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ABSTRACT

We present new far-ultraviolet observations of the pulsating DA white dwarf G226-29 obtained witarthe
Ultraviolet Spectroscopic Explorer (FUSE). This ZZ Ceti star is the brightest one of its class and the coolest
white dwarf observed byUSE. We report the first detection of the broad quasi-molecular collision-induced
satellite of Ly3 at 1150A , an absorption feature that is due to transitions that take place during close collisions
of hydrogen atoms. The physical interpretation of this feature is based on recent progress of the line-broadening
theory of the far wing of Ly. This predicted feature had never been observed before, even in laboratory spectra.

Subject headings: line: profiles — stars: atmospheres — stars: individual (G226-29) — ultraviolet: stars —
white dwarfs

1. INTRODUCTION enough to be detected in spectra of cool DA white dwarfs with
DA white dwarfs have hydrogen-rich atmospheres whose 10,000 K< T, < 13,000K. In addition o that, the HA1150
far-ultraviolet (FUV) spectra show the Lyman series lines satellite is very sensitive to the degree of ionization and rep-
. . > _resents a potentially important means for diagnosing the con-
Spectra of these high-gravity stars are modeled by theoret.'calvective mixing efficiency in DA white dwarfs, especially in
spectra based on the Stark broadening of the hydrogen liney,is" 256 of effective temperatures (see, e.g., Bergeron, We-
(see, e.g., Vidal, Cooper, & Smith 1973; Finley et al. 1997, semael, & Fontaine 1992). Even in laboratory work, where a

\?vagféodwwg:le.sﬁg\?vs)ﬁof/vue\\//ea:ngtr%\r{ ng\?i;\/t?glr?girgrfnsggesgfk laser-produced plasma generates controlled conditions similar
’ y 9 to those encountered in stellar atmospheres of cool white

broadening. Greenstein (1980) and Holm et al. (1985) reporteddWarfs this transition has yet to be detected

thqt International Ultraviolet Explorgr (IVE) spectra of COO'. The effective temperature domain in which the kL150
\(/)vfhll_te dr\:éaar:sl jggv;/nsdtrfgg& abs&rg’;'sotgrfgf‘gfrels(;ggh:nﬁg Vx'gg ' satellite is the strongest includes an important class of stars:
th yor‘ N f similar f t.r in the r 'd( win ) B u the ZZ Ceti stars. ZZ Ceti stars are a class of hydrogen-rich
€ Ip ese %e 0 St' a f(\a/\";‘lljffg% bte' ed 'thgtho Hliwk_ atmosphere white dwarfs exhibiting multiperiodic variations
analyzing observations ot Vo obtained with the HOopKINS yih period ranging from 100 to 1000 s that are produced by
Ultraviolet Telescope. More recently, absorption features in the nonradialg-modes (see, e.g., the recent review by Fontaine
wing of Lyy were detected with th@rbiting and Retrievable Brassard, & Charpinet 2003). According to Bergeron et al.
Far and Extreme Ultraviolet Spectrometer (ORFEUS) andFar (1995) all ZZ Ceti stars occupy an empirical instability strip
Ultraviolet Spectroscopic Explorer (FUSE) spectra of white delimited by11,100 K< T, < 12,500 K. These objects have
g\(’)"ggséﬁojizteert eatll aI2. 01093?8' A\?I/qtlrflfegte aall.bggglti,obr:af?atel}rgls. are & great astrophysical interest because seismological studies al-
it ! ; g : | )- I tellit &p ter et al low probing of their interiors and therefore provide insights
interpreted as quasi-molecular sateliites obliKoester et al. for constraining the stellar structure and evolution of white

1985; Nelan & Wegner 1985), I6y(Koester et al. 1996), or d : :

, ! : . warfs. ZZ Ceti stars represent an evolutionary phase through
Ir_g(}a(tHZb{:%rI?s%[nzlb fgog)té(?;%ﬂ;@ﬂeg:’(lagrl]'ne.?ha”sg (f:r'?erg which all DA stars must evolve. Heard et al. (2002a) have
neultrell\llh drcIJ Ien atom); <|)r rotonsi, ydrogen with unexci predicted that both Hand H satellites of the Ly and Lyg

yarog P : lines should be detectable in ZZ Ceti stars.

