment (see also table [6.1).

Object Instrument Hel Hel Hel Hel Hel Hel Hel Hel Hel
4026.1914 A 4387.9206 A 4471.4802A 4713.1457A  4921.9313A 5015.6783A 5047.7380A 5875.7500A2 6678.1510A

HD 4539 CASPEC 1 1 1 1 1 0 0 1 1
CD-35 15910 FEROS 1 0 1 1 1 1 0 1 1
PHL 25 CASPEC 0 0 0 0 0 0 0 1 0
PHL 25 HRS 0 0 0 0 0 0 0 1 0
PHL 382 FEROS 0 0 0 0 0 0 0 1 0
SB 290 CASPEC 0 0 0 0 0 0 0 1 0

SB 290 FEROS 0 0 0 0 0 0 0 1 0

EC 03263-6403 FEROS 0 0 0 0 0 0 0 1 0
EC 03591-3232 FEROS 0 0 0 0 0 0 0 1 0
EC 12234-2607 FEROS 0 0 0 0 0 0 0 1 0
EC 14338-1445 FEROS 0 0 0 0 0 0 0 1 0
Feige 38 FEROS 0 0 0 0 0 0 0 1 0
BD+48 2721 FOCES 0 0 0 0 0 0 0 1 0
PG 15194640 FOCES 0 0 0 0 0 0 0 1 0
PG 17104490 FOCES 0 0 0 0 0 0 0 1 0
HE 0929-0424 UVES 0 0 0 0 0 0 0 1 0
HE 1047-0436 UVES 0 0 0 0 0 0 0 1 0
HE 2156-3927 UVES 0 0 0 0 0 0 0 1 0
HE 2322-0617 UVES 0 0 0 0 0 0 0 1 0

Notes:

2 Note the old value of 5875.7500 A compared to the actual one derived from NIST which is 5875.6210 A. Therefore, an old rest-frame
wavelength is used for the LTE analysis.
0: Line not used for RV measurement

1: Line used for RV measurement
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9. Observation and Preparation of Data

used. Instead of the actual rest-frame wavelength of 5875.621 A, for instance accessible by
means of the spectral data base of the “National Institute of Standards and Technology”,
short NIS, an old value of 5875.750 A has been used. All in all, the 3He model atom used
for the hybrid LTE/NLTE analysis and the accurate modeling of the corresponding *He line
components going along with it, generally ensure that even more accurate RV values can be
derived, too. Hence, the RV-corrected spectra shown in appendix and derived from the
hybrid LTE/NLTE analysis are certainly reliable.
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Figure 9.3.1.: Section of a single and normalized FEROS spectrum of the 3He sdB star SB 290
in SPAS. Line identification is difficult because of the spectrum'’s low signal-to-
noise ratio (S/N).
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Figure 9.3.2.: Section of a co-added and normalized FEROS spectrum of the 3He sdB star
SB 290 in SPAS. Compared to Fig. [0.3.7] line identification is easier because
of the spectrum’s higher signal-to-noise ratio (S/N) after co-addition of the
two available single spectra. Note that the lines of SB 290 are significantly
broadened due to stellar rotation.

0.4. Line ldentification

Besides the already mentioned helium absorption lines listed in table [9.2] hydrogen Balmer as
well as various metal lines are individually identified in all analyzed spectra. This is done by
means of the spectral data base of the “National Institute of Standards and Technology”,

“http://physics.nist.gov/PhysRefData/ASD/lines_form.html
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9.4. Line ldentification

lon  Wavelength [A] lon  Wavelength [A] lon  Wavelength [A] lon  Wavelength [A]
HI 6562.790 NIl 3994.997 Sill 4128.070 Sl 4364.682
HI 4861.350 NIl 4035.080 Sill 4130.890 Sl 4677.615
HI 4340.472 NI 4041.310 Silll 4574757 Arll 4426.001
HI 4101.734 NI 4043.530 Silll 4716.654 Arll 4609.567
HI 3970.075 NI 4630.539 Silll 4813.333 Arll 4735.906
Hel 4026.191 NI 4643.086 Silll 4819.712 Arll 4806.021
Hel 4387.930 NIl 4640.640 Silll 4828.951 Arll 4879.863
Hel 4471.480 ol 4185.440 Silll 4829.030 Felll 4137.764
Hel 4713.146 oll 4189.788 Silll 4829.111 Felll 4139.350
Hel 4921.931 ol 4317.139 Silll 5739.734 Felll 4164.731
Hel 5015.678 oll 4319.630 SilV 4088.862 Felll 4164.916
Hel 5047.738 ol 4590.972 SilV 4116.104 Felll 4166.840
Hel 5875.621 ol 4596.175 SilV 4654.312 Felll 4222.271
Hel 6678.151 oll 4650.838 Sl 4815.552 Felll 4371.337
cll 4267.261 ol 4661.632 Sl 5212.267 Felll 4419.596
cl 5145.165 Nel 0402.247 Sl 5212.620 Felll 5302.602
Cli 5889.780 Mgl 4481.126 Sl 5320.723 Krll 4088.337
Cli 6578.050 Mgl 4481.325 Sl 5345.712 Krll 4355.477
Cli 6582.880 Alll 4479.890 Sl 5346.084 Krll 4658.876
Cl 4647.418 Allll 4512.570 Sl 5432.797 Krll 4739.001
ci 4650.246 Allll 4529.190 Sl 4253.589 ClH 4785.364
Clll 4651.473 Allll 5696.603 Sl 4284.979 CHl 4794.550
Cll 5695.920 Allll 5722.728 Sl 4361.476 CHi 4810.060

Table 9.3.: Standard line list displaying example (metal) absorption lines. The abundances of
exotic elements such as chlorine and krypton cannot be measured because of a
lack of appropriate model atoms (see text for further information). For a full list

of analyzed lines see appendix [B.1}

short NIST, as well as of the book Atomic Transition Probabilities Volume I, Hydrogen Through
Neon - A Critical Data Compilation of the U.S. Department of Commerce (Connor et al., 1966)).
While the hydrogen Balmer lines (H, = 6565 A, Hpg = 4863 A, H, = 4342 A, Hs = 4103 A,
and H, = 3970A) are visible in all analyzed spectra, the individual metal line strengths differ
from star to star. A shortened list of analyzed lines is presented in table [9.3] Also, appendix
displays the spectral fits of all analyzed star spectra and therefore provides deep insights
into all (metal) lines found for each individual star. Besides hydrogen and helium, nearly all of
the stars contain carbon, nitrogen, oxygen, sulfur, and silicon. Whereas carbon, nitrogen and
sulfur occur either in singly or doubly ionized states, oxygen is found as O Il only and silicon
exhibits singly (Sill, in particular in the cooler BHB stars PHL 25 and PHL 382), doubly (Silll)
and triply (SilV) ionized states. In addition, magnesium (Mgll) and aluminum (Allll) as well
as iron (Felll) can be found, whereby especially the latter one is not detected in all of the
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9. Observation and Preparation of Data

spectra. Moreover, the stellar atmosphere of some analyzed stars contains noble gases such as
argon (Arll) and neon (Nel), too. The atmosphere of the *He enriched BHB star PHL 382 is
also found to be slightly enriched by another noble gas, namely krypton (Krll, see Fig. .
The spectra of PHL 25, another *He enriched BHB star, also include chlorine (CII, see Fig.
9.4.2). The corresponding metal abundances are determined in combination with the hybrid
LTE/NLTE approach (see chapter and tables and [12.6). The abundances of exotic
elements such as chlorine and krypton cannot be determined because of a lack of appropriate
model atoms, though.

Interstellar lines such as Call, 3933.66 A, Call, 3968.47 A, Nal, 5889.95 A and Nal, 5895.92 A,

ooooooo

/ / Kr 11 4739.001

He 14713.146 Ar 1l 4726.868 /

Ar 11 4735.906
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Figure 9.4.1.: Section of the co-added FEROS spectrum of the *He enriched BHB star PHL
382 showing the exotic metal krypton. Besides the displayed Krll, 4739.001 A
line, all listed krypton lines of table can also be detected in the spectrum.

<<<<<<<

Cl 11 4785.364 / Ar 11 4806.020
Cl 11 4794.550

476d | 4766 | 4768 | 4770 | 4772 | 4774 | 4776 | 4778 | 4760 4762 4764 | 4766 | 47B 4790 4702 | 4794 4706 4706 4800 | 4802 4804 4806 4808 4810 4812 4814 | 4816 | 4818 4820 4820 4824 | 4826 4628 4830 4832

Figure 9.4.2.: Section of the co-added HRS spectrum of the 3He enriched BHB star PHL 25
showing the exotic metal chlorine. Besides the displayed Cl I, 4785.364 A and
Cl1l, 4794.550 A lines, the third listed chlorine line of table , Cl1l, 4810.060 A,
can also be weakly detected in the spectrum. However, it is not separately
marked in this figure because of its weakness.

resulting from the interaction between emitted starlight and the interstellar medium between
observer and object, are extracted from fitting, if visible. The same holds for telluric lines
originating from the interaction between starlight and Earth’s atmosphere components, mainly
water (H20O) in the red and near-infrared and ozone in the UV range. Since the spectra at
hand do not range to lower wavelengths than ~ 3500 A, the contamination by telluric lines
results from H,O only and roughly starts at 5000 A becoming even more present at larger
wavelengths (see also appendix for further details).
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10. LTE Analysis in SPAS

The analysis performed in local thermodynamic equilibrium (LTE) within the “Spectrum Plot-
ting and Analysis Suite”, short SPAS (see chapter , and its results are presented in this
chapter. Hereafter, this analysis is denoted as LTE analysis.

The already prepared spectra (see the previous chapter |§] for details on data preparation)
listed in table are now analyzed in LTE in terms of atmospheric parameters, i.e., effective
temperature, T (see section , surface gravity, log (¢) (see section , and atmospheric
helium abundance, log (y) (see section [4.6). In addition to the measured radial velocity dis-
cussed in section of the previous chapter, the projected rotation velocity, Vot .obs = v Sin ¢
(see sections and [4.5)), is also determined. As already mentioned in section 4, microtur-
bulence and macroturbulence in principle can also affect the shape of spectral lines, but are
neglected in the context of the following analysis. Therefore, macroturbulence ( is set to zero
and microturbulence £ is not treated at all. Metal abundances are not derived, too. This will
be topic in chapter , however, when the hybrid LTE/NLTE approach in combination with
ISIS is used.

In principle, the synthetic spectra already used by S. Geier for the analysis of *He (enriched)
subdwarf B stars presented in section are used for this LTE analysis as well. These models
are provided by U. Heber, whereby model atmospheres were computed assuming plane-parallel
geometry, chemical homogeneity, and hydrostatic, radiative, and LTE (see section for de-
tails). The grid used is based on solar metallicity and consists of model spectra with 0.01%,
0.1%, 1%, 3% and 9.1% helium abundance, respectively. Only hydrogen and helium lines are
synthesized.

In total, the analyzed LTE sample consists of 13 B-type stars, including two He-normal com-
parison sdB stars (HD 4539 and CD-35° 15910), two 3He BHB stars (PHL 25 and PHL 382),
and nine *He (enriched) sdB stars (see table [0.1)). The four additional *He sdB stars (HE
0929-0424, HE 1047-0436, HE 2156-3927, and HE 2322-0617), also listed in table [0.1] are
taken from the hot subdwarf list of the ESO Supernova la Progenitor Survey (Lisker et al.,
2005) and are not investigated here using the LTE approach (see section [6.4). But they will
be included in the sample for the hybrid LTE/NLTE approach performed in ISIS and presented
throughout chapter . Since different spectrographs (see section were used to obtain
the spectra to be analyzed, it is important to know their correct resolving powers (listed in
table in order to perform a reliable analysis.

All available helium and hydrogen absorption lines that can be analyzed for each spectrum
are included for the analysis. In principle, they consist of the standard lines shown in table
0.3] but also including the higher transition lines belonging to the hydrogen Balmer series,
H8-H12, if convenient. All lines to be analyzed are added manually to SPAS' fitwindow and
the corresponding fit ranges are also adjusted (see section . Generally, the first hydrogen



10. LTE Analysis in SPAS

Balmer line, H, = 6565A, is excluded for all stars because of strong non-LTE effects going
along with it which cannot be modeled properly in LTE (see left panel of Fig. [10.0.1]). Also,
as a convenient 3He model atom is not included for the produced LTE model spectra as well,
all helium lines showing strong isotopic line shifts due to *He enrichment are excluded from
the LTE analysis (see right panel of Fig. . Since the degree of *He enrichment differs
from star to star, the excluded helium lines also vary. Last but not least, SPAS automatically
defines the continuum in cases where it has obviously not been set properly at the end of data
reduction. Direct normalization is avoided by matching model and observed spectrum and
both ends of the selected spectral range for each individual line. For some stars, however, see

o. L
6520 6540 6560 6580 6600 6620 6670 6675 6680 6685 6690
Wavelength (A) Wavelength (A)

Figure 10.0.1.: Left panel: Comparison between best fit model spectrum (red line) and co-
added star spectrum (black line) for the non-LTE affected hydrogen Balmer
line H, = 6565 A in the case of the He-normal comparison star CD-35° 15910
used for the LTE analysis via SPAS. Right panel: Comparison between best
fit model spectrum (red line) and co-added star spectrum (black line) for Hel,
6678 A in the case of the 3He sdB star Feige 38 used for the LTE analysis
via SPAS. The particular positions of the rest-frame wavelengths of hydrogen
(cyan), “He (blue) and 3He (green) are marked by dashed lines. Obviously, in
both cases the star spectrum cannot be reproduced. That is why H,, (strongly
affected by NLTE) and helium absorption lines showing strong isotopic shifts
due to He enrichment like He l, 6678 A are generally extracted from LTE fitting

(see text and appendix |A.1]).

for instance the line fits in the FOCES spectrum of the 3He enriched sdB star BD+48° 2721
displayed in Fig. [10.0.2] parts of the hydrogen Balmer wings even have to be excluded from
fitting because of wrong normalization at the end of data reduction. Appendix[A.I|summarizes
the analyzed hydrogen and helium absorption lines for each individual spectrum. All of the
previously discussed adjustments have been made.

Sorted by the spectrograph used, the comparison between best fit model spectrum (red line)
and stellar spectrum (black line) for the hydrogen and helium lines used for the LTE analysis
via SPAS of the different sample stars are also shown in appendix[A.I] The particular positions
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of the rest-frame wavelengths of hydrogen (cyan), “He (blue) and ®He (green) are marked by
dashed lines. Best fit model spectrum and the resulting best fit values for the atmospheric
parameters T, log (g), as well as for the helium abundance, log (y), are determined by the
downhill simplex algorithm implemented in SPAS and already presented in section [8.1 The
determined values are shown in table together with the derived projection rotation ve-
locities. Besides these parameters, radial velocities (not barycentric corrected) for each single
spectrum are listed, too. Co-added spectra have been RV-corrected. Error determination for
all parameters is done by using SPAS' bootstrapping method which has also been discussed
before in section 8.1l

As can be seen from table[I0.1} SB 290 and PHL 25 are the only two stars where rotation ve-

4300 4320 4340 4360 4380 4330 4340 4350 4360 4370 4380 4390
Wavelength (A) Wavelength (A)

Figure 10.0.2.: Left Panel: Unmodified H., = 4342 A line in the FOCES spectrum of the *He
enriched sdB star BD+48° 2721. Obviously, the asymmetry of the ., line is
an artifact of the normalization procedure. Right Panel: H, = 4342 A line
in the FOCES spectrum of the *He enriched sdB star BD+48° 2721 used for
the LTE analysis via SPAS. Part of the left line wing is excluded from fitting
because of wrong continuum setting during normalization.

locities different from zero are needed to properly reproduce the observed spectral line shapes.
This is in good agreement with the fact that most hot sudbwarf B stars are known to be slow
rotators (Heber, 2016). Especially in the case of SB 290, the derived values are consistent with
literature. |Geier et al. (2013b)| measured values between vsini = 48+ 2 and vsini = 58 £1,
depending on whether metal lines only or a combination of hydrogen Balmer and helium ab-
sorption lines are used to determine the projected rotation velocity of SB 290. In the case
of PHL 25, however, no significant projected rotation velocity values have been observed so
far. This will be further investigated in chapter [12.3.3 when metal lines are included using the
hybrid LTE/NLTE approach, though. Only then, a reliable projected rotation velocity can be
determined.

Fig. displays the T.g-log (g) diagram derived from the LTE analysis via SPAS. Each
data point with error bars represents one of the analyzed stars of table . While all 3He
stars are marked with blue dots, both He-normal comparison stars, HD 4539 and CD-35°
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15910, are represented in green. For the stars, where two (co-added) spectra are available, the
measured parameter values are averaged. This is the case for SB 290 and PHL 25 (see table
, where propagated errors are derived according to Gaussian error propagation afterwards.
Overall, the derived effective temperatures and surface gravities of the analyzed hot subdwarf
B stars match the typical trend seen in the upper panel of Fig. [5.1.3] clearly placing them on

the extreme horizontal branch.
The two dots at the cool end of the sequence in Fig. [10.0.3| represent the 3He enriched BHB
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Figure 10.0.3.: Ti-log (g) diagram derived from the LTE analysis via SPAS. 3He stars are
marked with blue dots. Both He-normal comparison stars, HD 4539 and CD-
35° 15910, are represented in green. While the two dots at the cool end of the
sequence represent the >He enriched BHB stars PHL 25 and PHL 382, the two
dots at the hot end correspond to the 3He enriched sdB stars PG 1519+640
and PG 1710+490. Concerning the latter ones, the derived temperatures are
too high for typical sdB stars. A possible explanation for this discrepancy
could be bad normalization of the FOCES spectra (see text for more details),
in particular of the hydrogen Balmer lines.

stars PHL 25 and PHL 382. The derived values for PHL 382, T.¢ = 16,500 + 700 K and
log (g) = 3.77 £ 0.06, match the values determined by Kilkenny & van Wyk (1990)| reading
Ter = 18,000+ 1,000 K and log (g) = 3.75+£0.25. The averaged values of effective tempera-
ture and surface gravity for PHL 25 (T = 18,550 £400 K, log (g) = 4.64 £0.05) differ from
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Ter = 19,500 K and log (¢g) = 5.0 derived by Heber & Langhans (1986). However, because
of the higher spectral resolving power of the analyzed HRS spectra and since no error bars
were determined by Heber & Langhans (1986), the results seem to be consistent.

