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“Treasure the experience. Dreams fade away after you wake up.”
Hitoha Miyamizu in Kimi no Na wa

“I was rushing desperately, trying to reach the light. When | thought I did, |
reached a dead end instead. Then, | decided | wanted to enter that light. And at
the edge of it, | found you.”

Hodaka Morishima in Tenki no Ko

Elizabeth: “See? Not stars. They're doors.” Booker DeWitt: “Doors to...?"

Elizabeth: “To everywhere.”
Elizabeth and Booker DeW/itt in BioShock Infinite



The following text is extracted from Episode Three - “Hell Is Empty” of the video game
Life Is Strange: Before the Storm

Rachel Dawn Amber (R. D. A.): “I've always loved stars.”

Chloe Elizabeth Price (C. E. P.): “Why?”

R. D. A.: “They remind us that there’s so much beauty out there, which we almost never
see.”

C. E. P.: “Because we're blinded by what's in front of us.”

R. D. A.: “Exactly.” “But then | learned the truth. The stars we're seeing have already been
dead for millions of years. They're all... lies.”

C. E. P.: “But that doesn’'t make them any less beautiful, right?”

R. D. A.: “I don't know. If they're not even real, then what's the point?” “It's all lies. Every-
thing. My entire life. My dad. My mom. If | can even call her that anymore. And that other
woman. My real mom. She's the biggest lie of all. | can’t trust any of them. | think you're the
only one in the world | can trust.”

C. E. P.: “I'don’t know. | bet there’s, like, one other chick in Australia who's super trustwor-
thy.”

R. D. A.: “No chance. You're one in a hundred infinities, Chloe Price.” “I wore this bracelet
my entire life. | never even asked why, never even thought about it. Somehow, I think | always
knew. Even when | didn't know. That my real mother was gone.” “The fact that she's here
right now. That she came here. For me. | think | need to see her. Is that wrong?”

C. E. P.: “Of course not. But it — it might be tough to track her down.”

R. D. A.: “Yeah. That's true. Luckily, I've got my secret weapon.” “But what if we can't find
her? It's not like | can ask my dad. | have no idea where to start.”

C. E. P.: “I think | know what to do. I'll call Frank and get him to connect us to her.”

R. D. A.: “You'd do that?”

C. E. P.: “I'll give it a shot.”

R. D. A.: “Of course, even if we know where she is, we'd need a way to get to her. | can't just
ask my parents for a ride.”

C. E. P.: “Don’t worry. I've got that one covered too.”

R. D. A.: “You do?”

E. P.: “Yup. In fact, anything you could come up with, I'll handle it.”

. D. A.: I know you will. But even if we find her... how will | talk to her? What do | say?”
. E. P.: “After my dad died, | was worried | wouldn’t know how to talk to him anymore. But
somehow, when we speak, | always know what to say.”

R. D. A.: “When you speak?”

C. E. P.: “In my dreams. He's there, and it's so real. It's almost like it's another part of my
life. It used to be the only part that mattered.” “I've never told anyone about that. Weird,
huh?” “Uh... Rachel?”

R. D. A.: “I was just thinking. Maybe | was wrong before. Who cares if the stars are dead? As
long as we can still see them, that means they're real...to us. Right?”

C. E. P.: “Right.”



Abstract

Hot subdwarf stars of spectral types O and B (sdOs/sdBs) are located on and beyond the
very hot end of the horizontal branch in the Hertzsprung-Russell diagram. They are highly
evolved (post-)extreme horizontal branch ((post-)EHB) objects that are generally believed to
be in the core helium-burning phase or beyond. Since the (post-)EHB covers a wide range
of objects of different subtypes showing a variety of different properties, sdOs/sdBs can be
considered a stellar zoo. These rather compact objects with radii of ~0.10-0.30 solar radii
have stellar masses of about half a solar mass and exhibit hydrogen envelopes that typically
make up less than 1% of the total mass. Such thin envelopes cannot be reached during a
canonical stellar evolution on the red giant branch involving a core helium flash. In the past,
several evolutionary links between the subtypes of sdOs/sdBs and other classes of stars have
been proposed. However, various investigations are lacking to fully resolve the question on
how these remarkable objects form.

To this end, the present work entitled “Fundamental Analysis of Hot Subdwarf Stars in the
Gaia Era” presents an in-depth fundamental stellar analysis of a carefully chosen set of 63
known and candidate sdOs/sdBs that represents all relevant subtypes. The sample covers the
full range of atmospheric parameters (effective temperature T, surface gravity logg, and
helium abundance log n(He)) of single and binary stars, pulsating and non-pulsating objects,
and stars with particularly peculiar abundance anomalies, including *He enrichment.

Precise and accurate atmospheric parameters are prerequisites in order to understand the na-
ture and the evolution of the various subtypes of hot subdwarf stars. The first part of this
work therefore focuses on in-depth spectroscopic analyses, making use of observed spectra
of excellent quality in terms of signal-to-noise, spectral resolution, and wavelength coverage
as well as of sophisticated model atmospheres and analysis strategies. A sample of 17 stars
with optimum data quality (spectra taken with the XSHOOTER spectrograph at the ESO
VLT) serves as a reference. In terms of model atmospheres, three sets are used in order to
study the impact of different effects in great detail, including departures from local thermody-
namic equilibrium (LTE) and metal line-blanketing. Classical metal line-blanketed LTE models
(Heber et al., 2000) are compared to non-LTE (NLTE) model atmospheres with limited metal
line-blanketing as well as to hybrid models that allow to treat NLTE effects and extensive
metal line-blanketing. In terms of analysis strategies, two different methods are compared:
the classical approach of analyzing preselected suitable spectral lines versus a global approach
where the whole spectrum is fitted at once and only obvious outliers are excluded.

For the very first time, precise parallax measurements of the Gaia satellite allow to reliably
convert atmospheric parameters into fundamental ones (radius R, luminosity L, and mass
M). In order to do so, however, knowledge of the stellar angular diameter is required, which
can be retrieved from spectral energy distribution (SED) fitting to appropriate photometric



data. Hence, the second part of this work deals with the construction and the analysis of
SEDs as well as with the subsequent derivation of the fundamental stellar parameters. In this
way, a consistent comparison to the predictions of the theoretical evolutionary models for hot
subdwarf stars is ensured.

The results of the present work show that the optimum effective temperature regime for the
LTE models is between ~ 25000 K and ~ 32000 K. For lower and in particular higher temper-
atures, NLTE effects prevail. On average, the hybrid models result in higher surface gravities
compared to LTE (by ~0.05 to ~0.10dex), but at the same time the corresponding helium
abundances are lower. This is explained by the anti-correlation between log (g) and log n(He).
Compared to LTE, the NLTE models yield significantly higher effective temperature values
(up to ~1700K) for the hotter stars, which can mainly be explained by the backwarming
effect due to the limited metal line-blanketing of the NLTE models. The same applies to the
comparison between the hybrid and the NLTE models for which differences of up to ~ 2000 K
are measured for individual program stars. Interestingly, the hybrid models also result, on
average, in higher surface gravities (by ~0.08 to ~ 0.15dex) compared to the NLTE models.
Therefore, it is highly likely that metal line-blanketing also plays an essential role here. For
the effective temperature regime of 20 000 K < Ter < 40000 K, the hybrid models can be con-
sidered the new standard because these models yield consistent results, regardless of whether
the selective or the global analysis approach is used.

Additionally, regression curves are determined, allowing to update published atmospheric pa-
rameters without having to actually perform the respective spectroscopic analyses based on
the new hybrid LTE/NLTE approach.

In literature, the hydrogen Paschen series has very rarely been used as a diagnostic tool for
hot subdwarf stars. Instead, the Balmer series is often used. The tests performed in this work
show that both series deliver consistent results. This is very promising because many of the
current and future spectrographs are configured for the near-infrared wavelength regime with
the Paschen series.

Building on these investigations, the hybrid models are primarily used to evaluate the spectra
of the sample quantitatively. It turns out that two thirds (~ 67 %) of all program stars belong
to the group of hydrogen-rich hot subdwarfs, whereas their (intermediate) helium-rich siblings
make up ~ 17 %. The majority of the program stars (~ 62 %) are indeed core helium-burning
objects that are located on the EHB. Another ~ 17 % are more evolved post-EHB objects for
which core helium burning has already ended. The nature of two stars remains unclear. One
object (GALEX J080510.9-105834) is confirmed to be a progenitor of an extremely low-mass
helium-core white dwarf (pre-ELM), whereas for two other stars (Feige 36 and BD+42° 3250)
a pre-ELM nature seems highly likely. Two more objects may be pre-ELMs, too, and one star
could also be a post-asymptotic giant branch (post-AGB) object. Most of the observed SEDs
are matched with single model atmospheres, but four targets show clear infrared excesses in-
dicating the presence of a cool companion. Three of these spectroscopic binaries (SB 290,
Feige 36, and EC 01541-1409) are new discoveries.

The isotopic abundance anomaly of helium is also investigated. For the analyzed *He hydrogen-
rich sdB program stars, it is found to be restricted to a narrow temperature strip between
~26000K and ~30000K. Strikingly, about half of the analyzed *He program stars show
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anomalous helium line profiles. The unusually broad wings and shallow cores of the spectral
lines of the relevant stars indicate that the total helium abundance decreases with decreasing
depth of the atmosphere by up to a factor of ~ 9.0, leading to an abundance stratification.
The next analysis step comprises the determination of the metal abundances. For this, almost
all lines detected in the optical and near-infrared wavelength regime of the analyzed high and
medium-resolution spectra are used. The abundances of the chemical elements C, N, O, Ne,
Mg, Al, Si, S, Ar, and Fe are analyzed in NLTE. In addition, P, Ca, Ti, Sr, and Zr lines are found
for some program stars of the XSHOOTER reference sample and are analyzed in LTE. In con-
sequence, the metal abundance study presented in this work represents a major improvement
over published results. The analyses of the sharp metal line profiles also allow to accurately
determine the projected rotational velocities. As expected, most of the program stars turn
out to be slow rotators. However, eleven stars show significant rotation, including three new
discoveries. The exceptionally high projected rotational velocity (vsini = 142.017  kms™)
of GALEX J203913.4+201309 is truly remarkable given the fact that faster rotation has only
been reported for hot subdwarf stars that have filled their Roche lobes and started mass trans-
fer onto a white dwarf companion.

Last but not least, the radii, the luminosities, and the masses of the sample stars are deter-
mined. The radius distribution (0.10-0.30 R,) determined for the hydrogen-rich hot subdwarf
program stars is consistent with predictions of canonical evolutionary models, but is of bimodal
shape, showing two well-defined peaks at Ry = 0.138 R and Ry = 0.205 R,. The same ap-
plies to the corresponding luminosity distribution (with abscissa log /L), which peaks at
Ly = 1.291 and Ly = 2.090, respectively. The mass distribution is also largely consistent with
the predictions of the canonical models and can be described by a single Gaussian peaking
at M, = 0.465 M. Regarding suggested evolutionary scenarios, this implies that the close
binaries in the sample may have resulted from envelope stripping by the companion at the end
of the red giant branch. For the single hydrogen-rich hot subdwarf program stars, however,
internal mixing seems to be more likely than the competing scenario of the merger of two
helium-core white dwarfs, although the latter could in principle explain the observed high-mass
outliers. Some outliers at the low-mass end of the mass distribution are rather difficult to
reconcile with any of the formation channels of hot subdwarf stars known today.

This work represents a milestone for future studies of hot subdwarf stars by quantifying the
systematic uncertainties of the three atmospheric parameters T, log (g), and log n(He). To-
gether with the more precise trigonometric parallaxes from future data releases of the Gaia
mission, this will allow to reliably determine the fundamental stellar parameters of thousands
of hot subdwarf stars. The corresponding radius, luminosity, and mass distribution will lead
to stringent tests of the theoretical evolutionary scenarios.
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Zusammenfassung

Im Hertzsprung-Russell-Diagramm liegen die heiBen Unterzwerge der Spektraltypen O und B
(sdOs/sdBs = hot subdwarf stars of spectral types O and B) auf und jenseits des sehr heiBen
Endes des Horizontalastes. Sie sind weit entwickelte Objekte des (post-)extremen Horizontalas-
tes ((post-)EHB = (post-)extreme horizontal branch), von denen allgemein angenommen wird,
dass sie sich in der Phase des Kern-Heliumbrennens oder sogar darliber hinaus befinden. Die
vielfaltigen Eigenschaften der verschiedenen Untertypen von sdOs/sdBs machen diese Spek-
tralklassen zu einem stellaren Zoo. Die Masse dieser recht kompakten Objekte mit Radien von
~0,10-0,30 Sonnenradien betragt etwa eine halbe Sonnenmasse, wahrend die ihrer Wasser-
stoffhiillen sehr gering ist, typischerweise weniger als 1 % der Gesamtmasse. Solch diinne Hiillen
konnen im Rahmen der kanonischen Entwicklung des Vorgangersterns auf dem Roten Riesen-
ast nicht erreicht werden. In der Vergangenheit wurden mehrere evolutionare Zusammenhange
zwischen den Unterarten von sdOs/sdBs und anderen Sternenklassen vorgeschlagen. Wie diese
bemerkenswerten Objekte entstehen, ist aber immer noch in vielen Details unverstanden.

