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AN BUV SELECTED SAMPLE OP DA WHITE DWARFS

FROM THE ROSAT ALL SKY SURVEY

M atth e w  C. M arsh

A B S T R A C T

A detailed study of the sam ple of hot DA white dwarfs detected in the EUV and soft X-ray 
bands of the ROSAT all-sky survey is presented. In terpreta tion  of the ROSAT d a ta  requires 
a priori knowledge of the  tem perature, gravity and visual brightness of all the white dwarfs 
detected. This inform ation was obtained by a series of optical photom etric  and spectroscopic 
follow-up observations which are presented in detail. A by-product of this work is the mass 
d istribution of the EUV selected sample of white dwarfs which shows an unexpectedly large 
proportion of high mass objects when compared with the optically selected population. It is 
suggested th a t this bias arises from the fact th a t hot white dwarfs with high gravities have lower 
heavy element abundances and are, therefore, more luminous (and easier to detect) than  the 
lower gravity stars.

In keeping w ith earlier results, it is found th a t the m ajority  of stars < 40, OOOK have more or 
less pure H atm ospheres, while those above this tem perature contain significant quantities of 
heavy elements. However, the increase size of the sample yields some im portan t new results. A 
num ber of stars in the 40,OOOK to 50,OOOK range have nearly pure H atm ospheres, a result a t 
odds w ith the predictions of radiative levitation calculations. Furtherm ore, the dispersion in the 
observed EU V /X -ray opacity a t a given tem peratu re  is much larger th an  expected from theory. 
An additional mechanism is then needed, o ther than  radiative levitation and gravity, th a t can 
modify the atm ospheric abundances. Finally, the expected strong dependence of opacity with 
surface gravity is not seen, except for very high mass stars.
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C h ap ter  1

T h e S tru ctu re  and E volu tion  o f  
W h ite  D w arfs

1,1 In tro d u c tio n

W hite dwarfs constitu te the m ost common end stage of non-explosive stellar evolution. They 

are formed when a progenitor s ta r  ceases burning helium and is not massive enough to  induce 

carbon burning giving rise to  grav itational collapse. Studies of globular cluster tu rn  off points, 

(Reimers & Koester 1982; W eidem ann & Koester 1983) have suggested an upper lim it of 8M© to 

the  mass below which progenitors m ay lose enough m aterial during their subsequent evolution 

for the stellar rem nant to rem ain below the Chandrasekhar limit of 1.4M@ (C handrasekhar 1931) 

and hence to enable non violent evolution into a white dwarf. If this is also the case for the disk 

population, the vast m ajority  of sta rs in the Calaxy (~  90% have masses < 8M©; Koester & 

W eidemann 1980) will become white dwarfs. As they are by far the m ost dom inant evolutionary 

channel, understanding the s tru c tu re  and compositional evolution of white dwarfs is therefore 

of great im portance as they have the  whole history of stellar form ation im printed on them .

As the s ta r contracts tow ard the  white dwarf stage the tem perature rises dram atically  with the 

very ho ttest white dwarfs being alm ost 200,000K and extensive mass loss, during several wind 

phases, results in a narrow  peak in the white dwarf mass distribution of % 0.6M©. The s ta r 

is prevented from fu rther collapse only when the core (which contains 99% of the white dwarf 

m ass) becomes completely degerate a t a  radius ~  10“ '̂ R© resulting in a very high density and 

therefore high surface gravity  (typically log g=  8.0). The white dwarfs then cool rapidly as there



is no m ajo r source of energy production, taking around 5 million years to cool to  50,OOOK, and 

a  fu rther 5 billion years to reach 5,000K. In doing so, the core will first liquify and then, after 

about 3 biUion years, will begin to  crystallise, eventually fading beyond detection thresholds 

into obscurity for the remaining lifetim e of the  Universe.

Interestingly, the white dwarf lum inosity function (the  num ber density of white dwarfs observed 

per unit absolute luminosity) shows a  shortfall in the numbers of the coolest, oldest white 

dwarfs a t luminosities in the region -4 .2  > log(L/L©) > -4 .6  (Liebert, Dahn & M onet 1988). 

Modelling this absence of the faintest objects with white dwarf cooling models provides an 

estim ate  of the Galactic age of 7 — lOGyrs (W inget et al. 1987; Wood 1992) which is difficult 

to  reconcile with the age of 13 — ISG yrs derived for globular clusters, from fitting  theoretical 

isochrones to  globular cluster colour-m agnitude diagrams. Thus, white dwarfs not only provide 

constraints on previous stages of stellar evolution but as they are among the oldest objects, they 

also provide a historical record of the evolution of the local region of the Galaxy.

In addition to  their im portant role in the  understanding of stellar and Galactic evolution, white 

dwarfs provide a platform  in which to  investigate the behaviour of m atter under extrem e physical 

conditions, particularly high pressure. In comparison to norm al main sequence s ta rs the compo

sition of all hot white dwarf photospheres (which are non-degenerate) appears ra th e r peculiar in 

th a t they are predominantly hydrogen an d /o r helium with only minute traces of heavier elements 

present. T he main process causing this effect is gravitational separation (Schatzm ann 1958) 

where the extremely high gravitational field, in the absence of competing processes, causes the 

heavier elements to sink below the photosphere on a very short timescale. However, the  launch 

of the  International Ultr'aviolet Explorer (lU E ) revealed th a t, a t least in some sta rs, heavier ele

m ents were more abundant than  was first thought. In reality, gravitational stratification  may be 

slowed or stopped by radiation pressure. O ther physical processes such as diffusion, convection, 

mass-loss and accretion from the in terste llar medium (ISM) can all change the composition of 

the outer layers, even after trace elements have sunk below the photosphere.

A thorough understanding of the affects of these processes on the compositional evolution of 

white dwarfs requires m easurements of the abundances of trace elements in their atm ospheres. 

EUV (~  100 -  1000 Â) and X-ray (% 0.1 — 100 Â) observations are crucial in this field as hot 

white dwarfs have the peak of their emission in these energy bands. Also, m any im portan t



absorption lines and edges occur a t these energies m aking the presence of an opacity source in a 

hydrogen rich atm osphere, be it helium or heavier elements, readily apparent in th e  E U V /X -ray 

region of the spectrum . Due to the relatively low opacity of hydrogen in the EUV, photons at 

these energies come from much deeper layers in the. atm osphere than  optical photons (Shipm an 

1976). Hence, these high energy observations could also be used to probe the stru c tu re  of the 

a tm osphere. Previous studies of EUV observations from the  Em stebr (Kahn et al. 1984; Petre, 

Shipm an & Canizares 1986) and EVO.S’H T '(Jo rdan  et al. 1987; Paerels & Heise 1989) satellites 

dem onstrated  th a t some opacity source, assumed to be helium was present in the atm ospheres 

of some hydrogen rich white dwarfs with higher abundances in the ho tte r stars. However, these 

works were lim ited in detail due to  the  small samples of objects available. Also, the  spectral 

resolution of these instrum ents was insufficient to  distinguish between models w ith different 

physical structures. An alternative in terpreta tion  is a stratified atm osphere, where a thin layer 

of hydrogen lies on top of a helium layer. The opacity then arises from the helium at the  diffusion 

boundary as the EU V /X -ray photons originate in this region. Alternatively, the hydrogen layer 

m ay be very thick (>  IQ-'^M©) as predicted by evolutionary calculations (Iben k  Tutukov 

1984) with processes such as radiative levitation lifting trace elements into the hydrogen layer. 

T he thickness of the hydrogen layer is a  very im portan t param eter as the observed changes in 

the  ra tio  of hydrogen-rich to helium-rich objects descending the cooling sequence can only be 

explained by some DAs having extremely thin layers (<  10"^^M@).

T he launch of ROSAT in 1990 provided an im portan t opportunity  to investigate in m ore detail 

the  na tu re  of trace elements in hydrogen rich white dwarf atm ospheres. During the  first six 

m onths of operation it performed the first E U V /X -ray all-sky-survey resulting in over a four 

fold increase, in the number of DA white dwarfs detected in this spectral range w ith more 

th an  50 new identifications. Such a large sam ple selected purely on the criteria of detection in 

the EUV gives the best opportunity  to date  for studying the behaviour of the opacity sources 

and significantly improves the statisitical basis of any com position/Te// correlation. Also, the 

photom etric  bands available during the ROSAT survey have improved spectral resolution over 

the EXOSAT low energy instrum ent, yielding tighter constraints on the physical structure .

P resented here is a detailed analysis of 89 of the. 110 DAs detected in the ROSAT survey, details 

of which together with the reduced EU V /X -ray  count rates are presented in the next chapter. 

In order to utilize the ROSAT data , accurate estim ates of the effective tem perature and surface

3



gravity, together with the apparent visual m agnitude are required for each object. Unlike pre

vious works (e.g. Barstow et al. 1993) which only selected detections of stars for which these 

optically derived param eters were already known, a follow up program  of spectroscopic and 

photom etric  observations ensured th a t the  sample presented here was a complete EUV sample 

lim ited only in optical brightness down to V w 17. The optical observations and reductions are 

described in chapter 3. T he bulk of the investigation into the  s truc tu re  and composition of the 

atm ospheres by com puter modelling is then given in chapter 4 with the final chapter being a 

sum m ary of the results and an insight into the future work th a t is required.

1.2 Basic S tru c tu re  o f W h ite  D w arfs

W hite dwarfs consist of a degenerate core containing carbon and oxygen (from earber nuclear 

burning stages, Paczynski 1970) which accounts for 99% of the white dwarf mass. For aU 

bu t the coolest white, dwarfs, the core is a plasm a consisting of ions and degenerate electrons. 

The degeneracy pressure of the electrons is the main force balancing gravitational collapse 

as the therm al pressure of the ions is negligible in comparison (Fowler 1926). Thus, when 

considering the pressure balance and hence the physical struc tu re , to  a  first approxim ation 

the ions m ay be ignored. As the. electrons are degenerate, and hence their pressure is only 

a weak function of tem peratu re  are much less massive than  the ions they hold very h ttle  of 

the therm al (kinetic.) energy. The m ajority  of the therm al energy is due to  the non-generate 

ions. Therefore, the gross physical structu re  may be separated from the problem of coohng 

which involves calculating the energy release through the non-degenerate atm osphere. As a 

result of this, the gross physical s truc tu re  of the core was well understood over half a century 

ago (C handrasekhar 1939). Subsequent work has been in the form of m inor corrections to the 

equation of sta te . A detailed description of the core physics is out of the scope of this thesis but 

for a review see Shapiro & Teukolsky (1983).

In the very ho ttest p a rt of the cooling sequence, shortly after the white dwarf has formed, 

neutrino loss is the dom inant cooling process with about twice as much energy being lost than 

through norm al radiation. By log(L/L@) % -2 .2  and T ^ /j  % 15, OOOK, the neutrino flux will 

have fallen to  about 1% of the to ta l (Wood 1990). W hen the s ta r  has cooled to  around 4,000 <



T e ff  < 10, OOOK at —4.5 < log/L/L© ) <  —3.0 the core undergoes crystallisation which slows the 

cooling ra te  tem porarily until the phase change is complete. However, ROSAT is only sensitive 

to  objects h o tte r than  % 20, OOOK so the m ajor loss of energy for the sample of white dwarfs 

presented here is through the release of electrom agnetic radiation.

T he rem aining 1% of the mass which comprises the non-degenerate outer layers consists of hy

drogen and helium left over after the s ta r  ejected m ost of its atm osphere during pre-white dwarf 

evolution. Paradoxically, while all th a t can be seen of a white dwarf is its photosphere, it is 

the  photosphere which is the least understood. T he photon energy distribution of the radiation 

from  the core is essentially th a t of a blackbody. However, the shape of the observed spectrum  is 

d ictated  by the structu re  and composition of the atm osphere. Hence, in theory, observations in 

any waveband may be used to reveal these param eters. In practice, as the greatest redistribution 

of energy occurs in the EUV due to the presence of many absorption features in this region, 

EUV observations have proved useful in revealing the  presence of trace elements.

1.3 S p ec tra l C lassification

T he increasing discovery of hybrid compositions in w hat was previously thought to  be pure 

hydrogen or pure helium atm ospheres, mainly through the advent of ultra-violet spectroscopy, 

led to  a revision of the system of spectral classification first presented by Greenstein (1960). 

T he new nom enclature in accepted use today, which is a formalised and more logical version of 

the old system , was introduced by Sion e.t al. (1983). The white dwarfs are classified according 

to  the presence and streng th , of absorption lines in their spectra. All the spectral classes are 

prefixed by an upper-case D which stands for degenerate. Following this is another upper

case le tte r representing the prim ary or dom inant spectroscopic features observed in the optical 

spectrum . There may then follow a series of upper-case letters denoting secondary and then 

any other notable spectral features in order of significance from any p a rt of the electromagentic 

spectrum . The criteria for the letters is th a t the spectral class they describe should be close 

to  the main sequence class of the same letter. For example, DAO describes white dwarfs with 

strong Baim er lines in their optical spectrum  (M ain Sequence class A) but also weak Hell lines 

(M ain Sequence class 0 ) . Following the letters there may also be a tem perature index from



Table 1.1: Sum m ary of M ajor W hite Dwarf Classifications

Spectral Tem perature Range* Spectral Characteristics
Class (K)
DA 6, 00 0 -  88,000 Only Baimer fines; no Hel or m etal features
DAZ 6 , 00 0 -  80,000 Baim er fines; weak m etal features present
DAO > 50,000 Baim er lines; weak Hell fines also present
DO 4 5 ,0 0 0 -  100,000 H ell strong; Hel or H present
DOZ 4 5 ,0 0 0 -  100,000 H ell lines; weak m etal features present
DB 12, 00 0 -  28,000 Hel fines; no H or metals present
DBZ 12, 0 00-  28,000 Hel lines; weak m etal features present
DBA 12,000 -  30,000 Hel lines; weak Baimer lines present
DQ 6 , 0 0 0 -  12,000 C features (atom ic or molecular), in any p a rt of spectrum
DZ < 6 ,0 0 0 M etal lines only; no H or He features
DC < 6 ,0 0 0 Featureless -  no fines deeper th an  5% in any p a rt of spectrum

* Approxim ate  tem perature range each class has been observed in.

0 to  9 defined by 10 X (where (?efr =  5040/Te//) with the tem perature  m ost often being 

determ ined from broad band colour m easurem ents (e.g. Greenstein 1984). Any degenerate star 

cooler than 5,500K would have the index 9 for tem perature. A ppropiate symbols may also be 

present indicating m agnetic fields/polarization, variability and spectral peculiarites. The main 

spectral caisses are sum m arised in table 1.1 which also shows the approxim ate range in Tg// 

over which the  classes have been observed.

1.4 E volution from  th e  M ain  Sequence

As outlined in the introduction, white dwarf progenitors are believed to include all stars with 

an initial mass less than  % SM©. W hen the hydrogen in the core becomes depleted for a 

m ain sequence s ta r, shell burning of hydrogen becomes the m ain energy source. Since the core 

no longer produces significant lum inosity this naturally results in its coUapse (Schdnberg & 

C handrasekhar 1942). T he onset of shell burning may provide ~  100 times the luminosity of the 

core and the s ta r expands by a factor between one hundred and one thousand. This results in 

cooling of the outer layers and it becomes a red giant. This is illustrated  in figure 1.1 which shows 

a schematic of the Hertzprung-Russell diagram detailing the post Main Sequence evolutionary
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p a th s of stars toward the white dw arf stage. During this phase, the core ceases to.collapse once 

it reaches a high enough tem pera tu re  to  in itiate  the fusion of helium into carbon and oxygen. 

In in term ediate sized stars, this occurs before the core has collapsed to  a density high enough to 

become degenerate. However, for low m ass stars the density of the core has risen sufficiently th a t 

it is partially  degenerate before helium ignition occurs. As pressure is only weakly dependent 

on tem perature  for non-relativistic degenerate m atter, the core does not readily expand as it 

would if it were a perfect gas and this leads to a therm al ‘runaw ay’ effect (the  helium flash) 

which only ceases when the tem pera tu re  rises sufficiently to lift the degeneracy. T he core then 

expands, slowing the fusion ra te  and causing the atm osphere to shrink rapidly, thus moving onto 

the horizontal branch.

A fter a prolonged period of stability, a similar process occurs once the core helium is exhausted. 

Helium burns in a shell around a  carbon/oxygen core and the s ta r moves to  the right of the HR- 

diagram  onto the Asym ptotic G iant Branch (AGB). However, near the top of the AGB the shell 

helium becomes depleted and the s ta r  begins to  undergo radial therm al pulsations and residual 

hydrogen again begins fusing in the outer atm osphere. Subsequently, for reasons th a t are not 

well understood, the s ta r becomes unstable and much of the remaining atm osphere is ejected 

(to  be later observed as a  p lanetary  nebula). First a ttem pts to explain this focussed on an 

alm ost instantaneous ejection ~  1 — 10 yrs caused by large scale envelope instabilities. However, 

la te r dynamical studies failed to  produce quantitative agreement with observations. Instead, the 

growing view in recent years is th a t the atm osphere is removed via one or more types of stellar 

wind. Several observational lines of evidence indicate that red giants can support a stellar wind 

mass loss ra te  (MLR) up to  ~  lO'^’M© yr~^, although the. physical m echanisms driving the 

winds are poorly understood (Reim ers 1981). From estim ates of the m ass, radius and expansion 

velocity of planetary nebulae, Renzini k  Voli (1981) estim ated a lower lim it to the MLR during 

nebula form ation of ~  10" ^ M@ y r” ^, an order of magnitude higher than  th a t indicated above. 

To account for this difference, Iben k  Renzini (1983) postulated the existence of a ‘superw ind’ 

which operates on a very short tim escale (~  1000 yrs) and is assumed to  be caused by a different 

mechanism  to the wind which operates for m ost of the AGB phase. W hile producing models 

of the  evolution of white dwarfs from the  AGB, Sc.honberner (1983) also found it necessary to 

include a superwind in order to reduce the predicted lifetime on the AGB to observed values.

As the above processes provide the m aterial which will become a p lanetary  nebula, the  core of



the s ta r  contracts under gravity until it is halted by degeneracy pressure. During contraction, it 

heats up and, therefore, moves to  left of the HR diagram  at constant luminosity. During this time 

th e  surface gravity increases by a  factor of over 10“* and the tem peratu re  rises to  ~  100, OOOK. 

Once the photosphere has heated  to a  sufficient tem perature 30, OOOK) the emergent flux 

significantly ionizes the ejected envelope rendering it observable as a p lanetary  nebula with the 

degenerate core being the p lanetary  nebula nucleus (PN N). The surrounding nebula continues 

to  expand until after % 25, 000 yr it becomes so sparse th a t it is no longer visible which formally 

ends the PNN stage and the core has essentially becomes a hot white jdwarf.

Assum ing the  m ain energy source during the evolution from the high luminosity phase PNN to 

the white dwarf stage is due to hydrogen shell burning, Iben (1984) has shown th a t the rem nant 

hydrogen layer mass m ust be greater than  % 10“ ‘‘M q. If less th an  this, the lifetime of the high 

luminosity -  high surface tem perature  phase would be reduced to no more than  a few hundred 

years. Hence, aU DA white dwarfs should be born with hydrogen layer masses greater than 

% 1O“ ‘*M0 according to ‘s ta n d a rd ’ evolutionary calculations. Hydrogen shell burning may then 

continue to contribute to the white dw arf luminosity, the m agnitude depending on the thickness 

of the surface hydrogen layer (see Koester k  Schonberner 1986). Once residual nuclear burning 

ceases there is no energy release to m aintain the tem perature and the hot core will cool into 

obscurity on a therm al timescale taking ^  lO^yrs.

1.4.1 E volution  A long th e EH B (Subdwarfs)

The course of evolution described above is th a t for the m ajority  of main sequence stars (% 

1 — 8 M@). However, for the lowest mass stars which are still capable of core helium burning 

(subdw arfs) the situation is som ewhat different. Once the core helium is exhausted, these stars 

do not ascend the .A.GB as they have not retained enough envelope mass (Me O.O2M0 ) to 

support a double shell source phase. Instead they contract a t constant luminosity (along the 

Extended Horizontal Branch EHB, Heber 1986; Caloi 1989) due to  release of gravitational energy 

until degeneracy pressure halts the collapse and they become a white dwarf.

Sub dwarfs are observed to have either hydrogen rich atm ospheres (sdB), helium rich atmospheres 

(sdO) or an interm ediate composition (sdOB, Hunger et al. 1981). The sdBs have tem peratures
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up to  % 35, OOOK while the sdOs are considerably h o tte r [T ejj < 100, OOOK). ObservationaUy, 

the m ain observational difference between white dwarfs and sub dwarfs is th a t the surface gravity 

of sub dwarfs is lower (log g-5-G  cf. log g=7-8), producing narrow er B aimer lines in their spectra, 

and they have higher absolute m agnitudes due to  their larger radii.

T he absence of helium in m any subdwarfs is presum ably due to gravitational settling in their 

relatively high gravity (log g ~  5 -  6) atm ospheres (Greenstein & Sargent 1974). They therefore 

seem to be direct progenitors of low m ass DAs. However, based on space densities, Drilling & 

Schonberner (1985) showed th a t the b irth ra te  of sdBs and sdOBs suggests th a t they account 

for only 2% of all DA white dwarfs, and even then only contribute to the lowest mass tail of 

the white dw arf mass distribution. However, helium rich sdO stars do exist and are possible 

progenitors of DO white dwarfs. Since they are the h o ttest sub dwarfs, mass loss m ay play a 

significant role in removing any rem aining surface hydrogen. Once again, however, the derived 

b irth ra te  of these objects is significantly lower than  th a t for helium rich PNN suggesting they 

play a  m inimal role in DO form ation (Drilling & Schonberner 1985; Heber 1986). However, the 

space densities and birth rates for subdwarfs are deduced from small, incomplete samples. W hile 

the b irth ra tes  of PNN and white dwarfs are estim ated to be comparable, the m ost common ob

jects found in colour selected, m agnitude lim ited surveys such as the Palom ar Green (Green, 

Schmidt & Liebert 1986) are the hot sub dwarfs suggesting their contribution to the  num bers of 

white dwarfs could possibly be larger.

1.5 T he  W hite  D w arf C ooling Sequence

One of the m ajor outstanding problems in the study of white dwarfs is their division into 

two distinct categories, having either hydrogen-rich atm ospheres (DA) or helium dom inated 

atm ospheres (nou-DA), and the routes by which they evolve from possible progenitors. Although 

the evolutionary channels appear independant there are several observational facts which suggest 

th a t some interaction between the two m ust occur. Figure 1.2 shows a schematic of the whole 

of the white dwarf cooling sequence highlighting some of this evidence together with possible 

physical processes which have been suggested to  explain the changes from one branch to  the 

other.
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Studies of the  luminosity function of PNN show th a t He-rich objects are approxim ately as 

common as H-rich stars whereas the white dw arf luminosity function indicates th a t in the  region 

above % 40, OOOK the DA:non-DA ratio  is % 7 : 1 (Fleming, Liebert & Green 1986). This can 

only be accounted for by DO stars turn ing into DAs.

T he h o ttest DA yet discovered (as a by-product of this work) is RE1738-1-665 with a tem perature  

of 85,400K — 9 0 ,400K (see Barstow et al. 1994; chapter 3). This is significantly cooler than  the 

h o tte s t known helium rich w hite dwarfs (known as the  PG1159 stars after the p ro to type PG1159- 

035) which have T eff > lO^K — 10^'^K. These objects are all of the class DOZ and exhibit OVI 

absorption features a t 3311Â, 3434Â, 3811Â and 3834Â together w ith features of CIV a t 3689Â, 

3934Â and 4658Â. Such spectral features are associated in strong emission with the OVI class 

of PNN suggesting a direct link between the two. The evidence for such a  link is strengthened 

by the identification of several PNN as PG1159 stars (Napiwotzki & Schonberner 1991). For 

the  DA sta rs, there is no similar class of object connecting them to their progenitors, the H-rich 

PN N , giving rise to the ‘DA g ap’. Although RE1738-1-66 has a tem perature  high enough to 

be considered a direct descendant of H-rich PNN (which have tem peratures > 100, OOOK) it is 

the  only DA within this tem pera tu re  range. The next ho ttest DAs aU have tem peratures less 

th an  % 70, OOOK and even then are relatively few. However, there are several hot s ta rs, the 

DAOs, with hydrogen dom inated atm ospheres but which also show spectroscopically detectable 

abundances of helium. They have tem peratures up to % 80, OOOK suggesting they could be the 

evolutionary link between the DO and the DA stars. However, Bergeron et al. 1994 suggest th at 

this is not so, and th a t m ost DAOs evolve from the horizontal branch.

T he m ost compelling evidence for transitions between the DA and non-DA cooling channels is 

the  apparent absence of He-rich sta rs between the coolest known DO at % 45, OOOK and the 

h o tte st known DB at % 28, OOOK giving the ‘DB gap’. This gap is alm ost certainly real and not 

a result of observational selection effects (W esemael, Green & Liebert 1985; Liebert et al. 1986). 

Even though Hell line strengths decrease with decreasing tem perature, there is theoretically no 

tem peratu re  a t which neither Hell or Hel lines will be visible. A t T e ff < 25, OOOK, the  DB 

white dwarfs are num erous, accounting for 20 — 25% of all white dwarfs h o tte r than  12,000K. 