As can be also seen from Fig. [10.0.3] two stars lie within a hotter temperature regime. For
these two sdBs, PG 1519+640 and PG 17104490, values of T.r = 30300 K and log (¢) = 5.67,
and T = 30600 K and log (g) = 5.66, respectively, can be found in the literature (Geier et al.,
2013a). Therefore, especially the derived temperature values listed in tableare most likely
not reliable, not least because the singly ionized helium line, Hell, 4686 A is predicted by at-
mospheric models to be visible at these high temperatures, giving an upper limit for T.¢, which
reads o < 31000 K. However, Hell, 4686 A is not visible in the analyzed FOCES spectra.
Since both parameters, Ti and log (g), amongst others are predominantly constrained by the
hydrogen Balmer line series (see chapter [4] for details), the measurement of such high effective
temperatures and a wrong surface gravity (for PG 1519+640) could be due to bad normal-
ization of the corresponding lines. Though, this is hard to reconstruct, in particular since all
FOCES spectra have already been normalized before being provided. Furthermore, Geier et al.
(2013a)| did not use the FOCES spectra which are investigated in this thesis, but additionally
available high signal-to-noise (S/N) ISIS spectra in order to determine T, and log (¢). Hence,
deviations from the results of Geier et al. (2013a) may be expected.

All other 3He (enriched) sdB stars cluster in a small temperature strip between ~ 26 000 K
and 30000 K, BD+48° 2721 being the only exception with To¢ = 24,700 &= 300 K. This is
overall in good agreement with the results of (Geier et al. (2013a) who measured a narrow strip
between ~ 27000K and ~ 31000K for these stars (see chapter [6.3). The derived surface
gravities for these stars also match the ones determined by |Geier et al. (2013a), keeping in
mind that they used high S/N ISIS spectra, if available, in order to derive To and log (g).

In addition, the values for T and log (g) of the He-normal comparison star CD-35° 15910
do not show any discrepancy to literature. For this star, |Geier et al. (2013a)| measured
Ter = 27000K and log(g) = 5.32 compared to the results shown in table [10.1] reading
Ter = 26,900 + 100K and log (g) = 5.40 & 0.03. In contrast, the parameters determined
for HD 4539 (T = 20,800 + 1,100K, log(g) = 4.93 £ 0.14), a well-studied sdB star,
differ from those estimated by Heber & Langhans (1986) (7w = 24,800K, log (g) = 5.4),
Baschek et al. (1972) (e = 25,000 £ 2,000 K, log (g) = 5.4 £0.2), and Saffer et al. (1994)
(T = 27,000 K, log (g) = 5.46), respectively. This could be due to the lower spectral resolv-
ing power of the analyzed CASPEC spectrum, although Heber & Langhans (1986)| also used
CASPEC spectra for their analysis.

The determined helium abundances, log (y), of the He (enriched) sdB stars match the liter-
ature values determined by |Geier et al. (2013a), too, again keeping in mind that they used
high S/N ISIS spectra, if available, though. Also, the derived helium abundances for both *He
enriched BHB stars, PHL 382 (log (y) = —2.304+0.12) and PHL 25 (log (y) = —2.0540.04),
are consistent with the values from |Heber & Langhans (1986), reading log (y) ~ —2.20 and
log (y) = —2.00, respectively. The measured helium abundance for PHL 25 is an average using
the helium abundances derived from the co-added HRS as well as from the single CASPEC
spectrum given in table [10.1] Concerning both He-normal comparison stars, HD 4539 and
CD-35° 15910, the derived helium abundances reproduce literature values of log (y) ~ —2.30
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determined by (Saffer et al. (1994) and log (y) ~ —2.32 determined by [Heber & Langhans
(1986), respectively, in the case of HD 4539, and log (y) = —2.90 determined by |Geier et al.
(2013a) in the case of CD-35° 15910.

All in all, it has to be highlighted that especially effective temperatures, T, but also surface
gravities, log (g), of the analyzed stars derived from the hybrid LTE/NLTE approach discussed
in the next chapter will slightly differ from the ones determined in LTE. In particular, this is
the case because the line cores of the first two absorption lines belonging to the hydrogen
Balmer line series, H, (excluded from fitting in LTE) and Hpg, are influenced by NLTE ef-
fects. A better modeling of these line cores definitely helps to derive more reliable atmospheric
parameters, in particular T.s. However, at this point it should be pointed out that a self-
consistent comparison of atmospheric parameters (T, log (g)) derived from both, LTE and
hybrid LTE/NLTE, presented in this thesis is not readily possible since the analyzed hydrogen
Balmer lines may not be the same. Thus, a systematic error which is mainly due to a lack of
proper modeling of higher transition lines, i.e., H8-H12 in the case of the hybrid LTE/NLTE
approach is introduced. This error will not be further investigated in the further course of this
thesis, though.

It also has to be pointed out that the determined helium abundances listed in table [10.1] are
derived by neglecting absorption lines showing strong isotopic shifts due to 3He enrichment.
This is why, for instance, Hel, 6678 A is generally excluded from fitting. Therefore, the mea-
sured helium abundances can only be reliable to a certain extent and need further investigation
by means of a convenient *He model atom. Such a *He model atom has been developed by
Maza et al. (2014) and will be used for the hybrid LTE/NLTE approach presented in the next
chapter.
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Table 10.1.: Atmospheric parameters, helium abundances as well as radial (not barycentric corrected) and projected rotation velocities
of the analyzed *He and two He-normal comparison B-type stars (HD 4539, CD-35° 15910) determined by the LTE
analysis performed in SPAS. Co-added spectra have been RV-corrected. SB 290 and PHL 25 are the only two stars where
projected rotation velocities different from zero are measured. All standard errors are determined via the bootstrapping
method implemented in SPAS and described in section

Star Instrument Tes log (g(cms™2)) Urad vsin (i)  log (y) = log [n(He)/n(H)]
[K] [dex] [kms™!] [kms™] [dex]

HD 4539 CASPEC 20,800+ 1,100  4.93+0.14 7.8+ 2.7 0.0° —2.27+0.10
CD-35 15910  FEROS co-added 26,900 + 100 5.40 £0.03 RV-corr. 0.0° —2.94 +£0.03
PHL 25 CASPEC 17,800 % 600 4.55+0.10 102.7£89 35.3+6.9 —1.97 £ 0.06
PHL 25 HRS co-added 19,300 + 300 4.74 +0.03 RV-corr.  41.24+3.0 —2.12+0.04
PHL 382 FERQOS co-added 16, 500 4+ 700 3.77 £ 0.06 RV-corr. 0.0° —2.30 £0.12
SB 290 CASPEC co-added 26,900 + 600 5.46 £ 0.07 RV-corr. 474+ 2.6 —2.60 + 0.04

SB 290 FEROS co-added 25,700 + 200 5.25 £0.03 RV-corr. 625+ 1.6 —2.48 +0.02

EC 03263-6403 FEROS co-added 29,200 £ 400 5.39 £0.04 RV-corr. 0.0° —2.55 +£0.04
EC 03591-3232 FEROS co-added 28,600 £ 200 5.61 +0.02 RV-corr. 0.0 —2.12+0.06
EC 12234-2607 FEROS co-added 29,400 £ 200 5.67 +0.03 RV-corr. 0.0° —1.524+0.03
EC 14338-1445 FEROS co-added 28,500 + 300 5.52 £0.03 RV-corr. 0.0° —2.854+0.04
Feige 38 FEROS co-added 28,900 £ 300 5.68 +0.03 RV-corr. 0.0° —2.66 £+ 0.06
BD+48 2721 FOCES 24,700 £ 300 5.34 £0.03 —1.5+0.3 0.0° —2.18 +0.02
PG 15194640 FOCES 35,300 £ 200 6.10 £ 0.02 —24+04 0.0° —2.00+0.02
PG 17104490 FOCES 33,100 £ 200 5.51 £0.04 —0.7£0.6 0.0° —2.27+0.04

Note:
@ Fixed value







11. Hybrid LTE/NLTE Analysis-Technique

In this chapter the hybrid LTE/NLTE approach based on ATLAS12, DETAIL, and SURFACE
(see chapter for details) is applied to the same set of spectra as in chapter 10| in order
to redetermine atmospheric parameters. This approach has only been applied to subdwarf B
stars before by Przybilla et al. (2005)| and |Latour et al. (2016). It has not been applied to any
BHB star yet.

The main objective will be the distinction between *He and “He and the determination of their
individual elemental abundances in the stellar atmospheres of the analyzed *He B-type stars.
Additionally, 4He/3He ratios also will be determined. Last but not least, metal abundances
for C, N, O, Ne, Mg, Al, Si, S, Ar, and Fe will be derived, too, since the availability of the
corresponding model atoms is ensured. All model atoms, including the lately developed *He
one by Maza et al. (2014), are provided by Maria-Fernanda Nieva and Norbert Przybilla from
the Institute for Astro- and Particle Physics, University of Innsbruck, Austria and are used to
calculate non-LTE occupation number densities within DETAIL and the emergent flux spec-
trum with SURFACE. Not only hydrogen and helium as for the LTE analysis, but also metal
lines are synthesized. Again, macroturbulence ¢ and microturbulence £ are set to zero.

LTE model atmospheres computed with ATLAS12 are based on the mean metallicity for hot
sdB stars. That means, metal abundances similar to that in Fig. are used for atmospheric
structure computations. The actual individual mean metal abundances for sdBs used for this
analysis at hand are given in table [11.1] as base-10 logarithmic particle densities relative to the
density of all particles.

Throughout the analysis presented in this chapter, both helium isotopes, *He and “He, are
treated simultaneously in order to facilitate NLTE calculations and to account for the overlap
of lines and continua. The determination of the particular (atmospheric) parameters is done
via a grid of model spectra in a 5-dimensional parameter space (effective temperature, T,
surface gravity, log (g), isotopic helium abundance for *He and *He as well as one of the
individual metal abundances, log (n(X)) := log [%} where X € {C, N, O, Ne, Mg,
Al, Si, S, Ar, Fe}, and n(X) is the ratio of the number density corresponding to element
X to the number density of all the elements in the stellar atmosphere). That means, for
each metal under consideration, a multi-dimensional mesh spanned by Ty (step size: 1000 K),
log (g) (step size: 0.2dex), and isotopic helium abundances (step size: 0.2dex) is calculated.
Arbitrary parameter combinations within this mesh are approximated by linear interpolation
between the calculated synthetic spectra. Each of the normalized spectra, containing spec-
tral lines of hydrogen, helium, and the individual element under investigation, is divided by
a model for same Ty, log (g), and isotopic helium abundances, which only contains synthe-
sized hydrogen and helium lines. A combined normalized spectra of the individual elements,
taking into account all of the primary parameters, can be derived by multiplying the resulting
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Table 11.1.: Individual mean metal abundances for hot subdwarf B stars used for the calculation of NLTE occupation number
densities within DETAIL and SURFACE given as base-10 logarithmic particle densities relative to the density of
all particles (Naslim et al., 2013). The values are similar to that displayed in Fig. Solar abundances taken

as a basis come from |Asplund et al. (2009)|

Sp. Ab.  Tim. sol. Sp. Ab. Tim. sol. Sp. Ab.  Tim. sol. Sp. Ab Tim. sol. Sp. Ab.  Tim. sol.
Li  -10.99 1 vV 711 10 Tc -20.30 - Eu -11.52 1 Bi -11.39 -
Be -10.66 1 Cr -5.40 10 Ru -10.28 1.02 Gd -10.99 0.95 Po -20.30 -
B -9.34 1 Mn -5.61 10 Rh  -10.98 1.41 Tb -11.72 1.05 At -20.30 -
C -484 0.06 Fe -4.54 1 Pd -10.39 1.20 Dy -10.91 1.07 Rn -20.30 -
N -4.44 0.59 Co -6.05 10 Ag -10.84 1.82 Ho -11.57 0.97 Fr -20.30 -
O -434 0.10 Ni  -4.82 10 Cd -10.33 - Er -11.12 1 Ra -20.30 -
F-7.62 0.72 Cu -6.85 10 In -11.28 0.91 Tm -11.92 1.05 Ac -20.30 -
Ne -5.04 0.12 Zn  -6.48 10 Sn  -8.00 100 Yb -11.12 1.20 Th -11.95 1.17
Na -5.80 1 Ga -8.00 10 Sb  -11.03 - Lu -11.95 0.98 Pa -20.30 -
Mg -5.24 0.16 Ge -7.39 10 Te -9.86 - Hf -11.33 0.72 U -12.02 1
Al -6.34 0.18 As -9.74 - | -10.49 - Ta -12.16 - Np -20.30 -
Si -5.54 0.10 Se -8.70 - Xe -9.80 1 W  -11.19 1 Pu -20.30 -
P -6.63 1 Br -9.50 - Cs -10.96 - Re -11.78 - Am -20.30 -
S -554 0.24 Kr -8.79 1 Ba -9.86 1 Os -10.64 1 Cm -20.30 -
Cl -6.81 0.54 Rb  -9.52 1 La -10.94 1 Ir -10.72 0.87 Bk -20.30 -
Ar  -5.64 1 Sr -7.17 100 Ce -10.46 1 Pt -10.42 - Cf  -20.30 -
K -7.01 1 Y -7.83 100 Pr -11.28 1.10 Au  -11.24 0.76 Es -20.30 -
Ca -5.70 1 Zr  -7.46 100 Nd -10.62 1 Hg -10.87 -

Sc  -7.89 10 Nb -10.63 0.89 Pm -20.30 - T -11.27 0.74

Ti -6.09 10 Mo -10.10 1.15 Sm -11.08 1 Pb  -8.29 100

anbiuysa] -sishjeuy 31IN/3 1T PHGAH 1T



11.1. Pre-Analysis in SPAS

“corrected” spectra with each other and with the hydrogen-helium model (Irrgang et al., 2014)).

11.1. Pre-Analysis in SPAS

In order to achieve this thesis’ main objective, i.e., the distinction between 3He and “He
and the determination of their individual elemental abundances in the stellar atmospheres
of the analyzed 3He B-type stars, in total more than four parameters have to be fitted at
once. Besides effective temperature, T, surface gravity, log(g), and projected rotation
velocity, vsini, a separation of the total helium abundance, log (y), into He and *He isotopic
abundances is necessary. Since SPAS is limited to four fit parameters only, namely T.g, log (g),
log (y), and vsini (see section , this routine has to be modified. In the following, three
different approaches on how to realize this will be presented. Each ansatz still has its own
problems which will be discussed, too. Thus, SPAS turned out to be not well-suited and
therefore is replaced by an ISIS procedure for the accurate determination of both isotopic
helium abundances as will be described in section 11.3]

11.1.1. Variable Isotopic Helium Abundance and Fixed Abundance
Ratio

The idea behind the first approach is the approximate determination of “*He/3He using the
position of Hel, 6678 A, i.e., the helium absorption line with the strongest isotopic line shift.
For this purpose, grids of synthetic model spectra for varying effective temperatures and surface
gravities, but fixed “He/3He abundance ratios, for instance 1/1, 1/2, 1/4, 1/8, 1/10, etc.,
are created, whereby the *He isotopic helium abundance is always set to 1/1, 1/2, 1/4, 1/8,
1/10, etc. of the variable *He abundance fitted as parameter log (y) within SPAS. Both, Ty
and log (g), are chosen such that both cover the individual temperature and gravity range
for each star determined in LTE (see table . Thereby, all suitable hydrogen absorption
lines in combination with Hel, 6678 A are implemented in SPAS’ fitting routine. Secondly, the
determined log (y) value in SPAS, i.e., the determined 3He abundance, is used to generate a
new model grid exhibiting variable Ty and log (g) as well as variable *He/*He abundance ratio
as a new fit parameter log (y) within SPAS. Here, the “He/*He grid points should refine the
roughly determined *He/3He isotopic ratio derived in step one. Again, all suitable hydrogen
absorption lines in combination with Hel, 6678 A are implemented in the fitting routine. Last
but not least, the optimized *He abundance is determined after generating a refined model
grid using the precisely determined *He/3He ratio of step two and a small T.¢ and log (g)
regime and fitting it to data, this time including all suitable hydrogen and helium absorption
lines. Hence, an accurate measurement of T and log (g) as well as of “He/*He and 3He is
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11. Hybrid LTE/NLTE Analysis-Technique

guaranteed. The “He isotopic abundance can be determined afterwards using *He/*He and
3He, whereby a linear scale is used in the following formulas:

R :=*He/?He (11.1)

‘He = R-*He . (11.2)

Yet in practice it appears that the precisely determined *He/3He isotopic ratio in step two
is often significantly smaller than the roughly determined one of step one when using the
fixed He abundance. The fitting routine implemented in SPAS achieves a better fit (see Fig.
11.1.1)), i.e., finds a new minimum (see section for details on the fitting algorithm used
in SPAS), when reducing “He/*He for fixed *He abundance. This is due to the fact that the
Hel, 6678 A line is weakened since the total helium abundance is reduced. However, a smaller
“He/3He abundance ratio then also results in a wrong isotopic shift towards the *He position
(see Fig. . Consequently, an accurate distinction between *He and *He as well as the
correct determination of “He/3He is not possible using this approach.
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Figure 11.1.1.: Best fit for Hel, 6678 A in the co-added CASPEC spectrum of the 3He sdB
star SB 290 for determined fixed *He abundance and variable *He/*He isotopic
ratio after step two of the approach described in section [I1.1.1] By reducing
“He/*He for fixed *He abundance, the best fit not only weakens Hel, 6678 A,
but also slightly shifts the line towards the He position. An accurate distinction
between 3He and *He as well as the correct determination of the isotopic ratio
“He/3He therefore is not possible.
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11.1. Pre-Analysis in SPAS

11.1.2. Fixed Total Helium Abundance and Variable Abundance
Ratio
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Figure 11.1.2.: Best fit for Hel, 6678 A in the co-added CASPEC spectrum of the *He sdB
star SB 290 for fixed total helium abundance and variable *He/?He isotopic
ratio as described in section [11.1.2l The variable abundance ratio results in a
desired line shift, but the equivalent width (see Eq. also changes in spite
of the fixed total helium abundance. An accurate measurement of 3He and
“He in combination with a correct determination of the isotopic ratio *He/*He
therefore is not possible.

