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Erweiterte deutsche Zusammenfassung
Adamczak, Jens

Rontgenspektroskopie heilRer weilRer Zwerge

Spektroskopische Rontgenbeobachtungen von zwei heili@emgwergen wur-
den vomChandraSatelliten aufgenommen und ausgewertet. Das erste Objekt i
ein weilRer Zwerg der Spektralklasse DA, dessen Atmospladteatisschlief3lich
aus Wassers®besteht. Im Gegensatz dazu nden sich in der Atmosphéare des
zweiten Objekts, eines PG 1159 Sterns, keine signi kanteam@gn an Wasser-
sta®. Die Gegensatzlichkeit der beiden Objekte liegt in ihretewschiedlichen
Entwicklungsgeschichte begrindet.

WeilRe Zwerge stellen die letzte Stufe der SternentwickitorgSternen mit ge-
ringer und mittlerer Masse dar 8—10M-). Sie bestehen aus einem Kern aus Koh-
lenst® und Sauerst® und dartber liegenden Schalen mit Helium und Wasser-
sta®. Die groRRe Gravitationskraft dieser Objekte bewirkt eirsidken der schwe-
ren Elemente aus der Atmosphére, sodass diese praktiselus@inem Element
besteht. Im Falle der DA Spektralklasse ist dies Wassersier als leichtestes Ele-
ment auf allen anderen schwimmit. Ist die Temperatur gro@gén30 000 K), ist
der Wasserst®fast vollstandig ionisiert, was eine deutliche Verringegaler Opa-
zitat zur Folge hat. Rdntgenstrahlung aus heif3en, tiefestogpharischen Schich-
ten kann von der Ober &che entweichen und von Rontgengatetletektiert wer-
den. Da nur eine geringe Anzahl von heil3en weil3en ZwergeHib@nelsdurch-
musterungen im Réntgenbereich gefunden wurde, wurdeddag die Atmospha-
ren dieser Objekte durch den radiativen Auftrieb von scleweElementen und
die damit verbundene Zunahme der Opazitat verunreinigtieverDieser Mecha-
nismus hangt stark von der Temperatur ab. Deshalb sind noigezédA weil3e
Zwerge mit Temperaturen oberhalb von 60 000 K als Rontgaimitr bekannt. Um
Spektren von diesen und vergleichbaren Sterne zu anaysieerden Modellat-
mosphéaren verwendet, die die Hau gkeiten der einzelnemElge selbstkonsi-
stent fur jeden Tiefenpunkt berechnen. Diese Berechnubhgarhen auf der An-
nahme, dass sich gravitative und radiative Kraften in jdiefie im Gleichgewicht
be nden. Das Ergebnis ist eine chemische Schichtung, drezveei Parametern
bestimmt wird, der Rektivtemperatuil e und der Ober &chenschwerebeschleu-
nigungg. Der Gesamt uf3verlauf von Spektren von DA weil3en Zwergee,ih
extremen Ultraviolet (EUV) aufgenommen wurden, kann mitdddatmospha-
ren, die eine solche Schichtung beschreiben, reprodwzéden. Die Au 6sung
der vorliegenden EUV Spektren ist jedoch zu gering, um éirez8pektrallinien
zu identi zieren. Deshalb werden zur Bestimmung der Gegaetdllizitat Model-



le mit einer homogenen Verteilung der Elemente in der Atrhésp verwendet,
die ein Hau gkeitsmuster besitzen, das dem des weiRen Zv@&r$91-B2B ent-
spricht, fur den detaillierte Untersuchungen existietgie.Metallizitat erhalt man
dann durch Skalieren des spezi schen Musters. Ist die Mztat des gesuchten
Objektes groRer als die von G 191-B2B, kann dies zum Beisjpielh Akkretion

erklart werden. Die Grinde fir die in einigen Objekten gefeme geringere Me-
tallizitat sind derzeit noch ungeklart und sollen in die&dyeit untersucht werden.

Der heilRe weil3e Zwerg LB 1919 besitzt eine ungewdhnlichngeriHau g-
keit an schweren Elementen. Eine relative Skalierung dealigtat bezogen auf
G 191-B2B fuhrt zu einer Opazitét, die zu grol3 ist, um passeviddellatmo-
spharen mit einer homogenen Verteilung der Elemente zwegere Geschichtete
Modelle, die die Hau gkeiten der vermuteten Elemente skltnssistent berech-
nen scheitern ebenso. Speziell das mit d&treme Ultraviolet Explorer (EUVE)
aufgenommene Spektrum von LB 1919 kann auf diese Weise rephbduziert
werden. Viele Spektrallinien besonders der hohen lomisasitufen von Elemen-
ten wie Eisen und Nickel be nden sich im Réntgenwellenlamggreich und sind
der Schlussel zur Erklarung der ungewdhnlichen MetallarBeobachtungen von
einzelnen weil3en Zwergen im Rontgenbereich sind seltetaillerte Untersu-
chungen dieser Objekte in diesem Wellenl&ngenbereichewupisher nicht vor-
genommen. Deshalb betritt die vorgestellte Analyse inatidsbeit Neuland.

Die Untersuchung eine€handraSpektrums von LB 1919 zeigt keine Anzei-
chen fur das Vorhandensein von Fe und Ni in der AtmosphasediSterns. Zur
weiteren Analyse wurden zuséatzliche Beobachtungen inrandé/ellenlangen-
bereichen untersucht. In den LB 1919 Spektren Bes Ultraviolet Spectrosco-
pic Explorerwurden die Spektrallinien von verschiedenen Elementemtidéert
und deren Hau gkeiten mit Anpassungen von homogenen Meddlestimmt. Ei-
ne Bestimmung der Temperatur durch Anpassung von Modeliiréren an die
Lyman Wassersfoinien im Ultraviolet deutet darauf hin, dass LB1919 um et-
wa 10000K Kalter ist als bisher angenommen. Unter der Bsitlstigung nur
derjenigen Elemente, die ifRUSE Bereich identi ziert wurden, wurde die Ana-
lyse auf Beobachtungen im EUV Bereich, dem optischen Wliegrenbereich
und ein weiteres Mal dem Roéntgenbreich ausgeweitet. Dielifrigse, die die ho-
mogenen Modelle liefern, werden dabei verglichen mit bemeten geschichteten
Atmospharen, die die selben Elemente enthalten, um einsafyesiiber die Taug-
lichkeit beider Arten von Modellen in Bezug auf DA weil3e Zgermachen zu
kénnen. Der Verzicht auf nicht identi zierte Elemente wie &nd Ni ist dabei von
entscheidender Bedeutung, um eine gute Reproduktion ati®p zu erreichen.
Diese Elemente fehlenRenbar vollig in der Atmosphéare von LB 1919. Der gro-
Rere Erfolg der geschichteten Modelle bei der Reprodulkderspektralen Ener-
gieverteilung der beobachteten Spektren speziell im EUXeBh, deutet darauf



hin, dass das Gleichgewicht zwischen gravitativen uncatagin Kraften gegeben
ist. Das heil3t, dass unerwartete, das Gleichgewicht stérdProzesse wie Kon-
vektion oder Massenverlust ausgeschlossen werden kémtedass der Grund
fur den Metallmangel von LB 1919 und vergleichbaren Steiinezinem friheren

Entwicklungsstadium zu suchen ist. Uber diesen Grund kasirebnur spekuliert

werden.

Wahrend die DA weil3en Zwerge das Endprodukt einer konveeliiiem Ster-
nentwicklung darstellen, entstehen die wass@eastmen PG 1159 Sterne durch
einen spaten thermischen Puls, der fur die ungewohnlicemisthe Zusammen-
setzung verantwortlich ist. Dabei wird Material aus demelr@m des Sterns an
die Ober &che beférdert und der restliche Wass&®sterbrannt oder verdunnt.
PG 1159 Sterne sind ebenfalls in der Lage, beobachtbareg&tsttahlung zu
emittieren. Einige dieser Sterne pulsieren und de nieren GW Virginis (GW
Vir) Instabilitatsstreifen imHertzsprung-Russell-Diagramm (HRDie Position
der blauen Kante des Streifens ist festgelegt durch eimRwiNicht-Pulsator Paar
von spektroskopischen Zwillingssternen. Die Untersughies temperatursensiti-
ven weichen Réntgenbereichs des nicht-pulsierendensSe&ri 5268525 ermdg-
licht es, die BRektivtemperatur mit einer Prézision zu bestimmen, dietrdeiich
Analyse von Beobachtungen im ultravioletten Bereich alégteicht werden kann.
Das Ergebnis ist insbesondere hilfreich, um Pulsationgt®du verfeinern, die
die Position des Instabilitéatsstreifens in Abhangigkeit ¥ee und logg voraussa-
gen.



Abstract
Adamczak, Jens

X-ray spectroscopy of hot white dwarfs

X-ray spectra of two hot white dwarfs observed by @eandrasatellite have been
analyzed. The rst is a white dwarf of spectral class DA with amost pure
hydrogen atmosphere. Contrary to that, the atmosphereecde¢bond object, a
PG 1159 star, is basically hydrogen free. The reason foritRereint composition
can be found in the @ering evolution of these objects.

White dwarfs are the nal stage of evolution of low and intedizge mass stars
(- 8-10M-). They consist of a carbdoxygen core with surrounding layers of
helium and hydrogen. Their atmospheres are characterizeddnasi monoele-
mental composition that results from gravitational segtlof heavy elements. In
the case of the DA spectral class the lightest element, lggdro oats on top
of the others. In hot DAs the temperature is high enowg80(000 K) to almost
completely ionize the hydrogen, thus, the opacity in theosiphere is strongly
reduced. Soft X-ray radiation coming from hot, deep, pholtesic layers can be
emitted from these objects and it was detected in the X-rayegwf the ROSAT
telescope. The small number of detected WDs, however, letttetoonclusion
that the atmospheres can be polluted by the opacity of hdaayemts by radiative
levitation. The strong dependence of this mechanism on@ketve temperature
results in only a few detected DA white dwarfs with temperestabove 60 000 K
in the X-ray range. In order to analyze the spectra of thesmes shodel atmo-
spheres are used that calculate the abundances of the &desefrconsistently at
each depth of the atmosphere. These models are based orstimeption of an
equilibrium of radiative and gravitational forces at eaelptth point. The result is
a chemical strati cation that is de ned by only two free paraters, the ®ective
temperatur@ «p and the surface gravity. The spectral energy distribution (SED)
of extreme ultraviolet (EUV) spectra of most DA white dwackn be described
by such a strati cation. The resolution of available EUV spa, however, is too
low to identify individual lines. In order to determine theetallicity of an object,
therefore, models assuming a homogeneous mixture of etsrimghe atmosphere
are used with an abundance pattern similar to that of thestugdlied white dwarf
G 191-B2B. The actual metallicity of the object is then dedvrom scaling this
speci ¢ pattern. An observed metallicity larger than padd can for example be
explained by accretion. The reasons for the lower metadin some objects are
still unclear and are investigated in this thesis.

The hot DA white dwarf LB 1919 shows an untypically low abunde of heavy
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elements. A metallicity scaled relative to the one of G 12BBesults in a too
high opacity to reproduce thextreme Ultraviolet Explorer (EUVE$pectrum of
LB 1919 with a homogeneously mixed atmosphere and the sttatiodels fail
as well. Many spectral lines of high ionization stages oftibavy elements iron
and nickel are located in the X-ray wavelength range. Thiess lare the key to
the explanation of the unusual metal poorness. X-ray obtiens of single white
dwarfs are scarce and no detailed investigations of thejgetskexist. Therefore,
the analysis presented in this work is breaking new ground.

The investigatedChandraspectrum of LB 1919 shows no evidence for the oc-
currence of Fe and Ni in the atmosphere of this star. For adui@nalysis addi-
tional observations in @erent wavelength ranges were considered. Using spectra
of the Far Ultraviolet Spectroscopic Explorer (FUSEYrious elements were iden-
ti ed and their abundances were determined with modelsdatime a homoge-
neously mixture of elements in the atmosphere. A temperatetermination with
model ts on the Lyman hydrogen lines in the ultraviolet stsotlhiat LB 1919 is
around 10 000K cooler than assumed. Considering only tHeseeats that have
been identi ed in theFUSE spectra of LB 1919 the analysis was extended to the
EUV, the optical, and again the soft X-ray range. The redrdts the investigation
with the homogeneously mixed models are always comparedltalations with
strati ed atmospheres with the same elements in order toenaadtatement about
the suitability of both kinds of models for these type of starhe restriction to the
few elements that were found in the UV spectra turns out tchbectucial point
in order to achieve a good t quality. Obviously, some healgneents like Fe and
Ni are completely missing in the atmosphere of LB 1919. Theatgr success of
the strati ed model atmospheres in reproducing the SED efdbserved spectra,
especially in the EUV range, indicates that the equilibrivetween gravitational
and radiative forces is in good order. Therefore, unexgeatel disturbing mech-
anisms like convection or mass-loss can be excluded. Thigesits that the cause
for the metal de ciency of LB 1919 and comparable stars halsedound in an
earlier evolutionary state and is subject of speculation.

Contrary to the DA white dwarfs, the PG 1159 stars undergonaomventional
development. Their evolution is characterized by a latentlaé pulse that de nes
their unusual chemical composition. This pulse causesemtitbe dredged up
from the interior and results in a burning or dilution of tresidual hydrogen.
PG 1159 stars are also capable of emitting detectable asotixt-ray radiation.
Some of these stars pulsate and de ne the GW Virginis (GW Mgjability strip
in the Hertzsprung Russell Diagram (HRD)he position of the blue edge of this
strip can be constrained by a pulsdb@n-pulsator pair of spectroscopically very
similar stars. The investigation of the temperature siessoft X-ray range of the
non-pulsating star PG 152625 makes it possible to determine ttfeetive tem-
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perature with a precision that cannot be achieved by theysisabf observations
in the UV alone. The result is especially helpful for the rement of pulsational
models that predict the position of the instability stripdependence of ¢ and
logg.
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Chapter 1

Introduction

Stars are born in star forming regions out of dust and irg#testmatter and
spend most of their lives by exhausting their main energycgihydrogen. De-
pending on their mass, their further development is charaed by mass-loss,
thermal pulses and ashes, contractions and explosiong properties and the
speci c evolution of the stars may vary but they all have imroon that they will
end in a nal con guration as stellar remnants.

One of these nal con gurations is that of a white dwarf. Whidevarfs mark
the nal stage in the life of stars of low or intermediate ma3$ey consist of a
carbortoxygen core with layers of helium and hydrogen around it.hWib more
energy gained by fusion processes in their core, they caolfaintness in the
course of time. Even though, nowadays, the physics of whitarfdstars can be
described quite accurately, there are still interestingstjons to answer. What is
the reason for a metal de ciency in some of the hot white de@re unexpected
mechanisms like convection or mass-loss working in theimagpheres? How
suitable are strati ed model atmospheres in reproducirggdhserved ux, and
what constrains the pulsations in some of the hydrogen datdPG 1159 stars?

The investigation of white dwarf spectra is the key to thenars of these and
other questions and the aim of this thesis. The dealing Wélicte stages of stellar
evolution means to learn something about the life of thesstageneral. This can
be achieved by comparing the nal result of the developmérthe star with the
predictions from evolutionary theories. In this contex thass of the metal poor
white dwarfs is investigated closely in the following cheqst For that purpose
LB 1919 is taken, a hot white dwarf of spectral class DA (seapbér 2) with a
bright appearance in the X-ray wavelength range. X-ray magiens of single
white dwarfs are rare and almost no investigations exiss,tthis work represents
pioneering work in this eld of astronomical research. Thacentration on the
X-ray regime is necessary because many spectral linessiaip@f high ioniza-
tion stages of iron and nickel, are located exclusively aséhwavelengths. The
investigation of these lines is crucial in order to nd a reador the metal poor
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composition of LB 1919 and other comparable stars that seecoritradict the-
oretical predictions. Spectra observed in other waveleraiges are considered
and analyzed as well in order to obtain additional informratind constraints on
the photospheric properties of LB 1919.

In addition to that, another class of objects is investigalhe X-ray spectrum
of the hot non-pulsating PG 1159 star PG 15305 is analyzed and the results
are compared to the properties of a pulsating spectrostajpicstar in order to
constrain the ocurrence of the pulsations in dependenc@aiitiee temperature
and surface gravity.

1.1 Outline

The structure of this work is the following. In the next chapthe theoretical
background of white dwarf stars is explained. Their prapsrand evolution are
described and mechanisms likeRdsion and radiative levitation, which occur in
their atmospheres, are discussed. In particular, the®lregentioned class of
metal poor white dwarfs and the hydrogen de cient class oflR&9 stars are
introduced and related to the scienti ¢ context of this teesThe third chapter
presents the observational methods for spectroscopig/ Xfsaervations that are
the foundation of all further analysis. The focus lies ondharacteristics of white
dwarf X-ray and Extreme Ultraviolet (EUV) observations wthe Chandraand
EUVE satellites. The actual instrumental setup of the specileseopes is men-
tioned brie y and reduced to the essential informations.e Hext chapter (4) is
dedicated to the model atmospheres that are used for thgtigwon of the ob-
served spectra. They can be divided into atmospheres wimageneous mixture
of elements and strati ed models with@#rent abundances at each depth of the
atmosphere. The underlying assumptions are presente@emnsidered. Chapter
5 deals with test calculations and implementations in thdehatmosphere code,
with the aim to re ne the following analysis of the prograrars.

The actual analysis of the metal poor white dwarf LB 1919 iscdibed in de-
tail in chapter 6. The chapter itself is divided int@®drent sections to account
for the diRerent wavelength ranges that were considered. BesitiasdraX-ray
observations, spectra in the EUV, UV, and optical range vesi@yzed in order
to obtain a consistent picture of the star's behavior. Iptéa7 the PG 1159 star
PG 1526-525 is analyzed in the wider context of a constraint for pidsal mod-
els. For this purpose a detaile@eaxtive temperature determination considering
the temperature sensitive soft X-r&handrarange is performed. Details about
this speci c topic can be found in chapter 2 and chapter 7AfitsEhe results of
the analysis of LB 1919 and PG 152825 are discussed in the last chapter (8) in



Chapter 1.1: Outline

which the nal conclusions are drawn.
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Chapter 2

White dwarfs

The rst star classi ed as a white dwarf (WD) was 40 Eridani B;@nponent of
the triple star system 40 Eridani. The name white dwarf ssiethe high @ective
temperature that causes the white color of the object arairitdl radius. It soon
turned out that white dwarfs mark the nal stage of the lifeactar and that their
composition and physical properties depend strongly oin ftvener development
and determine their further evolution. Some of the phygicaperties of a star can
be deduced by its position in théertzsprung-Russell diagram (HRD which
the luminosity of the star is plotted versus itBeetive temperature. The ®k&r-
ent luminosities observed for stars with identical tempees can be attributed
to their diverse surface areas. Since th@edént phases in the life of a star are
strongly characterized by processes of expansion andamiutn, stellar evolu-
tion can be described in a demonstrative way with the aid®HRD. A detailed
overview describing the physics of white dwarf stars candudl in Koester &
Chanmugam (1990). In the following, only some informatitwoat white dwarfs
that is important for the framework of this research projegresented.

2.1 Stellar evolution

Stars form out of interstellar matter (ISM). At the onset tafr$ormation a homo-
geneous cloud of gas and dust becomes gravitationallyhiesiad collapses once
its mass exceeds the critical Jeans mass (Kippenhahn & Wwéi@@). When the
temperature in the interior is high enough to burn the lighedement, hydrogen,
the star moves to the main sequence (MS), i.e. a sequencewiicdly homo-
geneous models with @rent masses and central hydrogen burning in the HRD.
The development prior to the main sequence (pre-main sequeMS, evolution,
Palla 2001) will not be discussed here. For a star of-1th following steps take
place inits evolution. After the star has fused all hydroggelmelium in its inner re-
gion, hydrogen is still burning in a shell around the coree §hift of the hydrogen
burning zone towards the outer regions of the star causespamsion of its enve-

5
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Figure 2.1: Evolution of a solar-mass star in the HRD. The nal stage @hitdution is the
white dwarf cooling track. Picture taken from Zijlstra (2002).

lope. The surface of the star increases and the luminosityrbes higher. The star
leaves the main sequence in tHRD and enters the so-called giant branch. The
core contracts until the temperature in the central regdngh enough to start the
burning of helium to carbon in the triple-alpha process, anaiot often referred

to ashelium ash As carbon is accumulating in the core, oxygen can be pratiuce
by collisions between carbon and helium nuclei (Richmon@7200nce helium is
burned, the stellar envelope expands again leading théostiae asymptotic giant
branch (AGB) in the HRD.

For stars with high masses, i.e. larger than 8—10 M similar evolution can
then take place repeatedly. The burning in the interior wdlhsume all of the
available fuel leading to another core contraction and ginéion of the next el-
ement. The whole procedure causes the star to enter andthea&B multiple
times, producing heavier elements up to iron. The processdtops, because the
fusion of iron requires more energy than is released.

Stars of low and intermediate mass, i.e. up to a mass3d¥l-, can not produce
elements heavier than carbon and oxygen through fusioreafesits in the core.
Any more complex element found in these stars has eitheadrbeen present
in the matter, out of which the star was born, or is producethés-process in
the AGB phase. This process is a slow neutron-capture ogagith a subsequent
radioactive decay of the unstable neutron-rich isotope®ioyd 2006). Even

10ne solar mass 1M= 1;989¢10°kg



Chapter 2.2: Characteristics 7

though a small amount of heavier elements might be presahese stars, they
consist mainly out of a carbdwxygen core and shells of helium and hydrogen
around it. In this composition they face the nal stage ofitleolution.

With no more radiation pressure to counteract the grawitaliforces, the core
collapses until the electrons in the core matter are so thagé¢hey produce degen-
eracy pressure, which is strong enough to stop further aotidn. This pressure is
aresult of the quantum mechanical Pauli principle. Two fens, in this case elec-
trons, are not allowed to occupy the same quantum state teinedusly. As the
stars contract, they expel their envelope and lose a cdregtion of their mass.
The amount of mass loss of an AGB star increases in princifite itg metallic-
ity (Groenewegen et al. 1995). However, an exact deterimima dit cult, since
the description of the responsible mechanisms is complicahd the mass loss
rate of a star cannot for the moment be calculated from rstgiples (Olofsson
2001). The remnant of the star in some cases illuminategeleted envelope and
becomes a central star of a planetary nebula.

At the beginning of this phase the stars produce their eneuggut by burn-
ing hydrogen or helium in a shell and move in tH&D to higher temperatures
while keeping a constant luminosity. When no more hydrogem ke burned,
their luminosity begins to decrease. Because they lost ofdsteir H envelope,
those stars basically consist of an exhausted core of degjergarbon and oxygen
(Kwok 2005). Since energy sources are no longer availahke star enters the
white dwarf cooling track in thé/RD and usually remains there for the rest of its
life.

For stars with larger initial masses, i.e. larger than 8-1Q Me post AGB
evolution is dRerent. Because of the big mass, the gravitational forcestasag
enough to compress the core matter further, once the ensvgygtion via fusion
ceases. This results in either a neutron star (van Kerkwi{it2, or in a black hole
(Czerny & Nikolajuk 2009).

2.2 Characteristics

As described above, the evolution of white dwarf stars isadays quite well un-
derstood. The understanding is good enough to make thenfid tes# in di®erent
areas of astronomical research. White dwarfs are for instased to determine
the age of the Galaxy (Wood 1992). There are mainly four ressbat make
them excellent chronometers. They are common in the Urgyéhey are a ho-
mogeneous class of objects, they are physically relatsietple, and nally, their
further evolution is a basic cooling process. In the follogvihese four reasons
will be discussed brie y.
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White dwarfs are common in the universe. Since white dwarfekrtiee end-
point of stars with a wide range of mass (0.7-8)Mit is believed that around
97 percent of all stars born in the Galaxy end up as white dw@dntaine et al.
2001). As they are typical representatives, studying wihitarfs can therefore
yield information about life and evolution of the bulk of fa

White dwarfs are a homogeneous class of objects. Due to thdirten, white
dwarfs exhibit a very narrow distribution of mass. The twanileg equations for
the structure of a white dwarf with assumed zero temperatteehe equation of
hydrostatic equilibrium,

dpP G

— = — 2.1

= (2.2)
and the equation of mass conservation,

d

d—r:‘ = 4425 2.2)

Here, m is the mass inside a sphere with the radiusvhich is 0 at the center
of the star. Together with the knowledge of the equation afesti.e. the de-
pendence of the pressuReon the density“2and the chemical compositior,
P = P(%2; %), this set of equations describes the interior of the stagadtely, as
shown by (Chandrasekhar 1939). Accordingly, the equatiansbe reformulated
into a second-order @erential equation for a dimensionless function with two
parameters. These parameters are the chemical compdsitiand the central
density¥z. Out of the numerical solution for a givén, a mass radius relation of
the star is derived (Chandrasekhar 1935). In the lirgit1 , the radius of the
star becomes zero and the Chandrasekhar limiting massdaliject is derived
as 5826=12M-, depending only on the chemical composition. Any objechwit
a slightly higher mass would collapse into a singularity. ieenents including
a more realistic equation of state (Salpeter 1961) as watba®ctions at nite
temperature (Kovetz & Shaviv 1970), do n@egt the basic principles. Thus, the
masses of white dwarfs are de ned very clearly with an obsémverage around
0.6 M- with 60 percent falling in an interval around 0.ENsee for example Wei-
demann & Koester 1984 for white dwarfs with a pure hydrogemosphere).

White dwarfs are physically relatively simple. They possigh tsurface gravi-
ties and slow rotation rates. Even though magnetic whiteridvaae known with
eld strengths ranging up to P@Gauss, the majority of single white dwarfs has
low magnetic elds (Wickramasinghe & Ferrario 2000). Comgzhto other stars,
white dwarfs can therefore be very well described by basjsials.

The further evolution of white dwarfs is a basic cooling desh. After the
burning of elements in the interior of a white dwarf stopg #tar starts loosing
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energy E continuously.
¢E:¢Uth+¢Egra\/ (2.3)

This corresponds to a change in gravitational en&gy, and a contraction of the
star. Half of the energy released is radiated away and gptiie luminosity the
other half increases the inner energy of the white dwarf. @uke small radius of
the star and the scaling of the gravitational energy WkaR, this change in radius
is rather unobservable. The thermal enddgy, and with it the temperature of the
star, decreases. Thus, the behavior of a white dwarf desthip equation 2.3 is
often referred to as cooling. It should be noted however Widte the thermal
energy of the ions decreases, the energy of the electronwiimd the internal
energy of the the star is increasing as in every other staegteo & Chanmugam
1990). A radius of a typical white dwarf is roughly about theesof the Earth
(» 10000km), but it is much denser with surface gravities adouri0°cm g 2.
Neglecting the gravitational energy release and the eamssf neutrinos leads
then to a description of the cooling as the further evolutérihe white dwarf
(Mestel 1952, Mestel & Ruderman 1967). The cooling time oftatevdwarf can
be deduced following Koester & Chanmugam (1990) as

108 A M lo:600A L ! 0:609

t= TNE = yr: (2.4)
With the atomic mass numbéy, mass of the staM and its luminosityL.. Thus,
the future life of a white dwarf does only depend on its masslaminosity.

To achieve accurate result for age measurements of stepalgtions, the exact
knowledge of WD parameters and their cooling sequences &sesary. The pa-
rameters depend at least slightly on the metallicity in théewdwarf photosphere,
since @ective temperature and surface gravity are usually detesdnby adjust-
ing models to the Balmer lines in observed spectra. The rediro les of these
hydrogen lines depends on metal opacities. Given that thellio#y is in turn a
function of the white dwarf parameters (see section 2.4)utiderstanding of the
physical processes constraining the metal abundancescisicr

2.3 Radiative Levitation

In general, white dwarfs can be separated into two spedpissequences: the
DA and non-DA spectral class. The class of DA WDs is charazgerby strong
hydrogen lines and no visible helium components. The nonVilBs are domi-
nated by helium. Absorption features of He Il and He | de ne Hpectral classes



10 Chapter 2: White dwarfs
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Figure 2.2: The interior of a white dwarf star. The degenerate corarbbo and oxygen is
surrounded by shells of helium and hydrogen. Picture taken from Néphiv(2010).

of the DO and DB white dwarfs (McCook & Sion 1999). WDs with cdréal
properties are often denoted as DAO and DAB stars respgctinghe case of the
DA white dwarfs the atmosphere exhibits a quasi mono-eléah@omposition.
Hydrogen as the lightest element is oating on top of the aththus no He lines
can be detected in the spectra. The reason for those purspatteres are @usion
processes initiated by the high surface gravity of the $tayure 2.2 shows a cut
through such a white dwarf, where the helium layer is cleaélgarated from the
overlying hydrogen due to the®lision processes.

