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UV AND OPTICAL STUDIES OF THE PHYSICAL 
PROPERTIES OF DAO WHITE DWARFS

Simon A. Good

ABSTRACT

An investigation into the physical properties and evolutionary status of DAO white dwarfs 
has been conducted, using optical and far-UV observations. Out of the 22 objects for 
which optical data were obtained, the spectrum of only one is best fitted by a stratified 
H+He composition model; this may be an object transferring between the He- and H-rich 
cooling sequences. Homogeneous models are preferred for the remainder, but with 90% 
confidence in less than half the objects. The DAOs fall into two groups: The low Teff, 
high log g objects have temperatures and gravities that are similar to the majority of the 
DAs and mostly consist of DAO+dM binaries. The high Teff, low log g objects, which 
make up approximately two thirds of the sample, have relatively high luminosities for 
white dwarfs, and the most likely mechanism that is countering the gravitational settling 
for these objects is mass loss. When this ceases these objects will become low-mass 
DAs.

A search for evidence of binarity in the far-UV FUSE observations of 22 objects yielded 
positive results for only 5, suggesting that the majority of DAOs are descended from 
isolated stars. As seen in the DAs, the Teff derived from Balmer and Lyman lines for 
objects hotter than ~50,000 K were found to be different, with the latter yielding the 
higher temperature. For 7 objects, the Lyman lines are so shallow that a model with Teff >
120,000 K is required to reproduce them. An investigation of the strength of photospheric 
absorption lines showed that the low log g objects have high heavy element abundances 
compared to DAs, whereas the DAO+dM binaries have slightly elevated lighter element 
abundances, with the heavier elements abundances similar to those seen in the DAs. 
This is qualitatively consistent with mass loss and accretion from a companions wind 
respectively, as the explanation for the helium that is observed in the spectra of the stars.
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OVERVIEW

The work presented in this thesis is aimed at understanding the physical properties and 
evolutionary history of an unusual type of white dwarf, the DAOs, by investigating the 
properties of a large sample of these objects. The DAOs are unusual since their spectra 

contain both hydrogen and helium lines, which is difficult to explain as the high grav
ity that exists within the white dwarf atmosphere should cause the helium to sink to 
below the line forming region of the star. To introduce the subject, I use Chapter 1 to 
describe the formation and general properties of white dwarfs. Chapter 2 then describes 
the possible explanations for the presence of helium, and includes a list of DAO white 

dwarfs. The data analysed in this thesis cover two wavelength regions -  optical and far- 

UV. Chapter 3 deals with the analysis and results from the optical data. By comparing 
atmospheric and evolutionary models with the real spectra, the fundamental parameters 
of the star are determined. The relatively large sample size allows the population of 
DAOs to be studied. The remaining data chapters then cover the reduction, analysis and 
results from the far-UV data, which were taken by the FUSE satellite. Unfortunately, 
many of the FUSE spectra are contaminated by molecular hydrogen in the line of sight 
to the target. I describe FUSE in Chapter 4, and the method I have used to account for 

the molecular hydrogen in order to allow the white dwarf spectrum to be analysed in 
Chapter 5. In Chapter 6 I use FUSE observations to search for radial velocity shifts in 

photospheric heavy element lines, which would indicate binarity. This has important im
plications since the composition of a white dwarf that is formed within a binary system 
can be altered if it evolves within a binary system. The fundamental parameters of the 
white dwarfs are then determined from the FUSE data in Chapter 7. Unfortunately, as 

related in Chapter 8, the results from optical and FUSE data are are not always consis

tent. A study of the composition of DAO white dwarfs is described in Chapter 9. Finally, 

I summarise my conclusions in Chapter 10.
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Chapter 1

Introduction to white dwarf stars

1.1 Introduction

White dwarfs are the endpoint of stellar evolution for 98% (Wood, 1992) of stars, includ
ing the Sun, so knowledge of their formation, composition and structure is vital to our 
understanding of stellar astrophysics. Since the mass of a white dwarf is typically half 

that of the Sun, but contained within a volume only the size of the Earth, they are very 

dense, compact objects, which are supported by electron degeneracy pressure. The hot, 
high gravity conditions provide an opportunity to study physics under conditions that are 
unreproducible in a laboratory and as white dwarfs have no internal energy source, they 
cool slowly over millions of years, with the oldest white dwarfs used to place limits on 
the age of the galaxy. The identification of white dwarfs as the progenitors of type la  
supemovae has also fuelled much interest in their evolution. This chapter describes the 

formation and general properties of white dwarfs stars.

1.2 Evolution from the main sequence

All stars with mass <8M® will eventually become white dwarfs (Iben-Jr, 1991). Stars 
more massive than this will die in a supernova explosion and become neutron stars or 

black holes. The exact evolutionary path that a star follows on its way to becoming a 
white dwarf differs according to its mass, with higher mass stars evolving faster; the 
possible routes that a star takes before becoming a white dwarf are summarised below.
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1.2.1 Isolated stars

Stars form as a result of gravitational collapse in molecular clouds. As collapse pro

gresses, the potential energy of the matter that will make up the star changes from a 
value that is close to zero to being negative. Since the total energy of the system must be 
constant, this energy must be radiated away or converted into other forms, such as ther
mal energy, which heats the star. Calculation of the mechanical energy that was given 
to the Sun by this collapse (which, since the virial theorem states that this energy (E) is 

related to the potential (U) by E  =  ^U, is half the change in gravitational potential), sug
gests that if this were its only energy source, at its current luminosity it could only emit 

energy for 107 yr. This is known as the Kelvin-Helmholtz time scale. However, this is 
orders of magnitude less than 4 x 109 yr that is estimated as the age of the Moon (Carroll 
& Ostlie, 1996). An alternative energy source for stars is nuclear fusion of hydrogen to 
form helium, which can occur if the core of the star gets hot enough. Assuming that 10% 
of the Sun’s mass can be used to fuse hydrogen into helium, then its ‘nuclear time scale’ 
is 1010 yr, which is consistent with the age of the Moon (Carroll & Ostlie, 1996). This 
occurs through the proton-proton cycle for stars less massive than ~1.2  M 0 (de Loore & 

Doom, 1992). For more massive, hotter, stars the CNO cycle can take place. However 

below a mass of approximately 0.08 M0 , the temperature of the core never becomes hot 
enough to begin nuclear reactions, while stars more massive than 90 M0 never become 
stable because of thermal oscillations in their centres (Carroll & Ostlie, 1996). Stars for 
which stable core hydrogen burning is occurring lie on the Hertzsprung-Russell (HR) 
diagram on the ‘main sequence’ (see Figure 1.1). The time it takes to begin stable hy
drogen burning and join the main sequence depends on the mass of the star, with a 0.5 

M0 star taking >1 x 108 years, a star like the Sun taking 5 x 107 yr and for a 15 M0 
star 60,000 yr (Iben, 1965). Once on the main sequence, a star stays there for most of 

its lifetime, for example the Sun will be on the main sequence for about 80% of its life 
(Zeilik et al., 1973). A star’s luminosity is related to its mass by the relationship (Zeilik 
et ah, 1973):

Therefore, if the Sun stays on the main sequence for 1010 years, a 0.5 M0 star will remain 
there for ~5  x 1010 yr, but a 15 M0 will leave the main sequence after only ~ 2  x 107

3.3

Hence, a star’s lifetime is related to the Sun’s by (Zeilik et ah, 1973):
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FIG U R E  1.1. Hertzsprung-Russell diagram of the evolution of stars from the main 
sequence to a white dwarf. Reproduced from Burleigh (1997), originally from

Marsh (1995).
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Figure 1.2. Diagram (not to scale) of the location of radiative and convective zones 
within stars o f mass 0.3, 1 and 5 M0 .

yr. As a result of the slow evolution of lower mass stars, the most massive stars observed 
in globular clusters that are still in the main sequence phase of their lives are 0.8 MQ 
(Iben-Jr, 1991).

The internal structure of a star also depends on its mass (Figure 1.2). The temperature 
gradient for radiative transport is related to opacity (k) and local radiative luminosity (Lr ) 
by (Carroll & Ostlie, 1996):
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—  (X  K,Lr 
dr

Therefore, if the opacity or the luminosity become large the temperature gradient also 
becomes large. However if it becomes larger than the adiabatic temperature gradient 

then the material that makes up the atmosphere becomes buoyant and convection sets 
in, becoming the dominant method of energy transport. In the cores of high mass stars, 
where the CNO cycle is occurring, the luminosity is high, hence the temperature gradient 
is also high and radiative transport is not efficient enough to carry the energy released by 
nuclear reactions in the core outwards. Therefore convection occurs in the cores of these 

massive stars. In lower mass stars the core temperature is lower and output from the 

temperature dependent CNO cycle lessens and when, at 1.2 M0 , the proton-proton chain 
starts to dominate, the core becomes radiative. Also, in lower mass stars, the opacity 
of the star increases near the surface because of the location of the hydrogen ionisation 
zone. This has the effect of increasing the temperature gradient in the outer layers of the 
star and so stars with mass < ~ 1 .3  Me have convection zones near their surfaces (Carroll 
& Ostlie, 1996). In lower mass stars, the bottom of the convection zone gets closer to the 
centre, and for stars less than 0.3 M0 the entire star is convective Carroll & Ostlie (1996).

In a star, as it bums hydrogen to form helium, the mean molecular weight of the core 

increases. The ideal gas law states that:

r  pk T
/j,mn

where P is the pressure, p density, k is Planck’s constant, T is temperature, p, is the mean 
molecular weight and m # mass of a hydrogen atom. Therefore, as mean molecular 

weight increases, pressure decreases and the core must contract as a consequence of the 
condition of hydrostatic equilibrium, which states that a pressure gradient must exist to 

counteract the force of gravity:
d P  = r M rp
dr r 2

where P is pressure, r the distance from the centre of the star, G the gravitational constant, 
Mr the mass within a sphere of radius r and p is the density. According to the virial 
thereom, half the released gravitational energy will be converted into heat, increasing the 

temperature of the core. This increases the rate of nuclear reaction, and the luminosity 

and effective temperature of the star increases. It moves upwards and to the left along 
the main sequence on the HR diagram.

Eventually, all the hydrogen in the core is exhausted. This happens first in the centre
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of the core for the lower mass stars and then gradually extends outwards. However, 
for the more massive stars, as the core is well mixed by convection, the hydrogen is 
exhausted suddenly. This leaves behind a core that is essentially composed of helium, 
and since its luminosity is zero, it is isothermal. The star contracts due to the loss of 
energy brought about by the end of the core hydrogen burning phase. Hydrogen shell 
burning then occurs, which creates helium and slowly increases the size of the core. In 

addition, some of the energy is used in making the outer layers of the star expand and it 

becomes a giant.

As the mass of the isothermal core increases, it must become more compressed in 
order to support itself in hydrostatic equilibrium. The maximum size of an isothermal 

core that is able to support itself from collapse using gas pressure is 8% of the total mass 
of the star (this is known as the Schonberg-Chandrasekhar limit). If this limit is to be 
exceeded, the core must become partially degenerate so that the ideal gas pressure can 
be supplemented by electron degeneracy pressure. This occurs in stars less massive than 
2 M0 (Carroll & Ostlie, 1996). Once the temperature in the core becomes high enough, 

helium burning can occur through the triple alpha process. In the stars with degenerate 
cores, pressure is not related to temperature, only density (P  oc pa for non-relativistic 
electrons), and so as helium burning begins the temperature increases, but the pressure is 
unaffected and the core does not expand. The triple alpha process is highly temperature 
dependent, so the rate of reaction increases causing a thermal runaway called the helium 

flash. This only lasts for a few seconds, but releases 1011 L0 , which is comparable 

to the luminosity of the entire galaxy (Carroll & Ostlie, 1996). Most of the energy 
that is generated is absorbed by the atmosphere of the star, and some is used to lift the 

degeneracy and expand the core, decreasing the density and temperature, reducing the 

rate of reaction.

When the helium is exhausted, degeneracy sets in within the carbon-oxygen core. 
Outside this is a layer of helium. Helium shell burning can begin and the star goes 

through another red giant phase. Hydrogen can also be reignited in an outer shell and 
the helium shell burning starts to turn on and off periodically. This occurs because the 

hydrogen shell burning is creating helium and adding to the mass of the helium layer, 
and it becomes slightly degenerate. Once the temperature of the helium shell is high 
enough a helium flash occurs, driving the hydrogen shell outward, cooling it and turning 
it off. Once the helium burning rate has decreased again sufficiently, the hydrogen shell 
reignites, repeating the process. The period between these thermal pulses range from 

thousands of years for stars of the order 5 M0 , to hundreds of thousands or years for 
0.6 M0 stars (Carroll & Ostlie, 1996), with the pulses themselves lasting only few tens
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F i g u r e  1.3. Evolution to white dwarfs from the horizontal branch. Reproduced
from Dorman et al. (1993).

of years (de Loore & Doom, 1992). Luminosity increases with each pulse, and the star 
moves vertically on a path on the HR diagram known as the asymptotic giant branch 
(AGB). However, if the star is less than 1M0 , it cannot begin helium shell burning 
(de Loore & Doom, 1992). These low mass objects can be subdivided into two types -  
the post-early AGB (P-EAGB) stars, which leave the AGB before thermal pulsing, and 
the AGB-manque stars, that never ascend the AGB. Instead they move along the extended 
horizontal branch (EHB) as a subdwarf star, losing mass until eventually becoming a low 
mass white dwarf (Dorman et al., 1993). Their evolution is illustrated in Figure 1.3.

The stars then lose mass through what is thought to be a ‘superwind’. The core 
contracts until electron degeneracy sets in. Once the central star is hotter than ~30,000 K, 
the ejected material is ionised, forming what is known as a planetary nebula (PN). The 
PN dissipates in ~  100,000 years, leaving behind a hot (temperature > 100,000 K) white 
dwarf star.

1.2.2 Stars in dose binary systems

The evolution of stars in binary systems that will one day become white dwarfs is de
scribed in detail in de Kool (1992), de Kool & Ritter (1993) and Iben & Livio (1993), and 
many other papers. Approximately half of all stars exist in binary systems, although half
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F IG U R E  1.4. Overview of evolutionary paths leading to binary systems relevant to 
this thesis, adapted from de Kool & Ritter (1993).

again will never interact -  these stars evolve as if they are isolated. There are three main 
ways in which a binary system might come to interact: firstly, through orbital shrinkage 

brought about by angular momentum loss due to a magnetic stellar wind or gravitational 
wave radiation, secondly, a low-mass companion may be drawn in to the envelope of the 
primary star by tidal dissipation, and thirdly, when a star expands during a giant phase 
it may fill its Roche lobe -  the equipotential surface around the two stars which forms 
a figure-of-eight cross section -  and matter spills onto the companion through the first 

Lagrangian point. It is this last scenario that is of interest to this thesis as it will alter 
the composition of the stars. Different forms of mass transfer can occur due to Roche 
lobe filling. Some of these are summarised in Figure 1.4, and the following description 
of these modes are summarised from de Kool (1992).

Mode II mass transfer occurs as the primary is transferring from the main sequence 
to the giant branch. The mass transfer is stable as the secondary is able to adjust its 

structure and accrete all the material, although the exception to this is if the mass ratio 
of the system is extreme, in which case a common-envelope may form and the two stars 
will eventually coalesce. The result of this mass transfer is a He-star primary, which will 
evolve to become a white dwarf. Eventually the system becomes a white dwarf plus main 
sequence binary with a typical orbital period of 10 days. As these binaries evolve further 
they can become double degenerate systems see, for example, Holberg et al. (1995) and
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Marsh et al. (1995).

Mode III mass transfer occurs when the primary has a convective envelope while it 
is on the giant branch or as it ascends the AGB. The star fills its Roche lobe and matter 
is transferred to the secondary. The donor star expands in response to mass loss and the 
transfer is too rapid for the secondary to adjust its structure and it becomes surrounded 
by material, which is known as the common-envelope (CE). The system loses angular 
momentum due to the friction of the CE and the period shortens; some of the systems 

will eventually coalesce. If there is sufficient energy, the CE will be ejected, forming 

a PN. According to de Kool & Ritter (1993), about 10% of these systems will survive 
as binaries and most will have a period of less than a day. The mass of the primary 

will be approximately the same as the mass of its core before it entered the CE phase. 
If the mass transfer occurred after hydrogen shell burning, and the star is less massive 
than 0.48 M© (Bergeron et al., 1994, although this value varies according to the author), 

then helium burning cannot occur, resulting in a low-mass He-core white dwarf. More 
massive CO- or ONeMg-core white dwarfs can also be formed in this way. Further 

angular momentum will be lost through magnetic stellar wind braking and the emission 
of gravitational waves and the secondary may eventually fill its Roche lobe, resulting in 
a cataclysmic variable (CV).

1.3 White dwarfs

1.3.1 Basic properties

The first white dwarf to be discovered was Sirius B, which is the companion to the 
brightest star in the sky, Sirius. From the ‘wobble’ of the star in the sky, F.W. Bessel 
inferred the presence of a companion. However Sirius B was found to be 1,000 times 

less luminous than Sirius A, yet its temperature appeared higher. The suggested that the 
radius of the star was very small -  typically a white dwarf has a similar size to the Earth, 

yet as its mass was found to be close to 1 M© this implied an extremely high density. 
Under this pressure the electrons in the core of the star mostly occupy the lowest energy 
levels and hence are degenerate. They behave like a gas with pressure related to density

5
by P  (x ps, in contrast to the cores of ‘normal’ stars, where the electrons behave like 
an ideal gas and so pressure is proportional to density and temperature. Due to the Pauli 
exclusion principle no two electrons can have the same quantum state within a certain 
volume, hence ‘electron degeneracy pressure’ prevents the core contracting any further.



The degenerate electrons can be approximated as supplying the pressure, while the non

degenerate ions hold the mass. The maximum mass that can be supported in this way 
was famously found by Chandrasekhar (1939) to be

hence adding mass to a white dwarf decreases its size. Improvements to Chandrasekhar’s 
original theory have been made, for example Hamada & Salpeter (1961) included the 

effects of electrostatic interactions in their models, which results in a reduction of the 

maximum mass that a white dwarf can have. They also refined the mass-radius relation, 
under the assumption of zero temperature. In reality, however, this assumption is not 
valid. Evolutionary models, such as by Blocker (1995), are now the state-of-the-art. 
These follow the cooling of the white dwarfs as they leave the AGB, and predict the 
radius of the white dwarf over time. Figure 1.5 shows one of their models, illustrating 
the cooling of a 0.605 M0 star.

1.3.2 Classification

White dwarfs are classified according to their spectral characteristics. The system that is 
presently in use was proposed by Sion et al. (1983), and is based around a set of primary 
symbols, all beginning with the letter D for degenerate. These are shown in Table 1.1. 

Those stars that show weak features that normally characterise stars from another class 
have an additional letter, for example hydrogen dominated stars that also show weak 

He II lines are denoted DAO. A number between 0 and 9 can also be added to indicate 
the temperature; this value is given by:

T  ♦ • ^  50’ 400lem perature index =  — ——

DAOs must have a temperature above ~45,000K  in order for H ell to be seen, and so 

have a temperature index of either 0 or 1.

1.4587M

(/i =  A j Z  and is ~ 2  for white dwarfs). Radius is related to mass in a white dwarf by:

R  oc — r 
M  3
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F i g u r e  1.5. The cooling of a 0.605 M© white dwarf as it moves from the AGB, 
with an age of 0 corresponding to a radial pulsation period of 50 days. It takes 
approximately 10,000 years for the object to reach the tip of the white dwarf cooling 

sequence, during which time it gets hotter as it becomes more compressed.

Table 1.1. Primary symbols used to classify white dwarfs, reproduced from Sion
____________________________et al. (1983).____________________________

Spectral type Characteristics
D A .............  Only Balmer lines; no He I or metals present
D B .............  He I lines; no H or metals present
D C .............  Continuous spectrum, no lines deeper than 5% in any part

of the electromagnetic spectrum
D O .............  He II strong: He I or H present
D Z .............  Metal lines only; no H or He
D Q .............  Carbon features, either atomic or molecular, in any part of

the electromagnetic spectrum

10



H-rich (DA) ch an n e l He-rich (non-DA) ch an n e l

Hottest DO sta rs  > 100 000 K

DO cooling sequence

H ottest DA/DAO stars
90 000 K

Hot DA cooling sequence

C oolest DO sta rs
45 000 K

No known DO or DB 
d egenera te

28 000 K
Hottest DB s ta rs

DB cooling sequence

Late helium burning 
phase?

Convective dredge-up 
of helium

Upward diffusion of 
residual hydrogen

He-rich Planetary N ebulae 
Nuclei

H-rich P lanetary N ebulae 
Nuclei
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(2003a).

1.3.3 Cooling

Hot white dwarfs are, in the main, separated into two distinct cooling sequences, the 

DAs, and the non-DAs (helium-dominated atmospheres) (Figure 1.6). The difference is 

thought to derive from the number of times the progenitor ascends the red giant branch, 
and the resultant mass loss. However, problems exist in our knowledge of white dwarf 
evolution. For the He-rich white dwarfs there is a continuous evolutionary sequence 
leading to the white dwarfs via the PG1159 stars, which have temperatures in excess 
of 100,000 K. In contrast, no H-rich white dwarfs are seen at a temperature greater 
than ~80,000K, so there is a gap in their evolutionary picture. This lead Fontaine & 
Wesemael (1987) to suggest that all the white dwarf progenitors lose their hydrogen-rich 

surface layer and evolve via the PG1159 stars in a single channel. Gravitational settling 

would then push the small amount of hydrogen that still existed in the atmosphere out
wards, forming a thin hydrogen layer and masking the helium. However, Mendez (1991) 
found in his investigation of 115 central stars of planetary nebulae (CSPN) that only a 
third were hydrogen-deficient, and Napiwotzki & Schonbemer (1995) similarly found 
that in their sample of 38 CSPN that the hydrogen-rich objects outnumber the hydrogen- 
deficient by 4 to 1, so contradicting the single channel theory, which predicts no H-rich 
CSPN. Looking further down the cooling sequence, the white dwarfs in the sample of
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Fleming & Liebert (1986) showed a ratio of 7.1(±2.9):1 between hydrogen-rich and 
-deficient objects with temperatures between 40,000 and 80,000 K. This falls as temper
ature drops, and by the time the effective temperature of the white dwarf reaches below
8,000 K the ratio is only 4.3(±0.7): 1. The picture is further complicated by the existence 
of a gap in the helium-rich sequence between ~45,000 and 30,000 K. Objects above the 

temperature gap are known as the DOs and those below as the DBs, but no white dwarfs 

with helium-dominated atmospheres are seen between the two temperature limits. DAO 
white dwarfs, which contain both hydrogen and helium lines in their spectra, might be 
intermediate objects, transferring between the cooling sequences. It is therefore impor
tant to investigate the DAOs, in order to determine their evolutionary status. Chapter 2 
introduces these white dwarfs in detail.

1.3.4 Mass distribution

There are currently more than 2,000 known white dwarfs (the most recent version of the 

Villanova Catalog of Spectroscopically Identified White Dwarfs contains 2249, McCook 
& Sion, 1999). Approximately 70% of these are identified to be of spectral type DA. A 
systematic investigation of the mass distribution of a large sample of these DAs, using 
the technique of fitting model white dwarf atmospheres to the hydrogen-Baimer lines 
seen in optical data, was conducted by Bergeron et al. (1992). They found that the 
mass distribution is strongly peaked, with the mode, containing ~30%  of all the stars 

in the sample, in the range 0.50-0.55 M0 . The mass distribution tails off towards both 
high and low mass with almost 10% of the objects having a mass low enough that their 
existence must be ascribed to binary star evolution. Subsequent studies, such as by Finley 
et al. (1997) and Napiwotzki et al. (1999) have reproduced these results, with small 

deviations due to differences in their samples and models used. The mass distribution 
of the helium-rich DB stars shows a similar peak to the DAs, at 0.55±0.10M o (Oke 
et al., 1984).

1.4 White dwarf models

1.4.1 Atmospheric models

A large proportion of this thesis depends on the comparison of white dwarf model atmo
spheres with real data. The code that is used to create these models atmospheres is called 
TLUSTY (Hubeny & Lanz, 1995). This highly complex code solves the radiative transfer
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equation for a set of frequency points, as well as the equations of hydrostatic equilibrium 
(which states that the pressure gradient must be able to support the star against the force 
of gravity), radiative equilibrium (at each level the total radiation that is absorbed across 

the frequency range must equal the total emitted) and statistical equilibrium for chosen 

atomic energy levels (Hubeny & Lanz, 1995). A key feature of TLUSTY is that it allows 
departures from local thermodynamic equilibrium (LTE). Thermodynamic equilibrium 

occurs when there is no net flow of energy and all processes occur at the same rate as 
the opposite process, e.g. absorption and emission of photons (Carroll & Ostlie, 1996). 
Since, in a star, there is a net flow of energy outwards, and the temperature varies with 

depth, it can never be in perfect thermodynamic equilibrium. However, within a star, 
if significant temperature changes occur only over distances that are long compared to 

the mean free path of the particles and photons, then the system can be said to be in 
local thermodynamic equilibrium. This means that the particles and photons only ‘see’ 
a single temperature. Assuming LTE means that the Boltzmann and Saha equations can 
be used to calculate the proportions of atoms in different excitation and ionisation states 
respectively. However the assumption of LTE breaks down where the temperature gradi
ent is steep, or where the mean free path is large, for example in the outer regions of the 

atmosphere where the density is less. When departures from LTE are allowed, the prob
lem of calculating the stellar atmosphere becomes far more complex since a statistical 

equilibrium equation must be solved for each level of each ion; this is one of the reasons 
that TLUSTY is a state-of-the-art program.

TLUSTY also allows the effects of line blanketing to be included in the model calcu
lation. This refers to the modification of the spectrum of the star by the absorption and 
re-emission of photons by atoms in the star’s atmosphere, which, for the white dwarfs 
studied in this thesis, is mostly composed of hydrogen. In addition, heavy elements ab

sorb a substantial proportion of the extreme ultraviolet flux and redistribute it to longer 
wavelengths. Importantly for the modelling of stellar atmospheres, the effect of this line 
blanketing is to increase the opacity of the atmosphere, which means that the temperature 
gradient must also increase. Therefore, the lower layers of the atmosphere must warm 
while the outer layers cool. Millions of lines must be considered if elements such as iron 
are to be included in the line blanketing calculations. To cope with this, TLUSTY uses 
the concept of superlevels, which involves the grouping together of levels that have sim
ilar energies and which are in Boltzmann equilibrium with each other (and hence have 

the same non-LTE departure coefficient). Opacities of these superlevels are described 

by ‘Opacity Distribution Functions’. This involves taking the cross sections of all the 
levels that make up the superlevel and resampling them monotonically, with the peak at
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the mean wavelength of the lines. This has the advantage that the opacity can be treated 

with relatively few frequency points, and avoids problems with the missing of line cores 
that might occur if the opacity were simply sampled using insufficient frequency points.

The calculation of model atmospheres is very computationally intensive. A number 
of stages are required, with a simpler model being used as the input for the calculation of 
a more complex model atmosphere. The initial model is an H LTE grey model - a model 
where the opacity is frequency independent. Then, in subsequent model runs these as

sumptions are relaxed and further elements added. Models used for this thesis generally 
involved 4 steps: H+He, H+He+C, H+He+C+N+O+Si and H+He+C+N+O+Si+Fe+Ni, 
all in non-LTE. These built on existing H non-LTE models that had previously been cal
culated. TLUSTY uses the hybrid ‘complete linearisation/accelerated lambda iteration’ 
method to speed up calculations (Hubeny & Lanz, 1995), which is used as it combines 
the virtues of a high convergence rate with a short iteration time. The various equa
tions are solved using an iterative process with the program going through a number of 

iterations until the model has converged to the point where temperature, electron den
sity, populations and radiation intensity in a layer do not change significantly between 
iterations. Once the model atmosphere has been calculated the resulting atmospheric 
parameters (such as the temperature at each depth point) are read in by a companion 
program, SYNSPEC. This also takes as its input an extensive line list and solves the ra
diative transfer equation in detail, including these lines, at a user specified resolution, to 
produce the final synthetic spectrum.

When these models are described in this thesis, they are defined by the abundance of 

elements included within the atmosphere, and by their Teg and log g. The effective tem

perature (Teff) is the temperature a black body must have if it is the same size as the white 
dwarf, in order to also have the same bolometric luminosity (de Loore & Doom, 1992), 
i.e.

L b o i  =  47t R 2 ctT ^

The second parameter is the surface gravity (log g ), which can be assumed to be constant 

over the part of the white dwarf atmosphere where lines are formed.

1.4.2 Evolutionary models

As a white dwarf cools, its Teff will decrease and its log g will increase. The rate of 
cooling will depend on a stars composition, which in turn is dependant on mass lost as 

it evolves through the AGB. The models of Blocker (1995) follow the evolution of stars
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through the red giant branch stage and along the AGB, using appropriate mass loss laws. 
As the period of radial pulsations in the models decreases from 100 days, the mass loss 
is reduced back to the giant branch rate at P = 50 days, which corresponds to an age of 
zero in the models. Once this mass loss rate is greater than that predicted for radiatively 
driven winds according to Pauldrach et al. (1988), the following mass loss rate equation 

from that paper was adopted:

M  =  1.29 x 10_15L ''86 [MQ/yr]

i.e. the mass loss rate during the white dwarf stage is assumed to be proportional to 
luminosity to the power 1.86. As the white dwarf fades over time, the mass loss rate will 
therefore reduce. This law was then used for the remainder of the post-AGB evolution. 

The calculations of Blocker resulted in evolutionary tracks for post-AGB carbon-oxygen 
core white dwarfs between 0.53 and 0.94 M0 , which had been evolved from main se
quence stars of initial mass between 1 and 7M 0 . Similarly Driebe et al. (1998) calcu

lated tracks for helium core white dwarfs. They evolved their model stars, all having 
initial mass of 1 M0 , from the pre-main sequence phase to the top of the RGB. To sim
ulate mass transfer during Roche lobe overflow, mass loss rates were assumed that did 
not destroy the thermal equilibrium of the star. The resultant evolutionary models have 
masses ranging from 0.179 to 0.414M o .

The evolutionary models take the form of tracks in the Teff - log g plane. Each 

different mass white dwarf takes a slightly different track. Hence, if the Teff and log g of 
a real white dwarf is known, its mass can be determined by comparing its parameters to 
the those of the models. This is illustrated in Figure 1.7. Since the evolutionary models 
also contain details of the stars luminosity and radii, these can also be determined for real 
objects. In addition, a distance estimate is found by calculating the absolute magnitude 
of the star from its luminosity using M  — M Q =  — 2.5 log ^  (where M is the absolute 

magnitude and L luminosity, subscript © means the value for the Sun is used). Then, the 
distance is obtained using m  — M  =  - 5  +  5 log d (m is apparent magnitude, which must 

be obtained from the literature, and d is the distance).
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k e r rn<3 d e l

F i g u r e  1.7. The evolutionary tracks of Blocker (1995) and Driebe et al. (1998) 
for both CO- and He-core white dwarfs (top). Their models were calculated for a 
number of discrete masses of white dwarfs. By linearly interpolating between the 
tracks (bottom), the mass of a white dwarf can be determined from Teff and log g.
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Chapter 2

Introduction to DAO white dwarfs

2.1 DAO white dwarfs

Those white dwarfs where weak He II lines are present in their optical spectra in addition 
to the hydrogen Balmer lines are known as DAOs. The prototype of these stars is HZ 34 
(see Koester et al., 1979, Wesemael et al., 1993). Radiative levitation, a process which is 
used to explain the presence of trace heavy elements in white dwarf atmospheres, seems 

the most natural way in which the gravitational settling of helium can be prevented, 

and therefore to explain the presence of these He lines. However, radiative forces are 
unable to support sufficient helium, by a factor of at least 10 by number, to reproduce 

the observed helium abundances of DAOs (Vennes et al., 1988). The only previous 
spectroscopic investigation of a large sample of these objects was by Bergeron et al.
(1994), who suggested a number of alternative explanations for the presence of helium 

in the spectra of these stars:

2.1.1 Intermediate objects

As discussed in Chapter 1, it had been suggested that all white dwarfs may evolve via a 
single channel. This requires that objects switch between the helium- and hydrogen-rich 
cooling sequences, which could happen if a small amount of hydrogen is mixed into an 
otherwise helium atmosphere. Gravitational settling would create a thin hydrogen layer 
at the surface, with the boundary with the helium layer described by diffusive equilib

rium. This would give the star the appearance of a DA, but with weak helium features. 

