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THE 2ND MEETING ON HOT SUBDWARF STARS
AND RELATED OBJECTS

R. H. Ostensen
Isaac Newton Group, Apartado 321, E-38700 Santa Cruz de La Palma, Spain

1. INTRODUCTION

The first meeting dedicated to hot subdwarf stars was held in Keele, UK from
the 16th to the 20th of June 2003. The idea of such a meeting was conceived
by Pierre Maxted, and in his report in the proceedings of that meeting, the full
background is given (Maxted 2004). When I went to that meeting, I had just
started a new three-year contract as a PPARC research fellow at the Isaac Newton
Group of Telescopes (ING) on La Palma, Canary Islands. Since it has been a
tradition for the research fellows at ING to organise a conference or workshop
during their contract period, the possibility of hosting a follow-up meeting to the
Keele event was very much on my mind as I traveled to Keele. When several
people suggested La Palma as a good option for the next meeting, I was not slow
to accept, and on the last day of the Keele meeting, the offer to hold another
meeting on La Palma in 2005 was presented.

The title of the first meeting was Extreme Horizontal Branch Stars and Related
Objects. After a lengthy discussion in the SOC it was decided to change that
to Hot Subdwarf Stars and Related Objects instead. The terms EHB stars and
sdB/sdO stars are often used interchangeably, but the EHB term implies a specific
evolutionary history. Recently, evidence has accumulated that many of the stars
that appears similar to EHB stars in spectroscopic studies may have completely
different evolutionary histories. From the beginning, the intention of the meeting
was to keep it open to all these similar stars, thus the extension and Related
Objects. The term hot subdwarf stars however, has no evolutionary implications,
but is a classical term used in spectral classifications of blue stars. This term
encompasses the sdB, sdOB and sdO stars as well as the helium rich varieties
usually referred to as He-sdB or He-sdO stars. With hot subdwarf stars we include
all objects that appear in the HR diagram below the main sequence and above the
white dwarf cooling track, regardless of how they got there. The Related Objects
extension was kept in order to make sure that objects such as the Extreme Helium
(EHe) stars were not left out. (Technically they are subluminous, but due to their
low gravities they are not classified as He-sdB stars.)

2. THE MEETING

The meeting took place in Santa Cruz de La Palma between the 6th and the
10th of June 2005. 58 participants arrived from all over the world, almost half
again as many as at the first meeting. The organising of the meeting was carried
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out in a collaboration between the Isaac Newton Group (ING) and the Nordic
Optical Telescope (NOT), both which contributed a considerable amount toward
the budget of the meeting. Support for specific social events was provided by the
local government (Cabildo Insular de La Palma) and the tourist board (Patronato
de Turismo de La Palma). Additionally, the Real Club Nédutico has been extremely
helpful by making their excellent locales available to us at no cost. Thanks to all
this financial support we were able to keep a very reasonable registration fee, and
even waive it completely for about a third of the participants who were students
or without financial support at the time. On behalf of all the participants who
enjoyed the hospitality of La Palma, I would like to thank all the organisations
involved.

The meeting room at
the Real Club N4autico
provided an excellent en-
vironment for the event.
The Club’s restaurant also
managed to provide excel-
lent coffee breaks with de-
licious and varied snacks,
as well as a very im-
pressive conference din-
ner. Being in the centre
of the city allowed peo-
ple to use the extended
lunch break to explore the
old city and find their own Fig.1. At the meeting.
places to eat.

3. THE SESSIONS

The meeting was divided into sessions that covered a broad range of topics
related to the hot subdwarf stars. They were:

e Evolutionary models and the UV-upturn phenomenon

e Hot subdwarfs and hot HB stars in the field, clusters and galaxies
e Atmospheric properties of hot subdwarf stars

e Hot subdwarfs in binary systems

e Asteroseismology of sdB stars

Eight half day sessions were completed during the meeting, with three sessions
dedicated to asteroseismology, two sessions for atmospheric properties and the
remaining topics filling one session each. The contributions in these proceedings
are arranged roughly along the order of the listed sessions. All the talks were
limited to 30 minutes, with 5 minutes extra for discussions. Interleaved with the
talks were short oral presentations with discussions of the posters.
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4. THE ISLAND

The island of La Palma
is one of the smaller of
the Canary Islands, with
a surface area of 706 km?
and a population of only
80 000. It is unusual
in that it rises excep-
tionally steeply from the
ocean floor (from a depth
of 4000m) to a volcanic
crater rim at an alti-
tude of between 2 000 and
2500 meters. The Obser-
vatory is located around
the highest point, the
Roque de los Muchacos Fig. 2. At the William Herschel Telescope.
(2426 m).

The participants of the meeting were invited to tour the observatory area and
visit the 4.2m William Herschel Telescope (WHT, see Fig. 2), the 2.5m Nordic
Optical Telescope (NOT), and the 10m Gran Telescopio Canarias (GTC) which
is currently being assembled in its enormous dome.

) On Friday evening, af-
D ter the end of the meet-
ing, a farewell party was
held at the swimming-
pool resort of the Real
Club Nutico, in the har-
bor of Santa Cruz de
La Palma. Most  of
the participants also en-
joyed the entertainment
provided by the local ob-
servatory band Manifold,
- ) * , and some even braved the

. T = b & dance floor.

T o On Saturday after the

Fig. 3. Exploring the volcanoes. end of the meeting, the

participants who had the opportunity to stay another day were invited to a tour
around the island, including a visit to some recent volcanoes (Fig. 3).

e
el

5. THE PROCEEDINGS

For the first meeting it was decided by the SOC to submit all contributions to
a thorough refereeing process, and calling on the participants to assist with the
reviewing of the papers (Maxted, 2004). For this second meeting we have even
called upon experts not present at the meeting, in order to ensure that all papers
have been refereed by qualified researchers. This process has gone exceptionally
smoothly thanks to the prompt response of (almost) all the referees.
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An issue that the SOC was not happy with from the proceedings of the first
meeting was the long printing time. The SOC felt that the purpose of publishing
results from work in progress was somewhat defeated if the time between the
original presentation and the printed version was more than a year. For this
reason we sought to find a publisher who could promise us quick printing and
freely accessible on-line versions at an affordable price. The Baltic Astronomy
Journal was quick to promise us the January issue of 2006 for our purposes. In
addition to the regular journal issues, we could obtain special hard-back copies for
the participants at a very reasonable price.

The oral presentation from the meeting have been given a page limit of eight
pages (although a few participants has been allowed to exceed this), and the
short “poster” presentations were limited to four pages. Three contributions are
published in other journals, and for this reason only an abstract version is presented
at the end of the proceedings book, with reference to the journal paper.

6. OTHER REMARKS

The LOC put a lot of effort into designing useful web-pages to assist the
participants with information about the meeting, registration and manuscript
submission. (http://www.ing.iac.es/conferences/subdwarf/). All the pages
are written in PHP! and changes dynamically according to what information is
available. A registration system was made using a PHP interface to a MySQL?
database. The on-line registration form allows participants to enter their registra-
tion data, update information such as talk titles and abstracts, and the database
allowed automatic update of the conference programme. An automatic inter-
face for submission of the proceedings which also did some basic checks on the
manuscripts, was also provided. The pages will remain accessible for the foresee-
able future, and anybody interested in reworking this system for other events can
contact the author.

The SOC wishes to thank the members of the LOC for their work in managing
the event. Special thanks goes to Javier Mendez of the Isaac Newton Group for
his excellent work in managing the venue and all the social events, as well as the
design of the poster and the photos for the meeting.

After the success of this second meeting, the group in Bamberg has offered to
host the 3rd meeting in 2007. It is clear that a new tradition for a biennial series
of meetings on hot subdwarf stars has been established.

REFERENCES
Maxted P. F. L. 2004, Ap&SS, 291, 193

LPHP (www.php.net) is a script language that generates HTML documents.
2MySQL (www.mysql.com) is an open source database system.
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THE LOOK-BACK TIME EVOLUTION
OF THE UV UPTURN PHENOMENON

C. H. Ree! Y.-W. Lee! Y.-J. Sohn' S. K. Yil?2 S.-J. Yoon!?2
and the GALEX Science Team

L Center for Space Astrophysics and Department of Astronomy, Yonsei Univer-
sity, 134 Shinchon, Seoul 120-749, Korea

2 Department of Physics, University of Oxford, Keble Road, Oxford OX1 3RH,
UK

submitted 2005 Aug 1

Abstract. In order to investigate the origin of the far-UV (FUV) flux from the
early-type galaxies, Galazy Evolution Explorer (GALEX) is collecting the UV
data for the elliptical-rich clusters at moderate redshifts (z < 0.25) where the
dominant FUV source is predicted to be hot horizontal-branch (HB) stars and
their post-HB progeny. The early results show that the FUV flux of quiescent
early-type galaxies does evolve substantially during the last 1 - 2 Gyrs of look-
back time, and the observed UV fading is consistent with the variation predicted
by the population synthesis models where the mean temperature of HB stars
declines rapidly with increasing look-back time.

Key words: galaxies: elliptical and lenticular, ¢cD — galaxies: evolution —
galaxies: stellar content — ultraviolet: galaxies

1. INTRODUCTION

It is now well established that the far-UV (FUV) flux (“UV upturn”) of nearby
early-type galaxies originates from a minority population of old hot helium-burning
horizontal-branch (HB) stars (O’Connell 1999; Brown et al. 2000b). Stellar evolu-
tion models of HB predict that the mean temperature of HB distribution declines
rapidly with decreasing age (e.g., Lee et al. 1994), and therefore the FUV flux
from ellipticals should fade rapidly with look-back time (Greggio & Renzini 1990;
Tantalo et al. 1996). Population synthesis models of Yi et al. (1999) also indicate
that careful observations for the UV look-back time evolution could also discrimi-
nate two alternative HB solutions on the origin of UV flux, i.e., “metal-poor” and
“metal-rich” HB models, which predict different ages for giant ellipticals.

The Hubble Space Telescope (HST) has obtained FUV images for several elliptical-
rich clusters in the redshift range of 0.3 < z < 0.6 (Brown et al. 2000a, 2003),
but stellar evolution models (Lee et al. 1999; Yi et al. 1999) predict that hot HB
stars must be absent at these relatively high redshifts, as no stars of low enough
mass have yet evolved. Therefore, UV observations covering a lower redshift range
(z < 0.25) are still required, in order to test the look-back time evolution ef-



6 C. H. Ree, Y.-W. Lee, Y.-J. Sohn, S. K. Yi, €& S.-J. Yoon

fect of HB stars in giant ellipticals. Here we present the early results from the
Galazy FEvolution Explorer (GALEX) UV observations for the Abell clusters in
this redshift range, and also for the Fornax cluster as a local calibrator.

2. GALEX UV OBSERVATIONS

GALEX UV deep imaging survey for the UV upturn early-type galaxies aims
the elliptical-rich Abell clusters at z < 0.25. The first deep imaging target for this
study was Abell 2670 at z = 0.076. Fig. 1 shows the GALEX FUV and optical
images of the early-type galaxies successfully identified within 25 arcmin? field
of view centered on the brightest giant elliptical galaxy, al9 (Lee et al. 2005a).
From a subsequent observation, we also successfully detected several early-type
galaxies in Abell 951 at z = 0.143 in the GALEX UV images (see Fig. 2; Ree et
al. 2005). In most cases, their FUV lights are concentrated in the central region
of the red galaxies without recent massive star formation, which is analogous to
the smooth UV profiles of the quiescent UV upturn galaxies in the local Universe
(Ohl et al. 1998; O’Connell 1999), with a few exceptions discussed below. The
multi-orbit deep imaging UV observations with GALEX dedicated for more other
elliptical-rich clusters at moderate redshifts are ongoing.

In order to compare the remote targets at various redshifts with the local sam-
ples without any systematic effect that may arise from the different aperture sizes
used in the photometry, we should measure the total luminosities with sufficiently
large, variable apertures. The total luminosities of those cross-matched early-type
galaxies in remote clusters were measured by the elliptical aperture photometry
(MAG_AUTO) with SExtractor image analysis package (Bertin & Arnouts 1996)
in both FUV and optical bandpasses. The Galactic foreground extinctions were
then corrected with Ry = 3.1, Rpyy = 8.16 (Cardelli et al. 1989). We do not
convert the observed values into the restframe ones, as the empirical k-corrections
may cause uncertainties in the comparison between the data samples at different
redshifts. Instead, we will compare the apparent values with the model synthetic
spectra redshifted to the target distances.

Nearby clusters of galaxies, e.g., Fornax, Virgo, and Coma, are the best places
to find the local early-type galaxies with various UV strengths, and they provide
constraints to the model parameters in the local Universe. GALEX observations
for the early-type galaxies in the Fornax cluster are presented in Fig. 3. Their
FUV magnitudes were measured from the surface photometry using ellipse fitting.
The FUV surface brightness profiles extend smoothly, out to r > 80" in the case
of NGC 1399 and NGC 1404. In order to minimize the aperture effect induced by
UV /optical radial gradient (Ohl et al. 1998), we estimated the FUV total magni-
tudes by integration of the radial profiles. We have also corrected for the Galactic
foreground extinctions (Apyy = 0.09 - 0.14), and their total magnitudes in V-
band were adopted from the Third Reference Catalog of Bright Galaxies (RC3; de
Vaucouleurs et al. 1991). Our FUV photometry for the elliptical galaxies in the
Fornax cluster, when measured within the International Ultraviolet Explorer satel-
lite (IUE) aperture (20”x 10”), agrees well with the IUE measurements (Burstein
et al. 1988) to within 0.01 - 0.06 mag.

3. MORE DISTANT CLUSTERS

Even the most massive giant elliptical galaxies (My < -22) should be fainter
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Fig.1. GALEX FUV (left panels) and optical r-band (right panels) images
(1" x 1’) of the early-type galaxies in Abell 2670 (z = 0.076). The optical images
are from Fasano et al. (2002). For some of UV-strong galaxies here, al5 and al6,
there are strong evidences of young populations based on strong near-UV flux or
Ho emission feature due to the residual star formation (Lee et al. 2005a).

than 25th magnitude (AB) in FUV at z > 0.3. It would be very difficult to
detect such faint red galaxies at high redshift with a small telescope like GALEX.
However, there are several HST UV observations for the distant galaxy clusters
at 0.3 < z < 0.6 with the Space Telescope Imaging Spectrograph (STIS). From
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Fig.2. GALEX FUV (left panels) and optical r-band (right panels) images
(30" x 30") of the early-type galaxies in Abell 951 (z = 0.143). The optical images
are from Fasano et al. (2000). The optical spectroscopic follow-ups are underway
searching for the recent star formation signatures, if any, in these galaxies.

L .
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a 1
- -
» »
NGC1381 NGC1389 NGC1382

Fig.3. GALEX FUV images (3’ x 3') of the early-type galaxies in the Fornax
cluster as a local calibrator. Their FUV lights are concentrated in the central
region, and the radial profiles extend smoothly to r» > 1’ for UV-strong galaxies.
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the literatures, we have taken the photometric measurements for the early-type
galaxies in two distant clusters, Cl 1358462 at z = 0.33 and Cl 0016+16 at
z = 0.55, observed in UV by Brown et al. (2000a, 2003) and in optical bandpasses
by van Dokkum et al. (1998) and Smail et al. (1997), respectively. The HST
Faint Object Camera data for Abell 370 at z = 0.375 (Brown et al. 1998) are not
included here, as they may have significant systematic errors according to Brown
et al. (2003).

For the comparison with GALEX data, we converted those HST measurements
to the AB magnitude system using the photometric zero-points and pivot wave-
lengths defined in the HST image headers (map = mgr — Slogh, + 18.6921).
Model spectral energy distributions (SEDs) redshifted to z = 0.33 and 0.55 were
then used to estimate the systematic difference between the HST and GALEX
filter systems. Since the aperture radii in their analyses (0”4 in FUV for both
clusters, and 1”5 in V for CL 1358+62) are not large enough to represent total
magnitudes, we applied appropriate aperture corrections, -0.32 (FUV) and -0.22
(V) for CL 1358+62. For the galaxies in CL 0016416, we applied a correction only
in FUV (-0.17 mag), as we adopted the total V magnitude from the catalog in
Smail et al. (1997). The aperture correction values were obtained by utilizing the
FUV (Lee et al. 2005a) and V (Marcum et al. 2001) radial profiles of NGC 1399,
assuming that these clusters are at 75 (CL 1358+62) and 117 (CL 0016+416) times
the distance of the Fornax cluster adopting the currently favored cosmological pa-
rameters (a7, Qa, Hop) = (0.3, 0.7, 70). Finally, foreground extinction corrections
are applied.

4. DISCUSSION

From the extinction-corrected apparent total magnitudes in both FUV and V
bandpasses, we have derived the FUV — V colors of the early-type galaxies in
clusters, measured by GALEX (Fornax, Abell 2670, and preliminary analysis of
Abell 951) and by HST (CL 1358462 and CL0016+16). The apparent redshift
evolution of the observed FUV — V colors is then presented in Fig. 4, along with
the two alternative model predictions. The “metal-poor HB model” suggests that
the dominant FUV sources are very old (¢ > 12 Gyr) hot metal-poor HB stars
and their post-HB progeny, and the FUV flux is expected to increase with age due
to the smaller main-sequence turnoff and HB envelop masses. In the “metal-rich
HB model”, on the other hand, the dominant sources are old (¢ = 10 — 12 Gyr)
hot super metal-rich HB and post-HB stars, and the FUV flux is predicted to
increase with metallicity due to the enhanced helium enrichment and mass-loss.
Even if these two alternative models are almost equally capable of reproducing
the observed FUV — V colors in present-epoch giant ellipticals, their evolutionary
predictions are quite different from one another (see Yi et al. 1999).

The models in Fig. 4 are specifically constructed to match the FUV —V color
of the local giant elliptical galaxy NGC 1399, the brightest galaxy in the Fornax
cluster, and then passively evolved with look-back time. The model spectra and
colors are then redshifted and the look-back times are converted to the equivalent
redshift values, with the cosmological parameters above. Therefore, the foreground
extinction-corrected observed data can be directly compared with the models.
Since the NGC 1399 is a typical FUV strong giant elliptical galaxy in the local
Universe, the model lines would represent the redshift (look-back time) evolution
of giant ellipticals, and hence should be compared with the brightest ellipticals in
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Fig.4. Evolution of the UV upturn as a function of redshift. The observed
apparent FUV — V colors of the early-type galaxies in clusters at various red-
shifts are compared with the “metal-poor” (solid) and “metal-rich” (dashed) HB
evolutionary models. The dotted line is for the case that the model spectrum of
NGC 1399 is redshifted with no stellar evolution considered. Only the quiescent
type of galaxy samples, without any strong star-formation signatures, are plotted
(see text).

each cluster. Note that there is a distinguishable amount of difference between
the two alternative evolutionary models, up to ~ 1 mag. in FUV — V color at
z =~ 0.2, for the massive giant elliptical galaxies (My ~ -22).

It is clear from Fig. 4 that we have detected the fading of the UV upturn ex-
pected at moderate redshifts. Compared to NGC 1399, the nearby giant elliptical
galaxy in the Fornax cluster, an apparent extinction-corrected FUV — V color
of the giant elliptical galaxy (al9) in Abell2670 gets redder by ~ 0.55 mag at
z = 0.076 (look-back time = 1.0 Gyr). For the restframe FUV — V color, this
corresponds to 0.70 mag, which is consistent with the variation predicted by the
models (Lee et al. 2005a). A preliminary analysis for Abell 951 (z = 0.143) con-
firms this by showing a similar amount of evolution again in the FUV —V color of
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UV-strong giant elliptical galaxies between the look-back time of 1 and 2 Gyrs. In
these models, the dominant FUV source is hot HB stars for z < 0.25, and therefore
the FUV flux fades rapidly with look-back time (redshift) as the HB temperature
distribution becomes cooler with decreasing age (increasing look-back time).

For z > 0.3, the HST data also appear to be in reasonable agreement with our
model predictions, to within the errors. Note, however, that the models become
more uncertain at these relatively higher redshifts, as the dominant FUV source
changes from hot HB stars to post-asymptotic giant branch (PAGB) stars for
z > 0.25. In particular, Lee et al. (1999, see their Fig. 1) predict that the
HB contribution to the total FUV flux becomes almost negligible for z > 0.4. At
relatively higher redshifts, the total FUV flux would therefore increase as the mass
of PAGB stars decreases because their lifetimes correlate inversely with their mass.
Consequently, the available HST data may provide no direct test of HB evolution
effect. Nevertheless, they provide a useful test on the adopted mass (0.565 M)
of PAGB stars in our models.

Although we are witnessing the growing body of evidence indicating the FUV
flux of quiescent early-type galaxies evolves substantially at moderate redshifts
(z < 0.25) as the deep imaging survey with GALEX UV telescope continues,
there are some issues to be solved. On the observational side of this study, UV
blending and contamination by young stars are serious issues. With the given
spatial resolution of GALEX (1.5 /pixel), it becomes difficult to de-blend properly
the UV lights purely from the old stellar population in elliptical galaxies and the
possible UV contaminations by neighboring dwarf galaxies, as we reach out to
z ~ 0.2. Furthermore, some early-type galaxies show contamination from the
residual star formation in their UV spectra (Burstein et al. 1988; Yi et al. 2005),
and therefore it is important to check whether our sample galaxies are not affected
by a minority population of young stars. As described in Lee et al. (2005a), we
found two of the UV-strong early-type galaxies in Abell 2670, al5 (SO) and al6
(E), show the evidence of young populations inferred by unusually strong near-UV
flux or by strong Ha emission. Some of HST data samples also show unexpectedly
strong UV flux. All of these abnormal galaxies with recent star-forming signatures
are excluded in Fig. 4. The optical follow-up spectroscopy continues for the other
GALEX target clusters in order to discriminate such star-forming red galaxies.

On the theoretical side, the nature of extreme HB (EHB) stars and their contri-
bution to the UV flux should be understood. The effect of EHB stars are not fully
included in the current population synthesis models presented here. Particularly,
the excessively large age (up to 30% older than the Galactic globular clusters)
required for the local giant ellipticals in the “metal-poor” HB model would be
reduced significantly, if the EHB stars are explained as the minority population
of super helium-rich stars (Lee et al. 2005b). In any case, the observed rapid
evolution of FUV flux with look-back time at moderate redshifts, if confirmed by
further observations, would infer the strong age dependency in the evolution of
UV sources in old stellar systems (Lee et al. 1994; Yi et al. 1999).
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Abstract. We aim to use the methods of binary population synthesis (BPS)
to study the ultraviolet upturn (UVX) in the spectra of giant elliptical galaxies
with emphasis being placed on those binary channels that could lead to the
formation of stars that can account for it. This project will combine Sukyoung
Yi’s single star population synthesis methodology with that of Zhanwen Han’s
binary population synthesis methods in order to provide a more coherent study
of the origin of the UV upturn, the focus being on sdB stars as the possible
source of the UV upturn. The primary approach of the project will be to explore
the UV upturn, with sdBs included, for several different metallicities in order
to examine the UVX in composite populations.

Key words: stars: MS, RGB, HB, and sdB: general — single stellar population
(SSP), UV upturn, SED, and Giant elliptical galaxy (GE)

1. THE UV UPTURN (UVX)

At present, a moderate consensus suggests that low mass core-helium burning
stars, which are in the HB phase of their evolution, serve as the strongest candi-
dates for sources of the UVX in stellar populations. The UVX is characterized
by a high increase in rest-frame UV flux (in the range of A ~1000-2500A) in the
spectra of elliptical (E) galaxies, SO galaxies, and in the bulges of spiral galaxies.

2. UVX HYPOTHESES

Most population synthesis studies of the UVX, including those of Yi (1997,
1998), assume that it arises from the evolution of single HB stars. However,
others, such as Han and Podsiadlowski (HP), having conducted an extensive binary
population synthesis study of the origin of sdB stars (Han et al. 2002, 2003) formed
via binary channels, note that sdB stars could help account for a significant portion
of UV radiation in galaxies; in fact, HP have also conducted an extensive study
of the UVX at solar metallicity. In the single star scenario, two hypotheses make
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contradictory claims as to how the UVX originates from low mass HB stars. The
metal-rich hypothesis (Yi et al. 1997, 1998) claims that the UVX originates in
metal-rich stars characterized by a high He abundance, and, hence, high mass
loss. In contrast, the metal-poor hypothesis (Park & Lee, 1997) claims that the
UVX is the natural consequence of the oldest, metal-poor stars in a GE having
evolved into the HB phase of their lives. In the binary scenario, the UVX originates
from EHB stars in the form of sdBs which result from several different types of
binary evolution channels: 1) common envelope (CE) ejection; 2) RLOF in one
binary component; and, 3) merger of two WDs.

3. INPUT MODELS

EPS models for single star evolution are here combined with the products of
binary population synthesis models to produce a combined population synthesis.
The EPS models and methods employed are those of Sukyoung Yi and Seok-Jin
Yoon. In these, data from the Y2 Isochrones and realistic synthetic HB construc-
tions have been reduced and processed into synthetic CMD and SED models by
Seok-Jin Yoon. The sdB models are products of Han’s binary population syn-
thesis code (1995), which uses an input grid generated by an updated version of
Eggleton’s original stellar evolution code (1971, 1972, 1973). The spectral library
employed is that assembled by Lejeune (1997). Refer to Tables 1 and 2 for a listing
of the model input parameters.

Table 1. General Input Parameters

Stellar Population: 107 single stars; 107 binaries
IMF: Miller Scalo

Age Range: 1-20 Gyr

Metallicity: Z = 0.02 (single abundance population)
Stellar Mass Range: 0.1My <m < 100Mg
Binary Input Parameters:

Binary fraction: 67%

Flat Distribution in q: n(g) =1

Critical mass ratio: Qerit = 1.5

Reimers mass loss coefficient: n =0.25

common ejection frequency: acp = 0.75

thermal energy conversion efficiency: a7y = 0.75

Table 2. Model Input Parameters

Parameter Yi Han
Convective core overshoot: 0.20H, 0.25H),
Mixing length parameter (I/Hp) 1.7431 2.0
Helium abundance (Y): 0.27 0.28

He enrichment parameter (2%): 2.0 2.0
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Fig.1. Time evolution of the SSP as shown in the given CMDs and SEDs.

