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Zusammenfassung

Diese Arbeit beshäftigt sih mit heiÿen unterleuhtkräftigen Sternen (english: hot sub-

dwarfs) vom spektralen Typ O. Man darf sih von ihrem Namen niht fehl leiten lassen,

die Leuhtkräfte dieser Sterne sind immer noh a. 10�1000 mal so hoh wie die der Sonne,

sie emittieren den allergröÿten Teil ihrer Strahlungsenergie im Ultravioletten. Erste Sterne

dieses Typs wurden bereits in den 1950er Jahren klassi�ziert. Da sie, ebenso wie Quasare,

blaue Objekte sind, werden sie häu�g in Himmelsdurhmusterungen in hohen galaktishen

Breiten entdekt, deren eigentlihe Ziele Quasare und andere extragalaktishe Objekte

sind. Die unterleuhtkräftigen Sterne lassen sih grob in zwei Klassen einteilen, in O- und

B-Sterne, oder kurz sdO und sdB, entsprehend ihrer englishen Bezeihnung subdwarf type

O/type B.

Ihre Bedeutung in der Astronomie erhalten die sdOs und sdBs durh die Beobahtung

von starken UV-Flüssen in sehr alten Sternpopulationen, wie z.B. Kugelsternhaufen und

elliptishen Galaxien. UV-helle Himmelsregionen sind meist Sternentstehungsgebiete, die

allerdings in Kugelsternhaufen und elliptishen Galaxien niht vorkommen. Es hat sih

herausgestellt, daÿ sih dieser UV-Exzess durh Populationsmodelle erklären läÿt, welhe

die unterleuhtkräftigen Sterne berüksihtigen. Auÿerdem sind viele der sdBs veränder-

lihe Sterne, sie zeigen radiale und niht-radiale Pulsationen. Mit Hilfe von asteroseismo-

logishen Modellen kann bei diesen Sternen der innere Aufbau erforsht werden. So läÿt

sih z.B. die Masse des Sternes bestimmen, eine Meÿgröÿe, die Astronomen sonst nur in

seltenen Spezialfällen (bedekungsveränderlihe Doppelsterne) bestimmen können. Auh

für die Kosmologie sind sdBs und sdOs von Belang, da sie Supernova Ia Vorläufer sein

können.

Die Natur der heiÿen sdO Sterne ist weniger gut verstanden als die ihrer kühleren

und weit zahlreiheren Geshwister, der sdB Sterne. Mittlerweile ist die Zugehörigkeit

der sdBs zum Horizontalast (engl.: horizontal branh, HB) fest etabliert, diese Sterne

sind also alte, heliumbrennende Sterne nah dem Rote-Riesen-Stadium. Genauer be�nden

sih die sdBs auf dem heiÿen Ende des HB, dem Extremen Horizontalast (extreme hori-

zontal branh, EHB). Dieser untersheidet sih vom normalen HB durh die sehr dünnen

Wassersto�hüllen der Sterne, wir sehen also sozusagen direkt den nakten heliumbren-

nenden Kern. Für den Verlust der Wassersto�hülle maht man starken Massenverlust

im Rote-Riesen-Stadium verantwortlih. Der genaue Mehanismus ist noh niht geklärt.

Denkbar sind sowohl starke Sternwinde, als auh die Wehselwirkung zweier Sterne in en-

gen Doppelsternsystemen. Die Frage nah dem �rihtigen� Mehanismus ist Gegenstand

vieler aktueller Forshungsarbeiten.

Während die kühleren sdB Sterne mit vergleihsweise einfahen LTE Rehnung zu

analysieren sind, müssen die deutlih heiÿeren sdOs im NLTE gerehnet werden. Auh
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deshalb ist die Zahl der publizierten sdB Analysen (etwa 300) deutlih gröÿer als die von

sdOs. Für letztere gibt es neben ein paar einzelnen Analysen letztlih nur die Arbeit

von Ströer et al. (2007). In dieser werden die Spektren von etwa 50 sdOs analysiert. Es

stellte sih heraus, daÿ die heliumarmen sdOs als Nahfolger von sdB Sternen anzusehen

sind. Für die heliumreihen sdOs dagegen konnte keine de�nitive Antwort bezüglih ihres

Entwiklungszustandes gefunden werden.

Um eine möglihst groÿe Datenbasis zu haben, wurde für diese Arbeit auf den Sloan

Digital Sky Survey (SDSS ) zurükgegri�en, eine der gröÿten photometrishen und spek-

troskopishen Himmelsdurhmusterungen. Dazu wurden etwa 14 000 Sternspektren visuell

anhand von shnell erfassbaren spektralen Merkmalen klassi�ziert. Mit diesem Teil der

Arbeit verfügen wir nun über eine sehr umfassende Datenbank an klassi�zierten heiÿen

Sternen aus der im Moment wohl meist beahteten Durhmusterung. Der Groÿteil der

Spektren stellte sih wie erwartet als Weiÿe Zwerge heraus, darunter befanden sih einige

vorher unbekannte magnetishe Weiÿe Zwerge. Insgesamt wurden a. 1 500 Objekte als

heiÿe unterleuhtkräftige Sterne erkannt, 200 davon als sdOs. Für diese sdOs wurden die

E�ektivtemperatur, die Shwerebeshleunigung an der Sternober�ähe und das Verhält-

nis von Helium zu Wassersto� in der Atmosphäre bestimmt. Damit konnte eine statis-

tish asussagekräftige Datenbasis gewonnen werden. Zwei Entwiklungsszenarien bleiben

im Rennen: Das Vershmelzen zweier Weiÿer Zwerge und das �verspätete Heliumzünden�

eines Roten Riesen (late hot �asher).

Im ersten Szenario verlieren zwei massearme Helium Weiÿe Zwerge (HeWD) durh Ab-

strahlung von Gravitationswellen Energie und nähern sih immer weiter bis der masseärmere

shlieÿlih seine Rohe-Ober�ähe übershreitet, zerrissen wird und vom Begleiter akkretiert

wird. Es existieren aber keine detaillierten Berehnungen für dieses Szenario.

Late hot �asher sind Sterne, bei denen das zentrale Heliumbrennen (helium �ash) erst

beginnt, nahdem sie bereits anfangen sih zum Weiÿen Zwerg zu entwikeln. Ausführlihe

theoretishe Rehnungen dazu sind vor kurzem verö�entliht worden (Miller Bertolami et

al. 2008). Eine starke Anreiherung der Sternhülle mit Kohlensto� und teilweise auh mit

Stiksto� wird darin vorhergesagt.

Die Untersheidung zwishen beiden Szenarien ist mit unseren bisherigen Mitteln der

quantitativen Spektralanalyse niht möglih, da wir bisher nur Wassersto�- und Heli-

umhäu�gkeiten bestimmt haben. Mit dem Einsatz neuer Atmosphärenmodelle, die auh

Kohlensto� und Stiksto� berüksihtigen, wurden in dieser Arbeit die Parameter und

Häu�gkeiten von knapp drei Dutzend sdOs neu bestimmt. Die gemessenen E�ektivtem-

peraturen haben sih mit den neuen Modellen kaum geändert, aber die gemessene Shwe-

rebeshleunigung an der Sternober�ähe, log g mit g in cm/s2, ist um 0.2 dex niedriger aus-

gefallen als in bisherigen Messungen. Das löst einige Probleme mit Sternen, die sih bisher

bei hohen Shwerebeshleunigungen unter der Heliumhauptreihe befanden, während dort

eigentlih kein stabiles Heliumkernbrennen möglih ist. Andererseits wird die Verteilung

insgesamt zu niedrigerem log g vershoben, obwohl die Zeitskala der theoretishen Stern-

entwiklung die sdOs nahe an die Heliumhauptreihe rükt.

Die gemessenen Kohlensto�häu�gkeiten zeigen eine bimodale Verteilung: Knapp die

Hälfte der Sterne zeigt Kohlensto�, teilweise angereihert bis zum 10fahen des solaren

Wertes, ein klares Indiz für das Anreihern der Hülle mit Produkten des 3α-Heliumbrennens.
Stiksto� ist bis auf ein paar Ausnahmen leiht über dem solaren Wert. In den Sterne

mit wenig bis gar keinem Kohlensto� kann keine Mishung aus dem Kern in die äuÿeren
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Shihten erfolgt sein, nur die Produkte des CNO-Zyklus sind sihtbar. Es gibt drei kohlen-

sto�reihe Sterne mit extrem geringen Stiksto�häu�gkeiten, weniger als ein Zehntel des

solaren Wertes. Diese sind shwer zu verstehen: es muÿ Kernmaterial in die Hülle gemixt

werden, aber keine CNO-Produkte, oder es darf kein CNO-Brennen stattgefunden haben.

Überrashend au�ällig ist die Verteilung der Rotationsgeshwindigkeiten: Fast alle

kohlensto�reihen Sterne zeigen projizierte Rotationsgeshwindigkeiten der Sternober�ähe

von vrot sin i = 10 . . . 30 km s−1. Dieser Befund ist insofern unerwartet, als die sdB Sterne

sehr langsame Rotatoren sind (vrot sin i < 10 km s−1), sofern sie niht in engen Doppel-

sternsystemen durh Gezeitenkräfte aufgedreht wurden. Dieser Untershied shlieÿt einen

entwiklungsgeshihtlihen Zusammenhang zwishen sdB Sternen und kohlensto�reihen

sdOs aus. Sterne mit sehr geringem Kohlensto�anteil dagegen zeigen kaum meÿbare Ro-

tationsverbreiterungen in den Linienpro�len.

Insgesamt aht der kohlensto�reihen Sterne sind von ihren Häu�gkeiten her als late-

hot-�asher Kandidaten anzusehen. Besondere Probleme bereiten die stiksto�reihen,

kohlensto�armen Sterne, die so in den theoretishen late-hot-�asher Szenarien niht vorkom-

men. Das Szenario der vershmelzenden Weiÿen Zwerge könnte für diese Objekte zutre-

�en, in Ermangelung detaillierter Rehnungen ist das jedoh niht überprüfbar. Auh

die drei Sterne mit sehr geringem Stiksto�gehalt bei übersolaren Kohlensto�häu�gkeiten

sind shwer erklärbar. Eine Möglihkeit sind sehr niedrige primoridale Metallizitäten, die

Sterne wären dann also Halo-Objekte. Dies kann in Zukunft vielleiht anhand von Häu-

�gkeitsmessungen shwererer Elemente überprüft werden. Oder auh mit Hilfe von kine-

matishen Betrahtungen kann die Zugehörigkeit dieser Sterne zur Halopopulation geklärt

werden.
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Abstrat

This thesis deals with the hot subluminous stars of spetral lass O. Although the name

suggests otherwise, these stars are still 10 to 1 000 times more luminous than the sun, they

emit most of their radiation energy in the ultraviolet range. First stars of this type have

been ategorised in the 1950ies. Sine they are blue objets they often are disovered in

surveys at high Galati latitudes aiming at Quasars and other extragalati objets. The

hot subluminous stars an be divided into two lasses, the subluminous O and subluminous

B stars, or short sdO and sdB.

The sdOs and sdBs play an important role in astronomy, as many old stellar popu-

lations, e.g. globular lusters and elliptial galaxies, have strong UV �uxes. UV bright

regions often are �stellar nurseries�, where new stars are born. Globular lusters and ellip-

tial galaxies, however, do not experiene star formation. This UV exess an be explained

by population models that inlude the hot subluminous stars. Many sdB stars show short-

period, multiperiodi light variations, whih are due to radial and nonradial pulsations.

Asteroseismology an explore the inner struture of stars and estimate e.g. the stellar

mass, a variable that astronomers an only determine in very luky irumstanes (elips-

ing binaries). Hot subdwarf stars are also important for osmology beause they qualify

as supernova Ia progenitors.

The nature of the sdO stars is less well understood than that of their ooler and more

numerous siblings, the sdBs. The onnetion of the sdBs to the horizontal branh is

established for many years now, aordingly they are old helium ore burning objets after

their red giant phase. More preisely, they are on the extended horizontal branh (EHB),

the hot end of the horizontal branh. EHB stars are haraterised by a very low envelope

mass, i.e. we see more or less diretly the hot helium burning ore. Strong mass loss in

the RGB phase is regarded as responsible for this phenomenon. The exat mehanism,

however, is still under debate.

While the ooler sdBs an be analysed with relatively simple LTE model atmospheres,

the hot sdOs require muh more sophistiated NLTE alulations. The large e�ort required

for sdO analyses resulted in a relatively low number of publiations on the subjet, when

ompared with the numerous publiations on sdB stars. Besides a few detailed studies of

individual objets, the ≈ 50 stars analysed by Ströer et al. (2007) is the only extensive

work on sdOs. They explained the helium poor sdOs as progeny of the sdB stars. But for

the helium enrihed sdOs, no de�nite statement about their evolutionary status ould be

found.

In order to get a large sample of sdOs, this work made use of the Sloan Digital Sky Sur-

vey (SDSS), one of the most extensive photometri and spetrosopi surveys in astronomy.

About 14 000 spetra were lassi�ed by visual inspetion by means of easily reognisable
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spetral features. We now have a large database with lassi�ations of hot stars. The

majority of the spetra were lassi�ed as white dwarfs, among them a number of previ-

ously unknown magneti white dwarfs. 1 500 objets were identi�ed as hot subluminous

stars, about 200 of them are sdOs. We determined e�etive temperatures, surfae gravities

and atmospheri helium abundanes for these objets. Two evolutionary senarios remain

valid options for the sdOs' origin: The merging of two helium white dwarfs and the delayed

helium �ash of a red giant star (�late hot �asher�).

In the �rst senario, two low mass white dwarfs in short period orbits lose orbital energy

by radiation of gravitational waves. As their orbit shrinks, the less massive one will �ll its

Rohe lobe and get disrupted and areted on the ompanion. Unfortunately no detailed

alulations of the explosive nuleosynthesis exist for this senario.

The late hot �ashers are stars that do not experiene the helium ore �ash until they

leave their red giant phase and already evolve towards the white dwarfs. Miller Bertolami

et al. (2008) published detailed theoretial alulations for this senario. They predit a

strong enrihment with arbon and in some ases with nitrogen by mixing proesses.

A di�erentiation between both senarios was not possible so far, as we only determined

helium abundanes. The reation of new NLTE model atmospheres whih inlude arbon

and nitrogen enabled us to measure their abundanes in three dozen sdOs. E�etive

temperatures did not hange muh with the appliation of the new models, but the surfae

gravity was found about 0.2 dex lower than in previous analyses. This provides a solution

for a handful of stars that until now were situated below the helium main sequene, whih

would not allow stable helium ore burning. On the other hand, the whole distribution is

shifted towards lower gravities while the theoretial alulations predit an aumulation

of stars at higher surfae gravities, near the helium main sequene.

The measured arbon abundanes reveal a bimodal distribution: half of the objets

have arbon enrihed up to 10 times the solar value, a lear indiation of 3α proessed

material mixed from the ore into the envelope, the other half shows arbon strongly

depleted. With some exeptions, nitrogen is above solar abundanes, up to a fator of

ten. Stars with very low arbon ontent annot have experiened mixing of matter from

the ore into the envelope, only CNO-proessed matter is exposed. Three stars with high

arbon abundanes are found that have a very low nitrogen ontent. These stars are not

easily understood: matter from the ore must have been brought into the envelope, but

not the CNO-proessed matter.

A surprising orrelation is found for the rotational veloities with abundanes: nearly all

stars with high arbon abundanes also have high projeted rotational veloities vrot sin i =

10 . . . 30 km s
−1. Beause the sdB stars are very slow rotating with vrot sin i < 10 km s

−1

(unless spun up by tidal interation in lose binary systems), this disquali�es any evolu-

tionary onnetion between sdBs and the arbon rih sdOs. Those stars without arbon

on the other hand show no signi�ant rotational broadening in their line pro�les.

Altogether eight stars an be onsidered as ompatible with having experiened a de-

layed helium �ash. Those stars with high nitrogen abundanes but only very little atmo-

spheri arbon are not predited by any late hot �asher alulation. They are onsidered

andidates for the white dwarf merging senario, whih we annot yet verify due to missing

alulations. Another remaining problem are the three stars with high arbon, but very

low nitrogen abundanes. One possible explanation would be a very metal poor (halo)

origin for these objets, whih ould be veri�ed in the future by a quantitative analysis of
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the heavier metals. Alternatively the examinations of the kinemati properties of the stars

ould provide lues onerning their membership to the halo population.
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Chapter 1

Introdution

Hot subdwarf stars represent a poorly understood phase in the evolution of old low

mass stars. Therefore we start with a short overview of stellar evolution1 of stars with

0.08 M⊙ . M . 2.5 M⊙. In this ontext we plae the hot subdwarf stars and point

out their peuliarities. A detailed desription of the rivalling formation hannels is then

presented in hapter 2.

1.1 Hot subdwarfs in the general ontext

Many aspets of the stars' lifeyle are known very well. Most of their lifetime they spend on

the main sequene in the Hertzsprung Russell Diagram (HRD), whih displays luminosity

versus temperature (Figure 1.1). After hydrogen exhaustion in the ore, the burning shifts

into the shell and the star beomes a red giant on the red giant branh (RGB). Eventually,

the degenerated ore violently ignites helium burning (helium �ash), and the star settles

on the Horizontal Branh (HB), a nearly horizontal region in the HRD. The star now has

two soures of luminosity: the helium burning ore and the hydrogen burning shell, slowly

burning its way outwards. History repeats itself and after helium exhaustion in the ore,

a helium burning shell in the now helium enrihed region above the ore and below the

still burning hydrogen shell is established. Again the star in�ates to giganti dimensions

and is alled an AGB star (asymptoti giant branh). On the AGB the stars ejets their

envelopes into interstellar spae, visible as planetary nebulae for some 10 000 years, while

the degenerate C/O ore slowly ools down and beomes a white dwarf.

In spite of this lear piture of stellar evolution we have reahed, there are stars of whih

we know their future, but don't know how they ame into existene in the �rst plae. The

stars we shall onsider are hot stars showing spetral signatures typial of B- and O-stars.

But with their high surfae gravity and orrespondingly small size of R ≈ 0.1 − 0.3 R⊙

ompared to those of O- and B-stars on the main sequene, R ≈ 10 − 20 R⊙, they have

lower luminosities than their huge relatives. Hene they are ommonly alled subluminous

stars of spetral type O and B, or � as the (perhaps misleading) term dwarfs is already

used for the main sequene stars � subdwarf O (sdO) or subdwarf B (sdB) stars. They

were �rst disovered by Humason & Zwiky (1947) and systematially analysed by Newell

1A more extensive overview of low mass stellar evolution an be found in Catelan (2007a) and referenes
therein.

1
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Figure 1.1: The Hertzsprung-Russell diagram: luminosity plotted over e�etive temper-

ature. Important regions are outlined. The hot subdwarfs are on the very left at hot

temperatures and luminosities around 100 L⊙.

(1973) and Greenstein & Sargent (1974). Many surveys in the following deades, like the

Palomar Green Survey (PG; Green, Shmidt & Liebert 1986), the Hamburg ESO Survey

(HE; Wisotzki, Wamsteker & Reimers 1991) and the Hamburg Quasar Survey (HS; Hagen

et al. 1995), originally aimed at quasars, turned out to be dominated by faint blue stars,

amongst them many hot subdwarfs (see Fig. 1.2). The Sloan Digital Sky Survey (SDSS)

provides the latest additions to the list of identi�ed hot subdwarfs. This survey has more

than 1 000 hot subdwarfs in its spetrosopi database.

Hot subdwarfs evolve diretly into white dwarfs and are the main preursors for the

less massive ones. They are responsible for a phenomenon alled UV upturn or UV exess

(UVX) in spetra of elliptial galaxies and the bulges of spiral galaxies (Catelan 2007b)2.

To the surprise of astronomers, these old and red objets show an inrease in �ux for wave-

lengths shorter than 2 000Å. The extent of the UV exess is governed by basi parameters

suh as the population's age, the helium ontent, the metalliity and mass loss rates (Han,

Podsiadlowski & Lynas-Gray 2007). Hene the importane of the subdwarf stars in un-

derstanding the properties of galaxies is apparent and our knowledge of galati evolution

2For an extensive review of the UVX phenomenon see O'Connell (1999).
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Figure 1.2: Cumulative objet ounts over magnitude. Taken from Green, Shmidt &

Liebert (1986).

annot be omplete without understanding the hot subdwarfs.

Altmann, Edelmann & de Boer (2004) used the kinematis of sdBs for Galati pop-

ulation studies. Hot subdwarfs are even relevant for osmology, as some of them might

qualify as SN Ia andidates (Geier et al. 2007a; Maxted, Marsh & North 2000). Geier et al.

(2008) suggested that a substantial number of sdBs have an invisible ompat ompanion,

i.e. a neutron star or a blak hole.

1.2 Properties of subdwarfs

Heber et al. (1984), Heber (1986) and Sa�er et al. (1994) identi�ed the hot subdwarfs as the

�eld ounterparts to the Extended Horizontal Branh seen in globular lusters. It is now

well established that the sdBs are helium burning ores of about half a solar mass, overed

by a very thin hydrogen envelope of Menv < 0.02 M⊙. In ontrast to the normal HB stars,

this envelope is too thin to sustain hydrogen shell burning. The EHB is a sequene of

stars with about the same ore mass and of ever thinner envelope masses, reahing from

the normal HB with Menv > 0.025 M⊙ down to the Helium Main Sequene (HeZAMS,

Pazy«ski 1971) of pure helium stars, i.e. Menv = 0 M⊙. Essentially, with diminishing

envelope mass we see more and more diretly onto the star's hot ore.

The number ratio of sdO to sdB stars is found to be 1:3 in the PG survey (see Fig. 1.2).

Though sdBs and sdOs oupy neighbouring areas in the HRD, they are quite di�erent.

First, sdO stars do not lie diretly on the EHB and their relation to it is not lear. They
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an in part be identi�ed with either post-EHB, post-RGB or post-AGB stars. Seond, sdBs

are extremely helium poor, with y = NHe/NH ≈ 10−4 (in the more ommon logarithmi

notation log y ≈ −4)3. SdOs, on the other hand, show a variety of helium abundanes over

several magnitudes, ranging from log y = −3 to log y = +3. Based on this, an evolutionary

onnetion between these two types of stars has always been onsidered questionable. It is

not lear, how di�usion (the game between gravitational settling and radiative levitation),

thought to be responsible for the helium de�ieny of sdBs, should turn them again into

helium rih objets. Radiative fores were shown to be at least one order of magnitude

too weak (Mihaud et al. 1989). Groth, Kudritzki & Heber (1985) found a He ii/He iii

onvetion zone in the photosphere of helium rih sdOs. A helium poor photosphere,

however, does not develop onvetion and therefore annot turn into a helium rih one.

Some subdwarfs are known to show wind signatures (Heber et al. 2003b; Rauh 1993),

however only in stars on the lower end of typial surfae gravities. Hamann et al. (1981)

derived mass loss rates by winds in the range Ṁ = 10−9 . . . 10−12 M⊙/yr, albeit for very low

surfae gravities (log g = 4.2 . . . 4.8). Di�usion alulations were arried out by Unglaub

(2008) and predit that for most sdB stars homogeneous winds are not possible, i.e. the

winds are expeted to be metalli. This implies that the gravitational settling of helium is

not hindered by stellar winds.

Another interesting property of the subdwarfs is their ability to show pulsations. Sine

the theoretial predition of pulsations in sdB stars by Charpinet et al. (1996) and their

disovery a year later (Kilkenny et al. 1997), asteroseismology models have made a giant

leap and are now applied on a regular basis to determine stellar masses, see for example

Brassard et al. (2001). Theoretial knowledge is still sare, but �rst steps into modelling

pulsation instabilities in sdOs were made by Rodríguez-López et al. (2006) and Je�ery

& Saio (2007), who found the models unable to exite pulsation. Surprisingly the sdO

star SDSS J160043.6+074802.9, a spetrosopi binary, was serendipitously found to be a

pulsator with at least 10 short period modes of 60�120 s (Woudt et al. 2006). An extensive

searh for pulsators by Rodríguez-López, Ulla & Garrido (2007) found 31 out of 56 sdOs to

be promising andidates. Reently, with the inlusion of radiative levitation, Fontaine et al.

(2008) were able to onstrut models for SDSS J160043.6+074802.9 whih show pulsation

instabilities aused by the κ-e�et (a loal opaity bump due to iron). In the near future

asteroseismology ould therefore be used to probe the stellar struture of sdOs and reveal

lues to their nature and origin.

Finally, the sdBs are generally very slow rotators, at least those not in short period

binaries. Upper limits given for measured projeted rotational veloities are vrot sin i .

10 km s−1 (Heber & Edelmann 2004; Edelmann, Heber & Napiwotzki 2006; Geier 2009).

For short period binaries however, rotational broadening is learly visible for many stars

and is seen as a result of tidal loking (see e.g. Geier et al. 2007b).

Reently Ströer et al. (2007) reported that all helium rih sdOs show lines of arbon

and/or nitrogen in their optial spetra, while none of the helium poor objets does. They

suggest a new lassi�ation sheme introduing the sublasses C-, N-, CN- or 0-type. With

the solar helium abundane (log y = −1) found to be a dividing line between the 0- and

the other types, they all all sdOs with supersolar helium abundane helium-enrihed and

3We will use number ratios for abundanes throughout this thesis, unless expliitly stated otherwise.
log y is the helium-to-hydrogen ratio, but given the large variation of this ratio, arbon and nitrogen
abundanes used in later hapters will be relative to the total partile number.
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the stars with log y < −1 helium-de�ient.

We provide the reader with an impressive justi�ation for the CN-types in Fig.1.3.

Four spetra, eah one of an 0-, C-, CN- and N-type sdO, have the most important arbon,

nitrogen and helium lines �agged. These spetra were taken with the FEROS spetrograph

at the ESO 2.2m telesope and folded with a Gaussian of 0.3Å FWHM. The seleted

wavelength range is very small, otherwise the narrow and rowded metal lines would hardly

be seen and impossible to be distinguished. In the hosen range, however, the 0-type

hydrogen rih sdO at the bottom only appears as a straight line with the exeption of

He ii 4 686Å, due to the lak of metal lines. For a omplete list of spetral lines see table E.1.

1.3 Spetral lassi�ation

The spetral lassi�ation of hot subdwarfs and related objets is best de�ned in the optial

part. Although there exist elaborate shemes with numerous sublasses (see Drilling et al.

2003; Je�ery et al. 1997), in pratise the following simple method is used most often.

HBB/HBA Horizontal branh stars of spetral type A and B: Teff < 20 000 K. Narrow

Balmer lines as deep as 50% or more relative to the ontinuum.

sdB Subdwarf type B: Teff = 20 000 . . . 30 000 K. Broad Balmer lines of moderate depth.

No helium or only He i 4472Å is visible.

sdOB Subdwarf type OB: Teff = 30 000 . . . 40 000 K. Broad Balmer lines of moderate

depth. Spetrum shows He i lines and He ii 4686Å.

sdO Subdwarf type O: Teff > 40 000 K. The Balmer lines are shallower than in sdBs. He ii

and He i for the ooler ones are visible.

HesdO Subdwarf type O, helium rih: The He ii Pikering series dominates the spetrum,

Balmer lines are not or hardly visible. A onsiderable number of He i an be seen,

depending on Teff .

HesdB Subdwarf type B, helium rih: rarely used, this designates sdB stars with exep-

tionally strong He i lines.

Sometimes quite annoyingly, the division into all these lasses is often negleted in literature

and �sdB� is used for all (He)sd(O,OB,B) stars. Also frequently used is �sdB� for sdBs and

sdOB for all hotter subdwarfs. When referring to subdwarfs in globular lusters, the term

�EHB star� is the most frequent one, a photometri lassi�ation in the olour-magnitude

diagram. This inludes both sdBs, sdOBs and sdOs.

When onfronted with an optial spetrum, the number of visible Balmer lines n in the

spetrum is a helpful riterion for a �rst lassi�ation. With growing surfae gravities the

pressure inside the atmosphere rises, leading to �pressure ionisation� of the higher atomi

levels. Giant stars therefore have the highest number of Balmer lines, n > 23, horizontal
branh A-stars (HBA) have n < 19 and for HBB n = 15 . . . 14. Subdwarfs show only 10�12

Balmer lines while the high gravity white dwarfs have n < 10 (Greenstein & Sargent 1974).

Note that, following Ströer et al. (2007), in this work we do not distinguish between

HesdO and sdO, with the helium abundane of log y ≈ 0 being the approximate dividing

line. In this work we use the terms helium-enrihed sdO and helium-de�ient sdO instead,

where the solar helium abundane log y = −1 was established as the de�ning abundane.
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Figure 1.3: Top to bottom: helium-enrihed N-type, CN-type, C-type and helium-de�ient 0-type. Helium and hydrogen lines are

marked by grey lines, the most prominent features of arbon and nitrogen are marked by red and green lines. The emission feature

redwards of He ii 4 686Å is not real. For better larity features from titanium, oxygen, silion, neon, et have not been labelled, see

table E.1.



Chapter 2

Evolutionary senarios & formation

hannels

A number of senarios trying to explain the subdwarfs' evolution have been put forward.

The question, however, as to how the stars lose nearly all of their envelope at exatly the

right time before the helium ore �ash, is still unanswered.

2.1 Binary star evolution

Mengel, Norris & Gross (1976) were the �rst to explore the interation of two stars in

a binary system as a possibility to get rid of the envelope. In a su�iently lose binary

system, if one omponent beomes a red giant and extends its radius beyond the Rohe

lobe, mass will be transferred through the inner Lagrangian point L1 onto the ompanion

star. This is the stable Rohe lobe over�ow (RLOF). If the mass transfer ours faster

than the ompanion an arete the material, a hot envelope around the aretor may

form, whih eventually will also �ll the Rohe lobe (Iben & Livio 1993; Pazy«ski 1976).

A ommon envelope (CE) engul�ng both stars is the result. Through dynamial frition,

orbital energy is deposited into the CE, leading to a spiral-in of both stars and the ejetion

of the surrounding material. Even two suh events are possible with both stars suessively

reahing red giant dimensions and initiating mass transfers, stable or unstable.

Maxted et al. (2001) found two-thirds of all sdBs in binary systems with short peri-

ods from hours to days and their ompanion stars to be mostly white dwarfs. This was

supported by the work of Edelmann et al. (2005). While setting on a somewhat lower

number fration, Napiwotzki et al. (2004b) on�rmed the high binary fration, but not for

the helium-rih sdOs, where only one out of 23 stars shows signatures of radial veloity

variations. Close binary evolution seems to be a very important hannel for the sdBs and

the helium-de�ient sdOs, but not so for the helium-enrihed ones.

Another possible hannel is the merging of two low mass helium white dwarfs (Webbink

1984; Iben & Tutukov 1986; Iben 1990). Two low mass white dwarfs with su�ient small

separation and helium ores instead of the C/O ores of most white dwarfs � formed

for example via a RLOF and a CE phase � will lose orbital energy due to radiation of

gravitational waves. Filling its Rohe lobe, the less massive one will be disrupted and

areted on the primary, whih will eventually gain enough mass to start helium burning.

Any hydrogen left in their atmospheres will probably be mixed into the deeper and hotter

7
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Figure 2.1: Rohe Lobe Over�ow (RLOF) and Common Envelope (CE) ejetion, based on

Podsiadlowski (2008).

interior and will be burnt rapidly. This hannel leaves behind a ore helium-burning objet

with very little or no hydrogen in the atmosphere.

Saio & Je�ery (2000) and Je�ery & Saio (2002) explored this senario in more detail.

They predited an enrihment of the remnant's atmosphere with nitrogen as the CNO

proessed helium ash of the donor star overs the helium-burning interior of the newly

formed subdwarf. Je�ery (2002) suggested V652 Her to be the produt of suh a merging

proess. Calulations of Gourgouliatos & Je�ery (2006), however, showed that the merging

produt will rotate faster than its breakup veloity. Angular momentum therefore has to

be lost during the merging proess or a few million years thereafter, for example by mass

loss that transports orbital energy outwards, or by magneti �elds, whih are ommonly

invoked for braking. And indeed, kilo-Gauÿ �elds have been observed in hot subdwarfs,

both in sdBs, helium-rih and helium-poor sdOs (O'Toole et al. 2005; Valyavin et al. 2006).

In their extensive binary population study Han et al. (2002, 2003) onsidered these

three hannels of binary evolution: i) ommon envelope ejetion, ii) stable Rohe lobe

over�ow and iii) the merging of two HeWDs. A number of unknown parameters were var-

ied, resulting in a dozen simulation sets di�ering in the ritial mass ratio for stable versus

unstable RLOF qcrit, the ommon envelope ejetion e�ieny αCE and the thermal ontri-

bution to the envelope's binding energy αth. The last two parameters an be understood
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through the ondition for ommon envelope ejetion:

αCE|∆Eorbit| > |Egrav + αthEth| (2.1)

where ∆Eorbit is the hange in orbital energy through spiral-in proess, Egrav is the gra-

vitational binding energy of the envelope and αthEth is a fration of the thermal energy

in the envelope. The right hand side of this equation is obtained by full stellar struture

alulations. This elaborated parametrisation is a more realisti piture of the physis

behind the proess, but on the other hand brings along the risk of too many free parameters.

Through omparison with published samples of binary sdB stars of known period, they

found the best math for the Rohe lobe over�ow e�ieny αRLOF (ratio of mass areted

by the seondary to mass lost by primary) to be αRLOF = 0.5.
Although binary interation easily provides the required mass loss, this piture annot

be omplete: Moni Bidin et al. (2006) searhed for radial veloity variable stars in globular

lusters and were fored to assume a binary fration of less than 20% in NGC 6752. A

possible solution was presented by Han (2008), who predited a rise of the ontribution of

mergers to the EHB population with time. Dynamial interation in GCs is more ommon

than in the �eld and ould therefore either harden or disrupt binaries, the former leading

to a shorter timesales for mergers.

2.2 Canonial evolution

As the helium �ash at the tip of the RGB always ours at about the same helium ore mass

Mcore ≈ 0.46 . . . 0.5 M⊙, only slightly dependent on metalliity and helium abundane, the

horizontal branh is de�ned by helium ore burning stars di�ering only in their hydrogen

burning shell masses. With dereasing Menv the star is situated at the bluer (hotter) part

of the horizontal branh until, at envelope masses less than 0.02 M⊙, no hydrogen shell

burning is possible anymore. This is the extended horizontal branh (EHB) and suh stars

will not limb the AGB but diretly evolve to the white dwarfs (AGB-manqué stars).