However, Napiwotzki & Schonbemer (1993) attempted to reproduce the line profile of 
the He II at 4686 A in the DAO S 216 using both stratified and homogenous composition
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models and found that a better match was provided by the latter. The spectrum of only 

one object analysed by Bergeron et al. was better reproduced by a model with a stratified 
rather than homogeneous configuration. This object, PG 1305-017, is a possible exam
ple of a transitional white dwarf. The fact that it was unique in a sample of 14 was cited 
as evidence that the transition between the two cooling sequences must occur quickly. 
The helium line profile of a second object (PG 1210+533) was not reproduced well by 

either layered or homogeneous models, and is also strange as its helium abundance, as 
measured from optical spectra taken over a period of 15 years, appears to vary.

2.1.2 High temperature, low gravity objects

Most of the DAOs studied by Bergeron et al. had a high temperature, but low gravity. 
This led them to claim that ‘hot, low surface gravity, single DA white dwarfs are neces
sarily DAO stars’. The lowest mass white dwarfs that can be formed through evolution 

via the AGB is ~0.5 M© (Driebe et al., 1998). Therefore, the low mass of a number of the 
white dwarfs implies that they may not have ascended the AGB and instead evolved to a 
white dwarf through the EHB -  the EGB-manque stars. In order to explain the enhanced 
helium abundance in the line forming regions of this group of stars, Bergeron et al. in
voked mass loss. There is some evidence that this explanation may be the true one; as 
these DAOs have low gravity their radius is comparitively large, and they are also hot. 
Therefore, they are relatively luminous compared to most white dwarfs, and the mass 
loss rate in radiatively driven winds is a strong function of luminosity (Abbott, 1982). 

Calculations have shown that the helium abundance in DAOs can be reproduced, in the
ory, by introducing mass loss to counter gravitational settling (Unglaub & Bues, 1998, 
2000). In their models, they assume a mass loss rate from the white dwarf. If this wind 
originates from the bottom of the atmosphere, there must be a net flow of material to the 
surface, with the velocity of the flow dependent on the depth. By adding this velocity 
onto the diffusion velocity of the elements in their models, they found that the settling 
of helium was retarded; at a mass loss rate of 1 x 10“ 13 M© yr-1 , the helium sinks on 

a time scale similar to the cooling time scale of the white dwarf, while with a mass loss 
rate of 1 x 10-13 M© yr-1 , the helium abundance will reduce to that obtained with diffu
sion calculations in 20,000 years. The abundance of heavy elements in the line forming 
region of the stars should also be increased. However, Unglaub & Bues (2000) included 
the introduction of a ‘wind limit’. Stars that have evolved past this limit, which can be 
approximated as a line at constant log g = ~7.0 for DAOs, should not be experiencing 
mass loss, and hence DAO white dwarfs should eventually evolve into DAs. Therefore, 

because of this limit, mass loss would not be expected in DA white dwarfs, which have
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typical log g of 7.8. Unfortunately, the DAOs of Bergeron et al. also should not be 
experiencing mass loss, although the DAO CSPN of Napiwotzki (1999) are above the 
limit (Unglaub & Bues, 2000). However, Napiwotzki (1999) found a good correlation 
between luminosity and helium abundance in their sample of DAO CSPN and the DAOs 

of Bergeron et al. (1994). Dreizler et al. (1995) have found observational evidence for 
a wind in observations of one DAO (HS 2115+1148). The optical spectra of this object 
contains shallow absorption lines due to ultrahighly excited ionisation states of C, N, O 
and Ne, which have been interpreted as being due to an extremely hot, fast wind. The 
existence of the remnants of planetary nebulae around two other DAOs, and the fact that 

many of the white dwarfs that are surrounded by planetary nebulae, which are formed 
when the progenitor star sheds mass, are of DAO spectral type, also suggests that mass 

loss may be linked to the presence of helium (Bergeron et al., 1994).

2.1.3 The DAO+dM binaries

In the sample of Bergeron et al. (1994), three objects (RE 1016-053, PG 1413+015 and 

RE 2013+400) had ‘normal’ temperatures and gravities for white dwarfs, yet still had 
detectable helium lines in their optical spectra. Two reasons were suggested for this: 
firstly, as the progenitor star passes through the CE phase, mass loss will occur. This 

may lead to the star being hydrogen poor allowing a weak process, such as mass loss, 
to mix helium into the line forming region of the white dwarf. Secondly, these DAOs 
might be accreting from the wind of their companions. This seems the most likely ex
planation for a fourth DAO+dM binary, RE 0720-318, which was not included in the 
sample of Bergeron et al. (1994). Dobbie et al. (1999) used EUV photometry and phase 

resolved spectroscopy to identify likely non-uniformities in the surface abundance of 

helium, which is consistent with models of accretion.

2.2 The Balmer line problem

The ‘Balmer line problem’ is the phenomenon where the higher order Balmer lines (e.g. 

6 and e) require a higher temperature model to fit their profiles than the lower order (e.g. 
P and 7) lines (Napiwotzki, 1992). By comparison of objects with similar parameters 

but where different strengths of the effect were seen, Bergeron et al. (1994) were able 
to exclude Te% and log g effects as the cause of the problem. It is also not confined 
to the DAOs; Bergeron et al. (1994) found a hot DA (PG 0948+534) that exhibited the 
problem. A possible explanation of this problem was identified by Werner (1996). He
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created a number of models to try to reproduce the spectrum of an sdO star, for which 

the temperature was known through other means, and compared the temperature struc
ture of each. In the nLTE models that did not contain C, N and O, the outer layers of 
the atmosphere exhibit a high temperature plateau, which is attributed to heating by H 
and He II lines. The introduction of C, N and O, with their line opacities represented by 
Doppler profiles, makes the surface of the atmosphere cooler by ~50% . However, there 
is a strong increase in the temperature before the line forming region of the H and He 
lines is reached and so the Balmer line profiles are not strongly affected by including 
these elements in this way. In contrast, when the C, N and O line opacities are rep

resented by Stark broadening profiles, this strong temperature increase is not seen and 

there is a smoother increase of temperature with depth; this effect is attributed to cool
ing by photon escape from the wings of the Stark profiles. This means that the cores of 
the hydrogen lines are formed in cooler temperatures, making them deeper. Using the 
models incorporating Stark broadened C, N and O, discrepencies between the strengths 
of the observed Balmer lines with the models in both an sdO star and a DAO white dwarf 
(S216) were claimed to essentially disappear. If this is the cause of the Balmer line 

problem, then since the higher order Balmer lines are formed deepest in the white dwarf 
atmosphere, they are least affected by the difference in temperature structure due to the 
neglect of Stark broadened C, N and O and should yield a value closest to the ‘correct’ 

temperature (Napiwotzki, 1999).

2.3 The DAO sample

Table 2.1 contains a list of DAO white dwarfs and their coordinates, obtained through 
searching through the literature, and in the catalogues that are available (McCook & 
Sion, 1999, the white dwarf database (http://procyon.lpl.arizona.edu/WD), Abell, 1966, 
Kwitter et al., 1988). There are 43 stars in the list, hence DAOs make up <2% of all 
known white dwarfs. Interestingly, out of the 43 DAOs, only 5 have a declination less 
than 0°, and 3 of those have £>-10°. It is therefore possible that there are many Southern 

Hemisphere white dwarfs that are DAOs but that are not yet identified as such. The 
objects for which data have been obtained and analysed for this thesis are indicated 
in bold in the table. Hence, the sample is biased towards objects observable from the 
Northern Hemisphere and might exclude objects with very weak He features, since they 
may not be correctly identified as DAOs.

Table 2.2 lists all the objects in the sample, what data have been obtained for them, 
and if they are associated with a planetary nebula or are known to be binaries. The
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Table 2.1. List of DAO white dwarfs. Those in bold are analysed in this the
sis. Unless otherwise stated, coordinates are taken from the White Dwarf Database

(http ://procy on. lpl. ari zon a. edoAVD/).
WD number Alternative names R.A. J2000 Dec J2000
WD 0127+581 SH2-188 01h30m39s +58°21'57"
WD0134+181 PG0134+181 01h37m22s +18°22'39"
WD 0231+050 PG 0231+051 02h33m42s +05°18'36" *
WD 0322+452 HDW 3 03h26m14s +45°24'22"
WD 0346-011 GD 50 03h48m49s +00°58'22"
WD 0441+467** LS V+4621/SH 2-216/S 216 04h44m43s +46°49'30"
WD 0500-156 A7 05h03m07s —15°36'07"
WD 0505+012 HS 0505+0112 05h08m31s +01°16'39" *
WD 0615+556 PuWel 06h19m34s +55°36'43"

K2-2 06h52m27s + 09o58'19" ***
WD 0718-316 RE 0720-318 07h20m46s — 31°46'54//
WD 0823+316 Ton 320 08h27m04s +31°30'05"
WD 0834+500 PG 0834+500 08h37m37s +49°52'29"
WD 0846+249 Ton 353 08h49m05s +24°45'08"

A 31 08h53m46s +08°54'35"
WD 0950+139 EGB6 09h52m58s +  13°44'32"
WD 1013-050 RE 1016-053 10h16m28s -05°20'29"

NGC3587 1 l h 14m48s +55°01T4" *
WD 1136+667 HS 1136+6646 l l h39m06s +66°30T8" *

* Coordinates obtained from Simbad (http://simbad.u-strasbg.fr/sim-fid.pl).
** This object is also somtimes listed as WD 0439+466.
*** Kwitter et al. (1988). **** Abell (1966). ***** McCook & Sion (1999).

following briefly summarises information that has previously been published about the 
objects. Temperatures, gravities and helium abundances for a number of the objects can 
be found in Bergeron et al. (1994) and Napiwotzki (1999), and these are listed in Table 

2.3.

A7, PuWe 1 and A31

Ciardullo et al. (1999) used an HST snapshot survey to find resolved binary companions 
to CSPN. They looked at 113 such objects to find stars in close proximity that could 
be physically associated. The survey looked for objects with small separations in un

crowded fields of view but was limited by a lack of proper motion information. Only 10 
likely binaries were found along with 6 possible associations. A31 was identified as hav
ing a probable companion, at a distance of less than 115 AU. A7 was one of the possible
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Table 2.1. Continued.
WD number Alternative names R.A.J2000 Dec J2000
WD 1202+608 Feige 55 12h04m38s +60°32'05"
WD 1210+533 PG 1210+533 12h13m23s +53°03'55"
WD 1214+267 LB 2 12h16m34s +26°29'37"

A 35 12h53m32s -22°52'23" *
WD 1253+378 HZ 34 12h 56m 14s +37°32'28"
WD 1305-017 PG 1305-017 13h08m 16s —01°59'05"
WD 1413+015 PG 1413+015 14h15m35s +01° 17'17"

NNSER 15h52m56s +  12°54'47"
A 39 16h27m06s +27°54'21"

WD 1751+106 A 43 17h53m32s +  10°37'26"
WD 1822+008 SH2-68 18h24m58s +00°51'37"

IC 1295 18h54m37s —08°49'49" *
WD 1851+329 NGC 6720/HD 175353 18h53m37s +33°01'54"

A61 19h18m35s +46°14'34"
WD 1957+225 NGC 6853/M 27 19h59m39s +22°43'15"
WD 2011+398 20h13m09s +40°02'17" *****
WD 2013+400 RE 2013+400 20h13m09s +40°02'17"
WD 2033+034 HS 2033+0327 20h35m45s +03°37'44"
WD 2114+239 A 74 21h16m53s +24° 12'17"
WD 2115+118 21h 18m 18s +  12°01'33"
WD 2212+656 22h13m26s +65°54'54"
WD 2218+706 DeHt5 22h19m33s +70°56'00"
WD 2226+210 NGC 7293 22h 29m 18s +21°20'52"
WD 2342+806 GD561/SH 2-174 23h45m01s +80°56'51"
* Coordinates obtained from Simbad (http://simbad.u-strasbg.fr/sim-fid.pl).
** This object is also somtimes listed as WD 0439+466.
*** Kwitteretal. (1988). **** Abell (1966). ***** McCook & Sion (1999).

binaries, while PuWe 1 was listed as having a doubtful association. The separations of 
those two objects from their suggested companions was <11520 AU in the case of A7, 
and 1620 AU forPuWe 1.

HS 0505+0112

This object is strange in that it contains C IV absorption lines in its optical spectrum 
(Heber et al., 1996) and so is a DAOZ. It is unique in being the only DAO in this sample 
to show metal lines.
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Table 2.2. Objects in the sample showing for which wavelength regions the data 
have been obtained. Also shown is whether the object is associated with a planetary 

_______ nebula or if it is known to be part of a binary system._______

Object WD number
Source

Optical FUSE PN? Binary?
PG0134+181 WD0134+181 s j
S 216 WD 0441+467 s j s j s j
A l WD 0500-156 s j s l s j
HS 0505+0112 WD 0505+012 s j s l
PuW el WD 0615+556 s j s j s l
RE 0720-318 WD 0718-316 s l s j s l
Ton 320 WD 0823+317 s i s l
PG 0834+500 WD 0834+501 s j s l s l
TON 353 WD 0846+249 s j
A31 s j s j s l
EGB 6 WD 0950+139 s j
RE 1016-053 WD 1013-050 V s l
NGC 3587 s j
HS 1136+6646 WD 1136+667 y/ s j s l
Feige 55 WD 1202+608 y / s l s j
PG 1210+533 WD 1210+533 s j s l
LB 2 WD 1214+267 s i s j
HZ 34 WD 1253+378 s i s l
PG 1305-017 WD 1305-017 s i
PG 1413+015 WD 1413+015 s j s j
A 39 s j s j s l
NGC 6720 s j
NGC 6853 WD 1957+225 s j
RE 2013+400 WD 2013+400 s l s j s j
DeHt5 WD 2218+706 s j s l s l
NGC7 293 WD 2226-210 s j
GD561 WD 2342+806 s j s j s l

PG 0834+500 and GD561

Both these objects were included in the sample of Saffer et al. (1998) that searched for 
radial velocity variations. PG 0834+500 was identified as having a companion, while no 
velocity shifts were found in observations of GD 561.
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Table 2.3. Table listing previously determined parameters of stars in the sample, 
from Bergeron et al. (1994) (B) (using homogeneous and stratified models) and 
_______ Napiwotzki (1999) (N) (fitting only the higher order Balmer lines)._______
Object Source Te ff/K Log 9 Log ^(homogeneous) 

or Log (stratified)
PG0134+181 B (homogeneous) 56400 ±1500 7.40 ±0.11 -2.98 ±0.30

B (stratified) 56300 ±1300 7.40 ±0.11 -14.59 ±0.20
S 216 B (homogeneous) 83800 ±1700 7.17 ±0.13 -1.71 ±0.18

B (stratified) 72100 ±2300 6.97 ±0.15 -14.24 ±0.24
B (homogeneous) 77300 ±3400 7.31 ±0.14 -2.06 ±0.24
B (stratified) 70500 ±2100 7.19 ±0.15 -14.46 ±0.24
N 83200 ±3300 6.74 ±0.19 -1.95 ±0.06

A7 N 99000 ±18000 7.03 ±0.43 -1.49 ±0.37
PuWel N 93900 ±6200 7.09 ±0.24 -1.70 ±0.20
Ton 320 B (homogeneous) 68800 ±1800 7.68 ±0.12 -2.74 ±0.27

B (stratified) 72300 ±1800 7.68 ±0.12 -14.98 ±0.21
PG 0834+500 B (homogeneous) 60400 ±1900 7.11 ±0.12 -2.18 ±0.23

B (stratified) 56500 ±1500 6.98 ±0.12 -14.23 ±0.19
TON 353 B (homogeneous) 66100 ±2400 7.11 ±0.19 -2.88 ±0.52

B (stratified) 67200 ±2900 7.09 ±0.19 -14.20 ±0.33
A 31 N 84700 ±4700 6.63 ±0.30 -1.53 ±0.13
RE 1016-053 B (homogeneous) 56400 ±1200 7.74 ±0.07 -3.26 ±0.22

B (stratified) 57500 ±1300 7.73 ±0.07 -15.01 ±0.15
NGC 3587 N 93900 ±5600 6.94 ±0.31 -1.07 ±0.13
Feige 55 B (homogeneous) 58300 ±1500 7.15 ±0.11 -2.92 ±0.31

B (stratified) 58000 ±1500 7.17 ±0.12 -14.23 ±0.21
B (homogeneous) 55100 ±1300 6.96 ±0.10 -2.91 ±0.28
B (stratified) 55000 ±1200 6.97 ±0.10 -13.93 ±0.19

RE 0720-318, RE 1016-053, PG 1413+015 and RE 2013+400

These objects are all pre-cataclysmic variables. As described in §2.1.3, RE 0720-318 
is likely to be accreting material from the wind of its companion (Dobbie et al., 1999). 
RE 1016-053 was observed by Tweedy et al. (1993) and a reflection effect was seen due 
to reprocessing of the white dwarf flux on the surface of a companion. The continuum 
of the secondary was undetected, however. PG 1413+015 is an eclipsing binary system. 
Fulbright et al. (1993) found the companion to be of spectral type M3 V-M5 V, and a 
reflection effect is also observed. RE 2013+400 was found by Barstow et al. (1995) to 
have a period of 0.71 days. A reflection effect was also seen in this object.
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Table 2.3. Continued.
Object Source Teff / K Log g Log ^(homogeneous) 

or Log (stratified)
PG 1210+533 B (homogeneous) 44800 ±400 7.89 ±0.04 -2.08 ±0.05

B (stratified) 46600 ±400 7.91 ±0.04 -15.68 ±0.06
LB 2 B (homogeneous) 65700 ±1400 7.67 ±0.11 -2.51 ±0.23

B (stratified) 65100 ±1500 7.65 ±0.11 -15.12 ±0.18
HZ 34 B (homogeneous) 79900 ±3600 6.61 ±0.20 -1.33 ±0.24

B (stratified) 60700 ±2400 6.28 ±0.17 -13.39 ±0.27
N 90800 ±3900 6.60 ±0.20 -1.59 ±0.09

PG 1305-017 B (homogeneous) 45700 ±600 7.70 ±0.12 -0.72 ±0.07
B (stratified) 44400 ±400 7.76 ±0.10 -15.98 ±0.16

PG 1413+015 B (homogeneous) 48100 ±1700 7.69 ±0.11 -2.57 ±0.40
B (stratified) 49300 ±1100 7.70 ±0.10 -15.10 ±0.20

A 39 N 117000 ±11000 6.28 ±0.22 -0.85 ±0.10
NGC 6720 N 101200 ±4600 6.88 ±0.26 -1.14 ±0.09
NGC 6853 N 108600 ±6800 6.72 ±0.23 -1.12 ±0.09
RE 2013+400 B (homogeneous) 47800 ±2400 7.69 ±0.16 -2.62 ±0.63

B (stratified) 48900 ±1600 7.71 ±0.15 -15.13 ±0.29
DeHt5 N 76500 ±5800 6.65 ±0.19 <-2.69
NGC 7293 N 103600 ±5500 7.00 ±0.22 -1.43 ±0.15
GD561 B (homogeneous) 65300 ±2000 6.71 ±0.15 -2.40 ±0.33

B (stratified) 63000 ±2500 6.67 ±0.16 -13.59 ±0.27

EG B6

EGB6 is a large planetary nebula, the central star of which (WD 0950+139) is asso
ciated with a compact region of emission (Dopita & Liebert, 1989). The central star 

has a known infrared excess, compared to the flux that is expected from a white dwarf, 
corresponding to an upper limit of M4 V on the spectral type of a companion (Liebert 

et al., 1989). No variations in the infrared flux were found by Fulbright et al., who con
ducted JHK photometry of the central region. If the system is a close binary, flux from 
the white dwarf that is incident on the surface of the companion will be reprocessed and 

re-emitted. As the stars orbit each other, the proportion of the surface of the secondary 
that is reprocessing flux which is visible will change, so infrared variations would be 

expected. Therefore, this system might either have a long period, or might have an incli
nation that is very close to 0°.
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NGC 3587, NGC 6720, NGC 6853 and NGC 7293

These objects are all associated with planetary nebulae: NGC 3587 is also known as the 
Owl Nebula, NGC 6720 as the Ring Nebula, NGC 6853 as the Dumb-bell nebula and 
NGC 7293 as the Helical Nebula.

H S 1136+6646

HS 1136+6646 was first observed by Heber et al. (1996) and identified as a spectroscopic 
binary with dK companion. When HS 1136+6646 was observed in 2001 the white dwarf 
spectrum showed strong emission features due to a reflection effect that was not origi
nally observed. As it is a close binary it must have been through a common envelope 
stage and will eventually become a cataclysmic variable. When viewed at the correct 

point in its orbit the surface of the companion that produces the emission features is fac
ing away from the Earth. A spectrum taken at that point is used in the analysis in this 

thesis, although some contamination from the secondary is still likely.

Feige 55

Feige 55 is a double-degenerate binary, first identified as such by Holberg et al. (1995). 
They found that the period of the system was ~1.49 days. J- and K-band photometry 
put an upper limit on the mass of a main sequence secondary of 0.1 M0 , while the mass 

function gave a lower limit of 0.25 M0 , suggesting that the companion is degenerate.

P G 1210+533

PG 1210+533 has been observed a number of times over a period of more than 15 years, 
and the helium abundance measured from these spectra changes over time. Bergeron 

et al. (1994) found that neither homogeneous or stratified H+He models could reproduce 
the profile of the H ell A4686 line. Saffer et al. (1998) could not find any evidence of 
velocity shifts that might identify PG 1210+533 as a binary, althought they could not 

conclusively rule it out.

PG 1305-017

This is the only object where Bergeron et al. (1994) found that the stratified models 
would better reproduce the data than the homogeneous models. It is therefore possible
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that this is an example of a transitional object on the way to becoming a DA.

DeHt5

WD 2218+706 has been included in this study although there are no helium lines visible 
in the optical spectrum. However Barstow et al. (2001a) found a H ell line at 1640 A 
using an HST STIS observation, so technically it is a DAO. They found a helium abun
dance of 3 x 10-5 that of hydrogen, with an upper limit of only 2.3 x 10~4 at the 3o  

confidence level.

HS 2115+1148

As described in §2.1.2, Dreizler et al. (1995) have found observational evidence for a 

wind in observations of HS 2115+1148.
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Chapter 3

Analysis of optical data for a sample of 
DAO white dwarfs

3.1 Introduction

3.1.1 Aims

This chapter describes the use of optical data to determine the effective temperature, 
gravity and helium abundance of 22 objects. The stellar mass and radius are determined 
from these parameters using evolutionary models. The profiles of the helium lines in the 

spectra of the objects are also used to draw conclusions about the atmospheric structure. 
The relatively large size of the sample means that a comparison with the population of 

the more common DAs can be made. A further motivation for this work is to obtain 
the fundamental parameters for these stars using state-of-the-art models, since Bergeron 
et al. (1994), the only other large DAO optical study, used models that assumed LTE and 
neglected the effects of heavy elements.

3.1.2 Fundamental parameters from optical data

The fitting of the hydrogen-Balmer line profiles in optical spectra to determine the tem

perature and gravity of a white dwarf is a well-established technique (see, for example, 
Holberg et al., 1986, Bergeron et al., 1992). In DAOs, the presence of helium lines in 
the spectra, the strongest being He II at 4686 A, also provides a means of measuring the 
helium abundance in the line forming region of the white dwarf. In addition, the relative 
strengths of the helium absorption lines gives a further constraint on the temperature of
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the objects, with neutral helium not seen in objects hotter than ~50,000 K. However, 
caution has to be applied to the intepretation of optical spectra. Firstly there exists the 
so-called ‘Balmer line problem’ (see §2.2). A second problem with the use of optical 
spectra is the weakness of the neutral hydrogen Balmer lines in hot white dwarfs. The 

high temperature in the white dwarf atmosphere causes some of the hydrogen to become 

ionised, so decreasing the strength of the lines. Taking into account the Balmer line 

problem, the higher order lines should be relied upon to give the correct temperature 
measurement, but these are also the weakest.

3.2 Observations

Table 3.2 lists the data analysed in this chapter. For a complete list of DAOs for which 
optical or far-UV data have been obtained, see Table 2.2. The spectra that were obtained 
from the 2.3m Steward Observatory Bok telescope on Kitt Peak, Arizona were recorded 
in two observing runs. The data from the first of these runs (21-22 March 2001) were 
recorded by myself, Jay Holberg and David Sing (both from the Lunar and Planetary 
Laboratory at the University of Arizona, U.S.A.) and reduced by myself. The data from 
the second run (20-21 December 2001) were taken and reduced by Jay Holberg and 

David Sing. Table 3.1 lists the DAO spectra recorded during each run.

The spectra were obtained using the Boiler & Chivens Spectrograph at the Ritchey- 
Chretien f/9 focus, which is a Cassegrain focus used for observations at visible wave
lengths. Data were recorded on a 1200x800 15 /im  pixel CCD, used in combination 
with a 1200 line mm-1 grating and a 1 ”25 slit. Observations lasted 1200 s. Exposures of 
a He-Ar lamp were taken between observations of white dwarfs in order to later deter

mine the wavelength solution. The standard stars Feige 55 and G 191-B2B were observed 
regularly to provide the flux calibration.

The Standard Image Reduction and Analysis Facility (IRAF) software package was 
used to perform the data reduction. The bias frames were combined using the zerocom- 

bine procedure. Flat field spectra were combined using flatcombine and a high order 
polynomial used to fit the shape of the response. These were removed from the data 
using the ccdproc procedure. The wavelength solution was found by identifying lines 
in the spectra of the He-Ar observations and entering their wavelengths into the iden
tify procedure. As the wavelength of these lines and where they lie in the spectal image 

were known, it was possible to determine the wavelength solution of the whole spec
trum, then dispcor was used to apply the solution to the spectra. The flux calibration
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Table 3.1. List of DAO spectra recorded using the 2.3m Bok telescope at Kitt Peak 
during the two observing runs in 2001.

Number of spectra taken.
Object 21-22 March 20-21 December
S 216 1 1
A l 3
HS 0505+0112 2 1
PuW el 2
Ton 320 2
PG 0834+500 2
A31 2
HS 1136+6646* 2 1
PG 1210+533 2
A 39 3
GD 561 3

* As the HS 1136+6646 spectrum of 21/12/2001 was recorded at a point in its orbit 
when no emission lines were seen, only this observation was used for the analysis in this 
chapter.

was performed by comparing the uncalibrated observations of the standard stars to the 
flux of the standard spectra (D.K. Sing, private communication), using the setairmass, 

standard, sensfunc and calibrate procedures. Since the standard stars were observed in 
similar conditions to the observations of the target stars, atmospheric effects should be 
removed from the spectra in this process. To perform the wavelength and flux calibra
tions, the He-Ar lamp and closest standard star exposure in time to a DAO observation 
was used. The final spectra ranged in wavelength between 3846 and 4996 A.

In addition, the data used by Bergeron et al. (1994), the spectra of DeHt 5 (WD 2218+ 
706) from Barstow et al. (2001a) and spectrum of RE 0720-318 from Barstow et al.

(1995) are analysed here. The 2001 Kitt Peak data have a resolution of ~ 2  A (FWHM), 
determined from the width of emission lines in the spectrum of HS 1136+6646, while 
for the Bergeron et al. observations the resolution is lower: ~8A  (FWHM). There are 
two spectra of DeHt 5, the resolution of which are 1.5A (FWHM) and 8A (FWHM). For 
RE 0720-318, the resolution was 3-4 A. Measurement errors were estimated from the 
scatter in the data.
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Table 3.2. Objects for which optical data have been obtained. Also listed are lit
erature references and if the object is associated with a planetary nebula or has a 

________________________ companion.________________________
Object WD number Source Ref. PN? Binary?
PG0134+181 WD0134+181 1 a
S 216 WD0441+467 1,2 a,b y
A7 WD0500-156 2 b y/ y?
HS 0505+0112 WD0505+012 2
PuW el WD0615+556 2 b yj y?
RE 0720-318 WD0718-316 3 y
Ton 320 WD0823+317 1,2 a
PG 0834+500 WD0834+501 1,2 a y
TON 353 WD0846+249 1 a
A31 2 b s j
RE 1016-053 WD1013-050 1 a y
HS 1136+6646 WD 1136+667 2 c y
Feige 55 WD 1202+608 1 a y
PG 1210+533 WD1210+533 1,2,4 a,d
LB 2 WD 1214+267 1 a
HZ 34 WD1253+378 1 a
PG 1305-017 WD1305-017 1 a
PG 1413+015 WD1413+015 1 a y
A 39 2 b ■J
RE 2013+400 WD2013+400 1 a y
DeHt 5 WD2218+706 5 b,e y
GD561 WD2342+806 1,2 a,b y

1 Observations from Bergeron et al. (1994) (Bergeron, private communication), 2 Ob
servations made using the Steward Observatory 2.3 m telescope on Kitt Peak, Arizona 
in 2001, 3 See Barstow et al. (1995), 4 Observations by F. Wesemael, J. Holberg and 
K. Kidder (Bergeron, private communication), 5 Observations of WD2218, originally 
published in Napiwotzki (1999).

a Bergeron et al. (1994), b Napiwotzki & Schonbemer (1995), Napiwotzki (1999), 
c Holberg et al. (2001), d Wesemael et al. (1985), Holberg (1987), Kidder (1991), 
e Barstow et al. (2001a).
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Table 3.3. Heavy element abundances used in homogeneous models
Element Abundance/H abundance

C 4.0
N 1.6
O 9.6
Si 3.0
Fe 100.0
Ni 5.0

Abundances are x 10 7.

3.3 Models

Grids of stellar atmosphere models were used to fit the optical data, created using the 
programs TLUSTY and SYNSPEC (see Hubeny & Lanz, 1995). These allow model 
white dwarf atmospheres to be created with different effective temperatures, gravities 
and helium abundances. The range of these parameters were chosen to encompass the 

values that would be expected in the white dwarfs. The temperature varied between
40,000 and 100,000 K in 10,000 K steps while log g ranged from 6.5 to 8.0 in steps of 
0.5. As the models were created to deal with DAO white dwarfs the helium abundance 
was also varied, as described below.

3.3.1 Homogeneous models

The homogeneous models have a uniform composition throughout the white dwarf at
mosphere. They are mostly composed of hydrogen, with only a small amount of he
lium needed to create the observed lines. In the models the ratio of helium to hydrogen 
abundance varied from log = -5 to -1 in steps of 1. Models with higher abundance 
did not converge. Hot white dwarfs are observed to contain significant quantities of 

heavy elements at abundance levels similar to the well studied DA G 191-B2B (Barstow 
et al., 2003b). Heavy elements in the quantities measured by Barstow et al. (2000) for 

G191-B2B were therefore included in the models. Table 3.3 lists the abundances used. 
The Stark broadening of the hydrogen-Balmer lines is dealt with using the tables of 
Lemke (1997), but Stark broadening profiles for heavy elements are not included.
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3.3.2 Stratified models

The layered model atmospheres are mostly composed of helium, with a thin layer of 
hydrogen at the surface. The boundary between the hydrogen and helium is described 
by the balance between the concentration gradient and gravitational settling, as detailed 

in Jordan & Koester (1986) and Vennes et al. (1988). A program (Barstow, private com
munication) was used to calculate the helium abundance at discrete levels in the white 
dwarf atmosphere for a particular gravity and temperature. The method used to obtain 
this abundance distribution is described in detail in Barstow & Hubeny (1998) and ref
erences therein, but involves the use of a combined equation of mass conservation and 
hydrostatic equilibrium from Vennes et al. (1988), which describes the mass fraction of 
hydrogen as a function of the number ratio of H and He at different depths. The pro
gram uses an iterative process to find the number fraction of He at each depth point, that 

gives the required overall mass fraction of helium, and this was used as part of the input 
to TLUSTY. To simplify the calculations, no heavy elements were included. This will 
bias the measurements of Teg and log g, since line blanketing by heavy elements influ
ences the shape of the Balmer line profiles (Barstow et al., 1998). However, Bergeron 
et al. (1993) found that this does not strongly affect the He II line at 4686 A. The ranges 

for the temperature and gravity are identical to those used in the homogeneous models. 

In this grid, the parameter that describes the hydrogen/helium composition is log 
and this varied between -17 and -13 in steps of 1.

3.4 Determination of temperature, gravity and helium 
abundance

Analysis was performed using the spectral fitting package XSPEC (Shafer et al., 1991). 