Below 10,OOOK the non-DA degenerates are of the order of half the entire population of white 

dwarfs (Sion 1984; Greenstein 1986).
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There are two main theories as to why the bifurcation of the cooling sequence exists, which are 

sum m arised by Shipman (1989). The prim ordial theory assumes th a t the two cooling channels 

are separate and result from events in the  pre-w hite dwarf stage of evolution. Iben (1984) has 

shown th a t the timing of a superwind during the therm al pulse cycle of a post-AG B sta r can, 

d icta te  w hether the s ta r will evolve into a DA or a non-DA. If the superwind develops after a 

helium shell flash (for a small fraction of tim e the  s ta r is severely out of therm al equilibrium 

because of a 'flash'-like instability  of the helium burning shell), all of the surface hydrogen will 

be lost allowing subsequent non-DA evolution. However, if it develops before the  helium shell 

flash, the s ta r will retain  enough surface hydrogen to evolve into a DA with a  thick hydrogen 

layer ^  10""^M@. There is some evidence to snpport this theory in the existence of b o th  H-rich 

and He-rich PNN. However, Iben & M acdonald (1985) predict th a t DAs should be detected 

as hot as 150,000K and take about lO^yrs to cool down to 80,000K which is com prable to the 

tim e He-rich objects are h o tte r than  SO,OOOK. Therefore the lack of very hot DAs cannot be 

explained in term s of shorter cooling times. T he existence of the DB gap is explained within 

the  prim ordial theory by the DO stars accreting m aterial from the ISM to transform  them  into 

DAs by the tim e they cool to 45,000K. M acDonald & Vennes (1991) show th a t this is feasible 

in principle, but the existence, of DCs a t % 50,000K places limits on the possible accretion ra te  

four orders of m agnitude lower than  required to make the transform ation.

T he alternative, idea, known as the ‘mixing theory’, partly  arose from soft X-ray observations 

of hot DA stars, which indicated the presence of trace amounts of helium (or heavier elements) 

providing a source of opacity a t those wavelengths. Vennes et al. (1988) argued th a t  radiative 

levitation cannot support enough helium in the atm osphere to account for the  opacity. In

stead , they suggested th a t hot DAs are stratified objects with a very thin layer of hydrogen 

(% 1O“ '̂*M0 ) which is sufficiently thick th a t optical radiation escapes only from the  pure hy

drogen outer regions yet is sufficiently thin th a t the X-rays escape from deeper helium polluted 

regions. This lead Fontaine. & Wesemael (1987) to propose th a t both  DA and non-DA stars 

form by a single route from PNN, possibly via the  very hot DO type PG1159 sta rs which only 

have a  little  hydrogen. Various physical processes may then be invoked to explain how DCs can 

evolve into DAs and at least some DAs into DBs, details of which are given below. Although 

this theory in isolation cannot account for the observed bifurcation in PNN, it does provide a 

n a tu ra l way of explaining the observed DA and DB gaps in the cooling sequence.
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1.6 T he C ase for T h in  H ydrogen  Layers

In the very hot PG1159 stage of the cooling sequence, m inute quantities of residual hydrogen may 

be mixed in the outer helium envelope. Due to the very high gravitational field, as the s ta r cools, 

in the absence of any competing effects such as a wind or accretion, the small am ount of hydrogen 

diffuses upward to give a thin (<  hydrogen layer and hence the  surface of a DA star.

This is viable even for initial abundances as small as H /H e =  10~^° and naturally  leads to a 

stratified structu re  with a thin hydrogen layer overlying a helium envelope. The tim e taken for 

the transform ation from DO to DA will depend on the surface gravity and the am ount of residual 

hydrogen in the atm osphere. By the  tim e the surface tem perature  has dropped to % 45,000K, 

aU DCs have changed into DAs giving the break in the non-DA sequence. An a ttrac tive  feature 

of this hypothesis is th a t the diffusion tim e scale for the hydrogen to  accum ulate on the surface 

is nearly equal to the cooling tim e scale of the DO stars down to 45,000K. This also explains 

why there are no DAs (with the exception of RE1738-1-66) with T ^ j f 'Z  70, OOOK as they are stiH 

DO stars awaiting the upward m igration of hydrogen. If the hydrogen layer is too thick, the 

transition  to DA would occur too early. The. DAO stars would then be th e  interm ediate stage 

where the helium is settling out of the  photosphere.

T he emergence of DBs below the. break in the non-DA sequence is then  accounted for within 

the ‘thin hydrogen layer’ DA theory by the onset of convection a t 30, OOOK as indicated in 

figure 1.2, which mixes the surface hydrogen back into the helium envelope. This can only occur 

with a thin hydrogen layer of < lO '^^M g (Liebert et al. 1986). Even a  m ass of hydrogen this 

small will still give the optical spec tra  of a DA due to the high opacity of hydrogen at optical 

wavelengths (see section 2.1). However, this is in conflict with the theoretical evolutionary 

calculations which predict th a t DA white dwarfs should be formed with massive hydrogen layers 

(>  lO^'^Mg) in order to account for the observed luminosity function (e.g. Iben & Tutukov 1984; 

Iben & M acdonald 1985; K oester & Schonberner 1986). To establish layers th inner than  lO^^Mg 

Bruhweiler & Kondo (1986) proposed the presence of weak stellar winds in the ho ttest DAs. 

A lternatively, diffusion-induced nuclear burning in the helium envelope, occurring when the 

high energy equilibrium diffusion tail of carbon, extending upward from the core, encounters the 

hydrogen diffusion tail causing destruction of protons via is a  possible explanation

(M ichaud & Fontaine 1984). However, this has largely been ruled out by the  study of the

14



reaction ra tes (Iben & M acdonald 1985). If the white dwarf has a hydrogen layer thicker than  

1O” ^®M0 it win remain a DA. It is assumed th a t the am ount of hydrogen left after the ejection 

of a p lanetary  nebula is variable resulting in some ‘thick’ layers and some ‘th in ’ layers. This 

would explain the decrease in the DA:non-DA ratio  from % 7 : 1 above the DB gap to % 4 : 1 

below it. I t is then possible th a t the observed hydrogen rich PNN account for the ‘thick’ layered 

DAs which rem ain DAs th roughout the cooling sequence. Consequently, one would expect to 

detect hydrogen layer masses from 10“ ®̂ — 1O“ '^M0 for DAs with T ^ / f  > 28, OOOK, but for DAs 

w ith T e f f  < 28, OOOK only hydrogen layer masses greater than  1O“ ^^M0.

As the observed DA:non-DA ratio  decreases from % 4 : l a t  T ^ j j  > 20, OOOK to roughly 1:1 a t 

Te f f  ~  6, OOOK, not all the DAs which will become DBs undergo the transform ation a t 28,OOOK. 

The predictions of m ost models indicate th a t in DAs, a second convection zone develops a t 

about 15,OOOK increasing in depth dram atically below 10,OOOK. If this reaches into the helium 

layer (as it wiU for hydrogen layer masses % 1O~^°M0; Koester 1976; Vauclair & Reisse 1977) 

then the DA will become a DB. T he presence of this convection zone together with the one a t 

% 30, OOOK is strong evidence th a t many DAs may have thin hydrogen layers.

Additional evidence th a t not all DAs have hydrogen layers ~  1O~'^M0 comes from studies of 

the ZZ Ceti pulsating DAs (e.g. W inget et al. 1982; W inget 1993). The variability of these 

stars is due to  various stellar oscillations which depend on the s ta r ’s m ass, tem perature, radius 

and atm ospheric structure. From modelling the power spectra of these, stars (DAVs), it is found 

th a t the hydrogen layer mass cannot exceed lO '^M ©. Thus, white dwarf oscillations also appear 

inconsistent with thick hydrogen la.yers in all DAs. However, the most recent exam ination of 

pulsation theory by Fontaine et al. (1994) contradicts these results. Using new non-adiabatic 

models, they find th a t DA stars may have thick hydrogen layers, in keeping with standard  

evolutionary theory, yet still pulsate as observed in the ZZ Ceti instability strip. As the two 

theories clearly disagree they suggest an urgent and thorough re-exam ination of pulsation theory 

is called for.

One problem for the transform ation of DA to DB by convective mixing is the appearance of 

the DBA class of white dwarfs below % 30, OOOK. The additional hydrogen features in the 

predom inantly helium optical spectra of these objects implies hydrogen abundances of H /H e «  

10"^ (Shipm an, Liebert & Green 1987). If the hydrogen was simply the result of the convective
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m ixing process one would expect m ost of the DBs to be DBAs when observed a t high resolution. 

However, Shipman et al. (1991) failed to  detect any hydrogen in the spectra  of a statistically  

significant sample of DBs. Also, the estim ated  mass inside the helium convection zone of a  DB is 

% As the typical m easured hydrogen abundance of a  DBA is H /H e % this implies

a  hydrogen layer mass of % which is above the limit (% 10"^^M@) where the helium

convection zone occurs and a DA becomes a DB at «  30, OOOK. A possible explanation 

for the existance of DBAs is th a t the  hydrogen present results from accretion of the ISM. A 

reasonable accretion ra te  of lO^^^M© yr~^ (A annestad & Sion 1985) can, in a  cloud crossing 

tim e of lO^yr (well within the cooling timescale) produce the required 10~^°M© of hydrogen.

In sum m ary, the. changing DA:non-DA population ratios with tem pera tu re  on the  white dwarf 

cooling sequence may be accounted for within the mixing theory by the m ajority  of DA stars 

having thin hydrogen layers. A part from  a m inority of DAs which evolve directly from  H-rich 

PN N , all remaining white dwarfs are initially of type DO. As they cool the residual hydrogen in 

the atm osphere diffuses to the surface. T he more hydrogen the white dw arf has, the  faster (and 

hence a t higher tem perature) it will become a  DA. By the time the tem pera tu re  has dropped 

to  45,OOOK, aU DCs have become DAs giving rise to the DB gap. At % 28, OOOK, the first con

vection zone develops and DAs w ith hydrogen layer masses less than  10~^®M© are turned into 

DBs. At 15,000K, the second convection zone develops, turning aU those rem aining DAs with 

layer masses less than 10“ ^°Mq in to  DBs. Those DAs with layer masses g reater than  10~^°M© 

once formed, remain as type DA throughout the cooling sequence.

1.7  P revious E U V  O bservations o f H ot D A  W h ite  D w arfs

Over two decades ago Cruddace et al. (1974) showed that with a low  density, non-uniform  ISM, 

it would be possible to observe in the  EU V /X -ray over considerable distances. This lead to  the 

first soft X-ray observations of white, dwarfs. In explaining the observed emission from Sirius 

B, Shipman (1976) first pointed out th a t a t the tem peratures of hot DAs, the  ou ter layers 

would be highly ionized and so tran sp aren t to radiation from deeper in the atm osphere and 

could therefore emit copious am ounts of therm al EUV/soft X-raÿ radiation . Due to  the energy 

dependence of the opacity of hydrogen, observations in the EUV and soft X-ray hold great
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potential for examining the changes in composition with depth in the atm osphere. Hence they 

can provide direct evidence for the presence of thin hydrogen layers. Even though a  DA appears 

optically as pure hydrogen, in the EUV and X-ray a thin layer DA would show the  presence of 

helium as a deficit in the expected EU V /X -ray flux.

Based on the hypothesis th a t there is some interchange between the two branches of the cooling 

sequence, with DO stars tu rn ing  into DA stars through gravitational settling of helium, it should 

be possible to  observe some residual helium in the  h o ttest DAs. T he earliest rocket born EUV 

observations of the hot DA HZ43 showed the atm osphere to be consistent with pure hydrogen 

(M argon et al. 1976; Lam pton et al. 1976; Holberg et al. 1980). However, w ith the  advent 

of the X-ray observatory E’m.s'fezn, the presence of an opacity source was discovered in most 

hot DAs and was widely in terpreted  as being due to helium, homogeneously mixed throughout 

the atm osphere with an abundance of He/H > 10“ *̂ (Kahn et al. 1984). Furtherm ore, Petre, 

Shipman & Canizares (1986) found evidence for increasing opacity w ith increasing effective 

tem peratu re  as would be expected if the DO stars were transform ing into DAs with thin hydrogen 

layers. Subsequent observations with the. E X O S A T satte lite  (Jordan  et al. 1987; Paerels & Heise 

1989) found slightly weaker b u t significant trends of increasing opacity with increasing T e//.

Kahn et al. (1984) proposed two possible mechanisms as explanations for the finite observed 

abundances: accretion from the ISM or selective radiative levitation of helium. T he discovery of 

higher abundances in h o tte r sta rs lead Petre, Shipman & Canizares (1986) to favour radiative 

levitation as this was the only mechanism which could give rise to  such a correlation. However, 

Jo rdan  et al. (1987) noted th a t, in the absence, of competing effects, a stratified struc tu re  would 

be physically more, realistic due to  the  high gravitational field. In light of the work by Vennes 

et al. (1988) who dem onstrated  th a t the amount of helium which could be supported in the 

atm osphere by radiative forces is too small by a t least two orders of m agnitude to account 

for the EXOSAT observations, K oester (1989) utilised model atm ospheres which assumed a 

stratified struc tu re  to analyse, an EXOSAT sample of DAs. He discovered the count rates 

could be modelled equally well by such a structure but found no strong correlation between the 

hydrogen layer mass and tem pera tu re  other than a general tendancy for thinner layers in the 

h o tte r stars. Thus, the d a ta  were not of sufficient quality to be able to distinguish whether the 

stars have thin layers or w hether they have standard thick layers with the opacity source spread 

throughout.
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Besicles the  inability to  distinguish between physical models (homogeneous or stratified), an 

added problem  in the work outlined above is th a t they all make the implicit assum ption th a t 

helium is the only significant opacity source in the EU V /X -ray region. This is not necessarily 

true . K ahn et al. (1984) mention th a t helium remains the dom inant opacity source below 227Â 

only if abundances of heavier elements are m aintained below 10“  ̂ of their solar values. Vennes 

et al. (1989) showed th a t the E X O S A T  g ra ting  spectrum  of the hot DA Feige 24 (which has a 

sim ilar tem perature  and surface gravity  to  HZ43) cannot be explained by either homogeneous or 

stratified  H +  He models. However, they  showed th a t a photospheric m odel with trace elements 

heavier than  helium can fit the observations. Furtherm ore, Wesemael, Henry & Shipm an (1984) 

had reported  absorption lines due to CIV, NIV and SilV in the lU E spectrum . Many o ther DAs 

have now been spectroscopically observed in the UV to reveal a host of heavy elements. For 

exam ple, Vennes, Thejll & Shipm an (1991) also found C, N, and Si features in several hot DAs. 

An EUV spectrum  of the hot DA G 191—B2B obtained from a  sounding rocket flight revealed 

features thought to be due to OIII and FeV (W ilkinson, Green & Cash 1992). UV observations 

of newly identified white dwarfs in the ROSAT survey resulted in the discovery of two of the 

h o tte s t and m ost contam inated DA atm ospheres yet known, RE0623-37 and RE2214-49. The 

sp ec tra  of these stars not only displayed m any features due to C, N, 0 ,  Si, A1 b u t also Fe and 

Ni (Holberg et al. 1993; Holberg et al. 1994). Vennes et al. (1992a) also detected Fe species in 

the lU E  spectra  of the hot DAs Feige24 and G191 —B2B.

Interestingly, Wilkinson, Green & Cash (1992) found no sign of the H ell edge a t 228Â in their 

spectrum  of G191—B2B. More recently, B arstow , Holberg & Koester (1994) have studied the 

Extreme Ultraviolet Explorer (EU V E) sp ec tra  of four hot DAs (including G191—B2B and Feige 

24) and also found no sign of photospheric He, suggesting th at helium in fact plays a  minimal, if 

any role in the atmospheres of the DA stars which is contrary to the view of DCs transform ing 

into DAs.

1,7.1 O pacity from H eavy E lem en ts

A thorough understanding of the. com positional evolution of white dwarfs requires m easurem ents 

of the abundances of trace elements. W hether a population of heavy elements can be sustained
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in a  predom inantly hydrogen or helium atm osphere depends critically on the balance between 

gravitational settling and com peting processes th a t can hypothetically support them . Possible 

m echanisms include diffusion, convective dilution, accretion, stellar winds and m ore obviously 

radiative levitation due to the intense radiation field present in these hot stars. P rom pted by the 

identification of species such as C, N, 0  and Si in some of the h o tte r stars, detailed calculations 

by various groups showed early on th a t radiative levitation could effectively compete against 

the gravitational field and support significant quantités of these elements in the photosphere 

for a  prolonged period (M or van, Vauclair & Vauclair 1976; Vauclair 1989; Chayer, Fontaine 

& Wesemael 1989). From the subsequent discovery of a preponderance of species of heavier 

elements such as Fe and Ni, fu rther calculations have been perform ed including m any of their 

transitions (o f which there are thousands) to show th at in the hot DA tem pera tu re  range, aU 

the identified species may be supported above their solar values a t specific values of Te f f  with 

surface gravity dictating the observed abundances (see e.g. Chayer, Fontaine & Wesemael 1995).

However, as already m entioned, similar calculations for the levitation of helium by Vennes et al. 

(1988) showed th a t the process was not efiicent enough to  sustain the abundances needed to 

absorb enough of the EU V /X -ray flux in order to explain the observed EXOSAT and Einstein 

count rates. Thus, once a DO has transform ed into a DA, the residual helium may very quickly 

sink out of the p a rt of the photosphere where the EU V /X -ray flux originates. This would provide 

a possible explaination as to why helium was not observed in the EUV spectra  examined by 

B arstow , Holberg & Koester (1994).

T he growing body of evidence for the presence of elements heavier th an  helium in hot DA atm o

spheres lessens the need to  invoke, thin hydrogen layers as an explanation of m any observations. 

A num ber of authors have shown th a t radiative levitation of a complex of heavy elements with 

low individual abundances may be more appropiate in some and, perhaps, m ost cases than a 

thin layer of hydrogen on top of a helium atm osphere (Vennes, Thejll & Shipm an 1991; Vennes 

& Fontaine 1992). If the investigation into pulsation theory reveals th a t thick hydrogen layers 

are possible this would seriously call into question the thin hydrogen layer hypothesis. Moreover, 

a recent analysis of a sam ple of DAO white dwarfs (Bergeron et al. 1994) which were believed 

to  represent the best case for stratification due to the spectral visibility of helium (see e.g. 

M acDonald & Vennes 1991), indicates that the atm ospheres are homogeneously mixed ra ther 

th an  stratified with a  thin hydrogen layer. This implies th a t they are not an evolutionary link
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between the DO and DA stars with the hydrogen diffusing upward in the atm osphere. Bergeron 

et al. (1994) suggest th a t instead the DAO stars are possibly descendants of subdwarfs ra ther 

th an  those which have evolved through the AGB phase.

1.8 R O SA T O bservations

T he ROSAT all-sky survey provides a  unique opportunity  to  examine some of the  m ajor ques

tions concerning the structure , composition and evolution of DA white dwarfs. If thin hydrogen 

layers provide an adequate representation of the m ajority  of DA atm ospheres this will add sup

p o rt to  theory th a t DOs transform  into DAs above % 45, OOOK and some DAs tu rn  into DBs 

below % 28, OOOK. However, all previous works have been unable to distinguish between a s tra t

ified atm osphere and an atm osphere where the helium is homogeneously distributed. Barstow 

et al. (1993) examined a sample of 30 well known DAs from the ROSAT survey and also could 

not distinguish physical structures. The work presented here utilises the fuU sample of DAs 

observed in the entire sky and hence the only selection criteria  are th a t they are EUV bright 

enabling a  more, comprehensive, analysis.

In order to  investigate the role of helium in hot DA atm ospheres, only H +  He model atm ospheres 

are used. If the m ajority  of stars may be represented in this way it is possible th a t helium may 

be a dom inant opacity source. However, in light of the observational and theoretical evidence 

described above, and the fact th a t ROSAT d a ta  are photom etric ra ther than spectroscopic, a 

H +  He representation of the observed count ra tes m ay be misleading with opacity from elements 

heavier th an  helium accounting for the reduced fluxes. The presence of heavier elements can be 

inferred from the d a ta  if some DAs cannot be modelled satisfactorily by hydrogen and helium 

alone.

Finally, independent of the actual absorbing m aterial, be it helium or heavier elements, with 

such a large sample of objects we have the best opportunity  to date of examining how the 

opacity varies with tem perature and gravity. This m ay provide valuable observational evidence 

for theoretical radiative levitation calculations. Any such correlation with the stellar param eters 

T e f f  and log g may be found by simple exam ination of the relative emergent fluxes for different 

stars.
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C h ap ter  2

O bservations o f  H o t W h ite  D w arfs  
from  th e  R O SA T  A ll-S k y  Survey

I

2.1 T he E U V /X -ra y  em ission  from  H ot W hite  D w arfs

The photospheric. composition of hot white dwarfs is predominantly hydrogen an d /o r helium. 

T he observed spectral energy distribution is therefore primarily dependent on the absorption 

characteristics of these elements and their relative abundances, together with the atm ospheric 

struc tu re  and tem perature gradient defining a specific, spectral shape. Figure 2.1 shows the 

variation in the absorbtion coefficient for the  species HI, Hel and Hell a t a  tem perature  of 

25,000 K as a function of energy from  the optical to soft X-ray. It is imm ediately evident 

th a t for helium white dwarfs (DOs, DBs) the EUV cross-section per He atom  & gpy/H e, for 

Hel and Hell, a t 25,000 K, is m any orders of m agnitude greater than  the optical cross-section 

^ o p r /H e . This means th a t w hatever the degree of ionisation, helium white dwarfs show very 

little  emission in the EUV compared to  the optical. However, as the number of atom s in excited 

sta tes (quantum  energy level n, > 1 )  increases with increasing tem perature according to the Saha- 

Boltzm ann equation, this difference between ^ 'op^ /H e and A;ppy/He decreases with increasing 

tem perature. It is possible to calculate minim um  detectable tem perature limits for the ROSAT 

bandpasses as a function of interstellar column by convolving model white dwarf spectra  through 

the instrum ent responses. Prior to the ROSAT launch, Barstow (1989) found th a t DO white 

dwarfs observed through a column density of ICd^ cm~'^ would require a tem peratu re  in excess 

of 60,OOOK in order to be detected in all the survey bandpasses. He noted th a t the space density
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of DOs with tem peratures substantially  in excess of this are very low and so predicted th a t very 

few would be observed (in fact 10 were detected in the survey).

The situation for the DA stars is very different. From figure 2.1 it can be seen th a t a t tem per

atures as low as 25,OOOK, k s u v / ^ f  is % 30 times less than A-'opt/H. T hus, the EUV radiation 

originates from much deeper in the photosphere than optical radiation . A t higher effective 

tem peratu re, increasing ionisation reduces the bound-free opacity generally, bu t the rising pop

ulation of the n =  2 and n =  3 sta tes increases optical opacity compared to the EUV, suggesting 

the lim iting tem perature  for DA detection is substantially lower than  for DOs. Barstow  (1989) 

found a lim iting tem perature, of 20,OOOK for detection in all bands of a pure hydrogen DA with 

an intervening column density of lO^^cm"^. From known DA space densities (Fleming, Liebert 

& Green 1986) one would expect to detect of the order of 1000 DAs above 20,OOOK in aU survey 

bandpasses (Finley 1988; Barstow & Pounds 1988).

However, a DA will only be EUV bright if the atm osphere is pure hydrogen. Due to  the large 

difference between k o p x / f l  and /o’o p r /H e  a white dwarf could appear as a  DA optically but in 

fact have significant am ounts of helium deeper in its atm osphere. If helium is present, then it is 

evident from the difference in the  EUV cross-section between HI and Hel or H ell th a t  the EUV 

opacity will increase significantly for even small abundances. This is dem onstrated  in figure 2.2 

which shows four model DA spectra  each with an effective tem peratu re  of 30,OOOK and logg =  8, 

bu t w ith hydrogen layers of varying thickness. Also p lotted are the  m ean energies of the PSPC, 

S la  and S2a survey bands (see next section). The continuous line shows a  pure hydrogen spec

trum , with line features due to the Baimer series term inating a t the Baim er discontinuity (3646 

Â ), and the Lyman series term inating  a t the Lyman limit (912 Â). The three o ther spectra 

are. for DAs with hydrogen layers thin enough for the EUV photons to  originate from deeper 

layers where there is trace helium present from the H /H e diffusion boundary. T he line fea

tures visible are due to Hel. If homogeneously mixed, an abundance as low as H e/H  > 10~® at 

Tef f  = 30, OOOK begins to affect the EUV fluxes. Hence, figure 2.2 shows th a t the survey bands 

cover a spectral region where trace helium has a significant effect on the spectral shape and 

therefore clearly dem onstrates how the ROSAT detectors arérideally suited to studying opacity 

in hot DA atm ospheres.
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Figure 2.1: Absorption coefficients per absorber k/X, for HI, Hel and Hell as a function of 
energy from the optical to the EUV. Also shown are the principal quantum numbers for each 
ionisation edge and the names of the H edges. HI - solid line, Hel - dashed line. Hell - dotted 
fine. (D ata is from Bohm-Vitense (1989) and Cruddace e t  al. (1974))
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Figure 2.2: The ROSAT survey mean band energies superimposed onto four theoretical DA 
spectra. The value of the PSPC corresponds to the C band only (see next section). Each 
spectrum was predicted for a stratified atmosphere with varying hydrogen layer meiss M u  (see 
chapter 4) with Te// = 30, OOOK and log g= 8.0. Solid line - Mh = 7.32 x 10“ ^̂  M@ (=  pure 
hydrogen), dashed line - Mh = 3.21 x 10“ '̂* M@, dash-dot line - Mh = 9.16 x 10“ ®̂ M©, dotted 
line - Mh = 2.89 x lO'*®
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2.2 T he R O SA T  O bservatory

The ROSAT satellite was launched on a Delta II rocket from Cape Canaveral on June 

1990, into a circular orbit a t an a ltitude of 580 km, giving an orbital period of 96 minutes. 