One possible way to remove the envelope are strong stellar winds. Espeially RGB

stars are known to show winds. The mehanism for this, however, is far from understood

(Espey & Crowley 2008) and we still rely on the empirial Reimers' mass loss formula

(Reimers 1975):

Ṁ = −4 · 10−13 ηR

L

gR
M⊙ yr−1

(2.2)

with luminosity L, surfae gravity g and stellar radius R in solar units. Reimer's mass loss

parameter ηR ≥ 0 depits the mass loss e�ieny and is usually given as ηR . 0.6 for RGB

stars (Dorman, Rood & O'Connell 1993).

Most alulations do not follow the entire evolution from the zero-age main sequene to

the post (extended) horizontal branh stages as the helium �ash itself is di�ult to model.

So this episode is frequently skipped and alulation ontinues diretly on the horizontal

branh. Mass loss is simulated by the remove of the envelope near or at the tip of the

RGB. This is a valid simpli�ation as the wind only a�ets the onvetive envelope and

not the ore until the very late stages when the envelope is redued to a few thousandths

M⊙ (Castellani & Castellani 1993).

Dorman, Rood & O'Connell (1993) arried out extensive alulations for post-(E)HB

evolution. They simulated the horizontal branh by stellar models aquired from helium
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ores of RGB stars with a small hydrogen rih envelope (0.003 M⊙ ≤ Menv ≤ 0.5 M⊙)

added. To aount for the arbon prodution during the helium �ash, the ores were

enrihed in arbon. These models were then evolved from the zero age EHB (ZAEHB) to

the terminal age EHB (TAEHB), de�ned by helium exhaustion in the ore, and further

through helium shell burning. A lifetime of ≈ 110Myrs for stars on the EHB and ≈ 20Myrs

on post-EHB evolution was predited and the authors onluded that the ratio of EHB to

post-EHB objets is expeted to lie around 1 to 5 or 1 to 6.

The main problem with this senario is the �netuning required for the mass loss. If

mass loss is too strong the star will skip the HB stage and beome a low mass helium white

dwarf. Too small mass loss on the other hand will plae the star on the red end of the

horizontal branh. The hottest stars produed by anonial evolution have Teff ≈ 31 000 K

(Brown et al. 2001). All hotter subdwarfs, i.e. all sdOBs and sdOs, must be mathed by

post-EHB evolution.

2.3 Late hot �ashers

A red giant with strong, but still plausible mass-loss rates an reah a mass omparable to

its ore mass. At that point, the star will �peel o�� the RGB before the onset of helium

ore burning and move at onstant luminosity aross the HRD to high temperatures and

�nally settle on the WD ooling urve (RGB-stragglers, �ash-manqué stars). However,

depending on the mass loss e�ieny ηR, the ore may still ignite helium even with the

star on the WD ooling urve (Castellani & Castellani 1993). These stars are alled late

hot �ashers. Calulations by D'Cruz et al. (1996) showed that for a fairly wide range of

ηR = 0.65 . . . 1.1, depending slightly on metalliity, the star will beome a hot He-�asher

with ore masses of Mcore = 0.45 . . . 0.5 M⊙. Also they onluded that in priniple there

should be no lower limit for the envelope mass. Sweigart (1997) suggested that internal

rotation of RGB stars an lead to helium mixing from the hydrogen shell into the envelope,

resulting in higher mass loss rates by inreasing the luminosity at the tip of the RGB.

This late hot �asher senario was further developed by Brown et al. (2001) by on-

tinuous alulation of stellar models up to the helium �ash. Mass loss was alulated by

eq. 2.2, for ηR = 0 . . . 0.817 (no �ash mixing), 0.818 ≤ ηR ≤ 0.936 (�ash mixing) and

0.937 ≤ ηR ≤ 1.0 (�ash-manqué). Though the alulations were terminated due to nu-

merial problems when �ash mixing started, they predited most if not all of the envelope

hydrogen to be onsumed and a surfae arbon abundane of 4% by mass, a result sup-

ported by full omputation of the late hot �asher evolution by Cassisi et al. (2003). The

envelope remaining for the �ash mixing ases is nearly onstant Menv ≈ 6 × 10
−4 M⊙ and

independent of the atual mass loss parameter. Moehler et al. (2004, 2007) applied these

models to some suess for the blue hook stars in NGC 2808 and ωCen. The need to

di�erentiate the late hot �ashers into deep mixing and shallow mixing was �rst disov-

ered by simulations of Lanz et al. (2004). In Figure 2.2 (taken from Lanz et al. 2004),

four sequenes for di�erent mass loss parameters leading to hot EHB stars are plotted:

The top left panel shows a standard helium �ash at the tip of the RGB leading to the

ooler HB stars. The �ash may also our at the top of the WD ooling trak (�early hot

�asher�, see top right panel). Only in bottom panels in Figure 2.2, the late hot �ashers,

the �ash onvetion reahed into the envelope, mixing hydrogen into the helium burning

ore and helium and arbon from the ore into the envelope. Finally arbon and helium
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Figure 2.2: Four sequenes of evolution from the main sequene to the horizontal branh

for di�erent mass losses. The peak of the helium �ash is marked by an asterisk. Top left:

Normal mass loss, the HeFlash ours at the top of the RGB and a normal HB star is

formed. Top right: Early hot �asher. Bottom left: Late hot �asher with shallow mixing.

Bottom right: Late hot �asher with deep mixing. Figure taken from: Lanz et al. (2004).

are dredged up to the surfae. This is very similar to the �born again� senario, suggested

for the formation of extremely hydrogen de�ient R CrB stars. Those are stars already

on their post-AGB evolution when experiening a very late helium shell �ash whih mixes

hydrogen into the star's interior (e.g. Renzini 1990).

Miller Bertolami et al. (2008) did extensive stellar evolution alulations for di�erent

mass loss rates and stars of di�erent initial metalliities. Shemati Kippenhahn diagrams

from their paper are depited in Figure 2.3. The ordinate is the star's radius from the

ore up to the surfae, time runs along the x-axis. Convetion is present in the hathed

areas, yellow indiates inert regions and red is ative energy prodution and nuleosynthesis

through fusion proesses. Sales both in time and stellar radius are in arbitrary units.

Shallow mixing (SM): If the star ignites helium early while the hydrogen shell burn-

ing is still very luminous, an entropy barrier is maintained by the CNO burning and the
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Figure 2.3: Shemati Kippenhahn diagram of the di�erent mixing ases of the late hot

�asher senario. For details see text. Adapted from Miller Bertolami et al. (2008).
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interior onvetion zone powered by the helium �ash annot pass this barrier. In Fig. 2.3,

upper panel, this an be seen at the transition from the helium rih to the hydrogen rih

envelope where CNO burning before the onset of the helium �ash is still ative. The inte-

rior onvetion zone powered by the helium burning mixes arbon enrihed material into

the inner envelope, but initially fails to reah the hydrogen rih outer envelope. Instead

the onvetion zone will shrink and move slowly outwards. Meanwhile the energy produed

by the helium burning auses the star's struture to hange and it will move towards the

EHB. A very shallow outer onvetive zone, whih grows slowly inwards, is established.

After ≈ 12 000 years both onvetive zones merge, leading to a dilution of the hydrogen

envelope with the nitrogen enrihed helium ash of preeding CNO proesses and arbon

produed in the helium ore �ash.

Deep mixing (DM): In ases in whih the shell hydrogen burning is negligible, as

shown in Figure 2.3, entre panel, the inner onvetive envelope reahes into the outer

hydrogen rih layers. This mixes protons into the arbon enrihed ore where they are burnt

rapidly. As a onsequene of this additional luminosity, an entropy barrier forms at the

hydrogen burning loation, splitting the interior onvetive zone, whih � now driven by

the hydrogen burning � grows ever further into the upper layers. The result is a runaway

proess, as the growing onvetive zone brings down more protons to be burnt whih in

turn drives the onvetion further outwards. The hydrogen burning an reah luminosities

omparable to those of the He-�ash, or even outshine them. This H-�ash onsumes almost

all hydrogen and is the reason for the hydrogen de�ieny. In Figure 2.3, entre panel, the

rapid growth of the onvetive zone shortly after its penetration into the hydrogen rih

layers is learly visible. Some ten years later the outer and the inner onvetion zones

meet and the star's surfae beomes extremely hydrogen de�ient, predited hydrogen

abundanes are X = 10
−4 . . . 10

−6.

Shallow mixing with some H-burning (SM*): An �in between� senario exists,

where the shell CNO burning is still ative but very weak. See Figure 2.3, bottom panel.

Although the inner onvetive zone reahes the hydrogen rih envelope, the amount of

protons mixed downwards is too small to start the runaway proess present in the deep

mixing senario. Only a small amount of hydrogen is burnt and after ≈ 6 000 years the on-

vetion zones merge. The star beomes hydrogen de�ient, but with a signi�ant amount

of hydrogen left. Numbers given are X = 10
−2 . . . 10

−3.

The shallow mixing gains importane with inreasing metalliity: In low metalliity

stars, only 4% of the mass range in whih mixing ours is shallow mixing. This rises up

to 17% for super solar metalliity.

2.4 Non ore burning evolution

As elaborated in the preedent setion, the star will fail to ignite the helium ore ompletely

if very high mass loss rates are assumed. Their evolution, as alulated by Driebe et al.

(1998), leads these �ash-manqué post-RGB stars of M ≈ 0.4 . . . 0.27 M⊙ through the sdO

domain on short timesales of 3 . . . 6 × 10
5 years. Heber et al. (2003a) and O'Toole et

al. (2006) report on two ooler (Teff . 20 000 K) post-RGB objets. However, if they are

single stars, the progenitors of these objets must be low mass stars (M < 0.5 M⊙) whih

have main sequene lifetimes longer than Hubble time. Their evolution must therefore be

a�eted by interations with a ompanion star in lose binary systems, even loser than
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for sdBs beause the mass loss must be strong enough to prevent the helium ore �ash

ompletely. Surfae helium abundanes are not expeted to be hanged muh and the

spetra would still be dominated by hydrogen Balmer lines, exatly as observed.

Canonial post-AGB stars on their way to the white dwarf graveyard also ome lose

to the hotter and most luminous sdOs (Shönberner 1979, 1983). But due to their short

lifetimes of only some 10
4 years, their number an be expeted to be quite small.

2.5 Summary and disussion

In this hapter we have introdued three di�erent theories for the sdOs' evolutionary status:

(i) evolved EHB stars (see hapter 2.2), (ii) independent prodution of both sdOs and

sdBs through enhaned mass loss (binary interation, winds, see hapters 2.1 and 2.3),

and (iii) sdOs on their way through the EHB region �by hane� (post-RGB, post-AGB,

see hapter 2.4).

Although not to be dismissed entirely, given the short timesales of (iii), this option

must be regarded as highly unlikely, at least for the omplete sdO population. Case (i)

presents not a real solution, but shifts the quest for the hot subdwarfs' origin from the

hotter sdOs to the ooler sdBs.

Should the late hot �asher senario be valid and a major ontributor to the subdwarf

population, the number of �ash-manqué stars, i.e. helium white dwarfs, is also expeted to

be high (Castellani, Castellani & Prada Moroni 2006). A reent study of WDs in the old

and metal rih open luster NGC 6791 by Kalirai et al. (2009), showed two thirds of them

to be undermassive with M < 0.46 M⊙. Although they are of spetral type DA, their low

mass makes them �ash manqué stars. This is further supported by the inonsisteny of the

luster's ages determined from RGB turn o� models and white dwarf ooling sequenes,

whih is subsequently solved with the use of ooling sequenes for helium rih WDs. A

olour-magnitude diagram of NGC 6791 also shows the existene of EHB stars. Kalirai et

al. (2009) onluded that metal rih environments indeed lead to high mass loss rates, most

likely through stellar winds on the RGB, as evidene for late hot �ashers and �ash-manqué

stars are present.

However, Lanz et al. (2004) imply an important role of stellar rotation for the late

hot �ashers. They report two of two observed arbon-rih HesdBs to be fast rotators

(vrot sin i ≈ 100 km s
−1). A valid origin for these stars ould be RGB stars with fast

rotating ores leading to enhaned mass loss and subsequently to late hot �asher events.
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SPAS - Spetrum Plotting and

Analysis Suite

For our spetral analysis we used two tools, based on the same priniple. We started

the analysis with Ralf Napiwotzki's FITSB2, whih �ts syntheti spetra to the observed

spetrum by interpolating within a three dimensional grid of preomputed syntheti spetra

(Napiwotzki et al. 2004a). A χ2 riterion is used for determining the best �t parameters.

Statistial errors are omputed for Teff and log g only.

By far the most spetra are not �ux alibrated and many are not even normalised and

so the ontinuum between the spetral lines does not provide muh information. Using

this feature to save memory and omputational time, the program does not �t a model

to the omplete observed spetrum, but rather to a number of user seleted ranges of

interest, typially ontaining one or two spetral lines eah. The parameter �t is done

simultaneously to the ranges.

While FITSB2 is a great and reliable programme, it laks a ertain user-friendliness.

Therefore I have hosen to re-implement it, using C/C++ and the Qt toolkit

(http://www.qtsoftware.om/). This new program, Spetrum Plotting and Analysing

Suite, or SPAS, provides a graphial user interfae for easy and fast aess to �t param-

eters like spetral resolution, �tted ranges, start parameters, and so on. Often needed

additional features when working with spetra are:

• display spetra with automati axis saling

• zooming in and out

• highlight the laboratory restwavelengths of ions (read in from a text �le) for line

identi�ation

• smooth the spetrum by folding it with a Gaussian funtion

• normalise a spetrum by dividing it by the ontinuum, approximated by a spline

based on user seleted tags

• add, multiply or divide spetra

• delete data points, like osmis

15
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Figure 3.1: A sreenshot of the plot window, showing a typial HesdO spetrum from the

SDSS database in blak. Restwavelengths of a seletion of spetral lines are marked by

the vertial grey lines whih highlight and print the speies and ionisation stage on sreen

when under the mouse ursor. The red lines aross the omplete sreen demonstrate the

ruler funtion, where the distane of the urrent ursor position to a previous position is

given in Ångström and �ux (see red numbers at the lower right of the sreenshot) as well

as in veloity and relative �ux (red numbers in parenthesis). A �t to the He i 4 472Å line

is also shown (thik red line).

• alulate the signal-to-noise ratio (interpreted as mean / std.dev.)

See �gure 3.1 for an example of the plot window, demonstrating the usefulness of this

program for a �quik and dirty� evaluation of a spetrum.

For a more elaborate quantitative analysis, models of syntheti spetra have to be �tted.

The parameter �t performed both by FITSB2 and SPAS is similar: they use the downhill

simplex (Nelder & Mead 1965) algorithm from Numerial Reipes (1986). A simplex is an

(N+1)-polyhedron in N dimensional spae, for example a triangle in 2D or a tetrahedron

in 3D spae. In the downhill simplex algorithm, a test funtion (here: χ2) determines

the goodness of eah vertex and replaes the worst one with a new vertex by mirroring

the point through the opposing fae, ontrating or expanding the simplex in the proess.

Thus, the simplex will wander through the parameter spae, eventually ontrating until

either the relative di�erene of the test funtions evaluated at eah vertex falls below a

threshold, or a maximum number of iterations was performed. This algorithm is not the

fastest method, but it guarantees to �nd a minimum, whih however is not neessarily the

global minimum!

By interpolating �rst for log y, then log g and last for Teff within a grid of syntheti

spetra using a natural ubi spline, the spetra of the simplex' verties are omputed.

If requested, rotational broadening and maro turbulene is applied, then the syntheti

spetrum is folded with the instrumental pro�le. Finally the spetrum is rebinned to the

observed data by interpolation between the two nearest neighbouring wavelength points. A
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Figure 3.2: Example of a simplex in 2D parameter spae.

linear interpolation is used in order to save omputation time. As the syntheti models have

very narrow spaed wavelength points around the spetral lines, a higher order polynomial

�t does not provide any measurable di�erene.

For the χ2 omputation the model �uxes are saled to the observed data, whih is not

neessarily normalised. Dividing the model �ux by the observed data and �tting a linear

funtion to these values, a �normalisation funtion� is derived whih now sales the model

to the data. Note that by this method, both the observed and the model �uxes are allowed

to be in arbitrary units. The only relevant element is the relative strength of the line to the

ontinuum. Artifats or spetral lines in the observed data not reprodued in the models

an interfere with this method of ontinuum estimation. In these ases, the ontinuum an

be set manually.

Radial veloities are measured by �tting a Gauss+Lorentz funtion, approximating a

Voigt funtion, plus a linear o�set to the line pro�le. vrad is then omputed via λ−λ0

λ0
= vrad

c ,

where λ0 is user seletable and may be adjusted to whatever line is used.

The program has now been used by members of the institute for some time. So far only

minor deviations from programs like FITSB2 have been found, whih an, for example, be

explained by minor hanges in routines like the spline generation or the rebinning as well

as di�erent �oating point preision. The interested reader may get an impression of the

user interfae by examining �gure 3.3, where a sreenshot of the �twindow is displayed.

Error determination is done by bootstrapping. Bootstrapping refers to the tale of

Munhhausen, pulling himself out of the swamp by his own bootstraps. In a similar way

here, the data themselves are used to determine the data's error: The data are randomly

resampled with replaement a large number of times and a parameter �t is done for eah

iteration. Then the standard error is the standard deviation of the parameters of the boot-

strap distribution. Unfortunately the omputational ost of bootstrapping is very high:

the data have to be resampled in every iteration, then a sorting algorithm must rearrange

the frequeny points into order and a omplete parameter �t has to be done. However,

the errors omputed this way are unbelievably low and we omitted their alulation. A
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Figure 3.3: A sreenshot of the �twindow. Upper part : In the upper right text �eld the

binary model �les are entered, for eah abundane a separate �le. The extension of the

modelgrid to be used is de�ned by the gridpoints entered below. Text�elds in the entre

allow the seletion of start values of the �t, and a seletion of parameters to be �tted.

Best �t parameters are displayed in the left text �eld. Lower part: Both prede�ned and

arbitrarily hosen �t ranges around important spetral lines are added or deleted by user

interation. In red the best �t model is plotted over the observed data. Note the manual

de�nition of the ontinuum level for the N ii line at 4 631Å, otherwise the Si iv line right

next to it would disturb the automati ontinuum estimation.

reasonable explanation is the low resolution of SDSS, where too few wavelength points for

an e�etive resampling method are available per spetral line. In the future an established

χ2 method should be implemented. We used statistis of stars with multiple spetra for

error estimation in the meantime.
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Stellar atmospheres

In this work we often mention �model atmospheres�. What exatly are they, and how are

they of use in astronomy?

So far only some supergiants have been resolved spatially (and very poorly indeed) �

and the sun, of ourse. From earth every star has to be regarded as a point soure. Literally

everything we know about stars is based on their surfae-averaged light. A star's atmo-

sphere is the outer region of the star where the light we reeive is �reated�, or physially

more orret: The regions where an emitted photon has a hane to esape the star and

reah a detetor on earth, for example. The properties of the photons we detet, therefore,

are determined by the physial onditions of the stellar atmosphere. By modelling the

temperature and density strati�ation and analysing the emergent spetrum, we an draw

onlusions about these onditions.

A model atmosphere is the omputed temperature and density strati�ation of a stellar

atmosphere for given parameters (always, but not onstrained to: temperature and surfae

gravity). From the model atmosphere a syntheti spetrum an be alulated, simulating

the spetrum of the real star. For our spetral analyses we use a model grid, that is a

library of syntheti spetra alulated from model atmospheres of di�erent parameters.

By �nding the syntheti spetrum whih reprodues the observed one best, we an derive

the parameters of the star.

In this hapter we will brie�y disuss the assumptions and approximations used in

stellar atmosphere modelling and give an overview of the methods of their alulation.

4.1 Simplifying assumptions

Fusion proesses deep in the interior (ore, shell burning) are the only noteworthy soures

of energy for most stars. This energy is then transported by radiation and onvetion

through the envelope until it is radiated from the stellar surfae. The stellar atmosphere

is omposed of the outermost layers from whih radiation still esapes into spae1. In our

ases, we an safely assume an atmosphere in radiative equilibrium, that means energy is

transported by radiation only (Groth, Kudritzki & Heber 1985). Its alulation an be

quite omplex and a number of simpli�ations are used.

1Alternatively one an think of it as the layers we an still look through into the star.

19
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An often used simpli�ation is the assumption of LTE, or loal thermodynamial equilib-

rium: the disrete volume elements of the atmosphere are treated as being in TE and their

level population densities an be alulated with the Saha-Boltzmann laws. Avoiding the

assumption of LTE leads to non-LTE (NLTE) alulations. While most ooler sdB stars an

be desribed aurately with LTE, the hotter sdOs need NLTE atmospheres. The dividing

e�etive temperature above whih NLTE e�ets dominate was found at Teff ≈ 30 000 K by

Napiwotzki (1997).

We an summarise the assumptions and simpli�ations for stellar atmosphere alula-

tions as follows:

• Planeparallel geometry: This is the assumption that the extension of the atmo-

sphere is negligible ompared to the star's radius. It is therefore su�ient to treat

the atmosphere as parallel layers through whih energy is transported. This holds

true for most stars2 and was on�rmed to be a safe assumption for hot subdwarfs

by Grushinske & Kudritzki (1979). With the assumption of planeparallel geometry,

the only oordinate needed in desribing the atmosphere is the height z from the

inner boundary of the atmosphere to the surfae.

• Homogeneity: It is generally assumed that the matter is homogeneously mixed and

no hemial gradient exists.

• Stationarity: The star's struture does not hange over time. Exeptions are, for

example, stellar pulsations or phases of rapid evolution. Still, stationary atmospheres

an be valid �snapshots� of the star's urrent state and pulsations are frequently

modelled by integrating over di�erent parels of the stellar surfae with stati but

di�erent atmospheri onditions.

• Hydrostati equilibrium: The atmosphere's weight is supported by the pressure

and follows approximately the barometri height formula. No expansion or shrinking

and no mass loss is assumed.

• Radiative equilibrium: At every point in the atmosphere the energy absorbed

equals the emitted energy.

• Statistial equilibrium: Every level's population and depopulation rates are bal-

aned, i.e. the level populations are stationary. This more general ondition replaes

the restritive LTE assumption.

• Partile and harge onservation: No mass loss is assumed and the plasma has

no net harge.

4.2 Radiation transport and its formal solution

The spei� intensity is the loss (or gain) of energy of a radiation �eld in time and frequeny

into (or from) the solid angle dω around ñ and through the area dσ at r̃ (see Fig. 4.1).

I(ν, ñ, r̃, t) =
d4E

dνdtdωdσ
(4.1)

2Exept e.g. supergiants, Wolf Rayet stars and main sequene O-stars. Due to their low surfae gravities
and/or stellar winds their atmospheres an have enormous dimensions.
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The radiation �eld an be expressed in terms of moments of Iν :

• The mean intensity Jν (0. moment)

• The �ux Fν (1. moment), whih is related to the astrophysial �ux: πFν = Fν

• The pressure of the photon gas Kν (2. moment)

The astrophysial �ux Fν is the �ux averaged over the star's surfae as seen from earth

and is the atual observed quantity.

Radiation interats with matter via proesses that an be grouped into true absorption

and emission and sattering. True absorption and emission proesses destroy or reate

photons, they ouple the matter with the radiation �eld, i.e. they transfer energy from

the radiation �eld to the plasma (or the other way around). Photoionisation (bound-free

transition) and exitation (bound-bound) followed by ollisional deexitation or ionisation

are true absorption proesses. Their inversions are true emission proesses. The bound-

bound transitions are responsible for the spetral lines. Sattering does not exhange

energy between photons and the gas, but hanges the diretion of propagation of the

photon. Thomson sattering of photons on free eletrons or the absorption and immediate

re-emission of photons are examples of sattering proesses.

Marosopially, absorption along the path ds is desribed via dIν = −κνIνds with

the absorption oe�ient κν , and emission via dIν = ǫνds with the emission oe�ient

ǫν . In planeparallel geometry, the path ds with the angle θ to the surfae normal an be

expressed as dz = cos θds = µds, where z is the depth oordinate. From this immediately

follows the formula for radiation transport:

µ
dIν(µ, z)

dz
= −κνIν + ǫν (4.2)

Now, instead of the geometri depth variable z we introdue the optial depth dτν = −κνdz
and with the soure funtion Sν = ǫν

κν
we an write equation 4.2 as:

µ
dIν(µ, τν)

dτν
= Iν(µ, τν) − Sν (4.3)

Figure 4.1: Geometri sale and optial depth in planeparallel geometry. The inner bound-

ary of the atmosphere is to the left, the outer boundary is to the right.
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The solution of this di�erential equation gives the formal solution of the radiation trans-

port. If the soure funtion were known, the radiation transport ould easily be solved. In

reality however, Sν is a funtion of Iν itself and is not known. For the mean intensity Jν

the formal solution an be expressed as

Jν =
1

2

∞∫

0

Sν(τ)E1(|τ − τν |)dτ (4.4)

where E1(x) is the �rst exponential integral. With the introdution of the lambda operator

Λ[f(x)] ≡ 1

2

∞∫

0

f(x)E1(|x − x′|)dx (4.5)

one an write

Jν = Λ[Sν ] (4.6)

4.3 Radiative equilibrium

Radiative equilibrium requires that the �ux emitted by a volume element equals the �ux

absorbed by this element:
∞∫

0

κν(Sν − Jν)dν = 0 (4.7)

This integral form is equivalent to the di�erential form demanding onstant �ux through

the atmosphere, or:
∞∫

0

∂

∂τν
(fνJν)dν = H (4.8)

where fν is the variable Eddington fator

fν =

1∫

0

µ2uνµdµ /

1∫

0

uνµdµ (4.9)

and uνµ = 1
2(Iν(µ)+ Iν(−µ)) is the Feautrier variable. The integral form is best suited for

small optial depths, while deep in the atmosphere both Sν and Jν approah the Plank

funtion and equation 4.7 is ful�lled, independent of the temperature. On the other hand

a small optial depth with low opaities and no interation of radiation and matter leads

to a temperature-independent �ux, rendering the di�erential form numerially unstable.

Thus, typially a linear ombination of both methods is used.

4.4 Hydrostati equilibrium

With surfae gravity g and olumn mass m, we an write the hydrostati equilibrium as

d

dm
P = g (4.10)
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where P is the pressure, that is the sum of gas pressure, radiation pressure and turbulene

pressure (if onsidered):

d

dm



NkT +
4π

c

∞∫

0

fνJν dν +
1

2
ρv2

turb



 = g (4.11)

4.5 Partile onservation

Let N be the sum of eletron density ne and the population densities nkli of level i of ion
l of atom k:

N = ne +

NA∑

k=1

NI(k)∑

l=1

NL(l)∑

i=1

nkli (4.12)

For onveniene, the �titious massive partile density nH is introdued (Werner et al.

2003) as

nH =
NA∑

k=1

Ak

NI(k)∑

l=1

NL(l)∑

i=1

nkli (4.13)

where Ak denotes the atomi weight of element k in atomi mass units. With mH being

the mass of a hydrogen atom, the density of matter an then be derived from

ρ = nHmH. (4.14)

4.6 Statistial equilibrium and LTE vs NLTE

If the star were a losed system it would be in thermodynamial equilibrium, desribed

only by its global temperature T . Then the spei� intensity Iν equals the Plank funtion

Iν = Bν(T ) =
2hν3

c2

1

ehν/kT − 1
(4.15)

and the the distribution of the veloities of the partiles an be desribed by the Maxwellian

distribution:

f(v) =
( m

2πkT

) 3
2
e−

mv
2

2kT 4πv2
(4.16)

The oupation numbers of bound states are governed by the Boltzmann formula

nup

nlow
=

gup

glow
e−

Eup−Elow
kT (4.17)

where the gup/low are the statistial weights of the states, while the number ratios for

ionisation stages obey the Saha equation, whih is in priniple the extension of Boltzmann's

law with the upper level being a two partile system (ion + free eletron):

nup

nlow
=

2

ne

(
2πmekT

h2

) 3
2 gup

glow
e−

Eup−Elow
kT (4.18)
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Obviously, a star is not a losed system, it radiates energy whih we an detet here

on earth. Instead the star is treated as individual volume elements eah of whih is loally

in thermodynamial equilibrium (LTE). The loal temperature T (z) �xes the energy of

the gas via the Maxwell, Boltzmann and Saha equations. Beause photons an leave the

surfae, the radiation �eld is not a simple Plank distribution but a omposition of the

individual volumes' Bν(T (z)).
This view is not entirely aurate, as photons an travel long ways before they are

thermalised. They therefore ouple the loal volumes to eah other. With the availability

of faster omputers the LTE onditions an be loosened (non-LTE, NLTE). Detailed rate

equations then take the plae of Saha-Boltzmann statistis. This implies the onsideration

of all proesses that populate and depopulate a state. Stationarity then demands the exat

balane of all rates, so that the population of levels do not hange with time (= statistial

equilibrium). Assume that Cij are the ollisional rates and Rij are the radiative rates from

level i to j, then statistial equilibrium requires:

ni

∑

i6=j

(Cij + Rij) =
∑

i6=j

nj (Cji + Rji) (4.19)

The rux, however, is that the rates Rij depend on the radiation �eld whih is given by

the transfer equation, whih in turn depends via κ nd ǫ on the oupation numbers of

the states. Therefore NLTE omputations are more time-ostly by orders of magnitude

than LTE, and the latter is the preferred method as long as deviations between both are

small. For the sdB stars, Napiwotzki (1997) found that LTE is a valid assumption up to

Teff < 30 000 K.

Generally it is hard to predit to what extent the use of NLTE improves the models.

As a guideline, high temperatures and low densities demand for NLTE. This an be un-

derstood when one realls that it is radiation that disturbs the assumptions of LTE as the

photons ouple di�erent layers of the atmosphere and high temperatures go along with

high radiation �uxes. On the other hand, a larger number of absorbing partiles lowers the

photon free mean path, thus higher densities lead to more loalised layers. It is well estab-

lished that sdO stars need NLTE alulations over all their range in e�etive temperature

and surfae gravity (Kudritzki 1976; Napiwotzki 1997).

4.7 Methods of omputation

Considering l = 1, . . . ,NL atomi levels and using a preomputed frequeny grid with

f = 1, . . . ,NF frequeny points, the problem may be stated as the searh for the ND
solution vetors

Ψd = {nl, ne, T, nH, N, Jf} (4.20)

of the atmosphere disretised into d = 1, . . . ,ND depth points. Here ne and nH denote

the eletron density and massive partile density and the depth indies on the right hand

side have been omitted. These vetors are obtained via the solution of a set of oupled

non-linear equations:

• Radiation transfer, whih determines the mean intensities Jf .

• Hydrostati equilibrium for the partile density N that depends on log g.
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• The radiative equilibrium �xes the temperature T , based on the parameter Teff .

• Statistial equilibrium governs the population densities nl.

• Eletron density ne follows from partile onservation.

• Fititious massive partile density nH for onveniene

One method for alulating model atmospheres is the omplete linearisation (Auer &

Mihalas 1969) of these equations. Their solution via iterations is straight forward but

requires the inversion of very large matries whih means very high omputational osts.

Another way to takle this problem is the use of lambda iterations: The expliit ourrene

of the NF mean intensities Jf d for eah depth point d an be irumvented by using

equation 4.6, whih allows us to iteratively alulate Jf d from population densities and

vie versa. Convergene of this sheme, however, is very poor in optial thik ases: every

iteration an be regarded as photons travelling their mean free path whih is very short

for photons in the ores of deep lines. Numerous iterations therefore have to be performed

to propagate these trapped photons over a signi�ant distane.

An improvement of the lambda iteration is the aelerated lambda iteration (ALI) by

Werner & Husfeld (1985), whih is used by most state-of-the-art model atmosphere odes.

The idea behind this sheme is to replae the Λ-operator of equation 4.6 by an approximate

Λ-operator, Λ∗. Then the i-th iteration step an be written as

J i = Λ∗Si + (Λ − Λ∗)Si−1 = Λ∗Si + ∆J i (4.21)

where Λ∗ ats on the urrent, yet to be determined soure funtion Si while the orre-

tion term ∆J inludes only known parameters from the previous iteration. Frequeny and

depth indies have been omitted. This method is ommonly known as �operator split-

ting�. Linearisation and iterative solution algorithms are then used on the remaining set

of oupled non-linear equations.

The trik behind ALI is that Λ∗ an be hosen ompletely arbitrarily � in ase of on-

vergene (Si = Si−1) equation 4.21 obviously gives the exat solution. Optimal operators

are e.g. the diagonal of the full Λ-operator, or a tridiagonal Λ∗ (Rybiki & Hummer 1991).

The diagonal approximate Λ-operator for example deouples the depth dependene of the

solution vetors. With the use of a tridiagonal Λ∗ whih onsiders only nearest neighbour

interation in the depth oupling, one an rewrite equation 4.21 to

J i
d = Cd−1S

i
d−1 + BdS

i
d + Ad+1S

i
d+1 + ∆J i (4.22)

where the Ad+1, Bd and Cd−1 are the upper, the diagonal and the lower elements of the

tridiagonal Λ∗.
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Chapter 5

Hot subdwarfs from the SPY projet

Before venturing into the depths of the Sloan Digital Sky Survey in hapter 6, we regard it

more appropriate to draw the reader's attention to a preeding study of hot subluminous

stars from the SPY survey. SPY stands for Supernova Ia Progenitor surveY. We will meet

SPY again in later hapters, as we will use it for a omparison and extension of our analysis

in the afore mentioned hapter 6, and again in hapter 11 where it will undergo a new and

� hopefully � improved spetral analysis. So in this hapter, after a short summary of

the SPY survey, the papers of Lisker et al. (2005) and Ströer et al. (2007) are introdued

and their results summarised.

5.1 The idea of SPY or a short side step into osmology

Supernovae Ia gained muh interest of astronomers, when it was realised that the shape of

their lighturve is related to their luminosity. Sine then they have been used as standard

andles and are, for example, one fundamental pillar of urrent ΛCDM osmologies whih

require the not yet diretly deteted dark matter and the even more elusive dark energy in

order to desribe the observations. SNe Ia are explained by the thermonulear explosion of

a arbon-oxygen white dwarf whih exeeds the Chandrasekhar mass (1.39 M⊙). Beyond

this mass, the arbon ignites and the star is destroyed in the following explosion. A

worrying detail, however, is the fat that no one really knows the exat mehanism of the

explosion of SNe Ia. Open questions are, for example, what role rotation plays, or what

triggers the arbon ignition: Does the gravitational pressure diretly ignite arbon, or is it

the shokwave travelling inwards after ignition of the areted helium? In the seond ase,

a sub-Chandrasekhar mass may su�e (see e.g. Livio 2000). One possible senario is the

so alled double degenerate senario (DD), the merging of two white dwarfs due to loss of

orbital energy by the radiation of gravitational waves. Unlike the sdO progenitor senario

of merging HeWDs (hapter 2.1), the more massive arbon-oxygen type white dwarfs are

required. Two reently published studies (Raskin et al. 2009; Rosswog et al. 2009) suggest

the head-on ollision of white dwarfs as viable andidates for SNe Ia.

