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ABSTRACT
We have continued our detailed analysis of the high-resolution (R = 4000) spectroscopic
observation of the DA white dwarf G191-B2B, obtained by the Joint Astrophysical Plasma-
dynamic Experiment (J-PEX) normal incidence sounding rocket-borne telescope, comparing
the observed data with theoretical predictions for both homogeneous and stratified atmosphere
structures. We find that the former models give the best agreement over the narrow waveband
covered by J-PEX, in conflict with what is expected from previous studies of the lower reso-
lution but broader wavelength coverage Extreme Ultraviolet Explorer spectra. We discuss the
possible limitations of the atomic data and our understanding of the stellar atmospheres that
might give rise to this inconsistency. In our earlier study, we obtained an unusually high ioniza-
tion fraction for the ionized He II present along the line of sight to the star. In the present paper,
we obtain a better fit when we assume, as suggested by Space Telescope Imaging Spectrograph
results, that this He II resides in two separate components. When one of these is assigned to
the local interstellar cloud, the implied He ionization fraction is consistent with measurements
along other lines of sight. However, the resolving power and signal-to-noise available from the
instrument configuration used in this first successful J-PEX flight are not sufficient to clearly
identify and prove the existence of the two components.
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1 I N T RO D U C T I O N

As one of the brightest and best-studied hot white dwarfs, G191-
B2B has been an important benchmark to test the physics incor-
porated into atmosphere models, which can then be applied to
the study of other objects. Observations of this star and what it
tells us about white dwarf evolution have been reported in many
papers (e.g. Sion et al. 1992; Vennes et al. 1992; Holberg et al.
1994; Barstow, Hubeny & Holberg 1998, 1999; Dreizler & Wolff
1999).

In an earlier paper (Cruddace et al. 2002), we presented an
analysis of the extreme ultraviolet (EUV) spectrum of G191-B2B,

�E-mail: mab@star.le.ac.uk

obtained in a sounding rocket flight of the Joint Astrophysical
Plasmadynamic Experiment (J-PEX) high-resolution spectrometer.
Using a model stellar atmosphere which assumed a homogeneous
composition and incorporating interstellar absorption, the principal
result was the clear detection of a low-density ionized He compo-
nent along the line of sight, which had only previously been inferred
from lower-resolution observations with the Extreme Ultraviolet
Explorer (EUVE). However, the estimated ionization fraction of
He (∼0.7) was unusually high. Inclusion of a significant abun-
dance of photospheric He yielded a best fit to the spectrum, and
excluded at the 99 per cent confidence level solutions in which
He was absent. However, the implied He/H abundance of 1.6 ×
10−5 (by number) did not yield photospheric lines that were strong
enough to be detected directly at the signal-to-noise of the J-PEX
spectrum.
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We present a new analysis of this J-PEX spectrum, which con-
siders a wider range of possible models developed in earlier studies.
These include homogeneous atmosphere models, in which heavy
element compositions have been updated in the light of recent UV
studies (Barstow et al. 2003), and stratified structures determined
from both empirical matches to the EUVE spectrum (Barstow et al.
1999) and a self-consistent treatment of the radiative levitation
forces (Schuh, Dreizler & Wolff 2002). This work includes an im-
proved treatment of the wavelength calibration, which takes into
account second-order errors in the solution that were not dealt with
originally. Further, we re-examine the interstellar absorption in the
light of Space Telescope Imaging Spectrograph (STIS) results (dis-
cussed in Section 4.2), which indicated that the low-density ionized
He material may in fact reside in two components at different loca-
tions along the line of sight.

2 DATA R E D U C T I O N

The J-PEX spectrometer has been described briefly by Cruddace
et al. (2002) and will be discussed in more detail in a forthcoming
paper (Cruddace et al., in preparation). The stellar spectrum appears
as four offset lines across the detector image, each covering a similar
wavelength range. The image is then corrected for pointing drifts
before the spectra are extracted from it. Using laboratory calibration
images of a Penning discharge source, an approximate wavelength
scale was established for each spectrum, which was fitted by a third-
order polynomial. The final wavelength scale for each spectrum was
established by cross-correlation with the G191-B2B EUVE medium
wavelength spectrum. This process also allowed us to determine the
wavelength scale offsets for the gratings, which were then refined
by cross-correlating the individual spectra with each other to find
common spectral features. Finally, the raw spectra were corrected
for all offsets and rebinned to a common 0.04-Å grid for analysis.
Inspection of the original reduction, reported by Cruddace et al.
(2002), reveals that the predicted locations of some reliably identi-
fiable features disagree slightly with their observed positions, and
we have taken these features into account to make small adjustments
to the wavelength scale.

