THE ASTROPHYSICAL JOURNAL, 565:L47—L50, 2002 January 20
© 2002. The American Astronomical Society. All rights reserved. Printed in U.S.A.

HIGH-RESOLUTION SPECTROSCOPY OF G191-B2B IN THE EXTREME-ULTRAVIOLET

R. G. CRUDDACE,' M . P. KowaLsk1,' D. YENTIS,! C. M. BROWN,* H. GURSKY," M. A. BARSTOW,? N. P. BANNISTER,?
G. W. Fraser,? J. E. SPRAGG,? J. S. LAPINGTON,® J. A. TANDY,® B. SANDERSON,* J. L. CULHANE,?

T. W. BARBEE,* J. F. KorDAS,” W. GOLDSTEIN,* AND G. G. Fritz®
Received 2001 November 2; accepted 2001 December 7; published 2002 January 7

ABSTRACT

We report a high-resolutiorR(= 3000 —4000) spectroscopic observation of the DA white dwarf G191-B2B
in the extreme-ultraviolet band 220-245 A low-density, ionized He component is clearly present along the
line of sight, which if completely interstellar implies a He ionization fraction considerably higher than is typical
of the local interstellar medium. However, some of this material may be associated with circumstellar gas, which
has been detected by analysis of thev@bsorption-line doublet in Blubble Space Telescope/Space Telescope
Imaging Spectrograph spectrum. A stellar atmosphere model assuming a uniform element distribution yields a
best fit to the data that includes a significant abundance of photospheric He. The 99% confidence contour for
the fit parameters excludes solutions in which photospheric He is absent, but this result needs to be tested using
models allowing abundance gradients.

Subject headings: circumstellar matter — ISM: general — stars: individual (G191-B2B) — white dwarfs

1. INTRODUCTION have made it clear that G191-B2B falls into the group of very
hot DA stars T > 50,000 K) whose atmospheres contain sig-
nificant quantities of heavy elements. In particular, detections
of C, N, O, Si, P, S, Fe, and Ni have been reported in various

tudies (Bruhweiler & Kondo 1983; Sion et al. 1992; Vennes

t al. 1992, 1996; Holberg et al. 1994). Such material is re-
sponsible for severe depression of the extreme-ultraviolet
(EUV) flux in G191-B2B at\ < 200 A when it is compared
with stars with pure H atmospheres, and the star has been an

tothe age of the universe. Furthermore, cool white dwarfs M&Y important target for spectroscopic EUV observations to deter-
account for a substantial fraction of the missing mass in the P rge PeC P i X
mine the principal opacity sources. In addition, an important

Galactic halo (Oppenheimer et al. 2001). However, these goals . ! : : ;
depend on our understanding of white dwarf evolution and, in goal is to obtain a self—co_n3|stent model havmg an effeptlve
particular, on predictions of the cooling rates. These in turn are temperature, surface gravity, and composition that can fit the

affected by the mass, radius, and photospheric composition 0ffarjultraviolet (FUV) and EUV observati_ons simultaneously.
the stars. Our understanding of the physical mechanisms thafl IS Would demonstrate our understanding of the star and the
determine white dwarf evolution leaves several majorquestionsr?.“%b'“ty ?]f thebr_nodel calculations, which could then be ap-
unanswered. While the emergence from the asymptotic giantP 'ﬁ to other o JeCtIS' q ding of Ext Ul
branch of two groups of white dwarfs whose compositions are . - O"I"Eivler' a Cé)Sq\E’Eete un erstarf1 énl%f 3 ZBrr?meb tra- I
dominated by H or He is beginning to be understood, the com- Violet Explorer ( ) spectrum o -b2b has been elu-
plex relationship between these branches and a demonstrabl&Ve: Initial attempts to match the observation with synthetic
temperature gap in the cooling sequence of the He-rich brancksPectra failed to (eproduce either the flux level or the general
cannot yet be explained. Determination of the photospheric He Shape of the continuum (see Barstow et al. 1996), as the model
and heavy-element content would provide important infor- contained insufficient Fe and Ni lines. Consequently, about nine
mation on the evolutionary history of the stars. Already it has Million predicted lines were added to the few thousand with
been established that significant quantities of elements heavief€asured wavelengths, yielding a self-consistent model able
than He are present in the atmospheres of the hotfest (  © reproduce the EUV, FUV, and optical spectra (Lanz et al.
50,000K) white dwarfs (Barstow et al. 1993). 1996). However, good agreement could be achieved only by
G191-B2B is one of the brightest and best studied of the |nclud|_ng a S|g_n|f|cantquant|ty of He, in either the photos_phere
hot, H-rich DA white dwarfs. As it lies near the top of the DA OF an ionized interstellar component, Unfortunately, owing to
cooling sequence, measurements of its effective temperaturethe limited resolution oEUVE (~0.5 A) in the Hen Lyman
mark in the study of the whole DA sampleJE and Hubble More recently, it has been shown that photospheric heavy el-

