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Deutsche Zusammenfassung
Landenberger-Schuh, Sonja

Diffusionsprozesse in Sternatmospéiren

Die Atmospharen Weil3er Zwerge zeigen eine praktisch melementare Zusam-
mensetzung. Aufgrund hoher Oberflachenschwerebesaplengen spielt die Ele-
menttrennung durch gravitatives Absinken eine grof3e Redledass in diesen Ster-
nen der berwiegende Anteil aller schwereren Elementelansaul3eren Schichten
verschwunden ist. Diese gravitationsbedingte Sedimentgeschieht auf sehr viel
kirzeren Zeitskalen als die Entwicklung Weil3er Zwergéeasgt der Abkiihlsequenz.

Beobachtungen junger Weil3er Zwerge im Rontgen- und exifeavioletten Spek-
tralbereich haben gezeigt, dass das Absinken dort niclgsiag vor sich gehen kann,
da zusatzliche Opazitat beobachtet wird, die in den Aphéasen ubriggebliebenen
Metallen zugeschrieben werden muss. Es war ein interessBngebnis der von RO-
SAT durchgefuhrten Himmelsdurchmusterung, dass pidkigine Weil3en Zwerge
oberhalb einer Effektivtemperatur von etwa 65000K gefimdeirden. Das wird
durch den Strahlungsauftrieb in heiRen Weil3en Zwergeraerkier der nach unten
gerichteten Diffusion schwerer Elemente effizient entgageken kann. Das Zusam-
menspiel dieser Krafte bestimmt die chemische Zusamntansgder Atmosphare.
Spuren von Metallen konnen dann durch radiativen Auftgebalten werden, wenn
das Strahlungsfeld intensiv genug ist, um der nach untaaldeten Schwerkraft aus-
reichenden Impulsitibertrag entgegenzusetzen. Dies ggnmmeisten Objekten, die
heilRer alsl.g ~40000K sind, der Fall.

Eine Umsetzung dieser konkurrierenden Prozesse in Steospharen-Modell-
rechnungen liefert Vorhersagen fir die vertikale Schinfgtund absolute Haufigkeit
von Metallen. Da die Strahlungsbeschleunigung durch eifBENBtrahlungsfeld auf
in Spuren vorhandene Elemente Uiber deren lokale Opéhbi&itragen wird, kann sie
stark mit der Tiefe variieren und somit zu einer chemiscltgesiteten Atmospharen-
struktur filhren. Es wird insbesondere im Hinblick auf Weilwerge eirlUberblick
uber Modellierungsarbeiten auf dem Gebiet solcher Diffiasrechnungen gegeben,
mit den einschlagigen Referenzen sowohl zu ersten Erwdden dieser Ideen als
auch solchen zu neuen Arbeiten, die die aktuellen Implei@emgen und deren An-
wendungen beschreiben. Innerhalb dieser neueren Argéidedie Gleichgewichts-
formulierung eine besondere Rolle, da sie eine relativaeimé Beschreibung der Ba-
lance zwischen gravitativem Absinken und Strahlungselferiaubt.

Solche Modelle werden in dieser Arbeit vorgestellt. Sielloksichtigen das Zu-
sammenspiel zwischen Schwere- und Strahlungsbeschieumigm die chemische
Schichtung aus einer Gleichgewichtsbedingung fur diddreKrafte herzuleiten, und



l6sen selbstkonsistent gleichzeitig die zugehdorige é¢dpharenstruktur. Im Gegen-
satz zu Atmospharenmodellen mit der Annahme chemischerdgenitat wird die
Anzahl der freien Parameter auf allein die Effektivtemp@rand die Oberflachen-
schwerebeschleunigung reduziert. Ihre Starke im Verfyleit anderen Diffusionsmo-
dellen liegt in der Selbstkonsistenz, die zudem unter NBégingungen errechnet
wird. Die Modelle beriicksichtigen aul3erdem voll die Effekles Line-Blanketing
und verwenden detaillierte Atomdaten bis hin zu den Eisgmgenelementen.

Es werden die Ergebnisse verschiedener theoretischersitifisrechnungen mit-
einander verglichen. Ein Gitter friiherer, nicht-selbstéistenter Modelle sowie Vari-
anten der neuen Modelle, die sich in der nummerischen Bélmagdes Strahlungs-
transports und des Temperaturkorrekturschemas sowieriKataplexitat der ver-
wendeten Atomdaten unterscheiden, werden untersuchtiefiedn bei naherer Be-
trachtung unterschiedliche Ergebnisse.

Mit einem grof3en Diffusions-Modellgitter aus Atmospharedellen diesen neuen
Typs wird ein EUV-selektiertes Sample heil3er Weil3er Zwanggdysiert. Die insge-
samt gutdJbereinstimmung mit beobachteten EUVE-Spektren machtidepdass
diese Modelle die physikalischen Bedingungen in den Atrhasgn heil3er Weil3er
Zwerge im Grof3en und Ganzen gut beschreiben.

Die EUVE-Spektren werden durch die Eisenopazitat domtiyse dass die tatsachli
chen Eisenhaufigkeiten offensichtlich durch die Vorhgesader Theorie gut getrof-
fen werden. In einem Vergleich von Haufigkeitsmessungegiraaelnen Linien in ei-
nem umfassenden Datensatz von IUE- und HST-STIS-Beohagéitumit Vorhersa-
gen fur Gleichgewichtshaufigkeiten gelangt man zu eaflichen Schlussfolgerung
far Eisen, und zu einem gewissen Grad auch fiur SauerstdfSilizium, wahrend die
Haufigkeitsniveaus fur die Elemente Kohlenstoff, Sttokisund Nickel nicht im ge-
samten Parameterbereich genauso gut wiedergegeben wdrdelen Einfluss even-
tuell bekannter Variabilitatserscheinungen oder Akkietprozesse mit zu beruck-
sichtigen, werden alle Objekte des Samples einzeln destuder Fall des Objekts
RE J1032-535 wird besonders hervorgehoben, um die moglichen Scigkeaten,
die sich bei der Analyse geschichteter Haufigkeitsprofiggelben kbnnen, exempla-
risch aufzuzeigen.

Eine wesentliche Grenze der Modelle scheint zu sein, dassdbegrenzte Vorrat
fur alle beliebigen Elemente, den der Gleichgewichtsemaaraussetzt, in Wirklich-
keit nicht zur Verfiugung steht. Das sollte dann kein Problgarstellen, wenn die
Metallhaufigkeiten, die aus diesem Vorrat bezogen wer@gsachlich sehr geringen
Verunreinigungen entsprechen, aber diese Annahme ist miehr gtltig, wenn die
Gleichgewichtshaufigkeiten eines Elements nahe der iskommnischen Haufigkeit
liegen. Da diese Einschrankung auf versteckte Art und Svaigch andere Elemente
betreffen konnte, waren als eine zukiuinftige Entwickjueitabhangige Diffusions-
rechnungen ohne die Einschrankung auf den Gleichgeviadhtginschenswert.



Abstract

The atmospheres of white dwarfs exhibit a quasi-mono-atéaheomposition. Due
to high surface gravities, element segregation by grawitat settling is of great im-
portance so that a large fraction of all heavy elements isdlstars has disappeared
from the outer layers. This gravitational sedimentatiopgens on much smaller time
scales than the evolution along the white dwarf cooling seqe.

Observations of young white dwarfs in the X-ray and extrenteviolet spec-
tral ranges have revealed that the settling cannot act mbesd there because ad-
ditional opacity is observed which must be attributed toalsetemaining in their
atmospheres: It was one interesting result of the all-skyesuperformed by ROSAT
that essentially no hydrogen-rich white dwarfs above éffecemperatures of about
65000K were found. This is being explained by radiativetiion in hot white
dwarfs that can efficiently counteract the downward diffnsof heavy elements. The
interplay between these forces governs the atmosphemgicabcomposition. Traces
of metals may be sustained by radiative levitation provithedradiation field is in-
tense enough to supply substantial momentum transfer stggiavity’s downward
pull. This is the case in most objects hotter tHap ~40000K.

Incorporating the competition of these processes inttast@mosphere model cal-
culations provides predictions for the vertical stratifica and absolute abundances
of metals. The radiative acceleration is exerted on traemehts by a NLTE radi-
ation field through the element’s local opacity and themfman vary strongly with
depth, which results in a chemically stratified atmosphstiacture. An overview
of the modelling work done in the field of such diffusion cd&tions, with a focus
on white dwarfs, is given, with the relevant references whbese ideas were first
mentioned as well as recent papers which describe currgh¢mentations and their
applications. Within these latest approaches, the equfibformulation is of spe-
cial interest since it permits a relatively simple desaoiptof the balance between
gravitational settling and radiative levitation.

Such models are presented in this work. They take into ad¢dbarnterplay be-
tween gravitational settling and radiative acceleratepredict the chemical stratifi-
cation from an equilibrium between the two forces while galhsistently solving for
the atmospheric structure. In contrast to atmospheric lmadéh the assumption of
chemical homogeneity, the number of free parameters ind¢laemodels is reduced
to the effective temperature and surface gravity alone.irlduperiority over other
diffusion calculations is the full self-consistency, adted under NLTE conditions.
The models are also fully line-blanketed and incorporataili atomic data up to
the iron group elements.

The results from various theoretical diffusion calcula@re compared. A grid of
earlier, not self-consistent models as well as variatidrie@new models that differ



in the numerical treatment of the radiative transfer andtémeperature correction
scheme as well as in the complexity of atomic input data ansidered and found to
yield different solutions when examined in detail.

Based on a large diffusion model grid, a EUV selected sampleobDA white
dwarfs is analysed using this new type of atmospheric modéle overall good
agreement with observed EUVE spectra reveals that theselsarke on the whole
able to describe the physical conditions in hot DA white dvaémospheres.

The EUVE spectra are dominated by the opacity due to iroheodal iron abun-
dances appear to be relatively well matched by the predistnd radiative levitation
theory. In a comparison of abundance measurements fromdlodil lines in a com-
prehensive set of IUE and HST-STIS UV spectra with equilibriabundance pre-
dictions, a similar conclusion is reached for iron, and tme@xtent also for oxygen
and silicon, while the abundance levels for the elementsaramitrogen and nickel
are not equally well reproduced over the full photospheaiameter range. To take
into account effects such as known variability or accretialh sample objects are
discussed individually. The case of RE J18&35 is given special consideration to
demonstrate the potential difficulties in the analysis @tdted abundance profiles in
an exemplary way.

One of the main constraints for the models seems to be thah#wogetically un-
limited reservoir of any element implied by the equilibri@mproach is not available
in reality. This should not be a problem when the metal abnoéesdrawn from that
reservoir correspond to almost negligible pollutants thatassumption breaks down
in those cases where the equilibrium abundance of an elestaatd to be of the same
order of magnitude as its cosmic abundance. Since thidatestr may, in a more
subtle way, also affect the other element species, timetgnt non-equilibrium
diffusion calculations would be a desirable future deveiept.
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"The fault, dear Brutus, is not in our stars,
But in ourselves, that we are underlings.”

Cassius to Brutus in act I, scene Il of "Julius Caesar” (159600) by
W. Shakespeare.



CHAPTER1

Introduction

1.1 Stellar evolution and white dwarfs

The visible matter in the universe is organised in galaxies,building blocks of
larger structures, where — under the influence of their ovaviggy — gas and dust
clouds contract to form clumps that can give rise to stahbtars are self-gravitating
gas balls which are hot and dense enough to maintain stadi@dmuclear fusion in
their cores. As such, they are essentially factories thmbeess the material they are
made of, and return most of it to interstellar space duriedaist stages of their lives,
leaving only a compact remnant of stellar ashes behind (soine cases nothing at
all). For an overwhelming majority of stars, this stellamreant will simply be the
left-over, burnt-out core of the former star and is commdmgwn as a white dwarf
(WD). The following introduction aims at retracing only tingost important steps
leading to this common variant of stellar remnant.

Tracks in the Hertzsprung-Russell diagram (I-%Qre a very suitable way to de-
scribe the evolutionary paths of stellar objects. Stareadmeost of their lifetime on
the so-called main sequence, where they produce heliumMigahrogen via nuclear
fusion processes in their cores. If, at this main sequegesthe mass of an isolated
star exceeds about 8-10@@, it can subsequently evolve into an object as enigmatic
as a neutron star or black hole. Most stars however are naiveanough to evolve
into either of these objects, but will eventually turn intbite dwarf stars instead.

A typical white dwarf has a radius ef 10 000 km (i.e. roughly the same size as the
earth). The mass distribution of white dwarfs peaks neakD.6 This implies a high
mean density for these objects, as well as a large surfavigygoh ~ 10° cms2 (or
10° times the earth’s gravitational acceleration), which isieglent to a steep pres-
sure gradient in the stellar remnant envelope. Since — byitefi — at this stage all

ISpectral type or colour plotted against the absolute mageior luminosity, allowing a graphical
representation of correlations for stellar parameterggldeed by Hertzsprung 1911 and Russell 1913).
21 Mg, i.e. one solar mass, corresponds to 1:96%g.



2 Chapter 1: Introduction

nuclear fusion processes inside the former star have cghseidhmense hydrostatic
pressure built up by the weight of matter in above layers sg¢ede balanced by
Fermi degeneracy of the electron gas. The equilibrium abbvor by this equation
of state prevents the degenerate, nearly isothermal whigefccore from collaps-
ing. The gravitational energy released through slow catitra provides some addi-
tional luminosity, but essentially the overall luminosiyhich is high at first — about
10° L@ —rapidly decreases as the dead star cools. Likewise, fraghig 100 000 K
at the exhaustion of the last fusion processes, the efeetgimperatur€les) subse-
guently drops to 50000K in only 0.003 Gyr (Koester & ChannmdEf90), while
the lowest observed temperatures are not reached untihip@@ Gyrs have passed
(Koester 2002). Despite the high uncertainties for this tasnber (of the order of
20%), the determination of cooling times is quite relevarquestions beyond stellar
physics issues, as outlined for example in a nice review mgdtoe et al. (2001).

Since the majority of all stars end their lives as a white dysudying them helps
to understand the evolution processes that average staesgm How do these rela-
tively extreme, compact objects evolve from stars such asun? Stellar evolution
theory describes the process of star formation up to the sgmjnence stage, the slow
evolution away from theero agemain sequence, and the various evolutionary paths
that stars then can follow depending on their initial chexh@omposition, masses
and mass-loss rates at different lifetimes. To end up as &Q,6vhite dwarf, a
10 My main sequence star obviously loses a very substantiaidraof its initial
mass, which emphasises the important role of late stagdsltarsevolution (includ-
ing the initial-final mass relations it predicts) for the gatic circuit of matter. At an
age of~6 Gyr, the sun is about half-way on its long journey from theozgge main
sequence to the turn-off point, where it will have exhaugtechydrogen supply in its
core, forcing the hydrogen burning zone to move outwardstifithe fusion zone
towards higher layers results in an expansion of the steliser envelope, thereby
turning the star into a red giant, while the burnt-out coxgg in mass and contracts
until helium fusion is ignited.

For sun-like stars, this happens in a violent event refetwesk the helium flash,
which brings the star onto the horizontal branch. Here helaore and hydrogen
shell burning proceed calmly for a longer period of time (oé torder of 0.1 Gyr
for a solar-mass star) before fuel exhaustion occurs ona gitpis time forcing the
helium burning zone into a shell, and triggering the nexitadgd phases. On its way
along the asymptotic giant branch (AGB) towards regionsigh tuminosities, the
star undergoes strong mass-loss through radiativelyednvinds. The subsequent
stages are referred to as post-AGB evolution.

These late stages of stellar evolution comprise the presagsto the point where

31 L, i.e. the solar luminosity, corresponds to 38#3ergs1.
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the star eventually pivots onto the white dwarf cooling same. At the top of the
AGB, a formerly sun-like star undergoes alternating phasé®lium and hydrogen
shell burning, and these thermal pulses lead to further 4agss The luminosity
reaches a high value ef10' L, then remains constant while the surface temperature
quickly rises within only~10 000 yr, since the rapidly contracting hot core starts to
shine through the expanding and dissipating envelope. Dtleis contraction and
the gradual loss of its envelope, corresponding to a shainean the stellar radius,
the remaining object is much more compact. The stellar wouolerates due to the
increased escape velocity, sweeping into and compressengreviously expelled
material in the process.

The expelled material is ionised by the ultraviolet photemstted from the increas-
ingly hot object at its centre and starts to re-radiate abMsvavelengths, rendering
it detectable as a planetary nebula. The nuclear fusioregeas in the shell of the
central star of the planetary nebula (CSPN) eventuallyeenarking the now "dead”
star’s entry onto the white dwarf cooling sequence. Accaydio the sequence of pro-
cesses outlined here, standard stellar evolution theargéhpredicts a white dwarf
consisting of a carbon-oxygen cérsurrounded by a helium layer, surrounded by an
unprocessed hydrogen envelope. The thickness of this ggdrenvelope had been
the subject of two competing theories for a while (known a&stthck/thin layer dis-
cussion): The discussion seems to have converged to teestat that a whole (more
or less continuous) range of envelope masses is requiregblaie the observations.

In addition to this, a non-negligible fraction of white désdoes not show such
a hydrogen envelope at all. A late thermal pulse in a youndentivarf can bring
it back onto the AGB, so that it is re-born as a star, hence #men’born-again”
scenario for such an event. In this case, mixing processaestiiie envelope material
deep into the nuclear burning layers, where the remainidgdgen supplies are being
used up, leaving the star hydrogen-deficientwhen it apjresthe top of the cooling
seguence a second time.

Another peculiar variant in this listing of white dwarf fesdchannels are stars
that somehow already lose all but a tiny fraction of their foggn envelope as they
reach the horizontal branch state. While they go througiufmetore burning just as
normal horizontal branch stars do, their thin hydrogen Epeas are completely inert
and make them appear as relatively hot, so-called extremedmdal branch (EHB,
spectral classification sdB, short for subdwarf B) staresEobjects do not have the
means to spectacularly shed off large amounts of enveloperialdor simple lack of
it, and instead follow a short-cut directly to the white divgnaveyard.

Regardless of “details” in the surface composition, thel fiesult of the evolution
of low- and medium mass stars is usually a white dwarf withrd@a-oxygen core.

4More precisely, the outer part of the carbon-oxygen corepeeted to be depleted in oxygen due to
the temperature —and hence depth —dependency bf théx,v) 16 O reaction rate during helium burning.
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For a small range of initial masses around 18 Khe exact numbers are still under
discussion), theory predicts the possibility of oxygemmmenagnesium cores instead,
provided that the core mass growth during carbon burninglieti through envelope
loss to prevent a subsequent core collapse. This should&seit in massive white
dwarfs of~1 M, with little envelope material left that is possibly striywgnhanced
in neon. In contrast to this, very low mass stars should awséxolve into helium core
white dwarfs, since they never attain the central densigigsired for helium burning.
However, as the long evolutionary time scales for very lovesstars exceed the age
of today’s universe, this evolutionary channel has not heltisance yet to produce the
helium core objects observed along the white dwarf cooleguence. They instead
exist because in binary systems, a close companion can dfamaterial from an
ageing star when it starts to expand — up to the point wheredheemass is reduced
to below what is needed for the ignition of helium burning.slbrch a scenario the
stellar ashes from only one instead of two main nuclear bgroycles make up the
stellar remnant.

Just as the universe is too young to have produced heliunwdate dwarfs from
isolated stellar evolution yet, it is also not old enoughlkavafor a cooling and hence
fading in luminosity of nearby white dwarfs beyond the dataclimit of large tele-
scopes. The current low-temperature record stand2@00 K (Bergeron & Leggett
2002). Interpreted as an evolutionary effect, the obsecuaff in the cooling se-
guence of white dwarfs in our neighbourhood therefore lesia constraint for the
galactic disk’s age. Similarly, age and distance detertiana from white dwarf cool-
ing sequences can be attempted for open and globular du&tsmg a method that
involves white dwarfs indirectly as progenitors in type lgpsrnovae, they even serve
in distance determinations on a cosmological scale. Utaleisg the underlying
processes — all the way from the white dwarf(s) involved ® ekact temporal and
spectral dependency of the energy output during such amm&xpl— is an objective
that, if fully achieved, would greatly improve the confidenn the reliability of this
method.

More generally speaking, this implies that — in order to madeof white dwarf ob-
servations as tools in the quest for answers to other fundeihguestions — one first
has to understand the physical processes that link diffexerutionary stages. Such
continuous evolutionary sequences cannot be observectigiriney rather must be
constructed from snapshots of individual stars at diffeagyes. Stellar ages are gen-
erally only accessible through a detailed modelling of the s a system that evolves
through time according to given laws of physics. Other ptglgparameters such as
the effective temperature, surface gravity or mass, rahdduminosity may be more
readily accessible, but their precise determination asaoires very detailed numeri-
cal simulations. An indispensable tool for such parametérninations via spectral
analysis methods are model atmosphere calculations: adgases deemed relevant
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to the formation of the emergent spectral energy distrdoudif a star are mapped into
a simulated model of the light-emitting atmosphere. A congoa of simulated with
observed spectra then allows to draw conclusions abouk#mt physical conditions
necessary to produce the observed spectrum. Besides ty\driendamental stellar
parameters that can be obtained from spectral analysigviaation of if and how
the integrated (or sometimes even dispersed) light fronaavstries with time can
yield further independent measurements, e.g. in binatgsysor for pulsating stars.

A good understanding of the complete structure and outgpgdearance of a star
still does not equal an understanding of its full history &mtire. To aquire insight
into these, time-dependent stellar evolution models aszle@. Here, in addition
to being an indispensable tool in spectral analysis wordlastatmosphere models
play a crucial role by providing outer boundary conditions these structural and
evolutionary models. In particular, differences in the @peness of white dwarfs’
atmospheres (due to the layer thickness) cause differalingorates, just as the
transition from radiative to convective energy transpeatls to changes in the cooling
rates which are otherwise determined by structural evaiutn the core (diffusion,
gas/liquid and liquid/solid transitions).

In many current applications, the evolutionary models usexithose by Wood
(1995).

The following Sect. 1.2 presents an inventory of the obsksmectral properties
of white dwarfs, which the entirety of both atmospheric atvrdcural/evolutionary
models will eventually have to reproduce and explain. Taftee Sect. 1.3 details
some demands to be made on stellar atmosphere models, avehghere this present
work may be able to contribute an improvemg’nt.

1.2 White dwarf atmospheres and diffusion

There are now more than two thousand white dwarfs compiléaarvillanova Cata-
logue of Spectroscopically Identified White Dwarfs by Mc®d Sion (1999). The
observational and physical information on white dwarfsah@ins has been made
available in an online version, which is also the primaryrseuor the data main-
tained (and presented with some enhancements over the M&8mn 1999 online
version) in the regularly updated electronic white dwartbtasé A large fraction
of the objects currently appearing in the catalogues wesgogiered in large blue and
ultraviolet (UV) excess surveys such as the Palomar-Gre&) Green et al. 1986),
Montreal-Cambridge-Tololo (MCT, Demers et al. 1986; Lartagme et al. 2000) and

5The contents of this section partly rely on ideas collectethe Koester (2002) white dwarf review
paper.
Shttp://procyon.lpl.arizona.edu/WD/
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the Edinburgh-Cape (EC, Stobie et al. 1997; Kilkenny et 8B7) surveys, as well
as in the Hamburg Quasar and the Hamburg/ESO objective musreys (HQS,
Hagen et al. 1995 and HES, Wisotzki et al. 1996; Reimers & Yisd 997; Wisotzki
et al. 2000).

With the Sloan Digital Sky Survey (SDSS), the number of phwttrically detected
white dwarfs is expected to rise by an order of magnitude (FE#9). On its way to
achieving these additions through colour identificatiam(possibly follow-up spec-
troscopy), the SDSS First Data Release (Abazajian et aB,2@llowing the Early
Data Release, Stoughton et al. 2002) has already nearlyatbthie number of spec-
troscopically identified white dwarfs (Kleinman et al. 200As a primer to what can
be expected from the full SDSS once completed, Harris e2@DJ) have published
WD numbers for a small area of sky.

Their compilation of exemplary observed spectra also doiss a nice review
of the different WD spectral types, from the very common te thther unusual
ones. Based on classification in the optical, the spectpEsy(all denoted starting
with a D for degeneratgfall into two major categories: the hydrogen-rich DA and
the helium-rich DB white dwarfs. The DA sequence is charisxtd by strongly
pressure-broadened Balmer lines, while the non-DA sequshows He lines in
case of DBs, and additional Hielines in case of the much rarer DOs, which ex-
tend the helium-rich sequence to high temperatures. BeatDih and the non-DA
white dwarfs exhibit a quasi-mono-elemental chemical cositppn. Given that, in
the scenario sketched earlier, white dwarfs should eitheérgp with an unprocessed
hydrogen envelope (making them DAs) or an exposed heliuer legenerally mak-
ing them DOs or DBs), the strongly sub-solar metallicity it practically pure
hydrogen or helium atmospheres would seem to contradiggeheral expectation of
metal-enrichment with increasing stellar age.