This uses a x 2 minimisation technique to determine the model parameters that give the 
best agreement with the data. The Balmer lines from H^ through to He were simulta
neously fit. An independant normalisation coefficient was applied to each line to ensure 

that the results did not depend on the local slope of the continuum and to reduce the 
effect of systematic errors in the flux calibration of the spectra. In addition, where the 
flux calibration was particularly poor, a slope correction was applied to the data -  see 

§3.5.1. 68% ( la )  confidence intervals for each parameter were derived from the A x2 
distribution with three free parameters as described by Lampton et al. (1976).
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3.5 Results

3.5.1 Potential sources of errors in the results

A possible source of error in the results is the Balmer line problem, where the core of 
the model line is not deep enough when compared to the data, and so the line would 
be better fitted with a lower temperature model. A check was carried out in order to 
determine if different temperatures are in fact needed to fit each individual Balmer line. 
The spectrum of PG 0134+181 and an observation of S 216 were analysed with the tem
perature of each line allowed to vary independently. Log g was also allowed to be varied 
by x s p e c , but had the same value for each line. The helium abundances were fixed to 
within the la  error boundary obtained from the original fit as only the Balmer lines were 
fitted in this case. The results of these fits are listed in Table 3.4 with the spectra plotted 
in Figure 3.1. As previously found by Napiwotzki (1999) the best fit model to the higher 
order lines had a higher temperature than that found for the lower order lines. Also, the 
log g for the fit with independent temperatures is lower than that obtained where all the 
temperatures are the same. Looking at PG 0134+181, the Teff for the same temperature 
fit is roughly the mean of the individual temperatures, as might be expected. However, 
as noted by Barstow et al. (2001a) when analysing spectra of the central star of DeHt 5, 
neither the temperatures or the gravities actually disagree with each other statistically - 
all are within or close to the lcr error boundaries of each other. In contrast, S 216, which 
on visual inspection appears the object worst affected by the Balmer line problem, is 

best fitted by very different temperatures, to the extent that the temperature for Hc has 

exceeded the upper limit of the model grid. The Xred f°r separate temperature fit 
is half that of the single temperature fit, however, so there is a possibility that the fit is 
becoming affected by noise. Napiwotzki (1999) obtained a temperature for this object 
of 83200 ±3300 K using only the higher order lines. A similar fit where the H^ and He 

temperatures are kept the same, and using the log g obtained from fitting all the lines 
with separate temperatures yields 93960 ^2976 K. Since the temperatures obtained for the 
Hj and He lines do not seem to agree closely, the use of the higher order lines to deter

mine the Teff of the object, as suggested by Napiwotzki (1999) doesn’t seem valid in this 
case; the temperature obtained from fitting the higher order lines together appears to be 
dominated by Hj, and the error boundaries are small compared to the uncertainty in the 
measurements from individual lines. The approach adopted by Bergeron et al. (1994) 
in order to avoid the problem was to ignore the central 10 A of each Balmer line, as the 
core is formed in the upper atmosphere where line blanketing effects by heavy elements 
are important. However, tests of a number of the spectra using this modification to the
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Table 3.4. Results of fits when temperature is kept the same for all the Balmer lines 
(upper log g and T eff in the table) and when each line is allowed to adopt the Teg that 

___________gives the minimum x 2-___________
PG0134+181 S216

Log g
T e f f /  K

7.20 l U ; i i  

54682 I S

7  in  +0.07  
' - i y  - 0 .0 5

67106 i i » >

DOF 332 563
X -red 1.111 1.209
Log g
H ^Teff/K  
H7 Teff / K 
H ^Teff/K

f t  Q 1 +0.19  
° - y i  -0 .1 8

48877 ^ 5 i  
52766 t “ 76 
67647 t ? f 5?

6.89 
55035 I 2033 

65831 t g g  
91879

He T eff / K 64120 100000 l j j 514

DOF 329 560
Xred 1.027 0.633

fitting procedure produced no significant differences in the best fitting temperature but, 
unexpectedly, the measured log g increased, the opposite to what is seen when the Napi
wotzki method is used! This is presumably because the fit is no longer constrained by 
the narrow core. The use of improved models at a later date, for example incorporating 

C, N and O Stark broadening, may resolve the issue.

Some of the spectra used in this analysis are of poor quality due to bad observing 
conditions. Normally the flux calibration is obtained from looking at a standard star with 
a known spectrum immediately after the target, but this assumes that conditions did not 
vary between the observations. If this is not the case, the problem is dealt with in the 
analysis stage by applying a slope correction to each feature. This should be equivalent 
to using a standard star in good observing conditions, but causes the spectra to appear 

discontinuous. To check this, the results from a couple of affected objects are looked at 
here. One of the worst affected spectra is an observation of A 7, which was observed 
three times in total. The three spectra are shown in Figure 3.2 and the results from the 
fits to the spectra have already been listed in Table 3.5. The best fitting temperature 
for the bad spectrum is higher than the other two, which agree very closely. However, 
there is no statistical difference in the three temperatures and all agree within the la  

errors. The same is true for log g and log As a further check, these results were 
compared to those already published. Temperatures and gravity have been found for 
this object a number of times. Napiwotzki & Schonbemer (1995) found a temperature 
of 99,000 ±18,000 K and log g 7.03 ±0.43. However they derived their temperatures
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F i g u r e  3.1. Plots of the best fitting homogeneous model atmospheres to the Balmer 
lines of PG0134+181 and S216. In each case the upper data (black error bars) are 
overplotted in red with a model where the temperature indicated in the plot is used 
for each line. The lower data, which have been offset downwards, are overplotted 
with a model where each line has an independant temperature; the temperature used

for each is shown next to the line.
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Wavelength (1)

FIGURE 3.2. The three observations of A7. Best fitting effective temperatures were, 
from top to bottom: 64079 tg w  K>65063 ±3072 K and 71724 ig g j K. The upper and 
lower spectra have been offset slightly to avoid overlapping. The best fitting homo
geneous model atmospheres are overlaid in red. Discontinuities are due to the slope 

correction that has been applied to correct for the poor flux calibration.

from the fits of only Hj and He in order to avoid the Balmer line problem. Mendez 
et al. (1985) and Wesemael et al. (1985) found temperatures of 75,000 ±  10,000 K and
60,000 ±10,000 K, and a log g of 7.0 ±0.5 and 7.0 respectively, both of which agree with 
the results of this chapter. Another affected object is GD 561, which was observed at Kitt 
Peak in 2001 and also by Bergeron et al. (1994). The Kitt Peak observations required 
some slope correction, although not to the same extent as those for the observations of 
A 7. The results for all the spectra of GD 561 agree closely. It will therefore be assumed 
that the best fitting parameters obtained from the poorer quality spectra are reliable.

3.5.2 Homogeneous and stratified models

Table 3.5 lists the best fitting parameters and their 68% confidence intervals for all the 
observations of each star and for the homogeneous and stratified models. Please note 
that since the stratified models did not include heavy elements, the Teff and log g mea



surements may be biased. One observation of PG 1210+533 is not included as the data 

contained only one of the Balmer lines -  more than one line profile is required to obtain 
a unique determination of temperature and gravity. The number of degrees-of-freedom 

(DOF) and the minimum x2ed (= X2/DOF) that was achieved are also listed, xled would 
be expected to be 1 if the model reproduces the data well, but since the variance of the 
data influences the value of x 2 of each data bin and the variance, obtained from the scat
ter in the data, was only an estimate, this was not always achieved, for example in the 

fit to the second spectrum of S 216. For this reason, the absolute value of x l ed Is not 
used to judge the ability of a certain model to reproduce the data. An example spectrum 

of each object is shown in Figure 3.3 along with the the best fitting homogeneous and 
stratified models. Where available, the spectra shown are those taken in 2001 using the 
2.3m telescope on Kitt Peak. Visual inspection of the expanded regions suggests that 
the stratified models do not reproduce the detail of the spectra as well as homogeneous 
models. A more objective approach to compare the two is with the F test:

The F distribution is the ratio of two independent x 2 divided by their respective de
grees of freedom and there is a different F distribution for each pair of degrees of free

dom. The F distribution is used to test if the variances of two populations are equal and 
is commonly used in astrophysics to test if one model reproduces real data better than 

another with a high significance, since small differences in the x 2 may result from ran
dom scatter in measurements. This is commonly done by using a look up table that lists 
the value of F that is required if a chosen significance is sought. However, the IDL pro
gramming language provides a function (F_PDF) that allows the ratio of the two x 2 t° be 
entered along with the number of degrees of freedom of each, and returns a significance 

value. The represents the confidence with which it can be said that one model better 
reproduces the data than the other and the final column of Table 3.5 lists these ‘confi

dence’ values. A confidence value of 50 % indicates that the models reproduce the data 
equally well (i.e. this is the value that is obtained if the x 2 arc equal), while if the value 
is high, one model has done a much better job of reproducing the data than the other. 
It can be seen from the table that the homogeneous model atmospheres give a slightly 
superior x2ed compared to the stratified atmospheres in most cases. For only a few obects 

(HS 0505+0112, HS 1136+6646, Feige 55, PG 1210+533 and RE 2013+400) the homo
geneous model is better at greater than the 90% level. PG 1305+015 is the only one that 

seems sure to be stratified. However, the value of using the overall x2ed t0 distinguish 
between models is limited since it is the He II line at 4686A, and the region around it, that 
is most sensitive to the differences between the stratified and homogeneous models, but 

this will only make a small contribution to the total x 2- Therefore, the F test was also per-
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Table 3.5. Best fitting parameters to the data using homogeneous and stratified models. The final column is the confidence with 
which the model that gave the lowest x l ed can be sa^  t 0  better reproduce the data. The confidence value is given in bold where the

stratified model gave the lower Xred•
HOM OGENEOUS MODELS STRATIFIED MODELS

Object I k / K Log g Log T f Xred Teff/ K Log g Xred DOF Conf / %

PG0134+181 54682 7.20 is;*} -2 .8 0 1 8 : 2 5 1 . 1 1 0 53097 7  7 7  +U.13 /.ZZ _o.09 -14.171818 1.140 594 62.7
S216 69014 ^ 2 0 3 6.90iii;f0 7 1 1  +0 .2U -Z.II _0.17 1.106 59147 7  n  + ° - U7 7-A:) -0.04 -14.56 i 8 :!J 1.145 479 64.8

73641 f. nc +0.03 °-y:) -0.07 1 0 7  +0.69 - 1 .0 / —0.05 4.118 65797 6 .9 0 18:88 -14.2818:88 4.093 479 52.7
67106I S  
67254 t n f

7 1 Q +0.07 i . i y  -o.o5
7 77 +0 04 7-z / -0.08

9  71 + 0 1 0  
"Z J 1  - 0.10
-2 .4 6 18:18

0.837
1 . 1 0 1

61554l8|§ 
61562 I J g 1

7 91 +003 7 ZA -0.07 
7  7 7  +0.08 
7-zz -0.06

-14.6618:J8 
-14.6318:18

0.955
1.124

989
945

98.1
62.5

A7 71724 I S
65063 t j™

7 1 6 +U-‘2U7 1 0  -0.23 
7  7 Q +0.16 7-ZV -0.14

-LOO I S
1 7 7  +0.24 —0.24

0.867
1.163

61914 I S
59230 I S

6.8518:88
7  7 0  +0.08/ .zo _o.ii

-14.76 18:1
13 14 + 0 1 6  -19.14 —0.18

0.831
1.174

988
994

74.7
55.9

64079 t 22™ 7 74 +0.13 7-z^ -0.13 1 ci +0.18 -1.91 —0.09 1.171 59317 I S 7 94 +0-07 7 z^ -0.04 1 3 01 +° 11 -19.Ul _o.05 1.191 979 60.4
HS0505+0112 60081 7  17 +0.10 7-A 7 - 0.12 -1 DO +uuu-l.UU _0.05 1.385 54500 S f 7  QQ +U.U2 /u y  -0.06 -15.03 iH e 1.569 962 97.3

61513 t S  
68087 ±J«»

7 ID + 0-177-AU -0.19
7-63 ±8 :ig

-1 0 0  + 0 0 0  -l.UU _o 08
-1 0 0  +00° l.UU _Q 02

0.940
1.246

55235 ±1?H 
59852 1“ 38

7  /Y7 +0.06 7 u 7 -0.08 
7  /cn +0.10 7.60 —0.04

-15.06 
-16.00 ±8;81

1.027
1.355

962
930

91.5
89.9

PuWe 1 79252 I S 6.89 i s _9 9f. +0.56 -Z.ZO _o.3i 1.040 67191 I S 6  93 +u-iy0.V9 _ 0 19 -14.44 1.036 992 52.4
69184 ! “ «« 7.14 ±g;|? 7  ci +0.29 -Z.JI _ 0 33 1.094 65082 I S 7 01 + 0-30 7UA - 0.20 -14.33 ±8;Ii 1.096 982 51.1

RE 0720-318 54011 7.68 io ls 9 A1 +0.19 ZOA -0.19 1.831 55558 I S 7 63 +(J’08 7 o;) - 0.11 -14.99 ^ .o t 1.946 650 78.1
Ton 320 64784 ±2510  

59760
66661 ±H%

7  7 7  +0.16 •'->3 - 0.12
7  9 7  +0.15 
7-zz -0.14
7  76 +0-11 
7-zo -0.15

-2 63 +U^ 7+ -U9 -0.27
-2 40 + 0 '19 z -+u _0 20

7  0 7  +0.22 
"z -r)z -0.18

0.840
1.071
1.187

60709 I S  
56731 1???3 

60435 I S

7  7 7  +0.08 —0.12
7  4 4  + 0 067- ^  -0.15 
7  7 7  +0.05 
7-:)7 - 0.11

-14.62 
-15.11 ±8:12 

-14.96 ^

0.862
1 . 1 2 1

1.216

235
985
987

57.8 
76.3
64.8

PG0834+501 56925 7 17 +013 7-A 7 - 0.12 - 2  1 6  + u-22 Z*AD -0.27 1.081 54109 I S 7 7 c +0.04" 
7-9J —0.15 -14.93 1.149 235 6 8 . 0

56814 t l i l f  
55672 t S

6.91 18;“? 
6-89

-2 43 + 0-20 “z -^4 - 0.20
-2 63 + 0-20Z.O.3 —0.20

1.404
1.132

56376 I S  
54257 ±1111

6  89 + 0 04 °-6Z -0.05
6  8 8  + 0 07 -0.09

-14.07 ±8 ;os 
-14.11 ±8:09

1.482
1.192

988
986

80.2
79.1

Ton 353 62057 t£ ?? 7.i9l8:{? -3 01 +U 38 - 0.35 0.643 60420 ±$?? 7 1 6 +(J'18 7 1 0  - 0.20 - 1 4 .1 8 1 ^ 0 . 6 8 8 230 69.6



Table 3.5. continued.
HOMOGENEOUS MODELS STRATIFIED MODELS

Object Teff/ K Log g Log ^ X.red Teff/ K Log g L o g | - Xred DOF C onf/%
A31 68242 Uoft 

81209

7  n  +U .12 
/ -1'5 -0 .1 3s 7 7  +0.18
°- ' ' -0 .1 5

1 c q  + 0.10 -1.77 —0.18
1 47 +0-24 - 1 .+  / - 0.12

1.323
1.008

60248 
69590 U 2I2

7.20 U : t r “ 
6.61 U:m

-15.04 t i l l  
-14.05 U m

1.337
1.024

989
985

56.6
59.8

RE1016-053 53409 7 QQ +0.01  ' - 0 .0 7
7  QQ +0.20  - l .yy  —0.35 0.935 55091 U S 8.00 U S T --13.35 U;«T 0.974 479 67.3

HS1136+6646 61787 U g 7  o c  +0.07  
- 0 .0 7 -2.46 0.885 60010 S ? 7 df> +U-U8 • 4 0  -0 .0 3 -15.00 U 03 0.961 1991 96.7

Feige 55 53557 U m 
54339

f  Qf +U U3 - 0 .0 5
6 Q< +0.14  

- 0 .0 6

-2.80 U m
-2 64 +0-18z-°+ -0 .1 9

1.481
1.640

53158 Um' 
53447 t \ 2̂ l

f .  Q9 +0.08
O . y z  _ 0.04 
f  94 +0-20O.V+ _ o  04

-14.01 U I 2 
-14.08 U:“o

1.666
1.783

479
469

90.1
81.7

PG1210+533 46457 I S 7 87 +0-09  - 0.10 1 n  +U-1U -1.17 _0 10 1.043 46938 U S 7 8Q +0-05 /. c>y —0.03 -16.00 U 02 1.176 997 97.1
47329 1™38 
45696 ± t|l

7 87 +0-10 ' - 0.10 
n 77 +0.06  
' • IJ - 0 .0 7

1 oc +0.10 - l.JJ  _q.07
2 00 +0 05 -Z.UU _o.06

1.643
0.480

47498 U «5 
44637 t Z

7.91 U m  
7.80 U 07

-16.00 U;SJ
-15.27 U:“

2.216
0.879

216
495

98.6
100.

46328 tS 7 7 c +0.03  ' • ' D - 0.02
1 78 +0-04 - 1 . 7 0  _ 0 .04 1.743 45521 ±“ 3 7  Qf  + 0.02  ' - 0.01 -16.00 mi 2.389 1010 100.

45880 U 99 7 7Q +0.05  '•/y -0 .0 4 -1 36 +0-04- 1 . 7 0  _ 0 .05 1.700 45665 7  Q<\ + 0.02  ' yD - 0.01 -16.00 UoS 2.395 1022 100.
LB2 60294 Uio? 7 60 +(J1U'•ou - 0 .2 7

7  +0.23  
"z - 7 7  —0.26 1.067 58875 U m? 7 77 +0-07  ' ■J-* -0 .0 4 -14.71 U:¥T 1.017 235 64.3

HZ34 75693 USo 6 51 +U’14 o :)i - 0.01 - 1.68 U 21 0.666 63046 ±2558 6.63 U o F -14.1 0 U .il 0.701 479 71.2
PG 1305-017 51713 t & f 1 7 90 +U1U, - 0 .1 7 -L14 U+ 1.339 44592 USe 8.00 U nT 1 /; 4 9  +0.08-16.42 _ o .o 5 1.112 241 92.5
PG1413+015 47951 7 87 + 0.12 '•oz - 0 .0 9 -2.63 mi 1.044 48659 11898 7  7 9  + 0.11 '• /z -0 .0 6 -15.00 U 06 1.162 471 87.7
A39 68591 U “ s 6 79 +U i3- 0 .1 5 -l-OOllTr 1.259 61331 u ™ 6.68 u i r -14.37 U:io“ 1.353 961 86.8

75101 I g g  
73661 ±l% l

6-63 tjj:"
6.86 U S

-1.00 u s  
-1.00 U S

1.024
0.832

64129 U S t 
60770 t f e n

6-64 U w
6.69 U?3

-14.19 U 13
-14.55 mi

1.049
0.836

986
980

64.8
53.0

RE2013+400 47610 7 90 +U-1U 1 yv  _o.io -2.80 U :3 1.001 48473 7  81 + 0 + 0  /.ol _006 -15.00 U m 1.303 449 99.7
DeHt5 56082 t S f 7 7  +0.04  ' ' - 0 .0 7 _4 85 + U b3-0 .1 5 1.490 56022 U S ft 11 +0-06 ' ' - 0 .0 7 -13.15 U io 1.565 866 76.5

58904 7.38 1“;“ -5  00 +102- 7 .U U  _ 0 .oo 1.853 56769 I S
7  0 0  +0.35  l-JO _Q 15 -13.03 m i 1.613 190 83.0

GD561 63625 1 ^ 6 6.87 U " _2 54 +u-27Z-J^ -0 .3 1 1.049 60229 US72 6.88 ' I; -14.04 usr 1.067 474 57.3
66257 U iil 
64986 ^2265  

62547

n o  + 0.20  °-yo - 0.10

7-0318:11
6-87 U S

7  0 7  +0.33- -0 .5 1  
0 9 1  +0.30

- 7  +  1 -0 .3 6  
9  7 ;̂ +0.34- ' 3 -0 .3 5

0.429
1.165
1.071

64553 
63992 U |“
C 8 7 7 S  +2624  
7 0 + 7 7  _2928

6.97 mi 
6.91 U:w
6.90 U:??

-13.99 U 20
-13.62 mt
-14.15 U “

0.425
1.181
1.061

957
954
953

55.7
58.3
55.8



Table 3.6. x l ed f°r the 4 6 0 0^750  A region. Confidence values are in bold where 
the stratified model gave the lower xled-

Object
Xred

Homogeneous Stratified DOF Confidence/%
PG0134+181 1.477 1.812 65 79.4
S 216 0.560 1.140 49 99.3

1.334 2.836 49 99.5
0.729 1.252 121 99.8
1.161 1.574 115 94.8

A l 0.587 0.649 117 70.6
1.175 1.214 121 57.1
1.745 1.808 120 57.7

HS 0505+0112 1.739 3.475 90 99.9
1.418 2.209 92 98.3
2.452 2.992 93 83.1

PuW el 1.042 1.093 121 60.3
1.049 1.095 117 59.2

RE 0720-318 2.399 2.863 95 80.5
Ton 320 1.322 1.761 15 70.7

1.013 1.286 119 90.3
1.627 1.821 119 73.0

PG 0834+501 1.252 2.470 15 90.0
1.440 1.996 117 96.1
1.019 1.537 116 98.6

Ton 353 0.772 1.418 15 87.5
A31 1.164 1.322 119 75.6

0.951 0.968 115 53.8

formed on the values of xled f°und for the 4600^t750A region only. Table 3.6 lists these 
values and shows that the homogeneous models are preferred at better than 90% confi
dence for the following objects: S216, HS 0505+0112, PG 0834+501, HS 1136+6646, 
Feige 55, PG 1210+533, PG 1413+015 and RE 2013+400, as well as for single observa
tions of Ton 320 and DeHt 5. Interestingly, apart from for one spectrum, the observations 

of PG 1210+533 are reproduced well by homogeneous models, in contrast to the results 
of Bergeron et al. (1994). In most other cases the homogeneous models are preferred, 
although not with a high confidence level. For some this is extremely marginal, for ex
ample in the case of PuWe 1. Therefore, from these results, stratified atmospheres are 
ruled out at the 90% level in less than half the objects.
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F i g u r e  3.3. Homogeneous and stratified model fits (red lines) to the optical data 
(black error bars) for each object. (Top - homogeneous models, bottom - stratified 
models, offset for clarity). Discontinuities in the spectra are due to the slope correc

tion that has been applied to correct for poor flux calibration.
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Figure  3.3. continued.
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Figure  3.3. continued...

3.5.3 Multiple observations

Objects with multiple observations provide a way of comparing the formal uncertainties 
with the actual scatter in the measurements. There are three objects where 4 observa
tions or more have been obtained -  S216, PG 1210+533 and GD561 and the results 
for each are plotted in Figure 3.4. Only scatter in temperature and gravity is looked at 
for PG1210+533 because of its varying helium abundance. For PG 1210+533, the best 
fitting temperatures and gravities agree well within the error boundaries. This object is 
at the lower end of the temperature range for the objects in the sample. At the higher 
temperatures the GD561 results also agree well with each other, but S216 appears to 
be the exception, with relatively small error bars yielding no overlap between any obser
vation. S 216 is a bright object, resulting in a high signal-to-noise spectra. In this case 
the systematic errors in the analysis may outweigh the observational errors, resulting in 
an underestimate of the uncertainties of the measurements. The Balmer line problem is 
seen in S 216 and this may also have contributed to the large scatter in the best fitting pa
rameters. Errors in Tes  and log g may therefore be underestimated in fits to the highest 
signal-to-noise data. The S216 results suggest that temperature cannot be determined 
more accurately than to a few thousand degrees, and log g to within ~0.1. Measurement 
of the helium abundance is most sensitive to the strength of the He II line at 4686 A and 
the helium abundance measurements seem to agree well within confidence intervals.

The best fitting parameters for each observation are now averaged to give a single 
set of measurements for each object. The homogeneous results are used, apart from for
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Table 3.6. continued.

Object
Xred

Homogeneous Stratified DOF Confidence
RE 1016-053 0.997 1.406 49 88.4
HS 1136+6646 0.858 1.120 265 98.5
Feige 55 1.527 2.661 49 97.3

1.642 2.775 49 96.5
PG 1210+533 1.164 2.033 116 99.9

2.608 3.710 29 82.6
1.095 4.172 49 100.
3.246 8.193 119 100.
2.770 7.511 119 100.

LB 2 1.761 2.568 15 76.3
HZ 34 0.749 1.052 49 88.1
PG 1305-017 3.399 1.909 15 86.2
PG 1413+015 0.856 1.762 49 99.4
A 39 1.603 1.847 116 77.7

1.104 1.213 112 69.0
0.882 0.992 112 73.2

RE 2013+400 1.064 3.205 49 100.
DeHt5 1.646 1.857 118 74.3

3.015 1.376 13 91.5
GD 561 0.940 1.191 49 79.5

0.414 0.407 114 53.6
1.659 1.833 115 70.3
0.846 0.878 112 57.8

PG 1305-017 as it was best fit by the stratified models. Table 3.7 shows these results. 
The helium abundance for PG1210+533 is not listed as it varies between observations.

3.6 Discussion

3.6.1 Comparison of results with those of Bergeron et al. (1994)

Since Bergeron et al. (1994) used LTE models containing only hydrogen and helium, 
the new results from this chapter, which has used non-LTE models that included heavy 
elements, provide an opportunity to investigate the differences between the predictions 
of the different models. Figure 3.5 compares the results from Bergeron et al. (1994) 
with the parameters obtained from fitting the same spectra with the new models. The
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Table 3.7. Mean best fitting model parameters to the data. For PG 1305-017, the 
best fit stratified model parameters are shown, and the value in the Log column 
is log If, during the fitting procedure, a parameter has reached the edge of the 

____________ model grid, its error is quoted as zero.____________
Object Te ff/K ± Logg ± Log H ±
PG0134+181 54682 1412 7.20 0.11 -2.80 0.26
S 216 69254 1234 7.08 0.06 -2.19 0.15
A l 66955 3770 7.23 0.17 -1.29 0.15
HS 0505+0112 63227 2088 7.30 0.15 -1.00 0.00
PuW el 74218 4829 7.02 0.20 -2.39 0.37
RE 0720-318 54011 1596 7.68 0.13 -2.61 0.19
TON 320 63735 2755 7.27 0.14 -2.45 0.22
PG 0834+501 56470 1651 6.99 0.11 -2.41 0.21
TON 353 62057 3816 7.19 0.15 -3.01 0.36
A 31 74726 5979 6.95 0.15 -1.50 0.15
RE 1016-053 53409 881 7.99 0.03 -2.99 0.26
HS 1136+6646 61787 700 7.34 0.07 -2.46 0.08
Feige 55 53948 671 6.95 0.07 -2.72 0.15
PG 1210+533 46338 647 7.80 0.07 - -

LB 2 60294 2570 7.60 0.17 -2.53 0.25
HZ 34 75693 5359 6.51 0.04 -1.68 0.23
PG 1305-017 44592 1919 8.00 0.00 -16.42 0.07
PG 1413+015 47961 1031 7.82 0.10 -2.63 0.30
A 39 72451 6129 6.76 0.16 -1.00 0.01
RE 2013+400 47610 933 7.90 0.10 -2.80 0.18
DeHt5 57493 1612 7.08 0.16 -4.93 0.22
GD561 64354 2909 6.94 0.16 -2.86 0.35

plots show that for log g and log the LTE models of Bergeron et al. (1994) yield 

similar results to the non-LTE models; although there is scatter in the data, particularly 
in log g, the trend appears to follow the line of equal gravity or abundance. However, 

the temperature found using the newer models tends to be lower than those of Bergeron 
et al., with the discrepancy increasing with temperature -  at a temperature of ~45,000K 
the results are the same within the error boundaries, but the trend line shows that by 
~ 80,000 K the non-LTE models give temperatures that are more than 5,000 K lower. To 
make sure that these deviations are not due to systematic errors in the analysis, the spectra 
of three objects were reanalysed using a grid of LTE H+He models that was created for 
this purpose. The objects were chosen as each falls into one of the three clusters of points 
seen in the Teff comparison shown in Figure 3.5. In performing these fits, it was found 
that the cores of the Balmer lines had a strong influence on the results; when the line
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Table 3.8. Results of fitting LTE H+He models to the spectrum of three objects 
compared to the analysis of Bergeron et al. (1994).

Fits with LTE H+He models Bergeron et al. (1994) results
T e f f /K  Log g  Log ^

77300 ±  3400 7.31 ±  0.14 -2.06 ±  0.24
68800 ±1800 7.68 ±0.12 -2.74 ±0.27
58300 ±1500 7.15 ±0.11 -2.92 ±0.31

Object T e f f / K Log g L o g f
S 216 
Ton 320 
Feige 55

76948 I B S  
70412 +4031/U + I Z  _2843
59588 j $ « 4

1 97 +0-13  / --5/ - 0 .1 3
7.68
7.28 ±8;l?

-2.00 if: io
7 c o  +0.22  -Z .0 9  _0 2i

-2 56 +0-17 z -;)0 -0 .1 8

cores were included in the fits the Teg dropped by up to 10,000 K in comparison to when 
they were excluded. This is in contrast to fits performed with the nLTE models, where 
excluding the line cores made no significant difference to the best fitting temperature (see 
§3.5.1). This implies that the LTE models do not reproduce the shape of the Balmer line 
cores as well as the non-LTE models do. As fitting the line cores using non-LTE models 
has already been found to not having a strong affect on the results, and since Bergeron 
et al. (1994) excluded the line cores from their fits, that approach is also adopted here. 
The results are given in Table 3.8 and also plotted in Figure 3.5, and show that the results 
of the new fits are consistent with those of Bergeron et al. (1994), although again there 
is some scatter in the log g and log ^  comparisons.

Napiwotzki et al. (1999) investigated the differences between LTE and non-LTE 
models by generating model spectra under LTE conditions, adding noise and then fit
ting the resultant data using non-LTE models. They found that the non-LTE result will 
be > 10,000 K lower if Teff is found to be 80,000 K using LTE models, and log g ~0.3 
lower. However, the differences should decrease at lower temperatures, as is observed. 

Barstow et al. (1998) have also investigated the effect of transferring from LTE pure H to 
non-LTE heavy element models, although the hottest object they studied was ~70,000 K. 
They report a decrease in Te$ by 4,000-7,000 K and minimal change in log g, which is in 
good agreement with the results from this chapter. In contrast, the stratified models that 
were used to obtain the parameters of PG 1305-017 yield a lower temperature under the 

assumption of LTE than under non-LTE conditions. This is also true of the homogeneous 
model fits to this object, although these were discarded because they did not reproduce 
the He II A4686 A line as well as the stratified models. As there is only one object in the 
sample that appears to have a layered composition, it is not possible to decide if this is 
a characteristic of stratified atmospheres or statistical error; a study such as that carried 

out by Napiwotzki et al. (1999) is required to investigate this.
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3.6.2 The DAO population

The temperatures and gravities obtained from the fits to the data can be used to com
pare the white dwarfs to theoretical evolutionary models. Figure 3.6 plots Teff against 
log g with the post-AGB 0.530 and 0.605 M0 white dwarf evolutionary tracks of Blocker 
(1995) and the 0.414 M® post-CE track of Driebe et al. (1998) shown for comparison. As 
might be expected, the objects that are associated with planetary nebulae mostly appear 
to be hotter, and hence younger, than those where the PN is not seen. Most of the objects 
are seen to fall between the 0.414 Me track for a He-core white dwarf and the 0.530 M0 
track, which has a CO-core. Therefore, these may have evolved via the EHB rather than 
the AGB, or may be post-CE binaries. The temperatures and gravities from Table 3.7 
have also been used to compare the objects to the evolutionary tracks for different mass 
white dwarfs. By interpolating between the theoretical tracks it is possible to infer the 
mass, radius and luminosity of the white dwarfs from the models and these are shown in 
Table 3.9.