Space Telescope (HST) observations at high spectral resolution €ments may not be distributed homogeneously in the radial
direction, so more complex stratified structures should be con-

sidered. This approach has yielded a good fit of model at-

White dwarfs are among the oldest objects in the Galaxy. As
remnants of all stars with an initial mass of lessthal§ , they
are important laboratories for the study of evolutionary pro-
cesses and the behavior of matter at extreme temperature an
density. Study of their space and luminosity distributions helps
map the history of star formation and could, in principle, de-
termine the age of the disk, yielding an important lower limit

L E. O. Hulburt Center for Space Research, Naval Research Laboratory,

Washington, DC 20375. mospheres to observational data across the soft X-ray, EUV,
? Department of Physics and Astronomy, University of Leicester, Leicester and FUV bands (Barstow, Hubeny, & Holberg 1999; Dreiz-
LEL 7RH, UK. , o ler & Wolff 1999). Important progress has been made also in
st m;'r';r%iﬁ(?ﬁ;SSCL'J‘?:‘ecyeéagog"Nt%r{)E_”'Vers'ty College London, Holmbury incorporating radiative levitation and diffusion self-consistently
“ Lawrence Livermore National Laboratory, Livermore, CA 97550. into the calculations (Dreizler & Wolff 1999; Schuh, Dreizler,
S Praxis, Inc., 2200 Mill Road, Alexandria, VA 22314. & Wolff 2001). The need for a He contribution is reduced in
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Fic. 1.—High-resolution EUV spectrum of G191-B2B, obtained with the J-PEX spectrometer in the wave band 221-/91data points have error bars.
The red histogram is the best-fit model of the star and ISM. The strongest predicted lines of He, C, N, O, and P are labeled with their ionization state and
wavelength. Lines of Fe and Ni, too numerous to include here, account for some unlabeled individual features and broader absorption structures.

Counts sec'A’

o

these stratified models but is not eliminated. We present the The background count rate in the detector field during the
results of a search for the HieEcomponent in the EUV spectrum  observation was 4.2 counts'ssufficiently low that the spectra

of G191-B2B, using the Joint Astrophysical Plasmadynamic were essentially free of background. Therefore, the error bars
Experiment (J-PEX) high-resolution EUV spectrometer. This in Figure 1 have been assigned assuming Poisson statistics. The
spectrum was obtained by J-PEX after launch by a soundingspectrum contains one flaw caused by the pointing on target,

rocket in 2001 February. in which data above-239 A was lost in two of the spectra.
Thus, only half the instrument effective area was used in this
2. THE J-PEX HIGH-RESOLUTION EUV SPECTROMETER region, and accordingly we have increased the bin width to

0.096 A

We have compared the observed spectrum with the predic-
tions of a model in which the white dwarf atmosphere has a
homogeneous composition and the flux is absorbed by H
He 1, and Hen in the interstellar medium (ISM). Although
stratified atmosphere models are more successful in reconciling
spectra of G191-B2B in the EUV and FUV bands (Barstow &
Hubeny 1998; Barstow et al.1999), the homogeneous models
are adequate for the relatively narrow J-PEX wave band and
give a useful baseline for comparison with abundance mea-
. S S surements made in other studies. The analysis technique has
tral resolving powerR) in flight is 4980, which includes the been described extensively in earlier papers (e.g., Lanz et al.

effect of a pointing uncerta_linty .Of”l Calibration ofR was 1996), and we give here only a brief overview. The XSPEC
hindered by thermal deflections in the spectrometer caused bysoftware was used to fold model spectra through the J-PEX

detector heating overlong exposure times, and consequently th‘?nstrument response, and as we were dealing with a spectrum

average measured resolving power was 2750, yielding an esy,, ing 2 small number of counts per bin, the best match be-
timate for in-flight resolving power of 2600. However, the prob- tween model and data was obtained by minimization of the

Ieef;gcfgﬁ?i%mzrﬁ? ﬁ?é;'i'?rag&n ;hn?iUIJStehsav'l?hgrer?grceh Vi;n?gﬁrCash statistic (Cash 1979). Th_is does not assign an absolute
set only regsonagble boungds tg the resol\}ing power,in flight value to the g_oodness of fit, but it does allow uncertainty ranges
namely, 3000< R< 4000. This uncertainty is taken into ac- ' to be determined for each free parameter.