SPY aimed at identifying the progenitors in the DD senario, that are white dwarf

binaries with ombined masses exeeding the Chandrasekhar limit and orbital periods

short enough to allow a merging within a Hubble time (Napiwotzki et al. 2003). The

instrument used is the UV-Visual-Ehelle-Spetrograph (UVES) (Dekker et al. 2000) at

UT2 (Kueyen) at ESO VLT. SPY is run as a bad weather programme in servie mode and

27
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uses a slit width of 2′′.1 in order to minimise the loss of light due to bad seeing. After

extrating and merging the ehelle orders with a modi�ed version of the standard UVES

pipeline (Karl 2004), the spetra were �normalised� by the division through a DC white

dwarf spetrum. DC white dwarfs have featureless spetra and therefore are often used for

normalisation.

As theory predits a low fration of suh systems at the order of some per ent among

white dwarf binaries, SPY uses a large list of over 1 000 targets ompiled from atalogues

of white dwarfs. Essentially, this target list inludes all spetrosopially identi�ed white

dwarfs with V < 16.5 aessible from the ESO Paranal site. By obtaining at least two

spetra at random epohs, radial veloity variable stars were found. Together with a

spetral analysis, promising andidates were identi�ed and follow-up observations were

sheduled. Thus their periods and mass ranges are determined and one an identify the

systems whih qualify as SN Ia progenitors.

The atual SPY survey has been ompleted by now, but the work on the data is still

ongoing. In the ourse of the survey, optial spetra of over 1 000 white dwarfs were taken

and more than 100 double degenerate systems were found, with a handful of systems near

the Chandrasekhar limit (Napiwotzki et al. 2005). But the survey also has raised new

questions. Helium white dwarfs, for example, were found to have a binary fration of

42%. But as the single star progenitors of suh low mass white dwarfs have very long

lifetimes, even greater than a Hubble time, this is in on�it with the expetation of a

muh larger fration of radial veloity variable stars, near to 100%, even when taking the

detetion e�ieny into aount (Napiwotzki et al. 2007). Furthermore, the mass ratios of

DD arbon-oxygen white dwarfs do not math expetations. These examples ould indiate

fundamental gaps in our understanding of binary star evolution.

Leaving osmology and supernovae, we bridge the gap between SPY's initial aims

and our area of interest by bringing up the fat that the input atalogue used for SPY

fortunately ontains ≈ 150 subdwarfs whih were wrongly lassi�ed as white dwarfs before.

It is these objets that Lisker et al. (2005) and Ströer et al. (2007) used for their work,

and that we will use in this thesis as well.

5.2 Subdwarf B stars from SPY

Lisker et al. (2005) foused their attention on 76 subluminous B stars found in SPY. 52 out

of the 76 sdBs were found to be apparently single stars. In 19 stars either spetral lines of

ool ompanions (e.g. the Mg ii triplet) were visible, or infrared �ux exess was found from

2MASS data (Skrutskie et al. 2006). Spetra of �ve additional objets have a Hα pro�le

too shallow ompared to the best �t model whih was interpreted as a �ux ontribution of

an otherwise invisible ompanion. This an be understood when realling that the spetra

are normalised, thus a onstant �ux o�set aused by the seondary translates to a redued

depth of the line relative to the ontinuum. Four more stars showed a peuliar Hα pro�le,

whih remained unsolved.

For their quantitative spetral analysis they used a ombination of metal line blanketed

LTE atmospheres for Teff < 32 000 K and partially line blanketed NLTE atmospheres (for

Teff > 32 000 K). Measured e�etive temperatures range from 20 000 K to 38 000 K and

the surfae gravities are found in between log g = 4.8 and log g = 6.0. Helium abundane

is low, as expeted, with only two stars showing slightly supersolar abundane. A trend
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to higher helium abundane with higher e�etive temperature an be dedued. Although

the statistial 1-σ-errors from line pro�le �tting were very small, the authors estimated

more reliable errors by omparing the two individual spetra available for most objets

and settle for ∆Teff = 370, ∆ log g = 0.05 dex and ∆ log y = 0.04 dex. Comparison with

other published samples revealed no grave disrepanies, espeially the magnitude limited

nature of SPY was not found to introdue a bias against lower luminosity objets.

Lisker et al. (2005) primarily aimed at validating and re�ning the binary population

simulation by Han et al. (2003), see also hapter 2.1. For this purpose a thorough ompar-

ison of e.g. the Teff -log g-distribution and the umulative luminosity funtion (CLF) with

the preditions of di�erent simulations was done.

Varying the input parameters, Han et al. (2003) reated 12 sets of their simulation and

found set 2 and 8 as best mathes to observations. Both sets were omputed for population I

metalliity stars and use αCE = αth = 0.75, while they di�ered in the ritial mass ratio

qcrit above whih no stable RLOF is possible. But statistial likelihood alulations by

Lisker et al. (2005) for the distribution of SPY sdB in the Teff -log g-plane learly revealed

simulation set 10 to be the best representation. This set uses the lower thik disk metalliity

(z = 0.004) and lower e�ienies in the ommon envelope phase (αCE = αth = 0.5). No

onlusion an be drawn for qcrit, as the available simulation sets for lower metalliity

all use the same qcrit = 1.2. All three sets (2, 8, and 10) assume a orrelated initial

mass ratio distribution of the binaries (Han et al. (2003) use a onstant distribution), in

ontrast to unorrelated ratios, where eah omponent is randomly hosen from the initial

mass funtion. However, it should be emphasised that even for the statistially most likely

simulation set 10, the agreement in Teff -log g is not perfet (see triangles (sdBs) in Fig. 5.1),

while the CLFs of all sets hardly reprodue the observed data.

5.3 Subdwarf O stars from SPY

No statement about the viability of population synthesis models is omplete without on-

sidering the hotter siblings of the sdBs, the sdO stars. SPY provides the spetra of 58

subluminous O stars, on whih Ströer et al. (2007) base their work. Only one objet

showed the typial �ool ompanion spetral lines�, a seond star had emission features in

the ores of Hα � Hδ. These emissions on the Balmer lines may be indiators of a seond

star in the system whose atmosphere is heated by radiation from the primary. Judging

from the B-(B − J) olour-magnitude diagram onstruted with 2MASS data for J , an-
other six sdOs were found to have most likely omposite spetra. The blue parts of their

observed spetra, however, are not expeted to su�er from the seondary's in�uene.

Spetral analysis was performed by the use of an extensive grid of partial line blanketed

NLTE model atmospheres, overing helium abundanes over several magnitudes (log y =
−4 . . .+3 with step size 0.5 dex). The models were alulated with the PRO2 ode (Werner

& Dreizler 1999), updated with a new temperature orretion sheme by Dreizler (2003),

see also hapter 9.1. Model atoms used were hydrogen and helium, the latter being very

detailed and adjusted to the sdO temperature regime. Teff overs the ranges from 30 000 K
to 52 000 K in steps of ∆Teff = 2 000 K and from 55 000 K to 100 000 K in steps of ∆Teff =
5 000 K. Surfae gravities range from log g = 4.8 to log g = 6.4 with ∆ log g = 0.2 dex.
Some gaps in this grid remain, espeially at the low surfae gravities and at the high

temperatures. Most importantly, the upper limit for the helium abundane is log y = +3
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Figure 5.1: Simulation set 10 of Han et al. (2003). The grey retangles render the predited

density of objets. The darker, the more objets are expeted. Overplotted are sdBs

(triangles) and sdOs (retangles) from SPY. Objets with subsolar helium abundanes are

plotted in blue, while those with supersolar helium abundanes are oloured red. For better

orientation, the EHB and the helium main sequene (HeZAMS) (Pazy«ski 1971) are also

plotted, the tikmarks on the HeZAMS indiate (from right to left) the positions of 0.5,

0.7, 1.0, and 1.5 M⊙ helium stars.

for Teff = 30 000 K . . . 52 000 K and log y = +2 for Teff > 52 000 K. Also using the statistis

of the two spetra available for most stars, the errors are reported as
∆Teff

Teff
= 0.026,

∆ log g = 0.097 and ∆ log y = 0.11.

A onnetion between helium abundane and the presene of arbon and/or nitrogen

lines was found that gave reason for a �CN-sheme� of lassi�ation into �C�, �CN�, �N�, and

�0� types: All sdOs having sub-solar helium abundanes are of 0-type (neither nitrogen nor

arbon in their optial spetra), while the C-, N-, and CN-types always have super-solar

helium ontents. Referring to this result, the terms helium-enrihed and helium-de�ient

were suggested. They are believed to follow more losely the physial properties of the

stars, while the old sdO/HesdO notation is based on the strength of hydrogen and helium

lines only. See also Fig. 1.3 in hapter 1.3.

No sdO is situated on the extended horizontal branh, all of them are found at higher

temperatures (see retangles (sdOs) in Fig. 5.1). A puzzling feature are seven helium-

enrihed sdOs whih appear to lie below the theoretial main sequene of pure helium stars

(Helium Zero Age Main Sequene, HeZAMS, Pazy«ski (1971)1) and therefore should not

1More reent alulations of the HeZAMS only di�er by ≈ ±0.06 dex in log g, depending on metalliity
(Kawaler, priv. omm.). We ontinue using the old Pazy«ski HeZAMS, beause it overs a wider mass
range (b= Teff range).
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Figure 5.2: Symbols as in Fig. 5.1. Left: post-EHB evolution (Dorman, Rood & O'Connell

1993) niely onnets sdBs with helium de�ient sdOs. A few stars ould be post-AGB

evolution (Shönberner 1983) shown in the upper left. The masses in solar units are

given for eah trak. Right: Late hot �asher trak for z = 0.001 (Miller Bertolami et al.

2008). Note that the timesales are 3Myrs for the �rst part (dotted line) from the top to

log g ≈ 6.2, 70Myrs for the hook near the HeZAMS (solid line) and 50Myrs for the last

horizontal evolution (dotted line). The o�set between the stable helium ore burning phase

of the late hot �asher (solid line, the hook) to the HeZAMS is due to di�erent metalliities.

The former assumes z = 0.001 and the latter is for solar metalliity.

exist � at least not as helium ore burning stars they are thought to be. Systemati errors

in the spetral analysis (e.g. due to the neglet of metal line blanketing) are a matter of

onern, as pointed out by the authors and they aution against reading too muh into it.

Three additional helium-de�ient sdOs below the HeMS do not pose a problem, as they are

found at hotter temperatures and their position is in aordane with post-EHB evolution.

Some statistis of the SPY sample are given in table 5.1. The wide spread and the im-

balane of the distribution of the helium-de�ient sdOs in Teff is apparent, while the sdBs

and helium-enrihed sdOs form more homogeneous groups. The helium-de�ient sdOs are

onsidered as evolved sdBs, their statistis are in agreement with the large timesales of

the stars on the EHB and the inreasingly faster evolution on post-EHB traks (Dorman,

Rood & O'Connell 1993). Clearly seen are the large di�erenes for the helium abundanes

between the helium de�ient sdOs/sdBs and the helium-enrihed sdOs, also to be inter-

preted as a onnetion between the former. Post-EHB evolution of sdBs takes them �rst to

lower gravities before turning onto a urve leading to the white dwarf region, a predition

we �nd again represented by the larger width and higher mean value of the helium de�ient

sdOs' log g-distribution ompared to the sdBs'. Only the helium enrihed sdOs do not �t

into this sheme, their signi�antly higher helium abundane is the strongest argument.

Testing the sdOs distribution in Teff -log g against evolutionary senarios (as disussed

in hapter 2), the helium-de�ient sdOs an easily be explained by post-EHB evolution.
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Table 5.1: Statistis from SPY. Mean value, dispersion and the median value for the stars

analysed are given for the atmospheri parameters. The numbers (1st row) for the omplete

sample are slightly higher (see text).

sdO sdB

helium de�ient helium enrihed

numbers 13 35 72

〈Teff〉 50 000 K 43 000 K 30 600 K

σTeff
13 600 K 4 600 K 4 000 K

〈Teff〉median 42 700 K 42 000 K 30 300 K

〈log g〉 5.67 5.82 5.58

σlog g 0.40 0.24 0.23

〈log g〉median 5.66 5.79 5.56

〈log y〉 −2.08 +1.29 −2.43
σlog y 0.86 1.12 0.85

〈log y〉median −1.92 +1.37 −2.41

Yet, no onlusive math between theories and observation ould be found for the helium-

enrihed stars. Fig. 5.2 shows the post-EHB (Dorman, Rood & O'Connell 1993), post-AGB

(Shönberner 1983) and late hot �asher (Miller Bertolami et al. 2008) traks together with

the hot subdwarfs from SPY. Both late hot �ashers and HeWD mergers an explain their

general qualities but fail in detailed examinations. The binary population synthesis sets

fail ompletely in overing the hotter (Teff > 47 000 K) subdwarfs and all sdOs with surfae

gravities higher than log g & 5.8, see Fig. 5.1.
As the seletion e�ets of SPY probably will never be understood and there is indiation

of a seletion bias in favour of HesdOs and against sdBs (note the high number ratio of 58

to 76 for sdO to sdB), it is questionable whether the SPY sample is suitable as a tool for

a statistial test of binary population synthesis models at all. In the next hapters we will

extend the sample size by looking at sdOs from an other less biased survey, the famous

Sloan Digital Sky Survey, SDSS.



Chapter 6

Data from the Sloan Digital Sky

Survey (SDSS)

�The Sloan Digital Sky Survey (SDSS) is one of the most

ambitious and in�uential surveys in the history of

astronomy.�

http://www.sdss.org

The largest part of data was taken from the publi databases of the Sloan Digital Sky

Survey. In this hapter we will give a short overview of SDSS, of our strategy of objet

seletion from its giganti spetral database and we will try to examine the quality and

reliability of the parameters derived from these stars.

6.1 SDSS in a nutshell

The Sloan Digital Sky Survey is a magnitude-limited photometri survey in �ve bands

(ugriz, entre wavelengths of 3 600, 4 800, 6 400, 7 600 and 9 000Å) with a sky overage of

roughly one half of the northern Galati hemisphere (�Pi in the sky�) plus some stripes in

the southern Galati hemisphere. It uses a dediated 2.5m telesope situated at Apahe

Point Observatory in New Mexio, USA. Additionally to the photometry, a �bre fed spe-

trograph using 640 �bres of 3 arse width is used for follow-up spetrosopy of seleted

targets from the photometri data. This target seletion is aimed at galaxies and quasars,

but is unintentionally `ontaminated' by stars due to the ambiguousness of the olour se-

letion, as well as intentionally by stars, for example used for photometri alibration.

The spetra are exposed in sequenes of 15 minutes eah, until a desired signal-to-noise

ratio is ahieved (S/N > 4 per pixel at g = 20.2). Sine DR6, the single spetra of the

onseutive exposures are also available and provide a possibility to searh for short period

radial veloity variable stars. For further reading into the SDSS see York et al. (2000) for

the tehnial summary and Abazajian et al. (2007) for the latest data release.

SDSS has proved to be a very useful tool for very di�erent domains of astronomy.

Disoveries made with the help of SDSS range from osmology (e.g. measuring osmologial

parameters from the 3D mapping of the galaxy distribution, Tegmark et al. 2003) over

33
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extra galati (e.g. the disovery of the most distant quasars at z > 6, Fan et al. 2003)

and Galati studies (e.g. the disovery of new tidal streams, Newberg, Yanny & Willett

2009) to stellar astronomy (like this work) and even planetary siene (e.g. asteroids from

SDSS; Ivezi¢ et al. 2001). The publily available web presene (http://www.sdss.org)

allows users to selet the desired data, for example via an SQL-interfae, and download it

with ommon tools like rsyn or wget. Alternatively, objets an be examined online, and

also a omfortable interfae for generating �nding harts is provided. SDSS ended in late

2005 and was sueeded by SDSS-II, onsisting of three parts:

LEGACY ompleting the original SDSS goals

SEGUE (Sloan Extension for Galati Understanding and Exploration), aimed at stars

in our own Galaxy and extending the sky overage to inlude the Galati disk

Sloan Supernova Survey a repeated mapping of areas in the southern stripes

SDSS-II was followed by SDSS-III (http://www.sdss3.org), sheduled to work from 2008

to 2014.

Data from SDSS are made publi in umulative `data releases'. This work is based on

DR7 (Abazajian et al. 2007) whih inludes all earlier data releases and has both LEGACY

and SEGUE in one database. Currently, the spetra of 380 214 stars earlier than M type

are available.

The spetra from SDSS are �ux alibrated, binned in onstant logarithmi sale and

over the wavelength from 3 800Å to 9 200Å with a resolution of R ≈ 1 800. We did not

manage to onvert the original FITS �les to ASCII spetra using ESO-MIDAS, but had

to use iraf for onverting into ASCII �les ontaining log λ vs �ux. Care has to be taken,

as the wavelengths are vauum and must be onverted to air wavelengths!

6.2 Objet seletion

Due to their hot nature, hot subdwarf stars are found most easily by applying a olour ut.

We seleted all point soure spetra within the olours (u − g) < 0.2 and (g − r) < 0.1,
based on suggestions by R. Østensen. The �rst ondition selets hot stars, while the seond

one dismisses stars whih have an unseen ool ompanion, whih would be indiated by an

exess of �ux in the red. Eah SDSS spetrum has a �target �ag� indiating its type. Most

sdO stars from SDSS an be found by the �ags HOT_STD, STAR_BHB and STAR_WHITE_DWARF.

A number of objets, however, does not fall into these ategories and our method to selet

all point soures has proved to be the most omplete.

The spetra were lassi�ed by visual inspetion using the riteria in hapter 1.3. The

presene of the Mg ii triplet at 5 167, 5 173 and 5 184Å and/or the G-band between 4 310Å

and 4 330Å was always interpreted as a sign of a ool ompanion, indiated by a �+X� in

the lassi�ation. Also, a lear inrease in �ux beyond 6 000Å was interpreted likewise.

SDSS's extensive wavelength overage was very useful in this respet.

Figure 6.1 shows a two-olour diagram with all inspeted spetra represented by grey

dots. The sdO stars (blue), the sdOB stars (green) and sdO or sdOB stars showing signs

of ool ompanions (red) are overplotted. The onentration of sdO stars in the lower

left orner is learly seen, whih orresponds to bluer olours, while stars showing signs

of a ool ompanion settle on the upper boundary of our distribution. A more rigorous
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Figure 6.1: Colour-olour diagram of SDSS objets seleted by our olour uts. Blue

symbols are objets lassi�ed as sdOs, green objets sdOBs and red objets are spetra

showing signs of a ompanion. We see that our objet seletion is very omplete, any

seletion e�et visible in the data is due to SDSS itself.

Figure 6.2: Histogram showing the apparent brightness in V of our SDSS program stars.

In the range V ≈ 16 . . . 18.75 a very even distribution is visible. We �nd that within this

range SDSS does not make a di�erene between brighter and fainter objets.
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olour ut, e.g. (u− g) < −0.2, would have helped us in signi�antly reduing the number

of ontaminating objets (grey dots in Fig 6.1), but we would have missed some dozen

objets. A histogram of the apparent brightness in V for all our program stars of SDSS

whih we used for the quantitative spetral analysis is plotted in �gure 6.2. V is alulated

from the SDSS ugriz-photometri system with formulae provided by Jester et al. (2005).

The vast majority of objets lies between V ≈ 16 . . . 18.75. Within this range we look at a

very homogeneous distribution, translating to a nearly unbiased seletion of spetrosopi

targets. From these two images we onlude that our data seletion from the SDSS database

is very omplete, i.e. the number of objets not falling into our olour uts is very lose to

zero.

Figure 6.3: Galati (left) and equatorial (right) oordinates of the programme stars ob-

tained from SDSS. Note the even distribution over the survey area.

In Figure 6.3 the distribution on the sky for the SDSS program stars is plotted. Apart

from four or �ve exeptions, no star lies at Galati latitudes lower than l < 15◦. This is
understandable onsidering that SDSS primarily targets extragalati objets. Even with

the SEGUE part of SDSS-II that is aimed at stellar Galati targets, the number of plates

on the Galati plane is only two dozen. With the strong interstellar reddening in mind

we lowered our seletion onstraints to (u − g) < 0.8 and (g − r) < 0.2, but no subdwarf

was found in the extended olour range.

We �nd the main omponent in our sample of ≈ 14, 000 spetra to be DA white dwarfs.

Along with the lassi�ation and searh for hot subdwarfs, a number of white dwarfs were

found with lear indiations of strong magneti �elds. These objets are easily detetable

by their unusual Balmer line pro�les due to the Zeeman e�et. An example spetrum

an be seen in Fig. 6.4. Külebi et al. (2009) analysed the magneti white dwarfs and

determined their magneti �eld strength. Most of these objets have �eld strengths in the

order of 1 . . . 100 MG. In light of kilo-Gauÿ magneti �elds in hot subdwarfs, O'Toole et

al. (2005) estimated the white dwarf remnants of these objets to display ≈ 500 kG. Suh

white dwarfs are rarely found, even though the SDSS nearly tripled the number of known

magneti WDs (see Fig. 7 in Külebi et al. 2009).
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Figure 6.4: An example for a magneti white dwarf found among objets we lassi�ed

in our searh for sdOs. This objet was best �tted with Bp = 11.73 MG and an o�set

zoff = 0.26 of the dipole along the magneti �eld axis in stellar radii. Figure taken from

Külebi et al. (2009, online version).

The break-down by spetral type is as follows:

• ≈ 10, 000 DA

• ≈ 1, 300 DB

• ≈ 50 DO

• ≈ 20 PG1159

• ≈ 1, 000 sdB

• 304 sdOB

� 63 with signatures of ompanions

• 207 sdO

� 13 with signatures of ompanions

Due to the low signal-to-noise ratio of many stars in SDSS, the lassi�ation is some-

times more guessing than knowing. The overwhelming number of DA stars lets us deide

to lassify many dubious spetra as sdB in order to prevent them from getting lost between

DAs. Therefore, the true number of sdBs is most probably lower.

Also, some objets have been observed multiple times. We �nd in our sample that

34 sdO/sdOB stars have two or more spetra available. In hapter 6.4 we will use them
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for an error estimate. The reason might be overlapping spetrosopy areas on the sky, or

unsatisfying or erroneous spetra of one of the 640 objets taken. We, however, gladly use

these for a more reliable error estimate in the following hapters.

6.3 Spetral analysis

The programmes desribed in hapter 3 were used for the quantitative spetral analysis.

The models were the same as used by Ströer et al. (2007), see hapter 5.3. Usually, Hβ , Hγ

and Hδ were seleted for the �tting proedure, as well as the He ii Pikering lines for helium

rih objets. However, espeially He ii 4 200Å was too weak to be of use most of the times.

Hǫ was often exluded due to its ontamination with interstellar alium (Ca ii 3 968Å)

and H8 was only used in exeptional ases, as it is at the edge of the SDSS spetra and the

data quality bluewards of 4 000Å seriously degrades. Also we hose to exlude Hα in our

�ts. There are many reports (Ströer et al. 2007, e.g.) about the syntheti models not being

able to reprodue this line orretly: The lineore seems to be ��lled up�, or even shows

prominent emission. It is not yet lear, where this disrepany stems from. The anonial

onsensus is to blame stellar winds. As the Hα ore forms far out in the atmosphere, it

is suseptible to many details of the atmosphere modelling, and NLTE e�ets and line

blanketing unaounted for are also probable. Also, an unseen ompanion star might �ll

the line with its ontinuum.

Unfortunately it is known that atmospheri parameters, espeially Teff and to some

extend log g, determined via the lower Balmer lines only are not reliable and often overes-

timate the temperature while underestimating the surfae gravity. This problem is domi-

nant for the hydrogen rih objets, not so muh for the helium rih ones. Alas, it an't be

helped � SDSS spetra do not provide aess to the higher lines.

Both He ii 4 686Å and He i 4 472Å were always inluded in our �ts. The former was

always present in the temperature regime of our interest, the latter as the strongest line

of its speies plaes helpful onstraints on the e�etive temperature, even in its absene.

He i 5 876Å is situated near a prominent redution artifat due to NaD doublet at 5 890

and 5 895Å, visible in nearly all SDSS spetra. Therefore we exluded this region as well

most of the times.

The omplete list of all sdO(B) stars from SDSS we did a spetral analysis on is found

in table D.1 and D.2 in the appendix. Stars from SDSS we lassi�ed as sdO(B), but did

not use for a spetral analysis are summarised in table D.3. The reason for their exlusion

of this work is too low signal-to-noise ratio in most ases, while some were found to lie

outside of our modelgrid. For a ouple of objets with exellent signal-to-noise ratio the

line pro�le �ts of the He ii and the Balmer lines annot be brought into agreement They

are labelled with �H vs He� in table D.3. This so alled �helium problem�, is probably due

to supersolar metal abundanes and appropriate modelgrids aounting for this enhaned

metal line blanketing are expeted to work on these objets (see Geier et al. 2007a, and

referenes therein).

6.4 Objets with multiple spetra

As we found 34 objets having multiple individual spetra we an readily use them to

benhmark the reliability of our results. Unless stated otherwise, the objet's �nal param-
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Figure 6.5: Typial example �ts. Top left: sdOB, Teff = 37 700 K, log g = 6.2, log y = −0.7.
Top right: Hot sdO, Teff = 58 400 K, log g = 5.7, log y = −0.9. Bottom left: sdO with no

hydrogen visible in the spetrum, Teff = 44 700 K, log g = 6.0, log y = +3. Note that the

lines titled Hβ and Hγ are atually the orresponding Pikering series of He ii. Also note,

that for SDSS this spetrum has an exeptional high signal-to-noise ratio. Bottom right:

Example for the more ommon lower S/N. Teff = 40 300 K, log g = 5.8, log y = +0.1.
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Figure 6.6: The parameters' mean values and their errors of the 22 stars observed twie

or more plotted as funtion of the mean. Blak squares are stars with multiple spetra in

SDSS, the rosses are objets found both in SPY and SDSS.

eters are the arithmeti mean of all measurements. See hapter A.1 for a omparative list

of these objets.

In order to get a handle on the errors, we take a look at the di�erenes in the parameter

determination of those stars we have two or more spetra of. Two objets had three and

�ve spetra. In their ases the mean and standard deviation was alulated and the latter

multiplied with
√

2, as the standard deviation underestimates the di�erene by this fator

ompared to objets with two measurements only. Fig. 6.6 plots these di�erenes over

the mean values for Teff , log g and log y. We see that for Teff < 50 000 K we have enough

data points to on�dently estimate the true statistial error to be below 2 000 K, or 4%.

Objets with higher Teff on the other hand � though only a few data points are available

� show a tendeny to muh higher errors, but insu�ient data points prevent a solid

onlusion. Besides, very hot stars ease to show He i lines in their spetra. We therefore

lak the He i/He ii balane as a reliable temperature indiator. For most but the hottest

stars our model �ts predit the strongest He i line to be detetable in spetra of higher

signal-to-noise ratio than SDSS spetra provide.

We also see that ∆ log g is very evenly distributed and independent of the stars' pa-

rameters, while the error in helium abundane soars up to very large values for the helium-
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enrihed stars. This is easily explained by the fat that the resolution and signal-to-noise

ratio of SDSS is too low for the Balmer lines to be visible near the dominating He ii-lines

of the Pikering series. In this ase we see a pure helium spetrum, and log y = log NHe

NH
is

impossible to determine, yielding a lower limit for the helium abundane only.

As mentioned above in hapter 6.1, the single 15-minutes-exposures whih are added

for the �nal spetrum by the SDSS automati pipeline are also publily available sine

DR6. These ould be used for a more signi�ant statistial approah on error estimation,

at least for the brighter objets. However, we did not explore this possibility further, as

they beame available only lately.

Six additional objets are inluded both in SDSS and SPY. A omparison of the param-

eters established by Stroer et al. from SPY and our work from SDSS reveals an aeptable

agreement of both ompletely independent samples of di�erent instruments, resolution and

wavelength overage. A list for these objets is found in hapter A.2.

The determination of vrad in our SDSS stars shows a standard deviation of typially

about 20 km s−1 between individual line measurements, whih we take as our error esti-

mate. From these re�exions we onlude that our parameter determination is robust and

trustworthy and we settle for the �nal global errors as follows:

∆vrad = 20 km s−1

∆Teff

Teff
< 0.05 for Teff < 50 000 K

∆Teff

Teff
< 0.1 for Teff > 50 000 K

∆ log g < 0.2dex

∆ log y = 0.4dex for log y < +1

log y = lower limit for log y > +1
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6.5 The fast rotator WD 1632+222

In our analysis, we found it exeptionally di�ult to obtain a reliable model �t to the

spetrum of SDSS J16:34:16.08+22:11:41.0 = PG 1632+222 = WD 1632+222. It turned

out, however, that this star has already been analysed by Ströer et al. (2007), who las-

si�ed this objet as a helium-enrihed sdO with arbon lines in its spetrum. After a

visual inspetion of the SDSS spetrum, whih is of very good quality, we on�rm this

lassi�ation.

A more areful examination of the objet's two spetra (one low resolution, high signal-

to-noise ratio SDSS spetrum, and one high resolution low S/N SPY spetrum) revealed

lear signatures of rotational broadening. For omparison, we reanalysed the SPY spetrum

one without rotational broadening, and a seond time with vrot sin i as a free �t parameter,

whih gave a best �t for vrot sin i = 101 km s−1. On both �ts, the helium abundane was

�xed at log y = +3. Figure 6.7 shows both model �ts, the strong rotational broadening

espeially of the weaker He i lines is learly visible. The e�etive temperature hanged

moderately from Teff = 40 000 K to Teff = 39 000 K and the surfae gravity from log g = 6.00
to log g = 5.79. Now using the SDSS spetrum for parameter �tting, we found the best

�t for the projeted rotational veloity to be vrot sin i = 207 km s−1. Both �ts (with and

without rotational broadened model spetra) settle for very similar Teff and log g, namely

Teff ≈ 38 600 K and log g = 5.66.
However, not too muh signi�ane should be attahed to these values of the parameters

as both the SDSS and the SPY spetrum is very di�ult to use for a reliable model �t:

First, we fae a pure helium star, and seondly, the star has a relatively low temperature.

Combining these two fats we �nd the spetrum does not show very pronouned He ii lines

beause neutral He i still dominates over singly ionised He ii, while the Balmer lines are

not visible simply beause the star has no hydrogen in its atmosphere. While a Gauss-

Lorentzian �t on 7 He i lines of the SDSS spetrum yielded vrad = −17 ± 22 km s−1, a �t

on 5 He i lines of the SPY spetrum settled for vrad = +36± 17 km s−1. This star does not

only rotate very fast, but it also ould be a radial veloity varible helium-enrihed sdO!

This star is interesting and merits further investigation in the future. Its high rotational

veloity ould be interpreted as a diret link to the HeWD merger senario. On the other

hand, stellar rotation ould play an important role for the late hot �asher senario, as it

is supposed to inrease the luminosity at the tip of the RGB and ould therefore explain

enhaned mass loss. Moderate rotation (vrot sin i ≈ 7 km s−1 on the HB) inreases the

helium ore mass by ≈ 10% on the (E)HB (Brown et al. 2008) whih reates hotter helium-

enrihed sdOs in the late hot �asher senario. But also the possible binary nature of this

star yields some important lues: If this star were the result of a white dwarf merger, a

detetion of radial veloity variability would imply that the progenitor was a triple system,

whih renders this senario less probable.
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Figure 6.7: Model�ts of the fast rotating star WD 1632+222. Left: vrot sin i �xed to 0 km s
−1. Right: vrot sin i �tted as free parameter,

vrot sin i = 118 km s
−1.
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Chapter 7

Results of the analysis of SDSS

spetra

In this hapter we will summarise and interpret the results obtained from the spetral

analysis of the stars from SDSS. We will ompare our sample of SDSS stars with the sdO

sample from the SPY survey already published by Ströer et al. (2007) and disussed in

hapter 5. Having used the same modelgrid as we did, the results are expeted to be

omparable. Throughout this hapter, the olour oding used is red for helium-enrihed

sdOs (log y > −1), blue for helium-de�ient sdOs. SdOs from SPY are represented by

open triangles, those from SDSS as squares. For a more omplete piture, we will also use

the sdBs and sdOBs analysed by Edelmann et al. (2003) and Lisker et al. (2005), for whih

we will use grey symbols.

7.1 Helium abundanes

The helium abundane seems to play a major role in the disussion of the hot subluminous

stars. In �gure 7.1 the logarithmi helium abundane is plotted over the e�etive tempera-

ture. Apart from the larger numbers, the distribution of our sdOs (squares) is very similar

to that found by Ströer et al. (2007) (open triangles). We, however, �nd a onsiderable

number of stars with helium abundanes at the upper edge of our models (log y = +2 for

Teff >= 55 000 K and log y = +3 otherwise). In hapter 6.4 we have attributed this to the

lower quality of the SDSS sample.

A lear inrease of the photospheri helium ontent with the e�etive temperature for

sdB stars is reported by Edelmann et al. (2003) and Lisker et al. (2005). The former

�nd some sdBs with lower abundanes than the bulk, but with nearly the same Teff -log y-
orrelation (Edelmann et al. 2003, Fig. 5). We have plotted these two sequenes and their

linear extension into the sdO regime by grey dashed lines in �gure 7.1. First, we �nd most

sdOs with log y < −1 to be in agreement with the upper sequene. But if we follow our

distribution to higher abundanes, we an �nd a kink in this linear sequene, at around

the solar helium abundane. The seond, lower trend, however, is not ontinued into our

sample. A signi�ant number of the hotter (Teff & 40 000 K) stars satter below the seond

line and are not on it. Higher helium abundanes than log y > +1 do not show any

lear trends and satter widely in Teff . But one should keep in mind that for high helium

abundanes our spetral analysis was not able to determine log y very preisely.

45
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Figure 7.1: Teff -log y-diagram. Blue symbols represent the helium-de�ient stars, red sym-

bols are helium-enrihed ones. SPY data are plotted with open triangles, �lled retangles

are SDSS objets. The solar helium abundane is given by the dashed horizontal line. For

a better omparison, sdBs and sdOBs analysed by Edelmann et al. (2003) and Lisker et al.