4. PRELIMINARY RESULTS

As a prelude to studying the UVX in composite systems (GEs), the first step of
this inquiry has been to examine the UVX in a simple stellar population (SSP) for
a single abundance of Z=0.02. Both single and binary stars have been included in
the population synthesis study. Figure 1 shows the CMD and SED time evolution
of the population, respectively, for the given ages. With sdBs included, the total
FUV flux decreases with increasing age until the trend is reversed by a contribution
from single HB stars for late ages. The corresponding color evolution of 1500 — V'
with redshift z is given in Figure 2 (the solid line) along with two other models
for composite systems obtained by Yi et Yoon (Lee et al. 2005). As seen, there is
an increase of 1500 — V for the redshift range 0.0 < z < 0.2 in contrast to that
suggested by the other two models and empirical data points of NGC 1399 and
Abell 2670. Incidentally, the cosmological parameters are 2 = 0.15, A = 0.85,

Zp = 4.9,

and H, = 64.0.
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5. SUMMARY AND FUTURE PROSPECTS

Since the parameter space over
which this study has been conducted
is very limited (Z = 0.02 and 7 =
0.25), the results presented here are
inconclusive in regard to the UVX
hypotheses discussed earlier. Inter-
estingly though, the given SSP does
exhibit a UVX due to the presence
of sdBs at early ages and later. How-
ever, the downward trend in 1500—V
for lower redshifts is not reversed,
which differs from an increase in
1500 — V' near low redshifts in GEs.
The difference in results can stem
from the fact that the SSP is a sin-
gle abundance population whereas
giant elliptical galaxies are compos-
ite metal-rich systems. Much is still
to be learned from a study of Popu-
lation IT and super-solar stellar pop-
ulations. Both abundance domains
are the primary aims of this project
in the future through an adapta-
tion of Han’s BPS code for different
metallicities, mass loss prescriptions,
and binary input parameters to see

2 T T T T T T T T

B Z—poor: <Z>=2.0Zsun; dt=4Gyr
------ Z—rich: <Z>=2.0Zsun; dt=0Gyr
Z=Zsun: with sdB population

oL vy

0.0 0.2 0.4 0.6
z

Fig.2. Evolution of 1500 — V' with
z. Data points for NGC 1399 and Abell
2670 are from the GALEX survey (Lee et
al. 2005).

how the UV contribution from sdBs is affected.
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Abstract. We investigate the UV upturn phenomenon of elliptical galaxies
by applying the binary model of hot subdwarfs of Han et al. (2002, 2003).
Preliminary results show that the model provides a natural explanation for the
UV upturn phenomenon and that the model could be used to detect low level
recent star formation.

Key words: galaxies: elliptical and lenticular, cD — ultraviolet: galaxies —
stars: binaries: close — stars: subdwarfs

1. INTRODUCTION

For old stellar populations, such as giant elliptical galaxies, far-UV radiation
was expected to be almost completely dark. However, this is not the case. As
surprisingly discovered by Orbiting Astronomical Observatory mission 2 (OAO-2)
in 1969 that there exists a flux increase in the spectral energy distributions of
early type galaxies from 2000 to 1200 A, known as UV upturn (also referred as
UV excess, UV rising-branch, UV rising flux, UVX) (see the review by O’Connell,
1999). The origin of the UV upturn remained a mystery for many years ever since,
e.g. Kjeergaard (1987). Ferguson et al. (1991), Dorman et al. (1995) and Brown
et al. (1995, 1997) identified that UV upturn is mainly from extreme horizontal
branch (EHB) stars. Brown et al. (2000) resolved hot HB stars for the first time
in an elliptical galaxy (the core of M32).

EHB stars are core-helium burning stars with very thin hydrogen envelopes
(Menv < 0.02Mg). They are the major source of far UV radiation in the evo-
lutionary population synthesis study of giant elliptical galaxies. There are two
schools of thought about the UV upturn, metal poor school (Lee 1994, Park & Lee
1997) and metal rich school (Bressan et al. 1994, 1996; Tantalo et al. 1996, Yi et
al. 1995, 1997a, 1997b, 1998). Both schools adopt the formation channel of EHB
stars from single stellar evolution, in which stellar wind mass loss near the tip of
the first giant branch (FGB) may strip off a giant’s envelope and leave an almost
bare helium core (e.g. D’Cruz et al. 1996).

The metal-poor school ascribes the UV-upturn to an old metal poor population
(the metal-poor tail of the wide metallicity distribution). An uncomfortably large
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age (~ 20 Gyr) is required to explain observations. In the metal-rich school, the
UV-upturn results from the metal-rich population of giant elliptical galaxies. In
order to fit observations, some assumptions need to be made, i.e. helium enrich-
ment parameter % > 2.5, a fine-tuning of Reimer’s mass loss coefficient and its
dependence on metallicity, a metallicity of 1-3 Z5, and an age usually larger than
10 Gyr. Some of the assumptions are not justified.

In both schools, the formation of EHB stars is due to stellar wind mass loss
near the tip of the FGB, and therefore there is a sudden onset of the formation of
EHB stars when a stellar population evolves. In other words, the UV upturn of
elliptical galaxies declines rapidly with redshift. However, this is not the case, as
shown by HST observation of Brown et al. (1998, 2000, 2003).

However, more than half of hot subdwarfs are found in binaries observationally
(e.g. Maxted et al. 2001). Han et al. (2002, 2003) therefore proposed a binary
model for the formation of EHB stars (or hot subdwarfs). In the model, there are
three channels for the formation of hot subdwarfs, i.e. common envelope ejection
for hot subdwarf binaries with short orbital periods, stable Roche lobe overflow for
hot subdwarfs with long orbital periods, and merger of helium white dwarfs to form
single hot subdwarfs. The model can explain the main observational characteristics
of hot subdwarfs, in particular their distributions in the orbital period-minimum
companion mass diagram and in the effective temperature-surface gravity diagram,
their distributions of orbital period and mass function, their binary fraction and
the fraction of hot subdwarf binaries with white dwarf (WD) companions, their
birth rates and their space density.

In this paper, we apply the binary model of Han et al. (2002, 2003) to the
study of UV upturn and give the preliminary results. A more systematic and
comprehensive study will be published elsewhere.

2. THE APPROACH

Han et al. (1994, 1995a, 1995b, 1998, 2003) developed a binary population syn-
thesis (BPS) code, with which millions of stars (including binaries) can be evolved
simultaneously from the zero age main sequence (ZAMS) to white dwarfs or su-
pernova explosion. The code can simulate in a Monte Carlo way the formation of
many interesting stellar objects, such as type Ia supernovae, cataclysmic variables,
double degenerates, barium stars, etc.

We incorporate the binary hot subdwarf model of Han et al. (2002, 2003) into
the BPS code so that we can carry out Monte Carlo simulations and obtain the hot
subdwarf population and its evolution. In the simulations, we adopt a metallicity
of Z = 0.02, the critical mass ratio gt = 1.5 for stable Roche lobe overflow on
first giant branch (FGB) or asymptotic giant branch (AGB), common envelope
ejection efficiency acg = 0.75 and thermal contribution to the ejection ayy = 0.75
(see section 7.4 of Han et al. 2003 for details). In addition, the simulations also
require as input the star formation rate (SFR), the initial mass function (IMF)
of the primary, the initial mass-ratio distribution and the distribution of initial
orbital separations as follows:

(1) The SFR is taken to be a single burst.

(2) A simple approximation to the IMF of Miller & Scalo (1979) is used; the
primary mass is generated with the formula of Eggleton, Fitchett & Tout
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(1989)
0.19X

M, =
T (1= X)%T +0.032(1 — X)025

(1)

where X is a random number uniformly distributed between 0 and 1. The
adopted ranges of primary masses are 0.8 to 100.0 M. The studies by
Kroupa, Tout & Gilmore (1993) and Zoccali et al. (2000) support this IMF.

(3) We take a constant mass-ratio distribution in the current study,
n(l/g)=1, 0<1/¢<1, (2)
where ¢ = M7 /Ms.

(4) We assume that all stars are members of binary systems and that the dis-
tribution of separations is constant in loga (a is the separation) for wide
binaries and falls off smoothly at close separations:

an(a) = { Qo)™ a < ao; (3)
Olsep, ag < a<ay

where agep & 0.070, ag = 10 R, a1 = 5.75 x 10° Ry, = 0.13pc, and m =~
1.2. This distribution implies that there is an equal number of wide binary
systems per logarithmic interval and that approximately 50 per cent of stellar
systems are binary systems with orbital periods less than 100 yr.

In order to convolve the simulation result into colours or spectral energy distri-
bution (SED), we adopt the latest version of BaSeL library (see Lejeune et al 1997,
1998 for a description), which gives the colours and SEDs of stars with a wide range
of metallicity Z, surface gravity log g and effective temperature Teg. The library
does not cover the surface gravity range for hot subdwarfs, and we therefore calcu-
lated emergent fluxes for solar metallicity hot subdwarfs using plane-parallel static
model stellar atmospheres computed with ATLAS9 (Kurucz, 1992) and adopting
the assumption of local thermodynamic equilibrium, and the range for log g is 5.0
to 7.0 with a spacing of Alog g=0.2, the range for Teg is 10000 K to 40000 K with
AT =1000K.

3. RESULTS AND DISCUSSION

In our investigation, we evolve a simple stellar population (SSP), in which all
the stars have the same metallicity and the same age, or a mixed stellar population
(MSP) which consists of two SSPs, a major one and a minor one. The major
population has solar metallicity and an age of 10 Gyr, while the minor one has
a solar metallicity and an age t. The minor population fraction f is the ratio of
minor population mass to the total mass of the MSP, and f=100% means the
MSP is actually a SSP with an age t.

Fig. 1 is a comparison between the UV spectrum from our model and that
of M49 from the Hopkins Ultraviolet Telescope (HUT) (from Brown et al. 1997).
The model is a solar metallicity MSP with a total stellar mass of 4.7 x 10'°M,
and a major population age of 10 Gyr. The minor population fraction is f =0.28%
and the minor population has an age of 0.5 Gyr. Actually we fixed the age of the
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Fig.1. A fit to the UV spectrum of elliptical galaxy M49 obtained using the
Hopkins Ultraviolet Telescope (HUT) (taken from Brown et al. 1997). The HUT
data are shown by the grey histogram, while the thick solid line is from our model.
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Fig. 2. The UV-upturn vs. look-back time (the left panel) and the UV-upturn
vs. redshift (the right panel) from our model.

major population according to local galaxy ages derived by Terlevich & Forbes
(2002) and the minor population fraction, and obtained the best fit when the
minor population age is 0.5 Gyr (the details of the fitting process will be described
in another publication). The fraction of f =0.28% is below the detecting limit for
recent star formation. We see that the fit is satisfactory.

The magnitude of UV-upturn is defined by Burstein et al. (1988) as (1550 —

V) = —2.5log(f1550/ fv), where fi550 is the energy flux at 1550 A and fy the flux
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-2

2000-V

B-V

Fig. 3. (2000-V) vs. (B-V) for a mixed stellar population composed of a major
and a minor population. The major population is with solar metallicity and with
an age of 10 Gyr. The grey lines from top to bottom are for minor population age
of log(t/Gyr) = —1.0, -0.9, -0.8, -0.7 . .., the dark solid lines from left to right are
for minor population fractions of 0.1%, 0.32%, 1%, 3.2%, 10%, 32% and 100%,
while 100% means that the mixed population is actually a single population (i.e.
minor population only).

at V-band. Fig. 2 is the UV-upturn versus the look-back time or the redshift for a
SSP. The look-back time is defined as tr, = 13Gyr — tsgp, where tgsp is the age of
the SSP. We also convert the look-back time to redshift by adopting a flat universe
and a Hubble time of 13.7 Gyr. As we see from Brown et al. (2003), UV-upturn
does not depend much on redshift, and Fig. 2 is consistent with the observations.
Lee et al. (2005) tried to explain UV upturn-redshift relation by assuming that
the post AGB (PAGB) mass decreases with redshift. However, the mass should
increase with redshift from standard stellar evolution theory.

Fig. 3 is the diagram of (2000 — V') versus (B — V) for a solar metallicity
MSP with a major population of 10 Gyr and a minor population of varying age
and fraction. The figure can be used to explain the observation of far-ultraviolet
emission of early-type galaxies (see Fig. 2 of Deharveng et al. 2002).

Fig. 4 is the diagram of (FUV-NUYV) versus (FUV-r), where FUV and NUV are
magnitudes in FUV and NUV bands of the Galazy Evolution Ezxplorer (GALEX)
and r is the magnitude in r band of the Sloan Digital Sky Survey (SDSS). If we
compare our result to the systematics of the UV-upturn in a GALEX/SDSS sample
of early type galaxies (Fig. 3 of Rich et al. 2005), we find that the red-quiescent
early-type galaxies in their sample have low level recent star formation.
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Fig.4. (FUV-NUV) vs. (FUV-r) for a mixed stellar population composed of
a major and a minor population. The major population is with solar metallicity
and with an age of 10 Gyr. The grey lines from bottom-left to top-right are for
minor population age of log(t/Gyr) = —1.0, -0.9, -0.8, -0.7 .. ., the dark solid lines
from bottom to top are for minor population fractions of 0.1%, 0.32%, 1%, 3.2%,
10%, 32% and 100%, while 100% means that the mixed population is actually a
single population (i.e. minor population only). The top panel is for population at
redshift z = 0, while the bottom panel is for z = 0.2.
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4. CONCLUSIONS

We conclude that the binary model of hot subdwarfs of Han et al. (2002, 2003)
is needed to understand the UV-upturn phenomenon of elliptical galaxies. Our
model could be a useful tool in finding low level recent star formation.
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Abstract. Recent observations and theories suggest that extreme horizontal
branch (EHB) stars and their progeny should be the cause of the UV excess
that many elliptical galaxies show in their spectra. Since the Galactic Bulge is
the closest representation of an old, metal-rich spheroid in which we are able
to study the EHB scenario in detail, we obtained spectra of bulge EHB star
candidates and we confirm their status as hot evolved stars. It is the first time
that such stars are unambiguously observed in the Galactic Bulge.

Key words: galaxies: UV excess — subdwarfs

1. INTRODUCTION

The spectra of elliptical galaxies and bulge regions of spiral galaxies in many
cases show a strong and unexpected increase in flux at wavelength shorter than
2500 A. This feature, called ” UV excess”, was one of the most important discoveries
of satellite based UV astronomy (Code & Welch 1969) but also a puzzle, since it
required the existence of hot stars in these old metal-rich systems (see Burstein
et al. 1988 and references therein). After a long debate, most people agree that
the observed UV radiation is mainly produced by very hot extreme horizontal
branch stars (burning helium in their core) and their progeny, as Post-EarlyAGB
and AGB-manqué stars (O’Connell 1999; Greggio & Renzini 1990,1999; Dorman
et al. 1995; Yi et al. 1998). This view is supported by spectroscopic (Ferguson
et al. 1991; Brown et al. 1997, 2002) and photometric (Brown et al. 2002) UV
observations of extragalactic systems. Near-UV HST observations of Brown et
al. (2000) in M32 detected for the first time individual EHB star candidates in
an elliptical galaxy. The best fit to the observations is achieved with evolutionary
tracks for helium- and metal-rich populations, since in this case EHB stars have
the longest lifetimes in the temperature range required to reproduce the UV excess
(cf. Bressan et al. 1994).
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Fig.1. Colour-magnitude diagram of the Galactic Bulge. Our targets are
marked with circles.

The closest system similar to an elliptical galaxy with respect to age and metal-
licity for which it is possible to resolve stars is the Galactic Bulge. The vast ma-
jority of EHB stars known in the Milky Way belongs however, to the metal-poor
spheroid or to the disk population (where they show up as so-called subdwarf B
sdB stars).

The only sdB candidates known in the bulge were found in the two massive
globular cluster NGC 6388 and NGC 6441 (Rich et al. 1997; Busso et al. 2004),
which are anyway not typical for the bulge population. The situation changed
recently: Terndrup et al. (2004) found candidates in their survey for EHB stars
in the Galactic bulge and Wide Field Imager observations of a field toward the
Galactic bulge (Zoccali et al. 2003) show a sequence of hot stars that are good
candidates for EHB stars (see Fig. 1). Using the values of Villeneuve et al. (1995)
for scale height and space density of local field sdB stars, along a distance of
4.5 to 11 kpc within the field of view of WFI only less than 10 sdB stars are
expected, while in our case about 140 candidates are found. Since they could be
cool foreground stars (instead of reddened hot stars), we obtained spectroscopy of
29 candidates in order to derive effective temperatures and surface gravities and
then, by means of comparison with HB models, to check their evolutionary status.
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2. OBSERVATIONS

2.1. Target selection

Our spectroscopic targets were selected from the photometric catalogue of bulge
stars obtained from Zoccali et al. 2003 (see Fig. 1). We have chosen the stars with
magnitude 18 < I < 21 and color 0 < V — I < 0.8 and among them we selected
the most isolated ones.

2.2. VLT observations

We obtained medium-resolution spectra (R ~ 1200) of 29 candidates EHB
stars at the VLT-UT1 (Antu) with FORS2. We used the multi-object spectroscopy
(MXU) mode of FORS2 with the standard collimator, a slit width of 0.7” and grism
B600, which allows to obtain spectra in the range between 3650 and 5200 A(not
all candidates though have spectra so extended because of the different positions
on the CCD).

2.3. Data reduction

The data reduction was performed as described in Moehler et al. (2004) except
for the following points. Due to the long exposure times (from 2700s to 5400s) the
scientific observations contained a large number of cosmic rays and were therefore
corrected with the algorithm described in Pych (2004). Regarding the subtraction
of the sky background, we used two different methods depending on whether the
target star in the slitlet was isolated or not. If the star was isolated, meaning any
other stars in the slitlets were well enough separated from our target to identify
regions uncontaminated by any stellar source, we approximated the spatial distri-
bution of the sky background by a constant. If the slitlet showed severe crowding,
meaning that the spectra of different stars were overlapping, we fitted each stellar
profile with a Lorentzian function so that the whole spatial profile was reproduced
by the sum of all the profiles; all the profiles but that one of the target were then
subtracted (for details see Moehler & Sweigart 2006). With the extraction of the
spectra, we saw that some (5 of 29) of our targets were actually cool stars. There-
fore we did not proceed further with the reduction for these stars. The spectra
were flux calibrated using standard stars spectra and corrected for any Doppler
shifts determined from Balmer lines, as in Moehler et al. (2004).

3. ANALYSIS

Some examples of the spectra are shown in Fig. 2. To fit the spectra (except for
one He-rich one) we used ATLAS9 model atmospheres for solar metallicity (Ku-
rucz 1993) to account for effects of radiative levitation (see Moehler et al. 2000 for
details), from which we calculated spectra with Lemke’s version of the LINFOR
program (developed originally by Holweger, Steffen, and Steenbock at Kiel Uni-
versity). The use of NLTE models or of LTE models with higher metallicity does
not significantly change the results.

To establish the best fit, we used the routines developed by Bergeron et al. (1992)
and Saffer et al. (1994), as modified by Napiwotzki et al. (1999), which employ a
x? test. The 1-0 error necessary for the calculation of x2 is estimated from the
noise in the continuum regions of the spectra. The fit program normalizes model
spectra and observed spectra using the same points for the continuum definition.
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Fig. 2. Spectra of a few sdB star candidates. Top and central panel: typical

spectra of newly detected hot stars with strong Balmer lines. Bottom panel: for
comparison the totally different spectrum of a cool star.

We used the Balmer lines Hg to Hyg (excluding H, to avoid the Ca11 H line), the
HeT lines at 4026, 4388, 4471, 4921 A, and the He 11 lines at 4542 and 4686 A.

We obtained the atmospheric parameters Tyg, logg and helium abundances and
we calculated the absolute V and I magnitudes expected for these values, assuming
Mgiqr = 0.5Ma. We left out one star because the fit was really bad. Considering
a distance from the Galactic Center of ~ 8.5kpc and a bulge radius of ~ 1.5kpc,
we found that most of these objects are indeed bulge stars: of 23 hot stars, 13
stars are in the bulge within 10 and 3 are in the bulge within 3o.

This is also confirmed by the radial velocities found from the Doppler shift.
The field we explored is centered at Galactic coordinates [=0°, b=—6°, toward the
Galactic center, so that the expected radial velocities for disk stars are around 0
km s~!. Our velocities are distributed in a range between —200 and 4300 km s—!,
in agreement with Terndrup et al. (1995).

Finally we compared our results with horizontal branch theoretical tracks: in
Fig. 3 we plotted in the (Tes, log g) diagram the values found for those stars which
belong to the bulge. The error bars are the formal errors from the fit procedure, but
we are aware that the formal errors are underestimates (Napiwotzki, priv. comm.).
The evolutionary tracks are from Yi et al. (1997) with metallicity Z=0.004 and
helium abundance Y=0.2416. The Zero Age Horizontal Branch (ZAHB), where
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Fig.3. (Tes, logg) diagram: The squared symbols indicate the isolated stars;
the triangles indicate the crowded stars and the pentagon is the He-rich star.
The ZAHB and TAHB (Yi et al. 1997) are plotted and evolutionary tracks with
metallicity Z=0.004 and helium abundance Y=0.2416 for 0.495, 0.50 and 0.51 Mg
as well. The dashed lines are estrapolated from the ZAHB and TAHB tracks.

the star starts to burn helium in its core quietly, and the Terminal Age Horizontal
Branch, where the star burned the 99% of the helium, are shown together with
evolutionary tracks for stars with total masses of 0.495, 0.50, and 0.51 M. Since
the theoretical lower limit for the mass of an EHB star is the core mass of the
progenitor on the red giant branch (~ 0.45 M) while our tracks end at 0.495
Mg, we extrapolated the ZAHB and TAHB to lower masses (dashed curves in
Fig. 3). Proper models for lower masses will be calculated and used in a later
paper. The observed points agree quite well with the theoretical tracks, therefore
these objects are indeed EHB stars; some objects are above the TAHB meaning
that they are in the post-HB phase and then evolving as AGB-manqué stars.

Finally we want to mention that all stars except one (which is helium-rich) are
helium deficient as expected from diffusion.

5. CONCLUSIONS

We observed spectra of EHB star candidates in the Galactic Bulge, from which
we estimated the atmospherical parameters Teg and logg, confirming their evolu-
tionary status. From the calculated radial velocities and distances we verified their
membership to the bulge. This is the first time that such kind of stars are ob-
served in the bulge and with their spectra we are going to construct the integrated
spectrum of the galactic bulge from the UV to the optical, following the method
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described in Santos et al. (1995). The method consist in the construction of the
integrated spectrum using a spectral library (in our case it will have to be a library
extended to the UV) and the information contained in the spectroscopic and pho-
tometric observations. Regarding the spectral library, we will group the similar
spectra, obtaining various groups of different spectral type, luminosity class and
metallicity and for each group the average spectrum will be calculated, in order to
obtain a better S/N. We will divide the colour-magnitude diagram of the bulge in
boxes and each will be associate to one of the library average spectra by means of
the index colour. The integrated spectrum will be the sum of the average spectra,
scaling the contribute of each component keeping in account how many stars there
are in each box.

This study will verify the role, so far only predicted, of EHB stars regardings
the UV excess in the elliptical galaxies.
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Abstract. Recent observations of the globular cluster w Centauri have shown
that it has a double main sequence (MS), with a minority population of bluer
and fainter MS well separated from a majority population of MS stars. Here we
confirm that this special feature can only be reproduced by assuming a large
range of helium abundance among several distinct populations in this cluster.
We further show that the same helium enhancement required to reproduce this
special feature on the MS can by itself reproduce the extreme horizontal-branch
(EHB) stars observed in w Cen, which are hotter than and separated from
the majority population of normal HB stars. We also discuss the possibility
that similar phenomena observed in the HB of other globular clusters are also
due to the helium enhancement. If confirmed by further observations, this
would establish that the third parameter that influences globular cluster color-
magnitude diagram (CMD) morphology, in addition to metallicity and age, is
indeed helium abundance.

Key words: globular clusters: individual (w Centauri), stars: abundances —
stars: evolution — stars: horizontal-branch

1. INTRODUCTION

The Hubble Space Telescope snapshot survey of Galactic globular clusters has
shown that the presence of extreme horizontal-branch (EHB) stars is not an un-
usual phenomenon among relatively massive globular clusters, which suggests that
the third parameter, in addition to metallicity and age, is needed in order to explain
the peculiar features observed on the HBs of these clusters (Piotto et al. 2002).
It has been suggested for some time that more than one epoch of star formation
and the accompanying helium and other elements enhancements in some globular
clusters might be responsible for the presence of bimodal HBs and the EHB stars
(D’Antona et al. 2002; D’Antona & Caloi 2004). While it has already been known
that the HB morphology is very sensitive to helium abundance (see, e.g., Lee et
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Fig.1. New sets of Y2 isochrones with helium enhancement. Panel (a) demon-
strates the effect of helium enhancement on the zero-age main sequence for a given
mass, while panel (b) illustrates the effect on the isochrones.

al. 1994), what is needed is a firm evidence that such a special helium enrich-
ment indeed occurs in some globular clusters. This is because a star cluster is
widely believed to be a coeval and chemically homogeneous system, and also the
required helium enrichment is far more than that expected from standard chemical
evolution models in galactic scales (i.e. AY/AZ = 1~2).

The first good evidence that some stars in a globular cluster are actually en-
hanced in helium came from the recent observations of w Cen. In particular, recent
analyses with isochrones (Norris 2004) and spectroscopy (Piotto et al. 2005) of the
MS stars in w Cen have shown that a large helium abundance variation is needed
to reproduce the double MS (Bedin et al. 2004) observed in this cluster. Although
more work is needed for a specific chemical evolution model devoted for w Cen
to understand the origin of this unusually strong helium enrichment, these ob-
servations and analyses have nevertheless provided a compelling evidence that a
minority population of stars at least in one globular cluster are indeed enhanced in
helium. In this paper, we report our progress in constructing population models
with the super-helium-rich scenario.

2. EFFECT OF HELIUM ENHANCEMENT

In order to investigate the effect of helium abundance on the observed features
in the CMD, we have first calculated new sets of Yonsei-Yale (Y?) stellar evolu-
tionary tracks and isochrones with helium enhancements (Kim et al. 2002; Kim
et al. 2005). These tracks adopted most up-to-date input physics including a new
equation of state for the low mass stars. Fig. 1 demonstrates the effect of helium
enrichment on the HR diagram. Helium-rich stars, in general, are brighter and
bluer for a given mass because of their higher core temperature (Fig. 1a), however,
since they evolve faster than helium-poor stars, they would have smaller masses for
a given age, and therefore the helium-rich MS appears both bluer and fainter than
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Fig. 2. Model CMDs for the main sequence and subgiant-branch parts of w
Cen. These figures are to be directly compared with the observations by Bedin et
al. (2004; see their Fig. 1).

the helium-poor MS on the isochrone (Fig. 1b). For the same reason, the mass at
the tip of the red-giant-branch (RGB) of a helium-rich population is smaller than
that of a helium-poor one, so that helium-rich HB stars have smaller total masses
than helium-poor stars, which shifts their positions to the blue in the CMD (Lee
et al. 1994).