Zu diesem Zweck prasentiert die vorliegende Arbeit mit dem Titel ,, Fundamentale Analyse hei-
Ber Unterzwerge in der Gaia Ara“ eine eingehende fundamentale stellare Analyse eines sorgfiltig
ausgewahlten Satzes von 63 bekannten und potenziellen sdOs/sdBs, der alle relevanten Un-
terarten reprasentiert. Die Stichprobe deckt den gesamten Bereich atmospharischer Parameter
(Effektivtemperatur T, Schwerebeschleunigung log g und Heliumhaufigkeit logn(He)) von
Einzel- und Doppelsternen, von pulsierenden und nicht-pulsierenden Objekten sowie von Ster-
nen mit besonders auffilligen Haufigkeitsanomalien (unter anderem 3He-Anreicherung) ab.
Um die Natur und die Entwicklung der verschiedenen Unterarten heiBer Unterzwerge zu ver-
stehen, sind prazise und genaue atmosphéarische Parameter notwendig. Der erste Teil dieser
Arbeit konzentriert sich daher auf detaillierte spektroskopische Analysen, wobei beobachtete
Spektren von hervorragender Qualitat (Signal-zu-Rausch-Verhaltnis, spektrale Auflésung und
Wellenlangenabdeckung) sowie ausgefeilte Modellatmospharen und Analysestrategien verwen-
det werden. Als Referenz dient eine Stichprobe von 17 Sternen mit optimaler Datenqualitat
(Spektren aufgenommen mit dem XSHOOTER-Spektrographen am ESO VLT). Hinsichtlich
der Modellatmosphéaren werden drei Sets verwendet, um den Einfluss verschiedener Effekte im
Detail zu untersuchen, darunter Abweichungen vom lokalen thermodynamischen Gleichgewicht
(LTE = local thermodynamic equilibrium) und das sogenannte “Metalllinien-Blanketing”. Klas-
sische LTE-Modelle mit Metalllinien-Blanketing (Heber et al., 2000) werden mit Nicht-LTE-
Modellatmospharen (NLTE-Modellatmosphéaren) mit geringem Metalllinien-Blanketing vergli-
chen. Obendrein kommen Hybridmodelle zum Einsatz, die es ermoglichen, NLTE-Effekte und
umfangreiches Metalllinien-Blanketing zu behandeln. Zwei Analysestrategien werden vergli-
chen: der klassische Ansatz der Analyse vorselektierter geeigneter Spektrallinien gegeniiber
einem globalen Ansatz, bei dem das gesamte Spektrum auf einmal gefittet wird und nur of-



fensichtliche AusreiBer ausgeschlossen werden.

Prazise Parallaxenmessungen des Gaia-Satelliten ermoglichen es erstmals, atmospharische Pa-
rameter zuverlassig in fundamentale Parameter (Radius R, Leuchtkraft L und Masse M)
umzurechnen. Dazu ist jedoch die Kenntnis des stellaren Winkeldurchmessers erforderlich, der
aus der Anpassung der spektralen Energieverteilung (SED = spectral energy distribution) an
geeignete photometrische Daten gewonnen werden kann. Daher beschaftigt sich der zweite
Teil dieser Arbeit mit der Konstruktion und der Analyse von SEDs sowie mit der anschlieBen-
den Bestimmung der fundamentalen stellaren Parameter. Auf diese Weise wird ein konsistenter
Vergleich mit den Vorhersagen der theoretischen Evolutionsmodelle fiir heiBe Unterzwerge er-
moglicht.

Die Ergebnisse der vorliegenden Arbeit zeigen, dass der optimale Effektivtemperaturbereich
fir die LTE-Modelle zwischen ~25000K und ~32000K liegt. Bei niedrigeren und ins-
besondere bei héheren Temperaturen iberwiegen NLTE-Effekte. Verglichen mit den LTE-
Modellen liefern die Hybridmodelle durchschnittlich héhere Schwerebeschleunigungen (von
~ 0,05 bis ~0,10dex), gleichzeitig sind die zugehdrigen Heliumhaufigkeiten jedoch geringer.
Dies wird durch die Antikorrelation zwischen log (g) und logn(He) erklart. Im Vergleich zu
den LTE-Modellen liefern die NLTE-Modelle deutlich héhere Effektivtemperaturwerte (von bis
zu ~ 1700 K) am heiBen Ende, was hauptsachlich auf den sogenannten “Backwarming-Effekt”
durch das geringere Metalllinien-Blanketing der NLTE-Modelle zuriickzufiihren ist. Gleiches
gilt fir den Vergleich zwischen den Hybrid- und den NLTE-Modellen, bei dem fiir einzelne
Programmsterne Unterschiede von bis zu ~ 2000 K gemessen werden. Interessanterweise er-
geben die Hybridmodelle gegeniiber den NLTE-Modellen auch durchschnittlich héhere Schwe-
rebeschleunigungen (von ~ 0,08 bis ~ 0,15 dex). Daher ist es sehr wahrscheinlich, dass auch
hier das Metalllinien-Blanketing eine wesentliche Rolle spielt. Fiir den Effektivtemperaturbe-
reich von 20000 K < T S40000K setzen die Hybridmodelle den neuen Standard, da diese
Modelle konsistente Ergebnisse liefern, und zwar unabhangig davon, ob der selektive oder der
globale Analyseansatz verwendet wird.

Bereits veroffentlichte atmospharische Parameter lassen sich durch hier bestimmte Regressi-
onskurven aktualisieren, ohne die entsprechenden spektroskopischen Analysen tatsachlich mit
dem neuen hybriden LTE/NLTE-Ansatz wiederholen zu miissen.

In der Literatur wurde die Paschen-Serie des Wasserstoffs bisher kaum als diagnostisches Werk-
zeug fir heiBe Unterzwerge eingesetzt. Stattdessen wird haufig die Balmer-Serie genutzt. Die
in dieser Arbeit durchgefiihrten Tests zeigen, dass beide Serien konsistente Ergebnisse liefern.
Dies ist sehr vielversprechend, da viele der aktuellen und zukiinftigen Spektrographen fiir den
nahen Infrarot-Wellenlangenbereich mit der Paschen-Serie konfiguriert sind.

Aufbauend auf diesen Untersuchungen werden vorwiegend die hybriden Modelle genutzt, um
die Spektren der Stichprobe quantitativ auszuwerten. Dabei ergibt sich, dass zwei Drittel
(~67%) aller Programmsterne zur Gruppe der wasserstoffreichen heiBen Unterzwerge geho-
ren, wohingegen ihre (mittleren) heliumreichen Geschwister ~ 17 % ausmachen. Die Mehrheit
der Programmsterne (~ 62 %) befindet sich tatsachlich in der Phase des Kern-Heliumbrennens
auf dem EHB. Weitere ~ 17 % sind weiterentwickelte Post-EHB-Objekte, bei denen das Kern-
Heliumbrennen bereits beendet ist. Die Natur zweier Sterne bleibt unklar. Ein Objekt (GALEX
J080510.9-105834) kann als Vorlaufer eines extrem massearmen WeiBen Zwerges mit Heli-



umkern (pre-ELM = progenitor of an extremely low-mass helium-core white dwarf) bestatigt
werden, wahrend fiir zwei andere Sterne (Feige 36 und BD+42° 3250) eine pre-ELM-Natur
sehr wahrscheinlich scheint. Zwei weitere Objekte konnten ebenfalls pre-ELMs sein und bei
einem einzigen Stern konnte es sich auch um ein Objekt des post-asymptotischen Riesenastes
(post-AGB = post-asymptotic giant branch) handeln. Die meisten der beobachteten SEDs
decken sich mit Einzelmodellatmosphiren, wahrend vier Ziele deutliche Uberschiisse im In-
frarotbereich zeigen, verursacht durch einen kiihlen Begleiter. Drei dieser spektroskopischen
Doppelsterne (SB 290, Feige 36 und EC 01541-1409) sind Neuentdeckungen.

Weiterhin wird die Isotopenanomalie des Heliums untersucht. Fiir die analysierten wasserstoff-
reichen 3He-sdB-Programmsterne erweist sie sich auf einen engen Temperaturstreifen zwischen
~26 000K und ~30000K beschrankt. Auffalligerweise zeigt etwa die Halfte der analysierten
3He-Programmsterne anomale Heliumlinienprofile. Die ungewdhnlich breiten Fliigel und flachen
Kerne der Spektrallinien der betreffenden Sterne deuten darauf hin, dass die Gesamtheliumhau-
figkeit mit abnehmender Tiefe der Atmosphare um bis zu einem Faktor von ~ 9,0 abnimmt,
was zu einer Haufigkeitsstratifikation fiihrt.

Im nachsten Analyseschritt werden die Haufigkeiten der Metalle bestimmt. Dazu werden na-
hezu alle Linien, die im optischen und nahen Infrarot-Wellenlangenbereich der analysierten
hoch- und mittelaufgelosten Spektren detektiert werden, herangezogen. Die Haufigkeiten der
chemischen Elemente C, N, O, Ne, Mg, Al, Si, S, Ar und Fe werden in NLTE bestimmt.
Dariiber hinaus werden fiir einige Programmsterne der XSHOOTER-Referenzprobe P-, Ca-,
Ti-, Sr- und Zr-Linien gefunden, die in LTE analysiert werden. Die aus der Metallanalyse re-
sultierenden Ergebnisse sind demzufolge wesentlich genauer als bisher veroffentlichte. Da die
Profile der Metalllinien sehr schmal sind, lassen sich damit auch die projizierten Rotationsge-
schwindigkeiten sehr genau bestimmen. Wie erwartet, entpuppen sich die meisten Programm-
sterne als langsame Rotatoren. EIf Sterne zeigen jedoch eine signifikante Rotation, darunter
auch drei Neuentdeckungen. Die auBergewohnlich hohe projizierte Rotationsgeschwindigkeit
(vsini = 142,():“%30 kms™) von GALEX J203913.4+201309 ist besonders bemerkenswert
angesichts der Tatsache, dass eine schnellere Rotation nur fiir heiBe Unterzwerge berichtet
wurde, die ihre “Roche Lobes” gefiillt und mit dem Massentransfer auf einen WeiBen-Zwerg-
Begleiter begonnen haben.

AbschlieBend werden die Radien, die Leuchtkrafte und die Massen der Sterne der Stichprobe be-
stimmt. Die Radiusverteilung (0,10-0,30 R,), die firr die wasserstoffreichen heiBen Unterzwerg-
Programmsterne bestimmt wird, stimmt mit Vorhersagen kanonischer Entwicklungsmodelle
iberein, ist aber von bimodaler Form mit zwei wohldefinierten Maxima bei R, = 0,138 R,
und Ry = 0,205 Ry. Gleiches gilt fir die zugehodrige Leuchtkraftverteilung (mit Abszisse
log L/Lg), die bei Ly = 1,291 bzw. Ly = 2,090 ihre Maxima erreicht. Die Massenvertei-
lung stimmt auch weitgehend mit den Vorhersagen der kanonischen Modelle (iberein und kann
durch eine einzige GauBfunktion mit einem Maximum bei M, = 0,465 M beschrieben wer-
den. Beziiglich der Entwicklungsgeschichte der engen Doppelsterne der Stichprobe erscheint
ein Szenario wahrscheinlich, bei dem die Hiille des heiBen Unterzwerg-Vorgangers am Ende der
Entwicklung auf dem Roten Riesenast an den Begleiter abgegeben wurde. Fiir die wasserstoff-
reichen Unterzwerg-Programmsterne ohne Begleiter scheinen derweil interne Vermischungs-
prozesse wahrscheinlicher zu sein als das konkurrierende Szenario der Verschmelzung zweier
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WeiBer Zwerge mit Heliumkernen, auch wenn Letzteres die beobachteten massereichen Aus-
reiBer prinzipiell erklaren konnte. Einige AusreiBer am massearmen Ende der Massenverteilung
sind nur schwer mit einem der heute bekannten Entwicklungskanale fiir heiBe Unterzwerge in
Einklang zu bringen.

Diese Arbeit stellt einen Meilenstein fiir zukiinftige Studien zu heiBen Unterzwergen dar, in-
dem sie die systematischen Unsicherheiten der drei atmospharischen Parameter T, log (g)
und log n(He) quantifiziert. Zusammen mit den genaueren trigonometrischen Parallaxen aus
zukiinftigen Datenveroffentlichungen der Gaia-Mission wird dies die zuverlassige Bestimmung
der fundamentalen stellaren Parameter von Tausenden von heiBen Unterzwergen ermoglichen.
Die zugehorige Radius-, Leuchtkraft- und Massenverteilung wird zu stringenten Tests der theo-
retischen Evolutionsszenarien fiihren.
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1. Introduction

This work focuses on the spectral class of hot subdwarf stars (sdOs/sdBs), which covers a wide
range of objects of different subtypes showing a variety of different properties and may there-
fore be considered a stellar zoo. In fact, sdOs/sdBs are rather compact objects that exhibit
typical radii of R¢qy ~ 0.10-0.30 R,. Furthermore, most of these objects have stellar masses of
about half a solar mass, which is close to the canonical mass of ~ 0.46 M, at which the helium
core flash occurs during stellar evolution at the tip of the red giant branch. Thus, it is general
consensus that hot subdwarfs are highly evolved objects that are in the core helium-burning
phase or beyond. Surprisingly, the hydrogen envelopes of sdOs/sdBs typically only make up
less than 1% of the total mass (Heber, 2009, 2016)). Hence, their nature cannot be explained
by the canonical stellar evolution on the red giant branch/horizontal branch because an iso-
lated red giant cannot remove more than 99 % of its hydrogen envelope by itself. Interestingly,
a large fraction (250 %) of sdOs/sdBs is found in single-lined spectroscopic binary (SB1)
systems with white dwarf companions (see, for instance, the works of |Maxted et al. 2001,
Napiwotzki et al. 2004a, or |Copperwheat et al. 2011), whereas composite spectrum systems
(double-lined spectroscopic binaries; SB2 systems), in which the primary hot subdwarf has a
cool main-sequence companion, make up ~30% of the hot subdwarf population (Stark &
Wade, 2003). Only about 20 % of the known sdOs/sdBs are found as single stars. The large
binary fraction is the reason why hot subdwarfs are mainly believed to be the stripped helium
cores of red giant stars that are formed via binary interaction processes, primarily involving
Roche-lobe overflow and common-envelope ejection (Han et al., 2002, |2003). But other for-
mation channels have also been proposed for hot subdwarf stars over the years, among them
the early and late hot flasher scenarios (D'Cruz et al. 1996; e.g., [Battich et al. 2018)) or the
merger of two helium white dwarfs (Webbink, 1984; Zhang & Jeffery, 2012)), which are able
to produce isolated sdOs/sdBs. Despite all of the currently available (canonical) formation
channels, however, various investigations are lacking to fully resolve the issue on how these
remarkable objects form.