(2005) are plotted as grey symbols. The two grey dashed lines are the two trends in log y
with Teff laimed by Edelmann et al. (2003) and on�rmed, at least in part, by Lisker et

al. (2005).

7.2 Luminosities

The luminosity of stars is given by

L = 4πR2σT 4
eff (7.1)

with the Stefan Boltzmann onstant σ = 0.5670400 · 10−4 erg
s cm2 K4 and R the star's radius.

Expressed in solar values, the luminosity beomes

L

L⊙
=

(
Teff

Teff⊙

)4 (
R

R⊙

)2

(7.2)
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with (
R

R⊙

)2

=
M

M⊙
10log g⊙−log g

(7.3)

where we adopt a solar e�etive temperature Teff⊙ = 5 780 K and a solar surfae gravity

of log g⊙ = 4.44.

Figure 7.2 plots the umulative luminosity funtion (normalised number fration of stars

with luminosities lower than a limiting luminosity) of our SDSS sample and ompares it

with the SPY sample. We used the anonial mass of 0.5 M⊙ for the sdO mass for these

alulations. In the left part, both samples are plotted without any di�erentiation of

helium-enrihed and helium-poor objets, while on the right side, we distinguish between

them. Looking at the omplete samples (Fig. 7.2, left), we see a very smooth and nearly

linear distribution from 1.4 L⊙ up to 2.6 L⊙, that overs about 90% of our stars. This

suggests a very uniform and omplete seletion of targets in SDSS. At the low luminosity

end we explain the tail with the somewhat ambiguous lassi�ation into sdBs and sdOBs,

where we might have missed some sdOBs. Both SPY and SDSS show a bend in the upper

part of the CLF after 90%, whih translates to a lower number of hot luminous objets.

Overall the CLFs for both samples are quite similar, but the SPY sample has a steeper

gradient, whih means a narrower distribution over luminosities.

When dividing into helium-enrihed and helium-de�ient objets (Fig. 7.2, right), the

step in the helium-de�ient stars' distribution after 60% ompleteness at L = 1.9 L⊙

athes the eye immediately. Up to this step, the deviation between SPY and SDSS is

Figure 7.2: Cumulative luminosity funtion of the SDSS objets and SPY sdOs. Left:

Squares represent the omplete SDSS sample, open triangles represent the omplete SPY

sample. Right: The samples divided into helium-enrihed (red) and helium-de�ient (blue)

stars.
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as large as 0.4 L⊙. We attribute this di�erene to the inlusion of the ooler sdOB stars

in our sample. The step and the �atter gradient after the step an be interpreted as fol-

lows: While the EHB is still a region of nearly onstant luminosity in the HR-diagram,

the post-EHB evolution is haraterised �rst by a rise in luminosity up to log L/L⊙ . 2.9
before gravity takes over and the star fades into oblivion on short timesales (Dorman,

Rood & O'Connell 1993). Exatly this behaviour an be seen in the CLF: the high per-

entage (≈ 60%) of stars with 1.4 . log L/L⊙ . 1.8, followed by a dereasing slope up to

log L/L⊙ ≈ 3.

As for the helium enrihed sdOs (red symbols in Fig. 7.2), no suh sudden hange in

slopes is apparent. One �nds the SDSS sample to provide a larger number of very luminous

objets. Where SPY has only 10% of helium enrihed objet with log L/L⊙ > 2, SDSS has

more than 30%, the gap in luminosities widening up to log L/L⊙ = 0.5. We are not sure

where this disrepany stems from. Considering that all subdwarfs in SPY were initially

lassi�ed as white dwarfs, one would expet more hotter and thus more luminous stars in

SPY. This an be understood when realling that at low e�etive temperatures the He i

lines easily give away the non-WD status of the objet. However, it annot be stressed

enough that the real seletion e�ets for SPY are ompletely unknown, while we regard

SDSS as very omplete and more or less unbiased. Also, the volume in spae overed

by SDSS is larger than that overed by SPY when omparing the limiting magnitudes of

V = 18.5 for our SDSS sample (see Fig. 6.2) and V = 16.5 (Napiwotzki et al. 2003). We

therefore attribute this di�erene to better statistis of SDSS.

7.3 Spae distribution and kinematis

With the atmospheri parameters known, we have the basi ingredients for the spetrosopi

distane. The spetrosopi distane uses the physis of the star to measure the distane.

However, one parameter not preisely known of most stars is needed: The star's mass.

To our advantage, the mass of sdO stars is known to be around 0.5 M⊙ with very little

margins for variations (unless the star were a HeWD merger). Assuming this anonial

mass of sdOs and the surfae gravity obtained from the spetral analysis, we �nd the star's

radius via eq. 7.3. The apparent magnitude mV in Johnson-V was alulated from the

Sloan-ugriz system via equations provided by Jester et al. (2005). Interstellar absorption

has been aounted for by orreting the SDSS magnitudes aording to the dust maps

provided by Shlegel, Finkbeiner & Davis (1998). By interpolating in preomputed tables

of Teff and astrophysial �uxes at the stellar surfae, we alulated the absolute magnitude

MV . The distane in parse an then be derived from

d = 10
mV −MV

5
+1

(7.4)

For ten helium rih objets no model �ux was available in our ode, in their ases a hydrogen

rih atmosphere was assumed, whih yielded larger distanes. However, the di�erenes to

the true distanes are less than 10%.

With the alulated distanes and the known equatorial oordinates we an plot the

position of our SDSS stars in (right-handed) Cartesian Galati oordinates (sun at X =

−8.5, positive x-axis in diretion of the Galati entre, y-axis in diretion of Galati

rotation), see �g. 7.3. Although the grey oloured Galati disk shown in the �gure suggests
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Figure 7.3: Cartesian Galati oordinates of the SDSS programme stars. Top: View from

above. Bottom: Edge on view. The sun's position is indiated by the stippled line at

X = −8.5, two lines marking b = ±15◦ are plotted. Almost no star lies within this angle.

The Galati thik disk with sale height 1 kp and the Galati bulge are indiated by

grey shaded areas. One learly sees the impressive depth of SDSS, reahing far above or

below the disk. From this it is apparent, that most of our program stars belong to the halo

population
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a sharp ut from thik disk to halo population, the overall star density of the thik disk

is ≈ 130 times higher than for the halo (Buser, Rong & Karaali 1999), meaning that the

number of stars belonging to the thik disk population dominates over halo stars up to

|Z| ≈ 5 kp. However, a detailed kinemati analysis of sdO stars from SPY done by Rihter

(2006) found them almost evenly distributed over thin disk, thik disk and halo (34%, 34%,

32%), but with very large error margins. Napiwotzki (2008) used the radial veloity only

for a similar analysis and found frations of 41%, 39% and 20% for thin disk, thik disk

and halo, respetively. Therefore, both studies �nd a signi�ant fration of SPY sdO stars

to belong to the halo population, even though the vast majority of objets is found within

|Z| ≤ 1.5 kpc. Having established the onsiderably further extend of SDSS into the halo

ompared to SPY, we onlude that most of our programme stars are likely to belong to

the halo population.

Support for this onlusion omes again from Han et al. (2003), who found that lower

metalliity orresponds to faster evolution: the distribution of masses along newly reated

stars, the Initial Mass Funtion, is far more weighted at its low mass end, produing more

long living low mass stars. Therefore in low metalliity environments like the halo more

EHB stars are reated.



Chapter 8

Testing evolutionary senarios with

the Teff-log g-diagram

Essentially, the Teff -log g-diagram is a Hertzsprung-Russell-diagram (Teff -log L-diagram)

turned by 45◦ ounterlokwise. The main advantage over the lassial HRD is the use

of parameters aessible by quantitative spetral analysis: the e�etive temperature and

the surfae gravity. Both have been aquired from the spetral analysis desribed in the

hapters before. Then we an use this diagram to distinguish populations of stars with

similar parameters and we an ompare the populations' distributions with preditions

from stellar evolution alulations.

8.1 Canonial post-EHB evolution

In anonial evolutionary senarios, the subdwarfs are regarded as a small helium burning

ore of about 0.43 . . . 0.495 M⊙, only slightly dependent on metalliity, with a small hydro-

gen envelope added. They evolve from the Zero Age Extended Horizontal Branh (ZAEHB,

de�ned by the onset of stable helium ore burning) to the Terminal Age Extended Hor-

izontal Branh (TAEHB, de�ned by helium ore exhaustion) in roughly 100Myrs. The

following post-EHB evolution is haraterised by inreasing Teff and a short rise in lumi-

nosity (= lower surfae gravities) before settling on the typial WD ooling urve.

In Fig. 8.1 our programme stars are plotted in the Teff -log g-diagram. The EHB is

plotted for solar metalliity. With redued metalliity the EHB is shifted towards higher

Teff , about 2 000 K for [Fe/H] = −2.26. Two evolutionary traks for [Fe/H] = −2.26 from

Dorman, Rood & O'Connell (1993) are given, eah with their masses plotted beside them,

the envelope mass redued from 0.005 M⊙ (upper trak) to 0.003 M⊙ (lower trak).

First we notie that none of our stars exept a handful of sdOBs lie on the EHB band

itself. The most obvious step would be to onsider all sdO stars to be post-EHB stars.

Their post-EHB evolution, however, is about one order of magnitude faster than EHB

evolution, and beoming ever faster as long as represented in our �gures. Again, the sdBs

in our sample are missing and no quantitative omparison between EHB and post-EHB

number ratios and distributions an be made.

Still, the helium-de�ient sdOs with low surfae gravities are represented by the Dorman

traks exeptionally well. The helium-enrihed sdOs on the other hand are lustered at
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Figure 8.1: Teff -log g-diagram of the SDSS stars. Blue symbols represent the helium-

de�ient stars, red symbols are helium-enrihed. Also, the Zero Age Helium Main Sequene

(HeZAMS) is given as well as the EHB by its Zero Age and Terminal Age loations. Post-

EHB evolution is represented by the two traks (Dorman, Rood & O'Connell 1993), eah

with their respetive mass given.

Teff ≈ 45 000 K and the objets with log g > 5.7 annot be overed by anonial post-

EHB evolutionary traks. This overdensity of helium enrihed sdOs is in violation with

timesales from post-EHB evolution alulations.

8.2 Binary population synthesis models

Before an extensive omparison between binary population synthesis models and our data

an be done, seletion e�ets have to be taken into aount. The simulation sets of Han

et al. (2003) onsidered possible seletion e�ets, the GK seletion e�et being the most

important one: No subdwarf with a main sequene ompanion earlier than K was inluded

in their simulation, as these would be visible in the spetrum or even outshine the subdwarf.

This is well in agreement with most analysed subdwarf samples, espeially with the SPY

sample as well as our SDSS sample, where omposite-spetrum objets were exluded.

Fig. 8.2 shows our SDSS programme stars plotted over the predited distribution, where
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Figure 8.2: SdOs and sdOBs from SDSS ompared to simulation set 10 from Han et al.

(2003). The grey boxes portrait the predited number of objets, the darker the box the

more objets lie within. Again the EHB and the HeZAMS are plotted. Tikmarks on the

HeZAMS indiate the position of 0.5, 0.7, 1.0 and 1.5 M⊙ helium stars (from right to left).

we use simulation set 10 from Han et al. (2003), as found to be the best mathing set by

Lisker et al. (2005). It beomes apparent that the major part of sdOBs with Teff < 40 000 K
and log g = 5.5 . . . 6.0 falls onto the predited area. But while mathed qualitatively at

least in part by the simulation, we annot draw any de�nite onlusions for the sdOBs

beause for a quantitative omparison the ooler sdBs are missing in our sample.

However, the simulated distribution ompletely fails to reprodue the observed sdOBs

with low surfae gravities, whih lie onsiderably above, and all sdOs but a handful of

ooler ones (Teff < 43 000 K and log g ≈ 5.5 . . . 5.9). Of the three hannels onsidered, the
HeWD merger intrinsially produes subdwarfs with a wider mass distribution and higher

temperatures. In order to reprodue the large fration of helium enrihed sdOs at 45 000 K,

the merger hannel must play a muh larger role than onsidered by Han et al. (2003).

But emphasising the merger hannel will also inrease the number of merger produts with

lower mass, whih in turn inreases the number of helium rih stars in the sdB regime.

This ontradits the very small number of helium rih sdBs known.
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8.3 non-EHB senarios

In Fig. 8.3 two alternative explanations are tested: post-AGB (Shönberner 1979, 1983)

and post-RGB (Driebe et al. 1998) evolution. The former is represented by two traks

in the upper left part, the latter by the three traks reahing from top to bottom. Some

of the hottest stars are possible post-AGB andidates. With the very short timesales

of about 30 000 years between AGB and WD stages in mind, the low number of stars

in this region is well explained. Turning towards the post-RGB senario where a red

giant star of su�iently low mass fails to ignite helium and desends diretly down to the

white dwarf graveyard as HeWD. The low mass (≈ 0.5 M⊙) needed for the progenitor of

suh an objet means that it would spend more time than the Hubble time on the main

sequene and annot yet have reahed the RGB. Hene, mass transfer in a binary system

has to be invoked in order to turn more massive stars (≈ 1 . . . 2 M⊙) into a remnant of

M ≈ 0.4 . . . 0.2 M⊙. A striking similarity between the traks and the stars' distribution

is apparent from Fig. 8.3. At �rst glane we are tempted to identify all of the sdOs as

post-RGB stars. Espeially the helium enrihed sdOs appear to be a population of stars

Figure 8.3: Same as �g. 8.1, exept the two leftmost traks plotted are post-AGB from

Shönberner (1979, 1983) with the remnants' �nal masses given at the top of eah trak.

The three rightmost traks reahing from top to bottom are low mass post-RGB traks

from Driebe et al. (1998).
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within a narrow mass range of M ≈ 0.331 . . . 0.300 M⊙ leaving the �rst red giant branh

and heading towards the HeWD stage. However, the alulations of Driebe et al. (1998)

predit rather thik hydrogen envelopes, in on�it with the helium dominated atmospheres

we see in our objets. Thermal instabilities aused by hydrogen shell �ashes ould dredge

up helium and CNO-proessed matter, but only our in stars with masses less than 0.3 M⊙

(Driebe et al. 1999), just shy of our helium enrihed sdOs (see traks in �g. 8.3). For some

of the helium-enrihed sdOBs below 40 000 K this ould therefore be a valid senario.

Also, as pointed out above, the progenitor has to be within a binary system. Only a

very tiny fration of helium enrihed sdOs is known to be radial veloity variable, rendering

this senario highly unlikely to apply to a signi�ant fration of the stars in question.

8.4 Late hot �asher

Mass loss through strong winds an redue the envelope mass fast enough so that the star

leaves the RGB before the onset of entral helium burning. Still, already on its way to the

white dwarfs, the star an experiene the helium �ash and settle on the extended horizontal

branh. Depending on the entropy barrier of the hydrogen burning shell, the onvetion

zone powered by the helium �ash an reah up to the outer layers of the envelope resulting

in a omplete burning of the hydrogen (�deep mixing�, DM), or the onvetion zone splits

very early and the outer layers are only diluted with CNO proessed matter and no burning

of hydrogen ours (�shallow mixing�, SM). See hapter 2.3 and referenes therein.

While the helium-de�ient sdOs do not show any signs of metal lines in their optial

spetra, the helium-enrihed sdOs have strong lines of arbon and/or nitrogen, but also

silion, sulphur, oxygen and neon. Beause the late hot �asher senario predits a signi�-

ant (or even omplete) mixing of the star's outer layers with the inner regions down to the

3α helium burning ore, we regard this senario as a very interesting andidate to explain

the origin of the helium enrihed sdOs. With detailed alulations and preditions of the

surfae omposition after a late helium �ash at our disposal (Miller Bertolami et al. 2008),

this senario an be tested extensively.

Fig. 8.4 shows our sdO distribution in the Teff -log g-plane. One late hot �asher trak

(DM �avour) from Miller Bertolami et al. (2008) is plotted. This trak onsists of three

di�erent parts: The desent from low surfae gravities towards the HeZAMS (dotted line),

the stage of stable helium ore burning (solid line) near the HeZAMS and �nally the evo-

lution at onstant gravity, when the ore burning is extinguished (dashed line). The o�set

between the HeZAMS and the helium ore burning phase is due to di�erent metalliities

(solar for the HeZAMS, low metalliity z = 0.001 for the LHF trak). An example for the

shallow mixing �avour (SM) is the �hook� (blak solid line) at around 35 kK and log g = 5.8
(Moehler et al. 2004). Pre- and post helium ore burning phases have been omitted, but

are similar to the DM ase. Shallow mixing does not reate pure helium atmospheres, but

only enhanes the helium ontent moderately (log y ≈ 0 . . . 1.4 for z = 0.001 . . . 0.02).

As an be seen in Fig. 8.4, the position of our helium-enrihed sdOs is overed nearly

perfetly by the traks before settling on the HeZAMS. Stars with metalliities ranging from

solar to halo ones on their way to stable helium ore burning would over the relevant region

extensively. It seems we �nally found the ulprit for the hot helium-enrihed subdwarfs

with the late hot �ashers. A more detailed examination, however, brings some disrepanies

to light whih we annot ignore. Most of their lifetime the stars spend in the stable helium
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Figure 8.4: Positions of sdO stars in the Teff -log g-plane ompared with traks for late

hot �ashers, DM (grey, Miller Bertolami et al. 2008) and SM (blak, Moehler et al. 2004)

ases. LHF traks an be divided into the fast evolution from low gravities towards the

HeZAMS (dotted part), their long stay as helium ore burning objet (solid parts, the

�hooks�) and the evolution after helium exhaustion �rst to higher Teff before entering the

WD ooling urve (the nearly horizontal dashed line). Note that for reasons of larity

the dotted and dashed parts of the SM ase (upper hook) have been omitted. The o�set

between the HeZAMS and the stable helium ore burning phase of the traks is explained

by the di�erent metalliities, the HeZAMS is alulated for solar metalliities.
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Figure 8.5: See Fig. 8.4. Open irles are plaed every 10 000 years, �lled irles every

1 000 000 years. Note the extremely fast evolution towards the HeZAMS, ompared to the

∼100 million of years the star stays in the helium ore burning phase, signi�antly below

the bulk of sdOs. The evolution after helium exhaustion again speeds up at timesales of

millions of years.



58 CHAPTER 8. TESTING EVOLUTIONARY SCENARIOS

ore burning phase represented by the two �hooks� (solid lines). A better impression of

the timesales is found in Fig. 8.5, where symbols have been plaed on the DM trak in

intervals of 10 000 years (open irles) and 1 000 000 years (�lled irles). We see that only

about a dozen of the helium enrihed objets fall onto or near the ore helium burning

part of the traks, while the following evolution along onstant gravity to higher e�etive

temperatures is overed by virtually none of our objets.

One possible explanation for this disrepany that omes to mind is the diretion of

evolution in the Teff -log g-diagram: In a volume omplete survey one expets the number

of stars to rise with log g, beause the evolution slows down. However, over the range of

log g = 5.5 . . . 6.2, the luminosity of the star drops by more than a fator of three and the

sampled volume of a magnitude limited survey is redued to ≈ 20%. On the other hand,

the horizontal evolution to higher temperatures following helium ore exhaustion ours

at nearly onstant gravities, the luminosity therefore is expeted to rise again. So, if the

magnitude limited nature of the survey were the ause of the strange distribution whih

ontradits the time sales, the population of helium enrihed sdOs should again beome

visible along this trak. Obviously, this is not the ase.

Another unsolved problem is the fat that all deep mixing senarios result in atmo-

spheres virtually ompletely void of any detetable traes of hydrogen. We however �nd a

onsiderable number of stars with hydrogen ontent of 1% to 10%, more ompatible with

shallow mixing senarios. Very little traes of hydrogen however are enough to turn an sdO

with pure helium atmosphere into an objet with hydrogen dominated atmosphere within

106 years (Miller Bertolami et al. 2008). A trend of dereasing helium abundane with in-

reasing log g (=̂ age) however is not detetable in Fig. 8.6. Unglaub (2008) has performed

detailed di�usion alulations for the hot subdwarfs. He shows that the assumption of

homogeneous winds does not hold true for all parameter spae: Radiation driven winds

mainly at on metals due to their higher opaities. In thin winds, the oupling between

metals and hydrogen and helium by Coulomb ollisions is not strong enough and while

metals are expelled the latter two elements are not a�eted. He published limits for homo-

geneous winds for three di�erent metalliities (z = z⊙, z = 1
3z⊙, z = 1

10z⊙). Unfortunately,
the alulations were tailored for the sdB stars and need to be extended beyond 40 000 K

to aount for most of the sdO stars.

In �gure 8.6 these limits are plotted in a Teff -log g-diagram of our program stars. The

helium ontent is given by the size of the symbols and the wind limits are the three solid

lines in the upper right part. For a given metalliity the winds are homogeneous above

the orresponding line and di�usion is not expeted to work. Below the limit, helium

and hydrogen deouple from the metals and are at di�usion's mery. We would therefore

expet to �nd hydrogen dominated photospheres for the stars below the limits, while stars

above an show a variety of di�erent abundane patterns, depending on the exat state of

equilibrium between gravitational and radiative fores. Suh an observation, however, is

not made.

Based on Fig. 8.4, it is unlikely that the shallow mixing plays an important role for

the hot helium enrihed subdwarfs. The trak starts far in the EHB, i.e. the sdB regime,

where the number of helium enrihed objets is very small. That is ompatible with the

SM evolution taking plae below all wind limits, and helium enrihed atmospheres are

expeted to turn hydrogen rih on short timesales. A further examination of the impat

of the SM senario requires to inlude the sdB stars into our onsideration whih is not
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yet possible.

On the assumption that the helium-enrihed sdOs are indeed late hot �ashers and

experiened deep mixing, some ontraditions have to be solved: why are there far more

objets in regions of very fast evolution (≈ 1 Myr) ompared to the sparsely populated ore

helium burning stage (≈ 100 Myrs)? The problems with di�usion are also unanswered.

DM produes pure helium atmospheres, with only traes of hydrogen left. These traes,

however, are enough to �oat to the surfae after the star has rossed the wind limits on

its desent towards the HeZAMS. This desent ours on timesales omparable to the

di�usion timesales. In any ase, one stable helium ore burning is established, this

stage is maintained more than long enough to have di�usion remove most traes of helium

from the atmosphere. In Fig. 8.6 no lear trend in helium abundanes versus wind limits is

visible. We �nd di�erent helium abundanes sattered throughout the diagram. Espeially

in the bulk of helium enrihed sdOs at Teff ≈ 45 000 K we do not �nd helium to beome

less dominant with inreasing gravity, as expeted with di�usion. Helium rih objets,

however, experiene onvetion in their photospheres (Groth, Kudritzki & Heber 1985),

preventing di�usion. As a onsequene, one enrihed in helium the objets stay that way.

8.5 Summary

From the disussion of the binary evolution senarios we onlude that the helium de�ient

sdO and sdOBs are EHB or post-EHB stages of stellar evolution. Aording to the binary

population synthesis of Han et al. (2003), the medium gravity sdOBs and helium de�ient

sdOs at low temperatures an easily be onsidered to be the result of a lost envelope due

to binary interation. Following the traks of Dorman, Rood & O'Connell (1993), these

objets evolve over the low gravity helium-de�ient sdO regime to higher temperatures and

ontinue on the typial WD ooling urves. A more detailed quantitative omparison with

the simulation sets requires an analysis of the sdB stars from SDSS and a areful estimate

of seletion e�ets in the sample. Helium rih sdOBs are not onsistent with the urrent

di�usion senario and stellar evolution annot onnet them with the hydrogen de�ient

sdBs.

Some of the hot stars in the upper left part of our plotted areas an very well be in

post-AGB stages of stellar evolution. Also post-RGB stars with parameters similar to EHB

stars are known to exist (Heber et al. 2003a), but require a ompanion whih should be

detetable in RVV surveys. And their helium abundanes predited by theory are muh

lower than the helium-enrihed sdOs show. Though nearly perfetly mathed by post-EHB

traks, we dismiss this idea for the helium-enrihed sdOs.

Hene we are left with two senarios: (i) the HeWD mergers and (ii) the late hot �ash-

ers. Both senarios produe hot stars with only a tiny fration (if at all) of hydrogen in

their atmospheres and an enrihment in either CNO- or 3α-proessed material. It is now

lear, that the Teff -log g-diagram alone with the helium abundane does not provide su�-

ient information to de�nitely answer the question of the sdOs' origin. As pointed out in

hapter 2.3, Miller Bertolami et al. (2008) did extensive simulations of the late hot �ashers

and predited surfae abundanes for 12C, 13C, N and O. Another topi negleted up to

now is the e�et of heavily enrihed arbon and/or nitrogen ontent on the atmospheres

(line blanketing). In the following hapters we will use H+He+C and H+He+N model

atmospheres for a detailed abundane analysis of the helium-enrihed stars from SPY.
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Figure 8.6: Teff -log g-diagram with the helium abundane enoded in the symbols' size. The

usual suspets EHB and HeZAMS are plotted again. Windlimits omputed by Unglaub

(2008) are given by the solid lines in the upper right. They are labelled with their metal-

liities. No homogeneous winds are possible below those limits, above those limits stellar

winds an ounterat di�usion.
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Beyond Hydrogen and Helium:

Carbon and Nitrogen

Previous quantitative spetral analyses relied on hydrogen and helium models only. As

shown in hapter 8, this information is not su�ient to distinguish between di�erent evo-

lutionary senarios. It was found that the helium-enrihed sdOs di�er from the helium-

de�ient ones by the presene of arbon and/or nitrogen lines in their optial spetra. The

two most plausible senarios (HeWD merger and the di�erent �avours of late hot �asher

models) do predit measurable di�erenes in the resulting arbon and nitrogen abundanes.

We therefore onstruted two new model grids, one with a detailed arbon model atom

and one with a nitrogen model atom added to the existing hydrogen and helium data.

9.1 TMAP

TMAP, the �Tübingen NLTE Model Atmosphere Pakage� (Werner & Dreizler 1999), is a

ode for the alulation of stellar atmospheres and their emergent �ux on the priniples

disussed in hapter 4. It uses a preonditioning based on Rybiki & Hummer (1991) to

set up linearised rate equations.

A temperature orretion sheme based on the established Unsöld-Luy method for

LTE atmospheres was extended to NLTE onditions and implemented in TMAP by Drei-

zler (2003). With the aelerated lambda iteration the radiative equilibrium is the only

remaining onstraint that ouples all atomi levels after the hydrostati equilibrium and

onservation equations have been separated. Separating the energy balane from the rate

equations allows their solution atom by atom, ion by ion. The energy onservation is then

ensured by the temperature orretion sheme.

The pakage onsists of a number of programmes and auxiliary tools. Initial LTE mod-

els are alulated with LTE2. NLTE model atmospheres are reated with NGRT, whih

requires an initial start model. Both LTE and NLTE start models an be used. Finally,

line1_prof uses the atmospheri struture from NGRT to solve the restrited NLTE prob-

lem, i.e. it solves the radiation transport and rate equations with a �xed temperature and

pressure strati�ation. This yields the emergent �ux, the syntheti spetrum, whih is

then �tted to observed data.

TMAP is only the solver of the NLTE equations, atomi data must be provided in

input �les prepared by the user. In the atomi data �le, the user spei�es whih levels in
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whih ions and atoms are to be used, and what the energies and statistial weights of the

levels are. Levels an be treated either as LTE or NLTE levels. Radiative and ollisional

transitions with their upper and lower levels have to be spei�ed as well as the formula and

optional parameters to be used for their ross setion alulation. It is optional to speify

expliit frequeny grids to be used around a rbb-transition. atoms2 is used for heking

the atomi data �les for onsisteny and is able to �ll in missing data, e.g. it an onstrut

a omplete H I and He i,ii atom. For frequeny disretisation setf2 takes the model atom

�le and onstruts an appropriate frequeny grid with 5 frequeny points around eah line

transition.

Figure 9.1: Work �ow of the TMAP ode.

As an be seen in �gure 9.1, NGRT uses both the initial LTE models as well as already

alulated NLTE models as start models. This eliminates the need to onstrut a new

model from srath for eah point in our model grid: Neighbouring, already onverged

atmospheres an be used as new start models, if the parameters are similar.

9.2 New model atmospheres with TMAP

New atomi models require a reompilation of the TMAP ode, as array boundaries like

the one for frequeny points and energy levels are hard oded parameters and have to be

adjusted. Atomi models were aquired from Thomas Rauh's publily available database

(http://astro.uni-tuebingen.de/�rauh/). For nitrogen, the ionisation stages N ii,

N iii, N iv and Nv were onsidered, while the arbon model onsists of C ii, C iii and
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C iv only. The hydrogen and helium model atoms from the established models by Ströer

et al. (2007) were re-used without alteration. We used the same options for NGRT and

line1_prof as Hügelmeyer (2006) used for his PG1159 model grid. Convergene for the

�rst models was very slow, but the suessive re-use of onverged models for new grid

points aelerated the proess.

The new model grid overs the temperature range from 38 000 K to 50 000 K in 2 000 K
steps and 5.0 to 6.4 dex in 0.2 dex steps in log g. Carbon and nitrogen abundanes1 on-

sidered are 0.001%, 0.010%, 0.050%, 0.100%, 0.500%, and 1.000%. Helium is represented

with log y = −1, 0, +1, +2. The arbon models generally onverged without problems.

The majority of the nitrogen models, however, did not meet the program's onvergene

riterion (relative orretions in the ALI iteration ≤ 10−4). For those that went through

the maximum number of iterations, the output was examined to make sure that remaining

temperature orretions were small and the desired e�etive temperature was reahed. As

we started with a very high number of iterations anyway (1000), re-iterations were hardly

neessary. A number of alulations for low temperatures, high abundanes of arbon or

nitrogen and with a onsiderable amount of hydrogen failed, the model grid has some gaps

in these regions.

The syntheti spetrum was alulated for the wavelength range from 2 840 to 6 125Å.

Longer wavelengths are ignored as the S/N of the observations is signi�antly worse than

in the bluer part of the spetra. Also, Hα line pro�le su�ers from several unaounted

e�ets and is not used in our analyses. Around the spetral lines the wavelength points are

very narrow spaed and more than 28 000 (H+He+C) and 36 000 (H+He+N) frequeny

points are present in the syntheti spetra.

9.3 Comparison of models

9.3.1 Old H+He and new H+He+C/N models

Of ourse we performed a diret omparison between the old H+He and the new H+He+C/

N models. Taking the new model grid with �xed metal abundanes at the lower limit,

log(NC/N) = −5, we �tted the new H+He+C grid to two syntheti spetra of the old

H+He grid, both with Teff = 42 000 K and log g = 5.8 � one with a low helium abundane

log y = −1 and one with high a helium abundane log y = +1. The �t to the hydrogen rih

spetrum yielded the expeted temperature, while the best �t surfae gravity was found

to be 0.15 dex higher (log g = 5.95). Exluding the higher Balmer lines Hǫ and H8 as well

as He i/ii 4 026Å from the �t, as was done in Ströer et al. (2007) and in our analysis in

hapter 6, leads to an even higher overestimate of log g = 6.02. The same trend was found

for the �t to the helium-rih spetrum, where the omplete list of spetral lines yielded

a slightly more aurate log g estimate of log g = 5.88, while ignoring the higher Balmer

and the He i/ii 4 026Å lines again raised the log g to log g = 5.95 while Teff remained

nearly unhanged. Hǫ and H8 proved to be the strongest ontribution to these hanges.

Signi�ant di�erenes between our new and the old models by Ströer et al. (2007) beome

obvious in a diret omparison (Fig. 9.2): the H+He+C spetra have broader line pro�les

in every H i and He ii line, while He i is more or less ompatible.

1The attentive reader remembers that all abundanes in this work are by numbers, unless expliitly
stated otherwise.
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Figure 9.2: Diret omparison of a syntheti spetrum from a model with Teff = 44 000 K,

log g = 5.6 and log y = 0. In blue the old H+He model is plotted, red is the new H+He+C

one. The di�erene in the Balmer/Pikering lines is learly visible, however He i lines like

the ones at 4121, 4472, 4713, 4922, 5016 and 5048Å are nearly idential.

9.3.2 Testing the old H+He versus newly alulated H+He models

We investigated this di�erene further by alulating new H+He only models with a) the

TMAP exeutable from Ströer et al. (2007), b) our new exeutable and ) the exeutable

provided by S. Hügelmeyer (priv. omm.). No signi�ant di�erene was found between b)

and ), while the old H+He models still di�er from these new test models with hydrogen

and helium only.

9.3.3 The role of metal line blanketing

We therefore �nd some di�erenes in both model grids, but their origin remains elusive.

Atomi data for hydrogen and helium used was the same in both ases, as were line

broadening tables. The frequeny grids are not exatly the same, but do not di�er muh

around the helium and Balmer lines.

Metal line blanketing e�ets are expeted, whih however should mainly a�et the

temperature determination. This an be understood in the following way: far in the UV,

metal lines are plenty and very strong. Flux onservation then requires that the bloked
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�ux from the UV is redistributed along longer wavelengths, like in the optial region we

use for our analyses. This inreases the �ux ontinuum level whih in turn lowers the ratio

of line depth to ontinuum. The old H+He models did not aount for line blanketing of

arbon and nitrogen, therefore the apparently shallower lines mimi hotter temperatures.

With the inlusion of arbon and nitrogen, we expet to improve the line pro�les in our

models. Estimates of temperatures derived by line pro�le �tting then should yield better

values. As an be seen in table E.1, other metals (like e.g. silion or titanium) not

aounted for in our models are present, whih we still ignore.

The �ux bloking of the metal lines a�ets the temperature strati�ation of the atmo-

sphere, steepening the temperature gradient (bakwarming e�et). Apparently our naïve

expetation onsidering the �ux redistribution only is not su�ient. Instead, the atmo-

spheri struture and the regions of line formation hange. This ould be an explanation

why our measured e�etive temperature hanges not as muh as expeted, but the surfae

gravity instead. Still, the di�erenes between the old H+He models and new test models

also using H+He only is not solved.
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Chapter 10

Bright sdO stars as testbeds

By ourtesy of H. Edelmann and L. Morales-Rueda, we had aess to high quality high

resolution spetra of �ve of the brightest helium enrihed sdO stars known. The data were

aquired with the FEROS spetrograph (Kaufer et al. 1999) at the ESO 2.2m telesope.

They have a resolution of R = 48 000. Four of these stars have multiple spetra obtained in
di�erent epohs, whih enables us to make statements on their radial veloity variability.