3. POPULATION MODELS

Based on our new isochrones and the HB evolutionary tracks of Sweigart (1987)
extrapolated to Y~0.4,' population synthesis models are constructed following the
techniques developed by Lee et al. (1990) and Park & Lee (1997). In Fig. 2, we have
presented the model CMDs for the MS and subgiant-branch (SGB) parts, based on
the assumption that the helium abundances for the three most metal-rich popula-
tions are significantly enhanced among five populations with different metallicities
in w Cen (Sollima et al. 2005). These CMDs were specifically constructed with
the bandpasses, photometric errors, and total numbers of stars comparable to the
observed ones of Bedin et al. (2004; see their Fig. 1), so that they can be directly
compared with each other. The values of helium abundance and age are adjusted

1 We are now in the process of constructing new sets of helium enhanced HB tracks fully

consistent with our isochrones. Based on our preliminary models for ZAHB, we have confirmed
that there is no serious systematic difference between our HB models and those of Sweigart
(1987). We also verified that the extrapolation in Y dose not produce a critical problem, by
using the Sweigart & Gross (1976) HB tracks where the helium abundance is extended to Y=0.4.
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Fig.3. Model CMDs for w Cen. Panel (a) is for the case in which all five
populations in w Cen have the same helium abundance, while panel (b) is for the
case in which the helium abundances for the metal-rich populations are signifi-
cantly enhanced as in Table 1. Only the case of AY > 0.15 can reproduce the
observed features on the MS and HB simultaneously. We adopted (m-M)g = 14.3
and E(B-R)=0.19 in our models.

until the best matches between the models and the observed CMDs are obtained,
while those for the metallicity are mostly fixed by the RGBs. Table 1 lists the
input parameters used in our best model simulations. Similarly, in Fig. 3, we com-
pared two models constructed under different assumptions regarding the helium
enhancement. As is clear from Fig. 2 and 3, we have confirmed the conclusion
from previous works that a large variation in helium abundance is indeed needed
to reproduce the observed features on the MS to RGB, including the double MS,
where the minority population of the bluer and fainter MS is both more metal-
rich and super-helium-rich (AY=0.15) compared to the majority population of the
metal poor redder one.

In Fig. 3, we have also presented corresponding synthetic HB models, which
should be compared with the observed CMD by Ferraro el al. (2004; see their Fig. 2,

Table 1. Input parameters in our best simulation of w Cen. We
adopted [a/Fe]=0.3 and n=0.46 for the mean mass-loss on the RGB.
Population ratios were from Sollima et al. (2005).

Population Z Y Age Mass Loss Fraction
(Gyr) (Mo)
1 0.0006  0.231 13 0.168 0.42
2 0.001 0.232 13 0.178 0.27
3 0.0015 0.38 12 0.172 0.17
4 0.0028 0.40 11.5 0.177 0.08
5 0.006 0.42 11.5 0.201 0.05
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Fig. 4. The zero-age HB sequences with different helium abundances (Sweigart
1987).

also see Fig. 1 of Lee et al. 2005). From models in Fig. 3a, we can see that the
HB morphology generally gets redder with increasing metallicity, and the models
fail to reproduce the EHB population. However, the models in Fig. 3b naturally
reproduce the EHB stars observed in w Cen with the same helium enhancements
needed to reproduce the unique features on the MS. The fact that the three most
metal rich populations, including progeny of the bluer and fainter MS, all piled
up on the extremely blue HB in Fig. 3b is a consequence of the large difference
in helium abundance that easily overcomes the metallicity effect. In our model
calculations, nothing other than the standard Reimers (1977) empirical relation
was employed to estimate the amount of mass-loss on the RGB as a function of
the input parameters adopted, and therefore the presence of extreme HB stars is
solely the effect of helium enhancement. Under the same scenario, the complex
features on the HBs of other globular clusters, such as NGC 2808, can be also
explained by large internal variations of helium abundance (Lee et al. 2005; see
also D’Antona et al. 2005).

An independent test for the helium-rich scenario might be provided from the
FUV photometry of extreme HB stars, because the zero-age HB (ZAHB) locus
is very sensitive to helium abundance. As Fig. 4 illustrates, in general, helium-
rich HB stars are brighter than helium-poor ones, but this trend is reversed when
the effective temperature reaches ~19,000 K. This is because extremely hot HB
stars have very thin envelopes, with an almost negligible energy output from the
hydrogen-burning shell. The total energy output is then mostly sustained by the
helium-burning core, and since helium rich stars have a smaller core mass, they
have a lower surface luminosity (Sweigart 1987). According to Sweigart (1987),
EHB stars, therefore, would be fainter than HB stars as a result of the helium
enhancement. The observed trends in UV CMD of EHB and blue HB stars in NGC
2808 (Brown et al. 2001) and w Cen (Whitney et al. 1994) support our prediction
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(see Fig. 4 of Lee et al. 2005). It is important to note that spectroscopic analyses of
the EHB stars in w Cen and NGC 2808 (Moehler et al. 2002; Moehler et al. 2004)
have shown anomalously high helium abundances up to 0.3~1. While Moehler
et al. interpreted this with the late hot flasher scenario (Brown et al. 2001), we
believe that at least some of this helium enrichment might be also understood
from our scenario.

4. DISCUSSION

The good agreements between the models and the observations for the appear-
ance and population ratio of EHB stars in w Cen suggest that the third parameter
that controls HB morphology, in addition to metallicity and age, might be helium
abundance. This in turn suggests that whenever the relative age is estimated from
the HB morphology (Lee et al. 1994; Rey et al. 2001), a better result would be
obtained by ignoring extreme HB stars or similar peculiar features on the HB.
Fortunately, the effect of helium abundance on the MS and RGB is relatively
small, and in most globular clusters with EHB stars, the expected helium-rich
populations are a minority in terms of the population ratio. Therefore, the age
dating from MS and RGB is likely to be less affected by the minority populations
of helium-rich stars in these clusters. However, when one infers the relative age
or other physical parameters from the integrated-light colors and spectra of glob-
ular clusters and early-type galaxies, the possible contamination from helium-rich
populations should still be carefully considered, as they would make the observed
colors bluer, especially in the UV. Further observations and modeling of globular
clusters with peculiar features on their HBs will undoubtedly help us to estab-
lish the super-helium-rich scenario as the origin of EHB stars found in globular
clusters.
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Abstract. The metal-rich bulge globular clusters NGC 6388 and NGC 6441
show distinct blue horizontal-branch tails in their colour-magnitude diagrams.
They are thus strong cases of the well known 2*¢ Parameter Problem. In ad-
dition, the horizontal branches in these globular clusters show an upward tilt
toward bluer colours, which cannot be explained by canonical evolutionary mod-
els. We will discuss several scenarios which have been proposed to explain these
two features and present observations obtained to test these scenarios.

Key words: stars: horizontal branch, stars: evolution, globular clusters:
individual: NGC 6388

1. INTRODUCTION

Ever since its discovery over 30 years ago (Sandage & Wildey 1967; van den
Bergh 1967), the 2" parameter effect has stood as one of the major unsolved chal-
lenges in the study of the Galactic globular clusters. While it was recognized quite
early that the horizontal branch (HB) becomes redder on average with increasing
metallicity, many pairs of globular clusters are known with identical metallicities
but markedly different HB morphologies, e.g., M 3 versus M 13. Thus some pa-
rameter(s) besides metallicity (the 15¢ parameter) must affect the evolution of the
HB stars in these globular clusters. Possible 2"d parameter candidates include the
globular cluster age, mass loss along the red giant branch (RGB), helium abun-
dance Y, a-element abundance, cluster dynamics, stellar rotation, deep mixing,
etc.

HST observations by Rich et al. (1997) have found that the metal-rich glob-
ular clusters NGC 6388 and NGC 6441 ([Fe/H] =~ —0.5) contain an unexpected
population of hot HB stars and therefore show a prominent 2°d parameter ef-
fect. Ordinarily metal-rich globular clusters have only a red HB clump. However,
NGC 6388 and NGC 6441 possess extended blue HB tails containing ~15% of the
total HB population. Quite remarkably, the HBs in both clusters slope upward
with decreasing B — V' with the stars at the top of the blue tail being nearly 05

IBased on observations from the European Southern Observatory, Chile (prop. 69.D-0231)
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brighter in V' than the well-populated red HB clump. Moreover, the RR Lyrae
variables in these clusters have unusually long periods for the cluster metallicity,
leading Pritzl et al. (2000) to suggest that NGC 6388 and NGC 6441 may repre-
sent a new Qosterhoff group. For all of these reasons the HBs of NGC 6388 and
NGC 6441 are truly exceptional.

In the next section we will discuss the implications of NGC 6388 and NGC 6441
for the 2" parameter effect and will review a number of scenarios for explaining
the HB morphology of these clusters. The following sections will then describe the
high and medium resolution spectra that we have obtained to test these scenarios.

2. HB MORPHOLOGY: PROBLEMS AND SCENARIOS

The presence of hot HB stars in globular clusters as metal-rich as NGC 6388
and NGC 6441 may provide an important diagnostic for understanding the 279
parameter effect for the following reason. In intermediate-metallicity globular
clusters such as M 3 the HB spans a wide range in color that extends both blueward
and redward of the instability strip. The location of a star along the HB is then
quite sensitive to changes in the stellar parameters. In fact, this is why the HB
is “horizontal”. In metal-rich globular clusters, however, the situation is quite
different. Due to their high envelope opacity, metal-rich HB stars are normally
confined to a red clump. To move such stars blueward requires a larger change
in the stellar structure. Thus any 2"? parameter candidate capable of producing
hot HB stars in a metal-rich globular cluster might also have other observational
consequences. Indeed, the upward sloping HBs in NGC 6388 and NGC 6441
suggest that the 2! parameter in these globular clusters is affecting both the
temperature and luminosity of the HB stars.

Can canonical models explain the upward sloping HBs in NGC 6388 and
NGC 64417 In principle, one could produce hot HB stars in these globular clusters
by increasing the cluster age or by enhancing the amount of mass loss along the
RGB. Rich et al. (1997) considered both of these possibilities but found neither
of them to be satisfactory because the required increase in the cluster age is quite
large and because the frequency of stellar interactions within the cores of these
clusters seems too low to produce the additional RGB mass loss. This conclusion
was further supported by the theoretical HB simulations of Sweigart & Catelan
(1998, hereafter SC98). They found that the HB morphology predicted by canon-
ical HB models is flat in the (My, B — V') plane. Increasing the cluster age or the
RGB mass loss simply moves the models blueward in B — V without increasing
their luminosity. Thus canonical HB models cannot account for the HB morphol-
ogy of NGC 6388 and NGC 6441. In particular, two of the most prominent 2"9
parameter candidates — age and RGB mass loss — do not work.

This failure of canonical HB models to produce upward sloping HBs has promp-
ted the study of other noncanonical solutions. Theoretical models show that the
HB luminosity at a fixed metallicity depends on two parameters: the helium abun-
dance Y and the core mass M.. This fact led SC98 to suggest 3 noncanonical
scenarios involving increases in either Y or M, which might potentially produce
upward sloping HBs.

The first (“high-Y™”) scenario assumes that the stars in NGC 6388 and NGC
6441 formed with a high primordial helium abundance due to a peculiar chemical
enrichment history in these clusters. From theoretical models we know that HB
tracks at high helium abundances have very long blue loops which deviate con-
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siderably from the zero-age HB (ZAHB). The HB simulations of SC98 show that
such high-Y tracks can indeed produce upward sloping HBs as seen in NGC 6388
and NGC 6441 provided Y is very large (20.4). However, this scenario can be
ruled out because it predicts too large a value for the number ratio R of HB stars
to RGB stars brighter than the HB (Layden et al. 1999) as well as too bright a
luminosity for the RGB bump (Raimondo et al. 2002).

The second (“rotation”) scenario is based on the fact that internal rotation
within an RGB star can delay the helium flash, thereby leading to a larger core
mass and to greater mass loss near the tip of the RGB. This increase in M, together
with the corresponding decrease in M will shift a star’s HB location towards higher
effective temperatures and luminosities. HB simulations show that this scenario
can also produce upward sloping HBs similar to those observed in NGC 6388 and
NGC 6441. The problem, however, is to understand how the blue HB stars could
have the high rotation rates required by this scenario.

The third (“helium-mixing”) scenario is motivated by the large star-to-star
abundance variations which are found among the red-giant stars within individual
globular clusters and which are sometimes attributed to the mixing of nuclearly
processed material from the vicinity of the hydrogen shell out to the stellar surface
(Kraft 1994). The observed enhancements in Al are particularly important because
they indicate that the mixing is able to penetrate deeply into the hydrogen shell
(Cavallo et al. 1998). Such mixing would dredge up fresh helium together with
Al, thereby enhancing the envelope helium abundance and leading to a brighter
RGB tip luminosity and hence greater mass loss. Thus a helium-mixed star would
arrive on the HB with both a higher envelope helium abundance and a lower mass
and would therefore be both bluer and brighter than its canonical counterpart -
just what is needed to produce an upward sloping HB. Indeed, the HB simulations
of SC98 confirm that helium mixing can produce HB morphologies similar to
those in NGC 6388 and NGC 6441. However, the existence of helium mixing
can be questioned on several grounds. The O-Na and Mg-Al anticorrelations
observed in turnoff stars of NGC 6752 by Gratton et al. (2001) indicate that
the Al enhancements are more likely due to primordial pollution from an earlier
generation of asymptotic-giant-branch (AGB) stars than to deep mixing on the
RGB. It is also questionable whether the mixing currents could overcome the
large gradient in the mean molecular weight within the hydrogen shell of a RGB
star. Thus helium mixing seems unlikely.

A number of additional solutions have been offered to explain the HB mor-
phologies of NGC 6388 and NGC 6441. One of the earliest solutions, suggested
by Piotto et al. (1997), was a spread in metallicity. In this case the blue HB stars
would be metal-poor compared to the stars in the red HB clump. Because the HB
becomes brighter in V' with decreasing metallicity, the blue HB stars would also
be brighter. Thus a metallicity spread might also produce an upward sloping HB.
This possibility was studied by Sweigart (2002), who showed that upward sloping
HBs similar to those in NGC 6388 and NGC 6441 would require the stars at the
top of the blue HB tail to be approximately 2 dex more metal-poor than the stars
in the red HB clump. However, Raimondo et al. (2002) have noted that the pro-
genitors of the blue HB stars should appear as a population of metal-poor giants
lying well to the blue of the metal-rich RGB. Since such metal-poor giants are not
seen in the colour-magnitude diagrams of NGC 6388 and NGC 6441, Raimondo
et al. (2002) conclude that any metallicity spread must be small.
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Piotto et al. (1997) also suggested that NGC 6388 and NGC 6441 might contain
two stellar populations with different ages. This possibility has been further ex-
plored by Ree et al. (2002). Their population models for NGC 6388 and NGC 6441
are able to produce blue HB stars provided these stars are older by 1.2 Gyr and
metal-poor by 0.15 dex compared to the stars in the red HB clump. Such a small
difference in metallicity between the blue and red HB stars avoids the problem
with the missing metal-poor giants discussed above. However, while such mod-
els might produce bimodal HBs, they do not produce an upward sloping HB. As
shown by SC98, differences in age merely move an HB star horizontally along the
HB, and, as shown by Sweigart (2002), a metallicity difference of 0.15 dex is too
small to produce a significant HB slope. Thus the Ree et al. (2002) models do
not account for a key property of the HBs in NGC 6388 and NGC 6441. Ree et
al. (2002) also suggest that the long RR Lyrae periods might be explained if these
stars are highly evolved from the blue HB. While such stars would have long peri-
ods, they would also evolve rapidly across the instability strip on their way to the
AGB. Explaining the observed number of RR Lyrae stars under such a scenario
would therefore be very difficult (Pritzl et al. 2002).

A more promising possibility is based on the suggestion by D’Antona & Caloi
(2004) that the stars in globular clusters with blue HB tails are born in two events:
a first generation of helium-normal stars and a second generation of helium-rich
stars which subsequently form from the ejecta of the intermediate-mass AGB stars
of the first generation. Since a helium-rich star has a lower turnoff mass at a
given age, it will be bluer on the HB than a helium-normal star. It will also be
brighter due to the increased energy output of the hydrogen-burning shell. Thus
the spread in the internal helium abundance predicted by this scenario will lead
to a spread in color along the HB, with the red clump stars corresponding to the
helium-normal, first generation stars and the blue tail stars being progressively
more helium-rich as the effective temperature increases. An upward sloping HB is
a natural consequence of this spread in helium. The fact that the HB slope is more
prominent in NGC 6388 and NGC 6441 than in other blue tail globular clusters
may be simply due to their higher metallicity which requires a larger increase in
helium in order to force a star blueward of the red clump. We emphasize that
this scenario differs from the high-Y scenario, mentioned above, in which all of
the stars are helium-rich and the helium-mixing scenario in which the spread in
helium arises from deep mixing on the RGB.

All of the above scenarios which can produce an upward sloping HB predict that
the gravities of the blue HB stars should be lower than the gravities of canonical
blue HB stars. In 1998 we observed some of the brighter objects in both clusters
(B <18; four stars in NGC 6388, three in NGC 6441) to test this prediction.
Unfortunately the results only added to the confusion as most of the stars had
higher gravities than predicted by canonical evolution (Moehler et al. 1999). It
took us four years and three rejected proposals to convince the ESO TAC to
give us observing time for another test of the above described scenarios: With
proposal 69.D-0231 we obtained high resolution spectra of four cool blue HB stars
in NGC 6388 to determine their metallicities and rotation velocities. In addition,
we observed medium resolution spectra of about a dozen blue HB stars along
the blue tail to determine their effective temperatures and surface gravities. By
comparing the observed values to those predicted by the various scenarios, we hope
to distinguish among the scenarios.
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3. HIGH RESOLUTION SPECTROSCOPY

The high resolution spectra were obtained with the UVES spectrograph at the
ESO VLT with the standard setting DIC1 (390+564) and a slit width of 1”. This
setting covers the wavelength ranges 3720 A-4520 A in the blue arm and 4605 A
5585 A and 5674 A-6610 A in the red arm (2 CCDs) at a resolution of 45000
(blue) and 37000 (red). This is the same setting as used by the SPY project (Karl
et al., these proceedings). We therefore reduced the data with the UVES context
within MIDAS, with the additional correction by a flat field shifted in wavelength
direction as done by the SPY consortium to avoid ripples in the resulting one-
dimensional spectrum. The details will be described in a forthcoming paper.

3.1. Analysis and Results T

To analyse the high reso- s ey :
lution spectra, we first esti- v !
mated effective temperatures '1 i

from B — V colours cor-

rected for a reddening of T YT
0m37. Keeping these tem- m ! V
peratures fixed, we estimated |

the surface gravities by fit-
ting the Balmer line profiles mm

as described in Moehler et
al. (2004). Using these values
we did a first abundance de-

I
| Cr 11
1
L

termination by spectrum syn- ‘ Ttoz ‘ ‘
thesis, wusing the LINFOR 5240 5260 5280
program?. Then we changed A[A]

the effective temperature un- Fig.1. Small section of the UVES spectra for
til the abundances from Fe 1 the three hotter stars. The black line is the syn-
and Fe 11 agreed to within 0.15 thetic spectrum for each star and the unmarked

dex. The surface gravity was lines are all iron lines.

again determined by fitting the Balmer line profiles. Fig. 1 shows a section of the
spectra of three HB stars together with the synthesized spectrum (the fourth star
is the coolest one and therefore most difficult to analyze due to severe line blend-
ing). We find no significant deviations from the overall metallicity of NGC 6388
in these spectra and therefore no supporting evidence for a possible metal defi-
ciency in these blue HB stars. We also do not find rotation velocities in excess of
10 km s~!, which is in good agreement with the values found for blue HB stars in
other globular clusters. We do find a very tentative evidence for a possible helium
enrichment. In this temperature range, however, the helium lines are very weak
and extremely sensitive to temperature variations, so that we so not want to place
much emphasis on this possible result.

4. MEDIUM RESOLUTION SPECTROSCOPY

The medium resolution spectra of stars along the blue tail were obtained with
the multi-object spectroscopy mode MXU of FORS2, again at the ESO VLT.

2For a description see http://a400.sternwarte.uni-erlangen.de/~ai26/linfit/linfor.html
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We used the grism 600B with
a slit width of 06, correspond-
ing to a resolution of 1200 and
a wavelength range of 3700 A
to 5200 A for all spectra. The
wavelength range extended to
blue or redder regions depend-
ing on the position of the slit-
let on the CCD. The data were
reduced as described in Moehler
et al. (2004), except for the sky
subtraction.

The MXU observations were
obtained in very crowded fields,
and due to the fact that several
stars were observed simultane-
ously we could not orient the in-
dividual slitlets in a way to avoid
nearby stars. Therefore most
slitlets contain spectra of several
stars, in many cases overlapping
so strongly that it is impossible
to directly extract the spectrum
of our intended target (see Fig.
2). In order to account for this
overlap we proceeded as follows:
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flux [counts]

position along slit [']

Fig. 2. The spatial light distribution along
one slitlet. The upper histogram is the ob-
served light distribution, the light continuous
line gives the fit of all sources, the light dashed
line marks the subtracted sky background (=fit
of all sources—target). The lower histogram is
the spatial profile of the sky subtracted image.

1. we corrected the curvature of the FORS2 spectra

2. we averaged the wavelength-calibrated two-dimensional spectra along their

dispersion axis between 3500 A and 5200 A (roughly the range which is later
used for fitting the line profiles), thereby producing a one-dimensional spatial
profile along the slitlet (cf. Fig. 2, upper histogram)

. the one dimensional spatial distribution of light was fitted with a combination
of Moffat functions, i.e.

I(w) = bek + Z Ij(ﬁ)

Jj=1

, Az —by)2\ °
with Ij(z) =a; (1 + %)
For each profile the parameters a; (amplitude) and b; (position) were fitted
individually, whereas the parameters ¢ and d, which determine the profile
width and shape (and should depend only on the seeing and instrumental
broadening), had to be the same for all objects within one slitlet. We used
up to 13 individual profiles to fit the full spatial light distribution along one
slitlet (see Fig. 2, light solid line).
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Fig. 3. Effective temperatures and surface gravities for our target stars as
derived from line profile fits. Three stars have temperatures below 8000 K, where
we do not trust the fit procedure, and one star showed a prominent G-band in its
spectrum after the sky subtraction and was therefore not analysed. For comparison
we show the tracks discussed in Sect. 2.

4. After achieving a good fit to the observed spatial profiles we kept the pa-
rameters b;, ¢, and d fixed and used these profiles to fit the spatial profile
now at every wavelength step. The amplitudes a; and the spatial constant
bek (for the true sky background) were allowed to vary with wavelength, in
order to describe the various spectra.

5. The sum of all profiles minus the target profile were then used as sky back-
ground (cf. Fig. 2, dashed line) and subtracted from the wavelength cali-
brated two-dimensional image. The resulting image — containing only the
target spectrum — was again averaged over the same wavelength range as
above to verify the quality of the sky correction (see Fig. 2, lower histogram).

4.1. Analysis and Results

We then fitted the Balmer and helium line profiles to determine effective tem-
peratures, surface gravities and helium abundances as described in Moehler et
al. (2004), using a solar metallicity model grid to account for the effects of radia-
tive levitation. The resulting values of Teg and log g are shown in Fig. 3, together
with tracks describing the scenarios mentioned in Sect. 2. Obviously the hot stars
show significantly lower gravities than expected. To verify if this is a luminosity
effect or rather a reduction and/or analysis artefact, we used these values to esti-
mate masses for the stars. While the three stars around 10,000 K show an average
mass of 0.52 Mg, the hot stars have an average mass of 0.28 Mg, which is too
low by almost a factor of 2. We therefore suspect that the sky subtraction did
not work sufficiently well to really isolate the light from the hot stars. Tests with
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the spectra indicate that sky subtraction problems may also be the cause for the
unexpectedly high gravities found previously by Moehler et al. (1999).

5. CONCLUSIONS

From our high resolution data (which include two of the three stars at 10,000 K
in Fig. 3) we find no supporting evidence for the low metallicity scenario. The at-
mospheric parameters of the stars at about 10,000 K also do not support the
helium mixing scenario. The medium resolution data of the hotter and visually
fainter stars unfortunately yield results that are apparently affected by systematic
errors. As the hotter stars are fainter by at least 1™2 in B compared to the stars
at about 10,000 K, the systematic problems are most probably due to crowding
problems, which are more severe for fainter stars. Despite our best efforts, which
yielded spectra without obvious evidence for contamination in all but one case, we
apparently did not succeed in extracting from the observed data the information
related only to the intended target. This should serve as a warning that obser-
vations in crowded regions are difficult, esp. if the targets are selected from HST
observations (as was the case here).

ACKNOWLEDGMENTS. We want to thank the staff at the Paranal observatory
for obtaining the observations for us.
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Abstract. Relying on U,B imagery at the Italian Telescopio Nazionale Galileo
(TNG), we report here the discovery of a sample of 13 new UV-bright post-HB
candidate stars in the field of the galactic open cluster NGC 6791. Owing to
its super-solar metal content ([Fe/H| > 0.2 dex) and estimated age (t > 8 Gyr),
this cluster represents the nearest and ideal stellar aggregate to match the
distinctive properties of the evolved stellar populations possibly ruling the UV-
upturn phenomenon in elliptical galaxies and bulges of spirals.

Our ongoing spectroscopic follow-up of this unique UV-bright sample will
allow us to assess — once cluster membership of the candidates is properly
checked— the real nature (e.g. SdB, SdO, AGB-manqué or EHB stars) of these
hot sources, and their link with the ultraviolet excess emerging from low-mass,
metal-rich evolutionary environments of external galaxies.

Key words: stars: sudwarfs, stars: horizontal-branch, ultraviolet: stars

1. INTRODUCTION

Since its early discovery (Code 1969), the so-called UV-upturn phenomenon in
old stellar populations of ellipticals and spiral bulges (namely the abrupt rise in
the UV continuum emission shortward of A ~ 2,000 A) has been the subject of
growing theoretical analyses intended to establish its origin and evolution (see e.g.
Greggio & Renzini 1990 and O’Connell 1999, for a review).

