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ABSTRACT 

Soft x-ray/EUV observations provide a sensitive means of probing the struc

tUre and composition of the atmospheres of hot hydrogen-rich (DA) white dwarf stars, 

this is due to the fact that soft x-rays originate from hotter, deeper layers of the photo

sphere than do longer wavelengths. A primary aim of this research is to expand the 

sample of DAs observed with soft x-ray instrumentation through a search for serendip

itous observations of catalogued hot DA white dwarfs in existing soft x-ray databases. 

The positional coincidences of 31 catalogued DAs (McCook and Sion 1987) were 

examined in Einstein !PC and EXOSAT LE fields. As a result, three soft x-ray sources 

have been identified corresponding to the white dwarfs (WD0631 + 1 07, WD 1113+413 

and WD0425+168) and a fourth source which is probably not due to photospheric 

thermal emission from the coincident white dwarf. The three detected DAs have rela

tively low effective temperatures (27,200 +/- 400 K, 26,200 +/- 1100 K and 24,000 +/-

500 K, respectively), as detennined independently using complementary optical and 

UV spectroscopy. Applying these temperature constraints to the soft x-ray photometric 

data, the photospheres of these stars must be composed of effectively pure hydrogen 

(n(He)/n(H) < 10-5), although the hottest star, WD0631+107, can have trace levels of 

homogeneously rilixed helium less than 10-4·2. 

The analysis of the soft x-ray observations are supplemented with indepen

dent detenninations of temperature, gravity and V magnitude. The method of determi

nation employed is to fit the well-sampled wings of the broad hydrogen absorption 

profIles with self-consistent model atmosphere predictions. Precise temperatures and 

gravities are obtained by fitting the observed profIles independently, then jllintly deter-
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mining a consistent solution for each object. In this effort, a ground-based observation 

program was established to obtain high quality spectra of the Balmer () and 'Y lines and 

in some cases the Balmer 13 line. IUE spectrophotometry of the Lyman a line, when 

available, was also incorporated into the determination of the temperature and gravity. 

The model atmospheres used in these analyses require an independent flux normaliza

tion, which we chose as the V magnitude, therefore UBV photometry was obtained for 

those stars in our sample which had relatively poor determinations of the V magnitude. 

The temperatures and gravities of a total of 10 I hot DA white dwarfs were 

spectroscopically analyzed in this manner. This expanded set of known hot DA white 

dwarfs represents a significant fraction of known DAs with temperatures in excess of 

20,000 K. The simple mean and standard deviation of the log gravity distribution is 

7.925 and 0.346, respectively. Assuming a zero-temperature el2 Hamada-Salpeter 

mass radius for each star, we derive a mass distribution of MIMsun = 0.539 +/- 0.196 

from the adopted parameters. 
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1 INTRODUCTION 

1.1 WHITE DWARF STARS 

White dwarf stars, neutron stars and black holes are believed to constitute the 

end products of stellar evolution. The ultimate fate of a main sequence star is dictated 

primarily by its initial mass, such that those with low to intermediate mass (M < 8 Msun) 

are thought to evolve into white dwarfs. According to current understanding, the imme

diate progenitors of the majority of white dwarfs are the cores of post asymptotic giant 

branch stars or the nuclei of planetary nebulae. Incipient white dwarfs, while 

e?thausting their nuclear fuels, shrink under their own gravity until the pressure of 

degenerate electrons is able to sustain an equilibrium radius (R - 0.01 Rsun or 

-1 REarth). While contracting, the release of gravitational potential energy adds to the 

escalating effective temperatures (Teff> 105 K) of the white dwarfs progenitors. As a 

class of compact objects then, white dwarf stars are primarily characterized by their 

high mean density (_106 g cm-3), high surface gravity (g - 108 cm s-2) and their low 

luminosity (-6 < log LlLsun < 0). 

In addition to the dramatic structural change, the progenitors must also 

undergo extensive mass loss since the observed mass distribution of white dwarfs is 

determined to be very sharply peaked -0.6 Msun (Koester, Schulz and Weidemann 

1979; Shipman 1979; McMahan 1989). There exist, however, examples like Sirius B 

(Gatewood and Gatewood 1978) whose dynamical mass exceeds one solar mass, yet 

none so far, are known to exceed the fundamental mass limit (M < 1.4 Msun) predicted 
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by Chandrasekhar (1939) based on the physics of a stable white dwarf configuration. 

Furthermore, from the equation of state of degenerate material one predicts that the 

radius of a degenerate white dwarf depends only on its mass and core composition; the 

more massive a white dwarf, the smaller its equilibrium radius (Chandrasekhar 1939; 

Hamada and Salpeter 1961). 

Although some residual hydrogen burning may persist in the envelopes of 

newly formed white dwarfs, they primarily radiate the residual heat of formation at a 

virtually constant radius for billions of years. We observe them during the cooling . 
process until they reach .... 5000 K where they simply become too faint to be easily 

observed. Over the course of their thermal evolution, the cooling rate of white dwarfs 

depends heavily on the composition of the outer envelope. In the absence of opposing 

forces, the influence of the high gravitational field differentiates or stratifies the atmo-

spheric chemical constituents with the lightest ones (hydrogen and helium) floating 

toward the top of the atmosphere. The time scale for this process is extremely short 

compared to the evolutionary time scale (Schatzman 1958). Thus, for most white 

dwarfs the photosphere which we observe forms in the outer layers composed of 

hydrogen and helium. Accordingly, we classify such stars either as spectral type DA 

(hydrogen-rich) or non-DA. The latter predominately consist of the hot helium-rich 

DO and the cooler DB spectral types, depending upon whether He II or He I is the 

dominant species in the spectrum. 

Population statistics show that approximately 80% of the white dwarfs hotter 

than 10,000 K are DAs. However, quite dramatic changes are observed in the DA to 

non-DA population ratio as a function of temperature. At the highest temperatures 

(> 80,000 K) white dwarfs are observed to be almost exclusively He-rich objects. These 
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are the youngest and most luminous degenerate stars. The hottest DA white dwarfs, on 

the other hand, appear to have effective temperatures between 60,000 - 70,000 K and 

several show trace He II in the optical/UV spectra, called DAO stars (Holberg, Kidder 

and WesemaeI1988). Below these temperatures, the non-DA to DA ratio appears to 

diminish rapidly as a function of effective temperature, until between 45,000 -

30,000 K there are no recognized examples of He-rich white dwarfs. Below 30,000 K, 

He-rich DB stars again account for -25% of all degenerates. Thus, as white dwarfs cool, 

they appear to be capable of undergoing changes in their photospheric composition. 

There are two primary schools of thought regarding the origin and evolution 

of DA and non-DA white dwarfs (Shipman 1988). According to the primordial view, 

the DA and non-DA stars represent two separate cooling sequences which the progen

itor somehow selects during the planetary nebula phase. Models of this phase of stellar 

evolution (Iben and Tutukov 1984) clearly indicate that most white dwarfs are left with 

thick (MH - 10-4 Msun) hydrogen envelopes and thus become DAs. A fraction, 

however, lose nearly all their hydrogen and become He-rich DOs and DBs. The alter

nate view, suggested by Fontaine and Wesemael (1987), is that most white dwarfs are 

formed with very thin hydrogen envelopes (MH < 10-13 Msun). These thin H-rich 

photospheres can undergo metamorphoses between spectra types during the cooling 

process. These thin hydrogen envelopes gradually thicken due to the outward diffusion 

of residual hydrogen in the mantle as the star cools. With the thickness (or mass) of the 

hydrogen envelope increasing, the white dwarf assumes a DA appearance. Later, when 

a convection zone forms near the surface (near 30,000 K) significant quantities of 

helium can be mixed into the thin hydrogen layer and the star again changes its spectral 

character. Support for this latter view is based on evidence from several different types 
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of studies. For example, theoretical studies of DA white dwarfs lying in the ZZ Ceti 

instability strip (non-radial pulsators around a narrow band of effective temperatures 

-13,000 K indicate that they must have thin hydrogen envelopes (MH < lO-10 Msun) in 

order to account for the observed non-radial pulsation modes (Winget et al. 1982). In 

addition, soft x-:ray/EUV observations can be interpreted with very thin stratified enve

lopes (MH - 10-13 - lO-16 MsUD' Koester 1989), and new spectroscopic evidence of 

mixed spectral types, Le. the reported DAB star 0104-27 (Holberg, Kidder and Wese

maeI1991). 

Shipman (1976) fIrst pointed out that hot DA white dwarfs (Teff> 20,000 K) 

could emit copious amounts of thermal soft x-ray (-12 - 120 A) and EUV (-120 -

912 A) radiation. 'This is primarily due to the low opacity which hydrogen exhibits at 

short wavelengths. TIris low opacity permits soft x-rays to escape from deeper, hotter 

layers below the optical photosphere. However, initial soft x-ray photometric observa

tions of several hot white dwarfs revealed a more complicated story; one in which a 

larger than expected soft x-ray opacity appeared to be necessary to explain the soft 

x-ray observations of many DAs (Kahn et al. 1984). The source of this extra opacity has 

most often been attributed to helium since the presence of even a trace amount of 

helium can contribute significantly to the photospheric opacity in the wavelength 

region below the He II Lyman edge at 228 A. Originally, soft x-ray photometric obser

vations were interpreted as a homogenous mixing of trace quantities of helium in the 

H-rich photosphere. However, in the absence of competing mechanisms, a stratified 

hydrogen-helium atmosphere should quickly become the equilibrium state for white 

dwarfs. In this confIguration the presence of a diffusion tail of helium is detected only 

it the hydrogen envelopes of the stratified confIguration are extremely thin. A pure 
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hydrogen atmosphere showing no additional soft x-ray opacity would then correspond 

to an atmosphere with a slightly thicker hydrogen envelope (MH > 10-13 Msun)' 

Another potential source of soft x-ray opacity can occur from the presence of 

heavier metals, i.e. C, N, 0 and Si, in the outer envelope. These metals, in small quan

tities, can be levitated by radiation pressure in the atmospheres of hotter DAs (Vauclair . . 
1988). Metallic UV absorption lines confirm that trace amounts exist in the atmo

spheres of a several hot DAs (Bruhweiler and Kondo 1983). Metals are also believed to 

account for the soft x-ray opacity observed in hot DO stars (Barstow and Holberg 1990) 

and to be responsible for the strange soft x-ray spectrum of at least one DA star, 

Feige 24 (Paerels et al. 1986b; Vennes 1989). 

White dwarfs are interesting as well as very useful objects to study. They 

provide an almost unique astrophysical laboratory for studying the behavior of matter 

at high pressures and densities, and they furnish observational evidence of the predic

tions of general relativity theory as seen by the gravitational redshift of emergent radi

ation. Their simple spectra are very accurately predicted by model atmospheres; as a 

consequence, they make good calibration stars and standard candles for measuring 

distances and probes of the local interstellar mediwn. In addition, a fundamental ques

tion like the age of the galactic disk can be estimated from the evolutionary and cooling 

ages of the oldest stellar population (Wood 1990b). More thorough reviews of the 

evolution, methods of observation and physics of white dwarf stars can be found in the 

recent literature by Liebert (1980), Weidemann (1990) and Koester and Chanmugam 

(1991). 



17 

1.2 SOFf X-RAY OBSERVATIONS OF DAs 

A complete description of the atmospheres of white dwarf stars is essential for 

an understanding of the underlying processes which affect their evolution. The funda

mental set of parameters used in this description includes the mass, radius, effective 

temperature (T eff), surface gravity (log g) and photospheric composition (in the case of 

DA white dwarfs composition is either expressed as a He/H number ratio or alternately 

as the mass of the hydrogen envelope MH)' The best estimates of these parameters are 

obtained from a simultaneous investigation of the complete energy distribution ranging 

from the x-rays out to infrared bands with a detailed study of line proflles. In practice, 

the constraints imposed on the parameters from each wavelength region can be 

analyzed jointly through the use of self-consistent model atmospheres. Many indepen

dent computer codes now predict white dwarf energy distributions which are in 

substantial mutual agreement with one another and with observations. 

Only for the relatively rare, hot DAO stars (Teff- 50,000 - 70,000 K) is there 

clear unambiguous spectroscopic evidence of trace helium at optical or UV wave

lengths. Such hybrid stars exhibit He/H mixing ratios of 10-2 - 10-3. Below these ratios, 

helium is virtually undetectable spectroscopically. In addition, soft x-ray/EUV spec

troscopy of four of the brightest and best-studied white dwarfs (Sirius B, Feige 24, 

HZ 43 and 0191 B2B), thus far, also do not conclusively show the presence of helium 

by virtue of the lack of a He I or He IT Lyman edge. However, helium is still illferred 

to be the primary source of soft x-ray opacity in hot DA white dwarfs. Fortuitously, soft 

x-ray/EUV flux is more sensitive to trace helium levels than optical/lN observations 

due to the greater depth of the formation of the x -ray photosphere. Effectively, what we 
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observe at the shorter wavelengths is the state and composition of the photosphere at 

greater depths. Analysis of this kind is possible for a large range of DAs whose temper

atures are in excess of what are currently considered to be the coolest (Teff- 24,500 K) 

soft x-ray detected stars VR 16 (Koester et al. 1990; Kidder et al. 1992) and 

CD-38°10980 (Holberg, Wesemael and Basile 1986). We should also note that at the 

start of this research, the reported serendipitous detection of a 22,500 K DA by Margon, . 
Bolte and Anderson (1987) with the Einstein Imaging Proportional Counter (IPC) lead 

us to believe that it might be possible to see DAs with pure hydrogen photospheres as 

low as 20,000 K. Our investigation of additional data using EXOSAT images has not 

substantiated the Margon et al. (1987) fmdings (Kidder et al. 1992). 

In this light, DA white dwarfs have become target to a growing body of soft 

x-ray JEUV observations, in the past principally from the Einstein and EXOSAT satellite 

observatories and presently from the ROSAT satellite and very soon with the launch of 

the Extreme Ultraviolet Explorer (EUVE). Successful analyses of soft x-ray/EUV 

photometric data from the Einstein IPC and High Resolution Imager (HRI) and the 

EXOSAT Low Energy Detector (LE) of nearly two dozen hot DA white dwarfs have 

been presented in the literature by Kahn et al. (1984), Petre, Shipman and Canizares 

(1986), Jordan et al. (1987), Paerels and Heise (1989), Koester et al. (1990), Vennes, 

Shipman and Petre (1990) and Kidder et al. (1992). The results of the analysis by 

Paerels and Heise (1989) of the EXOSAT set of targeted observations are shown in 

Figure 1.1 This plot illustrates our current view of the nature of the relationship between 

the effective temperature (T eff) and the homogenous helium abundance (He/H). As 

pointed out earlier, it has been known that the time-scale for gravitational settling of 

helium is extremely short in the absence of competing mechanisms. Some possible 
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Figure 1.1 Results of the analysis of EXOSAT observations from Paerels and Heise (1989). 

processes which could act in opposition are convective dilution, radiative levitation, 

stellar winds, interstellar accretion and ordinary diffusion. Petre, Shipman and 

Canizares (1986) and Petre and Shipman (1987) find a strong positive correlation 

between helium abundance and temperature over the entire hot DA range which they 

suggest is due to radiative forces. 

On the other hand, Paerels and Heise (1989) and Jordan and Koester (1986) 

interpret the helium abundances for temperatures below 45,000 K as uncorrelated. 

Moreover, they suggest that the observed scatter could be due to differing rates of 

accretion from their surrounding interstellar medium. Contrary to this, these authors 
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find that for the hotter stars interstellar accretion can not account for the larger observed 

abundances. Not shown in the figure are the three DAO white dwarfs studied by Wese

mael, Green and Liebert (1985) which have Teff ..... 60,000 - 80,000 K and a HeIH ..... 10-2. 

They point out, however, that the helium abundances were detennined using atmo

s'pheric models consisting of homogeneously mixed hydrogen and helium, which may 

bias the results. The settlement of these arguments would have to await the arrival of 

additional soft x-ray/EUV data for a broad sampling of stars. 

1.3 RESEARCH STRATEGY 

A primary goal of this research project was to search for serendipitous occur

rences of known hot (T eff > 20,000 K) DA white dwarfs within Einstein IPC and 

EXOSAT LE images. These instruments are well-suited for this task, since they both 

afford large fields of view and are sensitive to the spectra of soft sources. A list of 31 

candidates was compiled from positional coincidences of catalogued DAs (McCook 

and Sion 1987) with the Einstein and EXOSAT fields. Such occurrences would provide 

a new source of soft x-ray data for DAs, both in terms of detected sources and an upper 

limits on the fluxes of non-detected stars. These observations could then be analyzed 

for photospheric helium abundances in the following manner. 

The strategy employed here is to optimize the interpretation of these broad 

band photometric soft x-ray observations using independent detenninations of the 

effective temperatures and surface gravities. Very precise determinations of these 

parameters are obtained f!om fitting well-sampled hydrogen line profiles with detailed 
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synthetic profIles (Holberg, Wesemael and Basile 1986). The high gravity atmospheres 

of DA white dwarfs form broad hydrogen absorption features where the wings of the 

line profiles are very sensitive to the star's surface gravity. Also, the higher the effective 

temperature above 13,000 K, the lower the relative population of neutral hydrogen, so 

we observe shallower line profiles. The gradual change in the hydrogen line profile's 

shape pennits a precise measurement of these two parameters, temperature and gravity, 

over the range of hot DA white dwarfs (20,000 K < Teff < 70,000 K and 7.0 < log g < 

9.0). Therefore, we undertook a ground based observing program to acquire high 

quality, high signal-to-noise spectra of the hydrogen Balmer lines. Lyman a observa

tions obtained from the International Ultraviolet Explorer (IUE) were also used to 

complement the optical analysis by providing additional constraints on the temperature 

and gravity for some stars. Some observations existed in the IUE archives for several 

C!'f the stars; the UV spectra for a few other stars were specifically obtained as part of 

various IUE guest observer programs. An important additional piece of information 

used to supplement this analysis is a precise flux normalization usually through the use 

of the observed V magnitude. Uncertainty in the observed V magnitude frequently 

contributes to uncertainties in effective temperature and in the helium abundance. Since 

many stars in our sample lacked this basic photometric data, a program of UBV 

photometry was undertaken (Kidder, Holberg and Mason 1991). The observations and 

results from this program are included in Chapter 2. 