One of the problems of the approach presented in section is the reduction of the total
helium abundance in step two. In this way, SPAS achieves a better fit for the Hel, 6678 A line
at the expense of a wrong isotopic shift towards the *He position.

In principle, this should be solvable by using model grids exhibiting fixed total helium abun-
dances on the one hand, but also variable abundance ratios corresponding to SPAS’ fit pa-
rameter log (y) in combination with varying effective temperatures and surface gravities on
the other hand. Both, T and log (g), are again chosen such that both cover the individual
temperature and gravity range for each star determined in LTE (see table . Also, the
chosen fixed total helium abundances lie within the regime derived from LTE. All used model
grids for individually fixed total helium abundance, hereafter denoted as He, should be fine
enough. This also applies to the abundance-ratio plane so that *He/?He can be precisely
determined. This can be achieved by iteratively refining the initially created coarse model
grids. All suitable hydrogen and helium absorption lines are included in SPAS’ fitting routine
in order to determine the best fit parameters for T, log (¢), and *He/?He.
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11. Hybrid LTE/NLTE Analysis-Technique

The individual isotopic abundances of 3He and “He can be derived afterwards by using the
following correlations based on a linear scale:

SHe + “He = He (Total helium abundance) (11.3)

R :=*He/*He (Abundance ratio definition). (11.4)

This results in —_ He (1s)
 R+1 '

" e — 1 He (11.6)
R+1 '

for both helium isotopic abundances.

However, in practice the picture again is different. On the one hand, the varying abundance
ratio results in a desired shift of the Hel, 6678 A line. On the other hand, the equivalent
width (see Eq. of Hel, 6678 A, in particular its depth and width, also changes in spite of
the fixed total helium abundance, though (see Fig. [11.1.2). In consequence, the abundance
ratio *He/?He not only influences the line shift, but also to a certain extent the line shape.
Therefore, it is extremely difficult to determine 3He and *He in combination with the correct
abundance ratio using this approach. Hence, the only solution remaining in order to do the
analysis within SPAS should make use of a variable total helium abundance as well as of a
variable abundance ratio.

11.1.3. Variable Total Helium Abundance and Variable Abundance
Ratio

As has been seen in the previous sections, an accurate hybrid LTE/NLTE SPAS analysis,
including a correct determination of *He and *He as well as of He/*He could only be possible
if the total helium abundance is incorporated as a variable fit parameter, too.

Again, this is done iteratively. Since this time not only a variable abundance ratio but also
a varying total helium abundance is used, a second fit parameter in SPAS has to be fixed,
though. This is in contrast to the two presented approaches from above. In this case, surface
gravity, log (g), is fixed and its used value for each individual star results from the LTE results
(see table . To summarize, a model grid consisting of varying total helium abundance
and abundance ratio corresponding to SPAS’ fit parameter log (y) and log (g), respectively, in
combination with variable effective temperature but fixed surface gravity is generated at first.
Here, T. and total helium abundance both cover the individual temperature and log (y) range
for each star determined in LTE (see table . Second, if necessary, the projected rotation
velocity, vsini, is fitted in SPAS, whereby only Hel, 6678 A is selected. This value then is
fixed while adjusting the total helium abundance (log (y) fit parameter in SPAS) manually
until the fit matches the line's equivalent width. Thereby, the line shape is more important
than the line core position. Finally, T, total helium abundance, and abundance ratio (log (¢)
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11.1. Pre-Analysis in SPAS

fit parameter in SPAS) as well as v sin i, if necessary, are fitted simultaneously. Now, it should
be paid attention to the actual position of Hel, 6678 A and thus 4He/?’He only, as all other
fitted parameters are certainly wrongly determined using this single Hel, 6678 A line fit.

After having determined the abundance ratio “He/3He, another model grid is created. It
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Figure 11.1.3.: Best fit for Hel, 6678 A in the co-added FEROS spectrum of the *He sdB star
SB 290 for variable total helium abundance and variable *He/*He isotopic ratio
as described in section [11.1.3] The spectrum has been RV-corrected applying
the old rest-frame wavelength for the Hel, 5875 A line used for the LTE analysis
(see section [9.3| for further information). All in all, the line can be reproduced,
giving vsini ~ 52 kms™1, To¢ ~ 32,400 K, total helium abundance ~ —2.80,
and “He/3He ~ 0.09 for fixed surface gravity log (g) ~ 5.25. The latter value
comes from LTE as described in the text (to this, see also table .

exhibits variable total helium abundance (log (y) fit parameter in SPAS), varying effective
temperature, To, and surface gravity, log (g), but constant abundance ratio, 4He/3He, namely
the one derived via the presented procedure from above. The correct fit parameter values for
Ter, log (g), and total helium abundance, log (y), as well as vsin i, if necessary, can then be
determined by implementing all suitable hydrogen and helium absorption lines in SPAS’ fitting
routine. The individual isotopic abundances of 3He and *He can be derived afterwards by
using Egs. and ([11.6)).

This time, it becomes evident that an additional accurate radial velocity measurement is
indispensable, though. This has already been mentioned in section [9.3| and shall be discussed
in detail now. As has already been pointed out, an old rest-frame wavelength for the Hel,
5875 A line was used for RV measurements in SPAS (see table , namely 5875.750A. In
order to demonstrate the significant effect of radial velocity on the derived abundance ratio,
“He/3He, a comparison between a single He |, 6678 A line fit as described earlier in this chapter
using the actual rest-frame wavelength of 5875.621 A derived from NIST and a second one
using the old value of 5875.750 A is performed by means of the co-added FEROS spectrum
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11. Hybrid LTE/NLTE Analysis-Technique

of the 3He sdB star SB 290 (see Fig. [11.1.3[ and [11.1.4)). The wavelength difference only
results in a radial velocity shift of about 6.6 kms™* which can be determined via Eq. (4.1)).
However, this small shift results in a surprisingly large change in “He/3He of ~ 0.3, while
leaving all other fit parameters more or less unchanged (compare the line fit of Fig.
to that of Fig. [11.1.3). This clearly indicates that the approach presented in this section
is also not well-suited for the accurate measurement of *He and “He in combination with a
correct determination of the isotopic ratio “He/3He. Before analyzing *He and *He in order
to derive the correct 4He/3He isotopic ratio, v,,g has to be accurately determined. As already
mentioned in section [9.3] this can be realized by including other absorption lines, in particular
those resulting from metals. This is ensured in the analysis performed within ISIS (see section
8.2), whose procedure will be discussed in chapter[11.3|
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Figure 11.1.4.: Best fit for Hel, 6678 A in the co-added FEROS spectrum of the *He sdB
star SB 290 for variable total helium abundance and variable *He/?He isotopic
ratio as described in section [L1.1.3] Thereby, a radial velocity of 6kms™!
resulting from the difference between old and actual rest-frame wavelength for
the Hel, 5875 A line is applied to the fit (see text for details). All in all, the
line can be reproduced, this time giving vsini ~ 49 kms™!, T ~ 32,700
K, total helium abundance ~ —2.85, and 4He/?’He ~ 0.41 for fixed surface
gravity log (g) ~ 5.25. The latter value comes from LTE as described in the
text (to this, see also table [10.1]). Surprising is the strong influence of vaq on
“He/*He. A difference of around 6 kms™! results in a change in “He/*He of
~ 0.3 (compare this figure to Fig. [11.1.3), clearly showing that the approach
presented in section is also not well-suited for the accurate measurement
of 3He and *He in combination with a correct determination of the isotopic
ratio “He/*He.
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11.2. The 3He Model Atom and its Influence on Spectral
Line Formation

The 3He | model atom used for this hybrid LTE/NLTE analysis was developed by Maza et al.
(2014)| in order to perform a non-LTE spectral analysis of the *He and He isotopes in the
B-type main-sequence prototype HgMn star x Cancri (see also x Cnc in table [6.2). It was
constructed in analogy to that of *He by |Przybilla (2005), whereby isotopic line shifts as
measured by [Fred et al. (1951)| are taken into account (see table [6.1). Although set up as
individual model atoms, *He and “He have to be treated simultaneously when solving the
statistical equilibrium equations and the radiative transfer in DETAIL and SURFACE because
all relevant lines are overlapping.

Fig. displays synthetic model spectra showing Hel, 4922 A, Hel, 5875A, and Hel,
6678 A for fixed effective temperature To¢ = 28000 K, fixed surface gravity log (g) = 5.60,
but three different combinations of 3He and “He abundances. T, and log (g) are chosen to
lie within the typical hot subdwarf B regime. As can be seen from the top right panel of Fig.
11.2.1} the influence of both isotopes mainly manifests in the line strength of Hel, 5875 A and
not in a measurable isotopic shift. This is in good agreement with the fact that Hel, 5875 A
is used as a reference line (see chapter@. However, in the case of Hel, 6678 A (bottom panel
of Fig. the isotopic ratio strongly influences the line shape. Here, the isotopic shift is
clearly visible. Whereas no 3He component is visible if “He/>He = 100 (black curve), both
components are identifiable if “He/>He = 1 (red curve). But the “He component disappears
for *He/He = 0.01 (green curve). Concerning Hel, 4922 A, different isotopic ratios produce
line shifts, too, but to a smaller extent compared to Hel, 6678 A (see top left panel of Fig.
. This is to be expected since the pure line shift due to *He enrichment only reads
AN = +0.33 A for Hel, 4922 A compared to A\ = +0.50 A for Hel, 6678 A (see table .
Certainly, different combinations of 3He and *He abundances also influence the line strengths
of Hel, 4922 A and Hel, 6678 A, respectively.

11.3. Final Analysis in ISIS

As chapter [I1.1]showed, SPAS has to be replaced in order to perform a reliable and meaningful
analysis distinguishing between both helium isotopes, *He and “He. It is extremely important
to know the exact radial velocity v,,q of the individual stellar spectrum, since it strongly
influences the measured abundance ratio He/3He. A precise radial velocity determination
can be realized by including other absorption lines besides the helium ones of table [0.2] in
particular those resulting from metals. Hence, the whole hybrid LTE/NLTE spectral analysis
is carried out completely within the “Interactive Spectral Interpretation System”, short ISIS,
which has already been briefly introduced in section 8.2

Whereas SPAS fits a combination of Lorentzian and Gaussian function to the line profiles
of preselected absorption lines, ISIS makes use of the whole spectrum at once, including all
synthesized metal lines. In this way, the entire wavelength scale of the model spectrum can be
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Figure 11.2.1.: Top Left Panel: Synthetic model spectra showing Hel, 4922 A for fixed ef-
fective temperature Ty = 28000K, fixed surface gravity log(g) = 5.60,
but three different combinations of *He and *He abundances. Top Right
Panel: Same as left hand panel but for Hel, 5875A. Bottom Panel:
Same as above but for Hel, 6678 A. The corresponding helium isotopic
abundances are log (n(*He)) = —4.00 and log (n(*He)) = —2.00 (black
curve), log (n(®*He)) = —2.00 and log (n(*He)) = —2.00 (red curve), and
log (n(*He)) = —2.00 and log (n(*He)) = —4.00 (green curve), respectively.
3He introduces a visible isotopic line shift in the case of Hel, 6678 A and Hel,
4922 A, but not for Hel, 5875 A (see table as predicted by Fred et al.
(1951).
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11.3. Final Analysis in ISIS

shifted and adjusted to the real spectrum according to Eq. , resulting in a more accurately
determined value for v,,4 than measurable using SPAS (Irrgang et al., 2014). Since the *He
isotopic shifts shall be illustrated, the individual spectra are again radial-velocity corrected,
resulting in v,,q values of around zero. Furthermore, stellar rotation, vsini, is treated as
described in section [3.3.2] (Irrgang et al., 2014).

It has to be pointed out that the list of synthesized metal lines is not complete, though.
For instance, several Ol lines are missing in the model atom for high temperatures. Together
with other spectral regions exhibiting features being not properly included in the used synthetic
models, these lines are overall excluded from fitting. Such features can be, for instance, the
shape of absorption lines that cannot be fitted properly, in particular in the case of stars
showing strong helium stratification like PHL 25 (see chapter for further information on
the evidence of helium stratification in some of the analyzed *He (enriched) B-type stars),
cosmics, normalization problems, interstellar or telluric lines, hot pixels, reduction artifacts,
noise or non-overlapping diffraction orders at the end of the individual spectrum. Generally,
light colors mark regions excluded from fitting in the helium line fits of Fig. [12.2.1{to|12.2.11]
of Fig. [12.3.1] to [12.3.8] and of Fig. [12.3.10| to [12.3.12] as well as in the fitted spectra listed
in appendix [B.1}

In total, the analyzed sample now consists of 17 B-type stars, including the two 3He BHB stars
(PHL 25 and PHL 382), and 15 sdB stars (13 definite He sdBs and two He-normal sdBs, HD
4539 and CD-35° 15910). Four *He sdBs are taken from the hot subdwarf list of the ESO
Supernova la Progenitor Survey (Lisker et al., 2005), being the only ones of this sample lying
in the 3He sdB effective temperature regime between ~ 27 000 K and ~ 31000 K and showing
3He enrichment (see section [6.4)).

As already mentioned in the beginning of chapter [1I] the determination of the particular
(atmospheric) parameters is done via a grid of model spectra in a 5-dimensional parameter
space (effective temperature Ti, surface gravity log (g), isotopic helium abundance for ®He

and *He as well as one of the individual metal abundances, log (n(X)) := log [%]

where X € {C, N, O, Ne, Mg, Al, Si, S, Ar, Fe}). Within ISIS, T, log(g) and both
isotopic helium abundances have to be fitted simultaneously because of their degeneracy (see
chapter 4| for details). Metal abundances are fitted successively afterwards. Since ISIS was
designed to significantly facilitate the interpretation and analysis of X-ray spectra by means of
useful functions and tools as well as several minimization algorithms, it is more flexible than
SPAS. All of the implemented algorithms (non-gradient ones like simplex (see section and
powell, and gradient methods like mpfit, etc.) are based on a typical x? minimization, being
only feasible if the statistical uncertainties of the individually measured values are Gaussian
distributed. Thereby, the so-called x? is a measure for the goodness of fit, reading:

n

= Z@"_W . (11.7)

o2

=1

While y; and o; describe the measured values (observed flux) and their corresponding errors
(uncertainty in the observed flux), respectively, y(x;) are the individual fit functional values
(model flux) at all data points (pixels) i, which have not been excluded from fitting. While a
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larger weight is given to lines with more data points, lines with less information are weighted less
heavily. It can be shown (Press et al., 1986) that a maximum goodness of fit is accomplished
for a minimization of x2. The number of degrees of freedom (DOF) is given by the difference
between the number of measurement points n and the number of fit parameters & (DOF =
n — k). The so-called reduced x?, denoted as xZ,, can be calculated via:

2 X

Xred = DOF (11.8)
and should lie near unity for the best fit (Press et al., 1986)). This should be kept in mind as a
“best fit signature” when performing the following analysis. x%, < 1 means that uncertainties
are overestimated. Generally, the y? landscape of all investigated problems is well-behaved
and the global minimum is found after a relatively small number of steps (Irrgang et al., 2014)).
After having determined accurate radial velocities for all spectra to be analyzed, the whole
analysis is performed iteratively. At first, model grids are generated, including hydrogen and
helium, but no metals, in order to synthesize all helium and hydrogen Balmer absorption lines.
Higher Balmer transitions, i.e., H8-H12, cannot be synthesized reliably because of deficits of
the line-broadening tables in the relevant wavelength regimes, though. The size of the individ-
ually generated grids is more or less given by the LTE values for effective temperatures, Ty,
surface gravities, log (¢), and helium abundances, log (y) (see table [10.1)). Effective temper-
atures range about 4000-5000 K around the individual stellar effective temperatures derived
from the LTE analyses and have a step size of 1000K. log(g) values range about 0.4 dex
(with a step size of 0.2dex) around the ones derived from LTE. The particular abundance
intervals of both helium isotopes, *He and “He, also vary around the log (y) values derived
from LTE. Nevertheless, large (about 1dex) and fine (0.2dex steps) are chosen in order to
guarantee a correct determination of the individual isotopic abundances. Later, these intervals
are narrowed when metals are included and a reasonable fit has been found. As only hydrogen
Balmer and helium absorption lines should be reproduced as good as possible during this first
iteration step, all metal lines are excluded from fitting to ensure a Y2, as low as possible. In
particular, the Hel, 6678 A line core position should match the actual one since it is crucial
for the correct determination of the individual abundance ratio *He/*He.
In order to determine the individual metal abundances, the mean metal abundances for hot
subdwarf B stars are used as starting points and in the model atmosphere grid (see Fig.
and table . Typically, an analysis including four iteration steps is used. First, coarse
model grids are generated, more or less exhibiting the same T and log (g) regimes as used
for the hydrogen and helium only grids. However, since 3He and “He can be measured quite
reasonably in most cases before including any metals, the corresponding abundance intervals
are narrowed. At first, the individual metal abundance intervals lie around the corresponding
mean abundance values for hot subdwarf B stars by +1dex, setting up a very coarse grid,
but extremely efficient to get a first estimate in which direction the fitting algorithm runs.
The following iterations then use the same intervals for T.¢, log (¢), *He and *He as before.
Only metal abundances are adjusted. For instance, during the second iteration step, individual
metal abundances are adjusted, if the fit ran towards one of the original interval edges. This
is checked for all elements under investigation. The third iteration has not to be used in all
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cases, but in those where the fit still ran towards one of the grid boundaries for one of the
metals to be investigated after iteration step two. Last but not least, the final grid uses the
size of the adjusted metal abundance intervals, although refining all of them. For this purpose,
a narrow step size of 0.2 dex is used.