Both theory and observations currently seem to converge towards the “Extreme
Horizontal Branch” (EHB) scenario as the main responsible for the phenomenon
(Dorman et al. 1995; Brown 2004). If this is the case, models show that hot HB
stars with Helium core mass Mcore < 0.52 M can escape the standard Post-HB
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evolution (that would culminate with the planetary-nebula event at the end of
the asymptotic giant branch evolution), and directly reach the high-temperature
region of the H-R diagram (Teg > 30000 K) to fade then along the white-dwarf
cooling sequence (Dorman et al. 1993).

In this framework, the role of metallicity cannot yet be confidently assessed,
however, as we face two conflicting scenarios relying either on a metal-poor evo-
lution (naturally giving rise to a blue HB morphology, see Park & Lee 1997) or a
metal-rich case, where the onset of UV emission needs at least a fraction of stars
to exceed some critical threshold in [Fe/H] (Greggio & Renzini 1990; Bressan et al.
1994; Buzzoni 1995; Dorman et al. 1995). In this regard, one should be aware that
even the high-resolution UV spectroscopy provided by FUSE for the UV-brightest
elliptical NGC 1399 turned out to be inadequate to solve the problem, as it mainly
probes the photospheric abundance of hot stars, likely perturbed by diffusion ef-
fects and therefore not fully indicative of the true metallicity of the whole galaxy
stellar population (Brown et al. 2002).

2. NGC 6791: THE UNEXPECTED SHORTCUT

Photometric observations of evolved UV-bright stars in external galaxies are
still confined to the relevant case of M31 and its satellite system (e.g. Bertola et
al. 1995; Brown et al. 1998, 2000), and no suitable spectroscopy for single stars is
available to date.

Surprisingly enough, the closeby Galactic open cluster NGC 6791, less than
5 kpc away (Friel 1995; Carraro et al. 1999), turned out to be a highly valuable
candidate to address the issue of the EHB UV-bright stars, standing out as a sort
of backyard “Rosetta Stone” to assess the UV emission of spheroids much farther
away. This cluster is actually one of the brightest (Ly ~ 6.310% Lg), oldest
(t > 8 Gyr) and metal-rich ([Fe/H]> 40.2) ones (King et al. 2005; Stetson et al.
2003; Carraro et al. 1999), and hosts a significant fraction of sdB/O stars (Kaluzny
& Rucinski 1995; Kaluzny & Udalski 1992, see Fig. 1) interpreted by Yong et al.
(2000) as EHB stars with T,g in the range 24-32000 K, as confirmed by ground
and space-borne (UIT and HST) observations (Liebert et al. 1994; Landsman et
al. 1998).

3. OBSERVATIONS AND REDUCTIONS

In 2003 we started a specific observing programme aiming at imaging a large
field of NGC 6791 in the Johnson U,B wavebands with the LRS FOSC camera
at the 3.5 m Italian Telescopio Nazionale Galileo (TNG) at La Palma. Taking
advantage of its 0.275 arcsec/px scale and its wide (9.4 x 9.4 arcmin) field of
view, this imager allowed us to carry out a suitable (16 x 16 arcmin) and accurate
(£0.01 mag) survey of the cluster region. Resulting CMDs, based on 330 sec B
and 1200 sec U exposures, are shown in Fig. 2. Data have been reduced with
IRAF packages CCDRED, DAOPHOT, ALLSTAR and PHOTCAL, making use
of the point spread function method (Stetson 1987).
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Fig. 1. The Kaluzny & Rucin-
ski (1995) c-m diagram of NGC 6791,
based on CCD photometry at the ESO
2.1m telescope (only best photometric
sample plotted here). Yong et al. (2000)
provided a good fit to these data with a
([Fe/H], t) = (0.33 dex, 8 Gyr) model,
predicting however a red HB morphol-
ogy clumped about (B —V) ~ 1.3, and
clearly missing the eight hot (suppos-
edly EHB) stars singled out in the plot.
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5L T ] Fig. 2. Combined U
bl o T N vs. U-B and B wvs. U-
L 3 S 7 B diagrams of the field of
Lo 1 f NGC 6791 explored with
B, T s 7 TNG LRS. Big solid dots
17 T . 7] mark our 13 newly discov-
P18 4 T 1w ered UV-bright sources with
19 + . (U-B) < —0.7 (vertical line)
20 T ] together with four objects
21 L I ] (the clump about U~ 17)
oo [ T N including three member sdB
es [ T b and one sdO from the sam-
Loy ot B ple of faint blue stars by
24

Kaluzny & Udalski (1992).
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4. TOWARDS THE FUTURE

The analysis of Fig. 2 shows a cleanly detected sample of 13 new UV-bright
objects, bluer than (U-B) < —0.7, and consistent with sdB/O stars, that sums up
to the four EHB candidates (the clump of stars around U ~ 17) previously found
in this color range by Kaluzny & Udalski (1992).**

Our current observational campaign, making use of several spectroscopic facili-
ties at TNG and other telescopes, will provide us with both low- (~ 10 A FWHM)
and mid- (~ 6 A) resolution spectra along the full optical range (A 35008000 A)
for these newly identified targets, assessing their cluster membership and, for those
positive cases, allowing us to settle the effective temperature and surface gravity
of each star by fitting the observed spectral energy distribution with the new

**Although about 2 mag brighter than the Kaluzny & Udalski (1992) candidates, our targets
might still be consistent with an sdB/O classification, recalling the large spread in the bolometric
correction to U and B magnitudes and the allowed temperature range compatible with the
observed scatter in the (U-B) color (cf. e.g. Johnson 1966).
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UVBLUE and BLUERED synthetic spectral libraries (Rodriguez-Merino et al.
2005; Bertone et al. 2003) of appropriate metallicity. Among others, such a com-
plete sample of bona fide EHB stars will also provide a first reliable estimate of the
lifetime and global UV energetic budget associated to the EHB evolution relying
on the so-called “Fuel Consumption Theorem” of Renzini & Buzzoni (1986).
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Abstract. We performed a spectroscopic search for binaries among hot Hor-
izontal Branch stars in globular clusters. We present final results for a sample
of 51 stars in NGC 6752, and preliminary results for the first 15 stars analyzed
in M80. The observed stars are distributed along all the HBs in the range
8000 < Teg < 32000 K, and have been observed during four nights. Radial
velocity variations have been measured with the cross-correlation technique.
We carefully analyzed the statistical and systematic errors associated with the
measurements in order to evaluate the statistical significance of the observed
variations. No close binary system has been detected, neither among cooler
stars nor among the sample of hot EHB stars (18 stars with Teg >22000K in
NGC6752). The data corrected for instrumental effects indicate that the radial
velocity variations are always below the 3o level of ~ 15 km s~!. These results
are in sharp contrast with those found for field hot subdwarfs, and open new
questions about the formation of EHB stars in globular clusters, and possibly
of the field subdwarfs.

Key words: stars: horizontal branch — subdwarfs — binaries: spectroscopic —
globular clusters: individual: NGC 6752, M 80

1. INTRODUCTION

Although stellar evolution theory has successfully identified Horizontal Branch
(HB) stars as post-core helium flash stars of low initial mass (Hoyle & Schwarzschild
1955; Faulkner 1966), we still lack a comprehensive understanding of their na-
ture. There is a general agreement that the hottest HB stars (EHB) must have

**Based on observations with the ESO Very Large Telescope at Paranal Observatory, Chile
(proposal ID 69.D-0682).
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suffered a heavy mass loss during their evolution, keeping only a thin envelope
(= 0.02 Mg), but their specific formation mechanism remains unclear. The bi-
narity of EHB stars, as proposed by many authors (Mengel et al. 1976; Heber et
al. 2002) can provide an explanation, since in a close binary system the mass loss
can be enhanced through a number of different binary evolution channels (Han
et al. 2002). Binaries have been found to be very common among field subdwarf
B-type stars (sdBs) stars, considered to be the counterparts of the cluster EHB
stars. Maxted et al. (2001) estimated that 69+9% of sdB stars are close binaries
with periods P <10days, and Han et al. (2003), from binary population synthe-
sis techniques, predicted a 76-89% binary fraction. From the recent investigation
of Morales-Rueda et al. (2003) it appears clear that close binaries with periods
P < 5days and semiamplitudes of the radial velocity variation K > 50 km s~! are
very common among sdBs. Nevertheless the binary scenarios, extensively inves-
tigated by Han et al. (2002), are not free from problems as shown by Lisker et
al. (2005). Moreover a more recent survey of Napiwotzki et al. (2004) found a
significantly lower binary fraction among the sdB sample (42%), showing that we
are still far from a full understanding of this kind of stars. With this contribution
we investigate a sample of EHB stars in globular clusters, searching for evidence
of the presence of close binaries among them.

2. OBSERVATIONS AND DATA REDUCTION

In the globular cluster NGC 6752 we se-
lected 51 target stars from the photomet-
ric data of Momany et al. (2002). We

Table 1. UT of the start of the
exposures (hour and minutes).

field | night chose to perform a more complete investi-
gation distributing the sample along the en-

| 1213 14 15 tire HB, from cooler stars (T = 8000K) to

A 843 2:44 9:34 747 hot EHB stars (Teg >20000K), although
3.56 our attention was focused toward the EHB

sample among which we expected to find a

B |[5:55 5:08 8:33 8:58 high fraction of close binary systems. The
6:59 targets were divided into three stellar fields

for multiobject spectroscopy. The position

C|-- 804 639 6:36 of the targets in the color-magnitude dia-
7:33 gram of the cluster is shown in Fig. 1. In

Fig. 2 we indicate their radial distribution
with respect to the cluster center. The spectra were collected during four nights
of observation (from 2002 June 12th to 15th) at the VLT-UT4 telescope with the
FORS2 spectrograph in MXU mode. During each night, up to 2 pairs of 1800s
exposures were secured in each field, with grism 1400V+18 (0.5” wide slits, 1.2 A
resolution), except in the 3rd night in field A, where only one single exposure was
acquired, and the 1st night in field C, where no observations were performed. In
Table 1, the UT of the start of the pair of 1800s exposures is shown.

Due to different positions of the slits on the mask, the spectra covered slightly
different spectral ranges, but in each spectrum the Hg line was always present,
except for star 14 in field C, that has been excluded from our analysis.

The data reduction has been performed with standard MIDAS procedures, as
described in detail in Moehler et al. (2004) and Moni Bidin et al. (2005). During
the same observing run similar data were acquired also for 32 HB stars in M 80.
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3. MEASUREMENTS

Radial velocity (RV) varia-
tions have been measured with
the cross-correlation (CC) tech-
nique (Tonry & Davis 1979) with
the frcor IRAF task. Before
coadding the single 1800s expo-
sures in pairs we performed a CC
between them in order to verify
that no significant RV variation
had occurred. For every star
each spectrum has been cross-
correlated with all the others,
performing 10 CCs for each star
in field A and B, and 6 in field C,
covering different temporal in-
tervals from one hour to 3.1 days.

Our analysis focused on the
Hg line, cross-correlating the
4830-4890 A spectral range.
Nevertheless, all the measure-
ments have been repeated also
at other wavelengths, cross-
correlating the entire spectra,
with and without Hg, and H,
when present in the spectral
range. In each CC the posi-
tion of the center of the cross-
correlation function (CCF) has
been determined with a Gaus-
sian fit (see for example Recio-
Blanco et al. 2004, for a de-
scription of the procedure). In
the measurements on hot stars
it has been often impossible to
cross-correlate the entire spec-
tra without the Hg line, and we
selected spectral intervals with
the strongest He lines instead, in
order to minimise the noise in-
cluded in the CC procedure and
obtain a CCF with a clear peak.
We also applied a Fourier filter of
various shape (Brault & White
1971) to the noisy spectra, ob-
taining always better CCFs but
substanitally unchanged results.
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Fig.1. Position of the observed stars in the
color-magnitude diagram of NGC6752. Data
from Momany et al. (2002).
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Fig.2. Radial distribution of the observed
stars. The dark shaded area indicates hot stars
(Teg >20000K). The half-mass radius from
Harris (1996) is also indicated.

The [OI] 5577 A sky line has been used as zero-point in order to correct the
spectral shifts due to differences between lamp and star spectra.
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We have been forced to correct the data for a systematic effect due to differ-
ent positions of the stars inside the slits in different nights. The effect was up to
10-12kms~!. On the slit images (without grism) acquired just before each pair
of exposures we measured the position of the stars with respect to the center of
the slit with a Gaussian fit of the stellar profile parallel to the dispersion direc-
tion. Then we translated the displacements between the frames to kms™! with
the instrumental relation 1pixel=38.2kms™', and applied them as corrections
to the RV variations. A trend with Y position was evident, but with a certain
scatter due to random errors, and we opted to derive the final corrections from the
values obtained from the least-square solution of this relation, in order to avoid to
introduce additional noise to the results.

This procedure gave corrections very similar to the RV variations measured, indi-
cating both that the removal of the systematic effect had been succesful and that
the RV variations observed were due only to it.

3.1. Absolute RV measures

We measured absolute RVs in order to check the cluster membership of our
targets, by means of CCs with the template star HD 188112, a binary sdB star
with known ephemeris (Heber et al. 2003). These RVs have undergone similar
correction procedures as descibed before. The errors (1o) of these measures are
6-10kms~!. All the stars show an absolute RV in agreement with that of the
cluster (—27.9kms~!, Harris 1996) within 20, and can be considered RV cluster
members.

4. ERROR ANALYSIS

The detection of binary systems in our
survey is strongly dependent upon a proper
error | range of values (km s~!)  estimate of the error budget. We performed
an accurate analysis of all the sources of er-

Table 2. Errors estimates.

coo 0.5-2 (Hg) rors and estimated their values (o). Finally,
. all the error sources have been combined in

1-5 (weak lines) X
quadrature. The resulting errors are about
Owle | 1.4-1.6 3-5 km s~ !, with the exception of some mea-
15 surements for hotter stars, where the low
Osky | : S/N sometimes increased the total error up
O disp | 0.7-1.4 to 7.5 km s~!. In Table 2 we summerize
the contribution of each error sources and
Ofittext | 0.7-1.5 (cooler stars) the corresponding ranges (1o). The CC er-

2.1-3.5 (hotter stars) ror is evaluated directly from the CC theory
(Tonry & Davis 1979).

The wavelength calibration (wlc) error has been measured on the lamp images cal-
ibrated with the coefficients obtained in the wlc procedure, analyzing the position
of nine bright lamp lines.

The errors introduced by the corrections for the sky line position, ogy,, and for
the displacement of the star inside the slits, oqisp, have been estimated from the
dispersion of the corrections around the least-square solution when plotted against
the Y-positions.

We identified two additional sources of errors: the choice of the “best fit” of CCF
peak, and the extraction of the spectra. In fact a different extraction can cause a
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Fig. 3. Maxima RV variations (in absolute value) measured in Hg as a function
of the temperature of the stars. The thick error bar indicates the 1o interval,
meanwhile the thin one the 3o.

slightly different line profile; the CC procedure is sensitive enough to reveal it. In
measurements on hot stars these have been identified as the main sources of error.
We evaluated them together extracting all the spectra a second time in a different
manner and performing new measures in Hg with different fits, and, finally, mea-
suring the dispersion oftyext Of the differences between these new data and the
previous ones. This error was strongly dependent on the S/N of the spectra, then
we divided the targets into two groups (stars cooler and hotter than ~ 20000K).

5. RESULTS

In Fig. 3 we summarize the results obtained from measurements in the Hg
wavelength range, where we obtained the most reliable data. All the RV variations
are small, lower than 15kms™—!, except for one star, and never greater than the
estimated 3¢ interval. They are only slightly higher for hotter stars, but with
larger errors due to decreasing S/N in the spectra. We therefore conclude that
none of the observed RV wvariations can be considered statistically significant.

Star 15 in field A exhibited higher RV variations in in the third night, and the
higher datum plotted in the figure (21.7kms~1) refers to these measurements. We
consider this result interesting but particularly dubious, because it was obtained
in the only not-summed spectrum (a single 1800s exposure, as mentioned before),
where all the stars tended to show higher RV variations due to the increased noise,
and a comparable variation is never seen in any of the other observing nights.

5.2. Results from other lines

The results from CCs involving the entire spectral range did not provide ad-
ditional information, because they always repeated the results already obtained
with Hg. This is due to the sensitivity of CC technique to the stronger line, and
the extreme difference in strength between Balmer and others lines in our spectra.

The results obtained with H,, when present in the spectra, always confirm
the ones obtained in Hg wavelength range. The differences are always lower than
10kms~!, with just a handful of exceptions in agreement with a Gaussian distri-
bution given the evaluated o value.

None of the variations measured with weak lines ever exceeds the evaluated
30 value, confirming the previous conclusions. The measurements with weak
metallic lines have given very good results for cooler stars, mainly in the range
11500 < Teg <18000K due to the presence of many lines induced by radiative
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levitation of heavy elements (Glaspey et al. 1989; Behr 2003). In these cases
the differences between the measured variations and the ones in Hg are really
small, always below 4kms~!. For hotter stars the low S/N and the lack of lines
complicated the measurements, and the results are less reliable. Occasionally the
difference reaches 30kms~!, but always in the sense of limiting the highest RV
variations measured in Hg and never emphasizing them. In fact, the stars that
shows the highest variations in Fig. 3 show no great variation in these measure-
ments.

5.83. Detection Probability

In order to better understand 1
our results we calculated the
probability of detecting a binary
in our observations as a func-
tion of the period P. We as-
sumed circular orbits and a mass
of 0.5 My for each component,
in order to relate the semiampli-
tude of the RV variation to the
period. These assumptions are
representative of typical binary
systems observed among field
sdBs. We repeated the calcula-
tions assuming a companion of
0.1 Mg. Systems with a low
mass companion are a minority L
among field sdBs, but their pres- LT e
ence is well established. Our sur- 0
vey is not enough sensitive for
this kind of systems, except for
the shortest periods7 and from Flg. 4. Probablhty of detecting a binary in
our results we can’t draw inter- our observations.
esting conclusions about them. The probabilities are shown in Fig. 4 (solid line
for a 0.5 Mg companion and dotted line for 0.1 Mg).

©
o

©
o

Detection probability
©
N

©
[
I

P (days)

5.4. Results for M 80

Since this is a work in progress we are still unable to show a plot similar to
Fig. 3 for the stars observed in M 80. Nevertheless we can point out that the
preliminary analysis of the first 15 stars in this cluster gives results similar to
what obtained in NGC6752. The variations are small, being the highest values
around 20 km s~!. Only two RV variations exceed 15 km s~!, similarly to what
was observed in NGC 6752. It must be emphasized that the results on M 80 are
going to be less significant than in the case of NGC 6752 both because the stars are
much fainter and the errors are larger, and because strong wind from north during
the observing run prevented us from observing this cluster in the first two nights,
so that the detection probability is reduced. We evaluated a loss of sensitivity of
about 20-25% for periods up to 5days (compared to that on NGC6752), which,
for longer periods, drops rapidly to very low values.
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6. CONCLUSIONS

The results shown in Fig. 3 indicate that there is no close binary system in our
sample, neither among cooler stars, nor among EHB targets. All the RV variations
are within the estimated errors, and are significantly lower than what expected.
In the compilation of Morales-Rueda et al. (2003) for all field binary sdB stars
with known periods, the RV semi-amplitudes are always greater than 30 km s—!.
These binary systems would be easily detectable in our survey. If the binary
fraction of EHB stars in NGC 6752 were 69% as found by Maxted et al. (2001) in
the field, we would expect that 1342 of our 18 stars with Teg > 22 000K should
be binaries. According to the period distribution found by Morales-Rueda et
al. (2003) 80% of them should have P <5 days, and thus 942 binary systems should
have been detected in our sample. The absence of evidence of their presence is in
sharp contrast with these previous results, and can indicate a significant difference
between sdB stars in and outside globular clusters.

In conclusion, most of the EHB stars in NGC 6752, and possibly in M 80, are
not close binaries. These results pose a number of problems. First of all, we are
forced to conclude that the dominant mechanism for the formation of these stars
in globular clusters does not involve the interactions within a close binary system.
Although the high close binary fraction among field sdBs indicates that binary
interactions can play an important role, our results on the EHB stars in NGC
6752 indicates that there must be other mechanisms at work.

It is possible that in GCs there are different formation channels of EHB stars
with respect to the main ones in the field. For example, dynamical evolution of
GCs could remove the primordial binaries able to produce sdB stars, at least in
the inner part of the cluster. This is an interesting possibility, which has already
been proposed also to explain why the frequency of blue stragglers (BSs) in GCs
is significantly smaller than the frequency of field BSs (Piotto et al. 2004), and
the anticorrelation between the frequency of BSs in GC cores and the GC total
mass (Davies et al. 2004). At the same time, the GC environment can favour
different formation mechanisms for the EHB stars, like close encounters and colli-
sions among stars (at least in the cluster cores), or even more complex scenarios
like the ones proposed to explain the anomalous double main sequence population
in Omega Centauri (Bedin et al. 2004, and Piotto et al. 2005) and in NGC 2808
(D’Antona et al. 2005). Apparently, in these two clusters, a second generation of
stars could have formed from material polluted by SNe and/or intermediate mass
AGB star ejecta. These stars have an enhanced He content, and could explain the
presence of the EHB in both clusters.

An extended survey of the presence of close binaries among cluster EHB stars,
from the inner core to the outskirts of NGC 6752, and of the presence of binaries
with low companions or with longer (100days or so) periods in NGC 6752 and
other clusters with EHBs, is absolutely needed in order to test the hypothesis of
the environment effects on the main production channels of these stars.

We note also that Peterson et al. (2002) reported a high fraction of binaries
among the same type of stars in the same cluster, but Peterson (priv. comm.) also
pointed out that their sample is mainly located in the outer regions of the cluster.

In concluding this brief discussion, we note that Napiwotzki et al. (2004) sug-
gested that the low binary fraction among field sdBs found in their survey could be
due to contamination of the sample by halo and thick disk stars, absent in Maxted
et al. (2001) sample since it included only bright (thin disk) stars. On average, our
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cluster EHB stars are expected to be older, and possibly more metal poor than
the Napiwotzki et al. sample, and apparently, the fraction of binaries among them
is even smaller than among thick disk-halo sdBs, suggesting a possible dependence
on ages or metallicities or on a combination of these parameters.
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Abstract. The variable sdB known as V46 in the globular cluster M4 has
remained enigmatic since its discovery almost 10 years ago. We present here
radial velocity measurements obtained from medium-resolution VLT /FORS2
spectra that show variations at twice the period of the luminosity changes. This
implies that the system is an ellipsoidal variable. Unlike the other sdB binaries
of this nature, the fundamental parameters of this star we derive suggest that it
lies below the Zero Age Extreme Horizontal Branch. From the cluster distance
and the gravity we determine the mass of V46 to be ~0.19Mg. This is too low
to sustain core helium burning. From the mass function we derive a lower limit
for the companion of only 0.26Mg. We discuss the star’s origin in the context
of close binary evolution in the field and globular clusters.

Key words: stars: variable: general — stars: individual: NGC6121-V46

1. HISTORY AND MOTIVATION

It is now known that while the mass distribution of DA white dwarfs peaks
at ~0.6Mg, there is also a subset of objects with masses <0.46Mg, (Bergeron et
al. 1992). Their low mass implies that they cannot ignite helium in their cores,
and must have lost most of their envelope mass before reaching the tip of the red
giant branch. The implication of this is that the stars must be in close binary
systems, although recent results suggest that fewer than 50% show radial velocity
variations (Napiwotzki et al. 2005).

There are two kinds of known binaries containing helium-core white dwarfs
(HeWDs): double degenerate systems, typically containing two low-mass white
dwarfs (e.g. Nelemans & Tout 2005) and millisecond pulsar (MSP) systems. In
the former case the lowest mass HeWD companion known has 0.31Mg (Marsh et
al. 1995), while in the latter the masses are <0.2Mg (e.g. Callanan et al. 1998).
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Recent discoveries suggest a link between HeWDs and a small subset of sdB
stars. As part of a program to measure radial velocities of sdBs, Heber et al. (2003)
discovered that the apparently normal sdB HD 188112 lies below the Zero-Age Ex-
treme Horizontal Branch (ZAEHB). The star’s mass, determined from its trigono-
metric parallax, Teg and log g to be only 0.24M, is inconsistent with the lowest
mass for the common envelope ejection model of Han et al. (2003). HD 188112 is
a radial velocity variable with a minimum companion mass of 0.73Mg, suggest-
ing the primary is the progenitor of a helium core white dwarf, while the unseen
companion is most likely a C/O white dwarf. Comparison with the evolutionary
tracks of Driebe et al. (1998) supports this conclusion.

Since then, Liebert et al. (2004) have discovered another object lying below the
ZAEHB. Comparison of the parameters of SDSS J123410.37-022802.9 (hereafter
SDSS J1234) with the evolution tracks of Althaus et al. (2001) shows that this
star has a mass in the range 0.18-0.19My. Note that the mass is dependent on
the evolution models adopted. A higher mass is found (~0.23Mg) for SDSS J1234
when it is compared to the Driebe et al. tracks.

Kaluzny et al. (1997) discovered intensity variations with amplitude ~1.9% and
period 1.045 h in the star now known as V46 in NGC 6121 (=M4). The system was
a puzzle from the beginning, with colours consistent with those of a cataclysmic
variable, but no emission lines present in its spectrum. Mochejska et al. (2002)
found that the spectrum is consistent with an sdB star. With the discovery of
pulsations in sdB stars with periods of 0.75-2 hours (Green et al. 2003), it seemed
possible that V46 was a member of this class. We therefore set out to clarify the
object’s nature.

2. ISIT AN EHB STAR? Wl //@5“ S50

A low resolution spectrum of V46 i e /;r;@ S8
taken with the MMT was kindly pro- s Yo
vided by Janus Kaluzny. By means of [ e !

Balmer line profile fitting we find Teg =
16197 £+ 546 K and logg = 5.75 & 0.108;

i ; i s it
the star shows no helium lines. We used 5 __ * A *'{ - .
s- ow S I ]

log(g/em s7%)

Detlev Koester’s DA white dwarf grid , e et o soiyz |
(Finley et al. 1997) to derive these pa- L./ P mgg,'r*at“ % —?‘E
rameters. When we examine the posi- L et w0 Neoprzimwag
tion of V46 in the Tog —log g plane (Fig-  *'[ =% % . o]
ure 1), we find that it, like HD 188112 ' N e T R Nt
and SDSS J1234, lies below the ZAEHB. L S
This means the star has not evolved via 8,5y

T,/ 1000K

the EHB and strongly suggests that it
too is the progenitor of a HeWD (simi- Fig. 1. Position of V46 in the Tig —
lar to HD 188112). log g diagram.