In the course of this research observational data was obtained and analyzed for 

a significant fraction of the known hot DA white dwarfs, in addition to those in our orig

inal sample. These ad<litional objects were derived from several sources. The previous 

analysis of helium abundance for a few of the targeted Einstein and EXOSAT DAs could 
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be further refined if improved independent temperature detenninations could be 

obtained. Also, several new white dwarf soft x-ray sources detected in the ROSAT all 

sky survey were added to our program of spectroscopy. The last group of additional 

objects were some of the well-known DAs with measured parallaxes or gravitational 

redshifts. The optical and UV observations and the analysis of their temperatures and 

gravities are the subject of Chapter 3. Then, Chapter 4 discusses the new soft x-ray 

observations for the DA white dwarfs which have positional coincidences in soft x-ray 

fields and also presents the discovery of two new hot DA white dwarf soft x-ray sources 

with the details of the analysis for their photospheric helium abundance. Finally. docu

mentation of the generalized spectral fitting software developed during the course of 

this research is 'provided in Appendix A. 
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2 UBV PHOTOMETRY 

2.1 ABSTRACTl 

Johnson UBV photometry has been obtained photoelectrically for a set of DA 

white dwarfs with effective temperatures greater than 20,000 K and for the AM Her 

type binary H0538+608. Most of the white dwarfs lie within existing Einstein IPC or 

EXOSAT LE soft x-ray fields, therefore they are of interest as potential serendipitous 

soft x-ray sources. In addition, high dispersion spectroscopy has been used to differen

tiate 7 of these objects to be subdwarfs. 

2.2 INTRODUCTION 

The low intrinsic opacity of pure hydrogen atmospheres at soft x-ray wave

lengths is responsible for photospheric soft x-ray emission from hydrogen-rich (DA) 

white dwarfs over a wide range of effective temperatures. This has led to a growing 

body of soft x-ray observations of DA white dwarfs, principally from Einstein, 

EXOSAT and presently ROSAT. The coolest DA with reported soft x-ray flux was esti

mated to have an effective temperature T eff =22,500 K (Margon, Bolte and Anderson 

1987). Successful analysis of such observations often requires independent flux 

normalization at longer wavelengths. This is usually most convenient in the V magni-

1 UBV Photometry of Hot DA Wllite Dwarfs (Kidder, Holberg and Mason 1991, the references 
have been included with the main list of references) 
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tude band. Uncertainty in the observed V magnitude frequently contributes to resulting 

uncertainties in effective temperature and inferred He abundance. The largest set of DA 

white dwarfs analyzed in such a manner is by Paerels and Heise (1989). 

In addition to the reported soft x-ray observations of DA white dwarfs from 

EXOSAT and Einstein, many additional serendipitous observations exist within the data 

archives of both missions. A comparison of the positions of hot DA white dwarfs listed 

in the Villanova catalogue (McCook and Sion 1987) with the coordinates of the 

Einstein IPC (Imaging Proportional Counter) and EXOSAT LE (Low Energy) fields has 

provided the majority of stars in this sample. The objects for which available catalogue 

data suggested Teff ~ 20,000 K were considered to be a potential source of photo

spheric soft x-rays. Our selection oftargets was also limited by telescope pointing such 

t~at the declination 0 ::;; 610. In addition to this sample, we included several other hot 

DA white dwarfs which were deemed in need of more precise photometric data. In their 

case, the V magnitude is used to determine a precise temperature, gravity and stellar 

solid angle from the Lyman ex spectrophotometric profile (Holberg, Wesemael and 

Basile 1986). 

2.3 OBSERVATIONS 

The ph~toelectric observations were obtained over 12 nights from March 

1988 - June 1989 with the Steward Observatory (S.O.) Catalina Photometer attached to 

the either the S.O. 1.5 m telescope on Mt. Bigelow or the S.O. 1.5 m·telescope on Mt. 

Lemmon. A standard Johnson UBV fIlter set was used with the single channel photom-
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eter which utilizes a refrigerated RCA IP21 photomultiplier. This configuration yielded 

a system which closely matched the Johnson standard system. Except for the faintest 

objects, a .... 15 arcseconds diameter aperture setting was employed. The instrument was 

connected to a Kaypro desktop computer for data acquisition and recording. 

The photometry of the program stars was carried out relative to a set of stan

dard UBV stars. Since the bulk of the program DA stars have colors such that 

B-V < 0.0, only the bluest photometric standards were selected from Landolt (1973, 

1983), in particular Landolt's set of Giclas and Feige stars. In order to increase the 

density and sky coverage of our standard star set, a number of hot DA white dwarfs and 

Table 2.1 Adopted photometric standards not in Landolt (1973, 1983) 

Object <l1950 01950 V(1<J) B-V(I<J) U-B (1<J) 

40EriB 04:13:04 -07:44:09 9.531(.007) +.030(.017) -0.683(.015) 

G191 B2B 05:01:32 52:45:50 1l.787(.017) -.334(.017) -1.20(.03) 

EG46 06:12:24 17:44:58 13.392(.010) -.168(.01) -0.971(.01) 

EG50 06:44:15 37:35:02 12.076(.020) -.089(:01) -0.890(.01) 

Feige 34 10:36:41 43:21:50 11.22(.015) -.30(.02) -1.28(.04) 

GD140 11:34:28 30:04:37 12.47(.02) -.053(.02) -0.915(.03) 

Feige 67 12:39:19 17:47:24 11.85(.01) -.33(.03) -1.215(.015) 

HZ 44 13:21:19 36:23:38 11.705(.015) -.28(.01) -1.175(.015) 

Lanning 18 18:45:06 01:54:15 12.95(.02) -.220(.020) -1.070(.020) 

Wolf 1346 20:32:14 24:53:56 11.526(.009) -.076(.010) -0.866(.008) 

GD394 21:11:03 49:53:54 13.080(.015) -.240(.013) -1.157(.010) 

BD+28°4211 21:48:57 28:37:48 10.53(.01) -.34(.03) -1.26(.03) 

Feige 110 23:17:24 ...,()5:26:22 11.86(.01) -.33(.03) -1.19(.02) 
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hot subdwarfs which have been the subject of three or more independent photometric 

observations were added to the standards list. The published measurements were aver

aged to yield magnitudes and colors for each star. In doing this, care was taken to avoid 

any star or result indicating discrepant photometry. Stromgren y and multichannel v 

band (Greenstein 1984) were also used in establishing V magnitudes. All multichannel 

v magnitudes were placed on a Johnson V magnitude scale using the transformation, 

V = v + 0.05. Table 2.1 lists our adopted standards which are not a part of the Landolt 

lists. The first column gives a common name for the object followed by the 1950 coor

dinates, the adopted V magnitudes, and the B-V and U-B colors. The quantities in 

parentheses are the respective uncertainties in magnitudes which were used in the 

nightly photometric reductions. 

An individual stellar observation consisted of measuring the instrumental 

count rate through each ftlter in a UBV-VBU-UBV-VBU sequence of the star and of 

the nearby sky in a pattern of sky-star-star-sky. The sky background rates interpolated 

to the time of the mean star observation were subtracted from the mean star rate to yield 

the net stellar count rate. The length of integration generally achieved 1 % photon 

counting statistics in each band. Photometric standard stars were observed frequently 

each night to the extent that on most nights there were at least as many standard star 

observations as program star observations. The strategy for each night was to observe 

a collection of standards which mapped out, as fully as possible, a working region of 

B-V vs. airmass space. Ranges in B-V were typically from -0.3 to 0.03 and ranges in 

airmass were typically 1.0 to 1.5. The nightly extinction and transformation coefficients 

as defIned by Hardy (1962) were computed from the standard star observations. The 

residuals from the functional fIt to the standard stars magnitudes and colors were used 
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as a measure of the internal uncertainty for the magnitudes and colors of the program 

stars for each night. The fmal uncertainty values for each program star also includes the 

photon statistics of its observations. Lastly, the results were averaged for stars which 

were observed on more than one night. 

Table 2.1 gives the results of the UBV photometry for each object. Listed are 

the Villanova catalogue designation, the spectral class as determined independently 

from spectroscopy, the V magnitude and colors, and the number of independent nights 

used to average the data. The corresponding 10' uncertainties in magnitudes are in 

parentheses. 
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Table 2.1 Photometry of program stars 

Object Spec Class V(1o) B-V(lo) U-B (10) 0 ootes 

WDOO04+330 DA 13.85(.01) -0.28(.01) -1.18(.01) 4 

WDOO26+136 sdB 15.91(.02) -0.12(.02) -1.10(.02) 2 * 
0027+259 sdB 11.22(.01) +0.03(.01) -0.08(.01) 2 * 
WDOO35+124 sdD 16.38(.03) -0.23(.03) -1.19(.02) 2 

WD0214+568 DA 13.65(.01) -0.10(.01) -0.91(.01) 7 

WD0425+168 DA 14.03(.01) -0.12(.01) -0.98(.01) 4 

H0538+608 AM Her 16.61(.07) -0.01(.06) -1.23(.05) * 
WD0548+000 DA 14.79(.01) -0.29(.01) -1.19(.01) 5 

WD0631+107 DA 13.82(.01) -0.17(.01) -1.02(.01) 5 
WD0823+316 DAD 15.74(.01) -0.35(.01) -1.22(.01) 5 

WD0836+237 DA 16.64(.02) -0.25(.02) -1.21(.02) 4 

WD0846+249 DAD 16.71(.03) -0.31(.03) -1.23(.03) 2 

WDI001+203 DA 15.35(.02) +0.57(.01) -0.72(.02) * 
WD1019+129 DA 15.60(.03) +0.01(.02) -0.80(.02) 2 

WDI035+532 sdB 16.34(.06) -0.35(.03) -1.01(.02) 

WD1052+273 DA 14.11(.02) -0.11(.01) -0.94(.01) 2 

1103+385 DA 17.20(.03) -0.28(.03) -1.08(.03) 1 * 
WDI113+413 DA 15.38(.05) -0.17(.01) -0.98(.02) 2 
WD1132+470 DA 16.40(.02) +0.06(.02) -0.94(.02) 1 
WD121O+533 DAD 14.12(.03) -0.34(.01) -1.23(.01) 3 
WD1230+417 DA 15.75(.02) -0.07(.02) -0.84(.02) 1 
WD1330+473 DA 15.29(.01) -0.11(.01) -0.92(.01) 2 
WDI333+524 DA 16.33(.02) -0.02(.02) -0.74(.02) 2 

WDI353+409 DA 15.55(.03) -0.14(.02) -0.85(.03) 2 
WDI415+132 DA 15.29(.03) -0.21(.02) -1.10(.03) 
WD1429+373 DA 15.33(.04) -0.23(.03) -1.14(.03) 1 
WD1430+427 sdB 14.23(.02) -0.14(.01) -0.66(.02) 2 
WDl449+168 DA 15.44(.02) -0.09(.02) -0.89(.01) 
WDI527+090 DA 14.29(.03) -0.10(.02) -0.90(.03) 

WD1538+269 sdB 13.83(.05) -0.18(.03) -0.93(.05) 

WD1635+608 DA 15.82(.03) -0.14(.02) -1.06(.04) 
WD 1640+ 113 DA 16.03(.04) -0.02(.03) -0.91(.04) 1 
WDI643+143 DA 15.38(.02) +0.38(.02) -0.82(.02) 1 * 
WDI713+332 DA 14.54(.01) -0.11(.01) -0.89(.01) 
WDI725+586 DA 15.45(.02) -0.09(.02) -1.01(.02) * 
WDI918+110 DA 16.07(.03) +0.03(.04) -0.86(.03) * 
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2.4 DISCUSSION 
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Five of our program stars which were observed for two or more nights also 

have published UBV photometry from Eggen and Greenstein (1965) and Eggen (1968). 

The results of our work upon comparison to their results yield average differences of 

0.0, +0.004 and +0.018 for V, B-V and U-B, respectively. The V magnitude for 

WD0548+000 was not included in the averaging, since our result V = 14.79 was quite 

consistent over 5 independent observations. The Eggen (1968) value V = 15.10 is 

considerably fainter. 

The UBV data is displayed in Figure 2.1 as two color plot (B-V, U-B) along 

with theoretical lines of constant log g = 7, 8 and 9 for a DA cooling sequence taken 

from Koester, Schultz and Weidemann (1979). As can be seen, the synthetic colors 

diverge significantly from the observed Johnson colors when Teff> 30,000 K or alter

nately when B-V < -0.2. This effect has been noticed previously for both Johnson and 

Stromgren photometry (Schulz 1978). A careful comparison of the observed energy 

distributions for hot DA white dwarfs (Holberg et al. 1991) with model atmosphere 

energy distributions indicate good agreement throughout the visual band. Therefore, it 

is most likely that the observed discrepancy between the observed and synthetic colors 

can be traced back to either a failure to include a significant number of hot DA stars in 

the determination of the. color transformations or differences between the synthetic 
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fIlter-telescope response functions and those which actually characterize the observa

tions, particularly, in the U band. In either case, probably the most effective remedy 

~ould be to determine synthetic colors for a set of DA stars having well-defmed spec

troscopic temperatures and gravities for colors B-V < -0.2. Presently though, broad

band photometry is not by itself an effective indicator of temperature or gravity for the 

hottest DA white dwarfs. However, the comparison shown in Figure 2.1 does highlight 
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Figure 2.1 Two color diagram of the results in Table 2.1. Filled boxes indicate spectroscopically 
identified DA white dwarfS while open circles indicate subdwarfs. Overplotted are the theoretical lines 
for a DA sequence from Koester et aI. (1979). The solid lines are for log g = 7,8, and 9; and the dashed 
lines indicate lines of constant temperature. 
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objects which possibly are not white dwarfs and those which may be subject to system

atic photometric errors. The spectroscopic identity of program stars has been subse

quently commned as part of a program which obtained high dispersion Balmer line 

(H~, a, and Ha) spectra. We have employed these spectroscopic identifications here to 

distinguish DA white dwarfs from hot subdwarfs in Table 2.1 and Figure 2.1. The spec

troscopic analysis will be presented elsewhere. Systematic photometric errors are 

always possible when data from only a single night is available. In such circumstances, 

colors which disagree significantly with spectroscopic analysis warrant additional 

photometric measurement. We discuss some of these next. 

WD0026+136 was observed on two nights with consistent results. The 

observed colors do not appear to correspond to its spectroscopic classification, that is 

the B-V color is too red. 

0027+259 and 1103+385 are not listed in the Villanova catalogue. Their 

1950 coordinates are a;:{)Oh27mOOs, 5=25°53'55" and a=llho3mOSs, 5=38°29'13", 

respectively, locating them within EXOSAT fields. The 0027+259 object has since been 

spectroscopically identified as a hot subdwarf. The colors do not completely agree with 

the spectral classification, although both nights of photometry were quite consistent. On 

the other hand, spectroscopy bears out that the 1103+385 object is a hot DA white 

dwarf. It is interesting to note that this classification could not be determined solely 

from the photometric data. 

H0538+608 (BY Cam) is a most unusual AM Her type binary. This system 

was observed in a state of low photometric brightness on December 24, 1988 with 

V> 17.0 (Mason et al. 1989). In this paper, we report that at 8:08 UT on January 16, 
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1989, the system had brightened to V = 16.61 which is still fainter than the typical high 

state range V == 14.5 to V == 16.0. 

WD 1001 +203, WD1643 + 143 and WD2044-043 have colors which are appar

ently much too red for isolated hot DAs. The possibility exists that these objects may 

have unresolved red companions. 

WD 1725 +586 was observed at ainnass which was greater than the airmass 

range of the standard stars for that particular night. 

WD1918+110 results of V = 16.07 and B-V = 0.03 are considerably 

discrepant with the results of Eggen (1968) in which V = 16.23 and B-V = -0.11. A 

simple correction of our V magnitude to agree with theirs would also bring the B-V 

colors into agreement. 

2.5 CONCLUSIONS 

UBV photometry has been reported for 44 objects which are either located 

within the soft x-ray fields of the Einstein IPC or EXOSAT LE detectors or are known 

hot DAs which required more precise photometric data. The data generally supports the 

spectroscopic identifications except for the objects; WD0026+136, WDlO01+203, 

WD1643 + 143 and WD2044-043 which have a red excess in B-V. In addition to the DA 

white dwarfs, there were seven spectroscopically identified subdwarfs in the program 

list. Also, an AM Her type cataclysmic variable was observed in an effort to determine 

its current state of activity. The data presented here will be an integral part in the subse

quent analysis ofthe complete energy distribution from the soft x-ray to the optical for 
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this important subset of DA white dwarfs. Once spectroscopically detennined, precise 

temperatures and gravities can be used to adjust the UBV system transformation to 

better agree with the observed photometric colors for the hot DA white dwarfs. 

A postscript: Subsequent observations by B. Zuckerman (1991, private 

communication) involving infrared imaging of two of the stars observed here 

(WDIOOl+203 and WDI643+143) indicate that these objects do indeed have red 

companions confinning our interpretation. 
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3 OPTICAL AND UV SPECTROSCOPY 

3.1 INSTRUMENTS 

3.1.1 The Optical Telescopes 

Optical spectra were acquired for the purpose of analyzing temperatures and 

gravities of hot DA white dwarfs at the Steward Observatory (SO) 2.3 m telescope on 

Kitt Peak, although a few of the spectra included here were obtained at the Multiple 

Mirror Telescope (MMT) on Mt. Hopkins. An 800x800 pixel Texas Instruments Charge 

Coupled Device (CCD) detector is used with the SO Boller and Chivens spectrometer 

while the MMT Big Blue spectrometer uses an intensified Reticon image tube with two 

Ixl024 pixel diode arrays where one array accumulates energy from the source while 

the other records the brightness of the sky background through an adjacent aperture. 

Since the majority of our spectroscopy was obtained at the SO 2.3 m, I shall describe 

in detail this instrument and the procedures for data reduction in section 3.3. 

CCD detectors are widely utilized by the optical astronomical community 

because of their high quantum efficiency, low intrinsic noise level, large range of linear 

response, small element size and two dimensional configuration. The CCD chip 

attached to the SO spectrometer had the additional virtues of being back-illuminated 

and thinned with a small -8 electron readout noise. Prior to its installation on the tele

scope, the chip was flooded with UV light in order to enhance its blue wavelengths 

response. Electronic charge readout of each pixel well is converted by the detector elec

tronics to digital counts (DC) using the multiplier of 2.8 electrons/DC. All observations 
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were kept below the 20,000 DC/pixel regime where the chip enters a region of 

non-linear response and eventual bleeding. Only a 100 column section of the chip was 

required for spectroscopy. The particular section was carefully chosen beforehand from 

its apparent uniformity of response, as determined from a continuum lamp exposwe. 

The spectrometer was used in a so-called /ongslit configuration in which several 

arcminutes of the adjacent sky was recorded simultaneously with the stellar spectrum. 

In nearly all the spectra a slit width of 2.5 arcseconds was used. The long axis of the 

slit, orientated perpendicular to the direction of the grating dispersion, is nearly aligned 

with the lines of the CCD; therefore, the spectrum is recorded along its columns. The 

physical size of each pixel is 15x15 J.l111, giving an the image scale in the cross-disper

sion direction of 0.8 arc seconds/pixel. 