The basic mechanism for this purification of white dwarf dapes was first ex-
plained by Schatzman (1945, 1958): the strong gravitatiteld (typically,log g ~ 8
in cgs units) on the surface of WDs yields a steep pressurdiegria and hence
pressure-driven diffusion separates the elements acaptdi their atomic weight.
This process is generally referred togmsvitational settlingor sedimentation. Be-
sides white dwarfs, where the sinking time scales are s$tortecomparison, ele-
ment segregation also affects the atmospheres of horiZomatach B stars, causing
their helium and metal deficiency (Greenstein et al. 196¢hdud et al. 1983), and
Is responsible for the chemical peculiarities observedme A main sequence stars
(Michaud 1970).

These diffusion processes cause perhaps the most obviectsad@volutionary ef-
fects seen in WDs. They alter the atmospheric compositiom ftomplex patterns
still observed beyond the AGB to just two mono-elementahlrds. The strict separa-
tion of both sequences is due to diffusion. The initial effemess of diffusion is not
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completely independent of temperature (as will be shover)aind hence also under-
goes evolutionary change. Several other changes in apypeasach as the evolution
of the overall flux level, colours, or ionisation equilibdan also be directly linked to
the continuing cooling. The ranges of effective tempeegassumed by DA WDs are
simply parametrised by a spectral index from 1 to 7, caledlais 50 400K / J [K],
and are reflected by the increasing strength of the Balmes Wmth decreasing ef-
fective temperature. Just as the gradual recombinatiooneged hydrogen to atomic
hydrogen characterises the DA sequence, the recombingitidie!l to Hel marks
the transition from the hotter DOs to the cooler DBs, defingdhe spectral lines
observed from the predominant ionisation stage.

In addition to this easily explained break in the heliumirsequence (due to the
presence of more than one ionisation state, clearly refldnte@ change in name), the
helium sequence is also interrupted by the so-called "DB ¢apbert et al. 1986).
A common explanation for the lack of any helium-rich objeictshe temperature
range between 45000K (coolest DOs) and 28 500K (hottest @B} @s follows:
The upwards diffusion of any remaining traces of hydrogesventually enough to
cover the helium layer — corresponding to the high-tempeeatnd of the gap where
helium-rich objects (DOs) therefore are effectively tudmeo DAs. Once convection
due to helium ionisation becomes efficient it dilutes ang thffusive hydrogen layer;
mixing occurs and turns a fraction of the DAs back into DB&§umably mostly the
“hidden” former helium-rich ones, but the fraction of no#®versus DAs does not
recover the ratio above the gap). However, there is as y#tereéheoretical nor ob-
servational evidence which unambiguously confirms thisaide (or any alternative
ones brought forward until now).

Towards cooler temperatures, first the helium and then tdedggen lines substan-
tially weaken and finally vanish when the energy necessagxtde the transitions
ceases to be available. When no features can be discernechas/\D, it is called
a DC type. In some cooler WDs, however, photospheric carlaonbe detected,
believed to be brought to the surface from the (stratified) Gdre by dredge-up pro-
cesses. Such WDs with carbon features are classified as D€)al IMes observed in
a cool WD, on the other hand, make ita DZ. The tendency to patinis in this case
not disturbed by convective mixing or dredge-up processggyossibly by accretion
from interstellar matter. Both DQ and DZ white dwarfs usydihve helium-rich
atmospheres, which are more transparent in the opticallmréfore allow for the
detection of smaller amounts of metals (including carbbanthydrogen-rich ones.
Aside from the white dwarf spectral classifications DA, D@B,MC, DQ and DZ,
hybrid types are known. Though rare, they are often key tdjecinvestigate pos-
sible evolutionary links between the classes. Finally, mdver polarisation due to
magnetic fields has been measured, the classification ixedty the letter P, and
the corresponding spectra can appear heavily distorted.
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In the relatively pure, opacity-poor hydrogen or helium aspheres, additional
absorbers can have a substantial impact on the atmosptradtuse and the spectral
distribution of the emergent flux. In the case of the typesutised above, the effects
are remarkable enough to result in different classificatifum the objects. But the
very common DA white dwarfs (followed in number by DBs, witiADDB = 7:1),
with the high degree of purification in their atmospheresugtd about by diffusion,
also continue to hold their surprises in this respect. Iniibis withTeg ~ 40000 K
upwards, the diffusion process is disturbed by the radigbiessure that elements
experience, depending on the overlap of their wavelengtfeddent opacities with
the maximum spectral flux. The overlap of the maximal spéattansity with the
region of maximal opacity yields a considerable radiativesderation on heavier el-
ements in WD atmospheres, provided the luminosity is highugh (theoretical cal-
culations by Vauclair et al. 1979; Fontaine & Michaud 197% &ater Morvan et al.
1986; Vauclair 1987, 1989 as well as Chayer et al. 1989, 18834, 1995a,b). Lumi-
nosities L/L;, > 1 are sufficient to sustain photospheric elements other thdrolgen
with abundances no higher thad—* relative to hydrogen.

In optical spectra of hot white dwarfs, these trace pollutants becareetty vis-
ible only when great effort is put in the detection of indwal lines (Dupuis et al.
2000a), but can influence the accurate determination o€taféeetemperatures and
surface gravities. Through resonance lines in the UV anad evere through the
sheer number of lines in the extreme ultraviolet (EUV), thegectral ranges can be
strongly affected.

The flux deficit caused by the additional opacity in the EUV asipared to pure
hydrogen atmospheres, hinted at already by earlier dater@\d¢ al. 1975; Hearn et al.
1976; Lampton et al. 1976; Margon et al. 1976; Shipman 199&yame more and
more evident as the quality of observations improved with HEAO 2 (Einstein),
EXOSAT and ROSAT satellites (Kahn et al. 1984; Petre et é&d619ordan et al. 1987;
Paerels & Heise 1989; Barstow et al. 1993a; Jordan et al.; V96Uf et al. 1996). In
particular, after ROSAT had found many fewer hot WDs thaneexgd from predic-
tions based on pure hydrogen atmospheres, both the lewitatéchanism as well as
the identification of the elements involved were turned fot of research interest.

While EXOSAT (Vennes et al. 1989) and various ROSAT obs&aatrevealed
that the opacity must be mainly due to absorbers other thamieonly observations
with EUVE made a more detailed investigation of the naturaliforbers possible.
Since then, first IUE and then subsequently HST have corditu@lace tight and
sometimes contradictory constraints on the picture traatssto emerge. The appli-
cation of radiative levitation theory to determine and expkhe photospheric metal
abundances in hot DA white dwarfs is the topic of this the$tse remaining part of
this introduction therefore compiles the most importasufes from previous work
relevant to this field.
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1.3 Line formation and spectral analysis

The atmospheres of WDs exhibit a quasi-mono-elemental ositipn because a
large fraction of all heavy elements has disappeared framotiter layers due to
gravitational sedimentation. Traces of metals may howbeeustained by radiative
levitation provided the radiation field is intense enougrstpply substantial mo-
mentum transfer. Analysis of larger samples of hot white ii\&&VE spectra by
Barstow et al. (1997) and Wolff et al. (1998) have shown thitis the case in most
DAs hotter than Tz ~ 40000 K—-50000K.

Photospheric abundances can only be obtained through cmopawith detailed
synthetic spectra, requiring a realistic modelling oflatehtmospheres. Using state-
of-the-art non-LTE (NLTE) and LTE atmosphere models (see tie following chap-
ter on modelling), both Barstow et al. and Wolff et al. dedvee metal mix scaling
factor for each object in their respective DA sample. Bavstbal. use this sin-
gle scaling factor per object to adjust metal abundancedigiesl for its combina-
tion of effective temperature and surface gravity by Chayed. (1995a,b), whereas
Wolff et al. use relative metal abundances which they ddrieg the well-studied
standard star G 191-B2B as a typical metal mix and give theogpijate scaling fac-
tor that they calmetallicityfor each of their sample objects. The theoretical work by
Chayer et al. (1995a,b) assumes an equilibrium conditionhfe interplay between
gravitational settling and radiative levitation to obtaimotospheric abundance values
for various metals from a pre-computed atmospheric stra@nd its corresponding
radiation field. The current state of similar calculatioseng equilibrium radiative
levitation theory to attempt to explain observed surfacendlance patterns in DO
and DA white dwarfs has been summarised by Dreizler & SchOB32 Recent re-
lated work for different types of stars includes studiescaning the photospheres
of horizontal branch stars (Hui-Bon-Hoa et al. 2000) andHgMIin main sequence
stars (Hui-Bon-Hoa et al. 2002; Budaj & Dworetsky 2002).dis that additionally
incorporate the effects of mass-loss in the modelling ofildtite dwarf and sdB star
envelopes were last presented by Unglaub & Bues (1998, 2000,).

Since the radiative acceleration is exerted on the traceazleby a non-local radia-
tion field through the element’s local opacity, it can vanpegly with depth, leading
to a chemically stratified atmospheric structure. In the eh@mospheres used in
the analyses by both Barstow et al. (1997) and Wolff et al98).9the distribution of
the metals was assumed to be homogeneous, i.e. abundaneegeated as being
the same in all atmospheric depths (a standard assumptsbeliar atmosphere mod-
elling). As the effects of sedimentation and radiative tltvon lead to a chemical
gradient, fitting the emergent flux with homogeneous atmespmodel spectra has
its limits, and true consistency cannot be achieved if thé\WD atmosphere is strat-
ified. Barstow et al. (1999) first succeeded in providing okstgonal evidence for
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such an abundance gradient when their attempt to includerhact of a chemical
gradient via an ad hoc stratification of iron could betteroejpice the EUVE spec-
trum of G 191-B2B. An improved model by Dreizler & Wolff (199®&ith a much
more sophisticated stratification pattern convincinglypfooned these findings for
this single object. Using the same type of advanced strdtifiedels, Schuh (2000)
then obtained first results for a larger sample, again caemgyithe available EUVE
observations of hot DAs.

The EUV spectral range is of particular importance here beeahe presence of
trace metals strongly affects the emergent flux in the shavetength regimes where
hydrogen has become mostly transparent. Line blanketfagtsfredistribute the flux,
sometimes up to a complete blocking of light in the short EX*vdy range. Since dif-
ferent spectral energy bands emerge from different atnergptiepths, metal abun-
dances varying with depth have the strongest impact on tikedfiribution in the
EUV. Hence the pseudo-continuum is distorted in the spleegaons of maximum
energy output, although observationally these are alwalygsted to interstellar ab-
sorption of varying degree due to hydrogen and helium.

In addition to these effects, a chemical gradient also hasptiential to affect
the line profiles of the element in question. Heavy line biegdn combination
with the limited spectral resolution makes it hard to idnitndividual metal lines
in EUVE spectra, and impossible to examine their profilesatadl. The UV and
far-UV (FUV) spectral ranges, currently covered by the H3l # USE observa-
tories, are not as severely affected by line blending anallysonly suffer from
more subtle interstellar absorption effects. Due to thesipdiy of extracting de-
tailed information from individual lines, photospheriaatalance studies have started
to shift primarily towards these windows. Evidence for clheahstratification of
nitrogen in the atmosphere of RE J163&35 was found from unusual line profiles
observed with HST by Holberg et al. (1999a). Chayer et al0O8@lso claim to re-
quire oxygen stratification in order to simultaneously fitHBUSE and EUVE data
of Lan 23, GD 984, RE J103535 and RE J2156543. To reach their conclusions,
Holberg et al. (1999a) again used an ad hoc stratificationev@thayer et al. (2003)
made use of the profiles provided by Schuh (2000).

Despite this growing evidence for important stratificatedfects, abundance anal-
yses of larger samples of stars (Barstow et al. 2003c; Dugiwk 2003) still resort to
homogeneous atmosphere models: Beyond the few specialjoasdiscussed, more
appropriate models have not been available. The deriveddamnces are then often
compared to the numerical results by Chayer et al. (1995a,b)

It is questionable, however, whether such comparisons eamdraningful at all:
The potential consequences of fitting spectral featurestneg from highly stratified
absorber patterns with such from homogeneously distribatesorber patterns are
schematically illustrated in Fig. 1.1. A fixed amount of atlisiog line forming mate-
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rial is placed at different optical depths in a surroundiag glab in high concentra-
tions (grey areas in right-hand panels). The corresportuangogeneous abundance,
obtained by evenly spreading the total absorber contenttbeegiven optical depth
range, would be the same and equal to 1 in all cases (not sha@emparing the
line profiles calculated for the concentrated material whtbse calculated for vari-
ous homogeneous distributions (i.e. abundance valuedesmalgreater than 1, not
shown) gives a different result. The line profiles from thewsnly distributed pat-
terns (grey lines in left-hand panels) can generally not beched with profiles from
abundance patterns without gradients. Upper and lowetditoithe homogeneous
abundances required to approximately fit the line profilesosaderived by matching
the line cores and the line wings separately (black linesotin panels: line profiles
left, abundance limits right). It can clearly be seen thasthlimits for the effective
homogeneous abundances are not only systematicallygtofteards lower or higher
values in comparison to the corresponding mean homogeramunslance, but also
that they are not correlated with the peak value of the §zdtabundances either.

These complications, potentially only made worse whengbiom the above aca-
demic example to a more realistic situation, suggest thratticomparison of abun-
dance measurements obtained with homogeneous atmospihesidsative levitation
theory predictions should be interpreted with cautionhéiligh the disagreement of-
ten seen in such comparisons has regularly been attribiitest & shortcomings in
the models by Chayer et al. (1995a,b) — such as the missidbae& of the additional
absorbers’ opacity on the atmospheric structure, or to ¢imeapplicability of pure ra-
diative levitation theory without the inclusion of furthaio far unidentified physical
processes — this fundamental difficulty must also be appatgly considered.

The incapability of even the current complex NLTE, fully éiblanketed atmo-
sphere models, incorporating virtually any desired elemt&nreproduce the finer
details of hot DA spectra is hard to overcome with modelsgisin externally im-
posed depth-dependent stratification. Dreizler (1999)dagbthe addition of numer-
ous further adjustable parameters associated with suatoagipes, replacing them
with physically meaningful profiles instead, by introdugiself-consistent diffusion
models. The depth-dependent abundances for any metalese tuall-grown WD
atmosphere models are calculated assuming equilibriumeaet radiative elevation
and gravitational settling, with the coupling between theroical stratification and
the radiation field taken into account self-consistenttgtigh an iterative scheme. An
inherent property of the equilibrium condition used is tthet metal abundances are
not free parameters as they would be in an homogeneous rboatidetermined at ev-
ery single depth point for each of the metal species includfectively reducing the
free parameters for the model atmosphere calculation teftbetive temperature and
surface gravity only. By significantly reducing the dimemsbf parameter space in
the fitting process, this approach also formally reduceshia@ces of finding the best
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fit otherwise accessible through careful fine-tuning of fgnably depth-dependent!)
abundance parameters. The requirement to describe thegpligening the chemi-
cal stratification as realistically as possible is therefextremely stringent. Failure
to avoid important systematic errors in the modelling, ardoognise and include all
relevant physical processes, is likely to result in synthgtectra that cannot repro-
duce observations at all (as opposed to reproducing oligmrsaat distorted stellar
parameter combinations). For the new diffusion models,ZlFe& Wolff (1999)
and Schuh (2000) have shown that they are capable of coretlicting the gen-
eral trends in the metal content and stratification in hot Oitevdwarf atmospheres.
Based on a preliminary analysis of EUVE spectra with a ruditae set of models,
these successful demonstrations of overall agreemen¢gitbe remarkable potential
of the underlying principle, but still left many questionsamswered. Therefore, the
objectives of this thesis are:

¢ to provide a full grid of diffusion models complete with alslamce tables and
high-resolution spectra;

e to repeat the analysis of EUVE spectra based on this largéragyd using
improved visual magnitudes;

¢ to quantify possible systematic errors in the models by @nng the results
to earlier diffusion calculations, as well as to new models\more extensive
atomic input data (resulting in an improved treatment ofrtkative accelera-
tions);

¢ to quantify the contribution of systematic effects to thednsistencies aris-
ing when comparing predicted equilibrium abundances tmdaoce measure-
ments obtained with homogeneous models from extensive UV/#ata;

e to explore the magnitude and possible correlation withastglarameters of
remaining discrepancies (after consideration of the ssimve) which must
be due to physical processes such as mass-loss, mixingretiaq, all ignored
so far in the models;

e based on the lessons learned from the investigations abopegvide guide-
lines on how the models can be productively used in systematiti-wave-
length analyses to understand the spectral evolution of WRsroader con-
text.
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Figure 1.1: Line profiles (left panel) for homogeneouslhtritisited (black) and stratified (grey)
absorber contents in a gas slab (right panel) with a temyergtradient. Note the non-uniform
axis ranges for the spectral flux intensities, otherwisetegefor details, and Sect. 2.1.1 for a
description of the calculations.
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CHAPTER 2

Computational method

2.1 Radiative transfer

2.1.1 Basic equations

A star is not in thermodynamical equilibrium with its surmalings: The energy it

produces is eventually radiated away into space througltriitesphere. For hot stars,
the most efficient way to transfer energy through their appheses are radiative pro-
cesses. The solution of the radiative transfer problemns&ene important ingredi-

entin the construction of any stellar atmosphere modetresttely treated elsewhere,
which is why only a few basic principles (from Dreizler 20@2yrtly based on Rutten

1997) are reiterated here.

In a simple one-dimensional configuration, the change ehisityd/ along a seg-
mentdzx at a given frequency is given by the attenuation dfdue to the opacity
and the added contribution through the emissiyity

% =—k, 0, +1m =—k, (I, = S)), (2.1)
where the source functiasi has been introduced using the definiti8n= n/x. An
optical depth scale can be defined as

dr, = Kk, dz, (2.2)

allowing the expression of geometrical dependencies itsurfithe mean free path
for photons. In the case of local thermodynamic equilibrifE), where the elec-
tron temperature and the radiation temperature of the @aseso strongly coupled
through frequent collisions that they can both be desciiyeahe single valuéd’, the
source function may be approximated by the Planck fundipyielding

dl,

— = _Il/ + Sl/ ~ _Iy + BV. (23)
dr
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For a given incident intensity;, at the locatiorz, the solution to this radiative trans-
fer equation along a segmehnt = = — xo can then be written as

T ()
I(z) =T,(z0) e ™® + / B,(T(r!)) e~ ™= qr! (2.4)
T (z0)

The optical depth is frequency-dependent since the opaggnerally is a complex,
frequency-dependent function of atomic properties. Fonesproblems however, it
is desirable to define a frequency-independent mean oplegah scale, such as the
one based on the Rosseland mean opacity:

z z | g—B dv
7_I’OSS(CE) = //frossdﬂf, = / ooo— dx’. (25)
Zo zo ‘({ ég—? dv

For such a hypothetical “grey” opaciiy.ss the optical depth scale becomes inde-
pendent of frequency and can be thought of as if it descrileedngtrical distances.

Generally speaking, opacity can result from photon absworir stimulated emis-
sion in atomic (or molecular) level transitions (bound-bdtransitions), photoionisa-
tion (bound-free transitions), free-free, or scatteringgesses. One basic and impor-
tant contribution tas is the line opacity in the case of an exemplary two-leveleyst
(the opacities are additive when more levels are includEd).an atom featuring a
lower and anupperstate, its opacity would be determined by the cross seetifon
the transition and the level populatieraccording to

k1w (V) = 014 (V) Niow- (2.6)

The cross sectioa can be described by the classical cross section value fdean e
tron in an electromagnetic field corrected by a quantum machhcorrection term
(oscillator strengtlf), and the frequency-dependent contribution separateaipto-
file function¢, so that with

T 2
Fra(v) = = frumiow $(v), (2.7)

k essentially becomes a function of the level population &edptrofile function for
a given atomic line. The profile function will be a convolutiof all broadening
mechanisms at work, and as such potentially depend on tetopey pressure, mag-
netic field strength, micro turbulence, and large-scaleenmants such as convection,
currents on the stellar surface, or rotation. The dominHates of temperature and
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pressur@in environments relevant to non-magnetic classical statlmosphere mod-
elling can be described through the damping parametand a parametrisation in
the dimensionless frequency variablef the Voigt functionV (a,v). If this Voigt
function is used as a typical profile function, the frequetiegendency of an optical
depth scale may be written as

7(v) = 10 V(a,v), (2.8)

where
v=v(v) = —== (2.9)

and wherery shall be chosen so as to represent an arbitrary line opédciheaest
frequency of the line centre.

Given the two exemplary representationsfan Egs. 2.5 and 2.8, the correspond-
ing effects or/,, according to Eq. 2.4 can be illustrated using a simple twopierature
model. In what is known as the Schuster-Schwarzschild madglane parallel,
iIsothermal gas slab is irradiated by a Planck function of@her temperature. The
incident intensity is exponentially attenuated for inciag optical depths, and for
T = 1 drops to% of its initial value. The fractional contribution of the swce
function in the emergent intensity increases with incregsptical depths; for any
frequency-independent optical depth, the effects of thecfunction quickly be-
come completely dominant. The emergent intensity is thélysdetermined by the
temperature of the gas slab, independent of what incidéensity it is being irradi-
ated with, as long as this irradiation is not allowed to cleatige temperature of the
gas itself. The situation is different for a transparenticmrum modified only locally
(in frequency) by an optically thick line. For this otherethe, the continuum contri-
bution will be the unchanged incident radiation, since it naither be attenuated nor
can a gas slab with zero optical depth contribute to the sityat those frequencies.
The line centre, on the other hand, will again be dominatetthbysource function of
the gas slab alone, so that the maximum possible line deggfives by the ratio of
the source functions of the irradiating and the irradiatedemal. When the source
functions are Planck functions as in the above example,immediately clear that
an irradiation of a gas slab with a temperature below theatamh temperature of the
incident field will lead to absorption, while a gas slab hotkaan the irradiating field
will cause emission. For equal temperatures, the attemuaiexactly balanced by
the contributions of the source function in the materiaksem.

In real situations, the optical depth will be a complex fumctof both continuum
and line opacities. Furthermore, neither the temperatardahe opacity and emis-
sivity will usually be constant throughout a macroscopis glab, but also vary with

1They obviously also can have a strong influence on the leyalilption at the same time.
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Figure 2.1: Radiative transfer quantities for an absorlbmtiBed according to the distribu-

tion shown in the rightmost column: contour representatibtne corresponding wavelength-
dependent optical depth over continuum optical depth)(lefavelength-dependent intensity
over continuum optical depth (second from left), and ploth&f wavelength-dependent emer-
gent intensity at a continuum optical depth of zero (thiahirleft). The ordinate values for the
right column characterise both the abundance distribdtiootion s(x) as well as the temper-

ature in kK.

depth. To account for this, the optical depth must genelsdlgetermined according

to Eq.2.2.