The orbital inclination of 53° provides 5 or 6 spacecraft contacts (each of «  10 minutes) per 

day with the  groundstation  a t W eilheim, Germany. The observatory consists of two co-aligned 

imaging instrum ents, the G erm an X-ray telescope (XRT: Aschenbach 1988) and the British EUV 

telescope, the W ide Field C am era (W FC: Sims et al. 1990). A schem atic view of the ROSAT 

spacecraft and its m ajor com ponents, together with a cut away diagram  of the W FC are given 

in figure 2.3.

The spacecraft is a three-axis stabilised satellite using gyroscopes and high torque momentum 

wheels (which allow fast slews of up to 180° in ~  15 m inutes) w ith a 3<7 pointing accuracy of 1 

arcm inute. Two CCD sta r  sensors on the XRT are used for position sensing of guide stars and 

spacecraft a ttitu d e  determ ination (the  W FC carries its own sta r sensor for independent a ttitude  

determ ination but this is not used for spacecraft control). These allow a ttitu d e  determ ination 

to  be reconstructed a t the  g roundsta tion  to an accuracy of 6 arcseconds.

The objectives of the mission (T riim per 1984) were to carry out the first survey of the entire 

sky in both  the EUV and X-ray during the first 6 m onths of operation  and then to  provide a 

facility for more detailed observations of pre-selected targets w ith longer exposure times, which 

is now entering its 6*̂ '̂ phase.

2 .2 .1  T h e  X R T

The X-ray m irror assembly (XM A) of the XRT is a grazing incidence four-fold nested Wolter 

type I configuration (W olter 1952). All of the 8 m irror shells are m ade out of Zerodur, a glass 

ceramic with an alm ost negligable therm al expansion coefficient, and are coated w ith a thin gold 

layer in order to increase X-ray reflectivity. Typical grazing angles are between one and two 

degrees, depending on the  m irror subshell considered. The to ta l geom etric collecting area of the 

XMA is 1141 cm^ on axis and is a strong function of energy. The focal length is 240 cm with an
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Figure 2.3: Schematic diagram showing the ROSAT satellite and a cutaway of the WFC with 
the primary components indicated.
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ap ertu re  of 84cm diam eter yielding a  to ta l field of view of 2°,

A t the  focus of the XRT are th ree  interchangeable detectors, two Position Sensitive Proportional 

Counters (PSPC s) and the High Resolution Im ager (HRI). As only the  PS PC  ‘C ’ detector was 

used during the all-sky survey (Pfefferm ann et al. 1987), the d a ta  from which are utilized in this 

thesis, the HRI shall not be considered further. The PSPC is a m ulti-wire gas fiUed proportional 

counter with a cathode strip readout scheme for position determ ination. It has an 8cm diam eter 

sensitive area which subtends the fuU 2° field of view of the XMA. The X-ray absorption  of the 

counter gas (a  m ixture of Argon, Xenon and M ethane) is close to 100% up to  % 2 kev which is 

the  m irror reflectivity high energy cut off. T he quantum  efficiency of th e  detector is therefore 

determ ined by the transmission of the entrance window which m aintains the gas pressure. This 

polypropylene window has a thin carbon/lexan  coating in order to decrease UV transm ission. As 

a  consequence, the window is opaque to  energies ju st above the carbon edge a t 0.28keV, bu t has 

a transm ission of ~  50% ju st below this. Due to the steep fall off in flux tow ard higher energy in 

the X-ray region of the spectrum , white dwarfs are only detected below the carbon edge (known 

as the  C band; 0.1 — 0.28keV). A detection above this energy suggests rad ia tion  from another 

source is present. A lthough the PSPC  posseses some spectral capability, the  energy resolution 

was not utilized in this work. Instead , the to ta l integrated flux detected in the  C band was used 

as a  photom etric d a ta  point.

2.2 .2  The W FC

The W FC optics consist of a nested set of 3 Wolter-Schwarz child Type I m irrors, fabricated from 

aluminium and coated with gold for m axim um  reflectance. The m irrors provide a geometric 

collecting area of 456 cm^ with a  common focal length of 525 mm. The grazing incidence angles 

chosen (typically % 7.5°) allow the collecting area to be optimised whilst retain ing  a  wide (5° 

diam eter) circular field of view with a high energy reflectivity cut-off a t 210 eV.

The focal plane detector (of which there are two) is a micro-channel p late  (M C P: Barstow & 

Sansom 1990) curved to m atch the optim um  focal surface. Each M CP consists of an array of 

~  10^ close packed channels, drawn and etched from a lead glass m atrix . A C sl photocathode 

is deposited directly onto the front face of the M CP to enhance the EUV quantum  efficiency.
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Table 2.1: Sum m ary of X R T + PSP C  and W FC Filter Characteristics

Instrum ent D etector or 
Filter Name

Com position Mode Field Of 
View (°)

Mean Energy 
(eV)

B andpass
(eV)

XRT PSPC — S +  P 2.0 206 158-281
S la C +  B +  Lx S +  P 5.0 124 90-185
Sib C +  Lx S +  P 5.0 124 . 90-210

W FC S2a Be +  Lx S +  P 5.0 90 62-111
S2b Be +  Lx S +  P 5.0 90 62-111
P I Al +  Lx P 2.5 69 56-83
P2 Sn +  A1 P 2.5 20 17-24

Notes:
Composition: C = C arbon , A1= Alum inium , B =B oron, Be=Beryllium , Sn=T in, Lx=Lexan
Mode: S=Survey, P= P o in ted
Bandpass m easured a t 10% of peak efficiency

T hus, each channel of the M CP behaves as a  photom ultiplier tube under high voltage. The 

detector has a 4.5 cm diam eter sensitive area, utilizing the full 5° diam eter field of view. On 

axis the spatial resolution is 1 arcm inute (FW H M ), degrading to 3 arcminutes at the edge.

Unlike the  PSPC , the W FC detector posseses no intrinsic energy resolution. Therefore a  filter 

wheel was provided in conjunction with the M CP in order to  constrain the passbands. During 

the survey, two filters (S la  and S2a) were used on a lte rna te  days with another two (S ib  and 

S2b) providing redundancy. After completion of the survey, two more filters (P I and P2) were 

m ade available, for use in the. pointed phase of the mission. Details of the filter characteristics 

(together with a description of the X R T + PSP C ) are given in table 2.1. Although several P I  

and P2 observations are available, detection a t these energies is difficult due to high absorption 

from the ISM. Hence, only survey detections were utilised in the  work presented here. Both 

the S la  and S2a filters were made from a lexan su b stra te  and had a coating of carbon/boron  

and beryllium respectively. The effective areas of the filter +  detector/optics combinations are 

shown in figure 2.4 together with those of the PS PC  +  XMA. The shape of the filter responses 

are due to  various absorption edges in the filters (or the entrance window for the PS PC ) and 

the increasing absorption cross-section with energy, inherent in the m aterial. The hard roU off 

in the S la  efficiency is due to the W FC optics. T he cut-off energies are then determ ined by 

the  edges of boron and then carbon. The S2a response is cut off by the Beryllium edge. As 

in the case of the PSPC , the presence of lexan effectively renders the filters opaque in the UV.
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Figure 2.4: The on-axis eifective area as a function of photon energy for the instruments used 
in the ROSAT all-sky survey. Solid lines show the XRT PSPC‘C’ and the WFC S la and S2a 
filters (-I-MCP detector) as indicated. For comparison, the dashed lines show the response of 
the EXOSAT thin lexan (3Lx) and aluminium/parylene (AlP) filters.
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Shown for comparison in figure 2.4 are the responses of the  prime EXOSAT thin lexan (3Lx) 

and alum inium / parylene (AlP) filters. It can be seen th a t the ROSAT instrum ents yield a  bet

ter energy resolution than  was available w ith EXOSAT, thus providing more inform ation with 

which to  constrain any model.

2.3 T h e A ll-Sky Survey

The aU-sky survey was performed over a period of six m onths from 31®*̂  July 1990 to 25*̂ ^̂  January  

1991. Full sky coverage was obtained by ro ta ting  the spacecraft on an axis, once per orbit, such 

th a t the telescopes always pointed away from the  E arth . This ensured the pointing axis traced 

out a series of great circles on the sky each passing through the ecliptic poles and crossing the 

ecliptic plane a t a fixed angle. As the E arth  moved around the Sun, the scan p a th  advanced 

~  1° per day to m aintain the required orientation of the solar panels, thereby covering the entire 

sky in approxim ately six m onths. The exposure is therefore a function of ecliptic la ttitu d e , the 

longest exposures being a t the north  and south ecbptic poles. However, in order to protect 

the detectors, both  instrum ents were shut down while passing through regions of high particle 

background (ie. the  South Atlantic Anomaly and the N orthern and Southern Auroral Zones) 

resulting in a  loss of % 26% of the exposure each day. Of the order of 10% of the sky was not 

covered due to various technical problems b u t these gaps were filled in a t a later date, with 

reduced sensitivity in the W FC.

Once the  full survey exposure had been achieved for a given region of sky, the PSPC  images were 

divided into strips of ecliptic, longitude and those of the W FC  were divided into 2° X 2° ‘small 

m aps’. In bo th  cases, th e / la ta  were searched for point sources and the measured positions were 

compared w ith catalogues of known objects. The ‘C b an d ’ (0.1 — 0.28keV) count rates for each 

of the DAs in the PSPC  survey were determ ined independently by Fleming et al. (1995). For 

the W FC , an autom ated  source searching algorithm  ‘N IPS’ (Page 1990) was used to extract the 

count ra tes of each object, published as the Bright Source Catalogue (BSC; Pounds et at. 1993) 

which contains 119 identified white dwarfs. Recently, a  fu rther catalogue with lower detection 

thresholds has been published known as the 2RE catalogue (Pye et al. 1995). This catalogue 

results from m ore refined source detection techniques as well as several other improvements such
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as b e tte r background screening and a m ore detailed understanding of the  survey sensitivity.

T he NIPS routine assumes a  fixed source radius for extraction of the count rates and then corrects 

for the known point response function (psf) of the instrum ent. The assum ption th a t the psf is the 

sam e for each source only holds if the  source exposure is completely uniform across the  telescope 

field of view. This is not tru e  in general, since the detector was switched off while passing through 

the  regions of high background. Hence, it is possible th a t an additional source of error in the 

count ra tes may be present which is not included in the catalogue da ta . To test the  m agnitude 

of any such hidden errors, the  count ra tes for a subsample of stars (29 in all, see Barstow  et al. 

1993) were derived manually. This involved m easuring the source count ra te  w ithin an initial 

radius of 2.3 arcm inutes after sub tracting  a  backround ra te  taken from an annulus around the 

source scaled by area. T he source circle was then gradually expanded until the count ra te  no 

longer increased. This ensured th a t m ore th an  99% of the source counts were included and m ade 

no a priori  assum ptions about the psf. The same extraction radius was then used on the raw 

image in order to  find the  sta tistica l count ra te  error. The errors derived m anually are larger 

than  those measured using NIPS as a greater background component was sub tracted  from a 

larger area on the image, b u t this m ethod ensures th a t any hidden system atic errors arising 

from the assumed psf are included. The comparison of the count rates extracted  m anually with 

those found autom atically (figure 2.5) shows they are in good agreement. Therefore, it m ay be 

assumed th a t any hidden system atic errors present in the count rates m easured using the NIPS 

routine are insignificant.

As the  2RE catalogue was no t available a t the time, of this work all the  count ra te s  used in 

this thesis were taken from the BSC ap art from those for one object, RE0632-05 which showed 

an anomalous W FC band ra tio  w ith the  SI count ra te  more than  three tim es th a t  in the 82 

band. Re-extraction showed this to be an error and the W FC count rates for this s ta r were 

subsequently taken from the  2RE catalogue. Later comparison of the two catalogues showed the 

count rates for the rem aining s ta rs to be in agreement to within their sta tistica l errors.
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Figure 2.5: Comparison of count rates extracted using the automated NIPS routine and those 
derived manually for a subsample of 29 stars (see Barstow et al. 1993) for the WFC survey 
filters. The NIPS rates were taken from the Bright Source Catalogue. Both manual and NIPS 
rates are corrected to the launch epoch (see section 2.4.1).
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2 .3 .1  S u r v e y  S e n s it iv i t y

During the survey, the W FC suffered a drift in quantum  efficiency which reduced the sensitivity 

of the S la  and S2a bands to «  30% and «  17% of their initial values respectively by the end of 

the survey (W illingale 1995). The actual degradation of the instrum ent responses was m onitored 

through several observations of the hot white dwarfs HZ43 and RE1629+781 and it was found to 

be a  steady decline which could be approxim ated by a simple function giving correction factors 

for each filter with which the observed count ra tes m ay be multiplied of the form,

C ; =  C',(l +  0. 30— ( Jl )  (2.1)

Cy =  Q (1 +  0 .1 7 : ^ ! ^ : ^ ^ ^ )  (.92) (2.2)

where Q  is the observed count ra te , C'y is the count ra te  corrected to the launch epoch and 

M JD is the mean julian date of the observation.

On January  1991, the spacecraft suffered an a ttitu d e  control systems failure during which

tim e the ‘open’ telescopes pointed a t the E arth  and the Sun. This resulted in perm anent damage

to  the PSPC  ‘C ’ detector and the S2a filter and detector of the  W FC . However by this tim e, 

m ost of the  survey had already been completed.

2.4  T he R O SA T Sam ple

The survey PSPC  and W FC S la  and S2a count ra tes (corrected to the launch epoch) for 86 

DA and 3 DAO white dwarfs under investigation in this thesis, together with their sta tistica l 1er 

errors are presented in table 2.2. Several stars were not detected in one of the survey bands and 

therefore only upper limits to the count rates are available for these objects. These are given as 

3(J above, the local background and are indicated by a ’ in the error column.

Following completion of the survey, an extensive search of astronom ical catalogues was carried 

out to  identify the optical counterparts to the X-ray detections. The principal white dwarf
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catalogue of McCook & Sion (1987) allowed identification of 44 of the stars presented here as 

known DA white dwarfs. T he remaining objects were identified as p a rt of a program  of follow 

up spectroscopic observations (M ason et al. 1995) to  be 42 DA and 3 DAO stars. T he new 

identifications are indicated in the table under the column headed ‘A lternative Nam e’.

2 .4 .1  K n o w n  D A s  D e t e c t e d  in  t h e  S u r v e y

An estim ate of the to ta l num ber of known DAs w ith tem peratures h o tte r than  20,OOOK suggests 

th a t % 500 known DAs should have been detected in the survey (Fleming et al. 1993). Only 10% 

of these objects were detected which can not be explained by the effects of interstellar absorption. 

Barstow  (1989) predicted th a t approxim ately twice as m any DAs should have been detected by 

the PSPC  compared to the W FC. However, the observed ra tio  of PSPC  to W FC detections is 

around 1:1. If HI columns were greater than expected, the num ber of W FC detections would 

tend to  decrease with respect to  those in the PSPC . Conversely, lower than  anticipated HI 

densities could increase the relative numbers of stars in the W FC  data , but this is not consistent 

with the shortfall of detections from the known white dwarf catalogues. The predictions of the 

numbers of white dwarfs detected in the  PSPC and W FC m ade simplistic assumptions regarding 

the expected atm ospheric composition. Barstow (1989) assumed a canonical He:H ra tio  of 10~'  ̂

in a  homogeneous m ixture. The apparent shortfall of PSPC  detections is strong circum stantial 

evidence for the presence of additional opacity in the form of heavy elements in DA atmospheres. 

W ith such a  large sample of ‘new ID ’ detections, together with the known white dwarfs, we are 

now in a position to investigate the effects of these additional opacity sources.
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Table. 2.2: Epoch corrected count ra tes from the ROSAT all-sky-survey

WFC Alternative Survey Count Rates (c ks Mean Julian
Name Name PSPC* la* SI l a S2 1er Date
RE0003 +  43 new ID 356.0 47.0 37.3 6.8 22^ - 48179.7
RE0007 +  33 GD 2 2520.0 121.0 14&9 12M 50.4 9.7 48178.8
RE0029 - 63 new ID 3790.0 190.0 625.7 3&9 1008.2 4 0 7 48195.9
RE0053 —32 GD 659 3004.0 30.0 765.5 30.1 2079.1 4 4 6 48223.8
RE0108 - 35 GD(W3 8TH 19.0 43.5 12.1 134.2 15.7 48226.8
RE0134 - 16 ' GD 984 1745.0 88.0 259.4 14.7 656.3 2 4 6 48178.8
RE0138 +  25 PG 0136 +  251 632.0 63.0 52.2 6.8 50.6 7.5 48182.6
RE0148 - 25 GD 1401 3Z0 11.0 13.5 5.6 2 4 7 7.5 48178.8
RE0151 +  67 GD 421 158.0 20.0 2&3 4.1 4R4 5.0 48111.1
RE0230 - 47 LB 1628 5RH 16.0 2A8 4.5 135.1 9.7 4 D 7 4 8
RE0235 +  03“ Feige 24 14.0 - 4.9 2.3 758.0 30.1 48183.3
REG237 - 12 PEL 1400 329.0 39.0 55.6 10.2 121.6 149 48182.6
RE0322 - 53 LB 1663 230.0 76.0 6&9 6.8 210.4 11.8 48179.7
RE0348 - 00 GD 50 2086.0 71.0 291.7 1&2 500.7 19.1 48108.6
RE0350 +  17* V471 TAU 1110.0 250.0 340.0 20.0 1040.0 29.0 48110.6
RE0457 - 28 new ID 106.0 27.0 120.5 10.2 2567.3 4 4 5 48115.5
RE0505 +  52 G191 B2B 40.0 22.0 62^ 8.3 2824.1 40.8 48125.0
RE0512 - 41 new ID 971.0 64^ 168.3 1Z3 282.1 142 48118.6
RE0521 - 10 new ID 190.0 34.0 55.7 7.2 205.7 14.3 48122.1
RE0550 +  GO GD 257 725.0 13.0 100.4 8.4 94.4 9.2 48129.9
REG55G - 24 new ID 373.0 41.0 23.0 4.2 15.4 6.2 48129.5
REG552 +  15 GD 71 2800.0 113.0 679.0 2E9 2281.3 37.9 48129.5
RE0558 - 37 new ID 4.0 - 7.4 3.2 34.0 5.1 48133.9
REG6G5 —48 new ID 132.0 27.0 10.7 4.3 4R6 6.2 48141.8
REG623 - 37 new ID 9.0 - 6.4 3.2 428.0 15.6 48146.2
REG632 - 05“ new ID 1506.0 66.0 142.0 9.0 255.0 15.0 48141.8
REG645 - 16 SIRIUS B 19730.0 290.0 3200.2 4T8 8187.4 6 8 7 48146.2
REG654 - 02 GD 80 682.0 55.0 106.7 8.6 279.8 15.7 48149.2
REG715 —70 new ID 3536.0 1127.0 539.3 15.9 867.8 2 3 7 48183.3
RE0720 - 31= new ID 455.0 45.0 109.5 9.9 369.9 19.0 48159.5
RE0723 - 27 new ID 1833.0 80.0 297.9 15.3 987.6 31.6 48159.5
REGS27 +  28 PG 0824 +  289 714.0 5R0 4&2 7.7 5&8 10.6 48162.4
RE0831 - 53 new ID 3&0 15.0 20.2 5.9 64 2 7.8 48215.2
REG841 +  03 new ID 2154.0 102.0 238.2 1&8 448 7 2 4 4 48173.3
REG9G2 - 04 new ID 81.0 2R0 26^ 5.6 37.4 8.5 48174.5
REG907 +  50 PG 0904 +  511 61.0 19.0 35.3 - 47.6 8.5 48163.4
RE1016 - 05= new ID 4744.0 116.0 528.0 19.9 594.4 2 4 1 48204.3
RE1019 - 14 new ID 286.0 27.0 2R3 5.9 77.0 8.8 48208.3
RE1024 - 30 new ID 288.0 30.0 5R6 8.4 137.7 12.2 48218.9
RE1029 +  45 PG 1026 +  454 196.0 22^ 3E4 4.5 88 7 10.7 48175.4
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Table 2.1: cont.

W FC 
N ame

Alternative 
N aine

Survey Count Rates (c ks~^) Mean Julian 
D ateP S P C la* SI 1er 82 1er

RE1032 +  53 new ID 9068.0 151.0 1136.5 2 5 7 2689.8 37.4 48174.0
RE1033 -  11 EG 070 242.0 27.0 35.6 7.1 118.0 14.3 48210.8
RE1036 +  46 GD 123 294.0 26.0 57.2 6.7 212.8 127 48175.4
RE1043 +  49 new ID 1634.0 69.0 226.6 11.2 477.9 18.2 48175.4
RE 1044 +  57 PG  1041 +  580 223.0 32.0 49.2 6.7 1217 9.6 48173.0
RE105S -  38 new ID 96.0 16.0 43.1 7.7 128.3 11.7 48165.8
REllOO +  71 PG  1057+  719 1192.0 74.0 120.3 19.9 325.0 20.1 48164.4
RE1112 +  24 TON 61 508.0 42.0 90.1 11.7 8 8 7 13.2 48204.3
RE1126 +  18 PG  1123 +  189 436.0 33.0 183.2 13.0 990.5 34.2 48210.8
RE1128 -  02 PG 1125 -  026 50.0 15.0 22.7 4.8 4 2 7 7.8 48219.4
RE1148 +  18 PG  1145 +  188 8R0 18.0 41.6 7.1 100.8 10.0 48215.7
RE1236 +  47 PG  1234 +  482 2050.0 30.0 515.6 20.1 1890.2 40.8 48211.3
RE1257 +  22 EG 187 7640.0 163.0 1509.5 3 7 7 4749.8 54.1 481657
RE1316 +  29 HZ 43 87170.0 412.0 12157.6 9 2 7 36982.6 148.4 481657
RE 1340 +  60 new ID 45.0 10.0 10.6 4.7 15.4 6.6 48208.8
RE1431 +  37 GD 336 153.0 25.0 22.6 4.5 20M 6.4 48179.6
RE1529 +  48 new ID 153.0 26.0 177 3.4 3R7 6.4 48180.6
RE1614 -  08 new ID 225.0 24.0 17.3 7.1 2 3 7 9.1 48113.0
RE1623 -  39 CD -  38 10980 969.0 54.0 199.5 14.3 605.8 22.3 48116.7
RE163S +  35 KUV 433 -  3 468.0 29.0 51.7 7.1 51.4 7.1 48111.6
RE1650 +  40 new ID 157.0 36.0 17.3 1.0 33 7 8.1 48114.0
RE 1726 +  58 PG  1725 +  587 1387.0 28.0 47.7 5.7 14.0 - 48183.3
RE1738 +  66 new ID 24 7 10.0 11.4 1.1 11.8 1.1 48183.3
RE 1746 -  70 new ID 1248.0 306.0 106.2 187 267.6 26.8 48133.5
RE1800 +  68 KUV 18004 +  6 812.0 237.0 51.1 2.3 21 7 2.2 48183.3
RE1820 +  58 new ID 1691.0 112.0 104.5 3.4 112.0 4.3 48183.3
RE1847 +  01 BPM  93487 1423.0 75.0 260.7 15.0 697.6 23.9 48146.2
RE1847 -  22 new ID 316.0 46.0 36.3 8.5 4 8 7 11.4 48142.3
RE1943 +  50 new ID 404.0 82.0 19.6 4.6 2 3 7 5.4 48192.7
RE2004 -  56 AGO 2000 -  56 88.0 27.0 22.8 10.8 41.9 12.6 48153.4
RE2009 -  60 new ID 12040.0 430.0 1274.8 4 5 7 2626.6 72.3 48153.4
RE2013 +  40=-'' new ID 935.0 34.0 61.8 6.7 3 3 7 6.4 48176.4
RE2018 -  57 L 2 1 0 -  114 200.0 55.0 26.1 12.0 3 2 7 107 48155.2
RE2024 -  42 new ID 382.0 39.0 61.2 9.8 181.0 18.9 48157.7
RE2024 +  20 new ID 442.0 30.0 22.3 5.6 18.1 - 48172.0
RE2029 +  39 GD 391 71.0 9.0 23.1 5.8 27.2 7.6 48195.9
RE2112 +  50 GD 394 1282.0 65.0 418.1 13.2 1411.3 23.4 48220.4
RE2127 -  22 new ID 464.0 48 7 57.1 7.8 9 8 7 10.7 48173.5
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Table 2.1; cont.

W FC A lternative Survey Count Rates (c ks~^) Mean Julian
Name Name PSPC* 1(7* SI 1er S2 1(7 D ate
RE2154 - 30 new ID 1583) 33.0 32.5 6.7 85.5 10.7 48174.5
RE2156 - 41 new ID 1650.0 84.0 166.5 13.4 181.3 12 4 48172.5
RE2156 - 54 new ID 6900.0 175.0 1146.3 2 9 4 2673.7 43.7 48171.3
RE2207 + 25 new ID 223.0 21.0 18.9 4.7 75.0 11.0 482104
RE2210 - 30 new ID 220.0 3&0 75 4 12.4 133.8 12.8 48176.4
RE2214 - 49 new ID 13.0 - 15.6 6.7 1104.8 30.9 48172.5
RE2244 - 32 PHL 0396 87.0 20.0 39.4 16.2 70.9 14.2 48197.4
RE2312 + 10 G D 246 6467.0 114.0 1613.6 35.9 4711.3 5 7 4 48219.4
RE2324 - 54 new ID 1049.0 82 4 261.3 2 0 J 656.8 2 9 4 48192.7
RE2334 - 47 new ID 55.0 22 4 40.6 18.5 364.1 27.3 48197.4 '
RE2353 - 24 new ID 136.0 25.0 3 6 4 9.5 64.2 12.2 48215.2

Notes:
* cs~^ in the 0.1 — 0.28 keV band 
^ DAO stars.
“ S i ra te  is P V /C a l data .
 ̂ Rates are after subtraction  of K -star coinponent and removal of eclipses (see Barstow et al. 
1992).