To meet the requirements of this program, we made considerable use of a 

1200 l/mm grating in 1 st order which was blazed at 5346 A. With this configuration the 

spectra of the hydrogen Balmer "( and 0 line profIles (-3900 - 4650 A) obtained were of 

satisfactory signal-to-noise (SIN) at a dispersion of -1.0 A/pixel for most objects. I will 

refer to this as our baseline configuration for the purposes of describing the method of 

data reduction in section 3.3. At times, the grating was also tilted to expose the Balmer 

~ line (-4686 A), and as a consistency check a 600 l/mm grating in 1st order was some

times employed. This later configuration increased the dispersion to -2.0 A/pixel 

yielding a lower the spectral resolution. Its advantage, however, was that it increased 

the throughput and doubled the spectral coverage (-3700 - 5200 A) so that all three 

profiles were recorded in a single spectrum. A quartz continuum lamp and a HeAr 

comparison lamp were also mounted on the spectrometer for flat-fielding and disper

sion calibration. 
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Initially the detector electronics was commanded by a slightly temperamental 

Point 4 microcomputer with a large disk drive and a 9-track tape drive. Later, this 

system was upgraded to a much more flexible SUN computer system with a laser 

printer, a 2 Gbyte Exabyte tape system and an ethemet connection. 

3.1.2 The IUE Observatory 

The supplementary UV data used in this research was obtained with the Inter

national Ultraviolet Observatory (lUE). The IUE satellite (Boggess et al. 1978), 

launched in 1978, has operated a guest observer program, which over the years has 

a~cumulated tens of thousands of UV spectra of a variety of targets (Kondo 1987). The 

satellite operates in a highly eccentric geosynchronous orbit which brings it through the 

Earth's Van Allen radiation belts one each day giving rise to four hour periods of 

increased detector noise. A 45 cm Ritchey-Chretien telescope feeds two reflection 

grating spectrometers which are sensitive to the wavelength bands from 1150 - 1950 A 

and 1950 - 3200 A. A UV to optical converter is coupled to a Vidicon television camera 

which serves as the detector. The image is read out by a scanning electron beam and 

recorded as roughly a half a million pixels upon completion of the exposure. A target 

can be centered in either of two apertures, referred to as the small (3 arcseconds 

circular) and the large (10 x 20 arcminutes oval) apertures. In addition, observers can 

elect to purposely trail the spectra of bright stars in the large aperture. The spectrometer 

can also be switched between a high dispersion echelle mode (R = 104) and the normal 

low dispersion mode (R = 100) which provides a -5 - 6 A spectral resolution. The UV 

spectra used in this analysis were all obtained with the Short Wavelength Prime (SWP) 

camera in low dispersion mode. 
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Standard processing of the raw JUE images provides calibrated spectra using 

the known absolute photometric calibration of the instrument. These spectra are avail

able from the JUE database which can be easily accessed over electronic networks. For 

our purposes, it is necessary to make additional modifications to the spectrophotometric 

fluxes, beyond the normal processing, which will be explained further in section 3.4. 

Although JUE is often plagued with high background noise, has a relatively small 

dynamic range and an intrinsic non-linear response, it has remained a relatively stable 

instrument and, more importantly, has exhibited exceptional durability. 

3.2 OBSERVATIONS 

The objective of our spectroscopic observations was to obtain data from 

which accurate effective temperatures and surface gravities could be determined from 

the detailed model fitting of the broad hydrogen features. This requires relatively high 

signal-to-noise and moderate spectral resolution data together with a careful control of 

systematic errors. The effort to control systematic errors is especially critical for low 

frequency (in wavelength space) variations across the line profIles which might distort 

the profIle shape. tntimate success in this effort begins at the telescope and continues 

through the data reduction phase. Here I will outline the steps taken to ensure that the 

data being analyzed is of uniformly high quality. 

The following spectroscopy was obtained on 29 nights over the period from 

5 March 1988 to 28 May 1991. Various calibration frames were taken each night so that 

each data set would be self-contained. Each observation consisted of the sequence of an 
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object frame followed by, a HeAr lamp comparison frame, followed by a quartz lamp 

flat-field frame. TIris sequence facilitates the detennination of a precise dispersion solu

tion for each telescope orientation and an improved signal-to-noise flat-field calibration 

frame. For fainter objects, the frequency of cosmic ray induced events on the CCO 

dictated exposure times of less than one hour, since longer exposures increased the like

lihood of a "hit" occurring within the object spectrum. At the end of the night, all the 

CCO frames were written onto a 9-track tape or Exabyte tape which would be taken to 

the Lunar and Planetary Laboratory - West (LPL-WEST, University of Arizona) 

computer facilities to be reduced. 

The spectral resolution of our data, estimated from the width of the stellar 

profIles, was nominally 2 - 4 CCO columns at full-width at half-maximum through the 

2.5 arc seconds slit. The profiles did not appear to change significandy along the disper

sion axis. In order to reduce the effect of the sometimes wildly changing atmospheric 

seeing conditions during the night and even during an observation, the 2.5 arcseconds 

longslit was used primarily. With this slit, we could maintain a spectral resolution of 

-2.5 - 3.0 A, even during periods of poor seeing. Unfortunately though, during the 

worst periods its use resulted in a fraction of light lost outside the slit. TIris light loss 

had lime effect on our results as our analysis did not rely on the absolute stellar flux. A 

few of these results were tested by comparing them with the data obtained with a 4.5 

arcseconds wide longslit in conjunction with the 600 l/mm grating. This configuration 

yielded a reduced resolution of -6 - 7 A. We also attempted to observe the targets when 

they were transiting overhead at minimum airmass in order to reduce the effects of 

atmospheric dispersion (Filippenko 1982). When this was not possible, the effect could 
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be minimized by aligning the long-axis of the slit in the direction of the atmospheric 

dispersion. 

Table 3.1 summarizes our optical/UV observations of 101 DA white dwarfs 

which we have obtained over the past three years. The stars in this list are derived from 

several sources. First there are the positional coincidences from the Einstein IPC and 

EXOSAT LE fields. In addition, we have also assembled supplementary UV and optical 

data for many of the targeted Einstein and EXOSAT DA white dwarfs. Included with 

these are several white dwarfs which were detected in the soft x-raylEUV as part of the 

ROSAT all sky survey. These objects were provided by M. Barstow of the University 

of Leicester for the pwpose of follow up optical observations. Some well known DAs 

with parallaxes or measured gravitational redshifts complete the observation list. This 

last group of stars offer valuable independent checks on the atmospheric parameters 

derived from the spectral data. 

We give the appropriate white dwarf catalogue designation (McCook and 

Sion 1987) for all of these objects in the flISt column, although some do not appear in 

this reference yet. For convenience, we also provide a second column identifying 

whether the star is a Palomar-Green (PG) survey object (Green, Schmidt and Liebert 

1986) and another common designation, if one exists. Columns 3 and 4 give the 1950 

epoch right ascension and declination. The fifth column of Table 3.1 summarizes the 

character of the optical spectra used in the subsequent analysis of temperature and 

gravity. The numbers listed below each hydrogen Balmer line refer only to the disper

sion (or spectral resolution) of the line profIle; these do not indicate the number of indi

vidual spectra which we were co-added for this analysis (see section 3.3.8). A 0 

indicates that no spectra were available for that feature, a 1 refers to spectra with a 
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1 Npixel dispersion (baseline configuration), a 2 to spectra with a 2 Npixel dispersion 

(600 l/mm grating), and a 3 indicates that both types of spectra were obtained and used 

in this analysis. The last colwnn lists the individual IUE spectra which were combined, 

ensuring that we would be working with the highest quality Lyman a. profIle in this 

analysis. The letter(s) following the IUE SWP sequence number refer to the spectrom

eter aperture with which the spectrum was obtained. For example, WD0004+330 had 

two large aperture and one small aperture spectra available for analysis. 

Some stars of the objects we observed, although listed as white dwarfs in 

McCook and Sion (1987), are instead hot subdwarf stars. These stars are listed in Table 

3.2 for reference with their corrected spectral type. 
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Table 3.1 Optical and UV observations of DA white dwarfs 

Object Name <X1950 31950 Ha,Ry,Hpa L b ex 

WDOOO4+330 GD2 000458 +330048 1,1,1 7456L,28884L&S 

WD0050-332 GD659 005054 -331615 0,1,1 17013L,20388L&S 

WDOI31-164 GD984 013158 -162230 1,1,0 

WD0134+833 GD419 013459 +831941 1,1,0 23931L,30867L,30866L&S 

WD0147+674 GD421 014721 +672441 1,1,0 

WD0205+250 EG15 020555 +250005 1,1,0 15718L 

WD0214+568 hPer 1166 021401 +565258 1,1,1 23375L,40090L 
WD0227+050 Feige 22 022739 +050259 1,1,0 

WD0232+035 PG,Feige 24 023231 +033052 1,1,0 3740T,23475L&S,23801L&S 
WD0259+378 GD38 025920 +374918 1,1,0 

WD0302+027 Feige 31 030201 +024528 1,1,0 22289L,31977L,31978L 

WD0320-539 LB 1663 032052 -535554 0,0,0 13363L,28887L&S 
WD0346-011 GD50 034617 -010732 1,1,1 I 1304L,1328IS,1338IS, 

28886L,29858L,29859L 

WD0347+171 V 471 Tauri 034734 +170546 0,0,0 9786L&S,9787L&S,9789L&S, 
23668L&S,23670L&S, 
25304L&S,27864L&S 

WD0349+247 LB 1497 034911 +244655 1,1,0 
WD0406+169 LB227 040618 +165900 1,1,0 

WD041O+1l7 HZ2 0,0,0 24737L,30013L 
WD0413-o77 40EriB 0413 04 -074409 0,0,0 3741T,7973T,10124S, 

10125L,23803L&S 
WD0425+168 VR16 042547 +165140 1,1,0 33108L 
WD0429+176 HZ9 042930 +173844 1,1,0 9791L,16266S 
WD0431+125 HZ7 043057 +123627 1,1,0 
WD0438+108 HZ 14 043816 +105356 1,1,0 

WD0501+527 G19IB2B· 050132 +524550 3,3,3 14602L,15728T,21817L, 
21819T,21829L&S, 
23800L&S,23813L&S 

WD0548+000 GD257 054804 +000508 1,1,0 
WD0549+158 GD71 054935 +155242 1,1,0 18272L,23804L23815L&S 
WD0612+177 EG46 061224 +174458 1,1,1 2432IL,32198S,36004L&S 
WD0631+107 KPD 063104 +104345 1,1,1 36005L&S 

a I=high dispersion, 2=low dispersion and 3=both. 
b ruE SWP sequence number where L=large. S=small and T=trailed aperture. 



WD0642-166 Sirius B 

WD0644+375 EG50 
WD0651-020 GD80 
WD0817+386 PG,KUV 
WD0824+289 PG 
WD0836+237 PG 
WD0839+231 PG 
WD0904+511 PG 
WD0947+857 
WD0954+697 PG 
WD 1 001+203 PG,TON 1150 
WD1019+129 PG 
WD1026+453 PG 
WDI031-1l4 EG70 
WDI033+464 GD 123 
WDI041+580 PG 
WD1052+273 PG,GD 125 
WD 1 057+7 19 PG 
\,VI> II 04+602 PG,EG75 
WDI113+413 PG 
WD1l25+175 PG 
WD1126+384 PG,Feige 43 
WDI132+470 PG 
WD1134+300 PG,GD 140 
WD121O+533 PG 
WDI211+392 EG255 
WD1230+417 PG,HZ28 
WD1234+482 PG 
WD1254+223 PG,GD 153 
WD1301+544 PG 
WD1314+293 PG,HZ43 

WD1330+473 PG 
WD1333+524 PG 

WD1337+705 PG,EG 102 

064257 -163846 0,0,0 10076L&S,10122L&S, 
10123L&S 

064415 +373502 1,1,0 7957L,36003S 
065142 -020525 1,1,1 
0817 14 +383818 1,1,0 
082402 +285357 1,1,0 
083637 +234447 1,1,0 10277L 
083957 +2311 06 1,1,0 
090417 +510958 1,1,0 
094744 +854353 2,3,2 
095424 +694310 1,1,0 
100119 +202343 1,1,0 
10 1948 +125712 1,1,0 
102646 +452227 1,1,0 
10 3115 -112607 0,1,1 17014L,30865L&S 
103326 +462409 1,1,0 
104137 +580021 1,1,0 
105201 +272257 1,1,0 36006L,36008S,36031L 
105708 +715410 1,3,2 
11 0743 +601453 1,1,0 
1113 08 +411921 1,1,0 
112540 +173034 2,2,2 
112630 +382526 1,1,0 
113208 +470518 3,3,2 
113428 +300437 3,3,3 
121056 +532038 1,1,0 31278L&S 
1211 05 +3917 36 1,1,0 
123001 +414552 1,1,0 
123423 +481156 1,1,0 
125435 +221815 3,3,2 7448L,11295L,23219L&S 
13 0123 +542842 3,3,2 
131401 +292150 1,1,0 1528L&S,7221L, 

14500L,23218L&S, 
28391L&S,28392L&S 

133032 +471910 1,1,0 
133348 +522815 1,1,0 

13 37 39 +703220 2,3,3 14013L,21827L,22976L, 

22977L,22978L, 
22979L,31270S 
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WD1353+409 PG 13 53 49 +405515 1,1,0 

WD1403-077 PG 140326 -074413 2,2,2 

WD1408+323 PG,GO 153 140816 +322242 1,1,0 

WD1413+231 PG 1413 26 +231035 1,1,0 

WD1415+132 PG,Feige 93 141515 +131539 3,3,2 

WD1429+373 PG,EG236 142954 +371940 1,1,0 

WDI449+168 PG 144952 +165017 1,1,0 

WD1507+220 PG 150726 +220135 1,1,0 

WDI527+090 PG 152725 +090559 1,1,0 

WD1535+293 PG,TON797 153546 +291917 1,1,0 

WD I 547+057 PG 154707 +054420 1,1,0 

WD1615-154 EG118 161506 -152826 2,3,3 13543L,31269L&S 

WD I 620-39 I CoO-38° 10980 162010 -390651 0,0,0 18291L,20340L&S,20370L 

WD I 620+260 EG275 162031 +260214 3,3,2 

WD I 626+409 PG 162650 +405511 1,1,0 

WDI63 1+782 WFC 163131 +781103 1,3,3 40078L,70079S 
WD1635+608 PG 163550 +604906 1,1,0 

WD1636+35I PG,KUV 163637 +350604 2,2,2 

WD1637+335 PG,EG 120 163736 +333118 1,1,0 

WD I 640+113 PG 164034 +112215 1,1,0 
WDI643+143 PG 164322 +142307 1,1,0 

WDI713+332 PG,G0360 171344 +331626 1,1,0 

WDI725+586 PG 172543 +583958 0,3,3 
WD I 800+686 KUV 180027 +683556 1,3,2 

WD1845+o19 Lanning 18 184507 +015415 3,3,2 30873L&S 
WD1845+683 KUV 184521 +681920 2,2,2 

WD191O+047 191003 +044711 1,1,0 

WDI918+110 GO 218 191814 +11 0500 1,1,0 

WD1936+327 GO 222 193634 +324633 1,1,0 33196L 
WD2028+390 GO 391 202805 +390319 1,1,0 23408L,23412L,28888L&S 

WD2032+188 GO 231 203258 +184906 1,1,0 

WD2032+248 Wolf 1346 203213 +245356 3,3,3 1650L,23814L&S 
WD2039-202 LTI8189 203900 -201600 3,3,2 
WD2044-043 204442 -041800 1,1,0 
WD2111+498 GO 394 2111 03 +495354 3,3,2 14012L, 14296L,232 17L&S 
WD2116+736 KUV 211653 +733806 1,1,0 
WD2120+054 PG 212005 +052946 3,3,2 
WD2240-045 PG,PHL380 224008 -043000 3,3,2 
Wo2309+105 PG,G0246 230950 +103046 2,2,3 17011L,23216L&S,23802L&S 
WD2349+286 PG 234924 +283833 1,1,1 
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Table 3.2 Spectroscopic identification of objects which are not white dwarfs 

Object Name Cl.1950 01950 Spectral Type 

WDOO26+136 PG,Plll.810 002616 +133806 sdB 

0027+259 002700 +255355 A? 
WDOO35+124 PG 00 3508 +122912 sdO 

WDI035+532 PG 10 3545 +531436 sdB 

WD1430+427 PG 143038 +424324 sdB 

WD1538+269 TON 245 1538 17 +265812 sdB 

WD2128+112 PG 212846 +111618 sdOB 

3.3 OPTICAL DATA REDUCTION PROCEDURE 

3.3.1 Outline 

The optical data was reduced and analyzed entirely with the bnage Reduction 

and Analysis Facility (IRAF). This extensive software project, developed and 

supported by National Optical Astronomy Observatories (NOAO), is a collection of 

packages, subpackages, etc. and ultimately the tasks which are designed to handle 

processing of astronomical data. It is intended to be portable for a variety of platfonns; 

we run it locally on SUN workstations. The user interacts with IRAF via a command 

line interpreter called the d. I developed a script of cl commands to optimize the reduc

tion of our CCD data. This script performed the required processing steps in sequence, 

therefore, treating each night's data set in a uniform and consistent manner. 

The raw CCD frames were restored from the tape to disk fdes in IRAP image 

format using the task steward.rccd4th. Each IRAF image consists of two binary fIles; 

the image pixel fIle containing just the pixel values, and the image header me with 
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infonnation about the number of axes or dimensions, axis lengths, data type, etc ... In 

addition, the telescope observational parameters such as the RA, DEC, UT, AIRMASS, 

etc ... are also recorded in each image header. The header file of a spectrum must also 

include the dispersion relation as 1l.').J pixel. The reduction of a night's data set 

proceeded as follows; (1) removal of instrumental effects including bias subtraction, 

dark subtraction and flat-fielding, (2) correction for spectrometer distortion and wave

length calibration, (3) sky subtraction and extraction of the spectrum, and fmally, the 

(4) flux calibration and extinction correction. These steps are discussed next. 

3.3.2 Bias Subtraction and Trimming 

The CCO was readout one line at a time by a charge sensitive floating ampli

fier which sampled the electronic charges in each pixel potential well sequentially. In 

order to reduce the noise level, only a relative level of charge as opposed to the absolute 

number of electrons is sampled for each pixel well. The absolute electronic level of the 

amplifier during readout of each CCO line, also called the bias level, was determined 

f~om 20 fictitious columns, called the overscan section, which was added by the CCO 

electronics onto each line. In all, then 120x800 pixel elements were saved for each CCO 

image. Typically, the bias level ranged from 500-510 DC for all the nights overscan 

sections; however, single frames showed fluctuations of < 3 DC. This small difference 

along the columns did not appear to be consistent from image to image or night to night, 

although it was probably related to the exposure time. The bias level was removed from 

each line by subtracting the value of the curve which fit the average of the overscan 

values for each line. Mter this step, the overscan section was trimmed off. Since there 

was plenty of sky background available on either side of the object in each image, only 
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the central 50 columns of all h'le images were kept for the remainder of the processing 

steps. This reduced the amount of disk space and processing time. The overscan 

subtraction and trimming were executed as part of the IRAF task ccdred.ccdproc. 

3.3.3 Zero and Dark Subtraction 

The next level of bias correction, zero level removal, is secondary to the over

scan subtraction. Usually five dark exposures of zero exposure time, basically an 

on/off, were taken at the beginning and end of the night. These zero calibration images 

were averaged together, while rejecting pixels which fell outside a specified range. The 

net zero calibration image ranged in pixel value from 0 - 3 DC indicating only a small 

residual bias level or readout noise. This image was subtracted from the object images, 

the quartz lamp images and the dark calibration images (see below) as the next step in 

the task ccdred.ccdproc. 