2.1.2 Line formation in the case of inhomogeneous abundance

To illustrate the effects of compositional stratificationtbe emergent spectrum of ra-
diating material, a simple case of one-dimensional radidtiansfer through a plane
parallel gas slab with a given temperature gradient will l@xexplored. At the geo-
metrical depthz = 0, the gas slab is irradiated by a Planck function correspandi
to a given blackbody temperature (7 000 K in this exampla),ientemperaturé(z)
linearly decreases in the outward direction (to 5000 K abilter edge). The contin-
uum opacityx® is assumed to be constant throughout the material, whiotvalbne
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to define a mean optical depth scaléz)=x¢-z (from 7¢=0 atz, t0 7°=2 atxmax)
that is regular in geometrical depth. Additionally, thequency-dependent opacity
of a single line (centred at 5 0@ is introduced as!-V(a,v(z,v)). The purpose of
this line opacity is to simulate an absorbing elerdewhich can be distributed in any
desired depth intervals within the gas slab by means of theheldependent function
s(z). The full frequency-dependent optical depth scale is tHeheoform

7,(x) = //f,,(x') dz' = / </~cc + k- V(a, v, (")) -s(x')) dx’ (2.10)

which for k°=k!=1 (arbitrarily chosen for simplicity) transforms into

7_C

o (7°) = / (14 V (a0, () - 5(r)) dr (2.11)

c
To

While the damping parameter for the Voigt functidrcan be assigned a typical value
of a=0.1 everywhere, the dimensionless frequency parameasare-evaluated at each
depth to take into account the non-zero temperature gradien

Given the above optical depth scale, the intensity of theateh transferred through
the gaseous material can again, as in Eqg. 2.4, be calculated a

TC

L(t%) = L(1§) e ™) + / B,(T (")) e~ (™) dr'" . (2.12)

Cc
To

Rewritten for a discrete depth grid, this can equivalendydrmulated as

c
Tn

I(r;) = L(r5)e” ™" + / Bype vn=mva) g, (2.13)

C
To

This approach allows one to solve for the intensity at anyreés: immediately,
in principle without having to calculate intensities atemhediate depth valuas

Known as "long characteristics” treatment, it tends toauffom numerical integra-
tion inaccuracies, unless special attention is given to @gthoice of integration

2Due to its very small extent in frequency, this additionahcipy source would not significantly in-
fluence the mean optical depth scale even if one of the moogoug common definitions such as the
Rosseland scale were used here.
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weights. While there exist absolutely adequate solutiortkis, the "short character-
istics” method offers an alternative where the intensitiaoted for a depth uses the
intensity obtained previously at— 1 as the boundary condition for the subsequent
integration. Hence, in the respective variation of Eq. 2th8 integral only spans one
step on the depth grid, so thgg is to be replaced byt _, andI,(7§) by I, (75_;).
The focus is on an appropriate choice of the integration ktsifpr this contribution
(as first given by Kunasz & Olson 1988). Using the definitions

A,,(:rn) = Tu(xn—l) - T,,(il?n) (2148.)
wi(z,) = 1+ (GA:T;;U (2.14.b)
wh(z,) = —Ay(zn) — (8A;(Vx€;n; D (2.14.c)

and provided thaf, (7¢_,) is given, Eq. 2.13 may then be rewritten as
I(r;) = L(1_1) -ef(azn) + wy (zn) - Su(Tn) + 'w,l; (zn) - Sy(Tn-1) . (2.15)

Both of the radiative transfer solutions have been useddrctimstruction of models
calculated for this work (see later, Sects. 2.2, 3.3, anfd Zhey are mathematically
identical in a one-dimensional formulation, and may onedinumerically, so that
obviously either approach is equally well suited to obtdia tesults displayed in
Fig.2.1. The rightmost column is similar to the one in Fid., xcept in that it addi-
tionally contains the temperature profile, and has one eatwegor a homogeneously
distributed absorber profile. The first column from the |#fistrates how the ab-
sorber profile modifies the wavelength-dependent optigatidie the vicinity of the
line centre as a function of the continuum optical depth sémond how the radiation
field intensity changes according to its effects. In thest fwo column panels, the
line height contour decreases from left to right. Togettieey demonstrate to what
extent the line centre in particular samples different aurealepth depending on the
absorber distribution. The resulting equivalent line wglimplied by the emergent
intensities (at a continuum optical depth of zero) in thedlsblumn’s plots naturally
underline the strong influence of the depth where an abs@p&ced rather than just
its total amount among a line of sight. Moreover, a comparsbthe detailed line
profiles (as presented more clearly in Fig. 1.1) reveals ¢éimeaquivalence of a homo-
geneous and a concentrated slab of line-forming matendl tlae highly non-trivial
relations between "representative” and "true” absolutenalances.
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2.1.3 Radiative transfer under realistic conditions

In a plane parallel approximation, the change of intendityre radiation field along
aline of sightz at an anglé® to the radial direction ig! /dz = cos 8 dI /dr. With the
standard abbreviatign = cos 6, the radiative transfer equation then takes the genera
form given in Eq.2.16. To solve for the radiation field, theriy characteristics”
method of a Feautrier solution scheme was implemented tstizart the model grid
presented in Sect. 3.3, while the "short characteristiosfenused in the version for
the newer ("improved”, see Sect. 2.5) models. In contraghéosimplified example
just discussed, where a very straightforward integrasgoossible, realistic situations
imply a much more complex andn. In particular, when Thomson scattering is
included (thenx is usually renameg ) in addition to bound-bound, bound-free, and
free-free processes, the solution requires either a Feastheme (Feautrier 1964, in
the long characteristics approach) or an iteration schémnéhe short characteristics
approach, Olson & Kunasz 1987).

2.2 Atmospheric structure

In the classical stellar atmosphere problem, the radiataresfer needs to be solved
self-consistently with the energy balance and hydrosgajiglibrium conditions, and
the equations describing atomic level population (undef®iconditions, the rate
equations, which enforce statistical equilibrium). Fertlconstraints are the mass
and charge conservation within the atmospheric structure.

The Tubingen model atmosphere progm@R0O2in its standard form approximates
stellar atmospheres as plane parallel, chemically honemesiatmospheres in radia-
tive, hydrostatic and statistical equilibrium. The sabutiof rate equations in full
NLTE for sophisticated atomic data makeRO2especially suitable for application
to hot compact stars. Restriction to the one-dimensiotahegoparallel geometry is
justified whenever the extent of the atmospheric layer idistompared to the stellar
radius, which is indeed particularly well fulfilled in comgiaobjects. Atmospheres
are in radiative equilibrium when alternative methods oérgy transport, notably
convection, are considerably less efficient than radiat&asfer, and when energy
production does not occur in these layers. Hot stars do haste sadiative atmo-
spheres. Hydrostatic equilibrium, on the other hand, onlg$as long as a star does
not suffer significant mass-loss, which implies potentiaitations since radiatively
driven winds are more important the hotter an object is.

A recent comprehensive description of the physics and nigalesolution schemes
implemented irPRO2has been given by Werner et al. (2003), superseding anrearlie
overview by Werner & Dreizler 1999. The review articles aanplemented by a
user’s guide (Werner et al. 1998), the work by Nagel (2003ictvinecords aspects
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concerning some of the latest updates that are also pal#iyarg to the modelling
presented here, and a series of several earlier publisatfien concentrating on
selected topics within the overall problem as referred td/erner et al. (2003).

Several extensions to this general concept have been kgoeate currently being
implemented (in addition to the references above, see Bréi203; Rauch & Deetjen
2003; Deetjen et al. 2003; Schuh & Dreizler 2003; Nagel e2@03). To correctly
describe the chemically stratified atmospheres of hot whitarfs and possibly sdB
stars, modifications which allow the self-consistent peedn of depth-dependent
abundance profiles have been implemented (Dreizler 199&tardsee the following
Sect. 2.3). For an up-to-date overview of the status of NLffltogphere modelling as
well as related, current topics of more general intereshitofteld, two proceedings
publications on Stellar Atmosphere Modelling from recemferences in Tubingen
and Uppsala (Hubeny et al. 2003; Piskunov et al. 2004) eawhd® an excellent ref-
erence.

Since this literature collection describes the variougatgof the techniques neces-
sary for the construction of metal-line-blanketed modei@pheres under the above-
mentioned set of assumptions in a much more comprehensivéetailed way than
would be appropriate here, only a few central points areatjokehere. The one-
dimensional radiative transfer equation reads

dl,, (r
0 ) (VD). (216)
The condition of hydrostatic equilibrium, meaning thatwational pull is balanced

by the total (gas, radiation and turbulent) pressure gradiekes the form

dP(r) GM
= — where = —. 2.17
o gp(r) 9= " (2.17)
The energy balance, or radiative equilibrium, require$ tha overall flux is con-
served from one depth to another, or else that the total gresgorbed per unit
volume and time is the same as that emitted, which in an iatdgrmulation is
equivalent to

0= //-s,,(S,, ~J)dv | = /(ny — k) dv | . (2.18)

J, is the quantity obtained by angle integratifig. Statistical equilibrium can be
expressed through a set of rate equations where theirdatesach level from all
other levelsu andawayfrom levell into any other level: will on average cancel out
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to yield time-independent population numbejys

! 8nz
= = P, — wPul- 2.19
0 5 — ™M ; 1 g;ln l ( )

For an indexX which runs through all levels of all ions of all elements,tpde con-
servation may be written as

ne+» m =N (2.20)
l

and charge conservation (with referring to the charge of the current ionisation
stagej) as

Ne = anZl = Z’anj (221&)
l J

P = Z]DZZZ = ZPij (2.21.b)
l J

respectively. SinceZ; is the same for all levels of one ionisation stggeand the
population of this stagg is composed of the individual NLTE and LTE levels that
model i, the right-hand side expression (corresponding to a suramaver the
population numbers of all ionisation stages of all elememiy) is also sufficient.
Furthermore, for electron and ion gas temperatures thatdistinguishable, particle
densities may be replaced with partial pressures usingited gas law, yielding an
equivalent variant of the charge conservation as given BY.8.(this will be needed
in Eq.2.34).

A complete linearisation (CL) of this highly coupled, nandar set of equations
yields a system whose numerical solution is still beyondenirpossibilities for rea-
sonably large numbers of atomic levels. An iterative appinas therefore necessary
to partly remove the strong depth and frequency coupling. 0dmbda iteration pro-
cedure achieves this by basically separating the radigtwesfer from the rate and
constraint equations solution. For a given source funciigessentially determined
by the level populations, approximately known from a previous iteration skep1),
an updated radiation field can then formally be determined by applying a Lambda
operator orb:

JE=ASFL, (2.22)

. NLTE LTE
3This can be expressed through = >~ n; + > ny.
=1 =1



24 Chapter 2: Computational method

A re-determination of the remaining solution vector in tlegtrstep then relies on that
fixed J from the formal solution, resulting in an extremely slow @leconvergence
behaviour. It is more effective to insert the yet-to-be deiaed population numbers
entering the radiative transfer equation into the strictolution part via a more
sophisticated expression for. This is feasible through the following split, at the
heart of the so-called Accelerated Lambda Iteration (ALI):

JP = KS*(nF) + [A — K)S* (0P . (2.23)

If the Approximate Lambda Operatdfr (ALO) is chosen such that it avoids the re-
introduction of excessive depth coupling, the first part f £23 can be substituted
into the full Eq. 2.22 for an up-to-dat&, while the second part corrects for the de-
viations caused by this approximation, which can be caledlfrom quantities of
iterationk — 1 before introducing Eq. 2.23 into

[A(JF)nk = b . (2.24)

In the case of convergence, quantitiepproach quantitiés! so that from a math-

ematical point of view the exact form df, although it actually differs from the true
A, becomes irrelevant. The problem of constructing a nurallyistable ALO has

for example been solved by Olson & Kunasz (1987).

2.3 Diffusion

Diffusion is a transport phenomenon based on stochastimthaiynamic processes.
Random microscopic movements may result in a macroscopicgehof state vari-
ables if concentration), temperature®) or pressurelf) gradients are present. Ina
generalisation of Fick’s first law, the mean diffusion vetpds proportional to these
gradients in the form given by

1
vp = —6D(V(J+kTV1nT+ka1nP) (2.25)
(Kippenhahn & Weigert 1990) for a diffusion coefficieht and coefficientg; for T
and P, respectively (see also Chapman & Cowling 1970). Diffudioen occurs on

characteristic time scales of

C H?

o 2.26
e (2.26)

™D

where H represents the typical scale height for the respectiveigmgdandrp the
approximate time to reach a stationary state where the méasidn velocity tends
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to zero. The transport phenomenon hence tends to causesifliergrthat drives it to
vanish, but in a situation where a gradient or a set of graslisrkept up by external
forces, these instead rather dictate the constraints umhkieh diffusion proceeds.
In other words, a pressure gradient - acting as an externeg focan impose the
formation (not the disappearance) of a concentration graan order for the overall
system to reach a stationary state.

This is what is happening in white dwarf atmospheres. Ko&stehanmugam
(1990) recapitulate the theoretical background for thisagion, where the large pres-
sure gradient (implying a short pressure scale height) ¢etely dominates the dif-
fusion velocity, leading to short diffusion time scales lo¢ torder of montHs Any
contributions from the temperature gradient, for whichetistales are longer and
scale heights larger (i.e. the resulting effects less proned), will be neglected in
the following.

For a given element speciésf atomic weightu;, the related pressure scale height
Hp is given by

dr dr (a) P; RT
Iy dP; ~ gpi  gui (2.27)

~~
~—
~~
~—

if the conditions of hydrostatic equilibriuru) and the ideal gas equatigh) are
used. Under the assumption of an isothermal ideal @as-(const., unrealistic in
stellar atmospheres), the solution to the differentiakeiqu for P; implied by 2.27

‘Z]: L = _Hla P, (2.28)
is of the form

P, = Py-e = (2.29)
and equivalent to

Pi = pio e e, (2.30)

sinceP « pinthe isothermal case. Qualitatively, a roughly exporsaiecline of the
densityp; for a specieg on scale heights that decrease with increasing atomic weigh
1; means that the density of heavier elements will fall off geicalong the direction

of a negative pressure gradient than that of lighter oneavideelements therefore
"sink” into denser regions, while the lightest one "floatsf mp. The scale heights
in white dwarfs on which the decline happens are small coatpr the geometrical

4"Short” in this context means in comparison to the respediellar evolutionary time scale.
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extension of the atmosphere, and the drop-off regions aaddd at different depths
for different species, so that the resulting elementafiistion may be considered as
relatively well-defined, separated layers.

A more exact description of partial pressure and densityildigions can be ob-
tained from a balance of forces acting on each element spsaleed simultaneously
with the full set of stellar atmosphere equations. A suligithsimplification in the
case of white dwarf atmospheres results from the fact thataildd description can
make use of the general results obtained from both obsenatevidence as well as
the qualitative discussion above: The lightest elementdloa top of all others, and
since this is at the same time also the most abundant one atrtiesphere, its partial
pressure mostly dominates the hydrostatic structure vdtlilether species are only
present in traces and can be treated as perturbations.

This remains true if, in addition to the gravitational Satil radiative acceleration
Is considered in the overall balance of forces. The lewtagffect of momentum
transfer by radiative acceleration hence pollutes the emtiwarf atmosphere with
heavier elements, but cannot substantially alter the admrelof the main constituent.
Under the assumptions that no processes competing witlsghff and levitation are
presentindthat diffusion time scales are short, the distribution at& elements in a
stellar atmosphere can then be expected to take on an egunlistate, as proposed
by Chayer et al. (1995a,b) and implemented for NLTE situetioy Dreizler (1999).
The solution of an equilibrium condition for each atomicaps yields equilibrium
abundances. For a plane parallel model atmosphere in hgticosquilibrium, those
are solely determined by the photospheric paraméigrandlog g, in other words,
the photospheric abundances are no longer free parameters.

In such a stationary situation, mean diffusion velocitiésib elements(i) with
respect to the main constitueit) would be zero everywhere in the atmosphere, due
to an exact balance of the sum of gravitational, radiatinel, @ectrical forces. Ne-
glecting thermal and concentration diffusion, a detail@drfulation of this condition

miar —m;a; ; 0 (231)

for polluting elementgi) in a hydrogen (or helium) plasm@) yields (following
Dreizler 1999)

miay = —Aimpg+ ZieE (2.32.a)
m;a; = —Aimpg + Z;eE + Aimpgrad,i . (232b)

The m;a; are the forces acting on elemefd}, A; are the atomic weights7; are
the mean electrical charges, E is the electrical field cabgete separation of elec-
trons and ionsin,, is the proton mass, anfl.q,; is the radiative acceleration acting
on element(z). The following modified hydrostatic equilibrium conditisfior the
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partial pressures are valid (whede <« A;, A; andZ, = —1 are used in the last
approximation):

1 dP1 Almpg ZleE

-2 _ 2.33.

P, dr KT T kT (2.33.3)
il _ 2.33.p
P, dr kT kT ( )
1 dP. Acmpg  Z.eE el

= _ ~ 2 2.33.c
P, dr KT kT KT ( )

SinceP;+; < Py, and agairZ, = —1, charge conservation (from Eq. 2.21.b) yields

P,=Y PZ~PZ (2.34)

where both sides may be logarithmised then differentiatiéfdnespect to- to obtain

1 dP. 1 dP;
— =7 . 2.35
P. dr P Z, dr (2.35)
Expressions 2.33.a and 2,33.c inserted into 2.35 give
el Aymy,g ZieE
TR kT T ET (2.36)
from where the electric field can be calculated to be
eF — S1md (2.37)
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Inserting this into Eq. 2.31 (with the contributions givenigs. 2.32.a and 2.32.b)

mia; —mia; = (A — Ai1)mpg — (Z; — Z1)eE — AimpGrad,i

Aimypg
Z1+1
Al Al Zl—Zi
= A - - — Jrad,i
mp<g AT A T r 19 I
= A — —————"0 — Qrad.i

= (A= A1)mpg + (21 — Zy) — AimpGrad,i

= Aimp (g — Gel,i — grad,i)
= Aimp (geff,i - grad,i)

= 0

leads to the balance of accelerations term

Geff,i = Grad,i - (2.38)

The effective gravitational acceleration on the left-hande has been introduced
above according to the definition'in 2,39, while the rightthiaide quantity, the ra-
diative acceleration, must be calculated according to:2.40

Al(Zz"|‘].)>

effi = |(1———=< 2.39

s = (125751 g 239)
145 [

Jrad,i = il Ii',,/,iH,/dl/. (2.40)
pPi C

0

Here, p; is the mass density of the elemefil, «,; is the frequency-dependent
absorption coefficient which includes all contributionstbis element at the fre-
quencyr, and H, is the Eddington flux. To generalise the formulationggf for
an element in differentionisation stageg, which is a more realistic situation, one
needs to define its effective charggé® which replacesZ; (including Z; ; the mass
numbers remain unchanged) in Eq. 2.39:

205 2t _ 225 2k Zimik
> M > knik )

ZeT = (2.41)
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Similarly, g..qa must then be constructed from the individual contributiohsll j;
lonisation stages of elemeinas

Grad,i = Zgrad,ij . (242)
J

Following this discussion, one recognises that requiriffyslon velocities to be
zero by cancelling relative forces is equivalent to askmgtlie accelerations caused
by effective gravitational settling and radiative levitat to cancel each other. With
the amendments above in mind, one can finally rewrite Eq. 2.38

A (ZF 41 14x [
(1— (2 + )>g:——7r o H, dv (2.43)
Ai(Z7" + 1) pi c )

from where it becomes clear th@t.q.; = ges,; Can only be fulfilled by fixed values
for p;. This equilibrium solution fop; is depth-dependent, leading to a chemically
stratified atmosphere. As there exists an intimate couetgieen the abundances,
the opacities and the flux, the whole system has to be solVedmsesistently, which,

in contrast to Chayer et al. (1995a,b) who neglected this@sps achieved here by
iteration (Dreizler & Wolff 1999; Dreizler 1999; Schuh 2000

2.4 Peculiarities of subsequent numerical implementaticsed

During the course of the analysis presented in Chapter 5illibecome clear that
while superior to homogeneous models in the EUV range, tisé dieneration of
stratified models is not elaborate enough to simultaneaesisoduce all of the very
abundance-sensitive metal lines in the UV spectral rangeuber of possible im-
provements therefore appear desirable, and could parthdbeted from develop-
ments in parallel to this study. The changes with respedteéootd models fall into
two categories: A generally more efficient stellar atmosplmde in conjunction
with a new implementation of the opacity sampling methodtha iron group ele-
ments, and a different set-up of the model atmosphere edions by extending them
to include more elements than previously used.

The improved efficiency of the code results from switching tadiative transfer
from the Feautrier method to short characteristics (asedeaarlier in Sect. 2.1.3),
In conjunction with the use of a linear variation of the ALIdaa refurbished tem-
perature correction scheme. The advances in the formalatiche code are as
detailed in Dreizler (2003): Generally, an update of thegemture structure in a
model may either be obtained through a constraint impleatiemt by requiring en-
ergy conservation, or through an Unsold-Lucy temperatoreection scheme (Lucy



30 Chapter 2: Computational method

Table 2.1: Summary of "old” model atoms. Super-levels (redrky *) comprise hundreds
to thousands of atomic levels. Line transitions betweesdtsuper-levels (marked bY)
are composed of all transitions between the individuallgegemprising the super-levels (see
Werner & Dreizler 1999 for details).

H He C N O Si Fe Ni

NLTE levels 17 54 70 50 24 25 28 29
NLTE lines 56 106 218 114 35 53 77 44t

1964) generalised to NLTE conditions. Both have alreadyhbewlemented in an
earlier version, but the latter was mostly used for diffi@ases where convergence
could only be reached with regular temperature correctitar aeveral iterations of
Unsold-Lucy correction. In conjunction with the linear thed introduced for ALI
and the short characteristics radiative transfer, theoldinksticy scheme was adapted
to that and used exclusively. The new implementation goethéyname oNGRT
(Next Generation Radiative Transfer) to distinguish infrBRO2

Both code-inherent as well as set-up related changes irsthefunodel atoms are
the subject of the following section.

2.5 Model atoms

A self-consistent solution of the chemical stratificatiothm state-of-the-art, fully
line-blanketed NLTE stellar atmospheres with many elesenlt only be meaning-
ful if detailed model atoms are incorporated. To this enguirfrom line lists by
Kurucz (1991) and Opacity project data (Seaton et al. 199d4sed. NLTE occupa-
tions can only be calculated for a limited number of levetdstiat a selection has to
be made. The predominantly populated levels in elememsthtibeyond theCNO
group can be chosen as a subset from a direct mapping of akewels to the model
atom. In contrast to this, the iron group elements whichuleabrders of magnitudes
more levels and lines must be treated with a procedure toemermperous individual
levels to several super-levels, with lines described asBibter-level and LTE intra-
level transitions. The principles underlying the opacayngling for the iron group
elements along with the relevant earlier references caauredfin Werner & Dreizler
(1999) and Rauch & Deetjen (2003).

Opacity sampling for iron group elements was used in botlegg@ypes of mod-
els calculated for this work, but since the sampling empdiolgg Dreizler & Wolff
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Table 2.2: Summary of "new” model atoms, symbols have theesaganing as in Table 2.1. In
this listing, Ca and Ti have not been included since they were omitted in the testilzdions
used for comparison with models based on Table 2.1. Themsdspthis omission are further
explained in the text.

H He C N O Si Sc Vv Cr Mn Fe Co Ni

17 34 116 128 31 40 29 30* 36* 33" 28 28 29
56 79 433 466 185 65 84 84t 129F 108t 68+ 71t 69"

(1999) a more comfortable implementation to prepare mottehanput data for
PRO2or NGRTfrom the Opacity project and Kurucz tables has become dlaila
The modernised opacity sampling offered b@nic  (Rauch & Deetjen 2003) al-
lows inclusion of additional elements that are considenepartant with less effort
than before.

Table 2.1 summarises the model atoms used in the "old” mpddisre theFe
and Ni models were taken from Dreizler & Wolff (1999). Table 2.2tdighe in-
put for newer test calculations as described further in @ two chapters. There
actually exist variants of models based on Table 2.2 With—Si, Fe, Ni}, with
{H-Si, Sc—Ni without Ca andTi}, and{H —Si, Ca—Ni including Ca andTi}
(the latter two are not listed in Table 2.2).

In a continued effort to push the models to a more sophistitkavel, first all of
the iron group elements frof@a to Ni were additionally taken into account due to
their significant opacities (before considering furthediidns such a® andS). In
fact, both the opacities as well as the theoretical equuirabundances of the two
elementsCa and Ti turned out to be particularly high. The resulting abundance
stratifications had an unrealistically strong impact ondheergent flux as well as a
non-negligible feedback on the atmospheric structure vbitdstantially altered the
results for all other elements, to€la and Ti therefore were excluded from further
test calculations (see Sect.4.3).

The Stark broadening for hydrogen is calculated from the ke2if1997) tables
(based on the theory by Vidal et al. 1973). The broadenindHfaris based on the
BCS theory (Barnard et al. 1969; Griem 1974), that foniHen Schoning & Butler
(1989a,b). Level dissolution is treated according to thenkHer-Mihalas formalism
(Hummer & Mihalas 1988).

In the set of spectra calculated wiiYNSPECrom the”extended” model grid
(Sect. 3.3 and 3.3.3), the full Kurucz line list for all elem®included in the model
calculations is used.
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CHAPTER 3

Model grids and high resolution spectra

3.1 Overview

Applications to hot DA white dwarfs in Chapter 5 show thattéyatic spectra derived
from chemically stratified models can quantitatively déseithe EUV spectra ob-
served from these objects. The model calculations (S&)tuded for the analysis of
EUVE spectra by Schuh et al. (2002) have since been extendeltger model grid
(Sect. 3.3). To investigate whether remaining discregenarie due to limitations in
the way the models have been set up, or arise mainly fromiadditphysical pro-
cesses in the stellar atmosphere not so far incorporatéé imodelling process, tests
for improvements of the models in Sect. 3.3 have been caotiédnd are presented
in Sect. 3.4.