Pre-flight dark exposures revealed a detector noise count rate of
less than five counts s−1 over the entire imaging area. Hence, the
mean count per spectral bin accumulated during the 300-s expo-
sure is sufficiently low that the stellar spectra could be assumed
to be free of background. As a result of unexpected shifts, during
launch, in the relative alignment of the spectrometer and the atti-
tude control system star tracker, only two spectra were registered
with the full wavelength range within the detector active area, while
two were cut off by the detector boundary at ∼239 Å. Hence, be-

Table 1. Summary of theoretical model atmosphere calculations used for the analyses in this paper, giving details of temperature, gravity and abundances for
each grid.

No Description T eff (K) log g Helium treatment Heavy element treatment

1 Fully homogeneous 54 000 7.5 He/H 10−6–10−4 Fe/H from 3 × 10−6 to 3 × 10−5, others with
fixed uniform abundances (see text)

2 Stratified H+He 54 000 7.5 H mass 10−14–10−13 As for model 1
3 Barstow et al. (1999) 54 000 7.5 H mass 10−14–10−13 Fe from fe4 to fe6 models, others with

stratified Fe fixed uniform abundances (see text)
4 PRO2 self-consistent 53 000–56 000 7.4–7.6 Determined by self-consistent calculation of radiative levitation

rad. lev. & diffusion and diffusion effects for given T eff and log g
5 Fully homogeneous 54 000 7.5 He/H 10−6–10−4 Fe/H from 3 × 10−6 to 3 × 10−5, others fixed at

STIS values (see text)

tween 239 and 243 Å only half the geometric collecting area of the
telescope was used, effectively halving the exposure by comparison
with the shorter wavelengths. To maintain a roughly constant signal-
to-noise across the whole spectrum, data in this range were binned to
0.08 Å.

3 S P E C T R A L A NA LY S I S

3.1 Stellar atmosphere models

Our well-established technique for the analysis of high-resolution
spectra is discussed in detail in Cruddace et al. (2002). In this
paper we extend the range of spectral models used, as listed in
Table 1. Models 1–3 were computed using the stellar atmosphere
code TLUSTY and its associated spectral synthesis codeSYNSPEC

(Hubeny & Lanz 1995; Lanz et al. 1996), which consider homo-
geneous mixtures of He and heavy elements besides more com-
plex stratified distributions of materials (see Table 1, models 1–3).
Model 4 is a small grid of calculations using a variant of the PRO2
code (Werner & Dreizler 1999; Werner et al. 2003), where the bal-
ancing effects of radiative levitation and downward gravitational
diffusion are taken into account in a self-consistent way (Dreizler &
Wolff 1999; Schuh et al. 2002). These models should give a much
better physical description of the atmospheric structure than the
empirical ‘slab’ type model 3. T eff ranged from 53 000 to 56 000 K
and log g from 7.4 to 7.6. Because the atmospheric structure and
depth-dependent abundances are a function of both T eff and log g,
these parameters were allowed to vary freely within the limits during
the analysis. As before, interstellar opacity was taken into account
with our modified version of the Rumph, Bowyer & Vennes (1994)
model.