W FC  rates derived from 2RE catalogue (Pye et al. 1995).
PSPC  ra te  is after subtraction  of dMe companion, should be trea ted  as upper limit (see 

Barstow et al. (1995)
’ in the error column indicates the count ra te  is an upper lim it.
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C h ap ter  3

O p tica lly  D er iv ed  Stellar P aram eters

O verview

The model atm ospheres used to  fit the ROSAT data, be they stratified or homogeneous, are 

specified by five main param eters. These are the effective tem perature  T e //, the surface gravity, 

the interstellar HI column (N y), the atm ospheric helium abundance (or the mass of the Hydrogen 

layer Mh , for a stratified model) and a distance/radius related norm alisation constant. Since 

only three independent d a ta  points are available from the ROSAT survey, additional information 

is needed to be able to  m odel the  ROSAT data. Photom etry provides us with m^ which may 

be used as a norm alisation constan t. This stiU leaves us with four free param eters and only 

three d a ta  points. Two of these param eters, Tg// and log g, may be independently derived from 

the now standard  technique of fitting  synthetic line profiles to  the observed Baim er series of 

the optical spectrum  (eg. Bergeron, Saffer & Liebert 1992). Hence, w ith the  three optically 

derived param aters outlined in this chapter, it is possible to examine the  role of helium in the 

ROSAT DA atm ospheres and the effects of opacity in general from helium or heavier elements 

throughout the hot DA tem pera tu re  range.
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3.1 P h otom etry .

3 .1 .1  I n tr o d u c t io n

It is essential th a t any model fit to the E U V /X -ray d a ta  has an independent flux norm alisation 

a t longer wavelengths. T he m ost convenient param eter to  use for this purpose is the visual 

apparent m agnitude, iiiy. An error of % 0.01 on the V m agnitude will only have a  1% effect on 

the predicted fluxes in the ROSAT bandpasses. This is very much smaller than  other sources of 

error in the analysis such as the 10% system atic errors on the  ROSAT d a ta  points (see section 

4.4).

Over the past two years an extensive program m e of observations has been undertaken to obtain 

UBV photom etry for the sta rs which were either newly identified white dwarfs or for which no 

previous photom etry existed. As ROSAT surveyed the entire sky, optical follow up observations 

required tim e on telescopes in bo th  hemispheres. Photom etry was obtained for 18 stars in the 

southern hemisphere and 25 stars in the north.

3 .1 .2  O b se r v a t io n s

In the southern hem isphere, photoelectric photom etry was obtained as p a rt of a  continuing 

general photom etry program m e during 1993-94 using the St. Andrews photom eter on the 1.0m 

telescope based a t Sutherland, South Africa and run by the South African Astronom ical Obser

vatory (SAAO).

The northern hemisphere stars were observed over a  two week period from  M arch 28*  ̂ -  April 

9*̂  ̂ on the 1.0m .Jacobus-Kapteyn telescope (.JKT) using an EEV7 CCD chip placed a t the 

cassegrain focus, and a set of Harris UBVRI filters. To increase readout speed, the chip was 

windowed to  400x400 pixels as opposed to the full 1200x1200 pixels. S tandards were adopted 

from the K itt peak (bando lt 1983) and RGO (Argyle et al. 1988) surveys which covered a range 

of air mass of 1.0 <  X  <  2.2. AU of these standards, however, were redder than  the  white dwarf 

program m e stars. Only on the last night of observing were blue standards observed giving a 

complete range in colour of —0.336 < (B  — V)  <  1.1 and —1.245 < {U — B )  < 1.1. However, 

the observing conditions for this night were not completely photom etric, with light cirrus clouds
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evident. As a result, a small system atic error was introduced into the determ ination of lUy for 

the  white dwarfs. This is discussed in more detail in the next section.

3 .1 .3  A n a ly s is

AU the target frames were debiassed and flatiielded using the STARLINK package CCDPACK 

(D raper 1992). The source counts were then m easured and the backround sub tracted . Dividing 

by the exposure time gave the source flux in counts s~^. An instrum ental m agnitude is then 

defined as

77ii ~  c — 2.5logio{flux)  (3.1)

where c is an arbitrary  constant, taken to  be 30 in this work to ensure th a t the  m agnitude

was always positive. The main task in reducing photom etric observations is to  calibrate the

loss of steUar flux as it passes through the E a rth ’s atm osphere for a given observatory and

observing period. The two m ain m echanism s responsible for Ught loss are Rayleigh scattering  

and molecular absorption. Dust absorption may also be a problem but care was taken to  exclude 

d a ta  from nights which had a high level of dust. A correct m agnitude, nio m ay be deduced, 

accounting for the atm ospheric absorption by use of the standard  s ta r observations and the 

equation,

nio =  mj -  k X  (3.2)

from Hardie (1962) where X is the p a th  length expressed in units of air m ass a t the  zenith of the 

observer and k, the extinction coefficient, is a  m easure of the light-loss expressed in m agnitudes 

for a s ta r at the zenith. S tandard  sta rs a t a range of air mass were observed th roughout each 

night a t not more than twenty m inute intervals. It is known th a t the character of the  atm osphere 

is not uniform and th a t even a t a given instan t the extinction in various p a rts of the sky may 

differ. There is also an obvious limit to  the num ber of standards th a t can be practically observed 

in one night. For these reasons all the stan d ard  observations from different nights were grouped 

together to give a mean extinction curve for lUy (figure 3.1a). The sca tter in the  residuals 

(figure 3.1b) is caused by the non uniform ity of the extinction and was used as a  m easure of the 

internal uncertainty for the m agnitudes.

In a similar manner, the colour indices for each s ta r  may be corrected for extinction using,

= (3.cQ
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where Co and C; are the indices for the s ta r outside and inside the  atm osphere respectively. The 

colour extinction coefficient kc is clearly the difference between the corresponding extinction 

coefficients for the individual m agnitudes. However, finding kc independently from the  gradient

of figure 3.2 is more accurate than  taking the  difference as the  relative colour sensitivity of the

telescope +  sky system  is more constant than  the absolute sensitivity.

In order for the m agnitudes and colour indices to be useful they m ust be transform ed to a 

standard  photom etric system , such as the Johnson system (eg. Johnson 1963). This can be 

done by using the transform ation  equations defined by Hardie (1962),

C — cxCo +  Zc (3.4)

V  =  Vo +  PCo +  Zy (3.5)

where a  and (i are the instrum ental colour and visual ‘scale’ constants respectively and Zc and 

Zy instrum ental colour and visual zero points respectively.

Combining equs. 3.2 and 3.4 gives,

C  =  aC i — Oi X  T  Zc (3.6)

where a ' =  akc. If we define the difference between the standard  m agnitude C ,, and the  deduced 

m agnitude as 5 =  C* — C and the sum of the squares of this as, .9 =  X) then  we can solve for 

the three unknowns sim ultaneously such th a t,

S-S-i-
and then kc is given by a '/a .

As m entioned in the previous section, blue standards were only observed on one night in poor 

photom etric conditions. These stars are included in the colour mean extinction curves as colour 

is a relative measure and is not affected by the drop in flux due to uniform cloud. Of course, 

cloud is not uniform and as a  result several points, lying well outside the l a  level of the fit 

were rejected as these were alm ost certainly caused by a change in the level of cloud between 

observations, producing a spurious colour.

However, for the V band these blue standards are not included in the m ean extinction curve as 

there was a significant drop in flux for these points. This resulted in the stan d ard s observed
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Figure 3.1: (a) The mean extinction curve for the V band. The ordinate shows the difference 
between the corrected and instrumental magnitudes. The stars are redder than the program 
white dwarfs (b) The residuals between the standard and observed (extinction corrected and 
transformed) magnitudes.
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Table 3.1; Colour extinction and transform ation coefficients

k a Z a
(B-V) -0.085 0.991 -0.698 0.022
(U-B) -0.258 1.037 -1.270 0.035

being redder than  the targe t stars. As extinction is roughly proportional to  the extinction 

coefficient is therefore being underestim ated when determ ining niy for the white dwarfs. As 

a consistency check a white dw arf standard  GD71 was observed as p a rt of the  program m e 

on a  night with ideal conditions. Using the extinction and transform ation  coefficients for mv 

derived as above provides an estim ate  of the. system atic error introduced. GD71 has a standard  

niv — 13.032 (Landolt 1992) and we obtain a value of niy =  13.053, a difference of less than  0.2%. 

Also one sta r, RE0521-10, was observed at both the JK T  and a t the SAAO (the SAAO work 

used a full range of blue s tandard  stars). RE0521-10 has a  visual m agnitude of 15.815 ±  0.028 

and 15.889 ±  0.018 from the JK T  and SAAO work respectively, which agree to  within 2cr.

3 .1 .4  R e s u l t s .

The m ethod described above was employed to obtain the values of a ,  and Zc from the mean 

extinction curve consisting of 47 standard  sta r observations taken over 7 nights for the colours 

(B-V) and (U-B). The results are shown in table 3.1. The stan d ard  deviations of the residuals 

in the  respective plots are also shown. The same m ethod was then used with equation 3.5 and 

the 33 standard  observations (excluding the blue stars observed in non photom etric  conditions) 

in order to obtain the extinction and transform ation coefficients for the V m agnitudes. These 

gave, ky = -0 .1 8 5 , 0  = 0.070, Zy = -7 .1 1 4  and a = 0.028.

All the d a ta  from the  SAAO were reduced independently in South Africa in a similar m anner 

and converted to the Cousins’ standard  system using standards with a  full range of colour at 

varied air masses from Menzies et al. (1989). The final results for both  hemispheres are listed 

in table 3.2, with the respective observatories indicated. T he value given for RE0521-10 is a 

weighted average.

For 13 of the stars shown here it was not possible to obtain optical spectra  and so they are
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excluded from the sample of 89 white dwarfs under investigation in this work. However, they 

are presented in table 3.2 as they have no previously published m agnitudes.

D e d u cin g  niy from  th e  sp ec tru m

It was not possible to  obtain accurate photom etry  for all the stars in the sample so the less 

satisfactory m ethod of estim ating niy from the flux of the optical spectrum  was used for 35 

stars.

The flux from a spectrum  is related to  a m agnitude by,

lo g f\{n \x) =  -O.dnix +  logfA(O) (3.8)

W here / a (0) is the flux for a magnitude, of 0 .0 . The optical spectrum  obtained do not extend 

to  the  V band but do span the B band. From Zombeck (1990), we have equ. 3.9 in the form,

fo g (/) =  -0 .4 n ib  -  8.18 (erg cm“ ''̂ s“ ^Â“ ^) (3.9)

a t 4,400Â  (the  B  band). It is then possible to  relate this to the V m agnitude as (B-V) is a 

function of tem perature, which is derived from fitting  the Baimer lines of the optical spectrum  

(see next section). A (B -V )—Tg// relation was employed using stratified model atm ospheres for 

a s ta r  with a canonical log g of 8.0 (eg. see Cheselka et al. 1993).

This is a less reliable m ethod due to the  relatively inaccurate flux calibration of optical spectra. 

W hen mainly interested in the spectral shape ra th e r than  absolute flux it is possible to  observe 

in varying atm ospheric conditions, even if cloud is present (the flux will be reduced but the 

spectral shape will be retained). Even if observing conditions are good, high dispersion spectra 

m ay require several hours of telescope integration  time. Typically, when doing spectroscopic 

observations only one or two standard  stars will be observed per night (as opposed to  photom etric 

work where m any standards are observed).

Com paring a sample of spectrally deduced m agnitudes V$, against their photom etric determ i

nations Vp, provides an estim ate of the average errors involved. Doing this for 27 stars observed 

a t K itt Peak (KP - figure 3.3a) indicates the values determ ined for Vs are system atically too 

high. This is m ost probably due to inacurate spectrophotom etric  calibration and does not ap

pear to be m agnitude dependant. As the average errors on Vp are small they may be regarded
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as standard . Keeping a  gradient of 1, a  linear fit was performed on the d a ta  giving a  constant 

shift in the Vs axis of 0.15. This is then a m easure of the system atic error which is subtracted  

from  all values of Vs for s ta rs observed a t KP. A sample of 12 stars from  the SAAO showed no 

sim ilar system atic error. Com bining these w ith the corrected K P values for Vs (figure 3.3b) then 

enables an estim ate of the  sta tistica l error from the scatter around the Vs =  Vp line yielding 

a  =  0.3.
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Figure 3.3: (a) V* against V,, for 27 stars observed at KP showing a systematic error in Vg. (b) 
The magnitudes from KP after a systematic correction of -0 .15 has been applied to V, plus 12 
stars from the SAAO. Errors on Vp are indicated. Errors on V, for the SAAO objects are from 
detector counting statistics.
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Table 3.2: UBV Photom etry  of ROSAT DA’s

Target V 1(7 B-V 1(7 U-B 1er Obs.
RE0029 -  63 15.314 0.011 -0.362 0.015 -1.148 0.014 SAAO
RE0415 -  40“ 16.444 0.010 -0.307 0.021 -1.249 0.015 SAAO
RE0503 -  28“ 13.912 0.009 -0.359 0.011 -1.233 0.009 SAAO
RE0512 -  00“ 13.827 0.007 -0.258 0.019 -1.024 0.010 SAAO
RE0512 -  41 17.257 0.013 -0.266 0.017 -0.966 0.021 SAAO
RE0521 -  10 15.867 0.015 -0.215 0.015 -1.183 0.013 JKT,SAAO
RE0534 -  02“ 16.198 0.017 -0.296 0.023 -1.036 0.021 SAAO
RE0550 +  00 14.768 0.028 -0.298 0.022 -1.086 0.035 JK T
RE055G -  24 16.371 0.012 -0.351 0.017 -1.059 0.015 SAAO
RE0552 +  15 13.043 0.028 -0.239 0.022 -1.149 0.035 JK T
RE0558 -  37 14.369 0.006 -0.331 0.003 -1.194 0.002 SAAO
RE0605 -  48 15.825 0.017 -0.214 0.024 -1.177 0.023 SAAO
RE0623 -  37 12.089 0.016 -0.329 0.021 -1.204 0.018 SAAO
RE0632 -  05 15.537 0.015 -0.262 0.020 -1.225 0.017 SAAO
RE0632 -  57“ 15.690 0.016 -0.306 0.021 -1.246 0.018 SAAO
RE0715 -  70 14.178 0.015 -0.351 0.020 -0.230 0.029 SAAO
RE0841 +  03 14.475 0.028 -0.305 0.022 -1.175 0.035 JK T
RE0902 -  04 13.190 0.020 -0.168 0.016 -0.951 0.025 JK T
RE0957 +  85“ 15.747 0.020 -0.265 0.016 -1.192 0.025 JK T
RE1016 -  05 14.306 0.028 -0.033 0.022 -1.554 0.035 JK T
RE1032 +  53 14.455 0.020 -0.276 0.016 -1.195 0.025 JK T
RE1033 -  11 13.028 R M 8 -0.181 0.022 -0.983 0.035 JK T
RE1043 +  44“ 16.955 0.028 -0.333 0.022 -1.189 0.035 JK T
RE1043 +  49 16.234 0.028 -0.504 0.022 -1.130 0.035 JK T
RE1059 +  51“ 16.781 0.028 -0.470 0.022 -1.018 0.035 JK T
RE1112 +  24“ 15.773 0.028 -0.291 0.022 -1.145 0.035 JK T
RE1126 +  18 14.127 0.028 -0.280 0.022 -1.187 0.035 JK T
RE1128 +  17“ 16.809 0.028 -0.396 0.022 -1.227 0.035 JK T
RE1340 +  60 16.941 0.020 -0.289 0.016 -1.040 0.025 JK T
RE1425 +  53“ 15.934 0.028 -0.379 0.022 -1.256 0.035 JK T
RE1431 +  37 15.272 0.028 -0.305 0.022 -1.117 0.035 JK T
RE1440 +  75“ 15.216 0.028 -0.151 0.022 -1.101 0.035 JK T
RE1501 +  30“ 15.779 0.020 0.695 0.016 0.206 0.025 JK T
RE1529 +  48 15.083 0.028 -1.476 0.022 -0.863 0.035 JK T
RE1614 -  08 14.013 0.028 -0.295 0.022 -1.141 0.035 JK T
RE1650 +  40 15.831 0.028 -0.251 0.022 -1.269 0.035 JK T
RE1738 +  66 14.606 0.028 -0.343 0.022 -1.250 0.035 JK T
RE1820 +  58 13.949 0.028 -0.279 0.022 -1.194 0.035 JK T
RE1847 -  22 13.720 0.028 -0.212 0.022 -1.123 0.035 JK T
RE2214 -  49 11.708 0.007 -0.341 0.008 -1.205 0.006 SAAO
RE2324 -  54 15.197 0.017 -0.344 0.021 -1.161 0.020 SAAO
RE2334 -  47 13.441 0.007 -0.296 0.010 -1.168 0.009 SAAO
RE2353 -  24 15.444 0.014 -0.066 0.022 -1.175 0.023 SAAO

Note:
“ W D not included in the full sample of 89 objects.
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3.2 Spectroscopy

3.2.1 Introduction

As white dwarfs are therm al sources of radiation  with spectra  peaking in the EUV and soft 

X-ray, their spectral slope, and hence their observed count ra tes in the ROSAT bandpasses are 

very sensitive to Tg//. Therefore tight constraints are required for this param eter, in order to  

fully utilise the ROSAT survey data . This requires high signal-noise spectra { s /n  > 50) of 

m oderate resolution (<  8 A). Com plem entary to  the  program m e of photom etric observations, 

a  program m e on a similar timescale was undertaken to obtain  good quality optical spec tra  for 

s tars for which no previous spectrum  existed.

Com paring previously published DA tem peratures derived from Baimer hue fitting it is seen th a t 

system atic differences occur as a  result of using different model spectra. For exam ple, Kidder 

(1991, hereafter K91) used an extended grid of line blanketed homogeneous LTE models by 

Wesemael et al. (1980), whereas Finley, Koester h  Basil (1995) employed fully hue blanketed 

stratified LTE models developed by Koester (see Koester 1991). Some of these results are 

sum m arised in Barstow et al. (1993). A lthough bo th  these models are effectively equivalent 

in the case of pure hydrogen atm ospheres (very low helium abundance/thick hydrogen layer), 

the K oester models take into account higher excitation levels of the H atom , which can effect 

the shape of the Baimer lines (eg. Bergeron, Saffer & Liebert 1992, hereafter BSL). For this 

reason, spectra  used to derive previously published values for T ^ ff  and log g for the 48 rem aining 

objects in this sample have also been obtained and reanalysed, thereby providing an internally 

consistent d a ta  set.

3.2.2 O bservations and R eductions

Observations were made, a t two observatories. Those, in the southern hemisphere were m ade 

in O ctober 1993 and March 1994 using the 1.9m reflector of the SAAO, which is equiped with 

a  Reticon photon counting system (R PC S) detector. T he RPCS has two arrays, one which 

accum ulates energy from the source while the o ther records the brightness of the sky through 

an adjacent aperture. The grating was blazed to  cover a wavelength range of 3600 — 5100 Â and
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had a reciprocal dispersion of 75Â m m ~ \ yielding a resolution of w 2.5 Â. Flat-held spectra 

were obtained a t the s ta r t and end of each night, and wavelength cahbration was provided by 

a  CuAr arc lam p which was observed at least every 20 m inutes. Several spectrophotom etric 

s tandards such as LDS G7SA were observed in order to convert the observed counts to flux.

T he m ajority  of stars in the northern  hemisphere were observed when possible on the 2.3m 

telescope a t the  Steward Observatory on K itt Peak. This instrum ent is equipped with a Boiler 

& Chivens spectrograph and a  UV-flooded Texas Instrum ent 800 X 800 CCD detector. The 

grating  was again blazed to cover the  spectral range occupied by th e  Baim er lines and gave a 

spectral resolution of % 8Â. T he spectra  were then flat-fielded and converted to flux through 

a  stan d ard  observation. Details of the observations and reductions of s ta rs studied by Kidder 

m ay be found in KOI. Identical procedures were used for those sta rs observed as part of our 

independent program m e.

3.2 .3  D eterm ination  of T em perature and Gravity

The m odel atm ospheres used in the  line, fitting procedure were provided by Detlev Koester (eg. 

Koester 1991) and use a chemically stratified grid of H /H e models spanning the tem perature 

range 20,000 — 100,000K and a  range in log g from 7.0 -  9.0. Homogeneous models were also 

available b u t bo th  structures are equivalent in the Umit of zero H e/H  or large Mh- For most 

of the stars it was possible, to  fit the Eg,H.y, Hg and He lines. For those d a ta  obtained By K91 

often only the H..y and Hg lines were available. Prior to the fitting, the lines (as defined by 

Hj0 =  4861 ±  100Â, H.̂  =  4340 ±  75Â, II& =  4101 ±  50Â, Hj =  3970 ±  50Â) were ‘c u t’ out of the 

spectrum . These boundaries were chosen to include most of the  equivalent width of the line in 

question w ithout overlapping any adjacent profiles.

In aU the observations the detector oversamples the spectral resolution of the instrum ent and 

so the d a ta  points were grouped in order to roughly m atch the resolution used. As DA white 

dwarfs are defined as having no detectable helium in their optical spectrum  the value of Mh was 

set to its maxim um  value (equivalent to a pure hydrogen envelope) and frozen.

The modelling was perform ed using the program XSPEC (Shafer et al. 1991) which uses the 

m ethod of minimizing to obtain  a best fit model spectrum  (see Appendix A). An independent
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norm alisation constant was applied to  each Une ensuring th a t the fitting  of the  profile was 

independent of the local slope of the continuum and hence reducing the  effect of any system atic 

errors in the flux calibration of the spectrum . All the lines were fit sim ultaneously until the 

m inim um  was achieved. In dealing with CCD spectra it is difficult to determ ine errors on 

individual points so no errors were included in the initial fit. From the residuals of the first fit 

a  system atic deviation in the  spectral slope between model and d a ta  was often evident, arising 

from  second-order errors in the flux calibration. This was corrected for and also an average 

error on the d a ta  points was estim ated from the scatter on the residuals between the best fitting 

m odel and the observed spectrum  which was then included in subsequent fits. This resulted in 

no change to  the best-fitting param eters bu t, with the inclusion of errors on the d a ta  points, 

produced a  lower reduced chi-squared, Xr- To make a sensible estim ate of the uncertainty in the 

fitted  param eters, the xf- should be less than % 2, and this was achieved in aU cases. Example 

fits are shown in figure 3.4 of the very hot DA RE0029-63 and the cooler object RE0148-25. 

E rror ranges were obtained by allowing the model param eters to  vary until the reached a 

value corresponding to the l u  level for the 2 degrees of freedom {T ^jj and log g; see Appendix 

1), It should be noted th a t the errors quoted only include instrum ental and statistical errors 

and do not take into account any possible uncertainties in the model spectra.

3 .2 .4  R e s u lt s

T he values obtained for T g // and logg from the profile, fitting for the whole sample of 89 objects 

are given in table 3.4. T he l a  errors are shown as lower and upper bounds to each param eter. 

Also included here are the adopted values for niy for each sta r in the  sample. W here several 

photom etric  observations were available, including the results in the previous section and pub

lished photom etry (which existed for 47 stars), a weighted average was taken. Objects for which 

my was estim ated from the optical spectrum  are indicated.

A potentially im portan t effect th a t m ay affect the results of Baim er line fitting, is discussed by 

Bergeron, Saffer & Liebert (1992). They have, shown th a t for DA stars, homogeneous helium 

abundances of He/H  % 10“ ’̂ — 10~'^ which have no detectable Hell absorption feature a t 4686 Â, 

can significantly reduce the derived effective tem perature compared to th a t for a pure hydrogen 

atm osphere. For example, they show th a t a 52,000K DA with a homogeneous helium abundance
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Figure 3.4: Example spectral fits for two stars where all Hg_( lines are available.
(a) RE0148-25: T , j j  =  24,540K, log g= 7.84 [ x l  =  1.68)
(b) RE0029-63: =  60,.'59.5K, log g= 7.97 {x^ = 1.74)
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of H e/H  =  10“ "̂ could be in terpreted  as having T e// =  6 0 , 0 0 0 if it were assum ed to  be 

pure H. This effect is even stronger a t higher tem peratures, giving a discrepancy as high as 

25% around 80,000K. If these levels of He were really present in the hot DAs the net effect 

would be a non linear compression of the  tem perature  scale towards the  hot end. Nevertheless, 

comparisons between individual objects would still be valid unless the abundances of helium 

varied considerably a t a  given T g//.

However, Napiwotzki (1995) has recently dem onstrated th a t the affect trace helium has on the 

Baim er lines is exaggerated due to  the assum ption of LTE. Also, observations of hot DAs with 

EUVE (Barstow , Holberg & Koester 1994) have shown no evidence for an abundance of helium 

as high as this in any DA, if in fact it is present a t all. This suggests, for the m om ent, th at 

helium has a m inimal effect on the ho t DA tem perature scale, and it was therefore chosen to 

adopt a  tem perature scale derived from pure hydrogen fits. The same EUVE observations as 

well as lU E  observations (Holberg et al. 1993) do on the o ther hand show evidence for many 

trace  elements heavier than  helium in almost all of the very hot DAs. These elements may 

well have a similar effect on the  Baim er lines as helium. This is being investigated bu t the 

evidence is conflicting. Dreizler & W erner (1993) found th a t with non-LTE model atm ospheres, 

the inclusion of line blanketing from Fe-group elements had a very small effect on the hydrogen 

Une profiles. A lternatively, Lanz & Hubeny (1995) found th a t the inclusion of heavy elements 

in their non LTE-models did have a significant effect on the profiles. This m atte r needs to  be 

speedily resolved but until then one can only proceed with caution with regard to a tem perature 

scale based on pure hydrogen envelopes.