The mass distribution of the DAO white dwarfs is shown in Figure 3.7. For com

parison the DA distributions of Napiwotzki (1999) have also been plotted. Although,
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Table 3.9. Results from comparison with evolutionary models
Object V Radius / R© ± Mass / M© ± d / pc ± Log L / L© ±
PG0134+181 17.141 0.029 0.029 0.480 0.015 845 11 0.818 0.112
S 216 12.902 0.033 0.002 0.496 0.009 152 5 1.362 0.067
A 7 15.602 0.029 0.005 0.508 0.020 443 18 1.165 0.185
HS 0505+0112 15.203 0.026 0.004 0.509 0.018 333 6 0.995 0.152
PuW el 15.702 0.036 0.007 0.499 0.026 610 21 1.546 0.212
RE 0720-318 16.105 0.018 0.002 0.566 0.046 321 5 0.390 0.109
Ton 320 15.746 0.027 0.004 0.507 0.017 442 7 1.037 0.149
PG 0834+501 15.791 0.035 0.004 0.453 0.049 562 7 1.059 0.103
TON 353 16.716 0.029 0.004 0.495 0.019 741 13 1.061 0.172
A31 15.602 0.039 0.006 0.491 0.025 629 25 1.620 0.200
RE 1016-053 14.107 0.014 0.000 0.694 0.014 99 0.4 0.147 0.036
HS 1136+6646 13.603 0.025 0.002 0.511 0.007 151 1 0.917 0.062
Feige 55 13.611 0.037 0.003 0.439 0.015 208 2 1.007 0.065
PG 1210+533 14.126 0.016 0.001 0.595 0.033 107 1 0.027 0.057
LB 2 15.63s 0.020 0.003 0.557 0.049 295 6 0.654 0.153
HZ 34 15.731 0.059 0.002 0.417 0.018 1025 8 2.015 0.145
PG 1305-017 17.209 0.014 0.000 0.684 0.003 369 2 -0.183 0.077
PG 1413+015 17.091 0.016 0.001 0.608 0.046 423 5 0.077 0.083
A 39 15.602 0.046 0.007 0.455 0.036 744 19 1.724 0.212
RE 2013+400 14.60*0 0.015 0.001 0.642 0.043 126 1 0.005 0.077
DeHt5 15.402 0.033 0.005 0.470 0.025 435 14 1.015 0.151
GD 561
1 ___

14.5211
/m o n  2

0.038 0.002 0.464 0.029
.3 TT 1

85 6 1.346 0.160

from B mag 4 From White Dwarf Database (http://procyon.lpl.arizona.edu/WD/) 5 From Sim- 
bad (http://simbad.u-strasbg.fr/sim-fid.pl) 6 Kidder (1991) 7 Barstow et al. (1993) 8 Cheselka 
et al. (1993) 9 Estimated from the flux of the optical spectrum 10 Barstow et al. (1995) 11 Greenstein 
(1974)

http://procyon.lpl.arizona.edu/WD/
http://simbad.u-strasbg.fr/sim-fid.pl


other mass distributions have been published with larger samples, for example Finley 
et al. (1997), this is the only one that has used non-LTE white dwarf model atmospheres 
and the evolutionary models of Blocker (1995) and Driebe et al. (1998) to determine 
mass. However, their sample was extreme-ultraviolet selected, and so, since low mass 

white dwarfs that may be detected at great distances in optical surveys are not seen in 
the EUV due to interstellar absorption, there is a lack of objects at the lower end of 
the distribution. In the DAO distribution a very sharp peak is seen between 0.45 and 
0.5 M©. In comparison, the DAs have a peak in their mass distribution between 0.55 and 
0.65 M0 . The very lowest mass DAOs (between 10 and 15% of the sample) are of too 
low a mass to have been formed within the age of the galaxy raising the possibility that 
some may have gone through common envelope-evolution and be part of close binary 
systems. However, in Chapter 6 a search for binarity in the objects for which FUSE data 
are available is conducted. This investigation fails to detect binarity in any objects that 
were not known binaries. The limit of mass below which white dwarfs must be in binary 
systems is uncertain, but is quoted as between 0.45 and 0.5 M0 by Bergeron et al. (1992). 
Of the objects with mass ~0.45 MQ or below, both Feige 55 and PG 0834+500 are known 
binaries. GD561 does not show any sign of binarity, but it is possible that some of the 
objects have very faint companions that haven’t been detected yet. The lowest mass ob
ject, HZ 34 is also not a known binary. If we assume that those with mass between 0.45 

and 0.5 M0 evolved from EHB stars, then just under 50% are post-EHB. In addition, over 
20% of the DAOs have a mass that coincides with, or is greater than, the position of the 
peak of the DA mass distribution. In summary, the mass distribution of the DAOs peaks 
at a lower mass than the DAs but tails off towards both high and low mass, with none 
of the DAOs having a mass above 0.7 M0 or below 0.35 M0 . Therefore, the population 
of DAOs seems to include white dwarfs formed in binary systems, post-EHB stars and 

post-AGB stars. A final summary of the likely evolutionary paths of the DAOs can be 

found in §10.8.

Figure 3.8 shows the distribution of Teff and log g for the sample of DAO white 
dwarfs, and the DAs for comparison. The majority of the DAOs have a temperature in 
the range ~50,000-70,000 K, and in general the DAOs seem to be hotter than the DAs 
-  this is unsurprising as DAOs must be hotter than ~45,000K  in order for H ell to be 
detected. The dips in the distribution between 55,000 and 60,000 K, and 65,000 and
70,000 K are less than the counting statistics involved in looking at a small number of 
objects, and are probably not real. The log g distribution is very interesting and appears 
to be bimodal with a peak at around log g = 7.0, and another at log g = 7.75 - 8.0. There 
is also a very strong peak in the DA distribution at log g = 7.75 - 8.0, so the higher
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F igure  3.7. The distribution o f masses obtained from the optical data, and for the
DAs of Napiwotzki et al. (1999).

gravity DAOs fall into the same log g bin as the peak of DAs. They are: RE 1016-053, 
PG 1210+533, PG 1305-017, PG 1413+015 and RE 2013+400. These objects are either 
unusual -  PG 1305-017 is the only one that appears to be stratified and PG 1210+533 
exhibits a changing helium abundance over many years -  or are post-CE, pre-cataclysmic 
binaries, and so may form a separate sub-class of DAOs. In contrast, the low log g DAOs 
have no counterparts in the DA distribution. These objects include the low mass probable 
post-EHB and binaries in their number. Therefore, two groups of DAOs can be defined: 
the low log g , and the high log g stars.

3.7 The helium abundance and distribution in DAOs

Relationships between the helium abundance and the temperature, gravity and luminos
ity of DAOs have been noticed by Bergeron et al. (1994) and Napiwotzki (1999). The 
large sample of DAOs studied here presents an excellent opportunity to look for trends 
such as these. Fig. 3.9 shows how helium abundance depends on temperature and grav
ity; PG1210+533, with its varying helium abundance, is not considered here. There is

t — •— •— 1— i— 1— '— 1— i— r
DAOs
DAs

Hn , rh rH
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Figure  3.8. Temperature and log g distribution for the DAOs from this study, and 
the DAs of Napiwotzki et al. (1999).

i y > f r i |  - f i ■ r y----- r— i---- v l 1----- 1-----rz

DAOs
DAs

J . i .  [. i .1

I n  1 >" l  I I I  |  - I  1 I > I  I I f  I |  I > I I I I r  I I  p  r f T T T T T T T T T T T T T T T  r j T T T T r n  I T

•   DAOs
  DAs

6 0



Lo
g 

(H
e/

H
) 

Lo
g 

(H
e/

H
)

- 2

- 3

- 4

- 5

80000  70000  60000 50000  40000
Teff /  K

- 1

- 2

- 3

- 4

- 5

F ig u r e  3.9. Dependance of helium abundance on Teg and log g.

A39

HZ34

H S 0 5 0 5 + 0 1 12
Model grid limit

A31

DAO-fdM binaries

DeHt 5

6.5 7.0 7.5
Log g

8.0

61



o  DAOs 
A DAs

x

-3
DAO+dM binaries

- 4

DeHt 5
-/A- '/)W fA/y\ - A - -axv - -- 5

0
Log (L/L©)

F ig u r e  3.10. Dependance of helium abundance on luminosity. The DAs of 
Napiwotzki et al. (1999) are also shown with a nominal log of -5.

perhaps a suggestion of a correlation between log -̂p and Teff, but no trend is apparent 
in the log - log g plot. However, in this plot, it is easy to separate the DAOs into 
groups; those denoted as DAO+dM binaries have log g greater than 7.5, whereas most 
have a lower gravity than this and log ^p between approximately -2 and -3. A further 
group exists with similar log g, but higher helium abundance. These high He abundance 
objects don’t appear related to each other, although 3 of the 5 are associated with plane

tary nebulae. DeHt 5 has the lowest ĵjp in the sample, even though its gravity appears to 
associate it with the low log g objects. In figure 3.10 the helium abundances are plotted 
against log luminosity, which depends on both the temperature and gravity of the object. 
Also plotted are the DAs from Napiwotzki et al. (1999), each with a nominal log ^p of 
-5. The DAO+dM binaries all have luminosities that are similar to those seen in the DAs, 
while all the others are more luminous - with the low helium abundance of DeHt 5 un
usual for its luminosity. As mass loss rate is related to luminosity in a radiatively driven 
wind, it is possible that these high luminosity objects are experiencing mass loss (Ab
bott, 1982). Unglaub & Bues (1998) used an equation taken from Blocker (1995) (see
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§1.4.2) to predict mass loss rate from an objects luminosity:

M  = 1.29 x 10-15L L86

In a later paper (Unglaub & Bues, 2000) calculations of mass loss were performed as the 
stellar parameters varied with time, according to evolutionary models. They also used a 
second estimate of the mass loss rate that included a cut off, below which no wind would 
be expected, and introduced some dependance on the composition of the objects, so that 
mass loss would continue for PG 1159 stars up to log g ~  8, for example, because of 
their high metal abundance. For DAOs, however, mass loss would be expected to cease 
by log g ~  7, which coincides with the peak in the DAO log g distribution. Beyond this 
the transition from DAO to DA would be rapid. It is possible, therefore, that DeHt 5 is 
an example of an object making this transition.

Using the above equation, the mass loss rate for the objects in the DAO sample were 
calculated and are shown in Table 3.10. Although the mass loss rates have large uncer
tainty, some interesting results can be seen. PG 1305-017 has the lowest predicted mass 
loss at 5 .9±1.9x 10“ 16 M0 yr-1 , and out of the 22 objects in the sample, it is the only one 
that appears to have stratified a helium atmosphere, although in a number of cases it is 
difficult to distinguish between the homogeneous and layered models. If even very weak 

mass loss (>10-16 M0 yr-1) is occurring, it would prevent the diffusive equilibrium that 
is assumed in the stratified models from occurring. However, PG 1305-017 has passed 

the wind limit, so mass loss should not be occurring anyway. The highest mass loss rates 
are predicted for HZ 34 and A 39, both of which have high helium abundance. Overall, 
the log mass loss rate correlates with helium abundance to the same extent as the log 
luminosity, since the two are closely related, but a strong correlation is not necessarily 
expected as the effect on mass loss of different metallicities in the objects is not properly 
known. For the subset of DAOs with high log g binaries, mass loss should have ceased. 
The existence of helium in their spectra must instead be explained in other ways, for ex
ample through stripping of mass during a common envelope phase or through accretion 
from their companion. However, there is no obvious explanation for the helium observed 
in PG 1210+533, which is not a known binary.

3.8 Conclusions

Out of a sample of 22 objects, only one has a helium distribution that is best described by 
diffusive equilibrium. The other 21 objects appear to have homogeneously distributed
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Table 3.10. Mass loss rate for the DAO white dwarfs.
Object L o g f ± Mass loss rate ±  

/ 10"14 M0 y r-1
PG0134+181 -2.80 0.26 4.3 2.1
S 216 -2.19 0.15 44. 13.
A l -1.29 0.15 19. 15.
HS 0505+0112 -1.00 0.00 9.1 6.0
PuW el -2.39 0.37 97. 89.
RE 0720-318 -2.61 0.19 0.69 0.32
TON 320 -2.45 0.22 11. 7.0
PG 0834+501 -2.41 0.21 12. 5.3
TON 353 -3.01 0.36 12. 9.0
A31 -1.50 0.15 130. 115.
RE 1016-053 -2.99 0.26 0.24 0.037
HS 1136+6646 -2.46 0.08 6.5 1.7
Feige 55 -2.72 0.15 9.6 2.7
PG 1210+533 - - 0.14 0.035
LB 2 -2.53 0.25 2.1 1.4
HZ 34 -1.68 0.23 720. 450.
PG 1305-017 -16.42 0.07 0.059 0.019
PG 1413+015 -2.63 0.30 0.18 0.064
A 39 -1.00 0.01 220. 210.
RE 2013+400 -2.80 0.18 0.13 0.044
DeHt 5 -4.93 0.22 10. 6.5
GD561 -2.86 0.35 41. 28.

helium, in the line forming regions at least. In general the DAOs have a lower mass 
than the more common DAs, and may require binary evolution to form within the age 

of the galaxy, or may have evolved along the EHB - please see §10.8 for a summary of 

the likely evolutionary paths of these objects. A subset of DAOs have a higher gravity 
than the rest, and masses that would be thought of as normal for DA white dwarfs. 
These seem to be either unusual, for example with stratified H+He or variable helium 
abundance, or are pre-CV, post-CE sytems and so may be accreting from the wind of their 
companions or the visible helium in their spectra might be the result of the modification 
of their composition during the common envelope stage. The lower log g white dwarfs 
are mostly not known to have companions. The helium lines that are seen in their spectra 

may be related to their high luminosities. As mass loss rate is related to luminosity in 
radiatively driven winds, this may hint at mass loss being the mechanism that is acting 
to prevent gravitational settling of helium.
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Chapter 4

The Far Ultraviolet Spectroscopic 
Explorer (FUSE)

4.1 Introduction

A significant proportion of this thesis is based on observations made by the Far Ultra
violet Spectroscopic Explorer. This chapter describes the UV missions that preceded 

FUSE, the capabilities of the satellite, the observations of DAO white dwarfs that have 
been obtained, and the method used to reduce the data.

4.2 Observing the ultraviolet universe

Although observations of stellar sources at visible wavelengths are possible from the 
ground, absorption by the atmosphere means that the ultraviolet (UV) universe must be 
observed from space. Even there it is only possible because the interstellar medium is 
non-uniform and contains partially ionised material that is transparent to UV photons. 
The UV wavelength region can be split into a number of sections; these are the extreme- 
UV (EUV), extending approximately beween 10 and 900 A, the far-UV (FUV), between 
900 and 1600 A and the near-UV longwards of this limit.

In 1975, the Extreme Ultraviolet Telescope was flown, attached to an Apollo cap

sule, which detected unambiguously for the first time an EUV source; this was the hot 
white dwarf HZ 43 (Barstow & Holberg, 2003). In the late 1970s and early 1980s, the 
Einstein and European X-ray Astronomy Satellite (EXOSAT) satellites were launched. 
Although X-ray missions, their spectral sensitivity extended into the EUV. An important
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result from these satellites was that the soft X-ray flux of white dwarfs was significantly 
lower than was expected, based on pure hydrogen models (Barstow & Holberg, 2003). 
This was initially thought to be due to the presence of helium in the white dwarf atmo
spheres. The amount of helium that can be supported by radiative levitation was found to 
be too small to explain the observed lack of flux, and instead the idea of stratified atmo
spheres was suggested, which would consist of a thin hydrogen layer, where the Baimer 
lines are formed, on top of a mostly helium atmosphere (Vennes et al., 1988). In 1990, 
the Roentgen Satellite (ROSAT) was launched, carrying with it the wide field camera 
(WFC), which performed the first EUV sky survey, between 60 and 200 A. Only 125 

white dwarfs were detected by ROSAT, compared to the 1,000-2,000 that were expected 
(Barstow, 1989). It was found that the flux observed in photometric data was always 
lower than predicted by H+He models. Instead, trace heavy elements, levitated in the 
white dwarf atmosphere by radiative forces, were proposed to be supplying the opacity 
(Barstow, 1993). Two years after ROSAT, the Extreme Ultraviolet Explorer (EUVE) 
was launched. It also carried out a sky survey, but extended the wavelength region cov
ered up to 760 A, the results of which largely reflected those of ROSAT (Barstow & 
Holberg, 2003).

One of the earliest satellites to observe the FUV wavelength region was Copernicus 
(also known as the Orbiting Astronomical Observatory 3), which obtained far- and near- 
UV spectral scans, mostly of bright stars, between 1972 and 1981. The Voyager satel
lites, which began their journey to the outer planets in the late 1970s, carried on board 
UV cameras that were primarily to be used to study the atmospheres of the gas giant 
planets. An observation of HZ 43, made shortly after Voyager 2 left Jupiter, recorded the 

region of the Lyman series of hydrogen between 900 and 1 2 0 0  A for the first time (Hol
berg et al., 1980). In 1978, the International Ultraviolet Explorer (IUE) was launched, 

operating between 1 2 0 0  and 3000 A. IUE was especially important in discovering white 
dwarfs in binary systems, which were masked out by their companion stars at optical 
wavelengths and was also useful in identifying the heavy elements that exist within a 
white dwarf atmosphere (Barstow & Holberg, 2003). Since IUE was turned off in 1996, 
the FUV longwards of 1 2 0 0  A has only been accessible using instruments aboard the 
Hubble Space Telescope (HST). Initially, it carried the Goddard High Resolution Spec
trometer (GHRS), which provided very high resolution spectra but only in a narrow 
wavelength range during each observation, and the Faint Object Spectrometer (FOS), 

with which low resolution observations could be made across the UV wavelength range. 
In 1997 the GHRS was replaced by the Space Telescope Imaging Spectrograph (STIS). 
This is currently providing very high resolution data in the spectral region beteen 1200
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Table 4.1. Wavelength ranges of the FUSE detector segments, from the FUSE ob-
servers guide (see http://fuse.pha.jhu.edu/analysis)

Channel Segment A Segment B
SiC 1 1090.9-1003.7 992.7-905.0
LiF 1 987.1-1082.3 1094.0-1187.7
SiC 2 916.6-1005.5 1016.4-1103.8
LiF 2 1181.9-1086.7 1075.0-979.2

and 2000 A (Barstow & Holberg, 2003). The only current mission that can provide ac
cess to the spectral region shortwards of 1200 A, where most of the hydrogen Lyman 
lines reside, is FUSE:

4.3 FUSE

The Far-Ultraviolet Spectroscopic Explorer (FUSE) was launched on June 24, 1999 on a 
Delta II rocket as part of NASA’s Origins programme. It orbits at approximately 760 km 
above the surface of the Earth at an inclination of 25° to the equator, and one orbit takes 
about 100 minutes. FUSE provides high resolution spectra in wavelengths between 905 
and 1187A and is the only current mission giving access to this region of the electromag
netic spectrum. The design and performance of FUSE have been published elsewhere, 
e.g. Moos et al. (2000), Sahnow et al. (2000), so the following is just a brief summary of 
the main points.

The design of the FUSE instrument is quite unusual (see Figure 4.1) and creates a 
number of problems in the reduction of the data. It consists of four separate co-aligned 
optical paths (channels). Each channel has a mirror, a Focal Plane Assembly, a diffrac
tion grating and part of a detector. Light from a target enters the apertures of all the 
channels at the same time. Two of the mirrors and two of the gratings are coated with 
SiC, the others with LiF over a layer of aluminium. This is necessary in order to provide 
coverage over the whole FUSE wavelength range since the reflectivity of the Al+LiF is 
low below about 1020A. FUSE has two microchannel plate detectors (1 and 2), each 
divided into two segments (A and B) that are separated by a small gap. Light from a SiC 
and a LiF channel falls onto each detector. This results in 8  individual spectra, two of 
which cover the 900 -  1000A wavelength region, four in the 1000 -  llOOA range and 
the other two in the 1100 -  1200A region. Table 4.1 gives the exact wavelength ranges 
covered by each.
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F i g u r e  4.1. Diagram of the FUSE optical setup, (figure taken from the FUSE
website, http://fuse.pha.jhu.edu).

There is no internal wavelength calibration source on FUSE, so molecular hydrogen 
lines and low ionization atomic lines have been used to obtain the wavelength calibration. 
However, particularly in early versions of the FUSE calibration pipeline, the wavelength 
solution has been poor, with shifts in the position of spectral features seen between chan
nels. Drift of the source in the aperture can also cause wavelength shifts in the same 
channel between exposures. There are a number of different apertures available for use 
on FUSE and these are listed in Table 4.2. Problems are encountered when thermal 
changes rotate the mirrors slightly, causing the target to move out of the aperture when 
the HIRS and MDRS modes were used, so virtually all observations have been carried 
out using the LWRS aperture. Loss of flux is still evident in some of the data, however. In 
this aperture the spectral resolution was found to be 20,000 for the LiF 1 channel, deter
mined using molecular hydrogen lines in observations of the central star of the planetary
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Table 4.2. FUSE apertures, adapted from the FUSE Instrument and Data Handbook
(see http://fuse.pha.jhu.edu/analysis)

Aperture Dimensions Description
/ arcsecs

HIRS 1.25x20 High resolution
MDRS 2 .0 x 2 0 High throughput
LWRS 30x30 Large square

nebula S 216. This is the only aperture and channel for which the resolution has been 
calculated.

FUSE has two modes for recording data -  time-tagged event lists (ttag data) or as 
spectral image histograms (hist data). The advantage of ttag data is the time of arrival of 
each photon is known, so the count rate from the target at all times during the observation 
can be seen. The hist mode is used where the source is bright and too many events 
would be recorded in ttag mode. As FUSE is in a low-Earth orbit emission lines from 
the Earth’s atmosphere are sometimes seen. The strongest of these ‘airglow’ lines is 
hydrogen-Lyman emission. These lines are not removed in the data reduction stage 

but instead are dealt with during the data analysis. A particular problem with FUSE 
spectra is the presence of the ‘worm’, which is a shadow cast by the electron repeller 
grid located above the detector surface, and manifests itself by a decrease in flux by up 
to 50%, particularly in the LiF IB segment. The amount of flux loss varies according 
to whether the image produced by the grating coincides with the grid wires, and is also 
affected by the position of the target in the aperture and so cannot easily be removed by 
the calibration software. For this reason the section of the LiF IB segment most affected 

by the worm is not used if any flux decrease is seen. In December 2001 FUSE lost two 
of its four reaction wheels. Since then the FUSE team have developed a new system for 
pointing the satellite using magnetic torquing and most of the sky is now again visible 
to FUSE. The reduced control over pointing means that occasionally the target can drift 
out of the aperture. In ttag mode the position of the target on the detector is recorded 
and corrected for. In hist mode only the time when the target was out of the aperture is 
known, and this is taken away from the exposure time.

69

http://fuse.pha.jhu.edu/analysis


4.4 FUSE data reduction

4.4.1 The CalFUSE pipeline

Raw FUSE data is first processed by the CalFUSE calibration software. This removes 
instrument effects, extracts the spectra and applies the flux and wavelength calibrations. 
Typically spectra downloaded from the archive have been processed using version 1.8.7 
of the program. Version 2 of the program contains a number of improvements over 
1.8.7, for example the heliocentric correction was being applied in the wrong direction, 
enhancing the wavelength shift caused by the Earths motion around the Sun, rather than 
removing it. Therefore the raw data were obtained and processed using a locally installed 
version of CalFUSE (version 2.0.5). The pipeline automatically accounts for spacecraft 

jitter, detects when FUSE has entered the south Atlantic anomaly, removes the effects of 
gain sag, removes the background etc. A full summary of the CalFUSE calibration soft
ware can be found on the FUSE website reference pages (http://fuse.pha.jhu.edu/analysis/ 
pipeline_reference.html). Subsequently new versions of the pipeline have been released, 
and the most recently downloaded data have been processed using v2.4.0. There does 
not appear to be a significant difference between the calibrated spectra produced by the 

two versions.

4.4.2 Local pipeline

Data that has passed through the CALFUSE pipeline still requires some work before 
a final spectrum is produced. For each exposure there are 8  spectra for each aperture, 
representing the possible instrument channel/detector segment combinations, although 
only the data for the aperture in use contains a useful spectrum. A suite of IDL and 
FORTRAN programs were developed by myself, to take these files and produce a single 

combined spectrum. Obtaining the final product involves the following steps:

•  The exposures for each segment are cross correlated, and a wavelength correction 
is calculated to account for drift between exposures.

• A co-added spectrum for each segment is then produced with each exposure weighted 
according to exposure time. If the target has drifted out of the aperture for any of 

the exposures then that exposure is not included.

•  The spectrum for each segment is then inspected. The edges of the spectra are nor
mally the noisiest, and have the poorest wavelength solution so these are removed.
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If the worm is noticeable in a segment then the section of data with reduced flux is 
not used.

•  The segments are cross correlated to find and correct for wavelength shifts. The 
spectra are shifted to line up with the LiF 1A segment, which is the segment used 
in the pointing of the satellite and should have the best flux and wavelength calibra
tions. In segments that cover the same wavelength range this is normally straight
forward as there are heavy element and interstellar lines that can be used to line up 
the spectra. Where there is little overlap between segments this step is less certain, 
but measurement of the radial velocity of absorption features can be used to check 
the wavelength solution.

• The segments are then co-added onto a single wavelength scale, typically with 

0 . 0 2  A binning, which oversamples the true resolution by ~2.5 times. The data 
are weighted according to their signal to noise, calculated over a running mean of
20 A.

4.5 DAO white dwarfs observed by FUSE

Table 4.3 lists the objects for which FUSE data have been downloaded from the archive 
(http://archive.stsci.edu/mast.html). For a complete list of DAOs for which optical or 
far-UV data have been obtained, see Table 2.2.

A number of the objects have been observed more than once by FUSE. Table 4.4 
gives the observation ID of each, along with exposure length. Observations that missed 
the target are not listed. Some objects were observed with an aperture used for measuring 
the background, and these are also not included. In the following chapters observations 
will be referred to by the name and observation number listed in the table.
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Table 4.3. Objects in the FUSE sample.
Object WD number PN? Binary?
S 216 WD 0441+467 v
A l WD 0500-156 V
HS 0505+0112 WD 0505+012
PuW el WD 0615+556
RE 0720-318 WD 0718-316 y/
TON 320 WD 0823+317
PG 0834+500 WD 0834+501
A31 v
EGB 6 WD 0950+139
NGC3587
HS 1136+6646 WD 1136+667 ■j
Feige 55 WD 1202+608 y/
P G 1210+533 WD 1210+533
LB 2 WD 1214+267
HZ 34 WD 1253+378
A 39 y/
NGC6720
NGC6853 WD 1957+225
RE 2013+400 WD 2013+400 

WD2115+118
s j

DeHt 5 WD 2218+706
NGC7 293 WD 2226-210
GD561 WD 2342+805 s j
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Table 4.4. List of FUSE observations for the stars in the sample.

Object Obs. no. Obs. ID Date Start time Length / ks Aperture
S 216 1 18190102000 14/02/2000 19:52 7.881 LWRS

2 18190103000 15/02/2000 07:30 7.932 LWRS
3 18190105000 16/02/2000 08:31 7.757 LWRS
4 M l070402000 09/01/2001 17:37 3.381 MDRS
5 M1070403000 09/01/2001 22:52 4.829 HIRS
6 M l070404000 10/01/2001 15:28 6.246 LWRS
7 M l070405000 23/01/2001 16:13 9.187 MDRS
8 M l070406000 24/01/2001 03:36 9.191 HIRS
9 M l070407000 25/01/2001 14:48 6.955 LWRS
10 M1070408000 25/01/2001 19:58 6.285 MDRS
11 M l070409000 26/01/2001 04:13 5.805 HIRS
12 PI041002000 22/01/2000 07:13 118.352 MDRS
13 PI041003000 22/01/2000 17:03 13.731 LWRS

A7 B0520901000 05/10/2001 09:00 11.525 LWRS
HS 0505+0112 B0530301000 02/01/2001 08:48 7.303 LWRS
PuWel 1 B0520701000 11/01/2001 01:30 6.479 LWRS

2 S6012201000 15/02/2002 22:35 8.194 LWRS
RE 0720-318 B0510101000 13/11/2001 08:48 17.723 LWRS
TON 320 B0530201000 21/02/2001 20:09 9.378 LWRS
PG 0834+500 B0530401000 04/11/2001 18:33 9.394 LWRS
A31 B0521001000 25/04/2001 08:31 8.434 LWRS
EGB6 1 A0340101000 08/01/2000 13:30 11.546 LWRS

2 A0341101000 08/05/2000 20:20 9.485 LWRS
NGC3587 B0520501000 23/03/2001 14:20 10.209 LWRS
HS 1136+6646 1 B0530801000 12/01/2001 20:31 6.217 LWRS

2 S6010601000 29/01/2002 15:33 7.879 LWRS
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Table 4.4. continued..

Object Obs. no. Obs. ID Date Start time Length / ks Aperture
Feige 55 1 P1042101000 26/02/2000 12:00 13.763 MDRS

2 PI042105000 29/12/1999 14:31 19.638 MDRS
3 S6010101000 28/01/2002 18:05 10.486 LWRS
4 S6010102000 31/03/2002 15:00 11.907 LWRS
5 S6010103000 01/04/2002 07:35 11.957 LWRS
6 S6010104000 01/04/2002 23:03 12.019 LWRS

PG 1210+533 B0530601000 13/01/2001 00:05 4.731 LWRS
LB 2 B0530501000 14/02/2001 19:02 9.197 LWRS
HZ 34 B0530101000 16/01/2001 19:56 7.593 LWRS
A 39 B0520301000 26/07/2001 10:41 6.879 LWRS
NGC6720 B0690201000 08/06/2001 13:35 28.364 LWRS
NGC6853 1 M l070301000 23/09/2000 03:45 16.113 MDRS

2 M1070302000 24/09/2000 04:41 16.411 HIRS
3 M1070303000 28/05/2001 19:05 7.561 LWRS
4 M1070304000 29/05/2001 01:01 7.514 MDRS
5 M l070305000 29/05/2001 12:16 7.750 HIRS
6 P1043301000 05/06/2000 08:03 16.732 LWRS
7 M l070306000 28/07/2001 13:07 7.445 LWRS
8 M1070307000 28/07/2001 17:54 7.169 MDRS
9 M1070308000 29/07/2001 04:24 7.092 HIRS
10 M l070309000 01/08/2001 00:22 7.668 LWRS
11 M l070310000 01/08/2001 06:39 6.920 MDRS
12 M1070311000 01/08/2001 13:18 6.332 HIRS
13 M l070313000 31/10/2002 05:31 8.451 MDRS
14 M l070319000 03/11/2002 05:03 3.092 HIRS

RE 2013+400 P2040401000 10/11/2000 02:26 11.483 LWRS
HS 2115+1148 C0960101000 02/07/2002 16:58 10.167 LWRS
DeHt 5 A0341601000 15/08/2000 18:39 6.055 LWRS
NGC7293 1 PI980202000 11/10/2001 23:15 5.085 HIRS

2 C1770401000 02/10/2002 14:20 8.747 LWRS
GD561 B0520401000 08/09/2001 17:15 5.365 LWRS
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Chapter 5

Molecular hydrogen absorption in 
FUSE spectra

5.1 Introduction

Molecular hydrogen (H2) is probably the most abundant material in the universe by mass 
after atomic hydrogen, helium and their ions (Shull & Beckwith, 1982). It has been 
observed in a large number of the observations made by FUSE and the width of the 
narrow H2 lines have been used to find the wavelength resolution of the LWRS aperture. 
However, the H2 attenuates significant flux and masks out features in the spectrum of a 
target. This chapter aims to measure the H2 in the observations of DAO white dwarfs 
and CSPN observed by FUSE. Once the H2 absorption is accounted for, the white dwarf 

spectra can be analysed.

Useful reviews of the physics behind the formation and existence of molecular hy
drogen can be found in Shull & Beckwith (1982) and Duley & Williams (1984). The 
following summarises the relevant information for this work from those texts.

5.1.1 Formation of molecular hydrogen

Although it had been predicted that H2 might exist in interstellar space since the 1930s, it 
wasn’t until a sounding rocket carrying a UV spectrometer was flown in 1970 that it was 

actually detected, in the line of sight towards £ Persei. The Copernicus satellite, launched 
in 1972, showed that H2 was common in the interstellar medium, and that it seemed to 
coincide with obscured lines of sight. Hydrogen is very abundant in the interstellar
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medium, and so it might be expected that interactions between H atoms would result 
in the H2 that is seen. However, in a gas phase reaction the molecule is formed in an 
excited state and it is unlikely that it will stabilise, through emission of a photon, before 
the molecule dissociates. Other, similar reactions have the same problem. Since H2 is 
dissociated by the interstellar radiation field at a much higher rate than that with which it 
is formed due to these reactions, this route must be relatively insignificant in the creation 
of the interstellar H2. An alternative way that H2 could be formed is on the surface of 
grains. A hydrogen atom collides with and sticks to a grain and is held there until another 
atom is adsorbed. Once the molecule is formed the excess energy is distributed between 
ejecting the molecule from the grain, rotational-vibrational excitation and the grain itself. 
Through this mechanism it is possible to form H2 at a high enough rate to explain the 
amount seen in the interstellar medium, and also accounts for the fact that it is seen in 
regions that are obscured by dust.

H2 is also observed within planetary nebulae, in dense patches called cometary knots. 
These knots occur within the region ionised by the central star. The H2 can be de
tected through observations in the infra-red at 2.12 fim, for example in the Helix Neb
ula (NGC7293) (O’Dell & Handron, 1996) and the Ring Nebula (NGC6720) (Speck 
et al., 2003), with shocked gas regions and excitation by UV and X-rays from the central 
stars in photodissociation regions competing to explain this emission.

5.1.2 Rotational excitation of H 2

Vibrational excitation of H2 will only occur in shocked regions of the interstellar medium 
or in regions exposed to a large UV field, due to the large energy required. Rotation- 
ally excited states, though, are seen through electronic transitions in the H2 Lyman and 
Werner bands that lie at wavelengths less than 1120A and which therefore fall within the 
FUSE wavelength range. The strongest absorption lines are caused by the J = 0 and 1 
rotational levels, the relative populations of which are determined from thermal proton 
collisions. The ratio of column densities between the two levels is given by:

where g0 and gi are the statistical weights of the J = 0 and 1 rotational states respec
tively. The levels with odd rotational quantum number (J) are nuclear triplet states (ortho

hydrogen), and have statistical weight gj  =  3(2 J  +  1) in the ground state. Levels with 
even J are singlet states (para-hydrogen) and have g j  =  (2 J  +  1). £?o->i is the sepa-

N ( J  = 1) = gi 
N ( J  = 0 ) g0

= — exp  —

76



Table 5.1. Rotational energy levels and statistical weights of H2 in the ground vibra
tional state, adapted from Duley & Williams (1984).