From the theoretical point of view, the deep understanding and the further development of
the individual formation channels and scenarios, which are able to produce single or binary hot
subdwarf stars, is certainly crucial in order to get a complete picture. For a further develop-
ment of these theoretical concepts, however, input from the observational side is required. As
a matter of fact, the currently existing evolutionary models predict different specific ranges for
the fundamental stellar parameters (radius, luminosity, and mass) of the produced hot subd-
warfs. This is particularly true for the stellar mass (Han et al., 2002, [2003)). Consequently, this
means that the mass determination for a subdwarf sample of meaningful size is an intuitive way
to test the theoretical models. From the observational point of view, the mass determination
of hot subdwarf stars can be realized in different ways.
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First, the fundamental stellar parameters of a hot subdwarf star can be derived from a com-
bined light curve and spectroscopic analysis, if the object is part of an eclipsing binary system
with a low-mass or substellar companion as in HW Virginis (HW Vir) systems (for a detailed
overview of HW Vir systems, see Schaffenroth et al. 2019| and references therein). Unfortu-
nately, such systems are rather rare such that the inferred mass statistics are low. However, a
large number of potential candidates for new HW Vir systems were recently discovered by the
OGLE (Optical Gravitational Lensing Experiment; for instance, see Soszynski et al. 2015)) and
the EREBOS (Eclipsing Reflection Effect Binaries from Optical Surveys; Schaffenroth et al.
2019) projects.

Second, it is known that various classes of pulsating stars are observed among hot subdwarfs,
with sdBV being the oldest, largest, and best studied one. Thanks to asteroseismology, the
global (mass, surface gravity, radius, etc.) and structural (hydrogen-envelope mass, core mass,
core composition, etc.) parameters of a pulsating star can be accessed. In fact, Fontaine et al.
(2012)| carried out the asteroseismical modelling of 15 pulsating sdB stars, resulting in a mass
distribution that strongly peaks at ~ 0.47 M, hence almost perfectly matching the canonical
mass of ~ 0.46 M. Unfortunately, the asteroseismical approach is also limited, namely to
the number of pulsating hot subdwarfs. However, the number of asteroseismically modelled
hot subdwarf stars will steadily increase in the future thanks to the observations carried out
by TESS (Transiting Exoplanet Survey Satellite; for recent discoveries, see, for instance, the
results of |Charpinet et al. 2019 or |Sahoo et al. 2020).

Third, the radius, the luminosity, and the mass of any star, either isolated or in a binary
system, can be determined from a combination of quantitative spectral analysis and spectral
energy distribution (SED) fitting to appropriate photometric data, if the distance (trigonomet-
ric parallax) to the object is known from astrometry. So far, however, this method has only
been applicable to a small number of hot subdwarf stars because reliable astrometric distance,
that is, parallax measurements have been limited to the results of the High Precision PARallax
COllecting Satellite (HIPPARCOS), which provided astrometry for bright objects with a limit-
ing visual magnitude of V' ~ 12.4mag only (ESA, 1997). Moreover, many of HIPPARCOS'
astrometric solutions struggled with rather imprecise parallaxes, even within the second ver-
sion of the HIPPARCOS Catalogue (van Leeuwen, 2007). This complicated firm conclusions
on the stellar masses derived and, thus, also on the possible evolution of the respective hot
subdwarfs. In consequence, precise and accurate mass determinations of sdOs/sdBs based on
the interplay of spectroscopy, photometry, and astrometry are still scarce. At the same time,
however, a large-size observational testbed for a verification of the theoretical evolutionary
models is highly needed.

1.1. Aim of this Work

In the era of the Gaia (Global Astrometric Interferometer for Astrophysics; Gaia Collaboration
et al. 2016b)) mission, providing access to high-precision five-parameter astrometry (position,
parallax, and proper motion) and photometry in the GG, Ggp, and Ggrp bands (Evans et al.,
2018) for more than 1.3 billion astronomical objects already in its second data release (DR2;
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see (Gaia Collaboration et al. 2018), the limiting factor for the determination of reliable funda-
mental stellar parameters of hot subdwarf stars may not be the parallax but the atmospheric
parameters (the effective temperature and the surface gravity) derived from quantitative spec-
tral analyses. High-quality, that is, high-resolution and/or high signal-to-noise (S/N) spectra
with large wavelength coverage therefore are needed.

Consequently, the first major aim of the present work is the detailed spectroscopic, photo-
metric, and, subsequently, fundamental analysis of a carefully chosen set of 63 known and
candidate hot subdwarf stars that represents all relevant subtypes of sdOs/sdBs. The sample
covers the full range of atmospheric parameters (effective temperature Ty, surface gravity
log g, and helium abundance logn(He)) observed for sdOs/sdBs. Furthermore, single and
binary stars, pulsating and non-pulsating objects as well as stars with particularly peculiar
abundance anomalies (for instance, that of *He) are included. High-quality spectra and reli-
able trigonometric parallaxes extracted from Gaia DR2[| should be available for the selected
targets. Inter alia, the results of the sdO/sdB analyses will provide detailed insights into the
mass distribution of these extraordinary stars from the observational point of view. In this
way, a comparison to the theoretical predictions will be possible.

In order to derive meaningful stellar masses, radii, and luminosities for the selected program
stars, however, the focus must be on the precise determination of the systematic uncertainties
of the atmospheric parameters, in particular that of log (g), as this parameter is the most
important one when it comes to stellar masses in the case of reliable parallaxes. To achieve
this, the results derived from different approaches of modelling stellar atmospheres as well as
from different analysis strategies have to be combined. Such an in-depth comparison of model
codes and analysis methods was recently successfully carried out by Blanco-Cuaresma (2019)
for main-sequence stars of spectral types A, F, G, K, and M. The main outcome of this study
was that code-to-code and method-to-method differences can affect the scientific interpreta-
tion of spectroscopic analyses of these stars to a significant extent. It is not surprising that
such a sophisticated analysis is still missing for O and B-type stars, in particular for sdOs/sdBs,
because these stars show several peculiarities in their spectra, which are not least due to the
presence of atomic diffusion or elemental stratification. However, it is out of question that
code-to-code and method-to-method differences also exist for spectroscopic analyses of hot
subdwarf stars. The only question is how large they are. In consequence, the second major goal
of the present work is the detailed comparison of different model atmosphere approaches and
analysis strategies that are nowadays used to spectroscopically investigate sdOs/sdBs. In this
way, the systematic uncertainties on the derived atmospheric parameters can be constrained,
which, in turn, limits the error range for the fundamental stellar parameters. Moreover, such a
sophisticated comparative analysis ensures deep insights into the careful consideration of the
caveats of modern spectroscopic analyses of hot subdwarf stars.

1During the writing phase of this thesis, the results of Gaia Early Data Release 3 (EDR3; |Gaia Collaboration
et al. 2020) were made publicly available. However, the results of this work are mainly based on DR2 data
(Gaia Collaboration et al., 2018)) because the parallaxes from both data releases differ only slightly for the
analyzed nearby program stars. Nonetheless, EDR3 data are additionally used in some cases. It is explicitly
described in the text where this is the case.
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1.2. Structure of this Work

To begin with, Ch. [2] describes the principles of stellar evolution. In Ch. [3] a detailed review
of the most important aspects of hot subdwarf stars will be provided, including the proposed
theoretical evolutionary scenarios. Chapter [4] presents the study of stellar spectra with optical
instruments, that is, spectroscopy. Therein, also the instruments used to gather the spectral
data analyzed in the context of this work will be introduced. Chapter |5 then describes the
concept of astrometry by means of the astrometric data collected within the second data
release of the Gaia satellite. Here, the focus is on the measured trigonometric parallaxes and
the intricacies, pitfalls, and problems coming along with them. After that, Ch. [f] focuses on
stellar atmospheres and the different ways of modelling them, whereby the model atmosphere
approaches used in this work are described at the end of this chapter. Chapter [7| presents the
general concepts of the aforementioned combined spectrophotometric and astrometric analysis
approach, which can be used in stellar astronomy to determine the radius, the luminosity, and
the mass of a given star. This chapter also introduces the two different strategies used for the
quantitative spectral analyses performed in the present work. The spectroscopic, photometric,
and astrometric data of the analyzed program stars will be presented in Ch. [8l Chapters
9] [10] and [11] present the spectroscopic results for the individual program stars, whereas Ch.
focuses on the photometric ones. Last but not least, Ch. deals with the derived
fundamental stellar parameters. The thesis concludes with Ch. [I4} in which a short summary
and an outlook are given.
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In the following sections, the reader shall be made familiar with the fundamentals of stellar
evolution, that is, with the stellar life-cycle, which covers the evolutionary path of stars from
their formation to the final stages. The information provided below is extracted from the
textbook “Fundamental Astronomy” by |Karttunen et al. (2007).

2.1. Contraction of Stars Towards the Main Sequence

It is generally believed that stars are formed from condensations of huge gas and dust clouds in
the interstellar medium. Such a molecular cloud has a typical mass of ~ 10000 M when the
pressure supporting it against its own gravity no longer is strong enough. As a consequence,
the cloud begins to contract (gravitational collapse), leading to a release of potential energy
of the inwards falling gas. This liberated energy is transformed into thermal energy of the
gas and into radiation. Initially, the radiation is able to propagate freely through the material
since the density is low and the absorption coefficient is small. Thus, most of the energy
is radiated away such that the temperature does not increase significantly. However, the
density and the pressure slowly but steadily increase near the centre of the cloud. Therefore,
a larger fraction of the released energy is turned into heat, leading to a rise of temperature
and pressure, which slows down the contraction of the inner part of the cloud. A protostar,
mainly consisting of hydrogen in molecular form (Hs), has formed. Its outer parts, however,
are still free falling. At a temperature of about 1800 K, the Hy molecules are dissociated into
atoms, which consumes energy and, hence, slows down the temperature and pressure increase.
Consequently, the contraction rate increases. The same happens when hydrogen (at ~ 10 K)
and helium (at ~ 30000 K) are ionized. The gas is fully ionized in the form of stellar plasma at
a temperature value of ~ 10% K. However, the contraction of the protostar already completely
stops, once a large fraction of plasma has been formed. For solar-mass stars, this is the case
after a few hundred years only. The protostar then reaches an equilibrium state and, because
of the large absorption coefficient in its inner parts, becomes fully convective, meaning that
energy is carried by material motions. In this way, the surface brightness of the protostar
strongly increases. The protostellar radius, however, has shrunk from initially ~ 100 AU? to
~0.25AU and continues to decrease, which leads to a luminosity drop. The star now is
located inside a larger gas cloud from which it accretes material, hence increasing its mass,
central temperature, and density. Due to the continuous rise of the central temperature, the

2The astronomical unit (AU) is a common unit of length used in astronomy. 1AU roughly corresponds to
the mean distance from the Earth to the Sun and equals to 1.495978707 - 10'! m.
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absorption coefficient diminishes and the star becomes radiative, meaning that energy is now
transported by radiation. At the same time, thermonuclear fusion reactions of lithium (Li),
beryllium (Be), and boron (B) are initiated such that the luminosity and the stellar surface
temperature steadily increase. This phase occurs much earlier in massive stars since their
central temperatures are higher so that the nuclear reactions can set in earlier. Moreover, the
process takes place much faster for these stars because of their high luminosity. For instance,
a ~ 15 My, star contracts to the long and quiet main-sequence phaserf] in about 60000 years,
whereas for a solar-mass star this takes up to several tens of millions of years.

The above description details the protostellar evolution of a single star. In reality, however,
a collapse of a molecular cloud leads to the production of an extensive amount of stars. In
consequence, stars are never born alone.

2.2. Main-Sequence Phase

The main-sequence (MS) phase is the longest part of the stellar lifetime. It is characterized by
two sequences, the zero-age MS (ZAMS) and the terminal-age MS (TAMS). In between both,
nuclear reactions of hydrogen (hydrogen burning) take place in the core of the stable star.
This is the only source of stellar energy during this evolutionary stage. The stellar structure
only changes because of the fact that the chemical composition is gradually altered by the
nuclear reactions. Hydrogen burning in MS stars (dwarf stars) is realized in two different ways:
via the proton-proton chain or via the carbon-nitrogen-oxygen cycle, which is also referred to
as the Bethe-Weizsacker cycle. In the following, both processes will be presented whereby the
energy released in each of the given reaction steps is omitted.

Proton-Proton Chain

The proton-proton chain (pp chain) is the main energy production mechanism at central
temperatures below (18 — 20) - 10° K (corresponding to stars with masses below ~ 1.5 M,).
Typically, it consists of the following steps:

'H+'H — *H+e" + v, (produces 99.75% of *H in the Sun), (2.1)
"H+'H+e —2H+u, (produces 0.25 % of ?H in the Sun),

H+'H — *He + 1, (2.2)

*He + *He — *He + 2'H. (2.3)

This is referred to as the ppl branch. For each reaction of Eq. (2.3)), the reactions ({2.1)) and
(2.2) have to occur twice. The probability of the first reaction step is very small. In fact, the
time for a proton ('H) to collide with another one to form a deuteron (*H) is expected to

3Formally, the beginning of the main-sequence phase is marked by the start of hydrogen burning in the
proton-proton chain at a central temperature of about 4 - 106 K.
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be 10'° years on average in the central part of the Sun. The slowness of this reaction is the
reason why the Sun is still shining today. Furthermore, the abundance of 2H inside stars is
very small because the reaction is very fast. The net energy released by the ppl branch is
about 26.20 MeV (~ 4.20-107'2J) and it prevails at central temperatures of (10 —14)-10° K.
Inside the Sun, ~91% of “He and, therefore, energy is produced by the ppl branch.

The last step of Eq. can also be replaced by two different forms, which are referred to
as the ppll and pplll branches. The ppll branch, producing about 9% of the energy in the
Sun and prevailing at central temperatures of (14 — 23) - 10°K, is given by:

*He + “He — "Be + 7, (2.4)
Be+e — "Li+ ., (2.5)
Li+'H — *He + *He. (2.6)

On the other hand, the pplll branch only makes up a small amount of energy that is produced
in the Sun (~0.1%). This is because it only dominates at very high central temperatures
(= 23 -10°K), which are hardly given in the central parts of the Sun. The pplll branch is
realized by the following reactions:

SHe 4+ *He — "Be + v,
Be+'H—°*B+7,
B — %Be+e" + 1.,
*Be — *He + “He. (2.