' ; The model spectra, based on work reported by Lanz et al.

count in analysis of the flight data. J-PEX was launched by a (1996)
: and Barstow, Hubeny, & Holberg (1998, 1999), were
NASA Black Brant IX sounding rocket (NASA 36.195DG) at calculated using the non-LTE code TLUSTY (Hubeny & Lanz

05.45 UT on 2001 February 22. The payload completed its 1995). For this initial analysis, we fixed the stellar temperature

mission successfully, during which time it observed the target : _ ) — ;
G191-B2B for 300 . and surface gravityT{;; = 54,000 K;logg = 7.5 ) at the grid

points closest to the values determined using the Balmer and

Lyman lines (Barstow et al. 1998). Apart from the He abun-

dance, which was allowed to vary freely between the grid limits
The spectra of the four gratings were recorded independentlyof 10™* and 10°, the heavy-element abundances were fixed at

by the focal plane detector. In R. Cruddace et al. (2002, in values determined in earlier homogeneous-model analyses of

preparation), we describe how the positions of photon eventsG191-B2B C/H =4.0x 10', NNH= 1. x 107, O/H =

in each spectrum were corrected for attitude control system9.6 x 1077, Si/H= 3.0 x 10, P/H= 25x 10°%, S/H=

drift and jitter and the wavelength of each spectrum was cal- 3.2 x 10/, Fe/H= 1.0 x 10°°, Ni/H = 5.0 x 107").

ibrated. The events were summed in bins of width 0.024 A  The value taken for Fe/H lies between limits established by

before being superposed to yield one spectrum. The bin widthFUV (2.4 x 10°% Vennes & Lanz 2001) and EUV [(394

was chosen to oversample the data by a factor of 2.4 in com-10"°; Bargtow et al. 1999] analyses. The effect of Fe/H in the

parison with the resolution & = 4000 so as to minimize the 225-245 Aband is to change the level of the overall spectrum,

loss of information during superposition. The final spectrum, and we have verified that this does not affect the conclusions

in which the signal-to-noise ratio (S/N) has been maximized reached in our analysis. The ISMitdnd Her column densities

by increasing the bin size to 0.048 A shown in Figure 1.  were fixed at values obtained from analysis of the broader

The average S/N per bin was 5.0. band, lower resolutio'EUVE spectrum (Barstow et al. 1999):

The J-PEX spectrometer, described by R. Cruddace et al.
(2002, in preparation), is a slitless, normal-incidence instrument
employing figured spherical gratings in a Wadsworth mount.
The optic comprises four ion-etched laminar gratings with a
groove density of 3600 g mrm and a focal length of 2.0 m.
The gratings are coated with a M&'Si/MoSi, multilayer de-
signed to operate in the band 220-24%Ad are optimized to
suppress zero order and yield maximum efficiency in first order
at 235 A At this wavelength the spectrometer achieves an
effective area of 3.0 ctThe design specification for the spec-

3. DATA REDUCTION AND ANALYSIS
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Fic. 2—The 1, 2, 3, 5, and 18 contours for the two parameters varied in
fitting a uniform-abundance white dwarf atmosphere model to the measured
spectrum of G191-B2B. The 8 contour corresponds to a confidence level of
99.7%. The secondary contour at d@ocates a weak secondary minimum in
the x? distribution.

Counts sec’ A’

Hi1=215x 10® cm? and Her = 2.18 x 10 cm?. The
parameters varied during the fit were the column density of Wavelength (A)

Heu in the line of sight R,,,, ) and the photospheric He abun- Fic. 3.—Top: Expanded view of the J-PEX spectrum of G191-B2B in the
- H H o 1IG. o.— N - -
dance (1*'8' measurEd. by .numbersf of nUCI§I)' FOI_’ this fit, the wavelength range 226-232 gpanning the Her Lyman series limit. The red
data were s_ummed in bins _Of W'dth 0.06Q ‘%ql-”valent to histogram is the best-fitting model of the stellar atmosphere and absorption in
= 400Q Given the uncertainty in the resolving power (§ 2; the ISM.Bottom; Expanded view of the J-PEX spectrum of G191-B2B in the
= 3000-4000), the fits were performed also for lower values range 226-232" Abut this time showing the best fit, traced by the green
Of R, but yielded no significant change in the results presemedhlstogram of a model in which absorption by interstellar and circumstellar
. . . He has been removed.
below in § 4. The best fit to the data, shown by the red line
in Figure 1, was obtained fdx,,, = 5.97 x 10" cm? and
N, = 1.60 x 10°% and in Figure 2 we show the 1, 2, 3, 5,
and 100 contours for the two parameters. Thes gontour is
the locus on whick? exceeds the minimum by 11.8 and within

which the parameter confidence level is greater than 99.7%.h|1?gslr_ than tge t;{p|cal trarllgiggf70.2:—0.50 in the IO‘.:S"I ISM
We use this contour to derive 99% confidence limits of ¢ , €.g., barstow et al. ). However, a possible cir-

