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Abstract. PG 1605+072 has unique pulsational properties Recently, several sdB stars have been found to be pulsat
amongst the members of the new class of pulsating s@®@rmed EC14026 stars after the prototype, see O’'Donoghu
(EC 14026) stars. It has the longest periods and the richest, mastL999 for a review), defining a new instability strip in th
puzzling frequency spectrum (55 periods). We present a quatR-diagram. The study of these pulsators offers the possi
titative analysis of a Keck HIRES spectrum using NLTE anitly of applying the tools of asteroseismology to investigate t
LTE model atmospheres. Atmospheric paramet@rg(logg, structure of sdB stars. The existence of pulsating sdB stars
log ’;—I;e), metal abundances, and the rotational velocity are daredicted by Charpinet et al. (1996), who uncovered an e
termined. He, C, N and O are subsolar as well as the internegent driving mechanism due to an opacity bump associated
diate mass elements Mg and Si, whereas Ne and Fe are saian ionization in EHB models. However, in order to drive th
This abundance pattern is caused by diffusion. PG 1605+(Q3#sations, iron needed to be enhanced in the appropriate s
displays considerable line broadening probably caused by photospheric layers, possibly due to diffusion. Subsequen
tation (vsini = 39km/s, R8.7h) and, therefore, is predictedCharpinet et al. (1997) confirmed this assumption by detalil
to evolve into an unusually fast rotating white dwarf. Unequdiffusion calculations. Even more encouraging was the agr
rotational splitting may explain its puzzling pulsation patterrment of the observed and predicted instability strip.
The solar Fe abundance and the rapid rotation nicely confirms Thirteen pulsating sdB stars are well-studied photomet
recent predictions of diffusion/pulsation models. cally (O’'Donoghue et al. 1999). A precise knowledge of effe

tive temperature, gravity, element abundances and rotation i
Key words: stars: abundances — stars: atmospheres — stargrequisite for the asteroseismological investigation.
horizontal-branch — stars: individual: PG 1605+072 — stars: os- PG 1605+072 was selected for a detailed quantitative sp
cillations — stars: rotation tral analysis because it displays the richest frequency spectr
amongst the EC 14026 stars30 periods have been identified,
Kilkenny al. 1999). Recently, Kawaler (1999) predicted fro
1. Introduction his modelling of the pulsations that PG 1605+072 should

. rotating.
Hot subluminous B stars (sdB) form a homogeneous group dom-

inating the population of faint blue stars{B6™). Following i )

ideas outlined by Heber (1986) the sdB stars can be identifiedOPServation and data reduction
with models for extreme HB (EHB) stars, which differ markedIy high resolution optical spectrum of PG 1605+072 was o
from those for normal HB stars. An EHB star bears great rggined with the HIRES echelle spectrograph (Vogt et al. 199
semblance to a helium main-sequence star of half a solar mggshe Keck I telescope on July 20, 1998 using the blue cr
and its further evolution should proceed similarly (i.e. directijisperser to cover the full wavelength region between 300
to the white dwarf graveyard, Dorman et al. 1993). and 5200 at a resolution 0.08..
Send offprint requests 1. Heber . The exposure time (600s) is longer than _the pulsational

* Based on observations obtained at the W.M. Keck Observato%ﬁds (206-573s). The standard data reduction as describe

which is operated by the Californian Association for Research in Aélickerman & Reid (1998) resulted in spectral orders that ha
tronomy for the California Institute of Technology and the Universitf SOmewhat wavy continuum. In order to remove the wavine
of California we used the spectrum of H1504+65 (a very hot pre-white dw
** based on observations collected at the ESO Southern Observateyoid of hydrogen and helium, Werner 1991) which was o
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Table 1. Atmospheric parameters for PG 1605+072 from differerfiable 2. Metal abundances for PG 1605+072 compared to solar com-