3 .2 .5  C o m p a r iso n s  w it h  p r e v io u s  s tu d ie s  -  ( M ass D istribu tion  )

The sample of DAs studied in this work were selected purely on the basis th a t they were detected 

in the EU V /X -ray R O S A T  all-sky survey. This presents a bias in only detecting the  very hot 

objects (>  20000A'). It is im p ortan t to investigate any effects of this selection bias by comparing 

the sample with other studies. One way to do this is by comparing mass distributions. There 

are several m ethods available for determ ining a  DA mass. Once the tem perature  and gravity are 

known the mass can be found from a theoretical mass-radius relationship, with gravity being
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the  ra tio  of the mass to the square of the radius.

T here are several studies of mass distributions of large samples of DA white dwarfs available 

in the literatu re. The m ajority  of these are sum m arised in BSL, who compare previous results 

w ith their own findings. Most of these, works are dom inated by objects below T e jf  ~  15000K 

due to  their photom etric m ethod for deriving tem perature  and gravity (and also as m ost DAs 

have tem peratures below this). Several sources of uncertain ty  in deriving Tg/y and log g by this 

m ethod in this tem peratu re  regime are discussed by BSL. They also show th a t for Tg/y >  16000K 

optical Baim er line fitting provides a  far more accurate way of determining these param eters, 

which is the  m ethod they use. For this reason, we compare our results with those of BSL. A 

further study is th a t of Kidder (1991) who studied 101 hot DAs, the m ajority  of which were 

selected on the  basis of detection during the E X O S A T  ciixà E instein  X-ray missions. However, 

he assumed th a t the masses and radii follow the Ham ad a & Salpeter (1961) zero-tem perature 

m ass-radius relation for degenerate as do all the other works apart from th a t by BSL. They 

point out th a t for Tg/y >  12000K finite tem perature  effects are im portant and can result in 

underestim ates of the masses. Instead they estim ate radius and hence mass using the evolu

tionary models of Wood (1990) for DAs with pure carbon cores surrounded by an envelope with 

composition log(iV/yyg/M*) =  - 4 .  These models were also employed in our work spanning a 

mass range of 0.4Mq -  1.0M@ in steps of 0.1M@.

As the evolutionary models only cover this specific mass range, 8 stars with masses apparently  

above IM© were not included when finding the mean of the mass distribution. The m ean of 

the BSL mass distribution was recalculated excluding 10 stars with masses either above IM© or 

below 0.4M© to enable a fair comparison. These values are shown in table 3.3, together w ith the 

respective sample dispesions. Also shown are the mean and dispersions of the surface gravity 

distributions for both samples. These were calculated including all 89 stars in the ROSAT 

sample and aU 129 stars in the BSL sample. T he ROSAT sample has a weighted m ean log g of 

7.873 and a weighted mean mass of 0..562M©. T he actual surface gravity and mass distributions 

of the sample are shown in comparison to those of BSL in figure 3.6 and figure 3.5 respectively.

Com paring samples we see th a t the mass distributions are very similar, both having well defined 

peaks around 0.5M© — 0.6M© with the BSL peak being less sharp due to a larger sam ple size.
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Table 3.3; Com parison of our results with those of BSL.

< logg > a < M/M© > a
BSL (1992) 7.909 0.257 0.573 0.109
This work 7.899 0.377 0.597 0.112

T he m ean of the ROSAT sam ple is higher due to  a broader peak and a  relatively larger number 

of m ore massive stars. It can be seen from figure 3.6 th a t the surface gravity distribution 

peaks around log g =  7.75 (lower than  th a t of BSL which peaks around log g =  7.85), and 

then falls off less rapidly than  BSL toward high gravity. A lower peak in the surface gravity 

distribution is to be expected as ROSAT detects ho tte r, and therefore younger stars which have 

lower surface gravities. However, the mean surface gravity is very similar to  th a t of BSL due to 

a  larger population of high gravity (log g — 8.5 —9.0) stars. It appears th a t  through EUV/X-ray 

observations, ROSAT detects a  larger than  expected num ber of hot, very high gravity massive 

DAs. The prescence of this ‘high gravity ta il’ in the distribution is an anomaly and it wiU be 

seen la te r th a t these stars do not fit in with evolutionary models (see figure 4.15) requiring 

another explanation, possibly white dw arf merging.
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Table 3.4: Sximmary of Derived Stellar Param eters

Target 1er

err. (K)
I ct

bounds (cm s 2)
1er

bounds
RE0003 +  43 16.82 0.30 46205 44476 - 47850 8.85 8.73 - 8.97
RE0007 +  33 13.85 0.01 47936 46839 - 49086 7.77 7.67 - 7.86
RE0029 - 63 15.314 0.011 60595 58130 - 63800 7.97 7.76 - 8.16
RE0053 - 32 13.37 0.02 34684 34382 - 34998 7 ^9 7.82 - 7.96
RE0108 - 35* 14.76 0.30 28580 28320 - 28835 7.90 7.83 - 7.97
RE0134 - 16 13.96 0.03 44850 42786 - 48296 7 ^ 6 7.70 - 8.32
RE0138 +  25 15.87 0.03 38964 38458 - 40708 9.00 &92 - 9.00
RE0148 - 25* 14.69 0.30 24540 24300 - 24765 7.84 7.79 - 7.92
RE0151 +  67 14.41 0.02 30120 29874 - 30338 7.70 7 ^ 2 - 7.77
RE0230 - 47 14.79 0.30 63400 62680 - 67280 7.43 7.25 - 7.67
RE0235 +  03 12.56 0.05 62947 61481 - 64336 7.53 7.45 - 7.62
RE0237 - 12* 14.92 0.30 31290 30970 - 31710 8.44 R35 - 8.53
RE0322 - 53 14.83 0.3 32860 32445 - 33135 7.66 7.62 - 7.78
RE034S - 00 14.04 0.02 42373 41577 - 43473 9.00 &90 - 9.00
RE0350 +  17 13.65 0.05 34200 33600 - 34800 8.80 &52 - 9.08
RE0457 - 28 13.951 0.009 58080 55875 - 60170 7.90 7.78 - 8.07
RE0605 +  52 11.73 0.01 57340 56040 - 58670 7.48 7.34 - 7.58
RE0512 - 41 17.257 0.013 53960 51400 - 58435 7.62 7.33 - 7.86
RE0521 - 10 15.815 0.028 31770 31090 - 32160 8.70 8.61 - 8.82
RE0550 +  00 14.773 0.024 45748 44360 - 47405 7.79 7.66 - 7.90
RE0550 - 24 16.371 0.012 51870 48750 - 56400 7.29 7.02 - 7.59
RE0552 +  15 13.032 0.009 32008 31962 - 32287 7.70 7.63 - 7.73
RE0558 —37 14.369 0.006 70275 66400 - 78780 7.37 7.13 - 7.50
RE0605 - 48 15.825 0.017 33040 32260 - 34370 7.80 7.57 - 8.26
RE0623 - 37 12.089 0.001 62280 60590 - 64140 7.22 7.13 - 7.40
RE0632 - 05 15.537 0.015 41765 40330 - 44420 8.51 8.35 - 8.65
RE0645 - 16 8 ^ # 0.1 24700 23700 - 25700 8.65 8.35 - 8.95
RE0654 - 02 14.82 0.03 32280 31740 - 32840 8.34 8.23 - 8.45
RE0715 - 70 14.178 0.015 44300 43310 - 45445 7.69 7.62 - 7.80
RE0720 - 31 14.87 0.04 53630 52400 - 54525 7.64 7.54 - 7.74
RE0723 - 27* 14.60 0.30 37120 36390 - 37860 7.75 7.65 - 7.85
RE0827 +  28 14.22 0.03 51934 48457 - 56007 8.00 7.73 - 8.22
RE0831 - 53* 14.65 0.30 29330 28970 - 29590 7.79 7.75 - 7.89
RE0841 +  03 14.475 0.028 36605 36180 - 37015 7.69 7.64 - 7.76
RE0902 - 04 13.190 0.020 23310 22560 - 24120 7.74 7.64 - 7.83
RE0907 +  50 16.54 0.2 33459 32882 - 34239 7.86 7.70 - 7.99
RE1016 - 05“ 14.21 0.05 53827 52629 - 55931 8.08 7.98 - 8.17
RE1019 - 14* 14.93 0.30 31340 30895 - 31680 7.79 7.70 - 7.89
R E 1 0 2 4 - 30* 16.67 0.30 36610 35780 - 38360 8.69 8.50 - 8.80
RE1029 +  45 16.13 0.03 34224 33889 - 34740 7.85 7.76 - 7.93
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Table 3.4; continued

Target lllv la lcr log g 1er
err. (K) bounds (cm s~^) bounds

RE1032 +  53 14.455 0.020 44980 44210 -  45310 7.68 7.64 -  7.77
RE1033 -  11 13.012 0.009 22790 22570 -  23030 7.57 7.53 -  7.60
RE1036 +  46 14.34 0.05 28766 2 8 3 4 9 - 29236 7.92 7.79 -  8.06
RE1043 +  49 16.234 0.028 47560 46550 -  48630 7.62 7.52 -  7.70
RE1044 +  57 14.64 0.05 29016 28750 -  29304 7.79 7.71 -  7.87
RE1058 -  38* 13.78 0.30 27970 27680 -  28200 7 ^ 8 7.81 -  7.95
REllOO +  71 14.68 0.2 39555 38747 -  40503 7.66 7 ^ 4 - 7 J 8
R E 1 1 1 2 + 2 4 15.773 0.028 38970 38620 -  39780 7.91 7.81 -  7.96
RE1126 +  18 14.127 0.028 55640 54770 -  56940 7.62 7.54 -  7.69
R E 1 1 2 8 - 02* 15.73 0.30 31280 30840 -  31770 8T1 8.00 -  8.21
R E 1148+  18 14.33 0.30 25107 24764 -  25489 7.81 7.73 -  7.87
RE1236 +  47 14.38 0.05 55570 54540 -  56720 7.57 7.49 -  7.64
RE1257 +  22 13.38 0.02 37880 3 7 2 0 9 - 38584 7.69 7.59 -  7.79
RE1316 +  29* 12.99 0.05 49000 47000 -  51000 7.70 7.50 -  7.90
RE1340 +  60 16.941 0.020 42970 42030 -  44240 7.68 7.57 -  7.84
RE1431 +  37 15.277 0.016 34419 3 3 5 8 2 - 35135 ^.66 7 ^ a - 7 ^ 2
RE1529 +  48 15.083 0.028 46230 45540 -  47000 7.70 7.62 -  7.75
R E 1 6 1 4 -0 8 14.013 0.028 38500 38160 -  38890 7.85 7.79 -  7.90
RE1623 -  39 11.00 0.01 24760 2 4 3 3 3 - 24805 7.92 7 j W - 8 ^ 9
RE1638 +  35 14.83 0.05 36056 35479 -  36662 7.71 7.61 -  7.80
RE1650 +  40 15.831 O ^ ^ l 37850 3 6 8 0 0 -3 8 4 3 0 T45 7.81 -  8.12
RE1726 +  58 15.45 0.05 54550 49616 -  58835 8.49 8.25 -  8.77
RE1738 +  66 14.606 0.028 88010 85400 -  90400 7.79 7.70 -  7.93
RE 1746 -  70* 16.60 0.30 51050 48410 -  53930 8^W 8.68 -  9.00
RE1800 +  68 14.74 0.04 43701 42700 -  44759 7.80 7.68 -  7.92
RE1820 +  58 13.949 0.028 45330 44600 -  46290 7.73 7.68 -  7.81
RE1847 +  01 12.95 0.05 28744 28485 -  29017 7.72 7.65 -  7.79
RE1847 -  22 13.720 0.028 31920 3 1 5 4 0 - 32260 8.00 7.91 -  8.09
RE1943 +  50* 14.62 0.30 33500 33330 -  33690 7.86 7.82 -  7.90
R.E2004 -  56 15.05 0.30 44456 43381 -  45327 7.54 7.43 -  7.66
RE2009 -  60 13.59 0.30 44200 43650 -  44800 8T 4 8 T W -8 ^ 2
RE2013 +  40 14.6 0.60 47057 4 5 6 8 0 - 48230 7.74 7.49 -  8.04
RE2018 -  57* 13.61 0.30 26579 2 6 0 3 4 - 26892 ^78 7.72 -  7.85
RE2024 -  42* 14.74 0,30 28597 28230 -  28988 8^ 4 8 j # - 8 ^ 7
RE2024 +  20* 16.59 0.30 50564 4 9 3 3 2 - 51810 7.96 7 jW -8 ^ 6
RE2029 +  39 13.38 0.01 22153 21749 -  22560 7.79 7.72 -  7.87
RE2112 +  50 13.08 0.02 38866 3 8 1 3 9 - 39634 7.84 7.74 -  7.94
RE2127 -  22* 14.66 0.30 48297 46455 -  49934 7^9 7.56 -  7.82
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Table 3.4; coiitmued

Target lllv lcr TeîS 1(7 log g 1(7
err. (K) bounds (cm s"2) bounds

RE2154 -3 0 * 14.17 0.30 28741 2 8 3 6 3 -2 9 1 5 2 8 4 8 8T # - 8 4 6
RE2156 -4 1 * 15.38 0.30 49764 46513 -  53131 7.75 7.57 -  7.92
RE2156 -5 4 * ]A 44 0.30 45860 44600 -  47200 7.74 7.64 -4 ^8 3
RE2207 +  25* 1Æ58 0.30 24610 24490 -  24690 8.16 8.14 -  8.20
RE2210 -3 0 * 14.79 0.30 28268 2 7 8 2 3 -2 8 6 4 0 7.60 7.53 -  7.72
RE2214 - 4 9 11.708 0.007 65600 63790 -  68510 7.42 7 4 4 -  7.57
RE2244 - 3 2 * 15.66 0.30 31692 31312 -  32188 8T ^ 7.96 -  8.17
RE2312 +  10 13.09 0.01 57380 56190 -  58670 7.86 7.78 -  7.93
RE2324 -  54 15.197 0.017 45860 44490 -  47320 7 43 7.61 -1L82
RE2334 -  47 13.441 0.007 56682 54883 -  59500 7.64 7.57 -  7.78
RE2353 - 2 4 15.444 0.014 29120 28720 -  29620 8.14 8.01 - 8 4 1

Notes;
* iTiv determined from spectral flux.
“ V m agnitude is taken from  T liorstensen, Venues & Bowyer (1995) -  see section 4.7. 
 ̂ Values for fIZ43 are from Napiwotzki et al. (1993).
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C h ap ter  4

S tu d ies o f  th e  D A  A tm osp h eres

4.1 M odel A tm osp h ere  C alculations

W ith the param eters described in the  previous chapter it is now possible to  examine the role 

of helium in the DA atm ospheres. A t our disposal are both homogeneous and stratified models 

calculated from the atm osphere code of Koester (1991). The form er assumes a homogeneous 

distribution of hydrogen and helium under LTE conditions and covers a  range in helium abun

dance-of —8 > log H e/H  > —3. T he stratified structure assumes a plane parallel geometry 

with a thin layer of hydrogen denoted by its mass M h ,  and covers the  approxim ate range 

IQ -is ^  Mh(0 ) > 10“ ^̂  which overlies a helium atm osphere and also assum es LTE conditions. 

The assum ption of LTE has been exam ined by Barstow (1990). By com paring LTE and non- 

LTE H +H e models he finds th a t over the range of surface gravity covered here, the EU V /X -ray 

d a ta  only become sensitive to  departu res from LTE at very high tem peratures (>  10®K). Since 

the  DAs in the ROSAT sam ple have tem peratures cooler than this, the errors due to  the LTE 

approxim ation will, therefore, be small. All of the model calculations include full Une blanketing 

from hydrogen and helium.

It has long been noted th a t a layered stru c tu re  is much more physically realistic th an  a homoge

neous structure  for a DA white dw arf atm osphere. Schatzmann (1958) originally proposed th a t 

the high surface gravities of white dwarfs (typically log g =  8 .0) together w ith electric forces in 

the  atm osphere would cause the heavier elements to settle below the photosphere on a relatively 

short timescale (of the order of a  few years) leaving a layer of pure hydrogen on top. Koester

61



(1991) has dem onstrated th a t a  stratified stnictnre. is able to  explain certain anomalies in sev

eral DAs, such as the absence, of a  H ell (46S6Â) line in the spectrum  of G191-B2B for a  layer 

m ass which reproduces the EXOSAT count ra tes. T he fraction of helium hom ogeneously mixed 

which reproduces the EXOSAT d a ta  also predicts a significant Hell line. Conversely, recent 

results by Bergeron et al. (1994) show th a t ROSAT observations of DAO white dwarfs (three 

known DAOs are in this sample) can only be explained by a homogeneous struc tu re . All these 

DAO stars appear to be in close b inary system s. Some common evolution betw een white dwarf 

and secondary could be the  explanation for the homogeneous atm ospheres and this needs to  be 

investigated. In light of this work and the  fundam ental question of whether DA white dwarfs 

have thick hydrogen layers with helium or heavier elements homogeneously mixed in them  or 

thin hydrogen layers with the opacity originating a t the H /H e diffusion boundary, both  model 

structu res were used in the analyse presented here.

Grids of models were calculated to cover fully the param eter space spanned by the  DAs in the 

ROSAT sample. Both structures covered a range in tem perature of 20, COOK < Teff < 100, OOOK 

and in gravity of 7.0 < log g <  9.0 with log g sampled every 0.5 dex and tem pera tu re  every 

5,OOOK above 30,000K but every 1,000K below 30,OOOK as this is where the flux changes m ost 

rapidly with increasing Tef f .  A model spectrum  for a particular set of param eters is then  gen

erated  by interpolating between the  model grid in question.

4.2  Sensitiv ity  o f E U V  F lu x  to  M od el P aram eters

W hen interpolating between models to  deduce the structure  and composition of a  stellar a tm o

sphere it is necessary to understand the m agnitude of the effect th a t changing a m odel param eter 

has on the emergent flux. The EUV flux is heavily a ttenuated  by interstellar m atte r. Figure 4.1 

shows this absorption as a function of increasing Nh for each of the ROSAT survey bandpasses. 

T he increasing opacity with decreasing band energy (due to the energy dependence of the pho

toelectric cross section of the interstellar m edium  below the Lyman lim it) is apparen t w ith a 

column of only 10^*^cm“ '̂  reducing the 82 flux by 10%. W ith a column of ju st 10^®cm~^ the 82 

flux is more than  halved.
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Figure 4.1: The effect of interstellar H column density N h ,  on the EUV/X-ray fluxes. Predicted 
fluxes are for T e / /  =  40, OOOK, and log g = 8.0 for a pure hydrogen stratified atmosphere and 
are normalised on the plot to Nh = lO^^cm"^. Interstellar Hel was set to cosmic abundance 
(one tenth the value of N h ) .  Model used was that of Rumph, Bowyer & Venues (1994). PSPC 
- solid line, S la - dashed line, S2a - dash-dot line.
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Figure 4.2: The effect of decreasing surface gravity on the EUV/X-ray fluxes. Predicted fluxes 
are for a homogeneous pure hydrogen atmosphere (He/H = 10“®) with T^ff  = 30, OOOK and are 
normalised on the plot to log g = 9.0. PSPC - solid line, S la  - dashed line, S2a - dash-dot line.
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Figure 4.3: The effect of increasing tem perature on the EUV/X-ray fluxes. Predicted fluxes are 
for a stratified pure hydrogen atmosphere (Mh «  with log g = 7.0 and are normalised
on the plot to T^j f  — 20, OOOK. PSPC - solid line, S la - dashed line, S2a - dash-dot line.
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Figure 4.4: The effect of varying hydrogen layer mass in a stratified atmosphere on the EUV/X- 
ray fluxes. Predicted fluxes are for Te// = 30, OOOK, log g =  8.0 and are normalised on the plot 
to those for a pure hydrogen atmosphere (Mh = 6.5 x 10“ ^^). PSPC - solid line, S la  - dashed 
line, S2a - dash-dot line.
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Figure 4.5: The effect of homogeneously mixed trace helium on the EUV/X-ray fluxes. Predicted 
fluxes are for T g j j  = 30, OOOK, log g = 8.0 and are normalised on the plot to that for a pure 
hydrogen atmosphere (He/H = 10”*). PSPC - solid line, S la  - dashed line, S2a - dash-dot line.
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Of the  atm ospheric stellar param eters, the ROSAT fluxes depend only weakly on log g (which 

is accurately known) over the range of values covered here (figure 4.2), bu t all the remaining 

param eters have a large effect on the observed count rates. As m entioned above, the fluxes 

increase sharply from 20,000K to 30,OOOK with the gradient increasing tow ard the softer energy 

bands. Above this tem pera tu re  (where the  Lyman edge disappears due to  a decline in the 

population of the ground sta te ) they then increase quite uniformly up to  100,000K as shown in 

figure 4.3.

From figure 4.4 it can be seen th a t decreasing Mh has the largest effect in the highest energy 

band, because in the stratified model, helium is located a t some dep th  in the  atm osphere as 

defined by the diffusion boundary and decreases toward the surface. As photons with shorter 

wavelengths originate from deeper, h o tte r regions in the atm osphere, the higher energy photons 

will encounter a  higher density of helium. In the homogeneous models however, where helium 

is located throughout the whole of the atm osphere the situation  is different. Figure 4.5 shows 

how the presence of helium in this structure  affects the lowest energy bands the most. This 

is due to  the H ell absorption edge a t 228 Â (just below the S2 band w idth) increasing with 

increasing helium abundance. The fact th a t the different structures affect the emergent fluxes 

in such different ways provides a  way of distinguishing between them . However, the presence of 

heavy elements which have m any absorption edges in the soft X-ray, can affect the flux in the 

shortest wavelengths the m ost giving a similar effect to  th a t of stratification.

4.3 M od el F ittin g  Technique

Model fits were perform ed w ith both homogeneous and stratified models using XSPEC. This 

compares predicted count ra tes, after folding model atm osphere spectra  through each instru

m ental response and interstellar absorption, with observed values in each instrum ent and filter. 

Firstly, the  V m agnitude with its associated error was converted to a count ra te  and a gaussian 

response was calculated. This then provided a fourth d a ta  point together with the ROSAT S la , 

S2a and PSPC  survey count rates. Interstellar absorption from HI, Hel and Hell is taken into 

account using the model of Rum ph, Bowyer & Venues (1994) which includes Hel absorption 

cross-sections for a recently discovered series of resonance features near 206 Â. In aU cases HI
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Table 4.1: Probability  of Xr exceeding the tabu lated  values

Probability (Confidence Level)
u 0.32 0.1 0.01 0.001

(68% =  la ) (90%) (99%) (99.9% «  3a)
1 1.00 2.71 &63 10.83
2 1.15 2.30 4.60 6.91
3 1.17 2.10 &80 5AÜ
4 1.18 1.95 3^W 4 ^

was left as a  free param eter w ith Hel set to  cosmic abundance (ie. one ten th  th a t of HI) es

sentially freezing this param eter, and Hell was set to zero and frozen. T he model atm ospheres 

were then specified by log H /H e (or log Pgo -  see section 4.6), log g, Ten, and a normalisation 

constant. T he presence of the norm alisation constant essentially being accounted for by the use 

of the  V m agnitude as a  d a ta  point.

An initial fit to the d a ta  was perform ed with log g frozen a t the best fit value (as log g has 

the least effect on the count ra te ) derived from the optical spectroscopy while aU the other 

param eters except Teff (which was stepped throughout its 1er error range) were allowed to vary 

throughout the fuU range of the model spectra. Once a m inimum was found, Tgff  was frozen 

and log g was allowed to change through its 1er error range. This process was repeated until 

the minimum x^ was found for both  param eters, usually involving no more than  two iterations 

of the above steps. Tefr and log g were then frozen at their best fit values giving one degree of 

freedom. Subsequent fits were then performed allowing only Nh and log Pgp (or log H /He) to 

vary. In this way the absolute minimum in x? space was determ ined and hence the best fitting 

model spectrum  to the d a ta  was found.

It is necessary in the analysis to define what is a good fit and w hat is not, by considering 

the probability th a t a particu lar value of Xr occurs by chance. A good fit corresponds to a 

probability of 0.1 (i.e. 90% confidence) and a bad fit a probability of 0.01 (99% confidence). 

In between, the fits are not necessarily bad, but it is not possible to  exclude the models with 

high confidence. Table 4.1 lists the values of Xr corresponding to  probabilities of 0.32, 0.1, 0.01, 

and 0.001 (confidence levels of 68% =  1er, 90%, 99%, and 99.9% % 3cr) for several degrees of 

freedom (//). Taking as an example a spectral analysis where =  1 (as in this work), a ‘good’
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fit requires Xr 1° he less than  2.71, b u t the value would need to  exceed 6.63 before the model 

could be excluded with any certainty.

Once the best model fit to the d a ta  was achieved, the values of Nh and H e/H  (or log Pgo) were 

independently stepped until =  2.71 providing Xm +  <  6.63 thus yielding upper and

lower bounds o f æ l a  (see Appendix A).

4.4  A ccuracy  o f  F itted  M odel P aram eters

Several sources of error contribute to  the  accuracy of the param eters derived from  any spectral 

fit to  the data. Firstly, there are the errors on the d a ta  themselves. These are in the  form of 1er 

sta tistical counting errors on the observed survey count rates as listed in table 2.2. There are 

also system atic errors associated w ith the absolute, photom etric calibration of the  instrum ents 

which m ust be taken into account, the largest factor being the uncertain ty  in the reference 

standards used. For the PSPC , S la  and S2a, the reference standards are proportional counters 

with a quantum  efficiency which can be calculated theoretically, giving a  l a  error of 10%. This 

systematic, error was added in cpiadrature to the statistical error for each d a ta  point during the 

analysis. The resultant error bars effectively ‘weight’ the d a ta  points when calculating the x^  

s ta tistic  (see equ. A .2).