3.2 The model grid used for the EUV analysis

3.2.1 Parameter range, atomic data and computational dtetai

The model grid used for the analysis in Chapter 5 spanstheandlog g plane
as suggested by the results from Wolff (1999): The effedireperatures cover a
range from 38000 — 70000K in 2000—-3 000K steps, and the ligaic surface
gravity a range from 7.2—8.3 in 0.1-0.2dex steps. The gretlus the analysis
was an incomplete subset of the models shown in Fig. 3.1 agdoprinantly con-
centrated around the previously found parameter combingfior the objects listed
in Table 5.1. It must be emphasised once more that the tosalrber content, i.e.
the entire depth-dependent distribution of each indivithage element, is solely de-
fined by the Tes,log g] — combination of the models, which mak&sgy andlog g
the only free parameters. The elements included in the model célongaare the
same as those used by Wolff et al. (1998) for the definitiomeirtmetal mix, which
In turn are those that they were able to identify in HST-GHR&df the standard
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star G 191-B2B. Other elements were assumed to be presdnimadances too low
to significantly contribute to the EUV opacity, althoughagification may possibly
invalidate this assumption. While other elements thandhsed in Wolff's and this
analysis have been identified in UV spectra of some of the Eastpars, including
G 191-B2B itself, the low abundances of 168 for phosphorus and 3.20~7 for
sulfur, for example, as reported from the analysis of ORFEp&tra by Vennes et al.
(19964a), confirm that the opacities of these elements waspmably not contribute
significantly to the total EUV opacity. To investigate thespible effects of several
additional elements, further analyses have been cond(®ead. 3.4). For this analy-
sis, the aim was to compare the results to a previous anatkis EUV, as mentioned
before. Consequently, the list of elements consideredibsH readsHe, C, N, O,
Si, Fe andNi. Differences remain with regard to the number of atomic leaad
with regard to the LTE/NLTE population of these levels. Dlstaf the model calcula-
tions presented here are summarised in Table 2.1. Notenghaiddel atoms used for
the solution of the atmospheric structure and for the smtudif the equilibrium con-
dition are identical, which implies that the relatively higccuracy required for the
correct evaluation of the radiative acceleration slowsmtve atmospheric structure
calculation.

The time it takes a model with the specified atomic data to eqyeszdepends pri-
marily on the stratification of the input model. For homogaueinput models with
abundances derived from the published metallicities astdiress, roughly 5x°
CRAY-CPU seconds are required, while for converged steatifnodels with photo-
spheric parameters that are somewhat off the desired aregrgence requires some
5-10° CPU seconds. Due to this particularly large CPU time demandrmdel, the
convergence criterion for the models was set to be a lesS#echange in the model
flux, which means that the maximal relative correctiomay frequency point is no
larger than that limit, compared to the result from the prasidiffusion iteration
step. Only individual lines (usually two or thrd&e lines) are actually affected by
these larger variations, the continuum flux itself is muchrenexactly determined
and easily complies to the usuat “10~*” criterion.

As to the uniqueness of a particular solution, tests inditiaat the results agree
to within the error limits regardless of the extremely diffiet stratification of diverse
start models, making a strong case at least for the stabilithe result. One can
therefore trust that, no matter what the initial conditiamshe start model are, the
final abundances in the converged model will always be theesam

3.2.2 Spectra

The emergent fluxes used for comparison with the obsenskiane been calculated
(with PROZ from the model atmospheres on a frequency grid optimisetheoEUV
spectral range. This grid covexs= 50—700A in detail and contains more than 30 000
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Figure 3.1: Representation of the extended model grid.

frequency points in total. Separate UV and optical spectabso available.

3.3 Extended model grid

3.3.1 Parameter range and computational details

The full model grid of chemically stratified stellar atmospés for hot DA white
dwarfs is presented in Fig. 3.1. The grid limits are thosedsgul by the implications
of the discussion in Sect.5.3.2, i.e. it should be physjcaléaningful to calculate
diffusion models within these limits. They are basicallg #ame as in the previous
section, but the grid itself is more regular and complete.aBsve, the results are
for the elementdle, C, N, O, Si, Fe andNi in a hydrogen plasma in the effec-
tive temperature range .z =30000K to 72000K and for surface gravities from
log g =7.2t0 8.4. The model atoms here are still identical to thosEable 2.1, the
numerical implementation used was the one described unt#nhodels in Sect. 2.4
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Figure 3.2: Emergent fluxes for selected paraméfggsandlog g.

and calculations were performed on the Kiel CRAYSs.

For fitting purposes, rectangular sub-grids with regulacgpy in the fundamental
parameters can be extracted from the full model grid. Ptogseof the models re-
lated to the depth-dependent abundance stratificatiorlfeleanents included in the
calculations are presented in more detail in Sects. 4.1 @df4Chapter 4, but it is
briefly discussed how the presence of traces of metals inoiggah-rich atmospheres
affects the emergent flux in the following.

3.3.2 Example results: spectral features

Figure 3.2 shows the emergent fluxes for a few of the selfistargly solved, chem-
ically stratified stellar atmosphere models at differembpaeter combinations: The
emergent spectra (with lines) result from the full NLTE gmn, while the over-
plotted spectral distributions represent the blackbodyfthn the given effective tem-
perature. Obvious effects are the decrease of the overalldel and the strength-
ening of the Lyman jump with decreasing temperature, as aglihe shift of the
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Figure 3.3: Detail of EUV spectra frolRO2(black) andSYNSPE(grey).

maximum flux towards longer wavelengths for the blackbodlyaton. This last ef-
fect is not seen in the NLTE models. This peculiarity ultislatderives from the
fact that the metal abundances in all these models are r@paemmeters but are a
function of the effective temperature and the surface gyavihe decrease of the
total absorber content with decreasing effective tempegadnd increasing surface
gravity becomes obvious through the number of lines vigibline individual spec-
tra. For stars at parameter combinations where a high sfaeimperature yields a
strong radiative acceleration and a low surface gravitjdgi@a comparatively weak
gravitational acceleration, the absorber content is sb thigt any flux at the shortest
wavelengths is totally blocked. For lower effective tengiares or increased surface
gravities, this blocking is more and more lifted as more absis are being drawn
into deeper layers, resulting in a flux redistribution.

3.3.3 Spectra fronsYNSPEC

A few modifications to the spectrum synthesis progSMNSPE@ have been made
to allow its use with stratified models froRRO20or NGRTSYNSPEQllows radia-
tive transfer calculations through a given atmospheretira using the full Kurucz
line list, and for any desired elements (including additiloones not included in the
structure calculation, giving up on full self-consistemtyhe process). Radiative ac-
celerations can therefore readily be calculated with meterneled atomic data. This
could eventually allow one to separate the model atmospt@uion from the de-
termination of updated equilibrium abundances in the sémstecustomised atomic
data can be used for each of the two different iteration stiégstion between model
atmosphere calculation and the very detailed radiativestea including radiative
accelerations possible witBYNSPEChas in the meantime been implemented for
TLUSTYmodels by Hubeny & Barstow (priv. comm.).

Currently, the benefit derived from the first step of tBi¥sNSPEOmplementa-

IThe most recent overview folTLUSTY and SYNSPECis from Hubeny & Lanz (2003).
Hubeny & Lanz (2000) make available a user’s guide on the Wetsion 48 has been used in this work.
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tion for the extended model grid discussed here is a serikgbfresolution spectral
grids. For these, atomic input data has been prepar8 MSPE&eadable format,
identical in content to the data used for the calculatiorhef ¢tratified model grid.
The Lemke (1997) broadening tables for hydrogen Lyman anth&alines were
used. There are three grids, for the EUV (25— 8)0UV (9003 0003) and optical
(3000-1000@) ranges, all at a minimum of 0.0@6resolution. Figure 3.3 com-
pares the emergent fluxes in a small section of the EUV wagélaiange for spectra
calculated according to Sect. 3.2.2 with those synthesiseel

3.4 New models: Test calculations

The next generation of models benefits from major improveasmeithe model atmo-
sphere code that reduce the CPU time drastically. Test mddeie been calculated
with the new code with atomic data prepared as similarly asipte as in the old
models, in particular including only the elements that was® used there.

Further tests have included different atomic data for a rhatlé,; =56 000 K
andlog g = 7.6: First all elements frora to Ni were added to the existing list. The
atomic data were prepared witiOnlc , for details refer back to Table 2.2. However,
this immediately resulted in hefty absorption edges in thB/Encompatible with
observations. The equilibrium abundances of bOthand Ti were at levels well
above those oFe andNi, which does not appear reasonable. A model with only the
lighter elements plu§’a showed that the strong absorption edge was mainly due to
Ca, but nevertheless botia and Ti were removed in the final model to obtain the
results in Sect. 4.3. Along with these results, the procedfiremovingCa and Ti
is also further discussed and justified in Sect. 4.3.

All of these models were calculated on PCs in Tubingen.
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Abundance tables

4.1 Characteristics of the models

Based on the model grid presented in Sect. 3.3, abundandietiiwas are tabulated
for optical depths ranging from 0.04 70ss < 10 for models covering the range of
38000K< Teg < 71000K and 7.2 log g < 8.4. For eachT.s, log g] — combina-
tion, a separate table exists with, in the first column, thedetand optical depth, and
in the following columns, the relative abundances with ee$fgo hydrogen for all
elements contained in the model. Appendix A displays anngisggart of the infor-
mation from these tables compiled in graphical represemsit The most noticeable
trends are illustrated in this section.

The models show the general properties as expected froosuliff theory, i.e. the
overall trace element abundances usually decrease witr [Gwy and highedog g
values. Accordingly, the emergent spectra approach thediixbutions of those of
pure hydrogen model atmospheres at sufficiently evolvedrpaters on the cooling
sequence. Iron and nickel dominate the opacity in the EU\érevlthe flux of hot
white dwarfs peaks. Though their dominant effect on the Elp¥aity is partly due
to the many lines these elements exhibit, it is equally irtgodrthat their abundances
are, over a wide parameter range, simply larger than thosedNO elements. Of
course these two effects are tightly correlated, since rnogs directly translate into
a stronger radiative acceleration, which in this case yasinpensates for the higher
atomic weights and thus a stronger response to gravity.

As in previous calculations (Dreizler 1999; Dreizler & WdlB99), the iron group
element abundance can reach solar values or more, withl hiekey at virtually the
same level as the iron abundances. While the behaviour ofisrby and large con-
sistent with results obtained from EUV analyses (see Ch&)t¢he incompatibility
with observation in the UV of an iron to nickel ratio close taity must be addressed
again in Sect. 6.3.

Using the example of iron, Figs. 4.1 and /4.2 show that the @#mmndance varies
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Figure 4.1: Iron abundances@dss = % as a function of effective temperature at a fixed surface
gravity oflog g =8.0. The inset figure shows the depth-dependent iron abuedawfiles for
the underlying models at the different effective tempeeguwsed to obtain the data points
in the main plot; the shaded area marks region betwegn=0.5 and 1.0. The abundance
variation in that area translates to “error bars” in the ngaaph.

with the atmospheric parameters as expected. The first figut® shows the de-
crease of the iron abundancerats = % with decreasing effective temperature at a
fixed surface gravity ofog g =8.0. The inset figure shows the depth-dependentiron
abundance profiles for the different models; the shadedraegks the approximate
line formation region betweenyss = 0.5 and 1.0. The effect of abundance variations
in that area is translated to “error bars” in the main graphe $econd figure (4.2)
shows the decrease of the iron abundanecg at= % with increasing surface gravity

at a fixed effective temperature @ty = 56 000 K; the inset figure is similar to the
one in Fig.4.1. All abundances are relative fractions witbpect to the total particle
number.
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Figure 4.2: Iron abundances &atss = % as a function of surface gravity at a fixed effective
temperature of ¢ = 56 000 K; the inset figure is similar to the one in Fig. 4.1.

Analogue representations for silicon and nitrogen in Fg3.4.4, 4.5 and 4.6 illus-
trate more complex structural properties of the models.ohtrast to other elements
in the effective temperature range considered, silicomvshibe same "anomaly” that
had already been found (and explained) by Chayer et al. @,99%heir section 3.1):
In that particular temperature ran@é predominantly exists in the Siionisation
state which is a (Nelike) noble gas configuration. The radiative acceleratinmons
in noble gas configurations is extremely small — a circuntsadhat leads to "gaps”
in the overall trend with effective temperature such as tneresulting foiSi here.

Likewise, the vertical element distribution does not ala/é&yllow the simple pic-
ture of monotonously increasing local abundances with ldelpat is strongly af-
fected by the respective radiative acceleration (see ate@ler 1999, Schuh 2000,
or Dreizler & Schuh 2001 for further example graphical resgrgations). In particu-
lar, gradients may change signs repeatedly, meaning thigagarinciple be brought
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Figure 4.3: Silicon abundances for different effective penatures, similar to Fig. 4.1.

about by diffusion processes alone. This is in contrast berohotions that addi-
tionally evoke mass-loss effects to explain increasingllabundances towards outer
atmospheric regions. Notably, a nitrogen hump in the higioaphere similar to the
one Holberg et al. (1999a) required to explain their obdema of RE J1032+535
may be considered. In the insets of Figs. 4.5 and 4.6, théidwcahere the gradient
reverses is located significantly outward frafgss = % where the particle densi-
ties have dropped by more than 5 orders of magnitude withetdp their values at
Tross = % It is associated with a temperature inversion.

Consequently, it is somewhat questionable whether thesedegradient claimed
to be observed from nitrogen lines can actually be seen imibdels, so that a veri-
fication requires a full quantitative analysis and furthiscdssion has to be deferred
to Sect.6.2.1.
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Figure 4.4: Silicon abundances for different surface diesj similar to Fig. 4.2.

Due to the rough\® dependency of the hydrogen opa@jtyhe EUV originates
from deeper layers than the UV or optical in a hydrogen-deneid atmosphere. The
definition of the Rosseland optical depth scale provideseafpoint. Starting from
the location ofrioss = % its relevance can be explored for different spectral range
Figure 4.7 displays the location afss = % on the mass scale for models of different
effective temperatures and gravities. In the left pand,shift of the flux peak to-
wards the EUV on the one hand and the redudeapacity due to stronger ionisation
on the other hand lead to a deeper view into the atmosphgte € % is located
further in) with increasing effective temperature. Froma ttonsistency of this with
the relation shown in the left panel, it follows that the if@n, more generally, heavy

1The general? increase is discontinuously interrupted at the absoritges, in particular the Lyman
edge, and locally modified through lines. The mean depenydever a large spectral range averages to a
lower overall value of about?.
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Figure 4.5: Nitrogen abundances for different effectivaperatures, similar to Fig. 4.1.

element) opacity — which increases with shorter wavelengtia with increasinge,

and hence should movwg,ss = % further outward — does not have a dominating effect
on the location ofrss = % In the right panel, the decreasing density with decreas-
ing log g leads to higher transparency and again a deeper view intatthesphere
(Tross = % Is located further in). The increasing iron (or heavy elethabundance
with decreasindog g is not dominant enough to reverse this trend. Despite the fac
that the heavy element (in particular iron) opacity is higjhie the EUVZ, comparisons
based on the assumption that shorter-wavelength ranggeate from deeper layers
than longer-wavelength ranges generally remains valibragsas possible complica-
tions through the Lyman edge can be either neglected or grejpately considered.

2Although the effect is minimal, the high heavy element alammes can also be "seen” particularly
well at highT,g and lowlog g, while the heavy elements at Idi.g and highlog g are — in addition to
their low absolute abundances — also better "hidden” byrtbeeased mean hydrogen opacity.
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Figure 4.6: Nitrogen abundances for different surfaceitjessy similar to Fig. 4.2.

The reasoning by Holberg et al. that an observed nitrogendgdnce that is higher in
the UV than in the EUV should result from a nitrogen slab ledanh the outer regions

of RE J1032+535’s atmosphere therefore is valid even thdaugimains to be seen

if the increased\ abundance in the models presented here can provide a guantit
tive explanation. As a summary, it can be stated at this ghaiteven equilibrium
calculations yield rather non-trivial abundance disttidnois.

In Appendix A, the approach to display the information for @&rameters and
all elements is in principle very similar as in the plots jgabwn for iron, silicon
and nitrogen. Instead of displaying selected cuts throbhghniodel grid at fixed
surface gravities and effective temperatures, predidbed@ances are displayed as a
function of T, for all parametertog g, and as a function dbg g for all parameters
Ter. Despite the obvious redundancy, this is useful to estitfeanargins within
which one of the parameters can, or must, be varied for vamomparisons. The
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Figure 4.7: Location Ofross = % on the mass scale as a function of effective temperature
(for a fixed surface gravity dbg g = 8.0, left panel) and surface gravity (for a fixed effective
temperature o .¢ = 56 000 K, right panel).

uncertainties in these representations, as above, anaettfaom the variation of the
respective abundance with optical depth.

4.2 Comparison to earlier models

The above results are compared to the calculations by Cleager(1995b). Both
investigations are based on a model atmosphere approaapeét al.’s in LTE and
this work in NLTE. Dreizler & Werner (1993) made a good casetfe necessity
of NLTE treatment of hot white dwarf atmospheres. Chayet.etraaddition to a
few intermediate steps since Chayer et al. (1994) and Cledyer (1995a), mainly
present a "big” and a "small” grid. Both contain equilibriucalculations for all
heavy elements contained in tF©PBASE atomic data base, i.dC, N, O, Ne,
Na, Mg, Al, Si, S, Ar, Ca, Fe} —in contrast to{He, C, N, O, Si, Fe, Ni} here.
Both Chayer et al. grids consider momentum redistributionpfoved according to
Gonzalez et al. 1995), which the newer models do not. In tigd' trid, equilibrium
abundances are calculated from an existing model atmostercture and its ra-
diation field from pure hydrogen opacity; in the "small” gria representative fixed
mixture of {C, N, O, Fe} provides an additional background opacity (as opposed to
full consideration of all modelled elements simultanegurstiuding the atmospheric
structure’s reaction to their presence here). Due to thellSmgrid’s very limited
coverage of theT.s, log g] plane, the following comparison is done with results
from the "big” grid. In that case, the superiority of the newaodels with respect to

3Cunto & Mendoza (1992), based on Opacity project data (Besttal. 1992; Seaton 1992).
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Figure 4.8: Comparison of predicted elemental abundamgey (ots) to Chayer’s abundances
(black dashed) as a function of temperature for differerfase gravities: see annotations.

self-consistency is even more distinct.
Figure 4.8 compares the predicted equilibrium abundartcgssa= % as a func-
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tion of T, for a range olog g values. The parameters shown were chosen such that
the overlap range covered by the Chayer "big” grid and thiskigd'extended” grid

was maximised and the diagrams could be done without intgtipo. All elements
considered in both calculations simultaneously are shawny, O, Si, andFe.

Although overall trends are generally recovered, the ntageiof deviations can
be up to about 1.7 dex in relative abundance (in regions wiper@ients are not ex-
ceptionally strong). This can alternatively be expressedaresponding to shifts
in log g of up to 1.5dex (upr down!) that would be necessary to better match in-
dividual predictions to each other. The location of edgesmtabundances drop off
dramatically is best described as offset in effective tenrajpee, where significant dis-
crepancies up to 25000K occur (albeit for un-observablylisafisolute abundance
values).

The case ofi is special; the reversed gradient belex80 000 K described earlier
is recovered in both cases, but the newer models do not repedtie rise above that
temperature predicted by the earlier ones. Various seistiound by Chayer et al.
during the refinement process of their models also diffenfeach other because the
silicon abundance in that parameter range is very sensaiwglight changes. This
is due to the SV noble gas configuration which is predominantly populateticioes
not contribute significantly to the levitation; the momenttransfer rests on the small
fractions of silicon in lower ionisation states. Since ie tiew models no ionisation
states higher than Siwere included, the recovery of the silicon abundance tosvard
the upper end of the grid a& 70000K due to higher ionisation states cannot be
reproduced here.

Altogether, the differences from one grid to the other shawundamental trend
for the common elements; the deviations can go in both dmest Since “extra
opacity may reduce or increase (through redistributior)ftx available to across
the line spectrum of an element” (Chayer et al. 1995b), thetren of an individual
element to changes in the respective background opacitytéifpreted as such) can
be quite different, and the rather unpredictable charadténis behaviour seems to
show here. The conditions under which the compared calongtvere performed
involve a whole range of differences; together they perhajmsv to estimate the
current maximum systematic errors in radiative levitatafculations. Similarly, this
exercise may be continued with the more detailed calculatio the next section.

4.3 Discussion of test calculations with more opacities

In a continued effort to push the models to a more sophistitkvel, models from
Sect. 3.3 were subjected to refinements according to/SéctTBe main quest is to
include more elements. Due to their significant opacitigs nissing iron group ele-
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Figure 4.9: Temperature stratifications with the "old” (fiide) and "new” (dashed) codes.

ments fromCa to Ni were additionally taken into account first; this sectiorcdsses
the effects.

When the impact of the extension to the full iron group eletménexplored, the
main differences in the atmospheric structure are causaddypf the newly added
elements that display surprisingly large equilibrium adamce valuesCa and Ti.
Both additionally reach the artificially introduced uppmnits of a mass fraction of
10~2 in the outmost parts of the atmosphere. Such high abundanee®t corrobo-
rated by observations as reported for example by Barstow @&Q03c).

Itis one possibility to interpret the outward increase a&ssilgn of a selective wind —
not covered by the present static model —which might in ppledelp to decrease the
excessive overall abundance of the affected elements. A& elegant interpretation
could be available by adopting results from Fontaine & Cih&¥897) forHe in sdB
stars, who included weak mass-loss in their models and fetcetuilibrium profiles
tend to be maintained in the atmosphere until the resersamptied from bottom
up, at which point the element quickly disappears. Usingliagum profiles when
an element is obviously present in a specific object, and éstelp discarding it
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Figure 4.10: The first seven panels show the abundancefisatitins predicted by a model
calculated with the old code and containing fewer elemdnttline), and by a model calcu-
lated with the new atmosphere and sampling codes but camgaime same restricted number
of elements (dotted line), in comparison to the ones predibly a model calculated with the
new codes and containing more elements (dashed line), methelspective element name in-
dicated directly in the appropriate panel. The last panelsithe predictions of that last new
model for the additional elements included there, with aectadthe individual species printed
on the lower right-hand side.
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otherwise, may therefore be an acceptable choice.

Based on such considerations the addition of more elemeagg®stricted to the
iron group elements withota andTi for the time being. This modification leads to
changes in the structure of the test model such as the slighation of the temper-
ature structure shown in Fig. 4.9 and results in new aburelprafiles as illustrated
by Fig.4.10. All results are for models with,y =56 000K andogg = 7.6: one
taken directly from Sect. 3.3 for comparison (old code, ol atoms; "old” model
represented by a full line), one calculated with the new caral# partially modified
atomic data (but with no further elements included; dotted)| and one with addi-
tional elements as discussed above ("new” model represénta dashed line). This
key is valid for the elements common to all three models, evthie abundance pre-
dictions for the add-on elements as shown in the last panieigo#.10 are labelled
individually.

Since the new code has been thoroughly tested to give idéméasults for un-
changed input data, the impact of the first step (comparaiharfd the dotted lines)
must be attributed to the different methods of preparatioat@mic input data (for
the same list of elements; details were given in Sect. 2.5).

The effect of adding more elements in the second step leaith® tdifferences in
predicted equilibrium abundances as shown using dashes. liivhile for all ele-
ments that are common to the three models the shapes of thiegun profiles are
fairly similar in all cases, the absolute abundances in remnht a given depth point
can differ substantially, mainly due to the steep gradiemnslved. It will therefore
depend heavily on the formation region of any given line howchits shape will be
affected.

The inclusion of further heavy elements does not affecttitaication profiles of
those previously considered in a straightforward manmgpakticular, the notion that
additional elements with important opacity over a large&angth range might lead
to considerable flux blocking, reducing the relative abum@sof similar species so
that only the total of heavy elements supported remains atea ¢evel, proves to be
wrong. The effects of flux redistribution do not lead to a tgation”, instead every
new element reaches approximately the same level as thesalplpresent (see last
panel) and basically adds to the total opacity.

By comparing all results and evaluating the scale of theat®mn, "systematic”
errors can be derived that amount to up to 2 dex uncertaihing @much larger de-
viation for O in the outmost regions). This value is of the same order ofmtade
as in the last section, where Chayer et al. models were cadpaicurrent results. It
reflects the degree to which the predictions can perhapsrisedayed trustworthy, by
estimating the influence from various modelling-depenedéetts.