Although the CCD chip was cooled to cryogenic temperatures with liquid N2, 

a small dark current still exists. Dark exposures, with the spectrometer shutter closed, 

were taken for at least 15 minutes at the start and end of the night. The two dark cali

bration images were combined by simple averaging. Upon comparison of the dark 

images, the global structure appeared to remain constant during the night; however, 

cosmic ray strikes became apparent. They are easily identified as point-like regions of 

2 to 6 pixels with large counts relative to the surrounding pixels. Since the small dark 

current was not well determined and also probably not very stable on a per pixel basis, 

only' the global structure was used as the calibration image. This structure was deter

mined using the task image.fitld. The net dark calibration was generated with the fitted 

values of a cubic spline along each 50 column wide line of the dark image. Values 
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outside a +/-30'nns' usually the cosmic ray affected pixels, were excluded from the fit . . 
The net dark calibration image averaged -8 DC/pixel/hour with a total range of -8 -

20 DC/pixel/hour. This image was scaled by the exposure time and subtracted from 

each object and quartz lamp image as the next step in the task ccdred.ccdproc. 

3.3.4 Flat-fielding 

The last of the CCO instrumental corrections was for variations in pixel-

to-pixel response, commonly referred to as "flat-fielding". Flat-fielding corrections 

were determined from the continuous spectra produced by quartz calibration lamps. A 

number of these, approximately equalling the number of object images, were taken 

during the night. Additional images were taken when the grating was tilted to access 

different regions of the spectrum, since individual pixels respond differently for 

different wavelengths. Net flat-field image were by separately averaging the flats for 

each grating tilt position. Pixels outside +/-30'rms were clipped from the average. The 

exposure times were typically 1 - 10 seconds, therefore, cosmic ray strikes were not a 

problem. Although the spectral signature of the quartz lamp could have been left in the 

flat-field and eventually removed from the object spectra during the flux calibration 

process, we determined that the presence of two larger scale wavelength dependent 

features in the quartz spectmm on the order of 200 columns wide and +/-15% deviation 

would make the evaluation of the instrument response function a more difficult task 

later. The task longslit.response was used to fit the l-dimensional average spectrum of 

all the CCO columns with three cubic spline pieces, then the net flat-field image was 

computed as the ratio of the input image to the fitted spectrum. This procedure is 

roughly equivalent to a high pass filter which removes the overall instrumental 
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response of the quartz lamp while preserving the high frequency pixel-to-pixel varia

tion. Apparently the quartz lamp fairly evenly illuminated the slit across our 50 colulTUls 

because little variation was observed in that direction. Each of the combined flat-fields 

was nonnalized to unity and divided into the object images as the last step in task 

ccdred.ccdproc. The effectiveness of this procedure was ascertained by flat-fielding 

one of the original quartz lamp spectrum, indicating that most of the structure of the 

pixel-to-pixel response was removed satisfactorily. 

3.3.5 Distortion Correction and Dispersion Calibration 

There was a slight misalignment between the CCD columns with the disper

sion axis of the spectrometer; moreover, a small intrinsic S-shaped distortion of the 

image plane was present. The result was that a point-like source appeared on the 

detector array as a very flat S-shaped image with a deviation of -6 pixels over the 800 

lines of the CCD. This pattern also changed for different telescope pointings indicating 

that there was some flexure in the instrument. If left uncorrected, this situation would 

result in subtle inaccuracies in the wavelength calibration and in a lower spectral reso

lution when the pixel values were summed across the stellar profde. The method used 

to straighten the image plane was to generate a 2-dimensional mapping function which 

would transfonn the real pixel coordinates (x,y) to a new set of rectified pixel coordi

nates (u,v). The new set of coordinates would have a rectified object image and a 

dispersion solution for the image lines. The fIrSt step was to identify the location of the 

centroid of the object every 20 lines in each of the object images using the tasks 

longslit.identify and longslit.reidentify. A sixth order Chebyshev polynomial was fit 

through these points using longslit.fitcoords making sure to delete stray object coordi-
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nates. Only a fIrst order polynomial was necessary in the cross-dispersion direction 

since there was only one object coordinate per line. The residuals of the fit were -G.O 1 

pixels. This fItting function then acted as a map of the user coordinate u=u(x,y). Using 

the same technique, a map of v = v(x,y) was created from a HeAr lamp comparison 

image which was exposed at the same telescope orientation as the object image. 

Approximately 32 spectral lines were identified in each HeAr image at 10 column 

centers. Similar to the first mapping, a 2-dimensional Chebyshev function, except with 

polynomial orders of 3x6, was fIt to these points resulting in residuals around 0.1 pixel 

or 0.1 A. The task longslit.transjorm inverted the two coordinate maps and generated a 

new rectilinear object image which was wavelength calibrated. During this process the 

transformed images were rebinned to an uniform 1.0 Npixel spacing where the J aco

bian of transforma~ion was applied to preserve the flux in each pixel. 

3.3.6 Sky Subtraction and Extraction of Spectra 

The subtraction of the sky's brightness and the extraction of I-dimensional 

spectra by summing the pixels across the stellar profile was accomplished with the 

IRAF package called imred.apextract. An aperture was determined independently for 

each object image from the upper and lower bounds of the stellar profile in the 

cross-dispersion direction. Each aperture usually comprised -10 pixels where the pixels 

outside the aperture were subsequently used to determine the level of the sky back

ground. With very few exceptions, the mean sky level would be the identical on both 

sides of the aperture. On nights with a bright Moon, the sky would contribute signifI

cantly in the observations of the faintest targets, thus making it vitally important for a 

good background subtraction. Also, narrow night sky emission lines (man-made) 



50 

would become visible during long exposures, but these lines did not interfere with crit

ical sections of the spectrum. The contribution of the sky brightness was evaluated for 

each image line by fitting a second order Chebyshev polynomial through the sky back

ground pixel values using a +/-30'nns pixel rejection criterion. The task apextract.

apsum was used to create a new I-dimensional spectrum by summing the background 

subtracted pixels within each aperture for each line of the 2-dimensional image. 

Upon inspection of the extracted count rate spectra, it was quite obvious 

cosmic rays sometimes affected pixels values included within the aperture sums. The 

counts went extraordinarily high for one to two pixels, then back to normal. These 

deviant pixels were corrected with the task images.lilleciean where the affected counts 

were replaced with interpolated counts from the nearest unaffected pixels. 

3.3.7 Extinction Correction and Flux Calibration 

The critical tIDal step was to determine the instrumental sensitivity curve, so 

the count rates couId be put on an absolute flux scale. The strategy was to observe cali

bration stars or standards several times during the night at each grating setting. Mostly, 

we observed well-known hot white dwarf standards, ie.Wolf 1346, GD 140 and 0191 

B2B, and hot subdwarf stars from Massey et al. (1988, hereafter Massey). Spectropho

tometric standard stars such as those of Massey have tabulated absolute fluxes, typi

cally reliable. to 1 or 2 %. The relatively high sampling frequenc~ (-2 A) of the Massey 

standards was a major factor in the success of our data reduction procedures. Earlier 

flux standards proved to be to coarsely sampled to permit accurate interpolation of 

fluxes at our spectral resolution. In addition, these white dwarf standards have well-m

odelled energy distributions. A library of Massey standard star fluxes and a mean atmo-
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spheric extinction curve for observations conducted at Kitt Peak are conveniently 

included in the IRAF distribution. 

The standard fluxes were binned at 25 A intervals in order to reasonably 

sample the broad hydrogen lines but still achieve a reliable instrument response func

tion. Instrument sensitivity (or response function) points were computed by accumu

lating the observed standard star counting rates within the 25 A bandpasses using the 

t~sk onedspec.standard. Then, a 5th or 6th order Chebyshev polynomial usually 
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Figure 3.1 SO 2.3m instrument sensitivity for 24 may 1988 using the 1200 I/mm grating tilted at 15.0·. 
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provided a good fit to these points (O'nns < 0.01 magnitudes) using the task onedspec.-

sensfunc. The integrated, telescope, spectrometer and detector sensitivity curve for our 

baseline configuration (see Figure 3.1) peaked around 4600 A, nearly at the extreme red 

end Of our spectra, with a gentle decline of approximately one magnitude towards the 

blue end at 4000 A. Lastly, the task onedspec.calibrate was used to apply the fitted 

sensitivity function to each spectrum. In addition, this task would compensate for the 

effect of atmospheric extinction using the factor 10.0 (O.4*ainnass*extinction) from the 

effective (time-averaged) airmass was recorded in each image header. Hence, the spec

tral monochromatic flux was calibrated in physical units of ergs cm-2 s-1 A-I. As 

mentioned previously, these fluxes should not be considered to be absolute due to the 

indeterminate amount of light which was rejected by the spectrometer slit and due to 

uncorrected variations of the atmospheric transparency from the by standard extinction 

values. 

3.3.8 Co-addition o/Similar Spectra 

After all the spectra from all the nights were converted to physical flux units, 

the highest possible SIN spectrum was obtained by combining the sPectra for each star 

which were of similar dispersion and spectral resolution. These spectra normally 

showed only a small constant scale difference resulting from the uncertainty in the rela

tive flux level. These differences taken into account before the spectra were combined. 

Using the approximation that the number of independent photon events is directly 
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related to the length of the exposure, the exposure time was used to weight each spec

trum accordingly. The weighted flux at wavelength i was then computed according to 

~ (Sj X f ij X tj) 
f. = --"1 ____ _ 

1 
~t. 
-4-1 
1 

(3.1) 

for the sums over the input spectra j with corresponding exposure time ~ and scaling 

factor Sj. The first spectrum of a sum would automatically be given a scaling factor of 

1'.0 and the remaining scaling factors were determined from the running weighted 

average of the previous spectra. 

3.4 MODIFICATIONS TO THE IUE SPECTRA 

Lyman a profIles for many of our stars were extracted from IUE SWP obser

vations. The original defInition of the IUE absolute calibration (Bohlin et al. 1980) is 

generally regarded to be accurate to +/- 10% level. Several researchers (Hackney, 

Hackney and Kondo 1982; Holberg, Wesemael and Basile 1986; Finley, Basri and 

Bowyer 1990) have measured wavelength dependent "artifacts" which exist in the IUE 

calibration. For our putposes of determining precise temperatures and gravities, it 

becomes necessary to modify the Lyman a fluxes in order to achieve the highest level 

of precision. 

Our treatment of the these profIles closely follows that described in Holberg, 

Wesemael and Basile (1986, hereafter HWB). However, in a departure from HWB we 
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have applied the temporal ~orrections for the large and small aperture SWP data 

discussed in Bohlin and Grillmair (1988). In addition, we have also employed the 

recommended corrections to the SWP wavelength scale (Thompson 1988), where 

appropriate. Applications of these corrections necessitated a redetermination of the 

"redwing" correction to the IUE absolute sensitivity in the 1150-1350 A region 

discussed by HWB. The resulting wavelength dependent correction to the JUE flux 

scale is quite similar to that found by HWB, but it is now consistent with SWP data 

corrected to a standard epoch of 1979.9. Such a correction is the short wavelength 

analog to the wavelength dependent sensitivity corrections discussed by Finley, Basri 

and Bowyer (1990, hereafter FBB) for JUE data longward of 1320 A. This new correc

tion is presented in Figure 3.2 along with the determinations of HWB and FBB. 

Our method for determining this new correction factor is essentially a boot

strap procedure using the results of the analysis of temperatures and gravities of the 

subset of about twenty of the hot DA white dwarfs withJUE SWP observations as listed 

in Table 3.1. This analysis was restricted to stars having high quality Lyman a profIles, 

temperature and gravity determinations and stars which spanned a wide range of effec

t~ve temperature. Multiple observations of each star were co-added according to the 

prescription of section 3.3.8 over the range from 1150 - 1950 A at a -1.2 A interval. 

The ratios of the observed UV spectrum divided by the best fit synthetic spectrum were 

combined after each was rescaled to the correction of FBB over the 1320 - 1950 A 

interval. It was necessary to shift some of the. spectra by up to +/- 4 A, although no 

systematic explanation was determined for the cause of the observed shifts. Also, the 

core of some of the Lyman a profIles were obviously contaminated with a residual 

geocoronal H I Lyman a emission component; the affected portion of these spectra 
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Figure 3.2 A comparison of the relative IUE SWP photometric conection derived here (histogram) with 
the conectioDS from other efforts. 

were not included in the combined correction factor. Finally, our new set of correction 

factors after binning to a 5 A interval to better represent the spectral resolution of the 

data is plotted in Figure 3.2 along with the other detenninations by HWB and FBB. 

Uncorrected spectra can be corrected by dividing this correction factor into them. The 

Lyman (l profIles which we use in the following analysis are derived from the photo

metric and wavelength corrected co-added sJ."ectra. 
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3.5 DETERMINATION OF TEMPERATURE AND ORA VITY 

3.5.1 Model Atmospheres 

Model stellar atmospheres attempt to predict the energy distribution of the 

emergent radiation, so that their predictions may be compared with observation. By 

defmition, we observe radiation emerging from the photosphere, at effective optical 

depth near unity, which for white dwarfs is a thin layer only -100 meters thick. The 

usual approximation is for model atmosphere codes to use a simple plane-parallel 

geometry, in which the physical variables of pressure, density and temperature become 

only a function of optical depth ('t). In practice, this assumption is quite valid and 

considerably reduces the complexity and the computation time required for these atmo

spheres. The gas in this region is not degenerate since no pressure is exerted from 

above, instead, it behaves much like an ideal gas. 

Typically, model atmosphere calculations proceed in two steps. The fIrst 

qetermines solutions for the physical variables over depth by satisfying specific equi

librium ati.! conservation conditions. These include the equations governing radiative 

transfer, hydrostatic equilibrium, radiative equilibrium and steady-state statistical equi

librium. When local thermodynamic equilibrium (LTE) is invoked, the Saba-Boltz

mann equations provide the equilibrium populations of energy levels resulting from a 

balance of radiative and collisional excitation and de-excitation rates. In the case of hot 

hydrogen-rich white dwarf atmospheres, the primary continuum opacity sources are 

from electron scattering and the free-free and bound-free transitions of hydrogen. 

Line-blanketed models, also include bound-bound collision cross-sections and transi

tions in order to predict detailed line profIles. These hydrogen absorption line are highly 
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collisionally broadened (Stark effect) due to the high pressure resulting from the high 

gravitational field. The second step computes the energy distribution of radiation 

through the atmosphere such that the integral of the emergent monochromatic fluxes Hv 

over all frequency space defmes the effective temperature (Tefl)' that is, 

00 

(3.2) 

where (j is the Stephan-Boltzmann constant. 

For the analysis of the optical and the UV spectra in this research, we exclu

sively employ pure hydrogen, plane parallel geometry, LTE white dwarf model atmo

spheres which include line-blanketing for Lyman a - () and Balmer 13 - E using the 

detailed line broadening theory of Vidal, Cooper and Smith (1973). These models are 

provided by F. Wesemael of the University of Montreal specifically for the analysis of 

DA white dwarf atmospheres such as those described here. They are essentially exten

sions of Wesemael (1980) computed with detailed flux points in the above mentioned 

line profiles. Our grid of more than 100 individually computed models consists of 33 

temperatures ranging from 16,000 -70,000 K for surface gravities of log g = 7.5,8.0 

and 8.5, and additional models at Teff = 13,000 K and 14,000 K for log g = 8.0 and 

another set with Teff=40,OOO -70,000 K for log g = 7.0. The emergent fluxes can be 

related to the observed flux by a nonnalization condition. We choose to apply the 

nonnalization using the computational monochromatic flux at 5500 A and the observed 

V magnitude according to 

f 3 57 10-20 lO-04xV ( -1 -2 -1 v = . x x . ergs sec cm Hz ) (3.3) 
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based on the absolute calibration of Vega by Tiig, White and Lockwood (1979). The 

stellar solid angle (R2{D2) is then related to the V magnitude through equation (3.3) 

and 

(3.4) 

3.5.2 Properties o/the chi-square statistic 

Detailed synthetic hydrogen line profiles are a powerful tool for determining 

a DA white dwarf's atmospheric temperature and gravity. From the optical and UV 

spectroscopic data, we fmd the best fit model atmosphere by simultaneously adjusting 

the parameters of effective temperature (T eff), gravity (g) and stellar solid angle 

(R2{D2) until the chi-square <X2) merit function is minimized. In this context the usual 

chi-square expression becomes 

(3.5) 

where fi is the observed flux corrected to the top of the atmosphere, Hi is the emergent 

synthetic flux, and (Ji is the flux uncertainty at each wavelength i for a total of N 

independent samples or points. 

The chi-square merit function has several useful properties when the measure

ment errors are known to be distributed nonnally (or nearly) about their mean values. 

In this situation, the chi-square statistic is parameterized by N - P degrees of freedom 



Table 3.3 Values of the AX2 which enclose specific confidence regions 

Confidence Level 

68.3% (lcr) 

95.4% (2cr) 

99.7% (3cr) 

Number of Adjustable Parameters (p) 

I 2 3 

1.00 

4.00 

9.00 

2.30 

6.17 
H.8 

3.53 
8.02 

14.2 
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where N is the number of statistically independent samples and p is the number of 

adjustable parameters. Then, we can the ascertain the goodness-of-fit by inspecting the 

statistical probability of a chance occurrence of the observed chi-square .. The rule of 

thumb is that a model is deemed to be valid when X2 - N - p, or rather that the model 

should be rejected when X2» N - P (Bevington 1969). In addition to this, Lampton, 

Margon and Bowyer (1976) show that the statistic formed from the difference (AX2) of 

the chi-square obtained with precisely known parameters is distributed with N degrees 

of freedom and the minimum chi-square obtained with the observed data is instead 

distributed withN - (N - p) = p degrees offreedom. Table 3.3 lists the values of Il.X2 for 

1,2, and 3 adjustable parameters which correspond to the equivalent 1cr, 2cr and 3cr 

normal distribution levels of confidence. The properties of the chi-square statistic can 

allow a determination of the best-fit set of parameters, an estimate of the uncertainty of 

each parameter and a statistical measure of the goodness-of-fit. 
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3.5.3 Treatment o/Uncertainties 

Although chi-square analysis can successfully detennine best fitting parame

ters under most circumstances, its effectiveness depends on the appropriate treatment 

of the data uncertainties. The optical and UV spectra are treated differently due to the 

nature of the instrumentation and the characteristics of the different hydrogen line 

profIles. We do not suggest that either the CCD or the IUE SWP provide us with 

normally distributed errors, but we do suggest that the uncertainties of the combined 

spectra are to some degree approximated by a normal distribution. Inspection of a histo

gram of a flattened CCD spectrum after removal of the medium to large scale features 

corroborates this assumption, but the histogram also reveals a small fraction of addi

tional outlier points on the tails of the distribution. These few points, however, are not 

extremely deviant. Considering that the optical flux and the instrumental sensitivity do 

not change appreciably across the profIle, the computed root-mean-square (Gnns) for 

the distribution is taken to represent the relative uncertainty of each data point. 