The hydrogen in the atmospheres of hot DAs with temperateB8000 K is
almost completely ionized and the opacity is strongly redudfter the detection
of soft X-rays with theAstronomical Netherlands Satellite (AN8bming from
Sirius (Mewe et al. 1975a,b), it was suggested that hot whitarfs are capable
of emitting detectable amounts of thermal X-ray radiatioigioating from the
deep, hot, photospheric layers (Shipman 1976). Model gihwe calculations of
hydrogen-rich white dwarfs revealed that the X-ray lumitydsof these stars is
indeed comparable to those of most observed discrete sadt/ sources (Wese-
mael 1978). TheROSAT satellite did the rst all-sky survey with imaging X-ray
and extreme ultraviolet (EUV) telescopes and made a ddtatiedy of selected
X-ray and EUV sources possible. However, compared to themattd amount of
over 5000 X-ray emitting hot white dwarfs, the small numbgfess than 200,
which were actually found, was remarkable. The emission-ody$ in these hot
objects was recognized to be the exception and not the eepedie. Obviously,
the atmospheres of most of the hot white dwarfs must be esdialith additional
absorbers, which block the emergent ux (Kahn et al. 1984he Extreme UI-

2The X-ray luminosity is derived from the padiiof the star and by integrating the Eddington ux

Ho over the X-ray frequency rangkey = 4YR? ¢ Xi ray Hod®°.
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traviolet Explorer EUVE launched in 1992, con rmed this result and revealed
that heavy elements are the origin of the missing opacitye dmormously large
number of absorption lines of elements like iron and nicleal therefore provide
an opacity that is large enough to determine strongly themies EUV spectral
energy distribution (SED®f the hot white dwarfs.

The diRusion time scale in the atmosphere is always much shortetttieeevo-
lutionary time scale (Fontaine & Michaud 1979). Therefgrermanent physical
processes must de ne the content of the absorber in the pploéve and the SED
of the star. Vauclair et al. (1979) described for the rstéimechanisms capable of
polluting a pure hydrogen atmosphere with ions of heaviemeints. They found
that these elements can generally absorb enough momentamtifie radiation
eld to counteract the gravitational settling and that #aof carbon, nitrogen, and
oxygen, as well as silicon, can levitate through bound-lbaalysorption at the sur-
face of hot WDs (Morvan et al. 1986; Vauclair 1987). The exawnbant of speci c
elements at the @erent depths of the atmosphere and the degree of pollution de
pend therefore on the so-called radiative levitation. Elete can be kept in outer
layers of the atmosphere by a strong radiation pressureauBecof the shortness
of the diRusion time scale the arrangement of the elements in the cpwelf a
white dwarf can be treated as an equilibrium condition inrtre@eling (Vauclair
1989). In the following years the picture of radiative letibn in hot white dwarf
atmospheres was re ned.

Chayer et al. (1989) pointed out that the idea of a strictldmgitim between
radiative forces and gravitational settling may be isient. Therefore, the ob-
servational pattern of heavy elements in hot DAs can not ba&ed by a simple
application of the radiative support theory only and othechanisms must be
involved. Further motivation for radiative force calcudamts came from the dis-
covery of iron absorption lines in hot DAs. In this contexiotdations of Fontaine
& Wesemael (1991) demonstrated for the rst time that radeatevitation can
indeed account for detectable traces of iron in hot DA atrhesps. A systematic
approach to describe the abundances was presented with-tadled equilibrium
radiative levitation theory (Chayer et al. 1995a). In tlaacept, the abundances of
trace elements in the envelope are calculated by equatinipthl ective grav-
ity with the derived radiative acceleration at a certaintdeyd the envelope. The
envelope consists of pure H or He depending on the regargecofywhite dwarf.
The result is an equilibrium distribution of an element imis of depth. Inte-
grating the distribution over depth corresponds to thd stpply of the regarded
element, which is maintained against settling. The shap#hisfdistribution is
therefore characteristic for each element. Figure 2.3 shsugh a distribution for
the trace element nitrogen. The depth is measured in terthe dbgarithm of the
mass fractiorM above the point of interest log(1j M(r)=-M(R) = log(¢ M=M),
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Figure 2.3: Calculated equilibrium distributions of N taken from Chayer.et1895a).
Shown is the dependence of the abundance of N, levitating in the envdlap@Akwhite
dwarf model, on the surface gravity. For the gravitiesgeg7:0 (solid curve), log = 7:5
(dotted curve) and log= 8:0 (dashed curve), four temperatures were calculated. These are
from top to bottom:Tep = 65000K, 60 000 K, 55000 K, and 50 000 K.

the bigger the mass fraction, the lower the depth. The amoasaare given as the
logarithm of the number of the trace element relative to bgdn. Based on the
described method, improved radiative levitation caldoted were presented with
a focus on reported or potential presence of traces of dstsigally important
heavy elements in the atmospheres of hot white dwarfs (Cledya. 1995b).

Additionally to the elements treated so far, the importasfc¢be identi cation of
nickel was discussed (Werner & Dreizler 1994). The reasathva consideration
that relative abundances of various pollutants may proiif@mation as to the
roles of radiative levitation and possible competing psses (Chayer et al. 1994).
With their large number of transitions, the iron group eletsecan by all means
provide substantial EUV opacity and therefore play a keg inlunderstanding
the EUV spectra.

2.4 Metal poor white dwarfs

What can be learned from radiative levitation calculatiotinet metal abundances
increase with increasingRective temperature. Only a few DA white dwarfs with
Tee >60000K posses atmospheres with a low enough opacity to ewtihtion

coming from deeper layers. Therefore, just a small amouthese stars can be
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detected at all, which explains the result of ROSAT survey.

In order to predict the vertical strati cation of the metddumndances in the DA
atmospheres, self-consistent models have been develbpeidlér 1999b). Con-
trary to the equilibrium radiative levitation theory, tieemiodels are not restricted
to approximations that are formally valid only fiocal thermodynamic equilibrium
(LTE) and large optical depths. In these self-consistent mobtelalhundances of
the elements at each depth are calculated under consafeddtthe atmospheric
structure and its interaction with the elements. Compasdtmogenous models,
in the strati ed models the surface abundances of the el&rae no longer free
parameters. They are calculated on physical grounds (sgeertd). Thus, only
the eRective temperature and the surface gravity of the star lwabe tdjusted in
order to reproduce the observed spectra.

In general, a good agreement between calculated modelslemived spec-
tra is achieved, even though in some cases discrepancidseciund (Dreizler
1999a). Only in some cases a solution for the deviations dxtwnodels and ob-
servations of the DA white dwarfs can be found. If the obseérabundances of
the elements in the atmosphere are larger than modeledegm®s like accretion
or accretion from interstell&ircumstellar matter are possible explanations. For
observed photospheric abundances that are smaller thgrutedy however, up to
now no suitable explanation is available. This is quite ndw@lale, since the photo-
spheric composition of a WD is strongly determined by its jmes development
and the metal poor white dwarfs do not tin any accepted eloluscenario.

Examples of hot DAs found witlROSAT with a metal free atmosphere or at
least very low abundances found are HZ 43, MCT 0027-6341|. &1P19. These
stars do not show any signi cant absorption features in ti&E&and X-ray wave-
length range, even though they posses higgotive temperatured {e = 49 000K,
64 000 K, and 69 000 K). These objects yield information fer timderstanding of
the class of the metal poor hot DA white dwarfs. They were pleskin the ex-
treme ultraviolet region and analyzed, but as for all olgjextiserved byEUVE,
the resolution of their spectra was too low to identify limésndividual species.

The metallicity of DAs, which are too faint to be analyzededity, can be speci-
ed by being compared to the metallicity of the bright, metah, and well studied
white dwarf G 191-B2B (Wad et al. 1998a). The spectra of the other DA white
dwarfs are then reproduced by scaling the speci ¢ abundaatiern of G 191-
B2B. In the case of the metal poor white dwarfs, however, geesa can not be
described by models that posses a homogeneous mixturenodete with an abun-
dance scaled relative to G 191-B2B in the atmosphere, notheanbe described
by a strati ed model, which includes radiative levitatiofhe failure to match the
EUVE spectra with both kinds of models might indicate an abundaattern,
which is not similar to that of G 191-B2B. Another possilyilis a strati cation,
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which deviates from the one predicted by radiative levitati This would mean
that the equilibrium between gravitational forces andatigé pressure in the at-
mosphere is currently disturbed. There are in general faatanisms possible to
interfere. These are mass loss, accretion, convectioncatianal mixing.

2.4.1 Mass loss

Because spectra of DA white dwarf stars are characterizetlwsible He lines,
the He abundances of hot DAs is sometimes determined asguhan this ele-
ment provides a huge amount of the opacity in the EUV spedrale. The ux
de ciencies in that wavelength range, typical for DAs wilkg >40 000K, can
be explained either by the presence of heavy elements intthesahere or by
a strati ed atmosphere consisting of an outer hydrogenrlayetop of a helium
distribution (Vennes 1992; Koester 1989).

A strati ed atmosphere as derived by radiative levitati@icalations however
can not explain the presence of He in DAO white dwarfs Wigh >60 000K, i.e.
stars much hotter than most DA stars. The predicted abuedaare too low by
at least a factor of ten (Vennes et al. 1988). A possible exgtian lies in the
evolution of the stars. Thus, most WDs enter the cooling secpi@s He-rich
objects with only minor traces of hydrogen. In the courseirgt gravitational
settling sets in and causes the H to oat up resulting in gistchatmosphere.

A closer look on the He line pro les of DAOs white dwarfs, hoveg, suggests
that their atmospheres can more likely be regarded to beica#yrhomogeneous
(Bergeron et al. 1994). The change in the helium abundanhbetiwhite dwarfs
and along with it the transformation from He rich stars int& Br DAO stars is
therefore not solely caused by gravitational settli@g@s.

Unglaub & Bues (1994) pointed out the in uence ofdision and mass-loss on
the helium abundance in hot white dwarfs and analyzed®eetef mass loss on a
strati ed atmosphere. They investigated the process@®resible for the transfor-
mation of a He-rich WD withl'eg =80 000 K and log =7.0 into a hydrogen-rich
one by d&usion. For an original number ratio of/He = 10 4, or larger, in an
outer layer of 10" M- 2, in the absence of mass loss the star would transform into
a DAO WD with an ultrathin H-layer in not more than 10 000 yr. &ftL00 000 yr
the surface composition would be very similar to the one igted by d®usion
calculations for a thick hydrogen layer. The transfornmatiack into a DO WD
depends then on the possible mass loss of the star. If a DA @ D/ with a
strati ed atmosphere is losing mass for example in the fofra aveak wind of
M = 10 18M,yri L, it will transform back into a DO within 5000 yr.

Thus, a DO WD with a hydrogen number fraction oft 40or lower, will not

SHere, M» denotes the mass of the modeled star
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transform into a DAO or DA star if at least a weak wind is pras&@onsequently,
for stars with a mass-loss rate above a critical limitvoE 101 1M, yri 1, a strat-
i ed atmosphere originating from ordinary ®iision processes cannot exist. The
exact value of the mass-loss rate is therefore of importanoeder to determine
if a star can maintain a stable strati ed atmosphere.

An estimation of the mass-loss rate can be obtained by timeularof Blécker
(1995)

M L 15 L 1286.

. 1:29¢10 T (2.5)
which gives a result in y#. This relation was derived for the progenitor of the
white dwarfs, i.e. the central stars of planetary nebulde mass loss in this phase
strongly constrains the properties of the WD and as seen iatieq?.5 it depends
solely on the luminosity. of the star. An additional increase in the mass-loss rate
can be expected by a higher metallicity according to Abd&i8@), nevertheless, a
possible perturbation of the equilibrium between radeatind gravitational forces

is more likely, the higher the luminosity of the object is.

2.4.2 Accretion

White dwarfs are capable of accreting mass on their way tlrthe ISM (Koester
1976; Wesemael 1979; Michaud & Fontaine 1979). The ISMfitsat be divided
into di®erent phases. One phase is the so-called hot phase, i.ealdldble of
hot coronal gas in théocal interstellar medium LISMCox & Reynolds 1987).
Another phase consists of the warm ISM and cold clouds. Tieence of DOs
with cool He atmospheres on the orderTgg » 50000K requires a very low rate
of accretion of the ISM material onto the surface of the wHitearf (MacDonald

& Vennes 1991). It is so low that it has to be many orders of ntagae less than
even the smallest accretion rates expected from the hoepifathe interstellar
medium. A possible explanation is a WD stellar wind respdaditr preventing
hydrogen from being accreted and for polluting the He atrhesp  Further ev-
idence for the existence of such winds was provided by studlienetals in hot
white dwarfs, such as the discrepancies between predicigalaserved carbon
abundances for Feige 24 and PG 163@1 (Chayer et al. 1987). The observa-
tion of accreted heavy elements over time in the atmospHesbite dwarfs is in
principle possible, if the downward@iiision is counteracted by a suitable process
like levitation (Bruhweiler & Kondo 1983). For a theoretiaescription of ac-
cretion mechanisms MacDonald (1992) developed two dyrelmiodels for the
shock structure formed by an interaction between the WD wimtitae ow of
interstellar material. These can be used to nd limits onpemties of winds that



16 Chapter 2: White dwarfs

are capable of preventing the accretion from the ISM. Theseets are in princi-
ple a generalization of solar wind interaction models witbdl ISM and include
eRects of gravity. They are based on models for supersonicomatf the Sun
through ISM. Some of these models are more appropriate tavénen and cold
ISM phases (Baranov et al. 1970), some are adapted to thehasepe.g. the
spherically symmetric model of Parker (1961). The resuimasthat mass loss
rates as low as 18'M-yri 1 can already prevent accretion from the hot phase of
the ISM. For the cold phase, the necessary rate is higao{3M-yri 1).

2.4.3 Convection

The occurrence of convection in the atmosphere of a staiaiterkto the conditions
of the matter in it. Assuming an atmosphere in radiative ldg@rium the question
to ask is, whether an element of material, when displaced fi®original position,
experiences forces that tend to move it further in the divaatf its displacement
(Mihalas 1970). In that case, the atmosphere is unstablasigaass motion and
convection will occur. The basic criterion for the stalyilityainst convection traces
back to Karl Schwarzschild. Under the condition that the emgnt of the element
is slow, it remains in pressure equilibrium with its surrdings. Furthermore,
the process has to be regarded as adiabatic, i.e. the elelmentinot exchange
energy with its surroundings. Instability originates, hietchange in density of
the element€%)g, due to the lower pressure at the new position, is less than th
density gradient of the radiative surrounding¥jr. The element then experiences
a buoyancy force and continues to rlse The criterion canriitew as
Al

. 0% . d1/2 )

(¢Ye = E ¢r<(CWr= ar R(I:r, (2.6)
where the index A denotes the adiabatic nature of the elenténs can be ex-
pressed in terms of temperatureand pressurp in the region,
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Since the gas in a stellar atmosphere in general consistefauany dRerent
elements and ions,5 = (j | 1) cannot be described by the heat capacity ratio
for a perfect monoatomic gds= (C,=C,) = 5=3. Indeed some@ects can lower
the value forr o in a normal gas and&ect the critical value for r. Thus, while
for a perfect monoatomic gasa amounts to 0.4, in an area with pure radiation
pressure ang= 4=3 itis as low ag 5 = 0:25. For conditions, where hydrogen is
ionizing, important in stellar atmosphergsis around 1.1 and 5 = 0:1.

The results suggest that convection can be expected to oteenes, where
hydrogen is ionizing.
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2.4.4 Rotation

The rotation of a star would lead to a mixing of the atmosphéfrke rotation

of a WD is a remnant of the initial angular momentum of the priige star,
processed by several stages of stellar evolution (Kaw@@BR Rotation can have

a signi cant in uence on the structure of a WD. It was for insts shown that a
rotation of about 2 000 krfs of a WD could in general increase the maximum mass
of a WD by about 5% (Roxburgh 1965). However, the majority & tfhserved
and investigated white dwarfs is compatible with no rotatiw with an at least
very small one (Heber et al. 1997; Koester et al. 1999).

2.5 LB1919

LB 1919, also known as WD 1053616, RE J1059512, RX J1059.25124, EUVE
J105951.4, and RBS 927, is a representative of the class of thel pada DA
WDs and the X-ray brightest star known in this class. Furtloeemit is the hottest
of 90 DAs found in theEUVE all sky survey (Vennes et al. 1997). It is located in
the milky way at coordinates RA: 10 59 16.43 and Dec: 51 24 {®P00). De-
spite all previous investigations (see section 6.1 for niiemation), the chemi-
cal composition of LB 1919 is as yet unknown. As for all met@bpwhite dwarfs,
the EUVE spectrum of LB 1919 could not be described by scaled aburdaite
strati ed models that are based on the mechanism of radid¢ivitation, did not
provide a satisfying result either.

The intermediate aim of the analysis following in chaptes €i nd out, if the
metals in the atmosphere of LB 1919 are in general strati ei@nogeneously
mixed. A reasonable answer to this question depends on ¢meeels that can
be found and their abundances. For many atoms, especiafiyghoup elements,
an abundance determination can only be reached with oligersan the UV and
X-ray range, where most of the important lines are located. aAalysis of the
strengths of iron and nickel and other lines i€handraspectrum with appropri-
ate model atmospheres should give then strong hints abewgbthposition of the
atmosphere. The reason is the fact th&edént parts of the spectrum of a star
originate from d®erent depths in the atmosphere. Shorter wavelengths cee the
fore expose deeper atmospheric layers. This is the keyrteafuthe Wien tail
of the spectrum, i.e. the shape of the spectrum at subdtastiert wavelengths,
which lies in the EUV and X-ray wavelength range. As a consega, lines of
di®erent ionization stages of the same elements can prceraiit temperature
layers. TheChandraspectra are determined by both the metal abundances and
their depth dependence. Thus, an analysis of the exact tigmocould answer
the open questions for the metal poor WDs.



18 Chapter 2: White dwarfs

If the atmosphere of the star is strati ed, then it is in eduium between dgu-
sion and radiative levitation and no other processes arertly at work. The low
observed metallicity would then probably be a consequefipepoesses attributed
to an earlier evolutionary state. This could for example béral, which is driven
by radiation and acts selectively on metals.

If the elements in the atmosphere are on the other hand haraogsly mixed,
then one of the previously described processes must bevetolRegarding the
properties of LB 1919 as a white dwarf, these processes avevao not likely to
occur. To prevent a destruction of a strati cation of thenedats in LB 1919 a
critical mass loss should not be exceeded (see subsectidr).2The mass loss
itself depends on the luminosity, which in turn depends o and the radius
R of the star vialL = 4¥R%¥iTs*. Assuming an earth-like radius for the white
dwarf, the @ective temperature turns out to be the determining factor. hiet
white dwarfs the luminosity exceeds the solar one leading higher mass loss
rate. For the expected temperature of LB 1919, in the rangeedes 5070 kK,
the mass loss will drop gradually below the critical limif{gogo» 10 1°M-yri 1,
Msoo00>» 10 18M-yri 1). These mass loss rates are on the other haadisntly
high to prevent accretion of interstellar material ontoghgace since only a mass
loss of> 3¢101 18M-yri 1 is necessary (see subsection 2.4.2). A strong rotation of
LB 1919 is very unlikely according to subsection 2.4.4 areldhalysis in chapter
6 will show if the spectra exhibit any hints on rotational &dening of the spec-
tral lines. Convection occurs in hydrogen ionization zonEsr the atmosphere
of LB 1919 with its high @ective temperature, however, hydrogen is already al-
most completely ionized, so that no such disturbance sHmikekpected. In fact,
convection in DA white dwarf atmospheres becomes only egleat temperatures
around 11-13 kK (Bergeron et al. 1995; Montgomery & Kupka£00

Since all four processes are unlikely, the occurence of éeeon in LB 1919
would be a contradiction to the expectations from theorye 3jpeci c abundances
of the elements that can be found would provide further himtdetermine which
mechanisms are actually involved. A lack of iron, for examplould indicate
a depletion by the radiatively driven winds. In addition ke tdetermination of
surface compositions in the metal poor WDs and the actinggssas in their at-
mospheres, the results of the analysis will therefore asbftindamental astro-
physical theories of accretion and mass loss.

2.6 PG1159 stars

Even though strictly speaking not all of them are white dwaP{G 1159 stars mark
the transition between the post-AGB evolution and the WDiogatequence and
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Figure 2.4: Evolutionary track of a 2 Mstar for a normal post-AGB evolution (solid line)
and a born-again evolution (dashed line). The second one, trigggred/hTP is shifted
for clarity. Picture taken from Werner & Herwig (2006).

shall be introduced in the following.

PG 1159 stars, named after the prototype PG 1159-035, areds/ de cient
objects with a wide range dfee and logg. The spectra of PG 1159 stars show a
broad absorption trough caused by the Hell line at 4686 A hmedeighboring
CIV lines. In hot PG 1159 stars also lines of O VI and Ne VIl canfbund. To
describe the derent characteristics of the PG 1159 stars, three speubelasses
have been de ned (Werner 1992). Stars of spectral subclgsdgorption) show
pure absorptions in the trough. Subclass E (emission) ineltby emission cores
in Hell 4686 A, CIV 4659 A, and CIV 4647 A. The last subclass guises the
central stars of planetary nebulae with low gravity, henwarower absorption
wings, and are labeled IgE (low gravity emission). They slemission in the
Hell 4686 A, CIV 4659 A, but the C IV 4647 A line is in absorption

The characteristic surface composition of the PG 1159 &astsongly coupled
to their evolution. The hydrogen de ciency is most likelyuszd by a late helium-
shell ash. A star in the post-AGB or white dwarf phase carigmite the helium
burning in a shell. The star would then transform back towdosver &ective
temperatures and iebornas an AGB star. An evolutionary track for a star with
a mass of 2 M undergoing a born-again evolution is seen in gure 2.4. Tiae s
is re-entering the AGB twice, leading to a total of three AGtapes. During the
ash that causes the return to the AGB, the envelope of theistéredged up and
mixed. As a result, hydrogen is burned and the surface coitpposhanges. It
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becomes similar to that of the previous intershell layerisTagion between the
H- and He-burning shells of the AGB star is rich in He, C, andnd determines
the characteristics of the PG 1159 stars. This means thal B&dtmospheres are
almost completely made up of intershell matter thus prongjdi way to study its
abundances directly and gain information about the phiypicaesses leading to
the speci ¢ composition (Werner & Herwig 2006). The abunckes of the ele-
ments in the atmospheres of the PG 1159 stars vary much armbeplained by
a diRkerent number of thermal pulses during the AGB phase. ThéweldeC/O
abundances can be found in the ranges®80-0.85, €0.13-0.60, and ©0.02—
0.20 (mass fraction, see Werner et al. 2008b).

The helium-shell ash can occur at@grent times on either the horizontal part
of the post-AGB track or late during the post-AGB evolutidhis then referred
to as a late thermal pulse (LTP) or as a very late thermal pM&&P). In the
rst case the born-again evolution follows a single loop dnalrogen becomes
de cient by a dredge-up mixing. In the second case, the stiovis a double loop
as shown in gure 2.4 and hydrogen is ingested and burned imface layer.

Some PG 1159 stars are non-radial high-order gravity mgaeqde) pulsators.
They are known as GW Virginis (GW Vir) variables. The meclsamihat drives
the pulsation is the e®ect of carbon and oxygen (Starr eld et al. 1983, 1984). A
recent overview over the pulsating PG 1159 stars curremttk can be found
in Quirion (2009). The pulsating stars de ne a certain regio the HRD - the
so called GW Vir instability strip. The O driving mechanism works at tempera-
tures around 100 000 K in layers very close to the surfaceso$tidr. A low helium
abundance and almost no hydrogen are requirements for énatam of the mech-
anism. However, small trace amounts of hydrogen (up to 3 %asfsnfraction) do
not aRect the stability of theg-modes (Saio 1996). The determinegketive tem-
peratures and gravities of the GW Vir stars suggest a narrassrmange around
0.6 M-. The cool end of the instability strip corresponds to thaegigon from the
PG 1159 stars to the DO white dwarfs, thus a gravitationdirsgbf the elements
heavier than helium (Dreizler 1998).

Evolutionary models predict the location of the edges ofitigability strip
(Quirion et al. 2004; Gautschy et al. 2005). However, furtbepirical inves-
tigations are necessary in order to determine the exactigosf the edge and
constrain the models.

2.7 PG1526525

The PG 1159 star PG 152825 (WD 1526-525) is a non-pulsator and is located
close to the pulsating PG 115035 in thegj Tep diagram. Together they de ne
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the blue edge of the instability strip. To con rm the positiof the strip, the
temperature of PG 152®25 has to be determined precisely. The temperature of
PG 1159-035 has already beerrsiiently constrained td g = 1400008 5000K
(Jahn et al. 2007). A veri cation that PG 152825 is indeed hotter, however, is
still missing. Optical investigations of its temperatunglicate that this is most
likely the case (Dreizler & Heber 1998). For a more preciseihination the
analysis of X-ray data is used (cf. chapter 7), since a steemgitivity of the soft
X-ray ux on Tep Variations is predicted.



22

Chapter 2: White dwarfs




Chapter 3

X-ray observations

The awareness that the deep photospheric layers of hot divdefs can emit
detectable amounts of X-ray radiation directed the obsienal attention to the
high energy wavelength range around ¥A< 100A. The observations of this
speci ¢ wavelength range have always posed great chalteogehe instrumental
setup. Since the Earth's atmosphere is opaque for X-raytiadi due to pho-
toabsorption by the ions N O, and O, observations could only be realized by
moving the instruments into space. The scienti ¢c advanddgeught about by the
observation of the X-ray regime, however, outweigh the [enois by far. Many
elements in the atmospheres of hot white dwarfs have nogsties in ultraviolet
or optical wavelengths and can only be detected in the EUV-oayXregions.

Most of the X-ray emitting white dwarfs are of spectral typ& but also a
few non-DA and H-de cient central stars of planetary neleu({®G 1159 stars)
have been found. The thermal radiation of those objects eatebected in the
soft X-ray wavelength range (304, < 100A) and the EUV region (1004
. < 700A). The transition between these regions is not exaclpatl and the
wavelengths observed by®@krent instruments likEUVE or Chandraoverlap and
ideally should be considered simultaneously. Dependinthemi®erent scienti ¢
objectives and technological possibilities, the devetb¥eay instruments for the
observation of white dwarfs are based on various concepisoibservations of the
rst X-ray space observatorieginsteinand EXOSAT were mostly photometric.
For the high resolution spectroscopy necessary to identifife dwarf spectral
features, however, X-ray telescopes IBbandraand XMM Newton are used.

3.1 Basic problem

In the rst half of the last century it was believed that obsgions in the soft
X-ray and EUV regime were impossible to achieve, since thetedn binding en-
ergies of most elements are in the same range as the enefrtliespbotons in the
EUV band (100-1 000 A). As a result, not only the Earth's atphase with an ab-

23
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sorption depth 0%130km is impenetrable for radiation in that wavelength eng
(Barstow & Holberg 2003). The absorption by interstellas gauses a problem
that cannot be resolved by moving the observatories intoespdhe mean free
path¢ of a photon in the ISM is mainly determined by the neutral loggn den-
sity N(H) and the hydrogen absorption cross-sectign ¢, = 15N(H) ¥%4). With
the knowledge of the hydrogen density of that time, Aller§2Pconcluded that
the neutral hydrogen in the solar system and in the intéastspace will cause
serious problems and that there is almost no hope of gettigghbservations of
the Lyman lines in emission-line rich stars. After a re-ekaation of the interstel-
lar medium with more recent values of the relevant crosieseand abundances
with respect to soft X-ray and EUV radiation, a signi cananisparency in the
EUV range along at least some lines of sight was found (Creeléaal. 1974). In
the following it was con rmed that the ISM does not exhibitriform distribution
as assumed previously and that the much lower values foryii®ben density in
some regions makes it possible to see soft X-ray and EUV seuncdistances of
a few hundred parsecs. However, the number of detectableesodecreases at
longer wavelengths.

3.2 ROSAT

The primary scienti ¢ objective of th&dntgensatellit (ROSAT)unched in 1990
was to perform the rst all-sky survey with an imaging X-raj@scope leading to
a sensitivity improvement by several orders of magnitudemared with previous
surveys (Aschenbach et al. 1981). It was a three-axis &tablisatellite designed
for both scanning and pointed observations (Barstow & Hgll2003). For the
detection of X-ray sources in the sky survey an 80 cm WoltgreTyMirror as-
sembly and a position-sensitive proportional counter ((Skere used (Hasinger
1985). In addition to that, a Wide Field Camera (WFC) was liesido image the
sky in four wavebands by use of selected lters, two of whiclravexclusively
used for pointed observations (Barstow 1989). The WFC ctatbiaf a grazing
incidence telescope built of a set of three Wolter-Schwedniie Type | gold-coated
aluminium mirrors and a microchannel plate (MCP) in the fqtane.