52

Chapter 4. Abundance tables



CHAPTERDS

Analysis of spectroscopic EUVE data

The following is largely based on Schuh, Dreizler & Wolff ), with a few en-
hancements in the contents, and with some subsectionsednaittmoved to other
parts in this thesis where they fit better. The contributiohthe co-authors to this
work were the data reduction of the EUVE spectra performed bWolff, while
S. Dreizler provided the diffusion code used to calculagerttodel grid. In compari-
son to the analysis by Schuh (2000), this full reanalysisaseld on a more complete
model grid (although not identical to the "extended” mod&digand improved visual
magnitudes for the objects (taken from the literature).

5.1 Introduction

The basic physical mechanisms leading to the elementfstaditon have long been
known, so their actual modelling appears preferable to amoadapproach. Chayer
et al. (1995a,b) were the first to calculate an extensive imgritfor white dwarfs
predicting the chemical stratification assuming equilibribetween gravitational set-
tling and radiative levitation. An improvement has now beehieved through the
introduction of self-consistent NLTE model atmospheregWlaccount for the cou-
pling between chemical stratification and the radiatiordfi@reizler 1999). The
successful application of these models to the EUVE spectu@191-B2B (Drei-
zler & Wolff 1999) has motivated a more systematic analy$ia arger sample of
hot DA white dwarfs which we present here.

The investigation in this chapter exploits EUVE spectra disgusses the results
with respect to parameter determinations in the opticale fidllowing Chapter 6
will deal with the UV wavelength ranges and give detailedahabundance pattern
predictions. The availability of EUVE spectra defines, aSVolff et al. (1998), the
overall sample, which is more thoroughly introduced in S&& The observations
and particular considerations concerning the intersteldium are shortly described
there as well. Sect.5.3 recapitulates the principle of tlel@hcalculations as dis-
cussed at some length in Chapter 2; for characteristicseofrtbdel grid computed

53
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for comparison with the sample on hand we refer back to Chaptaend 4. The meth-
ods and results from fitting the new class of theoretical spe¢c the observations are
presented in Sect. 5.4. The implications of these resugtsliacussed in Sect. 5.5.

5.2 EUVE observations of hot DA white dwarfs

5.2.1 The EUV selected DA sample

Generally speaking, the maximum spectral flux of hot WDsihdabe extreme ultra-
violet (EUV). The fact that the main opacity of heavy elensemitthese temperatures
tends to lie in the same range means that radiative acdeleian sustain traces of
them in the atmosphere, but it also implies that the EUV ishibst suited spectral
range for the detection of these elements. Consequentlstaxigby surveying EUVE
spectra, even though the spectral resolutions of its imstnis are not high enough
to identify individual lines. The element-by-element iti@oation is best deferred
to high-resolution UV or FUV studies. The new models do notiarprequire line
identification, although it would in principle be desiralbtebe able to do that even
in the EUV. They impose no need for the use of a pre-definedimeta(as used
by Wolff et al. 1998), nor do they require the adjustment ofcaliag factor as in
Barstow et al. (1997), as the abundances are not free pareselt are derived from
an equilibrium condition (see Sect.5.3). As the EUV flux isysensitive to the
chemical composition of the photosphere, a comparisonignrégime is extremely
useful to test the predictions of the diffusion models. fpteting the repeated anal-
ysis as a test case for the models, it is reasonable to stablydollowing previous
investigations as closely as possible. For this reason,hesecto use the 26 DAs
previously analysed by Wolff (1999).

This sample comprises all haTds >40000K) DA white dwarfs with EUVE
observations, which were mostly taken from the EUVE pubiahave (now available
at the multi-mission data archive at STScl). The data setsrereduction procedures
are described elsewhere (Wolff et al. 1998; Wolff 1999)stpublications also show
the reduced spectra in the form used here, i.e. flux calihi@w, MW and LW data
concatenated to yield a single spectrum.

The effective temperatures of the sample stars lie aligye= 40 000K, where
photospheric metal abundances are still large enough toebectdble. Above
Ter = 70000 K, mass-loss effects might start to disturb the exgobetjuilibrium be-
tween gravitational and radiative acceleration (UnglauBues 1998), but the sample
contains no stars hotter than that. Wolff et al. (1998) haweiged the objects into

1SW (short-wavelength spectrometer, /8 1904, 0.5A resolution), MW (medium-wavelength spec-
trometer, 14\ —380A, 1.0A resolution), and LW (long-wavelength spectrometer, 2807607, 2.0A
resolution) refer to data from three different instrumesrisboard the EUVE satellite.
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four different categories. The first set consists of G 191B-Bi2e objects, where the
high metallicity yields a steep flux drop towards short wawegfths, beyond the inter-
stellar Hall absorption edge. The second group includes GD 246 and siofijacts
which contain fewer photospheric metals, but still morenttieose in the third group
whose spectra Wolff et al. could fit with pure hydrogen atni@sps. A fourth rather
inhomogeneous set compiles the remaining objects. Follgletapecially on the ef-
fective temperature, surface gravity and metallicity oegh parameter space covered
by the different groups, we refer once more to Wolff (1999).

5.2.2 Treatment of the ISM

The interstellar medium (ISM) considerably attenuatesstiedlar flux in the EUV.
The most important features are the,HHel and Hell bound-free ground state ab-
sorptions with edges at 91147 504.3A and 227.8), respectively. This is being
accounted for in the same way as in Wolff et al. (1998): Theafbf given inter-
stellar column densities on the theoretical fluxes is mededind applied following
Rumph et al. (1994). The derivation ofilkolumn density depends on the effective
temperature of the model used, and thel ldad Hell column densities on its ab-
sorber content. Due to the interrelationfQfy and N(Hi) and the fact that the Lyman
edge lies outside the range observed by EUVE, Wolff et a8 ®ave started from
optically determined effective temperatures (by Finlegleft997), and additionally
have retained surface gravities from that analysis unabdng the present approach,
we start from the effective temperatures from Wolff (1999 adopt his H column
densities unalteredly whenever possible.

Even though the Heand Hell column densities have to be constantly modified
during the fitting procedure depending on the assumed pplo¢oe parameters, all
interstellar contributions will in the following be treat@s a secondary effect on the
stellar light that can be dealt with independently of thelgsia of the source itself,
disregarding the fact that an appropriate correction cdy lo& madeafter a set of
photospheric parameters has been adopted. As the inl@rsiesorption is more im-
portant at longer wavelengths while the absorption by pépteric metals increases
towards shorter wavelengths, the different contributicanrs partly be separated.

5.3 Equilibrium abundances from stratified model atmoseer

5.3.1 Diffusion models

Our self-consistent diffusion models have been introdundtie previous chapters.
Chayer et al. (1995a,b) have presented extensive resufisndfr calculations for
white dwarfs. Their predicted equilibrium abundances wekquantitatively con-
sistent with observations. This might be partly due to tlet faat the observations
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were analysed with chemically homogeneous model atmosphereaning that ho-
mogeneous abundances were compared to predictions fofietratmospheres, or
arises because the feedback of the modified abundances @utagon field was not
accounted for.

The self-consistent solution of the equilibrium conditand the atmospheric struc-
ture has first been presented by Dreizler (1999). In additidhis newly introduced
coupling, it is also a novelty that the calculations are ggerformed under NLTE
conditions. This has turned out to be a crucial point (ScHd®02Dreizler & Schuh
2001). The code itself relies on an iteration scheme thatradtes between the deter-
mination of new equilibrium abundances and the correspmblution for the atmo-
spheric structure (we remind the reader of Chapter 2 and &/& Dreizler (1999)
for a description).

5.3.2 Scope of application

It remains to be justified why the white dwarfs in our samplé priesumably obey
the presented equilibrium condition. Processes eligtbtedturb or prevent its adjust-
ment can be mass-loss, accretion from the interstellarum@dtonvection or mixing
through rotation. As explained by Unglaub & Bues (1998), sAass would have
the effect of homogenising a chemical stratification, bubhas also been shown in
the same paper, mass-loss rates drop below the critical({@i'® M /yr) for DAs
cooler thanlz =70000K so that this phenomenon should not occur in any of the
sample stars. Calculations of MacDonald (1992) that tieatinteraction between
accretion and the white dwarf wind reveal that WDs in our siemape not affected by
accretion. It is prevented sincexlp /Lo >1, so that at least a critical mass-loss rate
of 3-10718 to 102! M /yr is sustained.

Convection would of course homogenise abundances, too.et#wconvective
instability in the outer layers occurs only bel@r = 12 000 K for DAs, i.e. well be-
low T = 40000 K. Rotation could lead to a mixing through meridionatents; but
as most white dwarfs are very slow rotators (Heber et al. 1B®@éster et al. 1998),
this is not likely to interfere either.

Evenifitis left undisturbed, it takes an atmosphere a aetbae to reach an equi-
librium state. Due to the high surface gravities, diffusione scales are of the order
of months in the outer layers of white dwarfs (Koester 19&&dal on diffusion coef-
ficients by Paquette et al. 1986). This is nothing but an mistampared to evolution
time scales £107 yr), and this is the reason why DA atmospheres in the effectiv
temperature range between 40 000K and 70 000K can be regarbade their pho-
tospheric abundances set to equilibrium values at any tirtheeo evolutionary stage.

In the temperature range above 40 000K the flux maximum &dlih the EUV, i.e.
in the same range where multiple lines of heavier elemeim&ge substantial opac-
ity, making radiative levitation an efficient mechanism fustaining absorbers. It
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Figure 5.1: EUVE spectrum of MCT 2334731 with the best-fit model & =56 000 K
andlog g = 7.7 overlaid (dashed). The photon flux is displayed on a ldgaic scale.

should in this context also be noted that the evaluation@gtjuilibrium abundances
does not include the contributions of thermal and concé&atraiffusion, which have
much longer time scales.

5.4 Testing the diffusion models and re-analysing the DAxam

5.4.1 Comparison of theoretical and observed spectra

To directly compare a theoretical flux distribution with thieserved one, it is first re-
binned in wavelength and normalised to the observed visagintude. The values
for my have been chosen using the compilation of McCook & Sion (129@ are

listed with their individual references in Table 5.1. Thae effect of interstellar ab-
sorption is calculated as sketched in Sect. 5.2.2. The modtlhing was performed
on the grid mentioned in Sect. 3.2 which did not in all paranetnges correspond to
a tight mesh, and no interpolation was used. The quality afdiridual fit was eval-
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uated by eye. Of course, changing the interstdllaccolumn densities seemingly has
a big impact on the overall shape of the spectrum. Howeverghion most sensitive
to metal abundances lies at least partly beyond the Blesorption edge, so once this
and the lower energy edges are fitted all remaining deviatiawe to be due to either
a different flux level as caused by the effective temperabuie different amount of
absorber content as regulated by the surface gravity ingh#ilerium models.

5.4.2 Revised atmospheric parameters

The present model matching led to new atmospheric parasneteere mainly the
surface gravities differ from former specifications. Thepmwement of many of
the individual fits (see Fig.5.3) as compared to fits with hgemeous models (in
Wolff et al. 1998; Wolff 1999; Dreizler & Wolff 1999) vindidas these adjustments.

With homogeneous models, discrepancies were encountspedially for higher
metallicity stars in the shorter wavelength regimes, wtuohld not be adjusted by
a different metallicity value as this would have deterieththe quality of the fit at
other wavelengths. This difficulty is resolved with the newdals, as they offer dif-
ferent abundances at different formation depths. Consglyuey can often better
reproduce especially these formerly delicate regionaur€i®.1 shows an example.

Figure 5.3 displays all observations with the best-fit mapeictra over-plotted,
both shown at & resolution. Table 51 lists the parameters of the best-dideh for
each object, along with the interstellar column densitgesito produce the plots. The
latter are to be regarded as very preliminary as fitting im@damodels to the spectra
may yet again yield different values. High Hecolumn densities, found throughout
the sample, may be an indication that in particular shoselangth opacities are
still missing. The table additionally lists a quantity déswm:, which stands for the
metal indexhat is introduced next.

5.4.3 Metal index

With depth-dependent abundances, it is difficult to quotr@presentative value for
each element (although problematic, we mostly retreat itoguglues atross = %
in Chapter 4 and for the UV analysis in Chapter 6). To evade phoblem here,
we have introduced photospheric parametealtependent quantity that relies entirely
on the predictions by diffusion theory. As explained abdlie, absorber content of
the models is determined from the equilibrium between tldgatave and the gravi-
tational forces. The radiative acceleration scales @jth due to the occurrence of
the Eddington flux in Eq. 2.40, the effective gravitationateleration scales with

as is evident from the upper expression in the same equakiom.absorber content

should thus be comparable along lines of consEhyg. To map this ratio onto a
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Figure 5.2: Revised parameters of the program stars infihe [og g] plane. Lines indicate
constant values of the metal index as defined in Sect. 5435 4., 0.65, 0.15, 0.05, respec-
tively. The shaded area indicates the metallicity of DA whdivarfs of the GD 246 group of
Wolff et al. (1998). These as well as the objects classifiedragular fall into this regime
and are marked by squares. Stars above that region belohg 6 191-B2B-group (identi-
fied by starry symbols), stars below to the pure-hydrogemygr(marked by diamond-shaped
symbols). See also Sect.5.2.1.

dimensionless and small-number parameter, we define
mi=4-10""12-Te/g /[K*s*/cm] (5.1)

where the leading factor has been chosen to yield a resuteaditder of one for the
photospheric parameters of the standard star G 191-B2@Bsloh constanin: are
displayed in Fig. 5.2.

It should be emphasised that this quantity is not derivehfitoe actual calculated
equilibrium abundances in the models. It is based on a musplsr evaluation of
just the same idea that underlies the construction of theatsodnowing this, it is
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Table 5.1: New and previous results (Wolff et al. 1998) of BtV analysis ordered
by decreasing metal indexi. Ny is given in10'®cm=2. See Section5.4.3 for an
explanation of the theoretical metal index.

WD-N° Name my Ny Hel/H Heinn/H (new)
loggllcgsll Tes [K]  mi (new)
loggflcgsll Tes[K] m (old)

WD 0621-376 RE J0623-377 12.08% 5.0 0.09 0.15
7.2 61000 3.49
7.27 58000 2.0

WD 2211-495 REJ2214493 11.7 1 538 0.07 0.15
7.4 66000 3.02
7.38 66000 4.0

WD 02324035 Feige 24 1256 2.72 0.068 0.25
7.6 59000 1.22
7.17 58000 1.0

WD 0455-282 MCT0455-2812 13.953 1.3 0.063 0.3
7.8 66000 1.20
7.77 66000 1.0

WD 05014527 G191-B2B 11.7¢ 2.05 0.071 0.3
7.6 56000 0.99
7.59 56000 1.0

WD 2331-475 MCT2331-4731 131 4 85 0.08 0.1
7.6 56000 0.99
8.07 56000 0.75-1.

WD 1056+516 LB1919 16.8 4 16.0 0.04 0.05
8.2 70000 0.61

69000 0.1

WD 1123+189 PG 1123189 14.13' 11.9 0.09 0.052
7.9 54000 0.43
7.63 54000 0.4

WD 0027-636 MCTO00276341 15.0 4 215 0.068 0.06
8.2 64000 0.42
7.96 64000 0.2

WD 1234+482 PG 1234482 14.38% 11.7 0.09 0.05
8.1 56000 0.31
7.67 56000 0.2

WD 2309+105 GD 246 13.09 18.0 0.05 0.03
8.2 56000 0.25
7.81 59000 0.25

WD 0131-164 GD984 13.98 22.0 0.068 0.035
8.1 50000 0.20
7.67 50000 0.2

WD 22474583  Lanning 23 14.26  40.0 0.068 0.03
8.3 56000 0.20
7.84 59000 0.25
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WD 0004+330 GD?2 13852 824 0.068 0.01
8.25 50000 0.14
7.63 49000 <0.1
WD2111+498 GD394 13.098 6.5 0.07 0.15
7.9 40000 0.13
7.94 39600 0.25
WD 13144293 HZ43A 12.914° 0.9 0.06 0.0
8.3 50000 0.13
7.99 50800 0.0
WD 1543-366 REJ1546364 15.8110 504 0.068 0.03
8.3 50000 0.13
8.88 45200 0.0
WD 10574+719 PG1054#719 1468 ! 207 0.068 0.052
8.0 42000 0.12
7.90 41500 0.1
WD 0630-050 REJ0632050 15.537! 30.1 0.01 0.055
8.2 44000 0.09
8.39 44100 0.0
WD 1631+781 REJ1629780 13.03!! 35.0 0.068 0.0
8.15 42000 0.09
7.79 44600 0.05
WD 0838+035 REJ0844032 14.48 ' 16.0 0.068 0.052
8.1 40000 0.08
7.78 38400 0.0
WD 2321-549 REJ2324544 152 ! 95 0.05 0.06
8.2 42000 0.08
7.94 45000 0.05
WD 1029+537 REJ1032535 14.455! 7.5 0.005 0.04
8.3 44000 0.08
7.77 44000 0.0
WD 2152-548 REJ2156546 14441 7.0 0.04 0.04
8.3 44000 0.08
7.91 44000 0.0
WDO0715-703 REJ0715705 14.1781 21.9 0.068 0.015
8.3 44000 0.08
8.05 44000 0.0
WD 2004-605 REJ2009605 136 ! 175 0.06 0.015
8.3 42000 0.06
8.16 41900 0.0
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1 Marsh et al. (1997a¥ Kidder et al. (1991 Barstow et al. (1994d} Pounds et al. (1993} Green
(1980)% Wesemael & et al. (1995) Vennes et al. (19975 Bergeron et al. (1992 Bohlin et al. (1995)
10 vennes et al. (19960)" Schwartz et al. (1995)
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Figure 5.3: EUVE spectra of the program stars with theasétspectra overlaid (dashed),
ordered by decreasing metal index. We only show the spectral range with significant signal.
Parameters of the models as well as interstellar columntieEnor hydrogen and helium can
be found in Table 5.1.
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all the more surprising how well the metal indices at the newly determined pa-
rameters match the metallicities that Wolff (1999) has derived for the objects.

5.5 Discussion

5.5.1 Summary

The new diffusion models can reproduce the observed EUMspetthe majority of
the hot DA white dwarfs in the sample. Since the models pteédechemical com-
position from the equilibrium between sedimentation ardiative acceleration, the
number of free stellar parameters is drastically reduceti¢ceffective temperature
and surface gravity only. The good agreement is a strongeaglthat the interplay
of these two processes defines the chemical compositiortratification. The agree-
ment is, however, not in all cases better than with chenyicadimogeneous models,
which requires a more detailed discussion.

Stars similar to G 191-B2B (the group one from Wolff et al. 8p8an be repro-
duced significantly better with our self-consistent sfiedi models. This result is not
surprising since the first and successful application of¢hmodels to G191-B2B
(Dreizler & Wolff 1999) motivated this work in the first plac®©ur new models can
also reproduce the stars classified as pure hydrogen (ghoee from Wolff et al.
1998), demonstrating that the vanishing of trace amountaetfls is correctly re-
produced. Within this group, however, the surface gravégl to be increased by up
to 0.5dex in order to achieve a good fit (see also Table 5.1 tEadliscussion in
Sect.5.5.2).

The fits of PG 1123189, GD 246 and GD 984 are not completely satisfying but
deviations are of the same order as compared to fits with hermexgus models. The
fits for HZ43A, RE J1032535, RE J2156546 and RE J2009605 are not quite
as good as the ones which could be achieved with spectraedefinom the grid of
homogeneous models. In four cases (LB 1919, MCT 002341, PG 1234482, and
GD 394), using the new models results in a worse fit than befbhese significant
individual deviations between models and observationdtcbalve physical reasons.
As discussed in Sect. 5.3.2, competing processes canlibiequilibrium between
radiative acceleration and gravitational settling. Asaslent from the overall good fit
of our models, these are unimportantin general but indalidyceptions are possible.
In the case of LB 1919 for example, an unusually high rotatade has been suspected
(Finley et al. 1997).

5.5.2 Remarks onpandg,.q

As mentioned above, our surface gravities are in severakdaigher than in earlier
analyses. Those analyses had evaluated the Balmer lingeprfat a determination
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Figure 5.4. Comparison of old and new effective temperatuaed surface gravities:
Wolff et al. (1998) values versus those from this work aseeesn alef,Terr and alog g,log g
diagram. The solid lines are the identity, dotted lines aredr least-squares fits to new as a
function of old, and old as a function of new, values.

of the surface gravity. The analysis of optical spectra \witin new stratified mod-

els would allow one to search for systematic effects in campa to analyses with

chemically homogeneous models. For now, we show the mastisanable correla-
tion between the effective temperatures by Wolff et al. @2nd ours, and the less
consistent relation for the surface gravities taken fromidyi et al. (1997) and ours,
in Fig.5.4. In Fig.5.5, the agreement, on average, betwestallicity and metal index

ms pointed out earlier is visualised. The surface gravitiesunwork appear indeed
biased towards higher values.

The uncertainties in the knowledge of fundamental atmaosplparameters are
larger, however, than individual studies may suggest. Hoea well-studied stan-
dard star such as G 191-B2B, the ensemble of recent deta@romsaf7e; andlog g
implies a surprisingly large scatter, as demonstratedgrbf. Here, the EUVE ob-
servations result in a good mean positioning of the objetttiwother measurements.
Yet the overall scatter is not noticeably smaller than whastnibe noted for the bulk
of sample objects in Fig. 5.4.

Another independent result might be worth considering ia tontext: Detailed
parallax and gravitational redshift measurements with H&The binary system
Feige 24 (Benedict et al. 2000; Vennes et al. 2000) alsogukedchigher surface grav-
ity for the WD component than several optical analydes 4§ =7.2—7.5). The con-



Chapter 5.5: Discussion 65

metal index mi
N
I
1

7
e b e e e b by

0 1 2 3 4
metallicity m

Figure 5.5: Comparison of different measures of the metatlezd: Wolff et al.’s (1998) metal-
licity versus the metal indexs, line styles have the same meaning as in/Fig. 5.4.

sistency of our resulti¢g g =7.7) with Vennes et al.’sl¢g g =7.5-7.7) might be
interpreted as a hint that our current results, while they setainly be subject to
some inaccuracies, do not as a general rule suffer from dxtgyg high g,.q values
in the models that enforce the usage of higlhegrg; part of the absolute deviation
may as well be due to specific problems in other studies.

Should the surface gravities determined with our modelseto be reliable, they
would open up a new possibility: The surface gravity govehesgravitational set-
tling. Through the equilibrium condition, the amount ofdeametals in the atmo-
sphere is determined. In effect, we therefore evaluate #talmbundances in order
to derive the surface gravity. Our proposed method would era sensitive indi-
cator but it is, unfortunately, also sensitive to systematrors in the calculation of
the radiative acceleration. The shiftslag g necessary to obtain good fits for several
of the objects consequently could indicate that the acgunéthe g,,4 calculation
needs to be further improved. New test models therefore atlatarmining radiative
accelerations with higher precision (see Sects, 3.4, 4.3).

Since the accuracy of the calculation of the radiative ased#bn is a crucial issue,
several possible improvements not yet implemented intonmaatels can be consid-
ered that may help to resolve remaining discrepancies.sTesluding more, and
more detailed, model atoms have been presented earliefiriehstructure splitting
of lines was considered fdfe andNi in the Kiel atomic data, and is also considered
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Figure 5.6: Parameters for G 191-B2B from different stydmsy references from 1991 on
have been considered. References with parameters adoptedhe of the above analyses
were not included. Inthe annotations added to some of theeguithe abbreviations "Balmer”
and "Lyman” mean that the parameters have been derived tisriydrogen Balmer or Lyman
line series, while the mentioning af values for Bergeron et al. (1994) parameters refers to
differentHe contents of the models explored in that paper.

in all data prepared withhOnlc according to the Kurucz data. The inclusion of fine
structure (as suggested by Chayer et al., who also testeeffdad for Fe and Ni)
adds further opacity and usually leads to higher equilorebundances. The fine
structure splitting has not been taken into account (exXoe@atppropriate weighting)
for CNO elements an@i.

The momentum redistribution according to Montmerle & Miagtg1976) is also
still missing.
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5.5.3 Outlook

We have presented our chemically stratified model atmosggloascribing the chem-
ical composition through the equilibrium between gravoiaal settling and radiative
acceleration self-consistently. The application to 26 BB Bpectra of hot DA white
dwarfs has revealed an overall good agreement, demonsgttag potential of these
new models.

In Chapter 6, we will discuss the derived parameters fowiddil objects in the
context of an analysis of the metal lines observable in U\¢Bpe This will also be an
important test for the consistency of atmospheric pararaeterived from different
parts of the spectrum, which often poses a problem. Whilé/aes with chemically
homogeneous models may be biased due to systematic erraduced through the
neglect of stratification, the parameters presented heyeb@aubject to systematic
errors due to the fixed photospheric abundances and mighhatsstand on excep-
tionally firm ground yet.