The UV flux, on the other hand, can change dramatically across the Lyman a 

profIle, sometimes falling below the lUE sensitivity threshold near the core making an 

estimate of the IUE uncertainties that much more uncertain. In this case the uncertain

ties at each point are estimated from the variance of the combined spectra, and when 

less than three spectra are available for a particular star, uncertainties are assigned from 

the uncertainties of similar spectra for other stars. Also as mentioned previously, some 

of spectra can be contaminated with a geocoronal Lyman a emission feature, therefore, 

we do not include the cores of the Lyman a profIles in the chi-square analysis. 
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3.5.4 Method o/Detailed Line Profile Fitting 

Our technique for detennining the effective temperature and surface gravity 

of a hot DA white dwarf is similar to that described in HWB where chi-squares are 

computed between each observed line profile and an effective temperature verses 

surface gravity grid of synthetic line profIles. The chi-square grids computed here are 

t;omposed of 51 x 41 points where each point reflects the parameters (T eff' log g) of a 

synthetic spectrum interpolated from the Wesemael grid of pure hydrogen models. By 

separately analyz~g each profile, we are also able to investigate the self-consistency of 

the profIles over the various wavelength regions. This provides a strong test of both the 

mutual consistency of the data set and a test of the co~pleteness of the models. The 

boundaries for each profIle are intended to include most of the equivalent width of the 

line without overlapping adjacent profiles. Using this as a guide, the Lyman a and 

Balmer ~ profIles were assigned the ranges of 1150-1350 A and 4720 - 5000 A, respec

tively, and due to the merging of the Balmer 'Y and ~ lines, their ranges are limited to 

4220 - 4460 A and 4035 - 4185 A, respectively. 

The synthetic optical line profIles are individually converted to a residual 

intensity scale by dividing the relative fluxes by a linear continuum selected from points 

in the far wings of each line. The observed spectra are converted in the same way before 

each chi-square value is computed. This procedure helps to reduce the sensitivity of our 

results to errors in fluxing and to make them somewhat independent of the local slope 

of the continuum. The synthetic UV fluxes, on the other hand, are normalized to the 

adopted visual magnitude (see Table 3.5) taking advantage of the spectrophotometric 

calibration of IUE. The effective leverage obtained from normalizing the UV spectra in 

the optical increases the sensitivity of the results to the slope of the continuum, there-
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fore, the effective temperature. In addition, the synthetic spectra are convolved with a 

kernel characteristic of the instrumental spectral resolution. The FWHM of the gaussian 

kernels applied to the IUE and ground based data are 5.75 A and 3.0 A, respectively. 

The best fit set of parameters is determined from the minimum chi-square of 

the combined grids for each star. The associated uncertainties in these parameters are 

estimated from an average of the differences obtained from the individual profile fits 

with their estimated uncertainty. The latter is measured from the projection of the 

AX2 = 1.0 contour level along each axis (Press et al. 1988). However, before these 

determinations are made, the chi-square values in each grid are corrected for the actual 

number of statistically independent samples. That is, the CCD spectra which are 

sampled at a I A interval represents an oversampling of the spectral resolution width of 

-2.5 A; therefore, the grids computed from the Balmer profiles are divided by the factor 

of 2.5. Similarly, theIUE oversampling factor of 5.74 A /1.2 A = 4.8 was divided into 

each of the Lyman a chi-square grids. 

The large number of chi-square grids are computed and analyzed using new 

software which I wrote to be a generalized analysis tool for the type of data described 

here under the stipulation that it would be fully integrated with 1RAF software, there

fore, utilizing the existing facilities for vector and image processing. This capabilities 

of this software package are explained further in Appendix A. 
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3.6 RESULTS AND COMPARISONS WITH PREVIOUS STUDIES 

The effective temperatures and surface gravities determined from the detailed 

line profIle fits for 101 hot DA white dwarfs are given in Table 3.5. The temperatures 

are rounded to the nearest lOOK and the gravities to 0.05 in the log due to the resolution 

of the chi-square grids. Also, included for reference are our adopted V magnitudes 

which were computed using a weighted average of the available photometry for each 

object, including the results described in Chapter 2. The next to last column gives the 

reduced chi-square of the best fit model computed from the minimum of the combined 

set of chi-square grids. A comparison of these values indicates a few extreme cases in 

which the fit should be inspected individually. Reduced chi-square values less than 

unity most likely indicates that the uncertainties in the data were over estimated. The 

last column identifies those objects with known or suspected spectroscopic compan

ions. The latter categorization is based on the mutual inconsistency of the line profIle 

fits in conjunction with an apparent red excess in the optical energy distribution. 

Although not plotted, the residuals in the optical spectrum for these objects, after 

subtraction of the white dwarf's contribution, are consistent with the presence of late 

type companion stars. 

Figure 3.4 (see page 71) presents in graphical form the results of Table 3.5. 

For each object in the sample, we show the 8X2 contour levels enclosing the joint lcr 

and 3cr confidence regions for the effective temperature and surface gravity derived 

from the observed hydrogen line profiles. For the purpose of improving the visual 

representation of the these plots, we did two things. First, we show only the combined 

contours (out of a possibility of two) for each line profIle. Also, the contours are drawn 
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using a consistent set of dash patterns corresponding to each hydrogen line; the solid 

line indicates a Lyman a. fit, the longest dash indicates a Balmer ~ fit, the next longest 

~ash indicates a Balmer 'Y fit, and the contours with the shortest dashes refer to a Balmer 

o fit. The advantage of this type of analysis is immediately apparent from the shapes 

~d relative orientations of the chi-square contours. Since each line profile's sensitivity 

to adjustments of the temperature and gravity behaves differently, the data, when 

analyzed together, mutually constrains the results to a high degree of precision and 

self-consistency over the entire spectrum. 

The other two panels of Figure 3.4 for each object we provide comparison 

plots of the best fit model spectrum with the Lyman a. and the Balmer data.These 

spectra should be interpreted carefully with consideration of the fitting procedure. The 

core of the Lyman a. profile is not involved in the fit, and the analysis of the Balmer 

profiles uses the residual intensity profile of each line not the fluxed energy distribution. 

The optical continuum is displayed only for inspection purposes because several 

objects, specifically those exhibiting composite spectra and others with large atmo

spheric extinction anomalies, illustrate the complications which can arise by fitting the 

energy distribution. The adopted V magnitude has been adjusted slightly for a few of 

the stars in order to get a better fitting Lyman a. comparison spectrum using the adopted 

temperature and gravity. This adjustment is reflected in the figure caption. Also, atmo

spheric extinction was added to a few of the model spectra to get a better looking optical 

continuum fit. These few situations arise with spectra which were observed at a high 

airmass and/or with less certain extinction corrections. 

These results represent a uniform and consistent spectroscopic analysis of a 

large set of hot DA white dwarfs; however, it does not constitute a homogeneous 
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Figure 3.3 Histograms of the log g and derived mass distribution for the 101 hot DAs in this sample. 
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sample of white dwarfs. We proceed with a statistical investigation of this sample. First, 

we fmd for the 101 hot DA white dwarfs, a simple mean log g = 7.925 with a sample 

variance of 0.346 and weighted mean oflog g = 7.974. Since we do not have the means 

of independently estimating the radius or mass individually for each star, we will make 

the standard assumption that the masses and radii of these stars follow the Hamada and 

Salpeter (1961) zero-temperature mass-radius relationship for degenerate Cl2 cores. 

This assumption allows us to estimate a unique mass from the spectroscopic gravity for 

each star. Applying this to our sample yields a simple mean mass of 0.539 MSUD' a 

weighted mean mass by their internal errors of 0.558 Msun and a sample variance of 

0.196 Msun.In reality, there are various non-degenerate effects which would lead to 

equilibrium radii that are in excess of the zero-temperature radii (Koester and Schoen

berner 1986, Wood 1990a). These effects will be considered elsewhere; at this point, 

we are interested in comparing these new results with other studies of large samples of 

DA white dwarf stars. 

Table 3.4 Comparison of these results with other studies 

Study <log g> <MIMsuO> (J <RIRsun> 

Shipman (1979) 0.0127 
Koester et al. (1979) 7.926 0.285 0.535 0.155 0.0120 
McMahan (1989) 7.940 0.340 0.546 0.192 0.0127 
These results 7.925 0.346 0.539 0.196 0;0127 

a sample variance 
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There are really only three previous efforts which to compare these results, 

and direct comparisons are complicated by a variety of presentations of the results. 

Generally though, when the comparative numbers are extracted from the references, 

our analysis is in substantial agreement with others (see Table 3.4). Shipman (1979) 

determines the mean radii of 110 DAs using multichannel photometry and Koester, 

Schultz and Weidemann (1979, hereafter KSW) analyzes a sample of 122 DAs using 

mixed broad-band, narrow-band and multichannel photometry. We interpret the KSW 

complete solution to more closely resemble our analysis since they also consider 

various subsamples of the data and make adjustments for their sensitivity to an absolute 

calibration. The samples for both these studies primarily consist of lower temperature 

'Yhite dwarfs, below 20,000 K, where color-color photometry is a sensitive tool for 

measuring temperatures and gravities. The only other spectroscopic study of a large 

sample of DAs is by McMahan (1989). He attempts to unifonnly fit the optical energy 

distribution of his sample of 55 DAs. After applying a luminosity correction his average 

results agree with ours and the other studies. 
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Table 3.5 Summary of the adopted atmospheric parameters 

WDNumber V cry Teff crTeff logg crlog g X
2
v notes a 

0004+330 13.85 .01 48100 1800 7.80 0.16 1.4 
0050-332 13.37 .02 36000 700 7.95 0.27 2.4 
0131-164 13.96 .03 45800 3700 7.90 0.43 1.4 1 

0134+833 13.08 .05 19000 300 8.00 0.12 1.5 
0147+674 14.41 .02 31000 200 7.75 0.05 1.3 
0205+250 13.22 .02 20000 300 7.70 0.24 2.6 
0214+568 13.65 .05 22200 600 8.05 0.13 1.4 
0216+033 14.48 .05 46400 800 7.60 0.24 2.7 
0227+050 12.80 .01 19200 300 7.80 0.11 1.1 
0232+035 12.56 .05 59800 3400 7.45 0.51 2.9 
0259+378 15.55 .03 31800 500 7.85 0.14 0.8 
0302+027 14.88 .02 36000 1400 7.75 0.22 1.5 
0320-539 14.83 .3 30700 3300 7.52 0.50 0.4 
0346-011 14.04 .02 43400 1700 >9 1.5 
0347+171 13.65 .05 34200 600 8.80 0.28 0.2 1 
0349+247 16.56 .03 33400 1200 8.45 0.25 1.1 
0406+169 15.30 .03 16000 300 8.30 0.09 0.7 
0410+117 13.68 .05 19700 100 7.80 0.07 0.6 
0413-077 9.53 .01 16900 200 8.05 0.09 0.3 
0425+168 14.03 .01 24000 500 8.15 0.18 0.8 
0429+176 13.94 .02 15600 1900 7.50 0.54 1.6 1 
0431+125 14.18 .02 20800 400 8.20 0.10 1.3 
0438+108 13.86 .02 27400 500 8.15 0.07 1.5 
0501+527 11.73 .01 58100 1300 7.45 0.15 1.0 
0548+000 14.79 .05 46200 3000 7.85 0.24 1.1 
0549+158 13.03 .01 33000 700 7.80 0.27 1.9 
0612+177 13.39 .01 25800 300 7.95 0.11 1.0 
0631+107 13.82 .01 27200 400 8.00 0.13 1.0 
0642-166 8.35 .1 24700 1000 8.65 0.30 0.9 
0644+375 12.06 .01 21400 300 8.15 0.09 1.7 
0651-020 14.82 .03 33800 1000 8.00 0.21 1.9 
0817+386 15.65 .05 26000 500 7.95 0.14 1.2 
0824+289 14.22 .03 48800 1900 8.20 0.31 1.7 2 
0836+237 16.66 .02 54200 4800 7.40 0.29 1.2 
0839+231 14.70 .05 26600 400 7.80 0.08 1.1 

a 1 = known spectroscopic binary, 2 = suspected binary 
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0904+511 16.54 .2 33900 1200 8.00 0.26 1.2 
0947+857 15.65 .2 50600 4300 8.35 0.35 1.6 
0954+697 15.95 .05 21600 800 7.90 0.14 1.5 
1001+203 15.35 .02 23100 2200 8.10 0.38 1.5 
1019+129 15.60 .03 17400 800 7.60 0.19 1.3 
1026+453 16.11 .05 35600 700 7.90 0.15 1.0 
1031-114 13.01 .01 26400 200 7.95 0.23 1.3 
1033+464 14.34 .05 30200 300 7.95 0.06 1.2 
1041+580 14.64 .05 30500 200 7.80 0.08 1.1 
1052+273 14.12 .02 23400 500 8.50 0.19 1.5 
1057+719 14.68 .2 41400 1300 7.80 0.17 1.4 
1104+602 13.80 .03 18600 400 8.15 0.06 1.1 
1113+413 15.38 .05 26200 1100 8.05 0.15 1.0 
1125+175 15.95 .05 53200 7700 7.95 0.52 1.3 
1126+384 14.93 .02 26200 800 8.10 0.14 1.4 
1132+470 16.40 .02 27800 1400 >9 1.4 
1134+300 12.49 .01 21700 400 8.50 0.12 1.4 
1.210+533 14.12 .05 52400 3400 8.00 0.41 0.9 
1211+392 16.48 .05 18800 1600 7.70 0.22 1.5 
1230+417 15.74 .02 20000 1000 8.10 0.22 1.3 
1234+482 14.38 .05 56200 1500 7.65 0.15 0.7 
1254+223 13.38 .02 39400 1400 7.75 0.29 1.5 
1301+544 15.70 .05 34000 1600 8.25 0.32 1.2 
1314+293 12.99 .05 54000 4400 7.60 0.38 1.2 
1330+473 15.29 .01 22800 1300 8.05 0.21 1.3 
1333+524 16.33 .02 16000 1200 7.30 0.33 1.5 
1337+705 12.77 .01 20700 500 7.95 0.18 2.2 
1353+409 15.52 .03 24400 1200 7.45 0.21 1.3 
1403-077 15.74 .05 40200 3600 8.40 0.40 1.3 
1408+323 14.03 .05 18600 200 7.90 0.05 2.0 
1413+231 16.31 .05 21600 1400 7.65 0.32 1.3 
1415+132 15.34 .02 33600 700 7.40 0.27 1.3 
1429+373 15.28 .02 35000 800 7.85 .0.14 0.8 
1449+168 15.44 .02 21600 1000 7.90 0.33 1.4 
1507+220 15.12 .2 19200 600 7.85 0.13 1.8 
1527+090 14.29 .03 21000 500 7.90 0.09 1.4 
1535+293 16.07 .05 24000 1200 7.85 0.26 1.4 
1547+057 15.91 .05 22800 1100 8.70 0.30 1.5 
1615-154 13.46 .01 30200 400 8.05 0.17 1.8 
1620-391 11.00 .01 24800 200 8.25 0.10 0.6 
1620+260 15.52 .03 25000 1700 7.45 0.27 1.4 
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1626+409 16.24 .05 20800 1200 7.85 0.21 1.5 
1631+782 13.28 .05, 42500 1300 7.60 0.28 1.7 
1635+608 15.82 .03 24400 1100 7.95 0.21 1.4 
1636+351 14.83 .05 37200 1200 7.95 0.17 1.2 
1637+335 14.65 .05 16800 600 7.00 0.25 1.9 2 
1640+113 16.03 .04 19400 900 8.00 0.26 1.4 
1643+143 15.38 .02 27400 2600 7.90 0.48 1.9 1 
1713+332 14.53 .01 22400 500 7.45 0.19 1.6 
1725+586 15.45 .05 58200 2800 8.20 0.26 1.2 
1800+686 14.74 .04 46200 1700 7.80 0.26 1.8 
1845+019 12.95 .05 30000 400 7.90 0.18 2.1 
1845+683 12.95 .03 37500 1400 8.25 0.19 I 1.3 
1910+047 16.91 .05 20100 1500 8.10 0.25 2.2 
1918+110 16.07 .03 19800 1100 7.85 0.36 1.4 
1936+327 13.59 .01 21200 300 7.85 0.13 1.6 
2023+390 13.38 .01 24800 400 7.95 0.22 1.5 
2032+188 15.34 .05 18400 300 7.45 0.12 1.3 
2032+248 11.53 .01 20400 200 7.90 0.08 2.7 
2039-202 12.34 .02 19500 400 7.85 0.13 2.5 2 
2044-043 16.4 .2 19400 800 7.00 0.22 2.1 2 
2111+498 13.08 .02 39800 1100 8.05 0.31 2.4 
2116+736 15.11 .2 50500 2800 7.95 0.21 1.1 
2120+054 16.25 .01 34600 1500 7.70 0.38 1.2 
2240-045 15.21 .02 45000 2500 7.70 0.27 1.7 
2309+105 13.09 .01 56200 1700 7.80 0.32 1.2 
2349+286 16.26 .05 36800 1700 7.85 0.38 1.3 
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Figure 3.4 The following 51 pages present in graphical fonn the results of the hydrogen line profile fits 
for 101 DA white dwarfs. The 10' and 30' confidence regions of effective temperature and surface gravity 
obtained from the X? analysis of the observed line profiles are shown in the upper left plot. The contour 
dash patterns correspond to specific line profiles; the solid line indicates a Lyman a. fit, the longest dash 
indicates a Balmer P fit, the next longest· dash indicates a Balmer y fit, and the shortest dash indicates a 
Balmer 0 fit. The synthetic spectrum which best fits the available data is plotted with the Lyman a. and 
Balmer data in the other two panels. Although the optical continuum is shown for comparison, the 
analysis was carried out separately for each profile on a residual intensity scale. Some stars exhibit a 
composite optical spectrum where the excess flux might be due to a late-type companion star. 



WDOOOH330 

0.5 -!. .. :::::~~. 

II -

7.5 . 

"'" 
~ 
illl 2xlO-12 

'I 
E 
" III 
bIJ ... 
~ 
..:f 

WDOOOH330 

T,JI = 48.100K 
[,og g = 7.80 
V = 1:I.Il~ 

72 

7 _ .. I __ L.L_L_I.._L...L. 1 __ 1.._1.. .. 1. 

40000 42500 45000 47500 50000 52500 55000 
Tcff (K) 

o ---1_1_._L.. ... L .... L .... :'. ___ l._. 

1150 1200 1250 1300 1350 

..j 

" .~ 
;; 
Ci ... 

wavelength (1) 

.. ,- ... -.---- .. -·,-·--·--·----r--·----T----'-·---· '-'--'i-- .-- --- r' 

2.25 

2 

1.75 

1.5 

1.25-· 

1.-.--- ..... __ 1 - .... 

4000 

WD0050-332 

0.5 . 