After having set up the final grid for each individual star, the best fit is found by a sequence
of different fitting algorithms. First, simplex is used to find the global minimum of the )2
landscape. Then, powell is used to verify this global minimum. Eventually, mpfit checks
the local landscape near the found global minimum. The aim is to achieve a reduced y? of
X%y = 1 for all performed fits. In most cases, 24 ~ 1.1 —3.0 is achieved, whereby better fits
are accomplished for higher spectral resolving powers (UVES, HRS, FEROS and FOCES) and
high S/N. The analysis of CASPEC spectra mainly results in worse x2 values. For all fits, the
residuals are artificially constrained between values of +2 and -2, though. Additionally, strong
deviations between best fit model spectrum and stellar spectrum are weighted less heavily - to
be more precise - they are equally weighted. The residuals are artificially set to -1 and +1 in
these regions, respectively. Consequently, the plotted residuals in the spectra of appendix [B.]]
cannot be simply used to determine poorly fitted spectral ranges or lines. However, by using
these artificially set residuals, x%4 ~ 1 is ensured for all analyzed spectra, in particular for the
CASPEC ones, too.

Errors are also determined for all derived values via Monte Carlo simulations. All of them are
given as lo (= 68%) statistical confidence intervals throughout chapter .

111






12. Results of the Hybrid LTE/NLTE Analysis
in ISIS

Before discussing the actual hybrid LTE/NLTE results derived from ISIS, it should be pointed
out again that a self-consistent comparison of atmospheric parameters (T, log (g)) derived
from both, LTE and hybrid LTE/NLTE, presented in this thesis is not readily possible since
the set of analyzed hydrogen Balmer and helium absorption lines may be different. Thus, a
systematic error which is mainly due to a lack of proper modeling of higher Balmer transition
lines, i.e., H8-H12 in the case of the hybrid LTE/NLTE approach is introduced.

12.1. Effective Temperatures and Surface Gravities

Fig. displays the T.¢-log (g) diagram derived from the hybrid LTE/NLTE analysis
performed in ISIS. As in Fig. [10.0.3] each data point characterizes one of the analyzed stars of
table . Again, if two (co-added) spectra are available, the individually measured parameter
values are averaged and propagated errors are derived according to Gaussian error propagation
afterwards. This is done for SB 290 and PHL 25 (see table [12.1)). The color coding highlights
stars showing (strong) helium stratification, which will be topic in section [12.3] Both He-
normal comparison stars, HD 4539 and CD-35° 15910, are marked with green dots. As in
the case of LTE, all derived effective temperatures and surface gravities of the analyzed hot
subdwarf B stars match the extreme horizontal branch, i.e., the typical trend seen in the upper
panel of Fig. [5.1.3] It should be also noted that the given 1o errors are overall lower than for
the LTE results.

The two dots at the cool end of the sequence displayed in Fig. again represent both 3He
enriched BHB stars PHL 25 and PHL 382. As in the case of the LTE analysis, two stars lie
within a hotter temperature regime of typical sdOBs (see section for details on sdOBs).
These represent the sdBs PG 15194640 and PG 1710+490. Because the first singly ionized
helium line, Hell, 4686 A, is predicted to be visible by model spectra at such high effective
temperatures, but is not in the analyzed FOCES spectra, the derived temperatures are most
likely not reliable for these stars. This has already been discussed in detail in chapter [10]
Nevertheless, all other *He (enriched) sdB stars cluster in a narrow temperature strip between
~ 26 000K and 30000 K, BD+48° 2721 being the only exception with Ty = 22,300 £+ 100 K,
i.e., even cooler than in the LTE analysis. The four additionally analyzed 3He enriched sdB stars
(HE 0929-0424, HE 1047-0436, HE 2156-3927, and HE 2322-0617) from the hot subdwarf
list of the ESO Supernova la Progenitor Survey (Lisker et al., 2005)) lie in this regime, too. As
for the LTE results, this is overall in good agreement with the results of Geier et al. (2013a)



12. Results of the Hybrid LTE/NLTE Analysis in ISIS

Table 12.1.: Atmospheric parameters and projected rotation velocities for the analyzed *He and
two He-normal comparison B-type stars (HD 4539, CD-35° 15910) determined
via the hybrid LTE/NLTE approach performed in ISIS. All spectra have been RV-
corrected. The four stars, whose UVES spectra have been analyzed, were taken
from the hot subdwarf list of the ESO Supernova la Progenitor Survey (Lisker et al.,
2005) and have been identified as *He hot subdwarf B-type stars (see also tables
and[12.3). All statistical errors are given as 1o (~ 68%) confidence intervals.

Star Instrument Tes log (g(cms™2)) Urad vsin (4)
[K] [dex] [kms™!]  [kms™]
HD 4539 CASPEC 22,600+ 100 5.24+0.01 RV-corr.  6.7703
CD-35 15910 FEROS co-added 27,1004+ 100  5.35+0.01  RV-corr. 7.1 £0.2
PHL 25 CASPEC 20, 8001350 490+0.02 RV-corr. <6.0°
PHL 25 HRS co-added 19,4003 4.7540.02  RV-corr.  6.370%
PHL 382 FEROS co-added 16,800+ 100  3.85+0.01  RV-corr. 13.340.1
SB 290 CASPEC 26,900 £100  5.48+0.01  RV-corr.  52.079:3
SB 290 FEROS co-added 26,500 +£100  5.37 +£0.01 RV-corr. 48.4 +0.1
EC 03263-6403 FEROS co-added 28,800 + 200 5.197002 RV-corr.  1.0712
EC 03591-3232 FEROS co-added 28,700 +100 5.55+0.01  RV-corr.  0.07}%
EC 12234-2607 FEROS co-added 28,7004+ 100  5.59+0.02  RV-corr.  1.2%7%
EC 14338-1445 FEROS co-added 27,900 £100 5.4840.02 RV-corr. 2.9+0.6
Feige 38 FEROS co-added 28,1004+ 100  5.53+0.01  RV-corr.  2.1753
BD+48 2721 FOCES 22,300+ 100  4.994+0.01  RV-corr. 5.640.3
PG 15194640 FOCES 35,400 £100  6.14+0.02 RV-corr.  0.9%93
PG 17104490 FOCES 32,300 % 200 5.651052 RV-corr.  1.6713
HE 0929-0424  UVES co-added 29,3004+ 100 5.62+0.01 RV-corr.  6.37)3
HE 1047-0436  UVES co-added 29,600+ 100  5.67+0.01  RV-corr.  6.6703
HE 2156-3927  UVES co-added 27,600 £ 100  5.584+0.01  RV-corr. 6.2+0.1
HE 2322-0617  UVES co-added 27,800 +£100  5.4340.01  RV-corr.  5.3%03
Note:
@ Upper limit

who measured a small strip between ~ 27000K and ~ 31 000K for the He sdB stars (see

chapter [6.3).

All'in all, the difference in Ty and log (g) between LTE and hybrid LTE/NLTE is ~ 2000 K and
~ 0.3 dex at most, respectively. Such high discrepancies are only measured for BD+48° 2721
and PHL 25, though. All other data points in Fig. more or less match the particular
ones of Fig. [10.0.3] Also, the additional systematic error introduced in the case of the hybrid
LTE/NLTE approach, for instance mentioned at the beginning of chapter , generally has to

be taken into account when comparing both analyses.
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Figure 12.1.1.: Teg-log (g) diagram derived from the hybrid LTE/NLTE analysis via ISIS. While
stars showing no helium stratification are marked with blue dots, stars marked
with red dots exhibit (strong) helium stratification (see chapter[12.3|for further
information on found stratification effects). The He-normal comparison stars
are represented by green dots. As in Fig. [10.0.3] the two dots at the cool end
of the sequence represent the 3He enriched BHB stars PHL 25 and PHL 382,
whereas the two dots at the hot end correspond to the *He enriched sdB stars
PG 15194640 and PG 1710+4490. Concerning the latter ones, the derived
temperatures are too high for typical sdB stars. A possible explanation for this
discrepancy could be bad normalization of the FOCES spectra (see chapter
and text for more details), in particular of the hydrogen Balmer lines.

12.2. 3He and *He Helium Abundances

Table displays the derived “He and 3He abundances as well as the determined isotopic
abundance ratios, *He/?He, for all analyzed B-type stars. The corresponding helium line fits
can be seen in Fig. [12.2.1 to [12.2.11], in Fig. [12.3.1] to [12.3.8] as well as in Fig. to
[12.3.12] Allin all, the hybrid LTE/NLTE approach performed in ISIS gives reasonable results.
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12. Results of the Hybrid LTE/NLTE Analysis in ISIS

Star % Before analysis After analysis
> 6,000  He-normal comparison sdB star He-normal comparison sdB star
> 1,200  He-normal comparison sdB star He-normal comparison sdB star
PHL 25 — 3He enr. BHB star 3He enr. stratified BHB star
PHL 25 — 3He enr. BHB star 3He enr. stratified BHB star
PHL 382 - 3He enr. BHB star 3He stratified BHB star

EC 03591-3232
EC 12234-2607

BD+48 2721

0.08t§;§§
0.07%5:05
0.01 4 0.01

0.13 4 0.04
0.16199%

6.88%%%
0.1019 64

3He sdB star
3He sdB star
3He sdB star
3He sdB star
3He enr. sdB star
3He sdB star
3He sdB star
3He enr. sdB star
3He enr. sdB star
3He enr. sdB star

3He sdB star
3He sdB star
3He sdB star
3He stratified sdB star
3He enr. stratified sdB star
3He sdB star
3He sdB star
3He enr. stratified sdB star
3He enr. sdB star
3He sdB star

2.951023 He-normal sdB star 3He enr. sdB star
1.00 £0.10 He-normal sdB star 3He enr. sdB star
0.76 +0.08 He-normal sdB star 3He enr. sdB star
1.124+0.10 He-normal sdB star 3He enr. sdB star

Table 12.2.: Classification of sample stars before and after the performed hybrid LTE/NLTE
analysis in ISIS. For stars showing (strong) helium stratification (marked in red),
isotopic abundance ratios are not determined (see table . Both isotopic
helium abundances derived for each star are listed in table .

Both He-normal comparison hot subdwarf B stars, HD 4539 and CD-35° 15910, exhibit no
3He at all, resulting in a very high isotopic abundance ratio as might be expected. However,
in these cases synthetic spectra have been calculated only using an upper limit of -6.00 dex
for the 3He abundance, which is, in fact, even subsolar. Using the solar value of ~ -5.11dex
for the 3He abundance would have resulted in less high abundance ratios for both stars, which
are more reliable. Nevertheless, both comparison stars can be classified as He-normal stars.
All other 3He (enriched) B-type stars show ratios ranging from ~ 0-7. Therefore, the derived
abundance ratios match the observed isotopic line shifts.

Depending on the derived isotopic abundance ratio, the individual stars now can be actually
classified into 3He, 3He enriched and *He stars. While the latter ones are characterized by
a significantly high abundance ratio (2 1000 in this analysis), the natural boundary for the
former ones lies around *He/*He ~ 0.5. Tablesummarizes the classification for the sample
stars and compares it to the one before the performed hybrid LTE/NLTE analysis. Most *He
stars even exhibit abundance ratios below 0.2, meaning that in fact nearly all atmospheric
helium is 3He. Interestingly, two stars can now be additionally classified as He B-type stars,
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12.2. 3He and *He Helium Abundances

Table 12.3.: Isotopic helium abundances and abundance ratios for the analyzed *He
and two He-normal comparison B-type stars (HD 4539, CD-35° 15910)
determined via the hybrid LTE/NLTE approach performed in ISIS. The
four stars, whose UVES spectra have been analyzed, were taken from
the hot subdwarf list of the ESO Supernova la Progenitor Survey (Lisker
et al., 2005) and have been identified as 3He hot subdwarf B-type stars.
As will be described in chapter [12.3] some of the analyzed stars show
atmospheric stratification effects and therefore need more sophisticated

While these stars are marked in red, green

stars do not show stratification in their spectra. If (strong) helium strat-

ification is not present, all statistical errors are given as 1o (= 68%)

confidence intervals. Otherwise, a fit by eye is performed (see note b).

synthetic model spectra.

Star Instrument log n(*He) log n(*He) ZSEZ;
[dex] [dex]
CASPEC —222+40.01 < —6.00° > 6,000
FEROS co-added —2.934+0.01 < —6.002 > 1,200
PHL 25 CASPEC —2.69 £ 0.04> —2.89+0.05° b
PHL 25 HRS co-added —2.8870050  —2.71 £0.03° b
PHL 382 FEROS co-added —3.69 & 0.08° —2.38 4 0.01" b
CASPEC 374152 —2.6399%  0.0870:08
FEROS co-added ~ —3.71%038  —257+£0.02  0.0775:04
FEROS co-added ~ —4.807)%2 —2.777005  0.0140.01
EC 03591-3232 FEROS co-added  —3.527013® —2.084+0.01° b
EC 12234-2607 FEROS co-added —1.8540.03®> —2.1040.04° b
FEROS co-added  —3.887013 —2.99700% .13 +£0.04
FEROS co-added ~ —3.55%0%  —2.774£0.02  0.1675:03
BD+48 2721 FOCES —2.96 +0.03> —2.38 £ 0.02" b
FOCES —2.05+0.03 —2.8970:% 6.8811 5%
FOCES —3.377012 9374003 0.1013%3
UVES co-added —2.06 +0.03  —2.5310%% 2954022
UVES co-added —2.73+0.03 —2.7340.03 1.00 £ 0.10
UVES co-added ~ —2.917053 —2.797003  0.76 £0.08
UVES co-added ~ —2.3310:92 —2.387005  1.1240.10
Notes:

2 The solar value of ~ -5.11dex as an upper limit for the 3He abundance would have
resulted in a less high and more reliable abundance ratio (see text). Nevertheless, the

particular He-normal comparison stars are identified.
b (Strong) helium stratification (see chapter for further information).
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12. Results of the Hybrid LTE/NLTE Analysis in ISIS

namely the former 3He enriched sdB star PG 1710+490 and PHL 382, i.e., one of the two
analyzed 3He enriched BHB stars. In total, four stars from the hot subdwarf list of the ESO
Supernova la Progenitor Survey, short ESO SPY (Lisker et al., 2005)), lying in the 3He sdB
effective temperature regime between ~ 27 000 K and ~ 31000 K, can be identified as *He hot
subdwarf B-type stars because of their isotopic ratio of ~ 1-3, although the analyzed UVES
spectra do not include the helium line with the strongest isotopic shift, Hel, 6678 A (see also
Fig. [12.2.8/to[12.2.11)). In consequence, concerning the determination of He and *He as well
as of the isotopic abundance ratio, the tip of the iceberg cannot be reached for the stars from
the ESO SPY project. The status of all other analyzed stars remains unchanged.

The two upper panels of Fig. [12.4.1] summarize the determined isotopic helium abundances in
a T.r—logn(®He) and Tir—log n(*He) diagram for all stars, respectively. For stars, where two
(co-added) spectra are available, measured abundances are averaged. This is the case for SB
290 and PHL 25, where propagated errors are derived according to Gaussian error propagation
afterwards. Stars showing helium stratification are again marked with red dots and thus have
to be treated with a grain of salt. Both He-normal comparison stars, HD 4539 and CD-35°
15910, are marked with green dots. All determined *He abundances lie within the typical
sdB regime (see chapter . For both He-normal comparison sdB stars, a subsolar upper
limit for 3He (-6.00 dex) has been used for the analysis. As has already been discussed before,
the solar *He abundance of ~ -5.11dex as an upper limit would have been more reliable.
Thus, the used upper limits for these stars are not included in the Ti¢ — logn(*He) diagram
of Fig. . Compared to the solar *He value, all other determined *He abundances are
clearly overabundant, whereby a solar photospheric abundance ratio of ~ 10* and the solar
“He abundance determined by |Asplund et al. (2009)| are used. Thereby, the latter one is given
as base-10 logarithmic particle density relative to the density of all particles.