methods, see text position. n is the number of spectral lines per ion.
method Terr [K] log g ion n loge [M/H]
LTE: Cu 2 7.80t0.07 -0.83
Koenetal. (1998) 321081000 5.250.1 - N 11 5 7.62£t0.16 -0.33
NTT, low res. 32300 5.31 -2.46 N 111 2 7.66t0.24 -0.29
HIRES, H+He 31900 5.29 -2.54 On 25 8.00t0.21 -0.88
HIRES, He 33200 5.34 -2.42 Nerr 4 75H0.19 -0.12
NLTE: Mg 1 7.16 -0.33
NTT, low res. 32500 5.25 -2.46 Sit 3 7.110.06 -0.35
HIRES, H+He 32200 5.21 -2.54 Sitv 4 7.0A40.16 -0.39
HIRES, He 32400 5.21 -2.53 Fern 4 7.62£0.39 +0.30
adopted 32308300  5.25£0.05 -2.53:0.1

dances by matching these ionization equilibria. Gravity is de-

served in the same night. Its spectrum has only few weak lifé4d subsequently from the Balmer lines by keepihg and

of highly ionized metals in the blue (3600—44/°8)JWhere the log 78 fixed. These two steps are iterated until consistency is
strong Balmer lines are found in the sdB stars. Therefore weached. G is represented by the 4287line only, which is
normalized individual spectral orders 1 to 20 (3600—4,&80 known to give notoriously too low carbon abundances. Indeed
of the sdB stars by dividing through the smoothed spectrumtbf carbon ionization equilibrium can not be matched at any rea-
H1504+65. The remaining orders were normalized by fitting tlsenableT.¢. The ionization equilibria of He, N and Si require
continuum with spline functions (interpolated for orders 26 an@i.¢ to be higher than from the Saffer procedure, i.e. 33200K
27 which contain K). Judged from the match of line profiles(He), 33900 K (N) and 32 800K (Si). Table 1 lists the result for
in the overlapping parts of neighboring orders this proceduttee He ionization equilibrium.

worked extremely well. Atmospheric parameters determined This difference could be caused by NLTE effects. Therefore
from individual Balmer lines are found to be consistent wittve repeated the procedure fdgg andlog "= using a grid
each other except for H Therefore, we excludedHfrom the of H-He line blanketed, metal free NLTE model atmospheres
fit procedure. Moreover, the resultings and logg are also in  (Napiwotzki 1997), calculated with the ALI code of Werner &
excellent agreement with those from the fit of a low resolutidbreizler (1999). NLTE calculations for N and Si are beyond the
spectrum obtained at the ESO NTT (provided by S. Moehlegcope of this letter.

Weak lines of C, N, O, Ne, Mg, Si, and Fe can also be identified. Applying Saffer’'s procedure with the NLTE model grid (see
Fig. 1) yieldsT.g almost identical to that obtained with the LTE
grid. Evaluating the He ionization equilibrium in NLTE, indeed,
results inT.g being consistent with that from Saffer's procedure
The simultaneous fitting of Balmer and He line profiles by g&ee Table 1). We therefore conclude that the highgrderived
grid of synthetic spectra (see Saffer et al. 1994) has becomedheve from the ionization equilibrium in LTE is due to NLTE
standard technique to determine the atmospheric parametersffafcts.

3. Atmospheric parameters

sdB stars. The Balmer lines (Ho H 12), Hex (4471,5\ 4026A, However, a systematic difference in lggersists, the LTE
49224, 4713A, 5016A, 5048A) and Hen 4686A lines are values being higher by 0.06—0.08 dex than the NLTE results
fitted to derive all three parameters simultaneously. (see Table 1). Since its origin is obscure, we finally adopted the

The analysis is based on grids of metal line blanketed LTdveraged atmospheric parameters given in Table 1. Helium is
model atmospheres for solar metalicity and Kurucz' ATLASEeficient by a factor of 30 as is typical for sdB stars.
Opacity Distribution Functions (see Heber et al. 1999). Syn-
thetic spectra are calculated with Lemke’s LINFOR programq \ ool abundances
(see Moehler et al. 1998).