The ability to observe hot white dwarfs was quanti ed by colwing model WD
spectra with the instrument response for thRedent bandpass. The three bands
for the survey are the PSPC band (44 A< 80A) and the two bands of the WFC
(60A <, < 140A for the QLexanB band and 112 A& | < 200A for the BéLexan
band). Furthermore, a minimum detectable temperaturé ¢iam be estimated as
a function of absorbing column density. To predict the exp@aumber of white
dwarfs found in the survey, knowledge of their space derasity EUV and X-ray
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luminosity has to be considered. According to Fleming e{1&#86) white dwarfs
are homogeneously distributed in the Galactic disk withadesbeight of 250 pc.
Their luminosity depends on the stellar temperature. Takie relative number
of hot white dwarfs, this leads to a number of 5500 DA white dwaxpected to
be detected in the PSPC band and approximately half the nu@B@0) in the

C/LexanB bandpass of the WFC (Barstow 1989).

The results of theROSAT observations showed a ratio ©¥i:1 instead of the
expected 2:1. This can not be explained by an interstellsorgition ®ect. A
higher interstellar absorption would decrease the numb&vD found with the
WEFC relative to the number found in the PSPC (Barstow et al219Bhe solution
can be found in the homogeneous WD atmosphere models andtithefrdde
and H of 104 assumed by Barstow (1989) for the estimation. The low nuraber
PSPC detections was an evidence for the presence of additipacity in the DA
white dwarf atmospheres (Barstow et al. 1993, cf. also ce&i3).

The overall number of hot white dwarfs found in tREOSAT all sky survey
amounts to 175. They can be divided into DA white dwarfs (1813 1159 stars
(8), DO (3), and DAO (3) stars (Fleming et al. 1996). The retahumber of X-
ray emitting white dwarfs with respect to the overall WD pdaign is as low as
10 %. In addition to the improved observations of numerousimnwhite dwarfs,
69 previously unknown white dwarfs were discovered in R@SAT WFC sur-
vey (Mason et al. 1995). Hard X-ray emissiqr<(25A) can be found for 6 single
white dwarfs (O'Dwyer et al. 2003; Chu et al. 2004b and Chu.&t@04a). The na-
ture of this emission, however, is only speculative. Re@ar@stigations indicate
that the idea of a photospheric origin (Werner et al. 2008anot be maintained
(Werner priv. comm.). An overview of the stellar parametdrthe observed white
dwarfs can be found in Marsh et al. (1997a,b).

In comparison to the DA white dwarfs the helium-rich DO whitwarfs have
to be much hotter to emit soft X-ray radiation. The additiom@acity of carbon
and oxygen in PG 1159 stars is increasing the temperatuiehvwemecessary for a
detection, further. Consequently, only 8 objects weredaetkin the ROSAT PSPC
survey. Amongst others, these are the GW Vir variable RX324#B412 and the
non-pulsator PG 152(625. The rst one is a very hofle = 170000K) central
star of a planetary nebula and was used for asteroseism@agsgico et al. 2007).
The second one, PG 152825, constrains the position of the GW Vir instability
strip together with the pulsating PG 1159 prototype PG 1039-(cf. subsection
2.7).
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3.3 EUVE

Two years after the successful launchREDSAT, the Extreme Ultraviolet Explorer
(EUVE) was placed into space. The primary purpose was to surveykihéos
extreme ultraviolet radiation of astronomical sourcesWer & Malina 1991). A
total of 5 instruments was available for scienti ¢ researdur imaging systems
and a three-channel EUV spectrometer.

In the rst phase of the mission the imaging instruments wesed to accom-
plish a complete sky survey. Contrary RDSAT the observations were concen-
trated on the longer wavelengths. The all-sky survey waetbee conveyed in
four bands 70-180 A, 170-250 A, 400-600 A, and 500-700 A @viilo97). The
telescopes used were three single grazing incidence msirtevo of a Wolter-
Schwarzschild Type | design and one of Wolter-Schwarzdchype 1l. The de-
tectors were of two-dimensional microchannel plate typierithe rst 6 months
of the survey a pointed observation period with the speattemfollowed. The
spectrometer covers the wavelength range of 70-760 A anided into three
channels: short (SW) 70-190 A, medium (MW) 140-380 A, and Idv)(280—
760A.

Of the 734 sources in the seco&d/VE source catalog (Bowyer et al. 1996)
105 were identi ed as hot white dwarfs. As f&ROSAT the majority of the
white dwarfs found withEUVE are of spectral type DA, while only a few DO
white dwarfs were detected. The analysis of white dvEaUlVE spectra demon-
strated clearly the important role of metals in explainihng EUV opacity prob-
lem (Dupuis 2002). The spectral resolving power of Hl8VE spectrometer is
,=C . %200 and therefore too low to identify spectral lines or aptson edges of
individual species. Especially the blanketing of numerbasand Ni lines with
unknown wavelengths cannot be resolved. However, manyeobliserved white
dwarf spectra have a characteristic shape caused by heangm el opacities.

Thanks to theEUVE observations, a better understanding concerning the sur-
face composition of hot white dwarfs in general could be exadl. The results of
EUVE observations made clear that the model for a DA atmosphergsting of
a thin hydrogen layer oating on top of an underlying heliuramtle cannot be the
last word on the subject (Fontaine & Wesemael 1997). NonkedttJVE spectra
clearly showed the characteristics that are typical foratistd H/He atmosphere.
In cases where He | and He Il edges were detected intersadkarption provided
a suitable explanation (Dupuis et al. 1995). TBEVE white dwarf population
shows a mass distribution in accordance with R@SAT results. A mass spec-
trum with a narrow peak around 0.56-Mnd a high number of ultra-massive white
dwarfs withM , 1:1M-, which are possibly examples of/l@/Mg core white
dwarfs (Vennes et al. 1997).
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3.4 Chandra

The ChandraX-ray Observatory was built by thidational Aeronautics and Space
Agency (NASA) and launched in 1999 (Tomlin 1999). It reached orbit in July
and began observing in October. The scienti c objectivedude deep sky sur-
veys and a detailed spectroscopy of plasmas. It containsleMiype | high-
resolution telescope. It has a high-resolution X-ray nmiggstem with less than
0.5 arcsec spatial resolution (Trimper & Hasinger 2008)tamndimaging detec-
tor systems. It is furthermore equipped with tw®elient insertable gratings, the
low energy transmission grating (LETG) and the high energggmission grating
(HETG) to allow high resolution spectroscopy. The transmis gratings used in
various satellite missions consist of a grating ring lledtlwsmall grating ele-
ments. The LETG was designed and fabricated by the SpacaiRbdastitute of
the Netherlands (SRON) and the Max-Planck-Institut firaetrestrische Physik
(MPE in Garching, Germany). It is optimized for a wavelengdhge between
6 and 154 A. The highest resolving powdr,£, ) exceeds 2000 at 150A. The
primary readout for the LETG spectrum is done by the spectyms detector of
the High-Resolution Camera (HRC) (Weisskopf et al. 2000 HETG consists
of two sets of gratings, the medium energy grating (MEG) dralhigh energy
grating (HEG). It is optimized for medium and high energiestresponding to
wavelengths around 2.5-31 A (MEG) and 1.2-15.5A (HEG).

Among the diverse science targetsGiandraare supernova ejecta, X-ray emis-
sions of galaxies, active galactic nuclei (AGN) and quaédrtaray 2001). How-
ever, not manyChandraobservations of isolated hot white dwarfs exist. Only a
handful of LETG spectra of these objects were investigatealla Two of the
detected white dwarfs could already be matched by a pureoggdrmodel atmo-
spheres in the course of tll&XOSAT observations. These are HZ 43 and Sirius B
(Paerels et al. 1988; Heise et al. 1988). In contrast to thdigtions from radia-
tive levitation theory (cf. section 2.3), the atmospherfabhese stars are metal free
despite their hot temperaturebes$ %251 000K in the case of HZ43, Beuermann
et al. 2007). The spectrum of the hot DA LB 1919 is likewise ahgbor. Since
LB 1919 is the X-ray brightest star known in the class of theretal poor DA
white dwarfs, it is predestined for a closer investigatiseechapter 6).

In the LETG Chandraspectrum of GD 246 for the rst time individual spectral
lines of iron could be identi ed in a soft X-ray spectrum of aéADvhite dwarf
star (Vennes & Dupuis 2002). This case demonstrates cldalgdvantage of the
superior spectral resolution éhandracompared taEUVE. Since GD 246 shows
the in uence of metal opacities on the ux in thehandrawavelength range and
possesses stellar parameters comparable to LB 1919, itideahcandidate for a
comparison (see chapter 6).
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Chapter 4

Model atmospheres

The improvement in stellar atmosphere calculations owetakt three decades
provides nowadays the possibility to analyze spectra @untaa large number
of elements and line transitions. The construction of dastehodel atmosphere
with its restrictions and assumptions about the relevagsiohl processes was
described in numerous publications, for instance the liesa¢ment of the model-
atmosphere problem in Mihalas (1982) or a more recent regfeadditional im-
provements in Hubeny et al. (2003). This chapter, therefondy illustrates the
important characteristics relevant for the analysis ofgttagram stars in chapter
6. The following remarks hold for a plane parallel atmosghemradiative, hydro-
static and statistical equilibrium. The justi cation ofd@be simpli cations in the
context of the analysis of LB 1919 will be accounted for.

4.1 Radiative transfer

The emergent spectrum of a star is de ned by the photons iegutine surface. On
its way through the gas forming the atmosphere, a beam oftfiation eld can
interact with the matter in @erent ways resulting in an ampli cation or weakening
of the beam's intensityl. Thus, the equation of radiative transfer can be written
as a dependence of opaciy and emissivity o caused by the elements in the
atmosphere along the wals

dlo
ds

The ratio of absorption and emission processes is desdnip#te source function

So = "o=w. The opacity for an atom with a lower stdtend an upper state

is given by the cross-secticn of the transitions between the states and the level
populationn, -14(°) = ¥y (°)n;. The cross-section includes a quantum mechanical
correction term, the so-called oscillator strength, thatka the d@erence to the
classical treatment. It can be regarded as an indicatoreofile strength and

=i colo+ 0 (41)
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is important for the calculation of synthetic line pro lesf( section 5.6). The
formal solution of equation 4.1 gives the intensity in anicgdtdepth¢; * of the
atmosphere. It can be calculated by

72
1(ea;5°) = (e 0 ) exp (c2i ca)=2)+11t  Se(t)exp( (ti ¢a)t)dt;

éa

(4.2)

where the angl@ of the beam relative to the local outward normal is included a
1 = 1=cosi. The integration limit;> has to be adjusted with respect to the re-
garded problem. For a consideration of incoming radiatian,j 1- 1 - 0, ¢»

is set to 0 together with a boundary condition that takes aatwount that the in-
tensity vanishes at the surfatg; = 0;%;,°) " 0. The more important outgoing
radiation ¢ , 0) is analogously obtained by adjusting= 1 with the boundary
lim,1 1(¢1;%°)exp( ¢1=*) = 0. The essential expression for the emergent inten-
sity that is seen by an external observer at optical dgptl® can be derived in a
similar way,

Z
1(0;5°)=  So(t)exp( t=1)dt=%: (4.3)
0

The source function depends on the opacity and the emigsieihce on the abun-
dances and the occupation numbers of atoms, ions, andaglsatr the atmo-
sphere. They in turn depend on the radiation eld and thengitees in each
optical depth. Therefore, a solution can in general only denél numerically.
A solution approach used in tHRRO2code of theTiibingen Model Atmosphere
Package TMARWerner et al. 2010) is the Accelerated lambda iterationr(\&fe

& Husfeld 1985). R

Introducing the mean intensityy = 1=2 _11 d! l., equation 4.2 can be expressed

by means of an operater. as '

Jo = noSo: (44)

Splitting the operator in an exaetand approximate past” (Cannon 1973), equa-
tion 4.4 can be solved iteratively (Werner 1986)

W =afsh+(mo; ad)siiV; (49)

1de = -ods
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together with the constraint equations that guaranteevienyateration step the
radiative, hydrostatic, and statistical equilibrium cibimhs mentioned above. In
fact, equation 4.5 can be incorporated in the constrainataops reducing the
set of independent variables. The choice of the approxitaatdda operator is
arbitrary and does not in uence the outcome of the procedure

If a star is in radiative equilibrium as assumed in the caltohs the energy
absorbed and the energy emitted must be equal at all poittie i@mtmosphere.

z
o(Soj J)d°=0 (4.6)
0

The radiative equilibrium de nes the temperatureat each depth of the atmo-
sphere (Werner et al. 2003). It can be enforced by adjudti@¢getmperature strati-
cation, for instance by using the Unsdld-Lucy temperatcoerection (Lucy 1964,
see also section 5.2). However, an atmosphere can only bedezjto be in ra-
diative equilibrium, if the energy is transported predoamtly by radiation, i.e. if
convection does not play a major role. Following the Scheehitd criterion for
convection to occur, as described in subsection 2.4.3, atransphere with almost
complete ionization of hydrogen, convection can be ruled Gonsequently for a
hot white dwarf like LB 1919 the assumption of radiative ditpaium is justi ed.

A star can in some cases be regarded to be in hydrostatidgkeguit. If so,
the distribution of the static gas pressuiie=dm balances the gravitational force
g (Mihalas 1982). The total pressuReconsists of gas, radiation, and turbulent
pressure. Therefore the equation of statistical equilibrcan be written as

z
1
dim KT+ 4?/4 foJoclo + %%ffmbg g (4.7)
0

with the turbulent velocityy,,, the number density of particlés and the variable
Eddington factorfo. The presumption of hydrostatic equilibrium is valid only
for static atmospheres. In the case of a moving atmosphigré,cant winds or
mass-loss, the computational techniques have to be adj(i$taischildt & Baron
1999). Winds driven by radiation depend on the surface tyravid the luminosity,
hence, the ®ective temperature of the emitting object. The hotter a istathe
more likely they are to develop. The estimation of mass-fosa compact hot
object (60000K< Tep < 80000K, logg » 7) like LB 1919 reveal mass-loss rates
that drop below 106, a critical limit for the disturbance of the atmosphere (see
Unglaub & Bues 1998 and subsection 2.4.1 for details). Timspheric structure
is not @&ected by such small wind components, making it reasonabéssame
hydrostatic equilibrium.
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The micro processes that cause transitions between twaastates are de-
scribed by the equations of statistical equilibrium. A systs inlocal thermody-
namical equilibrium (LTE)f the equilibrium relations of statistical mechanics and
thermodynamics at local values of temperature and denasityoe applied. In that
case the distribution of the occupation numbers for theteddtates in an atom
can be given by the Saha-Boltzmann distribution. It inctutde partition function

X
U(M) " dijkexp Ax=kT); (4.8)

which has to be computed for each excited lealionization stagg of chemical
speciek. For elements with an only partially known term structungpraxima-
tions have to be made for the excitation eneﬁgy or for the statistical weight
Oijk-

For a stellar atmosphere the simpli cation of LTE leads imyaases to unsatis-
factory results, since the occupation numbers in the oayers of the atmosphere
are mainly determined by radiative rates. The state of thtemadin these regions
is therefore not coupled to local conditions like tempematand density but de-
pends on the non-local information that is contained in #ohation eld. How
much the occupation numbers deviate from a pure LTE comdiizm be expressed
by the departure caecients. They describe the@irence between the actual pop-
ulation of the level and the population that would occur iodlbthermodynamic
equilibrium at the same temperature and particle densifies occupation num-
bers of the particles in the more realistic non-LTE atmosploan be calculated
using the rate equations, which describe the transitiotwsdsn the atomic states
in a precise way. In an equilibrium situation the ralesom statei to j and from
statej toi are equal

X X
N Pij i n;j Pji =0 (4.9)
joi o

The ny denote the number density of atomic lexel The rates include radiative
and collisional transitions, thi; = R;j + Cjj. The rates for every ionization stage
and all chemical species de ne the grand rate ma¥ix he occupation numbers
of all NLTE levels can be comprised in a vector (n1;:::;nnL), whereNL denotes
the number of NLTE levels per ion. They can then be calculateter assistance
of the grand rate matrix considering charge conservatiadri=b, with the inho-
mogeneity vectob (Werner & Dreizler 1999).
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4.2 Atomic data

The atomic data used in the calculations is compiled in the faf model atoms for
each regarded element (cf. sections 5.5 and 5.6). For hgdraith its manage-
able number of line transitions cross-sections can be lzdéulifor each level in-
dividually, for example by using the photon cross-sectmmidnization by Seaton
(1958). Other simple species can be treated in a similar Wayrrfer 1988). For
the complex iron group elements, i.e. Ca to Zn with theiréangmber of lines,
however, only a statistical approach can be used in ordextioce computational
time and memory. Thé&on Opacity Interfacér Onlc calculates cross-sections for
all kinds of transitions as input for the stellar atmosplerdes (Rauch & Deetjen
2003). In this approach the number of levels is reduced bybaaimg all energy
levels of one ion into energy bands, which are treated agj$eINLTE super-levels
with averaged energy and statistical weight. The crossesecfor a transition be-
tween super-levels are then calculated by sampling aNiddal lines. The input
for the calculations of the cross-sections is taken frorermel sources like Seaton
et al. (1994) or Kurucz (2009) (see section 5.3 for a discunssf the latter).

4.3 Strati ed atmospheres

Based on the radiative levitation theory of Chayer et al9BEQb) (see section
2.3) self consistent models describing an atmospherd sttdiy radiative and
gravitational forces can be calculated with tkiext Generation Radiative Transfer
(NGRT) code by Dreizler (1999b). A good overview of the details & tinder-
lying di®usion physics can for instance be found in Vauclair & Vauc{ab82)
and Koester & Chanmugam (1990) and the aspects related th/@&fT code
were recapitulated by Landenberger-Schuh (2005). Acaghgli diRusion in an
atmosphere occurs when gradients of concentration, tertyser or pressure are
present. In a white dwarf atmosphere a large pressure gitatbenes the dRusion
velocity, whereas the®ect of the temperature gradient can be neglected. The time
scale of the d®usion process caused by the pressure gradient is theréifonte sf.
section 2.3) and can be written as

C H3
éD /4kP o (4.10)
with the concentratio€, the diRusion coe cientD, the pressure gradient cbe
cientkp and its typical scale heighiip = j dr=dIn P, which is short for the large
gradient. A solution of the de ning equation fétp under assumption of hydro-
static equilibrium and the ideal gas equation shows thad#resity for heavier
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elements will fall ® quicker along the direction of the negative pressure gradie
than that of lighter ones. Therefore, the lightest elemeatts on top of the oth-
ers. Because of the swiftness of the process, the atmospéretse regarded to be
in equilibrium even if radiative forces are counteractihg gravitational settling,
as long as no other mechanisms have to be taken into accobataliundances
of the element can then be derived using the balance of gravitational ataei,
and electrical forces of the main constituent, i.e. hydrogethe case of a DA
white dwarf atmospherenyay = myg;. Further considerations lead to the result
that a stable equilibrium requires th@aztive gravitational acceleratiane and
the radiative acceleratiamag on each element to cancel each other

Oe® = Orad- (4.11)
Sincegrag depends on the mass fractig This can be expressed as
3 .
Z
Ay Z2®+1 1
ii i) %: I e (4.12)
A Z8P+1 % C

0

with the atomic weightg\;, the mean electrical charg&g the mass fraction of
the elements, the frequency dependent mass absorptiort@ent -o; and the
Eddington ux Ho. Equation 4.12 can only be ful lled for xed values 6#.
This implies a depth dependence of the solution or, in othende; a strati ed
atmosphere. Since equation 4.12 includes the opacity anBdHington ux, the
determined abundances are coupled to the atmospherituseud herefore, the
models have to be calculated using an iterative scheme (S20@0). Radiation
eld, density, temperature strati cation and the occupathumbers of all atomic
energy levels can be taken as input from an atmosphere atddulvith PRO2
With a new strati cation for the trace elements calculatgddguation 4.12 the
next iteration step can be computed.
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Tests and implementations

In order to reproduce the observed spectra in the followhapter suitable and
realistic model atmospheres are necessary. To achieve inomaxof accuracy,
di®erent re nements, for example th®ect of additional iron lines in the atomic
data set and a changed treatment of bound-bound and boemdrénsitions in
the calculations with the NGRT code were investigated. Témcdption is based
on the numerical techniques explained in the previous enapurthermore, the
choice of a suitable frequency grid and the implementatf@psoper convergence
criterion for the calculations with the ®usion code are discussed.

5.1 Frequency grid

The resolution of the model spectrum used to analyze theaditsens depends on
the choice of a proper frequency grid with atstient number of frequency points
for the calculations. In this work, normally for the time smuming calculation
of the temperature structure and the occupation numbelemieats in the atmo-
sphere, a frequency grid with a not too large number of fraqu@oints, roughly
around 30000, is used. For the detailed calculation of thergemt uxes de ning
the spectrum, i.e. the formal solution of the radiativexg@ort equation, a much
ner grid is used. Its primary goal is to resolve the indivaldines in the obser-
vation. Therefore, it is mostly oriented on the spectrabh@son of the observing
instrument.

However, in order to include the opacity that de nes the $@E@@nergy distri-
bution (SED), a suitable model frequency grid, includingegh lines is of impor-
tance. Foriron and nickel, with their large number of litest computations could
give information about the®ect of changes in the frequency grid. The purpose of
the tests is to nd an optimization for thehandravavelength range. They include
calculations based on grids with additional frequency ofar the wavelength
range 20—-3 000 A. The spacings vary from a constant grid spadiO.1 A for the
whole range and 31116 frequency points, to a grid with a marspacing for

35
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the wavelength range with many spectral lines. It start$ ®i05 A (20-90 A)
and varies thereafter (0.02 A for 90-400 A, 0.05 A for 400-A0@nd 0.5A for
600-3 000 A) with a resulting number of 27077 frequency ointtotal.

The tests show, as expected, signi cant discrepanciesimtimber of lines re-
solved. For the shape of the SED though, both approachesiigable since no
strong changes can be found. For the calculation of the eanergx used for
line identi cation, the interval between two wavelengthimts should not exceed
0.005 A, which corresponds to th@handraspectral resolution, or as later nec-
essary, to the spectral resolutions of #ilgSE and EUVE instruments. For the
comparison with the observation, the instrument responde®ects like Doppler
broadening have to be taken into account.

5.2 Convergence criterion

For the calculation of a strati ed model atmosphere with M@RT code in most
cases an already converged homogeneous start model ¢adtulth PRO2was
taken. The velocity and the accuracy of the convergencendispen the methods
applied for radiative transfer and temperature correctigiliscussed in Dreizler
(2003). In the case adNGRT a Feautrier method as well as short characteristics
can be used. The condition of radiative equilibrium has tedités ed. This can
be achieved by adjusting the run of temperature with depttinstance via a par-
tial linearization against the temperature (Auer & Mihal&68) or by a complete
linearization of all constraint equations for radiativggdiostatic, and statistical
equilibrium (Auer & Mihalas 1969). The preferred temperataorrection, how-
ever, is the Unsdld-Lucy scheme generalized to NLTE comalj since it provides
a better achievement of the nomin&@eetive temperature (Lucy 1964; Dreizler
2003). This is of importance when comparing models in teiapee grids with
small diRerences ifMgp in the following chapters.

The convergence of the homogeneous model is characterizetitciently
small changes in temperature and occupation numbers cedhpathe previous
iteration step. This is also the case for the part of ti@ision model that de nes
the structure of the atmosphere. A direct criterion for @gence of a whole strat-
i ed atmosphere however was yet missing. A possible cardigahe ux change
as used by Landenberger-Schuh (2005). Due to the large @Rntecessary to
calculate a model, a change of less than 5% was suggestee laytor for the
whole frequency interval. This change guarantees a stabldtindependent from
the initial conditions in the start model and only a few iridisal lines are still
aRected by more iterations. For the detailed analysis of idd&l lines a new cri-
terion was implemented as used in '€ DC code of TMAP (Nagel et al. 2004),
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checking for small ux variations in speci ¢ wavelength rges. DRerent levels

of convergence can be reached corresponding to changéatingeux of 1 ¢10 2,
5¢10 3, 1¢10 3 and 1¢10 * respectively. A comparison of test calculations per-
formed with this criterion shows that the deviation of theiratbance strati cation
and consequently theRect on the ux on wavelength ranges outside the regarded
interval is negligibly small.

5.3 New atomic data

5.3.1 Iron

The availability of new iron lines supplied by Kurucz (20@$ers a more com-
plete identi cation of lines especially in the X-ray wavalgh range. Moreover,
the eRect of additional opacity provided by an excess of iron linas be studied
circumstantially. The original technique to derive thesluhata for complex atoms
and ions was already described in Kurucz (1991), evolviogfearlier calcula-

tions by Cowan (1968). Accordingly, the line lists were ded by combining

levels that have been observed with computed Hartree-Fdelgrials for higher

con gurations. Compared to the original Kurucz data (19®#®}he case of iron in

the new data set (2009), mainly lines with small f-valuesenaided. In general,
lines with minor f-values are less likely to appear in thecspan of a star. How-

ever, a large amount of lines located close to each other@aouat for a visible

decrease in the ux.

Figure 5.1 shows a comparison between the old and new datéhsetines are
divided into extensions .LIN and .POS. The former are cakted for the whole
set of transitions between all theoretically considergdlie Since these lines are
only predicted, they are not useful for a detailed comparisith observed spec-
tra. They are however suitable for a calculation of the meattelcture of the atmo-
sphere. The .POS are computed between levels con rmed byd#iry measure-
ments, hence appearing at veri ed wavelengths. Thus, fasaored identi cation
of iron lines in the spectrum especially the plus of .POSdilseof importance. The
chance of detecting lines of speci c ions in the spectraesawith the parameters
of the star and the considered wavelength range. The ditailalysis of the X-
ray spectrum of LB 1919 follows in the subsequent chaptewvelbeless a rst
estimation of the importance of new iron lines can be preskntCalculated mod-
els containing hydrogen and iron in varying ionization s@&fpr a chosen set of
parameters for@®ective temperature and surface gravity provide a cleauygabf
the occurrence of the®@erent iron ionization stages in the spectrum of the star. Of
all iron ionization stages appearing in the X-ray wavelanghge for intermediate
temperatures around 50 000-70 000K, Fe VI is the dominatimgy eontributing
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Figure 5.1: Comparison between the number of iron lines in the old (thied)and new
(thick boxes) data set. Left: .POS lines used for the calculation of thegemieuxes only.
Right: The whole amount of .LIN lines for the calculation of the model afhese.

most of the lines. A comparison of a model spectrum calcdlati¢h the old and
the new iron line lists shows clearly the higher number aédiim the new list. For

a comparison with an observed spectrum, however, scaiagte diminishing the
absolute calculated values for the ux have to be taken imimoant. Thus, it is
more important to see that th@exct of additional lines can even contribute to sig-
ni cant features in the spectrum after convolving the modgh the instrumental
response of the observing instrument.

Figure 5.2 demonstrates th@axt of additional lines used in the calculations.
The top panels show the comparison between old line listdereft and new
line lists on the right appearing in a model spectrum catedlavith hydrogen and
iron with Tee = 57000K and log = 7:90 for the iron-line rich wavelength range
150-170A. A signi cant amount of new lines is easily recagaile. The bottom
panels illustrate the®ect of the lines after convolving the model spectra with the
instrumental response of tlighandrasatellite. Despite their smaller f-values, the
new lines obviously contribute due to their large numbericWwhesults in a strong
absorption feature not visible in the atmosphere calcdlafiéh less lines.

This eRect can be seen in gure 5.3, where a detailed view of the msplet-
trum calculated with the same parameters and the new setratKlines is shown
covering a range of only 0.5 A. The labels indicate the posgtiof the .POS lines
of the denoted ionization stage. Some lines are too weak wski@e in the spec-
trum. The large amount of iron lines at some locations howgweduces the
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Figure 5.2: Comparison of model spectra calculated with the old line lists Karucz
on the left with the new line lists (models with hydrogen and iron and the paessne
Tep = 57000K and log = 7:90, top panels). The additional lines account for a signi -
cant decrease in ux even after convolving with t8&andra LETGnstrumental response
(bottom panels). Fluxes are in ergchii 1s 1. The bin size is @ A.

features visible in the spectrum especially around 156.85 A

5.3.2 Nickel

The newly calculated data set for nickel is of less importaioe the regarded X-
ray range. This is due to the fact that the change in the nuwideres between
the old and new data set is comparably small. Consequenljyaofew more
.LIN lines can be found in the X-ray range. More importantip X-ray .POS
line is present in both new and old data sets. FurthermoeeS#D of the ux
in the regarded region is not in uenced by the use of addéidimes. While this
holds for the considered wavelength range teat on d®erent regions can not
be easily estimated. Therefore, using the new Ni data pesvédway to account
for any unseen opacity.

