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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 cm? 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 ~1 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
coincident signals from a similar detector except blind to the telescope field of view,
aind UV photons are absorbed by a Lexan entrance window covering the detector.
Events are resolved into 63 |is time steps and discriminated into 16 energy channels

over the range from 10 eV - 14 keV, 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 arcsec-
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 keV 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 Einstein
observatory, incorporate a Wolter type I mirror geometry except employing double
rgesting giving them a total geometric area of 90.5 cm?. 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 ~0.05 to 2 keV (5 - 300 A) depending on the choice of filter.
The “soft” filters, for example, the thin lexan and the aluminum 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

~ arcseconds/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 EXOSAT LE images were searched at the coordinates of

known DA white dwarfs for possible serendipitous occurrences. When no source
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greater than 46 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 information 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 (IN) were measured at the white dwarf coordinates within a 6 x 6
arcminutes box for the IPC and a 100 x 100 arcseconds box for the CMA because of its
higher angular resolution. These rather la:geb 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 (EXOSAT) and the
angular position off-axis for the object in the field m arcminutes. Following these
columns are the results of our extracted count rate data. The exposure /ive 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-
mined 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,

n(s‘l) e (N_B)xCor. 4.1
tlive
Standard Poisson statistics are used to establish the count rate uncertainties and 36

upper limits listed in Table 4.2. The analysis of the soft x-ray upper limits will be

reported elsewhere.

This 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 LE] telescope. Three
of the four sources coincide with the locations of the white dwarfs KPD0631+1043,
PG1113+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 (WD1449+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 (Tege = 21,600 +/- 1000 K), WD1449+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 WD1910+047) where the effective
temperature of the star was in question. These results are also reported here. First, we

briefly review the observational status of these three stars and the three detected stars

in our list.

KPD0631+1043 = WDO0631+107 - 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 = 13.82) 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 (B, Y and §) yields the best fitting param-
eters of Tegr= 27,200 K and log g = 8.0. The Lyman o profile, on the other hand, is best
fit by Tegr= 28,000 K and log g = 8.5. Better agreement between these two results can
be achieved if the observed visual magnitude of KPD0631+1043 was increased slightly
by ~0.05 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 EXOSAT High 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 4G 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 y and § line profiles indi-

cates that its temperature and gravity are Tegr = 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. Stern 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 EXOSAT 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 Teg =
26,000 +/- 2000 K assuming a log g = 8.0 DA white dwarf. Our analysis of the Lyman
o and Balmer data yield a consistent Teg = 24,000 +/- 500 K and log g=8.15+/-0.18.
These results are in essential agreement with the hydrogen line profiles 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 GD 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 4¢
background fluctuation in the spatial box containing GD 125. Their case for a possible
detection of GD 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 x107.

We presented an analysis of the /UE 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 enqugh 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 IUE 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
still remains consistent between the two sets of data. GD 125 thus presents an inter-

esting case. If the HRI detection of PSC is accepted, that is, GD 125 would be the

coolest detected DA soft x-ray source.

GD 222 = WD1936+327 - PSC quote an upper limit for the Einstein HRI flux
for this DA. 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 o spectra yield a very consistent result of Tegr = 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 Tegr = 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 o 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 WD1910+047. Margon, Bolte and Anderson (1987,
hereafter MBA), investigating a previously unreported soft x-ray source in Einstein IPC
images of the SS 433 field, discovered a uncataloged 17th magnitude white dwarf 70”
(1.56) 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
22,0004/-2000 K. Rejecting alternative hypotheses involving extragalactic and main
sequence coronal sources, they associated the soft x-ray source with photospheric emis-
sions from WD1910+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

WD1910+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 WD1910+047. In particular, he modeled the soft x-ray/EUV spectral region and

demonstrated that even with a pure hydrogen atmosphere WD1910+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, finding that an effective temperatures as low as 18,000 K could better represent
tf‘le data. Vennes concluded that if the soft x-ray source of MBA were associated with

WD1910+047, then a photospheric origin for the observed flux is ruled out.

We have also investigated WD1910+047, employing new optical spectra and
searching several deep EXOSAT fields containing WD1910+047. The results, summa-
rized in Table 4.2, show no x-ray source present at the location of WD1910+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 determined by
MBA from the IPC images. We find 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 /ower than the IPC flux detected by MBA. The analysis of
our Balmer profile data yield an effective temperature of Toge = 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
WD1910+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 WD1910+047.
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WD # Inst?® Image® Angle N B tve(s)° Cor n (sl
0035+124 rC 7508 19.8 9 9.0 1543 147 <0150
02054250 4Lx 85.015 43.4 23 17.0 2268 85 <.1056
0214+568 PC 1233 54 9 4.0 702 106 <0313
0425+168 4Lx 84.280 209 208 90.875 12128 1.35 .013(.002)
0631+107 1 5034 254 47 23.5 2440 1.78 .0178(.0052)
08364237 IrC 2312 22.2 29 18.0 2045 158 <0273
0954+697 pC 466 54 88 59.0 4450 1.06 <.0l6!