N —~ o~
NN
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Carbon-Nitrogen-Oxygen Cycle

The carbon-nitrogen-oxygen cycle (CNO cycle) becomes the dominant energy source at central
temperatures higher than (18 — 20) - 10°K. This corresponds to stars with masses above
~ 1.5 M. The reaction cycle of the CNO process is given by:

RO 4 H — BN 4+,
13N—>130—|—e++1/e,
13C+1H—>14N+’y,
UN+H — PO+,
PO — PN 45+ v,
N 4+ 'H — 2C + “He.

Reaction step ([2.14) is the sIowes. For instance, at a temperature of ~ 20 - 10° K this step
needs ~ 10° years. In massive stars, the whole CNO cycle takes up to hundreds of millions

4As a matter of fact, this is also the reason why the so-called CNO signature, where carbon and oxygen are
underabundant but nitrogen is overabundant compared to the Sun, can be considered a remnant of the
respective star's hydrogen core burning through the CNO cycle.
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of years, which is faster than the pp chain (a few billion years). The net energy released by
the CNO process is about 25.03 MeV (~ 4.01 - 1072 J), which is a bit less than for the pp
chain.

Evolution of Upper and Lower Main-Sequence Stars

More massive stars evolve more rapidly on the MS because they radiate much more power,
which is also why these objects are often referred to as luminous, hot, and young stars of
Population |. For instance, the stellar lifetime on the MS of a ~ 15 M, Pop | star is only ~ 10
million years. Pop Il stars, however, are less massive and, hence, tend to be older, less lumi-
nous, and cooler than stars of Pop |. Their MS phase lasts significantly longer (for instance,
~ 70000 million years for a ~0.25 M, Pop |l star). Therefore, Pop Il stars are observed much
more frequently than Pop | objects. The Sun belongs to the group of Pop | stars and takes
about 10000 million years to evolve away from the MS.

The variety of the highly-populated MS is best seen in the so-called Hertzsprung-Russell di-
agram (HRD), in which the brightness of stars (in absolute magnitudes or in terms of the
solar luminosity L) is plotted against their respective surface temperature (often referred to
as effective temperature) or color inde{]. An example HRD is displayed in Fig. . In
this diagram, the MS is almost a straight line. It can be separated into two sequences: the
richly-populated lower MS, where the less luminous Pop Il stars are located, and the upper
MS, which is populated by the massive Pop | objects. The boundary between the upper and
the lower MS is located at a mass of ~ 1.5 M, for which the pp chain and the CNO cycle are
equally efficient. Stars on the upper MS (Pop | stars) hence produce their energy primarily via
the CNO cycle, whereas on the lower MS (Pop Il stars) the pp chain dominates. As a matter
of fact, the lower-mass limit of the MS lies at about 0.08 M. Objects less massive than this
never become hot enough to initiate hydrogen burning in their cores. These so-called substel-
lar objects (SOs) include brown dwarfs (BDs), exhibiting temperatures between ~ 1000K and
~2000K, and also planetary-mass objects such as dwarf planets.

As the energy production in the CNO cycle is very strongly concentrated at the core, the
outward energy flux cannot be maintained by radiative transport. Thus, upper MS stars with
masses of = 1.5 M, have a convective core, in which the energy is carried by material motions.
In this way, the material also gets well mixed and the amount of hydrogen in the core of these
stars therefore decreases uniformly with time. Outside the convective core, however, energy
transport is realized via radiative transfer. While hydrogen is being consumed, the mass of the
convective core gradually decreases. At the same time, the size of the radius of the upper MS
star increases and the star slowly moves towards the upper right in the HRD, meaning that
its luminosity rises and the surface temperature decreases. The core contracts rapidly, once
the amount of hydrogen in it is exhausted and only helium is left over. As a consequence of

5Another realization of the HRD uses the spectral classes of the Harvard classification scheme on the hori-
zontal axis (see also Fig. . In this classification system, stars are arranged based on their effective
temperatures alone. The order of the spectral classes in the Harvard system is O, B, A, F, G, K, and M
(from hot/blue/early to cool/red/late stars).
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the quick contraction, both the surface temperature and the luminosity increase and the star
quickly shifts towards the upper left in the HRD. The temperature of the hydrogen shell just
around the helium core becomes hot enough to initiate hydrogen burning.

For lower MS stars, the energy production through the pp chain is spread over a significantly
larger core region than for upper MS stars. In this way, the entire core remains radiative
throughout the MS. Moreover, the absorption coefficient in the outer layers of these cooler
stars is high enough for convection to set in. Consequently, the inner structure of lower MS
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Figure 2.2.1.: Sketch of a Hertzsprung-Russell diagram (HRD) showing the position of the
main-sequence (MS), giant, supergiant, and white dwarf (WD) stars. Addition-
ally, the post-MS evolution of a solar-like star is illustrated by means of the
Sun. Adopted from https://www.atnf.csiro.au/outreach//education/

senior/astrophysics/stellarevolution_deathlow.html (last called on
21st January 2021).

stars is opposite to that of upper MS stars. This, however, means that material cannot be
mixed within the non-convective core. Hence, in lower MS stars hydrogen is most rapidly
consumed at the very centre and its abundance increases outwards. While the hydrogen abun-
dance in the core is decreasing, the star moves almost parallel to the MS in the HRD, slowly
becoming brighter and hotter, but not increasing considerably in size. Near the end of hydro-
gen core burning, the evolution in the HRD bends to the right. At the end of the MS phase,
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2. Principles of Stellar Evolution

when the hydrogen content in the core is exhausted, hydrogen burning sets in in a thick shell
around the central helium core.

It has to be noted, however, that the previous description for the evolution of lower MS
stars is only valid for masses of 0.26 M, < M < 1.5M,. Lower MS stars with masses
of 0.08 My < M < 0.26 M, remain fully convective throughout the whole MS phase. In
these stars, the entire hydrogen content is available for burning as the material is continuously
mixed. Thus, the MS evolution of these stars towards the upper left in the HRD is very slow.

As a matter of fact, these objects contract and directly evolve to the white dwarf (WD) stagd?_"]
(see also Fig. [2.2.1]), once all hydrogen is burned.

2.3. Red Giant Phase

After hydrogen burning in the core of the MS star has ceased and hydrogen shell burning
around the core has stabilized, the radius of the star increases. At the same time, the mass
of the helium core increases because of the hydrogen burning around it. A former lower MS
star gradually becomes more luminous and cooler, moving towards the top right in the HRD,
whereas a former upper MS star makes a rapid jump towards the left, heavily increasing in
surface temperature, but not in brightness. In both cases, the respective star will eventually
reach the red giant branch (RGB).

In stars with masses of 0.26 Mo < M < 2.3 M, the density of the core will reach the
point where the whole helium core becomes degeneratd’] Although the central temperature
continuously climbs, the core will have a uniform temperature because of the high conductivity
of the degenerate gas. At about 10® K (corresponding to a core mass of ~ 0.46 M), helium
is ignited via the triple alpha (3«) processﬂ in the entire central region, giving an extreme

®Degenerate dwarfs or white dwarfs (WDs) are stellar core remnants which are mostly composed of electron-
degenerate matter. These stars are very dense because their masses are comparable to that of the Sun,
whereas their volumes are comparable to that of the Earth. WDs resulting from usual stellar evolution are
typically made of carbon and oxygen. However, if the mass of the progenitor is between 8.0 and 10.5 M),
also oxygen-neon-magnesium WDs may form. Furthermore, helium WDs (HeWDs) exist. These kind of
stars for instance are produced by binary interaction processes (for further information, see Sect. .

"Matter is called degenerate if it is in a state that deviates from the behavior known in classical physics due
to quantum mechanical effects. This generally occurs at very high densities or at very low temperatures.
If fermions such as electrons are concentrated too much in the stellar core, gravity, which acts inwards and
leads to higher density, is countered by a degeneracy pressure (Fermi pressure). The degeneracy pressure
counteracts the gravitational pressure and has its cause in the Pauli principle, which forbids that two
fermions can assume an identical quantum state.

8The triple alpha reaction (3a process) is given by:

*He + *He +— ®Be, (2.17)
8Be + ‘He — 2C + 7. (2.18)
The energy released in each of the given reaction steps is omitted here. The net amount of energy released
during the 3o process is about 7.28 MeV (~ 1.17 - 10712 J). For this process to work, however, the three

4He particles involved need to collide almost simultaneously because ®Be is unstable and already decays
in~26-10"10s.
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2.4. Horizontal Branch

rise of temperature. Despite of this temperature increase, the core cannot expand due to
its degeneracy. In consequence, the rate of helium burning is further accelerated. Within a
few seconds after the initial helium ignition, a critical temperature value will be reached such
that the degeneracy of the gas is removed. This leads to a violent expansion (explosion) of
the core, the so-called helium flash. The star suddenly drops in luminosity as its outer layers
contract. However, the star is not completely disrupted because the energy released in the
flash is partly turned into potential energy of the expanded core. On the other hand, it is also
partly absorbed by the outer layers. After the helium flash, the star reaches a new state on
the horizontal branch, in which helium burning stabilizes in the non-degenerate core.

In intermediate-mass stars (2.3 My < M < 8.0 M), the core does not become degenerate
because of the higher temperature and lower density inside. Hence, core helium burning can
set in non-violently, that is, without a subsequent helium flash. These stars do not evolve to
the horizontal branch. Instead, they first move towards the left in the HRD, that is, away from
the RGB, but then loop back again, becoming unstable. It is assumed that such an evolution
can explain the classical cepheid variables, which are used to determine distances in the Milky
Way and to other nearby galaxies.

In the most massive stars (M 2 8.0 M), helium ignition in the non-degenerate core even
starts before the respective star reaches the RGB. The star either continues to move towards
the right in the HRD, retaining its envelope and eventually ending up as a red supergiant, or
it will generate a strong stellar wind, which leads to a large mass loss, for instance observed
for P Cygni or Wolf-Rayet stars.

2.4. Horizontal Branch

As described in the previous section, former MS stars with masses of < 2.3 M produce a
helium flash and eventually end up on the horizontal branch (HB), where they stably burn
helium in their cores for about 10® years. Analogous to the MS, the HB is also characterized
by two sequences: the zero-age HB (ZAHB) and the terminal-age HB (TAHB). The stellar
luminosity is almost constant among HB stars. However, this is not the case for the effective
temperature, which varies significantly. As a matter of fact, a constant core mass of slightly

As a matter of fact, some of the carbon nuclei produced in the 3a process react with helium nuclei to
form oxygen. The latter, in turn, again reacts with helium nuclei to form neon. In this alpha process or
alpha ladder, alpha elements (elements whose most abundant isotopes are integer multiples of four, which
corresponds to the mass of the helium nucleus/alpha particle) up to nickel and iron can be produced:

120 4+ 4He — 190 + v, (2.19)
160 + *He — *Ne + v, (2.20)
BCr + *He — 52Fe + 1, (2.21)
2Fe + ‘He — 5°Ni + . (2.22)

Again, the energy released in each of the given reaction steps is omitted.

11



2. Principles of Stellar Evolution

less than half a solar mass and a spread in hydrogen-envelope and, thus, in total mass can
explain the distribution of stars along the HB. In fact, the exact envelope mass depends on
the amount of mass lost during the helium flash. The hotter (bluer) the star, the smaller its
hydrogen envelope. The theoretical helium main sequence (HeMS), below which pure helium
stars are found, is defined for envelope masses of zero.

Several groups of stars are found on the HB, whereby the most important ones are that of the
blue horizontal branch (BHB) and the extreme horizontal branch (EHB). In the HRD, BHB
stars are located at the cool end of the HB, that is, close to the RGB. These stars can be
explained by classical (canonical) stellar evolution. On the other hand, EHB stars are found at
the very hot end of the HB (see also Fig. . The hydrogen envelopes of these so-called
hot subdwarf stars typically make up less than 1% of the total stellar mass. This cannot be
achieved during a canonical evolution on the RGB. Therefore, other evolutionary channels and
scenarios had to be proposed to explain the nature of hot subdwarfs. This will be dealt with
in the context of Ch. [3 which provides a detailed review of these truly remarkable objects.

2.5. Asymptotic Giant Branch

After the central helium supply has been exhausted for low and intermediate-mass stars with
masses of 0.26 Mo < M < 8.0 M, (the core is now completely made of carbon and oxygen),
helium fusion sets in in a shell around the core. At the same time, hydrogen burning continues
in the outermost shell (double shell-burning phase). Once again, the star increases in size
and moves towards the upper right in the HRD, that is, towards higher luminosities and lower
surface temperatures. This evolutionary phase is called the asymptotic giant branch (AGB). It
is rather similar to the RGB phase, although the star does not become as cool as a red giant.
In the early stages of the AGB, the helium shell reaches the hydrogen shell. This is followed by
a phase of thermal pulses, which result from the unstable alternation of hydrogen and helium
shell burning. Consequently, the star loops in the HRD. At this point, stellar material may
be mixed and matter may be ejected into space in a shell. The thermally pulsing phase only
stops once the radiation pressure has become high enough to completely eject the outer layers,
leading to the formation of a planetary nebula.

The most massive stars (M 2 8.0 M) do not go through the AGB evolutionary phase. These
objects are massive enough to initiate carbon, oxygen, and, potentially, silicon burning in their
cores. This will be described in the next section.