The following chapters [12.2.] to [12.2.3] summarize and discuss the individual helium line fits
of both He-normal sdBs, HD 4539 and CD-35° 15910, as well as of the *He sdBs showing no
helium stratification.
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12.2. 3He and *He Helium Abundances

12.2.1. The He-Normal Subdwarf B Stars HD 4539 and CD-35°
15910

Overall, the helium line fits of both He-normal hot subdwarf B stars, HD 4539 and CD-35°
15910, look reasonably well. All suitable *He absorption lines, including the reference line,
Hel, 5875 A, and both helium lines with the strongest possible isotopic line shift, Hel, 4922 A
and Hel, 6678 A, are fitted perfectly as can be seen from Fig. [12.2.1| and [12.2.2]
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12. Results of the Hybrid LTE/NLTE Analysis in ISIS

12.2.2. 3He Subdwarf B Stars with Known 3He Anomaly

Fig. [12.2.3|to [12.2.7| display the individual helium line fits of all known 3He sdB stars showing
no stratification effects, i.e., of EC 03263-6403, EC 14338-1445, Feige 38, PG 1710-+490,
and PG 1519+-640. Those with strong helium stratification will be discussed in section [12.3|
Whereas all line fits look similarly well as for the He-normal sdBs in the case of EC 03263-
6403, EC 14338-1445, Feige 38, and PG 1710+490 (see Fig. [12.2.3|to [12.2.6)), in particular
Hel, 4922 A and Hel, 5875 A show significant mismatches in the case of PG 1519+640 (see
Fig. . However, the effective temperature derived for PG 15194640 is overestimated
as described before in chapters[10] and [12.1] and might therefore be a plausible explanation for
the observed mismatches.
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Figure 12.2.3.: Helium lines in the FEROS spectrum of the 3He star EC 03263-6403 used for the hybrid LTE/NLTE analysis with
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Figure 12.2.4.: Helium lines in the FEROS spectrum of the *He star EC 14338-1445 used for the hybrid LTE/NLTE analysis with
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Figure 12.2.7.: Helium lines in the FOCES spectrum of the 3He enriched star PG 1519+-640 used for the hybrid LTE/NLTE analysis

with ISIS.



12. Results of the Hybrid LTE/NLTE Analysis in ISIS

12.2.3. Four 3He Subdwarf B Stars from the ESO SPY Project

Fig. [12.2.8to [12.2.11] display the individual helium line fits of the four newly found *He sdB
stars from the ESO SPY project, i.e., of HE 0929-0424, HE 1047-0436, HE 2156-3927, and
HE 2322-0617. Because of the wavelength regime covered by UVES (see sections and
, the analyzed spectra do not include the helium line with the strongest isotopic shift,
Hel, 6678 A. Therefore, the second most sensitive line, Hel, 4922 A, is the most important
indicator in order to spectroscopically study the 3He anomaly in these stars. In general, the
analyzed UVES spectra are more noisy than those of the other stars (see also table . While
the line fits look okay in the case of the rather noisy spectrum of HE 0929-0424, the core of
the reference line, Hel, 5875 A, is too strong for HE 1047-0436 and HE 2156-3927. All other
helium lines are fitted reasonably well for these stars, though. However, the 5875 A mismatch
even increases for HE 2322-0617, which also has slight mismatches in the cores of Hel, 4472 A
and Hel, 5015 A.
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Figure 12.2.9.: Helium lines in the UVES spectrum of the 3He enriched star HE 1047-0436 used for the hybrid LTE/NLTE analysis
with ISIS.
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Figure 12.2.11.: Helium lines in the UVES spectrum of the >He enriched star HE 2322-0617 used for the hybrid LTE/NLTE analysis
with ISIS.

132



12.3. Evidence for Helium Stratification

12.3. Evidence for Helium Stratification

The observed helium line profiles are matched very well by the hybrid LTE/NLTE analysis
for both He-normal comparison stars and many 3He sdBs, as shown in section . These
stars are marked in green in tables [12.2] [12.3] [12.5, and [I12.6] The observed mismatches
(see chapters [12.2.2 and [12.2.3)), as seen in a single (Hel, 5875A) or in a few lines (Hel,
5875 A together with Hel, 4471 A and Hel, 5015 A) could be due to deficits of model atoms.
Most remarkably, however, the helium line profiles cannot be reproduced satisfactorily at all
for both analyzed 3He (enriched) BHB stars, PHL 25 and PHL 382, and the 3He (enriched)
hot subdwarf B stars EC 03591-3232, EC 12234-2607, and BD+48° 2721 (see Fig. [12.3.1]to
. A lack of appropriate model atoms can be ruled out in these cases, though. Therefore,
these stars are marked in red in the particular tables [12.2] [12.3] [12.5] and as well as in
Fig. [12.1.1] [12.4.1] and [I2.4.2] It has to be pointed out that in particular the results for
both isotopic helium abundances, *He and *He, as well as the resulting abundance ratios in
tables and are only reliable to a certain extent for the relevant stars because of the
insufficient line fitting.

The following chapters [12.3.1] and [12.3.2] summarize and discuss the individual helium line fits
of both stratified *He (enriched) BHB stars, PHL 25 and PHL 382, as well as of the ®He
(enriched) sdBs showing helium stratification, i.e., of EC 03591-3232, EC 12234-2607, and
BD+48° 2721.
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12.3.1. The BHB Stars PHL 25 and PHL 382

Fig. [12.3.1] to [12.3.4] display the individual helium line fits of both *He (enriched) BHB stars
showing strong helium stratification, i.e., of PHL 25 and PHL 382. A significant mismatch of
the cores of many Hel lines is obvious. Only the weakest Hel lines can be fitted half-decently
for both stars.
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Figure 12.3.2.: Helium lines in the HRS spectrum of the *He enriched star PHL 25 - Part 1. Note that not all of the shown
lines have been used for the hybrid LTE/NLTE analysis with ISIS because of strong stratification effects and fitting
problems coming along with it as is obvious from the mismatch of the cores of many Hel lines (see n:mnﬁQE
for details). Consequently, light colored regions/helium lines have been excluded from fitting.

136



12.3. Evidence for Helium Stratification

"8U1111} WoJy papn|oxa U9 dABY Saul| wnijay/suoi8ai patojod 31| ‘Ajpusnbasuor) “(s|ielep 4oy
¢'¢1| 491deyd 93s) saul| | 9H Auew Jo $9103 SY3 JO YdIBWSIW Yl WOJJ SNOIAGO SI Se 1 y1im Juoje Suiwod swajqoid
Sun11y pue s1939))o uoilediyilells 3uouls Jo asnedaq S|G| yum siskjeue 31 IN/J 1T PHUGAY Y1 Joj pasn usaq aAeY Saul|

UMOYS 3y JO ||B Jou 1eyl 30N ‘¢ Med - GZ THd Jeis payduus o, oy} jo wnidads SYH Sy ul ssull wnijpy '¢ggT 24n3i4

v v
690L 890L L90L 990L S90L Y90L £€90L 290L  T190L €899 7899 1899 0899 6L99 8L99 LL99 9L99 SL99
L e L L P ek L L B L B B S LR I
C ] = 480
C 160 % g 1 Z
- - : -
i M nf 1§ - El-
ANl AN J; § B 1 5
Yy << i (/\ nL- ‘>< Ayl rn %ﬂ@aDQ@DQBM_ &
B 1 2 el /A < Vol -
L ] o - - o
- G 11 - & & 11
L fenle B r T = ]
L 3 4 o o
Evc o b b b T e b e b e by A Eo v v b b v b b Tl b b d

v v
088S 6L8S 8L8S LL8S 9L8S SL8S bL8S €L8S TLSS 050 S'6¥0S 6v0S S'8V0S S80S S'LY0S LY0S S90S 9P0S
L L L s L L s B CT T T T [ T T T T [ T T T T [T T T T [ T T T T [T T T T [ T T T T [T 1T 7T]
E Ho E ]
F 3. = 1s6'0
e L0 » r \/ ] z
£ 3 g C ]
E Jon = N AN A > i 5
: 803 3 VRRAVVER I w
= 460 § c 1 8
= 3 S - —S0°T ”
B Ay B F 1 g
= E = F E 1=
£ A J.. C | | drr
C Wb dT'T C w & =
BErvv v b b b 1S b by 3T S A T Y

137



‘(sitesap Joy|g ¢ gT| 4eadeypd

995) Saul| |9 Auew Jo $2402 3Y] JO UYDIEWSIW SY] WOJ) SNOIAGO SI SB UOITBDIIIRIIS WNIRY 3U0JlS SMOYS Jels oy |

‘SIS ynm siskjeue 31IN/JLT PHIGAY 3y3 Joy pasn g€ THd 4eIs O, Y3 Jo wniidads SOYIH dY3 Ul sdul| Wiy e 'gT NSy
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12.3. Evidence for Helium Stratification

12.3.2. The 3He Subdwarf B Stars EC 03591-3232, EC 12234-2607
and BD+48° 2721

Fig. [12.3.5] to [12.3.8| display the individual helium line fits of the *He (enriched) sdB stars
showing strong helium stratification, i.e., of EC 03591-3232, EC 12234-2607, and BD+48°
2721. As for both analyzed *He BHB stars, PHL 25 and PHL 382, a significant mismatch of
the cores of many Hel lines is obvious. Only the weakest Hel lines can be fitted half-decently
for these stars.
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Figure 12.3.5.: Helium lines in the FEROS spectrum of the *He star EC 03591-3232 used for the hybrid LTE/NLTE analysis with
ISIS. The star shows helium stratification as is obvious from the mismatch of the cores of several strong Hel lines

(see chapter [12.3.3|for details).
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Figure 12.3.7.: Helium lines in the FEROS spectrum of the *He enriched star EC 12234-2607 used for the hybrid LTE/NLTE
analysis with ISIS - Part 2. The star shows strong helium stratification as is obvious from the mismatch of the

cores of many Hel lines (see chapter [12.3.3|for details).
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12. Results of the Hybrid LTE/NLTE Analysis in ISIS

12.3.3. Explaining the Line Profile Anomalies

The question remains why the investigated helium line profiles cannot be properly reproduced
in the cases of PHL 25, PHL 382, EC 03591-3232, EC 12234-2607, and BD+48° 2721. A
whole set of Hel profiles for a large variety of helium abundances has been calculated, but
none of them is able to simultaneously match both the wings and the core of the analyzed
absorption lines of the relevant stars. In particular, the strongest among the diffuse Hel lines,
at M026 A and M\4472 A, exhibit shallow cores in combination with unusually broad wings,
being a clear sign that the element is not homogeneously distributed throughout the stellar
atmosphere, but instead shows a vertical abundance stratification. This has been reported for
only a few *He (enriched) B-type stars so far, including the main-sequence prototype HgMn
star  Cancri (Maza et al., 2014) and Feige 86 (see chapter[6.2)), a BHB star (Bonifacio et al.,
1995). In fact, |Bonifacio et al. (1995)| calculated Hel profiles for a large variety of helium
abundances, too, but were also not able to obtain a shape which could simultaneously match
both the wings and the core of the analyzed absorption lines in the spectrum of Feige 86.
Stratification has also been found in other chemically peculiar stars by [Dworetsky (2004 ) and
Castelli & Hubrig (2007), but not in any hot subdwarf B star yet. Another trend can be derived
from Fig. [12.3.1]t0|12.3.8} too. The further out in the stellar atmosphere the particular helium
absorption line is formed, i.e., the stronger the individual absorption line (see chapter for
further information on spectral line formation), the worse the line core can be reproduced by
synthetic model spectra. This particularly applies to A4472 A, \4922 A, \5016 A, \5875A,
6678 A as well as to A\7065A and indicates that the helium abundance is higher in deeper
layers of the atmospheres (where the line wings form) than in the outer layers (where the line
cores form). Hence, for instance not all of the shown helium lines in Fig. [12.3.1] to [12.3.3]
belonging to the 3He enriched BHB star PHL 25, are used in order to derive isotopic helium
abundances. Especially, the best fit for Hel, 6678 A here would result in a wrong isotopic
abundance ratio.

The projected rotation velocity of vsini < 6.3kms™! (see table determined for PHL 25
is at odds with the former one derived from LTE (vsini ~ 38 kms™!). However, due to the fact
that using the whole stellar spectrum with all included metal lines, as done within the hybrid
LTE/NLTE analysis, typically results in a much more meaningful projected rotation velocity
measurement, a significant rotation velocity can indeed be excluded for PHL 25. Therefore, the
LTE values, making use of hydrogen Balmer and helium absorption lines only, are most likely
wrongly determined. Such high values for v sin ¢ cannot reproduce the observed metal lines at
all. The vsini values wrongly derived from LTE could be explained by helium stratification
as well, since helium lines appear broader in the case of stratified atmospheres. Therefore, a
high projected rotation velocity is needed to reproduce the relevant helium lines. Metal lines
are unaffected by stratification and, thus, give the correct projected rotation velocity value.
Hence, PHL 25 does not rotate.

However, no suitable synthetic model spectra including vertical atmospheric stratification can
be calculated by the ATLAS, DETAIL, and SURFACE versions used for the hybrid LTE/NLTE
analysis at hand. The easiest way to model vertical atmospheric abundance stratification is
to make use of a smooth step function (Farthmann et al., 1994), i.e. setting the helium
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12.3. Evidence for Helium Stratification

Star - Fitted line Instrument logn(®*He) logn(*He) Zgﬁzg
[dex] [dex]
PHL 25 - Hel, 6678 A core CASPEC —3.307030  —4.0079%  0.2075:39
PHL 25 - Hel, 4922 A core CASPEC —2.90701%  —3.107%35  0.6375:2}
PHL 25 - Hel, 4922 A wings CASPEC —2.00%5%0  —2.301020  0.5075:9
PHL 25 - Hel, 6678 A core HRS co-added  —3.50739% —3.9075:%0  0.407013
PHL 25 - Hel, 4922 A core HRS co-added ~ —3.00701) —3.007019 1.0040.33
PHL 25 - Hel, 4922 A wings HRS co-added  —2.607025 —2.307530  2.007539

PHL 382 - Hel, 6678 A core FEROS co-added —2.807519 —3.807020  0.1073:9
PHL 382 - Hel, 4922 A core FEROS co-added —2.707010 —3.2070%0  0.32+317
PHL 382 - Hel, 4922 A wings FEROS co-added —2.7075:30 —2.00703%  5.017250

EC 03591-3232 - Hel, 6678 A core  FEROS co-added —2.607010 —3.60%3%%  0.1075:%
EC 03591-3232 - Hel, 4922 A core  FEROS co-added —2.407910  —3.407%4% 0.10+0.10
EC 03591-3232 - Hel, 4922 A wings FEROS co-added —2.10%5% —2.407040  0.501322

EC 12234-2607 - Hel, 6678 A core  FEROS co-added —2.807010 —3.20%320  0.40%9:2}
EC 12234-2607 - Hel, 4922 A core  FEROS co-added —2.107920 —2.207020  0.79%9:52
EC 12234-2607 - Hel, 4922 A wings FEROS co-added —1.70%93 —1.607020  1.26*1%

BD+48 2721 - Hel, 6678 A core FOCES —3.101930  —3.601540  0.32%5-41
BD+48 2721 - Hel, 4922 A core FOCES —2.801035  —2.80703  1.0070:3
BD+48 2721 - Hel, 4922 A wings FOCES —2.507030  —2.2079%  2.0075:58

Table 12.4.: Results of the individually performed fits by eye for all analyzed stars showing
helium stratification. The line forming atmospheric depth increases when going
from Hel, 6678 A to the wings of Hel, 4922 A (see text for further information).

abundance in the outer atmospheric layers to a lower level than further in. By implementing
such a step function into the ATLAS code, being responsible for the modeled atmospheric
structure, line cores which are formed in the outer cooler atmospheric layers are weakened. At
the same time, line wings which are formed in the hotter inner layers are strengthened. This
could improve the fit results.

In the following, a similar approach to that of the two-component fit presented by Maza
et al. (2014) shall be performed in order to verify vertical helium stratification and in order
to estimate the limits of both helium isotopic abundances, *He and “He, in parts of the outer
and inner stellar atmospheres, respectively. These limits might be assessable by looking at the
different line forming atmospheric depths. While the core of the strongest helium line, Hel,
6678 A, is formed further out than the line core of Hel, 4922 A, the wings of the latter one
are formed even further inside the stellar atmosphere. Thus, three fits by eye are performed
individually for the relevant stars, making use of the determined best fit values for effective
temperature, surface gravity, projected rotation and radial velocity. The focus of the first
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12. Results of the Hybrid LTE/NLTE Analysis in ISIS

two is on the line core of both helium absorption lines. A third fit by eye is performed in
order to reproduce the line wings of Hel, 4922 A as well as possible. If a (linear) correlation
between atmospheric depth and isotopic helium abundances can be derived, this would verify
the stratification hypothesis. However, all derived values depend on the author’s personal view
and therefore are not engraved in stone. Errors for *He and *He are also determined by eye and
obviously have to be treated with extreme caution as well. Gaussian error propagation is used to
determine errors for the resulting isotopic abundance ratios. Table summarizes all results
of the individually performed fits by eye for all analyzed stars showing helium stratification and
Fig. [12.3.9 displays example best fits for the investigated helium lines in the HRS spectrum of
PHL 25. These line fits are representative of all performed fits by eye, resulting in the listed
values of table 12,4

From table [12.4] two results have to be pointed out. First, the line core position of Hel,
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Figure 12.3.9.: Best fit by eye for the analyzed lines of table in the HRS spectrum of PHL
25. Top Left Panel: Hel, 6678 A. Top Right Panel: Line core of Hel, 4922 A.
Bottom Panel: Line wings of Hel, 4922 A

6678 A is best-suited for the correct determination of the particular isotopic abundance ratio,
“He/3He, as can be seen from the individually determined errors. Especially, “*He/3*He cannot
be constrained by properly fitting the line wings of Hel, 4922 A only. That is why a well-
determined single line fit of Hel, 6678 A is a first good indicator for the actually predominant
abundance ratio, but certainly not for the individual isotopic helium abundances.