If we consider the distance to the cluster M4 (2.2 kpc — Rosenberg et al. 2000)
and the surface gravity of V46, we find that it should have a mass of ~0.19Mg. In
Figure 1 we show the post-RGB evolutionary tracks of Driebe et al. (1998) which
suggest that V46 should have a mass of ~0.195Mg. This is very good agreement
considering the uncertainties of the model physics, and is strong evidence that the
star is a member of the cluster and not a foreground object. Using the VLT we
have determined the nature of this system by measuring the radial velocity of V46.
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3. THE NATURE OF NGC6121-V46

We obtained 81 spectra with resolution ~2100 using VLT/FORS2 with the
1400V grating in service mode. The only line visible in the spectra is H3, and the
resulting S/N per 4-minute exposure was 10-15. We measured the radial velocity
of Hf3 by cross correlation with a model spectrum at the temperature and gravity
derived above. The velocity curve is shown at the top of Figure 2, while the power
spectrum is shown at the bottom. It was calculated by fitting the curve with
a range of periods using x? minimisation. Based on this method, we measure
the period and ephemeris to be HID(Tp)= 2453134.496797 + 0.087159 x E, while
the system velocity and semi-amplitude of the system are v = 31.3+1.6km/s and
K = 211.64+2.3km/s, respectively. Using this period and semi-amplitude we derive
the mass function of the system to be f(m) = 0.0855+ 0.0028M,. Taking the mass
of the sdB to be 0.195Mg, the minimum mass of the secondary is 0.26Mg. We note
that the period of the radial velocity variation is exactly twice that of the intensity
variation, indicating that V46 is an ellipsoidal variable, similar to the previously
known systems KPD 042245421 (Koen et al. 1998) and KPD 193042752 (Billéres
et al. 2000; Maxted et al. 2000).

4. LIGHT CURVES . 400: P, = 2092 h ]

% 200f ety A
As well as a ve- §

locity curve, we have & F

also obtained BVR light Tg, —200[

curves. These obser- _a00k

vations were made over 0.0 05 Pﬁ‘fss 1.5 20

April-June 2001 to search

for oscillations in red gi- —2.0F

ants in M4 (Bruntt 2003).
They were obtained at the
Danish 1.54m at La Silla, E ]
Chile with DFOSC. We -35F E
have attempted to deter- —s0k -
mine the inclination angle 00 ®1 eriod (days) 08
of the system using a light

curve analysis similar to
that used for the sdB HS
233343927 (Heber et al. 2004). No eclipses have been detected. Due to the low
amplitude of the ellipsoidal variations the analysis is difficult. We kept the Tog
and mass of the sdB fixed at 16 200K and 0.2Mg, respectively, during the anal-
ysis, but could not find a unique solution. Even fixing the mass ratio arbitrarily
at, e.g. ¢ = 3.0, does not help. The fits from all solutions appear identical and
have very similar x2 values. There must be a lower limit for the inclination since
at some angle the deformation of the sdB will no longer be visible. To find this
limit, we first set ¢ = 6.0 and then decreased it in steps of 1.0. Again no unique
solution could be found, meaning that unfortunately the light curves cannot place
any constraints on the system. Nevertheless we can conclude that the companion
must be a white dwarf, because the variations are ellipsoidal in nature and there
is no sign of a reflection effect. The latter would be expected if it were a low-mass
main sequence star.

Fig.2. Radial velocity curve and corresponding
power spectrum of V46.
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5. IMPLICATIONS

Despite not being able to constrain the inclination of the V46 system, we can
still discuss the implications of its existence for close binary formation in globular
clusters. Hansen et al. (2003) discussed low-mass HeWDs in globular clusters
from a theoretical standpoint, and found that for the population of these stars in
the core of NGC 6397 the companions are most likely C/O white dwarfs and not
neutron stars. The likelihood of the companion of V46 being a neutron star is not
high, since the inclination angle of the system would have to be < 26°, and there
has been no detection at radio wavelengths of any neutron star in M4 other than
PSR B1620-26 (Lyne et al. 1988). We suggest therefore that V46’s companion is
either a C/O or HeWD. At the most probable inclination of 52° the mass of the
companion is ~0.40Mg, making it an object with a helium core. We also point out
that V46 lies outside the central part of M4; more massive objects are expected
to settle towards the core of a globular cluster.
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Abstract. We have began a program to search for pulsating sdB stars in
open and globular clusters. Detection of pulsators in clusters would aid the
understanding of their evolution, since the masses and metal content of the
main sequence progenitors would be known. Here we describe the beginning
of our search during which we plan to observe about 100 sdB stars. A failure
to detect any pulsators would suggest differences between sdB stars in clusters
and in the field of the Milky Way (e.g. metallicity, binarity) which would need
to be taken into account by any pulsation/evolution scenario.

Key words: stars: AGB and post-AGB, variable: general — Clusters:
individual (NGC 6791, NGC 188, NGC 6571, M 13, M 15, NGC 2808)

1. OBSERVATIONS AND ANALYSIS

To date we have observed more than 50 stars during 54 short data runs. Data
were obtained for the open clusters using McDonald Observatory’s 2.1 m telescope
and for the globular clusters using the MDM Observatory’s 2.4m and the SAAO
1.9m telescopes. All data were obtained using high-speed CCDs and processing
was done using standard IRAF routines.

Differential lightcurves were produced using MOMF (Kjeldsen & Frandsen
1992). The accuracy of the photometry depended on several factors including
the signal-to-noise (brightness) of the target and comparison stars, the number of
available comparison stars, and of utmost importance for globular cluster fields,
the seeing and how crowded the fields are compared to the resolution. A selection
of some of the lightcurves and temporal spectra for sdB stars in NGC 6752 are
provided in Figs. 1 and 2. The dotted lines in Fig. 2 is the detection threshold
discussed below.

Limits on time-series photometry can be a bit tricky as even noisy data can
result in relatively flat temporal spectra (Howell 1992; Breger et al. 1994). To
quantify the detection limits of our data, we used the 4o approach of Breger et
al. (1994). However, it is actually easier to detect pulsations than it might seem as
during short data runs, the power can combine into unresolved peaks. (Likewise,
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Table 1. Detection limits for the target stars. Column 1 gives the star
designation, column 2 the 4o limit and column 3 indicates the percentage
of (24) known pulsators that would be detectable at our threshold limit.

Target Limit % Target Limit % Target Limit %
(mma) (mma) (mma)
NGC 6791
B3 3.9 92 B5 5.8 75 B9 4.6 92
B4 4.8 92 B6 3.0 92 BI10 3.2 92
NGC 188
11-91 3.1 92 D702 1.9 96
NGC 1904
Hill11 3.1 92 Hill34 3.1 92  Hill70 1.9 96
NGC 2808
6022 3.1 92 6816 1.9 96 6849 2 20
8750 3.1 92 9301 1.9 96 9863 2 20
14040 3.1 92 18899 1.9 96
w Cen
10123 3.1 92 (521 1.9 96 BCT77702 4 20
D16003 3.1 92
NGC 6752
S3616 3.0 92  S23768 2.2 92  S3936 2.0 96
S3422 2.5 92 523665 2.0 96 524268 2.0 96
S31695 3.0 92 523407 5.0 75  S5610 4.5 92
S30963 3.2 92  S12087 7.0 58 523975 25 8
S3008 2.8 92 S11517 3.9 92 S5719 14 25
529988 3.0 92  S9135 3.0 92 527622 3.8 92
S29704 2.2 92 S7935 3.0 92 S6224 3.3 92
528234 3.5 92  S7860 4.3 92  S28073 2.0 92

unresolved pulsations can also cancel each other during a “beat.”) For example,
the highest amplitude mode of the known pulsator Feige 48 is about 5 mma when
resolved, but typically appears close to 8 mma in nightly runs that do not resolve
the pulsations. Therefore, we examined our own observations of known sdBV
stars, as well as those of the literature to estimate pulsation amplitudes of known
sdBV stars from 2 hour data runs. This provides two detection limits:

1) The 4o limit, and

2) a “likelihood” that we would detect pulsations: The percentage of known
pulsators that would be detected at our 4o limit from a 2 hour data run (of 24
known sdBV stars). These values are given in Table 1 and show that we are far
more likely to have detected pulsations, were they occurring, than to have missed
them for the majority of our targets.

2. RESULTS

Though this is a work-in-progress, we have already made significant progress
and achieved some success. We have observed more than half of our goal of 100
stars, but have yet to ensure that all targets have appropriate temperatures and
gravities for EC 14026-type pulsators. We have also not completed our photometry
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and analysis, yet are already aware that some stars will not have useful detection
limits. During the January 2004 SAAO observing run, we became aware that
NGC 2808 was too faint for the seeing conditions and scampered for back-up tar-
gets. These stars were chosen on the basis of color, so should be EHB stars, but
may not be sdB stars. In contrast, during our July 2004 SAAQO observing run, the
seeing was excellent and we obtained useful limits for nearly every target star on
our list.

At this point in our
analysis, we have not de-
tected any pulsating stars,
but it is too early to de-
termine how significant our
non-detection is. Yet we
can state with some cer-
tainty that previously sus-
pected open cluster pul-
sators B5 and D702 (Yong
et al. 1998, Bailyn 1998) do
not pulsate. We also exam-
ined our data for PG 1716-
type pulsations. However,
our observing runs were
typically too short to dis-
cern, with any accuracy,
whether or not such varia-
tions exist. In no case did
we detect long period varia-
tions, even though the star
B4 is known to vary with
a period near 19 hours; far
too long for us to detect.
(However, for contrast we
refer readers to the paper
by D. Kilkenny in these
same proceedings where a
PG1716-type pulsator was Fig.1. Sample lightcurves for 9 stars in NGC 6752
detected with just 2 hours observed from SAAO.
of datal)

Our efforts have been somewhat hampered by the fact that most of our targets
are in the Southern Hemisphere, yet telescope time is very difficult to obtain there.
The SAAO 1.9m, though readily available and an excellent telescope, is a bit too
small for most clusters while 4 m telescopes either lack appropriate instrumentation
(CTIO) or are heavily constrained by queue schedules and allocation procedures

(ESO).

INVa

Run Length (Hours)
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Abstract. We present our first attempts to construct an automatic system
for extracting and analysing hot subdwarf spectra from a large set of unknown,
low-resolution spectra.

The first element in this system is a filtering technique, based on Principal
Components Analysis (PCA), which is used to extract hot subdwarf candidates
from the unknown data. We field-test the PCA filter on a test data set obtained
from the SDSS, and initial results are illuminating.

The second element in the system is an automatic pipeline for providing
spectral classification and parameterisation of hot subdwarf candidates. Classi-
fication is carried out by an artificial neural network, and parameterisation by
a x? minimiser over a set of LTE model atmospheres.

We combine both elements to extract and analyse a set of 282 hot subdwarf
candidates obtained from the SDSS. As such, this work is the first step toward
constructing a fully automated tool for analysing large data sets.

Key words: methods: data analysis — methods: numerical — stars: funda-
mental parameters — stars: subdwarfs — stars: Hertzsprung-Russell (HR) and
C-M diagrams

1. INTRODUCTION

Modern digital sky surveys, such as the Sloan Digital Sky Survey (SDSS), are
able to produce extremely large data sets which contain observations of millions of
objects. To extract and process data of relevance to a particular line of research in
a time-efficient manner requires the astronomer to employ automated methods to
help sift through the soup of objects not necessarily of interest and then analyse
any resulting candidate objects.

As such, we are attempting to construct an automated filtering tool to assist
in locating hot subdwarf candidates from any set of low-dispersion spectra. These
will then be submitted to an automated analysis pipeline from which classifications
and physical parameterisations are derived.

The filtering tool is based around the multivariate statistical technique called
Principal Components Analysis (PCA) which can be used to identify patterns in
an N-dimensional data set. Our intention is to employ PCA as a coarse spectral
classifier to distinguish between hot subdwarf-like objects, and objects/data of
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Fig. 2. First 3 principal components. Eigenfluxes are plotted against wave-
length in Angstroms.

little interest, e.g. white dwarfs, QSOs, incomplete or low SNR exemplars. As a
test, we apply the tool to a sample of spectra obtained from the SDSS.

The automated analysis pipeline will allow us to gain insight into large volumes
of spectra in a short amount of time. At present, the pipeline accepts a quantity of
spectra, prepares them for analysis, and simultaneously feeds them to an artificial
neural network (ANN), which has been trained to perform classifications using the
Drilling et al. (2005) system, and a spectral optimisation toolkit which determines
physical parameters by fitting each spectrum to a grid of LTE model atmospheres.
Herein, we present the first application of the automated pipeline to a collection
of 282 hot subdwarf candidates extracted from the SDSS with the aid of the PCA
filter.

2. PRINCIPAL COMPONENTS ANALYSIS FILTER

2.1. Background

The basic idea behind PCA is to describe the variation of an N-dimensional
data set in terms of a set of uncorrelated variables, each of which is a mutually-
orthogonal linear combination of the original variables. Geometrically speaking,
PCA is a rotation and scaling of a data set onto a new set of orthonormal vectors.
The vectors (principal components) represent the directions of greatest variance
in the data, and are a natural means for classifying the data set. If the first few
vectors account for most of the variance in the original data, then they can be
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used to summarise the data with little loss of information — thus a reduction in
dimensionality is achieved.

Technically, the principal components (PCs) are found by calculating the eigen-
vectors of the covariance matrix of an N-dimensional data set. A complete deriva-
tion of the technique can be found in, e.g, Murtagh & Heck (1987).

PCA has been applied on several occasions to the classification of astronomical
spectra. Deeming (1964) applied the technique to stellar spectral classification,
Connolly et al. (1995) used it to classify galaxy spectra, and Francis et al. (1992)
applied it to the classification of quasar spectra. The dimensionality reduction
capabilities of PCA have been used in conjunction with artificial neural networks,
for example, Storrie-Lombardi et al. (1994).

2.2. Filter Construction

We construct our PCA-based filter from the set of hot standards used in the
classification system of Drilling et al. (2005). The spectra, which are at a resolution
of 2.5A, were velocity corrected and resampled onto a uniform wavelength grid
of 4050-4950A at a dispersion of 1A per pixel before performing the PCA. The
first 3 of the derived PCs are shown in Figure 1. One can immediately notice
that the first PC (PC 0) distinguishes between H and He lines. The second PC
(PC 1) differentiates between Hel and HeII. This reification makes sense as it
is the hydrogen and helium lines which vary most across all of the Drilling et
al. (2005) spectra. Weaker lines, and uncorrelated features, such as noise, are
distributed across the remaining less significant PCs. The first 3 derived PCs
account for 69% of the variance present in the set of hot standards, and we use
them to summarise the data set and to construct our filter.

If we consider the (3 x n) matrix, E, of these eigenvectors, we can find the
3-dimensional projection vector, p, of a spectrum projected onto the PCs by,

p:X'Ea (1)

where x is a vector of fluxes of dimension n.

Using the projection vector, we can then derive a reconstructed version of the
original spectrum, Xpec by,

k=3
Xrec = Zpkekv <2)
k=1

where p, is the k" element of the projection vector, p, and ey is the k"
eigenvector stored in matrix E. The RMS error between x and Xyec can be used
to differentiate between unknown stars which are most like the Drilling et al.
(2005) hot standards, and those objects which we wish to discard.

2.3. Test Application

We have applied the PCA filter to a test sample of ~4600 spectra from the SDSS
Data Release 3 database. Our selection criteria naively rely upon the classifications
assigned automatically by the SDSS reduction pipeline. The SQL query used is
as follows:
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SELECT s.plate, s.mjd,s.fiberid

FROM BESTDR3..SpecPhotoAll as s

WHERE s.specClass = dbo.fSpecClass(’STAR’)

AND (s.primTarget & (dbo.fPrimTarget(’TARGET_STAR_BHB’)
+ dbo.fPrimTarget (’ TARGET_STAR_SUB_DWARF’)) > 0)

AND (s.objType = 2)

Each spectrum was velocity corrected using the redshift as derived by the
SDSS spectroscopic processing pipeline and stored in the FITS file header, and
subsequently resampled onto the same wavelength grid as the Drilling et al. (2005)
hot standards before being reconstructed by the PCA filter.

At present, the reconstruction filter is successful in filtering out objects with
spectroscopic features that differ significantly from those of the hot subdwarfs,
e.g., the white dwarfs in our test sample, or incomplete spectra.

The filter also allows a SNR threshold to be determined beyond which all sam-
ples can be discarded on the principle that they are too noisy for further analysis.
Unfortunately, the filter does not readily allow the extraction of objects that are
spectroscopically similar to subdwarfs but which contain small, yet important, dif-
ferences that set them apart somehow. For instance, the test data sample, because
it was selected based on the automatic classifications given by the SDSS (which
are not very precise), contained many A and F-type BHB stars which were clearly
not subdwarfs because of very strong Balmer lines and the appearance of metal
lines, and also other objects with weaker Balmer lines but containing the molecular
G-band.

In calculating the reconstruction error of such spectra, the simple RMS error
measure is not sensitive enough to allow small differences to influence the final error
value in any meaningful way. The error calculation could be enhanced perhaps by
introducing a weighting scheme, however, although these stars may have much in
common with subdwarfs spectroscopically, they are very dissimilar photometrically
and can be avoided easily by searching the SDSS by colour.

3. AUTOMATED ANALYSIS PIPELINE

3.1. Outline

The input for our analysis pipeline comes from the PCA filter described in the
previous section. The filter does still admit a number of false positives at this
stage, so a manual inspection of the data is necessary.

Candidate spectra are subjected to a data preparation stage. The SDSS contin-
uum fitting procedure does not do a great job in most cases, so we renormalise the
calibrated spectra using a cubic spline fitting algorithm. The normalised spectra
are then resampled onto a uniform wavelength grid of 4050-4950A, at a dispersion
of 1A per pixel, ready for further analysis.

Classification is performed by an artificial neural network (ANN) which has
been trained to classify onto the system defined by Drilling et al. (2005). This is
an MK-like system which extends and refines the earlier work of Drilling (1996)
and Jeffery et al. (1997) - it defines a spectral type (analogous to MK spectral
classes), luminosity class, and a helium class based on H, HeI, and HelI line
strengths. The ANN can classify onto this system with approximate errors (1) of
42 subtypes for spectral type, =1 subclass for luminosity class, and 44 subclasses
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for the helium class.

Physical parameters (Teg, log g, log(nHe/nH)) are derived from candidate spec-
tra by x? fitting to a grid of LTE model atmospheres. This is performed auto-
matically by our spectrum optimisation toolkit, sSFIT2 (Jeffery et al. 2001). To
accommodate the physical diversity of the hot subdwarfs, our grid of model at-
mospheres coarsely covers the parameter space Teg: 15,000 - 50,000; logg: 3 - 6;
nHe: 0.001 - 0.999.

3.2. SDSS Data Samples

We selected two samples of spectra from the SDSS Data Release 3 database.
The first sample consists of all the hot standard stars used for SDSS spectropho-
tometric calibrations.

Our second sample was selected based on photometric colours. Although the
SDSS spectroscopic processing pipeline does make an attempt to classify stellar
spectra, we learned in section 2.3 that it does not do so in any great detail, so we
cannot rely upon the SDSS classifications to accurately extract a complete sample
of subdwarf candidates from the database. Our selection criteria are summarised
in the following SQL query:

SELECT s.fiberID,s.mjd,s.plate

FROM BESTDR3..SpecPhotoAll as s

WHERE s.psfMag_u < 21

AND (s.psfMag_u - s.psfMag_g) < 0.7

AND (s.psfMag_g - s.psfMag_r) < -0.1
AND s.specClass <> dbo.fSpecClass( QSO )

After passing all the retrieved spectra through our PCA filter, manually ex-
tracting any false positives, and removing samples occurring in both data sets, we
obtained a final sample of 282 hot subdwarf candidates. A summary of data set
statistics is given in Table 1.

Table 1. With the combination of our PCA filter and visual
selection, we were able to extract 282 unique subdwarf candidates
from a total of 8171 spectra retrieved from the SDSS.

Data Set Spectra Retrieved Candidates Extracted
Hot Standards 1417 152
Colour-Colour 6754 249

Total 8171 401

(282 Ungiue)

3.3. Results

Classification and parameterisation results for the 282 SDSS spectra are pre-
sented in Figure 2. The analogues between the classification parameters and phys-
ical parameters can be clearly seen by comparing the left-most plots with the
right-most plots in Figure 2.
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Fig. 2. Results of classifying and parameterising the 282 hot subdwarf candi-
dates extracted from the SDSS. Classifications are presented in the two left-hand
plots, with parameterisations presented in the two right-hand plots. The analogues
between classification parameters and physical parameters is clearly evident.

We note the patterns visible in the log g vs. Tug plot: the gap at approximately
Ter ~ 20,000K, log g =~ 4.5; and the line extending leftwards at log g ~ 5.0. We are
unsure as to their nature, but the work of Green et al. (2005, these proceedings)
discovered similar patterns from an analysis of an independent set of subdwarf
stars.

An example of the model atmosphere fits and corresponding ANN classification
of four stars from the sample are presented in Figure 3.

4. FUTURE DIRECTIONS

The automatic filtering and analysis pipeline presented here is a part of what
will be a more extensive system for automatic spectral analysis (see Jeffery 2003).

Given the nature of the hot subdwarfs, our use of LTE model atmospheres rep-
resents a problem for the analysis of very hot stars wherein NLTE effects become
more apparent. However, our analysis pipeline can be easily extended to incorpo-
rate third-party model atmosphere codes that will allow us to address this issue in
future work. We have used this study to help us refine our analysis pipeline and
uncover the main hazards in dealing with large quantities of data. As we work to
further improve the system, we must also tackle a number of issues, such as:

1. Data management - Keeping track of different data sets, selection cri-
teria, extracted candidates, their classifications and parameterisations, and
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Fig.3. A selection of stars from the set of 282 subdwarf candidates. The
bottom-left of each plot details that star’s spectral type as determined by the
ANN;, and the derived physical parameters are given at the bottom-right (Tug,
log g, log(nHe/nH)). The thicker line in each plot is the best-fit model determined
by SFIT2.

maintaining general order when working with large quantities of spectra
is an important task. Doing it manually is time-consuming, prone to user-
forgetfulness, and can result in unfortunate industrial accidents (rm -fr *)I.

2. Visualisation and Interaction - Analysing large data sets presents the
problem of how to visualise thousands of spectra in a meaningful way. Also,
when results have been obtained, the user must be able to produce plots and
interact with them such that objects of interest can be displayed, allowing
the data to be explored and connections to be made.
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1 This is the Unix shell incantation which wipes clean the files in a user’s current working
directory, and all its sub-directories.
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1.

Abstract. We have recently initiated a systematic search for the UV bright,
subdwarf B (sdB) stars in the Milky Way. The sdB stars are core He-burning
stars with very thin H envelopes and are known to be immediate progenitors of
white dwarfs, but their formation mechanism is still enigmatic. For instance,
it is not clear whether such objects are born as single stars or can form only
in binary systems. The number ratio of sdB stars in each Galactic stellar
population (i.e., the thin disk, thick disk, and halo) may give a clue to which
of the suggested formation mechanisms dominates; the binary scenario or the
RGB-peel-off scheme. This approach was hampered by the lack of identified sdB
stars belonging to the thin disk and halo. Thus, it is of primary importance to
find new sdB stars that are faint (halo) and lie at lower Galactic latitudes (thin
disk). In this contribution, we will describe the motivation and plan for our
spectroscopic survey and preliminary results based on pilot observations for 34
sdB star candidates from the GALEX All-sky Imaging Survey.

Key words: stars: early-type — stars: subdwarfs — surveys

INTRODUCTION

The UV bright, hot subdwarf B (sdB) stars are considered to be core He-burning
stars of 0.5 Mg with very thin H envelopes of Moy, < 0.02Mg (Heber 1986).
In the Galactic field, they are characterized by H-dominated atmospheres with
Terr ~24,000-30,000K and logg > 5. Their counterparts in globular clusters are
generally recognized to be extended horizontal-branch (EHB) stars found as the
faint and blue tail of the horizontal-branch (HB) in clusters such as NGC 6752
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and M13. These observations suggest that the UV bright stars might be populous
enough to account for much of the UV uptrun phenomenon observed in elliptical
galaxies and spiral galaxy bulges (Greggio & Renzini 1990; O’Connell 1999; Yi et
al. 1999). The sdB stars are known to be immediate progenitors of low mass white
dwarfs (WDs), although they consist of only a small fraction of whole sample of
WD progenitors (Saffer et al. 1994). In their past, sdB stars must have experienced
a core He flash and substantial mass loss during or after the red giant branch (RGB)
phase. But, it is still a mystery how the mass loss mechanism in the sdB star’s
progenitor manages to remove all but a tiny fraction of the H envelope exactly at
the same time when the He core has attained the canonical sdB mass of 0.5 Mg
required for the He flash. This project aims to study the sdB population in the
Galaxy, which may shed light on their still enigmatic formation process.

2. WHY LOOK FOR “NEW” sdB STARS?

Major formation channels of sdB stars can be divided into two scenarios: (1)
single sdB stars are created from the enhancement of stellar wind near the RGB
tip which strips off the H envelope (D’Cruz et al. 1996), and (2) sdB stars are
formed from close binary evolution with strong mass transfer by a companion
(Mengel et al. 1976). Previous observational results are not in contradiction with
either scenario (Maxted et al. 2001; Altmann et al. 2004). The RGB-peel-off
models predict a depletion of the HB stars in the middle temperature range (HBA
stars) as metallicity increases, while stars at the hot and cold ends of HB (sdB
and Red HB stars) should be abundant at all metallicities. Thus, as proposed by
Altmann et al. (2004), the number ratio of sdB stars in each stellar population
may provide a clue to answer which formation mechanism can be dominating: If
the binary scenario is the most significant process, the number ratio of sdB stars
in the thin disk, thick disk, and halo would be similar to that of other evolved, low
mass stars. In the RGB-peel-off scheme, sdB stars would be more dominant over
HBA stars in the thin disk. Unlike the known case of HBA stars (e.g., Altmann
& de Boer 2000), this approach was hampered by the lack of identified sdB stars
belonging to the thin disk and halo. Therefore, it is particularly important to
increase the number of identified sdB stars with faint magnitudes (halo) and at
lower Galactic latitudes (thin disk), and GALEX can provide useful targets for it.