For all the TLUSTY models, we fixed the stellar temperature and
surface gravity (T eff = 54 000 K, log g = 7.5) at the grid points
closest to the values determined from the Balmer and Lyman lines
of G191-B2B (Barstow et al. 1998). Apart from the helium and Fe
abundances, which were allowed to vary freely between the grid lim-
its of 10−4 and 10−6 and 3.0 × 10−5 and 3 × 10−6, respectively, the
homogeneous abundances of the heavy elements were fixed at values
determined from far-UV observation (C/H = 4.0 × 10−7, N/H =
1.6 × 10−7, O/H = 9.6 × 10−7, Si/H = 3.0 × 10−7, Ni/H =
5.0 × 10−7), to allow direct comparison with the results from our ear-
lier analysis of the J-PEX spectrum. However, Barstow et al. (2003)
have subsequently reanalysed the STIS spectrum of G191-B2B
and revised these values. Therefore, we have included in this anal-
ysis another uniform model (model 5), with variable He and Fe
abundances and the new STIS abundances for the other heavy
elements.
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3.2 Analysis procedures

For all this work, the interstellar H I and He I column densities were
fixed at values obtained from analysis of the broader-band, lower-
resolution EUVE spectrum by Barstow et al. (1999), adopting values
from the closest similar model used in the EUVE work. Columns
of H I = 2.15 × 1018 cm−2 and He I = 2.18 × 1017 cm−2, deter-
mined using a homogeneous atmosphere model were adopted for
models 1 and 5, while columns of H I = 2.05 × 1018 cm−2 and
He I = 2.00 × 1017 cm−2, corresponding to the fe6 stratified model
of Barstow et al. (1999), were used with all the stratified calcula-
tions (models 2, 3 and 4). The He II column density was always
allowed to vary freely and independently of the other interstellar
components.

Our initial analysis of the J-PEX spectrum of G191-B2B, reported
by Cruddace et al. (2002), made the assumption that the interstel-
lar He II present existed as a single component. However, far-UV
spectroscopy has revealed that there are two components to the in-
terstellar medium (ISM). One of these is associated with the local
interstellar cloud (LIC), while the other is designated component I
(see Sahu et al. 1999). Component I is very similar in velocity to
highly ionized, possibly circumstellar, material revealed through
the detection of a C IV doublet near 1550 Å (Vennes & Lanz 2001;
Bannister et al. 2003), which is blueshifted with respect to the photo-
spheric velocity. While the velocity separation of the LIC and stellar
photosphere is small (∼4.6 km s−1) and well below the resolving
power of the J-PEX spectrograph, the difference between compo-
nent I and the stellar photosphere is much larger at 16.6 km s−1.
We would not expect to resolve these components because this is
still below the instrument resolution (equivalent to ∼75 km s−1

FWHM), but the quality of the agreement between model and ob-
servation could be affected, through an apparent broadening of the
He lines, if not taken into account. Therefore, we treat the He II

opacity as being provided by two discrete components, each having
a different velocity and column density. Both parameters of each
component were allowed to vary independently during the spectral
analysis.

An inspection of the original analysis of the J-PEX spectrum
shows that the match between the wavelengths of detected features
with their predicted location is not always satisfactory. For exam-
ple, this is apparent near the He II Lyman series limit near 228 Å,
where an apparent emission feature appears about two-wavelength
bins (0.1 Å) shortward of its location in the model. This peak is a
residual of the continuum in a region containing a number of over-
lapping He II interstellar absorption features. Similar discrepancies
are found elsewhere, indicating that there are small residual errors
in the wavelength calibration. Because we do not have any addi-
tional calibration information to deal with this, we have assumed
that the predicted wavelengths of the peak near 228 Å and certain
well-known and reliable absorption features are correct, and have
adjusted the wavelength calibration accordingly. In doing this, any
absolute velocity information is compromised, but relative veloci-
ties (say between photospheric and ISM components) are preserved.
It is important to note that most published EUV wavelengths are cal-
culated rather than measured and are not necessarily accurate. This
is particularly true of complex atoms having many millions of EUV
lines, such as Fe or Ni. However, for low Z elements this is much
less of a problem. We list here the lines that we have used, highlight-
ing the strong positive detections in bold type and the weaker, less
certain, features in normal type: He II (λλ 228.06, 228.54, 230.14),
C IV (λ 238.25), N IV (λλ 238.07), O IV (λλ 231.7, 231.25, 233.47,
233.56, 238.57) and O V (λλ 227.51, 231.82).