In this hapter, we will use these spetra as a testase: we will ompare values for Teff ,

log g and log y derived from �tting H+He+C/N models with those derived from the old

H+He models.

10.1 Proedure

For every single spetrum the radial veloity was determined by �tting a Gauÿ+Lorentz

pro�le independently to suitable lines. Due to the overlap of hydrogen Balmer and some

He ii Pikering lines, no Balmer lines were onsidered. Prominent He i/ii lines like the ones

at 4 026, 4 472 and 5 875Å have more than one multiplet omponent and a reliable entral

wavelength ould not be found, so they were dismissed, too. The He i-lines at 5 016 and

5 048 , the He ii at 4 686 as well as the Si iv doublet at 4088.86 and 4116.16Å were used

always. Another dozen of metal lines, mostly nitrogen, arbon and silion, were arefully

seleted. The standard deviation of the measurements of all lines is taken as the error in

the radial veloity.

Fitting the old models with only hydrogen and helium is straightforward: All three

parameters Teff , log g and log y are �tted simultaneously. The new models have one ad-

ditional degree of freedom, the arbon or nitrogen abundane. For these the following

iterative sheme was adopted:

1. Keep C or N abundane �xed and determine Teff , log g and log y for hydrogen and

helium line pro�les.

2. Fit log(NC/N) or log(NN/N) together with vrot sin i from C or N line pro�les, now

with �xed Teff , log g and log y determined in step 1.

3. Repeat until the parameters do not hange.

All parameter �ts onverged fast within only three iterations.

67
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10.2 HD 127493

HD 127493 (= CD −22 3804) is a helium-enrihed sdO star with moderate helium ontent

for this lass: the Balmer lines still dominate over the Pikering lines. Nitrogen lines

are abundant, arbon lines are missing. The apparent magnitude in V is mV = 10.m021
(Kilkenny et al. 1998), extintion is E(B − V ) = 0.09620 (Shlegel, Finkbeiner & Davis

1998). A Hipparos parallax is given as π = 5.21 ± 1.49 mas, whih translates to d =
192+77

−43 pc. For every one of the three FEROS spetra obtained in two onseutive nights

we �nd a radial veloity of vrad = −17±3 km s−1. Apart from the usual nitrogen lines, the

spetrum is rih in lines of other metals, along with some arbon. See table E.1 in hapter E.

An earlier analysis of Simon (1982) found Teff = 42 500 ± 2 000 K, log g = 5.25 ± 0.20 and

log y = +0.18 ± 0.18.

H+He H+He+N H+He+C

Teff 42 286 K 42 484 K
log g 5.66 5.60
log y +0.41 +0.62

log(NN/N) −3.11
log(NC/N) < −5
vrot sin i < 10 km s−1

Both model grids agree perfetly on this objet's atmospheri parameters, see Fig. 10.3.

But the model �ts look di�erent, espeially those for Hβ and Hγ and for He ii 5412 and

He ii 4542Å. It seems as if the old H+He models annot aurately reprodue the broader

lines. Also, the line ores � espeially of Hβ , see �g. 10.1 � are muh better reprodued

by the new models.

One exeption is He ii 4 200Å, where the new models do not �t at all, while the old

models have no problems in reproduing this line. In �gure 10.2 both are plotted over the

Figure 10.1: Blow-up of the Hβ line for a omparison of the observed data (grey) and the

best �t models. The old H+He model is plotted in blue, the new H+He+N in red. Keep

in mind that both models are normalised to the observed spetrum's ontinuum (outside

the plotted range), the o�set visible in the blue line pro�le is not due to di�erent ontinua.

The H+He+N model �ts the observed line pro�le very well.
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Figure 10.2: The problem with He ii 4200Å. Blue is the old H+He model, red is the

H+He+N model.

observed spetrum. Beause of this disrepany, this line was exluded from all parameter

�ts. Also any nitrogen or arbon line on this line's wings were not used.

The spetrosopi distane derived from �tting the H+He models is 150 parsec, from
the H+He+N models it is 161 parsec, where a mass of 0.5M⊙ was assumed. We �nd both

model �ts to be in good agreement with the Hipparos parallax.

10.3 CD −31 4800

This mV = 10.m56 star also has a parallax measured by the Hipparos satellite given as

π = 7.62 ± 1.51 mas, whih translates to a distane of 131+32
−22 parsec. Radial veloities

measured on the single spetra observed on four onseutive nights are 36 ± 3, 36 ± 4,
36±3, and 35±3 km s−1. And on a �fth night 174 days later 36±4 km s−1. Hene the star

is not radial veloity variable. By visual inspetion we lassify the spetrum as N type,

though some arbon is still detetable, see table E.1 in the appendix.

H+He H+He+N H+He+C

Teff 44 140 K 43 000 K 43 159 K
log g 6.06 5.84 5.89
log y +1.84 +2.75 +2.00f

log(NN/N) −3.04
log(NC/N) −4.97
vrot sin i < 10 km s−1

fParameter was �xed during model �tting

Large di�erenes between both model grids used are apparent, espeially the helium

abundane hanged by nearly a full magnitude. If we arbitrarily �x the helium abundane

to a lower value, omparable with the result derived from the old H+He model grid, the

surfae gravity inreases, though not enough to reah the log g = 6 as derived from the old

models. With the �xed lower helium ontent, the models learly predit a visible hydrogen
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omponent in the Pikering lines. In the observed data, however, a pure Pikering series

without any hydrogen is seen. Earlier works on this star report Teff = 44 000 ± 2 000 K,

log g = 5.4 ± 0.3 (Bauer & Husfeld 1995) and Teff = 42 500 ± 2 500 K, log g = 5.9 ± 0.25
(Giddings 1980).

The spetrosopi distane given by the parameters of the H+He model �t is 148parsec
(and well within the Hipparos parallax error) ompared to the 183parsec from the new

models. If we hoose to trust the new model�t, we an vary the star's mass until dspec is

in agreement with dΠ. We �nd this estimation of stellar mass to yield M = 0.26+0.13
−0.08 M⊙,

whih is � if at all! � at the very low end of theoretial mass distributions. This low

mass leaves only the post-RGB stage as a valid evolutionary status for this objet, but

the star's onstant radial veloity and helium dominated atmosphere make this highly

unlikely. However, the star lies at a Galati latitude of b = −5.5◦ and in a region of

high extintion up to EB−V = 0.6 (Shlegel, Finkbeiner & Davis 1998) whih makes

a spetrosopi distane determination questionable at best. It is ruial to derive the

interstellar extintion, before any onlusions an be drawn.

With the arbon abundane being detetable and overed by our modelgrid, we also

did a parameter �t with the arbon models. As the high helium abundane log y > +2
was outside the grid, this parameter was set to log y = +2 and was not allowed to vary,

whih explains the slightly di�erent parameters for the best �t model.

10.4 CD −24 9052
This bright (mV = 9.m6) sdO star is again of N type and has a low arbon abundane

outside of our modelgrid. Five spetra were available, taken over the ourse of 651 days,

radial veloities are 21±3 km s−1 in four ases and 20±8 km s−1 in one ase. We therefore

regard this star as not variable.

H+He H+He+N H+He+C

Teff 41 950 K 41 700 K
log g 5.67 5.49
log y −0.12 −0.35

log(NN/N) −3.25
log(NC/N) < −5
vrot sin i 15 km s−1

Without question, in �gure 10.5 CD −24 9052 is better �tted by our new models than

by the old ones. The di�erenes are moderate for the e�etive temperature and helium

abundane. Surfae gravities however di�er strongly by 0.2 dex.

10.5 UVO 0832 −01
UVO 0832 −01 (= [CW83℄ 0832 −01) is a mV = 11.m466 helium rih sdO star whih shows

both arbon and nitrogen lines. Only one spetrum was available and radial veloity

was measured to vrad = 7 ± 4 km s−1, ompatible with a previous publiation of vrad =
10 ± 1 km s−1 (Drilling & Heber 1987).
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H+He H+He+N H+He+C Dreizler (1993)

Teff 44 630 K 43 900 K 44 000 K 44 500 ± 1 000 K
log g 5.91 5.67 5.64 5.55 ± 0.15
log y +1.13 +2.68 +2.00f > +1

log(NN/N) −3.31 −2.9
log(NC/N) −2.26 −2.3
vrot sin i 21 km s−1 15 km s−1

fParameter was �xed during model �tting

With this star, both old and new models have problems with the broader He ii lines.

For the old models, the best �t shows muh too strong Balmer omponents on the Pikering

lines. When foring the helium abundane to log y = +2 or log y = +3, these hydrogen

omponents vanish, the overall �t however does not improve. Similar parameters as for

the new models were found by Dreizler (1993).

10.6 UVO 0904 −02
This helium enrihed sdO has both arbon and some traes of nitrogen in its spetrum.

We measured vrad = 20± 4 km s−1 and vrad = 22± 3 km s−1 for two spetra, both taken in

the same night. Again this is ompatible with vrad = 24 ± 1 km s−1 published by Drilling

& Heber (1987). Stellar rotation is easily visible by eye on the strongly broadened arbon

lines. The best �t model on the arbon lines has vrot sin i = 30 km s−1, whih in turn

even improves the �t of the Balmer and helium lines signi�antly, although these lines are

rather insensitive to rotational broadening. However, three arbon lines had to be ignored

during �tting as their shallow and broad pro�le ould not be mathed by our models. The

low abundane of nitrogen is not expeted to have a measurable in�uene on the stellar

parameters, thus only the nitrogen abundane itself and vrot sin i was measured.

H+He H+He+N H+He+C Dreizler (1993)

Teff 46 650 K 46 170 K 46 500 ± 1 000 K
log g 5.80 5.64 5.55 ± 0.15
log y +2f +1.91 > 1

log(NN/N) −4.14 −3.26
log(NC/N) −2.03 −2.14
vrot sin i 33 km s−1 30 km s−1

fParameter was �xed during model �tting

Again we �nd a disrepany between the old and new models: Using the old models,

the helium abundane determined by the best �t is too low; one an easily distinguish the

Balmer omponents in the He ii lines, whih, however, the observed data learly do not

show. We therefore hose to �x the helium abundane on a rather high value of log y = +2,
whih is similar to the result of the new models, but more than one magnitude higher than

the best �t models predit. This �xed helium abundane eliminates the problem of the

visible hydrogen omponents in the Pikering series, at the ost of a less perfet �t of

He i lines. A higher helium abundane also lowers the surfae gravity from log g > 5.9 to

log g = 5.80, more ompatible with our new result.
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10.7 Errors

The error estimation by bootstrapping led to very small errors ompared to spetrum-

to-spetrum variations. For four of the FEROS objets, more than one spetrum was

available. Using the statistis of the individual measurements, we derive a more realisti

estimate for the errors:

∆Teff = 250 K

∆ log g = 0.05 dex

∆ log y = 0.30 dex

∆ log(NN/N) = 0.17 dex

∆ log(NC/N) = 0.20 dex

∆vrot sin i = 4 km s−1

In this list, we printed the largest error values. Individual errors an be as small as

∆ log(NN/N) = 0.04 for HD 127493, for example.

10.8 Evaluation of spetral lines suitable for line pro�le �t-

ting

In the ourse of determining the star's parameters, we found the strongest spetral lines

of arbon and nitrogen not reprodued by our models: the C iv doublet at 5 801 and and

5 812Å, C iv 4 438Å and the N iii lines at 4 097, 4 103, 4 867, 4 874Å. They all are stronger

in the observed spetrum than our models predit. Miroturbulene generally enhanes

the already strong lines. Aounting for miroturbulenes ould therefore provide better

models. Model alulations with low turbulene veloities of < 5 km s−1 where tried, but

all alulations failed. These lines were therefore exluded from the line pro�le �ts.

Fig. 10.3 to 10.7 display the line pro�le �t of the hydrogen and helium lines for the �ve

bright sdO stars. The �ts using the old H+He model atmospheres are on the left hand

side, those where the new H+He+C/N models were used are on the right hand side.
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Figure 10.3: The best �t model (red) plotted over the observed data (blak). The plot on the left side uses the old H+He models,

the right side uses the new H+He+N models.
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Figure 10.4: See �g. 10.3. Left: Old H+He model. Right: New H+He+N model.
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Figure 10.5: See �g. 10.3 Left: Old H+He model. Right: New H+He+N model.
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Figure 10.6: See �g. 10.3 Left: Old H+He model. Right: New H+He+N model.
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Figure 10.7: See �g. 10.3 Left: Old H+He model. Right: New H+He+C model.



78 CHAPTER 10. BRIGHT SDO STARS AS TESTBEDS

10.9 Summary

Five spetra of helium enrihed sdOs obtained with the FEROS spetrograph were anal-

ysed. All radial veloity measurements are in agreement with the helium-rih sdOs to be

non radial veloity variable on timesales up to over one year. Any variability must our

on either very long timesales or with very small amplitude, lower than the few km/s of

our error estimate.

When using the old H+He models we found it di�ult to bring both He i and Balmer

lines into agreement while the new H+He+C and H+He+N models �t the observed data

muh better � with the exeption of He ii 4 200Å. Only for UVO 0832 −01 the Hγ and

Hδ are �tted better by the H+He models. Therefore we regard the addition of arbon and

nitrogen to the models a suess.

The expeted in�uene of these elements in our model atmospheres is a lower e�etive

temperature due to bakwarming by the �ux bloking of the metal lines. Most of the

metal lines are found in the UV and �ux onservation requires the bloked UV �ux to be

redistributed at longer wavelengths, e.g. in the optial part. A higher ontinuum level

lessens the relative line-to-ontinuum depth. Fitting a not blanketed model, the lines

therefore are �tted with shallower pro�les, mimiking higher temperatures.

The only spetrum where a signi�ant di�erene in Teff was observed is that of CD

−31 4800; the other four stars are �tted to very similar temperatures by both old and

new models. In general, however, the new e�etive temperatures are slightly lower than

the old ones, with a mean di�erene of ∆〈Teff〉 ≈ −400 K. When determining the surfae

gravities, all the new models predit lower values, ∆ log g = −0.24 is the largest di�erene.

The mean hange is ∆〈log g〉 ≈ −0.15 dex.

The large di�erenes in the surfae gravity and helium abundane are hard to explain

solely by the line blanketing e�ets. Comparisons between TMAP and other NLTE stellar

atmosphere odes as desribed in hapter 9 however strengthen our on�dene in our new

modelgrid. The Hipparos parallax measurements of the two stars CD −31 4800 and

HD 127493 are onsistent with the anonial masses. One possible explanation for the

di�erene when using old H+He and new H+He+N/C models ould be that the former is

a very large modelgrid. Some errors, e.g. no onvergene in a few gridpoints only, ould

throw the interpolation by ubi splines within the grid quite o� the expeted values.

We will disuss the evolutionary status of these �ve bright stars together with the

results from the SPY survey presented in hapter 11 and 12.



Chapter 11

The SPY sdOs revisited

In the previous hapter, we analysed high-resolution spetra of �ve bright sdOs stars of

very high signal-to-noise ratio, obtained with the FEROS spetrograph. The number of

stars, however, was rather small and not enough to be statistially signi�ant. We will

now diret our attention to a sample of stars from the SPY survey. The analyses of SPY

sdOs was already introdued in hapter 5, whih was based on H+He atmospheres only.

The spetra are of lower quality than FEROS, but are still well suited for a quantitative

analysis of metal lines. Using our new H+He+C and H+He+N models, we will reanalyse

the spetra and determine the arbon and nitrogen abundanes.

11.1 Spetral analysis

Beause SPY was run as a bad weather programme, the setup used a rather wide slit

width of 2.1 arse in order to redue losses due to seeing. Using the DIMM seeing monitor

data in the ESO arhive, we �nd every spetrum to be taken with the seeing disk smaller

than the slit width. Thus the e�etive resolution is dependent on the seeing and has to be

alulated for eah individual spetrum via

R =
r

seeing in arcsec

with r = 41 400 for the blue hannel (λ < 4 560 ) and r = 38 700 for the red hannel (Geier,

priv. omm.). The SPY spetra over the wavelengths from 3 300Å to 6 650Å with two

gaps between 4 525Å and 4 600Å and between 5 610Å and 5 675Å. They were already

redued and normalised by Ströer et al. (2007).

The general proedure was the same as desribed for the bright sdOs in hapter 10:

beginning with arbon �xed to a guessed initial value, we determine Teff , log g and helium

ontent from �tting models to available hydrogen and helium lines. With these values,

the arbon abundane and the rotational veloity is then �tted. This sheme is iterated

until onvergene is reahed. For nitrogen the same proedure is exeuted, with one ex-

eption though: in ases where the rotational veloity di�ers signi�antly from the one

obtained from the arbon lines, the latter one is used, beause we found the arbon lines

to be muh more reliable for estimating vrot sin i. This an be understood when one re-

alises that arbon has a number of multiplet lines with wavelengths not too lose to blend

ompletely, but lose enough to make rotational broadening learly visible. In partiular
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the He ii 4 121Å/C iii 4 122Å and the He i 3 889Å/C iii 3 889Å blends and the multiplet at

C iii 3 609Å, but also the C iii triplet at 4 069Å are found to be very useful in this respet.

SPY spetra allowed us to use the Balmer lines (or orresponding He ii-Pikering lines)

from Hβ to H8. Hα is within the wavelength range, but was not �tted. The main di�erene

to the previous work is the inlusion of C and N and the use of the higher Balmer lines Hǫ

and H8 for model �tting. Only the lines at 4 686Å and 5 412Å were used of He ii. For the

high helium abundanes of our program stars, however, every Balmer line is dominated by

a He ii omponent of the Pikering series.. A lot of these objets even have a spetrum

ompatible with a pure helium atmosphere and the Balmer lines in reality are He ii Piker-

ing lines. To avoid problems in estimating the ontinuum level, the Hδ range was extended

far enough to inlude He i 4 121Å.

In aordane to the tests for the bright sdO stars, we used the lines presented in

appendix B. For example plots of line pro�le �tting see appendix C.

11.2 Results

Out of 46 sdO stars from SPY analysed previously by Ströer et al. (2007), 33 are helium-

enrihed. Five of these stars were found to be outside of our grid or to have spetra with

too low a signal-to-noise ratio. Our quantitative spetral analysis of the remaining 28 stars

revealed 15 objets with detetable arbon lines and 13 objets apparently void of arbon

(i.e. log(NC/N) < −5). Nitrogen on the other hand is present in all but three spetra.

For �ve stars, however, the derived nitrogen abundane is to be onsidered with aution:

In these ases, the χ2-�tting proedure settled on a log(NN/N)-value within our grid. An

inspetion by eye of the line pro�le �ts did not reveal line pro�les distinguishable from the

noise in the spetrum. The lines used for line pro�le �tting are at the limit of detetability

and abundanes derived from them should be regarded as upper limits. Additionally, one

has to keep in mind that rotational broadening measured from the arbon lines was applied

for the nitrogen measurement, further reduing the detetability of weak nitrogen lines. A

more areful searh for the strongest N iii lines around Hβ , Hδ and He ii 4 200Å revealed

indeed that the spetra of HE 1203−1048, HE 1142−2311 and HE 1251+0159 are void of

any nitrogen. In the remaining two stars, we did �nd some of the stronger nitrogen lines

and therefore tentatively hose to trust the results of the χ2-�t (see entries marked by an

asterisk (∗) in table 11.3). Together with the �ve bright sdO stars we analysed 33 helium

enrihed sdO stars. 15 stars are pure N-type (nitrogen lines only), another 15 stars are

CN-type (arbon and nitrogen) while the remaining three are pure C-type.

11.2.1 Atmospheri parameters

Depending on the number of spetra and whether nitrogen and arbon models were �tted,

di�erent numbers of measurements were available. The parameters given in table 11.3 are

mean values, and the errors given are standard deviations of these measurements. E.g., in

ases of a CN-type star with three spetra available, six measurements of Teff , log g and

log y were done and three for log(NN/N) and log(NC/N) eah. In this table, abundanes

are given by mass frations: log βi = log mi

mH+mHe+mC+mN
, with i standing for He, C and

N. A statistial view on our new values ompared to those from Ströer et al. (2007) is

given in table 11.1. For this statistial omparison, the SPY sample of Ströer et al. (2007)
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Table 11.1: Comparison of statistis of our newly analysed SPY+FEROS sample to the

values derived by Ströer et al. (2007).

Ströer et al. (2007) this work

〈Teff〉 43 200 K 42 600 K
σTeff

3 300 K 2 800 K
〈Teff〉median 42 200 K 41 700 K

〈log g〉 5.78 5.56

σlog g 0.18 0.15

〈log g〉median 5.77 5.59

〈log y〉 +1.24 +1.59

σlog y 1.04 1.13

〈log y〉median +1.40 +2.05

was redued to the same stars we used in our analysis. Otherwise their stars outside of

our modelgrid (the helium de�ient sdOs and ooler/hotter helium enrihed sdOs) would

make this omparison useless.

We �rst onentrate on the omplete sample (3rd olumn) and ompare it with the old

values from Ströer et al. (2007) (2nd olumn). As expeted from our omparison between

the modelgrids, the mean value for the surfae gravity is lower by ≈ 0.2 dex. Apart from
this shift, the harateristis of log g do not hange: the width of the distribution is the

same and the median is near the mean value, whih is interpreted as an indiator for a

symmetri distribution with no signi�ant tendenies to lower or higher values. Similar

onlusions an be drawn for Teff . For the omplete sample, the mean e�etive temperature

is lower by 600 K, whih, ompared to the typial errors, is not signi�ant. Also the width

of the Teff -distribution is lower by 500 K. Aording to the medians being lower than the

mean values, the distribution seems slightly leaned towards lower temperatures. Helium

abundanes have hanged; the new values are signi�antly higher then the old ones, the

pure helium stars (log y > +2) being the major ontribution.

We now split the sample into the C-, CN- and N-types, see table 11.2. Note that only

3 pure C-types are available, rendering their statistis a little bit questionable. The C-

types apparently are the hottest of the helium-enrihed sdOs, with the CN-types ooler by

Table 11.2: Statistial omparison between C-, CN- and N-types.

C-type CN-type N-type

〈Teff〉 47 200 K 43 800 K 40 500 K
σTeff

3 500 K 2 200 K 1 000 K
〈Teff〉median 45 600 K 44 100 K 40 500 K

〈log g〉 5.54 5.58 5.55

σlog g 0.14 0.18 0.12

〈log g〉median 5.62 5.60 5.58

〈log y〉 +1.75 +2.02 +1.14

σlog y 0.56 0.62 1.43

〈log y〉median +1.74 +2.23 +0.62
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3 400 K and the N-types ooler by 6 700 K. At the same time the width of the distribution

in Teff seems to shrink, the N-type onentrating in a very narrow Teff -region.

This view, however, is not ompletely unbiased: our models only over temperatures

as low as 38 000 K. Three stars (CN-type) from SPY had to be omitted beause they are

below this limit. The N-type distribution is expeted to extend into the sdOB regime, not

overed in this work. For the C-types, similar objetions exist: one arbon rih star from

SPY was found to be hotter than 60 000 K, the upper limit of our grid.

The mean surfae gravities between the three types do not di�er signi�antly. Also

their widths and median values are onsidered equal. Very large di�erenes an be found

for the helium abundanes, where the mean value for the N-types is muh lower than that

for the other two lasses. And while C- and CN-types apparently are very homogeneous

in their helium abundane, the N-types vary strongly and their distribution leans more to

the lower abundanes.

11.2.2 Carbon and Nitrogen abundanes

In Fig. 11.1 the programme stars' abundanes are plotted, sorted by desending arbon

abundane. Here we use the logarithmi mass fration. A bimodal distribution of arbon

abundanes is learly seen: either the star has enhaned arbon abundanes above the

solar value, or the arbon is strongly depleted. Helium is always super solar, whih is not

surprising as this work is onentrating on the helium enrihed sdOs. The variation in

the helium abundane is very small, and apart from a handful of objets, the stars an

be onsidered as pure helium stars. In Fig. 11.2 (similar to Fig. 11.1) the abundanes are

sorted by desending nitrogen abundane. About two thirds of the stars have nitrogen

above the solar value (enrihed by a fator 3 to 10 w.r.t. the sun), four stars have solar

nitrogen abundanes values to within error limits. Three stars are mildly depleted in

nitrogen (objets 28, 29, and 30), while the three rightmost objets are strongly depleted

by more than a fator of 15. For log βN . −2.8 the gradient of the log βN-distribution

is steepening. But we do not see a lear bimodal distribution for nitrogen, like we did

for arbon. One ould speulate whether the nitrogen depleted objets 28, 29 and 30 are

from a metal poor population. Then the rightmost objets (31, 32, and 33) ould be very

metal poor (Halo?) stars. In these ases spetral lines from other metals, like silion, are

expeted not to be visible. Two of these stars, however, unambiguously have Si iv 4 089Å

and Si iv 4 116Å in their spetra identi�ed.

11.2.3 Rotational veloities

Fig. 11.3 shows a histogram of the vrot sin i distribution of our 33 programme stars. The

grey shaded histogram is for C- and CN-types, the open histogram is for the omplete

sample (C-, CN-, and N-types). All exept two arbon rih sdOs show a detetable vrot sin i
(between 10 and 30 km s−1), whereas only 5 out of 15 nitrogen rih objets do.

The strong orrelation between arbon abundane and projeted rotational veloity is

apparent immediately. 16 out of 18 stars with arbon also show rotational broadening of the

metal lines, while only 5 out of 15 pure N-type stars have vrot sin i measurable. Fig. 11.3

presents the distribution of projeted rotational veloities among the stars. The open

histogram is the whole sample (C-, N-, and CN-types), while the shaded histogram takes

only the C- and CN-types into aount. Note that the gap between vrot sin i = 0 km s−1 and
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Figure 11.1: Abundanes in logarithmi mass frations of the SPY+FEROS stars, sorted

by desending arbon abundane. Red is log βHe, grey is log βC, and green is log βN. The

solar values are marked by the horizontal lines. Objets where only an upper limit is

available are marked by an arrow pointing down.
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Figure 11.2: Same as Fig. 11.1, but sorted by desending nitrogen abundane.
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Figure 11.3: The distribution of star ounts over the measured rotational veloities. The

open histogram is the omplete SPY+FEROS sample, the shaded histogram are the arbon

enrihed sdOs only. Size of the bins has been hosen to represent the typial error value

of ∆vrot sin i = 4 km s−1.

vrot sin i = 10 km s−1 is not real, the detetion limit is vrot sin i = 10 km s−1. Consequently,

all vrot sin i < 10 km s−1 were set to zero.

For omparison, in Fig. 11.4 the vrot sin i distribution of 49 single sdB stars is provided,

taken from Geier (2009). The measured rotational veloities for sdB stars is the shaded

histogram. With the open histogram he also provides a simulated distribution alulated

under the assumption of a onstant vrot = 8.3 km s−1 and randomly orientated inlination

angles i. The dashed histogram is a simulation, too, but with vrot = 9 km s−1. His detetion

limit is indiated by the vertial line at vrot sin i ≈ 4.5 km s−1, all stars below this limit are

staked into the �rst, dotted bin.

Comparing these two �gures, we �nd a new and very signi�ant di�erene between the

arbon enrihed sdOs and the sdBs: where the single sdBs are all found at low rotational

veloities below 10 km s−1, the sdOs enrihed with arbon have rotational veloities up to

30 km s−1. We note also that the N-type sdOs, in this respet, are similar to the sdBs.
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Figure 11.4: vrot sin i distribution of 49 single sdB stars (shaded histogram), and two

simulations (open and dashed histograms). For details see text. Figure taken from Geier

(2009, p.99)

11.2.4 Correlations

We now searh for orrelations of the parameters we disussed in the previous hapters.

From Fig. 11.1 and Fig. 11.2 we see no diret orrelation of nitrogen and arbon abundanes.

Some trends, however, are observed: The nitrogen abundane varies between −3.6 .

log βN . −2.2 for the arbon enrihed sdOs. In the arbon poor ases the distribution

gets more onentrated between −2.8 . log βN . −2.2. Generally the nitrogen is more

abundant in the arbon depleted objets than in the arbon enrihed ones.

Trends in the helium abundane are hard to observe. All stars are very muh helium

dominated and variations are hard to see. But with one exeption only, all stars with

notieably lesser helium ontent are also oinident with arbon poor atmospheres.

A presentation of the stars in the Teff -log g-plane is found in Fig. 11.5. Abundanes

are represented by the symbols' sizes. The splitting of the distribution athes one's eye

immediately: with only two exeptions, all arbon dominated objets (log βC > log βN)

are found at the hotter end of the distribution, i.e. Teff > 43 900 K. Nitrogen is present
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Figure 11.5: Teff -log g-diagram of the SPY+FEROS sample. The logarithmi mass fra-

tions of arbon (dark grey) and nitrogen (green) are oded in the symbols' sizes.

in nearly all objets, and no lear statement onerning a orrelation between log(NN/N)
and Teff an be made. Also no orrelation between surfae gravity and abundanes an be

drawn from Fig. 11.5.

We note that no star is found below the HeZAMS anymore, although four of these six

objets from Ströer et al. (2007) are inluded in our sample, the missing two having Teff

below our modelgrid. One reason for this surely is the shift of 0.2 dex to a lower mean

surfae gravity. Alone, however, this shift would not be enough for all four objets. To

some degree we also ontribute our improved determination of the ontinuum levels in the

line pro�le �ts to this result.
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Table 11.3: The atmospheri parameters as derived by �tting new H+He+C and H+He+N models to the observed data. Nitrogen

abundanes marked by an asterisk (∗) were measured on lines nearly indistinguishable from noise. The last �ve entries are parameters

of the FEROS stars analysed in hapter 10. In this table, abundanes are given by mass frations.

Star Teff log g log βHe log βN log βC vrot sin i

HE 0001−2443 39840± 5.69± −0.002± −2.47± < −4.52± <10±

HE 0016−3212 39186± 925 5.13± 0.14 −0.014± −2.29± 0.07 −1.64± 0.06 11±

HE 0031−5607 39367± 1320 5.58± 0.40 −0.002± 1.12 × 10−04 −2.55± 0.04 < −4.52± <10±

HE 0155−3710 40521± 59 5.61± 0.05 −0.002± 4.51 × 10−04 −2.81± 0.01 < −4.52± <10±

HE 0342−1702 41082± 117 5.59± 0.02 −0.004± 8.63 × 10−04 −2.56± 0.06 < −4.51± <10±

HE 0414−5429 43970± 484 5.52± 0.08 −0.005± −2.95± 0.47∗ −2.04± 0.18 16± 3

HE 0914−0341 45496± 280 5.72± 0.02 −0.004± 3.45 × 10−03 −3.20± 0.34 −2.26± 0.03 15± 4

HE 0958−1151 44229± 474 5.39± 0.04 −0.011± 7.75 × 10−04 −3.24± 0.04 −1.64± 0.01 23± 3

HE 1135−1134 40358± 42 5.38± 0.05 −0.107± 3.85 × 10−03 −2.53± 0.24 < −4.31± 14± 3

HE 1136−1641 43957± 161 5.58± 0.11 −0.006± 1.06 × 10−03 −2.62± 0.10 −2.05± 0.02 16± 2

HE 1136−2504 41212± 212 5.65± 0.16 −0.097± −2.31± 0.20 < −4.32± <10±

HE 1142−2311 51154± 1365 5.38± 0.04 −0.016± 1.84 × 10−03 < −4.44± −1.70± 15±

HE 1238−1745 38743± 224 5.48± 0.09 −0.272± 3.88 × 10−02 −2.76± 0.17 < −4.14± <10±

HE 1251+0159 45637± 510 5.63± 0.01 −0.010± 5.57 × 10−03 < −4.46± −1.72± 0.16 13± 5

HE 1256−2738 39571± 300 5.66± 0.07 −0.094± 1.89 × 10−02 −2.44± 0.09 −1.50± 14± 1

HE 1258+0113 39169± 219 5.66± 0.07 −0.237± 5.88 × 10−02 −2.55± 0.23 < −4.17± <10±

HE 1310−2733 40225± 91 5.45± 0.04 −0.105± 1.85 × 10−03 −2.28± 0.06 < −4.31± 12± 1

HE 1316−1834 41170± 5.30± −0.003± −2.20± < −4.52± 19±

HE 1446−1058 45240± 405 5.67± 0.01 −0.013± 2.49 × 10−04 −2.62± 0.11 −1.60± 0.08 18± 5

HE 1511−1103 41090± 86 5.46± 0.02 −0.008± 1.56 × 10−04 −2.29± 0.09 −4.33± 0.03 <10±

HE 2203−2210 47049± 356 5.60± 0.11 −0.009± 5.69 × 10−04 −3.45± 0.02 −1.72± 0.03 20± 1

HE 2347−4130 45040± 279 5.78± 0.03 −0.002± 8.74 × 10−04 −3.52± 0.12∗ −2.40± 0.01 17± 2

WD 0447+176 40545± 250 5.54± 0.05 −0.001± −2.71± 0.01 < −4.52± <10±

WD 2020−253 44105± 549 5.51± 0.06 −0.011± −2.68± 0.06 −1.68± 0.11 20± 2

WD 2204+071 40553± 5.52± −0.078± −2.23± < −4.36± <10±

WD 2258+155 40619± 62 5.71± 0.04 −0.001± −2.76± 0.06 < −4.52± 12±

HE 0952+0227 44266± 456 5.45± 0.04 −0.009± −3.08± 0.04 −1.75± 0.04 26± 1

HE 1203−1048 44806± 982 5.62± 0.11 −0.009± 3.58 × 10−04 < −4.46± −1.71± 0.06 22± 5

HD 127493 42484± 250 5.60± 0.05 −0.027± 2.35 × 10−02 −2.50± 0.12 < −4.46± <10±

CD −31 4800 43080± 250 5.87± 0.05 −0.002± 0.00 −2.50± 0.17 −4.49± 0.20 <10±

CD −24 9052 41700± 250 5.49± 0.05 −0.195± 1.32 × 10−1 −2.39± 0.08 < −4.21± 15± 4

UVO 0832 −01 43953± 250 5.66± 0.05 −0.008± 0.00 −2.77± 0.17 −1.79± 0.20 18± 4

UVO 0904 −02 46170± 250 5.64± 0.05 −0.014± 0.00 −3.60± 0.16 −1.56± 0.19 32± 4



Chapter 12

Disussion and onlusion

In this �nal hapter we will now try to �t the results derived from our quantitative spetral

analysis of 5 bright sdO stars and those from the SPY projet to di�erent evolutionary

senarios. The two favoured senarios for the helium enrihed sdOs' origin are the late

hot �asher and the HeWD merger senario. Unfortunately there are no quantitative al-

ulations available for the helium white dwarf merger. For the late hot �asher senario,

however, Miller Bertolami et al. (2008) have performed detailed evolutionary alulations.