3Lx 83.358 39.8 421 380.0 50349 63 <0150
10014203 rC 253 29.4 34 38.5 6518 209 <0099
1019+129 rPC 7700 16.2 61 48.0 4921 132 <0124
1035+532 3Lx 84.062 51.2 79 62.625 8498 13.0 <.0816
11134413 IrC 488 29.4 58 41.0 4748 2.08 .0074(.0045)

3Lx 85.330 25.6 26611 .0098(.002)*

3Lx 85.335 26.9 20081 .014(.002)*
12114392 3Lx 84.109 50.9 48 44.0 5422 130 <.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 195 <0073
1305-017 IPC 1131 27.0 18 15.5 1574 1.89 <.0272

1 9225 15.6 15 14.0 1730 130 <.0149
13304473 3Lx 85.135 39.8 196 170.75 24420 6.3 <.0208
13334524 rC 2269 21.6 10 45 782 1.55 <.0433

IPC 2270 21.6 45 375 3544 1.55 <.0160

3Lx 84.161 22.3 46 34.5 3238 13 <.0164
1413+231 IPC 3037 114 33 29.0 1928 1.16 <.0178
1415+132 IPC 9705 234 63 55.0 2981 165 <.0230
1449+168 IPC 4190 102 123 79.0 4079 1.14  .0123(.0025)

IpC 6076 162 116 69.5 4358 1.14  .0122(.0025)
15074220 IPC 4060 21.0 12 16.5 1414 152 <0215
15354293 IPC 3217 24.0 51 47.0 4340 169 <.0135
1547+057 IPC 7171 17.4 23 23.5 1573 136 <.0196
1‘6204-260 PC 3177 0. 20 12.0 1540 1.00 <0188

? EXOSAT LE filters: 3Lx=thin lexan, 4Lx=thick lexan, Al/P=aluminum / paralyene, B=Boron.
b Year.day of year for EXOSAT observations and sequence number for Einstein images.

€ 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 66 134 1470 5503 1.08 <0144
1635+608 IPC 3220 18.6 12 18.0 1566 141 <0186
1640+113 3Lx 85.059 44.7 21 13.25 1476 9.0 <.178
AlP 85.059 44.7 11 16625 1917 9.0 <.0931
19104047 - 3Lx 84.108 12.6 198  173.625 18508 123 <0053

3Lx 84.269 13.0 161  160.875 18577 123 <0034
3Lx 85.137 133 158 146125 16069 123 <0048
AP 85.138 133 186  200.75 20469 123 <0054

1918+110 IPC 10719 90 240 2100 ' 4973 111 <0203
2039-202 IpC 8391 18.6 4 36.0 2055 141 <0253
2120+054 IPC 2064 18.6 18 23.0 1650 141 <0204
2349+286 IPC 3043 15.0 25 28.5 1630 127 <0204

3Lx 84.225 483 330 287875 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 Tegr = 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 of log He/H = -1,-2,-3,-4,-5, —eo. Note that line-blanketing

was not included in these model computations.
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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
determine the temperature and gravity and using hydrogen/helium 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). In 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:

-1 sz ~T,
n(s") = 4n [H,A dv 4.2)
0

where R2/D2 is the solid angle computed from the V magnitude using equation (3.4),
H, is the emergent synthetic stellar flux, A,, is the instrumental area for the location of
the object in the field, and t,,, 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

column density of neutral hydrogen (Ngy).

4.3.2 Helium Abundance Interpretation

We now compare the observed soft x-ray/EUV count rates with theoretical
instrumental count rates in an effort to determine limits on the photospheric He abun-

dance for KPD0631+1043, PG1113+413 and VR 16.

- KPD0631 11043

B
_35 — Optical/UV —
= 4
\\
D }
- -4.5
ep
c
8 —  Ng=10" -
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. 6 I S e BT SR SN SO
' 24000 25000 26000 27000 28000 89000 130000

chf (K)

Figure 4.1 Contours (1¢ likelihood) of the IPC count rate for KPD0631+1043 are plotted along with its
spectroscopically determined temperature range. The limited influence of the ISM is shown with
contours for HI column desities of 10'® (solid curves) and 10'° cm2 (dashed lines).
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Two Tegr vs. log He/H grids of synthetic count rates were computed for
KPD0631+1043 one with Ng; = 10'8 and the other with Nig = 10'? cm™. The observed
count rate contours for both of these grids are shown in Figure 4.1. This 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=1.0°) 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 essehtially 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 He/H < 1042,

The contours for the IPC and the thin lexan filter count rates are plotted for
PG1113+413 in Figure 4.3; this time as a function of Tegs vs.Nyg. Since PG1113+413 is
slightly cooler and fainter than KPD0631+1043, 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
abundanc; 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 PG1113+413 from
its adopted parameters locates it ~100 pc. Unfortunately, no independent pointed deter-
minations exist near PG11134+413 (1=171°, b=66"), so we use instead the mean local

interstellar density (0.07 cm™3 , Paresce 1984) to estimate Ny ~2 x 10" cm2. 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 (Tog = 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