Likewise, the determination of the interstellar columnsigas has to be regarded
as preliminary, since these cannot be determined indepdydem the theoretical
spectra.
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CHAPTERG

Abundance analysis in the UV

6.1 Graphical representation of the results

In this chapter, the abundance values predicted by thesibiiumodels in a given
photospheric layer are compared to results from analyseg established model
matching techniques applied to abundance determinatimms UV observations.
This comparison uses photospheric parameters for a 2stdgeple analysed and
published by Barstow et al. (2003c) that, with 14 commonsstaartly overlaps the
EUVE sample in Chapter 5. Effective temperatures, surfeaéties, and metal abun-
dances were derived from IUE, HST, and FUSE spectra usjggfiting technique.
For 7 objects only IUE spectra, for 3 objects only HST-GHR&ctfa were available,
while for the bulk of 14 objects HST-STIS spectra could bedugoth types of HST
spectra were in five cases supplemented by IUE data for bsiesatral coverage.
For one object a FUSE spectrum was used (PG 33412, based on Barstow et al.
2002). A comprehensive determination of metal abundanoes &ll FUSE spectra
obtained for hot DA white dwarfs is work in progress (Bars&tval. 2001b, 2003a;
Dupuis et al. 2003).

Barstow et al. (2003c) calculated both pure hydrogen andyhelament blanketed
NLTE models, with homogeneous abundance$léé, C, N, O, Si, Fe, Ni} fixed
at the values measured for G 191-B2B for the blanketed mottetietermin€l ¢
andlog g from Balmer line fitting to optical spectra. Theoretical sfra with variable
abundances for the purpose of model fitting of the UV speca@ewbtained by cal-
culating formal solutions with the modified abundances dasethe existing model
structures for one element at a time (using the elementbiste). The Teg, log g]
parameters from Balmer line fitting were restricted to theakies within narrow
bounds during the abundance determination from the UV spect

In the following, the equilibrium abundances predicted Bfudion models at the
Ter andlog g parameters given by Barstow et al. (2003c) are compareeioghun-
dances measured by model matching. The first set of figurgs-(6.24, starting on

69
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page 71) shows the results for one object per plot. The xisxised to represent the
different ions or elements considered, the y-axis showsdbundance types that the
following symbols stand for:

Black dots represent the abundances as measured by Barstow et alc)2@@08er-
ror bars in abundances that are the formal fitting errorsinédaby these au-
thors. Items where only the error bar without a dot is plotietote upper
limits.

Grey dots are diffusion model predictions atss = % interpolated fofl . andlog g
of each object. The error bars for the abundances are odthynevaluating the
maximum abundance variation due to the given uncertaimi&ss andlog g
(the latter, as above, are Barstow et al.’s formal fittinges).

Dark grey diamonds repeat the same exercise for the predictions from diffusion
models by Chayer et al. (1995b), but without errors assigned

Dotted lines visualise the cosmic abundances of the elements consi(erearding
to Wilms et al. 2000) and are therefore obviously the samd figares.

The objects are sorted by decreasing effective temper@sire the discussion below,
where they are however first split into two groups). The sda®t of figures (6.29 —
6.42, starting on page 104) compiles the results obtaimaillfobjects on an element-
by-element basis. The upper plot on each left-hand pagessalbmeasurements for
one element as function of effective temperature, with pathe scatter observéd
due to the scatter itog g, the lower plot shows the same measurements as a function
of surface gravity so that here part of the scatter is duedatatter il g; the upper

plot on right-hand pages displays the measurements as diniot the metal index

ms. The meaning of the symbols is almost identical to what has lbdescribed above:

Black dots are the measurements by Barstow et al., with errors bdtgsiriog g and
abundances that are their formal fitting errors (errorsterderived quantity
ms are obvious). Items without a dot denote upper limits.

Grey dots are the predicted abundances from diffusion modetg at= % using the
objects’ givenT.g andlog g values. Thélg¢ or log g errors are also directly
from Barstow et al. here, while the error bars for the abundarare obtained
as above by evaluating the abundance variation due to tle® gincertainties
in Teg andlog g (and similarly for the errors im:z).

Dark grey diamonds still stand for Chayer et al. predictions, without errorsigsed.

Dotted lines represent the cosmic abundance of the element in each plot.

I"Observed” here refers both to the actual observations #sawéo the model abundances.
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Figure 6.2: Comparison of UV elemental abundances, see text
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Figure 6.3: Comparison of UV elemental abundances, see text
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Figure 6.4: Comparison of UV elemental abundances, see text
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Figure 6.6: Comparison of UV elemental abundances, see text
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Figure 6.8: Comparison of UV elemental abundances, see text
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Figure 6.9: Comparison of UV elemental abundances, see text
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Figure 6.10: Comparison of UV elemental abundances, see tex

75



76 Chapter 6: Abundance analysis in the UV
REJ2334—471 Teir=53205K, log g=7.67
C T T T T T T T ]
1074 -
L 1078 -
4
N
z
10-8— -
10-10 ] ] ] ] ] ]
cm Civ N 0 S FE NI
Figure 6.11: Comparison of UV elemental abundances, see tex
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Figure 6.13: Comparison of UV elemental abundances, see tex
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Figure 6.14: Comparison of UV elemental abundances, see tex
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Figure 6.15: Comparison of UV elemental abundances, see tex
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Figure 6.16: Comparison of UV elemental abundances, see tex
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Figure 6.17: Comparison of UV elemental abundances, see tex
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Figure 6.18: Comparison of UV elemental abundances, see tex
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Figure 6.19: Comparison of UV elemental abundances, see tex
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Figure 6.20: Comparison of UV elemental abundances, see tex
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Figure 6.21: Comparison of UV elemental abundances, see tex
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Figure 6.22: Comparison of UV elemental abundances, see tex
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Figure 6.23: Comparison of UV elemental abundances, see tex
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Figure 6.24: Comparison of UV elemental abundances, seke tex
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6.2 Object-by-object discussion

Prior to going into the discussion of the substantial cotster the object plots, a
brief summary of observations and resultant publicati@hsvant to the determina-
tion of photospheric abundances is given for each objedhdneferences compiled
for each object, the following types of publications havaemally been excluded de-
liberately: Publications from before 1993 (because no Nhidéfal-line blanketed at-
mospheres were available for analyses before that timdirtisuch modelling goes
back to Dreizler & Werner 1993, Hubeny & Lanz 1995 and Lanz &ikeay 1995);
publications that have already been extensively citedisidhthe previous chapter
that represent comprehensive studies of the whole sangraeb@ow); publications
concerned with the determination of fundamental pararaétem Balmer or Lyman
lines (optical: Bergeron et al. 1994, Finley et al. 1997, shaet al. 1997a; including
a comprehensive table of known hot DAs: Napiwotzki E}Qﬂ)tical analysis of X-
ray selected objects: Vennes 1999; comparison opticabsdfs)V: Barstow et al.
2001c, 2003b); publications concerned with the analysihefinterstellar medium
for which the white dwarf only acts as a background light seuusually publica-
tions that are not much more than abstracts especiallylifladged refereed articles
with similar contents are available; and publications fra&dominantly compile or
repeat results published elsewhere, as for example invgapers. Those references
treating a significant sub-sample of objects are usuallylist@d under the individ-
ual objects again. These exceptions include the bulk aesalgé ROSAT pointed
observations by Barstow et al. (1993a), Jordan et al. (1884)Wolff et al. (1996),
the IUE survey by Holberg et al. (1998), and the examinatioBEWVE samples by
Dupuis et al. (1995), Barstow et al. (1997), Marsh et al. A®9Wolff et al. (1998)
and Barstow et al. (1998).

Further references of general interest here are the HIP¥RGarallaxes available
from Vauclair et al. (1997), the disentanglement of phobesic from circumstellar
features (Bannister et al. 2003) and of course the compsaleanalysis of heavy el-
ement abundances by Barstow et al. (2003c) on which the casopan this chapter
IS based.

6.2.1 Objects contained in the EUVE sample

RE J2214-493 After its discovery by ROSAT, RE J221493 was observed by the
IUE satellite and the spectra obtained were among the fitst @nalysed with
NLTE models treating the line-blanketing effects from iramd nickel lines.
Additionally, C, N, O, Si, andAl are detected.

2The literature compilation by Napiwotzki (1999) providesudl list of hot DAs down to 30200 K
with a total of 130 objects (of those, less than two thirdsuighin this work’s model grid limits).
Napiwotzki et al. (1999b) furthermore provide a LTE to NLT&ections map for such analyses.
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TheFe abundances determined by Holberg et al. (1993) and Wernemreizer
(1994) were based on the same model grid and compared wkleath other
(log (Fe/H) = —4.25£0.25). TheNi abundances published by Holberg et al.
(1994, TLUSTY models: log (Ni/H) = —5.5) and Werner & Dreizler (1994,
PRO2models:log (Ni/H) = —4.4+0.3), on the other hand, differ by 1 dex. At
a value of 0.4 -5 of th&e/Ni abundance ratio in the latter case, a clear enrich-
ment compared to the solar valuesoR0 is implied that the authors attribute to
radiative levitation. Both the value &%/Ni = 20+10 by Holberg et al. (1994)
as well as the current results represented in Fig.JlBeiNi = 14+3 in numbers,
differing from the older results by a re-determination deefive temperature
and surface gravity from new optical data, and new abundafoeand on the
basis of the IUE final data set — Barstow et al. 1998; Holbegd.€t998) dis-
agree with this. The issue remains to be settled and is perhapptomatic
for the remaining uncertainties due to modelling issuepanticular concerned
with the accuracy and completeness of atomic data.

Taking the results in Fig. 6.5 at face value, the measuredddamces o) in
particular, but also, to a lesser extent, laf and, just within the error bars,
Si, are matched by the predictions, N andNi are over-predicted by various
degrees. Itis remarkable that the iron and nickel abundeadoes appear close
to what looks like a limit set by the cosmic abundances.

The fit to the EUV spectrum in Chapter 5 is reasonably good aves chot
require to twist the fundamental parameters found in gasliedies. How-
ever, since those earlier parameters imply an effectivpégature almost 10%
higher than that used in the above comparison, the solefatptedicted and
measured (UV) iron abundances are not too different in thmsgarison does
not immediately signify consistency with the EUV results.

A FUSE spectrum exists, but has so far only been exploredtfolies of the
ISM (e.g. Hébrard et al. 2002).

Feige 24 Besides being a secondary photometric standard star, tge & system

is the prototype of a close binary that has just emerged frawnamon enve-
lope phase and is likely to evolve into a cataclysmic vagabFundamental
stellar and binary system parameters derived by Vennes &stdrosen (1994)
from optical and IUE data favour a low mass and a helium coreHe hot

white dwarf, a scenario further refined through modellind emerpretation in

3From Vennes & Thorstensen (1994): "Feige 24 is the prototyfpa class of young, EUV-emitting,

binary systems comprising a late main sequence seconddra &t H-rich white dwarf; the class is
characterized by optical and ultraviolet photosphericiiHgbsorption, circumstellar & (A = 1550)
absorption, and by the presence of EUV-induced, phaseadepé Balmer fluorescence. These young
systems present the best opportunity to constrain theactgrmimon-envelope evolution.”
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Vennes et al. (1995), only to be disputed by Benedict et 80Q2who suggest
a carbon core based on HST Fine Guidance Sensor 3 data. Ticisision was
also adapted by Vennes et al. (2000) after they obtainedeévatmospheric
parameters from HST-STIS observations.

The HST-STIS data complement or partly supersede obsengaamong other,
by ROSAT, IUE, EUVE (e.g. Barstow et al. 1994b), and earli&@THnstru-
ments. The IUE spectrum was used by Werner & Dreizler (1994)¢asure
photospheric abundances, the EUVE spectrum was analysBdimyis et al.
(1995). EUV model spectra were also presented by Lanz & Hulj£895).
Based on the HST-STIS spectrum first published by Vennes €2aD0),
Vennes & Lanz (2001) give photospheric abundance€foN, O, Si, S, Fe,
andNi. After removing part of an apparent ionisation imbalanaedoygen
by applying NLTE models, Vennes et al. (2000) note a resichrasation im-
balance that they attribute to either faulty atomic datadwygen or chem-
ical stratification. These considerations, also mainthimeVennes & Lanz
(2001), could however not be solved in favour of the strattfan hypothesis
for Feige 24 so far.

Similar as for RE J2214493, the abundances now determined tend to lie below
the predictions, again with the exceptionSif

A good EUVE fit could be obtained for a surface gravity valughlar than pre-
viously determined ones, but in return consistent with tlsults by
Vennes & Lanz (2001).

RE J0623-377 Variously known as RE J062374, RE J0623 377, or simply
RE J0623-37, and systematically called RE JO62871 in publications by
Barstow et al., the object unambiguously identified by itstevidwarf num-
ber as WD 0621376 was first discovered by ROSAT (Holberg et al. 1993).
The IUE spectrum was analysed by Werner & Dreizler (1994),iamf course
included in the studies by Holberg et al. (1998) and Barstoal.€2003c).

In comparison to results from the latter, the predicednd N abundances
are too high, whileO andSi are very well,Fe reasonably well matched. For
Ni, the same discrepancy as for RE J22293 and Feige 24 is observed: The
prediction is at the same level &s, the measurement is more than one or-
der of magnitude smaller. This is just barely within the tBnsuggested by
Werner & Dreizler (1994) who foun#le/Ni = 0.5—10 for this object.

The EUVE spectrum is very well reproduced at parametersistamé with
those that different studies generally seem to agree on.

A FUSE spectrum exists, but has so far only been exploredtfioliess of the
ISM (e.g. Lehner et al. 2002).
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PG 1123+189 As an ultraviolet-excess object, ROSAT, IUE and EUVE soutice
spectroscopic binary PG 112389 is included in the major survey papers and
additionally features in Napiwotzki et al.’s (1999a) NLTgtwal parameter re-
determination.

The EUVE spectrum cannot be fitted well with diffusion modaten with an
increased surface gravity value. This fits with the pictar€ig.6.10, based on
an otherwise unpublished HST observation with limited s@aécoverage: The
upper limits forC andN are far below the prediction, th€i measurement is
two orders of magnitude below the prediction.

RE J2334-471 Tentatively classified as a DA already by Hill & Hill (1966),
RE J2334-471 or MCT 23314731 was observed by ROSAT, EUVE and IUE.
An LTE analysis of the FUSE spectrum was presented by Wo#f.€2001).
Their work addsP andS to the list of elements observed in the photosphere of
this star, and reports abundance values $r P, S and Fe including
log (Si/H) =—6.22 andog (Fe/H) < —5.3.

Both of these values are consistent with the results hefeofttained assum-
ing different fundamental parameters, see below), whidhrin agree with the
predictions. Despite large error bars, the agreement es\asy good for the
best values fo©O. This is not true to the same degree oy N andNi, with
the measurement for the latter almost three orders of maggmgmaller than
predicted.

At the chosen set of parameters, the EUVE spectrum is welifiiyy the model;
however, an impressive range of effective temperaturesaridce gravities is
still being suggested by various authors depending on ttieplkar observation
analysed. Values range from 53 000 K to 62 000 Kiirand 7.6 to 8.1 ittog g.

G 191-B2B At a visual magnitude of p¥11.79, and correspondingly bright blue and
UV colours, this spectrophotometric standard star is veell wbserved and
frequently used for calibration purposes, in particulatdf instruments (e.g.
HST: Colina & Bohlin 1994; Bohlin et al. 1995; Stone 1996; Bot1996, and
HST-STIS in particular: Bohlin 2000; Bohlin et al. 2001). drreview article,
Kruk (1998) explains the essential role that reliable sdéohodelling of the
flux standard plays for the successful calibration of obegonal instruments.

G 191-B2B has been observed by, or used for the calibratipHOT As-
tro1l (Kimble et al. 1993a; Smith et al. 1996; Kruk etal. 199HVUT Astro 2
(Kruk et al. 1999), EUVS (Extreme Ultraviolet Spectrograplilkinson et al.
1993), the ORFEUS SPAS I+l missions (Dixon et al. 2002) reaxte-ultra-
violet rocket spectroscopy experiments such as the Exttdtraviolet Opacity
Rocket (EOR, Gunderson et al. 2001) and J-PEX (Cruddace 20@R), the
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X-ray observatory XMM (Chen et al. 2004 suggested G 191-B#B<MM'’s
wavelength calibration), and large optical telescopeh siscKeck or VLT.

The extensive data allow a detailed modelling and parandetermination of
this "prototype” hot DA, resulting in knowledge about thejedi which is in
turn required to fulfil the calibration needs. The remainimgertainties in the
modelling as documented in Fig.5.6 might appear surprisintis context:
The host of values fdf.¢ andlog g found from optical (Balmer line series) and
Lyman line analyses (see the short compilation at the bagyof this section
and Fig. 5.6 for the corresponding references) frame thewswalues used in
or derived from UV and FUV studies. Besides systematic &fattributable
to poorly understood effects from one wavelength range tuhean, and un-
controllable random scatter from one observation to ampthe discrepancies
amount to a large extent from different approximations miinodels. The us-
age of NLTE versus LTE models, the inclusionl® and/or metals and their
exact composition, and the degree to which the imperatiseiffconsistency
Is observed all play a role. The efforts to explain the spdanergy distri-
bution of G 191-B2B in particular reflect the overall incri@egscomplexity of
the atmosphere models utilised to understand the compositid physics in
any hot DA atmosphere. New concepts were often first testatisistar, due
to stronger constraints from new observations, numeroaistgined for this
target:

Barstow et al. (1993a,b) were unable to obtain an accepliihbdeROSAT data
with H models. The first NLTE line-blanketed models wkh were presented
by Dreizler & Werner (1993) for comparison with EUV and IUEtadaand
subsequently used in studies by Holberg et al. (1994) anch&/& Dreizler
(1994) who determinefie andNi abundances from the IUE spectrum. Simi-
larly sophisticated model atmospheres were then compuytediz & Hubeny
(1995), and used in Lanz et al. (1996) to create a model spaityffor G 191—
B2B that resulted in the determination of a lower effectemperature, and
heavy element abundance measurements (still based onEantladditional
EUV data). Vidal-Madjar et al. (1994) detectdd Si, andFe lines in an HST-
GHRS spectrum, Vennes etal. (199@)and S in an ORFEUS spectrum.
Barstow et al. (1994b) presented the first EUVE spectrum Ehgduis et al.
(1995) then used to determine a suitablg and analyse the ISM along the line
of sight towards G 191-B2B. However, the EUVE observationtiomed to
elude successful modelling (Barstow & Hubeny 1988:He stratified model
including heavy elements) until Barstow et al. (1999) sstee a stratifiede
slab model. The diffusion model by Dreizler & Wolff (1999)ldkered the jus-
tification for such an approach and correctly predictedinepacity required



88 Chapter 6: Abundance analysis in the UV

to match HST-STIS and EUVE spectra simultaneously.

Recently, Vennes & Lanz (2001) have published a compariséeige 24 and
G 191-B2B based on HST-STIS spectra, of which Holberg et28107) of-
fer a co-added, high signal-to-noise version. There haea lefforts to sepa-
rate photospheric from circumstellar metal line contiidmas (Bruhweiler et al.
1999 mention such a component for the major works on this topic have been
listed in the introduction). FUSE observations (e.g. Lameat al. 2002, ISM
analysis) await a detailed investigation as announcedist®a et al. (2003a).
A flight of the J-PEX instrument has targeted G 191-B2B, tesylin a new
high-resolution spectral observation in the extremeauitiiet (Cruddace et al.
2002; Barstow et al. 2005).

As for several other objects assigned to the so-called GB2&-group, the

agreement between predicted and measured valugefas relatively good,;

it is excellent forSi and of only slightly lesser quality fof). A decreasing

coincidence must be noted fdr, C, andNi in this order, with a large deviation
for Ni. Owing to the well-matchede profile, the fit to the EUVE spectrum,
at an accepted pair of fundamental parameters, is good saselea previously
proven in Dreizler & Wolff (1999).

PG 1234+482 Wolff et al. (1994) and Jordan et al. (1996) reported the cdete of
Fe in the EUVE spectrum, and Homeier et al. (1998) have provatedthde-
pendent optical parameter determination. Apart from a oreasent ofFe,
the new attempt only cites upper limits for other elemeritsyigh large error
bars due to the noisy IUE spectrum. The non-detection of meesty elements
roughly fits with the notion that absorbers are missing insihert-wavelength
part of the EUVE spectrum that would bring down the obserneEtsum to
the lower flux level of the diffusion model, which has alredaden boosted
considerably by increasing the surface gravity.

GD 246 Napiwotzki et al. (1999a) give a NLTE optical parameter dmiaation for
this faint spectrophotometric standard (Bessell 1999, Ulnralisation;
Hawarden et al. 2001, large optical telescopes; Smith @012, SDSS stan-
dard-star network).

The star has IUE and EUVE spectra that Vennes et al. (19938) tasprove
the existence of interstellar Hiefor the first time; one of the more recent ISM
studies based on a FUSE spectrum is, for example, Oliveah €003).

FUSE observations are also reported by Wolff et al. (2001) @hayer et al.
(2001). Wolff et al. (2001) identifyC, N, O, Si, S, Ar andFe and measure
photospheric abundancesSif S andFe. TheFe abundance is actually an up-
per limit of log (Fe/H) < —4.7, but Dupuis et al. (2000b) and Vennes & Dupuis
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(2002) write about the presencelafin a CHANDRA spectrum that they relate
to the missing opacity in the EUV.

The diffusion models fail in fact to reproduce the EUVE spgat; this is one of
only two cases where the predicted flux is too high at inteietedEUV wave-
lengths despite a lowered effective temperature. At shdkt vavelengths, the
situation is reversed, and cannot be reconciled by theasexksurface gravity
employed.

The latter is in accord with the finding fd#e in the comparison shown (based
on IUE and HST-STIS spectra, Holberg et al. 2000): The uppet ineasured
lies far below the prediction. The same is true for most odlements except
O andSi, where some agreement can be noted.

MCT 0455-—2812 Identified with simultaneous discoveries by Barstow etE)9Q),
MCT 0455-2812 was ultimately published as a new ROSAT white dwarf
RE J0457281 by Barstow et al. (1994d).

NLTE analyses of optical spectra are available from Napkicgt al. (1999a)
and Koester et al. (2001, SPY); the latter cites a largertfian used here.

Apart from IUE and EUVE spectra, MCT 0452812 also has an ORFEUS |
spectrum (1993 flight) that reveals the presenceé& adnd P (Vennes et al.
19964a; Barstow et al. 1998). An analysis of the FUSE spectasipresented
by Wolff et al. (2001); similar to GD 246, N, O, Si, P, S andFe are found.
An upper limit oflog (Fe/H) < —5 is cited.

The EUVE can be reproduced fairly well, at a significantlylegtemperature
than even found in Koester et al. (2001), so that a direct @isgn of results
in the EUVE versus those in the UV makes little sense. Nee&sis, both
Fe andNi are well matched, although the iron measurement is higlaer tte

prediction, in contrast to the systematics emerging soMeathe higher temper-
ature suggested by the EUVE fit, this would probably appeasrsed again.
The remaining elements show a gaudy scatter in the direofideviations, in

conjunction with large error bars.

HZ 43 A Despite its red companion, HZ43 A is a very popular spectobqetric
standard. The wide common proper motion pair are separgtafddut 3", so
that depending on the seeing and the spatial resolutioredétbscope théMe
component will or will not contaminate an optical spectrulincan be easily
separated with HST, and its contribution to shorter wavgleobservations is
negligible.

Napiwotzki et al. (1993) and Heber et al. (1997, determaradif an upper limit
for the rotational velocity) have presented good opticats@ in addition to the
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familiar standard works. The binary nature of the systemlmexploited to
study, within a larger sample, evolutionary channels in-imtaracting binary
systems (Barstow et al. 1994a), population membershipheaddial velocity
and metallicity of the un-evolved companion (Silvestri e2®02), and gravi-
tational redshifts (Reid 1996, allowing an independengdeination oflog g).

HZ 43 A is one of four primary white dwarf standards used asexsppho-
tometric reference for various HST instruments (Bohlinletl®95, Bohlin

1996, Bohlin 2000, Bohlin et al. 2001). It is treated in Kraikt998 review
about UV calibration, prominently features in the Hopkinkr&violet Tele-

scope Astro-1 and Astro-2 calibration (Kruk et al. 1997, 99%nd supplied
the in-flight calibration of ORFEUS-SPAS Il (Hurwitz et aP48; Dixon et al.
2002). Further, it is used in Massa & Fitzpatrick’s (2000)cedibration of
IUE NEWSIPS, in the FUSE calibration (Sahnow et al. 2000),MMlewton’s

(Jansen et al. 2001) and also CHANDRA's low-energy calibra{see also
Vennes & Dupuis 2002).