Having derived atmospheri parameter as well as abundanes of helium, arbon and nitro-

gen for three dozen stars, we an now test theoretial preditions.

12.1 Carbon, Nitrogen and Preditions for the Late Hot Flasher

Senario

With the abundane measurements in the previous hapter we found a trend of arbon

depletion in nitrogen rih objets. This is a lear sign of CNO proesses, where arbon

is turned into nitrogen beause of a bottlenek in the yle's reation rates. Carbon

enrihment on the other hand is found in 16 of the 33 stars. The helium �ash is the only

soure for arbon in the atmospheres of stars experiening a late hot �ash: shortly after the

�ash the inner onvetion zone splits and the arbon produing 3α-burning ore beomes

hemially separated from the star's envelope. The more the helium �ash is delayed,

the shorter is the time window for arbon mixing. The exat result of the ompetitive

proesses (arbon prodution, the amount of arbon mixing and the e�ieny of the CNO

proesses in the hydrogen burning region) depend both on the initial metalliity and the

time when the delayed �ash �nally ours. Detailed alulations have been performed by

Miller Bertolami et al. (2008). We will now ompare our measured abundanes to their

published values.

Fig. 12.1 shows the measured abundanes of our programme stars. The panels from

top to bottom are for the helium abundane (log βHe), the arbon abundane (log βC) and

the nitrogen abundane (log βN). Abundanes are given in logarithmi mass frations.

Overplotted horizontal lines indiate the theoretial abundanes for initial metalliity z =
0.001. The results for two deep mixing senarios (DM) are given by long and short dashed

lines, while the results for shallow mixing with some hydrogen burning (SM*) is given by

solid lines. Abundanes for shallow mixing without hydrogen burning (SM) is not published
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Figure 12.1: Measured abundanes in logarithmi mass frations versus theoretial alu-

lations for late hot �ashers. Top: helium abundanes, Centre: arbon abundanes, bottom:

nitrogen abundanes. The initial metalliity is z = 0.001. Abundanes from SM* events

are solid lines and abundanes from DM events are dashed lines. The long dashes orre-

spond to a higher remnant mass, i.e. the �ash ourred earlier than in the short dashed

ases.
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for this metalliity. Notie the lower helium and nitrogen abundane for the SM* event

(top panel, solid line), beause the runaway hydrogen burning (a CNO proess) does not

develop in this ase. Figures 12.2 and 12.3 are the same as Fig. 12.1, but use the theoretial

abundanes for higher initial metalliities (z = 0.01 and z = z⊙). For these metalliities,

data for the SM �avour is available and plotted as dotted lines. In general, the theoretial

arbon abundane does not hange muh for the di�erent �avours and metalliities whereas

the predited nitrogen abundane depends strongly on metalliity and the late hot �asher

�avour (SM, SM*, DM).

12.1.1 The C-rih stars

We �rst take a look at the arbon abundanes (blak symbols in the entre panels of

Fig. 12.1 to 12.3). Twelve of 16 arbon rih objets (labelled 1 to 12 in the Figures) are

more or less in agreement with both the deep mixing (DM) and the intermediate shallow

mixing (SM*) �avours. A lower initial metalliity orresponds to better agreement of the

measured and the predited log βC. Even an SM event is possible for z = 0.01, but unlikely

for solar metalliity. Objets 13 to 16, those with slightly lower arbon abundane, have

log βC too low by ≈ 0.6 dex (for z = 0.001) to ≈ 0.9 dex (for z = z⊙).

For all 16 arbon rih objets, exept objet 1, the helium abundanes point towards

DM events. The �rst objet, HE 1256−2738, with log βHe = −0.094 has an even helium-

to-hydrogen ratio (log y = +0.1, by numbers), whih we an safely detet with our line

pro�le �ts. Therefore the unertainty of this value is very low.

Turning to the nitrogen, we �rst notie the large hanges in the theoretial abundanes

for SM, SM* and DM �avours and for di�erent metalliities. One �nds the atmospheri

nitrogen ontents from SM events omparable to those from deep mixing. This may seem

strange at �rst glane, as no CNO burning ours for the former, while the latter burns all

hydrogen. However, CNO proessed matter from the preeding RGB phase of evolution is

brought up by shallow mixing.

In Fig. 12.1, the low metalliity ases z = 0.001, log βN is loated between the solid lines

(SM*) and the dashed lines (DM), with three exeptions. At �rst glane these abundanes

seem to be ompatible with late hot �ashers somewhere between SM* and DM �avours.

This, however, is premature: the mass range for SM* events is very small (Miller Bertolami

et al. 2008, Fig. 5). Either the hydrogen runaway burning ours (DM �avour), or it

does not (SM). We therefore expet the stars either at SM* abundane levels or at DM

abundane levels, i.e. at the solid or the dashed lines, but not in between. Carbon is found

very well in agreement with DM ases and possible di�usion e�ets work both on arbon

and nitrogen, the lower nitrogen abundanes are hard to explain. This makes it di�ult

to assoiate the objets 1 to 16 with any late hot �asher event for metalliity z = 0.001.

For the higher metalliities in Fig. 12.2 and 12.2, we �nd a tendeny towards a small

o�set of log βC from the preditions. Allowing for a small o�set in the nitrogen abundanes

also, e.g. allowing for di�usion, brings some of the objets into agreement with theoretial

alulations for DM events: Objets 3, 5, 6, 12, and 13. And with even larger o�sets, the

objets 14, 15, and 16 are also ompatible with deep mixing.

We therefore �nd the helium, arbon and nitrogen abundanes of the objets in ta-

ble 12.1 ompatible with preditions from Miller Bertolami et al. (2008) for deep mixing

events. The metalliities needed for these objets are solar or z = 0.01. Small o�sets
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Figure 12.2: Same as Fig. 12.1. The theoretial abundanes are for initial metalliity

z = 0.01. For this metalliity abundane data for the shallow mixing without hydrogen

burning (SM) is published by Miller Bertolami et al. (2008). These SM abundanes are

plotted as dotted horizontal lines. The solid line still is the SM* �avour (shallow mixing

with some H-burning) and the two dashed lines are two DM (deep mixing) �avours of late

hot �asher events.
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Figure 12.3: Same as Fig. 12.2. The theoretial abundanes are for solar initial metalliity

z = 0.02. Again the dotted line is the SM* �avor, the solid line the �in-between� SM*

�avour and the dashed lines are two DM �avours of late hot �asher events.
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between preditions and measurements, however, had to be allowed for. The last three ob-

jets even require o�sets up to 0.9dex. These o�sets ould be explained through di�usion.

A helium onvetion zone, however, is probably ative in the relevant parameter spae, pre-

venting e�etive di�usion. The three stars 7, 8 and 9 show a strong depletion of nitrogen.

Destrution of nitrogen is required in these objets, e.g. via 14N(α,γ)18F(β,ν)18O(α,γ)22Ne.
The neon abundanes should then be enrihed. Or these objets are very metal poor Halo

objets.

12.2 C-de�ient stars

Turning towards the remaining objets 17 to 33, those depleted in arbon, no late hot

�asher senario for any metalliity is able to explain them. All theoretial alulations

predit log βC > log βN. Even with di�usion, this ratio will not be inverted. There must

exist some mehanism that prevents the mixing of helium burning ashes to the surfae.

12.3 A omparison in the Teff-log g-plane

The data now is plotted in the Teff -log g-plane, Fig. 12.4, with the nitrogen (green) and

arbon (grey) abundanes enoded by the symbols' sizes. Dark grey upside down triangles

represent the arbon abundanes while log βN is given by the upright triangles in green. All

eight objets from table 12.1 that � judged by the abundanes � ould be late hot �ashers

are marked by blue irles. A late hot �asher trak for solar metalliity is plotted in light

grey. First, one �nds these LHF andidates more on the hotter side of the trak. With the

stellar rotation of the arbon rih objets in mind, this imbalane ould be explained by

alulations of Brown et al. (2008), who studied the impat of rotation on the evolution

of low mass stars. Using initial rotational periods of 5 days, they �nd surfae rotational

veloities of ≈ 7 km s−1 on the ZAHB. The inlusion of stellar rotation proved to inrease

the mass of the helium ore at the onset of the helium �ash by 0.048 M⊙ � that is 10%

of typial values Miller Bertolami et al. (2008) �nd for their late hot �ashers. Thus, fast

rotating stars, as observed for our arbon rih objets, will experiene the helium �ash

with larger ore masses, shifting the traks to hotter temperatures. The problem of the

timesales still remains unsolved. As an be seen in Fig. 12.4, all stars are found at the

Table 12.1: Objets with abundanes in agreement with DM events. The last three objets

show strong deviations from the preditions.

Objet no Name

3 HE 1446−1058
5 HE 0016−3212
6 WD 2020−253
12 UVO 0832−01
13 HE 0414−5429
14 HE 1136−1641
15 HE 0914−0341
16 HE 2347−4130
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Figure 12.4: Distribution of the helium enrihed sdOs from SPY and FEROS in the Teff -

log g-plane. The size of the triangles represents the abundane in logarithmi mass fra-

tions. Green is for nitrogen, grey for arbon. A late hot �asher for solar metalliity is

plotted over the distribution.

upper part of the LHF traks, where the stars evolve very fast on timesales of 1Mio years,

ompared to the 100Mio years of stable helium ore burning near the HeZAMS (this phase

it not shown in this Figure).

12.4 Conlusion

For a more detailed examination of the late hot �asher senario we reanalysed 28 stars from

the SPY survey and additional �ve bright sdOs. The quantitative spetral analysis was
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based on new model atmospheres that inlude arbon and nitrogen. New values of Teff are

similar to those estimated with the old H+He models, but the surfae gravities are 0.2 dex

lower. Of the six stars found below the HeZAMS (Ströer et al. 2007), four were reanalysed

with the new models and none is found below the HeZAMS anymore. Hene, there may

very well be no helium enrihed sdO below the HeZAMS at all. On the one hand, this

is a very satisfying result as these stars are di�ult to explain. But on the other hand,

the omplete distribution is shifted towards lower surfae gravities, while the timesales of

the theoretial evolutionary alulations expet the majority of objets at higher gravities

near the HeZAMS.

A lear-ut dihotomy with respet to the arbon abundane is found. The sdOs are

either strongly enrihed to supersolar arbon abundanes, or strongly depleted. Nitrogen

enrihment to supersolar levels is found in 2/3rds of our programme stars. Six stars with

nitrogen ontent omparable to that of the sun may have lower primordial abundanes, i.e.

they an be thik disk stars.

The C- and N-rih objets are found well separated in the Teff -log g-plane, with the

nitrogen rih objets at lower temperatures. Di�erent behaviour in the rotational veloities

is found for both groups. The arbon rih objets show signi�ant projeted rotational

veloities, while the arbon poor objets have too low vrot sin i to be detetable (vrot sin i <
10 km s−1). This �nding might favour the HeWD merger senario, where the remnants are

expeted to have signi�ant angular momentum left. It also rules out an evolutionary link

of the C-rih sdOs to the sdBs.

Carbon and nitrogen rih objets an be explained by the late hot �asher senarios,

whereas no available LHF model an explain the arbon de�ient ones, for whih mixing

of helium burning produts must be suppressed. The low arbon-to-nitrogen ratio of these

objets point at low temperatures (< 20 × 106 K) (Clayton 1983, Fig. 5-14) for the CN-

burning zone, if equilibrium is reahed. Also the HeWD merger senario ould be able to

explain them, as the CNO-proessed helium ashes of the white dwarf are areted onto its

ompanion.

The most puzzling group of stars are the three arbon rih stars void of any nitrogen,

whih is indiative of strong nitrogen depletion. The nitrogen might have been burnt to

neon by α apture proesses, or these stars might have very low abundanes as typial for

halo stars (z = z⊙/1000). If they were halo stars, their kinemati properties should be tale

telling. Aurate proper motions, however, are required to test this hypothesis.



Appendix A

Objets from SDSS with multiple

spetra

A.1 Two or more spetra in the SDSS database

SDSS J00:51:07.01+00:42:32.5 (sdO):

Teff = 38234 ± 330 log g = 5.73 ± 0.06 log y = −1.07 vrad = −52
Teff = 38207 ± 305 log g = 5.72 ± 0.05 log y = −0.94 vrad = −80

SDSS J01:24:30.28+06:48:57.4 (sdO):

Teff = 34497 ± 458 log g = 5.60 ± 0.12 log y = −1.64 vrad = −73
Teff = 35599 ± 668 log g = 5.69 ± 0.12 log y = −1.72 vrad = −55

SDSS J01:27:39.35+40:43:57.8 (sdO):

Teff = 60793 ± 3477 log g = 5.33 ± 0.10 log y = −1.46 vrad = −58
Teff = 55101 ± 2905 log g = 5.48 ± 0.11 log y = −1.71 vrad = −70

SDSS J03:33:58.21+00:20:07.4 (sdOB):

Teff = 36185 ± 410 log g = 5.71 ± 0.10 log y = −0.71 vrad = +161
Teff = 37299 ± 1806 log g = 5.42 ± 0.17 log y = −0.78 vrad = +127
Teff = 36401 ± 855 log g = 5.75 ± 0.20 log y = −0.57 vrad = +127
Teff = 36083 ± 809 log g = 5.66 ± 0.20 log y = −0.69 vrad = +178
Teff = 35984 ± 712 log g = 5.72 ± 0.17 log y = −0.54 vrad = +157

SDSS J07:38:56.98+40:19:42.0 (sdO):

Teff = 71272 ± 2065 log g = 5.45 ± 0.06 log y = +2.00 vrad = −79
Teff = 70948 ± 5509 log g = 5.54 ± 0.12 log y = +0.76 vrad = −75

SDSS J07:57:32.18+18:43:29.3 (sdO):

Teff = 66993 ± 3971 log g = 5.37 ± 0.11 log y = +1.60 vrad = −31
Teff = 62475 ± 3146 log g = 5.36 ± 0.18 log y = +0.46 vrad = −38

SDSS J08:19:17.71+42:33:38.7 (sdOB):

Teff = 35045 ± 366 log g = 5.81 ± 0.09 log y = −2.03 vrad = +12
Teff = 34222 ± 415 log g = 5.68 ± 0.10 log y = −1.91 vrad = +20

SDSS J10:00:19.98−00:34:13.3 (sdO):

Teff = 80296 ± 12273 log g = 5.93 ± 0.17 log y = −0.78 vrad = +88
Teff = 84116 ± 5903 log g = 5.98 ± 0.11 log y = −1.06 vrad = +88

Despite the quite similar parameters, one parameter �t shows huge errors in Teff , whih we explain

with the lower signal-to-noise ratio of this spetrum: S/N = 50 ompared to S/N = 80 (measured

97
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at 5450Å). This leads to the He ii 5412 line to be lost in the noise of the former while still detetable

in the latter and helping to onstrain the parameters. We disregard the �rst spetrum as unreliable

and only use the seond.

SDSS J11:12:25.70+39:23:32.7 (sdO):

Teff = 38060 ± 484 log g = 5.85 ± 0.11 log y = −0.67 vrad = +50
Teff = 38626 ± 511 log g = 5.87 ± 0.11 log y = −0.70 vrad = +81
Teff = 37771 ± 586 log g = 5.71 ± 0.11 log y = −0.59 vrad = +65

SDSS J11:14:38.57−00:40:24.1 (sdO):

Teff = 57714 ± 3268 log g = 5.56 ± 0.19 log y = −0.94 vrad = +149
Teff = 55730 ± 2292 log g = 5.56 ± 0.15 log y = −0.86 vrad = +116

SDSS J11:20:56.22+09:36:41.7 (sdO):

Teff = 51426 ± 3345 log g = 5.35 ± 0.07 log y = −2.55 vrad = +156
Teff = 52250 ± 287 log g = 5.45 ± 0.07 log y = −2.39 vrad = +163

SDSS J14:19:22.55+29:46:50.2 (sdOB):

Teff = 35447 ± 619 log g = 5.58 ± 0.13 log y = −1.50 vrad = −99
Teff = 35819 ± 716 log g = 5.63 ± 0.14 log y = −1.44 vrad = −95

SDSS J14:31:53.05−00:28:24.3 (sdOB):

Teff = 37715 ± 922 log g = 6.15 ± 0.17 log y = −0.69 vrad = +0
Teff = 38495 ± 1499 log g = 6.04 ± 0.28 log y = −0.70 vrad = +7

SDSS J14:33:47.59+07:54:16.9 (sdO):

Teff = 38391 ± 381 log g = 5.93 ± 0.10 log y = −0.37 vrad = −23
Teff = 37809 ± 555 log g = 5.99 ± 0.10 log y = −0.53 vrad = −39

SDSS J16:08:35.68+04:53:45.2 (sdO):

Teff = 41859 ± 610 log g = 6.02 ± 0.18 log y = +0.63 vrad = −138
Teff = 40670 ± 616 log g = 5.73 ± 0.21 log y = +0.29 vrad = −127

SDSS J16:10:14.87+04:50:46.6 (sdO):

Teff = 52000 ± 1727 log g = 6.04 ± 0.08 log y = +1.33 vrad = +40
Teff = 53332 ± 581 log g = 6.02 ± 0.06 log y = +1.71 vrad = +24
Teff = 51569 ± 1034 log g = 6.14 ± 0.04 log y = +1.56 vrad = +28

SDSS J16:10:59.80+05:36:25.2 (sdO):

Teff = 44783 ± 315 log g = 5.86 ± 0.09 log y = +2.34 vrad = −222
Teff = 45120 ± 904 log g = 5.85 ± 0.10 log y = +1.44 vrad = −216

SDSS J16:37:02.78−01:13:51.7 (sdO):

Teff = 45547 ± 338 log g = 5.77 ± 0.08 log y = +3.00 vrad = +18
Teff = 45860 ± 353 log g = 5.70 ± 0.08 log y = +3.00 vrad = +15

SDSS J17:00:45.67+60:43:08.4 (sdO):

Teff = 47404 ± 1870 log g = 5.92 ± 0.16 log y = +2.26 vrad = −257
Teff = 49537 ± 2911 log g = 6.09 ± 0.17 log y = +2.17 vrad = −253

SDSS J20:47:26.93−06:03:25.7 (sdOB):

Teff = 35917 ± 404 log g = 5.65 ± 0.10 log y = −1.41 vrad = −11
Teff = 35952 ± 441 log g = 5.64 ± 0.12 log y = −1.35 vrad = −14

SDSS J21:20:53.72−07:15:44.1 (sdOB):

Teff = 38692 ± 1061 log g = 5.68 ± 0.15 log y = −1.32 vrad = −182
Teff = 37840 ± 637 log g = 5.62 ± 0.12 log y = −1.35 vrad = −171

This objet does have a third spetrum whih we did not use due to its low signal-to-noise

ratio.
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SDSS J23:35:41.47+00:02:19.4 (sdO):

Teff = 69906 ± 2234 log g = 5.45 ± 0.08 log y = +1.10 vrad = −12
Teff = 72870 ± 1341 log g = 5.44 ± 0.11 log y = +1.18 vrad = −13
SDSS J23:39:13.99+13:42:14.2 (sdO):

Teff = 48592 ± 1540 log g = 5.82 ± 0.15 log y = +0.92 vrad = −389
Teff = 48914 ± 3233 log g = 5.66 ± 0.18 log y = +1.19 vrad = −390
SDSS J16:04:50.44+05:19:09.3 and SDSS J21:30:54.60−00:41:17.3 had two spetra

eah, but only one was suitable for spetral analysis.

The following objets had 2 (or more) spetra, but none of them are suitable for a

reliable parameter �t:

SDSS J02:24:22.21+00:03:13.5 (5 spetra), SDSS J08:54:22.39+01:36:50.9,

SDSS J09:01:00.01+56:57:13.6,SDSS J11:13:22.90+00:05:30.9,

SDSS J13:36:11.01−01:11:55.9, SDSS J13:57:07.34+01:04:54.4,

SDSS J14:02:47.52+49:33:21.4, SDSS J14:46:57.13+58:09:20.1,

SDSS J15:20:00.81+07:13:48.8.

A.2 SDSS objets whih are also in SPY

Note that Stroer et al give global errors as
∆Teff

Teff
= 0.026, ∆g

g = 0.25 and
∆y
y = 0.30.

SDSS J11:32:41.58−06:36:52.8 (sdO):

SDSS: Teff = 48503 ± 2081 log g = 5.85 ± 0.10 log y = −2.72 vrad = −22
SPY: Teff = 48122 log g = 5.84 log y = −3.07 vrad =

SDSS J00:28:52.25+13:54:46.5 (sdO):

SDSS: Teff = 42335 ± 1058 log g = 5.24 ± 0.10 log y = −2.84 vrad = +28
SPY: Teff = 38830 log g = 5.38 log y = −2.39 vrad =

SDSS J14:25:51.29−01:33:17.2 (sdO):

SDSS: Teff = 51728 ± 1183 log g = 5.54 ± 0.07 log y = −1.69 vrad = +36
SPY: Teff = 52662 log g = 5.50 log y = −1.61 vrad =

SDSS J13:00:59.20+00:57:11.7 (sdO):

SDSS: Teff = 40131 ± 279 log g = 5.65 ± 0.07 log y = −0.47 vrad = −78
SPY: Teff = 39359 log g = 5.64 log y = −0.53 vrad =

SDSS J12:54:08.32+01:43:24.1 (sdO):

SDSS: Teff = 48633 ± 466 log g = 5.69 ± 0.06 log y = +3 vrad = +19
SPY: Teff = 48208 log g = 5.98 log y = +1.03 vrad =
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Appendix B

Spetral lines used for a quantitative

analysis of arbon and nitrogen

The following lines were used for the quantitative spetral analysis of arbon and nitrogen:

Carbon

C iii 3 609Å

H8 and C iii blend at 3 888Å

C iii 4056.1Å

C iii 4 069Å

He i and C iii blend at 4 121Å

C iii 4 152.5Å

C iii 4 156.5Å

C iii 4 162.9Å

C iii 4 247.3Å

C iii 4 663.5Å

C iii 4 665.9Å

C iii 4 674Å

C iii 5 249.1Å

C iii 5 253.6Å

C iii 5 272.6Å

C iii 5 771.7Å

C iii 5 826.4Å

Nitrogen

N iii 3 938.5Å

N iii 3 998.6Å

N iii 4 003.6Å

N iv 4 057.8Å

N iii 4 379Å

N iii 4 510.9Å

N iii 4 601.5Å

N iv 4 607.3Å

N iii 4 610.6Å

101
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N ii/iii 4 615Å

N ii 4 622Å

N ii 4 630.5Å

N iii 4 634.1Å

N iii/ii 4 642Å

N iii 4 884.1Å

N ii 5 010.6Å

N ii 5 045.1Å

N iii 5 314.4Å

N iii 5 320.8Å

N iii 5 327.2Å

N ii 5 666.6Å

N ii 5 676.0Å

N ii 5 679.6Å

N ii 5 686.2Å



Appendix C

Line pro�le �ts for SPY data
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Figure C.1: Line pro�le �t to arbon lines of HE 0016−3213 (CN-type).
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Figure C.2: Line pro�le �t to nitrogen lines of HE 0016−3213 (CN-type).
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Figure C.3: Line pro�le �t to nitrogen lines of HE 0031−5607 (N-type).
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Figure C.4: Line pro�le �t to arbon lines of HE 0414−5429 (CN-type). Rotational broadening is learly visible.
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Figure C.5: Line pro�le �t to arbon (left) and nitrogen (right) lines of HE 0952−0227 (CN-type). Rotational broadening is learly

visible.
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Figure C.6: Line pro�le �t to arbon lines of HE 1251−2311 (C-type).
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Appendix D

Results of the SDSS spetral analysis

Table D.1: Stars lassi�ed as sdO from SDSS. Luminosity L is alulated under the as-

sumption of M = 0.5 M⊙.

SDSS J Teff log g log y vrad L SDSS Photometry

(2000) [K℄ (gs) [km/s℄ [L⊙℄ u g r

00:06:07.88−01:03:20.8 44 845 6.08 +1.97 −257 41.3 17.03 17.48 17.96

00:18:37.13+15:21:50.0 43 827 6.30 +1.64 −49 22.7 16.08 16.45 16.90

00:28:52.25+13:54:46.5 42 335 5.24 −2.84 +28 226.9 15.44 15.79 16.17

00:47:55.27+25:20:27.1 40 330 5.35 −2.26 −29 145.1 15.77 16.13 16.59

00:51:07.01+00:42:32.5 38 220 5.73 −1.01 −80 48.8 15.22 15.58 16.08

01:02:51.88+00:04:35.8 36 772 4.82 −0.93 −197 339.7 18.40 18.35 18.56

01:15:17.40+14:28:18.4 40 948 5.18 −3.25 −130 228.0 14.79 15.04 15.53

01:26:02.52−00:48:34.5 65 190 6.04 +2.00 −8 202.2 17.53 18.00 18.48

01:27:39.35+40:43:57.8 57 947 5.41 −1.59 −58 538.4 16.15 16.51 17.01

03:01:55.43+37:54:34.9 60 006 5.88 −0.03 +6 209.8 18.51 18.63 18.81

03:02:11.57+37:11:09.5 39 468 6.08 −1.52 −117 24.8 15.01 15.31 15.73

03:06:07.95+38:23:35.7 41 599 5.63 −1.52 −15 86.2 16.49 16.66 16.96

03:21:07.05+04:51:50.7 39 190 5.74 −0.19 −155 52.7 17.97 18.22 18.51

03:48:22.29+11:33:03.4 43 804 5.84 +2.10 −7 65.3 16.19 16.38 16.51

05:59:50.31+63:58:07.7 43 700 5.45 −2.89 +70 158.8 16.78 17.02 17.36

06:59:07.47+66:49:30.0 44 368 5.67 +1.30 −47 101.7 16.12 16.54 16.95

07:27:26.41+44:48:37.0 47 570 5.77 +1.82 +21 106.7 15.37 15.66 16.08

07:28:24.72+41:49:53.7 39 755 5.69 +0.05 −21 62.6 15.24 15.55 15.89

07:38:56.98+40:19:42.0 71 110 5.50 +1.38 −77 992.5 15.75 16.19 16.64

07:46:13.16+33:33:07.6 45 537 5.77 +3.00 +21 89.6 15.20 15.61 16.10

07:52:49.95+30:59:35.1 41 077 6.22 +0.29 +151 21.1 17.77 18.09 18.49

07:56:03.77+22:26:30.9 54 532 5.64 −2.09 +53 248.7 13.56 13.99 14.44

07:57:32.18+18:43:29.3 64 734 5.37 +1.03 −31 919.5 17.84 18.29 18.77

08:02:59.80+41:14:38.0 45 319 5.77 +3 +9 87.9 14.68 15.04 15.49

08:06:44.05−07:42:32.4 42 168 5.31 −0.50 +83 190.1 16.52 16.72 17.07

08:13:04.04−07:13:06.5 46 038 5.75 +2 +91 98.1 18.01 18.28 18.83
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Table D.1 ontinued (1).

SDSS J Teff log g log y vrad L SDSS Photometry

(2000) [K℄ (gs) [km/s℄ [L⊙℄ u g r

08:13:29.81+38:33:26.9 44 574 5.80 +3 −12 76.8 16.79 17.18 17.69

08:27:51.06+41:09:25.8 51 758 5.76 +1.55 −7 153.1 18.19 18.63 19.13

08:28:02.03+40:40:08.9 43 955 5.11 −2.36 −186 355.7 17.19 17.66 18.20

08:29:44.75+13:23:02.5 38 756 5.41 −2.64 +64 107.7 16.66 16.99 17.43

08:39:35.90+03:08:40.8 52 891 5.52 −2.72 +22 290.1 15.93 16.31 16.82

08:41:25.44+61:03:20.7 43 629 5.73 +3 −124 82.8 17.31 17.60 17.97

08:47:18.93+23:00:30.3 56 847 5.60 −1.78 −91 322.0 14.55 15.03 15.54

08:53:51.78+07:04:17.4 46 604 5.93 +1.41 +77 68.0 16.69 17.02 17.40

08:57:27.65+42:42:15.4 39 865 5.11 +0.87 +209 240.6 17.94 18.26 18.73

09:02:52.99+07:35:33.9 41 105 5.89 +2.09 −139 45.1 16.74 17.09 17.52

09:09:57.82+62:29:27.0 48 682 5.54 −1.68 −48 198.8 15.78 16.12 16.63

09:10:44.90+23:40:44.7 51 879 5.71 +1.49 −80 173.4 17.45 17.89 18.38

09:22:45.80+21:42:39.0 40 647 5.17 +1.69 −51 226.5 18.30 18.65 19.14

09:28:30.55+56:18:11.7 67 931 5.31 −1.04 −143 1280.2 15.14 15.60 16.11

09:33:20.86+44:17:05.5 45 561 5.23 +0.99 +708 311.5 18.24 18.66 19.16

09:37:14.66+49:16:42.8 49 147 5.37 +0.20 −167 305.5 18.21 18.63 19.15

09:48:56.95+33:41:51.0 48 500 5.68 +2.28 +12 141.9 16.99 17.38 17.93

09:49:43.69+30:15:10.4 45 754 5.96 +2.30 +13 59.0 15.76 16.26 16.72

09:59:56.00+35:39:59.1 47 988 5.70 +1.83 +20 129.9 14.64 15.04 15.58

10:00:19.99−00:34:13.3 84 116 5.98 −1.06 +88 643.5 17.07 17.50 18.03

10:12:13.21+06:40:30.7 58 474 5.62 −0.83 −160 344.2 14.94 15.31 15.85

10:13:42.12+26:06:20.0 60 521 5.67 −1.66 −12 352.1 15.98 16.40 16.91

10:21:20.44+44:46:36.9 47 862 5.99 +0.95 −115 65.9 17.30 17.73 18.24

10:23:20.36+46:20:26.8 52 458 5.82 +1.71 +77 140.7 17.41 17.79 18.34

10:35:49.68+09:25:51.9 47 519 5.81 +3.00 +227 96.9 15.58 16.01 16.52

10:42:48.94+03:33:55.3 40 256 5.09 −2.25 +394 262.0 17.33 17.47 17.71

10:43:12.02+18:00:38.7 43 852 5.61 +0.91 −49 111.4 15.75 16.23 16.65

10:57:59.38+47:03:07.4 40 083 5.88 +1.92 −1 41.8 16.66 17.04 17.47

11:00:53.55+03:46:22.8 58 435 5.69 −0.91 +311 292.2 16.54 16.96 17.40

11:02:15.45+02:40:34.1 52 831 5.80 +1.61 +61 151.6 16.81 17.23 17.72

11:02:55.97+52:18:58.1 50 656 5.98 +1.06 −157 84.6 16.37 16.82 17.36

11:09:20.38+26:47:25.3 40 528 5.40 −3.72 −75 131.8 14.85 15.23 15.74

11:12:25.70+39:23:32.7 38 152 5.81 −0.65 +50 40.3 17.01 17.40 17.82

11:14:38.57−00:40:24.1 56 722 5.56 −0.90 +149 350.0 17.76 18.16 18.63

11:18:29.80+27:17:01.9 48 463 5.72 −1.20 +58 129.0 14.96 15.43 15.94

11:20:56.22+09:36:41.7 51 838 5.40 −2.47 +156 352.9 15.88 16.18 16.66

11:22:01.84+24:20:56.8 40 517 6.11 −0.29 −167 25.7 18.10 18.48 18.99

11:22:17.87+37:26:52.8 39 549 5.26 −3.01 −78 165.0 15.30 15.65 16.17

11:24:14.45+40:26:37.1 49 103 5.76 +1.44 +72 124.0 17.21 17.66 18.16

11:24:57.67+15:34:26.6 68 543 5.92 −0.32 +39 325.7 18.00 18.46 18.97

11:25:00.19−07:41:12.7 59 868 5.53 −1.27 −47 465.4 18.16 18.73 19.21

11:28:29.29+29:15:04.3 54 914 5.49 −2.00 +19 361.2 14.39 14.79 15.33

11:32:41.58−06:36:52.8 48 503 5.85 −2.72 −22 96.0 15.54 15.96 16.45

11:37:30.87+46:00:06.2 48 889 5.69 +1.09 −45 143.2 14.48 14.87 15.41

11:41:14.84+42:12:22.4 43 313 5.82 −0.94 −94 65.4 15.30 15.65 16.05
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Table D.1 ontinued (2).