Second, the isotopic helium abundances overall increase when going from outer (Hel, 6678 A)
to inner (line core and line wings of Hel, 4922 A) in the stellar atmosphere of the analyzed
stars. The *He abundance increase ranges from 0.10dex for PHL 382 up to 1.30dex for
PHL 25. The change of *He is even more significant, though, ranging from 1.20dex for EC
03591-3232 up to 1.80dex for PHL 382. This is a clear indication for the inhomogeneous
distribution of helium in the atmosphere, i.e., for vertical stratification. A linear correlation
between line forming atmospheric depth and (isotopic) helium abundances therefore is possible.
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A determination of the formation depth from the atmospheric models would be required to
trace the stratification.
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12. Results of the Hybrid LTE/NLTE Analysis in ISIS

12.3.4. The rotating 3He Subdwarf B Star SB 290

As can be seen from table [12.1, SB 290 is the only sdB star exhibiting projected rotation
velocity values significantly different from zero. This is in good agreement with the fact that
most hot sudbwarf B stars are known to be slow rotators (Heber, 2016)). The measured value
for SB 290 of about 50 kms~! is consistent with literature (Geier et al., 2013b)) and the result
from the LTE analysis (see table [10.1]), too.

Fig[12.3.10[to[12.3.12|display the individual helium line fits of SB 290. Significant mismatches
of the cores of the strongest Hel lines are obvious, although less strong than for the stratified
stars PHL 25, PHL 382, EC 03591-3232, EC 12234-2607, and BD+48° 2721. Hence, vertical
helium stratification is possible for SB 290, too. Because of the star’s high rotation velocity
and the line broadening coming along with it, however, larger problems in fitting due to
stratification, as seen for the other stratified stars, might be hidden.
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Figure 12.3.11.:

Helium lines in the FEROS spectrum of the 3He star SB 290 used for the hybrid LTE/NLTE analysis with ISIS -
Part 1. The star is rotating, but has significant mismatches in the strongest Hel lines, too. Rotational broadening
could therefore hide problems in fitting coming along with possible helium stratification (see chapter [12.3.4|for
details).
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12. Results of the Hybrid LTE/NLTE Analysis in ISIS

12.4. Metal Abundances

Tables and as well as Fig. [12.4.1] and [12.4.2] summarize the derived isotopic helium
and metal abundances. Solar abundances (Asplund et al., 2009) are marked by solid horizontal
lines and are given as base-10 logarithmic particle densities relative to the density of all particles
in both figures. The same applies to the mean metal abundances for hot subdwarf B stars
(see table [11.1] and Fig. from [Naslim et al. (2013), which are marked by dashed lines.
The mean sdB abundance for argon (Ar) and iron (Fe) is solar. Whereas dots mark measured
abundances, triangles mark upper limits only in all subpanels of Fig. [12.4.1] and [12.4.2] Stars
showing no helium stratification are characterized by blue and stratified stars are represented by
red dots. Both He-normal comparison stars, HD 4539 and CD-35° 15910, are marked in green.
Error bars are also given according to tables and [12.6] For stars, where two (co-added)
spectra are available, measured abundances are averaged and the highest abundance is chosen
if only upper limits were derived for both spectra. Since the isotopic helium abundances have
already been discussed in chapter [12.2] hereafter only the derived metal abundances will be

interpreted. The metal abundances for all analyzed elements, log (n(X)) := log [%}

where X € {C, N, O, Ne, Mg, Al, Si, S, Ar, Fe}, and n(X) is the ratio of the number density
corresponding to element X to the number density of all the elements in the stellar atmosphere,
result from the hybrid LTE/NLTE metal line fits, being accessible in appendix . Table
only gives a short overview about some of the analyzed lines.

Hereafter, metal abundances, which have been derived for stars from different kinds of spectra,
shall be compared. While the discrepancies between the abundances derived from the CASPEC
and FEROS spectra are large for silicon (~ 0.30dex) and sulfur (~ 0.25dex), and smaller for
carbon (~ 0.15dex) in the case of SB 290, only silicon (~ 0.30dex) is discrepant for PHL 25,
when comparing CASPEC and HRS spectra (see tables and [12.6)). Thus, simply taking
the mean value of these abundances, as described above, might be an additional source of
error.

In the following, the derived metal abundances on the one hand shall be compared to hot
subdwarf B-type literature values (see Fig. given by the LTE analysis of |Geier (2013)
and, on the other hand, to sdB mean metal abundances (see table [11.1] and Fig. from
Naslim et al. (2013).

e Carbon: Similar to what has been found by |Geier (2013), the observed carbon sdB
abundances derived from CII/Ill lines scatter from ~ -2.40dex to ~ -0.30 dex subsolar
(solar abundance: -3.61dex). No analyzed sdB stars show supersolar C abundances and
no trend with effective temperature is visible at all. Most of the 3He (enriched) sdBs
have slightly higher abundances (about +0.80dex) than the mean sdB abundance for
C (-4.84 dex) from Naslim et al. (2013). The stars therefore belong to the carbon-rich
sdBs.

e Nitrogen: The NII/Ill abundances (solar abundance: -4.21 dex), also not showing any
trend with temperature, range from ~ -0.65 dex subsolar to ~ +0.60 dex supersolar for
the analyzed sdBs. This is consistent with the abundances determined by |Geier (2013).
Most of the derived N abundances for the 3He (enriched) sdBs are located around the
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mean sdB abundance for N (-4.44 dex) from [Naslim et al. (2013). Some of them scatter
from about -0.40 dex to about +0.85dex, though.

Oxygen: The observed oxygen abundances (solar abundance: -3.35dex) derived from
Ol lines range from ~ -1.30dex to ~ -0.35dex subsolar for the analyzed sdBs, thus
falling within the region of |Geier (2013). However, an average abundance shift of -
0.50dex at an effective temperature of ~ 30000 K with respect to the cooler stars
in the sample, as measured by |Geier (2013), cannot be confirmed. A reason for this
might be the smaller sample size compared to |Geier (2013). All in all, the derived O
abundances for all He (enriched) sdBs match the mean sdB abundance (-4.34 dex) from
Naslim et al. (2013).

Neon: The neon abundance is determined by a single line only, namely Nel, 6402.247 A
(see table and appendix . No Nell lines could be investigated in any of the
analyzed spectra. Hence, often only upper limits can be derived for the Ne | abundance
(solar abundance: -4.11 dex), scattering from ~ -2.90 dex to ~ -0.10 dex subsolar for the
analyzed sdBs. The lower boundary is significantly lower than the one measured by |Geier
(2013). |Geier (2013)| determined Nell abundances only, though. Most of the derived
Ne abundances for the *He (enriched) sdBs also lie below the mean sdB abundance of
-5.04 dex from Naslim et al. (2013).

Magnesium: In contrast to the results of (Geier (2013), no clear trend with temperature
can be seen in the magnesium abundance (solar abundance: -4.44 dex) for the analyzed
sdBs. The Mgl abundance, ranging from ~ -2.20 dex to ~ -0.10 dex subsolar, scatters
more than in the sample of |Geier (2013). This might indicate that magnesium is more
strongly influenced by NLTE. Nevertheless, most of the observed Mg abundances for
the *He (enriched) sdBs lie in the regime of the mean sdB abundance of -5.24 dex from
Naslim et al. (2013).

Aluminum: |Geier (2013) measured a slight trend for the Allll abundance in sdB stars,
which is confirmed here. It slightly increases with effective temperature ranging from
~ -2.40 dex subsolar to about solar (solar abundance: -5.59 dex). Most of the observed
abundances for all *He (enriched) sdBs scatter from ~ -0.75 dex to ~ +0.80 dex around
the mean sdB abundance (-6.34 dex) from Naslim et al. (2013).

Silicon: The observed abundances from Silll/IV (solar abundance: -4.53dex) for all
analyzed sdBs show a large scatter similar to what has been measured by |Geier (2013).
Silicon scatters from ~ -2.10 dex subsolar to ~ +0.20 dex supersolar, not showing any
trend in the analyzed temperature regime. Most of the analyzed *He (enriched) sdBs
have higher Si abundances (up to ~ +1.20dex) compared to the mean abundance (-
5.54 dex) from |Naslim et al. (2013). The stars therefore belong to the silicon-rich sdBs.

Sulfur: The sulfur abundance derived from S 1/111 (solar abundance: -4.92 dex) exhibits
a large scatter between ~ -0.90 dex subsolar and ~ +0.50 dex supersolar for the analyzed
sdBs. Therefore, it scatters less strongly than measured by |Geier (2013). Most of
the analyzed ®He (enriched) sdBs lie well above (up to ~ +1.15dex) the mean sdB
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Figure 12.4.1.: Elemental abundances from 3He to neon plotted against effective temperature according to tables |12.1][12.3| and

[12.5] Stars showing helium stratification (see chapter [L2.3) are characterized in red and their determined 3He
and *He values hence have to be treated with caution. While blue dots represent non-stratified 3He stars, both
He-normal comparison stars, HD 4539 and CD-35° 15910, are marked in green. Dots mark measured abundances,
whereas triangles mark upper limits. Error bars are also given according to the relevant tables. The solid horizontal
lines mark solar abundances according to |Asplund et al. (2009) and are given as base-10 logarithmic particle
densities relative to the density of all particles. The same applies to the mean metal abundances for sdBs (see

Naslim et al. (2013)| Fig. [5.2.2| and table [11.1), which are marked by dashed lines.
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12. Results of the Hybrid LTE/NLTE Analysis in ISIS

abundance (-5.54dex) from Naslim et al. (2013), though. The stars hence belong to
the sulfur-rich sdBs.

Argon: In principle, the Arll abundance (solar abundance: -5.64dex) increase with
effective temperature, as found by |Geier (2013)| for hot subdwarf B stars, is confirmed,
although a larger sample is needed in order to clarify the issue. Two sdB stars, CD-35°
15910 and HE 2322-0617, fall out of the series with measured upper limits of -6.60 dex
and -7.10dex, respectively. Overall, the observed argon abundance strongly scatters
between ~ -1.50dex subsolar and ~ +1.30dex supersolar, if CD-35° 15910 and HE
2322-0617 are included. If not, between solar and ~ +1.30 dex supersolar, being rather
similar to what has been found by (Geier (2013). As for silicon and sulfur, most of the
observed argon abundances of the analyzed ®He (enriched) sdBs lie above the mean sdB
abundance from |Naslim et al. (2013), which is solar (-5.64 dex). The stars thus belong
to the argon-rich sdBs.

Iron: Both, the solar and the mean sdB abundance for iron from |Naslim et al. (2013)
lie at -4.54dex. For the analyzed sdB stars, the hybrid LTE/NLTE approach results
in iron abundance values between ~ -1.50dex subsolar for SB 290 and ~ +0.15dex
supersolar for HD 4539. The lowest abundances are given by upper limits only, though,
since no iron lines are measured in the relevant stars. Excluding these stars (SB 290 and
PG 1519+640), the Felll abundance stays more or less constant between ~ -0.80 dex
subsolar and ~ +0.15dex supersolar, i.e., similar to what has been found by Geier
(2013), where a constant abundance with temperature ranging from -0.70 dex subsolar
to +0.50 dex supersolar has been derived.

However, Fe abundances could not be derived for the newly found 3He sdBs from the hot
subdwarf list of the ESO Supernova la Progenitor Survey (Lisker et al., 2005), i.e., for
HE 0929-0424, HE 1047-0436, HE 2156-3927, and HE 2322-0617 (see table [12.6)). For
these stars, simulations, in which the S/N is modeled, are required in order to determine
reliable upper limits. None of the relevant stars is incorporated in the subpanel of Fig.
12.4.2}, showing the Fe abundances of all analyzed stars.

BHB stars: Whereas the *He enriched BHB star PHL 382 shows the same abundance
pattern as the analyzed hot subdwarf B stars, PHL 25 has a puzzling one. While no
nitrogen, oxygen, neon, aluminum, and sulfur are detectable, leading to strongly subsolar
upper limits of their abundances (N by ~ -2.60 dex, O by ~ -2.70 dex, Ne by ~ -2.90 dex,
Al by ~ -2.40dex, and S by ~ -2.30dex), the measured carbon, magnesium, silicon,
argon, and iron abundances, however, match the abundance pattern of the analyzed
sdBs reasonably well.
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Table 12.5.: Elemental abundances for the analyzed 3He and two He-normal comparison B-type stars (HD 4539, CD-35°
15910) determined via the hybrid LTE/NLTE approach performed in ISIS - Part 1. The four stars, whose
UVES spectra have been analyzed, were taken from the hot subdwarf list of the ESO Supernova la Progenitor
Survey (Lisker et al., 2005) and have been identified as *He enriched hot subdwarf B-type stars. All statistical
errors are given as 1o (=~ 68%) confidence intervals. Solar abundances according to |Asplund et al. (2009)
are also listed as base-10 logarithmic particle densities relative to the density of all particles.

Star Instrument logn(C) logn(N) logn(0) log n(Ne) logn(Mg)
[dex] [dex] [dex] [dex] [dex]
CASPEC ~3.8040.02 —3.74750%  —4.6975:08 < -7.002  —5.75+0.02
FEROS co-added ~ —5.41750%  —4.524+0.01 —4.43+0.02 —4.43%50%  —5.45+0.03
PHL 25 CASPEC —5.821002 < —6.802 < -7.002 < -7.00> —5.1340.04
PHL 25 HRS co-added 5671013 < —6.80° < —6.002 < -7.00® 525705
PHL 382 FEROS co-added  —4.094+0.02 —3.694+0.02 —4.05+0.05 —5.05+0.05 —5.16+0.02
CASPEC co-added —4.4240.03 —4.854+0.03 —4.5975:02 < —6.502  —5.6340.04
FEROS co-added ~ —4.557002  —4.774+0.02 —4.504+0.02 < -5.90® —5.7140.05
FEROS co-added ~ —4.59 +0.05 —4.49+0.03 —4.46+0.03 < -6.20> —531+0.07

EC 03591-3232  FEROS co-added  —4.084+0.02 —-3.764+0.01 —4.384+0.01 —4.5710%  —4.534+0.02
EC 12234-2607  FEROS co-added  —4.1040.04 —4.1740.02 —3.704+0.02 —4.2075%  —4.8240.04
FEROS co-added  —4.68+£0.04 —4.17+0.01 —4.55+0.02 < —6.00*° —5.47+0.08
FEROS co-added  —4.174+0.02 —3.914+0.01 -4.484+0.01 < -540® —4.8940.02

BD-+48 2721 FOCES 5324003 —4494002 —4534+0.03 —4.614+0.03 —5.2240.02
FOCES —5.631005  —3.644+0.02 —4.02+0.03 < -490® —513+0.07

FOCES —4.7440.07  —3.597052 4307053 < -5202 —5.047008
UVES co-added < —6.00° —4.28+0.02 —-439+0.02 < -520* —5.18+0.06
UVES co-added —4.31700%  —3.914+0.01 -4.334+0.02 < -5502 —5.0940.03

UVES co-added ~ —4.8640.03 —4.774+0.01 —4.234+0.01 < —5.40° < —6.602

UVES co-added ~ —4.95+0.03 —4.7240.02 —4.39+0.01 —443%315  —578%0:0°

Solar Abundance ~3.61 —4.21 ~3.35 —4.11 —4.44

Note:
2 Upper limit

soduEpuUNqY [BIBN ¥'ZT
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Table 12.6.: Elemental abundances for the analyzed 3He and two He-normal comparison B-type stars (HD 4539, CD-35°
15910) determined via the hybrid LTE/NLTE approach performed in ISIS - Part 2. The stars, whose UVES
spectra have been analyzed, were taken from the hot subdwarf list of the ESO Supernova la Progenitor Survey
(Lisker et al., 2005) and have been identified as *He enriched hot subdwarf B-type stars. All statistical errors
are given as lo (= 68%) confidence intervals. Solar abundances according to |Asplund et al. (2009)|are also
listed as base-10 logarithmic particle densities relative to the density of all particles.