It has lately been confirmed that large He abundance variations (AY') among
stars can not only naturally reproduce the EHB stars in w Cen, but can also ex-
plain the large spread of FUV magnitude for the EHB stars in NGC 2808 (Lee
et al. 2005). They have suggested He abundance being a third parameter which
influences HB morphology of such clusters, other than metallicity and age. Spec-
troscopic distances of these field sdB stars will be derived from stellar radii and
angular diameters: the former is based on the surface gravity measured from the
spectra and a canonical mass of 0.5 Mg, and the latter is obtained from compar-
ing model atmosphere flux with dereddened NUV photometry. We then expect
to be able to determine absolute Myyy of sdB stars at an accuracy of 0.2 mag-
nitude owing to the spectroscopic distances and GALEX FUV photometry, and
thus reasonable AY among the sdB stars by the comparison of, if any, observed
Mryv spread and the predictions derived from isochrones. This would permit us
to systematically obtain AY of sdB stars as a function of stellar population in
order to study the global third parameter effect of the Galaxy.

It has been known that sdO stars have a larger scale height (> 1.0 kpc, Thejll et
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al. 1994) than sdB stars (~ 0.5 kpc, Villeneuve et al. 1995), which is inconsistent
with an evolutionary connection between sdB and sdO stars. But, a larger scale
height of 0.9 kpc has recently been obtained including “fainter” (but still B < 16)
sdB stars (Altmann et al. 2004). This implies that a correct scale height can only
be obtained with a sample without limiting magnitude bias.

3. CANDIDATE SELECTION

The public GALEX Release (GR1) of All-sky Imaging Survey (AIS) data was made
in December, 2004. We performed cross-matching of the GALEX and 2MASS
catalogs for some 3000 AIS fields (~ 3500 deg?). As seen in Figure 1, two-color
diagram efficiently separates sdB/O stars because the (FUV—NUV) color pro-
vides relatively long temparature baseline (spectral type) for hot stars, while the
(FUV—K3) color is useful for classification between stellar and non-stellar objects.
Our empirical comparison with spectroscopically known sdB/O stars agrees well
with the above expectation. It should be pointed out that replacing 2MASS Kg
with SDSS i or USNO-B I gives a similar result, so our sdB candidate stars should
reach apparent magnitude NUV = 20 (B = 20), four magnitudes fainter than for
the Palomar Green survey (Green et al. 1986) which was one of the most extensive
surveys for sdB star in the past. Using this method, we have selected a sample of
some 1000 sdB star candidates over a range of depths and sky-coverages.

4. OBSERVATION, RESULT, AND PLAN

We have performed pilot spectroscopic observations for 34 sdB star candidates
with the KPNO 2.1m/GoldCam, McDonald 2.7m/LCS and Lick 3.0m/KAST be-
tween June 2004 and May 2005. Based on the visual inspection of spectra and
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measurements of Dg 2 (average width of H, and H; lines at 20% below continuum)
and R. (average depth of H, and H; lines) employed in Beers et al. (1992), the
medium-resolution (1-3 A) spectroscopy has revealed that the sample consists of
14 sdB, 5 narrow-lined B, 8 WD, 4 HBB with He lines, and 3 normal B stars (see
Figure 2). Based on the preliminary detection rate of sdB stars (14/34) and the
number of our sdB star candidates (N > 1000), we expect to “newly” confirm
more than 400 bona fide sdB stars in the halo and thin disk as well as in the thick
disk. In the future, more sophisticated methods will be employed to determine
stellar parameters (log g, Tegf, and He abundance) accurately. Using observing
time awarded at the CTIO 4.0m, KPNO 2.1m, and Lick 3.0m telescopes, we plan
to complete a spectroscopic survey of some 1000 sdB star candidates by early
2006. Radial velocities determined from our spectroscopy, combined with proper
motions from astrometric surveys such as UCAC2 (Zacharias et al. 2004), USNO-
B (Monet et al. 2003), and future space missions (GAIA and SIM), will provide
us with full space motions and thus allow us to assign population membership for
the sdB stars. Indeed, this huge data set of GALEX sdB stars, which reach the
entire UV visible Milky Way, will eventually help us broaden our understanding
about their formation/evolution mechanism and Galactic structure.
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Abstract. Many EHB stars have been found in short—period binaries, where
the companions in these post—common envelope systems are either white dwarfs
or dM stars; these systems are catalogued as hot subdwarfs because the sub-
dwarf is the more luminous component. Hypothesized Roche-lobe overflow
systems (with more massive companions) may largely be uncatalogued, since
the G band or Ca IT K-line from the companion may have caused them to be
overlooked or discarded. In particular, many candidate objects were excluded
from the PG catalog because of such spectroscopic indicators. Could these
rejects include large numbers of “missing” hot subdwarfs? We have examined
2MASS, SDSS, and GALEX archival data for large subsets of these rejected
stars, and conclude that only a handful (about 3%) show indications of binarity;
most are consistent with (single) metal-poor F stars, as was originally supposed.

Key words: binaries: close — stars: horizontal-branch — ultraviolet: stars

1. HYPOTHESIZED “MISSING sdB” STARS

Binary population synthesis (BPS) models suggest that many core-helium
burning, thin hydrogen envelope objects (“sdB stars”) are not yet discovered,
hidden in binary systems with luminous (non-degenerate) relatively cool compan-
ions. The existing catalogs of sdB stars would therefore be significantly biased,
and a clear picture of the true situation regarding formation and current popula-
tion of sdB stars is lacking. It is desirable to learn whether these proposed hidden
populations of sdB stars actually exist.

It has been suggested (Han et al. 2002, 2003) that the stars that were rejected
from the Palomar—Green (PG: Green, Schmidt & Liebert 1986, GSL86) survey for
ultraviolet—excess (UVX) objects are a potential rich source for some types of these.
During the PG survey, candidate UVX objects were those with (transformed)
U — B < —0.46. Because of the large errors in U — B, ¢ = 0.38, the color selection
was supplemented by classification spectroscopy, for more accurate temperature
information. Many candidate UVX targets were indeed excluded from the final
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PG catalog, because their spectra showed the Ca II K line (or the G band) in
absorption. These rejected K—line stars were inferred to be metal-poor subdwarf
F or G stars that crept into the candidate list owing to a combination of low
metal-line blanketing and photometric errors.

In the alternative BPS view, these “PG-rejects” could be binaries containing
sdB or sdO stars. The cool star would contribute a K line and make the blended
U — B color marginal for the PG color criterion, giving a result similar to a metal—-
poor subdwarf. In this interpretation, therefore, the PG-rejects actually belong
in the PG catalog, and moreover would constitute important evidence in favor of
certain binary formation channels for sdBs.

2. THE SAMPLE OF REJECTED (K-LINE) STARS

Here we use broad—band photometry over extended wavelength ranges to assess
two large subsamples from the list of PG rejects. This allows the spectral energy
distribution of a composite hot+cool system to be distinguished from that of a
single star. From the master catalog of 1125 PG-rejects (RW & RFG, in prepara-
tion), we found 291 stars that are present in both the Two—Micron All-Sky Survey
(2MASS) Point Source Catalog and the Sloan Digital Sky Survey (SDSS) DR2 sur-
vey region, and we identified 103 stars that have GALEX observations accessible
in the first Data Release. These samples are almost completely non—overlapping.

3. THE SDSS/2MASS DATASET: COLOR-COLOR DIAGRAMS

Of the 291 K-line stars that overlap 2MASS/SDSS, we consider here the 173
stars with Sloan r magnitudes in the range 14.00 to 16.00 (median r = 14.86)
that have non—flagged (unsaturated) magnitudes in at least 4 of the 5 passbands
of the SDSS (ugriz) photometric system (136 have all 5 optical magnitudes). All
of these 173 stars have detections in the 2MASS J, H, and K, bands,

We plotted the 173 K-line stars in both (¢ — r,u — g) and (r — Ks,g — 1)
color—color diagrams, along with 199 PG stars that have been classified as hot
subdwarfs. We compared these with loci for the Pop I main sequence, metal—
poor main sequence, and metal poor giants (representing horizontal branch stars).
We also considered three sequences of composite (binary) models. These combine
the light from a hot subdwarf star (Teg = 25000 K, 30000 K, and 35000 K; My
derived from the zero—age EHB calculations of Caloi 1972) with the light from a
cool main—sequence (MS) companion. These sequences emerge from the hot end
of the stellar locus (faintest, coolest companions at this end), loop away from the
single-star locus, and then loop back to meet the stellar locus at a (single—star)
Teg ~ 10000 K. At this end, the ‘cool’ (A or F star) companion dominates.

In these diagrams, the recognized PG hot subdwarfs and the K-line PG-rejects
are very different groups of stars. In this sense, the spectroscopy carried out by
GSL86 succeeded in improving on the photographic U — B color selection. Some
catalogued PG hot subdwarfs clearly are composite objects (Stark & Wade 2003;
Reed & Stiening 2004). Most PG-reject stars, however, are consistent with being
single stars, just as they were interpreted to be by GSL86. Except for a few
outliers, they are not EHB+MS binary systems.
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4. FITTING THE PG-REJECT STARS AS SINGLE STARS

We fitted the observed magnitudes for the 173 stars with model magnitudes,
derived from the synthetic photometry done by the Padova group (Girardi et
al. 2002, 2004). We considered all Padova models with T, in the range 4000 —
50000 K, 4.0 < log g < 5.0, and metallicities between solar and [M/H] = —2.5.

For each of the 173 stars, we scaled each model in brightness to find the best
fit. We chose as the best overall model, the one that gave the smallest reduced
chi-square statistic, x2. Seven outliers have either large x? or unusual T.g or
log g. All of the remaining 166 PG-rejects can be fitted as single stars with Teg in
the range 5000 — 7100 K. The 2 values for these 166 non—outliers are acceptably
small, given our present understanding of the SDSS error estimates, our neglect
of interstellar reddening, etc. Most of these stars (136 of 166) are preferably fitted
with low—metallicity models, [M/H] = —1.0 or below, consistent with the GSL86
interpretation that these are metal-poor F and G subdwarfs.

Two of the outliers have SDSS spectra. They show Mg Ib, Na D, and Ca II
infrared triplet absorption, but the continua are blue. Both stars lie among the
composite models in the color—color diagrams. A plausible model for the first is
a 30000-35000 K hot subdwarf plus a Teg =~ 6000 K MS star. A plausible model
for the second outlier is a &~ 30000 K hot subdwarf plus a T.g ~ 7500 K MS star.
The other outliers lie either close to the hot single—star locus or the sequences of
composite models; one may be a blue horizontal branch star.

5. THE GALEX DATASET

The GALEX photometry is in two bands, Far— and Near—Ultraviolet (F, N),
with Aeg = 1528A and 2271A. Figure 1 is a two—color diagram, with models of
single and composite stars shown (synthetic photometry from Kurucz models). At
the hot (upper left) end, we show the observed colors of six known EHB stars
(three of these are in binary systems, based on their 2MASS colors). We also
found GALEX observations for a number of well-observed (V' ~ 9) metal-poor
single stars near Teg = 6000 K, and thus determined that the locus for such stars
actually lies higher than the model line shows, by about 1-2 mag in ' — N.

Of the 103 PG-rejects that were observed by GALEX, only twelve were de-
tected in both FUV and NUV bands. We derived limits on F' — N for the rest
(assuming F' > Fli, = 19.9). We plot 24 limits in Figure 1; the other 67 systems
have similar locations in the figure and are omitted to reduce confusion. Only
three of the 103 stars show far-UV flux consistent with the presence of a hot star;
the rest are consistent, given the errors and limits, with single cool stars. All
of the “hot” detections have red J — K colors from 2MASS, so these stars are
composite. (One of the three “hot” cases, at N —V ~ 5.1 and FF'— N = 3.0 is not
an EHB+MS binary but can be modeled as a Tog = 30 kK WD+dG system.)

6. SUMMARY

A few objects (= 3%) in our sample of PG-reject stars may plausibly be binary
systems that include a hot subdwarf star as a member. The vast majority of the
PG-reject stars, however, are sufficiently modeled as single stars, consistent with
their being the metal-poor sdF and sdG contaminants that GSL86 were guarding
against. The color—color sequences of sdB + cool (MS) star binaries are well
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separated from the observed colors of the PG-reject stars in both the optical—
infrared plane and the optical—ultraviolet plane. There is no compelling evidence
for large numbers of additional hot subdwarf stars hiding in binaries that were
rejected from the PG catalog.
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Fig.1. GALEX-Visible color—color diagram.
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Abstract. The work on the Subdwarf Database, presented at the previous
meeting, has been completed, and the tool is now publicly available. The first
release contains data from close to 240 different literature sources, but more
still awaits entry. The database interface includes advanced search capabilities
in coordinate, magnitude and colour space. Output tables can be generated in
HTML with hyperlinks to automatically generated finding charts, the Aladin
viewer, and a detailed data sheet that displays all registered data for each target,
including physical data such as temperature, gravity, and helium abundance,
together with a finding chart. Search results can be visualised automatically as
interactive position, magnitude or colour diagrams.

Key words: subdwarfs, catalogs, surveys

1. INTRODUCTION

As presented at the last subdwarf meeting (Ostensen, 2004) a database has
been designed and implemented based on the data in The Catalogue of Spectro-
scopically Identified Hot Subdwarf Stars (or the Subdwarf Catalogue, for short:
Kilkenny et al. 1988) and its updates. This list contains more than 2300 unique
hot subdwarf stars.

The database runs under MySQL! with interfaces in Perl for uploading and
linking together the database entries. The WWW interface uses HI'ML forms and
PHP2.

2. WHAT’S NEW

In the past year the whole database has been completely redesigned. The first
implementation was merely a searchable version of the original electronic table, but
it soon became evident that there was a major problem with this simple solution.
For instance, the table allows space for a small number of different classifications
and several photometry entries, but there was no way to distinguish between the
quality of two measurements of the same object. This applies both to photometric
data, classifications, and physical data.

IMySQL (www.mysql.com) is an open source database.

2PHP (www.php.net) is a script language can produce HTML documents. The PHP code is
interpreted when a page is requested, allowing the server to generate HTML in real time.
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@ The Subdwarf Database - search form - Moszilla Firefox [BIEIE
File Edit View Go Bookmarks Tools Help

<ZI - I_L,’ - @ l:l @ [] http:/jwww.ing.iac.es/~roy/sdbs/searchcat.html ®co [G

Subdwarf Database search form

Name search: I (SQL style regular expressions apply, e.g. 'HZ%".)

RA: | to | Coordinate system:

Coordinate limits:

Dec: I to I Isexagesimal j

none = select all

Pick any: Subdwarf 8 Match: I
Class limits: y: Subdwarf O or . ) Quality limit: | Any j

Subdwarf OB [+l (SQL style regexp apply.
Magnitude limits:
(e.g: 14.5 .. 17) [v = e = fu = [1 =]
Sigma upper limit:
(e.g: 0.15) IUV jl IUE' ﬂl IE'u jl IU-l jl
Color term limits:
(e.g: -0.5 .. 0.5) IU'B j I IE"“|r j I IE"J j I IJ'K j I
[+ Show coordinates [ show UBY mag's [ Show Strémgren colors Sort by
Table options: [~ Show galactic coord's ™ Show RIZ mag's [~ Show SDSS mag's I RA j
I Show spectro quality [” show JHK mag's [~ Show mag errors

- )
Plot options: Title: X-axis: |UB | Y-axis IB-V | I Make clickable map

I PostScript output

Action: SEARCH | PLOT | Reset Farm | I Show SQL query Help!

Done

Fig.1. The Subdwarf Database Search Form.

Obviously, if a particular object is observed and classified by several different
authors, the reliability of the respective classifications will depend on the quality
of the observations. If a classification entry was accompanied by a quality indica-
tor, the system would be able to automatically adopt the classification with the
highest quality flag, and thus vastly improving the reliability of the entries in the
database. Thus, a scheme was implemented where a quality indicator of 1 signifies
a photometric classification, a 2 signifies a classification based on a low resolution
photographic spectrum, a 3 signifies a low to intermediate resolution spectrum (3
- 15 A) — typically a photoelectric scan, a 4 signifies an intermediate resolution
spectrum (1 -3 A) — typically a CCD observation in the blue part, and so on.

With this scheme in place it is easy to distinguish between reliably classified
objects, and objects with dubious classifications. Also, for the photometric data in
the database, it was decided that all entries must be accompanied by an error bar
— either a one sigma error estimate provided by the observer, or at the very least
a crude estimate based on the technique applied. Furthermore, the system is now
able to convert magnitudes from photometric systems like the Stromgren system
or SDSS magnitudes to Johnson UVBRIZ with reasonable precision and while
maintaining realistic error estimates. It will then load the UBVRIZ magnitudes
with the lowest error estimates available into the searchable database, regardless if
this is an observed or derived magnitude. The database also contains Stromgren,
SDSS and 2MASS JHK magnitudes, but these are never derived by conversion.
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@ Subdwarf DB: Data table - Mozilla Firefox (=]
File Edit View Go Bookmarks Tools Help
N
<ZI - LV‘ - @ | @ LI http:/fwww.ing.iac.es/~roy/sdbs/searchcat.php @ Go @,
[+
Your query matches 27 stars.
Name RA Dec Class Q u B v R 1 Z by cl ml
|~ PG 0M44+097 00:47:29.21 09:5855.70 sdB 4 9.16 10.03 10.27 10.40 10.52 - -0.092 0.092 0.118

ED+37 442 01:58:33.43 38:34:23.82 sdO 855 070 0.98 - - - - - -

PHL 1532 03:25:35.92 -20:20:03.54 sdB?
HDE 283048  03:53:13.71 25:45:21.84 sdO+F?

9.27 10.00 10.34 - - -0.072 0.185 0.122
S B i E S o - E
CD442020  06:48:04.60 44:18:58.49 sdO

CD-23 4585 06:55:18.22 -23:32:16.58 sdB

6.83 7.99 B28 839 BS54 - -0.139 -0.220 0.067
8.64 0.20 9.52 - = - -0.059 0416 0.112
BD+34 1543 07:10:07.68 34:24:54.29 sdB+F
ED-3 2179 08:02:14.88 03:58:16.20 sdO

= - 9.40 - - |- = -
8.86 10.00 10.36 - = - -0.132 -0.184 0.057
FBE 49 08:10:49.47 74:57:57.80 He-sdO 726 847 B8.90 - = - -0.158 -0.233 0.048
CD-45 5068 09:20:34.00 45:35:20.29 sdB 9.35 9.59 9.62 9.62 9.63 - 0.007 0.759 0.113
BD+37 1977  09:24:26.38 36:42:53.29 sdO = = 9.20 - = - = =
HD 100340 11:32:49.93 05:16:36.20 sdB? 883 09.77 10.13 - = - -0.100 -0.017 0.088
BD+10 2357  11:55:56.65 09:50:49.09 sdO+A 822 B8l B8.87 - = - 0.078 0.146 0.097
BD+49.2226 13:33:59.29 48:46:07.51 sdB = = 10.28 - = - 0.010 - =
BD+19 2824 14:35:15.78 19:12:54.50 sdO+G 7.90 875 B.54 - = = |- = =
PG 1631-039  16:34:23.32 -04:00:51.99 sdOB 7.58 866 894 9.06 9.20 - -0.137 -0.150 0.088
BD+39 3226 17:46:31.90 39:19:09.09 He-sdO 871 9.92 10.21 - = = |- = =
CD-23 14002  18:09:51.62 -23:36:51.32 sdB?

CD-23 14565  18:37:56.68 -23:11:35.19 sdB

9.51 10.13 9.87 - = 0.223 -0.008 -0.001

854 949 9.86 - =

-0.100 -0.036 0.091

ED-06 5221 19:39:38.81 -06:03:49.44 sdB+KOlll = = 810 - - - - - -

CD-28 16258  19:54:31.39 -28:20:20.90 sdB+? 9.19 9.99 10.18 10.27 10.39 - -0.101 0.090 0.129

Saturn Nebula 21:04:10.83 -11:21:48.49 sd

2

1

3

3

3

3

5

4

3

3

1

3

3

EC 14295-2226 14:32:21.49 -22:39:25.59 sdO 3 858 9.76 10.03 10.14 1031 - -0.113 -0.206 0.050

4

4

3

1

4

4

4

1 899 930 884 10.01 10.84 - - - -

4
2
3
2

LIV S L L L L L e

FB 178 21:39:10.60 +46:05:51.50 sdB 9.01 9.95 10.18 10.30 10.43 - -0.114 0.016 0.090

FB 179 21:59:42.00 26:25:57.78 sdO 8.27 943 9.69 - - - -0.125 -0.176 0.040

BD-3 5357 22:00:36.40 -02:44:26.80 sdOB+G8Ill 10.12 9.98 9.33 8.95 B57 - - = =

FB 180 22:34:04.57 -12:09:29.59 sdB 844 891 9.03 - - - -0.031 0.558 0.084
t Check All Uncheck All Re-tabulate | Plot Show details li
Done

Fig.2. Sample output from a magnitude limited search in the Subdwarf
Database.

3. A FLEXIBLE INPUT FORMAT

Instead of the old system where the database merely reflected the entries in an
electronic table with a fixed number of columns, the new system allows free format
tables. Each data file under the new scheme contains information from one (or a
related set of) publications with standardised tags to identify authors, title and
a reference code. After a valid reference is given, each line contains data on one
object in a format that specifies a list of names identifying the object followed by a
colon and a list of data entries. The data entries are given in the form of a comma
separated list of tag=value associations. Errors or quality flags are provided either
on a separate line for all entries in the file, or as a number in brackets after each
data value.

When the database is initialised, each data file is parsed and the data loaded
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) Subdwarf DB: Data sheet - Mozilla Firefox [=](o][x]
File Edit View Go Bookmarks Tools Help
QZI - L:) - @ O @ ||_| http:/fwww.ing.iac.es/~roy/sdbs/catent.php |V| @ Go |@, |

Subdwarf Database: Data sheet

DB Name: PG 0900-+400 PG 69001400 11
Simbad Name: PG 0g00+400 4 ks
Class: HeB+G

Coordinates 09:03:19.45 +39:51:00.42

(J2000):
UBVRI u=12.140 B=13.100 V=12.870
Photometry: Rr-- 1=12.290 Z=-

Strémgren
Photometry:

2MASS IR

Not available

Photometry:
SDSS

Not available

Photometry:

Not available

BPS BS 16468-13, FBS 0900+401, PG 0900+401,

Aliases: tpc g g5 gl Lyn, v B Lyn, PG 0900+400

Show | [ Aliases [ Photometry [ Classifications | Physical data
Photometry for PG 0900+400:

Data Value Error Reference
m_pg 12.800 +0.500 1990Afz....32...294
Vi 0.580 +0.030 1984Ap]...287..320F
BV 0.230 +0.030 1984Ap]...287..320F
ug -0.960 +0.030 1984Ap]...287..320F
v 12.870 +0.100 1984Ap]...287..320F
m_pg 12.840 +0.290 1986Ap]S...61..305G
Classifications for PG 0900+400:

Class Quality Reference

HeB+G 5 = Spectroscopic class, 0.8-2 AA res, blue and red 2001A&A...378..936)
sdB+K 4 = Spectroscopic class, 1-3 AA res, blue part 2001A&A...368..994A
cv 2 = Spectroscopic class, photographic (low res) 1990Afz....32...29A
sdB+K3 4 = Spectroscopic class, 1-3 AA res, blue part 1984Ap]...287..320F
Bin 3 = Spectroscopic class, photoelectric scan (3-15AA res) 1986Ap]JS...61..305G
Physical data for PG 0900+400:

Data Value Error Reference
logg 3.6 +-0.1 2001A&A...378..936)
Teff 28600 +/-1000 2001A&A...378..936
logg 5 +/-0.3 2001A&A...368..994A
Teff 25000 +/-925 2001A&A...368..0904A
Teff 31000 +/-5000 1984Ap...287..320F

Done
I

Fig. 3. Sample data sheet from the Subdwarf Database. Different observers
have given many different classifications for this composite system.

into a number of database tables. The list of object names are loaded into one
table, and coordinates, classifications, references, and physical data are loaded into
separate tables. Each entry is associated with its reference code, and there is no
longer any limit on the number of entries for the same object.

After all available data files have been loaded into the set of database tables,
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) subdwarf DB: Data table - Mozilla Firefox
File Edit View Go Bookmarks Tools Help

<:I - - @ gﬁ L1 hrtp:,fm'ww.ing.iac.es,f-rov,fsdbs,fsearchca © Go |GL

Your query matches 917 stars.

o selfy

» 8d0B

+ 3d0Bb

+ Other

Daone
1l Il J

Fig.4. A color-color plot auto-generated from the database with set limits on
photometric quality. The plot is interactive in the sense that moving the pointer
over a symbol will show the name of the star, and clicking on a symbol will produce
the data sheet for that object.

a table containing compiled data is constructed. The script that does this job
searches the table of classifications for entries of hot subdwarf stars. This list is
then cross-checked so that each entry has a pair of valid coordinates associated
with it. For each entry, all classifications and photometric data are loaded from
the respective tables, derived magnitudes are computed, and only the best values
are loaded into the compiled database. The entry that is created may actually not
be that of a subdwarf star. All stars that have at one time been classified as a hot
subdwarf star will be registered in the database, but the classification recognised
is the one with the highest quality flag (e.g. Fig.3).

4. TO DO

The released database contains all the 146 references from the original Subd-
warf Catalogue, with the exception of a few references that I have have not been



90 R. H. Ostensen

able to access. About 100 additional sources have been added to this collection,
but this is still far away from exhausting the available sources. Many more papers
still need to be recognised, and their data must be entered into tables. This is
a work that can hardly ever be completed, and in order for the situation to im-
prove, I will have to rely on people sending me notifications of old papers that
have been missed as well as new papers being released. It would also be a great
help if authors could provide electronic tables of their data that I can convert
to the database format, thereby avoiding introducing further typing errors to the
collection of discrepancies that already exist. If you spot any, please let me know.

The database is currently hosted at http://www.ing.iac.es/ roy/sdbs/. A
more permanent home is being sought.
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Abstract. We report results of spectral analyses of sdO stars selected from
the Supernova la Progenitor Survey, the Hamburg Quasar Survey and the Sloan
Digital Sky Survey and based on state-of-the-art NLTE model atmospheres. By
combining the sdO with the sdB samples we discuss trends of the atmospheric
parameters in order to search for evidence for possible evolutionary linkage.
The He-sdO stars are found to cluster near Teg = 45000 K, log g =5.5, whereas
the number of sdO stars in this area is very small. The “cooler” sdO stars
seem to form an extension to the sdB sequences. A couple of sdO stars are
obviously evolved from the extended Horizontal Branch and reach temperatures
as high as 80000 K. We conjecture that the He-sdO stars and sdO/sdB stars
have a different evolutionary origin. This is corroborated by the much lower
binary frequency of the former. Strong enrichments of iron group elements
are discovered for hydrogen-rich sdO stars as well as for sdB stars from high
resolution UV spectra and have severe implications for the temperature scale.
We finally highlight the discovery of a hyper-velocity He-sdO star with a radial
velocity of 708 kms~! unbound to the galaxy.