As reported in our original paper, some strong absorption features
in the spectrum of G191-B2B are not predicted by our white dwarf
atmosphere models, despite the inclusion of the more abundant el-
ements and a very comprehensive library of spectral transitions.
Because they can potentially alter the fit between model and data by
forcing the procedure to average out the flux differences across the
line, which might yield some erroneous results, we have excluded
those regions of the spectrum where the strongest such features oc-
cur from the analysis. Specifically, these are at 229.15 and 232.75 Å
and appear as gaps in Figs 1(a) and (b). In addition, we have not
used the very shortest wavelength part of the spectrum below 226 Å
(or a section near 227.5 Å), where there are many bins containing
zero counts, because these cannot be handled by the fitting algo-
rithm. In other regions of the spectrum where similar discrepancies
can be seen, we have not excluded the data points because a feature
is predicted at the specific wavelength, but not as strong or weak as
actually observed.

3.3 Spectral analysis results

As the groups of models with homogeneous or stratified heavy ele-
ment compositions give rather similar results, Figs 1 and 2 show the
best match between the data and two representative models: model 5
(Figs 1a and 2a) and model 4 (Figs 1b and 2b). Table 2 lists the values
of all the parameters for these.

In general, all the models give a reasonably good agreement with
the data, but formally, the fits to stratified models 3 and 4 are not ac-
ceptable. All the best-fitting models include opacity from both pho-
tospheric and interstellar helium, the levels of photospheric opacity
being consistent with our inability on this flight to achieve positive
detections in the 237.331- and 243.026-Å He II lines. Furthermore,
no significant change in the quality of the fit is noted if the pho-
tospheric component is forced to zero and all the He II opacity as-
sumed to be interstellar and/or circumstellar. Compared to our initial
analysis, the match between the locations of absorption features in
the observed spectrum and those of the models is much improved.
Particularly good agreement is obtained in the ∼228 to 230 Å
wavelength range. Apart from the He II Lyman series, no strong
absorption lines are predicted by the models in this range. We can
clearly identify λ228.54 (left-hand arrow in Fig. 1a), and blends of
He lines down to the series limit (marked by the bracket in Fig. 1a).
The apparent emission feature at 227.9 Å is an artefact of the ef-
fect of He II line series opacity on the stellar emission, which was
predicted by our modelling before the J-PEX flight. The absorption
line at 229.0 Å coincides with predicted He II and O III features and
is probably a blend of both (right-hand arrow in Fig. 1a).

4 D I S C U S S I O N

4.1 Homogeneous versus stratified heavy element distributions

Because it is accepted that the presence of significant quantities of
heavy elements in the atmospheres of hot DA white dwarfs such as
G191-B2B is a result of radiative levitation, it is a surprise that the
best agreement with the J-PEX spectrum is obtained with models
having a homogeneous distribution of material. In particular, this re-
sult contradicts the analyses of the EUVE spectrum of G191-B2B,
which require a stratified atmospheric structure to reconcile the over-
all spectral shape across the full ∼100–600 Å wavelength range, in
particular at wavelengths below 190 Å (Barstow et al. 1999; Dreizler
& Wolff 1999). This is a problem of detail versus global coverage.
The EUVE spectrum covers a broad wavelength range (∼500 Å)
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Figure 1. Comparison of the best-fitting spectral models for each atmosphere type (histograms) with the 226–236 Å region of the J-PEX spectrum of G191-B2B
(error bars). (a) Homogeneous mixture of all elements – model 5. (b) Self-consistent radiative levitation/diffusion PRO2 model – model 4. In (a) the bracket
identifies the converging He II Lyman series lines and the series limit, the left arrow marks He II 228.54 Å and the right arrow a blended feature of O III and He II

at 229.0 Å.

Figure 2. Comparison of the best-fitting spectral models for each atmosphere type (histograms) with the 236–246 Å region of the J-PEX spectrum of G191-B2B
(error bars). From the top, (a) homogeneous mixture of all elements – model 5. (b) Self-consistent radiative levitation/diffusion PRO2 model – model 4.

and with much better signal-to-noise than the J-PEX spectrum, but
has limited (∼0.5 Å) spectral resolution. In contrast, J-PEX has
a much narrower band (∼25 Å) but a factor of 10 better resolving
power. Inspection of Figs 1 and 2 reveals that, over the J-PEX wave-
band, the stratified models have too much opacity, particularly at the
longer wavelengths above 235 Å. In fact, this is also the case in the
EUVE analyses. The individual features predicted at the resolution

of EUVE are generally stronger than in the data. Hence, even before
the J-PEX flight the problem of reconciling the predicted detailed
line opacity with that observed already existed, but was given sec-
ondary consideration compared to the reproduction of the overall
spectral shape by the models.