4500 
wavelenglh (A) 

"'" 3xlO-12 

~ 
i 

~750 

W1l000~ I :lao 
T,II '" 4{1, lOOK 
1.og II 7.0(J 

WD0050-332 

OIl 

III 

~, .. 2XIO-12 , 
!lC 0 -o 
-l 

7.5 .-

7 _. __ 1....1.. __ 1._.1 ... 1 __ 1 __ 1 __ 1..._'-__ . 
30000 32000 34000 36000 38000 40000 

T", (K) 

E 
" III 
bIJ 
I-

~ 
..:f 

10-12 
T,JI = 36,000K 
[,og g = 7.95 
V = 13.37 

0-----1 ... J __ ._.L __ 1. ___ I_ 

1 ISO 1200 1250 1300 
wavelength (1) 

.. -.- -T--'--" .• -----.,.- .------'------r------,----.-.- --1---' .- .. - 1 

2 .. 

.~ 1.75--
;j 
"ii 1.5-
... 

1.25 

1 ---- _.---1 _____ ._...!. ____ -'-___ -'.' ___ --1 __ 

~OOO 4 250 ~500 
wavelenglh (A) 

4750 

WOOOfiO 3~12 
'1',11 '" :l6,000K 
1.og g Co 7.95 

1350 
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'>C 
0 
..J 
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be 
o 
..J 

"j 

C) 

.:: 
~ 
C) ... 

WD013l-l64 
9r-~~~~--~-'--~--'-~ 

. ~'. , .... : 0.5 :.:<-; 
' . . -' , 

U- \ , . 
I 

I 
I 

7.5 .-
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7 .. _- L .. __ L:_i =-_L-L-.I_ . ..L.. 

35000 40000 45000 50000 55000 
T." (K) 
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--------------,-------,------,,------,-------r-------

1.2 

1 -----.--~ 
4000 4250 

WD013H633 

7.5 -

WIJOI:l1 164 
T.n "- 45.600K 
Log g .. 7.90 

4500 
wavelenglh (A) 

""" 
~ 
i., 

't e 
0 ., 
bD ... 
~ 

~ 

8xlO 13 

4XlO-13 

2xlO-13 

WD0134+833 . 

Tell = 19.000K 
r.og g = B.OO 
V = 13.08 

o __ .....L... __ .~ __ -.l. __ .l. ____ L ___ L __ 

1150 1200 1250 1300 1350 
wavelenglh (A) 

--:-----,-----,1:."0 y--------y--------,------,,------,-----,---- ---

2 

Ui -

4boo 4250 4500 
wavelenglh (A) 

4750 

1\'00134 10:13 
T.n': 19.000K 
Log g ~ 11.00 

5000 
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B.5 -

~ 

~ 
0 

B-
..J 

7.5 -
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29000 

1.75 
tI 

~ 
:II 1.5-

"il ... 
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WD0147+674 
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... ~ .. -: ... ' 

I .-.1.. 1 I 
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1------~·------~~--·~~----~~ 
4000 4250 

I 
-----c4c:-'75:-:0--,-·--L-- 5000 
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~ 5xlO- 13 

.. 
tlII r.. 
~2.5xlO-13 

WD0205+250 

T.ll = 20.000K 
Log g = 7.70 
V = 13.22 

g50 Ltioo 1250 Idoo . ...11350 
wavelength (,\) 

I' 

WD0205+250 
T,n = 20,OOOK 
Log g ~ 7.70 

5000 
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/I -
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10.12 n;r--,--,-r-rr-----,----r-----,---, 

,., ~I 
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:., 6XlO-·3L 
'E I· 
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~ 2XlO·1l 
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I-

'~~i' 

T,lI = 22.200K 
l.og g = B.05 
V' 1:1.65 

75 

Ol __ . .L .. _J_.~_.l_-L._ ... ~. __ .1 ... 

1150 1200 1250 1300 1350 
wavelength (A) 

.----,----_ ...... -. - ....... -

WIl0214 I f,61l 
T,rr '" 22.200K 

.: Log Il ~ 1l.05 

o 2.5 -
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1.5 

I ... -- .. -..... .1 .. -- .--.. • __ .. J ... __ ._. __ L ___ J._. _____ .... __ J. ... 
4000 4250 

1l.5-

Il --

7.5 .-

WD0227+050 
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........ :~.:: ;';:'~; .... ';, 
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~ I ..... i ,. 

I • ., , ,: 

: .':"' ....... _~.J 
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7 _L._L_.L_I ___ L . .l. __ l __ L._L_ 
14000 16000 1BOOO 20000 22000 24000 

T", (K) 

4500 4750 5000 
wavelength (A) 

r----,----,----,-----,-----r-------------

2 

1.5 

I 
4'00-0 ---L--'-'-42:':-5-0--' 

WIl0227I 050 
T,rr ~ 19.200K 
t.og g = 7.!l0 

I __ I ___ --L. ___ _ 

--45-:'-0-0---'-----4750 5000 
wavelenglh (A) 
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t;) 
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Toll (K) 
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'I 
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!2.5xlO·12 
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WD0232+035 

T.u = 59.BOOK 
I.og g = 7.45 
V, 12.56 

g'=-50,--.l......-12"=OO-.L12ra--L·-drio . I .. 1350 
wavelength (A) 

, . 

1 ._ .. ___ .I ____ ...:... _____ L-._ .. _l.. _____ ---1 ~-~ ____ L._ 

4000 4250 4500 4750 5000 

WD0259+37B 
9 

........ 

8.5 .-. ' . 

8-

7.5 -

, ........ 

..... :::,(:~\>\ 
>. 

-,- .... _ .. ' 

7 __ .. 1_ .. 1... _t. __ .L __ L..J.. __ J __ .. I.. ... L_ 

26000 2BOOO 30000 32000 34000 36000 
Toll (K) 

wavelength (A) 

2.5 ... -----,.-----r----.,.------r-.. --.. --,-- .. 

2-

1.75 

1.5 

1.25 -
_L __ --1 __ _ 

4500 
wavelenglh (A) 

WIl02591378 
T.IT .=. :II.HOOK 
I.og g = 7.85 

5000 
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o . __ .. ,--_J __ .. ..L __ • J._..l. ____ L._ .'-_ .. 
1150 1200 1250 1300 1350 

wavelenglh (A) 

-r-----r·----::: 
1I'1l03021027 
T," =- 36.000K 
I.og g = 7.7S 

I -- ... - ... -- .. -I--.--.. -.--.. ~ .. ____ -'-_. ____ L __ . ____ ._.J_. __ . __ . _'- __ . ___ -1. _____ _ 
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wavelengLh (A) 

WD0320-539 WD0320-539 
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8.S -. It 
i 6xlO 13 
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I 
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-l 
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7 __ I 1 ..J__L_L...L _I_LI_ 
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~ 

2xl0 13 ___ Tdl = 30.700K 
Log g = 7.52 
V ~ 14.83 

o __ ..L __ J_.----L_._ ... L--L.......l-.J. __ -
1150 1200 1250 1300 1350 

wavelenglh (A) 
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V ~ 14.12 

o ---l_-1. __ I __ J _ .. _.1 __ ._'-__ -1. __ 
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1150 1200 1250 1300 1350 
wavelength (A) 

.----,------,' ----,-----,.----...,.-1----,-·---··---

W1J0346-011 
1',rr '" 43,400K 
Log g = 9.00 

.:: 1.75 .-
;j e 1.5 

1.25 

I __ --1. ____ : ___ .LI ___ -.!:' .,,--___ L ___ -::-': 

4000 4250 4500 5000 

WD0347t171 
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7·_J._l._·-L-.l __ ·l. __ J __ L_L_J_ 
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Tefl (K) 

wavelength (A) 

g50 

WD0347t171 

Toll = 34.200K 
I.og g = B.BO 
V = la.65 

_-1. ___ .L.. __ L--.l __ !...._ .L_ 

1200 1250 1300 1350 
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be 
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". i .. , , ...... 

.. I '.' I .... I 
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\.... .. .. ,.... ,,, 

~\~ 
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35000 

Tefl (K) 
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40000 

"'~ 

-

45000 

~~--'--T-'----'-= 

WIJ0349 1247 
T," '" 33.400K 
Log g " 11.45 
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<:> 1.75 
.~ 
;j 
a; 1.5 .. 

1.25 

1 _. ___ ~ _____ J::-:--_.......L-.!. _____ L---1 ____ -L ____ .L_._ .. ____ _ 

4000 4250 4500 4750 5000 

WD0406+169 

7.5 .-

7 __ -1 __ -,-I -'---'_ 
14000 15000 

wavelenglh (iI) 

3.---::-:--r--'~~---~----.-----r------r----r---

2-

1.5 .-

4500 
wavelenglh (A) 

4750 

WD0406'1169 
T," = 16,000K 
Log g ~ 8.30 

5000 
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9 
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tlC fJ -
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7~_L .. l--l 1 L_ 
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9 I I I I 
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I tlC 

tlC 6- -
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..] 

7.5 -
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T.n (K) 
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III 
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~ 

.:f 
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6x1O-13 

4xlO,I3 

2x1O· 13 
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Tell = 19.700K . 
Log g = 7.BO 
V ~ 1:1.68 
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o -L- 1 '-.A L-L-~_L __ _ 
1150 1200 1250 1300 1350 

wavelength (A) 

WDOU3-077 

':;.25x\0 II 
!..: 
i 

III 

'1 S 7.5x 10-12 
() 

III 5xl0' 12 -tlC ... Tell = 16.900K Gl 

:; 2.5XI0-12 Log g = B.05 
V, 9.53 

g50 
__ L._J_L-.. 

1200 1250 1300 1350 
wavelength (A) 



~ 
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-I 

WD0425+168 

6.5 -

B·· 

7.5 -

7 -L-L_L-..Ll.....L--l_--L'-'-
21000 22000 23000 24000 25000 

Tet! (K) 

7 
§ 5xl0 13 _ 

III 
bD 

~2.5xl0-13 

WD0425+166 

T,lI = 24.000K 
l.og g = 6.15 
V = 14.03 

81 

o -L--l __ L-L.-L-..:.:_-'-_ ~ 
1150 1200 1250 1300 1350 

wavelength (A) 

,~~----r-------'r-----~r-----~------~-------.-------r, -------
W1l0425~ 168 
T," '" 24.000K 
I.og g c· 8.15 

1 ------'------1 :--_-"_-L ______ ~I :--____ -'-_____ 1 __ .----1 __ .. __ . 

4000 4250 4500 4750 5000 

WD0429+176 

1.25-

wavelength (A) 

'C 2x10-13 

i 
to VI 1.5xl0-13 

'S 
() 

VI 
bD ... 
-!. 5xl0· 14 -

WD0429+176 

o ___ L. ~ __ -'-__ ~ __ J_ 

1150 1200 1250 1300 1350 
wavelength (A) 

W1J0429+176 
T," = 15,600K 
I.og g = 7.50 

I I 
kO~0---~L-----~42=5=O---J~L----~4'~50=Or----~----~4=75=O------L- 5000 

wavelength (A) 
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0 
-l 

WD0431+125 

7.5 

1~000 19000 20000 21000 22000 23000 
Tell (K) 

WD043B+10B 
9 

B.5 

B 

7.5 -

7 
24000 

4750 

Wn04:l1·1125 
T,rr = 20,BOOK 
I.og g = 0.20 

lYIJ043BHOB 
T,rr = 27,400K 
I.og g :. 0.15 
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OQ 
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o 
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~ 
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OQ 
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o 
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~ 
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> 
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8 
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i 
OJ .. 
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U 

~ !. 5xlO-12 

~ 

WD0501t527 

T.a = 58.l00K 
Log g = 7.45 
V = 11.73 

I 

83 

H50 1200 1250 1300 1350 
wavelength (A) 

..... =------,,-----;----,----,-----r----,---.r----.-

2.25 

2-

1.75 -

1.5 

1.25 -

WIl05011527 
T,n = 58,1 OOK 
Log g ~ 7.45 

1 ~-----~-------~----~-----~_--_~I--_--.~ 
4000 4250 4500 4750 

wavelenglh (A) 

WD0548tOOO 
9 -___ I 

I I 

-

7.51- -

7L-~~1.~ __ ~1 __ L__L_1~~ 
35000 40000 45000 50000 55000 

Tet! (K) 

1.81"""':'",,---,-------.-------,----,------,----,------,-----, 

1.4 

1.2 

4boo 4250 4500 
wavelenglh (A) 

4750 

W1l0548·fOOO 
T.rr = 46,200K 
Log g = 7.85 

5000 
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o 
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o 

....l 

Q) 

.~ 
OJ 
Qj 
r.. 

WD0549+15B 

7.5 -

36000 

1.6 

1.4 

1.2 -

4250 

WD0612+177 

6.5 -

6 

7.5 -

7.L' ',I '_-I 
23000 24000 25000 26000 27000 2BOOO 

Ttl! (Kl 

N 

'5 2xlO··12 

I/) 
I>D 

.!. 10-12 

84 

WD0549+15B 

T.11 = 33.000K 
Log g = 7.BO 
V = 12.99 

PI'::-50=--L--:-:12"::00=--.L--:-::12~Ottoo---L--1350 
wavelenglh (A) 

wn0549-1156 
T.rr " 33.000K 
Log g = 7.80 

4toO=----..l----:4=is-o _____ 1 __ -_ ... _. 5000 
wavelenglh (Al 

...... 2xlO-12 

~ 
i I/) 1.5XlO-12 

N 

'e 
o 
I/) 
I>D r.. 
.!. 5xlO-13 

WD0612+177 

T.11 = 25.BOOK 
r,og g = 7.95 
V ~ 13.39 

r~~----r-----~r------'-------'-------"-------r-------r-------

2.5 

2 

1.5 

4250 
I 

4500 
wavelenglh (Al 

I 
4750 

wn061211?7 
T.rr = 25,BOOK 
l.og g = 7.95 

5000 
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o 

....J 

tlO 
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o 

• ....J 

WD0631+107 

7.5 -

7 __ J._LL __ ~_~ 
24000 25000 26000 27000 2BOOO 29000 

Tefl (K) 

2.5-

2 

1.5 -

4250 

WD0642-166 

85 

WD0631+107 

'C 1.5x10 l2 

i 
" 

'fa 10. 12 

o 

" ~ 5x10 l3 _ 
~ 

Toll = 27,200K 
Log g = B.OO 
V = 13.B2 

P1'::C50:-''---c1c::!20:-:0,.-l~1 ~o-L-13'oo·-1. --1350 

4500 
wavelenglh (~) 

"'" 
~ 
i" 6xlO-

11 

'fa 
o 4x10-1I 

" bD .. 
~ 2xlO-11 

wavelength (A) 

4750 

WIJ06:111107 
T.~ = 27,200K 
Log g ~ f1.00 

WD0642-166 

Toll = 24,700K 
Log g = fI.65 
V = 7.83 

5000 

_L-L---L--1._ 
1200 1250 1300 1350 

wavelength (A) 
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...... :::::' ~~: --; ~' 
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WD0651-020 
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7 I I I I I 
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4boo 4250 

4xlO-12 

..-... 
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1 
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'1 
8 2xlO-12 

CJ 

III 
00 .. 10.12 
.!. 
~ 

fl50 

4500 
wavelcnglh (A) 

WD0644+375 

Tell = 21.400K 
l.og g = 8.15 
V = 12.06 

W1l0644t375 
T.n '" 21.400K 
Log g = 8.15 

WD0651·020 
T.n '" 33.800K 
Log g = 8.00 
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1350 

5000 

5000 
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1.2 

-1250 

WD0824+289 

4250 
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wavelength (A) 

-1500 
wavelenglh (A) 

wn061713B6 
T.rr = 26,OOOK 
Log g ~ 7.95 

--L _______ L. _____ .. 
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4750 5000 

-1750 

Wn0024+289 
T.rr = 4B,BOOK 
Log g = 8.20 

5000 
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bO 
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Tet! (K) 
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1.25-
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1
000 4500 

wavclenglh (A) 

4750 

4750 

WD0836 1237 
T,n = 54.200K 
Log g = 7.40 

WD0839+23I 
T,n = 26.600K 
Log g = 7.80 
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5000 

5000 
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T,rr = :l3,900K 
Log g '" 0.00 
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1 __ . ____ r ________ "--'-_-L ____ -L-___ =~:::_'_---L----. 

4000 4250 4500 4750 5000 

WD0947+857 
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f ". \ I,., 1 }/ I \_ 

8 - I '-~_~ r 

: .. • .. 1 \ .... .-:' ,'! 
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4500 
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WD0947t857 
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4500 
wavelenglh (A) 

4750 

WIl095H697 
T,IT -= 21,600K 
I.og g = 7.90 

IYIlI00H203 
T,II -= 23,IOOK 
Log g = B.IO 
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4 SOFT X-RAY PHOTOMETRY 

4.1 INSTRUMENTS 

4.1.1 The Einstein Observatory 

A complete description of the HEAO-2 satellite, better known as the Einstein 

x-ray observatory can be found in Giaconni et al. (1979). It made over 5,000 targeted 

observations from low Earth orbit during the period of November 1978 to April 1981. 

These were the fIrst extensive set of x-ray observations using large mirrors which 

provided thousand-fold increase of sensitivity over previous missions. The high reso

lution mirror assembly theoretically provided an effective area of -400 cm2 at 0.25 ke V 

by employing four nested grazing incidence mirrors in a Wolter type I configuration. 

The Imaging Proportional Counter (IPC), one of four focal plane instruments 

on-board Einstein, is a gas-filled position sensitive proportional counter. It imaged a 1· 

square field of view with -I arcminutes angular resolution. X-ray photons ionize the 

gas in the counter, producing a cascade of charge which is collected on an anode wire 

grid sandwiched between two cathode wire grids. The energy and position of a photon 

"event" are measured, respectively, from the intensity and rise time of the electrical 

pulse received by the electronics. Background events (non x-ray) are rejected using 

c!lincident signals from a similar detector except blind to the telescope fIeld of view, 

and UV photons are absorbed by a Lexan entrance window covering the detector. 

Events are resolved into 63 J.1S time steps and discriminated into 16 energy channels 

over the range from 10 eV - 14 keY, however, the lowest energy channel (0) contains 
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primarily electronic noise. The peak sensitivity of the IPC to a soft spectrum from a 

white dwarf comes primarily from the 50 - 100 A band. The photon events for each 

exposure are mapped into an [PC image composed of 1024 x 1024 pixels at 8 arc sec

onds/pixel. Since the outer edges of the full field of view are contaminated with scat

tered photons, the standard processing masks the images to the central 60 x 60 

arcminutes. Also, the point response function for softer energy x-rays becomes larger 

due to the greater uncertainty of their position resulting from the smaller signals. For 

instance, on-axis 0.16 keY x-rays spread into a gaussian shaped distribution 3.3 

arcminutes full-width at half-maximum. Off-axis x-rays have a similar effect. 