Key words: subdwarfs — stars: helium — stars: atmospheres

1. INTRODUCTION

Ever since the field has been introduced by Greenstein & Sargent (1974), the
helium-rich sdO stars were believed to be linked to the evolution of the hydrogen-
rich subluminous B stars. Any evolutionary link between subluminous B and
O stars, however, is difficult to explain since the physical processes driving a
transformation of a hydrogen-rich star into a helium-rich one remain obscure. The
convective transformation has been explored by Wesemael et al. (1984) as well as
by Groth, Kudritzki & Heber (1985). While the former found helium convection
to occur even at subsolar helium abundances which mixes helium from deeper
layers into the photosphere, the latter concluded that a helium driven convection
zone develops only in helium-rich atmospheres. If the latter is true, convective
transformation would not work.

Several evolutionary scenarios for subluminous O stars have been suggested:
invoking either a delayed helium core flash or merging of white dwarfs. In the late
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hot flasher scenario the core helium flash occurs when the star has already left
the RGB and is approaching the white dwarf cooling sequence (delayed He core
flash). During the flash, He and C are dredged-up to the surface (Sweigart, 1997).

The merger scenario is favoured by binary population synthesis models and
has met with some success to explain the origin of subluminous B stars. Merging
of two helium core white dwarfs will result in helium main sequence stars with
masses between 0.3 Mg and 0.9 M. It has been proposed that some of the sublu-
minous O and B stars may form through this channel (Webbink, 1984). Recently
detailed population synthesis models have been calculated by Han et al. (2003)
which demonstrate, that a significant fraction of sdB stars can indeed form either
through mass exchange or through merging of two Helium white dwarfs The first
mass exchange episode (on the RGB) results in sdB stars with a main sequence
companion, while after the second mass exchange a white dwarf companion forms.
After correcting for selection effects birthrates are predicted. The models predict
rather high birth rates for mergers, which in some case even exceed the birthrate
of sdB-white dwarf binaries.

Whether or not the merger scenario is applicable to subluminous O stars as
well is yet unclear. The situation is more complicated than for the sdB stars since
the sdO stars form a much less homogenous class than the sdB stars (cf. Heber
1992). They have to be divided into at least three subclasses. Most of the sdO
stars are enriched in helium, from mild cases (helium abundance slightly above
solar) to extreme cases (no hydrogen detectable which translates into enrichments
of at least several hundred times solar). The helium richness is accompanied by
peculiar C and N line spectra. In addition the sdO stars have to be subdivided
according to their luminosity. The most luminous sdO stars are very similar to
some central stars of planetary nebulae and can be explained by post-AGB evolu-
tion which strongly suggest an evolutionary linkage to the helium giants (Extreme
Helium Stars and R CrB stars). Amongst the less luminous sdO stars again two
spectroscopic subclasses differing in chemical composition must be distinguished.
The first one, which we shall name He-sdO, does not show any trace of hydrogen
but strong nitrogen and/or carbon lines. The second subclass, which we shall term
simply sdO from now on, has hydrogen in quite different amounts. The evolution-
ary link between these two subgroups on the one hand and the sdB stars on the
other is not yet clear.

Detailed quantitative spectral analyses are available for the subluminous B
stars but only a few have been carried out for the sdO class because of the com-
plexity of their spectra. In addition deviations from local thermodynamic equi-
librium (NLTE) have to be taken into account, because of their high effective
temperatures. However. only few quantitative spectral analyses have been pub-
lished (Dreizler, 1993; Dreizler et al. 1990; Thejll et al. 1994, Bauer & Husfeld
1995; Haas et al. 1996; Lanz et al. 1997), with some conflicting results becoming
apparent. This is probably due to shortcomings in the early NLTE models used.
Therefore we construct a new grid of atmospheric models and synthetic spectra
using a state-of-the-art NLTE model atmosphere code.

2. MODEL ATMOSPHERES

An extensive grid of NLTE atmosphere models was calculated using the latest
version of the PRO2 code (Werner & Dreizler 1999) that employs a new tempera-
ture correction technique (Dreizler, 2003). A new detailed model atom for helium
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Fig.1. Line profile fits for a H-sdO (left panel) and a He-sdO (right panel).

appropriate for the sdO temperature regime was constructed. 2700 partially line
blanketed NLTE model atmospheres consisting of hydrogen and helium were cal-
culated resulting in a grid of unprecedented coverage and resolution, extending
from 30000 K to 100000 K in Teg, from 4.0 to 6.4 in log gand from —4 to +3 in
helium abundance, i.e. log (Nue/Nu), in order to match the diversity of observed
spectra (see Stréer et al 2005).

We have used this model grid to analyse spectra of sdO stars from the ESO
SPY-survey (Stréer et al. 2005), the Hamburg Quasar Survey (HQS, Stréer, 2004)
and the Sloan Digital Sky Survey (SDSS).

3. SDO STARS FROM THE SPY, HQS AND SDSS SURVEYS

SPY The ESO Supernova Progenitor Survey (SPY) has identified 137 hot
subluminous stars. 79 of them were classified as hydrogen rich subluminous B
stars, 58 of them were classified as subluminous O stars. The spectra of the
subluminous B/OB stars have been analysed by Lisker et al. (2005).

High resolution spectra of sdO stars covering the spectral range from 3300 A to
6650 A at a resolution of 0.36 A have been obtained with the UVES spectrograph
at the ESO-VLT. In the course of spectral classification we distinguished He-sdO
(30) from sdO stars (28) by the absence of Balmer line absorption in the former.
Napiwotzki et al. (2004) searched for radial velocity variables amongst the SPY
sdB and sdO stars and found a large fraction (~40%) amongst the sdB stars as
well as amongst the sdO stars but only one He-sdO star turned out to be radial
velocity variable. This star is unique amongst the SPY-subdwarfs as it turns out
to be a double sdO (Lisker et al. 2004).

Effective temperatures (Teg), surface gravities (log ¢), and helium abundances
(Nge/Npy) for 49 stars were determined by fitting simultaneously hydrogen and
helium lines to our synthetic model spectra, using a x? procedure (Napiwotzki,
1999). Resulting temperatures range from 36000K to 78000K, gravities from
logg=4.9 to 6.4, and helium abundances from log (Nye/Nu)=-3 to +3. Four
stars have temperatures in excess of 60000K and are probably post-AGB stars
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Fig. 2. Distribution of sdB, sdO and He-sdO stars (combined sample) in the
(Tesr, log g)-plane. Also shown are evolutionary tracks for post-EHB and post-AGB
evolution.

and will not be discussed further.

Fig. 1 gives two examples, one for each spectral subclass.

HQS During our follow-up observations of blue stars from the Hamburg Quasar
Survey we have discovered many hot subdwarf stars. The analysis based on
medium to low resolution spectra of the more than 100 HQS sdB stars has been
presented by Edelmann et al. (2003).

In addition several sdO stars have been found. Due to insufficient S/N some
of the spectra could not be analysed. We also had to exclude the lowest resolution
spectra because the results had errors too large to be useful. This left us with 14
hydrogen-rich sdO stars and 23 He-sdOs analysed from spectra of 3.5A resolution.

SDSS The ongoing Sloan Digital Sky Survey is a rich source of hot subluminous
O stars. Candidates were found photometrically by selecting all stars with u-g<0.2,
g-r<0.1. Inspection of their spectra yielded 40 sdO and 43 He-sdO stars, which
were analysed as described above.

Combined SPY, HQS & SDSS sample In Fig. 2 and 3 we combine the
results of the spectral analyses of all three samples including the sdB stars. Fig. 2
displays the distribution in the (Teg, logg)-plane. A strong concentration of the
He-sdO stars near Teg =45000K, log g = 5.5 is obvious. Some of the sdO stars lie
in between the sdB star domain and the He-sdO stars, while others are of lower
gravity than the sdB stars. It is worthwhile to note that a gap in the sdO sequence
becomes apparent. There are very few sdO stars in the Teg range from 40000 to
50000 K, where most of the He-sdOs are found.

Edelmann et al. (2003) noticed a trend of increasing helium abundances with
increasing Tog for sdB stars. They also pointed out that two distinct sequences
exist. The “cooler” sdO stars nicely match the sdB sequences (see Fig. 3) and
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extend the trend to higher Teg (= 40000K).

4. METAL ABUNDANCES

While metal abundances of several dozens of sdB stars have been derived using
LTE techniques from optical spectra (see Edelmann et al. 2006) very few detailed
abundance analyses are available for sdO stars. A self-consistent spectral analysis
is available for BD+75 325 only (Lanz et al., 1997). Abundances of Fe and Ni
have been determined in a few sdO and He-sdO stars. Haas (1997) finds strong
enrichments of Fe (10 times solar) and Ni (70 times solar) in the hot hydrogen-rich
sdO stars Feige 34, Feige 67 and LS 11418 9. These high abundances cause strong
backwarming and the temperatures derived from the Fe/Ni ionisation equilibria
(60000 K) is much lower than the one (75000 K) obtained from optical Balmer
and He II lines using metal free NLTE model atmospheres.

Recently, O’Toole & Heber (2005) analysed high resolution ultraviolet spectra
of five sdB stars from HST/STIS. Many heavy elements (up to lead) become ac-
cessible to a detailed quantitative analysis. Abundance of 23 metals were derived.
While the cooler sdB stars (Teg <30000 K) show abundances of the iron group
elements similar to the sun. The hotter ones (Teg ~35000 K) have near solar
iron abundances as well, but strong enrichments (100 times) of other elements are
found. The high Ni abundances are very similar to those found by Haas (1997)
for the hydrogen-rich sdO stars.

As has been noted by Heber, Reid & Werner (2000) in their quantitative
spectral analysis of pulsating sdB stars, there is a discrepancy between temper-
atures derived from Balmer line fitting and helium ionisation equilibrium. For
PG 1219+534, the difference in Teg was found be as large as 2000 K.
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lines and the He II can
now be matched simulta-
neously. The parameters
we derive with our metal-
enhanced models is closest to those found by fitting the Balmer lines only with a
solar-metallicity model. Hence the discrepancy between between Balmer and He-
ionisation can be traced back to an metallicity effect. Unfortunately, however, the
heavy metal abundances can be derived from UV spectra, only. Opacity sampling
techniques (see Behara & Jeffery, 2006) are required to account for the different
enrichment of individual heavy elements.

5. A HYPER-VELOCITY sdO STAR

While all the hot subluminous stars studied by us have low radial velocities
(system velocities in case of close binary stars), one object sticks out. In the sample
of sdO stars selected from the SDDS we found the faint He-sdO US 708 (g=18.75)
to have a radial velocity of more than 700 kms~!. To improve this measurement
and to check for radial velocity variations we observed the star with the Low
Resolution Imaging Spectrometer LRIS at the KECK 1 telescope and obtained
spectra of 5A and 4.4A resolution in the blue and red channel, respectively, with
much better S/N than the SDSS spectrum (see Fig. 5). The heliocentric radial
velocity of 708420 kms™! is consistent with that from the SDSS spectrum and
we conclude that the high radial velocity is due to a very large space motion. Its
radial velocity corresponds to a minimum Galactic rest frame velocity of 750km s—!
exceeding the Galactic escape velocity at the position of the star. Hence the US 708
is unbound to the Galaxy. A spectral analysis of the LRIS spectrum is performed
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and the preliminary result is Teg =45500K, logg=5.2 and He/H=10, typical
for He-sdO stars. Assuming a mass of 0.5 Mgthis places US 708 at a distance of
almost 20 kpc.

Two so-called hyper-velo-
city stars have recently been
discovered with radial veloc-
ities of 853 kms~! (Brown
et al. 2005) and 723kms~!
(Edelmann el al. 2005). The
corresponding minimum Galac-
tic rest frame velocities are
709 kms~! and 563 km s, re-
spectively. Proper motions are Hell 4339
unavailable but their measure- | HeH‘ 1542
ment probably has to await Hel 4472
future space missions, such |
as GAIA as they are proba- Hell 4686
bly very small given the large | .
distances of the stars. Un- 4300 4400 oL 4700
like US708, the two hyper-
velocity stars are young mas- Fig.5. Keck/LRIS spectrum of the He-sdO
sive B stars at distances of US708 in the blue channel showing the typical
60 kpc. It is generally believed He I and He II lines shifted by 708 km s—L.
that interaction with the massive black hole in the Galactic center can accelerate
stars to such high velocities. Hills (1988) investigated the tidal break-up of binary
stars by a massive black hole and found ejection velocities, indeed, to be as high
as 4000kms~!. Some kinematical experiments are presently being carried out to
check whether a Galactic center origin is feasible for US 708.

6. CONCLUSION

Recent spectral analyses of sdO stars have paved the way to discuss the evolu-
tionary status of these stars as well as their linkage to sdB stars. The Supernova
Ta Progenitor Survey has provided a set of high resolution spectra of sdO stars.
The most important result is a separation of the subluminous O stars into at least
two groups, the He-sdOs and the sdOs. The sdO stars, indeed for an extension
of the sdB stars to higher temperatures and higher helium abundances. A cou-
ple of sdO stars are obviously evolved from the extended Horizontal Branch and
reach temperatures as high as 80 000 K. The He-sdO stars, however, cluster near
Texg =45000K, logg=>5.5. The second important result from SPY is that the
binary fraction of sdO stars is similar to that of the sdB stars, while it is very
low for He-sdO stars. Therefore we conjecture that the two types of subluminous
stars have different evolutionary origin. Recently, many sdO stars have been anal-
ysed from low resolution spectra from the HQS follow-up project and the SDSS
spectral data base. The results strength the conclusions drawn from the SPY set
substantially and suggest the presence of a gap in the distribution of sdO stars at
the position of He-sdO cluster in the (Teg, logg) plane.

From high resolution UV spectra strong enrichments of iron group elements
are discovered for hydrogen-rich sdO stars as well as for sdB stars and have severe
implications for the temperature scale.
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We finally highlighted the discovery of a hyper-velocity (HVS) He-sdO star
with a radial velocity of 708 kms~! unbound to the galaxy. While the two known
HVS stars are main sequence stars, this is the first highly-evolved HVS. The star
is probably ejected by the supermassive black hole in the Galactic center.

REFERENCES

Bauer F., Husfeld D. 1995, A&A 300, 481

Behara N. T., Jeffery C. S. 2006, BA, these proceedings

Brown W. R., Geller M. J., Kenyon S. J., Kurtz M. J., 2005, ApJ 622, .33
Dreizler S., 1993, A&A, 273, 212

Dreizler S., 2003 ASPC, 288, 69

Dreizler S., Heber U., Werner K., Moehler S., de Boer K. S. 1990, A&A 235, 235

Edelmann H., Heber U., Hagen H.-J., Lemke M., Dreizler S., Napiwotzki R., Engels
D. 2003, A&A 400, 939

Edelmann H., Napiwotzki R., Heber U., Christlieb N., Reimers, D. 2005, ApJL,
submitted

Edelmann H., Heber U., Napiwotzki R. 2006, BA, these proceedings

Greenstein J. L., Sargent, A. 1. 1974, ApJS 28, 157

Groth H. G., Kudritzki R. P., Heber U. 1985, A&A 152, 107

Haas S. 1997, PhD, Univerity of Erlangen-Niirnberg

Haas S., Dreizler S., Heber U., Jeffery C.S., Werner K.: 1996, A&A, 311, 669
Han, Z., Podsiadlowski P., Maxted P. F. L., Marsh T. R. 2003, MNRAS 341, 669
Heber U.: 1992, Springer LNP 401, 233

Heber U., Reid I. N., Werner K., 2000, A&A 363, 198

Hills J. G. 1988, Nature 331, 687

Lanz T., Hubeny 1., Heap S. R., 1997, ApJ 485, 843

Lisker T., Heber U., Napiwotzki R., Christlieb N., Reimers D., Homeier D., 2004,
ApSS 291, 351

Lisker T., Heber U., Napiwotzki R. et al. 2005, A&A 430, 223

Maxted P. F. L., Heber U., Marsh T. R., North R. C. 2001, MNRAS 326, 1391

Napiwotzki R., Karl C. A., Lisker T., Heber U. et al. 2004, Ap&SS 291, 321

O’Toole S., Heber U. 2005, A&A, submitted

Stréer A., Heber U., Lisker T., Napiwotzki R., Dreizler S. 2005, ASPC 334 ,309

Stroer A. 2004, Diploma Thesis, University of Erlangen-Niirnberg

Sweigart A. 1997, Proceedings of the Third Conference on Faint Blue Stars, eds. A.G.D. Philip,
J. Liebert and R.A. Saffer, Schenectady: L. Davis Press, 3

Thejll P., Bauer F., Saffer R. et al. 2004, ApJ 433, 819

Webbink R F, 1984, ApJ 277, 252

Wesemael F., Winget D. E., Cabot W., van Horn H. M., Fontaine G. 1981, ApJ
254, 221

Werner K., Dreizler S., 1999, J. Comp. and Appl. Mathematics, 109, 65



Baltic Astronomy, vol. 15, 099-102, 2006.

ANALYSIS OF THE FUSE SPECTRA OF THE
HE-POOR sdO STAR MCT 0019—-2441

M. Fontaine! P. Chayer?3 F. Wesemael' G. Fontaine! R. Lamontagne'

L Département de Physique, Université de Montréal, Montréal, H3C 3J7, Canada

Bloomberg Center for Physics € Astronomy, The Johns Hopkins University,
Baltimore, MD 21218, USA

Department of Physics and Astronomy, University of Victoria, Victoria, BC
V8W 3P6, Canada

Received 2005 August 1

Abstract. We present a preliminary analysis of the FUSE spectra of MCT
0019—2441, a relatively He-poor sdO star. Among the handful of absorption
features of photospheric origin present in the ultraviolet, we identify the O vI
doublet at 1031.9 and 1037.6 A, the S vi doublet at 933.4 and 944.5 A, the Si 1v
triplet at 1122.5 and 1128.3 A, and some N 1v lines. While synthetic spectra
based on NLTE line blanketed model atmospheres can reproduce most line
profiles, they fail to reproduce the O VI line profiles in a satisfactory manner.
Possible solutions to this puzzle are considered.

Key words: stars: MCT 0019—2441; subdwarfs; spectroscopy; abundances

1. INTRODUCTION

The hot subdwarf MCT 0019—2441 (V' = 14.48) was observed with the FUSE
Observatory as a part of an ongoing effort at mapping the atmospheric chemical
composition of a relatively large sample of sdB and sdOB stars (see, e.g., Fontaine
et al. 2005). The main objective of this work is to understand better the physi-
cal processes that determine the chemical composition of subdwarf atmospheres.
However, at Tog = 58,350 K and log g = 5.6, MCT 0019—2441 turned out to be
a “cool” sdO star with a low helium abundance (np./ng = 0.08). Since its FUSE
spectra do not show the myriad of lines that are present in the spectra of most
other hot subdwarf stars, MCT 0019—2441 is well suited for a complete spectral
analysis, as the continuum level is clearly defined and most photospheric absorp-
tion features can be identified. A first look at the unusual FUSE spectra of this
object was provided by Lamontagne et al. (2003), and we present here the first
quantitative analysis of its abundance pattern.

2. OBSERVATIONAL MATERIAL AND MODEL ATMOSPHERES

The FUSE data on MCT 0019—2441 (data set B0541001) are similar to those
presented by Lamontagne et al. (2003) and consist of four exposures, for a total
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of 9.2 ksec. In parallel, a medium-resolution optical spectrum of MCT 0019—2441
was secured by M. Billeres at the NTT, while two IUE low-dispersion observations
were recovered from the MAST archives (images SWP 26277 and LWP 06290).

To carry out our analysis of the spectra, we use TLUSTY 200 and SYNSPEC 48
(Hubeny 1988, Hubeny & Lanz 1995) respectively for the computation of model at-
mospheres and synthetic spectra. These codes are used to generate grids of NLTE,
homogeneous, plane-parallel models that include blanketing by the hydrogen and
helium lines. A first grid, used to derive the atmospheric parameters, is devoid
of heavy elements. Our fits to the hydrogen and helium lines yield Tog = 58, 350
K, log ¢ = 5.6, and nye/ng = 0.08. The corresponding reddening-free energy
distribution shows good agreement with the composite energy distribution built
from FUSE, IUE, and optical data.

With these atmospheric parameters, grids of model atmospheres were gener-
ated that include detailed atomic models for O 111 through O vi and for S 1v
through S vI. Not only does this allow line blanketing by O and S to be accounted
for, but NLTE populations of O and S can also be calculated and used in the com-
putation of synthetic spectra. For other heavy elements (C, N, Si, P, and Fe), we
currently use a line blanketed model with log(O/H)= —5 and log(S/H)= —7 for
the computation of synthetic spectra in which these elements are added as traces
and treated in LTE. The atomic data for the lines is taken from the compilations

of Kurucz!.

4. ABUNDANCE ANALYSES
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Isee http://cfa-www.harvard.edu/amdata/ampdata/kurucz23/sekur.html
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specific elements:

Ozygen: we observe strong O VI resonance lines at 1031.9 and 1037.6 A, with
respective equivalent widths of ~ 275 and ~ 190 mA. They have the same velocity
as the Lyman lines within the instrumental resolution (about 15 km s~1). At the
same time, there is negligible absorption from O 1v throughout the FUSE spectral
range. The only O 1v lines detected in the FUSE spectra (1067.768 and 1067.832
A) indicate log(O/H)< —4.8, an abundance too low by orders of magnitude to
reproduce the O VI equivalent widths, not to mention the line profiles (see Fig.
1). This situation is addressed in the next section.

Sulfur: the S vi A\933 and 944 lines are detected and have equivalent widths of
67.6 and 62.4mA, respectively. The fit to the S vI 933 line yields an abundance
of log(S/H)= —7.9, while the X944 line is best matched for log(S/H)= —7.6. In
the latter case, the core of the line is still poorly matched.

Carbon: the C 111 A1175 multiplet is absent, while the C 111 A977 resonance
line is strong. This indicates that C 111 absorption occurs in the ISM, as the A1175
multiplet arises from an excited state. Unfortunately, there are no additional
constraints to be extracted from the IUE spectra, since the C 1v resonance lines
are absent. From the absence of absorption features near 1175 A, we derive an
upper limit to the photospheric carbon abundance of log(C/H)< —7.0.

Nitrogen: the N 1v lines around 922 — 955 A are all compatible with an abun-
dance of log(N/H)= —7.6 & 0.3, but there are minor discrepancies between the
shape of the observed continuum and the synthetic spectrum in this spectral in-
terval. This may perhaps be due to small errors in the values of the atmospheric
parameters we determined or to problems with the flux calibration of the FUSE
data at such short wavelength.

Silicon: the Si 1v AA1128 lines are well matched by our automated x? proce-
dure, yielding log(Si/H)= —7.4. The A1122 line is blended with a Fe III ISM line,
but the observed feature is compatible with the derived abundance.

Phosphorus: the absence of the P v resonance lines at 1118.0 and 1128.0 A
yields an upper limit of log(P/H)< —9.6. The atmosphere of MCT 0019—2441
appears to be completely devoid of phosphorus, an element observed in most hot
subdwarfs.

Iron: the FUSE spectra have been inspected for evidence of Fe v or Fe vi
lines or both. Their non-detection implies an upper limit of log(Fe/H)< —5.0
under LTE assumption. We stress that NLTE effects play an important role in
the ionization and excitation balance of iron under such atmospheric conditions
and are not accounted for in this preliminary analysis.

5. DISCUSSION

Many lines routinely seen in hot subdwarfs are absent from the ultraviolet
spectrum of MCT 0019—2441; we nevertheless have some difficulty in account-
ing for the strongest features, those of O VI, observed in the spectrum. While
small errors in the atmospheric parameters (Teg and log g) could play some role
in explaining these difficulties, we note that the parameters we derive reproduce
satisfactorily both the optical spectrum and the overall energy distribution; the
only disagreement appears in the predicted continuum in the 910 — 950 A region.
We also remark that, while our calculations for the Stark broadening of the O viI
and S VI lines make use of the latest semi-classical damping constants of Dim-



102 M. Fontaine et al.

itrijevic & Sahal-Bréchot (1992,1993), there are still no fully quantum-mechanical
calculations of the broadening of these lines.

In addition to these obvious possibilities, other scenarios should perhaps also
be considered to account for the strength of the O VI lines. The first possibility
is that their strength reflects an inhomogeneous equilibrium distribution of heavy
elements. A stratification of this type might be disrupted by a weak stellar wind,
however. In MCT 0019—2441, the O VI lines do show asymmetric profiles that
may be related to the presence of such a wind. It appears therefore unlikely that
stratification can be invoked to solve the puzzle of the O VI lines.

Another possibility is a contribution to the observed profile from diffuse O vI
absorption in the local ISM. This is considered unlikely, on the basis of the recent
analysis by Oegerle et al. (2005) of 25 lines of sight to nearby (d < 250 pc) white
dwarfs. They report equivalent widths of O VI lines less than 22 mA. Situated ~ 1.7
kpc away, however, MCT 0019—2441 is significantly beyond the distance sampled
by Oegerle et al. On a much longer line of sight (d = 10.2 kpc), Howk et al. (2003)
present an analysis of vZ 1128, a post-AGB star located in the globular cluster M3,
which shows an ultraviolet spectrum similar to that of MCT 0019—2441. The
suggest that the O VI absorption, with equivalent widths of 260mA and 150m
respectively, arises at the interfaces between the hot and warm phases of the ISM.
While the line strengths are compatible with those observed in MCT 0019—2441,
the distance is significantly larger than that to our target.

A final possibility is that circumstellar material might contribute to the ob-
served O VI absorption. In the case of vZ1128, Howk et al. (2003) argue that
this is unlikely given the absence of high-velocity material. The same argument
could be made for MCT 0019—2441, but the issue could be settled by a direct
observation of the surroundings of that star. For instance, Otte et al. (2004) re-
port the detection of a O vi-emmiting nebula around the hot white dwarf KPD
000545106 (Teg = 120,000 K, log g = 7.0), a hot PG 1159 star known to show O
VI absorption in the optical (Sion et al. 1985).
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Abstract. The surface abundance patterns of four dozen bright sdB stars have
been determined from high resolution, high S/N optical spectra. As typical
in early B stars the metal lines are few and weak. We searched for trends
of the metal abundance patterns with the atmospheric parameters (effective
temperature and gravity). It is remarkable that almost all metal abundances
of sdBs with Tog < 32000 K stay at similar values, virtually independent of
stellar parameters. The only exceptions are He and C which vary considerably
from star to star. The hottest EHB stars lack O, Mg, Al, and Si. Furthermore,
all stars are rotating very slowly or not at all.