Star Instrument log n(Al) log n(Si) log n(S) log n(Ar) log n(Fe)
[dex] [dex] [dex] [dex] [dex]
CASPEC —6.40700%  —5.3240.05 —5.07+0.03 —51540.02 —4.40+0.02
FEROS co-added ~ —7.097510  —5.654+0.02 —5724+0.04 < -6.60> —4.44+0.01
PHL 25 CASPEC < -8.00%  —4.80%503 < -8.00% —5284+0.03 —5.1670%
PHL 25 HRS co-added < -8.00%  —4.48%0% <-7.20% —518+0.03 —4.9670%%
PHL 382 FEROS co-added —6.3640.04 —4.407502  —55840.02 —4.744+0.02 —4.6140.02
CASPEC co-added —6.90+0.10 —4.74+0.03 —5.807997  —5.6270% < —6.402
FEROS co-added ~ —6.97701%  —5.0840.03 —557750% —5534+0.07 < —6.002
FEROS co-added ~ —6.407507  —5.0240.04 —4.754+0.04 54975025  —4.6840.04
EC 03591-3232  FEROS co-added  —5.5540.02 —4.324+0.02 —4.59705%  —4.7940.02 —4.92+0.02
EC 12234-2607  FEROS co-added  —6.4440.08 —4.7440.03 —4.854+0.04 —5471510  —5.061503

FEROS co-added —6.16+£0.03 —4.72+0.03 —4.74£0.03 —-5.30+£0.06 —4.74+0.02
FEROS co-added —6.27+£0.03 —4.35+0.01 —4.52+£0.01 —4.87+£0.02 —4.89+0.02

BD-+48 2721 FOCES —6.55+£0.05 —5.177003  —539+£0.02 -530+£0.02 —5327003
FOCES ~5.884+0.07 —4.9940.04 -4.68+0.05 < -4.70° < -5.702
FOCES ~5.93+0.07 —4.50+£0.04 —4.69+0.06 —4.3670%  —4.487)0%°
UVES co-added ~ —6.09+0.08 —5.34+0.04 —516+0.04 —52570%9 b
UVES co-added ~ —6.48 £0.08 —5.02+£0.02 —4.417085  —4.89+£0.05 b
UVES co-added < -8.00° —593+0.05 -546+0.03 —5397002 b
UVES co-added —6.9210-35 <-6.602 533700 < -7.10° b
Solar Abundance ~5.59 —4.53 —4.92 —5.64 —4.54
Note:
2 Upper limit

b An upper limit could not be derived (see chapter [12.4|for details).
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13. Summary and Outlook

In the recent past, He isotope enrichment in helium-weak B-type main-sequence (14 000 K
S Ter S 21000K) as well as in blue horizontal branch (BHB) and hot subdwarf B stars
(27000K < T < 31000K) has been discovered. Atomic diffusion processes occurring in
the atmosphere of these stars lead to the observed abundance anomalies. However, normal
diffusion processes driven by gravitational settling take too long and therefore are inadequate
to explain the observed *He stars. That is why other diffusion theory models like the presented
diffusion mass-loss model for main-sequence stars and the light induced drift (LID) had to be
developed. Empirical information on the photospheric *He/*He abundance ratios are required
to constrain these theoretical concepts, though.

That is why this thesis’ main goal was the distinction between *He and *He and the determi-
nation of their individual elemental abundances in the atmospheres of a sample of 17 B-type
stars, consisting of two *He BHB, and 15 subdwarf B stars (13 3He sdBs and two He-normal
sdBs) in order to spectroscopically study the *He anomaly. The total analyzed sdB sample
included the eight *He sdB stars found by |Geier et al. (2013a), the rotating sdB star SB 290
as well as the four newly discovered 3He enriched sdB stars, HE 0929-0424, HE 1047-0436,
HE 2156-3927, and HE 2322-0617, taken from the hot subdwarf list of the ESO Supernova
la Progenitor Survey (Lisker et al., 2005)). For the latter ones, the isotopic line shift of the
strongest helium line, Hel, 6678 A, could not be measured, though, since the analyzed UVES
spectra do not cover it. Overall, high-resolution spectra obtained by five different Echelle
spectrographs, including CASPEC, FEROS, FOCES, HRS, and UVES, were used in order to
perform the quantitative spectroscopic analyses in the framework of this thesis.

At first, a quantitative spectral analysis in LTE was performed with SPAS in order to es-
timate atmospheric parameters (effective temperature, T, surface gravity, log(g), helium
abundance, log (y), projected rotation velocity, vsini, as well as radial velocity, v,aq). As
SPAS is limited to four fit parameters only, it is not well-suited for the accurate determination
of both isotopic helium abundances at once, though. Hence, and because of the fact that a
well-determined radial velocity is needed, SPAS’ fitting routine had to be replaced by ISIS in
the framework of the hybrid LTE/NLTE approach (lrrgang et al., 2014)), which was performed
in the second part of this thesis. Synthetic model spectra were calculated using the three
generic codes ATLAS12, DETAIL, and SURFACE in order to further investigate the results
derived from LTE. This approach has only been applied to subdwarf B stars before by Przybilla
et al. (2005) and |Latour et al. (2016). It has not been applied to any BHB star yet. The
main focus was on the *He anomaly, but also metal abundances for C, N, O, Ne, Mg, Al, Si,
S, Ar, and Fe were derived iteratively. LTE model atmospheres computed within ATLAS12
are based on the mean metallicity for hot sdB stars and all model atoms used, including a
lately developed 3He one, were used to calculate non-LTE occupation number densities within
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DETAIL and SURFACE. The whole hybrid LTE/NLTE spectroscopic analysis was carried out
completely within ISIS, which significantly facilitated the investigations as useful functions and
tools as well as several different minimization algorithms could be used. Since ISIS also makes
use of the whole spectrum, all synthesized metal lines were included to accurately determine
radial velocities and correct for them.

Hereafter, the main results of the hybrid LTE/NLTE analysis are summarized in four sections.

Effective Temperatures and Surface Gravities

The effective temperatures and surface gravities of all analyzed hot subdwarf B stars derived
from the hybrid LTE/NLTE analysis match the extreme horizontal branch, even resulting in
lower 1o errors than for LTE. Excessively high effective temperatures (T > 32000 K) for PG
1519+640 and PG1710+490 are measured in hybrid LTE/NLTE, too, although Hell, 4686 A
is not seen at all in the relevant FOCES spectra. This strengthens the hypothesis of poorly
normalized spectra and results in an upper limit of T < 31 000K for both stars. Similar to
LTE results, BD+48° 2721 (T = 22,300 £ 100 K) is the sole exception to the clustering of
all 3He sdB stars in a narrow temperature strip between ~ 26 000K and 30000K, i.e., also
very similar to the results of Geier et al. (2013a). Even the four newly found *He enriched sdB
stars (HE 0929-0424, HE 1047-0436, HE 2156-3927, and HE 2322-0617) lie in this regime.

Isotopic Abundance Ratios

The distinction between *He and “He and the determination of the individual isotopic abun-
dances as well as of the corresponding abundance ratios, 4He/3He, all in all give reasonable
results. Both He-normal comparison stars, HD 4539 and CD-35° 15910, do not show any
3He at all, resulting in an extremely large abundance ratio of *He/3He as expected. All other
investigated *He B-type stars show ratios ranging from ~ 0-7, being consistent with the ob-
served isotopic line shifts. A new classification scheme based on the derived abundance ratio is
proposed. Therefore, a natural boundary of *He/3He ~ 0.5 (number ratio) is set dividing the
3He (with *He/*He < 0.5) from 3He enriched (with *He/3He > 0.5) B-type stars. He-normal
comparison stars, however, are characterized by a significantly high abundance ratio (= 1000
in this analysis for HD 4539 and CD-35° 15910). The detection limit for *He enriched B-type
stars has not been determined, though. All in all, seven 3He B-type stars (PHL 382, SB 290,
EC 03263-6403, EC 03591-3232, EC 14338-1445, Feige 38, and PG 1710+490) and eight *He
enriched B-type stars (PHL 25, EC 12234-2607, BD+48 2721, PG 1519+640, HE 0929-0424,
HE 1047-0436, HE 2156-3927, and HE 2322-0617) have been found. HE 0929-0424, HE
1047-0436, HE 2156-3927, and HE 2322-0617 are identified as *He hot subdwarf B-type stars
because of their isotopic ratio of ~ 1-3, although the analyzed UVES spectra do not include
the helium line with the strongest isotopic shift, Hel, 6678 A. Consequently, concerning the
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determination of 3He and *He as well as of the isotopic abundance ratio, the tip of the iceberg
cannot be reached for the stars from the ESO Supernova la Progenitor Survey.

Evidence for Helium Stratification

For some stars the investigated helium line profiles cannot be properly reproduced. These stars
show evidence for helium stratification, in particular both analyzed BHB stars, PHL 25 and PHL
382, but also three sdB stars (EC 03591-3232, EC 12234-2607, and BD+48° 2721). It is the
first time that helium stratification has been observed in any sdB star. The strongest among the
diffuse Hel lines, at A4026 A and \4472 A, exhibit shallow cores in combination with unusually
broad wings, being a clear sign that the element is not homogeneously distributed throughout
the stellar atmosphere, but instead shows a vertical abundance stratification, meaning that
the (isotopic) helium abundances are low in outer layers, but high in deeper ones. This is
very similar to what has been reported on the main-sequence prototype HgMn star x Cancri
by Maza et al. (2014) and on the BHB star Feige 86 by Bonifacio et al. (1995), respectively.
Moreover, the stratification hypothesis is supported by another observation. The further out
the particular helium absorption line core is formed in the stellar atmosphere, the worse it can
be reproduced by synthetic model spectra, too, particularly applying to 4472 A, \4922 A,
A5016 A, A\5875 A, A6678 A as well as to A\7065A. By implementing a smooth step function
as shown by |Farthmann et al. (1994), setting the helium abundance in the outer atmospheric
layers to a lower level than further in, into the ATLAS code, being responsible for the modeled
atmospheric structure, line cores which are produced in the outer cooler atmospheric layers
are weakened. At the same time, line wings which are produced in the hotter inner layers are
strengthened. Hence, this would account for stratification. In order estimate the limits of both
helium isotopic abundances in the outer and inner stellar atmosphere of the relevant stars, a
step in (isotopic) helium abundance was assumed. Therefore, three fits by eye were performed
individually, including the line core of both helium absorption lines with the strongest isotopic
line shift, Hel, 6678 A and Hel, 4922 A. The third fit by eye was performed in order to
reproduce the line wings of Hel, 4922 A. The isotopic helium abundances overall increase
when going from outer (Hel, 6678 A) to inner (line core and line wings of Hel, 4922 A)
atmospheric layers. While the *He abundance increase is 1.30 dex at most, the change of *He
in the analyzed stars is even more significant, reading 1.80dex at most. A linear correlation
between line forming atmospheric depth and (isotopic) helium abundances therefore might be
possible.

The hybrid LTE/NLTE analysis also shows that SB 290 is the only star having a projected
rotation velocity significantly different from zero (~ 50 kms™!) which is consistent with the
finding of |Geier et al. (2013b) and the fact that most sdBs are known to be slow rotators.
Significant mismatches of the cores of the strongest Hel lines are obvious for SB 290, too,
although less strong than for the other stratified stars. Thus, vertical helium stratification
might also be possible for SB 290. Because of the star’s high rotation velocity and the line
broadening coming along with it, however, larger problems in fitting due to stratification,
as seen for the other stratified stars, might be hidden. The determined projected rotation
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velocity value for PHL 25 (vsini < 6.3kms™!) is at odds with the former one derived from
LTE (vsini ~ 38kms™!). However, high rotations for PHL 25 can be excluded because they
cannot reproduce the observed metal lines at all. The wsin¢ values wrongly derived from
LTE could be explained by helium stratification as well, since helium lines appear broader in
the case of stratified atmospheres. Therefore, a high projected rotation velocity is needed to
reproduce the relevant helium lines. Metal lines are unaffected by stratification and, thus, give
the correct projected rotation velocity value. Hence, PHL 25 does not rotate.

Metal Abundance Pattern of 2He Stars

The derived *He sdB metal abundances all in all match the ones measured by |Geier (2013).
Only small deviations occur. Carbon, nitrogen, and oxygen show similar results compared
to |Geier (2013). The derived neon abundance is hardly comparable to the one of |Geier
(2013)| since only a single Nel line but no Nell lines could be analyzed. While magnesium
does not show any clear trend with temperature, aluminum does as measured by |Geier (2013).
Silicon exhibits no clear trend in the analyzed temperature regime, but scatters similarly strong
compared to |Geier (2013). Sulfur and argon strongly scatter, although the former one not as
much as measured by Geier (2013). In principle, argon increases with effective temperature as
found by Geier (2013), although a larger sample is needed in order to clarify the issue. Last,
the iron abundance more or less stays constant for all temperatures, if stars showing upper
limits only are excluded. This is in good agreement with |Geier (2013), too.

When comparing the observed 3He sdB metal abundances to mean sdB abundances from
Naslim et al. (2013), this results in high abundances for carbon, silicon, sulfur, and argon for
most of the analyzed *He sdBs. Hence, the *He hot sudbwarf B stars belong to the group
of carbon-, silicon-, sulfur-, and argon-rich sdBs. Whereas the observed neon abundance is
actually lower than the mean one for sdBs (only a single Nel line has been investigated,
though), all other elemental abundances, i.e., nitrogen, oxygen, magnesium, aluminum, and
iron only scatter slightly around their respective mean sdB value for most *He sdBs.
Concerning the metal abundances of both analyzed *He enriched BHB stars, PHL 382 shows
the same abundance pattern as the analyzed hot subdwarf B stars and PHL 25 has much
lower nitrogen, oxygen, neon, aluminum, and sulfur abundances. These derived abundances
for PHL 25 are upper limits only, though. The measured carbon, magnesium, silicon, argon,
and iron abundances for PHL 25, however, match the abundance patterns of the analyzed
sdBs reasonably well.

Outlook

This thesis’ results have shown that quantitative spectral analyses of 3He (enriched) B-type
stars are an interesting but at the same time difficult task. Nevertheless, they are indispensable
in order to constrain current diffusion theory models. The detection of helium stratification
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in some of the analyzed *He stars makes the understanding of the atmospheric structure
and of diffusion processes in the stellar atmospheres of these stars even more complicated,
though. Today, only a few tens of B-type stars are classified as *He (enriched) stars and for
some of them excellent high-resolution spectra are available. The hybrid LTE/NLTE approach
presented in this thesis would allow to perform a sophisticated quantitative analysis on them.
This would allow to compare the properties of He stars among BHB, main-sequence and sdB
stars and would gain insights into helium stratification, if detectable.

A quantitative spectral analysis of the stratification profile can be carried out by implementing
a smooth step function into the ATLAS code, which sets the helium abundance in the outer
atmospheric layers to a lower level than further in. By doing so, deeper insights on the
atmospheric structure and on diffusion processes occurring in the stellar atmospheres of the
relevant stratified *He B-type stars are ensured.

On the observational side, infrared spectra would be most useful because the Hel line at
10830 A is known to show the largest isotopic line shift (~ 1.32 A), i.e., more than twice as
large as measured for Hel 6678 A (~ 0.50 A). This wavelength range now becomes accessible,
e.g., by the CARMENES spectrograph at the Calar Alto 3.5 m telescope.
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A. LTE Analysis

A.1. Hydrogen and Helium Line Fits

Sorted by the spectral type, the comparison between best fit model spectrum (red line) and
stellar spectrum (black line) for the hydrogen and helium lines used for the LTE analysis via
SPAS (see chapter of the different sample stars are shown in the following. Generally,
H, = 6565A is excluded for all stars because of strong non-LTE effects going along with
it which cannot be modeled properly in LTE. Also, all helium lines showing strong isotopic
line shifts due to 3He enrichment are not used for the LTE analysis. Since the degree of He
enrichment differs from star to star, the excluded helium lines also vary. Last but not least,
the continuum is defined manually within SPAS in cases where it has obviously not been set
properly at the end of data reduction. Frequently, this is the case for hydrogen Balmer lines
(see chapter for details). For some stars, see for instance the line fits of BD-+48° 2721
in Fig. and [A.1.29] parts of the hydrogen Balmer wings even have to be excluded
from fitting because of wrong normalization. In total, the analyzed sample consists of 13
B-type stars, including two He-normal sdB comparison stars (HD 4539 and CD-35° 15910),
two *He BHB stars (PHL 25 and PHL 382), and nine *He sdB stars. In order to illustrate
the 3He isotopic shifts, all spectra have been radial-velocity (RV)-corrected. The particular
positions of the rest-frame wavelengths of hydrogen (cyan), “He (blue) and *He (green) are
marked by dashed lines. The grid used is based on solar metallicity and consists of model
spectra with 0.01%, 0.1%, 1%, 3% and 9.1% helium abundance, respectively (see chapter
for details). Only hydrogen and helium lines are synthesized. Macroturbulence ( is set to zero
and microturbulence £ is not treated at all for the LTE analysis in SPAS.
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Figure A.1.1.: Hydrogen and helium lines in the CASPEC spectrum of the He-normal compar-

ison star HD 4539 used for the LTE analysis with SPAS - Part 1.
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Figure A.1.2.: Hydrogen and helium lines in the CASPEC spectrum of the He-normal compar-

ison star HD 4539 used for the LTE analysis with SPAS - Part 2.
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Figure A.1.3.: Hydrogen and helium lines in the co-added FEROS spectrum of the He-normal

comparison star CD-35° 15910 used for the LTE analysis with SPAS - Part 1.
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comparison star CD-35° 15910 used for the LTE analysis with SPAS - Part 2.