As we would expect to obtain consistency between the two in-
struments, this is probably an indication of current limitations in the
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Table 2. Summary of the results of the various analyses of the J-PEX spectrum of G191-B2B as discussed in the text,
for two representative model structures/compositions. The parameter z is the measured redshift for the various opacity
components considered.

Model number and description
Model 4. Self-consistent Model 5. Fully homogeneous with STIS heavy

levitation/diffusion element abundances
−1σ +1σ

T eff (K) 53 000 54 000
log g 7.6 7.5
He II ISM A (LIC?) (cm−2) 3.20 × 1017 2.58 × 1017 1.47 × 1017 1.95 × 1017

He II ISM B (LB?) (cm−2) 2.70 × 1017 4.55 × 1017 1.85 × 1017 1.55 × 1017

He/H (number) or H mass (M�) n/a 3.00 × 10−5 7.60 × 10−6 1.17 × 10−5

Fe/H (number) n/a 8.26 × 10−7 2.51 × 10−7 2.94 × 10−7

zLIC −4.77 × 10−5 1.51 × 10−5 1.30 × 10−6 1.30 × 10−6

zISM −1.00 × 10−4 −6.23 × 10−5 1.10 × 10−6 1.10 × 10−6

v ISM−LIC (km s−1) −15.69 −23.22 0.51 0.51

models. It is likely that there are deficiencies in the atomic data used,
because the wavelengths and oscillator strengths are largely calcu-
lated rather than measured. Any inaccuracies in these computations
would be reflected in incorrect opacities and implied abundances.
This is particularly true for Fe and Ni lines, the dominant sources
of photospheric opacity.

Furthermore, the inability of the models to account for some of the
stronger lines detected is an indication that the input data are incom-
plete. For the stratified models, their main observational deficiency
is that the photospheric lines and complexes are typically predicted
to be stronger than observed across the whole J-PEX waveband. Of
particular note are broad regions at 234.5–236 Å (see Fig. 1b) and
236–237 Å, besides narrow complexes at ∼238.3 and 239.3 Å (see
Fig. 2b), all associated with groups of Fe and Ni lines. Revised
atomic data might rectify this. Alternatively, the radiative levitation
calculations may predict abundance profiles that are not sufficiently
accurate to reproduce the observed opacity, at the depths where
the observed lines are formed. These abundances are ‘fixed’ by the
stellar parameters and cannot be fine-tuned with the freedom avail-
able in the homogeneous models, which might explain why these
are a better match across the narrower spectral range. These results
indicate that the actual element abundances are lower, at the line for-
mation depth, than the radiative levitation calculations predict, but
they do not demonstrate that the heavy elements are not stratified.

Other physical effects may eventually need to be included to pro-
vide more realistic models. Mass loss could contribute to a relative
depletion of the heavy element material and modify the stratifica-
tion, bringing the EUVE and J-PEX analyses into closer agreement.

4.2 Interstellar and/or circumstellar He II

All EUV studies of G191-B2B require an interstellar component
(or components) of He II opacity to explain the observed spectra,
in combination with either homogeneous or stratified models. At
the resolution of EUVE and in the presence of absorption from
many other species, this material could not be directly detected.
However, the J-PEX data clearly reveal the interstellar He II Lyman
series lines, and further they imply that there is a contribution from
photospheric He. In our new analysis we have divided the ion-
ized interstellar He into two contributions, identified with the LIC
and ISM component I. The fitting procedure naturally separates
these two components in velocity space, the velocity difference of
∼ −23 km s−1 (Table 1) being similar to the ∼ −14 km s−1 reported