5.4 NGRT code

The code for theNext Generation Radiative Transfas described in chapter 4
computes strati ed abundances of elements in the atmosphex self-consistent
way. The results provide in general a good agreement edlyasizen analyzing
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Figure 5.3: Many weak lines contributing to a signi cant decrease in udhe model
spectrum is calculated wiffege = 57 000K, logg = 7:90, hydrogen and new Kurucz data for
iron. The uxisinergcm2Ailsi 1,

the SED of observed spectra. However, the tting of specpestral lines of indi-
vidual species turned out to be the weak point in the calmulat{Schuh 2000, see
also chapter 6). Among the possible reasons is the neglastltale ne structure
splitting of the levels in the model atoms used. For the datmn of a model at-
mosphere this would result in a large enhancement of the auofldevels in the
model atom, hence, an increase of CPU time. Furthermorkeindse of an atmo-
sphere with a homogeneous mixture of elements, possiglets are insigni cant.
The energies of the splitted levels are close to each otles. allows to keep the
levels combined and to deal with combined transitions duttie calculation of the
model atmosphere structure (Dreizler 1999b). The caledleddiation pressure in
a strati ed atmosphere on the other hand might be underagtitn since the self
absorption in a combined level is higher than in the case ld@ftspnsitions. This
might lead to an systematic underestimation of the aburetanc

Other problems tackled in order to re ne the calculationthiNGRT, concern
the calculation of bound-free and bound-bound transitions

5.4.1 Bound-free transitions

Photoionization of an atom or ion takes place when the phetangy exceeds the
ionization energy of the electron. The primary assumptarttie calculation of

a bound-free (bf) transition INGRT is that the photon momentum is transferred
completely to the ion, keeping the electron out of consiti@na As a consequence,
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the calculated radiative acceleration of the remainingniight be overestimated.
To account for this, a correction according to Gonzalez e{18195) was imple-
mented and tested. Therein the authors presented theidai#as for the contri-
butions of bound-bound and bound-free transitions to tH&ti&e acceleration in
stellar envelopes.

Accordingly, the radiative force on a particle of elem@ntvith the ionic charge
i for a bound-bound or bound-free transitiprcaused by photons in the frequency
range f;° +d°) is

Fodo = %—T = (°)'%d°; (5.1)

with the net momentund p, transported by the radiation uko. In the case of

the bound-bound transition the cross-section can be writgng the oscillator
strengthfi; and the line absorption pro 1é;(°) as

%i(°) = :éfij'&ij@)i (5.2)

As mentioned above, in the case of a bound-free transiti@nrtomentum of the
photon causing an ionization of i is not completely transferred to iok*1. A
part of it is taken away by the ejected electron. Thus, a ctioe factor fio, has
to be introduced, describing the fraction of the momentwandferred to the ion
Ai+1.

The correction factor can be expressed in terms of the frezyfeof the photon,
the threshold frequency necessary to eject the electron and a variable fagtor

4 0: 0
ion = 1 éwal: (5.3)
For testing purposes the quantum calculation of Sommefi€&9) was taken and
applied to the code. With his value af = 65, fjo, becomes

8hej A
5 ho
with the frequency of the ionizing phot@rand the ionization energy threshdid
An interesting result of formula 5.4 was already stated bghdud (1970). For
certain frequencies the electron can be ejected with moraentum than brought
in by the photon felec=1i fion > 1). As a consequence, the ion will be pushed
back in the atmosphere by the photoionization. Thus, inofyd detailed bound-

free absorption calculation can lead to both either highéwer outward directed
radiative forces on an ion.

fion = 1j (5.4)
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Figure 5.4: Top panels: Abundances over depth in a calculation of &lmdth H, C,

O, Si, P andl¢p = 54000K, logg = 8:2 with the whole momentum transferred to the ion
in a bound-free transition (left). Only a part of the momentum is trarefleto the ion,
calculated with formula 5.4 (right). The®g&rence between the two panels is shown in the
bottom panel. No signi cant dferences can be recognized. The peaks for larggardnces
rather correspond to a shift of the abundance pattern omtpgs. Massmin g.

It should be noted that the value fay was initially calculated for the hydrogen
fundamental state. Therefore, the accuracy of the formaiteat be guaranteed
for transitions between ions with large electron numbeevéxtheless, it provides
a good way of testing if any®&ects are to be expected at all. Moreover, calculations
of Seaton (1995) for the states 2s, 3s, 2p, 3p and 3d, showzefiney dependence
of the a, but also reveal that for the weighted mean values for a stapeirci-
pal quantum numben, the fraction of the total absorbed momentum, which is
transferred to the electron is always smaller than thatiferground state. Newer
calculations for one-electron systems (Massacrier 1986 )ithium ions Lil and
Lill (Massacrier & EI-Murr 1996) deviate clearly from the ¢ia formula. How-
ever, the largest contributions to the bound-free forcebeawell approximated by
using formula 5.4 for all bound-free absorptions (Richealel997).

To test the @ect of the modi ed bound-free transitions, two types of misde
were calculated. One set of models includes the element®ggd, oxygen, sil-
icon and phosphorus. In addition to that, models with hydrognd iron were
computed, in order to investigate th@aet on iron with its large number of ab-
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Figure 5.5: The oxygen abundances over depth in a model with H3Ca@d P, calculated
with Tep = 54000K and log = 8:2. The abundance is shown fo@dirent percentages of
transferred momentum to the ion in bf-transitions.

sorption lines separately.

For the rst set of models the atmosphere calculations Wigh= 54 000K and
logg = 8:20 show that the abundances of C, O, Si and P are®eittad in a signif-
icant way by the modi ed bound-free transitions. The conigam between abun-
dances at each depth of the atmospheres calculated withdldeav bf-transitions
reveal only minor, almost non-existent deviations ( guré)s Since the correction
factor in formula 5.4 depends on the frequency, it is ingelly not clear how large
the expected scalingRects are on the radiative forces.

To see if a modi ed treatment of the photoionization can hamémpact on the
abundances at all, ®rent calculations have been carried out assuming a canstan
factor of momentunp transferred to the ion and varying its value. The value is
lowered in steps of 0.2 starting with a high percentage ofsfierred momentum
(0:7p). The result for O7p appears to be similar to the calculations with formula
5.4, only the abundances of oxygen and carbon are sligBdgtad, both species
with very detailed model atoms. Lowering the transferrechmantum to Gbp
leads to a large decrease in the abundance of oxygen at depthed logn=j 3.

A momentum of Bp and Qlp transferred decreases the abundance of oxygen
in that region further and broadens the minimum to neighfapdepths. This is
illustrated in gure 5.5, where the abundances of oxygen aueis calculated with
di®erent momentum transferred to the ion are depicted.

The other elements in the model are not stron@gcied. The derent ioniza-
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tion stages of oxygen behave in a similar way. It can theeelf@r concluded that
the modi cation of the photoionization®@ects the element as a whole. Further-
more, it is remarkable that only the abundance of one elerogngen, is changed
in a relevant way, while the other elements do not show a sigmi alteration.

In the newly computed models with hydrogen and iron, thetikdanumber of
iron ions in the atmosphere is not signi cantly changed. éesglly in the regions
i 2<logm< 0, important for the line formation, the result is compaeatd the
old atmospheres. More important than the change of abuedanith depth is
therefore the possiblé&®ect on the emergent ux. The emergent ux resulting from
the formal solution of the equation of radiative transfartfe X-ray wavelength
range with its many iron lines shows very smal®diences. For ux values in the
order of 18°%ergcni2Ai1si1 they are around #ergcni2Ailsi 1. For strong
line features they add up to under 0.5%, for regions closérgaontinuum they
are even lower. For lines of other elements than iron thesdn is similar. A
closer look on the oxygen and carbon lines in Fi¢SE spectral range shows that
they are as well not@ected by bf-transitions modi ed with formula 5.4.

Obviously a modi ed treatment of the bound-free transiiamthe model atmo-
sphere computation can be accomplished by using formulf@badl bf-transitions
in the calculations of the cross-sections. Ti®@&s of the modi cation on the
emergent ux, important for the line identi cation of elemts, can be regarded as
minor. The most important contribution for the radiativegleration stems from
the transitions between two bound states (Richer et al.)1997

5.4.2 Bound-bound transitions

Bound-bound (bb) transitions are those between atomid¢séwen atom caused
by the absorption and emission of radiation (Mihalas 19TOhhe energy of the
radiation is absorbed by the atom an electron is moved to lzehigvel and the
atom is excited until the energy is released. In the orighd&RT code the re-
distribution of transferred momentum over the ionizatiteges in bound-bound
transitions was disregarded. In other words, the momentusuch a transition
was completely transferred to the next higher ion. Thisttneat is based on the
assumption that a possible ionization following the exmitaof the ion takes place
before the ion is deexcited by transferring momentum torathres through colli-
sions. Especially in very hot atmospheres this can not ad\/mB/guaranteed. The
high temperature corresponds to a high thermal velogity: ~ 3kT=m * which
results in a small time between the collisions |=v, 2. Therefore, for a realistic
treatment the probabilities for an ionization process iricamand for a collision

1with the Boltzmann constalkt= 1;3806504(24¥10 23JKi 1 and the mass of the atom
2Here the mean free patiiepends on the particle densitand the cross-sectich, | = (¥n)i L.
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Figure 5.6: The @ect of modi ed bound-bound and bound-free transitions on the aacup
tion numbers of iron super levels in the atmosphere exemplarily shovthddrands of Fe
V and Fe VI in a model withTeg = 56 000K and log = 7:9. Starting with the top left and
going clockwise, the plots show the following: 1. Model calculated with theirmaigreat-
ment of bb- and bf-transitions. 2. New treatment of bound-free itians. 3. DiRerence
between the rst two. 4. New calculation of bound-bound transitions. &hBe nements
are implemented. 6. Berence between the last two.

between two ions have to be determined precisely. In anytéermomentum is
either transferred to the next higher i or to the originally excited iom\.

As a rst approach and to test the consequences, the catmulaf the bb-
transitions is modi ed to keep the whole momentum at khweer ion A'.

The results for the rst set of models resemble the invesitigaof the bound-
free transitions. This time however phosphorus shows thatgst deviation. The
abundances on both the inner and the outer part of the atrasate higher, while
the intermediate regions again show only a sligt®edéence.

For iron the behavior is similar. The structure of the disition of the abun-
dances is smoother than originally, leading to a higher rema ions at small
depths. In gure 5.6 the in uence of the modi ed treatment lmbth the bf- and
bb-transitions on the occupation numbers of several iregl$ecan be seen. While
the modi ed bf-transitions leave the occupation numbensaat unaltered, a mod-
i cation of the bb-transition results in a recognizable nga. The @ect on the
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Figure 5.7: Rect of a modi ed treatment of bound-bound transitions on a model with
hydrogen and iron an@lee = 56 000K, logy = 7:9. A model with full momentum given to
ionization stagel (black) is compared to a model with full momentum at stalfé (red)
and a model with half of the momentum attributed to each stage (blue). Theemment

of bound-free transitions is implemented in all three models.

emergent ux is larger than found for the modi ed bound-freansitions. The
changes sum up to a mean deviation between the uxes of urkdér for partic-
ular line features they can however exceed this value. Téngatdon is not ex-
tremely higher than the original change in ux taken for tlwgeergence criterion
by Landenberger-Schuh (2005), even though it should bedrtbt the criterion
allowed only amaximum ux change of 5%. Nevertheless, a signi cant in uence
on possible line identi cations can not be recognized. kemnore, the complete
lack of any momentum transfer to the higher ionization stisge maximum
impact possible on the computed spectrum and is not verigtieal

For this reason as an additional test only half of the mormmrtansferred was
kept at ionAl. The other half was distributed to igh**. This is implemented by
simply changing the treatment in the calculation for evexgosid ion. Since the
ions are virtually randomly chosen, this method can not lganaged as realistic.
Nevertheless, it gives insight in the in uence of the bimsiions on the emergent
UX.

The change reduces theRdirence with theold model further. In fact the dis-
crepancies are lowered to at least half the deviation obddor a model with full
momentum at ionization stageé*!. Figure 5.7 shows a comparison of three mod-
els calculated with dlerent momentum attributed to the higher ionization stage
A*1 Obviously an @ect is mainly noticeable if the whole momentum is kept
at the lower ionization stage. A reduced amount of momentamsterred to the
lower stage does not result in an important change in thegamerux. Therefore
a more complex treatment of the rescaling over the ioninattages, as described
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Figure 5.8: Top panels: Abundances in a model calculated Tiighs 54 000K, logg = 8:2
and elements H, C, O, Si, P, and S (left). Abundances of the element¢atattin a model
with hydrogen and one single other species (right). Bottom pane®ef@nces between
both top panels. All models calculated wifhp = 54000K and log = 8:2.

above, may be considered unnecessary.

5.5 Model atoms

As described in the previous section, the self consisteratigulated abundances
of the elements at each depth depend on the momentum, whidniferred to
the atom. Since the momentum can only be transferred viaitiams between
levels that are included in the atom, a detailed model ataimmwany bound-bound
transitions is of importance. The higher the number of aeld transitions in the
model atom is, the larger the computational time and memeayired. Therefore,
for computations with many elements in most cases the nuifELTE levels
is restricted to the important ones. These are the basitslefesach ionization
stage. For ionization stages with lines in the observedtspatwore NLTE levels
are calculated. Other levels are treated in LTE.

The eRect of a varying number of lines and transitions on the radizdccel-
eration was tested for @rent atoms. For the elements C, O, Si, P and S models
with hydrogen and one of the ve elements, as well as a moad#liding hydrogen
and all elements simultaneously, were calculated. Wheleaaumber of levels
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Table 5.1: Overview of the model atoms used for the calculations of traehwath the
elements H, C, O, Si, P, and S (small), and for the models with hydrogeomma single
other element (big).

NLTE levels (small) 11 89 107 71 37 56
NLTE lines (small) 45 401 388 139 21 112
NLTE levels (big) 11 159 302 142 87 96
NLTE lines (big) 45 853 1561 165 21 222

treated in NLTE is limited for the model with all elementst fbe models with the
single atoms the maximum number of NLTE levels and transitis used. The
exact number of NLTE levels and transitions used is showabtet5.1.

The e®ect on the abundances of the elements can be studied in g8rerhe
abundances of the elements in the model atmosphere caldwiéth all elements
and hydrogen with the small model atoms is seen on the lefe right panel
shows the abundances of the elements in a model calculatechydrogen and
one speci ¢ element only, using big model atoms. Sligi®@atences between both
cases can be found, which are shown in the lower panel. Thalbbehavior of
the abundances in each depth of the atmosphere, howevengstadentical. This
means that the abundances are not m@®&scted by including more NLTE levels
for one element.

To rule out that possible interactions between the eleneantde the cause for
the diRerences, model atmospheres including H and one single spleeies with
small element model atoms were calculated. These atmaspkbow the same
abundance pro le as the atmospheres calculated with H dnottteér elements
simultaneously (see gure D.2 in the appendix). A model etpiwere including H
and a combination of two elements (Si,P), which makes udeedfiigh number of
NLTE levels and transitions for both elements, con rms tiésult and agrees with
the previously calculated abundance pro les for Si and P@rhodels with these
elements and only H with the big model atoms. The results uregs.8, however,
show that for the biggest model atom used (O) with the lamgestber of levels,
the biggest deviations can be found. Obviously, not onlyréiative number of
levels treated in NLTE plays an important role, but also theotute amount of
levels available for the model atom is relevant.

A change in number of NLTE levels used in th@&dsion calculations goes at the
expense of a longer computational time. Therefore, inclgdinore NLTE levels is
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Figure 5.9: Grotrian diagram showing the considered transitions betilveemergy levels
in the Ge IV ion. The 4s-4p transition that produces a doublet at 118043 1229.84 A
is marked.

only reasonable if an®@ect on the emergent uxes and the line features of elements
is expected. This@ect, however, is minor. The tests show that only for Si and P
recognizable dderences can be found for features in Fle@SE wavelength range
(see gure D.1). The Siline gets stronger while the P lineveha weaker feature.
This might explain the tendency of the®tision model to produce too weak Si and
too strong P lines in the analysis BUSE spectra in chapter 6.

5.6 Germanium model atom

For the detailed analysis of the line features in EHig¢SE spectrum of the white
dwarfs in chapter 6, suitable atomic data is necessary.Heomibst common ele-
ments in stellar atmospheres very detailed model atoms eXiey include con-
rmed level energies and oscillator strengths for tramsis between the levels.
This results in photon cross-sections, which are eitheutated for each level in-
dividually or by combining all energy levels of one ion inveral bands, as done
for the line-rich iron group elements (cf. section 4.2). Hoe heavy elements
beyond the iron groupZ(> 30), however, not enough details of the occurring tran-
sitions are known yet.

An example of such a heavy atom is Ge. Lines of GelV have ondgmty
been identi ed for the rst time in a WD spectrum (Vennes et 2005). Due to
the lack of data, a suitable model atom for the computationgdoonly be derived
approximately. For their LTE analysis Vennes et al. (20089dutheSYNSPEC
code by Hubeny & Lanz (2000). It was modi ed to include paetit functions
and ionization energies from tdLAS9 code (Kurucz 1993) for the neutrail,
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Table 5.2: Properties of the transitions in the Ge IV model ion ( rst columrhe 4s-4p
transition used for the computation of the model structure is splitted for fbalaton of

the synthetic spectrum. Thievalues are either taken from Chayer et al. (2005) or adapted
from a C IV model ion.

Transition f-value Wavelength [A]  Source

4s-4p 7483¢10 1 1202.33 Chayer et al. (2005)
4s-4p(12) 2:494¢101 1229.84 Chayer et al. (2005)
4s-4p(32) 4989¢101 1189.03 Chayer et al. (2005)
4s-5p 2142¢101 1 440.37 CIv

4p-5s 1275¢101  861.39 CIvV

4p-4d 1012¢101 1 929.54 Clv

4p-5d 5125¢10 1 542.43 CIv

Ad-4f 3648¢10 3 1498.32 CIv

5s-5p 8423¢10' 1 3594.82 Clv

5p-5d 1443¢1011  2472.43 Clv

and+2 ionization stages of germanium (Brt et al. 2001). For the next two
higher ionizations stages of Ge the partition functiondd¢only be approximated
by the ground-state statistical weights. For cool atmosgh@ e - 30000K) the
high-lying states are of less importance and the expectadtams are small. The
higher the temperature, the more relevant these statesigesiod the approxima-
tion becomes unreasonable.

In any event, the partition functions and the statisticabiveapproximation can
only be used under LTE conditions. In chapter 6 the rst NLTiakysis of Ge in
a stellar atmosphere is described. The properties of thet@e are determined
using a d®erent approach. The newly modeled Ge atom used in thesdataos
is rather rudimental. The energies of the levels are taken theNational Institute
of Standard and Technology (NIS&omic spectra databadetp://physics.
nist.gov/ ). These level energies and the corresponding transitiotisei Ge IV
ion are shown in a Grotrian diagram in gure 5.9.

The oscillator strength of the radiative bound-bound ttars between the 4s
and 4p levels is taken from Chayer et al. (2005). This trasis splitted for the
calculation of the synthetic spectrum and corresponds toubldt at 1189.03 A
and 1229.84 A. The oscillator strengths of the other trarstare not known.
Therefore, thef-values of the known transitions of the isoelectronic C 1Y are
used instead. Table 5.2 gives an overview of the useedlues of the transitions
and their sources. The most important transition betweertshand 4p level has
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Figure 5.10: GelV line pro les from model atmospheres with H and Geutated with
Tep = 57000K and log = 7:6. One model is computed with NLTE occupation numbers
and the approximations mentioned in the text (solid line). The other modetded into
LTE by increase of the collisional rates (dotted line).

adequatef -values. The approach to adapt carbdemalues for germanium can be
justi ed by the similar electron con guration and level egées of the two ele-
ments. However, it should be kept in mind that in a model dated with a homo-
geneous mixture of elements, this approximate atom migituwre line strengths
that are either too weak or too strong compared to a moreleétaiodel atom.
Nevertheless, the calculations account for a NLTE conditind are more likely
to reproduce realistic line strengths than a pure treatmehTE. To check how
big the diRerence between LTE and NLTE models are, the NLTE atmosphares
be forced into simulating a LTE condition. This is done byreasing the colli-
sional rates. If they dominate over the radiative ratesthe departure caecients
are close to unity, the atmospheric structure can be reddodee in LTE.

The eRect of NLTE can be seen in gure 5.10. The line strength is vegdkan
for the LTE model atmospheres. Obviously a Ge abundancendieied by a t
to at least one line of the Ge IV doublet depends on the tredtofahe statistical
equilibrium. The resulting @erence in the line strength corresponds to a change
of a factor 2 in the abundance derived by a line tting proaeduA deviation
due to the approximate model atoms can be excluded, singatbémplemented
in both models. The relative line strengths of the LTE and Blohiodels should
therefore be realistic even if the absolute strength ofittesican still be imprecise.
The identi cation of the component at 1189.03 A and the afittn determine the
Ge abundance in a WD spectrum with the model atom is descnibgection 6.7.
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Chapter 6

Analysis of LB 1919 and GD 246

In this chapter the analysis of the white dwarfs LB1919 and2@® is de-
scribed. For a better understanding of the developmentebfitained results
the chapter is structured in the following way. First, a baeerview of previous
investigations of LB 1919 is given (section 6.1), followeg the analysis of the
Chandraspectrum with homogeneous and strati ed model atmosphiecasding
hydrogen iron and nickel (section 6.3). The same is done BR&S (sections 6.4
and 6.5). In the following sections (6.6 and 6.7) tRgSE spectra of both stars
are analyzed and elements and abundances identi ed. Wétlwvtim information
the EUVE spectra of both stars are analyzed (section 6.9). Fin&léyChandra
spectra are investigated again with the knowledge of theposition of the atmo-
spheres gained from the results of the prior analysis (@ext.10 and 6.11).

6.1 Previous investigations (LB 1919)

LB 1919 has rst been investigated by Vennes et al. (1997 eyTpresented their
e®ective temperature and surface gravity determinationgfsample of 90 hot
white dwarfs detected in thextreme Ultraviolet Explorer (EUVERI-sky-survey.
E®ective temperature and surface gravity were constrainied 8almer line spec-
troscopy and pure-hydrogen model atmospheres. For thendatgion of the
chemical composition EUV photometry and spectral synthwith variable abun-
dances of helium and heavy elements (C, N, O, S, Si, Fe) wak Udeile Vennes
et al. (1997) obtained = 68640K and log = 8:08, Finley et al. (1997) failed
to determine the®ective temperature by performing ts to the Balmer linesgsi
their model atmospheres. Although LB 1919 appeared to hax@raal gravity,
Finley et al. (1997) discovered at-bottomed Balmer lin® s and suggested
orbital or rotational velocities of 1000km$* as a possible interpretation.

The nextinvestigation of LB 1919 has been accomplished bi@a&tbal. (1998a).
They concentrated on a sample of 20 DA white dwarfs from Eu8/E public
archive. Since the spectral resolution of #VE instrument is too low to detect

53
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individual metal lines, they chose the well studied DA G BB as reference ob-
ject for the analysis of the other white dwarfs. Assumingsame relative abun-
dances as for G 191-B2B and introducing a free scaling fdotdhe total amount
of metals, they were able to reproduce the spectra of moseafdnsidered DAs.
For LB 1919 they determined a metallicity at least ten timeslter compared
to that of G 191-B2B, assuming the values and logg from Vennes et al.
(1997).

Based on previous results, Landenberger-Schuh (2005) éréarmed an anal-
ysis of an EUV selected sample of hot DA white dwarfs using nevdel atmo-
spheres, assuming equilibrium between gravitational addhtive forces in each
depth of the atmosphere. The parameters in suc®asthin model are reduced to
the éRective temperature and the surface gravity and describerichlly strati-
ed atmospheric structure (see also chapters 2 and 4). ledke of LB 1919 the
use of the new models however resulted in a worse t comparéldd analysis of
Wol®et al. (1998a) with homogeneous models. The reason remaireglained.

In general, a few processes could disturb the reached lequit (see also sec-
tion 2.4), each of which not likely to occur in a hot DA white dxfvlike LB 1919
though. Mass loss for instance would have tlRea of homogenizing a strat-
i cation of chemical elements. For DAs cooler than 70 000 Kistphenomenon
should not yet occur, since mass loss rates drop below eattiitnit (10 15M-=yr,
Unglaub & Bues 1994). Wind accretion for LB 1919 is preveniadtead a mass
loss rate of> 10 18M-=yr can be expected, following wind accretion calculations
by MacDonald (1992). Due to its almost completely ionizedrogen atmosphere,
LB 1919 is convectively stable, so that a convective homizgeion can be ruled
out. A mixing via rotation at last can be regarded as verykehli WDs are in
general very slow rotators and the analysis of a LB 1919 FU&ftsum shows
speci cally deep and sharp Lyman line cores which excludeyh hotation rate.

6.2 Chandra observation (LB 1919)

A Chandraobservation was proposed to clarify whether the distrdsutf met-
als in the atmosphere of LB 1919 is strati ed or homogenedfishe former is
the case, the metals would be in &dsiorlevitation equilibrium, meaning that
the low metallicity is a consequence of a process acting ieatier evolution-
ary stage, which has depleted the metals in the hydrogehogeeHomogeneous
abundances on the other hand would suggest one of the betargomed pro-
cesses to be currently acting, contrary to expectations fieeory. To identify
lines of iron group elements, @handraobservation with a 120 ks exposure time
was performed on January 2nd 2006. Usingltbes Energy Transmission Grat-
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Figure 6.1: Calculated model ux (top) used to simulate @eandracount rate spectrum
(bottom). Model withTee = 54000K and log = 8:2 and the elements hydrogen and iron.
Flux is in ergcm2Ai 1si 1. The bin size L A.

ing (LETG) in combination with theHigh Resolution Camera spectroscopic array
(HRC-S) onboard the satellite, a spectrum in the wavelength rangé®A was
obtained. The rst attempt was to reproduce this spectrutth &@imodel atmo-
sphere calculated with a homogeneous mixture of elememtse $he composi-
tion of the LB 1919 atmosphere was not known yet, it was rat@entrated on a
basic hydrogen atmosphere and iron and nickel respectivelg added to obtain
detailed information about the population of ionizatioates of those elements.

6.3 Comparison with observation (LB 1919)

6.3.1 Homogeneous models

In the case of a homogeneous mixture of elements in the atreosphe model
structure of the atmosphere was computed withRO2 code of TMAP. The
emergent uxes have then been calculated by performing mdbsolution with
detailed model atoms and frequency grids withfihel profcode. For the strati-
ed models theNGRT code was used (see chapter 4 for details). The ux has then
been re-binned, convolved with the response le and muditpivith the &@ective
area of the satellite to compare with tB&andraobservation. The interstellar ab-
sorption applied to the model has been taken from®@¢alal. (1998a). Their value
for the hydrogen and helium column density, i.e. the numbeadicles per criv
towards the star, is N(H B 1:6¢10'%cmi % and He IH | = 0:07 respectively. Figure
6.1 shows the resulting model in counts per bin.

Even though the eye was the main instrument used for the aisopaof ob-
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Figure 6.2: Attempt for the determination of Fe abundances inrGha&ndraspectrum of
LB 1919 (thin line). Overplotted are homogeneous models Wigh= 54 000K, logg = 8:2,
hydrogen and dierent iron abundances in number ratios. Thick linefH=e 1:25¢10 6.
Dotted line: FéH = 1:25¢101 5.

served and computed spectra, a chi-square analysis wawmed for a given
wavelength range to help receive a better overall t. Theralaunces in the fol-
lowing analysis are given in number ration relative to hymnois not stated other-
wise. As a rst approach homogeneous models with hydrogelriran in diRerent
ionization stages for a xed abundance ofAe= 1¢10 4 were calculated to check
for the occurrence of Fe lines in ti&handrawavelength range. Later nickel was
added to the calculations. While no lines of lower ionizatgtages (I-V) are
visible in the Chandrarange of the model spectrum and only a few from Fe VI
and Ni VI, lines from Fe VII-VIII and NiVII-VIII are clearly vsible. However,
compared to the observation, the strengths of the lines teddarge.

Therefore, the amount of iron and nickel was reduced graduéligure 6.2
shows a comparison between two models with hydrogen plusyangsabundance
of iron. An iron abundance of Fd = 1:25¢10 ° shows spectral line features that
are obviously still too strong for the given valuesTak and logg. Furthermore,
it is messing up the overall shape of the model spectrum. Asaltrthe ux at
lower wavelengths is depressed and increases at longetemgies. An amount
of Fe/H = 1:25¢10 © gives a much better t to the observation.