Figure A.1.4.: Hydrogen and helium lines in the co-added FEROS spectrum of the He-normal
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Figure A.1.5.: Hydrogen and helium lines in the co-added FEROS spectrum of the He-normal

comparison star CD-35° 15910 used for the LTE analysis with SPAS - Part 3.
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Figure A.1.6.: Hydrogen and helium lines in the CASPEC spectrum of the 3He enriched star
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Figure A.1.8.: Hydrogen and helium lines in the co-added HRS spectrum of the *He enriched

star PHL 25 used for the LTE analysis with SPAS - Part 1.
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Figure A.1.9.: Hydrogen and helium lines in the co-added HRS spectrum of the 3He enriched

star PHL 25 used for the LTE analysis with SPAS - Part 2.
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Figure A.1.10.: Hydrogen and helium lines in the co-added HRS spectrum of the *He enriched

star PHL 25 used for the LTE analysis with SPAS - Part 3.
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Figure A.1.11.: Hydrogen and helium lines in the co-added FEROS spectrum of the 3He en-

riched star PHL 382 used for the LTE analysis with SPAS - Part 1.
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Figure A.1.12.: Hydrogen and helium lines in the co-added FEROS spectrum of the 3He en-

riched star PHL 382 used for the LTE analysis with SPAS - Part 2.
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Figure A.1.13.: Hydrogen and helium lines in the co-added CASPEC spectrum of the 3He star

SB 290 used for the LTE analysis with SPAS.
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Figure A.1.14.: Hydrogen and helium lines in the co-added FEROS spectrum of the 3He star
SB 290 used for the LTE analysis with SPAS - Part 1.
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Figure A.1.15.: Hydrogen and helium lines in the co-added FEROS spectrum of the 3He star
SB 290 used for the LTE analysis with SPAS - Part 2.
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Figure A.1.16.: Hydrogen and helium lines in the co-added FEROS spectrum of the 3He star
SB 290 used for the LTE analysis with SPAS - Part 3.
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Figure A.1.17.: Hydrogen and helium lines in the co-added FEROS spectrum of the 3He star

EC 03263-6403 used for the LTE analysis with SPAS - Part 1.
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Figure A.1.18.: Hydrogen and helium lines in the co-added FEROS spectrum of the 3He star
EC 03263-6403 used for the LTE analysis with SPAS - Part 2.
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Figure A.1.19.: Hydrogen and helium lines in the co-added FEROS spectrum of the 3He star
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Figure A.1.21.: Hydrogen and helium lines in the co-added FEROS spectrum of the 3He en-

riched star EC 12234-2607 used for the LTE analysis with SPAS - Part 1.
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Figure A.1.22.: Hydrogen and helium lines in the co-added FEROS spectrum of the 3He en-

riched star EC 12234-2607 used for the LTE analysis with SPAS - Part 2.
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Figure A.1.23.: Hydrogen and helium lines in the co-added FEROS spectrum of the 3He en-
riched star EC 12234-2607 used for the LTE analysis with SPAS - Part 3.
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Figure A.1.25.: Hydrogen and helium lines in the co-added FEROS spectrum of the 3He star

EC 14338-1445 used for the LTE analysis with SPAS - Part 2.
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Figure A.1.26.: Hydrogen and helium lines in the co-added FEROS spectrum of the 3He star

Feige 38 used for the LTE analysis with SPAS - Part 1.
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Figure A.1.27.: Hydrogen and helium lines in the co-added FEROS spectrum of the 3He star

Feige 38 used for the LTE analysis with SPAS - Part 2.
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Figure A.1.28.: Hydrogen and helium lines in the FOCES spectrum of the *He enriched star
BD+48° 2721 used for the LTE analysis with SPAS - Part 1.
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Figure A.1.29.: Hydrogen and helium lines in the FOCES spectrum of the *He enriched star
BD+48° 2721 used for the LTE analysis with SPAS - Part 2.
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PG 15194640 used for the LTE analysis with SPAS - Part 1.

xn|4
Figure A.1.30.: Hydrogen and helium lines in the FOCES spectrum of the *He enriched star
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Figure A.1.31.: Hydrogen and helium lines in the FOCES spectrum of the *He enriched star

PG 15194640 used for the LTE analysis with SPAS - Part 2.
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Figure A.1.32.: Hydrogen and helium lines in the FOCES spectrum of the *He enriched star

PG 17104490 used for the LTE analysis with SPAS.
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B. Hybrid LTE/NLTE Analysis

B.1. Full Spectral Synthesis

Sorted by the spectral type, the comparison between best fit model spectrum (red line) and
stellar spectrum (black line) for the hybrid LTE/NLTE analysis via ISIS (see chapter [11.3)) of
the different sample stars are shown in the following. In total, the analyzed sample consists
of 17 B-type stars, including the two *He BHB stars (PHL 25 and PHL 382), and 15 sdB
stars (13 ®He sdBs and two He-normal comparison stars, HD 4539 and CD-35° 15910). Four
3He sdBs were taken from the hot subdwarf list of the ESO Supernova la Progenitor Survey
(Lisker et al., 2005). In order to illustrate the 3He isotopic shifts, all spectra have been radial-
velocity (RV)-corrected. The calculated model atmospheres are always based on the mean
metallicity for sdBs (see Fig. and table from [Naslim et al. (2013). Therefore,
in addition to hydrogen and helium, metal lines are also synthesized. Macroturbulence ( is
set to zero and microturbulence & is not treated at all for the hybrid LTE/NLTE analysis in
ISIS (see chapter [11] for details). Only the strongest spectral lines which have been used for
the analysis are labeled, but the list of modeled lines is not complete. For instance, several
Ol lines are missing in the model atom for high temperatures. Light colors mark spectral
regions, which have been excluded from fitting because of the presence of features being not
properly included in the synthetic models used. These features can be the shape of absorption
lines that cannot be fitted properly, in particular in the case of stars showing strong helium
stratification like PHL 25 (see chapter for further information), cosmics, normalization
problems, interstellar, telluric or missing model lines, hot pixels, reduction artifacts, noise
or non-overlapping diffraction orders at the end of the individual spectrum. The residuals,
denoted as Y, are overall artificially constrained between values of +2 and -2. Additionally,
strong deviations between best fit model spectrum and star spectrum are weighted less heavily
- to be more precise - they are equally weighted. The residuals are artificially set to -1 and +1
in these regions, respectively. Consequently, the plotted residuals cannot be used to simply
determine the badly fitted spectral ranges or lines. However, by using these artificially set
residuals, a reduced x? of x%, ~ 1 is ensured. For the sake of clarity, regions that have been
excluded from fitting exhibit residuals with y <-2 and x > +2, too.
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Figure B.1.9.: Fitted CASPEC spectrum of the *He enriched star PHL 25 using the hybrid LTE/NLTE analysis with ISIS - Part 2.
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Figure B.1.13.: Fitted HRS spectrum of the 3He enriched star PHL 25 using the hybrid LTE/NLTE analysis with ISIS - Part 3.

212



B.1. Full Spectral Synthesis

v Med - SIS| yum siskleue 31IN/I LT PHGAY ay3 Suisn Gz THd JeIs paYdLIUD SFf, Y3 JO Wnidads SYH PaIY pT'T'g 24nSi4

v
090L 0oL 020L 0004 0869 0969 0¥69 0769 0069 0889 0989
T T T T T T T T T

i
!

ST

Al A Ll bl d Dn o b ol ik,
N L) (AL AL

AY

kAt

T
[1oHE
19Hp

Iy —

TH-

XNJj PIZIfeuLIoN

213

XN pazIfeurioN



B. Hybrid LTE/NLTE Analysis

'T Hed - SIS| yum siskjeue 31 IN/J 17 PUqgAY ay1 Suisn 8¢ THJ Jels 9, Y3 Jo wniads SOYIH Pa1d4 1GT'T'g N34

v

09%¥

08+

00s¥

02

(U554

095+

08s¥

009%

029%

0¥9¥

0999

0899

00LP

0Ly

OvLy

Normalized flux

e £ &
=

-

ﬁ, o - WWWWWMW

|
|
%

-
(AAESRERSSRERERREREP IR EREN

I
5}
TT

—ArnT|

<N
“Fem -
—Alm

-Su

—Alm |
SNun

—Aru
Su

‘N_u
Sim

—=Sim

=Sim

—Aru—

—Aru o

]Nn B
—Aru
-Nun

-
i

=Nn 7
—Aru

-0n |
“Nu

-On |

=Nu

(8214

00€y

091%

081

00Zy

(1444

[Ug44

092y

082y

0zey

(U434

09¢€y

08V

00¥¥

(11444

(424

214

Normalized flux X Normalized flux
& e e = . e e e I
n B = %® —- S & IS = o - )
RREImm T T 7 T T e e e B A
=Su
@
£ - xL - -
7;?;" i =Sin
7Fem
S 74AH3'
T 4He 1| r b 7 T4
7Nn ] J
4 !
= .
1 #-Fem é‘o' L . | |
Nu S
—+ —Su o r . B (?_ll"[eli
;
7Nu
w
£ 3 - oL - -
S
S
—Arn
~Su I e
T e | M T Nu |
< Fe S \
[\Arllill \g_ll['
< i
+ AP L | ?ﬁ“i'f
érn
Su
—Nu Al
1 ~Fem_] g § Slrlnf
FNu g 4He1
FArn
=Fem
—Sm F
~Aru i-Ne“m
w
£ - ° -
-3
S
—4H
*éru et
1
T I3 Su 7 —Hi 7
—=TArn w
— Sn - 2 -
£ ~Arn =
<
T il *érn il
<-Su NS
:—Fem NS N
-Su
T $-Arn| > S
3 z 3
Fem —Fem
1 ] i 4He 1|
JArn
3 S
£ - S -
> *g‘le_[m
J4Her
\Fem
1 B 3 Nu
ZAru : igﬁﬁ}
= 1Su
IS 3 Arn
£+ —H1 i ge"m
4 =2 YArn
Fem
1 7Aru i N i
‘ T W
N =Nn
£ - g -
—Arn S P
—Fem E
+ Arn 4 -Oun 1
Fem 8‘;[“
]Aru N ﬁru
- 1
- = 2 Sin
—Fem < gn
= — ru
e o
1 iHe em
N
= \Nrg i Arn
= —Fem
&
: FArn 5 —Hi
2 70u
= -
= —Fem— 5 -On |
s 7Aru 8 {i‘?le'lie"l
= N NMArn
—Nun Sin
T {Arn T 7 T
< \ﬁcm —Arn
11
%M"" = 7Fe il
- 4He r| I~ .
]Nn < 7311
J4Her
N\Su
= 10| 1 1 1 L




B.1. Full Spectral Synthesis

19)
g : = ng—
t z f
[ mis— ; £ % ,g L g: L ong= £ -
w) w
[ IIS[ T b [ T b
N~
nIy
1l < . <
ﬂaﬂf‘éi T+ E 4§ Lo 8t + =
19Hp w v
ng
1 Rt
ng
r uﬁliL —+ B F -+ B
- ng—
”N£ 1 18 L = L 1 _
z @
IN-
ng- %
IN—
< I3
L 1 = |® L * L 4 -
"F 5 =
= may o
Hay— majg—
my- % ns—
L 1 8 L e L 1 _
o aQ
3 -+ w
L
- maj— - =
- = 5§ S =
-+ w L
niy— %
L 3 4 i L 4 i
ng
X
(112N = s
[ HY £ . ,g [ Q [ £ -
ng— = n
] ng—
L 4 i L ng— 1 i
ny— 3 =
L = 8= | ns- g4 L 1 =
1 §% 83 =
1t
”ﬁl i may— N =
rnry— T = r T : b
ng— ng— =
< I =
Lnay— —+ 7§ - E - -+ = 4
ng— :E
B T 7 [IRLEX B T = 7
nig= =
L H- | = 8 L = L 1 =
= majg— ' :
T ng— =
L 4 . 4 £ = 4
- X =
nry "3\
ng =
| 1 1 7IIJV¥ g | | = |
® - =
- n
[ miS— T 7 I og- ng[ T = 7
< = =
s +E§ - s + =
3 <+ n =
ng— = —
,“!27 maj— =
HIy— &— =
IN- % ns—
L 1 g L g | 18— i B
& -
<+ n
= =
IN- 2 mag—
8 g =
= uN- ¥ —+ 8 = ] = - = 7
majg— =
ny— = mag. =
3 I nay— 2 =
L 4 e L S L 4 -
1 S z E
ng= =
I T I B (i TRV T (I
! - ® ] T v S W = Q g 0 0
- = s S - f 2
X

XN PIZI[EULION

XN PIZI[EULION

215

XNJJ PIZI[EULION

5640

5620

5600

5580

5560

5540

5520

5500

5480

5460

5440

5420

5400

5380

5360

A(A)

Fitted FEROS spectrum of the *He star PHL 382 using the hybrid LTE/NLTE analys

ith ISIS - Part 2.

IS W

Figure B.1.16.



B. Hybrid LTE/NLTE Analysis

S

FooL . o LT ¢ - = = . = i3 T
115 w7z z z = z = Bz =1 = O £z z g
E M~ M~ | | | | | | | et N 11 | |
« E 1
5 1R b m et o o s P PRV W T PR e, " PRPETRR VTRV SETRUTI prar %%é%}g \
2 1P b vt ottt s oo A ol o < +f Vb r %%
2 F ! 1
S o9t E
NS E
Eosf =
M = 1
0.7 E
0.65 E
£ | . | . | . | . | . | . | . | . | . | . | . | . | . | . | B
55 T f T f T f T f T f T f T f T f T f T f T f T f T f 1 f 1 =
. ﬁ

1 1
5660 5680 mqoo mqwo uﬂs uqao uqmo mwco mwnc mwac mwmc mmmo mcoo mcno mfo

A(A)
F T T . T , — , ]
106 ﬂ,m c,uu g w % A,nr q,uv ]
» 1041 -
= |
=
= 1.02
K]
1 pf
m I
5 0.98 H
| | | | | | | | | | | | | | | | | | | | |
T T T T T T T T T T T T T T T T T T T T T

1 1 1
6040 6060 6080 6100 6120 6140 6160 6180 6200 6220 mnao

A(A)
r T ——— T T T —
1L1- = = = > oo= = by = 3 o0 —
r 7 @ 7 z =3 7] Z Z Z = 7
r | | | | I~ | | | | [
. ]
] ]
E 1 biwdsheitdon ]
T | Wit e i
e ]
Eo09L 4
s ]
Z r ]
0.8 ]
L | . | . | . | . | . | . | . | . | . | . | . | . . | . | 1
sF i f i f 1 f i f i f i f i f i f i f i f i f i f f i f i E

z
i
:
$

| | | | | | | | | |
6260 6280 6300 6320 6340 6360 6380 6400 6420 6440 6460 6480 6500 6520 6540
A(A)

Figure B.1.17.: Fitted FEROS spectrum of the 3He star PHL 382 using the hybrid LTE/NLTE analysis with ISIS - Part 3.
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Figure B.1.19.: Fitted CASPEC spectrum of the *He star SB 290 using the hybrid LTE/NLTE analysis with ISIS - Part 1.
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Figure B.1.21.: Fitted CASPEC spectrum of the *He star SB 290 using the hybrid LTE/NLTE analysis with ISIS - Part 3.
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Figure B.1.22.: Fitted FEROS spectrum of the *He star SB 290 using the hybrid LTE/NLTE analysis with ISIS - Part 1.
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Figure B.1.23.: Fitted FEROS spectrum of the 3He star SB 290 using the hybrid LTE/NLTE analysis with ISIS - Part 2.
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Figure B.1.25.: Fitted FEROS spectrum of the 3He star SB 290 using the hybrid LTE/NLTE analysis with ISIS - Part 4.
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Figure B.1.26.: Fitted FEROS spectrum of the *He star EC 03263-6403 using the hybrid LTE/NLTE analysis with ISIS - Part 1.
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Figure B.1.29.: Fitted FEROS spectrum of the *He star EC 03263-6403 using the hybrid LTE/NLTE analysis with ISIS - Part 4.
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Figure B.1.30.: Fitted FEROS spectrum of the *He star EC 03591-3232 using the hybrid LTE/NLTE analysis with ISIS - Part 1.
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Figure B.1.33.: Fitted FEROS spectrum of the *He star EC 03591-3232 using the hybrid LTE/NLTE analysis with ISIS - Part 4.
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Figure B.1.38.: Fitted FEROS spectrum of the *He star EC 14338-1445 using the hybrid LTE/NLTE analysis with ISIS - Part 1.
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Figure B.1.41.: Fitted FEROS spectrum of the *He star EC 14338-1445 using the hybrid LTE/NLTE analysis with ISIS - Part 4.
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Figure B.1.42.: Fitted FEROS spectrum of the *He star Feige 38 using the hybrid LTE/NLTE analysis with ISIS - Part 1.
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Figure B.1.43.: Fitted FEROS spectrum of the *He star Feige 38 using the hybrid LTE/NLTE analysis with ISIS - Part 2.
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Figure B.1.45.: Fitted FEROS spectrum of the *He star Feige 38 using the hybrid LTE/NLTE analysis with ISIS - Part 4.
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Figure B.1.46.: Fitted FOCES spectrum of the 3He enriched star BD+48° 2721 using the hybrid LTE/NLTE analysis with ISIS -
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Figure B.1.54.: Fitted FOCES spectrum of the 3He star PG 1710+490 using the hybrid LTE/NLTE analysis with ISIS - Part 1.
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Figure B.1.57.: Fitted FOCES spectrum of the 3He star PG 1710+490 using the hybrid LTE/NLTE analysis with ISIS - Part 4.
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Figure B.1.62.: Fitted UVES spectrum of the *He enriched star HE 1047-0436 using the hybrid LTE/NLTE analysis with ISIS -
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B.1. Full Spectral Synthesis
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Figure B.1.66.: Fitted UVES spectrum of the 3He enriched star HE 2156-3927 using the hybrid LTE/NLTE analysis with ISIS -
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Figure B.1.71.: Fitted UVES spectrum of the *He enriched star HE 2322-0617 using the hybrid LTE/NLTE analysis with ISIS -
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B. Hybrid LTE/NLTE Analysis
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Figure B.1.73.: Fitted UVES spectrum of the *He enriched star HE 2322-0617 using the hybrid LTE/NLTE analysis with ISIS -
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