Theoretical calculations of the complete dyine profile, FUV spectra have never been explored for any ZZ Ceti star.
which include perturbations by both neutral hydrogen and pro- The observations obtained with/E and Hubble Space Tele-

tons (Allard et al. 2000), have been used recently to improve -~ ;
. . . -~ scope (HST) were limited to the red wing of Ly. Here we
ghegrr%t'?f[;)rrg?geé'tngl o;osgzn;;\e%ess%eﬁtéa fgglgolglt.gé \:‘éh'ézl present an FUV spectrum (down to 1080 ) of the brightest
W ' ' W u'atl v object of this class, G226-29. These data allow us to report the

in particular a broad Hcollision-induced (Cl) satellite in the : : 2
red wing of Ly3 at 1150A . This satellite appears in models first detection of the iLyS CI satellite at 11504 .
covering a narrow range of effective temperatures and is strong 5 THE COLLISION-INDUCED SATELLITE AT 11504
! Institut d’Astrophysique de Paris, CNRS, 98bis Boulevard Arago, F-75014  On the basis of a theoretical study of thepLyprofile of
Paris, France; allard@iap.fr, hebrard@iap.fr. atomic hydrogen perturbed by collisions with neutral hydrogen

! . : . ;
Mel%gsnerl‘:’f‘;ﬁ'é: de Paris-Meudon, LERMA, 5 Place Jules Janssen, F-92195315mg and protons (Allard et al. 2000), we predict a Cl satellite

3 Department of Physics and Astronomy, Johns Hopkins University, 3400 feature of Hat 1150A . In summary, our theoretical approach
North Charles Street, Baltimore, MD 21218-2686; jdupuis@pha.jhu.edu, iS based on the quantum theory of spectral line shapes of Bar-
chayer@pha.jhu.edu, kruk@pha jhu.edu. anger (1958a, 1958b) developed in an “adiabatic representa-
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Fic. 1.—Line profile of Ly3 perturbed by neutral hydrogen and protons
(solid line). The dashed line shows only the contribution from neutral pertur- tha variation of the electric dipole moment during a collision
ggrzggc'r?btgg Q)c,’rmﬂ'éegtlgle(Tgé'g;prc’port'onal to the absorption coefficient (seq Allard et al. 1999). For the transitions contributing terLy

and Ly3, we used the dipole moments for, H and that
Ramaker & Peek (1972) and Spielfiedel (2003) calculated as
a function of internuclear distances.

The qualitative effects of thB”"B-X transition can be dis-
cerned in Figure 2, which shows the radiative dipole transition
'moment and the difference potential energies as a function of
R. The transition dipole moment is small for most valuegof
but shows a broad maximum at 4% , close to the broad
minimum of the outer well in the potential difference. In con-
trast, the dipole moment is small in the vicinity of the inner
well in the potential difference. As a result, the main contri-
bution from this transition is a Cl satellite in the far wing
centered at a frequency corresponding to the broad minimum
(Allard & Kielkopf 1982).

AV(R) = \Le(R) = (R — U(R), 1) The CI absorption depends strongly on the internuclear sep-

aration and produces a broad spectral feature with a charac-

whereeande’ label the energy surfaces on which the interacting teristic width on the order of the inverse of the duration of the
atoms approach the initial and final atomic states of the tran- close collision.
sition asR— « . The most significant characteristic of the po-  The line satellite shown in Figure 1 presents a shoulder at
tential curve is the existence of the double wells. Each extre-1120 A : a similar shape has been obtained for the 1400
mum in the difference potential leads, in principle, to a satellite. In Figure 6 of Allard et al. (1999) both theory and
corresponding satellite feature in the wing ofA.yAnother  experiment show an oscillatory structure between the satellite
important feature is that at larger internuclear separation, upand the line, with a minimum at about 1526 . These oscil-
to R = 19 A, the state has an ionic character. The ionic in- |ations are an interference effect (Royer 1971; Sando & Worm-
teraction weakens slowltR* v&/R°® dependence), thus mak- houdt 1973) and are expected to depend on the relative velocity
ing the potential energy difference broad compared to the steepof the collision and therefore on temperature. To conclude, we
well of theB—X transition that giVES rise to the 1680 satellite emphasize the importance of the accuracy of both the potentia|
in the Lyo wing. This different shape is important because the energiesnd the dipole moments for the line shape calculations,
position of the extremum and the functional dependence of theas well as a theory that takes into account the variation of the
potential difference on internuclear separation determine thedipole moment during an atomic collision.
amplitude and shape of the satellites (Allard et al. 1994).