After having established a set of fundamental photosplpariameters in 1993,
Napiwotzki et al. exclude HZ 43 A from their 1999a analysis &tate that sys-
tematic errors of 0.3 dex itbg g, as found between Napiwotzki et al. (1993)
and Finley et al. (1997), are not so serious in the light ofrthew resultst
Although the smaller shifts in effective temperature watreorrespondingly
fewer discussions, it is noteworthy that the work by BesgEN99) on spec-
trophotometric standards uségg = 35000K, a blackbody temperature, that
obviously deviates strongly from the accepted effectivegerature of about
50000 K. Generally, of course, the discussion is not betvstsmrkbody versus
LTE H models, but between LTH models (as used in virtually all of the cali-
bration works) versus NLTE models, and with various tradeHeor metals.

Undisputedly, HZ 43 A exhibits an unusually pudeatmosphere. Regularly,
spectra from new instruments only place upper limits on ied@ment abun-

dances. Modelling efforts have therefore concentratedngnother things, on
NLTE models (also for spherical symmetry) for varididis/ H compositions, or

LTE model atmospheres with comptonisation (Made] 1998 cWitontributes

some additional opacity that however only has an effect erethergent X-ray
spectra when the atmosphere containglieo

The series of observations that have failed to detect ppb&yg metals in

4From Napiwotzki et al. (1999a): "Therefore, we conclude tha accuracy is not limited by the noise
for good spectra, and we suggest that other effects, sucktassdof the extraction or fluxing and nor-
malisation procedures, contribute more. Consideringetisgstematic uncertainties, the 0.3 dex difference
between the gravity determinations of Finley et al. (199 Bapiwotzki et al. (1993) for HZ43 A is only
a 1.50 deviation and therefore not as serious as considered bgyFatlal. (1997).”
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HZ 43 A includes Kimble et al. (1993b, HUT); Barstow et al. 989 including

a constraint ofog (Fe/H) < —6.5, from EUVE spectra); Dupuis et al. (1998,
ORFEUS-SPAS Il); and Kruk et al. (2002) who, within an ISM s& with
FUSE data, amended by HST-GHRS and EUVE, once more repdrhtha
heavy elements are detected in the photosphere.

Likewise, Fig. 6.16 shows only upper limits from IUE and HSTIS measure-
ments; although those fé¥, O, Fe andNi remain marginally consistent with
the predictions. The ORFEUS spectrum actually placesdrdimits on theC
andN abundances, definitely destroying any consistencyNfoiThe limiting
abundances foFe and Ni remain high however and are instead further con-
strained by the EUVE spectrum: Irrespective of the aboveiWatgzki et al.
(1993)/ Finley et al. (1997) discussion, theg g required to purify the atmo-
sphere to the observed degree is higher by yet another 0.8tdeast than
those values, reminiscent only of the historical value byodg et al. (1986)
from a Lyman line analysis (not confirmed in the newer work lay$ow et al.
2003D).

Fuhrmeister & Schmitt (2003) set the flare flag in the tabdlaésults of their
ROSAT variability study, although they mention in the pagsst that they have
used HZ 43 A as a stable reference to test their methods.

RE J2156-546 First observed in the Einstein IPC slew survey (Elvis et 802),
this object is also a ROSAT (e.g. Chuetal. 2004), EUVE (ISNpgra
Wolff et al. 1999), HST and FUSE (ISM paper: Lehner et al. 20@8get.
In their SPY survey, Koester et al. (2001) find a slightly l@ghe; and lower
log g (46 700K, 7.65) than cited in Chapter 5 (44000K, 7.91), whikh the
T andlog g used for the comparison here (45500K, 7.86) lie in betweeseh
values.

Although generally classified as another pure hydrogeepafdRE J2156 546
surprisingly shows oxygen lines in the FUSE range; from a lwoation of
this finding with STIS and EUVE data, Chayer et al. (2003) ¢ode thatO
must be stratified in this (and three further) stars. Theidelling is based on
a stratification profile taken from this work for a model witky =46 00K and
logg =7.8.

While for their H+O NLTE models the EUVE spectrum can apparently be
reproduced, the fit here is not completely satisfactory ler full models in-
cluding other elements, and even this can only be achieveg ifis increased
by 0.4 or 0.5 dex.

For most elements, the STIS spectrum only allows to deriy@upmits; al-
though those folN, O andFe are consistent with the predicted values, at least
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Fe is probably quite a bit lower than predicted. and Si are detected, but at
much lower levels than expected.

RE J1032+535 Holberg et al. (1999a,b) discuss the STIS spectrum of RE2ZHB35
in conjunction with the EUVE spectrum. One of their conalus is thatN
must be stratified in this star; this issue is disputed by €hayal. (2005, in
press), and further discussed in some detail in Sect. @-2oBn the FUSE data
(Welsh et al. 2002, ISM), on the other hand, Chayer et al. 2@@duce an
oxygen stratification. Barstow et al. (2003c), finally, sergpa stratification of
carbon based on the line profiles observed in the STIS spectru

The EUVE fit, similarly to RE J2156546, requires &g g increased by about
0.5dex, while other parameter determinations exhibit tesdter inTe¢ and

log g.

The problems with the EUVE fit probably result from too highues for Fe
andNi in the equilibrium model. Although their predicted values eonsistent
with the upper limits shown in Fig. 6.18, the actual valueddde significantly
lower. C, O andSi are also predicted somewhat too high, in stark contrast
to N: The use of the stratified profile from Holberg et al. (199%suits in a
particularly high value. This appareNtsuperabundance leads to the definition
of a group that also encompasses RE J1d186 and GD 659.

For the ROSAT data, Fuhrmeister & Schmitt (2003) set theéflflag (as for
5 more out of the 13 white dwarfs they detect).

PG 1054719 ROSAT and EUVE data for this object suggest it has a pure lgairo
atmosphere. Holberg et al. (1997b) also find no evidence afyhelements
in this object's HST-GHRS spectrum; consequently, Fig9&lisplays upper
limits for C, N, Si, Fe, Ni based on the wavelengths covered by the GHRS
observations. In particular, PG 1056719 does not show nitrogen lines.

The EUVE spectrum appears strongly absorbed; it can be fiteEnerally
accepted parameters.

Fuhrmeister & Schmitt (2003) find everything from flare aityivo periodicity
and a trend in the ROSAT data.

GD 394 Given how complex the object GD 394 has turned out to be, ittrhage
been a challenge for some applications to use it for caldorgturposes, as
carried out for example in Finley et al. (1984, IUE), Kruk €t@999, HUT),
and again Smith (2001, test of IUE wavelength calibratidf)e star appears
confusing enough to merit to be featured in Trimble & Aschdemis "Astro-
physics in 2000” review (2001).
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Figure 6.25: This representation of observations of GD 3#gllbeen taken from Dupuis et al.
(2000a) and illustrates the "complete spectral energyidigton including data from EUVE
(80-400A), HUT (911-19508), IUE (NEWSIPS LWP 20211 and SWP 41457; 1150-3250
and AB magnitudes from Greenstein & Liebert (1990), alonghva representative pure-
hydrogen model. The IUE flux scale was adjusted by +4%.”

A Si versusC overabundance was already reported from IUE spectra ir
Bruhweiler & Kondo (1983), where GD 394 was also re-classifrem DO to

DA. From EUVE spectra, Shipman & Finley (1994) reached thmeesaonclu-
sion as Barstow et al. (1993a) from ROSAT, namely that theisognt EUV
opacity observed cannot result frafe.
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The HST-GHRS spectra have first been analysed by Shipman @iS4l5).
They assigned a circumstellar origin to a numbegiolines that Barstow et al.
(1996) subsequently classified as photospheric within abaoea analysis of
IUE, HST-GHRS, EUVE and optical data. In Holberg et al. (1997GD 394
HST-GHRS spectra are directly contrasted to those of the lpgsirogen object
RE J1614-085.

Dupuis et al. (2000a) compile optical, IUE, HST-GHRS, HUU\E observa-
tions for the most recent in-depth analysis of GD 394. Figuie their paper,
reproduced in Fig. 6.25, shows a nice overview of all thesseptations that
together produce a fairly complete spectral energy digfiob. In the optical
Echelle spectroscopyi is detectable, once more implying a large, and ap-
parently variable, abundance. Furthermore, GD 394 turmsmbe variable
in the extreme ultraviolet (EUV) with an amplitude of 25% aagberiod of
1.150+0.003 days. The same periodicity has now been found in RO$4d d
by Fuhrmeister & Schmitt (2003). Since the time differeneen®en both ob-
servations amounts to 5 years, the variability must be chlg@ non-transient
phenomenon. The proposed spot, resulting from assumeet@econto a mag-
netic pole and causing the variations through stellar imtatvould have to be
stable on such time scales.

To the elemenAl measured by Dupuis et al. (2000a) after it had been reported
in Holberg et al.’s co-added IUE spectrum (1998), Chayet.€¢2800) add the
detection ofP andFe in the FUSE spectrum.

Although this direct verification of the presencekefin GD 394 confirms ear-
lier models, the diffusion models that incorporateobviously cannot explain
the observed abundance. There is too little overall opatitye diffusion mod-

els, in contrast to most other objects, and the attemptedhtatthe EUVE

spectrum is by far the worst in the whole sample. If the acmneicenario is
correct, this discrepancy is not surprising.

On the other hand, the measurg&dabundance in the UV is not too far off the
equilibrium predictions, and except f@t, where tight upper limits can be set
on the elemental abundance, the limits from measurementsmnall the same
consistent with predictions.

Due to the time-dependency and in the light of all other jikebmplications
mentioned, any such survey-like results must be treatddexitreme caution.

6.2.2 Other objects without EUVE spectra

PG 0948+534 At 110 000K, PG 0948534 lies far beyond the hot edge of the model
grid, so that the theoretical abundances are extrapoatiat should only be
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read with extreme caution. Additionally, Barstow et al. @30) could not find
satisfactory fits to the G/, Nv, Ov and Silv lines that are detected in the
HST-STIS spectrum although they note values larger thanotakiiy 4-°.

The extrapolatedie and Ni abundances (both well beyond solar here) are too
high by 2 and 3 dex, respectively, compared to the measurtsmen

Ton 21 Although Ton 21 is a spectrophotometric standard star (Massal. 1988),
no FUSE spectra are available. The HST spectra are discimssszbnt surveys
mentioned in the introduction.

All predicted elemental abundances are too high, includim@nd Ni where
the discrepancy becomes similarly large as for PG @%&@!. Crudely speak-
ing, the offset scatters around a value of about 2 dex. lighdr forNi which
rather seems to be loosely constrained by the cosmic ratgextremely large
for Si, the most abundant element in the observation. This is jtglohue to
missing higher ionisation stages that were not includedémodel calcula-
tions.

RE J1738+665 This object was the hottest WD detected by ROSAT (Barstou: et a
1994c), a discovery even followed up by a discussion in Nat8hipman 1994;
Tweedy 1995). It might also still be surrounded by an old ptary nebula
(Tweedy & Kwitter 1994). In contrast to the notion shortlyeafits discovery
that it must have unusually low metal abundances to show ¢tected soft
X-ray flux, its abundance patterns do not appear too peculigine light of
newer parameter determinations (RE J1¥885 is included in the recent sur-
veys analysing HST and FUSE spectra).

The abundance pattern and how it relates to the predictsowsry similar to
that of Ton 21.

PG 13421444 As do Ton 21 and RE J173&65, PG 1342444 also lies near the hot
edge of the model grid. A FUSE spectrum is the only availalgb{nesolution
observationin the UV (Barstow et al. 2002). It is one of thectpa that entered
into the study comparing effective temperatures as deffiread Balmer and
Lyman lines by Barstow et al. (2001c, 2003b). The resultsldiged in Fig. 6.4
were also obtained based on that data.

The overall abundance pattern as obtained from the FUSEapers (roughly)
matched by the predictions better than for most other ofj&uit while the er-
ror bars continue to overlap, in detail the mean values #ygtda differ by
one order of magnitude. In particular, tBe discrepancy mentioned for other
objects above remains.
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RE J0558-373 The EUVE spectrum of this object was not included in Wolff Esa
(1998) sample.

In the element abundance determination, although the ffimstassion again is
not too bad, very small error bars on the measurements giestropatibility
in all but two cases. So the predictions only meet the valae$)fand Fe —
this quite well.

WD 2218+706 WD 2218+706 is surrounded by an ancient planetary nebula (e.g.
Acker et al. 1992); HST-STIS spectra of the central star pregiously been
analysed by Barstow et al. (2001a).

In the abundance pattern, the matches are not so good tord N, and the
apparent limit imposed oiNi by the cosmic abundance is also particularly
striking and results in a mismatch. The measuremen®fdies slightly above
the prediction but very close to it.

GD 153 GD 153 is frequently used for calibrations. For this reasovariety of ob-
servations exist, including, for example, observationemfr FAUST
(Bowyer et al. 1993), HST-FOS (Bohlin et al. 1995), AstrofidaAstro-2 of
HUT (Kruk et al. 1997, 1999), IUE (Massa & Fitzpatrick 20085 T-STIS and
HST-NICMOS (Bohlin  2000; Bohlinetal. 2001), and XMM-Newto
(Jansen et al. 2001).

ROSAT observations exist and were, in addition to the stahgablications,
also reported on by Thomas et al. (1998).

GD 153 is furthermore useful for ISM studies, as conductadgugE UVE
(Vennes et al. 1994), FUSE (Lehner etal. 2003) and HST-Sbk&iwvations
(Redfield & Linsky 20044a,b).

Due to their global non-detection, the abundances fromIrinets are all upper
limits. Those are tight enough f& andSi only in order to disagree with the
diffusion models.

RE J1614-085 Following up on Holberg et al. (1997b), Fig6.22 presentssen)
abundance measurements from HST-GHRS spectra.

With respect to the equilibrium prediction§, is well matched, while the ob-
servedSi is lower andN is higher at an extreme value of more than 6 orders
of magnitude. This causes it to be grouped together with RB34535 and
GD 659 by Barstow et al. (2003c).

The exceedingly large abundancefn that group is disputed by results from
Chayer et al. (2005, in press) that are shortly discusseid agthe context of
RE J1032-535 in Sect. 6.2.3.
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GD 659 Early EUVE and ROSAT observations, presented by Finley.€1.8D3) and
Wolff et al. (1995), respectively, suggested a pure hydnageosphere of this
object. It is part of the MCT sample (Lamontagne et al. 200@®) af interest
for ISM studies so that a FUSE spectrum is available (Lehhak 2003).

In their initial analysis of EUVE and IUE spectra, Holbergakt(1995) found
metals but favoured a circumstellar origin of the obseredN andSi lines,
that are now interpreted as photospheric in the IUE and HEE ®bserva-
tions. In comparison to the radiative levitation calcuas, the observed irreg-
ular abundance pattern shows occasional consistencias banerally lower
than the predictions. The exception to this is againfor which the highest
abundance in the whole sample is reported.

For this member of the nitrogen-rich group, Chayer et alOB20n press) also
obtain different results.

EG 102 This is another spectrophotometric standard star (ColifBo&lin 1994, op-
tical; Kaiser et al. 1998 and Bohlin et al. 2001, HST-STIS E&T-NICMOS;
Smith 2001, IUE). A FUSE spectrum also exists (Hébrard.€2@03).

The star has been reported to show line$ipfAl and Mg (see for example
Holberg et al. 1997a). Due to its low effective temperattire presence of met-
als is attributed to accretion, which Debes & Sigurdsso@228peculate might
come from a perishing planet. Zuckerman & Reid (1998) andk&rtrnan et al.
(2003) analyse the metal lines observations within a lasgerple of cool ob-
jects.

The comparison shown for thi# measurementimplies a risky extrapolation to
low effective temperatures far beyond the actual model;, gudnily enough,
the match is so perfect that the data points shown becomstimgliishable.
While no accretion would then be necessary to explain thegmee ofSi, Al
andMg remain unexplained. The upper limits given for all othensdats are
consistent with their absence in diffusion calculations thuicomplete settling.

Wolf 1346 Since this object has an even lower effective temperatuae EG 102,
and onlySi — whose presence is also generally being attributed to mere
could be measured (Holberg et al. 1996), this work refraiomfdisplaying a
plot with abundance comparisons.

6.2.3 A closer look at the nitrogen lines in RE J18&35

The following analyses rely on theWWresonance line doublet at rest wavelengths of
1238.82 and 1242.80 observed in the HST-STIS spectrum. Holberg et al. (1999a)
have used it in conjunction with EUVE data to derive a chehstatification in
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RE J1032-535 where large amounts &f are concentrated in the high atmosphere.
Chayer et al. (2005, in press) have repeated the analysie siime observation with
homogeneous models and obtain a good fit at a significantlgridinabundance.

Here, the line profiles are first compared to the emergentdlércen several dif-
fusion models; then the diffusion models themselves artedesgainst the homo-
geneous grid by Chayer et al. (2005). All variations of degitpendeniN stratifi-
cation, or level of the homogeneous abundance, assumee ulifterent works are
summarised in Fig. 6.26.

The abundance profiles in Fig.6.26 (in grey colour) and treotétical fluxes
(smooth grey curves) in Fig. 6.27 correspond to stratifiedef®with the predicted
equilibrium N abundance, and with that abundance profile scaled up byréat@
and 13. There are potential problems with the two scaled-up vagsssince they are
not self-consistent; the abundances were only scaled ug@eadra were calculated
with SYNSPECthe models themselves were not re-converged. Figure $ {27 two
different sets of atmospheric parameters: 46 000 Klagg = 8.0 are used for the
upper plot; and, following Barstow et al.’s valuesigf = 44 350K andog g = 7.81,
44 000K andog g = 7.8 are used for the lower plot. Hence the lower two panels in
Fig.6.27 are at th&, andlog g also shown in Fig. 6.27.

Table 6.1 summarises the results for the direct comparistrecspectra from the
three models to the M lines. The lowest abundance is favoured over the higher,ones
the decision between the models with different effectivegerature antbg g is less
clear but the overall best match is at the parameters algatedlon the other studies.

Next, the three stratified modelsBf = 44 000 K andog g = 7.8 were fitted with
the H+N homogeneous NLTE grid by Chayer et al. (2005). P. Chayeve®erepre-
sentative homogeneous abundances that best fit the modalses of—6.21,—4.82,
and—4.80 (see Table 6.2). Figure 6.28 demonstrates that whalétthuality is good
for the lowest abundance pattern, it decreases for thedscgleversions. The value
determined for the original diffusion model coincides witte value Chayer et al.
(2005) determine from the observation. The other two valresso close to each
other that they are hard to distinguish. The less than pefite@and the very similar
results for abundances that in the underlying model diffemfeach other by one
magnitude must perhaps be attributed to the lack of selsistancy. The obvious
saturation of the line, or a genuine stratification effeat tould have a larger impact
at larger abundances, provide further potential explanati

However, the by far most interesting case is the original @hatdelf: The value
derived by the fitting as its representative abundance idéx&igher than what the
model’s abundance is at,ss = % On the other hand, this value is practically identi-
cal to the one Chayer et al. (2005) derive for RE J10325: This is consistent with
the interpretation that the nitrogen in RE J183&35 is stratified due to radiative lev-
itation as predicted by the model, and that it is present autithe same overall
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Figure 6.26: Different nitrogen stratification profiles @as®ed for REJ1032535 at
T.s =44000K andog g =7.8: The lowest of the three thick grey diffusion profileshe t
stratification profile predicted from this work, the two slaniprofiles above this are scaled up
by factors of 10 and 1) respectively. Thin grey lines denote the contribution of kb the
total N abundance in all three cases.

The location ofripss = % on the logarithmic mass scale nea? is indicated along with the
range corresponding tgo.ss = 0.5—1.0, with the abundance measurement point entering int
the "object” or "element” plot series marked by a dot. Similathe Chayer et al. (1995b)
prediction is marked by a dark grey diamond and placed on #Esracale whergoss = % in

the Chayer et al. (1995b) models.

Also shown is the slab model proposed by Holberg et al. 199&BaBarstow et al. (2003c) use
to obtain the nitrogen abundance value employed earlish@tline). A new determination
by Chayer et al. (2005, in press: dash-dotted line) u$irgN NLTE models yields a much
lower abundance (as could perhaps be expected after cangidkég. 1.1 again).

Finally, synthetic spectra from the three stratified difmsmodels were fitted with the same
H+N NLTE grid by Chayer et al. as above. The values determined @pn&yer (priv. comm.,
compare also Fig.6.28 and Table |6.2) are added as dark htaidmes bordered by plus
signs that define the range arouneks = % where these values are actually reached in the
underlying stratified models. The value for the lowest-alaunte diffusion model lies right on
top of Chayer et al.’s 2005 value, the other two are barelyrmdjaishable from each other.
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Figure 6.27: The N doublet lines in RE J1032535 from HST-STIS spectra in comparison
to models withTer =46 000K andlog g =8.0 (top) andlex =44 000K andlogg =7.8
(bottom). Three emergent spectra for both models were ledézl one at théN abundance
predicted from radiative levitation, and two with that ddprium pattern scaled up by factors
10 and 168. The deviation of the models from the observation in eacle eas shown in the
insets at the bottom of each plot. The quadratic sum of thegatibns is also given (the index
—26 for theo®> means that the value must be multiplied by ¥Dto yield the actual result; the
absolute value however does not matter here). See also@dble

absolute level, so that the fit by P. Chayer to the observajioes the same result
as the fit to the model. Although the direct comparison of tleasured versus the
predicted abundance at a given depth is very different, waayld in fact describe an
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Table 6.1: The N doublet in RE J1032535 from HST-STIS spectra compared to emergent
spectra from diffusion models: The fit results are sorted diyrelasing 0_226, which results
in an almost simultaneous sortinglisg (N/H) at 7ioss = % except for the two best-fit models

where the one with thegk, log g parameters closer to those published matches better.

Tex Kl log(g/fems2]) log(N/H) Nv ™2 Nv 7:i02 o2
44000 7.8 ~7.0 0.76 0.41 1.17
46 000 8.0 7.2 0.61 1.10 1.71
46 000 8.0 6.2 1.22 0.56 1.78
44000 7.8 6.0 2.16 1.17 3.33
46 000 8.0 5.2 2.59 1.57 4.16
44000 7.8 5.0 3.59 2.44 6.03

identical situation. It is also remarkable that the fit inttbase is very good, indicat-
ing that although the stratification is present in the matihelre are no direct hints of
it in the line profile.

The predicted stratification profile cannot be validatearfrine argument alone
that it results in spectral lines that fit the observatiord Hrat those spectral lines in
turn behave the same as the observation when fitted withrgdeatn a homogeneous
model. Nevertheless, the picture is consistent and thditxabf the model is given
further credibility by the fact that the stratification ptefis not simply an educated
guess, but relies on modelling the radiative levitatiorcess. One important question
Is what the offset in representative versus actual aburedaing,ss = % in the model
Is due to. It cannot be a NLTE effect; it could be related toHReN only composition
(the diffusion model also has — too much —iron as welHadHe, C, N, O, Si and
Ni). Or it could indeed be a stratification effect; then the bwatipg m ~ —4 would
in fact play a role.

The lowerN abundance aroundg m ~ —2 should not result in a nitrogen ab-
sorption edge in the synthetic EUV spectrum that would bexamonsistent with
observations, since it also does not pose this problem atraspmnding abundance
level in Chayer et al. (2005). The bump further out cannothany effect on the
EUV range. That bump may however contribute some opacitigercore of the N/
lines even though the density is low in this region; this i$act more plausible than
to assume that the additional contribution needed for theeahio look like it has an
increased average abundance mostly comes frohogre ~ O region.

Besides RE J1032535, Chayer et al. find similar results for the other cool otge
RE J1614-085 and GD 659. This does not resolve the question why theakedc
"twin” objects RE J2156-546, PG 105%719, GD 394 and GD 153 that have simi-
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Figure 6.28: The N doublet in the three diffusion models’Bi =44 000K andog g =7.8
calculated for RE J1032535 in comparison to the best-fit models at the same effettive
perature and surface gravity by P. Chayer. Thabundance increases from top to bottom; see
Table 6.2 for the identification of the diffusion models, amments on each of the fits. The
plots and table for this exercise are courtesy of P. Chayer.

lar atmospheric parameters do not show the dbublet at all. The new homoge-
neous abundances are actually almost at the same level statisécal upper limits
Barstow et al. (2003c) give for these objects. This does et wut the possibility
that a group of stars with a particularly high abundance exists, but the absolute
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Table 6.2: The N doublet in REJ1032535 in the model withTex =44000K and
log g = 7.8 at differentN abundance levels, fitted by P. Chayer with Hi$N homogeneous
NLTE grid (from Chayer et al. 2005): results and details @& fit quality. TheN abundance
is encoded in the model names as follows: The index Idhayerl0.spec  stands for the
diffusion model with a scaling factor of $Q(i.e. this corresponds to the un-scaled original
profile), 11 stands for a scaling factor of'1@nd 12 for 18.