A more, difficult error to assess is th a t of the synthetic spectra themselves. If the  models do not 

accurately represent the. correct compositions in the DA atm ospheres then  they wiU obviously 

not fit the observed d a ta  well. Even if all the opacity sources are included, it is still possible 

th a t an incomplete description of all the physical processes involved m ay give rise to  a poor fit. 

However, this is very difficult to quantify but the fact th a t some stars m ay be fitted very well 

suggests th a t the  models may be suitable. If not all the d a ta  can be fitted  by the model then 

this implies th a t the model m ay be wrong in some aspect.
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4.5 R esu lts  for H om ogen eou s M odels

This section considers the results of the spectral fitting under the assum ption th a t the white 

dw arf atm ospheres are homogenous m ixtures of hydrogen and helium. It is possible to divide 

the sample into two m ain groups, those for which a good fit is achieved (HGI: 60 stars) and 

those for which no fit is possible to  the observed count ra tes (HGII: 29 stars). The ‘best f it’ 

values of Nh and hehum  fraction for the stars in HGI are listed in table 4.2 and the stars in 

HG II are listed in table 4.4. Of the stars which could be succesfuUy modelled, the sample can 

be fu rther divided into two subgroups (HG Ia and HGIb). This is best illustrated  in figure 4.6 

which shows the. allowed ranges of H e/H  fraction against their optically derived tem peratures 

for HGI. For clarity only the best fit values of Te/y are shown.

H G Ia:

It can be seen th a t the fluxes of all the stars in this subgroup (47 in aU) m ay be accounted for by 

a pure hydrogen atm osphere. He abundances are in the range % 0 — 4 x 10“ ‘S with two objects 

having % 0 — 3 X 10“ * by num ber fraction (10“ * is the lower lim it of the model atm osphere 

grid and effectively 0). In reality, as helium may not be the only opacity source, only an upper 

lim it of % 4 X 10“  ̂ m ay be placed on these abundances, but it should be noted th a t aU these 

objects are consistent with a pure hydrogen atm osphere. Only two of the stars, RE0350+17 and 

RE0605-48 have a  lower lim it above 10“ ®, specifically 6.1 X 10“ * and 2.2 X 10“ * respectively, 

but such num ber fractions are still extremely low. Most these s ta rs (33) in this group have 

tem peratures below 40,OOOK bu t it should be noted th a t 14 lie above this tem perature. This 

is in contrast to the work by B93 and Diamond (1993) who found th a t no stars above 40,OOOK 

(except for HZ43) had count ra tes which could be modelled by a pure hydrogen atmosphere.

H G Ib:

The. stars in this subgroup (13 objects) aU have a H e/H  fraction greater than  «  3 X 10“  ̂ and 

are distinct in figure 4.6 in displaying a  relatively small confidence range. In agreement with the 

previous work aU these sta rs lie above % 40,OOOK (only one, RE1614-08 lies below, with an upper 

lim it to  Tgff  of 38,890K). Two of these stars, RE2013+40 and RE1016-05 are DAOs (the third 

known DAO, RE0720-31 produced no fit) showing Hell absorption a t 4686 Â (Barstow et al. 

1995a and Tweedy et. al. 1993 respectively). However, although there is no doubt th at significant 

quantities of helium are present in these stars, the abundances given here for RE2013+40 appear
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Figure 4.6: The lcr range in helium abundance allowed by the ROSAT data  for those white dwarfs 
for which good fits to homogeneous H + He models were obtained as a function of temperature. 
The range in He/H fraction was found within the optically determined temperature bounds but 
only the best fit value of Te// is shown for clarity.
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Figure 4.7: The \ a  range in helium abundance allowed by the ROSAT data for those white 
dwarfs for which good fits to homogeneous H + He models were obtained as a function of surface 
gravity. The range in He/H fraction was found within the optically determined bounds of log g 
but for clarity only the best fit value is shown.
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to  be in disagreement with those derived from fitting the Hell (4686Â) absorption line. This is 

discussed further in section 4.7. For the  rem ainder of the stars in this subgroup only lower lim i t s  

can be placed on the helium abundances of % 3 X 10“ '*, if we assum e th a t helium is the only 

source of opacity present. Such abundances would only produce weak H ell optical absorption 

which would be lost in the signal to  noise. However, the helium abundance of RE2334-47 which 

is th e  highest in figure 4.6 (a t 9.89 X 10“ ^) would give rise to  strong H ell absorption and this is 

not observed in the optical spectrum  (see figure 4.11). A possible explanation of this could be 

stratification. However, it is possible th a t several, if not all of these objects (except the DAOs) 

have little  helium but th a t small am ounts of trace heavier elements affect the fluxes in a way 

similar to  th a t of helium. If this is the  case, it can only be quoted th a t these objects contain 

a t m ost a  helium abundance of % 10“  ̂ (with RE2334-47 having 10“ ^, which is the model grid 

upper lim it), bu t the possibility of the opacity arising from heavier elements rules out further 

in terpreta tion .

This possibility is compounded by the fact th a t the 29 objects in HGII cannot be represented by 

any H +  He model atm osphere. M any of these objects have been observed in various wavebands 

showing numerous lines due to heavier trace elements but no sign of helium (Barstow , Holberg 

& Koester 1994). Irrespective of the  absorbing m aterial (be it helium or heavier elements) there 

seems to  be no correlation between the  resultant inferred helium abundance from these models 

and tem peratu re  apart from the confirm ation of previous work th a t the  absorbing m aterial only 

becomes evident above % 40, OOOK.

H G II:

Interestingly, only 16 of the 29 HG II stars lie above 40,OOOK (see tab le  4.4), w ith 9 objects 

being cooler than  30,OOOK. In the  B93 work it was suggested th a t not being able to model 

s ta rs cooler th an  30,OOOK was due to  the  lack of line blanketing in their models giving rise 

to  ambiguities below 30,OOOK. However, the models used here are fuUy line blanketed and so 

it is difficult to account for these objects not being consistent with a pure hydrogen composition.

Figure 4.7 shows the values of H e/H  fraction as a function of surface gravity for the stars for 

which a good fit is possible. As m ight be expected, when considering radiation  levitating ele

m ents against surface gravity, the stars which are not consistent w ith pure hydrogen (HGIb),
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have some of the lowest surface gravities. However, it should be noted th a t m any stars which 

m ay be explained as pure hydrogen also have surface gravities in this range (as well as high 

tem peratures, T ^// > 40, OOOK) implying the actual photospheric composition m ay vary signifi

cantly from sta r  to star. Surprisingly, two of the  ‘non-pure H ’ stars, RE1746-70 and RE0348-00 

have some of the  highest surface gravities in the sample a t 8.84 and 9.0 respectively. Vennes 

et al. (1988) have shown th a t in such a regime, even at the high tem peratures of these stars, 

the am ount of helium th a t m ay be supported in the photosphere purely as a result of radiative 

levitation is approxim ately an order of m agnitude less than  th a t inferred here. T he abundance 

derived here could represent the effect of heavier elements or could be the  result of a physical 

process such as convection causing the helium to rise in the atm osphere. Such high gravities 

a t the given tem peratures for these stars deviate from the norm al DA evolution model as will 

be discussed later. To conclude, there appears to  be no correlation between surface gravity and 

helium abundance apart from the fact th a t the observed He abundances occur on the whole in 

the lowest gravity objects.

4.6 R esu lts  for Stratified  M odels

This section summarises the spectral fitting results assuming a stratified structure, with a thin 

layer of hydrogen overlying a  helium atm osphere. The m ass of the hydrogen layer M h , for a 

given tem perature  and gravity dictates whether the observed E U V /X -ray photons originate from 

a region of pure hydrogen or a region polluted by the helium diffusion tail, giving rise to  opacity 

from helium. T he param eter which effectively defines the level of opacity in the stratified model 

is Pgo, the gas pressure a t the optical depth where the partia l pressures of the hydrogen layer 

and the helium layer are equal, defining the diffusion boundary (see Jordan  & Koester 1986, for 

fu rther details). It may be represented by the equation,

— ^  (4.0

where, a  is a norm alisation constant and the other symbols have their usual meanings. A log 

Pgo ~  9.0 -  10.0 is sufficiently high th at the radiation em itted  below the diffusion boundary is 

completely absorbed by the atm osphere above and results in a spectrum  identical to  th a t of a 

pure hydrogen envelope. However, from the. above equation it is evident th a t M h is also heavily
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dependent on surface gravity. For a high gravity s ta r, the atm ospheric pressure and hence the 

m ean density of the atm osphere is higher than th a t for a  low gravity object. Therefore, the 

E U V /X -ray photons m ay actually be absorbed by a physically lower mass of H. Mh is also 

dependent on T e// bu t only very weakly. The actual variation of Mh with log g (for constant 

T e f f  and log Pgo) and log Pgo (for constant log g and T e//)  are shown in figure 4.8.

Similar to  the homogeneous régime, it is possible to  divide the results into two groups, although 

not necessarily containing all the same objects as the corresponding homogeneous groups. Those 

which m ay be modelled well (SGI: 71 stars) are listed in table 4.3 and those which cannot be 

represented by any combination of Nh or M r  (SGII: 18 stars) are listed in table 4.4. Figure 4.9 

shows the range in M r allowed in the spectral fitting as a function of T e // for SGI. Due to  the 

dependence of M r  on surface gravity, for clarity objects with log g greater than  8.0 are shown 

as open circles whereas those below this value are filled circles. These stars may then be divided 

into two subgroups SGIa and SGIb.

S G I a :

Although the spread in Mh is large, all the objects in this subgroup (45 stars) are in fact 

consistent with approxim ately pure hydrogen atm ospheres bu t for differing surface gravities. 

It is therefore difficult to place lim its on the  layer masses b u t it is possible to say th a t below 

50,000K, objects with log g <  8.0 have a lower lim it of >  3 X 10“ *'* M@ with the m ajority  having 

Mh > 10“ *3 M@ which is sufficiently massive th a t the EU V /X -ray  photons, which are from 

deeper layers, are originating from  a  region of pure hydrogen. It is som ewhat easier to identify 

these stars as being consistent with pure hydrogen if M r  is plo tted  as a function of surface 

gravity (figure 4.10). The dashed lines correspond to layer masses approxim ately equivalent to 

a pure hydrogen atm osphere (log Pgo — 9.0 — 10.0) for a constant tem perature. Although only 

values of M r  are given, an upper lim it (and often a best fit value) of log Pgo =  10.0 was found 

for the m ajority  of these s ta rs corresponding to a pure hydrogen spectrum  and this gives the 

expected general trend for decreasing layer mass with increasing log g. As in the homogeneous 

case, of the order of 10 objects which may be modelled as pure hydrogen have tem peratures in 

excess of 40,OOOK.

S G I b ;

The count rates for the 26 objects in this subgroup may be explained by layer masses thin
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Figure 4.8: The dependence of hydrogen layer mass ( M h ) on log Pgo ( the log of the gas pressure 
at the H;He diffusion boundary) for T ^ j j  =  30, OOOK, log g = 8.0 (top) and surface gravity for 
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enough for the EU V /X -ray radiation  to come from a  helium contam inated region below the 

hydrogen layer. This is immediately evident from figure 4.10 where these stars, contrary to  the 

pure hydrogen relation of gravity with M h, show increasingly lower layer masses w ith decreasing 

surface gravity. However, it should be noted th a t the lowest gravity object RE0550-24 appears 

to  be pure hydrogen with a  large hydrogen layer mass greater than 1.9 X 10“ ^^. This object 

is also consistent with pure hydrogen in the homogeneous regime. Figure 4.9 also shows a 

tendency for decreasing layer mass with increasing Tef f  (for log g <  8.0) above 50,00GK. This 

is m ost probably due to the evolutionary relation between tem perature  and gravity, although 

it is possible th a t some of these low gravity objects may have evolved from hot sub dwarfs on 

th e  extended horizontal branch. T he highest gravity objects also have extremely th in  hydrogen 

layers (eg. RE0348-00 with log g =  9.0 having Mh =  2.0 x 10“ ®̂ M@ a t the model boundary) 

which could possibly be the result of the abnorm al evolution already suggested.

It is interesting to note th a t RE2334-47 which had the highest He/H  fraction in the homo

geneous fitting no longer seems unique when assuming a stratified structure. W ith  the layer 

mass of 7.3 x 10“ '̂* M@ derived here, the predicted Hell line a t 4686Â disappears due to the 

different structu re . Figure 4.11 shows the spectrum  of RE2334-47 together with the spectrum  

predicted by the homogeneous model (with the best fit helium abundance to the ROSAT data) 

and th a t predicted by the stratified model (with the best fit hydrogen layer mass). A stratified 

atm osphere with a m oderate hydrogen layer mass is, therefore, a plausible explanation for this 

s ta r. However, the possibility th a t heavier elements are present in the photosphere, which have 

the same net effect as stratification, can not be ruled out until an extensive exam ination of an 

EU YE spectrum  has been performed. As la te r discussion will show (see figure 4.14), RE2334-47 

appears very similar to several objects which are known to contain a host of heavy elements.
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Figure 4.11. Part of the optical spectrum of RE2334-47 (centre). The top curve is the spectrum 
predicted by a stratified model with Mh = 7.3 x lO 'i^  M@, T^j f  =  55,082K and log g =  7.61 
(ie. the best fit parameters from the EUV/X-ray data). The bottom curve is the corresponding 
spectrum predicted by a homogeneous model with He/H = 9.9 x 10“^, T e f f  = 54,884K and log 
g =  7.63. The Hell 4686 Â line predicted by the homogeneous model is clearly not evident in 
the spectrum.
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S G II

Of the  18 stars which could not be. modelled by a stratified atm osphere, only three, RE0138+25 

and the DAOs RE2013+40 and RE1016-05 m ay snccesfnlly be modelled by a  homogeneous 

struc tu re  (see table 4.4), As in the  homogeneous case, several of these objects, 8 to be exact, 

have tem peratures less than  40,OOOK (with 5 below 30,OOOK) which is difficult to  explain as one 

would not expect significant am ounts of trace elements a t these tem peratures.

T he stratified H -f He model struc tu re  m ay be a suitable description for the m ajority  of stars but 

the fact th a t many stars cannot be fit by any combination of Nh and Mh and th a t several stars 

have been observed to contain m any trace heavier elements means we can only put lower limits 

on M h - Much of the absorption m ay arise from elements heavier than  helium being ‘lev itated’ 

by radiation  pressure against the force of gravity  into the helium diffusion tail reducing the 

EU V /X -ray  flux giving rise to an apparently  thin layer mass. If this is the case then figure 4.9 

would imply th a t, apart from a few objects, one or more heavy elements are levitated above 

50,OOOK.

4 ,7  T h e D A O  stars

As the  DAO stars display a Hell absorption feature in the optical band, this has to  be taken into 

account in the interpretaion of the m odel fitting. It has been found th a t all three of the DAOs 

in this sample are also members of binary system s with an M-dwarf in close proximity. The 

presence of the companion creates problems in measuring the V m agnitude as well as Tgff  and 

log g. Also, any EU V /X -ray emission from the secondary m ust be subtracted  from the ROSAT 

photom etry  in order to isolate the white dw arf count ra te . Details of the approach taken for 

RE20134-40, RE0720-31 and RE1016-05 m ay be found in Barstow et al. (1995a), Barstow et al. 

(1995b) and Tweedy et al. (1993) respectively, bu t will be briefly summarised here together with 

the results of the new analysis.

R E 2013-f-40:

As the V m agnitude for RE2013-f-40 has a large error and an lU E UV spectrum  exists, the 1400Â 

flux (1.5 X 10“ -̂̂  ergs cm“ '̂  s~^ Â~^) was used to normalise the model spectra. Three individual
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optical spectra  were obtained and all were analysed independently as co-adding them  carried the 

risk of artificially broadening the Baim er lines by orbital motion. In m easuring the tem pera tu re  

and gravity  for these stars one cannot assume a pure hydrogen model due to the presence of the 

H ell feature. The Baimer lines and the H ell line were fit simultaneosly, using bo th  homogeneous 

and stratified model atm ospheres allowing the H e/H  fraction or Mh respectively to  vary along 

w ith T e f f  and log g. W ith the stratified  m odel the  best fit to  the H ell line corresponds to  the 

th innest hydrogen layer in the grid for the derived tem perature and gravity. Since

the ROSAT fluxes predicted by this model are far below the instrum ent sensitivity, it is possible 

to  rule out a  stratified structure . S tratification was also ruled out by Bergeron et al. (1994) on 

the  basis of a poor fit to the H ell line.

Homogenous models provided good fits to all three spectra. However, it was observed th a t 

emission cores in the Baimer absorption lines, associated with the red dwarf companion, differed 

in streng th  from one observation to  another due to  changing orbital phase. This resulted in 

different estim ates of surface gravity  and inferred helium abundance (the tem peratures were in 

good agreement for all three spectra). Correspondingly, there was a variation in the equivalent 

w idth of the Hell line indicating the  change in the inferred am ount of helium is real ra th e r than  

simply a result of the different estim ates of log g. These changes do not necessarily arise from 

intrinsic variation in the photospheric. content, b u t ma.y be a  result of infilling of the  helium 

absorption feature by an emission line associated with the red dwarf. The spectrum  obtained 

on 1̂ * July 1992, displayed the least core emission in the Baimer lines and the correspondingly 

largest H ell equivalent width and yielded a H e/H  fraction of 1.9 X 10“ '̂  with bounds of (1.3 — 

2.9) X 10-3 .

W hen modelling the ROSAT da ta , any coronal X-ray flux arising from the M dw arf m ust be 

removed. In the PSPC , flux from even the. h o tte st white dwarfs lies longward of the carbon K 

edge and so the detection of 0.038 ±  0.010 count s“  ̂ shortward of this is a ttrib u ted  to the  M 

dwarf. Fleming et al. (1995) find th a t typical dMe count ratios in the soft to hard PSPC  bands 

is 2:1. The PSPC  count ra te  for the  prim ary is therefore adjusted to be 0.86 count s~^ and is 

trea ted  as a lower limit. It was not possible to  model the d a ta  with a helium abundance in the 

range found from the Hell line. However, a good fit was achieved as listed in table 4.2 with 

a  range in H e/H  of (3.9 -  7.4) x 10"^, significantly lower than  th a t derived from the optical 

da ta . It should be noted th a t several m etal features (notably CIV) have been observed in the
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lU E  spectrum . Further sources of opacity such as this should give a higher helium abundance 

than  th a t observed in the optical spectra. It has been suggested by (Barstow et al. 1995a) th a t 

the relative lack of helium in the EUV forming region to th a t of the optical may be a result of 

accretion onto the  white dw arf surface of the red dwarf stellar wind resulting in more helium 

higher in the atm osphere.

R E 0720-38:

Barstow  et al. (1995b) derived a  value of V =  14.87 from the optical light curve after subtraction 

of the secondary sta r. As there was no detection above the carbon edge of the PSPC  they 

concluded th a t any EU V /X -ray flux originating from  the companion is insignificant. Several 

independent optical spectra were obtained bu t the Hell line was only visible after co-addition of 

the two w ith highest s/n .  They find th a t values o i T ^ j j  and log g estim ated from each spectrum  

agree well and th a t the observed radial velocity changes present in the co-added spectrum  are not 

large enough to significantly affect the model fits to the Baimer lines and so aU work referenced 

here is based on this spectrum . Using a  stratified struc tu re  to  m odel the H ell line gives a 

layer mass a t the lower grid boundary which would render the E U V /X -ray fluxes undetectable 

to  ROSAT. Therefore, one m ay rule out a stratified structu re  for this object also. Assuming a 

homogeneous structure , no fit to the ROSAT d a ta  is possible in any tem perature range implying 

the presence, of significant am ounts of elements heavier than helium.

R E 1016-05:

Thorstensen, Vennes h  Bowyer (1995) have obtained the m ost accurate photom etry to date of 

the DAO prim ary in this system. After subtraction  of the red dwarf companion and the flux 

from a nearby s ta r they find V =  14.21 ±  0.05 which is the value quoted in table 3.4 and used in 

the m odel fitting. There is no hard detection in the  PSPC  so it can be assumed th a t the flux 

below the carbon edge is entirely due to the white dwarf. Two spectra  were obtained for this star 

a t the Steward Observatory. In the second spectra, obtained on the 24‘ ’̂ April 1992, the broad 

emission cores of the Baimer lines due to  the secondary sta r have virtually dissappeared. Hence, 

in a similar m anner to Tweedy et al. (1993), only this spectrum  was used for m easuring T g //, log 

g and H e/H  fraction. Slight emission cores were evident in the H^andH..y features and these were 

removed during the fitting to ensure no contam ination by the secondary. All the Baimer lines 

were fit sim ultaneously together with the H ell line, first with stratified and then homogeneous 

models. T he stratified fit gave a layer mass a t the lower grid boundary which would render the
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PSPC  count ra te  a factor four less than  the observed ra te , thus ruling out a stratified atm osphere. 

T he homogeneous models yielded best fit param eters of, T^f j  — 53,827 K (52,629 -  55,931), log 

g =  8.08 (7.98 — 8.17) and H e/H  =  1.3 x 10“ 3 (3.3 x 10“ '̂  — 2.1 x 10~3). Comparing these results 

to  those of Tweedy et al. (1993) and Beigeron et al. (1994) reveals a slightly lower tem pera

tu re , higher gravity but similar helium abundance (although the  best fit value derived here is 

som ewhat higher, the error ranges show significant overlap). From table 4.1 it can be seen th a t 

this helium abundance also agrees well with the value inferred from the ROSAT data . However, 

Thorstensen, Vennes & Bowyer (1995) have determ ined an abundance of He/H =  2 x 10“ 3 from 

a strong H ell (1640 Â) absorption feature in the lU E spectrum  of this object. U nfortunately, 

no confidence region is given to enable a fair comparison.

4.8 C om parison o f A b so lu te  F luxes

It is clear from the above results th a t for the ho tte st DAs there are opacity sources additional 

to  helium present in the atm ospheres. Having established the relative inadequacy of the model 

atm ospheres it is then impossible to say for certain w hether the absorption arises from helium 

alone for the  rem ainder of the sample, for which a model fit is achieved, or whether an overesti

m ate of the am ount of helium (or underestim ate of M h ) is accounting for EU V /X -ray absorption 

from heavier elements. One can only quote lim its for the helium abundance (or M h )  and note 

th a t an atm osphere containing only hydrogen and helium in these quantities is a possible expla

nation  for these objects. Further in terpreta tion  is restricted by the absence of suitable models 

containing the trace absorbers.

A lthough we now have instrum ents such as the EUVE spectrom eters which can actually identify 

the heavier trace photospheric species directly, m ost objects are too faint to be observed with 

realistic exposure, times. Broad band E U V /X -ray photom etry  of the kind provided by ROSAT 

is lim ited in the detail we can obtain about the precise na tu re  of the trace elements, bu t it 

is possible to investigate the overall p a tte rn  of photospheric opacity throughout the hot DA 

tem perature  range independantly of the model atm ospheres. Any dependence, of the opacity 

with param eters such as tem perature and gravity, together with theoretical calculations can 

then reveal the  probable nature  of the absorbers.

85



In order to use such a model independent approach, estim ates are required of the  absolute fluxes 

from the observed count ra tes in each band for each star. Im portan t inform ation m ay also be 

present in the downward slope of the EUV fluxes toward higher photon energies. However, this 

is obscured by the disparate effective areas of each instrum ent and filter com bination (see figure 

2.4). An estim ate of the E U V /X -ray flux in each band can be m ade by dividing the observed 

count ra te  by some nominal effective area Agf f ,  a t the mean energy E  of the  instrum ental 

bandpass. Since white dw arf spectra  decrease steeply throughout the energy range of each filter, 

the values of A^ f f  and E  m ust be dependent on the spectral shape to some extent. However, this 

approach does provide a good first order estim ate of the incident flux. T he values of Ae f f  (cm^) 

and E  (heV) used are 7 and 0.085 (S2a), 8 and 0.14 (S la ), 190 and 0.2 (PS PC ) respectively. As 

discussed in the previous chapter, the V m agnitude is a useful norm alisation point, accounting 

for stellar distance and radius and is accurately known. It therefore provides an estim ate of the 

emergent EU V /X -ray fluxes from each sta r as a function of energy, thus allowing the  count rates 

to  be placed on a common scale and comparisons made. This procedure is sum m arised by the 

equation,

^  =  1 0 - O . 4 V  ^  'Ë Â ^ f

where F is the relative em ergent flux, a  is a norm alisation constant and Cohs is the observed 

count ra te  in count  As only the  relative fluxes from sta r to s ta r are of interest, for ease of 

handling the value of the norm alisation constant in the above equation was chosen so th a t the 

V m agnitude correction factor is 1 for V =  11.0, giving a  =  4 X 10“ ^.

Figure 4.12 shows the ra tios of the  S2;PSPC and S1:PSPC fluxes. T he solid lines represent 

the ratios for a pure hydrogen atm osphere (normalised on the plot to HZ43) w ith a modest 

in terstellar column of 5.0 X 10̂ ® cm“ ^, generated from the stratified m odel grid. This plot 

reflects the spectral slope across the three bandpasses. Interstellar absorption from HI affects 

the softest S2 band the m ost and so tends to flatten the spectrum  whereas photospheric opacity 

affects the hardest PSPC  band the most acting to steepen it. This results in stars with high 

levels of opacity in their photospheres having increased ratios above th e  pure hydrogen line 

whereas stars with very high in terstellar columns have reduced ratios. These effects can be seen 

with many stars below % 50, OOOK having reduced ratios while above % 50, OOOK the ratios 

increase, dramatically. W ith  a  very high Nh one begins to lose inform ation about the s ta r and 

it becomes difficult to distinguish photospheric from interstellar absorption. For this reason, 19
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stars (indicated by filled circles for the S'2:PSPC) which have obviously very high columns were 

om itted during further study.