2.6. End of the Giant Phase

The final part of stellar evolution again strongly depends on the stellar mass. This is because
the mass determines the temperature and the degree of degeneracy in the core as carbon,

12



2.6. End of the Giant Phase

oxygen, and silicon burning set in’|

In the case of large masses (M =2 15 M), the core remains non-degenerate and continues
to become more contracted and hotter. Carbon, oxygen, and, finally, silicon will be burned
non-violently in the core. Once each fuel runs out, the respective burning continues in a shell
around the core. In this way, an onion-like structure of several nuclear burning shells with
different compositions is generated. Such stars are able to burn all the way to iron in their
central regions. For instance, the typical onion structure of a ~ 30 M, star consists of the
following zones (from the inside to the outside): *Fe, 28Si, 160 and 2C, *He, and 'H. As no
elements heavier than *°Fe can be produced by thermonuclear reactions, the central pressure
counteracting the gravitational pressure eventually falls. Hence, the core collapses in a fraction
of a second, whereby part of the released energy is used for the dissociation of the central
iron nuclei into helium, protons, and neutrons (core collapse supernova). Slowly but steadily,
the outer layers of the star also collapse. Every time the temperature in a layer of unburned
nuclear fuel gets too high, an explosion is triggered, which releases massive amounts of energy
in the form of neutrinos within just a few seconds. The central region of the imploded star
continues to contract and the remnant can either be a neutron star or a black hole. It is not
yet completely understood, which scenario produces what outcome.

On the other hand, giant stars with masses of 8.0 M, < M < 15 M, either produce a

~Y

carbon or an oxygen flash because of the degeneracy of their cores. Compared to the helium

9After the helium content in the core is exhausted, carbon burning sets in at temperatures of (5—8)-101° K.
It is characterized by the following reactions:

P2+ 120 — Mg + v, (2.23)
— 2Na + 'H, (2.24)
— %Ne + *He, (2.25)
— Mg+ 'n, (2.26)
— 160 + 21He. (2.27)
At even higher temperatures, oxygen can be ignited:

160 4160 — 328 4+, (2.28)
— 3P+, (2.29)
— 288i + “He, (2.30)
L Hg Ty, (231)
— Mg + 2 *He. (2.32)

Finally, after several intermediate steps, silicon burning can set in, which produces nickel and iron:
2Gi + 2881 — ONi + 1, (2.33)
%Ni — Fe +2e™ + 2. (2.34)

In all cases, the energy released in each of the given reaction steps is omitted. In order to produce chemical
elements heavier than iron, additional energy is required. Thus, such elements cannot be produced by
thermonuclear reactions. However, they can result from neutron capture processes during the final stages
of stellar evolution.

13



2. Principles of Stellar Evolution

flash in low-mass stars, however, these events are much more powerful. In fact, they most
likely lead to the explosion of the outer layers, eventually triggering the complete destruction
of the star. In the dense central region, protons and electrons are able to form neutrons
by electron capture processes, which again can result in a degenerate core. The degeneracy
pressure of the neutrons may actually be strong enough to stop the collapse of a small mass
core, resulting in a neutron star. If the core mass is large enough, however, a black hole may
be formed.

Giant stars with masses of M < 8.0 M, never become hot enough to initiate carbon (and
oxygen) fusion in the core. These stars contract, cool down and end up as WDs with a
carbon-oxygen core. In the HRD, they first move from the tip of the AGB towards the top
left (contraction phase once energy production in the core has ceased). This is followed by a
downwards movement to the WD cooling sequence below the MS. Using the example of the
Sun, this kind of stellar evolution is shown in Fig. [2.2.1]

14



3. Hot Subdwarf Stars

Subdwarf stars can be subdivided into two different groups: cool and hot subdwarfs. Both
have the same color and, therefore, surface/effective temperature (Te) as usual MS dwarf
stars, but are much less luminous (1.5 to 2.0 mag). The term ‘subdwarf’ or ‘subdwarf star’
refers to the position below the MS in the HRD (see also Fig. [3.1.1).

Cool subdwarfs are low-mass stars and have surface temperatures ranging from ~ 7000 K down
to ~ 3000 K, which corresponds to spectral types between F and M. Like MS dwarf stars, cool
subdwarfs are in the core hydrogen-burning evolutionary phase. However, their metallicity{T_U] is
significantly lower. Thus, they are classified as Pop Il stars (Kaler, 1994). The low metallicity
also leads to very few absorption lines in the ultraviolet (UV) region of their spectra such that
a higher percentage of UV light is emitted compared to dwarf stars with the same effective
temperatures (Jao et al., 2008)). Hence, cool subdwarfs appear bluer than metal-rich (Pop I)
MS dwarfs, which locates them - correctly said - to the left of the low-temperature MS in
the HRD (see also Fig. [3.1.1]). It is generally believed that cool subdwarfs have been formed
before metals could be enriched by supernova explosions. Most of these stars have high radial
velocities and are observed in the Galactic halo or in globular clusters.

However, cool subdwarfs will not be dealt with in this work. Instead, the focus is on their hotter
counterparts. To this end, this chapter shall provide detailed insights into hot subdwarf stars.
First, the history of discovery and the classification scheme of these remarkable stars will be
outlined in Sect. [3.1] Section [3.2] then provides a closer look at the hot subdwarf population,
detailing the characteristics and atmospheric properties of the individual subtypes. A detailed
overview of their chemical compositions will be given afterwards in Sect. [3.3) whereas Sect.
focuses on the different evolutionary channels and formation scenarios that may produce
single and binary hot subdwarf stars.

3.1. History of Discovery and Classification

In the 1950s, the first hot subdwarf star was discovered by means of data of the Humason
& Zwicky photometric survey (Humason & Zwicky, 1947)) of the North Galactic Pole and

OMetallicity Z describes the collective effect of all metals (chemical elements heavier than hydrogen and
helium) on the temperature-density stratification of a stellar atmosphere (see also Sect. . Luminous,
hot, and young Pop | stars like the Sun, which are concentrated in the disks of spiral galaxies (particularly
in the spiral arms), exhibit metallicities ranging from approximately 1/10th to three times that of the Sun
(Zo ~ 0.02). Pop Il stars, which are mostly found in globular clusters and in the nuclei of galaxies, tend to
be older, less luminous, and cooler than Pop | stars, as presented in Sect. Therefore, their metallicities
are much lower ranging from approximately 1/1000th to 1/10th that of the Sun. A value of Z ~ 0.001 is
often used to represent Pop Il stars in model calculations.



3. Hot Subdwarf Stars

the Hyades regions (see, for instance, the works of Luyten 1953, |Greenstein 1956, or [Minch
1958)). Over the next ~ 30 years, however, the number of known objects remained relatively
small. It was only the Palomar-Green (PG; |Green et al. 1986) survey of the northern Galactic
hemisphere that heavily increased the number of known hot subdwarfs. Other successful
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Figure 3.1.1.: Sketch of a Hertzsprung-Russell diagram (HRD) separating the blue horizontal
branch (BHB) from the extreme horizontal branch (EHB). The latter is pop-
ulated by the hot subdwarf B stars (sdBs), which skip the (post-)asymptotic
giant branch ((post-)AGB) phase due to their very thin hydrogen envelopes.
The EHB is located to the left and below the hot end of the main sequence but
above the white dwarf cooling sequence. The position of the hotter and more
luminous hot subdwarf O stars (sdOs) as well as the position of the Sun on the
main sequence are also marked. The traditional cool subdwarfs, however, are
located below (to the left of ) the lower main sequence. Giants and supergiants
illustrate the red giant branch. Adopted from [Heber (2016); original version:
Heber (2009).

surveys followed, including the Kitt Peak-Downes (KPD; Downes 1986)) survey of the Galactic
plane, the Edinburgh-Cape (EC; [Stobie et al. 1997)) survey for the southern sky, the First
and Second Byurakan Surveys (FBS, SBS; [Markarian et al. 1989, Stepanian 2005, Mickaelian
et al. 2007), the Hamburg Quasar Survey (HQS; [Hagen et al. 1995) for the northern and
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3.1. History of Discovery and Classification

the Hamburg/ESOY] (HE; |Wisotzki et al. 1996)) survey for the southern sky as well as the
ESO Supernova la Progenitor Survey (ESO SPY; Napiwotzki et al. 2001a)). The Sloan Digital
Sky Survey (SDSS) and the Galaxy Evolution Explorer (GALEX) all-sky survey extended the
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Figure 3.1.2.: Comparison of a typical spectrum of a H-sdB (HE 020740030, top) and a He-
sdO (HE 0001-2443, bottom) star displaying important hydrogen and helium
absorption lines. The hydrogen Balmer series dominates in H-sdBs and helium
lines are weak. In contrast, the Balmer series is absent and additionally blended
with the He 11 Pickering series in He-sdOs (see also Table[8.12)). Note that both
spectra are not absolutely flux calibrated and shifted to each other for illustrative

purposes. Adopted from Heber (2016); original versions: [Napiwotzki (2008) and
Heber (2009).

list even furtherEl (Heber, 2016). Ongoing spectroscopic surveys and the availability of new
all-sky data from ground-based photometric surveys as well as the second data release of
the Gaia mission (see also Ch. increased the number of entries in the catalog of known

1ESO stands for European Southern Observatory.
12Many of the analyzed program stars in this work also resulted from the listed surveys (see Sect. [8.1)).
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3. Hot Subdwarf Stars

hot subdwarfs to a total of 5874 unique objects (status as of March 2020; Geier 2020)).
Many formerly misclassified objects have been removed throughout the years thanks to the
more accurate photometry and astrometry. The listed objects have a broad range of visual
apparent magnitudes (8.5mag < B < 20mag) and are observed both in globular clusters
and in the field®| Today, it is known that hot subdarf stars come in several flavors whose
individual characteristics, atmospheric properties and chemical compositions will be detailed
in the following sections. At this point, a brief overview of the spectral classification scheme,
which has been developed over the past ~ 50 years, shall be given.

The spectra of hot subdwarf stars can be quite different, whereby the effective temperature
and the predominant helium to hydrogen ratio in the stellar atmosphere, also called helium
abundancd™ play important roles. This is illustrated in Fig. [3.1.2 which compares the
spectrum of a typical hydrogen-rich hot subdwarf B star (HE 0207+0030; top) to that of a
typical helium-rich hot subdwarf O star (HE 0001-2443, bottom).

The original definition of hydrogen-rich hot subdwarf B stars (H-sdBs) stems from Sargent
& Searle (1968). According to them, H-sdBs have colors of normal B-type MS stars but also
abnormally broad optical hydrogen Balmer lines, which is very unusual for typical Pop | B-type
MS dwarf stars. In addition, H-sdBs are He1 weak-lined (Moehler et al., 1990). In contrast,
hydrogen-rich hot subdwarf O stars (H-sdOs) barely show neutral helium but strong He 11 lines
in their spectra, in particular He 11 4686 A. Relative to O-type MS dwarfs, these stars also have
strong Balmer lines for the color (Sargent & Searle, 1968). Vauclair & Liebert (1987) and
Moehler et al. (1990) confirmed that H-sdOs and a third group of hydrogen-rich hot subdwarf
OB stars (H-sdOBs), which exhibit H-sdB-like spectra but with weak He 11 4686 A, are related
to H-sdBs with correspondingly earlier spectral type. The classification scheme of hot subdwarf
stars nowadays is extended by the two classes of He-sdBs and He-sdOs, which both exhibit
helium-dominated spectra. He-sdBs are rare and for most of them the effective temperatures
are close to the ones of H-sdOBs. Spectra of He-sdBs therefore still show strong Balmer lines,
but are dominated by Hel. Sometimes, He11 4686 A is weakly present. In contrast, He-sdOs
are completely dominated by He 11 (and He1), whereas the hydrogen Balmer lines are only weak
or may even be occasionally absent. Naslim et al. (2012, 2013) suggested to subdivide the
helium-rich hot subdwarfs (He-sdBs and He-sdOs) into extreme and intermediate helium-rich
objects, drawing a line at a helium abundance of logn(He) ~ 0.6. Accordingly, about 95 %
of all He-sdBs and He-sdOs have extreme helium abundances and only ~5 % are intermediate
helium-rich. Intermediate He-sdBs (iHe-sdBs) are of special interest since they could possibly
link the evolution of H-sdBs/H-sdOBs to that of He-sdOs or vice versa (Jeffery et al., 2012).
For instance, it has been suggested that iHe-sdBs may be the immediate progenitors of H-sdBs,
before helium has had time to be depleted from the stellar atmosphere due to gravitational

settling™]

13This section mainly focuses on the field population of hot subdwarf stars. For a detailed review of the
globular cluster population, see, for instance, |Heber (2016).
YThis quantity is most often defined as the logarithm of the ratio of helium to hydrogen number density:

logn(He) :=log {'}‘\I((HHP'))} (see Sect. [7.1.1)for further information).

5Gravitational settling is one of the main atomic transport processes caused by diffusion, with radiative
levitation being the second one. Their combined effects on the atmospheric composition of hot subdwarf
stars will be outlined in Sect.
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3.2. The Hot Subdwarf Population - Characteristics and Atmospheric Properties

The presented classification scheme for hot subdwarf stars is commonly used and, hence,
will also be employed throughout this work. However, it has to be pointed out that it is
less detailed than the Morgan-Keenan-like (MK-like) system of spectral classification for hot
subdwarf stars, which was introduced by Drilling et al. (2013)@.

3.2. The Hot Subdwarf Population - Characteristics and
Atmospheric Properties

As presented in Ch. [2 canonical HB stars are assumed to be in the stable core helium-burning
phase of evolution that follows the helium core flash at the tip of the RGB. For the latter to
take place, the ignition of helium needs to occur under electron-degenerate conditions, which
is only possible for stars with ZAMS masses of < 2.3 M. [Sweigart (1987)| showed that the
core mass is fixed at the onset of the core helium flash, that is, between 0.46 and 0.50 M,
(canonical mass regime), depending only slightly on the metallicity and the helium abundance.
Hot subdwarf stars (in particular H-sdBs) are located on the EHB (see also Fig. [3.1.1).
Therefore, it is believed that the progenitors of these stars are also low-mass objects with
ZAMS masses of < 2.3 M., that must have undergone a helium core flash during the RGB
evolution. As a matter of fact, however, EHB stars exhibit almost no hydrogen envelopes at
all (typically Me,, < 0.01 M@. Why this is the case, cannot be explained by the canonical
HB evolution because an isolated red giant cannot simply remove all of its envelope on the
RGB (Heber, 2009, 2016).