by Sahu et al. (1999). However, both this value and the formal error
in the velocity (∼0.5 km s−1) are small, compared to the velocity
resolution of 75 km s−1. However, using the information available
through the existing high-resolution STIS spectra, we can assume
that there are two interstellar/circumstellar absorption components
along the line of sight, and we have obtained measurements of the
respective column densities and the formal uncertainties. All of the
error ranges listed in Table 1 exclude a zero column density for
either component, but these are only 1σ limits, corresponding to
a confidence limit of 68 per cent. If we apply a more stringent
3σ criterion, then a zero column density does lie within the error
bounds. Our resolving power (∼4000) is considerably lower than
that of STIS (R = 40 000–100 000), which prevents determination
of the velocity differences between the components, which are below
the discrimination possible with J-PEX. Therefore, the evidence in
the J-PEX spectrum for the presence of two interstellar/circumstellar
components is not conclusive.

Nevertheless, using the far-UV evidence that two ISM compo-
nents are present we consider the implication that the EUV opacity
we observe is divided between these two components. A problem
in earlier studies of G191-B2B has been the high He II ionization
fraction obtained from a single absorbing component, in comparison
with other lines of sight in and around the LIC and the Local Bubble.
Combining the two He II components treated here into a single one
yields a similar result to earlier analyses, namely an ionization frac-
tion [NHe II/(NHe II+NHe I)] of 0.77 for the best homogeneous model
(model 5). Similar fractions (within ±0.04) are obtained for the
other models within the ∼ ±10 per cent uncertainty of the estimate
(based on the He II column uncertainties alone, the uncertainty in
the He I measurement has not been quantified).

If we consider the two components individually, we have to make
some assumptions about how He I is distributed between the two
regions, the LIC and component I, because the wavelength cover-
age of J-PEX does not include the 206-Å He I line. Bannister et al.
(2003) have pointed out the association of the latter with highly ion-
ized material seen in the STIS spectrum. Hence, the most extreme
case we can consider, with all the neutral helium residing in the
LIC and the medium outside the LIC associated with component I
being completely ionized, would seem to be a good approxima-
tion to the existing conditions. The best fits for the models yield
a large spread in the ionization fraction of the LIC, ranging from
0.43 (model 2) to 0.68 (model 3). Model 5, the homogeneous model
with revised heavy element abundances yields a value of 0.54. In
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Figure 3. Comparison of our results for G191-B2B (from model 5, open
diamonds) with those of Barstow et al. (1997, filled diamonds), show-
ing the calculated ionization fraction as a function of stellar distance. For
G191-B2B, the upper symbol is the ionization fraction estimate for the to-
tal He II column, while the lower of the two is that calculated for the LIC,
assuming all the neutral helium resides therein, as discussed in the text.

Fig. 3, which shows the calculated ionization fraction as a function
of stellar distance (estimated photometrically), we compare our re-
sults for G191-B2B (open diamonds) with those of Barstow et al.
(1997, filled diamonds), who reported EUVE observations includ-
ing a number of stars with pure H atmospheres. For G191-B2B, the
upper symbol is the ionization fraction estimate for the total He II

column, while the lower of the two is that calculated for the LIC,
assuming all the neutral helium resides there, as discussed above.
This lower value is consistent with the Barstow et al. (1997) results,
within the overall uncertainties, and supports the argument that there
are two He II components in the line of sight to G191-B2B.

5 C O N C L U S I O N

We have presented a detailed analysis of the high-resolution EUV
spectrum of G191-B2B, obtained with the sounding rocket-borne
J-PEX spectrometer. This new work confirms the basic results of the
initial analysis, published by Cruddace et al. (2002), but incorpo-
rates an improved treatment of the wavelength calibration, considers
a wider range of possible atmosphere models and examines multiple
interstellar components. We find that homogeneous atmospheres fit
the J-PEX high-resolution EUV spectra better than stratified models.
This contradicts earlier analyses of EUVE spectra, and the discrep-

ancy is attributed to one or both of two possible reasons: deficiencies
in atomic data for the some 107 absorption lines used in the models,
incompleteness of the models, for example the effects of mass loss
from the atmosphere.

Dividing the interstellar He II absorption into two components,
one in the LIC, yields a better fit to the J-PEX EUV spectrum and
solves the problem of the high ionization fraction (>0.7) deduced
from earlier single component studies. The J-PEX result is not con-
clusive but is consistent with studies made with STIS.
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