One lim itation in the in terpreta tion  of figure 4.12 is th a t a high column together with high 

intrinsic absorption can give a false pure hydrogen shaped spectrum . In order to see w hat is 

happening more clearly one m ust look a t the individual fluxes which are shown in figure 4.13. 

Again, the  solid lines represent the pure hydrogen sta r with m odest column normalised to  HZ43. 

This confirms the results of B93. Looking first a t those s ta rs less th an  40,000K it can be seen 

th a t m ost have fluxes close to those predicted for a pure hydrogen atm osphere with a m odest 

column. In m ost cases, as can be seen from tables 4.2 and 4.3, the  small scatter around the 

pure hydrogen fines is due to  varying am ounts of interstellar column. T he PSPC points are 

quite evenly distributed around the  pnre hydrogen prediction as they are least affected by Nh -

In a  few cases snch as RE0S31-53 a t 29,330K larger flux decrem ents are observed indicating 

some form of opacity is present. For this object, increasing departures from pure hydrogen 

w ith increasing band energy indicates possible photospheric absorption. From figure 4.12, the 

flux ratios also indicate some form  of photospheric opacity. Conversely, RE1650+40 at 37,850K 

shows a large flux deficit in all bands bn t this decreases with increasing energy. Figure 4.12 

indicates th a t a high colnmn may be responsible for much of the opacity for this source. It is 

clear th a t in order to understand each individual object one m ust use the combined information 

from figures 4.12 and 4.13. However, with such a large sam ple it m ay be said th at most of the 

s tars below 40,000K are essentially pnre hydrogen.

The increased sample size provides much more detail, particularly  in the 40,000 - 50,000K range 

which was sparsely populated in the B93 work. In this region the  m ajority  of objects show flux 

decrements in all energy bands, indicating some photospheric opacity source is present. However, 

several objects other than HZ43, specifically RE0632-05, RE1032+53, RE1043+49, RE2009-60 

and RE2156-54 appear consistent with a pnre hydrogen atm osphere w ith the PSPC fluxes lying 

very close to  the pure hydrogen fine bnt the Si fluxes showing a decrement and the S2 fluxes 

m ore so indicating relatively high columns. Figure 4.12 suggests th a t all the stars in this region 

are consistent with pure hydrogen but for the higher tem pera tu re  s ta rs, large flux decrements 

in all wavebands implies th a t there is signficant photospheric. opacity in these objects.
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tion of temperature. Lines correspond to the predicted ratios for a pure hydrogen atmosphere 
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Above sa 54,000K the flux deficits become very large particularly in the  PS PC  indicating high 

levels of photospheric opacity. This contam ination is so great th a t it easily recognisable from 

the flux ratios.

4 .8 .1  T e m p e r a t u r e  a n d  G r a v i t y  D e p e n d e n c e

In order to show more clearly how the levels of photospheric opacity vary w ith tem peratu re, 

figure 4.14 shows the ratios of the PSPC  fluxes (which are least sensitive to  HI column) to  the 

predicted fluxes if the atm osphere were assum ed to  be pure hydrogen, now including uncertainties 

in tem perature. The pure hydrogen m odel fluxes were calculated individually for each object 

for its given tem perature, gravity  and m^. In all cases the interstellar HI density was set to 

zero. In using only the best fit tem peratures and gravities to calculate the pure hydrogen model, 

errors (be they small) are introduced into the flux ratios. This may account for objects such 

as RE2207+25 at 24,610K having ratios higher than  1.0. Figure 4.14 dem onstrates very clearly 

how the opacity increases above 40,0G0K and then steepens dram atically above % 54, GOOK with 

several stars only having upper lim its in the  PSPC . Of these most extrem e objects, REG623- 

37, RE2214-49, Feige 24 and G191-B2B have been observed with the lU E  satellite  (Holberg 

et al. 1993; Venues et al. 1992b) and show m any heavy element features including numerous 

transitions due to Fe. More recently, W erner & Dreizler (1994) and Holberg et al. (1994) have 

reported  the presence of significant quantities of Ni in the UV spectrum  of these four objects. 

These iron group elements have a large EUV radiation cross-section due to their very large 

num ber of available transitions and can therefore provide substantial EUV opacity. Chayer, 

Fontaine & Wesemael (1995) predict th a t significant amounts of Fe species (Fe/H  ~  1G"“*), can 

only be levitated against a  surface gravity  of % 7.5 above 50,GGGK -  6G,GGGK. From this it may 

be inferred that, the large decrease in flux above 54,GGGK may be due to the presence of Fe in the 

photospheres. They also predict the presence of o ther elements such as C, N, 0  and C a in this 

tem pera tu re  range (with for example, the abundance of C being at a m axim um  a t 4G,GG0K). 

However, comparisons with observed abundances appear to be in disagreement w ith the  theory 

as will be discussed in the final chapter. T he fact th a t the reductions in flux occur a t distinct 

tem peratures suggests th a t possibly only a few species may be responsible for the effect.
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A nother interesting feature of figure 4.14 is the dispersion in the levels of opacity seen a t a given 

Tef f .  This is very small up to  40,000K, beginning to increase above this and then dram atically 

above 54,000K, suggesting th a t  the  abundances of the absorbing m ateria l vary quite considerably 

from sta r to star.

A possible explanation for the spread in opacity at a constant Tef f  could be the effect of grav

ity, w ith higher gravities com peting m ore effectively against radiation  pressure, reducing the 

abundances of photospheric absorbing m aterial. In order to  investigate this, figure 4.15 shows 

the  flux deficits as a function of surface gravity. The theory of radiative levitation predicts th a t 

the efficiency of levitating heavy elem ents against downward grav itational acceleration increases 

w ith increasing tem perature, as seen in figure 4.14. As the affect appears to  become significant 

above 40,000K only the s ta rs above this tem perature are shown. For stars with log g >  8.0 

it appears th at the levels of opacity are relatively small suggesting th a t the m ajority  of trace 

absorbers have settled below the photosphere (although with only four stars in this region no 

definite conclusion may be draw n). Below log g =  8.0 there does seem to be a weak correlation 

between the level of opacity and gravity, objects with the lowest gravities (eg. RE2214-49) hav

ing the  the highest opacités (although these fluxes are only upper lim its). However, this may 

simply be a result of norm al evolution where the gravity increases as th e  s ta r cools. T heoret

ical work suggests th a t a lthough the levels of trace absorbers which can be levitated  decrease 

monotonicaUy with increasing gravity, they should not disappear entirely (eg. Van clair 1989). 

Hence, the absence of trace elem ents in some stars is hard to explain.

To test this possibility, figure 4.16 shows effective tem perature p lo tted  against surface grav

ity, showing the evolutionary increase in gravity as the stars cool. T here seems to  be good 

agreement between the theoretical models of Wood (1990) and the optically derived stellar pa

ram eters. Only in the case of very high mass objects (% 1M@) do large deviations from the 

model predictions occur. A possible explanation for this could be th a t these sta rs are a result 

of white dwarf mergers, or th a t the white dwarf has undergone some phase of common envelope 

evolution with a hidden com panion. From this figure it appears th a t for mos]t masses, and hence 

gravities, the level of opacity in the  photosphere is a function mainly of tem peratu re, with the 

affect of gravity resulting m ore from  n a tu ra l evolution. More conclusive proof of this is restricted 

by the very narrow peak in the  DA m ass function (see figure 3.5) and th e  relatively small num ber
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Figure 4.14: Ratio of PSPC normalised emergent fluxes to those predicted for a pure hydrogen 
atmosphere with zero HI column density as a function of temperature for individual stars. (Each 
predicted rate was calculated with the same stellar parameters as the star with which the ratio 
was made). Error bars are on T^/ f  only and arrows depict upper limits. Objects with the largest 
deficits are indicated.
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94



of s ta rs in the ROSAT sample.

4.9  D iscussion

T he results presented here have profound implications for the struc tu re  and evolution of DA 

w hite dwarfs. W ith such a  large sam ple it is possible to  confirm previous findings b u t also gain 

much more detail about the com postion of the DA atmospheres. In this detailed study of 89 

ROSAT detections with effective tem peratu res above 20,000K we find clear evidence th a t, for 

the  ho tte st stars, trace, photospheric opacity in addition to  helium is required to  explain the  

observed EU V /X -ray count ra tes. P roof of the existence and na tu re  of these trace  absorbers 

has been found in many of these sta rs from absorption lines arising from elements such as C, N, 

0 ,  Si, Ni and Fe in the far-UV using lU E . T he presence of these elements suggests th a t  m any of 

their EUV bound-bound, bound-free and free-free transitions may significantly affect the ROSAT 

count rates. W ith the advent of the EUVE satellite many of these anomalous DAs have now been 

observed spectroscopically in this waveband and reveal im portant m etal absorption lines which 

m ay account for much of the  ROSAT flux deficits (Burleigh 1995). One of the m ost im portan t 

results is th a t helium is not a  dom inant opacity source in any tem perature  regime. Only 13 

objects of the sample of 89 sta rs require the presence of helium in their atm ospheres if it were 

assum ed to be homogeneously mixed and a similar number if the atm ospheres were stratified. 

Two of these stars are the DAOs where helium is definitely present bu t the rem aining DAO 

RE0720-38 can not be fit by any m odel atm osphere. This, together with discrepancies between 

the helium abundances derived from  fitting  the ROSAT d a ta  and the optical H ell line indicate 

th a t heavier elements may also be present in these stars. It is only possible to  place upper lim its 

on any helium abundances as it is difficult to quantify the role of the heavier elem ents. However, 

from  the broader picture it seems th a t helium plays a minimal role in affecting the  EU V /X -ray  

fluxes.

From comparing the emergent fluxes of each s ta r  it is obvious th a t opacity is present in all stars 

above 50,000K in the form of heavy elements bu t th a t the abundances of these elements can vary 

dram atically from sta r to sta r. From 40 ,000K — 50, OOOK the opacity m ay be accounted for by 

the presence of helium in several stars. Only two stars in this tem perature regime, RE1032-|-53
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and RE1820+5S do not fit any model atm osphere structure. However, these stars do not show 

the largest flux deficits a t these tem peratures.

How do these findings com pare with existing theories of radiative levitation in DA envelopes? 

Selective radiative levitation of such elements as mentioned above, against g ravitational stratifi

cation is much m ore efficient th an  it is for helium. This is due to  the  larger num ber of transitions 

possible in these ions giving them  a much larger radiative cross-section. Indeed, Venues et al. 

(1988) dem onstrated th a t the am ount of helium th a t can be radiatively supported  in the pho

tosphere was far less than  was needed to explain several EXOSAT observations. Various groups 

have m ade theoretical calculations dem onstrating radiative forces m ay support significant abun

dances of these heavier species against gravitational settling, in the  abscence of competing 

processes such as accretion. M orvan, Vauclair & Vauclair (1976), Vauclair (1989) and Chayer, 

Fontaine & Wesemael (1989) have predicted the equilibrium abundances of C, N, 0  and Si in 

DA atm ospheres for various tem peratures. As an example figure 4.17 shows these abundances 

as a function of tem peratu re  taken from the review by Vauclair (1989) which are in agreement 

with the o ther works. These were computed a t an optical depth of r  =  0.1 in pure hydrogen 

atm ospheres with a log g — 8.0 for a O.GM® object following the Koester & Schonberner (1986) 

evolutionary sequence. It is evident th a t C, N and 0  increase monotonicaUy w ith tem perature, 

whereas the abundance of Si decreases above. 50, OOOK but is roughly constant down to  30, OOOK 

at a  ten th  solar abundance. Vauclair also computed abundances for differing values of log g 

b u t found th a t although the abundances do decrease with increasing log g, their sensitivity to 

gravity does not seem large enough to explain the absence of m etals in several high gravity 

DAs. Chayer, Fontaine & W esemael (1995) have also considered the levitation of Fe. They find 

th a t the abundance of Fe also increases monotonicaUy with increasing tem pera tu re  b u t th a t and 

observable level cannot be radiatively supported below % 50, OOOK for DAs.

This seems to  fit in weU with the comparison of absolute fluxes from ROSAT. T he flux deficits 

increase dram atically above 54, OOOK suggesting an extra absorption component is present, pos

sibly Fe. A combination of absorption from the other elements m ay account for the reduced 

flux deficits down to 40, OOOK with Si playing an im portant role in m any of the  DAs showing 

a small flux decrement below this tem perature. However, the level of dispersion observed in 

aU these tem perature ranges is harder to explain. The level of opacity observed and, there

fore, the inferred abundance m ay vary from extreme to practically non-existent for any given
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Figure 4.17: Predicted diffusion equilibrium abundances of heavy elements that can be sup
ported in a hydrogen atmosphere by radiative levitation for a 0.6 M@ star following the Koester- 
Schonberner evolutionary sequence. Plotted is relative solar abundance of element at an optical 
depth of r  =  0.1. (Taken from Vauclair 1989).
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tem perature. How can the heavy element abundance vary so greatly from sta r  to  s ta r?  All 

the radiative levitation calculations m entioned above assumed no competing physical processes 

against radiative upward acceleration o ther than  the downward gravitational acceleration. This 

m ust be a simplistic view. In reality, w ith such high surface gravities, accretion from  th e  in te r

stellar medium may play a significant role. T he accretion ra te  will be determ ined by th e  local 

density of the interstellar m aterial and the surface gravity of the star, with the balance between 

radiative forces and gravity determ ining how much of the accreted m atte r remains visible in the 

photosphere. However, Vennes et al. (1988) conclude th a t accretion is a m inimal contributor. 

Conversely, with such high effective tem peratures , weak stellar winds may be present as has 

been suggested by Chayer, Fontaine & Wesemael (1989) to explain observed carbon abundances 

in stars such as Feige 24. Chayer et al. (1993) have calculated abundance profiles for various 

heavy elements including mass-loss, again for a 0.6M q star. They find th a t the presence of weak 

stellar winds (mass-loss of 10~^*  ̂ M@ yr~^) can cause a  reservoir of a heavy elements near the 

surface to  disappear after 2800 yr for a 80, OOOK star. The abundance profile would then be 

weakly dependant on the initial m ass of the white dwarf. However, the spread in abundances 

will also be dependent on the initial H layer masses.

4 .9 .1  S u m m a r y

From utilizing the whole ROSAT survey a  m ore detailed picture is obtained of the atm ospheric 

struc tu re  and composition of ho t DA white dwarf atmospheres. Below is a  sum m ary of these 

findings.

1. From the use of H-f-He m odel atm ospheres it is found th a t aU stars <  40, OOOK which can be 

successfully modelled are consistent w ith being pnre hydrogen or having a  layer m ass thick 

enough th a t the EU V /X -ray  photons originate from pure hydrogen m aterial. However, of 

the  order of 10 objects are also consistent with pure hydrogen with tem peratures up to  

% 55, OOOK.

2. If homogeneously mixed, only 13 stars require the presence of helium (two of which are 

DAO stars). If stratified, a sim ilar num ber show thin enough layers implying absorption 

from helium. All these s ta rs are h o tte r than  40, OOOK.
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3. It is evident th a t in general a  stratified atm osphere is m ore realistic, as 13 m ore stars 

m ay be described by this struc tu re  compared to  a  homogeneous one. However, stars th a t 

do not fit show no dependence on tem perature  for either m odel struc tu re  highlighting 

possible problems with the model calculations. Also, using such a  photom etric technique 

it is difficult to distinguish between stratification and heavy element contam ination.

4. Irrespective of the na tu re  of the absorbing m aterial there is a clear dependence of opacity 

w ith T g ff. Below 40, OOOK the emergent fluxes show a  deficit of 0 — 0.1 th a t of a pure 

hydrogen atm osphere. From 40, OOOK- % 54, OOOK this range in deficit becomes 0 -  0.01 

and above % 54, OOOK it becomes 0.1 -  10“  ̂ with the lowest observed fluxes being upper 

lim its.

5. Interestingly, several sta rs in the 40,OOOK -  50,OOOK region are consistent with pure hydro

gen atm ospheres. This is contrary to the work of B93 and w arrents further investigation 

as radiative levitation predicts significant populations of trace  absorbers a t these tem per

atures.

6. This dependence of the level of opacity on T e ff  reflects radiative levitation calculations 

for various species. In particu lar the presence of Fe in the atm ospheres above % 50, OOOK. 

Fe has been identified spectroscopically in several of the h o tte r stars which could not be 

modelled by H -f He. atm ospheres.

7. T here is no strong dependence of opacity with surface gravity. Any dependence present 

appears to  be a  result of norm al evolution with log g increasing as the s ta r cools.

8. The level of dispersion of opacity for a given tem perature  suggests th a t when DAs arrive 

on the cooling sequence the abundances of heavy elements in the photospheres m ust differ 

considerably from sta r  to star. It seems difficult to explain such a large range of extremes 

w ithout invoking physical effects other than only radiative levitation competing against 

gravity, possibly convection a n d /o r mass-loss.

9. There are several high mass stars w ith anomalously high surface gravities. These are 

possibly a result of extraordinary  evolution such as white dw arf merging which may account 

for them  being modelled by unusually thin layer masses (or high helium abundances) for 

their surface gravities.
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Table 4.2: Sum m ary of Homogeneous F itting  Results for which a  good fit was obtained (HGI).

Target Xr H e/H  1er Nh 1er
Fraction bounds (xlO^®cm~^) bounds

RE0003 +  43 1.380 7.110 X 10-* 1.000 X 10-* - 2.790 X 10-® 5.150 2.440 - 6.110
RE0007 +  33 0.278 9.400 X 10-7 1.000 X 10-* - 2.370 X 10-4 8.100 5.300 - 8.580
RE0053 - 3 2 2.004 1.000 X 10-8 1.000 X 10-8 - 4.410 X 10-* 0.552 0.000 - 0.708
RE0138 +  25 1.516 1.000 X 10-* 1.000 X 10-8 - 4.660 X 10“ ® :T837 2T93 - 4.210
RE0148 - 2 5 1.284 1.000 X 10-* 1.000 X 10-* - 1.010 X 10-5 0.000 0.000 - 0.585
RE0237 -  12 0.677 1.000 X 10-* 1.000 X 10-* - 4.190 X 10-5 1.390 0.292 - 1.730
RE0322 - 5 3 1.091 ;h260 X 10-5 1.000 X 10-* - 3.180 X 10-5 0.008 0.000 - 1.200
RE0350 +  17 3.711 3.440 X 10-5 6.140 X 10-* - 4.330 X 10-5 0.000 0.000 - 0.702
RE0512 - 4 1 0.857 4.730 X 10-* 1.000 X 10-* - 4.470 X 10-5 1.550 0.000 - 1.870
RE0521 -  10 1.133 1.000 X 10-* 1.000 X 10-* - 6.180 X 10-6 0.000 0.000 - 0.167
RE0550 - 2 4 1.053 4.120 X 10-8 1.000 X 10-* - 7.080 X 10-7 7.290 3.170 - 8.050
RE0552 +  15 2.780 1.000 X 10-* 1.000 X 10-* - 2.440 X 10-6 0.047 0.000 - 0.185
RE0605 - 4 8 2.845 7.830 X 10-5 2.220 X 10-6 - 8.950 X 10-5 0.000 0.000 - 2.300
RE0632 -  05 3.007 1.500 X 10-4 1.000 X 10-8 - 2.700 X 10-4 1.160 0.548 - 2.970
RE0645 -  16 l ^ ^ i 9.910 X 10-7 1.000 X 10-® - 2.420 X 10-5 1.080 0.287 - 1.310
RE0654 -  02 3.603 1.000 X 10-* 1.000 X 10-* - 1.860 X 10-5 0.800 0.245 - 0.983
RE0715 -  70 0.040 9.460 X 10-7 1.000 X 10-* - 7.500 X 10“ ® 2.450 0.000 - 2.680
RE0723 - 2 7 1.660 9.860 X 10-7 1.000 X 10-* - 8.380 X 10-® 0.738 0.000 - 1.030
RE0902 -  04 2.399 1.000 X 10-* 1.000 X 10-* - 1.430 X 10-5 0.475 0.000 - 0.970
RE0907 +  50 0.100 2.720 X 10-5 1.000 X 10-8 - 4.380 X 10-5 . 0.000 0.000 - 1.460
RE1019 -  14 3.037 1.010 X 10-4 1.000 X 10-* - 2.230 X 10-4 0.479 0.000 - 2.440
RE1024 - 3 0 0.437 1.670 X 10-6 1.000 X 10-* - 6.980 X 10-5 0.871 0.000 — 1.230
RE1029 +  45 0.540 1.330 X 10-7 1.000 X 10-* - 4.220 X 10-5 1.210 0.000 - 1.500
RE1036 +  46 0.487 7.430 X 10-* 1.000 X 10-* - 1.460 X 10-5 0.087 0.000 - 0.666
RE1043 +  49 QjW4 9.350 X 10-5 1.000 X 10-* - 1.530 X 10-4 0.221 0.000 - 1.600
RE1044 +  57 1.309 1.000 X 10-8 1.000 X 10-* - 6.220 X 10“ ® 0.696 0.000 - 0.920
REllOO +  71 3UW9 9.620 X 10-5 1.000 X 10-* - 1.300 X 10-4 0.000 0.000 - 2.700
RE1112 +  24 4.373 1.000 X 10-* 1.000 X 10-8 - 4.480 X 10-5 2.600 L340 - 2.910
RE1128 - 0 2 4^#2 4.570 X 10-5 1.000 X 10-* - 6.220 X 10-5 0.000 0.000 - 1.340
RE1257 +  22 1.925 1.000 X 10-* 1.000 X 10-* - 4.210 X 10“ * 0.332 0.000 - 0.478
RE1316 +  29 2^161 1.000 X 10-* 1.000 X 10-® - 3.750 X 10-5 0.478 0.000 - 0.640
REDWl +  37 0.516 1.000 X 10-* 1.000 X 10-* - 8.990 X 10“ ® 4.200 0.227 - <L810
RE1623 - 3 9 0.197 1.340 X 10-* 1.000 X 10-* - 3.070 X 10-6 0.000 0.000 - 0.287
RE163S +  35 3.763 1.000 X 10-* 1.000 X 10-* - 2.500 X 10-5 3.790 2.790 - 4.100
RE 1050 +  40 0.727 2.350 X 10-4 1.000 X 10-* - 3.190 X 10-4 0.124 0.000 - 4.320
RE1726 +  58 0.004 8.150 X 10-4 1.000 X 10-* - 2.780 X 10-* 6.590 5.410 - 3.100
REISOO +  68 0.254 9.080 X 10-* 1.000 X 10“ * - 4.790 X 10-5 7.190 5.810 - 7.520
RE1847 -  22 0.180 1.150 X 10-5 1.000 X 10“* - 1.590 X 10-4 3.530 0.000 - 4.550
RE2009 - 6 0 3 T ^ 7.010 X 10-5 1.000 X 10-* - 1.020 X 10-4 R897 0.026 - 2.400
RE201S -  57 2.138 4.980 X 10-7 1.000 X 10-* - 4.490 X 10-5 2.190 0.374 - 2.990
RE2024 +  20 0.240 1.360 X 10-4 1.000 X 1Q-* - 1.220 X 10“ * 7.240 . 1.450 - 0.100
RE2029 +  39 2.462 1.000 X 10-* 1.000 X 10“ * - 1.390 X 10-5 0.555 0.000 - 1.030

100



Table 4.2: continued

Target Xr He/H 1(7 Nh 1er
Fraction bounds (xlO*® cm -2) bounds

RE2154 - 30 0.045 2.220 X 10-® 1.000 X 10-* -  5.360 X 10-® 0.547 0.000 -  1.780
RE2156 - 41 0.121 1.730 X 10-4 1.000 X 10-* -  3.230 X 10-4 2.140 1.430 -  4.360
RE2156 - 54 2e-5 1.580 X 10-® 1.000 X 10-* -  8.990 X 10-® 0.871 0.000 -  1.540
RE2244 - 32 1.658 3.270 X 10-® 1.000 X 10-* -  5.020 X 10-® 0.000 0.000 -  1.510
RE2353 - 24 2.448 1.000 X 10-* 1.000 X 10-* -  2.520 X 10-® 0.715 0.000 -  1.080
RE0134 - 16 1.961 4.160 X 10-4 3.710 X 10-4 -  4.600 X 10-4 0.000 0.000 -  0.141
RE034S - 00 1.532 6.370 X 10-4 5.180 X 10-4 _ 7 280 X 10-4 0.333 0.000 -  0.895
RE0550 + 00 1.491 3L7B0x 10-4 2.660 X 10-4 _ 4 990 X 10-4 1.630 0.996 -  2.330
RE0827 + 28 1.991 9.860 X 10-4 8.850 X 10-4 _ 1 450 X 10-* 0.365 0.170 -  2.420
RE1016 - 05 2.504 7.691 X 10-4 5.902 X 10-4 -  8.831 X 10-4 0.748 0.105 -  1.753
RE1340 + 60 0.858 6.680 X 10-4 4.130 X 10-4 -  7.850 X 10-4 0.034 0.000 -  2.250
RE1529 + 48 1.149 9.290 X 10-4 8.930 X 10-4 _ 9.590 X 10-4 0.200 0.054 0.493
R E 1 6 1 4 - 08 0.571 6.430 X 10-4 3.380 X 10-4 _ 7 940 X 10-4 2.000 0.620 -  5.200
RE1746 - 70 1.001 5.770 X 10-4 3.420 X 10-4 _ 6 700 X 10-4 0.000 0.000 -  0.808
RE2004 - 56 1.302 8.930 X 10-4 8.110 X 10-4 _ 9 620 X 10-4 0.059 0.000 -  0.576
RE2013 + 40 2e-5 5T 41X 10-4 3.936 X 10-4 -  7.430 X 10-4 4.130 2.880 -  5.503
RE2127 - 22 1.179 8.630 X 10-4 7.870 X 10-4 _ 9 160 X 10-4 0.270 0.062 -  0.748
RE2334 - 47 4.013 9.890 X 10-* 9.770 X 10-* -  1.000 X 10-2 0.026 0.000 -  0.083

Note:
The table is divided into the  two subgroups, seperated by a line: T he first subgroup are the 
objects in H G Ia (consistent with pnre H) and the second are the objects in HGIb (not consistent 
w ith pure H).
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Table 4.3: Sum m ary of Stratified F itting  Results for which a  fit was obtained (SGI).