Due to their thin hydrogen envelopes, EHB stars are unable to sustain hydrogen-shell burning
and, thus, avoid the double shell-burning phase on the AGB. Instead, the post-EHB evolution
proceeds towards higher temperatures until the WD cooling track is reached and gravity
increases (Heber, 2009, |2016)). In fact, most of the known H-sdOs (and H-sdOBs) have
been identified as the direct progeny of H-sdB stars. H-sdOBs represent a transition stage.
For H-sdOs, core helium burning has ceased, but helium continues to be burned in a shell
around the carbon-oxygen core. Hence, these stars already have evolved away from the EHB
to higher effective temperatures and are directly on their way to the WD graveyard. Post-EHB
evolutionary tracks that are able to successfully link the H-sdBs and H-sdOBs to the further
evolved H-sdOs have, for instance, been developed by Dorman et al. (1993), Han et al. (2002),
and Hu et al. (2008).

Surprisingly, extensive surveys of H-sdBs, H-sdOBs, and H-sdOs in the past revealed a large

%Dye to their highly chemically peculiar spectra, hot subdwarf stars cannot be classified in the usual Morgan-
Keenan (MK) spectral classification scheme, which, compared to the Harvard system presented in Sect.
[2.2] also makes use of the stellar luminosity as a classifier. Nonetheless, Drilling et al. (2013)| introduced
an MK-like system of spectral classification for hot subdwarfs, consisting of three luminosity classes as well
as numerous helium classes (0-40). However, this MK-like system is rarely used.

The small amount of hydrogen is still sufficient to produce more intense absorption lines than observed
for O and B-type MS stars. It is general consensus that the atmospheres of H-sdBs are dominated by
hydrogen because of the influence of atomic transport, that is, diffusion processes occurring in the stellar
atmosphere. Diffusion will be topic in Sect. .
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3. Hot Subdwarf Stars

binary fraction. Most of these objects (250 %) are observed as close binaries with orbital
separations of a few solar radii at most and with WD companions (see, for instance, the results
of Maxted et al. 2001, Napiwotzki et al. 2004a, or |(Copperwheat et al. 2011)). Therefore, these
systems belong to the group of single-lined binaries (SB1 systems). On the other hand, double-
lined binaries (SB2 systems), in which the primary hot subdwarf has a cool MS companion,
make up ~30% of the hot subdwarf population (Stark & Wade, 2003)). From the original
theoretical point of view, H-sdB, H-sdOB, and H-sdO binaries come in two flavors: close ones
with orbital periods of 0.10d < P < 10d and with WD/MS companions and wide ones with
MS companions and 10d < P < 500d (Han et al., 2002, 2003; |Podsiadlowski, 2008)). For
the latter, however, observations also revealed systems with 700d < P < 1400d (Vos et al.,
2012, 2013, 2014, 2017)), which lead to a refinement of the theoretical models (more on this
throughout Sect. [3.4.1)). The large binary fraction of hot subdwarf stars strongly implies a
formation via binary interaction processes. This will be discussed in detail in Sect. [3.4]

Most hot subdwarf stars, notably H-sdBs, are slow rotators (the projected rotational velocities
vsini are typically smaller than ~ 10kms™!; Geier & Heber 2012@) that form a homogenous
class. They are rather compact objects (Rsqy ~ 0.10-0.30 R;)) with stellar masses of Mgy ~
0.50 M, (Heber, 1986; Saffer et al., 1994) and have about the same luminosity as the Sun
in the visual range, but are 10-100 times more luminous in total (see Fig. . At visual
apparent magnitudes of B > 18 mag, H-sdB stars were found to outnumber all types of faint
blue objects, including WDs. Nowadays, the all in all sdB to sdO frequency is about 3 to 1
(Heber, 2009, 2016). In fact, the flux maximum of hot subdwarf stars is located in the UV
regime because of their general high effective temperatures of T 2 20000 K. Furthermore,
the number density of these stars in old stellar populations like elliptical galaxies or globular
clusters is quite high. Therefore, these stars can be perfectly used in order to understand the
spectra of these populations. |Code & Welch (1979) discovered a UV excess (below 2500 A)
in the spectrum of old early-type galaxies (UV upturn phenomenon) which, back then, was
a big surprise and lead to numerous speculations about its origin because UV light is usually
associated with young stellar populations. According to |Yi & Yoon (2004), however, hot
subdwarfs may indeed explain this phenomenon.

The classes of hot subdwarf stars outlined in Sect. exhibit different effective temperature
regimes. While H-sdBs are located at the cool end of the EHB with 20000K < T <
35000 K, the H-sdOs and He-sdOs are much hotter (7. = 38000K; Drilling et al. 2013).
Even temperatures above 60 000K are not rare for evolved H-sdOs (see, for instance, the
works of |Latour et al. 2013 2015, 2018). The temperatures of H-sdOBs partly overlap

8The projected rotational velocity v sini will be explained in Sect. Geier & Heber (2012) measured
projected rotational velocities for single H-sdB stars from high-resolution spectra. Binary stars were also
considered single if the orbital periods exceeded 1.2 days such that the separations of the components are
so wide that tidal interaction can safely be neglected. The distribution of v sin i values from |Geier & Heber
(2012)|is consistent with an average projected rotational velocity of 8 kms~!. So far, only two apparently
single stars (the H-sdBs EC 22081-1916 and SB 290) have been found to be rapidly rotating (Geier et al.,
2011a, 2013b)). Hence, these stars must have been spun-up by tidal forces from a close companion, favoring
the double helium WD merger scenario of Sect. although this channel is believed to produce mainly
helium-rich objects. In fact, SB 290 is one of the program stars analyzed in this work (see Sect. and,
surprisingly, is found to be a binary (see Sect. .
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Figure 3.2.1.:

Distribution of selected hot subdwarf stars in the Teg-log (g) plane (Kiel diagram;
upper panel) and in the Teg-log n(He) plane (helium abundance vs. effective temper-
ature; lower panel). Different colors mark the major hot subdwarf surveys presented in
Sect. PG and EC (combined; black), HQS (red), ESO SPY (blue), and GALEX
(yellow). The minority groups of H-sdOs and lower helium-sequence H-sd(O)Bs are
marked with open dots. In the Te-log (g) plane, the location of the zero-age ex-
treme horizontal branch is highlighted for two different hot subdwarf core masses
of 0.45 M., (dashed dark gray line) and 0.50 M, (solid dark gray line) according
to Han et al. (2002)l In addition, evolutionary tracks from Han et al. (2002)| for
the same hot subdwarf core mass of 0.50 M, but three different hydrogen-envelope
masses (~ 0.000 M, ~0.001 M, and ~0.005 Mg, in light gray lines, from bottom
to top) with line widths proportional to evolutionary timescales are also displayed.
The helium main sequence according to |Dorman et al. (1993)|is plotted as a dashed-
dotted dark gray line. In the logn(He)-Tu plane, the solar helium abundance of
logn(He) ~ —1.0 from |Asplund et al. (2009)| is marked by a solid horizontal line.
Additionally, the dashed horizontal line marks a helium abundance of log n(He) ~ 0.6.
According to Naslim et al.[(2012, 2013)), this abundance value can be used in order to
separate the intermediate from the extreme He-sdBs/He-sdOs. Adopted from

(2016}
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3. Hot Subdwarf Stars

with that of the H-sdBs and H-sdOs/He-sdOs: 33000K < T < 45000K. The same
is true for most of the He-sdBs, both the extreme and the intermediate helium-rich ones:
33000K < Tur < 40000K. However, a minor group of iHe-sdBs has also been found in
the cooler temperature regime of normal H-sdBs between ~ 22000 K and ~ 32 000K (see, for
instance, Naslim et al. 2012)).

Apart from the effective temperature and the helium abundance, which have already been
introduced, the surface gravity log (g[cms™]) is the third important characteristic of hot
subdwarf stars. sdBs, sdOBs, and sdOs are more or less homogeneously distributed within a
range of 5.0 < log (g) < 6.0. However, He-sdBs (both extreme and intermediate helium-rich)
have been found to exhibit somewhat lower surface gravities than most of their hydrogen-rich
counterparts, the H-sdBs (Heber, 2009). The upper panel of Fig. [3.2.1] shows the distribution
of hot subdwarf stars in the Tig-log (g) plane (Kiel diagram) based on the results from the
major surveys of ESO SPY, GALEX, HQS, PG, and EC. The vast majority of hot subdwarfs
(H-sdBs and H-sdOBs) are located in the effective temperature regime between ~ 25000 K
and ~ 37000K and have 5.2 < log(g) < 6.0. There is a trend visible for most of these
stars: The higher the effective temperature, the higher the respective surface gravity. This
can be explained by the link of luminosity L and stellar mass M:

L= 47TR20T§}F (3.1)
2
M = gg , (3.2)

where R denotes the stellar radius, o is the Stefan-Boltzmann constant, and G is the gravita-

tional constant. This yields R? = €M = L and, therefore, the following relation:
eff

_ AnoGMTg

g 7 (3.3)

Qualitatively, the surface gravity hence increases with increasing temperature. However, the
quotient of the other quantities involved (%) certainly also has an influence when it comes to
details.

The most intriguing distribution in the Tg-log (g) plane is the one of the He-sdOs. A bunch
of them shows surface gravities of log (¢g) < 6.0, meaning that these stars are located on
or above the theoretical HeMS which is still consistent with their EHB nature[—f_g]. However,
a large population of high-gravity He-sdOs with 6.0 < log(g) < 6.4 is located below the
HeMS (see the upper panel of Fig. , meaning that these objects should have no hydrogen
envelopes at all. This observation is at odds with a position on the EHB in the HRD. There
is evidence, however, that the very high surface gravities of some of the He-sdOs may be
due to insufficient metal Iine—blanketeﬂ model spectra used for quantitative spectral analyses

9Many He-sdOs are believed to result from the double helium WD merger scenario, which will be presented
in Sect. [3.4.2] Thus, they can have stellar masses that are higher than the canonical one of ~0.46 M
(see also Sect. [3.4.4]). This places them above the canonical EHB regime shown in the upper panel of Fig.

20Metal line-blanketing will be topic in Ch. @
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(for instance, compare the results of Stroeer et al. 2007| to the reanalysis of |Hirsch 2009).
Furthermore, it is known that log (g) and T, are steeply correlated in the case of He-sdOs,
which leads to large systematic uncertaintieﬁ (Heber, 2016)).

The lower panel of Fig. shows the distribution of hot subdwarf stars in the T.g-log n(He)
plane. The helium abundance strongly depends on the spectral class, as has already been
discussed qualitatively in Sect. 3.1 Most of the hydrogen-rich hot subdwarfs (H-sdBs, H-
sdOBs, and H-sdOs) have —3.5 < logn(He) < —1.5. However, He-sdOs exhibit significantly
higher values of logn(He). For some of them, the measured helium abundance may even
exceed logn(He) = +3.0. The rare class of He-sdBs has helium abundances ranging from
slightly below solar (solar helium abundance: logn(He) = —1.07; Asplund et al. 2009) to
almost pure helium. He-sdBs and He-sdOs are subdivided into extreme (log n(He) 2 0.6) and
intermediate (—1.3 < logn(He) < 0.6) helium-rich objects according to [Naslim et al./(2012,
2013). Most of the known iHe-sdBs are located in the centre of the T.g-logn(He) plane
displayed in Fig. [3.2.7]

Edelmann et al. (2003)| found a linear correlation between the effective temperature and the
helium abundance for the class of H-sdBs (and H-sdOBs), that is, the higher Ty, the higher
logn(He). This can also be seen in the lower panel of Fig. [3.2.1] Additionally, [Edelmann
et al. (2003)| subdivided their analyzed H-sdBs and H-sdOBs into two different groups. The
first one (the upper helium sequence) contained about 5/6 of their sample stars and showed
a much higher helium content than the smaller second group (the lower helium sequence) at
the same effective temperatures. The authors fitted the following two linear regressions:

Te
logn(He) = —3.53 4+ 1.35 - <104T< — 2.00) for the bulk of H-sdBs/H-sdOBs and  (3.4)

Tesr
104K

logn(He) = —4.79 + 1.26 - ( - 2.00) for the smaller group. (3.5)
The two helium sequences are also visible in the Ty¢-logn(He) plane of Fig. [3.2.1] This
behavior of the H-sdBs and H-sdOBs more or less remains a mystery although several different
suggestions have been made in order to explain it. In principle, the same applies to the general
linear correlation between T and logn(He) observed for H-sdBs/H-sdOBs. For instance,
Aznar Cuadrado & Jeffery (2002) and Edelmann et al. (2003) argued that H-sdBs in short-
period binaries might exhibit higher helium abundances than the ones in long-period systems
or the isolated ones because of the strongly acting tidal forces leading to mixing in the stellar
atmosphere. Later, however, this was disproved by |Geier et al. (2012) and |Geier et al. (2013a),
respectively. Moreover, diffusion models from Michaud et al. (2011) predicted neither the two
sequences nor the observed correlation with temperature.

210ne of the most significant sources of systematic uncertainty results from the helium-line-broadening theory,
which unfortunately is still incomplete. In particular, for many of the neutral helium-line transitions observed
in the spectra of He-sdOs (especially in the near infrared) no sophisticated broadening tables are available
yet.
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3. Hot Subdwarf Stars

3.3. Chemical Composition

Hot subdwarf stars are known to show various different abundance anomalies. Therefore, this
section is dedicated to the surface composition of these chemically peculiar starsF_ZI. In terms
of metal content, the spectra of hydrogen-rich hot subdwarfs (H-sdBs, H-sdOBs, H-sdOs)
strongly differ from those of intermediate and extreme helium-rich ones (He-sdBs, He-sdOs).
This is why both groups will be discussed separately in the following. The spotlight will also
be on the *He anomaly, which is only observed for H-sdBs on the EHB.