SDSS J Teff log g log y vrad L SDSS Photometry

(2000) [K℄ (gs) [km/s℄ [L⊙℄ u g r

11:46:04.93+08:29:34.9 45 305 5.73 +2.40 +248 96.3 17.68 17.98 18.60

11:50:09.48+06:10:42.1 56 989 5.30 −0.95 +56 648.9 17.67 18.11 18.62

11:51:01.03+54:10:03.4 38 206 4.91 −1.87 −183 321.8 16.60 16.83 17.29

12:03:52.24+23:53:43.3 40 237 5.75 −0.36 +177 57.2 16.35 16.76 17.26

12:05:21.48+22:47:02.2 57 364 5.41 −0.65 +138 517.1 17.24 17.74 18.32

12:06:05.99+08:09:43.4 48 524 5.75 +1.80 −48 121.0 15.42 15.85 16.36

12:06:26.54+66:33:52.5 44 487 6.04 +2.47 −41 43.8 15.42 15.79 16.31

12:11:48.83+16:33:45.1 48 064 5.78 −3.09 +88 108.7 16.15 16.50 16.80

12:14:24.81+55:02:26.2 59 354 5.57 −1.63 −95 410.0 16.10 16.54 17.09

12:16:43.72+02:08:35.9 41 435 5.79 −0.09 +26 58.7 17.99 18.36 18.85

12:21:32.17+16:32:56.4 37 403 5.03 −2.31 +77 224.2 16.71 17.09 17.54

12:36:13.89+11:18:34.1 63 897 5.53 −0.44 +95 603.8 17.47 17.88 18.34

12:38:08.65+05:33:18.2 48 957 5.77 +1.78 +26 119.8 16.92 17.32 17.83

12:38:21.49−02:12:11.4 59 450 4.95 +2.00 +102 1720.3 17.66 18.12 18.65

12:48:19.08+03:50:03.2 65 214 5.75 −0.95 −3 394.8 16.13 16.56 17.10

12:50:29.51+50:53:17.3 86 658 6.38 −1.33 −25 288.6 17.94 18.46 18.99

12:53:01.62+39:46:22.1 46 140 5.86 +3.00 −186 76.8 16.66 17.14 17.60

12:54:08.32+01:43:24.1 48 633 5.69 +3.00 +19 140.2 14.85 15.29 15.79

12:55:51.61+04:32:38.8 62 407 5.81 +0.75 +230 288.4 17.97 18.45 18.93

13:00:59.20+00:57:11.7 40 131 5.65 −0.47 −78 71.3 15.96 16.27 16.66

13:06:25.05+13:16:02.2 41 878 5.24 −1.11 +173 217.2 18.15 18.20 18.42

13:08:39.24+20:11:32.9 38 337 5.64 −0.18 −43 60.7 17.84 18.23 18.69

13:25:42.41−01:46:55.4 39 548 5.53 +0.14 +149 88.6 18.12 18.47 18.93

13:25:56.93−03:23:29.6 53 272 5.77 −2.23 +48 167.9 17.33 17.74 18.25

13:35:43.00+33:05:58.4 44 354 5.91 +1.24 −95 58.4 17.68 18.17 18.65

13:41:33.71+07:18:49.7 38 549 5.58 −1.70 −104 71.3 18.17 18.51 19.03

13:46:21.23+22:48:36.7 39 847 5.75 −0.09 +40 55.0 16.47 16.87 17.39

13:57:28.14+06:50:38.5 44 538 5.50 −2.83 +69 152.7 17.31 17.69 18.24

14:04:53.68+12:44:28.5 40 083 5.80 +0.27 −42 50.2 16.43 16.83 17.29

14:07:15.41+03:31:47.5 55 558 5.94 +1.46 +23 134.3 17.36 17.80 18.32

14:15:05.46+02:02:37.2 43 681 5.89 +2.46 −90 57.6 17.81 18.20 18.60

14:15:49.05+11:12:13.9 45 483 6.02 +1.57 +12 50.2 15.34 15.78 16.28

14:18:12.51−02:44:26.9 70 931 5.82 +0.88 −44 470.3 16.12 16.58 17.08

14:25:51.29−01:33:17.2 51 728 5.54 −1.69 −36 253.5 15.93 16.33 16.82

14:28:03.07+05:58:55.4 40 145 5.84 −0.28 −85 46.1 16.56 16.94 17.40

14:30:06.23+51:03:14.0 45 079 5.77 +3.00 −95 86.1 16.16 16.61 17.12

14:33:47.59+07:54:16.9 38 100 5.96 −0.45 −23 28.4 16.05 16.39 16.88

14:47:09.19+51:16:39.8 48 657 5.37 +0.52 −184 293.5 18.05 18.50 18.99

14:47:38.18+61:50:33.4 59 116 5.41 +0.02 −170 583.2 17.50 17.91 18.41

14:52:03.94+45:33:29.6 49 358 5.56 −2.01 −219 200.6 16.54 16.94 17.45

14:56:00.56+05:59:04.0 50 436 5.54 −1.93 +161 229.1 17.12 17.47 18.04

14:56:14.47+16:57:40.6 40 090 5.68 +2.03 +17 66.2 16.71 17.06 17.51

15:07:04.10+21:22:57.5 47 337 5.66 +0.80 +85 134.8 17.83 18.26 18.80

15:10:30.69−01:43:45.9 44 718 5.98 +3.00 −124 51.4 15.91 16.25 16.71

15:14:15.66−01:29:25.2 48 216 5.76 +1.75 −49 115.3 16.52 16.76 17.11
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Table D.1 ontinued (3).

SDSS J Teff log g log y vrad L SDSS Photometry

(2000) [K℄ (gs) [km/s℄ [L⊙℄ u g r

15:16:13.21+27:38:54.9 47 463 6.11 −1.63 −22 48.3 15.99 16.34 16.73

15:19:39.27+39:46:26.4 39 833 5.48 +0.03 −318 102.3 18.62 18.80 19.27

15:21:36.25+16:21:50.3 52 221 5.74 +1.35 −165 166.1 16.38 16.81 17.33

15:24:58.81+18:19:40.5 52 000 5.47 −2.32 −47 304.1 17.79 18.06 18.48

15:26:07.88+00:16:40.7 62 093 5.51 −0.45 +50 563.9 16.18 16.59 17.06

15:30:56.33+02:42:22.5 45 548 5.72 +2.30 −45 100.7 14.77 15.20 15.66

15:32:37.94+27:56:36.9 40 070 5.58 +0.14 −159 83.2 17.97 18.28 18.73

15:40:43.09+43:59:50.1 45 574 5.82 +1.41 −48 80.2 15.81 16.24 16.75

15:42:27.88+31:06:01.9 46 269 5.40 +1.42 −184 224.0 16.86 17.30 17.76

15:53:32.95+03:44:34.4 38 851 5.76 −0.48 −28 48.6 16.58 16.69 16.83

15:56:42.95+50:15:37.4 71 231 5.84 +2 −28 490.4 15.40 15.84 16.38

15:56:57.54+26:55:18.2 80 189 5.52 +0.38 −19 1532.7 17.24 17.70 18.13

16:03:04.07+16:59:53.8 44 979 5.93 +1.21 −121 59.0 16.20 16.58 17.07

16:05:34.96+06:27:33.5 36 614 5.67 −0.82 −63 47.2 18.73 19.03 19.47

16:08:35.68+04:53:45.2 41 265 5.88 +0.46 −138 46.9 18.39 18.69 19.10

16:09:32.41+22:37:49.8 45 362 5.86 +1.68 +15 71.7 15.78 16.12 16.54

16:10:14.87+04:50:46.6 52 300 6.07 +1.53 +40 78.2 16.66 17.06 17.55

16:10:59.80+05:36:25.2 44 951 5.86 +1.89 −222 69.2 16.55 16.95 17.43

16:12:45.12+04:12:41.6 45 059 5.81 +1.56 +3 78.4 15.43 15.79 16.25

16:14:42.26+08:21:45.2 53 470 5.37 −1.72 −107 428.0 16.48 16.86 17.28

16:15:07.08+10:55:13.5 46 326 5.77 +3 −103 96.0 17.01 17.40 17.83

16:16:27.11−00:29:33.0 45 189 5.76 +2.36 +28 88.9 17.36 17.70 18.11

16:22:23.33−00:18:36.8 41 185 5.13 −3.56 +19 261.8 17.88 17.88 17.95

16:24:11.53+31:22:52.6 52 726 5.76 +1.59 −178 164.9 16.59 17.00 17.52

16:24:35.66+15:03:55.5 44 586 5.89 +1.56 −53 62.5 17.43 17.84 18.28

16:26:16.70+38:07:10.5 47 414 5.85 +3.00 −10 87.6 14.97 15.43 15.91

16:26:54.20+08:25:35.0 44 285 6.10 +2.02 −4 37.5 14.28 14.69 15.14

16:27:11.80−00:09:50.8 38 935 5.86 +0.16 +28 38.9 18.18 18.45 18.83

16:28:25.87+35:32:05.1 67 580 5.36 −0.50 −325 1117.6 17.93 18.38 18.94

16:29:11.84+20:46:18.1 65 465 5.51 +1.43 −155 696.7 17.73 18.18 18.64

16:30:27.19+18:02:33.2 44 787 5.70 +2.78 −53 98.5 17.77 18.07 18.51

16:35:57.64+62:06:36.1 38 343 5.43 −0.08 −370 98.6 18.15 18.46 18.86

16:37:02.78−01:13:51.7 45 703 5.74 +3.00 +18 97.4 16.82 17.12 17.46

16:40:50.80+36:36:50.9 40 061 5.00 −1.71 −252 316.1 16.74 17.10 17.60

16:55:54.13+11:24:00.8 36 739 5.23 −1.72 +20 131.7 14.25 14.47 14.87

16:59:24.75+27:32:44.4 55 643 5.31 −0.69 −428 576.3 19.14 19.55 19.95

16:59:57.67+28:50:54.0 39 473 5.46 −3.11 −94 103.3 13.84 14.16 14.62

17:00:45.10+39:18:30.3 38 976 5.91 −0.17 −88 34.8 17.56 17.93 18.41

17:00:45.67+60:43:08.4 48 470 6.01 +2.22 −257 66.2 16.79 17.24 17.80

17:02:14.00+19:42:55.1 44 975 5.87 +3.00 −58 67.8 15.16 15.51 15.93

17:05:40.02+29:20:41.2 37 553 5.70 −0.09 −235 48.7 17.79 18.06 18.49

17:09:57.39+22:27:45.0 52 914 5.93 +0.94 −374 113.1 16.84 17.18 17.67

17:13:14.08+40:41:08.9 41 926 5.42 −0.04 −182 144.2 17.52 17.97 18.45

17:24:36.21+27:52:42.0 38 861 5.48 −0.47 −90 92.7 16.78 16.92 17.20

17:27:27.55+09:12:15.5 44 825 5.32 −2.17 −33 237.2 17.09 17.33 17.63
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Table D.1 ontinued (4).

SDSS J Teff log g log y vrad L SDSS Photometry

(2000) [K℄ (gs) [km/s℄ [L⊙℄ u g r

17:29:19.04+07:22:04.5 55 109 5.66 −3 −88 247.7 16.72 17.05 17.45

17:30:27.19+26:56:39.4 72 281 6.04 +1.85 −43 305.6 16.72 17.08 17.55

17:30:33.53+45:15:37.3 74 085 5.32 −0.92 −275 1769.8 18.14 18.60 19.08

17:30:34.09+27:21:39.8 40 217 5.58 +0.16 −463 84.5 18.31 18.61 19.09

17:44:08.22+25:16:57.5 39 346 5.86 −0.00 −14 40.6 15.97 16.26 16.72

17:45:16.32+24:43:48.3 44 058 5.97 +1.53 −118 49.6 17.07 17.41 17.88

18:07:57.08+23:01:33.0 42 311 5.78 +2.14 +19 65.3 16.62 16.87 17.27

18:32:29.22+40:24:18.4 45 423 5.15 −2.68 −117 369.9 15.19 15.48 15.94

18:33:39.00+42:13:07.8 39 097 5.72 +0.31 −6 54.7 17.94 18.21 18.50

19:20:49.90+37:41:38.8 48 000 5.06 −1.70 −85 567.5 17.07 17.45 17.52

19:27:15.05+38:27:18.7 41 944 5.67 +0.65 −18 81.2 15.08 15.47 15.78

20:05:50.04+76:25:36.4 45 355 6.00 +1.61 −55 51.9 14.25 14.51 14.75

20:08:05.60−10:24:31.7 71 884 5.41 +0.81 −44 1275.1 18.09 18.32 18.60

20:08:15.48−11:01:04.0 49 516 5.64 +1.37 −65 169.0 16.65 16.89 17.15

20:08:36.41−11:46:29.2 45 532 5.90 +2.28 −15 66.4 16.27 16.62 16.85

20:09:59.27−11:55:19.9 41 019 5.61 −0.00 −38 85.3 18.21 18.49 18.80

20:11:24.57−12:12:50.4 39 736 5.04 −2.29 −110 279.1 16.47 16.68 17.03

20:12:40.58−11:00:42.0 64 008 5.28 −1.04 −105 1081.3 15.61 15.91 16.32

20:24:40.92+13:37:29.2 87 261 5.54 −1.12 −80 2052.5 16.12 16.49 16.73

20:27:58.63+77:39:24.5 47 321 5.62 −2.62 −129 147.6 17.52 17.71 17.94

20:34:26.66+14:36:52.8 41 830 5.67 +0.33 −55 80.3 14.65 15.00 15.49

20:43:00.90+00:21:45.0 45 245 5.73 −2.54 −81 95.8 17.28 17.64 18.12

20:46:23.12−06:59:26.8 60 260 5.46 −1.07 −201 561.2 17.12 17.48 17.88

20:49:40.85+16:50:03.6 44 186 5.93 +3 +13 55.0 17.32 17.66 18.12

20:50:30.39−06:19:57.9 49 669 5.71 +2.24 −524 145.7 17.63 18.00 18.41

20:50:48.84+16:45:45.1 65 197 5.02 −0.95 −22 2118.0 16.05 16.43 16.92

21:06:04.96+10:42:15.9 57 885 5.68 −0.87 −263 287.9 17.82 18.19 18.68

21:13:18.36+00:17:38.3 45 381 5.82 +2.00 +19 78.8 15.80 16.14 16.53

21:19:21.36+00:57:49.7 45 198 5.69 +2.27 −27 104.6 15.19 15.58 16.00

21:56:31.55+12:12:37.6 48 889 5.95 +3.00 −46 78.7 16.68 17.03 17.46

22:00:48.67+12:36:12.4 60 619 5.74 −1.19 −344 301.6 17.91 18.30 18.76

22:04:29.52+21:16:10.8 49 967 5.84 +3 −251 110.6 15.20 15.60 16.04

22:05:55.60+05:57:35.8 59 260 6.15 −1.94 −291 107.2 17.55 17.93 18.27

22:07:14.41+07:22:32.1 40 527 5.58 +0.10 +13 87.1 14.23 14.52 14.91

22:07:45.48+22:16:40.6 38 495 5.27 −3.12 −62 144.8 16.93 17.25 17.69

22:08:19.50+06:02:55.5 45 359 5.74 +1.11 −95 94.6 16.21 16.53 16.91

22:19:20.67+39:46:03.5 46 254 5.75 −3.37 −72 99.9 16.76 17.02 17.43

22:22:38.69+00:51:24.9 52 261 5.32 −2.84 −125 438.2 15.72 16.11 16.51

22:45:56.32+24:12:56.9 52 297 5.31 −2.70 −234 449.7 16.85 17.14 17.47

23:27:57.46+48:37:55.2 62 799 5.31 +1.28 −110 935.0 15.26 15.63 15.99

23:35:41.47+00:02:19.4 71 388 5.45 +1.14 −12 1131.1 15.26 15.69 16.18

23:39:13.99+13:42:14.2 48 753 5.74 +1.06 −389 126.2 16.87 17.30 17.75

23:41:17.15+45:41:45.1 40 118 5.79 −1.00 −47 51.6 17.78 18.07 18.52

23:45:28.85+39:35:05.2 45 011 5.74 +1.98 −15 91.7 16.83 17.10 17.52

23:51:08.65+00:26:23.0 41 749 6.04 −0.25 −206 34.0 16.96 17.32 17.75



116 APPENDIX D. RESULTS OF THE SDSS SPECTRAL ANALYSIS

Table D.2: Stars lassi�ed as sdOB from SDSS. Luminosity L is alulated under the

assumption of M = 0.5 M⊙.

SDSS J Teff log g log y vrad L SDSS Photometry

(2000) [K℄ (gs) [km/s℄ [L⊙℄ u g r

00:06:07.88−01:03:20.8 44 845 6.08 +1.97 −257 41.3 17.03 17.48 17.96

00:06:45.56+25:07:38.5 36 883 5.76 −0.46 −309 39.47 19.35 19.58 20.07

01:15:06.17+14:05:13.5 37 680 4.86 −1.95 −185 341.55 17.78 18.08 18.59

01:24:30.28+06:48:57.4 35 048 5.65 −1.68 −73 41.46 15.86 16.18 16.62

02:16:17.10−09:55:13.0 37 058 5.94 −1.35 −50 26.58 15.27 15.60 16.08

03:08:59.88+38:01:04.2 32 402 5.57 −1.59 −1 36.42 16.22 16.26 16.53

03:12:34.62+41:20:38.6 34 503 5.48 −1.82 −11 57.60 16.31 16.51 16.90

03:33:58.21+00:20:07.4 36 390 5.65 −0.66 +150 48.19 17.77 17.97 18.31

03:46:38.36−05:43:59.6 34 551 5.95 −1.55 −23 19.63 14.41 14.66 15.07

05:25:44.93+63:07:26.0 35 922 5.70 −1.54 −54 40.78 17.54 17.61 17.79

05:45:16.42+82:20:02.0 34 404 4.80 −1.16 −58 272.55 14.79 14.98 15.30

05:58:08.88+82:22:18.6 35 819 5.83 −1.37 −83 29.89 15.45 15.66 16.07

06:42:29.22+37:04:13.2 36 477 6.00 −1.42 +12 21.73 14.73 14.91 15.28

06:50:44.30+38:31:33.7 33 714 5.62 −2.45 +46 38.04 16.84 17.06 17.44

06:52:51.84+29:00:23.3 32 692 5.62 −1.78 +8 33.63 14.31 14.56 15.00

07:23:51.47+30:19:16.5 33 692 6.17 −1.49 −5 10.69 14.59 14.81 15.24

07:36:46.36+22:01:15.9 35 579 5.88 −0.94 +41 25.93 17.53 17.84 18.34

07:40:23.56+20:49:37.0 34 843 5.58 −1.48 +57 47.59 14.95 15.25 15.74

07:44:58.09+32:42:59.9 37 406 5.64 −0.70 +56 55.05 17.94 18.22 18.71

07:45:51.13+17:06:00.3 35 489 5.47 −2.75 +39 65.98 16.47 16.75 17.25

07:48:06.15+34:29:27.7 35 323 5.72 −1.61 −76 36.41 16.81 17.09 17.56

07:57:11.83+13:45:08.4 36 912 5.79 −1.49 +22 36.96 15.39 15.68 16.16

08:15:40.66+43:05:24.5 38 887 5.63 −0.15 +151 65.80 18.54 18.81 19.26

08:19:17.71+42:33:38.7 35 045 5.74 −1.97 +12 33.69 15.72 15.98 16.45

08:26:57.29+12:28:18.1 34 509 5.90 −1.69 +95 21.91 16.48 16.78 17.27

08:33:59.65−04:35:21.9 37 348 5.79 −1.46 +174 38.73 17.75 18.06 18.55

08:53:35.09+62:16:42.9 35 657 5.94 −0.93 −164 22.78 17.45 17.67 18.08

08:59:00.32+02:33:13.1 35 539 5.78 −1.67 +36 32.50 15.73 16.02 16.53

09:11:37.60+35:30:35.2 36 469 5.70 −1.34 +110 43.32 17.56 17.77 18.14

09:22:06.80+08:19:29.4 34 045 5.66 −1.58 +2 36.08 15.04 15.32 15.79

09:26:17.51+67:18:53.7 36 249 5.77 −1.49 −32 35.99 16.07 16.24 16.56

09:30:06.79+31:42:58.4 35 370 5.81 −1.38 +44 29.75 16.72 16.97 17.48

09:35:12.16+31:10:00.5 35 371 5.70 −1.41 −10 38.34 15.06 15.34 15.87

09:35:49.71+54:41:01.0 37 725 5.61 −1.36 −122 61.03 17.17 17.52 17.84

09:43:46.62+53:14:29.0 39 128 5.36 −0.55 −159 125.59 17.90 17.98 18.14

09:46:23.02+04:04:56.0 37 043 5.86 −1.40 +53 31.90 15.15 15.43 15.92

09:47:58.91+09:10:12.3 35 085 5.81 −0.71 +4 28.81 16.63 16.97 17.47

09:50:58.04+18:26:18.5 35 342 5.83 −1.66 +158 28.33 15.58 15.87 16.32

10:12:18.95+00:44:13.4 37 661 5.77 −1.16 −19 41.93 17.35 17.65 17.97

10:24:07.23+39:22:53.5 37 780 5.77 −0.31 +92 42.47 17.47 17.84 18.30

10:52:44.44+24:59:25.3 33 677 5.68 −1.75 −6 32.99 16.30 16.49 16.92

10:54:12.67+29:17:11.8 37 215 5.85 −0.57 −125 33.26 16.51 16.81 17.32

11:04:45.01+09:25:30.9 37 446 5.01 −2.10 +176 235.85 15.70 16.00 16.53

11:20:00.37+30:56:59.9 33 534 5.63 −2.19 +18 36.39 13.93 14.24 14.79

11:25:26.95+11:29:02.6 36 356 5.93 −0.70 +45 25.19 16.81 17.10 17.55
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Table D.2 ontinued (1).

SDSS J Teff log g log y vrad L SDSS Photometry

(2000) [K℄ (gs) [km/s℄ [L⊙℄ u g r

11:32:18.41+07:51:03.0 33 581 4.79 −1.73 +59 253.15 17.16 17.10 17.25

11:37:54.10+58:15:24.6 37 374 5.44 −1.91 −4 86.95 15.55 15.91 16.39

12:06:13.40+20:55:23.1 35 130 5.01 −1.97 −25 182.69 17.83 18.13 18.54

12:08:55.52+40:37:16.1 35 341 5.75 −1.27 +127 34.05 17.91 18.27 18.78

12:42:01.73+43:40:23.3 37 519 5.67 −0.06 +11 52.00 16.33 16.67 17.17

12:42:48.89+13:36:32.6 36 071 5.00 −2.67 −188 207.80 17.03 17.28 17.77

12:43:10.59+34:33:58.4 35 199 5.46 −0.71 +146 65.33 17.19 17.58 18.07

12:45:20.88+03:09:51.4 38 472 6.00 −0.67 +13 26.89 18.01 18.34 18.86

12:45:52.82+17:51:12.2 40 221 5.86 +0.27 +113 44.34 17.33 17.68 18.19

12:57:38.33+18:17:24.2 40 507 5.83 +0.38 +39 48.88 17.23 17.60 18.02

12:59:41.87−00:39:28.8 38 408 5.27 −1.56 +42 143.45 16.83 16.80 16.93

13:04:39.57+31:29:04.8 38 314 5.78 −0.46 −25 43.90 16.36 16.77 17.28

13:32:00.95+67:33:25.7 36 655 5.84 −1.55 −103 32.03 16.59 16.94 17.41

13:34:49.26+04:10:14.8 36 565 5.23 +0.59 +80 129.20 16.79 16.98 17.19

13:35:12.81+19:51:55.8 34 108 5.78 −1.57 −58 27.57 17.25 17.57 18.03

13:38:10.31+43:17:43.1 36 756 5.22 −0.97 −30 135.00 16.86 16.75 16.85

13:55:34.70+16:00:17.2 36 889 5.96 −1.38 −55 24.92 15.36 15.67 16.14

13:59:20.78+32:08:46.5 38 049 5.76 −0.59 −6 44.71 18.27 18.57 19.07

14:08:03.07+24:25:49.4 39 971 5.80 −0.00 −23 49.66 17.17 17.41 17.84

14:19:22.55+29:46:50.2 35 633 5.61 −1.47 −99 48.58 16.94 17.20 17.59

14:24:59.58+03:19:43.3 35 608 5.70 −1.45 +17 39.37 15.89 16.21 16.68

14:27:18.20+22:38:51.8 38 650 5.46 −0.75 −173 94.97 17.75 17.82 17.91

14:31:53.05−00:28:24.3 38 105 6.10 −0.70 +0 20.56 17.50 17.81 18.32

14:33:14.74+53:09:35.6 36 833 5.83 −1.55 −124 33.42 16.47 16.87 17.39

14:35:06.34+28:47:50.9 36 195 5.92 −1.67 −77 25.33 15.59 15.88 16.31

14:43:46.62+49:17:33.6 36 827 5.82 −1.44 −89 34.17 16.76 17.00 17.37

14:45:14.93+00:02:48.9 39 040 5.35 −1.37 −23 127.36 17.31 17.34 17.49

14:54:32.11+29:56:50.6 34 836 5.73 −1.55 −78 33.66 16.74 17.08 17.57

15:02:30.30+09:13:57.3 35 366 5.54 −1.31 +21 55.38 16.94 17.28 17.77

15:03:07.11+12:18:32.6 40 264 5.81 +0.10 −68 49.97 18.08 18.41 18.91

15:09:36.18+21:14:33.2 37 592 5.97 −1.52 +21 26.27 16.46 16.64 16.89

15:10:42.05+04:09:55.5 35 893 5.62 −1.55 −55 48.87 16.55 16.85 17.25

15:11:58.23+25:54:11.6 35 661 5.76 −1.52 −40 34.50 17.47 17.72 18.13

15:12:54.55+15:04:47.0 37 354 6.04 −1.82 −36 21.80 17.20 17.54 18.02

15:17:43.47+51:44:45.4 35 996 5.70 −1.58 −55 41.12 16.80 16.94 17.21

15:23:32.81+35:32:37.0 37 656 5.64 −0.55 +20 56.54 16.06 16.43 16.89

15:25:34.15+09:58:51.0 36 149 5.71 −1.66 −50 40.87 17.08 17.38 17.83

15:27:05.03+11:08:43.9 37 676 5.63 −0.34 −50 57.98 16.80 17.08 17.43

15:28:52.27+09:31:44.2 33 594 5.76 −1.58 −25 27.17 15.88 16.18 16.67

15:34:11.10+54:33:45.2 34 816 5.39 −2.17 −88 73.47 16.55 16.74 17.03

15:35:26.07+21:14:41.0 38 000 5.83 +1.32 −32 37.86 16.55 16.73 16.88

15:49:58.29+04:38:20.2 36 140 5.85 −1.12 −138 29.58 17.86 18.13 18.63

15:53:43.39+13:13:30.4 37 918 5.77 −0.78 +31 43.09 18.13 18.31 18.59

15:54:22.35+13:59:14.2 36 988 5.72 −1.40 −96 43.78 16.31 16.54 16.88

16:02:29.77+11:13:31.1 38 000 5.69 −0.61 +18 52.26 17.63 17.69 17.82
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Table D.2 ontinued (2).

SDSS J Teff log g log y vrad L SDSS Photometry

(2000) [K℄ (gs) [km/s℄ [L⊙℄ u g r

16:03:32.84+51:48:27.9 35 892 5.73 −0.36 −67 37.93 17.19 17.49 17.98

16:04:26.18+21:57:14.3 37 202 5.93 −1.36 −93 27.62 16.46 16.74 17.20

16:04:50.44+05:19:09.3 39 048 5.92 +0.73 −205 34.31 18.08 18.35 18.70

16:04:53.45+11:52:18.3 36 863 5.88 −1.06 −35 29.88 17.28 17.56 18.05

16:07:59.27+38:37:46.4 35 580 5.71 −0.90 −54 38.36 16.09 16.43 16.94

16:08:10.63+10:32:11.7 36 999 5.64 −0.69 −39 52.69 16.88 17.09 17.44

16:11:29.89+09:50:04.8 38 133 5.99 −1.29 +17 26.56 17.52 17.82 18.31

16:11:40.50+20:18:57.0 36 579 5.81 −1.33 −58 34.04 18.00 18.24 18.72

16:11:49.34+19:23:50.7 35 684 5.69 −1.72 −51 40.64 15.37 15.65 16.14

16:12:55.05+05:11:52.1 39 281 5.33 −0.06 +38 136.69 18.54 18.67 18.87

16:14:00.07+15:09:47.3 36 222 5.85 −1.36 −14 29.85 16.49 16.82 17.31

16:19:38.64+25:21:22.4 38 992 5.80 −0.35 −165 44.97 16.97 17.29 17.74

16:23:36.30+15:32:36.5 38 931 5.94 −0.07 −46 32.37 16.51 16.84 17.18

16:28:02.26+29:33:41.3 38 648 5.40 −1.26 +3 109.02 18.12 18.35 18.64

16:34:16.08+22:11:41.0 37 492 5.67 +2.89 −49 51.85 14.92 15.18 15.64

16:34:16.63+21:44:58.7 37 095 5.76 −1.54 −24 40.39 16.30 16.57 16.94

16:38:11.76+27:50:20.8 35 352 5.65 −1.56 −30 42.92 16.55 16.80 17.24

16:38:26.29+11:12:19.4 36 195 5.77 −1.26 −8 35.78 18.06 18.35 18.77

16:40:42.90+31:17:34.6 40 093 6.40 +1.12 −275 12.63 16.77 17.09 17.48

16:47:06.94+34:56:55.9 35 150 4.97 −0.88 −199 200.78 18.11 18.43 18.90

16:51:28.40+11:56:37.8 35 397 5.74 −1.70 −178 35.07 17.86 18.15 18.64

16:57:44.15+12:43:56.6 36 647 5.81 −1.32 −40 34.29 17.86 18.12 18.47

16:59:39.69+21:47:04.9 36 782 5.64 −1.32 −47 51.47 17.23 17.53 17.96

17:01:55.40+26:04:03.2 35 887 5.59 −1.12 −79 52.33 18.31 18.52 18.84

17:04:06.88+28:54:16.1 33 782 5.82 −1.62 +16 24.20 16.63 16.86 17.21

17:08:10.97+24:43:41.6 37 339 5.40 −0.71 −101 94.99 17.92 18.20 18.67

17:16:29.92+57:51:21.2 37 451 5.57 −0.68 −317 64.99 17.58 17.92 18.41

17:32:38.13+09:11:43.6 36 420 5.58 −1.00 +29 56.80 18.55 18.67 19.04

17:35:03.18+32:36:22.3 32 992 5.75 −1.58 −28 25.86 14.78 14.95 15.39

17:37:21.87+33:43:29.6 38 844 5.49 +0.13 −279 90.43 18.53 18.82 19.18

17:44:01.68+25:44:44.3 35 314 5.70 −1.73 +16 38.09 17.54 17.76 18.21

17:44:42.35+26:38:29.9 39 054 6.10 +1.17 +23 22.68 17.47 17.70 17.97

18:03:13.45+23:40:00.1 33 465 4.94 −2.10 −80 176.76 16.08 16.23 16.58

18:09:35.27+22:35:40.2 35 472 5.70 −1.71 −5 38.78 16.92 17.12 17.48

18:31:27.13+64:34:42.0 36 701 5.94 −1.66 −103 25.57 14.84 15.14 15.62

18:54:14.11+17:52:00.2 35 361 5.88 −1.43 +17 25.30 16.83 16.84 17.02

19:17:26.13+79:17:41.3 35 491 5.92 −1.40 −39 23.41 16.54 16.75 17.11

20:04:38.68−11:15:26.7 36 814 5.76 −1.28 −47 39.18 17.08 17.29 17.60

20:25:50.42+13:30:40.7 34 393 5.77 −1.71 −188 29.17 16.95 17.18 17.66

20:29:42.46+13:26:28.4 35 437 5.65 −1.55 −1 43.33 18.03 18.32 18.84

20:30:17.81+13:18:49.2 36 702 5.93 −1.39 −14 26.17 16.34 16.56 17.00

20:35:12.89+15:20:29.3 36 570 5.85 −1.24 −26 31.01 18.97 19.28 19.68

20:43:58.55−06:50:25.8 36 619 5.93 −0.13 −324 25.93 17.85 18.18 18.60

20:46:58.83−05:51:00.0 34 155 5.53 −1.64 −73 49.30 16.30 16.55 17.01

20:47:26.93−06:03:25.7 35 935 5.65 −1.38 −11 45.82 17.03 17.29 17.70
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Table D.2 ontinued (3).

SDSS J Teff log g log y vrad L SDSS Photometry

(2000) [K℄ (gs) [km/s℄ [L⊙℄ u g r

20:48:04.16+14:35:30.7 37 391 6.15 −1.75 −147 16.99 17.89 18.10 18.36

20:57:58.45+01:08:17.6 37 470 5.34 −1.73 −259 110.60 16.97 16.84 16.86

21:04:54.89+11:06:45.5 40 097 5.34 −2.65 −27 145.03 17.00 17.18 17.41

21:10:45.16+00:01:42.0 38 235 5.08 −2.16 +30 218.20 16.57 16.82 17.22

21:11:51.85+11:19:37.6 36 222 5.82 −1.41 +16 31.98 16.12 16.36 16.72

21:12:20.42+11:29:55.4 36 268 5.63 −1.09 +46 49.79 18.09 18.23 18.43

21:13:38.30−00:09:40.7 38 756 5.88 −1.63 −37 36.51 17.45 17.60 17.74

21:14:21.39+10:04:11.4 35 606 4.92 −2.78 −275 237.19 17.85 18.11 18.55

21:14:25.02+00:55:17.6 37 188 5.81 −1.08 +18 36.36 17.96 18.15 18.47

21:19:24.56−00:49:55.5 37 685 5.73 −1.06 −153 46.10 18.33 18.59 19.08

21:20:53.72−07:15:44.1 38 266 5.65 −1.34 −182 58.92 18.03 17.82 17.72

21:20:55.95−06:39:18.3 33 226 5.84 −1.38 −14 21.62 15.83 15.83 16.08

21:22:44.84−06:51:00.0 36 445 5.79 −1.54 −106 35.12 17.25 17.26 17.44

21:23:30.46+00:42:38.8 36 617 5.85 −0.67 −52 31.17 16.24 16.60 17.06

21:30:54.60−00:41:17.4 39 289 6.19 +0.83 −49 18.88 17.52 17.87 18.32

21:31:12.23+11:29:36.2 38 361 5.89 −1.55 −25 34.24 15.45 15.72 16.15

21:50:49.19+01:03:38.3 36 430 5.65 −1.07 +25 48.40 17.77 18.04 18.50

21:52:27.25+11:57:26.7 36 297 5.60 −1.49 +16 53.52 17.19 17.44 17.83

22:28:50.00+39:19:17.4 34 359 5.64 −1.61 −78 39.19 15.97 16.14 16.56

22:29:32.80−00:48:22.5 35 702 5.67 −1.38 −21 42.64 15.95 16.22 16.60

22:59:13.44+05:50:04.2 36 260 5.65 −1.42 −43 47.50 17.42 17.73 18.14
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Table D.3: Stars lassi�ed as sdO or sdOB from SDSS. These objets were not used in this

work's analysis due to low signal-to-noise ratio, or other reasons stated in the last olumn.