Target Xr M y Icr Nh lu
(xlO-4*M@ ) bounds (xlO*® cm "*) bounds

RE0003 +  43 1.240
RE0007 +  33 0.272
RE0053 -  32 1.870
RE0148 -  25 1.151
RE0237 -  12 0.001 
RE0512 -  41 0.581
RE0521 -  10 0.576
RE0550 - 2 4  1.054
RE0552 +  15 0.448
RE0605 -  48 4.491 
RE0632 -  05 3.583
RE0645 -  16 1.164
RE0654 -  02 1.095
RE0715 -  70 0.030
RE0723 -  27 1.606
RE0902 -  04 3.222
RE0907 +  50 0.042
RE1019 -  14 4.600 
RE1024 -  30 0.251
RE1029 +  45 0.569
RE1036 +  46 0.515 
RE1043 +  49 0.423
RE1044 +  57 0.759
REllOO +  71 5.398
RE1112 +  24 3.561
RE1128 -  02 3.163
RE1257 +  22 0.246
RE1316 +  29 2.258
RE1431 +  37 0.471
RE1623 -  39 0.355
RE1638 +  35 1.157
RE1650 +  40 1.491
RE1726 +  58 0.170
RE1800 +  68 0.269
R E 1 S 4 7 - 22 0.312
RE1943 +  50 5.241 
RE2009 -  60 3.784
RE2018 -  57 1.931
RE2024 +  20 1.093
RE2029 +  39 3.745
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0.109 0.055 - 0.311 5.356 4.292 - 6.672
3.613 2.289 - 27.149 8T75 7.521 - 8JM1

12.727 5.413 - 12.727 0.541 0.405 - 0.697
4.810 1.347 - 7.667 0.000 0.000 - 0.622
1.692 0.456 - EM# 1.607 1.261 - 1.990
2.246 1.431 - 46.605 1.862 1.547 - 2.119
0.185 0 .1 2 6 - 0.604 0.010 0.000 - 0.263
7.451 1 .8 9 8 - 63.300 7.263 6.013 - 8.095

16.396 3.255 - 16.396 0.234 0.109 - 0.384
1.940 1 .1 4 0 - 16.424 ih053 1.509 - 2.805
0.719 0.455 - 1.929 :h514 2.2% - 2.790
(h627 0.238 - 0.627 1.192 0.998 - 1.401
2.507 0.873 - 2.507 1.026 0.858 - 1.223
3.561 1.782 - 31.711 2.607 2.290 - 2.939
9.032 2.602 - 18.924 0.795 0.535 - 1.077
5.921 2.238 - 9.105 0.050 0.000 - 0.537
1.168 0.460 - 1.143 0.414 - 1.611
7.389 2JW 1- 12.872 2.171 1.811 - 2.567
0.225 0.140 - 0.691 1.094 0.763 - 1.446
7.909 1.989 - 14.255 1.185 0.914 - 1.468
7.958 1.765 - 7.958 R.349 0.174 - 0.548
5.975 3.204 - 43.451 E686 1442 -

12.872 2 .5 1 5 - 12.872 0.791 0.598 - 1.019
3T25 2.136 - 6.487 2.599 2.207 - 3.008

14.341 2.075 - 14.341 2.686 2.399 - 2.994
0.612 0.389 - 1.220 1.250 0.736 - 1.974

27.605 3.731 - 27.605 0.475 0.328 - 0.628
12.968 3 .4 1 5 - 33.812 0.516 0.347 - 0.682
2A#% 2.949 - 24.422 E251 3.799 - 4.864

(y.263 3.830 - 6.263 0.177 0.015 - 0.365
11.043 3.808 - 21.195 4^85 3.794 - 4.412

1.049 0.672 - 12.731 3.407 2.625 - 4.706
L897 0.336 - 2.460 11.400 11.400 - 12.360
8.981 2 .1 1 5 - 22.608 E214 6.726 - 7.542
1.282 0.805 - 7.319 4.447 3.690 - 5.355
9.422 1 .710- 13.856 4.649 4.135 - 5.271
2.835 1 .1 6 3 - 7.542 2.102 1.780 - 2.432

10.628 1.992 - 10.628 2.296 1.743 - 3.071
5T32 1.334 —14.964 7.197 6.129 - 8.295
lh.296 2.470 - 8.009 0.116 0.000 - 0.585



Table 4.3: continued

Target Xr M h 1er Nh 1er
(xlO-^*M @ ) bounds (x lO io  cm -2) bounds

R E 2 1 5 4 - 30 4e-4 0.126 0.468 - 3.697 1.402 0.898 -  1.856
RE2156 -  41 0.204 2.710 1.927 - 18.910 4.048 3.648 -  4.217
RE2156 -  54 0.016 2.604 1.749 - 27.190 E378 1.097 -  1.688
RE2244 -  32 1.166 0.757 0.467 - 1.686 (4988 0.481 -  1.751
RE2353 -  24 2.043 4.708 1 .1 0 7 - 4.708 0.781 0.498 -  1.152
RE0029 -  63 0.618 0.432 0.343 - 0.566 :4528 2 .1 1 9 -2 .9 8 6
RE0108 -  35 1.693 0.942 0.651 - 1.565 0.000 0.000 -  0.397
RE0134 -  16 1.526 0.798 0.697 - 0.943 2.451 2.146 -  2.832
RE0230 -  47 0.686 0.088 0.047 - 0.093 L358 0.735 -  1.727
RE0235 +  03 0.042 0.025 0.025 - 0.026 0.094 0.050 -  0.151
RE0322 -  53 0.463 1.984 1.085 - 3.960 1.115 0.685 -  1.468
RE0350 +  17 1.194 0.022 0 .0 1 3 - 0.034 14852 0.633 -  1.170
RE0348 -  00 0.060 0.002 0.002 - 0.002 2^161 1.753 -  2.826
RE0550 +  00 0.568 L232 0.923 - 1.631 4.743 4.364 -  4.743
RE0558 -  37 3.372 0.028 0.028 - 0.030 0.814 0 .7 0 4 -  1.086
RE0827 +  28 4.347 0.210 0.186 - 0.259 6.945 6.106 -  8.351
RE0S31 -  53 1.480 0.715 0.398 - 0.652 0 .0 0 0 -  1.317
RE1058 -  38 1.972 0.811 0.502 - 1.098 0.567 0.126 -  0.924
RE1126 +  19 1.156 0.190 0.140 - 0.194 0.963 0.642 -  1.190
R E 1148+  IS 3.350 0.945 0.549 - 1.173 1.334 0 .7 3 4 -  1.665
RE1236 +  47 3e-4 0.486 0.392 - 0.649 1.351 0.967 -  1.810
RE1340 +  60 0.338 0.816 0.572 - 1.755 3.172 2.055 -  5.599
RE1529 +  48 2.304 0.516 0.464 - 0.611 4.285 3.669 -  5.197
R E 1 6 1 4 - OS 1.227 1.057 0 .8 1 6 - 1.859 6.700 5.648 -  6.700
RE1746 -  70 2.217 0.005 0.004 - 0.007 1.318 0.566 -  2.918
RE2004 -  56 0.131 0.788 0.338 - 0.909 :4839 2.229 -  5.081
RE2112 +  50 1.704 0.532 0.441 - 0.674 1.210 0.873 -  1.598
RE2127 -  22 0.749 0.578 0.520 - 0.671 4.375 3.847 -  5.032
R E 2312+  10 0.367 0.265 0.195 - 0.277 1.877 1.463 -  2.130 ,
RE2324 -  54 0.771 1U236 0.870 - 1.540 1.516 1 .1 0 2 -  1.790
RE2334 -  47 0.617 0.060 0.056 - 0.066 0.419 0.210 -  0.748

Note:
The table is divided into the two subgroups, seperated by a line: T he first subgroup are the 
objects in SGIa (consistent with pure H) and the second subgroup are. the  objects in SGIb (not 
consistent with pure H).
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Table 4.4: Sum m ary of Objects for which no fits were possible (HG II and SGII).

Target Model S tructure T e ff log g Spectral Observed
Homogeneous: HGII Stratified: SGII Type Metals

RE0029 -  63 no fit 60595 7.97 DA
R E 0 1 0 8 - 35 no fit 28580 7.90 DA
RE0138 +  25 no fit 38964 9.00 DA
RE0151 +  67 no fit no fit 30120 7.70 DA yes
RE0230 -  47 no fit 63400 7A3 DA
RE0235 +  03 no fit 62947 7.53 DA yes
RE0457 -  28 no fit no fit 58080 7.90 DA yes
RE0505 +  52 no fit no fit 57340 7.48 DA yes
RE0558 -  37 no fit 70275 7.37 DA
RE0623 -  37 no fit no fit 62280 7.22 DA yes ,
RE0720 -  31 no fit no fit 53630 7.64 DAO
RE0831 -  53 no fit 29330 7.79 DA
RE0841 +  03 no fit no fit 36605 7.69 DA
R E 1 0 1 6 -  05 no fit 53650 8TW DAO
RE1032 +  53 no fit no fit 44980 7.68 DA
RE1033 -  11 no fit no fit 22790 7.57 DA
RE1058 -  38 no fit 27970 7.88 DA
RE1126 +  19 no fit 55640 7.62 DA
RE1148 +  18 no fit 25107 7.81 DA
RE1236 +  47 no fit 55570 7^ 7 DA
RE1738 +  66 no fit no fit 88010 7.79 DA
RE1820 +  58 no fit no fit 45330 7.73 DA
RE1847 +  01 no fit no fit 28744 7.72 DA
RE1943 +  50 no fit 33500 7.86 DA
RE2013 +  40 no fit 47057 7 J 4 DAO
RE2024 -  42 no fit no fit 28597 8^ 4 DA
RE2112 +  50 no fit 38866 7^4 DA
RE2207 +  25 no fit no fit 24610 8.16 DA
RE2210 -  30 no fit no fit 28268 7.60 DA
RE2214 -  49 no fit no fit 65600 7A2 DA yes
R E 2312+  10 no fit 57380 7.86 DA
RE2324 -  54 no fit 45860 7.73 DA
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C h ap ter  5

C on clu sion s and Future P ro sp ects

5.1 T he R O SA T  Sam ple

Through the use of the ROSAT all sky survey it has been possible to  examine the  photo

spheric structure  and composition of DA stars across most of the hot DA tem pera tu re  range 

(>  20, OOOK). In order to  utilize the EU V /X -ray d a ta  it was necessary to  determ ine the effective 

tem perature, surface gravity and V m agnitude for each of the 89 sta rs in the sample. T hus, the 

ROSAT sample is complete down to V% 17.0 and is selected purely on the  basis of detection in 

the EUV and soft X-ray regions of the electromagnetic spectrum .

Any biases introduced as a  result of such an EUV selection were investigated in chapter 3 by 

comparing the mass and surface gravity  distributions with those of BSL (Bergeron, Saffer & 

Liebert 1992). The masses were determ ined using the evolutionary models of W ood (1990) for 

DA stars with pure carbon interiors and an envelope composition of log(M //g)/-^*  =  —4. It was 

found th a t the ROSAT sample, has a sim ilar mass distribution to th a t of BSL bu t w ith a  larger 

p roportion of higher mass stars. These high mass stars were also evident in the surface gravity 

distribution which showed correspondingly larger numbers of high gravity objects. I t  is not clear 

why ROSAT should present a bias tow ard detection of high mass DAs b u t th rough comparison 

of these objects with the evolutionary models it appears th a t they are unusual and it was sug

gested th a t they may possibly be a result of white dwarf merging. The only o ther difference 

between the ROSAT sample and th a t of BSL was a lower peak (0.1 dex) in the  surface gravity 

distribution. This is due to ROSAT detecting ho tter and therefore younger s ta rs than  those in
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BSL (which has a far lower proportion of hot stars and extends down to T e// =  13,350K).

5.2 A tm ospheric S tructure and C om position

From modelling the ROSAT count rates with H +H e models (chapter 4) it is not possible to 

properly distinguish between a homogeneous and a stratified struc tu re  for DA white dwarf a t

m ospheres, the m ain reason being due to  the the photom etric na tu re  of the ROSAT data. Con

sidering only known DAs, of the 68 stars which were succesfully modelled by a stratified structure 

only 54 could also be represented by a homogeneous model with only one DA (RE0138+25) being 

consistent with a homogeneous atm osphere but not stratified. A lthough this m ight suggest th a t 

a stratified atm osphere is the more suitable description for the m ajority  of stars, the difficulty in 

separating the  problem  of heavy element contam ination from th a t of H /H e stratification, which 

bo th  affect the higher energy bands the. m ost, results in some am biguity in any conclusions. 

As an example, RE2334-47 is homegenously modelled with a helium abundance a t the model 

boundary of H e /H =  10~*. Such an abundance is obviously unrealistic due to  the simultaneous 

prediction of a strong Hell (4686 Â) line which is not observed. Conversely, a stratified struc

tu re  with a thin hydrogen layer reproduces the count rates well and does not predict the optical 

helium line. However, with a  tem perature  of 56,68214 this object lies in a region where similar 

sta rs have been observed to contain heavy elements which m ay explain the ROSAT flux deficits 

(figure 4.13) and which also qualatitively agree with radiative levitation calculations. Until a 

complete analysis of the EUVE spectrum  of this object is perform ed the result found here m ust 

be regarded as preliminary.

The compositional results are broadly similar to those of Bars tow et al. (1993) and Diamond

(1993) where sta rs below 40,000K are consistent with a pure hydrogen atm osphere while those 

ho tte r than  this contain some form of opacity with helium apparently  m aking little  or no con

tribution  (only 13 stars require the presence of helium if homogeneously mixed). However, due 

to the larger sample size, it was found th a t of the order of 10 objects which may be modelled as 

pure hydrogen are h o tte r than  40,OOOK. Previously HZ43 (T e// =  49, OOOK) was thought to be 

unique in being the only s ta r  above. 40,OOOK with a pure hydrogen envelope. W hen comparing 

the absolute fluxes from these sta rs with a pure hydrogen m odel several show a negligible flux
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deficit. Follow up spectroscopic observations are required to investigate m ore thoroughly the 

possibility of these stars containing no trace helium or heavier elements. R adiative levitation 

calculations imply th a t significant abnndanc.es of trace elements should be evident in these stars 

if no other process such as a wind was acting to  remove them  from the atm osphere.

T he improved sample size has also allowed the identification of an absorption com ponent in the 

atm ospheres which only becomes evident above % 54, OOOK and has a striking affect on the emer

gent fluxes. Initial comparisons w ith rad ia tive  levitation theory imply th a t  this is m ost probably 

caused by the  levitation of iron, which has a  large absorption cross-section and  can only occur 

in this tem perature range. However, contrary  to  the predictions of radiative levitation theory, 

the  level of opacity and, therefore, the inferred heavy element abundance does not appear to  be 

strongly dependent on the surface gravity. Interestingly, the dispersion in the observed opacity 

for s ta rs of this tem perature is very large which, together with the hot objects which appear to 

be pure hydrogen is difficult to explain w ithout invoking some competing physical process such 

as mass-loss. Although circum stellar features are seen in some DA spectra  no detectable winds 

have been found in DA white dwarfs. Recently however, the 70,000K DO sta r  RE0503-289 has 

been found to undergo episodic, m ass outflow Barstow & Sion (1994). If winds are detected in DA 

white dwarfs the. results obtained here will hopefully provide observational constraints against 

which more refined theoretical predictions of radiative levitation with or w ithout mass-loss can 

be tested  in the future.

5.3 W h ite  D w arf E volu tion

T he m ost im portant param eter in distinguishing white, dwarf evolutionary theories is the thick

ness of the  hydrogen layers in DA sta rs. T he mixing theory requires th a t th e  layer masses of 

the  m ajority  of DAs should be small (<  10“ ®̂ M@). As mentioned in chapter 1, one of the 

cornerstones of this model was the  constrain t on the layer mass derived from pulsation studies 

of ZZ Ceti stars. Until the conflict between these results and the recent work by Fontaine et al.

(1994) which show the pulsations to  be independent of layer mass is resolved, analyses of DA 

spec tra  with thin hydrogen layer models m ust be used with a degree of caution.
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The analysis of two of the three DAO stars in the ROSAT sample appear to be in agreement 

with the findings of Bergeron et al. (1994) showing the atm ospheres to be homogeneous rather 

th an  stratified (with neither s tru c tu re  able to represent RE0720-38). Together w ith the fact 

th a t  helium appears to  be a  m inim al contributor to the overall photospheric opacity a t any 

tem peratu re  and the absence of hehum  in the EUVE spectra  studied by Barstow, Holberg & 

K oester (1994) of four hot DAs creates a problem in linking the DAs to  the related  DOs and 

hybrid DAOs which have clearly visible helium features. It is possible th a t the timescale for the 

helium to settle below the photosphere is so short th a t very few hot DAs which do show opacity 

from heavier elements will reveal helium.

Of the  objects which could be modelled by a stratified structure , aU except the unusually high 

mass stars have Mp > 10“ ®̂ with the m ajority  having M h >  10“ '̂L Such hydrogen layers 

are too thick to allow convection to transform  the DAs into DBs around 30,OOOK. However, 

as it is not possible a t this m om ent to  quantify the role of heavier elements this implication 

is som ewhat inconclusive. In keeping with the theory, the thinnest layers are observed in the 

youngest and therefore h o tte st stars with a tendency for decreasing layer mass with decreasing 

tem perature. As radiative levitation is a t its m ost efficient a t these tem peratures it is impossible 

to  m easure the layer mass accurately using only H+He model atm ospheres. Thus, only when 

stratified models which include heavier elements can successfully reproduce the fluxes from these 

objects can the evolutionary questions be properly addressed. This wiU never be achieved with 

photom etric d a ta  of the type obtained by ROSAT due to the large increase in the num ber of 

free param eters. However, spectroscopic observations in the EUV such as those taken with the 

EUVE satellite hold great poten tial for discovering the precise role of heavy elements in these 

objects as discussed below.

5.4 T he Future

The EUVE observatory was launched in June 1992 with spectrscopic guest observations com

mencing six m onths later. T he extrem e ultraviolet spectrom eter covers the wavelength range 

70 —760Â which is split into three using sparate gratings; the short (SW  70 — 190Â), the medium 

(MW  140 — 380Â) and the long (LW 280 -  760Â) wave bands each with typical spectral reso-
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Figure 5.1: EUVE Medium Wave Archive Calibration spectrum of G191-B2B. Shown at the 
top are the mean laboratory wavelengths of several possible Iron (Fe) and Calcium (Ca) transi
tions for abundances relative to hydrogen of I0“ ® expected to produce absorption lines with an 
equivalent width > 5mÂ for the temperature and gravity of this star. From Burleigh (1995)

lutions of 0.5Â, 1.0Â and 2.0Â respectively. The most up-to-date description of the instrument 

and its performance can be found in the EUVE Episode 2 Guest observer Handbook (EUV 

1993).

Several EUVE spectra of bright hot DAs are now available and are being analysed by various 

groups. Succesful modelling of these spectra requires the inclusion of heavy elements which 

account for the EUV opacity reported in the work presented here. With the introduction of a 

much larger number of transitions into the models non-LTE effects are found to be essential for 

correctly describing the ionisation balance of these elements (Lanz & Hubeny 1995). As a result,
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the  m ost advanced non-LTE model code ‘TLU ST Y ’ developed by Hubeny (1988) and improved 

by Hubeny & Lanz (1995) is presently being used by the Leicester group to  a ttem p t to  m odel the 

spectral shape besides absorption lines and edges found in the EUVE observations. However, 

there are problems associated w ith this work. As there are thousands of possible transitions from 

m any elements in the EUV m any of the observed absorption features are formed from blends of 

different lines. For example, figure 5.1 shows p art of a MW calibration spectrum  of G191-B2B 

(Burleigh 1995). Shown a t the top of the  figure are the mean laboratory  wavelengths of possible 

Fe and Ca lines taken from TLU STY  for abundances relative to  hydrogen of 10“ ® each and for 

which the equivalent w idth is expected to  be greater than 5mÂ for the tem pera tu re  and gravity 

of this star. Bearing in mind th a t only two elements are included in this figure the problem  is 

readily apparent. Despite this complexity, it is interesting to  note th a t for this spectrum  of aU 

the m odel elements, only Fe has transitions coinciding with the features a t 290Â and 295Â.

T he approach used is to initially include only those elements which are expected to  be found in 

the tem perature  range of the object under investigation from radiative levitation calculations 

and from positive identification from other wavebands. Each element is added to  the  modelling 

in tu rn  until the best fit is acheived thereby making the analysis com putationally practicable. Of 

course, in the case of some very hot sta rs snch as G191-B2B all elements are required including 

Fe. For this reason the models take a very long tim e to converge on a single solution which may 

not be unique. However, w ith improved refinements in the fitting technique in teresting  results 

should be available in the very near future.
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A p p en d ix  A

M o d el F itt in g  T echnique

A . l  T he sta tistic

D eterm ination of the effective tem pera tu re  and surface gravity of each s ta r (chapter 3) requires 

modelling the  Baimer lines of the optical spectrum . In order to estim ate the helium abundance 

(or hydrogen layer mass) in the white dw arf atm osphere (chapter 4) the ROSAT d a ta  m ust 

also be snccesfuUy modelled by a synthetic  spectrum . In bo th  cases, the m ethod employed to 

find the m ost adequate representation of the d a ta  was th a t of minimising (see for example 

Bevington & Robinson 1992).

T he sta tistic  is given by,

f  =  ( - )

where X{ are a sample of random  variables norm ally and independently d istributed w ith m eans 

and variances cr;. The probability density function of this statistic  is well docum ented and is 

known as the x^-distribntion for z/ degrees of freedom, /(%^, //). In the context of m odel fitting 

the  above equation becomes,

/  =  (A.2)
i==l

where Di is the number of observed counts in the channel i, F{ is the num ber of model predicted 

counts and a f  is the variance of the  counts in channel i. The param eters of the m odel are 

adjusted until the value of is minimized (Xm) yielding the best model representation of the 

da ta . T he fit can then be rejected a t a certain  significance level a ,  if X™ exceeds the  «-point of
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Table A .l: Variation of x^{p, C ) with num ber of free param eters p, and confidence C.

Confidence X '(P ,C )
C p =  1 p =  2 p = 3 p =  4

0.20 (0.25(7) 0.06 0.45 1.00 1.65
0.68 (1.00a) 1.00 &30 3.50 4.70
0.90 (1.60a) 2.71 <L61 &25 7.78
0.99 (2.60a) 6.63 9.21 11.30 13.30

the  jf(x  , //) distribution defined by,

/■ in f

=  (A.3)

where T  =  x ^ (a , ?/). (W ith composite models as used here, N  d a ta  channels are being modelled 

by p  free param eters giving i/ = N  — p  degrees of freedom and Xr — is the  reduced %%).

T he best fit is then only rejected if the has a value greater than th a t corresponding to  the 

10% significance level of the tru e  x^  d istribution, (i.e. Xm >  VT(0-l)i'^); L am pton, M argon & 

Bowyer (1976)).

A .2 Error R ange D eterm in ation

Once a  best model fit to the d a ta  is achieved it is possible to determ ine a confidence region 

for the  best fit param eters. To do this the technique of Lam pton, M argon & Bowyer (1976) 

was employed. They used analytical m ethods to show th a t for a best fit m odel w ith p  free 

param eters and a %%%, for the  adjustable param eters to be known to a  given confidence C, they 

m ust lie within a region of param eter space bounded by where the  values of

A x ^  for various values of p and C are. tabu lated  in table A .I. Therefore in practice, once the 

best fit is achieved, each free param eter is incremented in tu rn  and a fit m ade a t th a t value until 

the  value of x^ increases by the relevant value in table A .I. This is then taken to  be th e  error 

range for th a t param eter to  within a certain confidence. This can also be visualised as a process 

of finding the edges to a  confidence region. Consider a model with two free param eters a and 

b. It is fitted to some d a ta  and a best fit is achieved with =  Xm- If the param eters are to 

be known to 68% confidence, the allowed variation in param eter space can be visualised as an 

ellipse of constant =  Xm +  2.3 (fig A .l) . T he param eter bounds are then the lim its in each
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m

A A A a

Figure A .l: Schematic of the l a  confidence region for a model with two free parameters a and 
b. The centre of the ellipse indicates the best fit values. To know to the parameters to 68% 
confidence, they must lie within the edges of the projected ellipse.

parameter dimension of the ellipse.

In the work presented here the parameters were stepped until = 2.71 (i.e. 90% confidence 

for one degree of freedom). However, although there is one degree of freedom in the fitting, 

there are two ‘interesting’ free parameters for which an error range is required in both fitting 

the optical data and the ROSAT data. Therefore this value of actually corresponds to a 

confidence level of 74% (% 1er).
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