Model (compare Fig 6.28) best fit itg (N/H) comments

chayer10.spec —6.21 very good fit
chayerll.spec —4.82 the wings and core do not fit perfectly
chayerl2.spec —4.80 not a good fit; the wings fit well though

values that Holberg et al. (1999a) obtain from both a homegasadistribution of the
absorbing material within the atmospheleg(N/H) = —4.31) as well as from the
slab model £4.3, the value also adopted by Barstow et al. 2003c) is singr.i

It is worrying that two groups who use the same model atmagppeogram
(TLUSTY together withSYNSPE(, and analyse the same observation with it, ob-
tain values that differ by two orders of magnitude. The asediystar is relatively
metal-poor, and both groups consistently forego the imatusf iron group elements.
The good agreement between the diffusion models in this yaorit theH+N models
(Chayer et al. 2005) with no metal-line blanketing at all ken& even more unlikely
that the problem is due to metal-line blanketing.

In addition to the blatant discrepancy between the Holbead e(1999a) /
Barstow et al. (2003c) and the Chayer et al. (2005) reshiésfihding that represen-
tative homogeneous abundances can be significantly loaerther ss = % value in
stratified models should be kept in mind in order to preversi@aiding conclusions.
This effect might help to reconcile some, definitely not aflthe discrepancies ap-
parent in the comparisons shown elsewhere in this chaptehwhould accordingly
be interpreted with some caution.

6.3 Element species in the full grid

For most elements, the scatter due to different surfacatgsn the model predic-
tions alone for the plots as a functionffy can amount to one order of magnitude,
and can be significantly larger in the plots as a functiotogiy due to the effective
temperature range covered. This scatter in the modelsrigjlifelements excefi,
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Figure 6.29: UV Q11 abundances as a functionBfs andlog g.



Chapter 6.3: Element species in the full grid 105

23-371
14-492

| B

Feige 24
REJ1738+665
PG1123+189
HS1234+482
REJ2334-471
35&7 281
REIRR SR
GD153
5813827+719
REJ1614-085

Bl

WD2218+706

10-4|- -

10-8— L —

C/H
j
_’_

10-10 1 Lo ) [ | 1 A ) |‘ ) ) A

10.00 1.00 0.10 0.01
(Tett* / g) / [K* / cm s72] - 4-10-12

Figure 6.30: UV Q11 abundances as a function of the metal index

drastically reduced in those plots where the results arevislas a function of the
metal indexmi.

This is true for both Chayer et al.’s (1995b) as well as for ¢cherent diffusion
models. In a duplication of the results from Sect| 4.2, FBg29 to 6.42 show again
that Chayer et al.’s predictions f@t, Si, andFe lie below, those folN andO above
those of the new models. No overall systematic effect iseavid

The location ofryoss = % on the mass scale in Chayer et al.’s hydrogen models
with respect to the diffusion models with potentially laggaounts of heavy elements
does not result in significant offsets that could distortré@esentation of the results.
According to the data in Table 6.3, and an interpolation ftbenmodels in this work
to the representative surface gravity cited there, it iSmlsthat this difference results
in an offset in ther,ss Scale no larger than 0.04 dex limg m over a large effective
temperature range (as shown in Fig. 6.43). It is therefoli&ely that this produces
any noticeable systematic differences. The larger offséig. 6.26 results from a
slightly wrong surface gravity used in the determinationhef location ofripss = %
on the mass scale.

Is is also worth noting that with very few exceptions (obgdmtlonging to the upper
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Figure 6.32: UV Qv abundances as a function of the metal ingex

branch of nitrogen dichotomy, iron and nickel in PG 13424), all photospheric
abundances seem to respect cosmic abundances as an ujiper lim

Helium This element has been included in the model calculationgsatiterefore
listed here for completeness. Since, by definition, the arho@ He con-
tained in DAs is un-detectably small, no measurements aadaae from
Barstow et al. (2003c). Therefore no comparison plots, elwely the pre-
dictions would appear, are shown. WD 221806 is an exception that shows a
weak Hell feature at 1646 (but no detectabléle lines in the optical).

Carbon Both Ciii and Civ are consistently over-predicted. Theory and observa-
tions follow the same general temperature dependency bubuagh theory
nicely runs in parallel to the observations its level is taghh The gap is much
smaller than average foriC in the case of RE J1032535, and for Qv in the
case of GD 659, RE J103535, PG 1342444 and RE J1614085.

For high surface gravities, the large scatter in effecterafgerature makes it
hard to appreciate the better quality of agreement for tloegects. Its high



Chapter 6: Abundance analysis in the UV

108

20193 [

65909

£E0od Vatds I

61L+LS019d

2E€S+ZCOLr3Y
9rS-9512r3y

£¥ZH

—mmlnwmww B
T8YH¥LCISH

Bza-1619 |

YA 404374

681+£2119d L

1LE-£290r3y
90L+812Z0M |

£4£-8GS0r3y
¥z by

Z6r-viZeray L

yyvizveiod |
GO9+8EL 13y

1guoy

o R

10-6 |-

H/N

10-8 -

10-10

60000 50000 40000 30000 20000

70000

Tett / [K]

20193

v+, 55929
& Mﬁm
61L+050L

ave-981Zr3y

2EG+2€01M3y
G109
G99+8¢/ 13y

£.£-8550M3y
LLy—¥EC2r3y

YEG+8¥609d
CBY+YEZISH

828-1619

¥z obiay

681 +CZ)19d
1guoy

26¥-¥122r3y

1L£-£290r3Y

90L+812ZAM

0 PP

1076 -

H/N

1078 -

10-10

7.2 7.6 7.8 8.0
log g / [cm s72]

7.0

Figure 6.33: UVN abundances as a functionBfg andlog g.
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Figure 6.34: UVN abundances as a function of the metal indeix

Ter makes PG 1342444 stand out from the overall trend where upper lim-
its for measurements plunge in parallel to theory. It is alsteworthy that
PG 1342444 is the only objects were FUSE spectra were used.

Otherwise there is little formal agreement with predictiomless the measure-
ment errors are very large.

Nitrogen Although not as clearly as for carbon, nitrogen is also quedicted at

higher temperatures. Towards lower temperatures, theserme agreement
betweenx~ 54 000 and 50 000 K while below that the measurements yield onl
upper limits (remaining compatible with predictions).

The general trend of the models is to run in parallel to whdtath Figs. 6.33
and Fig. 6.34 appears as the lower branch of the observedtdioly at low
temperatures/high surface gravities/intermediate nedates.

On the other hand, it has just been shown in Sect. 6.2.3 tieaNth spec-
tral lines of at least one object — RE J163&235, clearly belonging to the up-
per branch — can be fit with th8 abundance of a diffusion model. While
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Figure 6.36: UVO abundances as a function of the metal index

Holberg et al. (1999a) and Barstow et al. (2003c) obtairr thest fit at a much
higher level oflog (N/H) = —4.3, the diffusion model implies a predicted
abundance of-7.0 atrpss = % This paradox is anything but resolved by
Chayer et al. (2005, in press) who also derive a lower abwejanatching the
equilibrium abundance very well, from the same HST spectrum

In Chayer et al. (2005), lower abundances furthermoretrésuRE J1614-085
and GD 659. The observation that another group of objectsrakas atmo-
spheric parameters (RE J215846, PG 105% 719, GD 394 and GD 153) does
not show nitrogen at all remains unexplained.

Oxygen The trend with effective temperature is generally well daled, and the

absolute level of the predictions is also mostly consistegtiit the observational
error bars. Therefore, a quite good overall agreement camobed for this
element.

This positive finding is further confirmed by the successpplecation of the
theoretical stratifiedd abundance profiles from this work in a detailed analy-
sis of Lanning 23, GD 984, RE J103335, and RE J2156546 presented by
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Figure 6.37: UVSi abundances as a function'Bfs andlog g.

104

10-6

10-8|
10-10



Chapter 6.3: Element species in the full grid 113

SI/H

| wob2218+706
It
Feige 24
REJ1738+665
PG1123+189
] B
4 HS1234+482
REJ2334-471
gé}é&ﬂ 281
REIRR SR
GD153
5813827+719
REJ1614-085

PG0948+534

- coes59
EG102

10-6 T =|'= —
1078~ 1T T —
10_10 | PR T T R | ‘ 1 1 ‘ | | IE R T z z L

10.00 1.00 0.10 0.01
(Tett* / g) / [K* / cm s72] - 4-10-12

Figure 6.38: UVSi abundances as a function of the metal index

Chayer et al. (2003).

Silicon In contrast toC andN, Si shows opposite gradients with respect to effective

temperature in theory and observation, effectively legdaa similarly good
agreement as foO in the cross-over area. The slight increase in the equi-
librium abundance ofi with decreasing effective temperature is consistent
within the theoretical results but leads to under-prediiat higher effective
temperatures and over-predictions belsvws0 000 K in comparison to the ob-
servations.

The "normal” behaviour with respecttog g and a reverted trend with effective
temperature combine to prevent a clear sorting of the dxjiuim abundances
with respect to the metal index:.

Interestingly, in the lower effective temperature rande hew equilibrium
abundances come close to the absolute value observed in GD3%ally con-
sidered to show an anomalously high silicon abundance. ddnisement is
consistent with the results by Chayer et al. (1997), althotlng special case
of GD 394, as discussed in Sect.6.2.2, in conjunction witRdNE spectrum
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Figure 6.39: UVFe abundances as a functionBfs andlog g.
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Figure 6.40: UVFe abundances as a function of the metal index

that cannot be explained by the models here, forbids to agedtis with a
successful prediction.

Iron The predicted iron abundances are consistent with obsengain a star by star

basis over practically the full the temperature range admrsd. On average
across all stars, the iron abundance remains about a factowdigher than
observed, a value of the order of the systematic error egddot the models.

This is in agreement with EUV observations (whékeis the most important
source of opacity) which can for the majority of objects sssfully be repro-
duced with the stratified diffusion models.

The problem seen there for several objects, the necessaty offset in surface
gravity to reconcile theory and observations to furtherrovwe the match, is
also apparent and can again be retraced here.

Nickel Within the framework of radiative levitation theor)i should behave sim-

ilarly to Fe, which it effectively does, but this predicted behavioumdis-
agreement with observations. The obserd&ds well below the prediction,
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Figure 6.41: UVNi abundances as a functiondf{s andlog g.
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Figure 6.42: UVNi abundances as a function of the metal index

the over-prediction from the models is clearer than for.ron

Soinstead O% ~ 1, Fe andNi are present in a roughly cosmic ratio — a result
already obtained in Barstow et al. (2003c) through a direntmarison.

On the other hand, Werner & Dreizler (1994) have obtaiRetb Ni ratios for
RE J0623-377 RE J2214 492, and to a smaller extent for G191-B2B, and
Feige 24 that are lower, indeed implying an enhancemeNi ofith respect to
Fe attributable to radiative levitation.
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Figure 6.43: In order to estimate if the location Bfss = % on the mass scale in the

Chayer et al. (1995b) models differs significantly from tbétthe diffusion models in this
work, the values in Table 6.3 are compared to similar data fitee current model grid. Tri-

angular data points correspond to the mass whgse= 2 in the Chayer et al. models (all

3
atlog g =7.5), diamonds represent the same information for the ggid ht surface gravities
of 7.4, 7.6, and 7.8. An interpolation of these value$oipg = 7.5 (not shown) proves that

deviations remain below 0.04 dex for the accessible effe¢émperature range.

Table 6.3: The location ofjoss = % on the mass scale for Chayer et al. (1995b) models is
available for one fixed surface gravity at three differef¢&fve temperatures. These values

are used in Fig. 6.43.

Te[K]  log(g/[cms™2]) log (m__z / [gcm—2])

40000 7.5 -1.70
50000 7.5 -1.56
60 000 7.5 -1.42




CHAPTER Y

Conclusions

7.1 Status of modelling

Stellar atmosphere models have been calculated for thesamaf a sample of hot DA
(= hydrogen-rich) white dwarfs. By coupling radiative &ation theory with state-
of-the-art metal-line blanketed NLTE stellar atmosphecogleis and self-consistently
solving the full system of equations, photospheric chehalbandance profiles can be
predicted by this novel method for a given combination oéetiive temperature and
surface gravity as the only input parameters. The evalnatioadiative accelerations
requires a detailed modelling of atomic data. NLTE condsgicfully self-consistent
diffusion, and an exhaustive treatment of iron group eldgraymic data have for the
first time been combined to construct models detailed enéarghdirect comparison
of theoretical emergent fluxes with the high-resolution N &UV observations
now available.

The main grid of diffusion models consists of atmospheniattres where the
abundances of the elemetiis, C, N, O, Si, Fe, Ni as trace absorbersin a background
plasma dominated by are self-consistently predicted from an equilibrium cdiodi
between radiative levitation and gravitational settlifgoundance tables and high-
resolution spectra for the optical, UV to FUV and EUV spédataages are available
for the full grid. In comparison to Schuh (2000), this imglieoth a significant en-
largement of the model grid as well as more extensive dat@uts.

The main motivation for further developments is the desireah improved treat-
ment of the radiative accelerations. This can primarily ti@eved with more exten-
sive atomic input data, as explored in a few test models. Byparing the results to
earlier diffusion calculations (LTE, not self-consistgr@nd by exploring the effects
of improvements in the modelling, a quantitative estimdt¢he systematic errors
inherent in the models is possible. While the internal ewitinin one type of calcula-
tion is only about a factor of two, the variations from Chageal. (1995b) models to
models in this work’s major grid, and from those to test medeth more elements

119
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included, can amount to 2 dex in the respective equilibritemaances, mainly due
to the strong depth-dependency of the resulting profilesilathese discrepancies
are understood to arise from the different conditions ingplosn the modelling, it is

not immediately clear which of them resemble reality mossely.

7.2 Recapitulation of results from EUV and UV observations

Based on this larger and more complete model grid, and usipgoved visual mag-
nitudes, a re-analysis of EUVE spectra has been presenteen Womparing the the-
oretical spectra to spectroscopic EUVE observations, theurn out to be of good
guality for most of the sample stars, and in those cases b##ar than with chemi-
cally homogeneous stellar model atmospheres. The fractiohjects with good fits
could be increased thanks to the improvements in the reghaat@ysis in compari-
son to Schuh (2000). From these results (published in Schaih2002), the current
implementation of diffusion theory therefore seems to ble &b quantitatively de-
scribe the processes taking place in moderately hot whitafdsmospheres and can
successfully reproduce observed EUV spectra. Exceptmtisd, most prominently
perhaps GD 394, have been discussed in the previous chapters

The picture is more complex for the analysis of UV observetidn that case, in-
stead of matching the spectra directly, abundances ddrvedndividual lines in UV
(IUE, HST-GHRS and HST-STIS) spectra with homogeneous tsq@&arstow et al.
2003c) have been compared to the equilibrium abundancepoed of the diffusion
models. Overall the best agreement across the board fordil stars is obtained in
the effective temperature rangeb0 000 - 55 000 K. However, in strictly absolute val-
ues, the offset between observed and predicted abundamteioften such that no
formal agreement of the exact numbers is achievable anyxrethe full parameter
range of the model grid. This suggests that an attempt ofdtbyrfitting UV spectra
with diffusion models would only result in parameters atédges of the model grid,
because it would only be possible to compensate discrepaimcabundance by shifts
in effective temperature and surface gravity. The useidioésuch a procedure at the
present state is questionable and can currently not be reeoted for large samples
of stars. Instead, it is advisable to closely examine evbeygat individually, and test
various scenarios, to track down the particular reason ébergial mismatches be-
tween predicted absorption lines and their observed couantis. The description of
the physics in white dwarf atmospheres through diffusiorel®is most likely still
better than with homogeneous models, although those maytadine significantly
larger number of free parameters, currently yield bettsrifita direct matching of
spectral lines. Exceptions where the diffusion models dtebstraightaway exist.

One such example of an in-depth examination is the analydkEQ1032-532.
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Also, using the predicted stratification profiles, Chayeaale{2003) succeeded in si-
multaneously reproducing the observed oxygen lines oéfit ionisation stages in
FUSE and HST-STIS spectra of GD 984, RE J18832 and WD 2152 548.

Generally, the manageable amount of individual lines fosnetements, and their
good resolution in many UV observations, allows — and rexgsrone to differentiate
more than in EUVE observations. In the element-by-elementparison between
theory and measurements, there are cases where both gsduiere the same sign
as well as cases where they are opposite to each other, sheéhaiquired offset in
fundamental parameters would even point in different dioes, respectively.

Overall, measured photospheric abundances seem to resgent abundances as
an upper limit — which the equilibrium abundances do not wtibe radiative accel-
eration is large enough —, with very few exceptions: iron aictel in PG 1342-444,
and nitrogen in REJ1614085 and GD 659 (nitrogen is also close to solar in
RE J1032-535). Given that equilibrium radiative levitation theognores any evo-
lutionary constraints, the subsolar photospheric aburekamay be indicative of a
"reservoir problem” (meaning there is no unlimited suppihalh elements available)
in the real stars.

A summary of all results of the comparison between predietadlibrium abun-
dances to abundance measurements obtained with homoganedals from the UV
data is shown in Figs. 7.1 and 7.2. Figure 7.1 combines thédball measurements
for all elements and for all stars (sorted by metal index upper plot) and all cor-
responding predictions (lower plot). This representatdors not take into account
the errors assigned to these mean values, it just recapsllze latter from the more
detailed graphs in Chapter 6. Figure 7.2 condenses thisniaiion further by sub-
tracting the numbers in the upper left from those in the lole&rplot. In the upper
panel of Fig. 7.2, this is done for the actual mean valuesédndwer panel, the errors
are now taken into account and the minimal residual diffeesrallowed are shown
for all values. Consistency of measurement and predictidnimihe error bars yields
a deviation of zero in this case.

There are three possible sources for the remaining discosgmstill seen in the
merged final results. The errors cited above are statigrcais, but from the compar-
ison of different homogeneous analyses alone, the varesudts from several works
imply that the hidden systematic errors must be at leastebtder of+1 dex (see
the examples of the nitrogen abundance for RE J3@&X5, the nickel abundances for
RE J0623-377 and RE J2214492, or the fundamental parameters for G 191-B2B).

Besides these uncertainties in methods regarded as wediliskied for the deter-
mination of abundances from the analysis of observatians;essive generations of
diffusion models that try to predict these results stillagdjsee with each other by up
to 2dex. In the same spirit as above, this must be interpestelde systematic errors
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Figure 7.1: Summary of predicted (bottom) and measured {idpabundances for all objects
for all elements. The elements are roughly sorted by ovecalilibrium abundance level in the
predictions, the objects are sorted by metal ingax Zero values for which only upper limits
exist are arbitrarily set to a value of 19
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Figure 7.2: Summary of deviations between predicted andsured abundances: The upper
panel is the difference between the lower and upper plot&irn7EL, the lower panel takes into
account the errors (or upper limits, as in Chapter 6, not shiowrig. 7.1). The difference in
dex is set to the minimal distance between abundance measitie non-overlapping error
bars, and to zero for values that are consistent with eadr atithin the error bars. It is also
set to zero for non-existing measurements (14 out of a t6tE68).
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currently inherent in the models. Taking together these daatributions, it seems
possible to reconcile a good number of the residuals in FRywith a value near
zero.

The third possibility is to attribute the deviations to picgsd processes ignored
so far in the models such as mass-loss, mixing, or accretidrere is, however,
no evidence of any clear pattern in the residuals that woelliol to explore a possible
correlation with stellar parameters. While mass-lossot$ferould disturb equilibrium
conditions predominantly in the high metal index rangereien would be expected
to have an effect only at lower metal indices.

In summary, the impression remains that the equilibriummdiances are generally
too high. Any suspicion that measurements with homogenemaels may result in
systematically lower values is partly invalidated by thsules from the EUVE fits.
Apart from perhaps a factor of two, the level of iron is welltefaed by predictions
with respect to the UV measurements, and the same agreeatemtwith a slight
trend towards too high equilibrium values, is seen in the ElAnalysis where the
spectra are dominated by the iron content of the atmospaeefew mismatches in
the EUV analysis have a tendency to cluster in the interntednetal index regime.
The abundance levels of other elements are relatively umitapt and therefore do
not spoil the overall encouraging results from the EUVE gsial The UV analysis
results imply that equilibrium radiative levitation thgastill has some problems to
reproduce in detail the multi-wavelength spectral evolutrf white dwarfs.

There are two results that suggest that a limited supplyavhehts from the outset
may be the key to the problem: The observed nickel abundaapgesar to be limited
by the cosmic nickel abundance. Despite similar reactiongadiative momentum
transfer that would result in roughly equal equilibrium aflances for iron and nickel,
these cannot be reached in the case of nickel since its cesmndance is lower than
the predicted abundance level, and lower than that of iroerevthis restriction does
not apply. The same circumstances seem to prevent a realescription of the less
abundant iron group elements that have tentatively bedaded in test calculations
in the equilibrium approach and reach unrealistically Hegfels. In a less obvious
way, this restricting mechanism could also influence thendbaces of other elements
that in the calculations formally remain below the cosmigrakance limit.

7.3 Perspective

On the observational side, the legacy of HST-STIS was igalbly completed with
the failure of this instrument in August 2004. The set of UViwwhdwarf spectra
available may now only be amended by FUSE, which covers sharvelengths,
provided it comes back into normal operations from its aursafe mode status due
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to the failure of another reaction wheel. It can be hopedatairly homogeneous and
decently calibrated data set will be available from FUSE fievayears’ time. Further
progress would also be possible with the planned WSO (Wqokit& Observatory)
which will take some time to come into existence, if at all.

Another approach is pursued in rocket-based experimeabsasiJ-PEX: In a col-
laboration with the group who flew with this mission, the higisolution EUV data
of G191-B2B have been analysed, among other models withittusidn models
from this work. Results will be published in Barstow et al0(3).

The present successes on a global scale as seen in the EUNME sjusstify a fur-
ther pursuit of the radiative equilibrium theory approatlue to remaining puzzles
in detailed comparisons, further efforts to improve thesexg models are necessary.
Those include a strategy for the consideratioralbfelements, the inclusion of fine
structure in the atomic data of non-iron-group elements,ithplementation of mo-
mentum redistribution, and of a more efficient coupling kesdwthe computation of
the model structure and the chemical stratification.

Ultimately, this method will probably be found to be the @mtrapproach to de-
termine depth-dependent photospheric abundances. Whatng to be done is the
major step of replacing the present equilibrium approadh tine treatment of fully
time-dependentdiffusion in the non-equilibrium case tbhgewith mass-loss for self-
consistent NLTE models, where the accumulation and suweessmoval of reser-
voirs can be tracked over time. These improvements, nageissa longer perspec-
tive, are beyond the scope of the present thesis.
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Figure A.1: Helium abundances as a function of effectiveperature for different surface
gravities.
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Figure A.2: Helium abundances as a function of surface tyrdor different effective temper-
atures.
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Figure A.3: Carbon abundances as a function of effectivep&zature for different surface
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Figure A.4: Carbon abundances as a function of surfacetgrforidifferent effective temper-
atures.
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Figure A.5: Nitrogen abundances as a function of effectaraggerature for different surface
gravities.



Appendix A: Equilibrium abundances 141

- [ T 1 T 1 I T 1 T 1 T 1 I \ |
1.0000 [~ E
& i T ]
L |
E | §ssi§ |
5 B \x\ B
: 01000 \\ss E
é 0.0100 - \\\s E
0.0010 = \\ B
0.0007 coeoc e b by L1 \ L \ L1 \
7.0 7.2 7.4 7.6 7.8 3.0 8.7 8.4

log g /[em/s”]

Figure A.6: Nitrogen abundances as a function of surfaceityréor different effective tem-
peratures.
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Figure A.7: Oxygen abundances as a function of effectivepeature for different surface
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Figure A.9: Silicon abundances as a function of effectivagerature for different surface
gravities.
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Figure A.10: Silicon abundances as a function of surfaceityréor different effective temper-
atures.
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Figure A.11: Iron abundances as a function of effective tnmajure for different surface grav-
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Figure A.12: Iron abundances as a function of surface grdeitdifferent effective tempera-
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Figure A.13: Nickel abundances as a function of effectivagerature for different surface
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Figure A.18: Oxygen abundances as a function of the metakind.
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Figure A.19: Silicon abundances as a function of the metihmn:.
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