J E(J) / eV %J
0 0 . 0 0 0 1

1 0.015 9
2 0.044 5
3 0.087 2 1

4 0.145 9
5 0.216 33
6 0.299 13
7 0.395 45

ration of the J = 0 and 1 energy levels -  Table 5.1 lists the energy levels and statistical 
weights of the rotational levels up to J = 7. k is the Boltzmann constant and T is the 
kinetic temperature, which is typically ~80 K for a diffuse cloud. The distribution of 
the populations of higher-J levels is dominated by collisions, excitation during formation 
and UV pumping. These populations can also be described by a Boltzmann distribution, 
but with a temperature that must be higher than the kinetic temperature if these high J 
states are to be seen. Measurements of the column densities of the individual rotational 
states therefore allow a ‘kinetic’ and an ‘excitation’ temperature to be determined from 
the above relationship.

5.1.3 The Doppler parameter

The movement of the H2 molecules will modify the profile of the absorption lines and 
must be taken into account when measuring column densities. The absorption energy of 

an electronic transition in a molecule that is moving away from the observer will be red- 
shifted relative to the rest frame and similarly molecules moving in the opposite direction 
will be blue-shifted. This reduces the depth of the absorption line, but also broadens it. 
The speed of movement of molecules in a cloud that does not experience external forces 
will relax into a Maxwellian distribution. Therefore, in addition to a column density, 
H2 absorption is parameterised with the Doppler parameter b =  Unfortunately the 
observer only has a two dimensional view of the H2 absorption, and this may incorporate 
a number of different interstellar clouds that have different temperatures and Doppler 
parameters, so results can only be an average of the absorption from all the material in 
the line of sight.
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5.2 Measurements of molecular hydrogen

Two methods are generally used for measuring molecular hydrogen absorption - curve 
of growth fitting and line profile fitting. Curve of growth fitting is the most commonly 
used and involves measuring the equivalent width ( W a) of a number of lines and plotting 
a graph of log ( ^ )  against log ( Nf X) ,  where A is the central wavelength of the line, 
N the column density of the measured material and f the oscillator strength. N is not 
known, so the method relies on constructing theoretical curves of growth with different 
Doppler parameters and shifting the data points along the x-axis until a good fit with 
the theoretical curves is found. The blending of lines can make this inaccurate and it 
is often difficult to constrain the Doppler parameter closely. Line profile fitting can be 
more difficult than using a curve of growth as it requires a large grid of accurate models. 
The advantage, however, is that it is easier to constrain the Doppler parameter, can cope 
with blended lines, and can also give an indication of the goodness of fit that has been 
achieved. Line profile fitting has therefore been used in this work.

5.3 Models

To parameterise the H2 in the line of sight towards the DAO white dwarfs the data must 
be compared to theoretical models. In addition to the H2 absorption, an extinction model 
to account for obscuration due to dust is used. The models are described in the following 
sections.

5.3.1 Extinction model

The model of UV interstellar extinction was taken from Seaton (1979), who used obser
vations by the OAO-2, Copernicus and TD-1 satellites to obtain an analytical expression 
for the absorption. If x  is defined as x  =  j  (wavelength A in microns) then interstellar 
absorption in the range 7.14 < x  < 1 0  (i.e. 1 0 0 0  - 1400A) is given by:

A x =  E B—v (l6.17 -  3.20s +  0.2975s2)

where Aa is the extinction in magnitudes at wavelength A and E B- v  is the difference in 
extinction between the wavelengths of the B and V filters, also in magnitudes. Aa can 
easily be converted into a decrease in flux using the standard definition of magnitudes. 
The extinction model therefore requires only one variable parameter, E B_V.
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5.3.2 H 2 models

The H2 models used to fit the data were developed by Stephan McCandliss for use in 

analysing FUSE data (McCandliss, 2003). Templates are provided with Doppler param
eter in the range b = 1 - 2 0 k m s ~ 1 and rotational states J = 0 - 15. The models have 
0 . 0 1  A sampling, which means that the templates with b = 1 km s - 1  are undersampled 
and cannot be used for quantitative analysis. Column densities of up to 1021 cm - 2  can be 
used for each rotational state and Doppler parameter, and these can be added together to 
form absorption spectra with many components. Figure 5.1 illustrates the transmission 
of far-UV flux through columns of 1018-1021 cm-2 , produced from these models. Below 

a column density of 1 0 19 the individual lines can mostly be resolved, but above this the 
line blending is severe and can obscure the hydrogen Lyman lines in the spectrum of 
the white dwarf that we wish to observe. The models were converted into multiplicative 
table models that can be used in the spectral analysis package XSPEC. A separate model 
was created for each rotational state, each having two variable parameters - the Doppler 
parameter, which can vary between 2  and 2 0 km s~ 1 and log (column density), varying 
between 10 and 21. As the models consist of multiplication factors between 0 and 1, 
corresponding to the proportion of flux that will be transmitted at each wavelength, more 
complicated models, incorporating many different rotational states, can be formed by 
multiplying the models together.

5.4 Fitting technique

As the background source in all the H2 spectra is a white dwarf, care must be taken 
to only fit the H2 absorption lines and not to allow the neutral hydrogen Lyman lines 
or heavy element absorption lines that come from the white dwarf to interfere with the 
fit. Three spectral ranges were chosen - these were: 1045-1065A, 1090-11 2 0 A and 
1140-1150A. Choosing only wavelengths above 1045A avoids the white dwarf’s Lyman 
lines. The section between 1065 and 1090A is normally very noisy because only one 
FUSE segment falls in that wavelength range and so it is not used. The majority of 

the H2 lines fall below 1120A and so that is used as the upper limit for the second 
range. Unless the column density is extremely high no H2 lines are seen in the third 
range. Instead this is used to normalise the white dwarf model. XSPEC is used to 
perform the fitting, which finds the best fitting set of parameters by minimising the x 2 

statistic. Initially a white dwarf atmospheric model is added, to provide the continuum 
level for the H2 fits. The parameters for the white dwarf model are taken from the fits
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F i g u r e  5.1. The proportion of flux transmitted when passing through molecular 
hydrogen with varying column density.

to optical data (see Chapter 3) or from the literature, and were constrained to within lcr 
error limits where they are available. The interstellar extinction model is then added and 
sections of data containing photospheric heavy element lines in the white dwarf model 
are ignored. First, two H2 components are added, with J = 0 and 1. These are by far the 
strongest H2 lines seen in all the spectra. XSPEC is then allowed to find the best fitting 
parameters. After that components are added one at a time with higher values of J. The 
Doppler parameter is assumed to be the same for all components so the addition of each 
rotational level adds only a single free parameter to the fit. Rotational levels are added 
until lines due to that state cannot be seen, and adding new levels does not produce an 

improvement in the x l ed at the 99% confidence level, determined from the F-test. Ideally 
a good fit to the data produces a xled of ~ 1 , however due to the complicated nature of 
what is being fit -  for example there may be multiple clouds of H2 in the line of sight, 
and the fact that the atmospheric model will not perfectly reproduce the white dwarf 
spectrum due to the Balmer/Lyman temperature problem (Barstow et al., 2003b and see 

also later chapters), a Xred ° f  2-3 was taken to be satisfactory for this work. After the 
H2 components have been added, any remaining absorption lines due to heavy elements

80



Table 5.2. Objects where H2 was not detected. 
Object
HS 0505+0112 
RE 0720-318 
NGC3587 
HS 1136+6646 
Feige 55 
PG 1210+533 
LB 2
RE 2013+400

in the white dwarf atmosphere or other interstellar absorption are then ignored from 
the final fit. l a  errors were then obtained using the A %2 distribution with the required 
number of free parameters, depending on the number of rotational levels of H2 used. As 

a Xred ° f  1 was not achieved in some cases, these errors may be underestimated. In some 
cases a satisfactory fit was not obtained using a single set of H2 models that had the same 
value for the Doppler parameter. Additional components were added to improve the fit 
to these spectra -  this is discussed in detail in section 5.5.2.

5.5 Results and analysis

H2 was not detected in the spectra of a number of the DAOs and these are listed in Table 
5.2. At the signal to noise of the FUSE data this places an upper limit on the H2 column 

density of 1013-1014 cm-2 . Most of the spectra were fit with models that shared the same 
Doppler parameter, and these are described in section 5.5.1. Those requiring H2 models 
with different Doppler parameters are then discussed in section 5.5.2.

5.5.1 Single component fits

Table 5.3 lists the parameters obtained for those objects for which satisfactory fit has been 
obtained using a single value for the Doppler parameter. Multiple observations exist for 
one object - EGB 6 . Unfortunately the first observation of EGB 6  couldn’t be used as 
the data above 1120 A were poor. As the wavelength resolution of FUSE is 0.05 A, 
if the Doppler parameter b <  ~ 7 k m s _1  the broadness of the H2 lines will be mostly 
due to the instrument response. However, the depth of the lines will also be affected by 
the broadening so it is possible to measure b more accurately than that, as long as the
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TON 320
F i g u r e  5.2. Plots showing the Boltzmann distributions of the objects fitted using 
a single Doppler parameter. The equations of the lines through the points were 

calculated using linear regression and these are shown on the plots.

absorption lines are not saturated. Figure 5.2 shows the column densities divided by the 
statistical weight for each rotational level, against the rotational level energy. Since the 

population of the levels have a Boltzmann distribution, the J = 0 and 1 states can be fitted 
with a single straight line, and the higher J states with a second line. In some cases a 
single line can be drawn through all the points.
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Table 5.3. Table of results - single component fits
Object E(B-V) b / km s 1

Total
Log column density, J =

0  1 2  

4 5 6

3
7

Source of 
WD parameters

A7 0 003 +U UU6U . U U O  —0.003
9  0q +0.1-2--
z u y  - 0 . 0 9 18.49 I K 18.31 t K 18.03 I K 15.83 I K 1  ̂A C  + 0 . 1 415.68 - 0 . 0 7 1

TON 320 0  0 0 1  +U Ui5 U . U U l  - 0 . 0 0 1 13.80 14.88 ± K 14.01 I K 14.57 I K 14.15 t K 14.15 I K 1

PG 0834+500 0 . 0 0 0  i K 9  o c  + 0 . 0 3  
A .O O  _ 0 . 1 5 18.17 ± K 17.74 t K 17.96 I K 15.95 I K 15.30 I K 1

A31 0.046 I K ? 9  Q 9  + 0 . 0 9  
z -o z  - 0 . 1 8 18.76 I K 18.39 I K 18.42 I K 1 1  AO + 0 . 0 017.62 _o.li 17.48 I K 1

EGB 6  obs 2 0.028 i K 8.48 I K 15.63 ± K 14.86 I K 15.46 I K 14.69 14.33 1

1 From optical chapter



Table 5.3. continued.
Object E(B-V) b / km s 1 Log column density, J = Source of

Total 0
4

1
5

2
6

3

7

WD parameters

HZ 34 0 034 +U-UU8 U.UJ+ _o,006 18.94 ^ 14 31 +0.29 ”1+..M _o 44 i+ o i+ lj j? 14 40 +u-07l+.+U —0.05 1

A 39 0 053 +o.oioU.UJJ -0.009 0 7 1  +0.23 
' 1 -0.24 IQ qa +0.02 

l y . y j  _o.o4 19.59 7q q3 
15.13

19.64 1«;Jg 18.19 ^o!o7 17.86 7“;^ 1

NGC6720 0 056 +u-uuyU.UJO _0.004 9 «  +0.08 
J . D J  _o.09 10 91 +0-02 Ay-Z1 -0.00 18.72

14.73 ±8;J|
19.01 j£of 17.78 I™? 17.5018:8? 2

WD2115+118 o o o 0 1 
± 

o 
c o c
 

o 
c O O
I

2 00 +U ib Z.UU -0.00 1 O 0 9  + 0 .0 415.OZ _o.02 18.15 7q 05 18.69 l£os 17.50 io+3 16.56 ^ 29 3

DeH t5 0.1863 4 58 +U 24_o.l7 20 07 +U U3 ZU.U/ _o.02 I Q  7 4  + 0-051V- -0.04
16.54

19.79 7:8:03 
16.52 ±8;it

17-91 1 J S  
15.39 18;“

17.68 4:8; is 
15.47

1

NGC7293 0.009 I S
9  7 0  + 0 .0 5  

-0.05 17-81 l&M 17.58 ^ 17.41 t uo $ 15-911 8;S 15.06 2

1 From optical chapter
2 Napiwotzki & Schonbemer (1995)
3 No physical information available, so used Teff = 65,000 K, log g = 7.0 and He/H = 10-2 5
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Table 5.4. Kinetic and excitation temperatures.
Object b

/ km s - 1

Kinetic temperature 
/K

Excitation temperature 
/ K

A l 2 .1 60 234
TON 320 13.8 403 -

PG 0834+500 2.4 8 8 172
A31 2 . 8 80 287
EGB 6  obs 2 8.5 242 -

HZ 34 18.9 131 -

A 39 3.7 82 152
NGC 6720 3.4 155 -

WD2115+118 4.6 151 -

DeHt 5 4.6 82 617
NGC 7293 3.2 96 149

Kinetic and excitation temperatures

From the gradient of the lines the kinetic and excitation temperatures can be calculated. 

These are listed in Table 5.4.

Rotational levels up to J = 7 are seen in the spectrum of DeHt 5, hence it must have 
an extremely high excitation temperature. High population of the upper J levels can be 

due to UV excitation, so it may be that these are diffuse clouds that are close to the white 
dwarf. The objects where the level populations can be fitted with a single temperature 
tend to have a high Doppler parameter. If the Doppler parameter, is high the velocities 

of the molecules must also be high, and hence in these cases collisional excitation might 
be dominating over UV excitation. The results from neither the Ring or Helix Nebulae 
observations (NGC 6720 and NGC 7283 respectively) appear to show any evidence that 
the H2 absorption is associated with the planetary nebula.

5.5.2 Two component fits

NGC 6853 (M 27)

NGC 6853 is unique in this sample in having two distinguishable H2 clouds in the line of 
sight. The lines due to each are separated by about 45k m s _ 1  (McCandliss et al., 2000) 
and the Doppler parameters are low so the distributions are easy to resolve. NGC 6853 
has been observed many times by FUSE. Only observations that use the LWRS aperture
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Fig u r e  5.3. Populations of the rotational levels of the combined LWRS spectra of 
NGC6853 up to J = 7. The solid lines are trend lines for component 1, dashed line

for component 2 .

are analysed here, since for these the wavelength resolution is known. All the LWRS 
observations were combined together, with a cross-correlation used to make sure the 
exposures lined up. This produced a very high signal-to-noise spectrum from which 
rotational levels up to J = 14 could be identified in one of the clouds. The results are 
shown in Table 5.5, with the cloud with the high J levels called component 1, the other 
component 2. The two components were separated by a redshift of ~1 .4  x 10-4 , which 
corresponds to a velocity of ~43 km s-1 .

Simultaneously fitting such a large number of parameters is very difficult, and the 
column density for the J = 3 rotational level of component 2 can be seen to be clearly 
unreasonable when the results are plotted (Figure 5.3). The most likely explanation of 
this is that the lines due to this level coincide with other lines, making the column density 

difficult to measure. Unfortunately, the final xled f°r the fit was extremely high (~60). 
This was partly due to the high signal-to-noise, since a slight deviation of the model 

from the data produced a large x 2 for that wavelength bin. The Doppler parameter for 
one component was below the model limit of 2  so a number of the absorption features 
were fitted with lines that were too broad, and the fits to both components will have been 
very sensitive to the assumed resolution of the data. Fitting individual observations of 
NGC6853 gave an improved xled as the data was noisier. It was not possible to identify 
as many rotational levels, however, and the results did not agree well with the combined 
observation, probably because the lines that were being fit were blended.
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Table 5.5. Results from the H2 fit to the combined LWRS FUSE spectrum of NGC6853.
E(B-V) Component b / k m s  1

Total
Log column density, J =

0  1 2 3
4 5 6 7
8 9 1 0 1 1

1 2 13 14
0 1 2 3
4 5

0  0 0 1  +U UU8 U.UUl _0.001 1

2

9  of: +0.02Z.OO _o.03

2  0 0  + 0  0° Z.UU _Q.OO

18.68 t°o!& 

18.01

17 2 0  +U U3 i /.zu _ 0 03

17 70 +0  031 ' • /u -0.03 
1 A 71 +0.0316.71 _ 011
1/1 1 A +0.0514.16 _q.o4

i7.6o
16.001°;“

17  96 + U U2 1 / .y o  _ o .03
17  94 + 0 04 i  / .y** —0.02
1 7  7 9  + 0.02 I  / .ZD _o.o3

14.28 ± 8 ;8|  

17.67 ±8:83 

15.82 ±8;o2

17-54 
17.46 l° ;< g  

1 5 .2 6 1 ° ; “
1 9  9 9  + 0.10ID . j  j  - 0.10
17  11 +0.05 
1 1 -0 .02

17.96
1 7  7 9  +0.02 
1 '•  / z  -0 .04

15.58 ±8:85

1 <r c n  +0.05 
1 J .J O  -0 .06

White dwarf parameters obtained from Napiwotzki & Schonbemer (1995).



Remaining objects

Fitting the remainder of the objects observed by FUSE with a single Doppler parameter 
did not give a satisfactory result. The broad J = 0 and 1 features are always predicted 
to be too narrow at the core of the lines while the wings are too wide. The higher J 
lines are not broad enough to be able to see if the same problem affects them. Adding 
in extra components with J = 0 and 1 with a lower Doppler parameter improves the fit. 
For example, Figure 5.4 shows a section of GD561 with a single (red) and dual (green) 

Doppler parameter fit overlaid. The xled f°r the dual fit is better than for the single fit by 
~0.4. Table 5.6 lists the parameters obtained with these two component fits, and Figure 
5.5 shows the log vs energy distributions for each of the objects. As for the single 
component fits, lines are drawn through the points, although there is no reason to expect 
a Boltzmann distribution in these cases unless these models reflect the true physical 
situation. S 216 has been observed many times and a combined LWRS spectrum is used 
to fit the H2 here. It is clear with this high signal to noise data that even adding the 
components with lower Doppler parameter, it is still not possible to accurately reproduce 
the data and so these results are only a parameterisation.

Possible explanations for the line profiles

The approach of using two components with different Doppler parameters could be a 
reflection of the true physical situation if there are two H2 clouds in the line of sight with 
similar redshifts but different Doppler parameters, or different temperatures. An example 
of such a situation might be if part of the H2 cloud is heated by the white dwarf. These 
fits still do not seem to reproduce the observed data fully, which may just be indicative 
of the complexity of the situation, for example there may be a range of temperatures and 
velocities of H2 molecules. Other causes of discrepancies between the models and the 
data might be problems with the models themselves, or heavy element absorption that is 
not resolved by FUSE which is changing the line profiles, although this seems unlikely 
as the problem is seen in a number of absorption lines and appears to be symmetrical, 
occurring on both sides of the line profile. The H2 models came from an exterior source 
and it is difficult to check their accuracy, but they produce good matches to the data for 
the objects with single component fits. Another explanation may be that the velocities 

of the H2 molecules are not in random motion, for example if they are contained within 
circumstellar material. Then, the core of the line might be deeper and the wings less 
broad. This is demonstrated in Figure 5.6. Rotational levels up to J = 7 are seen in 
all these objects suggesting proximity to a UV source. Unfortunately it is not possible
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Figure 5.4. A section of the FUSE spectra of DeHt 5 and GD561. The two have 
similar total column densities and in both rotational levels up to J = 7 are seen. The 
red dots are a white dwarf model absorbed by H2 rotational levels that all share the 
same Doppler parameter. This reproduces the spectrum of DeHt 5 reasonably well 
(Xred = but not so well for GD561 (xled > 3)- The green dots overlaid on the 
spectrum of GD561 have additional J = 0 and 1 components added that have a lower 
Doppler parameter, which improves the fit. Marked above the lines are the rotational 

levels that have caused the absorption.
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Table 5.6. Table of results - duel component fits
Object E(B-V) b / k m s  1 Log column density, J =

Total 0

4
0

1

5
1

2

6

3
7

S 216 comb 0.096 i f f " 7  g o  +0.U4 
- 0.02

2  Of) + 0  09 z . u u  _ 0 oo

19.36 i ^  

19.65 i° ;“}

19.01 i f f i  
15.80 iJJ;81 
19.51 i?;SJ

19.03 
15.79 
19.08 ij-g;

18.17 H Z  
14.73 ig :?2

17.54
14.63

+CTUT......
- 0.02
+ 0.02
- 0.02

PuW el 0.097 f f i g 3 47 + u-21 -0 .1 9

2  0 0  + 3 -55 Z .U U  _ 0 .00

19 73 +U U5i y - / J  -0 .0 4

iQ  3 3  + ° -06 
_ o .io

19.62 i K  
14.46 ij^g  
18.90 io }®

19.04 i s

19.42 io ;°3

18.05 3 $ 17.32 +0.18
-0 .1 5

GD561 0.053 i f f 4  3 7  +u.io+ .J Z  _ 0 13

7  7 7  +2.89 
L '3  1 -0 .3 7

19 72 +U U3 / z  _ 0 .o3

19.21 ig;?t

19.12 f f g  
16.78 ig iJ  
19.42 ij>$

19.59 io ;^  
16.58 i«;“  
19.00 io  03

17.59 iH +  
15.45 in :;g

17.52
15.33

+0.14
- 0.12
+ 0.11
-0 .1 4

White dwarf parameters obtained from optical chapter.
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F ig u r e  5.5. Plots showing the Boltzmann distributions of the objects fitted us
ing two Doppler parameters. The equations of the lines through the points were 
calculated using linear regression and these are shown on the plots. In each case, 

component 2 is the set of rotational levels with the lower Doppler parameter.
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F ig u r e  5.5. continued...

to deconvolve the velocity distribution from the H2 models in order to test this, but is 
something that could be investigated in the future.

S216

S 216 is one of the objects that are better fitted with two Doppler parameters, and was 
also the object used to measure the resolving power of FUSE. According to the FUSE 
website (http://fuse.pha.jhu.edU/support/guide/guide_v4.0.html#INRES), this was done 
by constructing a curve of growth and obtaining a Doppler parameter of 3 ±1 km -1 . 

Figure 5.7 shows the best fitting model with the Doppler parameter set to this value. 
This clearly does not provide a good fit to the line profiles. The instrument resolution 
was obtained, however, by deconvolving the profile created by such a Doppler param
eter from the measured line widths. Fortunately this is unlikely to affect the calculated 
instrument resolution greatly, since the high J, unsaturated lines that would have been 
used to measure line widths are too narrow for this problem to be seen, but for work that 
is very sensitive to the resolution, such as measuring the Doppler parameter of H2 lines, 
this may be important. It also highlights the limitations of curve of growth fitting.
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' /
Figure  5.6. Example line profiles: the solid line is a simulation of an absorption 
profile for molecules that have a Maxwellian velocity distribution and are travelling 
in random directions. The dashed line is for molecules that share a common direction 
of motion, and with a Gaussian distribution of velocities about the mean. The lines 
have been smoothed by a Gaussian to make comparison with the FUSE data easier, 
although the axes are arbitrary since they depend on density of material, temperature

and speed of the molecules.

N

•MCD
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Wavelength (1)

Figure  5.7. Section of the combined FUSE spectrum of all LWRS observations of 
S216. Data are shown by the black error bars. Overlaid is the best fitting model with

a Doppler parameter of 3 km s-1 .
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5.6 Conclusions

A parameterisation of the H 2 absorption in the DAO FUSE spectra has been obtained, 
allowing the white dwarf spectra to be separated from the ISM H2 component for analy
sis. It is clear, however, that the models used in this analysis are simplistic compared to 
what is actually being observed. Further investigation using different models, as well as 
high resolution and signal-to-noise data are needed to fully understand some of the line 
profiles.
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Chapter 6

A search for binaries using FUSE

6.1 Introduction

White dwarfs above ~0.5 M© in mass have had time to evolve as single stars to a white 
dwarf via the AGB within the age of the galaxy (Driebe et al., 1998). Stars which do not 
ascend the AGB, can evolve along the EHB as EHB-manque objects, forming lower mass 
objects. Alternatively, low mass He-core white dwarfs can form in close binary systems, 
after the CE phase has stripped mass away from the progenitor. As many of the DAOs are 
less massive than 0.5 M0 , it is important to determine whether or not they are in binary 
systems in order to determine their evolutionary history. FUSE observations consist of 
a number of exposures that are normally co-added to form a single, high signal-to-noise 
spectrum; this chapter reports the use of these individual exposures to search for radial 
velocity shifts in photospheric heavy element lines, which would indicate binarity. Such 
shifts are seen, for example, in the exposures of HS 1136+6646 (see Figure 6.1). This 
object has recently been found to be a binary with orbital period ~1 day. Although the 
shifts are obvious in the case of HS 1136+6646, using the high wavelength resolution of 
FUSE it is possible to look for much smaller variations in the wavelengths of lines.

6.2 Probability of detection of radial velocity shifts

The ability to detect radial velocity shifts using FUSE depends on a number of factors; 
sensitivity to particular periods will depend on the separation in time of the exposures, 
while the mass of the white dwarf and secondary and the inclination of the system will
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Wavelength (1)

F ig ure  6.1. The two exposures from observation 1 of HS 1136+6646. The middle 
of the exposures were separated by 1.68 hrs. Marked are the strong O v i photo- 
spheric lines, which show a shift between exposures, and the stationary C II and O I 
ISM lines. The wavelength shifts correspond to a change in velocity of ~30km s"1.

affect the size of any radial velocity shifts. Therefore, any non-detection does not nec
essarily mean that an object is not in a binary system. To estimate the probability that 
FUSE would detect any radial velocity shifts under the assumption that the objects are 
in binary systems, a program was written by myself that calculates the change in radial 
velocity of a white dwarf with a dM companion during the length of time between the 
exposures of an object, for a range of periods. Since, when making a FUSE observation, 
neither the inclination or the point of the orbit relative to the observor which the system 
is in are known, the radial velocity changes were calculated for 501 inclinations between 
0 and 90°, and for 500 starting positions of the objects. If the change in velocity during 
the time between two FUSE exposures of an object, assuming a particular initial config
uration to the system, was greater than the accuracy to which it can be measured, then it 
should be possible to detect binarity in that case. Dividing the number of configurations 
where shifts can be measured by the total number tested then gives the probability of de
tecting radial velocity variations for a binary system with a given period. The mass of the 
primary was assumed to be 0.5 M©, and the secondary 0.1 M©, which are typical white 
dwarf and M dwarf masses respectively. The accuracy with which radial velocity could 
be measured was typically ~ 1  km s'1, but depended on the signal-to-noise of the data and



Table 6.1. FUSE exposures of HS 1136+6646.
Date Start time Exposure length Modified Julian date Time since first

/ ks of middle of exposure exposure / days
1 2 /0 1 / 2 0 0 1 20:33:08 3.225 51921.875151410 0 . 0 0 0

1 2 /0 1 / 2 0 0 1 22:16:04 2.940 51921.944995660 0.070
29/01/2002 15:31:13 3.915 52303.669494085 381.794
29/01/2002 16:37:08 3.921 52303.715246900 381.840

0 .8
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Figure 6.2. The probability of detecting radial velocity shifts between exposures
of HS 1136+6646.

the number of lines being measured, and so varied with each object. HS 1136+6646 is 
used here as an example of its output. HS 1136+6646 was observed by FUSE as part of 
the B053 guest investigator programme (P.I. Barstow). It was subsequently reobserved 
under programme S601, which began after FUSE started having pointing problems, and 
looked at previously observed objects where additional observations or improved signal- 
to-noise would be helpful. Two exposures were taken for each observation, the details of 
which are listed in Table 6.1, and the calculated probability of detecting radial velocity 
shifts shown in Figure 6.2. The two observations of HS 1136+6646 were separated 
in time by over a year, and the individual exposures in each were about 6  ks and 4 ks 
apart. The ability to detect of radial velocity shifts is strongly affected by the period of
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Table 6.2. ISM lines used to correct for wavelength calibration shifts between FUSE 
exposures, with rest frame wavelengths as listed by Morton (1991).

Species Lab. wavelength / A
Oi 988.6549
Si II 989.8731
Si II 1020.6989
ClI 1036.3367
C ll 1037.0182
O i 1039.2304
A rl 1048.2199
Fell 1063.1764
A rl 1066.6599

the system being observed -  in this case if the period is approximately a year any shifts 

are very difficult to detect, as the white dwarf will have approximately the same radial 

velocity in each observation. The same is true if the period of the system is half a year, 
or a quarter etc. An additional constraint is the length of each exposure. This puts a limit 
on the lowest period system where binarity could be detected before any radial velocity 
shifts become smeared out. Exposures are typically ~  1 hr long due to the length of the 
unocculted part of the orbit of the FUSE 96 minute orbit.

6.3 Radial velocity measurement technique

FUSE observations suffer from wavelength calibration problems, as described in Chapter 
4. As LiF 1A is the best calibrated channel it is used as the main reference for the radial 
velocity measurements. Even so, the wavelength scale can drift between exposures; 

this can be corrected for by reference to interstellar medium lines, the radial velocity of 

which should be the same in every exposure. The main lines used are listed in Table 6.2, 
with their rest frame wavelengths from Morton (1991). At least some of these lines were 
detectable in the spectra of every object. A Gaussian and a second order polynomial were 

used to model the line profile and continuum level respectively. The set of parameters 
that best reproduce the data were determined by a least-squares fitting routine that is 
part of the IDL language (CURVEFIT). In addition a l a  error on the central wavelength 
was returned by the fitting function. As the true redshift of the ISM lines is not known, 

and the FUSE wavelength calibration is not reliable, the mean central wavelength of 

a line in all the exposures taken of an object is assumed to represent its real position.
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Table 6.3. Strong photospheric lines used to measure radial velocities.
Species Lab. wavelength / A
P v 997.5240
O v i 1031.9310
O v i 1037.6130
Si IV 1066.6140
O iv 1067.7680
Fe VII 1073.9480

Table 6.4. Radial velocities measured for photospheric lines in the spectrum of
HS 1136+6646.

Species Radial velocity / km s' 1

Observation 1 Observation 2
Exposure 1 Exposure 2 Exposure 1 Exposure 2

O v i 74.81 il.78 47.01 il.32 34.27il.38 58 .77 il.59
O vi 75.84i2.12 44.55il.77 33.69il.48 59.32i2.31
O iv 72.15i2.05 45.20i2.10 35.52il.90 56.81i2.16
MEAN 74.27il.15 45.59 il.02 34.49i0.93 58.30il.15

The shift of a line in each exposure relative to the mean position can then be found. 
Finally, for each exposure the mean of the shifts calculated for all the ISM lines is found. 

This value was then used to line up the wavelength scales of all the exposures. For 

HS 1136+6646 the maximum shift that was applied to an exposure wavelength scale 

was 0.011 A, which corresponds to a change in velocity of only ~ 3  km s '1. The central 
wavelengths of photospheric lines were then measured in a similar way. Table 6.3 lists 
the lines used, although again not all were present in all the objects, or were difficult to 
identify in the low signal-to-noise exposures. For example, Si IV can only be seen if the 
A rl ISM line at 1066.6599 A is not present. The wavelength shifts calculated from the 

ISM lines were applied to each measured central wavelength, and then the velocity of the 

lines were calculated. Table 6.4 shows the radial velocities found for HS 1136+6646 and 

Figure 6.3 shows the mean radial velocities in each exposure plotted against the time of 

exposure. It is easy to see, as expected, that the radial velocities change with time, but 
there are not enough exposures to determine the orbital period. In reality, the error on 
the radial velocities is probably greater than the formal errors obtained from the fitting 
function, since often differences of ~10 km s' 1 were seen in the velocities of the different 

lines in a single exposure.
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FIGURE 6.3. Mean radial velocity of the photospheric lines in the spectra of 
HS 1136+6646 plotted against time of exposure.