H-sdBs and H-sdOBs

The chemical composition of H-sdBs (and H-sdOBs) is best studied among hot subdwarf stars
as these classes are by far the most frequent ones. Besides hydrogen and helium, a typical
optical H-sdB/H-sdOB spectrum shows prominent metal lines that can be associated with
carbon (C), nitrogen (N), oxygen (O), neon (Ne), magnesium (Mg), aluminum (Al), silicon
(Si), sulfur (S), argon (Ar), and iron (Fe). In addition, phosphorus (P), potassium (K), cal-
cium (Ca), scandium (Sc), vanadium (V), titanium (Ti), chromium (Cr) and sometimes also
cobalt (Co) and zinc (Zn) may be found. Due to the effective temperature regime of H-
sdBs/H-sdOBs and, hence, the predominant local temperatures in the stellar atmosphere, the
typical ionization stages of the observed metals are 11, 111, and 1V, depending on the specific
chemical element. The most sophisticated metal abundance analysis for H-sdBs/H-sdOBs
in the optical wavelength regime has been performed by |Geier (2013), including more than
100 individual objects and elemental abundances of up to 24 different ions per star (see Fig.
. However, since quantitative spectral analyses of this size are very time-consuming,
the author concentrated on a semi-automatic analysis pipeline to fit the synthetic spectra
computed from standard local thermodynamic equilibrium modeld®| to a small set of selected
and representative spectral lines per ion only. Although only upper limits on the abundances
of several of the chemical elements investigated could be derived, some similarities have been
found among the H-sdBs (and H-sdOBs). However, also relatively large star-to-star variations
are present and several abundance anomalies, in particular among the heavier elements, have
been observed. All of this shall be detailed in the following, whereby the discussed abundances
from |Geier (2013)| are given according to the nomenclature of Asplund et al. (2009), that is:
log ex := log N(X)/N(H)+12, where N(X) and N(H) are the number densities of the elements
X and H (hydrogen), respectively?’|

The observed C abundance derived from C 11/111 lines varies by orders of magnitude from star

22Depending on the specific chemical composition of a stellar atmosphere, various different hydrogen, helium,
and metal absorption (emission) lines can be observed in a stellar spectrum. The line profiles can be
fitted by means of model spectra in order to derive individual abundances which together form the surface
composition of a star. The theoretical concepts of spectral line formation will be detailed in Sect.
whereas quantitative spectral analysis and spectral fitting will be dealt with in Sect.

23The concept of local thermodynamic equilibrium will be presented in Sect.

24This means that a value of 12 has to be subtracted from log ex in order to derive the “standard” base-10
logarithmic number densities relative to the density of hydrogen.
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Figure 3.3.1.: Elemental abundances of H-sdB (and H-sdOB) stars as a function of effec-
tive temperature: carbon to aluminum (upper left-hand panel), silicon to cal-
cium (upper right-hand panel), and scandium to cobalt (lower panel). In cases
where more than a single ionization stage has been observed, the average abun-

dance is given.
angles represent upper limits.

While filled diamonds mark measured abundances, open tri-
The solid horizontal lines mark the respective

solar abundances from |Asplund et al. (2009). The size of typical error bars is

given in the upper right-hand corners of the individual panels.

are given according to the nomenclature of Asplund et al. (2009), that is:

logexy =

sities of the elements X and H (hydrogen), respectively.

log N(X)/N(H) + 12, where N(X) and N(H) are the number den-
This means that a

value of 12 has to be subtracted from the plotted log ex values in order to de-

rive the “standard” base-10 logarithmic number densities relative to the density

of hydrogen. Adopted from Heber (2016); original versions: |Geier (2013).
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3. Hot Subdwarf Stars

to star and ranges from ~-2.5dex subsolar to slightly supersolar (solar abundance: 8.43) in
most cases. However, some H-sdBs/H-sdOBs with T, > 32000 K have supersolar abundances
of up to more than +1.0dex (see Fig. [3.3.1)).

The N 11/111 abundances do not vary with effective temperature. They range from ~-1.0dex
subsolar to ~ 40.5 dex supersolar (solar abundance: 7.83). The measured O 11 abundances,
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Figure 3.3.2.: Mean elemental abundances (symbols) and ranges (lines) by number fraction

relative to solar for H-sdBs/H-sdOBs (open gray triangles; |Pereira 2011) and
intermediate He-sdBs (open black circles; [Naslim et al. 2010)). Additionally,
the surface abundances for another three intermediate He-sdBs are plotted sep-
arately: the zirconium star LS IV-14° 116 (full blue diamonds; Naslim et al.
2011) and the lead-rich stars HE 2359-2844 (open red circles; Naslim et al.
2013) and HE 1256-2738 (open green diamonds; Naslim et al. 2013). Abun-
dances are given according to the nomenclature of |Asplund et al. (2009), that
is: logex :=log N(X)/N(H) + 12, where N(X) and N(H) are the number den-
sities of the elements X and H (hydrogen), respectively. The dashed horizontal
line marks the solar abundance level according to Asplund et al. (2009). Upper
limits are indicated by downward arrows. Adopted from Heber (2016); original
versions: |Naslim et al. (2013) and |Jeffery et al. (2015).

however, show a larger scatter and are on average one to two orders of magnitude lower than

the solar one,

which is 8.69. Interestingly, the average O abundance is shifted by ~-0.5dex

at T ~ 30000 K with respect to the cooler H-sdBs.
Although neon could only be measured for a small number of sample stars (most frequently,
only upper limits were derived), its abundance derived from Ne 11 lines can still be specified.
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3.3. Chemical Composition

It scatters from ~-1.5dex subsolar to ~+0.1dex supersolar (solar abundance: 7.93). The
average magnesium abundance derived from Mg 11 lines is subsolar by about one order of mag-
nitude (solar abundance: 7.60). However, a slight subsolar trend with temperature ranging
from ~-1.5dex to ~-0.2dex is visible.

The aluminum abundance derived from Al 111 lines ranges from ~-1.5dex subsolar to about
solar (solar abundance: 6.45). For this element, also a slight trend with temperature can be
detected. The silicon abundance derived from Si 111/1V lines largely scatters between ~ -2.0 dex
subsolar and solar (solar abundance: 7.51). Interestingly, the mean Si abundance drops by
~-1.0dex at Teff Z 35000K.

Regarding phosphorus (P 111), the determined abundances are mostly upper limits. Nonethe-
less, a trend with temperature is visible since from T, ~ 28000K onwards the elemen-
tal abundance increases from ~-0.5 dex subsolar to ~ +1.0dex supersolar (solar abundance:
5.41). S1r and S 111, however, show a large scatter between ~-1.5 dex subsolar and ~ +1.0 dex
supersolar (solar abundance: 7.12).

The Ar abundance derived from Ar 1I lines also shows a trend with temperature. It ranges
from solar at the cool end to ~ +1.8dex supersolar at the hot end (solar abundance: 6.40).
An even stronger trend is observed for potassium (K 11, solar abundance: 5.03) whose abun-
dance increases with temperature from ~ +0.7 dex to ~ +3.0dex supersolar. Ca 1III is only
present at Ti¢ = 29000 K. Its abundance scatters from ~ +1.0dex to ~ +2.5dex supersolar
(solar abundance: 6.34). It has to be pointed out that Geier (2013) were not able to derive
abundances for Ca 11 because the most prominent lines (the H and K lines at 3968 A and
3934 A) were blended with interstellar linef™]

Scandium (Sc 111) could also be measured for a few stars only, but is strongly enriched com-
pared to the solar abundance of 3.15. The elemental abundance increases with temperature
from ~ +2.0dex to ~ +4.0dex. Titanium (Ti 111/1v; solar abundance: 4.95) is also strongly
enhanced and scatters from ~ +1.0dex to ~ +3.0dex supersolar. The same is true for vana-
dium (V 111, solar abundance: 3.93) whose abundance ranges from ~ +2.0 dex to ~ +4.0 dex
supersolar, mostly independent of temperature. Chromium (Cr 111, solar abundance: 5.64)
has also been detected in a few stars only, but is most often strongly enriched, if observed. Its
abundance increases with temperature from about solar to ~ +2.0 dex supersolar.

The iron abundance (Fe 111, solar abundance: 7.50), however, is constant throughout the
effective temperature regime. It ranges from ~-0.7 dex subsolar to ~ +0.5dex supersolar.
For cobalt (Co 111, solar abundance: 4.99) and zinc (Zn 111, solar abundance: 4.56), Geier
(2013) mostly derived upper limits. Nonetheless, these elements are also highly enhanced (up
to ~ +2.0dex supersolar). Zn 111 is not shown in Fig. because |Geier (2013)| were able
to derive upper limits from a single line only.

Geier (2013) found no significant difference between the metal abundance patterns of close
binary and apparently single isolated stars. The author therefore concluded that moderate
tidal influence of close companions does not change the abundances in the atmospheres of
hydrogen-rich hot subdwarfs. However, |Geier (2013) was not able to determine the metal
abundances for H-sdBs/H-sdOBs that have been spun up to very high rotational velocities of
the order of vsini ~ 100 kms™! as the broadening of the spectral lines in these cases was too

25The origin of interstellar lines will be described in Sect.
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Table 3.1.: Metallicity pattern used for the abundance analysis presented in Ch. Values are given as base-10 logarithmic

particle densities relative to the density of all particles. Red entries are adjusted to roughly match the mean
metal abundances for H-sdBs/H-sdOBs according to [Naslim et al. (2013)| These values roughly correspond to
the abundances shown in Fig. Note, however, that the abundance information provided in this table differs
from the one used in Fig. Solar abundances taken as a basis in this table stem from Asplund et al. (2009)|
Modified version of Table 11.1 in [Schneider (2017)|

Sp.  Ab. Tim.sol. Sp. Ab. Tim.sol. Sp. Ab. Tim. sol. Sp. Ab.  Tim. sol. Sp. Ab. Tim. sol.
Li -10.99 1 v -7.11 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 -444 0.59 Co -6.05 10 Ag -10.84 1.82 Ho -11.57 0.97 Fr -20.30 -
0O -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 -4.70 10 Zr  -7.46 100 Nd -10.62 1 Hg -10.87 -

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

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

SIe1G Jlempqng 104 ‘€



3.3. Chemical Composition

strong (see also Sect. [7.1.1]for details on the effects of vsin i on spectral fitting). Hence, such
objects may still show abundances that are (completely) different from the ones presented.
Furthermore, |Geier (2013)| compared the metal abundances of the sample stars belonging to
the upper helium sequence of |[Edelmann et al. (2003)| to that associated with the lower one,
but found that most species are not significantly affected by the difference in helium content.
Only carbon, sulfur (and to a less extent also silicon) show significant differences. While the C
abundance for stars on the upper helium sequence largely scatters up to supersolar values, the
H-sdBs and H-sdOBs on the lower helium sequence exhibit abundances that are on average
<-1.0dex below the solar one. Regarding the S abundance, a trend with temperature up to
supersolar abundance values in the helium-rich sample can be observed, whereas the helium-
poor sample only shows subsolar abundances.

Spectral analyses of near-UV (NUV) and far-UV (FUV) spectra overall confirm the findings
from optical analyses (see, for instance, the works of (Chayer et al. 2006, O’ Toole & Heber
2006, or Blanchette et al. 2008)), but also added heavier elements such as krypton (Kr) and
manganese (Mn) as well as trans-iron elements such as nickel (Ni), copper (Cu), gallium (Ga),
germanium (Ge), strontium (Sr), yttrium (Y), zirconium (Zr), tin (Sn), and lead (Pb) to the
list of observed chemical species in the spectra of many H-sdBs and H-sdOBs. Moreover, these
studies extended the information on elements for which only upper limits could be derived from
the optical wavelength regime.

Naslim et al. (2013)| proposed a mean abundance pattern for H-sdB/H-sdOB stars. It is dis-
played in Fig. [3.3.2l While the mean abundances for the lighter metals C, N, O, Ne, Mg, Al
Si, and S are clearly subsolar, the heavier elements beyond Ar show strong anomalies because
of supersolar abundances. On average, the latter are 10 times enhanced compared to the solar
abundance level, but the overabundance can also be as high as 1000 times solar depending
on the effective temperature of the specific star. The sole exception is Fe, which has a solar
mean abundance. The most promising explanation for the observed abundance anomalies is
atomic transport (diffusion) in the stellar atmosphere. This will be discussed in the further
course of this section.

Table lists the metallicity pattern used for the abundance analysis presented in Ch. [11]
Red entries are adjusted to roughly match the mean metal abundances for H-sdBs/H-sdOBs
according to Naslim et al. (2013). In consequence, the respective values roughly correspond to
the abundances shown in Fig. [3.3.2] Note, however, that the abundance information provided
in Table [3.1] differs from the one used in Fig. [3.3.2

The *He Anomaly

Usually, the measured helium abundance of stars refers to the one of the “standard” *He
isotope. However, a small amount of B-type MS, BHB, and EHB stars have been found
to show surface compositions that are (strongly) enriched by the lighter 3He isotope. This
phenomenon is generally referred to as the *He abundance anomaly, leading to significantly
lower “He/He isotopic abundance ratios than the solar one, which is of the order of ~ 10*
(Michaud et al., 2015). It is widely accepted that the He anomaly must also be related to
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3. Hot Subdwarf Stars

special diffusion processes occurring in the stellar atmosphere.