The satellite amplitude depends also on the value of the
electric dipole transition momem(R) (Fig. &ashed line)
taken between the initial and final states of the radiative tran- G226-29 (WD 164#591, DN Dra) is the brightest ZZ Ceti
sition. The dependence of the moment on the separation of thestar. It was originally discovered to be variable by J. T. McGraw
atoms during a collision modifies relative contributions to the & G. Fontaine (1980, unpublished), but the first detailed anal-
profile along the collision trajectory. Line profile calculations ysis of the light curve was published by Kepler, Robinson, &
have been done in a classical path theory that takes into accouniather (1983). This is one of the best-studied ZZ Ceti stars,

the radiator and the perturber). For H=H collisions, we have
used the B potentials calculated by Madsen & Peek (1971)
and, for H-H, the H potentials calculated by Detmer,
Schmelcher, & Cederbaum (1998) and P. Schmelcher (2000
private communication). The resulting completeslyrofile is
shown in Figure 1. The broad-line satellite near 1850 is due
to the perturbation in an atomic hydrogen collision correspond-
ing to theB"B*L;—X'L; transition of Kl

The properties of the HA1150 CI satellite can be better
understood by studying Figure 2, which illustrates the differ-
ence potential energie®/(R)  for this transition:

3. FUSE OBSERVATION OF G226-29
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for which Fontaine et al. (1992) proposed that pulsation prop-
erties could be interpreted assuming a “thick” hydrogen layer
mass oflogq(H) = —4.4. Subsequent observations by the
Whole Earth Telescope consortium (Kepler et al. 1995) and by
HST Faint Object Spectrograph (FOS; Kepler et al. 2000) al-

lowed unequivocal mode identification and supported the Fon-
taine et al. (1992) contention that G226-29 has a thick hydrogen
layer. G226-29 defines the blue (hot) edge of the instability
strip according to optical determination of Bergeron et al.

(1995).

G226-29 was observed JSE as part of our cycle 4 Guest r
Investigator Program D101. This ZZ Ceti star is the coolest soxi0 15[
white dwarf observed with this instrument thus far. Two ob- " l
servations of four exposures each were obtained on 2003 March 0 G0 ]
11 and 12 in time-tagged photon address mode with the object 1o ‘ Wovelength (1) e e
in the 30" x 30" aperture (low resolution). The total duration

was 29.1 ks+8 hr). Details of theFUSE instrument may be Fic. 3.—FUSE spectrum ljistogram) compared with the theoretical model
) ! (solid line) with the new Ly8 broadening including the quasi-molecular sat-