To study the behavior of the overall ux shape for a xed ambuwi iron in
detail, a grid of models was computed, according to the patars determined by
Vennes et al. (1997). This grid includes temperatures figg= 64000K up to
Tee = 74000K in steps of 5000 K, while surface gravities range flogg = 7:9
to logg = 85 in 0.3dex dRerences. The iron abundance was xed to a value
of Fe/H = 1:25¢10' /. For the possible identi cation of iron lines only the .POS
lines from the Kurucz database (Kurucz 2009) were used (septer 5). The
overall shape of the ux is in good agreement with the obsesfgectrum for the
temperatures in the gridifp = 64—74 kK), yet the t is best fofTep = 64000K
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Figure 6.3: Top: Homogeneous model withy = 64 000K, logg = 7:9 (thick line) plotted
over theChandraspectrum (thin line). Bottom: The same for a strati ed model vilith =
59000K and log = 8:5 (thick line).

indicating that the temperature of LB 1919 might be a littesér than expected.
The models are moreRacted by a change in surface gravity at wavelengths lower
than 80 A and are best for lgg= 7:9. Unlike this tting of the overall shape, an
identi cation of iron lines remains di cult if not impossible, since no clear line
structure is visible in the observed spectra. An overviethefdependence of the

t quality on Tep and logg can be found in gure A.1.

6.3.2 Strati ed models

In comparison with the homogeneous models, the abundahtesteace elements
in the strati ed model atmospheres are calculated selsist@ntly. Thus, the only
free parameters determining the behavior of the overallshape are theRective
temperature and the surface gravity. However, compardeetaibdels calculated
with a homogeneously mixed atmosphere with the same tetuperand log
parameters, the overall spectral shape is veBgdint. For small surface gravities
(logg = 7:9; 8:2) and subsequently weaker gravitational forces, the dteat ux
deviates tremendously from the observations. This can plaiered by a too large
amount of iron levitating in the atmosphere (compare gurg)6The best t in
the assumed parameter range can therefore be achievecheittighest surface
gravity of logg = 8:50. The varying temperature has only a minor in uence on the
t. However, similar to the homogeneous models, a tempeeadfiTeg = 64 000K
results in a better t. An even lower temperatureTak = 59000K improves the
t further (see gure A.3). This temperature, however, lieatside the assumed
grid. The comparison of the observed spectra with model s,xalculated with
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varying iron abundances for@grent temperatures and lggn the homogeneously
mixed case, implies that no or only a small amount of irorlfF<e 1:25¢10 /) and
other iron group elements is present in the atmosphere ofd1B1An overview
of the Tep and logy dependence of the t quality of the strati ed models can agai
be found in the appendix ( gure A.2). Smalle®ective temperature<(69 000 K)
and surface gravities<(8:5) result in a better t for homogeneous atmospheres.
Contrary to that, for the strati ed models, high surfacevifsa(> 8:2) is necessary
to achieve an acceptable agreement. Figure 6.3 demosstiatd®Rerent behavior
of homogeneous and strati ed models. Whereas the homogsnaodel (top
panel) is calculated with a relatively low surface gravityogg= 7:9, the strati ed
model (lower panel) needs a signi cantly higher value of dog8:5 for a good
agreement.

6.4 Previous investigations (GD 246)

To verify that the lack of iron lines in th€handraspectrum of LB 1919 is indeed
a special property of this speci ¢ star it was compared @andraobservation of
the DA white dwarf GD 246 (also known as GSC 01164-01078, EU¥EL2-107,
RE J231219104710, WD 2309105). As for LB 1919 @ective temperature and
surface gravity of GD 246 have been determined by Vennes. ¢1297), who
found Tep = 60 100K and log = 7:72 by tting Balmer lines with pure hydro-
gen model atmospheres. Subsequent investigations ledytdlgldi®erent val-
ues based on ts of Balmer and Lyman lines using LTE and NLTElei@tmo-
spheres. Table 6.1 gives an overview of the published eshibteworthy is the
attempt of Schuh et al. (2002) who received their paramétgrs t of a strati-
ed model atmosphere on aBUVE observation overall ux shape. In the most
recent work, Koester et al. (2009) used improved model gima®s including
improved Balmer line broadening data and performé@d minimization based on
the Levenberg-Marquardt algorithm (Press et al. 1992).

Vennes & Dupuis (2002) identi ed iron and nickel in severahization stages
in a LETGHRC-S Chandraspectrum of GD 246. Their NLTE analysis of the
complex of Fe VIVII lines indicated an iron abundance of approximatelyH-e
3¢10 7, i.e. 1% solar. A small number of lines of trace metals cowddenti ed
in the Far Ultraviolet Spectroscopic Explorer (FUS&IdHubble Space Telescope
(HST) spectra of GD 246. Beside elements known to appear in whitefdvike
silicon, carbon and phosphorus, Vennes et al. (2005) i@ehtor the rst time
lines of Ge IV in aHST observation with an abundance of log (Bg=j 8:68 0:2.

A nebular (nter Stellar Medium (ISMpr circumstellar) origin could be excluded.
Assuming similar ionization fractions of C IV and Ge IV andaaproportions, a
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Table 6.1: GD 246 ®ective temperature and surface gravity as determined by previous
analysis. Methods and authors are given in column 3 and 4 the compatitiba model
atmospheres in column 5.

Tew[K] logg Method Authors Atmospheres
60100 7.72 LTE Balmer Vennes et al. (1997) pure H
58700 7.81 LTE Balmer Finley et al. (1997) pure H
59000 7.80 LTEEUVE Wol®et al. (1998b) Hmetals
53100 7.85 NLTE Balmer Napiwotzki et al. (1999) pure H
56000 8.20 NLTE stratiedEUVE Schuh et al. (2002) Hmetals
52000 7.90 NLTE LymanBalmer Barstow et al. (2003a) +netals
51300 7.91 NLTE Balmer Barstow et al. (2003b)  +idetals
54400 7.90 NLTE Balmer Liebert et al. (2005) pure H
57007 7.82 NLTE Balmer Koester et al. (2009) pure H

scaled column density for germanium would result in a cleanldetectable equiv-
alent width.

Di®erent information on the values for hydrogen column desssitan be found
in the literature, ranging from a low value of N(H#)1:3¢10'%cmi 2 (Barstow
et al. 1997, Oliveira et al. 2003), to N(H#) 1:8¢10%mi 2 (Wol® et al. 1998a).
An overview is given in Wabet al. (1999). The quality of the agreement between
observation and model depends on the interstellar absarpkiosen (cf. section
6.11). A better t for theChandraspectrum can be achieved by a small value of
the interstellar hydrogen column density. The followinglgsis uses therefore
N(H 1) = 1:3¢10%mi 2, He /H | = 0:05 and He lIH | = 0:026.

6.5 Comparison with observation (GD 246)

6.5.1 Homogeneous models

Analogously to LB 1919, an analysis of a LEMMRC-S Chandraspectrum of
GD 246 was carried out. Contrary to LB 1919 in this case thetspe shows a
large amount of photospheric features so that the rst apghavith an atmosphere
consisting of hydrogen and iron already leads to the ideation of lines of sev-
eral ionization stages. Thanks to the previous investigatelements and abun-
dances, as well asRective temperature and surface gravity of GD 246, are known
more concretely. Figure 6.4 shows tBbandraspectrum of GD 246 together with

a model calculated with th€e = 55000K and log = 7:9. The model ux has
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Figure 6.4: Chandraspectrum of GD 246 (thin line in counts per bin with a bin size of
0:1A.) with model spectrum (thick line in relative ux) with hydrogen and aarirabun-
dance of F&H = 1:25¢10' 6, showing identi ed iron lines. Model spectrum calculated with
Tep=59000K, logy = 7:9 and shifted for clari cation.

been convolved with the instrumental response and shift@dsike the identi ca-
tion easier. Recognizable are iron lines in ionization stagl, VIl and VIII. The
iron abundance in the model atmospheres can be as high/lds=Fe25¢10i 6.

A lower value (Vennes & Dupuis 2002) leads to a weaker linacstre so that
almost no Fe features are visible in the model spectra. Highlees, as noticed
for LB 1919, derange the overall ux shape (see gure A.6). Abundance de-
termination for Ni gives the same result. However, in thisecanly the SED of
the ux can be taken as the abundance indicator, since neithdil Ni features
can be identi ed in theChandraspectrum. A calculated grid of spectra around
mean values for@ective temperature and surface gravity considering theBENLT
analysis in table 64 shows that the behaviour of this shape follows in general
similar characteristics as the LB1919 ux shape. The griddudes theT g range
from 52 000 K to 62 000 K with steps of 5000 K and goes fromgeg7:6 to 7.9 in
0.3 dex (see gure A.4 for a model overview). The t suggestisttime a higher
temperature but is still comparable to the previous restite surface gravity has
to be lowered to a value of lgg= 7:1 to guarantee a smooth tin the wavelength
range lower than 100 A. This can be seen in the top panel ofeduf, where a
model withTep = 52000K and log = 7:1 is overplotted over the spectrum (see
also gure A.7 for a comparison of homogeneous models wiedent log). A

1The value of Koester et al. (2009) has not yet been publishtithipoint and was not included.
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Figure 6.5:Chandraspectrum of GD 246 (thin lines) with overplotted best- t model spectra
(thick lines). Top: Homogeneous model withy = 52000K, logy = 7:1. Bottom: Strati ed
model withTep = 52000K and log = 8:2. The models include only H and Fe.

higher logg increases the deviation. A lggas low as 7.1, however, deviates sig-
ni cantly from the assumed mean value of Igg 7:89. This is unrealistic and not
in accordance with the model grid.

6.5.2 Strati ed models

For the homogeneous models increasing tBective temperature and decreasing
the surface gravity leads to good results. In the case ofasi stt atmosphere,
a too low logg results in strong deviations from the observed ux in thehag
wavelength ranges>(80 A). Again a strong surface gravity (g 8:2) is neces-
sary to prevent iron from levitating in the atmosphere. Aareiew of the d®erent
models in the grid is shown in gure A.5. Not surprisinglyethighest value for
logg so far determined was derived from BYVE analysis with strati ed models
(Schuh et al. (2002) cf. table 6.1). Varyiige once again has a comparatively
minor impact on the overall structure.

The large number of lines in th€handraspectrum of GD 246 indicates the
presence of numerous elements and ions along with an unkopacity in wave-
length ranges not observed Ihandra The X-ray ux is produced in deeper
layers and is radiated to the surface. Changes of opacitytémmediate layers
therefore determine the actual amount of ux emitted ada the shape of the
emergent spectrum. While tting the spectrum of LB 1919 witilyohydrogen and
iron works well, in the case of GD 246 a good agreement betwbsarvation and
strati ed models can hardly be achieved. Obviously a momalex composition
of the atmosphere is needed to shift the ux maxima towardsdr wavelengths.
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Figure 6.5 shows the best t homogeneous and strati éBdimodels.

The results of the analysis of tlighandraspectra of LB 1919 and GD 246 with
models including H and KNl yields some information about the photospheric
properties of the stars. In the next sections the analysstended to th&USE
and EUVE wavelength range to gain additional knowledge. Tt&ndraanalysis
is then continued in the sections 6.10 and 6.11.

6.6 FUSE analysis (LB 1919)

6.6.1 Parameter checkup

Since the analysis of th€handraspectrum of LB 1919 only reveals a lack of iron
and nickel, additional hints for occurence and abundantesher elements are
necessary. In order to better reproduce @@ndraobservation, we gather infor-
mation about the composition of the atmosphere and checl farssible strat-

i cation or current disturbance by an analysis oF&/SE spectrum of LB 1919.
For the comparison between models and observations theutethpux has been
convolved with the spectral resolution of tR&/SEinstrument (0.05 A) and scaled
to the continuum of the observation.

Before starting to enrich the model atmosphere witRedént elements and
check for their presence in the observation, a checkup fopégature and surface
gravity had to be carried out. Previous determinations o$é¢hvalues were rather
rare and our preliminar€handraanalysis already indicated that the assumed val-
ues based on Vennes et al. (1997) might be worth a recon8atera the given
context. For this purpose a grid of pure hydrogen atmosgheith di®erentTep
and logg was calculated to t the temperature sensitive hydrogen agrines in
the FUSE spectral range.

As indicated by the analysis of thi@handraspectrum, the~USE spectrum of
LB 1919 favors a signi cantly lower temperature. Insteadiod assumedee =
69000K, the temperature range is more likely to be 52-56 kKg still in the
range 7.9-8.5. Figure 6.6 shows a comparison between a roaldelated with
the highTeg and a better tting model witil e = 54 000K. Adding more elements
to the atmosphere had no major in uence on the line ttinggis®n.

The in uence of the hydrogen column density on the ux shapd an the lines
of elements other than hydrogen was investigated conaglére relation between
reddening and hydrogen column density in the Galaxy by G&verel (2009).

3 ,

Ny cmi? = (6:868 0:27) ¢CLCPLE(B-V) (6.1)

A hydrogen column density as high as N(HI1:6¢10'°cmi 2 (Wol®et al. 1998a),
corresponds to a reddening of E(B-¥)0:002mag. This produces an unrecogniz-
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Figure 6.6: Fitto the Lyman lines in tHeUSEspectrum of LB 1919 (thin line). Overplotted
are pure-H models witfTee = 54000K, logy = 7:9 (thick line), and a model witf e =
69000K, logy = 7:9 (dashed line). Models are scaled to t the local continuum.

able change in the model ux, as do the tentatively applieldes of 0.005 and
0.01 mag. In contrast, absorptioRexts by thed SM are noticeable. They become
manifest in several interstellar absorption lines whickiento be carefully sepa-
rated from the photospheric features. Since nothing altmuatmospheric trace
elements of LB 1919 was known, ti&JSE spectrum was checked for lines of el-
ements known to appear in DA white dwarfs. The elements famitite spectrum
of LB 1919 were then included in the calculations succe$gives for the Chandra
range, models with a homogeneous mixture of elements intthesphere as well
as strati ed atmospheres were calculated and comparedmblael grid contains
the temperature$ee = 52-56 kK in steps of 2000 K and gravities lpg 7:9-8.5

in steps of 0.3dex. Again the abundances in the followindyaisare given in
number ratios relative to hydrogen unless stated otherwise

6.6.2 Elements and abundances

Two CIllI features are visible in th&USE spectrum of LB 1919, a singlet at
977.03A and a triplet around 1175A. For the determination of the carbon
abundance the singlet is excluded, since it contains a sagiinterstellar con-
tribution. The carbon triplet can be successfully repreduwith an abundance of
4:63¢10 7. This abundance provides a good agreement for most of theetem
tures and surface gravities in the model gFig = 548 2kK and logg = 8:28 0:3
(see gure B.1). FoiTegp = 56 000K the abundance can be reduced slightly for a
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Figure 6.7: Homogeneous (thick line) and strati ed (dashed line) medBIT ;=52 000K
and logg = 8:5, tting the C lll triplet in the FUSE spectrum of LB 1919 (thin line). The C
abundance in the homogeneous modeldsi€ 4:63¢10i 7.

better match giving an error for the abundance 6120 ’ (see also gure B.13).

The self-consistently calculated abundance of the s&dtimodels is satisfac-
tory. Since these models calculate the abundances for eegth of the atmo-
sphere a single abundance value can not easily be given. Qssbjity is to
take the abundance abss= 2=3 as a representative value (Chayer et al. 1995b).
Another way is to t the suitable strati ed model spectrawiomogeneous model
spectra and determine the abundances of the best tting geneous model (Drei-
zler 1999b). In order to determine, whether the strati eddels are suitable
in reproducing the spectral lines, however, only a relatigsecription of the line
strength has to be given. Small variations with changingigraan be detected.
The best result can therefore be achieved for the higheseafllogg = 85. A
lower gravity results in an excessively high abundance andtrong C 11l lines.
Figure 6.7 shows a nicely tting strati ed model with the ¢esponding one cal-
culated with a homogeneous mixture of elements. The depeed# the strati ed
models onlee and logg can be studied in detail in gure B.2.

The abundance of oxygen can only be roughly estimated. Thé ©sdénance
doublet at 1031.91 Aand 1037.61 Aiis visible. They are bldrgean interstellar
O VI doublet. No other oxygen feature can be identi ed. Cansmtly, only an
upper limit of 4¢10 © for the oxygen abundance in LB 1919 can be estimated.

The strati ed models predict a low oxygen abundance forglegr:9, hence an
almost unrecognizable line feature, suggesting that thiempart of the visible
line is contributed by the ISM (see gure B.4).

Several lines of Si in ionization stage IV are visible, l@mhtat 1066.63 A,
1122.48 A, and 1128.33A. Additionally a Si lll triplet araii109.97 A can be
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Figure 6.8: Homogeneous (thick line) and strati ed (dashed line) maiited lines of PV

and SilV in theFUSE spectrum of LB 1919 (thin line). The abundances in the homoge-
neous models for temperaturss = 548§ 2kK and logg = 8:2§ 0:3 are SiH = 1:2¢10 /

and SiH = 3¢10 °. The predicted diusion abundance for P is almost in agreement with
the observation folfegp = 52000K and log = 8:5. The mismatch of the Si line for these
parameters is obvious. See text for details.

seen. The Si lines in the spectrum are free from interstetfatamination. An
abundance of :2(§0:2) ¢10 7 provides a good t for the Si IV lines and all tem-
peratures and gravities in the model grid (see gures B.6 Bridl). The Si lll
lines are much weaker. Therefore they cannot that easilgée for an abundance
estimate. Nevertheless, they agree with the determineddalnee, preferring the
high logg and lowTeg (compare gure B.13).

In the case of silicon the strati ed models fail to predictiuatable abundance.
The modeled lines are too weak for any temperature and griavthe grid. The
best t can be achieved for lag= 7:9. This value, however, is still high enough
to eRectively counteract the weak radiative forces on the giliamms. A possible
explanation for these weak radiative forces is the stillénfigct model atom of
silicon used in the calculations. The radiative acceleratif the model atoms
strongly depends on the number of radiative bound-boumnditians incorporated.
More exact results can therefore be expected for bigger hatoms e.g. oxygen.

The P V resonance doublet appears in the spectrum at 1117288 A128.01 A .
The lines strength does not vary much with temperaturesagugisee gure B.6).
The abundance for models with homogeneously mixed elene8(§1) ¢10 ° for
Tew = 548 2kK and logg = 8:28 0:3 (compare gure B.16).

The ts for the strati ed models are not completely satisfyi For a wide range
of Tegp and logy the lines are too strong to t the observation. An acceptable
t can only be achieved for the lowest temperatuiige{= 52000K) and highest
logg (8.5), contrary to the tendency shown by the silicon linegoé undetailed
phosphorus model atom is this time more unlikely to explaggtrong lines. For
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an expanded one we would expect a higher radiative forcesdaloy the higher
amount of bound-bound transitions and along with it an evighdr abundance
of phosphorus. Nevertheless, unpredictable interdepeige between @erent
elements are possible. A way to match the line pro les of belfments is to
take a low temperature arouige = 52000K and a log as high as log = 8:5
for granted to explain the phosphorus abundance. The toailm®n abundance
for theseTep and logg might then be attributed to the inseient model atom
(compare gure 6.8).

Sulfur appears in @&erent ionization stages. A S IV triplet can be seen in the
observed spectrum at 1062.66 A, 1072.96 A, and 1073.508 Ast@able is the
existence of an SV line at 924.22A. It is very weak at best. Al 82¢onance dou-
blet appears at 933.38 A and 944.52 A. One of the componentbe@onfused
with an interstellar Ni Il line, identi ed for example in theUSE spectrum of the
white dwarf PG 1342444 at 944.37 A (Barstow et al. 2002). However, the ap-
pearence of the second component makes it more likely tisaislightly shifted
SVl line in both cases, which can also be seen in the modelsgiheres. A tto
the most clearly visible S IV lines gives a sulfur abundarfck§0:5)¢10 7 ( gure
B.19) for Tee = 548 2kK and logy = 8:28 0:3 (cf. gure B.9). A tto the SVI
lines favors a slightly lower abundance (see gure B.10).

The strati ed models t the observations best for lpg 8:5 but contrary to the
case of phosphorus a high temperatUrgE 56 000K) is needed (cf. gure 6.9).
Lowering the temperature requires as well dog 8:2 to maintain an appropriate
t. A value of log g = 7:9 however is too low to match the observation for the given
temperatures ( gure B.9).

Since theChandraspectrum of LB 1919 did not reveal any signi cant iron or
nickel lines, the expectations for tleJSE range were even lower. Most of the
lines of the higher ionization stages of iron and nickel etpé to appear in a hot
white dwarf like LB 1919 lie in the X-ray range, for which reasthe Chandraob-
servation was taken. As a matter of fact, no iron or nickeddican be seen in the
FUSE spectrum. Thus, the maximum abundances of iron and nidledistent in
the atmosphere at all, can only be roughly estimated. Thagth of the iron lines
in the case of a homogeneous distribution in the atmosplae Kot vary much
within temperatures ofe» = 548 2kK and logy = 8:28 0:3. Thus, within these
margins detectable lines are mere®eated by changing abundances. The maxi-
mum amount of Fe can be expected Tgp = 56 000K and log = 7:9. For these
parameters, an enhanced amount of iron would lead to limeslglrecognizable
in the FUSE spectrum at an abundance=Fe> 1:25¢10 °. Any lower abundance
would disappear in the noise of the observation.

A calculated strati ed model atmosphere with hydrogen aod is more sensi-
tive to changes iTep and logy. Thus, for the maximum amount of iron possible
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Figure 6.9: Detail of th&=USE spectrum of LB 1919 (thin line). Homogeneous (thick line)
and strati ed (dashed line) model wiffye = 52000K and log = 8:5, tting lines of SIV
and SilV. Contrary to phosphorus for the strati ed model a high termipee is needed to
t the sulfur feature.

a high temperature for the radiative acceleration and a tmyg to prevent the
gravitational settling are needed. The model calculatetl We = 56 000K and
logg = 7:9 reproduces the spectrum well. The abundance is low encwjh@Fe
lines are detectable.

In the case of nickel the situation for both homogeneous &atl ed models is
similar. In the rst case any abundance higher tharHN® 1:25¢101 ® would pro-
duce nickel lines strong enough to be visible in the obseEmdbr Tep = 56 000K
and logg = 7:9. These parameters provide the maximum amount of nickelipos
ble in the strat ed model atmospheres. But even this amautda low to t the
observation and produce no detectable lines.

It should be pointed out that the abundances for iron andcehesltimated above
are the upper limit for the analysis of tl&SE spectrum and it is more likely that
the abundances are much lower (cf. subsection 6.3.1).

6.7 FUSE analysis (GD 246)

6.7.1 Parameter checkup

The values for @ective temperature and surface gravity for GD 246 have been
determined numerous times (cf. table 6.1) and contrary tA2B diRerent ele-
ments and their abundances have been determined. Neesghal rst parameter
checkup was performed to continue the analysis oRU&E spectrum on a solid
basis. Similar to the analysis of ti@handraspectrum, rst a grid of hydrogen
model spectra around the mean valuesTigyand logg of table 6.1 was used to t
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the hydrogen Lyman lines.

The results show that the temperature is very likely to béérange 58 2kK
and logy between 7.3-7.9. These values do not deviate signi camtynfthe
ones previously determined. The temperature is slightijhdni than originally
expected, hence higher than the newly determined value Bat919. For the
analysis of the element abundances a grid of models witheéemtyres between
52-59kK and log as given above was calculated and elements with detectable
lines in the spectrum were added analogously to the appfoati 1919.

The e&Rect of hydrogen column density on the spectrum of GD 246 wassin
tigated using again equation 6.1. Taking N(HI):8 ¢10*cmi 2 (Wol® et al.
1998a) leads to a reddening of E(B-¥)0:002mag, with no detectable in u-
ence on the model ux. For a con rmation, Hubble Space Telescope (HST)
spectrum of GD 246 was taken from tMultimission Archive at STScl (MAST)
(http://archive.stsci.edu/index.html ). Reddening and hydrogen column
density have been applied to the models and compared to seevalnl ux. Again
the expected reddening of 0.002 mag does not change thdatattuwx. Only
enhancing to 0.05 and 0.1 mag respectively lowers the madbelsigni cantly.
This, however, condradicts the observation. For the etitmaf eRects caused
by interstellar matter, interstellar lines have been medi@lith theOWENScode
and applied to the spectrum, in order to simplify the idecdtion of possible
photospheric features. A number of lines can be found ilRUSE spectrum of
GD 246, including elements and ionization stages appearing 1919.

6.7.2 Elements and abundances

While the C Il triplet was the most compulsive indicator foetabundance deter-
mination in LB 1919, it is missing in GD 246. The only carboatigre appearing
is the singlet at 977.03 A. As before, the signi cant intetistr contribution of the
line disquali es it for the abundance determination. Saill upper limit for the
abundance of carbon can be given. Any value higher tha2 ¢10' 8 would result
in a detectable carbon triplet aroundl175A for 57§ 2kK and logg = 7:6§ 0:3
(see gure B.3).

All strati ed models computed for GD 246 show carbon feasuteat are clearly
too strong to match the observation. For some reason theraibundance of
GD 246 is unexpectedly low and cannot be explained by a madeinaing equi-
librium between radiation and gravitational forces.

As mentioned before in the analysis of LB 1919, fg¢SE spectrum of GD 246
does not show clear features of the O VI resonance double®t.91A and
1037.61A. This is a hint that the main contribution of the eved lines in the
spectrum of LB 1919 comes from the interstellar resonameslat the same posi-
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Figure 6.10: Fitto the PV and SilV lines of GD 246 (thin line) with a homogersg(thick

line) and a deusion (dashed line) model. The parameters are in both dages55000K

and logg = 7:9. The abundances in the homogeneous models are R{(§0:2) ¢10 7 and
P=4(82)¢10 °. The SV lines, which are predicted by radiative levitation, can not be seen
in the observation.

tion (see gure B.4 for oxygen in LB 1919). Again an upper lirfor the oxygen
abundance in GD 246 can be given<@¢10 8 ( gure B.5).

The diRusion models in the calculated grid predict an extremely ligygen
abundance resulting in strong lines. As seen in the case df91B, a low oxygen
abundance in a strati ed atmosphere requires aloigher than 7.9, hence higher
than the most likely gravity determined by the Lyman line. ts

Silicon is present in GD 246 in ionization stage IV. Namelyl422.48 A and
1128.33 A. The line strength does not show recognizableatianis for the dRer-
ent temperatures and Igdn the model grid (see gure B.7). A satisfying t can
be obtained for an abundance ofFS1:2(§0:2)¢10  (see gure B.14). This value
is identical to the value determined by Barstow et al. (2003b

The diRusion models show the same behaviour known from LB 1919. The S
lines are consistently too weak and prefer a loweigloghe minimum logy in the
grid for GD 246 is lower than in the case of LB 1919. Therforiting the GD 246
Si IV lines results in a better agreement compared to LB 1919.

Fitting the P V resonance lines at 1117.98 A and 1128.01 Asgiveabundance
of P=4(8§2)¢10 °, suitable for 58 2kK and logg = 7:68 0:3 (see gures B.17
and B.18).

An abundance too high is predicted for phosphorus in thé stlacase. In this
case it can not be reduced completely by varying the surfeméty to achieve a
better match since the lggof 7.9 is not stt ciently high ( gure B.7).

The main focus of attention for the determination of thewsudbundance lies on
the S VI resonance doublet at 933.38 A and 944.52 A (cf. seéti6). No further
sulfur lines can be identi ed and consequently the abunddoc sulfur deduced
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Figure 6.11: Fit to the Ge IV line in thelST spectrum of GD 246 (thin line). Overplotted

is a model with an atmosphere of homogeneously mixed elements (thiclatideg model
with a strati ed atmosphere that was calculated for the rst time with a Ge ratten
(dashed line). Both models are calculated vilith, = 55000K and log = 7:3, which are

the best tting parameters for the®@lision model. The Ge abundance in the homogeneous
model is Ge= 5(§1)¢10i .

from these lines is as low as=S5(§2) ¢10 ® for 578§ 2kK and logy = 7:6§ 0:3
(‘gure B.20).

The strati ed models produce excessively strong lines agtthloe in the same
way as described for LB 1919 (again cf. section 6.6). As foogphorus, the
optimum logg to t the sulfur lines is larger than 7.9. Figure 6.10 showseb of
PV, SilV and SV in the observation and in the overplotted niefler selected
values ofTep and logy to illustrate their behavior. An overview of the dependence
of the line on the dierentTe«e and logy can be found in gure B.11.

Contrary to LB 1919 a large amount of iron lines could be idedtn the Chan-
dra spectrum of GD 246 and an estimate for the abundace of Fe anduld be
derived. No lines of iron and nickel can be seen inft$SE spectrum of GD 246.
Thus the determination of an upper limit for the abundandé&®n and nickel in
the ultraviolet spectral range can be regarded as an adaitionstraint to the X-
ray analysis. Indeed the models with homogeneously mixediirthe atmosphere
show that any abundance higher than@ © would result in detectable lines in the
spectrum fofTep = 59000K and log = 7:9, which is only slightly lower than the
value found at the analysis of th@handraspectrum (FeH = 1:25¢10i6). The
same can be said for the nickel abundance. A maximum value ofIN10 8 is
in good agreement with the one determined befer&¢10 ).