Typically, *He enrichment is identified by precisely measuring the small isotopic line shifts of
the He1 absorption lines in the optical part of a stellar spectrum. The isotopic shifts with
respect to the “normal” *He isotope vary from line to line. As first elaborated by Hughes &
Eckart (1930), two effects are physically important: 1) a shift of term energies affecting all
terms at the same time, AE = (Ap/m)E, where Ay is the difference between the reduced
masses of the two helium isotopes, m is the electron mass, and E is the *He term energy; 11)
a specific shift which depends on the wave functions and is non-zero for a two-electron system
such as Herl only for the P terms. The reduced mass effect leads to an overall reduction
of the term energies for >He compared to *He, whereas the specific shift reduces the singlet
P term energies and increases the triplet ones (Schneider et al., 2018). All neutral helium
line transitions in the NUV, optical, and near-infrared (NIR) spectral range up to principal
quantum number n = 8 are listed in Table [3.2] Both effects cancel out to some extent for
the 3P series (all corresponding transitions have isotopic shifts of |[AA| < 0.1A). However,
larger shifts occur for the 1S, 35, and ' P series (JA)| > 0.13A). For instance, *He 1 5875 A
is shifted only slightly (~0.04 A) towards redder wavelengths and can therefore be used as a
reference line to check against other effects that may shift the He1 positions relative to lines of
other elements. Such effects may be pressure shift§?® or shifts resulting from the presence of
magnetic fields. Amongst others, the strongest isotopic line shifts in the optical are observed
for 3He 1 7281 A, 3He 1 6678 A, and 3He 1 4922 A; they are ~0.55A, ~0.50A, and ~0.33A,
respectively (see Table and [Fred et al. 1951)E]. Apart from the large expected isotopic
shift, 3He 1 6678 A has two other advantages. First, it is a singlet, which leads to an expected
symmetric line profile. Second, it is usually not blended by other lines as it is located in a
relatively uncrowded region of the stellar spectrum. High S/N spectra are desirable in order to
precisely measure the position of the optical helium lines, in particular that of *He 1 6678 A. To
this end, however, the radial velocity (RV; see also Sect. of the respective 3He star has
to be well determined before the wavelengths of the observed lines can be interpreted. This is
because the RV strongly influences the measured isotopic line shifts and, hence, the abundance
ratio “He/3He. It is obvious that helium lines should be avoided for the determination of the
RV when aiming at 3He. Instead, RVs should be measured from sharp metal lines. Thus,
slowly rotating stars are preferred for detailed *He abundance studies (Schneider et al., 2018).
The 3He abundance anomaly was first observed among helium-weak B-type MS stars in the
temperature strip of 14000 K < T <21 000K (Hartoog & Cowley, 1979), with 3 Centauri
A (3 Cen A) being the prototype star (Sargent & Jugaku, 1961). These stars are located in
between the helium-rich B dwarf stars (with 7o up to ~32000K) and a group of helium-
weak ones (with T.¢ down to ~ 13000 K) that do not show any traces of *He (Michaud et al.,
2015). Later, the search for 3He was extended to the BHB since these stars observed in
globular clusters and in the Galactic halo were also found to be helium-weak. The first BHB
star to show the 3He anomaly was Feige 86 and it was discovered by Hartoog (1979). A few

26Pressure broadening will be topic in Sect. .

27Section will provide a closer look at the *He/3He line formation by means of He 1 4922 A, 5875 A,
and 6678 A. In this context, the effects of the 4He/3He isotopic abundance ratio and the total helium
abundance log n(*He + 3He) on the respective line shapes will be discussed (see also Fig. .
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Table 3.2.: Transitions and isotopic shifts A\ := \g(®He) — \g(*He) of selected Hert
lines in the NUV, optical, and NIR spectral range up to principal quantum
number n = 8. Modified version of Table 1 in Schneider et al. (2018).

Transition Mo (4He) Ao (3He) AN Transition Xo (#He) Mo (3He) AX
[A] [A] [A] [A] [A] [A]

1s2s3S1-1s2p3PY  10830.340 10831.658 1.318 1s2p!P{-1s3s!Sy  7281.351 7281.904  0.553
1s2s351-1s3p 3P  3888.649 3888.862  0.213 1s2p'PY-1s3d'D, 6678.152 6678.654  0.502
1s2s3S;-1s4p3P)  3187.745 3187.903  0.158  1s2plPY-1s4s!S,  5047.739 5048.078  0.339
1s2s3S1-1s5p 3P 2945.104 2045.246  0.142 1s2pl'P9-1s4d'D, 4921.931 4922.262  0.331
1s2s35;-1s6p3P)  2829.081 2820.216  0.135 1s2plPY-1s5s!S,  4437.553 4437.841  0.288
1s2s3S;-1s7p3P)  2763.803 2763.934  0.131 1s2p!P{-1s5d'D,  4387.929 4388.213  0.284
1s2s3S1-1s8p3PY  2723.192 2723.320  0.128  1s2p!P{-1s6s!Sq  4168.971 4169.237  0.266
1s2p'P{-1s6d 1Dy  4143.759 4144.023  0.264
1s2p1PY-1s7s1S,  4023.980 4024.233  0.253
1s2p'PY-1s7d Dy 4009.257  4009.509  0.252
1s2p'P{-1s8s1Sy  3935.945 3936.192  0.247
1s2plPY-1s8d 1Dy  3926.544 3926.790  0.246

1s2s1Sy-1s3p1PY  5015.678 5015.890  0.212  1s2p3P9-1s3s3S;  7065.215  7065.205 -0.010
1s2s1Sp-1s4p tPY  3964.729 3964.912  0.183 1s2p3P{-1s3d3D; 5875.625 5875.669  0.044
1s2s1Sp-1s5p P9  3613.642 3613.812  0.170  1s2p3PJY-1s4s3S;  4713.139  4713.208  0.069
1s2s1So-1s6p 1PY  3447.589  3447.753  0.164 1s2p3PJ-1s4d3D; 4471.470 4471.544 0.074
1s2s1So-1s7p'PY 3354555 3354715 0.160 1s2p3PJ-1s5s3S;  4120.811 4120.887  0.076
1s2s1Sp-1s8p P9 3206.773 3296.930  0.157 1s2p3PY-1s5d3D;  4026.184  4026.262  0.078
1s2p3PY-1s6s3S;  3867.472 3867.550  0.078
1s2p3PJ-1s6d3D;  3819.602 3819.680  0.078
1s2p3PY-1s7s3S;  3732.863 3732.942  0.079
1s2p3PY-1s7d3D;  3704.995 3705.074  0.079
1s2p3PJ-1s8s3S;  3651.982  3652.060 0.078
1s2p3PY-1s8d3D;  3634.231 3634.310  0.079

Notes: The listed transitions are implemented in non-local thermodynamic equilibrium in the 2He and *He model
atoms used in this work (see Sects. and for details). All rest-frame wavelengths Ao for the 3He and “He
components of the listed Hel lines are extracted from the Atomic Spectra Database of the National Institute of
Standards and Technology (NIST; https://physics.nist.gov/PhysRefData/ASD/lines_form.html| last called
on 13th February 2021). For each individual line, only one of the transitions with the highest relative intensity
according to NIST is listed.

years later, Heber (1987)| classified two additional BHBs (PHL 25 and PHL 382) as ®*He stars.
For over 30 years, the number of 3He BHB stars has remained the same until very recently
Hammerich (2020) detected the *He isotope in another two BHBs (HD 110942 and Feige 6).
However, the *He anomaly has also been found at the very blue end of the HB, that is, among
EHB stars, with the rotating H-sdB SB 290 being the first discovery (Heber, 1987)). Later,
another three H-sdBs (Feige 36, BD+48° 2721, PG 0133+114) in which 3He is enriched in
the atmosphere were found (Edelmann et al., 1997, (1999, 2001). |Geier et al. (2013a) added
another seven *He H-sdBs (EC 14338-1445, EC 03591-3232, EC 12234-2607, EC 03263-6403,
PG 1519+640, PG 1710+490, and Feige 38). So far, the 3He anomaly on the EHB has only
been observed in H-sdB stars. Despite of all the discoveries, however, 3He stars are still a rare
subclass of H-sdBs. |Heber & Edelmann (2004 )| estimated that less than 5% of the H-sdB
stars show the ®He anomaly. |Geier et al. (2013a) estimated a somewhat higher fraction of
18 %.
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Most of the 3He BHBs and *He H-sdBs known up to date do not show periodic RV variations.
In consequence, there is no evidence that binary evolution facilitates the photospheric *He
enrichment in these stars. However, three close binaries are known among 3He H-sdBs: Feige
36, PG 1519+640, and PG 0133+4114. Feige 36 has a RV semi-amplitude of K =134.6 kms™!
(Saffer et al., 1998) and a period of P= 0.35386 £ 0.00014d (Moran et al., 1999). PG
15194640 has K= 36.7+ 1.2kms™! and P= 0.539 4 0.003d (Morales-Rueda et al., 2003a;
Edelmann et al., 2004; |Copperwheat et al., 2011), whereas PG 0133+114 exhibits K= 82.0+
0.3kms™! and P= 1.23787+0.00003d (Morales-Rueda et al., 2003b; Edelmann et al., 2005).
Remarkably, the 3He H-sdBs were found to cluster in a narrow effective temperature strip
between ~27000K and ~31000K (Geier et al., 2013a), with BD+48° 2721 being the sole
exception. This narrow temperature strip resembles the one found for the helium-weak B-type
MS stars, although the latter are observed at lower temperatures. Interestingly, all of the 3He
H-sdBs belong to the upper helium sequence of |[Edelmann et al. (2003). Therefore, it was
suggested by |Geier et al. (2013a)| to divide this sequence into “normal” helium H-sdBs, *He
H-sdBs, and helium-rich ones, similar to what has been observed for the *He anomaly on the
MS.

Some *He H-sdBs/BHBs show clear displacements of the He1 6678 A line, indicating that
“He/3He < 1, whereas others exhibit strong lines of He that are blended with *He components
of similar strength. However, there is no correlation between the 4He/3He abundance ratio
and T (Geier et al., 2013a)).

Detailed information on isotopic helium abundances and *He/3He abundance ratios for selected
3He H-sdBs/BHBs shall not be provided at this point, but will be presented within the detailed
3He analysis of Ch. [10]

H-sdOs

Many of the measured elemental abundances for H-sdO stars resulted from FUV spectra.
Hence, the number of H-sdOs, whose surface compositions have been studied in great detail,
is by far lower than that of the H-sdBs and H-sdOBs. Consequently, the results for only eight
H-sdOs shall be presented here. These are Feige 110, AA Dor, and EC 11481-2303 (Rauch
et al., 2010, 2014; Klepp & Rauch, 2011)), Feige 34, Feige 67, AGK+81° 266, and LS Il +18°
9 (Latour et al., 2018)) as well as BD+28° 4211 (Latour et al., 2013, |2015)), which has a higher
helium content (solar) than the other considered objects.

As can be seen from the abundance patterns of Feige 110, AA Dor, and EC 11481-2303 (see
Fig. , the star-to-star scatter is large, as in the case of the H-sdBs and H-sdOBs. In
addition, the pattern strongly resembles the mean abundance one for H-sdBs/H-sdOBs (com-
pare Fig. [3.3.3to Fig. [3.3.2)). The lighter metals (C to S) are mainly subsolar (by ~-2.0 dex)
to solar, with the exception of Feige 110 for which C, O, and Si are clearly depleted. The
general strong enrichment of iron-group and trans-iron elements is clearly visible and increases
with increasing temperature. This indicates that diffusion processes, which are responsible for
these overabundances, must act in a similar way over a wide temperature range covering the
H-sdBs, H-sdOBs, and H-sdOs. This is quite surprising since over such a large range both the
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Figure 3.3.3.:

| H He CNO Mg SiP S CaScTi V CrMrFeCoNi  Zn  Ge]

Feige 110 47250/6.00 |
5 10 15 20 25 30
atomic number

Photospheric elemental abundances for the three helium-poor sdO stars AA
Dor (blue squares), Feige 110 (red triangles), and EC 11481-2303 (green cir-
cles) relative to the solar abundance level (dashed horizontal line) from |As-
plund et al. (2009). Downward arrows indicate upper limits. The atmo-
spheric parameters (1. and log g) of the three stars are shown in the legend.
[X] := log N(X)/N(all elements) — log N(X)/N(all elements)_. Adopted from
Heber (2016); original version: Rauch et al. (2014),
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Figure 3.3.4.: Photospheric elemental abundances for the four helium-poor sdO stars Feige

34 (full black circles), Feige 67 (full red squares), AGK+81° 266 (full blue
left triangles), and LS Il +18° 9 (full green diamonds) relative to the solar
abundance level (dashed horizontal line) from |Asplund et al. (2009). Open
downward triangles with the same color code indicate upper limits. Typical
error bars are shown in the case of Feige 34. The numbers on the abscissa
refer to the atomic numbers of the individual chemical elements. Adopted from
Latour et al. (2018).
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degree of ionization and the luminosity change, which, in theory, should strongly affect the
atomic transport. Interestingly, Fe is solar for Feige 110 and AA Dor, but heavily enriched (by
~ +2.0dex) in EC 11481-2303 (Heber, 2016).

Overall, the results for Feige 34, Feige 67, AGK+81° 266, and LS Il +18° 9 determined by
Latour et al. (2018) fit the picture. Nonetheless, it is really remarkable how similar these four
stars are in terms of metal abundances (see also Fig. [3.3.4).

BD+28° 4211 is the only sdO star whose abundance pattern does not fit into the general
scheme. As for the other H-sdOs, the lighter elements (C to S) are subsolar to solar, but
the abundances of the heavy metals are on average subsolar (see Figure 8 in |Latour et al.
2013). However, it has to be pointed out that BD+28° 4211 may also be a post-AGB star,
not least because of its higher temperature of T, ~ 81000-82000 K and higher surface gravity
of log (g) ~ 6.2-6.5 (Latour et al., 2013, 2015). This together with its solar helium abun-
dance, which also clearly differs from that of the other presented objects, makes the star not
comparable to the other considered H-sdOs (Heber, 2016)).

Feige 34, Feige 67, AGK+81° 266, LS Il +18° 9, and BD+28° 4211 are also part of this work's
analysis, even though no spectra of these stars will be analyzed (see Sect. [8.1.2)). Instead,
the spectroscopic results for e, log (g), and logn(He) from literature (Latour et al., 2013,
2015, [2018)) will be used.

He-sdBs

Figure [3.3.2 also shows the mean elemental abundances of intermediate He-sdBs analyzed by
Naslim et al. (2010). The intermediate and, thus, also the extreme He-sdBs have much more
helium than their standard hydrogen-rich siblings, the H-sdBs. In He-sdBs, the lighter metals
(carbon to sulfur) seem to be slightly more abundant than in H-sdBs. The studies of Naslim
et al.| (2011, 2013) on intermediate He-sdBs revealed 