found in Moos et al. (2000) and Sahnow et al. (2000) ellites. The H quasi-molecular satellite at 11%0 is detected for the first time.
The one-dimensional spectra were extracted from the two- The dotted line is the model with no,Hransitions included. The emission
dimensional detector images and calibrated using version 2.4.1liines (labeled® ) are due to the alrglow emission in the high terrestrial atmo-
of the CALFUSE pipeline. ThEUSE detector segments of the ~ sphere (Feldman et al. 2001).
two observations were co-added and projected on A0.6 pixel
base, i.e., pixels about 100 times larger than the origthk8E length position. This is the first detection and identification of
detectors pixels. This degradation of tREISE spectral reso-  that feature. We also computed a model without including the
lution (typically A/AN = 15,000 for this kind of target in the ~ H—H interactions to appreciate how these interactions affect
large slit; see Herard et al. 2002b; Wood et al. 2002) has no the far wing of Ly3. Figure 3 shows that this modeidited
effect on the shapes of the large stellar features that we studyline) neither produces the FA1150 absorption feature nor the
and allows us to increase the signal-to-noise ratio. At this res-significant flux absorption down to 1086 . This illustrates that
olution, no spectral shifts were detected between the differentan accurate fit of the observed FUV spectra cannot be obtained
co-added spectra. without using the improved theoretical profile calculations in-
The two shorter wavelength segments (SiC1B and SiC2A, cluding perturbations by both protorasd neutral hydrogen
~905-10004 )were not used as no significant stellar spectrumpresented by Allard et al. (2000).
was detected in them. We also did not use the LiF1B segment As expected in that temperature range, the H satellite at
in our final spectrum which is known to present a large-scale 1076 A is also detected in spite of the low flux level. The
distortion (the “worm”) in the flux calibration that spans the H; satellite at 10582 is not clearly detected because of the
region of interest (see, e.g.,"bl@ard et al. 2002a). Thus, the too low signal-to-noise ratio. The H absorption at 1180
range 1105-118A , in which the,datellite is detected (8 4), (Wishart 1979) is detected; thatH feature was already detected
comes from the LiF2A segment only. We checked that the H in the FUSE spectrum of the cool DA white dwarf G231-40
satellite is also detected on LiF1B, despite the alteration of the (Hébrard et al. 2002a).
worm. This redundancy in thEUSE spectral coverage allow The best fit is obtained foF,,;, = 12,000 K andbgg = 7.9
us to conclude that the feature around 1860 s real and notThat temperature is slightly lower than the one that Bergeron et
the result of an instrumental artifact. The final reduced spectrumal. (1995) determined from optical observation3,.(=
is plotted in Figure 3. 12,460+ 230K), and it is similar to the one reported by Koester
& Holberg (2001), who fitted thédST/FOS data by adding the
constraints of thev magnitude and the trigonometric parallax
(Tos = 12,020K). Our gravity, however, is significantly lower
than those obtained in both studilsyg = 8.2-8.3 ). The causes
We computed a small grid of LTE model atmospheres with of this difference are not fully understood yet. We are now in-
pure hydrogen composition that explicitly include theidand vestigating these causes and hope to resolve the discrepancy be-
LyB quasi-molecular opacities. These are determined for tween our value of the gravity and those of Bergeron et al. (1995)
T = 12,000K, computed from absorption profiles that take and Koester & Holberg (2001). This work is beyond the scope
into account a variable dipole, and modulated by the Boltzmann of the present Letter and will be presented elsewhere. In any case,
factor (Allard et al. 1999). The atmosphere models have beenthat does not jeopardize our detection and identification of the
calculated using the program TLUSTY (Hubeny 1988; Hubeny quasi-molecular lines reported in this Letter.
& Lanz 1992, 1995). The synthetic spectra were computed by The model plotted in Figure 3 was normalized by a free
using the spectral synthesis code SYNSPEC. The line satellitesparameter in order to fit theUSE spectrum. With that nor-
have a strong blanketing effect and have been included in bothmalization, our model fits as well the shape of £ data
the atmosphere model and synthetic spectra calculations. Conef G226-29, at longer wavelengths250— —2000& ). However,
vection was treated within the usual framework of the mixing we should point out that we need to divide thé¢E flux by a
length approximation, where we used M2 0.6 (Bergeron factor of ~1.3 to bring it to the model. Small uncertainties in
et al. 1995). the background subtraction or misalignment of the target on
Figure 3 compares our best model to #lgSE spectrum of the slit during theFUSE or IUE observations (or both) could
G226-29. The observed feature at 14650 is well reproducedaccount for the flux discrepancy. It is worth mentioning that
by the predicted Hsatellite, in terms of both shape and wave- Hébrard et al. (2002a) fitted thEUSE and IUE data of the
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4. SYNTHETIC SPECTRA AND COMPARISON
WITH THE OBSERVATION
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cool DA white dwarf G231-40 without applying any correction

factors to the fluxes. Given that the flux of G231-40 is more A, the H: quasi-molecular satellite 1076
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of the stellar continuum, together with the H absorption at 1130
(and marginally the

than 20 times higher than the flux of G226-29, systematic one at 1058 ), and a broad, 81 satellite at 115& . This is
uncertainties in the background subtraction are significantly the first detection and identification of that Huasi-molecular
reduced. It is also easier to quantify the alignment of the targetsatellite of Ly3. This feature has been predicted but never ob-
on the slit as a function of time and maintain a reasonable served up to now. The quality of the fit allows that absorption
photometric accuracy for a relatively bright target such as feature to be unambiguously identified.

G231-40. We considered that a difference by a factorhf3
in the flux calibration of observations performed with two dif-

This discovery confirms our theoretical prediction and gives
confidence concerning the accuracy of the fundamental mo-

ferent instruments of a faint target is acceptable. Our model lecular data we used. In combination with existing optical and

with Ty = 12,000K and logg = 7.9 fits as well the UV
spectra{£1250-250Q ) obtained witHST/FOS and presented
by Kepler et al. (2000). We note that tHST/FOS spectrum
was normalized in order to fit thlJE spectra.

5. CONCLUSIONS

ultraviolet data, fits using such models will be used in the future
to allow stellar parameters (temperature, gravity) to be con-
strained more accurately and will provide insights crucial in
the modeling of cool white dwarf atmospheres.

This work is based on observations made with the NASA-

We have presented the first FUV spectrum of a ZZ Ceti star, CNES-CSAFar Ultraviolet Spectroscopic Explorer. FUSE is

namely, G226-29, performed witRUSE. We fitted these data

operated for NASA by the Johns Hopkins University. Financial

using theoretical calculations of stellar profiles that include per- support to US participants has been provided by NASA con-
turbations by both neutral hydrogen and protons. The observedracts NAS5-32985, NAG5-13714, NAG5-13715, and NAG5-
spectrum is well fitted, allowing us to reproduce the global shape 11844 (J. D.). French participants are supported by CNES.
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