4.1.2 The EXOSAT Observatory 

The EXOSAT observatory made 1780 observations during its lifetime from 

May 1983 to April 1986 (White and Peacock 1988). Among its other instruments, the 

satellite has two identical low energy (LE) imaging telescopes. They, like the Eillstein 

observatory, incorporate a Wolter type I mirror geometry except employing double 

nesting giving them a total geometric area of 90.5 cm2. Each telescope is fitted with a 

channel multiplier array (CMA) detector and a proportional counter (like the IPC). The 

proportional counter in both telescopes failed immediately after powering up and, not 

very long into the mission, the CMA on the second telescope also failed, leaving just 

the CMA on the LEI telescope operational. Therefore, most of the observations were 

taken with this instrument. 

The CMA has no intrinsic energy resolution, but spectral information is 

obtained using five broad-band photometric fIlters. These are referred to as the thin 

lexan (3Lx), the thick lexan (4Lx), the aluminum-paralyene (Al/P), the boron (B) and 
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the polypropylene fIlters (PPL). The integrated bandpass of the LE telescope, fIlter and 

CMA response is from ....().05 to 2keV (5 - 300 A) depending on the choice of fIlter. 

The "soft" fIlters, for example, the thin lexan and the aluminwn paralyene have effec

tive bandpasses of 44 - 150 A and 44 - 240 A, respectively. The field of view of the 

CMA covers a diameter of 2° with its angular resolution limited by that of the mirror 

assembly (-6 arcseconds). CMA images are converted to 2048 x 2048 pixels at 4 

arc seconds/pixel. 

A few spectroscopic observations, using either of two transmission gratings, 

were obtained before its articulation mechanism began to fail. These important obser

vations included the three hot DA white dwarfs HZ 43, Feige 24 and Sirius B (Paerels 

and Heise 1986a, 1986b, 1988). 

4.2 OBSERVATIONS 

A list of candidate DA white dwarfs which met our temperature and lumi

nosity criteria was compared to the logs of the Einstein IPC and EXOSAT LE images. 

Approximately 31 stars were expected to lie within the domains of existing images. 

These stars and the corresponding images are given in Table 4.2. The Einstein images 

were analyzed at the Center for Astrophysics in Cambridge, Massachusetts during a 

visit in August 1988. The EXOSAT images were analyzed during a visit to the X-ray 

Astronomy Group at the University of Leicester in the United Kingdom in April 1989. 

The Einstein IPC and EXOSATLE images were searched at the coordinates of 

known DA white dwarfs for possible serendipitous occurrences. When no source 
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greater than 40- above background was detected, an upper limit to the count rate was 

computed. Similar procedures were used to extract the raw soft x-ray count rates from 

both types of images. Since spectral infonnation could not be derived for any of our 

objects from the IPC images, the softest energy channels (1-5) were added together. 

The total counts (N) were measured at the white dwarf coordinates within a 6 x 6 

arcminutes box for the IPC and a 100 x 100 arc seconds box for the CMA because of its 

higher angular resolution. These rather large box sizes were used in order to minimize 

the effects of the broadened point spread function of soft photons incident from off-axis 

angles. The background counts (B) were determined in the IPC images using the same 

size box positioned at several adjacent locations, while for the EXOSAT fields, a back

ground box centered on the source box that was 3x larger was used. Also for the 

EXOSAT fields the background counts are rescaled for the size of the source box. 

These soft x-ray observations are summarized in Table 4.2. The Einstein and 

EXOSAT fields which were investigated are listed with each white dwarf catalogue 

designation (McCook and Sion 1987). The observational data pertaining to each image 

are listed in the order of; the instrument or fIlter used for the observation, the image 

sequence number (Einstein) or year and day of the observation (EXOSAD and the 

angular position off-axis for the object in the field in arcminutes. Following these 

columns are the results of our extracted count rate data. The exposure live time given 

refers to the net exposure time for the field center after corrections for signal interrup

tions and detector dead time. Also, the count rate correction factor which was deter

Q'lined individually for each image is provided. In IPC images, this is a standard 

vignetting correction due to the effective exposure time varying across the detector 

because of shadowing by the ribs and due to pointing errors during the observation. For 
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EXOSAT images, the correction factor adjusts for the fraction of source photons falling 

outside the source box which is estimated from the known point spread function. 

Finally, the background subtracted counting rate, listed in the last column, is computed 

from the simple formula, 

(4.1) 

Standard Poisson statistics are used to establish the count rate uncertainties and 30' 

upper limits listed in Table 4.2. The analysis of the soft x-ray upper limits will be 

reported elsewhere. 

1hls specific search of the soft x-ray databases resulted in the detection of 

two new sources and a very marginal detection of third source in IPC images. One other 

detection was found in a thin lexan fIlter image of the EXOSAT LEI telescope. TIuee 

of the four sources coincide with the locations of the white dwarfs KPD0631+1043, 

PGll13+413 and VR 16, however, the soft x-ray emission measured for the second 

IPC source probably is not due to the coincident DA white dwarf (WDI449+168). In 

the latter case, the estimated location of the source is approximately 2.5 arcminutes 

from the coordinates of the white dwarf, and from the analysis of the Balmer line 

profIles (Teff = 21,600 +/- 1000 K), WDI449+168 appears to be too cool to be an 

responsible for the observed flux. For all the objects in this soft x-ray selected sample, 

the analysis of the broad-band soft x-ray photometry has been substantially enhanced 

through an independent determination of the stars effective temperature and surface 

gravity using complementary optical and UV spectra (see Chapter 3). 
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In addition to this search, we have also re-examined three previously reported 

soft x-ray observations (GD 125, GD 222 and WDI910+047) where the effective 

temperature of the star was in question. These results are also reported here. First, we 

l?riefly review the observational status of these three stars and the three detected stars 

in our list. 

KP D0631 +1043 = WD0631 + 1 07 - This white dwarf was first identified in 

the Kitt Peak-Downes (KPD) survey of UV -excess objects in the galactic plane 

(Downes 1986). In spite of its relative brightness (V = l3.82) and blue color (B-V = 

-0.17), no follow-up spectroscopic observations appear to have been published. 

KPD0631+1043 was independently noted as a serendipitous soft x-ray source in an 

Einstein IPC field by us and by Cordova et al. (1991) as part of independent searches 

for ultrasoft x-ray sources in the Einstein IPC database. 

No prior analysis of either the optical/UV spectra of this star or its soft x-ray 

flux exist. Our analysis of the Balmer profIles (~, yand 0) yields the best fitting param

eters of Teff= 27,200 K and log g = 8.0. The Lyman a profIle, on the other hand, is best 

fit by Teff = 28,000 K and log g = 8.5. Better agreement between these two results can 

be achieved if the observed visual magnitude of KPD063 1 + 1 043 was increased slightly 

by -{).05 magnitudes. However, on the basis of the results of the UBV photometry of 

Kidder, Holberg and Mason (1991) an adjustment of this size does not appear to be 

possible. Other possible effects which could influence the UV, as interstellar reddening 

or contamination of the V band by a faint companion would increase the observed 

discrepancy. 
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PG1113+413 = WD1113+413 - Detection of this DA has been reported by 

Giommi et al. (1991) in the EXOSATHigh Galactic Latitude Survey (HGLS). For this 

analysis, we use the count rates listed in the EXOSAT database. This same star was 

noted by us in an earlier IPC image, however, it fell just below our 40- detection crite

rium. Since it was located on the extreme edge of the image, we viewed a detection as 

unreliable, and unfortunately it was overlooked in our search of EXOSAT images. In 

light of the HGLS detection, we include it among the stars discussed here and analyze 

both its EXOSAT and IPC fluxes. Our analysis of the Balmer "( and 0 line proftles indi

cates that its temperature and gravity are Teff= 26,200 +/- 1100 K and log g = 8.05 +/-

0.15. 

VR 16 = WD0425 + 168 - As one of the well known DA white dwarfs in the 

Hyades cluster, WD0425+168 has been the subject of numerous observations and 

studies. Its effective temperature and proximity (--45 pc) indicate that it is a good candi

date for detection in the soft x-ray. Stem et al. (1981) provide an upper limit to the 

Einstein IPC flux. Koester et al. (1990) discuss the serendipitous detection of this object 

in an EX OSAT field and determine limits on both the homogeneous and stratified He 

abundance from the soft x-ray flux. Since this object had turned up in our search, we 

have independently measured its soft x-ray flux. 

Based on Balmer equivalent widths, Koester et al. (1990) obtain a Teff = 

26,000 +/- 2000 K assuming a log g = 8.0 DA white dwarf. Our analysis of the Lyman 

a and Balmer data yield a consistent Teff = 24,000 +/- 500 K and log g = 8.15 +/- 0.18. 

These results are in essential agreement with the hydrogen line profJ.les sufficiently 

restrict the temperature of this DA such that it can now be seen to lie near the low end 

of temperatures considered by Koester et al. (1990). 
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GD 125 = WD1052+273 - Petre, Shipman and Canizares (1986, hereafter 

PSC) discuss the marginal detection of GO 125 with the Einstein High Resolution 

Imager (HRI). These authors adopt the conservative viewpoint of regarding the 

observed count rate as an upper limit but point out the low statistical likelihood of a 40-

background fluctuation in the spatial box containing GO 125. Their case for a possible 

detection of GO 125 is strengthened by estimating an effective temperature of 26,000 K 

which they determine from published photometry. On this basis and the observed HRI 

count rate they estimate a He abundance of He/H = 1-5 xl 0-5. 

We presented an analysis of the JUE and ground based spectroscopy and 

broad band photometry which indicated that a more reliable estimate for the tempera

ture of GD 125 is 23,400 K; cool en~ugh to call into question the detection of photo

spheric soft x-rays from this star with the HRI. While there is some difference between 

gravities found from the JUE and ground based results, which can be reconciled if the 

observed V magnitude were brightened by 0.03, the temperature estimate of 23,400 K 

s,till remains consistent between the two sets of data. GO 125 thus presents an inter

esting case. IT the HRI detection of PSC is accepted, that is, GD 125 would be the 

coolest detected OA soft x-ray source. 

GD 222 = WD1936+327 - PSC quote an upper limit for the Einstein HRI flux 

for this OA. From the lack of detection and their estimated effective temperature of 

50,000 K, they determine that the homogeneous photospheric He/H ratio must exceed 

10-3. Our Balmer and Lyman a. spectra yield a very consistent result of Teff = 21,200 

+/-300 K and log(g) = 7.85 +/- 0.13 for this star. This result is also consistent with the 

photometric results of Guseinov et al. (1983). A somewhat higher Teff = 23,265 +/-

143 K is obtained by McMahan (1989). None of these results, or any other that we are 
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aware of, is remotely close to the 50,000 K estimate used by PSC. Shipman (private 

communication) informs us that the temperatures in PSC were obtained on the basis of 

the data available at the time which for this object consisted of Johnson UBV colors. 

He feels that a temperature determination from Lyman (X. profiles clearly supersedes the 

earlier work and while the discrepancy is surprisingly large, he believes that the lower 

temperature is probably correct. 

WD1910+047 - We also examined several long exposure EXOSAT fields 

containing the DA white dwarf WDI910+047. Margon, Bolte and Anderson (1987, 

hereafter :MBA), investigating a previously unreported soft x-ray source inEillsteill IPC 

images of the SS 433 field. discovered a uncataloged 17th magnitude white dwarf 70" 

(1.50') from the location of the soft x-ray source. These authors conducted a thorough 

spectroscopic and photometric study of this star (WD1910+047) which showed it to be 

a DA white dwarf at a distance of approximately 200 pc with a modest temperature of 

22,000+/-2000 K. Rejecting alternative hypotheses involving extragalactic and main 

sequence coronal sources, they associated the soft x-ray source with photospheric emis

sions from WDI910+047. In discussing this hypothesis they noted that this object 

would be among the coolest, if not the coolest, DA yet detected at soft x-ray wave

lengths. They went on to point out that the detection of WD1910+047 implied that a 

relatively large number of similarly cool DA white dwarfs in the temperature range of 

WD 191 0+047 might be expected from soft x-ray/EUV survey missions such as ROSAT 

and EUVE. 

Vennes (1990) further investigated the possibility of photospheric soft X rays 

from WDI910+047. In particular, he modeled the soft x-ray/EUY spectral region and 

demonstrated that even with a pure hydrogen atmosphere WD 191 0+047 would require 
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an effective temperature of at least 30,000 K in order to account for the observed IPC 

flux. In addition, he compared synthetic spectra to the published Balmer spectra of 

MBA, fmding that an effective temperatures as low as 18,000 K could better represent 

the data. Vennes concluded that if the soft x-ray source of MBA were associated with 

WD 191 0+047, then a photospheric origin for the observed flux is ruled out. 

We have also investigated WDI91O+047, employing new optical spectra and 

searching several deep EXOSAT fields containing WDI910+047. The results, summa

rized in Table 4.2, show no x-ray source present at the location ofWDI910+047, there

fore, upper limits are presented. Evidently this source was not present during the 

1984-1985 epoch of the EXOSAT observations, at the position determined by MBA for 

the centroid of the IPC source. We have also examined the regions of the EXOSAT 

fields which correspond to the celestial coordinates of the source as detennined by 

MBA from the lPC images. We fmd no obvious source at this location in any of the 

EXOSAT images listed in Table 4.2. Taken individually or together our observed 

EXOSAT count rates correspond to an upper limit on the soft x-ray flux from 

WD1910+047,5 to 10 times lower than the lPC flux detected by MBA. The analysis of 

our Balmer profIle data yield an effective temperature ofTeff = 20,100 +/- 1100 K inter

mediate between that of MBA and Vennes, yet still far too cool to be responsible for 

the observed IPC flux. This confirms the primary conclusion of Vennes that 

WD191O+047 is far too cool to be the source of soft x-rays. The source reported by 

MBA is likely transient in nature and ultimately unrelated to WDI910+047. 
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Table 4.2 Soft x-ray/EUV observations 

WD# Instra hnageb Angle N B tlive(S)c Cor n (s-l)d 

0035+124 IPC 7508 19.8 9 9.0 1543 1.47 <.0150 

0205+250 4Lx 85.015 43.4 23 17.0 2268 8.5 <.1056 

0214+568 IPC 1233 5.4 9 4.0 702 1.06 <.0313 

0425+168 4Lx 84.280 20.9 208 90.875 12128 1.35 .013(.002) 

0631+107 IPC 5034 25.4 47 23.5 2440 1.78 .0178(.0052) 

0836+237 IPC 2312 22.2 29 18.0 2045 1.58 <.0273 

0954+697 IPC 466 5.4 88 59.0 4450 1.06 <.0161 

3Lx 83.358 39.8 421 380.0 50349 6.3 <.0150 

1001+203 IPC 253 29.4 34 38.5 6518 2.09 <.0099 
1019+129 IPC 7700 16.2 61 48.0 4921 1.32 <.0124 

1035+532 3Lx 84.062 51.2 79 62.625 8498 13.0 <.0816 

1113+413 IPC 488 29.4 58 41.0 4748 2.08 .0074(.0045) 

3Lx 85.330 25.6 26611 .0098(.002)* 

3L:.t 85.335 26.9 20081 .014(.002)* 

1211+392 3Lx 84.109 50.9 48 44.0 5422 13.0 <.0813 

Al/P 84.109 50.9 61 59.75 6848 13.0 <.0652 

B 84.109 50.9 91 74.625 10698 17.5 <.0911 

1230+417 3Lx 83.356 29.0 73 70.0 10416 1.95 <.0073 

1305-017 IPC 1131 27.0 18 15.5 1574 1.89 <.0272 

IPC 9225 15.6 15 14.0 1730 1.30 <.0149 

1330+473 3Lx 85.135 39.8 196 170.75 24420 6.3 <.0208 

1333+524 IPC 2269 21.6 10 4.5 782 1.55 <.0433 
IPC 2270 21.6 45 37.5 3544 1.55 <.0160 

3Lx 84.161 22.3 46 34.5 3238 1.3 <.0164 
1413+231 IPC 3037 11.4 33 29.0 1928 1.16 <.0178 

1415+132 IPC 9705 23.4 63 55.0 2981 1.65 <.0230 

1449+168 IPC 4190 10.2 123 79.0 4079 1.14 .0123(.0025) 
IPC 6076 10.2 116 69.5 4358 1.14 .0122(.0025) 

1507+220 IPC 4060 21.0 12 16.5 1414 1.52 <.0215 

1535+293 IPC 3217 24.0 51 47.0 4340 1.69 <.0135 
1547+057 IPC 7171 17.4 23 23.5 1573 1.36 <.0196 

1620+260 IPC 3177 O. 20 12.0 1540 1.00 <.0188 

a EXOSAT LE filters: 3Lx=thin lexan. 4Lx=thick lexan. Al/P=aiuminum I paralyene. B=Boron. 
b Year.day of year for EXOSAT observations and sequence number for Einstein images. 
C The adjusted live time for the exposure (see text). 
d An asterisk: indicates the count rate from EXOSAT processing. 
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1626+409 IPC 1857 6.6 134 147.0 5503 1.08 <.0144 

1635+608 IPC 3220 18.6 12 18.0 1566 1.41 <.0186 

1640+113 3Lx 85.059 44.7 21 13.25 1476 9.0 <.178 

Al/P 85.059 44.7 11 16.625 1917 9.0 <.0931 

1910+047 3Lx 84.108 12.6 198 173.625 18508 1.23 <.0053 

3Lx 84.269 13.0 161 160.875 18577 1.23 <.0034 

3Lx 85.137 13.3 158 146.125 16069 1.23 <.0048 

Al/P 85.138 13.3 186 200.75 20469 1.23 <.0054 

1918+110 IPC 10719 9.0 240 210.0 4973 1.11 <.0203 

2039-202 IPC 8391 18.6 44 36.0 2055 1.41 <.0253 

2120+054 IPC 2064 18.6 18 23.0 1650 1.41 <.0204 

2349+286 IPC 3043 15.0 25 28.5 1630 1.27 <.0204 

3Lx. 84.225 48.3 330 287.875 38656 12.0 <.0350 

4.3 ANALYSIS OF SOFT X-RAY FLUXES 

4.3.1 Modelling Considerations 

For the soft x-ray analysis we are able to compare results using two different 

grids of models atmospheres. The fIrst is essentially the soft x-ray/EUV extension of 

the models from F. Wesemael which we used in the optical/UV analysis. In the short 

wavelength region, the grid includes models for Teff = 20,000(2,000)30,000 K and 

log(g)=7.0(0.5)8.5. The second grid of models described in Barstow (1990) were 

computed using hydrogen rich, LTE, 108 cgs gravity model atmospheres for varying 

uniform homogeneous levels of trace helium. 'This grid consists of the emergent fluxes 

from the soft x-ray to the near IR for temperatures from 20,000-200,000 K and homo

geneous helium abundances oflog He/H = -1,-2,-3,-4,-5, -00. Note that line-blanketing 

was not included in these model computations. 