In the case of a strati ed atmosphere the ux produced by a ehaacluding
iron and nickel contradicts the observation. For all modebmeters line features
are clearly seen, which indicates that too much iron andehiake predicted for
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the diRerent logy in the grid. This is a tendency already noticed for phosp$oru
oxygen and sulfur.

Following Vennes et al. (2005), the analysis of photosphianes of elements
in GD 246 was expanded to the spectral range ofHI%F to check for Ge IV at
1188.99 Aand 1229.81 A. The rst component is clearly detbl and a t to
the line yields an abundance of&8() ¢10 ° for 57§ 2kK and logy = 7:6 § 0:3.
The second component is much weaker and not detectable vildrergess of the
existence of germanium in white dwarfs is rather new. NoitbetaN\LTE model
atoms are available yet. Thus the model atom used is baggdylan the similarly
con gured carbon and focused on the identi cation of theesied Ge IV lines. A
detailed description of the model atom can be found in chidpte

For the rst time Ge was included in the self-consisteriudiion calculations.
However, the strati ed models demonstrate a strong depwryden accurate and
capacious atomic data (cf. Landenberger-Schuh 2005 armlests). This could
be the reason why the predicted abundances for Ge IV doesrowtp a sat-
isfying t for all values of Tep and logyg. They t good for Teg = 55000K and
logg = 7:3. For other parameters model and observation are not indeoce (see
gure B.12). Figure 6.11 shows the best t for the®lision model together with a
homogeneous model with the same parameters.

The determined abundances for LB 1919 and GD 246 from the/sinaif the
FUSE spectrum for the homogeneous models as well as a tendentlyefdine
tting with the strati ed model atmospheres can be foundaible 6.2.



Table 6.2: Element abundances (number ratio relative to hydrogehBf1919 and GD 246 as determined from fgSEandHST
spectra with homogeneous models with§52kK and logg = 8:28 0:3 for LB 1919 and 58 2kK and logg = 7:68 0:3 for GD 246 with
estimated uncertainties. The identi ed ions of the elements are noted in theoftimn. The sixth column illustrates the tendency of
the self-consistently calculated abundance of@usgion model to be stronger) or weaker €) than the observed line strength or to
match the observatiorr]. Literature values for the abundances are shown in the seventh coltmersolar abundances taken from
Asplund et al. (2009) can be found in the last column.

WD Element Abundance [K] Uncertainty lons D® Literature Solar
LB1919 C 463¢10 7 25¢07 ClI = 2:69¢10 4
0 4¢101 6 oVi >? 4:9¢10 4
Si 1:2¢101 7 206108  Silll+IlV < 3:24¢10 °
P 3¢101° 1¢10° PV > 2:57¢10 7
S 1¢10 7 5¢108 SIV+VI >? 1:32¢101°
GD246 C <3:2¢10 8 cl >
0 <6¢10 8 oVI > 1:6¢10 7 Barstow et al. (2003b)
Si 1:2¢10 7 2¢108  Silv < 5:0¢10 & Wol®et al. (2001)

3:2¢10i 8 Chayer et al. (2001)

1:2¢10' 7 Barstow et al. (2003b)
P 4410 ° 2¢10° PV > 6:3¢10 2 Chayer et al. (2001)

7:5¢101 ° Wol®et al. (2001)

S 5¢10 9 2¢10° SvI > < 3:0¢10 ® Wol®et al. (2001)

Ge 5¢10i 9 1¢10° GelV < 2:5¢10 2 Vennes et al. (2005) :87¢101 9

Fe <1¢10i6 > < 2:0¢10 ®> Wol®et al. (2001) 316¢101°
3:0¢10 7 Vennes & Dupuis (2002)

Ni <1¢106 > 1:66¢10i 6

ZL

9vZ a9 pue 6T6T 9740 SisAfeuy :9 Jaideyd
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Figure 6.12: Fit to the Balmer lines of LB 1919 (top panel) and GD 246 (boftanel). The
UVES spectrum (thin line) is overplotted with a model atmosphere (thick line) inogualin
elements found in thEUSE spectrum and models with pure H atmospheres (dashed line).
The parameters of the model for LB 1919 dig = 54000K and log = 7:9, for GD 246
Tep=55000K and log = 7:90.

6.8 Optical constraint

The analysis of th&USE spectrum in the previous section was based on a model
grid with temperatures and surface gravities determineal bio the Lyman lines.
This information about the chemical composition of the atpieres of LB 1919
and GD 246 can now be taken to continue the analysis in othezlagth ranges.
The spectra in th&UVE wavelength range are strongly determined by the chosen
values ofT¢g and logg. For a veri cation of these parameters therefore the Balmer
lines in anUltraviolet and Visual Echelle Spectrograph (UVE§)ectrum were
investigated. The spectra of LB 1919 and GD 246 were takendriramework of

the ESO SN la Progenitor surveY (SPMapiwotzki et al. 2001).

The model uxes are convolved with a FWHM of 2.5A and scaled® ¢on-
tinuum of the observation. The determined valuesTarand logg result in model
spectra with hydrogen Balmer lines that are in agreemeitht thée observed ones
in the optical wavelength range.

For LB 1919 the best t can be achieved fog = 54000K and log = 7:9. A
higher logg results in a slightly broader line. For other temperatuhesmodeled
lines become to strong (cf. gure C.1). The GD 246 observatian best be tted
with Tep = 55000K and log = 7:9 (gure C.2). For both stars small deviations
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due to an inaccurate calibration can be seen. TRéckecan be disregarded, since
it aRects the lines only partly.

The models used for the ts to thdVES observation contain all elements iden-
ti ed in the FUSE analysis. However, the ts do not deviate signi cantly if ygu
hydrogen models are used instead. This can be seen in glg & shows the
UVES spectra of LB 1919 and GD 246 together with two model atmogsheith
parameters determined by th&JSE analysis. One model is calculated with the
heavy elements, the other one with a pure H atmosphere. Wtldditional con-
straint on the temperatures and surface gravities used siv éan be proceeded
with the analysis of th&UVE spectrum of the two objects to gain more informa-
tion.

6.9 EUVE analysis

6.9.1 LB1919

The main motivation behind the attempt to analyze X-ray speaf LB 1919 was
the goal to identify lines of individual elements, which @give insight to the
composition of the atmosphere. To account for the opadsctng the shape
of the SED, sometimes a metal index, i.e. a photosphericnpetea-dependent
quantity, is introduced (Landenberger-Schuh 2005). Thengit to explain the
properties of the atmosphere of LB 1919 by calculating istcatmospheres with
the use of this metal index failed. The calculations yieldedodel ux too low to
match the observeBUVE spectrum of LB 1919. Obviously the opacity®@ered
by the assumed metal index, exceeded considerably the astengxn reality.
Figure 6.13 shows the spectrum of LB 1919 and a strati ed rhoathich was
calculated with a metallicity scaled relative to the onetaf tvell studied G191-
B2B. Taking the de nition of (Landenberger-Schuh 2005) tiee metal index,

mi= 4¢10 12 ¢Tee*ggK *s’>=cm]; (6.2)

gives a scaling factor ohi= 0:6 for LB 1919 compared to G 191-B2B.

The model atmospheres obtained by combining the informatiovided by
the analysis of theChandraand FUSE spectra of LB 1919 on the other hand,
include only those elements and abundances, which arevatidedirectly in the
spectra of the star. These are the elements and abundariedsméeable 6.2. A
comparison of theEUVE spectrum of LB 1919 with the so calculated strati ed
models therefore yields a good opportunity to check thetueascy. Also using
additionally atmospheres with a homogeneous mixture ohetds ®ers a way
to check the possibility that the equilibrium between rédeaand gravitational
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Figure 6.13:EUVE spectra of G191-B2B (left) and LB 1919 (right). The observed spectr
(thin lines) are compared to strati ed model spectra (thick lines). Thetspa of LB 1919
can not be explained by a metallicity scaled relative to the one of G191-Bi2Rire taken
from Werner et al. (2007).

forces is currently disturbed, which cannot be excludedmetely by the previous
analysis.

The eRect of thelSM on the ux in the EUV range is very strong. Energy is ab-
sorbed by bound-free transitions of H1, He I, and He II. Thgestof those aborp-
tion processes are located at 911.7 A, 504.3 A, and 227.8shertively. Thus,
knowledge of the ionization fractions resulting from théucon densities towards
the star are of major importance. et al. (1998a) described a procedure for
incorporating thdSM absorption. The synthetic spectra are rst normalized & th
visual magnitude and the interstellar absorption is cated according to Rumph
etal. (1994). The input column densities can then be adjusté&eeping xed val-
ues folfgp and logy. Landenberger-Schuh (2005) adopted the values for the H
column densities from W@ et al. (1999) for the analyzed stars including LB 1919
whenever possible. The&ect of He | and He Il column densities plays an impor-
tant role only at longer wavelengths & 160A) and could therefore be partially
separated from the analysis of the photospheric in uenctherspectra.

The shape of the SED in thieUVE spectral range depends on the interstellar
hydrogen and helium column densities. For the varying teatpees and surface
gravities in the following analysis at rst xed values fohése column densities
were chosen in order to study solely th@eets of changes in the stellar parameters
on the EUVE spectrum. If not noted otherwise, the values for the coluemsd
ties are equal to N(H I¥ 1:6¢10%mi 2, He/H| = 0:04, and He llH| = 0:05,
taken from Landenberger-Schuh (2005). The visual magaitid.B 1919 is 16.8
(Schwope et al. 2000).

For the strati ed atmospheres in the uskg and logg grid (see section 6.6) and
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with the identi ed elements the results are intuitive. Thgher logg, the higher

the amount of atoms forced to settle in the atmosphere. Thegpacity is lower
and the ux is rising. The temperature again has only a mingpdct, although
a higher temperature causes a slightly higher ux. Consetlyehe best t can

be achieved witlTep = 56 000K and log = 8:5. Overall however, the model ux
is not reaching the maximum of the observation at wavelengt?00 A. The top

right panel in gure 6.14 shows an example of thre@dion models with varying
logg.

Adjusting the temperature to a higher level, namely 58 000:¢K&0 000 K, and
keeping log xed at 8.5 therefore does not lead to a visible improvement-
pare gure 6.14, bottom left panel). Moreover, a tempemtalue much higher
than 60 000 K contradicts the results from the Lyman linengtin theFUSE spec-
trum and the ts to the Balmer lines in tH8VES spectrum and should be carefully
dealt with, in order to avoid unrealistic overestimatiodxing the temperature
and raising the surface gravity to Igg- 8:8 results in a better t (gure 6.14,
bottom right panel). Again, this is unrealistic for the abawentioned reasons.

The homogeneous models fail in reproducing Ht¢VE spectrum, even though
they do not posses any opacity coming from elements with tectible lines in
the observation. Here the temperature is the most comgegdmameter @ect-
ing the ux. The higher the value, the lower the deviationnfréhe observation.
Changes to higher Iagraise the ux only marginally. Nevertheless, the calcuthte

ux of all model atmospheres is far too low to provide a satctbry t. Figure 6.14
shows the dependence of the homogeneous models on theesgréadgty in the
top left panel. Apparently, the opacity generated by abemsrin the atmosphere of
LB 1919 in both, strati ed and homogeneous models, is siil karge. In the case
of the diRusion models, this appears to be rather unexpected, sie@abtindances
are calculated self-consistently on physical grounds. &bomogeneous model
yet a wrong determined abundance could account for additefssorption.

The abundances for most of the identi ed elements in LB 19veell estab-
lished by the analysis of theUSE spectrum. For oxygen only an upper limit could
be given (cf. section 6.6). Reducing oxygen by a factor ofrilthe homogeneous
models in fact raises the ux considerably, though still rabugh to match com-
pletely. Reducing oxygen further or removing it completiem the calculations
does not change the ux shape furthermore.

Even though for the @&usion models the amount of oxygen oating in the at-
mosphere is limited, its bare existence could corresponohtiservable opacity.
Thus removing oxygen completely from theRdision calculations eliminates any
oxygen induced absorption. As for the homogeneous modelgRect is no-
ticeable. The oxygen-free models show a better agreemegtire=6.15 shows
the eéRect of removing oxygen from the @usion calculations for a model with
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Figure 6.14:EUVE spectrum of LB 1919 (solid line) with overplotted model atmospheres.
All models include H,C,0,Si,P and S with abundances according to tableT@p left:
Homogeneous models wiffiip = 56 000K and log = 7:9 (dotted), logy = 8:2 (dashed),
and logg = 8:5 (dash dot). Top right: Busion models with same parameters. Bottom left:
Di®usion models with log = 8:5 andTep = 56 000K (dotted),Tee = 58 000K (dashed),
andTep = 60000K (dash dot). Bottom right: Busion models withT¢g = 56 000K and
logg = 8:2 (dotted), logy = 8:5 (dashed), and lagg= 8:8 (dash dot).

Tew = 56000K and log = 8:5. Even though the timproves, some ux is still be
missing. Evidently the oxygen abundance alone can not lpensgble for the lack
of ux in the lower wavelength range.

Considering the analysis of theUSE spectrum two things should be noted.
Even though the elimination of oxygen is improving the tdditly its abundance
was at least predicted to be very low and matched the FUSE\@igm. The
predicted abundances of other elements like silicon andgtarus on the other
hand, did not produce lines of an adequate strength and vithez oo weak (Si)
or too strong (P). A computational or conceptual inaccufde diRusion code
or the underlying physics producing theRdrence in the line strengths could also
be the cause for the failure to tthe uxinthe EUV.

For that reason the self-consistently calculated aburedafithe elements in ev-
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Figure 6.15:EUVE spectrum of LB 1919 (solid line). Overplotted &dsion model with
H,C,0,Si,P and S as well a8 = 56 000K and log = 8:5 (dotted) and a model with the
same parameters but calculated without oxygen (dashed). A higlieisSEcognizable.

ery depth of the ddusion model was manipulated in order to produce line sthengt
which provide a good t to th&=USEobservation. Based on these neand-made
di®usion abundances th&ect on the SED of th&UVE spectrum was investi-
gated starting with a modi ed abundance for the low predict#icon. This inves-
tigation is done for xed values Of g and logy. The comparison betweemects
of changed ddusion abundances on the spectra in Bt¢SE and EUVE on the
other hand does not depend on the speci ¢ values choser giase abundances
are adjusted to t the spectral lines of the element for tleiscg parameters.

Raising the abundance of silicon to a value ve times and ii@e$ higher than
originally predicted, does neither in uenceisaiently the line strength of the fea-
tures in theFUSE spectrum nor the ux shape in the EUV range. Changing the
abundance to 15 times the initial one, however, results imoal ggreement for the
line tin the far ultraviolet. The increased abundance dneslead to a better t
of the uxin the EUV range, so that the maximum of the observedagain can
not be reached.

The &ect of a changed abundance of phosphorus for the same pararast
insigni cant as noticed for silicon. A good t to thé&USE spectrum requires an
abundance 5 times smaller than predicted and does@sat ¢he ux in the EUV
range. Figure 6.16 shows the improved t for the manipulad@usion abun-
dances for Si and P on tle&JSE spectrum as well as the unrecognizable in uence
on the SED in th&eUVE wavelength range. Manipulation of the lines of sulfur in
a similar way and reducing oxygen still does not lead to sebeijreement.

Thus, dRusion abundances, which are potentially calculated inately, can
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Figure 6.16: Left: Phosphorus and silicon lines in Fti¢SE spectrum (thin line). Overplot-

ted a model withlee = 56 000K, logg = 8:5 and a homogeneous mixture of elements (thick
line) and a dRusion model with the same parameters and a modi ed abundance output to
t the spectral lines (dashed line). RighEUVE spectrum (solid line) and overplotted dif-
fusion models with sam&gp and logg and abundances as calculated by the code (dotted)
and modi ed abundances (dashed). No recognizable deviationsecuhd.

not be made responsible for the lack of ux in the EUV waveldgngnge. Fur-
thermore it should be mentioned that the manipulation ofptteelicted dBusion
abundance output has to be done with caution. Reducing oxygge minimum in
the model and completely excluding it in theRdsion calculations are two @er-
entthings. In the rst case, it can still account for intetfans with the other atoms
in the atmosphere and in uence the whole strati cation dietelements, while
in the second case only the opacity provided by oxygen iiselisregarded.

As it was the case for th€handraand theFUSE spectra, the analysis of the
spectrum of GD 246®ers the opportunity to look for additional hints.

6.9.2 GDZ246

The analysis of GD 246 is carried out in the steps mentionéaré&dor LB 1919.
Again the values used initially for the hydrogen and heliwwtumn densities are
taken from Landenberger-Schuh (2005): N(i#11:8¢10cmi 2, He IIH | = 0:05,
and He IfH | = 0:03. The visual magnitude of GD 246 is 13.1 (Pounds et al. 1993)
In the previous analysis of theUVE spectrum of GD 246, Landenberger-Schuh
(2005) achieved a better agreement between calculated amadiebservation than
for LB 1919. For the lower wavelength range.( 150A) a small discrepancy and
a too low SED of the model ux is recognizable, whereas foeintediate wave-
lengths (150A. | . 200A) some opacity is missing and the model ux exceeds
the observed one.

For the comparison with the spectra®drent kinds of models were calculated.
All models include elements identi ed in thEUSE observation with the abun-
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dances determined in section 6.7. For one type of model samdded to this
basic structure. The other type of model includes iron as$ agehickel. Consid-
ering two types of models&ers a way to study the in uence of additional opacity
caused by elements with no detectable lines in the spe@nzemo precisely de-
ned abundances. For convenience the two type of modelseiometimes from
now referred to agon andnickel models, keeping in mind that these are only the
heaviest elements included.

Contrary to LB 1919, the ux obtained from the model calcidat for atmo-
spheres with a homogeneous mixture of elements is too higgptoduce the ob-
served spectrum. While the agreement is good for wavelergd®® A, the lower
wavelength range deviates clearly. This is the case foraaland logy combina-
tions, as well as for the @erent number of elements. Adding nickel to the models
also has only a minor in uence and®acts mainly the already well tting upper
wavelength range. Contrary to the behaviour of LB 1919, endhse of GD 246
more absorbers producing additional opacity seem to banmgiss

The diRusion models are more capable of reproducing the obsenedram.
For the elements up to iron the ux does not exceed the obtenal SED. For all
Tew and logy the ux is considerably too low especially in the lower wametjth
range. Raising the surface gravity prevents the elememts ating in the atmo-
sphere which subsequently increases the ux. Thus, the tsesan be achieved
for the highest log. As before, varying temperatures in the calculatioRsc the

ux only marginally (see the top panels in gure 6.17).

The homogeneous models, including nickel as an additidmedrder, show in
principle the same behavior as the models with elements upmo Since the
maximum abundance of nickel, as taken from Bi¢SE analysis, is comparably
small no large deviations can be expected. Only for a smgly l@ minor ux
decrease can be detected.

The eRect of the additional opacity becomes apparent only in thdetiog of
the strati ed atmospheres and the self-consistently cdagpuickel abundances.
The SED gets distorted showing large peaks along with nedgbp ux de cien-
cies in a more extreme way than noticed for flen models. Figure 6.17 gives
an overview of homogeneous and strati #dn and nickel models calculated for
di®erent values for the surface gravity. Clearly seen is thesualushape of the
SED for the calculatedickel di®usion models.

The reason for this deformation is an extreme form of linenkéding caused
by the large amount of additional nickel lines. This can bense&hen taking a
closer look on the initial spectrum, before processingrittf@omparison with the
EUVE spectrum ( gure 6.18). The line blanketing in the model isame regions
strong enough to lower the ux over a remarkably large wangth range. The
original continuum in those regions can not be any longentide, thus giving
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Figure 6.17:EUVE spectrum of GD 246 (solid line) with overplotted models. All models
calculated withTeg = 55000K and elements H,C,0,Si,P,S,Ge and Fe with abundances ac-
cording to table 6.2. Top left: Homogeneous models withglegr:3 (dotted), log = 7:6
(dashed) and log= 7:9 (dash dot). Top right: Busion models with same parameters.
Bottom left: Homogeneous models with parameters as before but withl midiled to the
calculations. Bottom right: [Busion models with same parameters and Ni.

the impression that we deal with absorption lines stampeal lower continuum.
Especially for the wavelength range between 100-300 A, ppearance almost
resembles an emission line spectrum.

For the produced synthetic spectra, the atomic data foranzhnickel included
all calculated .LIN lines available (see chapter 5). Thdiitt line blanketing is
responsible for the shape of the SED can be con rmed by usihgtbe veri ed
iron and nickel lines. After performing a formal solutiontbe equation of radia-
tive transfer with .POS lines no accumulation of unexpeetaission lines should
be present in the spectrum. The input model still contaiaofacity of all lines.

For the homogeneourn models the dderence between formal solutions with
.POS and .LIN les is as expected. Clearly, more lines ar@gazable in the
.LIN spectrum. Whereas the .POS spectrum does not show any sfgserious
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Figure 6.18: Synthetic spectrum of aRdision model calculated witfige = 59000K and
logg=79 and H, C, O, Si, P, S, Ge, Fe, and Ni. The top panel shows the extreene lin
blanketing resulting in an emission-line like structure of the spectrum. Theinuthe
second panel from top results from a formal solution with .POS atomicfdatee and Ni.
The last two panels show a detailed view of the models.

line blanketing, the .LIN spectrum i®Rected slightly more. The @usion models
calculated with .POS lines tin this picture, even thoughmnoegions are@ected
by line blanketing, which is overall stronger. Not surprgy the emergent uxes
of the iron models calculated by the formal solutions with either .P@8& &.IN
les are in accordance.

For thenickel models, which were the reason for the inspection of the forma
solutions with less opacity, the expecte®eliences can be found. The homoge-
neous models already indicate a strong line blanketinganéion around 170 A
for the .LIN data, which vanishes when using .POS lines. Tdmicuum and the
individual lines are nevertheless distinguishable evertie highly opaque for-
mal solution. This is not the case for the®dsion models. The emission-line like
structure of the emergent ux was already described aboweduBing the opac-
ity by removing the uncertain .LIN lines eliminates the krgx de ciencies and
the continuum ux is recovered. The usage of reduced opdocityhe calculation
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Figure 6.19: EUVE spectrum of GD 246 (solid line) compared te®dsion models with
Tee = 55000K and log = 7:9. Left: Iron model resulting from formal solutions with .LIN
(dotted) and .POS (dashed) lines. Righfckel models calculated accordingly.

of the emergent ux obviously corrects for the strongly defed overall shape.
This can be seen in gure 6.18, where the calculated speftd&Rnsion models
resulting from formal solutions with .POS and .LIN lines ateown. Especially
when regarding a narrow wavelength range, the emissienkike structure of the
spectrum can be seen. It is needless to say that the chanlge @mtergent ux
also &ects the comparison with tHeUVE spectrum.

Using the .POS atomic data for the formal solution for all logeneous and
strati ed iron models in theTe and logg range, as well as for the models with
nickel, gives a detailed overview over the in uence of the large bamof lines
(see gure 6.19). For the homogeneansn models less opacity results in a poor
t with a model ux exceeding the observation by far. The ceqgsiences are
negligible, since the homogeneous models with all linefuoted did not ®er a
satisfying result either, unlike the@lision models, which produced a ux which
was to low to match correctly. The®&lision models bene t from the reduced
lines. The ux is lifted and reaches almost the maximum ofabserved spectra.
Especially for a high log and a wavelength rangel 60 A a good agreement can be
achieved. Thaickel models again behave in a@irent way. Here, the change in
lines already shows an impact on the models with homogehemised elements
in the atmosphere. The ux in the lower wavelength range iistsb high, but
the intermediate range can be reproduced better than béfor¢he strongly line
blanketed dRusion models the usage of the .POS lines reduces the quétitg o
t dramatically. Instead of a small variation, the increasfe ux is extreme and
causes the SED to resemble the shape of a homogeneousliatadcmodel. An
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explanation can be found in the inner structure of the atimexsp All models
are calculated with all lines included to account for theaiygorovided by these
elements. Only for the last step in the calculations, i.ee firmal solution of
the equation of radiative transfer, aRdrent number of lines are taken. For the
models with iron and nickel the large opacity in the modekgkitions blocks
the ux e®ectively, so that only a small amount is eventually emitteshf the
surface. Changing the number of lines in the last step of #heutations leaves
the structure of the atmosphere unaltered. By reducing paeity however, the
formerly blocked ux can escape. The result is a model ux ruddgher than
the observation. The described behavior can be studiedure .19, where a
comparison of the @erent models with th&UVE spectrum of GD 246 is shown.
To avoid confusion two things should be noted.

First, the usage of .POS les is only reasonable for the idgation of indi-
vidual lines, since the knowledge of the exact position &f lihe in this case is
necessary as already stated in chapter 5. The position dflfdines has not yet
been con rmed by laboratory measurements, yet they areeptés the spectrum.
This means that a line displaced by a few A is most likely toesppat another
position still in the regarded region. Thus, they can actéamthe opacity within
the EUVE wavelength range. The purpose of the .POS lines in the cootéle
analysis of theEUVE spectrum of GD 246 is only to clarify theRect of the line
blanketing caused by the large number of iron and nickeklioe the modeled
spectra.

Second, the very@ect of line blanketing becomes eminent at th@udiion cal-
culations for thenickel models. The reason is either a too high amount of nickel
calculated in a self-consistent way, or an interaction okali with the other ele-
ments in the atmosphere. In any case neither the homogdnealailated models
nor the dRusion models provide a suitable t.

Under the assumption that the models with homogeneouslgdrélements are
capable of adequately reproducing tB&VE ux, additional opacity would be
required in the calculations. This can only be accompligeéhtroducing new
elements, because the abundance of iron and nickel, assitékk@ne of the other
elements, is limited by th&USE analysis. Deviating from the original attempt
to reproduce theeUVE spectrum of GD 246 only with elements with detected
lines, models with an additional nitrogen abundance weraptded. Nitrogen
was chosen, because it is one of the rst elements productetistellar evolution
and can be found in central stars of planetary nebulae asaséit many WDs.
The parameters of the computed homogeneous and strati eltis@are chosen
considering the best tting values for the@lision nickel models, Teg = 59000K
and logg = 7:9, since the homogeneous models are much I@sstad by varying
parameters.
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Figure 6.20: Homogeneous (dotted) an@udion (dashed) model plotted over the GD 246
EUVE spectrum (solid line). Models calculated withe = 59 000K, logg = 7:9 and H, C,

0, Si, P, S, Ge, Fe, Ni with abundances according to table 6.2 plus Nd@®adl absorber
with no identi ed lines and an assumed abundance afiN 2:9¢10 °. The additional
opacity does not result in a better t.

The results are not explicit. Adding nitrogen to the modelssinot lower the
ux of the homogeneous model and theRdision model shows the same line blan-
keted shape as observed before (see gure 6.20). Cleaglaliborption processes
treated so far do not provide a coherent conclusion.

The investigation of th&eUVE spectrum of GD 246 with two types of models
with iron and nickel as the heaviest elements included stibaisthe opacity of
additional elements with no detectable lines in the spezrahave a signi cant
e®ect on the SED in th&€UVE range. The strati ed models witlgg = 55000K,
logg = 7:9, and iron as heaviest element provided the best t to thewasion.
The models with a homogeneously mixture of elements in thsphere failed
in reproducing the spectra. Adding nickel to the modelsltesn a strong line
blanketing and a worse t for the strati ed models. Th@ezt of the high number
of nickel lines can be seen when comparing spectra calcliaith the .LIN and
.POS line data set. In the rst case the spectrum resemblesndssion-line like
structure. In the second case individual lines can be rézednThe investigation
showed the dependence of the t quality on thg and logg of the star and used
a xed column density of N(H I)= 1:8¢10%mi 2, He /H | = 0:05, and He llH | =
0:03.
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6.9.3 Column density determination

The treatment of the ISM absorption, as described abo®erenl a way to ef-
fectively analyze a larger number of spectr®ating in theirTgg and logg pa-
rameters. Taking a xed value for the hydrogen and heliunucoi densities
is legitimate in order to study the in uence of the photospheroperties on
the spectrum, also because the parameters taken origioateain analysis of
the same wavelength range. For a ne adjustment, i.e. to el best t for
the whole set of parameters, the column densities have t@teendined for ev-
ery combination ofTee and logyg. The quality of the t depends on the cho-
sen value for all three column densities (s.0.), whereasnience of the hy-
drogen column density can be regarded as most relevant.efoney instead of
taking the value of N(H IF 1:8¢10°cmi 2 a lower hydrogen column density of
N(HI1) = 1:5¢10%m 2 and N(H )= 1:3¢10'%mi 2 (Barstow et al. 1997) was
tested. Reducing the absorption of interstellar hydrogaproves the match for
the formerly undervalued uxes. For the rst value the®dision models t slightly
better, even though the lower wavelength part as well as liaeacteristic He |l
absorption edge at 227.8 A can not be tted well. In the seatas®, the ux gets
too high already for the @usion models, so that the homogeneous models deviate
even more. The obvious need to include the column densitidgHe |, and He Il
to achieve a good agreement hinders the analysis, sincethéases the number
of parameters for each t to 6. These are temperature, seigaavity, element
abundances, the values for hydrogen column density, andncotiensities for He
| and He Il. For a systematic investigation of the in uencetloé column density
absorption, therefore, a large number of possible comibimaihas to be tested.