6.4 Significance of radial velocity differences

The measurement of radial velocity is only accurate to a few km s '1, so it may be diffi
cult to decide if any shifts are actually caused by the motion of the white dwarf within a 
binary system or if they are due to random errors. This may be a problem, for example, 
if exposures are close together, in which case any velocity shift due to binarity might be 
small. Therefore, some method of determining if radial velocity changes are significant, 

or just due to random error, is needed. To do this, a Monte Carlo routine was written by 

myself. If an object is a single star, the measured radial velocities should be constant, but 

with differences due to random errors. Therefore, if the object really is a single star then 
it should be possible to take a constant velocity, add random noise, and produce a set of 
radial velocities that look like the measured data. To test this, a constant velocity line 
was fitted to the measured radial velocities and the minimum x 2 acheived was recorded. 
Then, a set of measurements was simulated by applying random Gaussian errors to a 

constant velocity. The size of the errors in the real data is affected by the quality of the 
data, since shorter exposures, i.e. with poor signal-to-noise, result in larger uncertainties 

in the measured wavelengths. Therefore, the measurement errors from the real measure
ments were used to determine the standard deviation of the Gaussian errors applied to
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the simulated data. Then a constant velocity line was fitted to the simulated data and the 

minimum x 2 recorded. If the x 2 from the simulated data is greater than the x 2 from the 
real data, this suggests that the radial velocity of the object is constant. However, be
cause the errors are random, then by chance the simulated x 2 might be large, suggesting 

that the object’s radial velocity is changing. Therefore, this was done 1,000,000 times 

and the number of occasions when the simulated x 2 was equal to or less than the real 
X2 counted. Dividing this by the number of trials gives a measure of the proportion of 
times that the observed radial velocity variations would occur randomly if the object had 
a constant radial velocity. If this is less than 0.3% of the times, the object can be said to 

be part of a binary system with 3a  certainty.

6.5 Results

For NGC6853, H2 absorption prevented radial velocities being measured. For the other 
white dwarfs, plots of the measured radial velocities against modified Julian date and the 
periods to which the technique is sensitive are shown in Figure 6.4. Table 6.5 lists the 
results of the Monte Carlo tests and the best fitting radial velocities.

Radial velocity variations between exposures have been detected at the 3a  level in 
nine objects; these are S216, RE 0720-318, Ton 320, PG 0834+500, EG B 6 , HS 1136+ 

6646, Feige 55, RE 2013+400 and NGC 7293. However, in some cases the results of the 

Monte Carlo tests appear erroneous:

6.5.1 S216

In the case of S 216 the difference in radial velocities between exposures is never more 

than ~15 km s '1, which is less than the resolution of FUSE. The measured radial veloc

ities for a number of the exposures is shown in Figure 6.5. Fitting a sine wave to these 
data using the STARLINK package PERIOD yielded a x 2 no better than 3, which was 
obtained with a period of just over a day, and so there does not appear to be any short 
term variation that would explain the scatter in the data points. For the best fitting line 

of constant velocity, the Xred 4.69, which is significantly worse than the best fit sine 
wave. However as the longest observation of S 216 lasted less than 10 ks, with the data 

spread over 3 years, it is not possible to tell if there is a real sinusoidal variation or due 

to inaccuracies in the radial velocity measurement technique.
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Table 6.5. Results of the Monte Carlo analysis. Those objects that the calculations 
suggest have real radial velocity shifts at the 3 <r level are underlined. The stars in 
bold are already known to have companions. The mass of each object is also shown.

Object Number of 
exposures

Best fitting 
vel / km s' 1

Chance of variations 
occurring randomly

Mass / 
M 0

S 216 105 1 2 .6 0 .0 0 0 0 0 * 0.496 ±  0.0091
A l 5 38.8 0.01540 0.508 iO .0 2 0 1

HS 0505+0112 3 50.4 0.02695 0.509 iO .0 1 8 1
PuW el 6 17.5 0.07894 0.499 ±  0.0261
RE 0720-318 5 -194.4 0 .0 0 0 0 0 * 0.566 ±  0.0461
TON 320 9 33.8 0 .0 0 0 0 0 * 0.507 iO .0 1 7 1
PG 0834+500 3 -46.6 0 . 0 0 0 0 1 0.453 ±  0.0491
A31 4 80.8 0.01788 0.491 iO .0 2 5 1
EGB6 11 -2.5 0 . 0 0 0 0 1 0.556 ± 0 .0583
NGC3587 4 37.1 0.33411 0.582 ± 0 .0092
HS 1136+6646 4 53.2 0 .0 0 0 0 0 * 0.511 L 0 .0071
Feige 55 41 4.2 0 .0 0 0 0 0 * 0.439 iO .0 1 5 1
PG 1210+533 2 -3.3 0.93316 0.595 L 0 .0331
LB 2 5 15.1 0.00882 0.557 iO .0 4 9 1
HZ 34 4 6.7 0.56639 0.417 iO .0 1 8 1
A 39** 3 2 . 2 0.36889 0.455 ±  0.0361
NGC6720** 1 2 -14.5 0.01853 0.56 ±  0.024

RE 2013+400 9 -15.2 0 .0 0 0 0 0 * 0.642 ±  0.0431
HS 2115+1148*** 3 -7.4 0.29493 0.465s
DeHt5** 2 -40.9 0.65238 0.470 L0 .0251
NGC7293 26 0 . 0 0 .0 0 0 0 0 * 0.57 ±  0.026

GD561 2 -12.5 0.61473 0.464 ±  0.0291
* In none of the Monte Carlo trials was the minimum x 2 achieved by fitting a 
constant velocity line to the real data less than the x 2 from fitting a constant 
velocity line to the simulated data.
** Velocity measurements made difficult by H2 absorption.
*** Four exposures exist, but one was not used due to poor signal to noise.
1 From Chapter 3.
2 From Chapter 7.
3 Parameters used: Teff = 70,000 ±  7000 K, log g  =  1 . 5  ±  0.25 (Liebert et al., 1989).
4 Parameters used: Teff = 101,200 ±  4600 K, log g  =  6 . 8 8  ±  0.26 (Napiwotzki, 1999).
5 Parameters used: T e g  =  67,000 K, log g  = 6.9 (Dreizler et al., 1995).
6 Parameters used: Teff = 103,600 ±  5500 K, log g  = 7.00 ±  0.22 (Napiwotzki, 1999).
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FIGURE 6.5. Radial velocities o f the photospheric lines measured for exposures 1,
2 and 3 of S 216.

6.5.2 Ton 320

Upon visual inspection, the radial velocities determined from the exposures of Ton 320 
do not appear to follow a sinusoidal variation. The best fitting sine wave has a signif

icantly better xted ° f  4-33 compared to 9.05 for a constant velocity. However, the best 
fit sine wave has a period of 1.5 days, which is very similar to the time between the 

exposures.
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6.5.3 EG B6

In the case of EGB 6 , the Monte Carlo test is likely to have been biased by a couple of 

inaccurate radial velocity measurements. This usually occurs where an exposure length 

is short, and hence the data have very poor signal-to-noise. However, EGB 6  has a 

known infrared excess and probably has an M dwarf companion, but lack of variation 
in the infrared flux suggests the inclination of the orbit must be close to 0°(Fulbright & 
Liebert, 1993). Therefore, although EGB 6  is likely to be a binary, no radial velocity 
variations should be seen.

6.5.4 NGC7293

Two observations were made of NGC 7293, separated by over year. The measured radial 
velocities from exposures of this object are consistent within 10 km s '1. However, the 
mean of the velocities measured for the first observation is slightly lower than that of the 
second observation. This is likely to have caused the fit to a constant velocity to have 

returned a high x^ed, producing the positive Monte Carlo result. The differences between 
the radial velocities from the two observations are extremely small (equivalent to a dif

ference of ~0.01 A in wavelength space) and are likely to be caused by inaccuracies in 
the measurement technique, e.g. due to a slight misalignment of the ISM lines.

6.5.5 PG 0834+500

PG 0834+500 has a known sdB companion, and so radial velocity shifts might be ex
pected for this object (Saffer et al., 1998). However, only three exposures of PG 0834+500 

were taken, and the differences in the measured radial velocities are less than 15 km s '1. 
It is possible that the interstellar medium lines were not lined up accurately, resulting in 
the small shift seen, rather than this being a true detection of binarity. To discount this, 
the difference in the measured wavelengths between the C II 1036.3 A ISM line and the 
O VI 1037.6 A photospheric line was found for each exposure, and the results are shown 

in Figure 6 .6 . The wavelength difference plot shows the same shifts as were seen in 
radial velocities, suggesting they are real. Unfortunately, the observation was less than 

0 . 2  days long and very little of the orbit is covered, so no period can be determined.
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FIGURE 6 .6 . Difference in the measured wavelengths of the C II 1036.3 A ISM line 
and the O VI 1037.6 A photospheric line of PG 0834+500.

6.5.6 RE 0720-318, HS 1136+6646, Feige 55, and RE 2013+400

All these objects are known to be binaries. In the radial velocity measurements for each, 
shifts are very clear, and are much larger than the FUSE resolution. The short length 
of the FUSE observations means that in most cases a complete orbit is not covered. 
RE0720-318 has a period of 1.26245±0.00004days (Vennes & Thorstensen, 1996), 
hence the FUSE observation spans only about a fifth of the orbit. However, the measured 

velocities agree well with the published ephemeris (Dobbie, private communication). 
The radial velocity shifts of HS 1136+6646 are obvious, but with only four exposures 
over a timespan of a year it is not possible to determine an orbital period. Feige 55 is 

a well studied double degenerate, with a period of 1.49303 ±  0.00011 days and a semi
amplitude of 77.4 ±  7.0km s' 1 (Holberg et al., 1995). Kruk et al. (2003) have conducted 
a similar radial velocity analysis to that performed here, but on observations 4, 5 and 6  

only. From this they determined a period of 1.4891 days and velocity semi-amplitude 

80.37710ns'1. Using the STARLINK package PERIOD, a sine wave was fitted to the 
radial velocity measurements of all the exposures, yielding a period of 1.490 days, and 

a velocity semi-amplitude of ~ 79km s'1, both of which are in good agreement with the 
published values. Radial velocity variations are also clear for RE 2013+400, but the 
small number of exposures and large temporal separation of the observations makes it 
impossible to determine the period.

Out of the 9 objects for which positive Monte Carlo results have been obtained, only

5.221780x10* 5.221785x10* 5.221790x10*
Modified Julian D ate of e x p o su re
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5 can be said to definitely have radial velocity variations. In addition, EGB 6  is known 

to be a binary, although the Monte Carlo result appears erroneous. The results for the 
remaining three objects cannot be totally discounted from the evidence of these data, but 
the likelihood appears to be that they, too, are erroneous.

6.6 Discussion

6.6.1 The proportion of DAOs in binaries

Out of the 22 objects for which a search for radial velocity shifts has been attempted, 
binarity has been positively detected in only 5. In addition, EGB 6  is likely to be a binary, 
but is at an unfavourable inclination for the detection of velocity variations. No radial 
velocity shifts were seen in the exposures of A 7 and PuWe 1, both of which were listed as 
having possible companions by Ciardullo et al. (1999). This is expected, however, as the 
technique for the detection of binarity used here is not sensitive to the periods that these 

objects would have if they are in binary systems. Whether or not they are in binaries is, 

in any case, irrelevant to this thesis, since at such large separations they would not have 
interacted with their companions, and hence binarity can’t have influenced the amount of 
helium in their atmospheres. As every object has a different number of exposures, each 
having different temporal separations and quality of data, it is difficult to quantify these 
results. However, it can be seen from Figure 6.4 that the probability of detecting radial 
velocity shifts for binaries with periods less than a day is greater than 95% in virtually all 

cases. Most post-CE binaries have a period less than one day (see, for example Hillwig 

et al., 2000), so assuming that all the DAOs are in close binary systems, radial velocity 

variations should have been observed in ~ 2 0 .

6.6.2 Implications for evolutionary scenarios

No radial velocity variations are seen for PG 1210+533, although this is based on only 
two exposures, hence there is still no indication of the source of the helium that is ob
served in this object. Both RE 0720-318 and RE 2013+400 were known binaries, and 
the proposed explanation for the helium that is seen in their spectrum is based on either 
accretion from their companion’s wind or the loss of mass during the CE phase. This 
is also a plausible explanation for the remaining binaries, although they might also fit 
in with the low log g DAOs, which form the largest group. Many of the DAOs in the 
0.45-0.5 Me bin had no detectable radial velocity shifts and so they must have evolved
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F i g u r e  6.7. Comparison of the masses of the DAO white dwarfs for which binarity 
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via the EHB rather, as suggested by Bergeron et al. (1994), otherwise they would not be 
massive enough to have evolved to as an isolated white dwarf within the age of the galaxy 
(Figure 6.7). No radial velocity shifts were seen in the exposures of HZ 34, which seems 
to have too low a mass even to have evolved as a single star via the EHB. However, this 
is based on optical data; if results from fitting the Lyman lines are used, this object falls 
into a higher mass bin -  see Chapter 7. Therefore, the results of this chapter appear to be 
consistent with evolutionary theory, although the small sample size prevents any strong 
conclusions. The presence of helium in the line forming regions of the atmospheres of 
the low log g objects could be explained by a process such as mass loss. As mass loss 
is related to luminosity in a radiatively driven wind (Abbott, 1982), it might be expected 
that high luminosity DAOs do not need to be in binaries. In contrast, if a DAO has low 
luminosity, a different process, such as accretion of the wind from a companion, must 
be invoked in order to explain the presence of helium lines. This is indeed the case, as 
shown in Figure 6 .8 . RE 0720-318 and RE 2013+400 both inhabit the lowest two lumi
nosity bins, along with PG 1210+533, whereas above 1.25 L© binarity was detected for 
no objects.

Binaries
N o n -d e te c t io n s
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FIGURE 6.8. Comparison of the luminosities of the DAO white dwarfs for which 
binarity is detected with those for which no evidence of a companion has been found.

6.7 Conclusions

A search for radial velocity shifts of photospheric heavy element lines has been con
ducted using observations made by FUSE. Out of 22 objects, only 5 had detectable shifts, 
while a sixth is known to be a binary. Four times this number of detections would be ex
pected if all the objects were in close binary systems. Shifts were not detected in the 
majority of the low mass objects, suggesting that they may have evolved via the EHB, 
although CE evolution can still be invoked to explain the low mass of some. The high 
luminosity objects (i.e. those with low log g) do not appear to require a companion to be 
DAOs, while those the lowest luminosities are either binaries or are unusual objects.
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Chapter 7

Model atmosphere fits to the Lyman 
lines in FUSE spectra

7.1 Introduction

Although hydrogen Baimer line fitting to obtain the temperature and gravity of a white 
dwarf has been in use for many years, the Lyman lines, which are found in the far-UV 
have not been well exploited because of the need for satellite data. The ability to obtain 
the fundamental parameters of a white dwarf from the Lyman lines is important since 

it provides a check on the results from the Balmer lines and on the model atmospheres 
being used. In some cases optical data cannot be used, for example if a white dwarf has a 

bright companion or is in a CV, and in these cases the Lyman lines provide the best way 

to determine the fundamental parameters of the star.

7.2 Determination of temperature, gravity and helium 
abundance

The homogeneous model grid as described in Chapter 3 is also used for the analysis 

discussed here, but with the temperature range extended up to 120,000 K. As for the 
optical study, the parameters that give the best agreement between model and data are 
obtained by \ 2 minimisation using the XSPEC program. A simultaneous fit of the j3, 7 , 
<5 and e lines of the neutral hydrogen Lyman series, as well as the He II line at 1084.9 A, 
is performed. The data are divided into three wavelength ranges, containing L7, L$ and 
Le (934-990 A), since the wings of these lines overlap, L^ (1000-1050 A), and the H ell
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1084.9 A line (1075-1095 A). Unfortunately, the signal-to-noise of the data in the region 

of the helium line is usually low as it is only covered by the SiC 2B segment and the 

edge of SiC 1A, so the errors in the measurement of helium abundance are often large. 
Fits to the FUSE data are shown in Figure 7.1.

Since FUSE is a space based observatory the data aren’t affected by the systematic 
atmospheric effects that are seen in ground-based observations, and a single model nor
malisation is applied across all three ranges. An extinction model is added to account 
for interstellar absorption (Seaton, 1979 -  see Chapter 5 for details). In some cases the 

spectra are affected by H2 absorption. Ideally the H2 would be simultaneously fit at the 

same time as the white dwarf spectrum but in practise this is not possible because of 
the large number of variable parameters that would be required to specify the model, a 
number of which are strongly correlated. Instead, the results obtained in Chapter 5 are 
used to construct an H2 absorption spectrum over the wavelength ranges being fit. The 
white dwarf model is then multiplied by this absorption, allowing the underlying DAO 
spectrum to be fitted. As a result, the errors derived for the fitted parameters will be 

underestimated since the H2 is not being treated, as it strictly should be, as an uncertain 
quantity.

As FUSE is in a low-Earth orbit, emission lines due to the Earth’s geocorona are often 
superimposed on the white dwarf spectrum. ISM absorption lines are also seen, and a 
particular problem is interstellar H I, which artificially deepens the cores of the Lyman 
lines. The central regions of the cores of the Lyman and helium lines are therefore 

excluded from the analyses to remove any contamination from geocoronal or interstellar 
absorption, together with any ISM lines, to prevent them from influencing the fit. Many 
photospheric lines due to heavy elements are also seen in FUSE spectra. Although, 

in principle, these could be included within the models, the FUSE spectral range has 
only recently become well studied and it is not certain that all the possible transitions 
have been included. Also, the reliability of the atomic data is untested. In addition, the 
distribution of heavy elements may be stratified (see, for example, Barstow et al., 2003b), 
whereas a homogeneous structure is assumed in the models. Finally, creating a grid 

of individual models for the differing composition of each DAO in the sample would 

be computationally very time-consuming. Instead, the composition of the G191-B2B 
is taken to be typical for hot white dwarfs. The shape and depth of the Lyman lines, 
and hence the measured parameters, should not be strongly affected by this assumption 
(Barstow et al., 1998). Where strong photospheric features are seen, that spectral region 
was excluded from the fit, which prevents the fact that the models were not individually 
tailored to each object from influencing the result.
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is included in the fit, and narrow H2 lines are removed from the fit.
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Where multiple observations of an object exist, the spectra are, where possible, co
added in order to produce the highest signal-to-noise spectrum possible. This is straight
forward where no significant radial velocity shifts in the photospheric absorption lines 
are seen between exposures, and it is assumed for this analysis that any shifts less than 
the size of a FUSE wavelength resolution element (15 km s'1) will not significantly alter 
the broad Lyman line profiles. In the case where large radial velocity shifts have been 
detected, the results of Chapter 6  are used to transform the exposures into the frame of 
reference of the white dwarf and these are then co-added. However, when using high 
signal-to-noise data, the formal statistical errors in the measurements of Teff and log g 

are likely to be underestimated by up to 10-20 times (Barstow et al., 2003b).

7.3 Results

Table 7.1 lists the best fitting parameters to the observations of each object. The number 
of H2 absorption lines in the spectrum of NGC 6853 completely obscures the white dwarf 
spectrum, so a fit was not possible for this object. Similarly, H2 prevented analysis of the 
spectrum of S 216.
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Table 7.1. Best fitting parameters to the data using homogeneous models. Errors are not quoted where the Teff or log g have exceeded 
the boundaries of the model grid since a x 2 minimum had not been reached. Where log has reached the boundary of the grid, no

errors in helium abundance are given.
Object Note Teff/ K L°g g

L O g  f
E(B-V) DOF Xred

A 7 99227 ^2284 7  6R  +UUG /  .0 5  _ o  06 - i . 7 o  t h t o . o o i 3067 1.799
HS 0505+0112 120000 7.24 -1.00 0.047 3460 3.820
PuW el 109150 ±ijj“ 7  C7  +0 .17  

I . J /  —0.28 -2.59 0.090 ±S:ool 2905 1.533
RE 0720-318 * 53060 ±g* 7  R7  +0-°3  

' • o *5 -0 .0 3 -3.96 0.019 4915 1.191
Ton 320 99007 7  26 +0 07 ' • ZD -0 .0 8 -2.00 o .o o o  I K 3333 1.513
PG 0834+500 120000 7.28 -4.99 0.033 2238 1.999
A31 93887 ^2416 7  4 ^ + 0 -21 / . + J  _ o . i l -1.00 0.045 ±2:222 2347 1.487
EGB6 120000 7.64 -1.84 0.000 2939 1.897
NGC 3587 107570 I jSio 7  16 + 0 0 6  /•A O  _ o .08

i 7 1  +0.09 - 1 .Z 1  _ 0 10 o .o o o  ± g $ ; 4742 1.764
HS 1136+6646 * 120000 6.50 -1.00 0.001 4766 30.134
Feige 55 * 775141^1 7  n  + 0.02

'• A *5 - 0.02 7  5Q + 0-05 -z.jy  _o 05 o .o23 12:221 1269 2.500
PG 1210+533 47045 t lH 7  0 7  +0.04 

' • ° '  -0 .0 4 -1 04 + 0-04 A-u +  -0 .0 6 0 .040 12:222 5672 1.564
LB 2 87622 ±g»j 6 96 +0 040 .7^0  -0 .0 4 -7  7 6  + 017- Z .J O  -0 .1 7 o . o o 4 12:222 4735 1.738
HZ 34 870041™ ° 6  < 7  + 0.20 

AA'-A' -0 .0 7
1 7 7  +0.15 - I .  /;> _ o . i l o .o o o l2 : S 2 2 3781 1.351

A 39 87965 7 06 +013/.U O  -0 .1 7 -1 40 +014-l.+U _ o .i5 o . i 3 o  12:222 4569 1.853
NGC 6720 120000 7.59 -1.28 0.068 2086 1.914
RE 2013+400 * 50487 7  QQ + 0.02 

- 0.02 -4 02 +0-31-+ .U Z  —0.85 o . o i o l 2 : 2 S 2 4813 1.288
HS 2115+1148 120000 6.50 -1.00 0.051 4634 1.796
DeHt5 59851 t f i e 6  7 5  + 0-08 J -0.12 -5.00 0.16012:221 4643 1.640
NGC 7293 Obs. 1 120000 7.38 -1.54 0.009 1872 2.092

Obs. 2 120000 7.30 -1.50 0.009 1031 5.053
GD561 75627 +7141/ J U Z /  _ 3436 6 64 + 0 -06 O .O f  _ o .07

7  7 7  + 0.22 
- Z .  / / _o .27 n  ORQ + 0 005U .U 5V  -0 .0 0 6 1634 1.962

* All the exposures for the object were shifted into the frame of reference of the white dwarf and co-added.



7.4 Discussion

The number of objects in the FUSE sample is only marginally smaller than the number of 
objects for which optical data have been obtained (21 compared to 22). Unfortunately, 
however, the Teff found from the fits to the Lyman lines exceeds the boundary of the 
model grid in quite a few cases. This means that a x 2 minimum has not been reached 
and the value of the other parameters are not necessarily accurate. In each case it is the 
upper boundary of temperature in the grid, at Teff = 120,000 K, that has been reached. 
Although it is possible to create models that are hotter than this, the temperature would 
need to be significantly higher to reproduce the shallowness of the observed Lyman lines 
and effective temperatures this high are beyond the range normally expected for white 

dwarfs. There is no obvious cause for this problem, although at the moment it seems 
confined to the DAOs, since it did not manifest in the DA sample of Barstow et al. 
(2003c). As the parameters measured for these objects are unreliable they are excluded 
from the following analysis; this has the effect of reducing the sample size to 14.

The temperature distribution of this sample is shown in Figure 7.2, with the DA 
distribution of Napiwotzki (1999). The majority of the DAs have a temperature lower 

than 40,000 K. By definition, all the DAOs are hotter than this; any cooler and they 
would be DABs. However, the lowest temperature DAOs do overlap with the hotter 
part of the DA distribution. In this group are the close DAO+dM binaries, the unusual 
object PG 1210+533, and DeHt5, which has a low helium abundance compared to the 
other DAOs. The majority of the DAOs fall into a second group of hotter objects, with 
Teff >70,000 K. A number of these are hotter than 80,000 K according to the FUSE 

data, in contrast to the optical results where none were found to be that hot. The log g 

distibution (Figure 7.3) for DAOs from the FUSE results is flat over the whole range 
between log g = 6.5 and 8.0, whereas the DA distribution has a strong peak between 7.75 
and 8.0, and has a tail towards higher gravities. The temperature and log g distributions 
therefore point to the DAOs being generally hotter and having lower gravity than the 
DAs. There isn’t a clear peak at low gravity, as seen in the optical data, although the size 
of the sample is too small to decide if this is significant. Therefore, in contrast to the 

results of Chapter 3, when separating the DAOs into groups using the result of Lyman 
line fits, Teff is a better diagnostic than log g.

Using evolutionary models, the Teff and log g can be converted into a mass, radius 
and luminosity. These are listed in Table 7.2 and Figure 7.4 shows the mass distribu
tion of the objects. The distribution is similar to that obtained from the optical data, 
for example approximately half the DAOs are in the range between 0.5 and 0.6 M0  in
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Table 7.2. Results from comparison with evolutionary models.
Object__________ V Radius / R0  ±  Mass / M 0  ±  d / pc ±  Log L / LG ±
A l 15.601 0.0196 0 . 0 0 1 1 0.673 0.018 357 13 1.522 0.066
PuWe 1 15.701 0 . 0 2 2 1 0.0049 0.663 0.058 439 16 1.791 0.275
RE 0720-318 16.102 0.0158 0.0004 0.630 0.013 282 1 0.278 0.034
Ton 320 15.743 0.0295 0.0023 0.578 0.014 572 5 1.873 0 . 1 0 2

A31 15.602 0.0247 0.0051 0.599 0.044 438 18 1.627 0.189
NGC 3587 13.501 0.0332 0.0024 0.582 0.009 238 7 2 . 1 2 0 0.074
Feige 55 13.614 0.0323 0.0007 0.518 0 . 0 0 2 213 1 1.527 0 . 0 2 2

P G 1210+533 14.123 0.0152 0.0005 0.628 0.018 1 0 2 1 0.006 0.032
LB 2 15.635 0.0394 0.0017 0.521 0.009 692 5 1.913 0.089
HZ 34 15.736 0.0590 0.0072 0.477 0.026 1083 16 2.252 0.163
A 39 15.601 0.0355 0.0057 0.531 0.027 615 16 1.829 0.282
RE 2013+400 14.607 0.0145 0 . 0 0 0 2 0.661 0.009 127 0.3 0.089 0.025
DeHt5 15.401 0.0448 0.0041 0.412 0.018 605 17 1.362 0.094
GD561 14.528 0.0525 0.0034 0.442 0.024 521 5 1.907 0.141
1 Napiwotzki & Schonbemer (1995)
2 From Simbad (http://simbad.u-strasbg.fr/sim-fid.pl)
3 Kidder (1991)
4 Green et al. (1986)
5 Cheselka et al. (1993)
6 Greenstein (1984)
7 Barstow et al. (1995)
8 Greenstein (1974)

http://simbad.u-strasbg.fr/sim-fid.pl
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F igure  7.2. Temperature distribution for the DAOs from this study, and the DAs of
Napiwotzki et al. (1999).

both distributions. However, the masses derived from the FUSE results tend to be higher 
than those from optical fits. In particular, in contrast to the result of Chapter 3, the mass 
of HZ 34 obtained from the results of the Lyman line fit is greater than 0.45 M©. This 
is important since below that limit, it would be expected that HZ 34 had evolved in a 
close binary system, yet it does not show any evidence of binarity. However, the mass 
obtained in this Chapter is within the range where HZ 34 could have evolved from an 
EHB-manque star. Overall, more than 50% of the objects are less massive than 0.6 M©, 
which is proportionally less than was found using optical data. This is due to the exclu
sion of those objects whose Teff exceeded the boundary of the model grid, most of which 
would most likely fall into the lower mass bins according to the results of Chapter 3.

If, as described in Chapter 2, mass loss is the mechanism that is acting against grav
itational settling to push the helium towards the line forming region of the star, then a 
correlation between helium abundance and luminosity is expected. However, Figure 7.5 
suggests that there is no strong relationship between the two, although luminosity does 
separate the DAOs from the DAs, which are shown on the plot with a nominal ^  of 10-5. 
The exceptions to this are the DAO+dM binaries, which have similar luminosities to the

1------ '------ '------ '------1------'------■------ '------1------ '------ 1------ 1------ 1------ 1------ '------ r

  DAOs
  DAs

132



0 .7

0.6

0.5

T>

J 0.4 
o 
E

JL 0  J

0.2

0.1

r ' r
  DAOs
  DAs

0.0 
6.5

hr; I i J .!
7.0 7.5 8.0

Log g
8.5 9.0

Figure 7.3. Log g distribution for the DAOs from this study, and the DAs of Napi-
wotzki et al. (1999).

DAs. However, if accretion from the winds of their companions is used to explain their 
high helium abundance, mass loss does not need to be invoked. There are two outlying 
points: DeHt5 and PG 1210+533. PG 1210+533 is known to be unusual as it has a vary
ing helium abundance, so it is possible that some other process is acting, e.g. accretion 
from the ISM. The luminosity of DeHt5 sets it apart from the DAs, suggesting that if 
mass loss is believed, its evolution must differ from that of the other DAOs in some way 
to make it helium poor, since other objects with similar parameters do show helium lines 
(see Napiwotzki, 1999). The measured helium abundance can also be compared to log g 

and Teff (Figure 7.6). Although there does not appear to be any correlation between log 
and log g , there is some suggestion of a relationship with T&. In this case, DeHt5 is 

no longer unusual, since it has a similar temperature to the DAs and the DAO+dM bina
ries. However, PG 1210+533 is still anomalous. The possibility of a correlation between 
Teff and log was also noted by Napiwotzki (1999), but in their large sample of CSPN, 
luminosity was found to be more indicative of helium abundance.
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7.5 Conclusions

The neutral hydrogen Lyman lines in FUSE data have been used to determine tempera
tures and gravities for 21 objects. For 7 of these an extremely high temperature model 
is needed in order to reproduce the observed Lyman lines profiles, which exceeded the 
bounds of the model grid. This meant that the results from only 14 objects were us
able. The luminosities of the high temperature group of DAOs are significantly higher 
that those of the DAs, as might be expected if mass loss is the mechanism that is acting 
against gravitational settling in the helium rich objects. However, there appears to be a 
better correlation between log ^  and T eff than with luminosity. Note: some caution is 
required in the interpretation of these results; there are differences in the effective tem
perature of models that best fit the Lyman lines compared to the Balmer lines, and it 
is not known which is the more reliable value to use. See Chapter 8  for a comparison 
between the Balmer and Lyman results.

i  .----------1----------1--------- 1--------- 1--------- 1--------- 1--------- 1---------   ■--------- 1----------1----------<----------1----------r

  DAOs
  DAs

134



Lo
g 

(H
e/

H
)

- 2

- 3

- 4

- 5

F ig u r e  7.5. Plot of the helium abundance against log luminosity.

Model grid limit
........................... .....................................*— 7 V -

PG12 1 0 + 5 3 3

X DAOs 
A  DAs

-I I I I I I I I

■ \1> ■ _ 1 1

f f - *

A
*—

DeHt 5 
•*-*-....

- 1.0 0.0 1.0 
Log L /  L©

2.0

135



Lo
g 

(H
e/

H
) 

Lo
g 

(H
e/

H
)

. \I> . 1 /£. 1

- 2

- 3

- 4

DeHt 5
- 5 Model grid limit

J________I________I________L_

120000 100000 80000
Tem perature /  K

60000 40000

Model grid limit
-X-

*

- 2  -

- 3  -

- 4  -

- 5  —

T
*

DeHt 5 
—X -

!?SIPG 121 0+532

-X

X

J i .___■___I___,___i___,___I___.___,___,___I___,___,___,___I___i___,___.___I___,___,___i___L » » ■

6.6 6.8 7.0 7.2 7.4
Log g

7.6 7.8 8.0

Figure 7.6. Plot of the helium abundance against Tes  (top) and log ^(bottom).

136



Chapter 8

Comparison between the results 
obtained using optical and FUSE data

8.1 Introduction

Use of the Lyman lines to determine the fundamental parameters of white dwarfs is im
portant where optical data cannot be used. To check the consistency of measurements 
made using the different region of the spectrum, Barstow et al. (2001c) used ground- 
based optical and UV data taken using HUT (Hopkins Ultraviolet Telescope), ORFEUS 
(Orbiting and Retrievable Far and Extreme Ultraviolet Spectrometers) and FUSE. They 

found that any disagreement between results obtained using the two wavelength regimes 
were likely to primarily be caused by systematic effects in the data reduction and analysis 
rather than because of problems with the models. However, objects hotter than 50,000 K 
were sparsely sampled, a problem that was later addressed by Barstow et al. (2003b). 
This later paper found that above 50,000 K the results started to diverge, with the Ly

man lines systematically giving a higher temperature than a fit to the Balmer lines of the 
same object. It was not clear if it was the Lyman or the Balmer lines, or neither, that 
were giving the correct results, although it was possible to find an empirical relationship 
between the optical and far-UV results. Two objects did not fit into this relationship; 
the Lyman Teff for RE 0457-281 was larger than the Balmer measurement at a level sig
nificantly higher than for the other objects, while conversely PG 1342+44 was the only 
object whose Lyman Teff was significantly lower than that obtained from the Balmer 
lines. The measurements of log g agreed with each other well, apart from four outly

ing objects. Two of these had log g above 7.8, but the others had the lowest gravities 
in the sample. The measurement disagreements in the high gravity objects may have
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been caused by their unusual nature; GD 394 is photometrically variable in the EUV, and 
may experience episodic accretion, while WD 1620-391 shows quasi-molecular Lyman 
satellite lines, which were not included in the model atmosphere calculations. The two 
low gravity objects might represent a true departure from equal Balmer and Lyman log g 

measurements towards low gravity, although this couldn’t be confirmed without includ

ing more low gravity objects in the sample. Both Barstow et al. (2001c) and Barstow 

et al. (2003b) looked at DAs only and it is therefore of interest to do the same compar

ison with DAO white dwarfs to see if the problem is present and at the same level. In 
addition, Barstow et al. (2003b) concluded that it was likely to be the detailed physics 
input into the models that was source of the problem, so the slightly different conditions 
found in a DAO white dwarf might give some further insight into the problem.