135 

The soft x -ray flux from hot DA white dwarfs is a strong function of the effec

tive temperature and considerably'less dependent on the surface gravity. Therefore, we 

employ only models with log g = 8.0 in the subsequent analysis of He abundance. Also, 

on a practical level there is no inconsistency between using pure hydrogen models to 

detennine the temperature and gravity and using hydrogen,lhelium models to determine 

the He abundance. At the trace He abundances we are concerned with here, helium has 

no discernible impact on the optical or UV spectra of these stars. On the other hand, 

line-blanketing in model atmosphere codes is increasingly important to the soft 

x-ray/EUV fluxes in the temperature range (20,000 - 30,000 K}.1n effect, the difference 

in the photometric count rates obtained from the two sets of models behaves as a shift 

in temperature. We use the unblanketed models when necessary to determine a 

non-zero helium abundance then make corrections for this effect. 

The theoretical instrumental count rate which we can compare to the 

observed count rates of Table 4.2 are computed as follows: 

(4.2) 

where R2/D2 is the solid angle computed from the V magnitude using equation (3.4), 

Hv is the emergent synthetic stellar flux, Av is the instrumental area for the location of 

the object in the field, and 'tv, represents the optical depth of the interstellar medium 

along the line of sight. The instrumental area for the observation is interpolated from 

the integrated telescope on-axis response function and its relative sensitivity across the 

field view. The interstellar optical depth is computed from the product of the 
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photo-electric cross sections of Morrison and McCammon (1983) and the interstellar 

colunm density of neutral hydrogen (NH). 

4.3.2 Helium Abundance Interpretation 

We now compare the observed soft x-raylEUV count rates with theoretical 

instrumental count rates in an effort to determine limits on the photospheric He abun-

dance for KPD0631+1043, PGl113+413 and VR 16. 

"'-, 
Q) 

0.0 
0 

-3 

-~L5 

--4 -

·-4.5 

,-
. ,) 

·-5.5 .. 

KPD0631 I· 1043 

Oplical/IN 

I 
I 
I 
I 
I 
f 

" No=- t 0
18 

I 
I W 

" NH-·IO 
I 

I 
I 

-6 _._ .. _.1.. -_ ..... -._ ... -. _.J.L..1. ..~ ___ .J_ .•. __ 1. - I. ... 

21000 25000 26000 27000 28000 29000 30000 
Terr (K) 

Figure 4.1 Contours (10' likelihood) of the ]PC count rate for KPD063 1+1043 are plotted along with its 
spectroscopically detennined temperature range. The limited influence of the ISM is shown with 
contours for III column densities of lOIS (solid CUIVes) and 1019 cm-2 (dashed lines). 
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Two T eff vs. log HelH grids of synthetic count rates were computed for 

KPD0631 + 1043 one with NH = 1018 and the other with NH = 1019 cm-2. The observed 

count rate contours for both of these grids are shown in Figure 4.1. TIIis range for the 

interstellar hydrogen column is estimated from H I maps of the local ISM (Paresce 

1984) using the direction of KPD0631+1043 (1=201.4°, b=1.00) and using its approxi

mate distance (D-50 pc). The latter value is inferred from the adopted parameters and 

the Hamada-Salpeter zero temperature radius. Since most of the interstellar absorption 

occurs at longer wavelengths than the IPC bandpass, the solution for the helium abun

dance is essentially insensitive to the interstellar column over this range. Also, from a 

comparison of the blanketed and unblanketed models for a pure hydrogen atmosphere, 

the effect of line-blanketing on the fluxes in the IPC bandpass can be interpreted as an 

apparent shift of the contours of only +750 K. Therefore, applying the constraints of the 

adopted temperature, a pure hydrogen solution at the lower end of the temperature 

range is allowed, and we deduce an upper limit to the homogeneous HelH < 10-4·2. 

The contours for the IPC and the thin lexan fIlter count rates are plotted for 

PGl113+413 in Figure 4.3; this time as afunctionofTeffvs.NH. Since POI113+413 is 

slightly cooler and fainter than KPD0631 + 1 043, detection of this star in the IPC implies 

that its photosphere is virtually pure hydrogen. This observation is reinforced by the 

EXOSAT data. Two color photometry sometimes provides a unique solution for the He 

abundance and the interstellar column, but the results in this case are limited by the 

uncertainty of the weak IPC flux. Again, estimating the distance to PO 1113+413 from 

its adopted parameters locates it -100 pc. Unfortunately, no independent pointed deter

minations exist near PGl113+413 (1=171°, b=66°), so we use instead the mean local 

interstellar density (0.07 cm-3, Paresce 1984) to estimate NH - 2 x 1019 cm-2. An inter-
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stellar column of this magnitude allows a consistent solution of the available data for 

only a virtually pure hydrogen atmosphere, although small trace quantities can be 

present if the interstellar column were shown to be less than this estimate. 

Lastly, VR 16 has one of the lowest ,effective temperatures (Teff= 24,000 +/-

500 K) of any DA detected at soft x-ray wavelengths. Its observation at soft x-ray wave

lengths is also a clear indication that its photosphere is virtually pure hydrogen, other

wise detection of this star would not have been possible. In this case a grid of synthetic 
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count rates was computed as a function of T eff vs. NH using a pure hydrogen line-blan

keted model atmospheres. Figure 4.3 shows that within the 10' constraints, a pure 

hydrogen model mutually satisfies the soft x-ray and the optical/UV constraints when 

the interstellar colunm is less than 7 x 1019 cm-2. The second set of soft x-ray count rate 

contours in Figure 4.3 are shown to illustrate the effect line-blanketing has on the 

models fluxes through the thick lexan fdter bandpass. VR 16 must have a nearly pure 

hydrogen photosphere which we assign a homogeneous number ratio of He/H < 10-5. 

A.s mentioned previously, Koester et al. (1990) also analyze the EXOSAT observation 
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of VR 16. Their results are in essential agreement using our adopted temperature of 

24,000 K. They also point out that the photospheric helium content of VR 16 can be 

equivalently expressed in terms of a hydrogen layer mass MWMsun < 10-13.7 which is 

derived using stratified model atmospheres. It is interesting to note here that VR 16 

most nearly resembles CoD-38010980 in terms of its atmospheric parameters. Together 

these two stars represent the coolest DAs which have been convincingly detected at soft 

x-ray wavelengths. 

4.3.3 Discussion about the Temperature Threshold/or Detection 

It is widely expected that hot DA white dwarfs can constitute a significant 

fraction of sources observed at soft x-ray wavelengths (Finley, Malina and Bowyer 

1987; Barstow 1989) from the operation of the ROSAT mission and the soon to be ' 

launched Extreme Ultraviolet Explorer (EUVE) mission. Both of these missions 

involve all sky surveys at EUY wavelengths longward of 100 A; therefore, the number 

of DA white dwarfs available for study at these wavelengths is expected to increase 

dramatically. Since the soft x-ray flux is a strong function of temperature, the issue of . 
the effective temperature which a pure hydrogen DA white dwarf can no longer be 

readily detected is of some importance. 

Shown in Figure 4.4 are the on-axis theoretical count rates for a DA white 

dwarf as observed with different soft x-ray/EUV instruments (Einstein IPC, thin lexan 

and aluminum/paralyene of the EXOSAT LEI). The models assume a pure hydrogen 

atmosphere and an interstellar column density of 1018 cm-2. Two contours of predicted 

count rates are shown for each instrument as a function of effective temperature and 

visual magnitude (observers coordinates). The left-most set of contours correspond to 
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left-most set of contours correspond to a count rate of 0.005 s-1 which is a typical detec

tion threshold for nearby white dwarfs and the second set for a fInn detection count rate 

of 0.05 s-l. The thin lexan is shown to be the most sensitive instrument of these three 

to the soft x-ray spectrum of moderately hot DAs. We also mention that the Einstein 

HRI is intrinsically less sensitive than the IPC to these spectra. 

Overplotted in Figure 4.4 are the adopted parameters of KPD0631+1043, 

PG1113+413, VR 16, GD 125, GD 222 and WD1910+047. This representation should 
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Figure 4.4 Contours of theoretical instrumental count rate of 0.005 and 0.05 s-I as observed with the 
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142 

illustrate the relative likelihood of detecting photospheric emission from these objects. 

The three hotter sources which were detected obviously lie above the threshold for 

detection. However, using our estimate ofGD 125's effective temperature (23,400 K), 

this DA appears to be cool enough to call into question the detection of photospheric 

soft x-rays with the Einstein HRI. Furthermore, we can conclude that GD 222 and 

WD1910+047 with temperatures of 21,200 K and 20,100 K, respectively, are even less 

likely to have detectable photospheric emission at soft x-ray wavelengths. Therefore, 

helium abundances can not be determined for these temperature stars using this method 

of analysis. 
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5 CONCLUSIONS 

5.1 SUMMARY OF RESULTS 

A primary goal of this research project was to search for serendipitous occur

rences of known hot DA white dwarfs within Einstein IPC and EXOSAT LE fields. Soft 

x-ray count rates or upper limits to the count rate were extracted at the known coordi

nate positions for 31 hot DAs. These new observations are summarized in Table 4.2. Of 

three positive white dwarf detections, only KPD0631 + 1 043 with an effective tempera

ture -27,209 is hot enough to detennine a non-zero upper limit to the photospheric 

helium abundance. This value (He/H < 10-4·2) is expressed as a homogeneous mixing 

ratio of helium and hydrogen. The observations of the other two detections, 

PG 1113+413 and VR 16, with temperatures of 26,200 and 24,000 K, respectively, were 

shown to be consistent with virtually pure hydrogen photospheric emission. With the 

exceptions of VR 16 (Koester et al. 1990), this was the first analysis of these objects at 

soft x-ray wavelengths. 

Upper limits to the soft x-ray count rate are provided for the remainder of the 

objects which were within a soft x-ray field and were not detected. Many of these stars 

are sufficiently hot that they should have been detected by these instruments but were 

not. Since only upper limits could be determined, this type of analysis will, instead, be 

able to infer lower limits to these star's photospheric helium content. These results will 

be presented elsewhere when the analysis is complete. 
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The helium abundance analysis is improved by using independent determina

tions of temperature, gravity and V magnitude. Temperatures and gravities can be 

precisely determined by fitting the broad hydrogen line profIles of DA white dwarfs 

with self-consistent model atmospheres. In this effort, we observed well over 100 

objects in a program of ground based spectroscopy to obtain high quality, moderate 

resolution spectra of the Balmer /3, 'Yand 0 line profIles. When available, IU E Lyman ex. 

observations were also incorporated into the analysis. These data analyzed together 

mutually constrain the resultant temperatures and gravities to a high degree of precision 

and provide an additional test for self-consistency. 

The temperatures and gravities for a total of 101 hot DA white dwarfs which 

were included in this program are provided in Table 3.5. We fmd a simple mean for the 

sample of log g = 7.925 and weighted mean oflog g = 7.974. The corresponding distri

bution for the mass (see Figure 3.3), assuming a zero-temperature Hamada Salpeter 

mass radius for a C l2 white dwarf, is narrowly peaked around a mean mass of 

0.539 Msuo. This result agrees very well with the few previous studies of large samples 

of DA white dwarfs. Our study is unique, however, in that represents a unifonn and 

consistent treatment and analysis of only hot DA white dwarfs. The adopted photo

spheric parameters derived for this large sample of hot DA white dwarfs will form a 

valuable database for the forthcoming observations by ROSAT and EUVE. 

An important additional piece of infonnation used to supplement this analysis 

is a precise V magnitude, since the uncertainty in the observed V magnitude contributes 

to uncertainties in effective temperature and in the helium abundance. Many of the stars 

in our sample lacked this basic photometric data, so a program of UBV photometry was 



145 

undertaken (Kidder, Holberg and Mason 1991). The results from this program are listed 

in Table 2.1. 

5.2 DISCUSSION OF A FEW RELATED RESULTS 

Astronomy, as in most research pursuits, is continually kept interesting by the 

appearance of new types of objects or phenomena and by the study of extreme examples 

of either. Such situations test the limits of our understanding of the processes involved, 

but at the same time they provide important new insights. I wish to briefly describe here 

three published results concerning interesting objects which arose during course of this 

research. 

WD0642-J66 = Sirius B -The [lIst object I will consider is most appropriately 

one of the [lIst white dwarfs to be identified as such. Sirius B remains an object of 

particular interest and the subject of numerous detailed studies (Gatewood and Gate

wood 1978; Holberg, Wesemael and Hubeny 1984; Thejll and Shipman 1987; Kidder, 

Holberg and Wesemael 1989). Among the many reasons for the continued attention 

received by this star are its well determined astrometric mass (1.053 ± 0.003 Msun) and 

parallax (0.3777 +/- 0.0031 "), the detection of soft x-ray emission (Mewe et al. 1975) 

from the Sirius system, and its association with Sirius A. A major source of continuing 

uncertainty regarding Sirius B has been its effective temperature. Achieving a reliable 

estimate for T eff would ~elp reduce uncertainties in the radius of Sirius B, allowing crit

ical comparisons with mass-radius relationships, and also provide an important verifi

cation of the interpretations of various soft x-ray observations of this star. In order to 



146 

avoid difficulties associated with the intense scattered light from the primary Sirius A, 

we have used IUE archival observations to obtain. a new and independent estimate of 

the effective temperature of Sirius B (Teff = 24,700 +/- 1000 K). Our investigation 

employed a unique set of SWP archival spectra, acquired with Sirius B in the small 

aperture, which were shown to be free of scattered light contamination from Sirius A. 

This temperature is in good agreement with the result obtained from analysis of 

EXOSAT soft x-ray spectra of Sirius B (Paerels et al. 1988). In addition to providing 

confirmation of the soft x-ray result, this temperature implies that Sirius B is signifi

cantly cooler and larger in radius than most previous estimates. The radius, R = 0.0090 

+/- 0.0005 R SUD' implied by the lower temperature is well in excess of the radius of 

fully degenerate zero-temperature el2 star having the mass of Sirius B. 

WD0346-011 = GD 50 - Two DA white dwarfs appear in the highest bin of 

~ur sample's log g distribution (see Figure 3.3). These are GD 50 and WD1132+470 

with estimated log g greater than 9.0. Bergeron et al. (1990) in a detailed study of one 

of these stars, GD 50, determine a log g = 9.0 +/- 0.15 from an analysis of the hydrogen 

line profIles where some of this data originated from our spectroscopic study. The 

derived parameters imply a mass of 1.2 MsUD and a radius of 0.0057 RSUD for an interior 

composed of carbon and oxygen. Therefore, this object is one of a few white dwarfs 

determined to have a mass greater than that of Sirius B. If the scenario of high initial 

mass - high {"mal mass is valid, then it would appear GO 50 might be the remnant of a 

6-8 Msun main sequence progenitor. An alternate possibility considered by Bergeron et 

al. (1990) is that GO 50 is an example of merger of a close pair of white dwarfs; 

however, a distinction between these two possibilities could not detennined from the 

information available. 
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WD0631 + 177 = G 1 04-27 = EG 46 - Examples of hybrid hydrogen-helium 

spectral types of hot white dwarfs are relatively rare. The detection of a weak He I 

4471 A feature by Holberg, Kidder and Wesemael1991 in high signal-to-noise spectra 

of a moderately hot DA, places EG 46 into the very sparse class of DAB white dwarfs. 

Its effective temperature (25,800 +/- 300 K) and gravity (log g = 7.95 +/- 0.11) were 

determined from optical and UV profIle fits. These parameters were used in tum to 

determine a helium abundance of log HeIR = -2.56 +/- 0.26 from the observed equiva

lent width of the He I line. A grid of mixed hydrogen-helium model atmospheres were 

employed. Previously EXOSAT observed, but did not detect GI04-27, in which case a 

lower limit to the helium abundance was placed at log HeIH > -4.2 (Paerels and Heise 

1989). This result is certainly consistent except less restrictive than the optical determi

nation by Holberg, Kidder and Wesemael1991. 

Optical Follow-up Observations o/Suspected ROSAT Subdwarfs - Sansom et 

al. (1991) identifies six catalogued hot subdwarfs as sources in the ROSAT wide field 

camera EUV survey. Five of the six stars in the Sansom et al. (1991) sample were 

observed using optical spectroscopy as described in chapter 3. Only one of these, 

PG1628+554, appears to really be a hot, helium-rich subdwarf; the other four objects, 

PG0824+289,PG1125+175, PG1234+482,KUV18004+6836, turned out to be hot DA 

white dwarfs (see Figure 3.4). PG1628+554 could be the first reported detection of 

EUV emission from a hot subdwarf star. The temperatures and gravities of the hot DAs 

were determined and are listed in Table 3.5. 
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APPENDIX A 

MODELSPEC: SPECTRAL FITTING SOFTWARE 

Extensive software support often has to accompany projects involving volu

minous data sets. Fortunately, the Image Reduction and Analysis Facility (IRAF) has 

become available, at no cost, to facilitate the general reduction and analysis of astro

nomical data. In addition, users can supplement the existing software with programs 

which satisfy the needs of their particular application. In this effort, several avenues are 

provided for outside programs to run under IRAF, but in order to make extensive use 

of the existing utilities and really become fully integrated with the software, the routines 

or tasks which I describe here are written in the.IRAF Subset Preprocessor Language 

(SPP). These tasks which compose the mode/spec package are listed in Table A.1 with 

their associated purposes. Potential users are invited to consult the help fIles for further 

information regarding the specific requirements and the function of each task. 

The general intention of the mode/spec package is to provide a capability for 

IRAF users to easily determine the parameters of a synthetic spectrum which best fits 

an observed spectrum using chi-square minimization. The method employed by the 

tasks is to compute the required synthetic spectrum in short time by interpolating a grid 

of model atmosphere predictions in both parameter and wavelength space. The grid of 

model atmosphere predictions have been computed beforehand; therefore, this lengthy 

step is bypassed in the data analysis process. 



Table A.I Tasks composing the mode/spec package 

Task Name 

modelinfo 

genspec 
fitspec 

chigrid 

crgrid 

cplot 

mkrsp 

mkmod 

modelpars 

insbpars 

Pwpose 

Display infonnation about the model files in a directory 

Generate a synthetic spectrum from the model files 
Fit a spectrum using chi-square minimization 

Compute a grid of chi-squares 

Compute a grid of instrumental count rntes 

Plot contour levels for grids 

Make an instrument response file from calibrntion files 

Make a model file from a text file of synthetic fluxes 

Edit model file parameters 

Edit instrument parameters 

149 

These tasks can input or output the observed or synthetic spectra in the fonn 

of a flux, magnitude or residual intensity where each is a function of wavelength in 

angstroms. Up to three parameters are pennitted to specify a particular model spectrum 

from the model atmosphere grid. The accuracy of the interpolation obviously depends 

on the extent and completeness of this grid. Several additional parameters are also 

available to incorporate into the synthetic spectra. These parameters relate to the 

doppler velocity, interstellar neutral hydrogen column and ionization fraction, inters

tellar reddening, atmospheric extinction and normalization of the fluxed spectrum. Flux 

normalization is accomplished either by specifying the source solid angle or by speci

fying a magnitude and the corresponding wavelength band. In addition, if a fIlter func-

tion and/or instrumental response function is given, then the intensity or theoretical 

instrumental count rate is computed from the convolved spectrum. 
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