SDSS J spetral SDSS Photometry

(2000) lass u g r

00:01:11.65+00:03:42.6 sdOB 19.28 19.27 19.36

00:02:18.48+25:24:15.0 sdOB 19.15 19.54 20.10

01:03:35.07+01:15:53.4 sdO

01:25:17.48−09:01:13.2 sdO 18.53 18.94 19.43

01:37:11.39+14:41:54.3 sdO 20.12 20.06 20.10

01:38:08.71+24:30:13.3 sdOB 14.99 15.07 15.21 log g < 4.8
01:40:24.08−09:08:14.7 sdO 18.93 19.30 19.78

01:45:31.86+01:06:29.7 sdO 19.75 20.15 20.66

01:50:26.10−09:42:26.9 sdOB+X 15.83 15.95 16.12

02:24:22.21+00:03:13.5 sdOB 18.36 18.73 19.21

02:32:14.20−07:16:37.4 sdOB 18.84 19.12 19.49

02:43:23.23+27:50:45.4 sdO 19.19 19.50 19.83

02:56:22.18+33:09:44.7 sdO 19.28 19.73 20.04

03:18:23.06+41:55:21.7 sdOB 14.50 14.64 14.93 H vs He

03:21:40.70+05:06:32.0 sdO 20.58 20.58 20.79

03:37:39.75−06:23:57.3 sdO 19.97 19.85 20.15

04:41:49.13+10:08:21.7 sdO 18.71 18.86 19.02

05:39:08.64+82:48:39.7 sdOB 19.45 19.68 19.91

06:49:16.11+38:34:19.7 sdOB 15.13 15.32 15.73 H vs He

07:24:01.73+41:03:20.9 sdO 18.78 19.11 19.53

07:24:21.40+38:56:30.6 sdOB+X 16.29 16.26 16.29

08:02:22.38+18:57:07.9 sdOB 18.93 19.40 19.95

08:04:38.03+45:32:38.9 sdOB 18.67 18.86 19.22

08:09:28.25−08:10:18.7 sdOB 14.01 14.32 14.78 H vs He

08:10:17.91+19:17:49.1 sdOB 16.71 16.99 17.48 H vs He

08:13:55.81+55:22:51.8 sdOB+X 18.51 18.59 18.73

08:17:39.99+16:31:17.1 sdO 18.77 19.19 19.71

08:21:10.89+18:39:24.2 sdOB 17.56 17.84 18.33

08:24:34.05+30:28:54.6 sdO+X 15.35 15.25 15.32

08:25:50.89+15:33:08.0 sdO 18.30 18.77 19.28

08:27:51.07+41:09:25.9 sdO 18.19 18.63 19.13

08:29:02.62+22:46:36.7 sdOB+X 15.83 15.86 15.91

08:41:13.93+20:30:18.7 sdOB 18.80 18.68 18.71

08:44:23.12+07:53:06.1 sdO 15.64 16.17 16.67 peuliar He ii pro�le

08:51:26.18+00:07:39.9 sdO 19.47 19.87 20.31 peuliar binary

08:54:22.39+01:36:50.9 sdO+X 16.00 15.99 16.16

08:57:08.54+05:14:53.0 sdO 19.68 19.99 20.46

08:59:00.33+02:33:13.1 sdOB 15.73 16.02 16.53 H vs He

09:01:00.01+56:57:13.6 sdO 19.54 19.93 20.44

09:01:00.01+56:57:13.6 sdO 19.54 19.93 20.44

09:03:28.82+43:46:23.3 sdO 19.09 19.42 19.85

09:07:22.89+01:46:27.8 sdOB 18.85 19.21 19.65

09:15:12.06+19:11:14.6 sdOB 18.45 18.79 19.28

09:21:49.95+06:23:45.8 sdOB 19.34 19.68 20.12

09:29:20.43+06:03:46.1 sdOB+X 15.45 15.30 15.25
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Table D.3 ontinued (1).

SDSS J spetral SDSS Photometry

(2000) lass u g r

09:29:25.36+23:10:51.1 sdO 18.40 18.72 19.20

09:30:28.56+27:49:11.5 sdO 18.52 18.96 19.48

09:32:45.91+08:16:18.6 sdOB 15.93 16.21 16.67 Teff < 34 000 K

09:35:21.39+48:24:32.4 sdO 17.66 18.19 18.68

09:36:12.62+62:27:00.7 sdO+X 15.74 15.78 15.87

09:56:01.68+09:11:37.8 sdO 18.04 18.46 18.91

09:58:54.93+24:53:11.8 sdO 18.30 18.70 19.19

09:59:11.47+22:00:03.9 sdOB 17.60 17.71 17.87

10:03:14.35+21:51:24.1 sdOB+X 16.17 16.01 16.06

10:03:34.96+04:09:20.8 sdO 18.85 19.23 19.76

10:10:21.17+27:41:13.8 sdO 18.08 18.36 18.67

10:15:21.37+26:35:50.7 sdOB 17.66 17.93 18.46

10:17:57.37+35:55:17.5 sdOB+X 16.16 16.04 16.07

10:22:32.37+34:24:56.3 sdOB+X 16.24 16.12 16.13

10:28:44.63+25:30:18.3 sdO+X 16.11 16.21 16.34

10:32:42.42+35:09:37.2 sdO 18.79 18.66 18.70

10:42:42.85+18:10:25.1 sdO 17.81 18.27 18.73

10:42:59.93+63:09:37.0 sdO 19.14 19.49 19.91

10:48:38.82+31:54:05.8 sdOB+X 16.24 15.99 15.97

10:55:25.88+09:30:56.3 sdO 17.65 17.37 17.46 H vs He

11:02:25.71+27:06:00.6 sdO 17.31 17.70 18.24 log g < 4.8, hot, He-enr.
11:04:18.24+04:32:16.4 sdO 17.80 18.08 18.58

11:05:46.37+10:15:38.9 sdOB 18.01 18.31 18.68

11:06:50.47+29:35:32.6 sdOB 15.21 15.52 16.00 H vs He

11:08:21.54+29:36:49.0 sdOB 14.90 15.25 15.72 log g < 4.8, ool, He-def.
11:13:22.90+00:05:30.9 sdO 19.37 19.65 20.26

11:16:33.30+05:25:07.9 sdOB 17.72 17.81 17.96

11:25:04.73+67:16:58.3 sdOB+X 17.14 17.30 17.46

11:28:55.24−06:10:04.1 sdO 19.05 19.54 20.05

11:34:12.77+21:15:14.6 sdO 17.62 18.13 18.65

11:37:10.76−03:28:42.9 sdO 19.21 19.47 19.85

11:42:51.76+11:15:07.9 sdO 18.10 18.55 19.00

11:49:00.55+22:31:04.5 sdOB+X 14.95 14.91 15.03

11:50:35.62+25:32:05.1 sdOB 18.45 18.80 19.30

11:54:59.67+28:08:05.2 sdOB 18.36 18.67 19.14

11:56:54.08−03:25:10.1 sdOB 16.10 16.25 16.61 log g < 4.8
12:00:09.01+06:43:29.1 sdO 18.96 19.26 19.59

12:01:47.09+15:55:32.6 sdO 18.82 19.20 19.71

12:03:41.21+25:31:11.4 sdOB+X 14.74 14.96 15.41

12:12:38.58+42:40:01.8 sdOB+X 15.09 14.97 15.00

12:17:35.01+19:00:45.2 sdOB+X 16.17 15.95 16.00

12:19:00.71+00:00:08.1 sdO 19.79 19.54 19.92

12:20:47.69+20:19:42.3 sdOB 18.88 19.27 19.76

12:29:38.53+62:35:40.6 sdO 20.00 20.28 20.71

12:35:13.03+10:29:59.4 sdOB+X 16.59 16.44 16.52
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Table D.3 ontinued (2).

SDSS J spetral SDSS Photometry

(2000) lass u g r

12:43:46.38+00:25:34.9 sdOB+X 18.82 18.61 18.58

12:47:47.51+45:08:43.6 sdOB 18.76 19.20 19.75

12:50:04.24+45:37:51.6 sdO 17.95 18.32 18.76

12:51:01.48+37:10:49.7 sdO+X 15.55 15.52 15.61

13:00:25.53+00:45:30.1 sdOB+X 15.51 15.68 15.83

13:03:18.39+10:31:01.8 sdO 18.07 18.51 19.03

13:05:21.60+38:59:00.1 sdO 16.12 16.53 17.11

13:06:38.83+64:59:37.0 sdO 17.91 18.37 18.91

13:12:48.79+17:41:01.6 sdOB+X 14.93 15.18 15.51

13:15:13.75−01:26:52.8 sdOB 19.33 19.46 19.82

13:15:41.12+28:08:56.0 sdO 18.91 18.79 18.90

13:16:38.48+03:48:18.4 sdOB+X 15.69 15.79 16.03

13:16:58.35+64:15:22.5 sdOB+X 14.88 14.94 15.07

13:25:15.23+38:53:01.0 sdOB+X 16.32 16.25 16.34

13:26:19.95+03:57:54.3 sdOB+X 15.08 15.19 15.41

13:27:42.57+03:10:09.6 sdO 18.60 19.05 19.56

13:27:56.78+43:28:17.0 sdOB 18.39 18.20 18.20

13:28:50.85+28:29:17.5 sdO? 18.23 18.61 19.06

13:29:28.51+13:49:54.8 sdOB 18.76 19.14 19.69

13:32:02.60+52:37:34.9 sdO 17.86 18.28 18.81

13:35:51.62+62:41:09.5 sdOB+X 15.29 15.26 15.19

13:36:11.01−01:11:55.9 sdOB 18.03 18.33 18.81

13:42:26.53+29:03:43.4 sdO 18.80 19.18 19.70

13:45:45.23−00:06:41.6 sdOB 17.39 17.54 17.78 large errors

13:46:13.77+15:03:52.9 sdOB 19.68 20.02 20.47

13:50:37.58+29:07:18.1 sdO 19.02 19.41 19.94

13:51:44.13+12:42:55.8 sdO 18.76 19.16 19.66

13:53:51.68+16:51:25.9 sdO 18.36 18.79 19.32

13:57:07.34+01:04:54.4 sdOB 17.24 17.24 17.34

13:58:31.62+63:14:55.4 sdO 17.94 18.35 18.87

14:01:18.73−01:20:24.8 sdOB 16.67 16.95 17.42 large errors

14:02:02.53+02:54:07.1 sdO 19.67 20.13 20.64

14:02:47.52+49:33:21.4 sdO 18.01 18.50 19.02

14:03:17.26+22:10:19.0 sdOB+X 16.05 15.91 15.89

14:04:43.03+05:21:30.6 sdOB 19.19 19.52 20.01

14:07:47.84+23:54:24.3 sdOB+X 15.95 16.09 16.27

14:09:16.11+38:28:32.1 sdO+X 15.91 16.03 16.19

14:15:36.40+01:17:18.2 sdO+X 16.45 16.88 17.31

14:15:56.67−00:58:14.8 sdOB 18.02 18.39 18.76

14:20:17.21+51:39:04.1 sdO 18.23 18.63 19.16

14:21:04.81+17:36:28.8 sdOB+X 16.18 16.26 16.43

14:21:38.17+07:53:19.5 sdOB+X 14.69 14.88 15.14

14:22:41.90+51:35:37.9 sdO+X 15.37 15.70 15.70

14:29:30.86+02:29:28.3 sdOB 18.91 19.21 19.70
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Table D.3 ontinued (3).

SDSS J spetral SDSS Photometry

(2000) lass u g r

14:29:39.35+15:26:23.6 sdO 18.41 18.79 19.22

14:41:07.00+14:42:33.4 sdO 18.10 18.56 19.07

14:46:57.13+58:09:20.1 sdOB+X 15.85 15.66 15.66

14:56:57.72+49:53:10.8 sdOB+X 15.15 15.22 15.38

14:57:36.81+59:29:27.6 sdO 18.94 19.41 19.96

14:58:11.90+01:21:40.2 sdO 18.23 18.63 19.07

15:00:53.98+02:51:43.2 sdO 19.07 19.46 19.90

15:02:12.12−02:45:57.7 sdOB+X 14.98 14.87 14.87

15:06:33.07+20:59:07.5 sdOB 18.29 18.55 19.03

15:12:31.29+00:53:17.7 sdOB 17.70 18.00 18.47

15:12:46.56+07:15:17.3 sdO 18.96 19.41 19.93

15:16:40.23+22:57:12.6 sdOB+X 14.96 15.00 15.21

15:18:08.47+04:10:43.7 sdOB+X 15.15 15.28 15.45

15:18:42.54+56:49:21.8 sdO 17.61 18.07 18.61

15:19:39.26+39:46:26.3 sdOB 18.58 18.78 19.27

15:20:00.81+07:13:48.8 sdOB+X 16.02 16.13 16.36

15:21:38.60+40:35:02.6 sdO 19.79 20.23 20.60

15:23:06.95+08:05:41.1 sdOB 18.44 18.79 19.29

15:25:38.15+13:42:01.0 sdOB 18.00 18.34 18.73

15:25:53.47+43:41:27.7 sdOB+X 15.07 15.10 15.16

15:27:07.20+10:16:12.5 sdOB+X 16.18 16.13 16.22

15:27:08.31+00:33:08.3 sdO 18.27 18.59 19.05

15:32:17.24+45:46:21.0 sdOB+X 16.27 16.42 16.63

15:38:42.85+09:34:42.3 sdO+X 15.52 15.68 15.84

15:39:35.00+13:38:01.0 sdO 17.50 17.92 18.36

15:39:59.51+16:51:08.1 sdO 17.93 17.94 18.01

15:42:10.89+01:55:57.2 sdOB+X 16.01 15.91 15.91

15:42:45.29+12:38:45.2 sdOB 18.92 19.18 19.61

15:43:53.55+36:11:42.1 sdOB+X 16.34 16.30 16.42

15:46:41.88+06:25:39.2 sdOB+X 17.46 17.69 17.91

15:47:58.65+37:17:47.0 sdO 18.37 18.80 19.24

15:51:19.56+06:49:04.3 sdOB+X 16.04 15.95 16.00

15:55:51.24+13:32:28.8 sdO 18.59 18.91 19.29

15:58:19.40+12:30:14.2 sdOB 18.96 19.24 19.72

16:00:43.60+07:48:02.8 sdO+X 17.22 17.43 17.61 the one pulsating sdO

16:01:09.88+19:32:15.4 sdO+X 16.32 16.01 16.03

16:04:01.09+00:08:26.0 sdOB 18.37 18.49 18.83

16:04:50.44+05:19:09.2 sdOB 18.08 18.34 18.69

16:07:15.22+09:46:29.5 sdO 18.57 18.99 19.46

16:11:09.13+10:57:05.7 sdO 18.18 18.61 19.05

16:11:24.41+03:17:17.6 sdOB+X 17.17 17.28 17.44

16:12:09.12+53:26:41.9 sdO 20.03 20.32 20.61

16:12:30.86+00:42:37.0 sdO 18.08 18.38 18.79

16:12:31.90+17:14:41.1 sdO 18.99 19.39 19.89

16:12:55.04+05:11:52.1 sdOB 18.50 18.66 18.85
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Table D.3 ontinued (4).

SDSS J spetral SDSS Photometry

(2000) lass u g r

16:13:40.08+16:03:45.2 sdO 19.24 19.59 20.03

16:14:31.33+00:40:04.5 sdO 18.35 18.72 19.16

16:14:37.93+23:17:05.8 sdOB 17.04 17.06 17.09 Balmer too weak for �t

16:15:52.74+14:51:55.2 sdOB 18.20 18.65 19.11

16:15:56.98+17:31:10.6 sdOB+X 16.61 16.36 16.28

16:16:03.28+10:12:10.6 sdO 17.19 17.62 18.08

16:16:31.28−00:38:53.2 sdOB+X 16.56 16.72 16.94

16:19:15.35−00:56:15.9 sdOB 18.91 19.13 19.46

16:20:51.03+37:50:59.3 sdOB 18.61 18.76 18.96

16:20:51.18+63:42:28.9 sdOB 18.92 19.26 19.75

16:27:29.35+36:29:02.5 sdO 19.15 19.59 20.04

16:34:16.76+16:01:11.1 sdO 18.94 19.25 19.72

16:34:53.04+39:47:58.9 sdO 18.08 18.58 19.72

16:35:22.38+63:36:46.7 sdOB 19.84 20.13 20.56

16:35:32.55+00:29:54.4 sdOB 19.18 19.41 19.83

16:36:05.36+13:04:04.1 sdO 18.26 18.59 19.04

16:37:08.03+13:19:35.1 sdOB+X 18.09 17.81 17.71

16:37:23.59+31:13:04.4 sdO 18.51 18.83 19.21

16:42:14.21+42:52:33.9 sdOB+X 15.83 15.68 15.71

16:46:23.93+34:46:08.0 sdOB+X 16.78 16.59 16.63

16:50:22.05+31:27:49.7 sdOB+X 15.75 15.91 16.03

16:54:25.59+22:24:49.4 sdO 18.86 19.21 19.62

16:57:32.52+21:56:60.0 sdOB 18.57 18.82 19.27

16:58:41.83+41:31:15.5 sdOB+X 15.83 15.93 16.14

16:59:00.75+28:47:14.4 sdOB 19.46 19.80 20.25

17:00:45.09+39:18:30.3 sdOB 17.57 17.95 18.43

17:01:17.61+18:46:31.7 sdOB+X 17.44 17.50 17.63

17:03:38.69+22:36:37.2 sdOB+X 15.24 15.10 15.09

17:05:56.15+36:32:21.9 sdO 16.85 17.20 17.76

17:06:10.45+30:21:30.3 sdO 18.81 19.16 19.71

17:15:46.23+61:59:29.7 sdO 17.81 18.17 18.72

17:17:22.09+58:05:58.8 sdOB+X 16.50 16.67 16.91

17:23:38.53+60:14:44.1 sdOB+X 15.50 15.50 15.61

17:33:18.81+55:26:38.9 sdO 17.66 18.08 18.57

17:40:48.41+25:23:06.0 sdO? 18.63 19.07 19.59

18:41:09.99+40:50:53.0 sdOB+X 16.16 16.31 16.46

18:57:14.73+18:25:57.6 sdO 19.04 19.08 19.18

19:23:24.64+38:02:51.8 sdOB+X 17.24 17.49 17.54

19:25:58.40+38:32:52.4 sdOB 18.05 18.34 18.65 H vs He

20:26:00.96+12:50:44.8 sdOB 18.72 18.92 19.33

20:37:29.93+00:19:54.0 sdOB+X 15.94 15.98 16.12

20:52:54.68−00:50:31.8 sdOB 18.05 18.03 18.05

21:13:39.69+10:06:40.4 sdOB+X 16.42 16.39 16.51

21:20:53.72−07:15:44.1 sdOB+X 18.04 17.82 17.74

21:29:06.03+00:45:09.2 sdOB+X 15.43 15.62 15.69
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Table D.3 ontinued (5).

SDSS J spetral SDSS Photometry

(2000) lass u g r

21:30:54.60−00:41:17.3 sdOB 17.51 17.85 18.32

21:38:08.11+10:57:41.7 sdOB+X 17.21 17.23 17.35

21:39:40.90−00:10:28.9 sdOB+X 17.32 17.29 17.35

22:25:15.34−01:11:57.0 sdOB 18.09 18.43 18.80

22:28:17.66−07:59:47.9 sdOB 17.66 17.46 17.49

22:39:55.58−00:52:40.1 sdO+X 14.63 14.94 15.25

22:48:00.88+13:01:46.0 sdO 18.62 19.08 19.52

23:19:56.09−09:39:37.6 sdOB+X 16.80 16.97 17.13
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Appendix E

Metal lines in the FEROS spetra

Metal lines found in the FEROS spetra between ≈ 3 750 and ≈ 5 876Å.

Table E.1: Spetral lines identi�ed in the �ve bright sdO stars.

Wavelength [Å℄ HD 127493 CD −31 4800 CD −24 9052 UVO 0832 −01 UVO 0904 −02
3745.95 N III

3753.83 Ne II

3754.67 N III N III

3757.23 O III

3759.88 O III

3761.17 O III

3762.44 Si IV Si IV

3766.26 Ne II Ne II

3771.05 N III N III

3773.15 Si IV Si IV

3774.03 O III

3777.14 Ne II Ne II

3792.97 N III

3793.55 Ne II

3794.65 S III

3796.11 Si III

3800.02 Ne II

3806.70 Si III

3813.73 O II

3818.44 Ne II

3823.93 N IV

3829.75 Ne II Ne II Ne II

3838.37 N II

3844.51 C III C III

3848.21 Mg II

3856.07 N II N II

3860.53 O II

3861.50 O III

3863.06 C II
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Table E.2: Table E.1 ontinued (1).

Wavelength [Å℄ HD 127493 CD −31 4800 CD −24 9052 UVO 0832 −01 UVO 0904 −02
3876.19 C II

3876.41 C II C II

3878.22 C II

3879.60 C II

3883.80 C III C III

3885.99 C III C III

3889.18 C III

3892.29 S II

3909.66 Ne II

3918.97 C II

3919.00 N II

3919.01 N II N II

3920.68 C II

3922.08 C II

3924.47 Si III Si III

3928.61 S III S III

3934.50 N III N III N III N III

3938.52 N III N III N III N III N III

3942.87 O II

3942.88 N III N III N III N III N III

3948.15 C II

3949.34 O II

3951.51 P III

3954.36 O II O II O II

3955.85 N II N II

3957.64 P III

3961.57 O III

3966.32 O II

3976.88 Fe III

3979.42 Fe III Fe III Fe III

3981.18 Si III Si III

3990.91 S II

3995.00 N II N II N II

3996.50 N III N III

3998.63 N III N III N III N III N III

4003.58 N III N III N III N III

4007.46 O II O II

4010.24 Si III

4012.63 Ti III

4017.27 C II C II

4032.48 O II O II

4035.08 N II N II N II N II

4038.25 Mg III Mg III

4041.31 N II N II N II N II

4043.50 C II

4043.53 N II N II N II

4044.75 N II N II

4044.94 O II O II

4053.11 Fe III

4054.52 O II O II O II
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Table E.3: Table E.1 ontinued (2).

Wavelength [Å℄ HD 127493 CD −31 4800 CD −24 9052 UVO 0832 −01 UVO 0904 −02
4056.06 C III C III C III C III C III

4057.00 N II N II N II N II

4057.76 N IV N IV N IV N IV N IV

4059.27 P III P III P III

4067.94 C III C III C III

4068.91 C III C III C III C III

4070.30 C III C III C III C III

4072.15 O II

4073.05 N II N II N II

4074.89 C II C II

4075.86 O II O II

4076.00 C II C II

4078.84 O II O II O II

4081.02 O III O III

4082.28 N II N II

4085.11 O II O II O II

4087.35 N II N II

4088.86 Si IV Si IV Si IV Si IV Si IV

4097.33 N III N III N III N III N III

4098.88 Ti III

4102.90 N II

4103.43 N III N III N III N III N III

4106.02 O II

4116.10 Si IV Si IV Si IV Si IV Si IV

4118.60 O III O III

4122.05 C III C III

4131.63 N III N III N III N III

4133.67 N II N II N II N II

4134.91 N III N III

4146.78 N III N III N III N III

4150.17 Al III

4150.67 Ne II

4152.34 Fe IV Fe IV

4152.50 C III C III

4156.50 C III C III

4162.90 C III C III

4164.79 Fe III Fe III Fe III

4166.86 Fe III Fe III Fe III

4171.61 N II

4171.77 O III

4173.09 C III

4173.51 N II

4174.26 Fe III Fe III

4176.16 N II N II

4179.67 N II N II

4181.17 N II N II N II

4182.59 N IV

4184.23 Ca III Ca III

4185.44 O II

4186.90 C III C III C III
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Table E.4: Table E.1 ontinued (3).

Wavelength [Å℄ HD 127493 CD −31 4800 CD −24 9052 UVO 0832 −01 UVO 0904 −02
4192.51 O II

4195.76 N III N III N III N III

4200.10 N III N III N III N III

4207.49 Ti III Ti III

4208.88 Fe IV

4212.40 Si IV Si IV Si IV Si IV

4215.77 N III N III N III N III

4217.17 Ne II Ne II Ne II Ne II

4218.52 Ti III

4219.75 Ne II Ne II Ne II

4220.28 Ti III Ti III

4220.89 Ne II Ne II

4222.20 P III

4224.13 Ti III Ti III

4226.14 Fe III

4227.74 N II N II

4231.64 Ne II Ne II Ne II

4233.74 Ca III Ca III Ca III

4233.85 Ne II

4235.56 Fe III Fe III

4237.00 N II N II N II N II

4239.95 Ne II

4240.74 Ca III Ca III

4241.78 N II N II N II

4243.89 Ti III Ti III

4246.72 P III P III

4247.31 C III

4248.54 Ti III

4249.66 P IV P IV

4250.65 Ne II Ne II Ne II

4253.59 S III S III

4255.38 C III

4256.45 C III

4257.18 Ne II Ne II Ne II Ne II Ne II

4257.82 Ne II Ne II Ne II

4260.76 Ti III

4261.90 Ti III

4267.02 C II

4267.27 C II

4267.38 Ne II

4275.99 O II O II

4279.72 Fe III

4282.96 O II

4284.39 Ca III Ca III Ca III

4284.99 S III S III

4286.16 Fe III Fe III Fe III

4288.66 Ti III Ti III Ti III

4288.82 O II

4289.25 Ti III

4290.37 Ne II Ne II
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Table E.5: Table E.1 ontinued (4).

Wavelength [Å℄ HD 127493 CD −31 4800 CD −24 9052 UVO 0832 −01 UVO 0904 −02
4290.60 Ne II

4294.78 O II O II O II O II

4295.42 Ti III

4296.86 Fe III

4301.94 Si III

4302.81 Ca III

4302.86 O II O II

4303.07 O II

4303.83 O II O II

4304.08 O II O II

4309.00 O II

4310.36 Fe III Fe III

4312.80 C II C II

4314.10 Si IV Si IV Si IV

4315.39 O II

4317.42 C II

4317.98 Ti III Ti III Ti III

4318.78 N III N III N III

4319.56 Ti III

4319.63 O II

4321.39 N III N III N III N III

4323.68 Fe III

4325.43 N III N III N III N III

4325.70 C III

4327.69 N III

4328.18 Si IV Si IV Si IV Si IV

4328.25 Ti III

4332.91 N III N III N III

4345.68 N III

4345.81 N III N III

4349.43 O II

4351.11 N III N III

4352.28 Ti III Ti III

4358.44 O II

4358.89 Ti III Ti III

4361.85 C III C III

4366.90 O II

4367.68 Ti III

4367.97 C II

4368.14 C II

4368.56 Ti III

4369.77 Ne II Ne II Ne II

4372.49 C II C II

4372.81 Fe III

4374.28 C II

4377.98 Ne II Ne II

4379.20 N III N III N III N III

4379.50 Ne II

4380.73 Ti III

4382.90 C III C III
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Table E.6: Table E.1 ontinued (5).

Wavelength [Å℄ HD 127493 CD −31 4800 CD −24 9052 UVO 0832 −01 UVO 0904 −02
4384.70 O II

4391.99 Ne II Ne II Ne II

4397.99 Ne II Ne II Ne II Ne II

4399.59 Ca III

4403.45 Ti IV Ti IV

4403.73 Si IV

4406.29 Ca III

4409.30 Ne II Ne II Ne II Ne II

4411.52 C II C II

4412.59 Ne II

4413.21 Ne II Ne II Ne II Ne II

4421.38 Ne II Ne II Ne II

4422.62 N V N V

4427.21 N II N II

4428.54 Ne II Ne II Ne II

4429.60 Ne II Ne II Ne II

4430.90 Fe III Fe III Fe III

4432.26 Ne II

4432.74 N II N II N II

4433.48 N II N II

4440.29 C IV

4440.80 Ne II Ne II

4441.50 C IV C IV C IV

4441.99 N II

4443.52 O II O II

4445.58 Mg III Mg III Mg III

4446.44 Ne II Ne II Ne II

4447.03 N II N II N II N II

4448.19 O II

4453.97 O II

4457.05 Ne II Ne II

4463.40 Mg III

4466.23 O II

4467.21 O II

4479.03 Mg III Mg III

4479.91 N IV N IV N IV N IV

4481.2 Mg II Mg II Mg II Mg II Mg II

4482.87 Si III Si III Si III

4486.34 Si III

4488.44 Si III Si III Si III

4491.23 O II

4492.27 S II

4493.37 O III

4495.87 N IV

4499.12 Ne II

4506.00 C II

4507.56 N II N II

4510.92 N III N III N III N III N III

4511.58 Ti III Ti III

4512.56 Al III Al III



133

Table E.7: Table E.1 ontinued (6).

Wavelength [Å℄ HD 127493 CD −31 4800 CD −24 9052 UVO 0832 −01 UVO 0904 −02
4514.86 N III N III N III N III

4515.80 C III C III C III C III

4516.80 C III C III C III C III

4518.14 N III N III N III N III N III

4522.66 Ne II Ne II

4523.56 N III N III N III N III

4527.29 O III

4527.86 N III N III N III N III

4528.54 N III N III N III

4529.19 Al III Al III Al III

4530.40 N II N II

4530.86 N III N III N III

4532.78 O III

4534.58 N III N III N III N III

4535.05 N III N III N III

4535.57 Ne II

4539.70 N III N III

4544.80 N III N III N III

4545.30 Mg II

4546.33 N III N III N III N III

4547.30 N III N III N III

4552.65 Si III Si III Si III

4554.00 Si III Si III

4555.39 O III

4555.46 Ti III

4557.91 O III

4558.94 O II

4563.18 O II

4565.00 N V

4567.87 Si III Si III

4569.01 Ne II Ne II

4569.26 O III

4570.80 Ti III Ti III Ti III

4572.20 Ti III Ti III

4572.85 Ti III Ti III

4574.49 Ne II

4574.78 Si III Si III Si III

4575.31 Ne II

4579.82 N III

4580.35 Ne II

4581.58 Mg II Mg II Mg II

4582.18 P II

4588.13 Ne II

4589.18 N III

4591.98 N III N III

4592.00 N III

4595.50 Ti III

4596.18 O II

4598.01 S IV S IV

4601.48 N II N II N II
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Table E.8: Table E.1 ontinued (7).

Wavelength [Å℄ HD 127493 CD −31 4800 CD −24 9052 UVO 0832 −01 UVO 0904 −02
4602.13 O II O II

4602.93 S IV

4605.16 N III

4606.25 N IV

4607.15 N II N II

4609.70 Al III

4610.55 N III N III N III N III

4611.27 Si IV Si IV

4613.14 O II

4613.87 N II N II N II

4615.41 N III N III N III N III

4618.11 Ti IV Ti IV

4618.85 C II

4619.66 Si III Si III

4619.98 N V N V N V

4621.04 N III

4621.25 O II

4621.39 N II N II

4623.05 N III N III

4624.42 Fe III Fe III

4625.71 C II

4627.85 Ne II

4630.54 N II N II N II

4631.24 Si IV Si IV Si IV Si IV Si IV

4634.14 N III N III N III N III N III

4638.28 Si III Si III Si III Si III

4640.64 N III N III N III N III N III

4641.90 N III N III N III N III N III

4643.09 N II N II

4647.00 C IV

4647.40 C III C III C III C III

4650.25 C III C III C III C III

4651.50 C III C III C III C III

4652.86 Ti III Ti III

4654.32 Si IV Si IV Si IV Si IV Si IV

4658.30 C IV C IV C IV

4659.06 C III

4659.17 S IV S IV

4663.53 C III C III C III

4665.87 Si III

4665.90 C III C III

4667.14 Si IV

4667.28 N II N II N II

4670.60 N IV N IV

4673.40 Ti III Ti III

4673.95 C III C III C III

4674.98 N II

4677.06 O II O II

4699.22 O II

4702.50 N II N II N II
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Table E.9: Table E.1 ontinued (8).

Wavelength [Å℄ HD 127493 CD −31 4800 CD −24 9052 UVO 0832 −01 UVO 0904 −02
4707.48 O II O II

4714.94 Ne II

4716.65 Si III

4719.37 Ne II

4721.58 N II

4737.00 C IV

4739.66 C III C III

4752.49 N IV

4760.11 Ti III

4767.36 Ti III

4781.95 Ne II

4786.00 C IV C IV C IV

4788.13 N II N II N II

4793.50 Ti III

4803.29 N II N II N II

4810.29 N II N II

4812.08 N II N II N II

4813.29 Si III Si III

4821.52 Mg III

4821.71 Si III

4828.97 Si III Si III

4832.24 C II

4861.27 N III

4867.15 N III N III N III N III

4873.60 N III N III N III

4884.14 N III N III N III N III

4896.58 N III

4897.14 N III N III

4899.10 N III N III N III N III

4904.78 N III N III N III N III

4918.37 C II

4936.37 Ne II

4950.11 Si IV Si IV

4952.00 N V

4973.49 N IV

4987.38 N II

4991.22 N II

4991.97 S II

4994.36 N II N II N II

5001.13 N II N II

5001.47 N II N II N II N II

5002.69 N II N II N II

5005.15 N II N II N II N II

5007.32 N II N II N II

5008.80 Ti III

5010.62 N II N II N II

5011.31 N II N II

5012.04 N II N II

5018.40 C IV C IV

5018.92 Ti III
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Table E.10: Table E.1 ontinued (9).

Wavelength [Å℄ HD 127493 CD −31 4800 CD −24 9052 UVO 0832 −01 UVO 0904 −02
5020.43 Ti III

5023.05 N II N II

5025.66 N II

5037.00 C II C II C II

5045.10 N II N II N II

5063.66 O III

5066.75 N III

5083.80 Ti III

5084.92 N III

5109.81 Ti III

5126.96 C II

5127.32 Fe III

5127.35 Ti III

5139.21 C II

5160.03 C III

5172.32 N II

5173.38 N II

5175.89 N II N II N II

5179.44 N II N II N II

5180.34 N II

5183.21 N II N II

5184.97 N II

5186.17 N II

5200.41 N IV

5204.28 N IV N IV N IV N IV

5219.32 S III S III

5243.30 Fe III

5244.66 C III

5247.49 Ti III

5249.11 C III C III

5253.55 C III C III

5270.57 N III N III N III

5272.56 C III C III

5272.68 N III N III N III

5282.43 N III

5297.75 N III N III

5298.95 N III N III

5314.35 N III N III N III

5320.82 N III N III N III N III

5320.96 N II

5327.18 N III N III N III

5340.20 N II

5345.88 C III

5352.39 Ti III

5352.46 N III

5359.93 C III

5398.93 Ti IV

5462.58 N II N II

5480.10 N II

5481.31 Ti III
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Table E.11: Table E.1 ontinued (10).

Wavelength [Å℄ HD 127493 CD −31 4800 CD −24 9052 UVO 0832 −01 UVO 0904 −02
5488.25 S IV S IV S IV

5492.43 Ti IV

5495.67 N II N II

5497.75 S IV S IV S IV

5530.24 N II N II

5535.36 N II N II N II N II

5536.00 C II

5541.19 P II

5543.47 N II

5592.25 O III O III

5599.25 Si III

5666.63 N II N II N II

5676.02 N II N II N II

5679.56 N II N II N II

5686.21 N II N II

5695.90 C III C III C III

5696.60 Al III

5696.60 Al III

5710.77 N II N II N II

5722.73 Al III

5736.93 N IV

5739.73 Si III Si III

5747.29 N II

5767.43 N II

5801.33 C IV C IV C IV

5811.98 C IV C IV C IV

5820.57 N III N III N III

5826.43 N IV N IV

5847.94 N III N III

5857.90 C III

5871.60 C III

5880.56 C III

5889.97 C II

5894.10 C III

5901.00 Fe III

5927.81 N II

5931.78 N II
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