8.2 Results

Table 8.1 lists the mean best fitting parameters determined for those objects where both 
FUSE and optical data have been obtained, to allow direct comparison between the re
sults from the two wavelength regions.

8.3 Discussion

8.3.1 Comparison of Teff measurements

Figure 8.1 plots the temperatures obtained from the Balmer and Lyman line fits to each 
object. As with the previous DA study (Barstow et al., 2003b), below ~55,000K  there 
is good agreement between the Balmer and Lyman results. The three lowest temperature 
objects (PG 1210+533, RE 2013+400 and RE 0720-318) fall into the high log g group of 

DAOs, and are similar to the DAs in terms of their temperature and gravity. The FUSE 
and optical measurements also agree well for DeHt 5, which has a slightly lower mass 
than the others and a low He abundance, unusual in this sample of DAOs. The remainder 
of the sample all have higher Lyman Teff measurements than from the Balmer analysis. 
Most of these form a possible trend of higher Lyman temperatures than Balmer, similar 
to, and continuing, the trend that is seen in the DAs. As the DAOs are, in general, hotter 
than the DAs, the average difference between the Lyman and Balmer measurements are 

slightly higher than that seen in the DAs. The trend is not totally clear, however, since 
there is considerable scatter in the data points. The magnitude of the differences between
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Table 8.1. Mean best fitting parameters for objects where both optical and FUSE data have been obtained. Mean log ^  is not listed 
for the optical data of PG 1210+533 as it is seen to vary between observations, la  confidence intervals are given, apart from where 

the temperature or gravity of the object is beyond the range of the model grid and hence a x 2 minimum has not been reached.

Object
O PTICAL
T eff /  K ± L °g g ± Log ^ ±

FUSE
T e f f /K ± L ogg dh L o g f ±

A l 66955 3770 7.23 0.17 -1.29 0.15 99227 2296 7.68 0.06 -1.70 0.09
HS 0505+0112 63227 2088 7.30 0.15 - 1 . 0 0 - 1 2 0 0 0 0 - 7.24 - - 1 . 0 0 -

PuW el 74218 4829 7.02 0 . 2 0 -2.39 0.37 109150 11812 7.57 0 . 2 2 -2.59 0.75
RE 0720-318 54011 1596 7.68 0.13 -2.61 0.19 53060 614 7.83 0.03 -3.96 0.43
TON 320 63735 2755 7.27 0.14 -2.45 0 . 2 2 99007 4027 7.26 0.07 -2 . 0 0 0 . 1 2

PG 0834+500 56470 1651 6.99 0 . 1 1 -2.41 0 . 2 1 1 2 0 0 0 0 - 6.50 - -2 . 0 0 -

A31 74726 5979 6.95 0.15 -1.50 0.15 93887 3153 7.43 0.15 - 1 . 0 0 -

HS 1136+6646 61787 700 7.34 0.07 -2.46 0.08 1 2 0 0 0 0 - 6.50 - - 1 . 0 0 -

Feige 55 53948 671 6.95 0.07 -2.72 0.15 77514 532 7.13 0 . 0 2 -2.59 0.05
PG 1210+533 46338 647 7.80 0.07 - - 47045 345 7.87 0.04 -1.04 0.05
LB 2 60294 2570 7.60 0.17 -2.53 0.25 87622 3717 6.96 0.04 -2.36 0.17
HZ 34 75693 5359 6.51 0.04 - 1 .6 8 0.23 87004 5185 6.57 0 . 2 0 -1.73 0.13
A 39 72451 6129 6.76 0.16 - 1 .0 0 - 87965 4701 7.06 0.15 -1.40 0.14
RE 2013+400 47610 933 7.90 0 . 1 0 -2.80 0.18 50487 575 7.93 0 . 0 2 -4.02 0.51
DeHt5 57493 1612 7.08 0.16 -4.93 0 . 2 2 59851 1611 6.75 0 . 1 0 -5.00 -

GD561 64354 2909 6.94 0.16 -2 . 8 6 0.35 75627 4953 6.64 0.06 -2.77 0.24
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F ig u r e  8.1. Comparison of the temperatures obtained from fits to FUSE and optical 
data. The results for DAs, from Barstow et al. (2003b), are also shown.

the measurements does not appear to have a straightforward correlation with the gravity 
or helium abundance of the objects (Figure 8.2), although the difference in the measured 
temperatures appear less at high and low gravity. The objects labelled in the upper plot 
of Figure 8.2 are unusual and are discussed below. The three lowest helium abundance 
objects show good agreement between temperatures, but as the DAs of Barstow et al. 
(2003b) all, by definition, have little or no helium in their line forming regions, this 

seems unlikely to be significant. For the higher abundance objects, there doesn’t appear 
to be any relationship between abundance and the difference in temperature.

Three of the objects seem unusual when compared to the others in the sample -  
these are PG 0834+500, HS 1136+6646 and HS 0505+0112. The Teff for all of these has 
exceeded the upper limit of the model grid in the Lyman analysis, yet the optical data 
yielded temperatures of ~60,000 K. The optical and FUSE spectra for these objects are 
completely inconsistent with the models; this is illustrated in Figure 8.3 -  if a model is 
created with parameters as determined from the optical data the Lyman lines are clearly 
much stronger than that seen in the FUSE data. Also, in the real data there is no decrease 
in flux as the Lyman series converges, as is present in the model. The 120,000 K model is
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FIGURE 8.3. FUSE spectrum of HS 1136+6646 with atmospheric models with Teff
60,000 K (red) and 120,000 K (blue) overplotted. Log g = 7.5 and log ^  = -2 in

both cases.

a closer match to the FUSE data, but it is similarly impossible to reconcile this with the 
optical results. The optical spectra of HS 0505+0112 all suffer from strong atmospheric 
effects, and the spectrum of HS 1136+6646 was fluxed so that it was consistent the FUSE 
spectra. However, comparison of the optical and FUSE spectra of PG 0834+500 with 
model atmospheres suggests that the relative flux levels of the two spectra are consistent 
for a white dwarf, so it seems unlikely that another source is contaminating the data. 
Of these three objects, both HS 1136+6646 and PG 0834+500 are known binaries. It 
is possible that these objects could be linked by accretion; HS 0505+0112 is peculiar 
compared to the other DAOs as it shows C IV in its optical spectrum, which is unusual 
in a hydrogen-rich star. This could be explained if it were accreting material, for ex
ample from the ISM. There is also possible evidence of accretion onto HS 1136+6646 
(see Sing et al., 2003 for a discussion of observations of HS 1136+6646) -  photomet
ric observations, taken using the JKT on La Palma, show low amplitude variations with 
a period of ~ 2  hours superimposed on the larger variations which occur as the binary 
system revolves. This could be due to accretion onto a magnetic spot or pole with the
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two hour period representing the rotation of the white dwarf. However, RE 0720+318 is 
a DAO+dM binary that is probably accreting material from the wind of its companion 
(Dobbie et al., 1999), and the FUSE and optical results agree well for this object.

8.3.2 The influence of the Balmer line problem

It is possible that the temperature differences may be caused or exacerbated by the 
Balmer line problem, which is described in Chapter 3. As the Balmer line measure

ments underestimate the temperatures as compared to the Lyman line fits, the Balmer 
line problem could be contributing to the Balmer/Lyman temperature problem. To test 
this, the optical data for a number of objects were reanalysed, but with only Hj, He and 
the He I I4686 A line used in the fit. Table 8.2 lists the results. Fitting only the two higher 
order Balmer lines increases the statistical error on the temperature measurements, by up 

to 5-6 times in some cases, which is reflected in the range of temperatures obtained for 
the different observations of each object. Therefore, rather than comparing the results 
for each observation, the mean of the results is used. For the first object, Ton 320, the 
new fit yields a temperature ~ 1 5,000 K higher than the original analysis, but it is still 
~ 20,000 K cooler than the Lyman temperature. Fitting only the higher order lines actu
ally decreased the temperature for A 31. This is due to one of the observations producing 
a much higher temperature than the other when all the lines were fit -  inspection of the 

two spectra suggests that the core of Hy is slightly filled in in the second spectrum, most 

likely due to noise, biasing the result. RE 2013+400 is one of the objects where the 
Balmer and Lyman temperatures agree, but fitting only H<j and He decreases the temper
ature, and reduces the level of agreement. In the case of GD 561, fitting the higher order 
lines has produced a temperature that agrees with the Lyman fit. However, the results are 
also in statistical agreement with the temperature determined using all the Balmer lines. 
Therefore, although in some cases fitting only the higher order Balmer lines produces a 
result that is closer to that obtained from the Lyman lines, in others it actually makes the 
agreement worse and so cannot fully resolve the problem. The abundance of heavy ele

ments in the photosphere could also influence the fit if the models contained abundances 
that were too high or too small. However, Barstow et al. (2003b) found that varying 
the abundances by a factor of 10 from the G191-B2B values did not make a significant 
difference to the best fitting temperature. From the results in Table 8.2, it is also clear 
that using only the weak H«* and He lines can introduce large uncertainties in the results 

and multiple observations of an object are needed to obtain a reliable temperature if this 
method of fitting is adopted.
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Table 8.2. Comparison of the best fitting parameters to the H^, He and He I I 4686 A line compared to fits to all the Balmer lines, and
the temperature obtained from FUSE data.

All Balm er lines H H e and H e ll only FUSE
Object T e f f /K Logg Log 7 T T e f f / K Logg Logf ,

T e f f / K
Ton 320 64784

59760
66661

+3117
-2 5 1 0
+3056
-2 5 4 5
+2145
-3 3 4 4

7  '5-5 +0.16  
/  .DD - 0.12  
7  7 7  +0.15  
'•zz -0 .1 4
7 26 +o n/ . +  O _ o .l5

-2.63
-2 40 + ° - 19 z -^ u  - 0.20

7  1 7  + 0.22
"Z --JZ -0 .1 8
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+  11556'
-1 2 1 0 3
+9968
-1 3 5 1 6
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7  10 + u iy  / - AU - 0.20
n  t o  +0.23/ -z O _o.21
7  4 S  + 0 1 8  /  .+ J  _0 .17

7  < 7  +0.31  
_Z-:,Z  -0 .2 8  

7  7 7  +0.19  
"z -z : )  - 0.20

7  7 0  + 0 1 9  -Z .Z U  _ o . l 9

M E A N 63735 ±2755 7.27 ±0.14 -2.45 ±0.22 78602 ±5996 7.28 ±0.11 -2.48 ±0.10 99007 ±4027
A31 68242

81209

+4081
-2 0 4 1
+7727
-8 1 7 5

7 1 a  + 0.12  
1 . 1 3  —0.13 

A  7 7  +0-18 
' '  -0 .1 5

T  0  + 0 0
- 1 . 3 7  —0.1.8
_1 4 7  + ° - 24  - 1 .+  / —0.12
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+6416
-1 1 9 1 9
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7  Q7  +0.07 '•y:> -0.32
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- 1 . / z  _ 0 .19

1 0 4  +0.26  
- 1 .V 4  _o.l8

M E A N 74726 ±5979 6.95 ±0.15 -1.50 ±0.15 69446 ±5428 7.68 ±0.18 1.83 ±0.14 93887 ±3153
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F ig u r e  8.4. Comparison of the gravities obtained from fits to FUSE and optical 
data. The results of Barstow et al. (2003b) for DAs are also shown.

8.3.3 Comparison of log g  and log ^  measurements

The log g measurements are plotted in Figure 8.4. Considerable scatter is seen in these 
measurements, with the log g from the Lyman fit greater than the Balmer fit in some 
cases, and less in others. The three lowest temperature objects that had consistent optical 

and far-UV temperatures also agree well in log g, and are comparable with the results 
of Barstow et al. (2003b) for DAs. DeHt5, however, has a Lyman log g that is ~0.25 
lower than the Balmer value. PG 0834+500 and HS 1136+6646, which exceeded the 
upper limit of the model grid in temperature, also have log g beyond the lowest model 
atmosphere gravity. However, the Lyman lines are barely visible in these objects so the 
measurement of log g is unlikely to be reliable. The other objects seem to be scattered 
either side of the line of equal gravity, with slightly more with higher Lyman log g than 
Balmer. However, with the small number of objects this may simply be a statistical 
anomaly. The results from fitting only the higher order Balmer lines did not affect the 

log g measurements, apart from in the case of A 31. However, this had the effect of 
changing the Balmer result from a value that was lower than the Lyman value, to one 
that is higher. It is possible that the differences may simply be due to statistical scatter
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F ig u r e  8.5. Comparison of the helium abundances obtained from fits to FUSE and
optical data.

in the results, especially if the errors on the measurements are underestimated (Barstow 
et al., 2001c). A larger sample is needed to determine if this is the case, however.

The DAs studied by Barstow et al. (2003b) do not have a large enough abundance 

of helium to be detected (if, indeed, any is present). Therefore, this sample of DAOs 
is the first opportunity to discover if the He abundances measured in the two wave
length regimes are consistent. Although theory predicts that helium should be stratified 
in the atmosphere of a white dwarf (Vennes et al., 1988), the results of Napiwotzki & 
Schonbemer (1993), Bergeron et al. (1994) and Chapter 3 of this thesis suggest that 
models containing homogeneously distributed helium better reproduce the line profile of 
the He II4686 A line in the optical data. However, the helium line that is measured in the 
FUSE data will be formed in a different region of the atmosphere and so a comparison 
of the abundances found from optical and FUSE data provides an opportunity to study 
directly the distribution of He in the white dwarf atmosphere. The helium abundances 
are plotted in Figure 8.5 and show good agreement between the different abundance mea
surements. This is slightly surprising as the the different temperatures in the models will 
affect the measured helium abundance.
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There are three obvious outlying objects, however -  HS 1136+6646, RE0720-318 

and RE 2013+400. The FUSE helium abundance measurement of the first of these ob
jects cannot be relied upon, however, since a x 2 minimum was not acheived in the fit. 
Both the other two objects have a lower helium abundance in the FUSE measurement 
than that obtained from the optical data and both are pre-CV, post-common envelope 
systems. The difference might be due to the change of helium abundance with depth 
in the white dwarf atmosphere, or alternatively could be due to the fact that the ob
ject was observed at different times at the different wavelengths, since surface inhomo
geneities in helium abundance have been observed on the surface of RE 0720-318 by 

Dobbie et al. (1999).

8.4 Conclusions

Below ~55,000 K the temperatures obtained from fits to the Balmer lines of DAOs seem 

to agree well with the results of Lyman line fits. Above this temperature, the Teff mea
sured from far-UV data tends to be higher than that obtained from optical observations, 
with the best agreement found at high and low log g. Although there is considerable 
scatter in the results, the magnitude of the differences appears larger than that observed 
in DAs. The reason for the differences is not clear, although it appears possible to rule 
out the Balmer line problem as the cause. There is also a group of three objects which 
have extremely shallow Lyman line features, two of which are known to be in binary 
systems, and whose far-UV spectra can only be fit with a model atmosphere that is hotter 

than 120,000 K . .

There is considerable scatter in the measurements of log g , and there doesn’t appear 
to be a clear trend. It is possible that the measurement errors are underestimated and 
that the deviations from the line of equal log g are simply random scatter. The optical 
and FUSE measurements of helium abundance agree well, apart from in two objects. 

This suggests that the helium and hydrogen are homogeneously mixed through both the 
optical and far-UV line forming regions, although the disrepancy between temperatures 

makes the results uncertain. Two objects, both DAO+dM binaries, have lower helium 
abundance measured from far-UV data compared to the optical, and this may be due to 
inhomogeneity in the surface abundance of helium in these objects.
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Chapter 9

Heavy element abundances in the 
atmospheres of DAO white dwarfs

9.1 Introduction

Far- and extreme-ultraviolet spectra of hot white dwarfs often contain many heavy ele
ment absorption lines. The abundance of these elements have, in the past, usually been 
estimated by visually matching line strengths in an appropriate stellar model atmosphere 
to those observed. This was normally accomplished by varying the heavy element abun
dances in an atmospheric model within a small range using a spectral synthesis program 

such as SYNSPEC. A fully converged model was then calculated to check the results. 
This becomes more difficult to do where there are large numbers of lines of a particu
lar species, and also does not allow a formal error to be assigned to the abundance. To 
address this problem, Barstow et al. (2003c) constructed a grid of models which cov
ered the range of temperatures and gravities that might be expected for hot white dwarfs, 
and which contained heavy elements with abundances between 0 . 0 1  and 1 0 0  times those 
found in the well studied DA G 191-B2B. They then used a x 2 minimisation technique, 
as is commonly used in the fitting of the Balmer and Lyman lines, to find the element 

abundances in the UV spectra of 25 DA white dwarfs. Carbon and nitrogen were found 
in all the hottest stars, but were only detected in three white dwarfs that were cooler 
than ~50,000 K. Oxygen was also not seen in the cooler stars, although the results were 
poorly constrained because the measurements were based only on O V. The abundance 
of silicon showed a strong depen dance on temperature, with a decline between 55,000 
and 40,000 K but was the only element detected in the two coolest objects in the sam
ple. A minimum in Si abundance is predicted by the radiative levitation calculations
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of Chayer et al. (1995b), but at a temperature 30,000 K hotter than found by Barstow 

et al. (2003c). Iron and nickel were also detected in the higher temperature objects, but 
not below 50,000 K. The ratio of Fe to Ni was found to be near constant at 20, which is 
close to the cosmic value. In the few objects cooler than 50,000 K where heavy elements 
were seen, they were often stratified. For the hottest white dwarfs abundance seemed to 
most strongly depend on gravity and although the measured abundances did not match 
the predicted values very well, they did reflect what would be expected if radiative lev
itation were the dominant mechanism acting against gravity and preventing the heavy 
elements from sinking (see Chayer et al., 1995b, Schuh et al., 2002).

Helium is, by definition, overabundant in the line-forming regions of DAOs as com
pared to the DAs. Whatever mechanism that is causing this might also affect the observed 
heavy element abundances. Insight into the nature of this mechanism might therefore be 
gained from studying the strength of absorption of different elements. The temperature 
of the white dwarf will also affect the ionisation balance of the elements, so the detec
tion, or non-detection, of certain species can be used to constrain the temperature of the 

white dwarf, and may be useful in determining which of the Balmer and Lyman line 

temperatures are correct.

9.2 Models and fitting technique

The FUSE spectral range contains absorption lines due to a large number of heavy ele

ments. If, when fitting a FUSE spectrum, the abundance of each element were considered 
separately, the large number of free parameters and data points would make the fit very 
difficult. In addition, calculating a model grid in which the abundance of every element 
was varied individually would be computationally prohibitive. Instead, a grid of mod
els was created using TLUSTY and SYNSPEC, which had Teg ranged between 40,000 
and 120,000 K in 10,000 K steps, log g between 6.5 and 8.0 in steps of 0.5, log ^  be
tween -5 and - 1  in steps of 1 and heavy element abundance between 10- 1  and 10L5 times 

the G191-B2B abundances (Table 3.3), with each grid point having abundances a factor 
10°-5 different to the adjacent point. Models with a higher heavy element abundances 
than this did not converge, therefore SYNSPEC was used to further increase the abun
dances by a factor of 10. Scaling the abundances in this way is only valid while it can 
be assumed that the structure of the white dwarf atmosphere will not be significantly 
affected by the change. As the abundances that are being used are so high, this assump
tion is not necessarily valid. However, these abundances were needed to reproduce the 
strengths of some the absorption lines. The implications of this are discussed later. These
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Table 9.1. Wavelength ranges used for spectral fitting, and the main species con
tained in that region.

Species A /A
N iv 920.0-926.0
N III 990.5-992.5
O v i 1031.0-1033.0
O v i 1036.5-1038.5
Si IV 1066.0-1067.0
O iv 1067.0-1069.0
C iv 1107.0-1108.2
Si h i 1113.0-1114.0
Fe v 1113.5-1115.3
Fe v i i 1116.5-1118.0
Si iv 1122.0-1129.0
Fe vi 1165.0-1165.9
Fe vii 1165.9-1167.0
C iv 1168.5-1170.0
N iv 1178.0-1180.0

calculations resulted in 1,440 synthetic spectra. These were split into four smaller grids 
to make them easier for the XSPEC program to handle. Therefore, four model grids were 
created, one each for log g = 6.5, 7.0, 7.5 and 8.0. For each object, the model grid used 
was the one with log g closest to the measured log g of the star.

The FUSE spectra were split into sections, each only containing useful information,
i.e. strong absorption lines. These regions, and the dominant species they contain, are 

listed in Table 9.1. Unfortunately, the abundances of nickel are based on a single Ni V 

line only, which is weak at temperatures above 100,000 K, whereas all the other elements 

have at least 2 spectral regions, many containing more than one strong line. If lines due 
to other elements were present in a region, then those features were excluded from the 
analysis to prevent them from influencing the fit. Teff and log ^  were constrained to lie 
within the lc r  error boundaries that were found in Chapters 3 and 7, but were allowed 

to vary within those ranges. The best fitting element abundance was then found by 
performing a simultaneous fit to all the lines of a particular element. 3cr errors are found 

using the A x 2 distribution with one degree-of-freedom, which allows comparison with 
the results of Barstow et al. (2003c).
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9.3 Results

Tables 9.2-9.7 list the abundance measurements. Those objects whose Teff exceeds
120.000 K are included in order to compare the line strengths of different ionisation 
stages of elements in the real data to those predicted by the models. Where a heavy ele
ment abundance or the -3cr error are less than the lowest grid point, the value is entered 
as 0.00. In this case, the + error represents the 3o  upper limit. Abundances that were 
greater than the highest grid point are indicated by a @ symbol.

9.4 Discussion

9.4.1 Objects whose optical and FUSE Teff and log g  disagree

For many of the DAOs, Teff obtained from fitting the Balmer lines is different to the 

Lyman line temperature. These can be divided into those where an empirical relationship 
can be found between the two temperatures, and those whose FUSE temperature is in 

excess of 120 000 K. These are listed in Table 9.8. The ionisation balance of the elements, 
and therefore the abundance inferred from a given line strength, will be affected by the 
temperature of the white dwarf, hence it is important to determine which is the correct 
temperature.

FUSE Teff < 120,000 K

The relative line strengths of different ionisation stages of each element are more consis
tent with the temperatures obtained using the FUSE wavelength range rather than from 
the optical data. To illustrate this, fits to the nitrogen lines in the spectrum of LB 2 are 
shown in Figure 9.1. N l V  is reproduced well by the model when using both the optical 
and FUSE parameters. However the observed N ill line is too weak to be detected at this 
signal-to-noise, whereas it is present in both the models, although its strength is similar 

to the noise level in the models with the Teff, log g and log ^  determined from FUSE 
data. As the FUSE derived Teff is higher, the nitrogen is more strongly ionised, hence 

there is less absorption due to that species.
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Table 9.2. Measurements of carbon abundance, with all values expressed as a num-
_________________ ber fraction with respect to hydrogen.__________________

Object Source of WD 
parameters

C/H -3cr +3cr

S 216 Optical 1.09 x 10~5** 2.30 x 10~6 4.44 x 10~6
A7 Optical 1.38 x 10~5 5.31 x 10~6 1.54 x 10"5

FUSE 4.17 x 10~5 1.09 x 10“5 3.84 x 10“5
H 0505+0112 Optical 1.11 x 10~4 3.63 x 10"5 @

FUSE @
PuWel Optical 1.44 x 10"5** 9.75 x 10~6 2.22 x 10“5

FUSE 4.00 x 10~5** 1.74 x 10~5 5.08 x 10"5
RE 0720-318 Optical 1.10 x 10~6 5.63 x 10~7 7.28 x 10"7

FUSE 2.97 x 10~6 1.45 x lO '6 1.90 x 10“6
Ton 320 Optical 7.21 x 10~6 3.01 x 10"6 4.73 x 10“6

FUSE 2.61 x 10~5 1.39 x 10~5 2.63 x 10~5
PG 0834+500 Optical 2.91 x 10~6** 1.44 x 10“6 3.51 x 10“6

FUSE 6.93 x 10~5 4.35 x 10"5 @
A 31 Optical 2.11 x 10~5 1.41 x 10“ 5 2.10 x 10“5

FUSE 4.09 x 10~5 1.52 x 10"5 5.50 x 10"5
EGB 6 FUSE 4.00 x 10“5** 5.98 x 10"6 9.63 x 10~6
NGC3587 FUSE @
HS 1136+6646 Optical 1.83 x 10~6** 4.18 x 10"7 4.88 x 10"7

FUSE 3.19 x 10- 5** 1.24 x 10“ 5 1.29 x 10"5
Feige 55 Optical 2.84 x 10-6** 1.99 x lO"7 1.97 x lO"7

FUSE 5.01 x 10“6** 3.11 x lO"7 5.42 x 10“ 7
PG 1210+533 FUSE 4.15 x 10~6 1.86 x 10~6 2.85 x 10“6
LB 2 Optical 2.26 x 10~5 1.22 x 10"5 1.17 x 10~5

FUSE 2.28 x 10~5 1.27 x 10"5 3.05 x 10“ 5
HZ 34 Optical 1.27 x 10~6 5.63 x 10"7 3.56 x 10“ 6

FUSE 4.01 x 10"6 1.43 x 10~6 9.51 x 10"6
A 39 Optical 1.66 x 10~6 1.16 x 10"6 2.18 x 10"6

FUSE 1.66 x 10“ 6 9.52 x 10“ 7 2.14 x 10"5
NGC6720 FUSE @
NGC6853 Napiwotzki (1999) @
RE 2013+400 Optical 1.61 x 10“6 1.49 x 10“ 6 3.09 x 10~6

FUSE 1.61 x 10“6 1.52 x 10"6 4.01 x 10~6
WD2115+118 FUSE @
DeHt5 FUSE 7.60 x 10 -7 7.20 x 10“ 7 9.66 x 10“ 6
NGC7293 FUSE 4.00 x 10~5** 5.02 x 10"6 4.11 x 10"6
GD561 Optical 1.16 x 10~5** 4.09 x 10"6 1.96 x 10~5

FUSE 9.19 x 10~5** 5.64 x 10“ 5 @
* C absorption lines obscured by H2.

* *  X r e d > 2 -
@ Value exceeds 102 5 times that in G 191-B2B.
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Table 9.3. Measurements of nitrogen abundance, with all values expressed as a
_______________ number fraction with respect to hydrogen.________________

Object Source of WD 
parameters

N/H -3 a +3(7

S 216 Optical 3.37 x 10~7 2.54 x 10“ 7 6.90 x 10“ 7
A7 Optical 7.96 x 10“8 5.96 x 10“ 8 1.22 x 10“ 7

FUSE 6.43 x 10“6 5.96 x lO-6 2.33 x 10“5
H 0505+0112 Optical 7.36 x 10“8** 4.60 x 10“ 8 7.98 x 10“8

FUSE @
PuWe 1 Optical @

FUSE @
RE 0720-318 Optical 1.29 x 10“ 7 7.14 x 10~8 7.78 x 10~8

FUSE 1.21 x 10“ 7 4.67 x 10“8 6.89 x 10"8
Ton 320 Optical 1.36 x 10“6 1.13 x 10“ 6 2.13 x 10“6

FUSE 4.99 x 10“5 6.60 x 10“ 7 @
PG 0834+500 Optical 6.89 x 10"6 2.84 x 10“6 5.71 x 10“6

FUSE @
A 31 Optical 1.24 x 10"7 0.00 1.49 x 10"6

FUSE 5.45 x lO"7 0.00 5.02 x 10~6
EGB6 FUSE @
NGC3587 FUSE 2.81 x 10“ 6 0.00 4.59 x 10“5
HS 1136+6646 Optical 6.67 x 10~7** 1.62 x 10~7 6.46 x 10“ 7

FUSE @
Feige 55 Optical 2.11 x 10“ 6** 1.03 x 10“ 7 2.05 x 10 -7

FUSE @
PG 1210+533 FUSE 1.50 x 10"6 6.41 x 10~7 1.46 x 10“6
LB 2 Optical 2.51 x 10“6** 8.64 x 10~7 1.40 x 10~6

FUSE @
HZ 34 Optical 2.74 x 10~6 2.59 x 10“6 1.27 x lO"5

FUSE 3.21 x lO"5 3.08 x 10“ 5 @
A 39 Optical 5.60 x 10"6 5.06 x 10"6 @

FUSE 4.08 x 10"5 3.87 x 10~5 @
NGC6720 FUSE @
NGC6853 Napiwotzki (1999) @
RE 2013+400 Optical 8.36 x lO"7 2.03 x 10“ 7 2.62 x 10"7

FUSE 3.01 x 10~6 1.11 x 10“6 6.36 x 10"6
WD2115+118 FUSE @
DeHt5 FUSE 1.08 x 10“ 5 0.00 @
NGC7293 FUSE @
GD561 Optical @

FUSE @
* N absorption lines obscured by H2.
* *  X r e d > 2 '
@ Value exceeds 102 5 times that in G191-B2B.
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Table 9.4. Measurements of oxygen abundance, with all values expressed as a num-
_________________ ber fraction with respect to hydrogen.__________________

Object Source of WD 
parameters

O/H -3cr +3(7

S 216 Optical @
A7 Optical #

FUSE #
H 0505+0112 Optical #

FUSE #
PuWel Optical 9.58 x 10"7** 6.54 x 10“ 7 6.10 x 10"7

FUSE 2.30 x 10~6** 2.06 x 10"6 1.19 x 10~6
RE 0720-318 Optical 2.95 x 10"6 1.38 x 10~6 1.12 x 10“6

FUSE 3.04 x 10“ 7 8.77 x 10~8 3.18 x 10~7
Ton 320 Optical @

FUSE 3.05 x 10~6** 1.09 x 10~6 7.86 x 10"8
PG 0834+500 Optical @

FUSE 5.67 x 10“ 7** 2.77 x 10"7 4.28 x 10"7
A 31 Optical 3.11 x 10~5** 7.98 x lO-6 2.76 x 10"5

FUSE 3.04 x 10~5** 9.02 x 10~6 6.49 x 10~6
EGB 6 FUSE #
NGC3587 FUSE #
HS 1136+6646 Optical 4.76 x 10~5** 9.19 x 10“6 1.13 x 10~5

FUSE 9.60 x 10"7** 7.64 x 10“8 1.62 x 10"7
Feige 55 Optical 1.03 x 10“5** 8.20 x 10~6 1.26 x 10"5

FUSE 3.80 x 10~7** 3.37 x 10“8 3.70 x lO"8
PG 1210+533 FUSE 2.99 x 10~6 2.00 x 10“ 6 2.40 x 10~6
LB 2 Optical @

FUSE 3.98 x 10~7** 1.11 x 10~7 2.97 x 10“ 7
HZ 34 Optical 3.03 x 10“5** 6.06 x lO-6 3.62 x 10"6

FUSE 3.04 x 10~7** 1.19 x 10“ 7 2.09 x lO"8
A 39 Optical #

FUSE #
NGC6720 FUSE #
NGC6853 Napiwotzki (1999) #
RE 2013+400 Optical 2.36 x 10~5** 6.27 x 10~6 1.03 x 10“5

FUSE 9.60 x 10“6** 3.47 x 10“ 7 5.39 x 10"6
WD2115+118 FUSE 9.58 x 10“ 7 6.97 x 10“ 7 1.30 x 10“6
DeHt5 FUSE 7.00 x 10“6 1.92 x 10“6 1.30 x 10~5
NGC7293 FUSE #
GD561 Optical 2.64 x 10~4** 1.28 x 10~4 @

FUSE #
* O absorption lines obscured by H2.
** Xred>2‘
# No reasonable match to lines possible.
@ Value exceeds 102 5 times that in G 191-B2B.
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Table 9.5. Measurements of silicon abundance, with all values expressed as a num-
_________________ ber fraction with respect to hydrogen.__________________

Object Source of WD 
parameters

Si/H -3cr +3(7

S 216 Optical 7.38 x 10“7** 8.07 x 10~8 9.06 x 10"8
A 7 Optical 7.54 x 10“6** 3.97 x 10~6 3.57 x 10"6

FUSE 2.27 x 10“5** 1.08 x 10“ 5 1.04 x 10“5
H 0505+0112 Optical 1.67 x 10~6** 4.98 x 10"7 6.95 x 10-7

FUSE 7.71 x 10“ 5** 2.94 x 10“ 5 1.77 x 10"5
PuWel Optical 9.51 x 10“6** 6.55 x 10"6 1.01 x 10“5

FUSE 2.99 x 10“5** 2.09 x 10"5 1.11 x 10“5
RE 0720-318 Optical 6.28 x 10~7 1.26 x 10~7 2.47 x 10"7

FUSE 6.06 x lO-7 1.45 x 10“ 7 1.17 x 10“7
Ton 320 Optical 4.33 x 10“ 7** 3.16 x 10“ 7 4.33 x 10"7

FUSE 3.73 x 10“6** 2.02 x 10“6 5.44 x 10"6
PG 0834+500 Optical 2.81 x 10~6** 9.12 x 10“ 7 7.58 x 10"7

FUSE 3.00 x 10~5** 4.20 x 10“6 9.61 x 10~6
A 31 Optical 3.53 x 10~6** 1.51 x 10"6 2.71 x 10~6

FUSE 9.42 x 10~6** 2.42 x 10"6 4.33 x 10"6
EGB 6 FUSE 1.68 x 10~5 7.45 x 10“ 6 1.23 x 10"5
NGC3587 FUSE 1.43 x 10~5** 8.08 x 10"6 9.70 x 10“6
HS 1136+6646 Optical 4.40 x 10“ 8** 0.00 2.96 x 10"8

FUSE 1.32 x 10~6** 7.48 x 10“ 7 1.50 x 10"6
Feige 55 Optical 5.52 x 10~7** 7.32 x 10"8 8.20 x 10“8

FUSE 5.15 x 10~6** 1.02 x 10"6 1.01 x 10“ 6
PG 1210+533 FUSE 1.90 x lO '7 4.58 x 10"8 5.16 x 10“8
LB 2 Optical 1.81 x 10~6 5.87 x 10"7 7.30 x 10“ 7

FUSE 9.84 x 10~6 3.53 x 10"6 6.69 x 10"6
HZ 34 Optical 4.73 x 10~6 2.41 x 10“ 6 3.76 x 10“6

FUSE 5.76 x 10~6 2.74 x 10~6 2.09 x 10"5
A 39 Optical 2.33 x 10~6 1.24 x 10"6 1.81 x 10"6

FUSE 3.00 x 10~6 1.27 x 10~6 5.11 x 1 0 '6
NGC6720 FUSE 3.63 x 10“ 5** 7.31 x 10"6 1.71 x 10“5
NGC6853 Napiwotzki (1999) @
RE 2013+400 Optical 3.68 x lO '7 8.45 x 10“ 8 9.63 x 10“8

FUSE 4.71 x lO"7 1.06 x 10“ 7 1.31 x 1 0 '7
WD2115+118 FUSE @
DeHt5 FUSE 8.22 x lO '7 4.10 x 10"7 1.18 x 10"6
NGC7293 FUSE 3.00 x 10~5** 3.19 x 10~6 3.93 x 10“6
GD561 Optical 5.24 x 10~6** 2.36 x 10“ 6 2.35 x 10~6

FUSE 9.51 x 10“6** 1.34 x 10“ 6 4.11 x 10“6
* Si absorption lines obscured by H2.