The results are listed in Table 1 and compared to publish€de metal lines are sufficiently isolated to derive abundances
values obtained from low resolution spectra. The formal errdirom their equivalent widths except for the crowded region from
of our fits are much smaller than the systematic errors (see B635A to 4660A which we analyse by detailed spectrum syn-
low). The agreement with the results from low resolution spectitzesis. Results are listed in Table 2 and plotted in Fig. 2. Al-
analysed with similar models (Koen et al. 1998) as well as frothough several O lines are available, it was impossible to de-
our own low resolution spectrum for PG 1605+072 is very etermine the microturbulent velocity() in the usual way, i.e.
couraging. by minimizing the slope in a plot of the O abundances versus

Four species are represented by two stages of ionizateguivalent widths. We adopted = 545 km/s which translates
(Her and Her, Cu and Ciur, Nu and N, Siunr and Siv).  into small systematic abundance uncertainties©f05 dex for
Since these line ratios are very temperature sensitive at the temost ions. The analysis is done in LTE and we therefore used a
peratures in question, we alternatively can defiivg and abun- model (T.g= 33500 K, logg= 5.35) that is consistent with the
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He, N and Si ionization equilibria. A temperature uncertainty

of A T.#=1000 K translates into abundance uncertainties of lesso s
than 0.1 dex. Hence systematic errors are smaller for most ions
than the statistical errors given in Table 2. [ }

Carbon and oxygen are depleted by 0.8-0.9 dex with respect’® [~
to solar composition whereas nitrogen, magnesium and silicon |
are only slightly deficient (factor 2). Surprisingly neonand irom . [
are solar to within error limits. This peculiar abundance patteth |
is probably due to diffusion, i.e. the interplay of gravitational F I
settling and radiative levitation. The iron abundance is of special 1 o
interest as an diffusive enrichment in subphotospheric layers
is necessary to drive the pulsations. Its surface abundance is 1
consistent with the diffusion calculations of Charpinet et al. ' [ I 7
(1997). i 1

0.0 He C N 0 Ne Mg Si Fe

Fig. 2. Abundances of PG 1605+072 relative to the sun. For Mg 3

5. Projected rotational velocities uncertainty of 0.3 dex was assumed.

The spectral lines of PG 1605+072 are considerably broadened,

which we attribute to stellar rotation and derive v sini= 39 km/s,

by fitting the strongest metal lines. In Fig. 3 we compare a saaf-the latter. Time resolved spectroscopy should allow to dise
tion of the spectrum of PG 1605+072 to that of the pulsatingngle both effects as well as to search for temperature chan
sdB star Feige 48 observed with the same instrumental setagsociated with the pulsations.

However, oscillations in these objects should be associated with Assuming a mass of 0, the radius of R=0.28, fol-
motions which could lead to line broadening similar to the rdews from the gravity. Since sini cannot be constrained the cd
tation effect. For a radial pulsation with a sinusoidal velocitsesponding rotation period of PG 1605+072 must be small
curve a radius change diR/R:% >3% for PG 1605+072 than 8.7h. PG 1605+072 displays the most complex power sp
would be required. In comparison Feige 48 is very sharp-lin&dim with more than 50 frequencies identifiable (Kilkenny et a
(vsini<8km/s) corresponding tAR/R<0.6% if sini=1. Al- 1999), 39 being bona fide normal pulsation frequencies.
though the intensity amplitudes of the pulsations in Feige 48 Usually rotation becomes manifest in the power spectru
are considerably smaller than for PG 1605+072 we regard tythe characteristic splitting into equidistantly spaced multiplé
tation as the more likely reason for the broadening of the lineesmponents asis observed e.g. for the pre-white dwarf PG 11!
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\ \
Feige 48

6. Conclusion

Atmospheric parameters of PG 1605+072 and abundances of
several elements have been determined at the highest accuracy
achieved so far for an EC14026 pulsator. Together with the com-
plex pulsation pattern this makes PG1605+072 the most inter-
esting object of its class.

The high projected rotational velocity of PG 1605+072
(vsini=39km/s) may be a key observation to understand its
puzzling power spectrum. This measurement nicely confirms a
recent prediction from pulsational models (Kawaler 1999).

Although the helium abundance is low1/30 solar) as is
typical for sdB stars, most metals are only mildly depleted (0.3—
0.8 dex) whereas Ne and Fe are solar. The solar iron abundance
is in perfect agreement with the predictions from the diffusion
models of Charpinet et al. (1997). The determination of abun-
dances of several other elements provides a serious test of dif-
fusion models.
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