17 e Ts cumstellar medium (CSM) component has been identified re-
]%7;5—6-13 x 10 cm’ for Ny,., and (1.31-1.91x 10°* cnf cently through analysis of the @ absorption-line doublet
Her (1548.202 and 1550. 774)An the STIS FUV spectrum of
G191-B2B (Bannister et al. 2001). Therefore, some of the He
n detected in the J-PEX spectrum may be circumstellar, al-
The good agreement between the best-fit model and the datahough the fraction would have to be at least one-third to bring
in Figure 1 is striking, e.g., at the prominent absorption feature the interstellar component within the LISM range. The known
at 233.5 Aproduced by a cluster of @ lines. Many other LISM and CSM components are separated~t8ykm s* and
features are present that are mainly blends of large numbergherefore could not be resolved by J-PEX.
of Fev and Niv lines. The broad features between 227 and  The photospherlc absorption line at 243. OZGsApredlcted
232 A are a characteristic of the overlapping series of inter- to be the strongest in the J-PEX wave band. Unfortunately, this
stellar Henr absorption lines superposed on a continuum. This lies in a region of reduced exposure (8 3), and Figure 1 shows
is shown more clearly in the upper panel of Figure 3, an ex- no feature in the measured spectrum at this wavelength. How-
panded view of the 226—-232iegion shown in Figure 1. Taken  ever, the depth of the predicted line is similar to the magnitude
with the strong depression of the flux below 227 this is of the statistical errors for the data points, yielding only a very
strong evidence that interstellar hes present along the line  weak constraint on the possible He abundance. A weak ab-
of sight. Conclusive proof is obtained when the data are fitted sorption line is seen at the position of he237.331 A but
by a model in whichN,,.,, is set to zero. The degradation of likewise the photon statistics do not allow a significant de-
the fit is evident in the lower panel of Figure 3, particularly in tection.
the region below 229 AFurthermore, in this case the best-fit The above discussion of the column density of ISM/CSM
value of8.0 x 10°° forn,, is about 4 times the upper limit He 11 and the evidence for photospheric He are underpinned
we obtained from the absence of detectablerHat 1640 A by the good agreement between the homogeneous stellar at-
in theHST/Space Telescope Imaging Spectrograph (STIS) spec-mosphere models and the observational data, as shown by the
trum of G191-B2B. On the other hand, the best-fit model in good correspondence between predicted and observed features
the upper panel of Figure 3, in whiah,, = 1.6 x 10°°> , is in Figure 1 and the upper panel of Figure 3. However, closer
consistent with the STIS limit. inspection also reveals several significant features present in

The best-fit Her column density 06.97 x 10" cn? im-
plies a He ionization fraction, based &UJVE measurements
of the He1 column density, 0f~0.73. This is substantially

4. DISCUSSION
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the observed but not in the synthetic spectrum, for example at The white dwarf model that best fit the data included a
229.3 and 231.2 AThis indicates that the model atmosphere significant abundancd,.6 x 10~ , of photospheric He, and at
is incomplete and that other elements should be included inthe 99% confidence level we could exclude models containing

addition to C, N, O, Si, P, S, Fe, and Ni. no photospheric He. However, we caution that a simple model,
in which elements are distributed uniformly in the atmosphere,
5. CONCLUSIONS was used in this analysis, and further work with models in

which stratification of elements is allowed, and taking greater

We have presented our first analysis of the high-resolution advantage of other G191-B2B observations, is needed to verify
EUV spectrum of G191-B2B obtained with the J-PEX spec- or disprove our result.
trometer, which has the highest resolving power (3000—-4000)
achieved so far in the EUV and X-ray wave bands. The results
show conclusively that ionized He is present along the line of The Naval Research Laboratory (NRL) was supported in
sight and yield a column density 8£97 x 10 ¢ How- this work by NASA under the grant NDPR S-47440F and by
ever, if this is all interstellar, the measured column density the Office of Naval Research under NRL work unit 3641 (Ap-
yields an estimated He ionization fraction significantly higher plication of Multilayer Coated Optics to Remote Sensing). The
than is typical of the LISM. Some of this material may be University of Leicester and the Mullard Space Science Labo-
associated with a newly discovered circumstellar component,ratory acknowledge the support they received for this project
but further investigation is necessary to demonstrate whetherfrom the Particle Physics and Astronomy Research Council in
this is plausible. the UK.
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