For every set of parameters fdge and logg for the strati ed and homoge-
neousiron and nickel models, dRerent values for hydrogen and helium column
densities have been applied. For the hydrogen column geth&y range from
1:1¢10%mi 2 to 21 ¢10%cmi 2 in steps of @ ¢10°%cmi 2. For both helium col-
umn densities they cover the range fro@2Z¢N(H I) to 0:42¢N(H ) in steps of
0:02¢N(H ). This leads to a total number of 4851 possibilities évery Teg and
logg combination for one set of models. With 4&girent types of modelsron
or nickel with a homogeneous or strati ed atmosphere this amounts/#636
di®erent ts for 9 Tep and logg combinations. An inspection with the naked eye
would clearly be too time consuming, therefor&aanalysis was performed to de-
termine the smallest @erence of model and observation and directly start a new
calculation with a new set of parameters.

The results can be displayed in a 3 or rather 4 dimensionallpisuch a graph
the A? deviation for each combination is plotted over the corresiiog column
densities for He | and He Il. The varying column densitiesyafdogen are marked
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Figure 6.21: Deviation of the model spectra from the observation plotted the col-
umn densities of Hel and He ll. Models calculated witky = 59000K, logy = 7:9 and

a homogeneous mixture of elements uprtmn. For clearness the plot is only shown for
two di®erent column densities of hydrogen marked wit@etient plot symbols, N(H I¥
1:1¢10%%mi 2 (triangle) and N(H )= 2:1¢10%%mi 2 (square). The deviation is highest for
low helium column densities.

by di®erent colors or symbols for the data points. Every combamadif Teg and
logg corresponds then to another plot. This illustration sufsptive search for
possible systematic patterns. A minimum in the plot cormesis to a minimum
deviation from the observation and therefore represertpdnameters giving the
best t.

The homogeneougon models show a uniform contribution of values for the
deviation for high Hel and Hell column densities. For lowelihm column
densities, the deviations begin to increase. As expected the analysis with
constant column densities, the®Rdrences between model and observation are
comparatively large. Figure 6.21 shows such a deviatiohfploan iron model
with Tep = 59000K and log = 7:9. For clarity, only two dRerent column den-
sities for hydrogen are depicted and marked witRedent symbols. A minimum
value for the deviation can not be easily seen. Out of manylasinalues the
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Figure 6.22: Best t models plotted over tit&JVE spectrum (solid line). Leftlron models
with Tep = 55000 K. The homogeneous model can best be tted witlyted:3 and column
densities of N(H I)= 1:9¢10%cmi 2, He | = 0:04¢N(H I), and He Il= 0:42¢N(H 1) (dotted).
For the dRusion model log = 7:9 and N(H )= 2:0¢10%cmi 2, He | = 0:02¢N(H I), and
He Il = 0:02¢N(H 1) result in the best t (dashed). Right: The same for models inicigd
nickel In the homogeneous case the parameters are in accordance withethéoand
for the iron model. For the diusion model logy = 7:9, N(H1) = 1:1¢10%mi 2, He | =
0:1¢N(H 1), and He ll= 0:02¢N(H I) are needed.

best t can however be found fofeg = 55000K, logy = 7:3 and column densi-
ties of N(H1)= 1:9¢10%%mi 2, He I = 0:04¢N(H I), and He 1= 0:42¢N(H ). The
nickel models behave in a very similar way. The obtained best- apasters are
in agreement with théon models, but the deviation is slightly higher. With the
so determined parameter a best t model can be calculatedrtgpare to the ob-
servation. As the former results imply, the model ux of thenlogeneous models
is also for the best tting value not even close to the obstiova Instead of being
persistently too high, the absorption due to hydrogen atidrhés rather reducing
the SED @ectively. This can be recognized at the high values for thdrdyen
column density and the high density for the He Il column.

The more promising @usion models show, also for the@girent column den-
sities, much smaller deviations. Furthermore, the distidin of the values for the
deviation in the plot shows a systematic decrease of thatiemitowards smaller
helium column densities. Since the model ux exceeded theeolation for the
constant column densities, it is not surprising that a losoaption is preferred.
The uniformity of the decrease on the other hand suggestthatand He Il can
be regarded as equally important for the shape of the uxidistion. Instead of
speaking of two column densities, in the following they charefore be referred
to as a single helium absorption.
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Figure 6.23: Deviation plot for LB1919 and a®lision model calculated witfieg =
56000K and log = 85. The same two column densities as in gure 6.21 are shown.
The deviation gets smallest for low values of the helium column densities.

The comparison between model ux and observation showsbatfreement for
the diRusion models, especially for thn models. The best t parameters in this
case arfl » = 55000K, logg = 7:9, N(H 1) = 2:0¢10%%cmi 2, He I = 0:02¢N(H I),
and He ll= 0:02¢N(H I). For the strati ed models with nickel as the heaviekt e
ement the results afse = 55000K, logy = 7:9, N(H1) = 1:1¢10%cmi 2, He | =
0:1¢N(H ), and Hell= 0:02¢N(H I). Again the temperatures and surface gravi-
ties match, the hydrogen column densities on the other hea®et digni cantly.
Therefore, two remarks should be made.

First, it is fairly hard to bring the modeled ux with aickel composition of the
atmosphere in agreement with the observation. Even ®ardnt column densities
of hydrogen and helium, in some regions considerali®eminces are seen. The
reason is the before mentioned strong line-blanketing.

And nally, even for the best t of all possible combinationse. the d®usion
iron model withTep = 55000K and log = 7:9, deviations occur, especially in the
lower wavelength range. This region overlaps with @&¥eandrarange. Finding
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Figure 6.24: Best t models for theeUVE spectrum of LB1919 (solid line). The
homogeneous model (dotted) is calculated witlhy = 56 000K, logy = 8:5 and abun-
dances according to table 6.2. The column densities amount to N{H:5¢10"%mi 2,
Hel = 0:02¢N(HI), and Hell= 0:04¢N(HI). The parameters of the @ision model
(dashed) ar@ e = 56 000K, logg = 8:5, N(H I) = 1:7¢10%mi 2, He 1= 0:02¢N(H I), and
He Il = 0:04¢N(H I).

correct absorption column densities that are suitabledtn tvavelength ranges is
therefore a di cult task. Figure 6.22 demonstrates ti®& et of the systematically
determined column densities for hydrogen and helium on &@ & theiron and
nickel models. The homogeneous models do not t the observatioli,at/faile
the diRusion models in théon case provide the best agreement.

The interesting question is how the determination of the sy column den-
sities &ects the quality of the t for LB 1919. Applying the whole predure to
LB 1919 should produce the nal and best t for tit8JVE analysis. The deviation
plots for homogeneous and strati ed models do n@ediin the way noticed for
GD 246. This time in both cases low absorption values for giieitn column den-
sities are preferred. This is not surprising, since the weswoo low in any of the
investigated models. Figure 6.23 shows a deviation plpical for homogeneous
and diRusion models calculated for LB 1919 as well as for th@udion models
for GD 246. The deviation gets smaller towards small heliwlumn densities
and the minimum can be found easily. In general, the caledldiscrepancies
are lower than for GD 246. For the homogeneous models thetbagtparame-
ters areTep = 56 000K, logy = 8:50, N(H 1) = 1:6¢10'%cmi 2, He | = 0:02¢N(H 1),
and Hell= 0:04¢N(H1). In the case of a strati ed atmosphere they amount to
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Tew = 56000K, logg = 8:50, N(H 1) = 1:7¢10%mi 2, Hel= 0:02¢N(H 1), and
Hell = 0:04¢N(H ). The results are only deviating slightly in the hydesgcol-
umn density and lead to the conclusion that a comparisondsgtwiomogeneous
and strati ed models concerning the quality of the tis inmndent from the exact
value chosen.

The quality of the nal tis as expected better for a stratdeatmosphere. In
fact, the observed shape of the SED can be reproduced in asatisé/ing way.
Only a small ux de ciency is still recognizable. The atmdsgre with a homoge-
neous mixture of elements on the other hand still does nohriéee observed ux
maximum ( gure 6.24).

The usage of only those lines, which could be identi ed in Fi¢SE spectrum
of LB 1919 helped to improve the t of the model atmospherethwEUVE spec-
trum. Even though no complete match could be achieved fosttiai ed models,
they are by far more suitable then atmospheres with a honeogsnmixture of
elements. In the case of GD 246 th@&dsion models still show some discrepancy,
but no larger deviation than found by Landenberger-SchQA%®2 The aim to ex-
plain the Chandraspectrum of LB 1919 can now be tackled with the knowledge
gained out of the analysis of tieJSEand EUVE spectra of the metal poor white
dwarf.

6.10 Chandra analysis (LB 1919)

6.10.1 Homogeneous models

The analysis of the various wavelength ranges a®mint spectra so far have
been performed to explain the metal poor composition of LR9L8nd to re-
produce its spectra with a model atmosphere ideally switfdslall wavelengths.
Thus, model spectra computed with the newly gained insighterning occurring
elements and their abundances should be able to reprodeiGh#ndraspectrum
of LB 1919.

For the synthetic spectra calculated for the compariscainabe elements in-
troduced in section 6.6 have been used. The temperaturesuafade gravities
remain in the range de ned in the same section. At rst, thedels with a homo-
geneous mixture of elements in the atmosphere are regafdedcolumn densi-
ties for hydrogen and helium are now chosen considering®bdéist tting results
from the EUVE analysis.

The results can be discussed in the established way. A dtmdeon the model
spectra reveals line features that have to be brought teagnet with the observed
structure. Individual features in the observation are tesnty recognizable, a fact
already known from theChandraanalysis for the hydrogen and iron model in



92 Chapter 6: Analysis of LB1919 and GD 246

free electron continuum

5 L

s

Qo

=

[5)

k]

o

2 ? 92000

2 2.0x10"F E
3 E E
T 1.5x10" A
E 1 omo*ﬁ; é
= £ B
©, 5.0x10"7 = -
5 [s]= ]
- 66 68 70 72 74 76 78 20

Wavelength [A]

Figure 6.25: Top: The coulomb potential of the single atoms is disturbetelghboring
atoms. High lying levels are broadened and eventually dissolved (piciseslorttp://
Itl.iams.sinica.edu.tw/ ). Bottom: The @ect of theoccupation probability formalism
OCPRon a model spectrum witieg = 54000K and log = 8:2. The model drawn with
the thin line is calculated withou@CPR the model drawn with the thick line is calculated
with the OCPRformalism.

section 6.3. The identi cation of single lines in the specatris therefore an un-
promising endeavor. Rather than the position of the lifes]ihe strength proves
to be the essential point and should not contradict the sagen.

The calculated models in the grid t the observation bestdgg = 8:5 and high
Tew (54-56 kK). The line strengths are in agreement for most®htlodeled lines
and the SED of the ux can be tted smoothly (cf. gure A.8). 8@ of the model
lines are yet excessively strong and stand out of the obddive structure. To
identify the responsible model atoms the in uence of theadent elements on the
spectrum can be studied.

The biggest in uence, i.e. most of the lines, comes from ti®knt ionization
stages of oxygen. Features of OV and O VI are present icti@dravavelength
range (see gure 6.27). In fact, excluding oxygen from thiegkations, as done in
section 6.9, leaves only the features of one other elemeheispectrum, silicon.
Whereas all of the oxygen features can be brought to consist@men employing
logg = 8:5, the Si features are still clearly too strong (see gure)AWhile one
line at 117.85 A is weak enough to match the observation tieedt 96.44 A, sticks
clearly out (gure 6.27). Another Si feature around 74.6 Apsld be regarded
with attention.
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Figure 6.26: Detail of th&€handraspectrum of LB 1919 (thin line) with overplotted model
atmosphere calculated wiffi,e = 56 000K, logy = 85 and elements H, C, O, P, and S
with abundances according to table 6.2 (thick line). The abundanceisfvaried from
Si=H = 1¢10 7 to SFEH = 2:5¢10 8 in order to t the observation.

This SiV feature is produced by a resonance of a radiativetbdree cross-
section. It extends over a wide range of 2 A. This is broadzm tiny line modeled
in this wavelength range and highly unexpected. A numefahire could be ex-
cluded. In fact, the numerical treatment of the radiativerizbfree cross-sections
turns out to be the reason for the extreme broadening of thetste. More pre-
cisely, it is the dissolution of the atomic levels by the phasperturbations in the
atmosphere that causes th@eet. The high-lying atomic levels are strongly per-
turbed by other charged particles, so that they are broadame dissolved. This
level dissolution is numerically treated by de ning an opation probability, i.e.
a ratio of the level populations to those in absence of peation, and applying it
to each level (Werner et al. 2003). The theory for a phenotogizal description
of these quantities goes back to Hummer & Mihalas (1988). Jdmeralization
to NLTE was done by Hubeny (1992). The broadening of a pestliibvel leads
to no clearly de ned energy andRacts therefore the cross section of the regarded
transition. This @ect leads to the structure seen in the modeled spectra. The ca
lation of a model atmosphere without the so callkdimmer-Mihalas occupation
probability formalismindeed reduces the width of the feature to a size compa-
rable with the rest of the silicon lines. This can be seen iargg6.25, where a
model calculated with the probability formalism and a mocktulated without
the formalism are directly compared.
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Figure 6.27: Best t models (thick lines) for th@handraspectrum of LB 1919 (thin lines).
The homogeneous model (top panel) is calculated Wigh= 56 000K and log = 8:5. The
parameters of the @usion model (bottom panel) afee = 52000K, logy = 8:5. Both
models are computed with H,C,0,Si,P, and S. In the homogeneoud oabdaated with
abundances according to table 6.2, SiV features can be found oftygoment at 74.6 A is
caused by the resonance and marked by an asterisk. Also clearly \ssib&SiV line at
96.44A.

Even though the width of this Si feature can be explained leyoitcupation
probability formalism it can not clarify why the strength of the other Si lines is
stronger than expected. Obviously the silicon abundane™eed in theFUSE
spectrum are too high to match tihandraobservation. The silicon abundance
can be reduced to a value that is suitable in order to providacgeptable t
to the Chandraspectrum. The silicon abundance obtained from tting tmed
in the FUSE spectrum is 2¢10 7 (see section 6.6). In order to agree with the
Chandraobservation it has to be reduced to at leatt®® (see gure 6.26). This
value is outside of the error margin estimated for the liriang uncertainty in the
FUSErange. The fact that the abundance of silicon producestiiaagths that are
only suitable for a narrow wavelength range raises neviedkehe question if the
determination of the abundances might have been subjecistakas. Since the
deviation of the abundances is relatively high, a failuréhimabundance based on
the FUSE observation can be regarded as unlikely. It is interestiniguestigate
how adequate the stratied model atmospheres are in repioegluhe Chandra
spectrum.
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6.10.2 Strati ed models

It does not come as a surprise that the ux of th@diion models depends more
clearly on the chosen surface gravity. As for the homoges®oadels oxygen is
the element that mostly in uences the model spectrum. A raisim due to too
strong oxygen lines can yet only be seen for a too lowglogthe grid. A value of
logg = 85 is sut cient to assure an agreement with the observation and g®vid
the best t regardless of theRective temperatures, which once again are of minor
importance (see gure A.9).

The silicon line, so interesting in the homogeneous modkelsf, no signi cant
importance in the dusion models. The silicon abundance has already been pre-
dicted to be very low by the strati ed models at the analy$ithe FUSE spectrum
(see section 6.6). While it was a problem for the t to the silidines then, it turns
out to be helpful now. The self-consistently calculated kbwundance of silicon
assures a more than satisfying t to ti@&handraspectrum. Figure 6.27 shows
the best t homogeneous and strati ed models for tBkandraspectrum and the
di®erence in the predicted silicon abundances, which can mnéed by the
features at 74.6 A and 96.44 A.

Before a nal evaluation of the collected information abthe various charac-
teristics of LB 1919 can be made, for the last time an analysGD 246 for the
purpose of comparison is performed.

6.11 Chandra analysis GD 246

6.11.1 Homogeneous models

The separation int@on andnickel models for the analysis of teUVE spectrum

is again used here. Even though then models were more suitable to explain
the observed ux, the presence of NiV and NiVI lines was iradédd by Vennes
& Dupuis (2002) based on a NLTE model-atmosphere analysisweder, the
investigation of theChandraspectrum with models with H and Ni (see section
6.5) as well as with thaickel models introduced for thEUVE analysis can not
con rm the presence of Ni lines. Similar to the behavior oé tti®erent types
of models in theEUVE range, the in uence of nickel on the SED of the model
atmospheres is also noticeable in hkandrarange.

The homogeneous models are in general hard to bring in aacoedwith the
observation in this wavelength range. This holds for bothnttodels with iron and
the models with nickel as the heaviest element (cf. gures0fand A.12). One
reason is the strong silicon feature in the model alreadyudised in the previous
section. A probably more important reason is the not siwetalblsorption by the
ISM. The values for the column densities determined in eadi.9 do not result
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Figure 6.28: Comparison between tBBandra(thick line) andEUVE spectrum (thin line)
of GD 246. TheChandra ux is decreasing rapidly af > 160A. This wavelength range
should be disregarded in the analysis of @feandraspectrum.

in an appropriate ux shape for th€handrarange. How big the derence is
can be demonstrated by regarding only hydrogen as the cotlemsity causing
most of the absorption. While a value of N(H2)1:9 ¢10*°cmi 2 is suitable to
account for the absorption in tHeUVE range, for theChandraspectrum even a
column density reduced to N(H#$ 1:3¢10%mi 2 is not enough. Reducing the
value further to N(H I)= 1:9¢10*8cmi 2 eventually results in a successful t. This,
however, is too low to be regarded as realistic.

The nal EUVE results already indicated that the observed ux in the lower
wavelength range is hard to reach. This part of #&/E spectrum overlaps with
the Chandraobservation. A direct comparison of the both observatidrsvs
that for wavelengths 160 A the Chandra ux decreases strongly. This decrease
can not be found in th&UVE spectrum. For a comparison betwe€handra
observation and model, this wavelength range can therb®désregarded. Figure
6.28 shows a comparison between @tendraand theEUVE spectrum of GD 246
and the overlapping wavelength range.

Even when ignoring the high wavelengths an overall satigfyigreement can
not be achieved for most of the homogeneous spectra. Thedmst is a t to
a homogeneougon model withTep = 55000K and log = 7:3. For higherTegp
and logg the modeled ux deviates to some extent clearly. Thekel models do
not di®r much. In any event, for a potential line identi cation iRQS lines are
located in theChandrarange (see chapter 5).
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Figure 6.29: Best t models (thick lines) for thehandraspectrum of GD 246 (thin lines).
From top to bottom: Homogeneou®n model withTeg = 55000K and log = 7:3. Strat-
ied iron model with Teg = 55000K and log = 7:9. Homogeneousickel model with
Tep = 55000K and log = 7:3. And strati ed nickel model with Teg = 55000K and
logg=7:9.

6.11.2 Strati ed models

The diRusion models for théron and nickel models t the observation best for
logg = 7:9. In all other cases the modeled ux is too low for 804 < 120A
and gets far too high for larger wavelengths (160 A). Ignoring again the strong
deviations towards the end due to the misleadifigndracalibration, leaves still
a sudden increase in ux at intermediate wavelengths thatrea be found in
the observation. For a lagof 7.3 the rise of the model ux is extremely steep,
contrary to the observation (see gures A.11 and A.13).

Contrary to the homogeneous models, &@act of the additional nickel is rec-
ognizable. Here, even a high Iggan not keep the elements from levitating in
the atmosphere and®acting the SED. The ux shape of the®&lision model is
not negatively in uenced by the ISM absorption and provides in the case of
LB 1919, for certain values of and logg an overall satisfying t compared to
the models calculated with a homogeneous mixture of eleserihe atmosphere.
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Figure 6.29 shows the nal best ts for theon and nickel models for GD 246.
The best result can be achieved with a stratiiesh model with Tegp = 55000K
and logg = 7:3.

6.12 Final remarks

The investigation of spectra of LB 1919 from X-ray to optiealvelengths should
provide a clear picture of the composition of the photosetard the physical
properties of the star. Especially for the question whetherelements in the
atmosphere are strati ed or homogeneously mixed a nal arshould be found.
As shown in this chapter however, every investigated wawegle range reveals
new characteristics, which partly seem to contradict edlcbro

No features of iron and nickel were found in ti#andraspectrum and the
spectrum could be reproduced only by assuming a small antdirmn homoge-
neously mixed in the atmosphere, or by a strati ed atmospléth high surface
gravity causing the iron to sink (see section 6.3). Tempeeaind logyof LB 1919
were constrained by ts to the Lyman (section 6.6) and Bal(section 6.8) lines,
and the metal lines in thEUSE spectrum agree with homogeneous model atmo-
spheres calculated with temperaturesTg$ = 5400062 000)K and gravities of
logg = 8:28 0:3, while the strati ed atmospheres deliver diverse t qtiat for
lines of diRerent species (see section 6.6). The SED oHb&/E spectrum could
be reproduced by a strati ed atmosphere including only ¢helements that were
identi ed in the FUSE spectrum and an analysis of tbéandraspectrum with the
same elements, temperatures, andglogRered a good agreement for theRdi
sion models and an acceptable t for an atmosphere with h@megusly mixed
elements.

In general it can be seen that theRdsion models are superior in predicting
the SED of a WD. Because they calculate the abundances ofeéhepts in ev-
ery depth of the atmosphere they can account better for theitypdistribution,
which determines the overall ux shape of the spectrum. Té®ueacy of the t
of the strati ed atmospheres depends mainly on the assuoggl | Therefore,
for the X-ray andEUVE spectra the strati ed models provide a better agreement
only for a suitable surface gravity. As mentioned beforeaaourate tting of
individual spectral lines can not in all cases be achievatl widi®usion model
spectrum. Obviously the accuracy of the abundance prediigood enough for
a somewhat precise distribution of elements in each depthatdhe opacity can
be reproduced. For the reproduction of a single line howavatch higher accu-
racy for the elements abundances is needed. The spectra BUBE HST and
UVES instruments can therefore be better described by modelspineoes with
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homogeneously mixed elements.

The failure of the dRusion models to reproduce line features of individual
species is an intrinsic property of the used code and modeisa{compare Drei-
zler 1999b and Schuh 2000). Therefore, the missing accwhtye ts in the
wavelength ranges that require a precise line tting shawdtibe misinterpreted.
If the equilibrium of radiative and gravitational forcesliB 1919 would be cur-
rently disturbed, much bigger deviations than found in thalgsis would have
been expected. Especially the SED of the star would have &Bected. This
leads to the conclusion that the atmosphere of LB 1919 idrs@quilibrium and
that no signi cant disturbance takes place at the momentirdloand nickel and
only a few other elements can be identi ed in the photosph&m@ some reason
LB 1919 must have entered the WD cooling track (see chaptetitB)its metal
poor composition. This poses questions about the evolofitime metal poor WD
in general and LB 1919 in particular. A discussion about ixbs®xplanations for
the development of the LB 1919 con guration seems to be rezugs
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Chapter7

Analysis of PG 1526-525

7.1 Previous investigations

PG 1526-525 is also known under the aliases WD 15305, EUVE J152152.3
and RE J1524522. It was investigated together with other hydrogen dentide-
generate PG 1159 stars by Wesemael et al. (1985). Tempegatdrsurface grav-
ity were determined roughly to bEw ¥4100000K and log > 6 based on optical
and ultraviolet spectrophotometric observations madéeyjrternational Ultravi-
olet Explorer (IUE) The absorption trough between 4640 A and 4690 A, caused
by He 11 4686 A and C IV lines, which is characteristic for PG@istars, has been
identi ed. Additional strong O VI and C IV features were fadiim optical spectra
of PG 1526-525 (Sion et al. 1985). The rst precise determinatio gfand logg
was achieved by an analysis of optical spectra with non-LTdeélehatmospheres
(Werner et al. 1991). The results yield&gs = 140000K and log = 7:0. Drei-
zler & Heber (1998) used netdST observations and NLTE model atmospheres to
constrainT g and logg of PG 1526-525. The results suggest a higher temperature
of Teep= 150000K and log = 7:5. The abundances of the identi ed elements were
settled to GHe = 0:3, O=He = 0:1, and NHe < 10 4 (number ratio). The small
abundance of nitrogen can be explained by the transformafid*N to 2>Ne in
the He burning shell in the AGB phase. The resulting neoh-rtershell is then
dredged up to the surface in the helium ash that lets therstanter the AGB. In-
deed, Werner et al. (2004b) identi ed a Ne VIl line at 973 A ifFr&/SE spectrum
of PG 1526-525 and determined a Ne abundance of about 2 % (mass fraction)
Even though the temperature of PG 15825 was determined in@erent ways,
the analyzed spectra do not allow astiently precise conclusion. This is due to
the fact that the errors of the analysis overlap signi caniVith the strong sensi-
tivity of the soft-X-ray ux to variations in temperatureptvever, a more precise
Tep determination is possible (Werner et al. 2007). No pulsativere found for
PG 1526-525. Depending on the viewing angle of the observer certalisgtional
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Table 7.1: Model atoms used in the calculations for PG #52®. The rst four elements,
i.e. He to Ne are included in the calculation of the model structure, Mg ischiddgubse-
guent line formation calculations. The abundances of the elements inlthdatians are
taken from Dreizler & Heber (1998). The abundance of Mg is variethfi.O times solar to
solar.

Element lon LTE levels NLTE levels lines

He | 18 1 0
[ 22 10 36
I 0 1 0
C I 12 6 4
\Y 5 36 98
Y% 0 1 0
o) \Y 17 1 0
v 1 20 24
VI 1 52 231
VI 0 1 0
Ne \Y 8 1 0
Y% 8 5 0
VI 10 23 56
VI 6 54 250
i 21 5 6
IX 0 1 0
Mg \Y 13 1 0
Y% 11 10 7
VI 25 48 161
VI 19 39 86
Vil 6 23 56
IX 0 1 0

modes might be possible that cancel out each other. With sergational evi-
dence for possible oscillations, however, this considenatas to be regarded as
speculative.

7.2 Chandra analysis

To determine the temperature of PG 15825 and constrain the position of the
GW Vir instability strip a ChandraLETG spectrum was taken on April 04-06
2006 with an integration time of 142 ksec. Analog to the asialpf LB 1919 and
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Figure 7.1: Chandracount rate spectrum of PG 152825 with a binning of 0.2 A (thin
line). Overplotted are model spectra calculated Wigg= 140000K, logy = 7:0, and vary-
ing hydrogen column densities applied to demonstrate @eteon the model ux. Three
di®erent column densities are applied ranging from logN(H B0:0 (thick line), to 19.8
(dashed line), and 19.5 (dotted line). Obviously a high column densityeidateto provide
a satisfying t for this set of parameters.

GD 246, NLTE models and emergent uxes have been calculatedmpare with
the observations. The atomic data includes all elementsexipected lines in the
Chandrawavelength range, i.e. carbon, oxygen, and neon®emint ionization
stages and with abundances given in Dreizler & Heber (1998agnesium is
included additionally, keeping xed the atmospheric sture. Magnesium has
been identi ed in theChandraspectrum of the hot bare stellar core H 1565%
(Werner et al. 2004a) and itis very likely that a signi cantience of magnesium
is recognizable in th€handraspectrum of PG 1526625 as well. Table 7.1 gives
an overview of the model atoms used in the calculations.

As before, the calculated ux has then been re-binned, derdowith the re-
sponse le and multiplied with the®@ective area of theChandrasatellite. The
binning was varied slightly depending on the currently rdgd wavelength range
in order to make a comparison with the observation easiduegaabout the hy-
drogen and helium column densities in the literature are.r&reizler & Heber
(1998) determined N(H¥ 2:5¢10°°cmi 2. Since other estimations do not exist,
the treatment of the interstellar absorption due to hydnogas regarded as a free
parameter in the comparison between model and observation.