PG1113+413
I

20 1 ‘[ U 1 | T
i Optical/UV /
195 P -
: 19
\O/ - /// // .
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Figure 4.2 Contours (1o likelihood) of the Einstein IPC and EXOSAT 3Lx count rates for PG1113+413
are plotted along with its temperature range determined from independent optical spectroscopy.
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count rates was computed as a function of Tegp vs. Ny using a pure hydrogen line-blan-
keted model atmospheres. Figure 4.3 shows that within the 1o constraints, a pure
hydrogen model mutually satisfies the soft x-ray and the optical/UV constraints when
the interstellar column is less than 7 x 10! cm™. 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 filter bandpass. VR 16 must have a nearly pure
hydrogen photosphere which we assign a homogeneous number ratio of He/H < 107.

As mentioned previously, Koester et al. (1990) also analyze the EXOSAT observation
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Figure 4.3 Contours (16 likelibood) of the EXOSAT 4Lx count rate for VR 16 are plotted along with its
spectroscopically determined temperature range. Also shown for comparison is the influence of
line-blanketing (solid lines) versus no blanketing (dashed lines) in the 3Lx bandpass.
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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 My/Mgn < 10137 which is
derived using stratified model atmospheres. It is interesting to note here that VR 16
most nearly resembles CoD-38910980 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 for 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 EUV wavelengths longward of 100 A; therefore, the number
of DA white dwarfs available for study at these wavelengths is expected to increase
d‘ramatically. 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 LE1). The models assume a pure hydrogen
atmosphere and an interstellar column density of 10'3 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 sl whichisa typical detec-
tion threshold for nearby white dwarfs and the second set for a firm 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

V magnitude
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Figure 4.4 Contours of theoretical instrumental count rate of 0.005 and 0.05 s™! as observed with the
Einstein IPC (solid lines) and the thin lexan (dashed lines) and aluminum/paralyene filters (dotted lines)
of the EXOSAT LEL. The models assume pure H, line-blanketing, 10® cgs gravity atmospheres and
include the absorption of an interstellar H column of 10'® cm™.
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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 of GD 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+1043 with an effective tempera-
ture ~27,200 is hot enough to determine 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,
PG1113+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 tﬁe 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 B, yand d line proﬁle}s. When available, IUE Lyman o
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 find a simple mean for the
sample of log g =7.925 and weighted mean of log g = 7.974. The corresponding distri-
bution for the mass (see Figure 3.3), assuming a zero-temperature Hamada Salpeter
mass radius for a C12 white dwarf, is narrowly peaked around a mean mass of
0.539 Mgy, 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 uniform 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 information 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
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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 théy provide important new insights. I wish to briefly describe here

three published results concerning interesting objects which arose during course of this

research.

WD0642-166 = Sirius B - The first object I will consider is most appropriately
one of the first 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 My,;,) 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 Tegr would help 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
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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 (Tegr = 24,700 +/- 1000 K). Our investigation
employed #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 Rg,,, implied by the lower temperature is well in excess of the radius of

fully degenerate zero-temperature C!2 star having the mass of Sirius B.

WD0346-011 = GD 50 - Two DA white dwarfs appear in the highest bin of
our 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 My, and a radius of 0.0057 R, 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 final mass is valid, then it would appear GD 50 might be the remnant of a
6-8 M;,, main sequence progenitor. An alternate possibility considered by Bergeron et
al. (1990) is that GD 50 is an example of merger of a close pair of white dwarfs;

however, a distinction between these two possibilities could not determined from the

information available.
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WDO0631+177 = G104-27 = 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 Wesemael 1991 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 turn to
determine a helium abundance of log He/H = -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 G104-27, in which case a
lower limit to the helium abundance was placed at log He/H > -4.2 (Paerels and Heise
1989). This result is certainly consistent except less restrictive than the optical determi-

nation by Holberg, Kidder and Wesemael 1991.

Optical Follow-up Observations of 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
EUYV 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 modelspec 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 modelspec 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.
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Table A.1 Tasks composing the modelspec package

Task Name Purpose
modelinfo Display information about the model files in a directory
genspec Generate a synthetic spectrum from the model files
fitspec Fit a spectrum using chi-square minimization
chigrid Compute a grid of chi-squares
crgrid Compute a grid of instrumental count rates
cplot Plot contour levels for grids
mkrsp Make an instrument response file from calibration files
mkmod Make a model file from a text file of synthetic fluxes
modelpars Edit model file parameters
instrpars Edit instrument parameters

These tasks cah input or output the observed or synthetic spectra in the form
of a flux, magnitude or residual intensity where each is a function of wavelength in
angstroms. Up to three parameters are permitted 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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