* *  X r e d > 2 -
@  Value exceeds 102 5 times that in G191-B2B.
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Table 9.6. Measurements of iron abundance, with all values expressed as a number
___________________ fraction with respect to hydrogen.___________________

Object Source of WD 
parameters

Fe/H -3(7 +3(7

S 216 Optical 1.16 x 10~5** 2.38 x 10~6 3.40 x 10"6
A7 Optical 1.24 x 10~5** 7.44 x 10~6 1.17 x 10"5

FUSE 8.22 x 10~5 3.82 x 10~5 7.25 x 10"5
H 0505+0112 Optical 8.77 x 10~5** 2.93 x 10-5 1.31 x 10“4

FUSE 9.68 x 10~5** 6.19 x 10~5 4.06 x 10“5
PuWel Optical 2.96 x 10"6 0.00 1.12 x 1 0 '5

FUSE 3.40 x 1 0 '6 0.00 1.64 x 10"5
RE 0720-318 Optical 1.32 x 10“6 0.00 6.62 x lO"6

FUSE 2.44 x 10"6 0.00 1.33 x 10~5
Ton 320 Optical 1.70 x 10~5** 1.16 x 10“ 5 2.37 x 10“5

FUSE 8.73 x 10~5** 4.64 x lO-5 1.63 x 10“4
PG 0834+500 Optical 1.82 x 10~5** 9.26 x 10“6 3.18 x 10“5

FUSE 4.75 x 10~4** 3.42 x 10“ 4 4.17 x 10"4
A 31 Optical 9.42 x 10~5** 5.52 x 10“ 5 8.36 x 10"5

FUSE 3.16 x 10~4** 1.52 x lO"4 2.20 x 10“4
EGB6 FUSE 3.16 x 10"5 2.39 x 10~5 7.72 x 10~5
NGC3587 FUSE 3.36 x 10"5 2.12 x 10~5 4.35 x 10“5
HS 1136+6646 Optical 5.38 x 10~6** 0.00 1.15 x 10“5

FUSE 0.00** 0.00 2.31 x lO-6
Feige 55 Optical 1.40 x 10~5** 4.39 x 10~6 6.16 x 10"6

FUSE 1.41 x 10~5** 3.58 x 10~6 4.80 x 10~6
PG 1210+533 FUSE 4.70 x 10"6 0.00 6.01 x 10“5
LB 2 Optical 1.73 x 10~5** 1.10 x 10~5 1.92 x 1 0 '5

FUSE 2.09 x 1 0 '5 1.06 x 10~5 2.42 x 1 0 '5
HZ 34 Optical 2.42 x 10~5 1.68 x 10~5 5.82 x 10~5

FUSE 7.64 x 10~5 5.91 x 10~5 5.10 x 1 0 '4
A 39 Optical 4.89 x 10~6 0.00 2.14 x 10"5

FUSE 3.74 x 10~6 0.00 1.53 x 10“5
NGC6720 FUSE 6.52 x 10~6 4.13 x 10~6 1.01 x 10“5
NGC6853 Napiwotzki (1999) 3.16 x 1 0 '5 2.05 x 10~5 1.71 x 10~5
RE 2013+400 Optical 0.00 0.00 2.83 x lO”5

FUSE 0.00 0.00 2.16 x 10“5
WD2115+118 FUSE 0.00** 0.00 3.76 x 10“5
DeHt5 FUSE 3.34 x 10"5 2.58 x 10~5 6.20 x 10"5
NGC7293 FUSE 3.12 x 10~4** 7.49 x 10~5 1.90 x 10“4
GD561 Optical 1.55 x 10"5 9.67 x 10~6 1.76 x 10“5

FUSE 1.45 x 10~5 8.28 x 1 0 '6 1.43 x 10~6
* Fe absorption lines obscured by H2.
** X 2r e d > 2 -
@ Value exceeds 102 5 times that in G191-B2B.
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Table 9.7. Measurements of nickel abundance, with all values expressed as a number
___________________ fraction with respect to hydrogen.___________________

Object Source of WD 
parameters

Ni/H -3<j +3(7

S 216 Optical 5.00 x 10~6 2.69 x 10“6 4.57 x 10"6
A7 Optical 0.00 0.00 1.63 x 10"6

FUSE 0.00 0.00 8.94 x 10“6
H 0505+0112 Optical 1.53 x 10~6 0.00 5.30 x 10“6

FUSE 0.00 0.00 @
PuWel Optical 1.23 x 10~6 0.00 3.14 x 10“ 5

FUSE 5.65 x 10~6 0.00 @
RE 0720-318 Optical 3.45 x 10~7 0.00 4.61 x 10“6

FUSE 7.21 x 10“ 7 0.00 1.02 x 10"5
Ton 320 Optical 5.43 x 10“ 7 0.00 6.51 x 10~6

FUSE 1.82 x 10“6 0.00 2.97 x 10"5
PG 0834+500 Optical 8.41 x 10~6 0.00 4.25 x 10"5

FUSE 2.21 x 10“5 0.00 @
A 31 Optical 2.22 x 10“ 7 0.00 3.95 x 10"6

FUSE 7.36 x lO-7 0.00 2.34 x 10"5
EGB6 FUSE 2.24 x 10~5 0.00 @
NGC3587 FUSE 3.14 x 10“ 5 0.00 @
HS 1136+6646 Optical 0.00** 0.00 5.89 x 10~7

FUSE 0.00** 0.00 2.48 x 10“5
Feige 55 Optical 5.55 x 10~6 3.73 x 10~6 8.54 x 10"6

FUSE 3.71 x 10“ 6 2.21 x 10“ 6 6.22 x 10"6
PG 1210+533 FUSE 3.29 x 10“6** 0.00 1.92 x 10“5
LB 2 Optical 0.00 0.00 3.12 x 10~6

FUSE 0.00 0.00 7.37 x 10"6
HZ 34 Optical 5.30 x 10“ 8 0.00 6.63 x 10"6

FUSE 5.12 x 10"8 0.00 1.92 x 10“5
A 39 Optical 4.37 x 10~6 0.00 2.54 x 10"5

FUSE 9.93 x 10~6 0.00 8.87 x 10"5
NGC6720 FUSE 3.57 x 10~5 0.00 @
NGC6853 Napiwotzki (1999) @
RE 2013+400 Optical 0.00 0.00 2.93 x 10“ 5

FUSE 0.00 0.00 3.11 x 10“5
WD2115+118 FUSE @
DeHt5 FUSE 1.21 x 10~5 1.19 x 10"5 7.27 x 10"5
NGC7293 FUSE @
GD561 Optical 1.84 x 10~6 0.00 1.12 x 10~5

FUSE 1.78 x 10~6 0.00 2.81 x 10~5
* Ni absorption lines obscured by H2.

* *  X r e d > 2 -
@  Value exceeds 102-5 times that in G191-B2B.
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Table 9.8. A list o f objects whose optical and FUSE temperatures agree and those 
that disagree, separated into those where an empirical relationship between the two 

can be found, and those with FUSE temperatures greater than 120 000 K.
Agree Disagree 

FUSE Teff 
<  120,000 K >  120,000 K

RE 0720-318 A 7 HS 0505+0112
PG 1210+533 PuW el PG 0834+500
RE 2013+400 Ton 320 HS 1136+6646
DeHt 5 A 31

Feige 55
LB 2
HZ 34
A 39
GD 561

N IV  N III

1  1 1 1  i l l  I
f  | |  f „

•  •  | 
•

1

I H  f f  i . .

9 2 0  921 9 2 2  9 2 3  9 2 +  9 2 5  9 2 6  9 9 1 .4  9 9 1 .6  9 9 1 .8  9 9 2 .0  9 9 2 .2
Wavelength /  A wavelength /  A

F ig u r e  9.1. Best fitting models (black circles) to the nitrogen lines in the FUSE  
data for LB 2 (error bars), with Teff, log g  and log ^  as determined from optical 

(upper plots) and FUSE (lower plots) data.
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optical (upper plots) and FUSE (lower plots) data.

FU SE Teff >  120,000 K

For objects where the FUSE temperature exceeded the bounds o f the model grid, ex

tremely high heavy element abundances are required to reproduce any lines, because of 

the high ionisation. Figure 9.2 demonstrates this; in this case the predicted strength of 

the N  ill in the model that uses the temperature found from optical data is much larger 

than is allowed by the signal-to-noise o f the data. However, the lines in the model disap

pear almost completely when using the FUSE temperature. Therefore, for these objects, 

neither the optical or the FUSE temperatures are consistent with the ionisation balance 

o f elements in the FUSE spectrum.

An unknown in the comparisons o f predicted line strengths in m odels with different 

effective temperatures to real data is the effect o f stratification o f heavy elements in the 

white dwarf atmosphere. Although the models used in this chapter assume chemical 

homogeneity, current research is focusing on using the balance between radiative equi

librium and gravitational settling to predict the abundance distribution of elements within 

the white dwarf atmosphere (Schuh et al., 2002). For example, assuming homogeneity, 

lines due to O VI are not predicted to be seen in the FUSE observations if  the target star

N IV N III
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is cooler than ~50,000K  (Barstow et al., 2001b). However if equilibrium between ra
diative levitation and gravitational settling is assumed in H+O models, strong O VI are 
seen at temperatures cooler than this (Chayer et al., 2003). Therefore, the change in the 
temperature structure of the white dwarf atmosphere that stratification would bring about 
might explain the fact that lines such as N III are not detectable in the data, but appear in 
the models. Also, a problem with the homogeneous models is that if an absorption line 

is strong, very large overall abundances of an element are required to reproduce the line 
strength, whereas in a stratified atmosphere, as the element is concentrated in a layer, 
a lower overall abundance is required. The equilibrium models are not appropriate for 
DAOs, however, since if mass loss or accretion is occurring, as is suspected, the diffusion 
velocity of elements within the atmosphere will not be zero. Therefore, in the future, the 
investigation of the heavy element abundances in DAOs using physically realistic models 
would be an important improvement to this work.

9.4.2 Abundance patterns in the different groups of DAOs

As found in the previous chapters, DAOs can be separated into a number of different 
groups. The heavy element abundance patterns are plotted in Figure 9.3 and the follow
ing discusses the results for each group separately. Where the abundances are compared 
to those of the DAs, I refer to the results of Barstow et al. (2003c). It should be noted, 
however, that Barstow et al. used Teg and log g from fits to the Baimer lines, although 

since the Balmer/Lyman temperature problem is not as strong in DAs, as they are in gen
eral cooler than DAOs, this will have less of an effect on the measured abundances than 
is seen in this chapter for the DAOs.

EGB 6, NGC 6720, HS 2115+1148 and NGC 7293

For each of these objects there are no optical observations and the measured Teff from 
the fits to FUSE data is in excess of 120,000 K. As described in §9.4.1, the predicted 
line strengths in models this hot are too weak to reproduce the observed lines, hence the 
measured heavy element abundances are unreliable.

PG 1210+533

PG 1210+533 cannot easily be associated with any group of objects as it does not belong 
with the low mass DAOs, yet does not appear to have a companion. Homogeneous
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G 191-B2B abundance, from Barstow et al. (2000).
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models provide a reasonable fit to all the elements, and the measured abundances are 

similar to those seen in the DAs.

DeHt 5

This object has a low helium abundance and was only identified as a DAO from its HST 

STIS spectrum. Its heavy element abundances seem slightly higher than those seen in 

the DAs. This object is difficult to classify; it appears to be isolated and has a low mass, 

yet its helium abundance does not match the other DAOs with similar characteristics. 

Objects experiencing mass loss will have elevated heavy element abundances, therefore 

if DeHt 5 has just passed the wind limit, and the elements are sinking back into the 

atmosphere, this is qualitatively what might be expected.

RE 0720-318 and RE 2013+400

Both RE 0720-318 and RE 2013+400 have similar mass to the DAs, and have dM com 

panions. It is likely that at least one o f these (R E 0720-318, Dobbie et al., 1999) is 

accreting from the wind o f its companion. The optical and FUSE Teff and log g  agree 

well for these objects, although the measured helium abundance is lower from the FUSE  

data as compared to the optical value for both. Carbon is overabundant in both, com 

pared to the DAs. The nitrogen abundance o f RE 0720-318 is similar to that seen in the 

DAs, but is overabundant in RE 2013+400. The oxygen abundances for RE 0720-318, 

measured using the optical and FUSE parameters, are different by a factor o f 10. This 

seems related to the different helium abundances measured from the two wavelength 

regimes, as the strength o f the predicted oxygen lines in the m odels changes if  log ^  

is altered but the other parameters are kept constant. This also appears to be the case 

for RE 2013+400, although a good fit to the oxygen lines could not be obtained. For 

the DAs, the observed silicon abundance falls for objects cooler than ~ 5 5  000 K. Both 

the RE 0720-318 and RE 2013+400 silicon abundances appear to fit in well with this fall 

away. The iron abundances also match those observed in the DAs very well; RE 0720- 

318, which is slightly hotter than 50,000 K has an abundance o f ~ 1 0 -6 , whereas iron is 

not detected in RE 2013+400, which is cooler than 50 000 K. The same is observed for 

nickel.

The results for suggest that RE 0720-318 and RE 2013+400 are very similar to the 

DAs, although the lighter elements, particularly C, appear be relatively overabundant. If 

these objects are accreting lighter elements, then this could explain their overabundance
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in the white dwarf atmosphere, and also the observed helium lines. It appears less com
patible with the explanation that common envelope evolution has stripped hydrogen from 
the progenitor, as naively you would then expect increased abundances of all the heavy 
elements.

The low log g DAOs

This group have low log g and low mass, and consist of the remainder of the DAOs. The 
results of Chapter 6 suggest that they are isolated white dwarfs, apart from PG 0834+500 
and Feige55. Some of the results appear unusual compared to the others; the carbon 
abundance of LB 2 and HS 0505+0112 is high if Te$ and log g determined from optical 
data are used, but do not seem strange if the FUSE parameters are adopted. Some of 
the objects had nitrogen abundances that exceeded the bounds of the model grid; the 
abundances for PuWe 1 and GD 561 were greater than 102 5 times the G 191-B2B nitro
gen abundance when both the optical and FUSE parameters were used, and the same 
occurred for the measurements using the FUSE parameters for Feige 55 and LB 2. Fits 
to the oxygen lines were poor; O VI was much stronger in the real data than in the mod
els. This suggests that oxygen is stratified in the white dwarf atmospheres - see Chayer 
et al. (2003). Like oxygen, the fits to silicon lines were generally poor. The abundance 

of iron was poorly constrained by the lines that are present in the FUSE data, but nickel 
appears to be underabundant, and was only detected in a few cases. This may be due 
to the small number of nickel lines that could be used to measure abundance -  the Ni v 
line that was used was at the upper end of the FUSE wavelength range and the data was 
consequently noisy.

Overall the abundances do not appear to be consistent with those predicted by ra
diative levitation (Chayer et al., 1995b), for example iron is underabundant compared to 
the models. However, mass loss, which is currently the most likely explanation for the 
observed helium lines in DAOs, will modify the heavy element stratification. The heavy 
element abundances should be enhanced (Unglaub & Bues, 2000), and some correlation 
with luminosity might be expected, since mass loss rate is a strong function of L in radia- 
tively driven winds. Figure 9.4 shows the dependance of carbon and nitrogen abundance 
on luminosity. In general, there is no clear correlation between luminosity and heavy 
element abundance, but scatter is expected, since the abundances will depend on the evo
lutionary history of the object (Unglaub & Bues, 1998, 2000). Both A 39 and HZ 34 
have lower carbon abundances than would be expected for their luminosities, whether 
using the optical or FUSE parameters. Overall, the measured abundances are generally
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lower than predicted by Unglaub & Bues for a 0.529 M0 white dwarf, although only C, 
N and O were included in their models, and so the effect of heavier elements than these 
is unknown.

Heavy element abundance can also be compared to the effective temperature and 
gravity of the white dwarfs. The abundances do not appear to be correlated with Teff 
(Figure 9.5). However, the carbon abundances increase with log g, which is unexpected 
since the effect of gravitational settling will be more marked in the higher gravity stars, 
and should provide greater resistance to the effects of radiative levitation or mass loss. 
By contrast, the nitrogen abundance does not appear to be related to log g. It is possible 
that this is a subtle affect caused by the different heavy element stratifications changing 
the temperature structure of the white dwarf. However, the same effect was not observed 
in the DAs.

9.5 Conclusions

For those white dwarfs whose optical and FUSE temperatures can be described by an 
empirical relation, the models which use the parameters obtained by fits to the Lyman 
lines seem consistent with the relative strengths of absorption lines in the FUSE spec
trum. For those objects whose Lyman line Teff is > 120,000 K, neither the models which 
use the optical or FUSE parameters give a good match to the data. However, the strength 
of the O VI lines in the spectra of most objects indicates that heavy elements are stratified 

in the atmospheres of the DAOs.

The measured heavy element abundances of PG 1210+533 and DeHt 5 are similar to 
those seen in DAs. The white dwarfs in DAO + dM binaries have abundances that are 
similar to those seen in the DAs, but with enhanced abundances of lighter elements. This 
seems more consistent with accretion being the mechanism that is producing the high 
abundance of helium, rather than it being related to the common envelope stage. There 
is no clear correlation between heavy element abundance and luminosity for the low 

log g DAOs, or between Tes  and abundance. However, carbon abundance was observed 
to increase with log g , although the same was not observed for nitrogen.
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Chapter 10

Summary

The evolution and physical properties o f a sample o f DAOs has been investigated using 

optical and far-UV data. In §10.1-10.7 I briefly summarise the main points from each 

chapter o f this thesis, using bullet points for clarity. Then in §10.8 I bring all the results 

together in my final conclusions, and in §10 .9 1 provide ideas for expanding on this work 

in the future.

10.1 Optical data

•  Optical spectra for 22 DAOs were obtained, with a number o f the objects having 

multiple observations.

•  Hom ogeneous and stratified H+He models were fitted to each spectrum, and the 

F test was used to determine which reproduced the real data better. Only one 

object (PG 1305-017) was found where the stratified model was preferred with 

greater than 90% confidence. Homogeneous models better reproduced the spectra 

of the remainder o f the objects, although this was marginal in a number of cases. 

Only 10 objects could be said to have homogeneous H+He in their line forming 

regions with better than 90% confidence, although these included in their number 

PG 1210+533, the spectrum of which was found by Bergeron et al. (1994) to be 

poorly reproduced by both homogeneous and layered composition models.

•  Although statistically the fits to the data were good, the Balmer line problem was 

noticed when a number of the spectra were fitted. The problem occurred in differ

ent degrees, with no statistical difference found between fits to individual Balmer 

lines in some spectra, to the extreme where no agreement could be found between
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any lines. There does not appear to be a satifactory solution to this problem at 
present, and it will require improved models, for example including Stark broad
ened C, N and O, for it to be resolved.

• The log g distribution of the DAOs is bimodal, with approximately two thirds 
having surface gravities less than 7.5, while virtually all DAs have higher gravity 
than this. The masses of these low log g objects are consistent with some having 
evolved within close binary systems, some as post-EHB objects and some as post- 
AGB stars. Therefore the details of the stars evolution does not appear to determine 
if they are DAOs.

•  Mass loss is a possible explanation for the helium lines that are observed in the 
low log g objects. In a radiatively driven wind, mass loss rate is a strong function 
of luminosity, and these objects are relatively luminous compared to other white 
dwarfs. One object (DeHt 5) did not fit into this trend as its helium abundance 
is lower than that of others with similar luminosity -  this may be because it has 
passed the wind limit predicted by Unglaub & Bues (2000). In contrast, others 
have higher helium abundances than similarly luminous objects. This is expected 
to some extent, however, since composition will depend on the evolutionary history 
of the object as well as mass loss rate.

•  The remainder of the DAOs have log g that is similar to those seen in DAs. These 
objects appear to be unusual (PG 1210+533, which has a varying helium abun
dance), possible transitional objects between the He- and H-rich cooling sequences 
(PG 1305-017), or DAO+dM binaries. For the latter, accretion from the wind of 
their companion, or the loss of mass in the CE phase could explain the presence of 
helium lines in their optical spectra.

10.2 FUSE data

•  FUSE data for 23 DAOs were obtained. These were reprocessed using version 

2.0.5 or later of the CalFUSE pipeline, and a single, high signal-to-noise spectrum 
created from the eight spectral segments and multiple exposures that make up a 
FUSE observation.
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10.3 Molecular hydrogen

•  Molecular hydrogen absorption was observed in the spectra o f 13 o f the objects.

•  The profiles o f the H2 absorption lines due to different rotational states were fitted. 

It was found that for 3 objects a satisfactory to a single H2 model could not be 

obtained. In reality, the H2 in the line o f sight is likely to be made up of differ

ent components with different temperatures and velocities, hence the models are 

simplistic compared to what is being observed.

•  From the measurements, a parameterisation of the H2 absorption was found, al

lowing the white dwarf spectra to be separated from the ISM  H2 component.

10.4 Radial velocity varitions

•  A search was conducted that looked for shifts in the photospheric heavy element 

absorption lines between FUSE exposures, which would indicate binarity. The 

spectrum o f 1 object was too contaminated by H2 absorption to allow radial veloc

ities to be determined.

•  Using a Monte Carlo routine, it was found that significant radial velocity shifts 

were seen in the data for 9 objects. However, the positive results for 4 are likely to 

be erroneous, although one o f these is a binary, as it has a known infrared excess.

•  Under the assumption that all the DAOs are in close binary system s, radial velocity 

shifts should have be detected in the observations o f ~ 2 0  objects, hence it seems 

that most are isolated white dwarfs.

•  The mode o f the DAO mass distribution is between 0.45 and 0.5 M 0 . For most 

of these no radial velocity variations were seen, suggesting they have evolved as 

single stars via the EHB.

10.5 Lyman line analysis

•  Homogeneous m odels were used to fit the Lyman lines and He II lines in the FUSE 

spectra o f 21 objects.
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•  For 7 of these objects, the Teg that would be required to obtain a good fit to the 

Lyman lines was in excess of 120,000 K. The same problem has not been seen in 
the DAs (Barstow et al., 2003b).

•  The log g distribution found from the FUSE data was flat. However, the Teg distri
bution, determined from FUSE data, extended to higher temperatures than found 
from the optical spectra, and in this case it was the Teg distribution that seemed 
bi modal.

•  As with the optical results, the luminosities of the majority of DAOs were found 
to be higher than those of the DAs, the exceptions being the DAO+dM binaries. 
This is again consistent with mass loss and accretion with the wind of a companion 
being the mechanism that is preventing the gravitational settling of helium.

•  No correlation between log g and log was evident, but there was some sugges
tion of a relationship between Teff and log

10.6 Comparison between the results from optical and 
FUSE data

•  The results from the Balmer and Lyman fits showed that the DAOs extended the 
findings of Barstow et al. (2003b) to higher temperatures i.e. that Teg found from 
the Lyman lines for objects hotter than ~55,000K  was greater than that obtained 
from the Balmer lines.

•  The temperature discrepancies could not be resolved by invoking the Balmer line 

problem.

• Although there was considerable scatter in the results, the log g measurements 
from the two wavelength regions seem to agree.

• Helium abundances also agreed well, which is perhaps surprising given the dis
crepancies in the temperatures. The exception are the two DAO+dM white dwarfs, 
where the abundance measured from the FUSE data was lower than that obtained 
from the optical data. This may be due to changing abundance with depth in the 
white dwarf atmosphere, or, if the objects are accreting it could be caused by sur
face inhomogeneities of helium abundance.
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10.7 Heavy element abundances

•  Using homogeneous models to fit photospheric absorption lines in FUSE data, the 

abundances o f C, N, O, Si, Fe and Ni were measured for each object.

•  The relative strengths o f lines were more consistent with models with T eg  as found 

from the fit to Lyman lines, rather than the Balmer lines.

•  For those objects whose Lyman line determined Tefr exceeded 120,000 K neither 

models that used the optical or FUSE parameters produced a good match to the 

line strengths.

•  The above two points rely on homogeneous models being a good approximation 

to the abundance distributions in the white dwarf atmosphere. In reality, this is not 

likely to be the case, however.

•  The DAO+dM binaries were found to have slightly higher abundances o f the lighter 

elements than the DAs, whereas the heavier elements were present at approxi

mately the same abundances. This is as might be expected if  the objects were 

accreting the lighter elements from their companions.

•  The high Te*j, low log g  had elevated heavy element abundances compared to the 

DAs. This qualitatively consistent with what is expected if  mass loss were occur

ring.

10.8 Conclusions

DAO white dwarfs fall into two groups. The objects that make up the first group are 

characterised by low log g  and high T eg  compared to the DAs, and hence have compari- 

tively high luminosities. These objects made up approximately two thirds o f the sample. 

Since mass loss rate in radiatively driven winds is a strong function o f luminosity, and 

because these objects are relatively luminous, mass loss is currently the most likely ex

planation for the way in which the gravitional settling o f helium in their atmospheres is 

prevented. However, no strong correlation between luminosity and helium abundance 

has been found; in fact, Teff seems the better indicator o f helium abundance. This group 

of white dwarfs appears to be of DAO spectral type because o f their low gravities and 

high temperatures, rather than their evolutionary path. To have these characteristics, they 

will tend to have low mass compared to the majority o f white dwarfs. Therefore, some
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are formed in close binary system s, where mass is lost in the common-envelope phase, 

resulting in low mass He-core white dwarfs. However, the majority appear to be isolated 

white dwarfs, and most would not have been m assive enough to ascend the AGB after 

core helium burning and will have evolved via the EHB. According to the masses found 

for these objects, some are also likely to be post-AGB objects. There is one object that 

does not seem to fit in with the rest: the central star o f the planetary nebula DeHt 5. This 

object is one o f the cooler examples o f this group o f DAOs and has log g  o f 7.08 or 6.75, 

depending if the Balmer or Lyman line measurements are believed respectively. In the 

former case, DeHt 5 is very close to the wind limit that was predicted by Unglaub & 

Bues (2000). Hence, it is possible that this may be an example o f an object whose wind 

has switched off -  this might also explain the slightly elevated heavy element abundances 

compared to the DAs.

The second group have Teff, log g  and mass that are apparently normal when com 

pared to the DAs. In the sample o f stars analysed in this thesis, there were 6 objects that 

belonged in this group, 4 o f which were DAO+dM binaries. The results for these are 

consistent with material being accreted from their companions, and hence these objects 

must be part o f a close binary system to be DAOs. In addition there were two unusual 

objects: PG 1305-017 is probably an object transferring between the He- and H-rich 

cooling sequences. This type o f object appears to be rare since it is the only one out 

of 22 objects where stratified models significantly reproduced the He II line at 4686 A 
better than chem ically hom ogeneous models. The helium abundance o f PG 1210+533 is 

relatively high and is variable, but no indication o f the mechanism that is acting against 

the gravitational settling o f helium has been found in the data analysed in this thesis.

Therefore, in summary, three ways in which DAOs fit into the general evolution of 

white dwarfs can be identified. These are:

1. Low log g ,  high Teff objects are DAOs because o f mass loss; when this ceases they 

will become low mass DAs. These may be He-core post-CE white dwarfs, or low 

mass isolated stars that have evolved via the EHB or AGB.

2. White dwarfs may be DAOs if they are accreting material from the wind of a 

companion. These are normal mass white dwarfs that are in close binary systems.

3. Finally, an object can have DAO spectral type if  it is transferring between the He- 

and H-rich cooling sequences. The only example o f this type is a post-AGB white 

dwarf.
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The DAOs were found to exhibit the same Balmer/Lyman temperature differences 

that have been observed in the DAs. This only afflicted the low log g , high Teff DAOs, 

but this is as expected since the other group o f objects are at or below the minimum  

temperature where the problem is seen. The relative strengths o f the heavy element ab

sorption lines in the FUSE data suggests that it is the Lyman line derived parameters that 

are the more reliable, although this conclusion is uncertain since the chemical homo

geneity that is assumed within the m odels is unlikely to hold true in the atmospheres of 

real white dwarfs. An extreme form of the temperature problem was found in the data for 

7 of the stars, where models hotter than 120,000 K were required to reproduce the Lyman 

lines. M odels that reproduced the Balmer lines o f these objects well were irreconcilable 

with the shallow Lyman lines. Neither models that used the parameters obtained from 

Balmer or Lyman line fits were able to match the line strengths o f the heavy element 

lines successfully. The result o f these problems was that log g  was the better indicator of 

to which group a DAO belongs when optical data were being analysed as the difference 

in temperatures between the two groups was relatively small, whereas Teff was better if 

using FUSE data. To date, no explanation for these problems is evident.

10.9 Future work

This thesis has examined the properties o f a large sample o f DAO white dwarfs, but there 

is much scope for follow  up work. I list some examples o f future work here:

•  Incorporate Stark broadened C, N  and O into the atmospheric m odels to attempt to 

resolve the Balmer line problem.

•  Investigate the molecular hydrogen absorption that is seen in FUSE spectra in more 

detail. In particular, try to determine why some objects required two H2 compo

nents to obtain a good fit, and compare the techniques o f curve o f growth fitting 

and line profile fitting to determine if  the results from both agree.

•  Many white dwarfs have been observed by FUSE, and the data is available for most 

in the public archive. The techniques that has been used to search for binarity in 

this thesis and to determine mass from Lyman line fits could be extended to these to 

determine the proportion o f different mass white dwarfs that are in binary systems.

•  Exploit other wavelength regimes, e.g. infrared, STIS data which spans between 

1200 and 1700 A, to further investigate each white dwarf individually, in particular 

the unusual object PG 1210+533.
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•  The assumption of chem ically hom ogeneous atmospheres is not physically realis

tic. If models could be developed that incorporated gravitational settling, radiative 

levitation, mass loss and accretion, then it may be possible to resolve the issues 

with the high heavy element abundances in some o f the DAOs and the discrepan

cies between the results o f different wavelength regimes.
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