Models are calculated fdree = 140000K, 150 000 K, and 160 000 K. The Ipg
amounts to 6.4, 7.0, and 7.5. Each model is then treated W@brent hydro-
gen column densities, whereas the helium column densitiexed to N(He I) =
0:05N(H I) and N(He Il)= 0:026 N(H I). Varying the He column densities does not
have a noticeable in uence on tii&handraux. The results show that an assumed
hydrogen column density of logN(H#$ 204 is far too strong to match the ob-
servation, rather densities between 19.5 and 20.0 can leetxp The @ect of
the hydrogen column density on the modeled spectrum candreisegure 7.1.
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Figure 7.2: Rect of changind e 0n the model spectra for PG 152825. The observation
(thin line) is overplotted with three models with Igg 7:5 and varyingTep (thick line),
from top to bottomT e = 140000K, 150 000 K, and 160 000 K. The models are calculated
with He, C, O, Ne with abundances according to Dreizler & Heber (1988)\g with an
abundance of 10 times solar (see table 7.2). The hydrogen colunsitydsnlog N(H) =
20.0.

Three d®erent column densities are applied to the model and charmgshiipe
of the ux signi cantly. Increasing the hydrogen column dgty lifts the ux in
the wavelength range below 100 A. At the same time the ux gioes>115A is
strongly suppressed. The adjustment of the model uxes thetslopes on both
sides of the line-rich center region is as well the most intgadrindicator for the
Tep and logg investigation.

As it turns out, the temperature ©fe = 140000K is too low to match the ob-
servations. This is true independent of the assumed abuoeadMg. In general,
models with a Mg abundance of 10 times solar t the observatislightly better
than models calculated with a solar Mg abundance. HoweverdiRerences are
small and &ect mainly line features that do not have a signi cant in weron the
overall shape of the ux. The best tting logiturns out to be 7.5. This provides
the best t for the many lines in the central regions. A lowegd results in too
strong features. The slopes, important for Tg and hydrogen column density
determination, however, are only marginallgezted by a change in lag

Higher temperatures dfee = 150000K and 160000 K provide better ts, al-
though the in uence of the column density makes it dult to determine a best
tting value. While for a good t to the slopes of the obsenatia higher column
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Figure 7.3: Line identi cation in theChandraspectrum of PG 1526625 (thin line). Many
absorption features of O VI, Ne VI, VII, VII, and Mg VI, VII, and Ml are recognizable.
Overplotted are two models with lgg= 7:5 and He, C, O, Ne with abundances according
to 7.2 and Mg with an abundance of 10 times solar to demonstrateRewt ef a change

in Tea. The rst model is calculated witffeg = 150000K (thick line) the second one with
Tep= 160000K (dashed line).

density of logN(H I)= 19:98 0:1 is needed, the line-rich central region agrees bet-
ter with logN(H1)=19.5-19.8. The derences are subtle and require a careful
examination. The main focus of attention is again on thengtof the overall ux
shape of model and spectrum. Figure 7.2 shows a compariserdém@models cal-
culated with d®erentTee. Obviously the model witfTeg = 140000K is not able
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Figure 7.4: Rect of a changed Mg abundance in the model calculations. Ofrendra
observation of PG 152(525 (thin line) and overplotted model atmospheres calculated with
Tem = 150000K and log = 7:5 and the usual abundances for He, C, O and Ne (table 7.2).
The Mg abundance is varied from solar (dashed line) to 10 times solak (ittég.

to reproduce the slope of the observed spectrum at the wegtbleange around
100 A. The models witi e = 150000K and 160 000 K reproduce this range better
but overestimate a line structure around 102 A.

Too strong or too weak line features in the center region,dvew should not
be regarded with too much attention. This is mainly justi@ae to the fact that
the appearance of the line features depends on the implechéné broadening
theories, which might deliver inaccurate line shapes (sem& et al. 2004a and
Werner et al. 1991 for details). Furthermore, the abundaifidég is completely
uncertain.

Under this consideration the best t can be achieved for &spm calculated
with Tee = 150000K, logy = 7:5, and a hydrogen column density of log N(H4)
20.0. For these parameters a satisfying t can be achieved ftr blopes of the
spectrum and the central region provides also a good agreen@nly for the
feature around 102 A a signi cant@erence can be found.

The identi cation of this and comparable features is a @rading task, since the
signal-to-noise ratio of the observation is low. This is tlase for a small binning
(» 0:1A) that is taken for the identi cation of individual line# too large binning
(> 0:2A) on the other hand attens the line pro les and makes theasation of
di®erent lines impossible. Nevertheless, a signi cant nundiéine features can
be identi ed. As expected, they originate mostly from O VidaNe VI, VII, and
VIII. Also features of Mg VI, VII, and VIII can be found, howev the exact abun-
dance of Mg and its in uence on the spectrum cannot be deterthivith certainty.
A detailed overview of the identi ed lines in the spectrumRi® 1526-525 can be
found in gure 7.3. The overplotted models with Igg 7:5 andTee = 150000K,
and 160000 K provide in general a satisfying t for most of time features. The
before mentioned feature at 102 A is predicted to be mucingéoin the models
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Figure 7.5:Chandraobservation of PG 152(525 (thin line) with overplotted model atmo-
spheres calculated with the same parameters as in gure 7.4. Strongrazadion features
in the bf cross-section of Mg can be recognized. They result in line-bkemption features
in the model spectrum indicated with the two arrows. Because of uncertaialength
positions, the resonances cannot be identi ed in the observation (dderteetails).

than actually found in the observation. The Mg abundancepassible source for
unsuitable features was investigated further.

A change in the Mg abundance from solar to 10 times s@acts the strength of
the identi ed lines only marginally. Figure 7.4 shows a @deagp of identi ed Mg
line features. The®ect of a changed Mg abundance on the model spectra can be
seen, however, it is not clear which abundance is more lilcelythe observation.
This is due to the too low signal-to-noise ratio of the obsdrspectrum. From the
appearance of the lines in the spectrum, however, it cantbaated that the Mg
abundance is likely to lie in the range between solar andri@gisolar. Despite
the change of the line strengths witf®drent abundances, the ux of the models
is also &ected in regions where no Mg lines are expected. Here, theeadie
di®erences are even bigger than found in the line regions. Hmride explained
by the occurence of autoionization features in the bf ceexdions. These res-
onances can be strong and narrow giving the impression toadéaa common
absorption line (Werner et al. 2004a). The wavelength jmsdf such a resonance
is uncertain and therefore cannot be used for identi catibtihe spectral features.
Therefore, these resonances remain a possible explafatiomdenti ed features
in the spectrum.

Even though the Mg abundance remains unclear, the temperasuthe most
important constraint on the position of the GW Vir instayilstrip in the HRD
could be determined. The parameters T@g, logg, and element abundances
of both stars are shown in table 7.2. Together with the pugd®G 1159 035,
PG 1526-525 can be regarded in the gy logg diagram together with pulsa-
tion models predicting the blue edge of the strip (Gautsdtal.2005). The edge
is computed by performing nonradial stability analysesipbté and quadrupole
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Table 7.2: Parameters of PG 15825 and its spectroscopic twin PG 11885. Tep and

logg with their uncertainties are taken from Jahn et al. (2007). The abuedane given in
mass fraction. For PG 115935 no Mg abundance was determined. The Mg abundance of
PG 1526-525 is a upper limit and can be as high as 10 times solar.

PG1159035 PG 1526525
Teo[K] 14000085000 15000@ 5000

logg 7:08 05 75805

He 0.33 0.43

C 0.48 0.38

O 0.17 0.17

Ne 0.02 0.02

Mg < 6¢10i3 (10£ solar)

high-order gravity §) modes on model stars analog to the earlier PG 1159 study
by Gautschy (1997) (for additional information about thetability analysis tech-
nigue see also Gautschy et al. 1996). The model stars wesetd from Althaus
etal. (2005) and are based on an initially 2.7 8ar with solar composition, which
were evolved from the zero-age main sequence (ZAMS) in thB HRrough the
AGB and a VLTP to the cooling sequence as a hydrogen-de ai¢Dt

The red edge of the instability strip is located at much loteenperatures. No
GW Vir pulsator can be found belofge = 80000K and no PG 1159 is cooler than
75000 K. Gravitational settling of C and O is believed to k&ehind an almost
pure He-rich atmosphere in evolving PG 1159 stars. Thifirsgis slowed down
by the presence of residual stellar winds (Quirion et al&0Bccordingly, the red
edge can be determined by evolutionary calculations takitaggaccount dRusion
processes competing against mass loss. Considering PGud&él stars with
typical envelope compositions and following their stdbilbehavior during the
evolution along the white dwarf cooling track leads to a ptop point for the
pulsations at a certaifiee and logg depending on the star's mass. Calculations
for di®erent masses then de ne the red edge. The exact positiorecdbe is
in uenced strongly by the mass loss law used in the model ({@uiet al. 2007).

The position of the edges can be seen in gure 7.6 where théigus of
PG 1526-525 and PG 1159035 together with other known PG 1159 pulsators are
marked in @l «e-logg diagram. The positions are shown in comparison with post-
AGB evolutionary tracks for PG 1159 stars by Miller Bertola&Althaus (2006).
The masses can be estimated to be aroubd@80:07 M- for PG 1159 035 and
0:618 0:07 M- for PG 1526-525. The theoretically calculated blue edge of the
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Figure 7.6: lodlepi logg diagram with the pulsating PG 115035 and the non-pulsating

PG 1526-525. The long-dashed line indicates the position of the blue edge of the GW
Vir instability strip as predicted by the theoretical model by (Gautschy etC8l5R Also
shown are the red edge according to Quirion et al. 2006 (short-ddisie¢d Post-AGB
evolutionary tracks by Miller Bertolami & Althaus (2006) computed for PA54 stars are
included (solid lines) and are labeled with the corresponding masses inusdaka

instability strip is drawn according to Gautschy et al. (20@nd is constrained
by the determined position of PG 152825. The red edge is consistent with
Quirion et al. (2006). Even though the previous determametiof PG 1528525
already indicated this position by the determined pararsaifTes = 150000K
and logg = 7:5 by Dreizler & Heber (1998), only the detailed investigatmf the
temperature sensitive soft X-ray range enabledTthgdetermination with high
accuracy. As indicated in the plot the determinatioTgf does not leave much
tolerance for the position of the instability strip. A greainaccuracy is however
caused but the uncertainty in IggA more exact log determination however can-
not be achieved with th€handraobservations. The lagvalue for PG 1528525
determined by Dreizler & Heber (1998) is based on an analyils model at-
mospheres computed for two@trent logg only. Thus, the error bar might be
smaller. The analysis of PG 115035 includes log of 6.6, 7.0, and 7.5 (Jahn
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2005). Again, a grid with a smaller spacing might lead to almarror bar.



Chapter 8

Discussion

8.1 LB1919

In chapter 6 an analysis of the metal poor white dwarf LB 1948 wresented. At
rst, the background of the class of the metal poor white dezand PG 1159 stars
was introduced (chapter 2) and informations about X-rayeolzions of white
dwarfs were provided (chapter 3). Two types of NLTE modelsensesed for the
determination of the photospheric paramefggs logg, and element abundances.
One type of models was computed with a homogeneously mixtuetements in
the atmosphere, the other type accounts for a strati ed asitipn. Both types
of models were described brie y (cf. chapter 4). Test caltiohs of the model
atmospheres were performed and the characteristics ofdternodel atoms were
presented (see chapter 5). The actual analysis startshetimgestigation of the
metal poor LB 1919 and for comparison the DA white dwarf GD peapter 6).

LB 1919 was investigated in @rent wavelength ranges in order to nd an ex-
planation for the low metallicity. The rst approach to idéwp features of Fe and
Ni in a LETG Chandraspectrum failed due to the obviously too small abundance
in the atmosphere. The comparison with the DA white dwarf @B ghowed that
a detectable amount of Fe can be kept in the atmosphere tativadevitation at
Tew and logg comparable to LB 1919. For the identi cation of element liiea-
tures and a detailed analysis of their strengths, the ilgat&in was expanded to
the FUSE wavelength range. Lines of the elements H, C, Si, P, and S foaral
in the FUSE spectrum of LB 1919 and the abundances have been determitied w
the homogenous models (see table 6.2). The abundance oémxywld not be
determined with certainty due to an unclear interstellauticbution. Analogously,
the abundances for the elements in GD 246 were determinkdling for the rst
time Ge in NLTE calculations for homogeneously mixed andtséd models.
The latter were less able to match the observed spectra oBL8 and GD 246
in the FUSE range. In order to check how accurate the models includirg on
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the newly identi ed elements can reproduce the SED of LB 19h® extreme
ultraviolet wavelength range was regarded. Strati ed nt@dkat only include
the elements that were de nitely identi ed in tHeUSE spectrum in general suc-
ceeded in reproducing the SED of tB&/VE spectra of LB 1919 for certain values
of logg (8.2, 8.5) even though small@grences could still be found. The models
of GD 246 showed larger @erences to the observation when including Ni in the
calculations due to a strong line blanketing. The obsesmatias therefore best
matched with models including Fe as the heaviest elementetaildd investiga-
tion of interstellar hydrogen and helium column densitiekpld to obtain the best
tting values in the EUV range. The&handraspectra of LB 1919 and GD 246
were tted with the new models. The metallicity of LB 1919 @otlow to identify
individual line features in itsChandraspectrum, the overall shape of the ux on
the other hand is in accordance with modeled strati ed apheses with a high
logg (8.5). The same is valid for GD 246.

The homogenous models with the same elements and abundadetermined
in the FUSE spectrum falil in reproducing especially the observed diveua
shape inthe EUV range. This indicates that the sm@kinces between the strat-
i ed model atmospheres and the observed spectra found $nréimge can rather
be contributed to inaccurate models and do not questiontthé &d nature of
the atmospheres of LB 1919 itself. That the spectra of LB 1&9in general be
described with a strati ed atmosphere means that it is inldggiwum between ra-
diative and gravitational forces and that no competing ragism is currently at
work. This con rms theoretical predictions that do not egp@mechanisms such as
accretion and strong winds or mass-loss to occur in the gtheses of hot white
dwarfs (cf. chapter 2). Only those elements were includedérmodels that were
clearly identi ed in the spectra. The absence of more hedeynents with addi-
tional opacity assured the quality of the t. Given that noahanism is expected
to be at work in LB 1919 at the moment, this means that the stat have en-
tered the white dwarf cooling track with an already metalmpmamposition. The
origin of this low metallicity must be found in an earlier éwtionary state.

The evolution of white dwarfs has already been outlined iaptér 2. It is im-
portant to keep in mind that due to their small initial maks, progenitors of the
white dwarf stars cannot fuse elements heavier than carbdrogygen in their
core. Heavier elements, which can be found in the spectramaws been present
in the interstellar ingredients at the star formation psscer must have been pro-
duced through thes-process at the later phase at the AGB in the HRD. White
dwarfs posses relatively low luminosities. Thereforeythan only be observed
up to close distances. Consequently, the interstellaremtitéir progenitors were
formed in is located in the Galaxy.

In general, all stars can be divided into the three populatioll, and Ill. The
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Figure 8.1: Position of LB 1919 in the lag logTep diagram. Evolutionary tracks for
DA white dwarfs with d®erent masses are taken from Althaus & Benvenuto (1998). The
gravity is given in cm &2, eRective temperature in K.

metallicity of the types decreases with increasing numbee metal free popula-
tion Il stars are only hypothetical and are very massivesstath up to» 100 M-,
which lived for a short time at the beginning of the UniverSéese stars are be-
lieved to have produced all heavy elements up to iron, whechrow be found in a
variety of stars. The population Il stars with a low metatji@re old and were born
in the metal poor left-overs of the population Ill stars. $éstars still exist and are
located in the halo of the galactic disk. The youngest andhrahest stars are
that of population I. Just like the Sun these objects are filady to be found in
the spiral arms of the Galaxy. The distribution of white dfgén the Galaxy were
determined empirically. For the solar neighborhood dersivf 5-5.€L0 3pc 3
were found (Ruiz & Bergeron 2001; Holberg et al. 2002). ThHiservational evi-
dence of the white dwarf population de nes the WD luminosiipdtion (LF) that
can be taken to calculate the WD density in other parts of tHax@4Robin et al.
2003). Accordingly, for the thin disc a WD population a6@10 pc 2 can be
expected. For the thick disc less observational consteaist. Numerical sim-
ulations of the LF indicate a lower WD population o¢B) 4 pci 3 (Garcia-Berro
et al. 1999; Robin et al. 2003). In the last years strong exdddor a signi cant
white dwarf population in the population II-star rich gaiadalo arrived (Koester
2002). Calculated luminosity functions, however, lacketational con rmation
and are uncertain (Chabrier 1999). The number of halo whitaf$ can therefore
only be assumed to be not higher thaB@0 *pci 3 (Robin et al. 2003).
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Figure 8.2: The position of LB 1919 in the Milky Way. At the galactic coordksd =
15633 andb = +57:82 and in a distance of 306 pc LB 1919 is labeled close to the Sun
(spot). See text for details.

In order to conclude in what kind of environment LB 1919 isdted, the dis-
tance has to be determined. The distance to the star on teesitle can only be
calculated if its mass is known. Depending on the mass, tbleition of the white
dwarf takes d®erent ways. Evolutionary tracks for DA white dwarfs with-dif
ferent masses, metallicities, and hydrogen envelopekrtégs were computed by
Althaus & Benvenuto (1998). For a comparison with the actwalutionary state
of LB 1919 the smallest metallicityE 10 2) and the thickest hydrogen envelope
with a fractional mass of M=M» = 10 4 was assumed. The®grent evolutionary
tracks for masses of®M- to 0:8 M- can be seen in gure 8.1. Accordingly, the
mass of LB 1919 is @8 0:15M-. Knowing the mass of the star as wellag and
logg, makes it now possible to determine the distance followiy tix calibra-
tion of Heber et al. (1984). With the Eddington ux at 5404 Agtcorrected visual
magnitudemy, that is de ned by the visual magnitude of the star (16.8, Sujwsv
et al. 2000) and the interstellar extinction E(B-V) (sedisact.6) the distance in
parsec is derived (Rauch et al. 1994),

q
d=7:11¢10" Ho M 10%4™oi 1099: (8.1)

In the previous analysis the parameters of LB 1919 have beened, Tep =
54§ 2kK, logg = 8:2§ 0:3, andHo = 7:01¢10 “erg cmi 2sec¢ 1Hzi 1. For these
determined values of LB 1919 a distance of 306 pc is obtaifidés galactic co-
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ordinates of LB 1919 ark= 15633 andb = +57:82, thus almost 58 above the
galactic plane. With the coordinates and the distance tiséipo of LB 1919 in
the Milky Way can be mapped. This is shown in gure 8.2. Theemppart of the
gure shows the simulated top view of our Galaxy. The positaf LB 1919 is
labeled. The position of the Sun is marked with a spot at dri@ssame posi-
tion. More important than the top perspective is the smailay in gure 8.2 that
shows the side view of the Milky Way. It is clear to see that B9 is located in
the galactic plane, hence, in the region of the populatidarks It can therefore be
assumed that it was born in an at least slightly metal-rictirenment.

If the white dwarf progenitors are not born in a metal freeéargthe metallicity
must have been lowered during a later phase of their evolufidhe question to
answer is in what phase this could be the case. Shortly &féefiormation of the
star it enters the zero age main sequence in the HRD. The hiengtar spends on
the main sequence with the fusion of hydrogen to helium iddhgest, but also
the most unspectacular phase in the life of the star. Theeweritful episode is
marked by the expansion of the star's envelope and by egtér@AGB. As men-
tioned before, heavier elements can be produced in thattewoary phase. This,
however, would rather increase the metal content of theisséead of lowering
it. More important for a decrease of metallicity is the deyshent during the red
giant branch phases, where most of the mass-loss takes glatemass-loss is
important for the stellar evolution since i®acts the luminosity of stars and the
nucleosynthesis developing in their cores (Le Bertre é2@05). The mechanisms
of mass-loss are diverse. One example are grains that areedioin the atmo-
spheres of cool giant atmospheres. These grains consist eitC, SiC, or other
silicates. They can then be ejected into the ISM by radigpi@ssure and lower
the metal content in the stellar envelope (Knapp 1985). Aeopossibility are
radiatively driven winds that act directly on the bound-bduransitions of spe-
ci c ions. Considering the self-absorption of the linesistivould still result in
a signi cant outward directed line acceleration that extethe repulsing gravi-
tational force (Owocki 2005). These winds might work seledy on particular
line features and could explain the relative de ciency aftaim elements in the at-
mosphere. Indeed it has been shown that in thin winds thatradipressure will
only accelerate the metal ions while most of the matter ca@agof hydrogen and
helium is not &ected. This leads to the decoupling of the metal ions the léedca
ion runaway(Springmann & Pauldrach 1992). These winds cannot onlyriocu
massive stars of spectral class O and B but also in Wolf-R@AM&) stars or in
low-mass central stars of planetary nebulae, hence,@ardnt phases of stellar
evolution (Hamann 2010).

Only recently, Renedo et al. (2010) presented full evohary calculations ap-
propriate for the study of hydrogen-rich DA white dwarfs. eTtomputations in-
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cluded every step in the development of the DAs and follovesir tprogenitors
from the zero-age main sequence through the core hydrogerng phase and
the asymptotic giant branch phase, including the varioasnhl pulses (TP), to
the white dwarf cooling sequence. In their models massi#osgated during the
phases of helium-burning and the red giant branch phased@sh& Cuntz 2005)
as well as during the AGB and the TP-AGB phases (Vassiliadi&/@d 1993).
Element dRusion as one of the major physical processes that changa¢hacal
abundance distribution of white dwarfs is incorporatedjative levitation on the
other hand is neglected. This might underestimate the exatdce abundances
of elements in the nal white dwarf stage, it does, howevert, a&ect the prior
evolution of the white dwarf progenitor.

The results show a initial- nal mass ratio (IFMR) in acconde with Salaris
et al. (2009). The IFMR is important since it provides infation about the ex-
pected WD mass on the cooling sequence and an estimate of fiselosa during
the stellar evolution when the initial main sequence massdofmed star is known.
For a WD mass of 0.7-0.8Mthe initial mass on the zero age main sequence
about 3—-4 M. The mass-loss on the AGB is in the range 2.2—3:1 Mhe num-
ber of thermal pulses on the AGB varies from 15-19. Thesdteelald for WD
progenitors with a metal content representative for tharsaéighborhood, hence
suitable for LB 1919. The number of thermal pulses and thedast®d mass-loss
can be an indicator for a possible decrease in the metalmnte

As a conclusion it can be stated that the reason for the metal pature of
LB 1919 cannot be explained in terms of an investigation efthotospheric prop-
erties in the white dwarf con guration of the star. Possilslechanisms for a de-
pletion of the metal content of LB 1919 in an earlier evolotoy state exist. To
put these in a relation to the actual history of LB 1919 is chicaped by the lack of
observational data of earlier evolutionary phases. Eiaiary calculations con-
centrating on the exact metal content of heavier elemenbsding mass-loss and
radiatively driven winds during the evolution of the stamaad| as radiative levita-
tion in the white dwarf stage could improve the knowledgeudlibe class of the
metal poor white dwarf stars further.

S

8.2 PG1528¢525

The PG 1159 star PG 152825 was investigated in chapter 7. The comparison of
the LETGChandraspectrum with calculated model atmospheres allowed ag@eci
temperature determination. The results con rmed the vdetermined by Drei-
zler & Heber (1998). This is necessary to determine the exasition of the not
pulsating PG 1526525 in theTege-logg diagram with respect to its spectroscopic
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twin the pulsating PG 1159 prototype PG 1159-035. Both stanstrain the blue
edge of the GW Vir instability strip, thus the separationwesn pulsating and
non-pulsating PG 1159 stars. Pulsation models investiyateeason for the oc-
curence or the absence of thenechanism, which causes the pulsations, in stars
with similar spectroscopic characteristics. They now cakeruse of an additional
constraint for their comparison of model and the real s{agperties.

To conclude, the exact determination Bfp and logy of the non-pulsating
PG 1159 star PG 152625 in the temperature sensitive soft X-ray wavelength
range made it possible to constrain the blue edge of the GVihsiability strip
in the Tep-logg diagram. An uncertainty arises from the larger error bargHe
logg value. The soft X-ray range is not sensitive enough to chairgéogg to
determine a more precise result. However, a wide spacinggitopg grid for the
determination of these values was used in previous invagiigs. Therefore, the
error bars might be smaller than assumed, leading to a fucthrestraint of the
position of the strip.
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Figure A.1: Chandraspectra of LB 1919 (thin lines) with overplotted homogeneous models

calculated with hydrogen and iron fokg

64-74 kK and logy = 7.9-8.5 (thick lines).
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Figure A.10:Chandraspectra of GD 246 (thin lines) with overplotted homogeneous models

55-59kK and log =7.3-7.9 (thick

calculated with H, C, O, Si, P, S, Ge, and Fe Tep

lines).
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Figure A.11: Chandraspectra of GD 246 (thin lines) with overplotted strati ed models

7.3-7.9 (thick

55-59kK and log =
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Figure B.7: PV and SilV line in th&USE spectra of GD 246 (thin lines) with overplotted
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Figure B.8: Silll triplet in theFUSE spectra of LB 1919 (thin lines) with overplotted ho-
mogeneous (thick line) and strati ed models (dashed lines).
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Figure B.9: S|V triplet in theFUSE spectra of LB 1919 (thin lines) with overplotted ho-

mogeneous (thick line) and strati ed models (dashed lines).
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Figure B.10: SVI doublet in th&USE spectra of LB 1919 (thin lines) with overplotted
homogeneous (thick line) and strati ed models (dashed lines).
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Figure B.11: SVI doublet in thé&eUSE spectra of GD 246 (thin lines) with overplotted
homogeneous (thick line) and strati ed models (dashed lines).
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Figure B.12: GelV line in thédST spectra of GD 246 (thin lines) with overplotted homo-
geneous (thick line) and strati ed models (dashed lines).
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Figure B.14: SilV line in theFUSE spectrum of LB 1919 (thin line). Overplotted homo-
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Figure B.15: SilV line in theFUSE spectrum of GD 246 (thin line). Overplotted homo-
geneous models are calculated witky = 57000K, logy = 7:60 and varying abundances:
Si=H = 5¢10 8 (dotted line), SiH = 1:2¢10 7 (thick line), and SiH = 1:4¢10 7 (dashed
line).
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Figure B.16: PV line in thecUSE spectrum of LB 1919 (thin line). Overplotted homo-
geneous models are calculated witky = 54000K, logy = 8:20 and varying abundances:
P=H = 2¢10 ? (dotted line), PH = 3¢10i ? (thick line), and PH = 5¢10 ¢ (dashed line).
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Figure B.17: PV line in thecFUSE spectrum of GD 246 (thin line). Overplotted homo-
geneous models are calculated withy = 57000K, logg = 7:60 and varying abundances:
P=H = 2¢10 ? (dotted line), BH = 4¢10i ? (thick line), and PH = 6¢10 ° (dashed line).
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Figure B.18: PV line in thecFUSE spectrum of GD 246 (thin line). Overplotted homo-
geneous models are calculated witky = 57000K, logg = 7:60 and varying abundances:
P=H = 2¢10 ? (dotted line), BH = 4¢10i ? (thick line), and PH = 6¢10 9 (dashed line).
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Figure B.19: Two components of the SIV tripelt in tR&JSE spectrum of LB 1919 (thin
line). Overplotted homogeneous models are calculated Wgh 52000K, logy = 8:50
and varying abundances=$ = 5¢10' 8 (dotted line), SH = 1¢10' 7 (thick line), and SH =

1:5¢10 7 (dashed line).
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Figure B.20: SVI line in thecUSE spectrum of GD 246 (thin line). Overplotted homo-
geneous models are calculated witky = 57000K, logg = 7:60 and varying abundances:
S=H = 3¢10 2 (dotted line), SH = 5¢10 ° (thick line), and SH = 7¢10 ? (dashed line).
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Figure B.21: GelV line in thecUSE spectrum of GD 246 (thin line). Overplotted homo-
geneous models are calculated witky = 55000K, logy = 7:30 and varying abundances:
Ge=H = 5¢10' ? (dotted line), GeH = 2¢10 ° (thick line), and GeH = 8¢10 ° (dashed

line).
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Figure C.1: Balmer lines in th&/VES spectrum of LB 1919 (thin line) with overplotted
model spectra calculated with H, C, O, Si, P, and S (thick line) and pure dtelm¢dotted

line).
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Figure C.2: Balmer lines in th&JVES spectrum of GD 246 (thin line) with overplotted
model spectra calculated with H, C, O, Si, P, S, Ge, Fe, and Ni (thick lineé)pare H

models (dotted line).
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Figure D.1: RRect of big model atoms used in theRdision calculations on the line pro les
of C, O, Si, P, and S in a model atmosphere vilith) = 54000K and log = 8:2. Models
are calculated with H and all elements and small model atoms (thick line) gids-bne
single element and big model atoms (dotted line).

Figure D.2: Comparison between abundance pro le of models calculaith di®erent
elements, small model atoms, ahgh = 54000K, logy = 8:2. Left: Element abundances in
a model with H, C, O, Si, P, and S. Right: Element abundances in a moogduted with
the element and H.
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