Key words: stars: abundances — stars: horizontal-branch — stars: rotation —
subdwarfs

1. INTRODUCTION

The atmospheres of hot subdwarfs represent a huge puzzle in stellar physics:
some chemical elements (such as helium) are highly depleted, whereas other el-
ements (e.g. iron group elements) are enriched by factors up to a few 10000
(Edelmann et al. 2001). Although these anomalies can probably be understood
in terms of chemical layering processes in stellar envelopes (gravitational settling,
radiative levitation, and mass loss), current models fail to explain the observed
abundance patterns by orders of magnitudes. Also, the available sample of stars
with well determined abundances is far too small to constrain diffusion theory. We
present here the analysis for 49 sdB stars to determine their surface metal abun-
dance patterns. This analysis has increased drastically (factor of ten) the number
of detailed metal abundance analyses of sdB stars done so far.

2. OBSERVATIONS

Optical echelle spectra with high S/N were obtained at the German-Spanish As-
tronomical Center (DSAZ) on Calar Alto, Spain, with the 2.2m telescope equipped
with the FOCES spectrograph and at the ESO 1.5m and 2.2m telescopes equipped
with the FEROS spectrograph. The observational dataset is homogeneous due to
similar spectral resolutions (0.14A DSAZ and 0.09A ESO) and spectral coverage
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(3900A-6900A DSAZ and 3600A-8900A ESO) of all observed sdBs.

3. ANALYSIS

The atmospheric parameters
(effective temperature, gravity
and helium abundance) of all
sdB’s were derived simultaneously
from the spectra by means of a 2
fit using fully line blanketed LTE

4.5

I

model atmospheres (updated ver- &
sion of the code of Heber 1986). 2
The results for all program stars <
are shown in Fig. 1 in a theoreti- %

cal (Tosr,log(g))-diagram.

LTE abundances were derived
for all metals from measured
equivalent widths using the clas- 6

.U‘
s]
LA A A s s e s

sical curve-of-growth method. We H\eﬁs\*”\l.\

generated model atmospheres, us- T T
ing the atmospheric parameters, 40 35 30 25 20
and solar metal abundances with T/ 1000K

the ATLAS9 code of Kurucz . )

(1992). From these models we cal- Fig.1. Program stars in the Teg-log(g)-
culated curves-of-growth for the plane (stars denofced by open symbols lack of
observed metal lines, from which O, Mg, Al, and Si).

abundances were derived. Blends from different ions were omitted from the anal-
ysis. Finally, the abundances were determined from a detailed spectrum synthesis
for all lines measured before. The atomic data for the analysis were taken from the
list of Wiese et al. (1996) for the CNO elements, from Kurucz (1992) and Ekberg
(1993) for Fe and for all other elements from the table of Hirata & Horaguchi
(1995).

4. TRENDS WITH ATMOSPHERIC PARAMETERS?

The chemical abundances observed in the atmospheres of sdB stars are very
puzzling. There is now general consensus, that the peculiar abundance patterns
are due to diffusion. Diffusion denotes the interplay between radiative acceleration
(directly proportional to TSH) which levitates particles into upper regions, and the
gravity which settles heavier particles into lower regions inside the envelope of
stars. Therefore, we tried to identify possible trends of the chemical composition
with Teg, log(g), and the luminosity (expressed in terms of the luminosity in terms
of the Eddington Luminosity L.).

Fig. 2 show the results for helium and for some (five) of the analyzed metal ions.
Binarity and pulsations may influence the metal abundance patterns. Therefore
we indicate known short period binaries (triangles) and pulsators (circles) in Fig.
2. However, their metal abundance do not differ from those of apparently single,
non-pulsating sdB stars (squares). Surprisingly the abundances for most analyzed
metal ions (especially for N1 and Felll) are constant irrespective of the stellar
parameters. Only for S11 and also for N 111 there seem to be a direct correlation
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with the stellar parameters: the larger the temperature and/or gravity, the larger

the abundance for S11, and the lower the abundance for N111. However, this is

most likely due to NLTE effects because the dominant ionisation stages (N11 and

S1) do not show such trends.
For most of our

program stars hotter RO He T N
than ~32000 K no 0.0F - "n & .
absorption lines due  _o o [epadiko ” | | ]
to O, Mg, Al, and 207}1':1}‘1111\1511;11}1111}: 7
Si can be detected in L R {o
the optical wavelength 0.0 ﬁ@%‘é@@@ T ]
range. This indicates -20, 4 .
that for the major- 20l " Mgm 1 i
ity of sdB stars the P - T ]
abundances of O, Mg, R
Al, and Si drop sud- 72'07}1111}1111}1111}1111}7‘ i
denly from a slightly 7320 il N -
subsolar value below 3 00 la . OBy o -
~32000 K to larger 3, (ke ;
depletion for Teg ex- A
ceeding 32000 K (see &or sihg T B
Fig. 2). There are few 0.0 j@j@'c’%ﬁﬂ%] """"" T 7
exception, though. -_O0p 4 -
Those hot stars sol  Ugm 4 |

(Ter > 32000 K) that o[ .
do show O, Mg, Al, Y m g A e @
and Si are all of low —=.0
gravity, and therefore, R.0
have evolved off the 0.0 [ FmBafby = o B
EHB. None of the hot 2

—20F —+ + :
SdB StaI‘S on or near Lo b b bvvn b b b b Lo 1 L L L L L L
the EHB show O, Mg 20 25 30 35 40 4.8 52 56 6.0-3.0-25 -2.0
b b
Al and Si lines (see Teu/ 1000K log(g/em s7%) log(L/L,)

Fig. 1).
Furthermore. three Fig.2. Sample LTE abundances for all analyzed sdB
’ stars relative to the solar values (dashed horizontal lines)

f th lumi-
of those more lumi- o Tetr, log(g), and L/ L, (different symbols, see text).

nous stars show a su-
persolar helium abundance (indicated by thick open symbols in Fig. 2) and metal
abundances which are almost solar or even higher in the case of N and Ar, which
are enriched each by a factor or 3-10.

In a previous analysis of a large sample of low resolution spectra of sdB stars
drawn from the Hamburg Quasar survey (Edelmann et al. 2003) we found a general
trend of the helium abundances to increase with increasing Tog. Actually, sdB stars
were found to seperate into two distinct sequences. A small fraction (1/6th) have
much lower helium abundances at the same temperatures than the bulk of sdB
stars. For the program stars presented here, we find also two distinct sequences
with exactly the same fraction of stars (1/6th) to show a helium ”underabundancy”
(indicated by filled symbols in Fig. 2). The metal abundances of these helium
underabundant sdB stars, however, do not differ from those of the others.
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5. ROTATION

The projected rotational velocity can be measured by comparing synthetic line
profiles, calculated for the given atmospheric parameters (Teg, log(g), element
abundance) of a star folded with an adopted rotational velocity, with the observed
line profiles. The Mg1r doublet at 4481.13A, and 4481.33A, is most suitable for
this purpose. The lines are very narrow and closely separated, and therefore very
sensitive to rotational broadening. If the doublet is resolved into two components,
the projected rotation velocity has to be very small. Only sdB stars that are
known to be in short period binary systems show significant rotation. All others
are slow rotators (vpor sin(i) < 3 kms™!) or do not rotate at all (unless seen pole
on).

6. CONCLUSION

With this work, the number of detailed metal abundance analyses of sdB stars
has increased drastically (factor of ten). We have selected sdB stars for the abun-
dance analysis covering a wide range of parameter space, which allowed us to
search for trends of the metal abundances with these parameters. It is remarkable
that for all program stars the abundances for many metals which are common
in the atmospheres of sdB stars (C, N, S, Ar, and Fe), are similar all over the
parameter space. The same holds for O, Mg, Al, and Si, but, only for stars with
Teg < 32000 K. These metals practically vanish from the surface of most sdB
stars with higher temperatures. Only for luminous (i.e. post-EHB) sdB stars the
abundances of O, Mg, Al, and Si are "normal”, or become even larger than in the
cooler EHB stars. No obvious differences for the abundances of pulsating or non-
pulsating, and radial velocity variable or non-variable sdB stars became apparent.
Our results represent a challenge for a theoretical interpretation.
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Abstract. We report on preliminary results of a hybrid non-LTE analysis of
high-resolution, high-S/N spectra of the helium-rich subdwarf B star Feige 49
and the helium-poor sdB HD 205805. Non-LTE effects are found to have a
notable impact on the stellar parameter and abundance determination. In par-
ticular the HeTI lines show significant deviations from detailed balance, with the
computed equivalent widths strengthened by up to ~35%. Non-LTE abundance
corrections for the metals (C, N, O, Mg, S) are of the order ~0.05—-0.25dex on
the mean, while corrections of up to ~0.7dex are derived for individual tran-
sitions. The non-LTE approach reduces systematic trends and the statistical
uncertainties in the abundance determination. Consequently, non-LTE analyses
of a larger sample of objects have the potential to put much tighter constraints
on the formation history of the different sdB populations than currently dis-
cussed.

Key words: line: formation — stars: abundances — stars: atmospheres — stars:
fundamental parameters — stars: evolution — subdwarfs

1. INTRODUCTION

Astrophysics faces the general difficulty that almost all relevant information
cannot be directly inferred from observation. One has to rely on the interpreta-
tion of the radiation from a light-emitting plasma and its interaction with matter.
Accurate physical modelling is crucial, with systematic uncertainties often domi-
nating the error budget at present. In the case of subdwarf B (sdB) stars quan-
titative spectroscopy is well established, relying on grids of either line-blanketed
LTE or metal-free non-LTE model atmospheres (e.g. Heber & Edelmann 2004, and
references therein). Here, we investigate what improvements on sdB analyses can
be expected from a hybrid non-LTE method, which avoids the weaknesses of both
traditional approaches by combining metal line-blanketed model atmospheres with
non-LTE line formation. The impact on the stellar parameter determination is of
special interest, as these provide the basis for all further interpretation. Then, in
the second part, non-LTE metal abundances are determined from observations in
the visual spectral range for the first time. More accurate stellar parameter and
abundance determinations can be expected to shed further light on the formation
mechanisms of sdB stars that have been debated over the last decades.
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2. MODEL CALCULATIONS & OBSERVATIONAL DATA

The model calculations are carried out in a hybrid approach, thus solving
the (so-called) restricted non-LTE problem. Hydrostatic, plane-parallel and line-
blanketed — via an opacity sampling (OS) technique — LTE model atmospheres
are computed with the ATLAS12 code (Kurucz 1996), which is in particular suited
for the analysis of chemically peculiar stars. Then, non-LTE line formation is per-
formed on the resulting model stratifications. The coupled radiative transfer and
statistical equilibrium equations are solved and spectrum synthesis with refined
line-broadening theories is performed using DETAIL and SURFACE (Giddings 1981;
Butler & Giddings 1985). Both codes have undergone major revisions and im-
provements over the past few years. State-of-the-art non-LTE model atoms (see
Table 1) are utilised for the stellar parameter and abundance determination.

The model atoms are largely based on data from quantum-mechanical ab-initio
computations using the R-matrix method in the close-coupling approximation,
which typically have uncertainties of the order ~10-20%. Data sources comprise
the astrophysically motivated Opacity and IRON Project, but also the vast physics
literature, see the original publications for details. This allows for a realistic treat-
ment not only of the (non-local) radiative processes, which drive the departures
from detailed balance. Also the thermalising collisions are accurately represented
for the relevant transitions, in contrast to the usual approach of applying simple
approximation formulae, which can be in error by orders of magnitude. Finally,
state-of-the-art line-broadening theories are accounted for, like the data of Stehlé
& Hutcheon (1999) for the Stark broadening of the hydrogen lines.

Spectra of HD 205805 and Feige 49 were taken with FEROS (Kaufer et al. 1999)
on the ESO 1.52m and 2.2m telescopes, respectively. The Echelle spectra were
reduced using standard procedures, giving complete wavelength coverage of the
entire visual spectral region at high S/N (> 100) and high resolution (R ~48000).

3. STELLAR PARAMETERS

Standard methods are used for the stellar parameter determination, by simul-
taneous fitting the hydrogen Balmer and helium line profiles, and when possible
utilising the He1/11 ionization balance. We deviate from the usual approach based
on Y2-fitting on grids of synthetic spectra, because of the largely increased compu-
tational expenses for OS model atmospheres and non-LTE line formation. For

Table 1. Non-LTE model atoms Table 2. Stellar Parameters
Ton Source HD 205805 Feige 49
H Przybilla & Butler (2004) Terr (K) 25000 35000
He1/11 Przybilla (2005) log g (cgs) 5.00  5.25
Cu/ur Nieva & Przybilla (in prep.) ¢ (km/s) 0 2
Ni11/1u1 Przybilla & Butler (2001), Y 0.01 0.15
with extensions vsinig (km/s) 0 0

Onu Becker & Butler (1988)

Mgl Przybilla et al. (2001)

S/ Vrancken et al. (1996),
with updated atomic data
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Fig.1. Fits to H and He lines in the helium-rich sdB Feige 49

the moment, the fits are done by eye. The resulting stellar parameters, effective
temperature To, surface gravity log g, microturbulence &, helium abundance y (by
number) and projected rotational velocity v sin i, are summarised in Table 2.

Examples for the quality of the modelling achievements are displayed in Fig-
ures 1 and 2, where our spectrum synthesis for several diagnostic features (grey
lines) is compared to observation (histogram) for the two sample stars. Obviously,
non-LTE line formation (full lines) improves enormously on the LTE spectrum
synthesis for identical stellar parameters (dashed lines), resulting in a practically
perfect match of theory and observation (except for the forbidden component of
He124922).

The largest discrepancies between non-LTE and LTE results occur for some
Her lines. Non-LTE equivalent widths are larger by up to ~35% in particular
for the strong features in the red. Both, line wings and cores can be affected.
This is because the lower levels of the transitions (for principal quantum number
n=2) are overpopulated relative to states at higher excitation energy that couple
closely to the Hell ground state, which is in detailed balance. Among the Hell
lines only Helr A4686 gets slightly strengthened by non-LTE effects. A similar
situation as with the HeTI lines occurs with the hydrogen Balmer lines because of
an analogous non-LTE overpopulation of the n =2 level, which also can affect the
line wings (most notable for Ha in Feige49). The non-LTE effects get reduced
with decreasing temperature. In HD 205805 only the line cores are affected.
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It is obvious that the overall differences in the fitting process will impact the
stellar parameter determination. In the present case this transfers into a ATug
of +1000 and +1200K and a Alogg of 4+0.10 and +0.12dex for Feige49 and
HD 205805 relative to the LTE results of Edelmann et al. (these proceedings).
These systematic shifts are slightly larger than the typically attributed uncer-
tainties of sdB analyses. Further refinements can be expected from the use of
(multiple) non-LTE ionization equilibria of metals which are even more sensitive
to stellar parameter changes than the hydrogen and helium lines. So far, only the
S11/111 ionization equilibrium has been used to verify the parameter determination
for HD 205805 from H and He line profile fits (see below).

4. ELEMENTAL ABUNDANCES

Besides unbiased stellar parameters, which are a prerequisite for meaningful
comparisons with stellar evolution computations, also the surface abundances of
the heavier elements bear important information. They allow to put observa-
tional constraints on formation/evolution scenarios of the stars and on transport
processes (in particular diffusion for sdBs) in stellar atmospheres.

For the time being, non-LTE abundances are determined only for H, He, C, N,
O and the a-elements Mg and S because we lack realistic non-LTE model atoms
for the other chemical species. The lighter elements are of interest because of their
involvement in fusion reactions, either as catalysts or as burning products, thus
giving clues on the nature of the sdB progenitors. The a-process elements on the
other hand can be used as tracers for the stellar metallicity. All the present-day
abundances may be of course subject to diffusion. We intend to extend the study
to Al, Si and Fe in the near future. Work on this is in progress.

Elemental abundances are derived from line-profile fits, using a x2-minimisation
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Fig. 3. Elemental abundances in Feige 49 from individual spectral lines

technique based on small grids of synthetic spectra with varying abundances
for given stellar parameters. This puts tighter constraints than the standard
equivalent-width analysis. Abundances (by number) from individual spectral lines
as a function of equivalent width are displayed in Figures 3 and 4. Non-LTE
abundances are denoted by full and LTE results by open symbols; circles mark
single-ionized and diamonds double-ionized species. The grey bands indicate the
lo-uncertainty range of the resulting abundances for the chemical species.

The results have to be viewed as preliminary, as abundances from the different
ionization stages of the elements — in particular C11/11 and N11/111 — indicate
a need to improve on the stellar parameters. Metal ionization equilibria react
much more sensitively to changes than the hydrogen and helium lines, such that
the necessary fine-adjustments will barely impact the fit quality of the latter.
However, already now the advantages of non-LTE computations become apparent:
a tendency towards a reduced statistical scatter relative to LTE and a reduction of
systematic trends, like for N 11 in HD 205805. The aim is to push the statistical 1o-
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Fig. 4. Elemental abundances in HD 205805 from individual spectral lines

Table 3. Metal abundances in the sample stars, relative to the solar
standard (Grevesse & Sauval 1998): [log n] = log n. — log ng

Cu Cmr N N O Mg St Si

Feige 49 NLTE —-0.72 —-0.29 +0.48 40.35 —0.05 —0.08 ... —0.27
... 010 0.16 0.04 0.10 ... 013

LTE —-0.75 —0.10 +0.44 40.61 —0.06 +0.02 ... —0.33

0.17 0.30 0.15 0.05 0.14 e ... 015

HD 205805 NLTE +40.01 +0.18 40.32 40.65 —1.25 —1.00 —0.28 —0.35
0.03 0.05 0.06 0.04 0.10 ... 0.08 0.06

LTE +0.05 +0.33 +0.38 +0.77 —1.24 —1.04 —0.46 —0.25

0.07 0.03 0.14 0.05 0.10 ... 0.07 o0.07
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Fig. 5. Elemental abundances in the two sample sdBs (symbols as in Fig. 4)

uncertainties below 0.1 dex, like in similar computations for BA-type supergiants
(Przybilla 2002) and B-type main sequence stars (Nieva & Przybilla, in prep.).
The systematic uncertainties need to be determined, but they can be expected to
be of the order ~0.1 dex on the mean, as in the other cases.

The metal abundances of the sample stars relative to the solar standard are
summarised in Table 3. For each ionic species non-LTE and LTE results with
uncertainties derived from the line-to-line scatter are given. The data is also
displayed in Figure 5, using the same symbols as in the figures before, with the
symbol size encoding the number of lines used for the abundance determination.

The abundance pattern for Feige 49 indicates mixing of the surface layers with
CNO-processed material: He and N are enriched and C is depleted. Oxygen
appears to be unchanged relative to the other a-elements, which indicate approx-
imately solar metallicity for this star. Note that the sum of the CNO abundances
also gives a value close to solar, emphasising the catalyst role of these species.
The pattern is unusual for a sdB star. On the other hand, HD 205805 shows an
abundance pattern more typical for sdB stars, indicating that diffusion processes
have been active.
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4. CONCLUSIONS & PROSPECTS

Hybrid non-LTE analyses of two sdB stars demonstrate that non-LTE effects
have to be accounted for in the stellar parameter and abundance determination,
resulting in excellent fits of all the diagnostic spectral features. Systematic shifts in
the basic parameters Teg and log g are implied and non-LTE abundance corrections
on the order of ~0.05-0.25dex on the mean. The latter are similar to corrections
of metal abundances in (less-luminous) BA-type supergiants (Przybilla 2002).

The next steps in the refinements of the method will include the necessary fine-
adjustments in the stellar parameter determination in order to meet the constraints
imposed by various metal ionization equilibria. The uncertainties in the metal
abundances can then be expected to drop below 0.1 dex, as experience tells us from
analyses of objects in other parts of the Hertzsprung-Russell diagram. Additional
non-LTE model atoms are required for a few other important diagnostic chemical
species, like aluminium (an element with odd neutron number), silicon (another
a-element, highly valuable for stellar parameter estimations) and iron (to cover
iron group abundances).

Similar analyses of a larger sample of sdB stars, and an extension towards
the sdO regime, will allow for unbiased positioning in the Teg—logg plane. This
will help to delineate the different populations of subluminous stars with unprece-
dented accuracy and may provide the crucial clues for uncovering their formation
history (single vs. binary star evolution channels). A stellar sample with highly
accurate parameter and abundance determinations will hereby also put tight ob-
servational constraints on the stellar evolution computations. These can be used
for an empirical calibration of the parameterisation of complex (hydrodynami-
cal) phenomena involved in the stellar evolution calculations, thus leading to an
improved modelling.
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Abstract. The model atmosphere code STERNE has evolved considerably
over the years. Most recently, attention has turned to revising the treatment
of both continuous and line opacities. Opacity Project photoionization cross-
sections have been incorporated and an opacity sampling technique has been
implemented. The new opacities and methods are described, while the principal
consequences for the models are presented. In studying the application of these
new models to atmospheres with extreme chemical compositions, we find the
new opacity treatment increases the temperature in the line forming region by
1000-3000K for extremely hydrogen-poor stars with Teg around 30000 K. This
implies cooler effective temperature measurements for stars of this type.

Key words: Stars: atmospheres - stars: chemically peculiar

1. INTRODUCTION

Hydrogen deficiency is a wide spread phenomenon occurring in a variety of
stellar objects such as extreme helium stars, hydrogen-deficient binaries, helium-
rich subdwarfs, Wolf-Rayet stars, R CrB stars, and helium white dwarfs. These
hydrogen-deficient systems are believed to evolve by very different processes. R CrB
and extreme helium stars evolve by binary merger or last thermal pulse evolution
from the white dwarf phase, hydrogen-deficient binary stars through a sequence of
mass exchange phases, and helium-rich subdwarfs evolve possibly through white
dwarf mergers, late helium flash or common envelope evolution.

Stellar atmosphere models are an essential tool used in the derivation of fun-
damental stellar parameters, such as effective temperature, surface gravity and
overall metallicity, as well as determining individual element abundances. The
accuracy of the atmospheric structure obtained from our models is inherently de-
pendent on the quality of the atomic data used and the methods by which they
are incorporated into the models, especially in the case of hydrogen-deficient at-
mospheres.

Because neutral helium is a poor absorber, the effect of continuous and line
opacity is of greater importance in hydrogen-deficient stars, shown in Fig. 1. The
figure on the left shows the emergent flux distribution of hydrogen-rich atmo-
spheres and on the right for hydrogen-deficient atmospheres with (Teg, logg) =
(10000, 1.0), (11 000,1.0), (12000, 1.0), (13000, 1.5) and (14000, 1.5). Continuum-
only models are shown by dotted lines and line-blanketed models by solid lines
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Fig. 1. Importance of line blanketing in hydrogen-rich atmosphere (left panel)
and hydrogen-deficient atmospheres (right panel). The figure on the left is from
Dudley & Jeffery, 1993.

labeled with effective temperature. The effects of line blanketing on the flux distri-
bution are extremely marked for stars with effective temperatures below 14 000 K.

The entire spectrum of hydrogen-deficient stars comprises an inhomogeneous
mix of chemical abundances. For example, in the case of extreme helium stars the
hydrogen abundance is roughly 1 part in 10*, and carbon dominates the opacity
at many wavelengths. As a consequence, the carbon abundance greatly influences
the atmospheric structure. However, hydrogen-deficient binaries are carbon-poor
and nitrogen-rich, while for a few hot R CrB stars ny may be as high as 0.1. In
order to model these atmospheres correctly, we should adapt the composition of
our models to the stars composition.

Theoretical work in recent years has provided superior calculations of contin-
uous opacities, and the contribution of absorption lines to the overall opacity has
also been an area of progress since STERNE was originally written. We discuss the
recent revisions to STERNE and compare some results of the new updated version
to the last published version of the code (Jeffery & Heber 1992).

1.1. Sterne - Model Atmosphere Program

The LTE model atmosphere code STERNE was originally developed to study
hydrogen-deficient stars. The code is optimized for stars with effective temper-
atures between 10000K and 35000K, and extreme compositions dominated by
helium, carbon and nitrogen (Schénberner & Wolf 1974, Jeffery & Heber 1992).
The model assumes hydrostatic, radiative and local thermodynamic equilibrium,
as well as plane-parallel geometry. The radiative transfer equation is solved us-
ing Feautrier’s scheme, and the temperature correction follows the Unsold-Lucy
procedure.

From 1990 to 2003 the treatment of the continuous opacities followed Kurucz
(1979), with the addition of carbon and nitrogen opacities from Peach (1970). The
line opacities were calculated using opacity distribution functions (ODF) computed
for hydrogen-deficient mixtures from the Kurucz & Peytremann (1975) list of
265000 lines.
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Table 1. Opacity Project photoionization cross-sections
used in the continuous opacity calculations.

Element Tonization Stage Number of States
H I 55
He I, 11 13, 55
Li I, 11, III 25, 53, 55
Be I, I, III, IV 55, 25, 54, 55
B I, I, III, IV 55, 55, 26, 53
C I, I, III, IV 50, 21, 38, 24
N I, 11, III, IV 36, 50, 32, 39
O I, 11, III, IV 50, 29, 25, 36
F I, I, III, IV 50, 50, 50, 50
Ne I, I, III, IV 50, 50, 50, 50
Na I, I, III, IV 32, 50, 50, 50
Mg I, 11, III, IV 50, 32, 50, 50
Al I, I, 111, IV 41, 50, 31, 50
Si I, 11, 111, IV 50, 51, 50, 31
S I, I, III, IV 50, 50, 50, 50
Ar I, 11, II1, IV 50, 50, 50, 50
Ca I, I, III, IV 50, 17, 50, 50
Fe I, 1V, V, VI 50, 50, 50, 50
2. METHODS

2.1. Continuous Opacities

We focus the discussion on the continuous opacities due to bound-free tran-
sitions only, as the treatment of free-free absorption and scattering is preserved
from the previous version of STERNE.

The Opacity Project (OP, The Opacity Project Team 1995, 1997) data used in
the opacity calculations is shown in Table 1. The individual cross-sections must
first be resampled on the model wavelength grid before the opacity calculations are
carried out, and as a consequence the photoexcitation of the core (PEC) resonances
of the cross-sections are not fully resolved. The resampling preserves the cross-
sections to within an error of 10%.

The way in which the OP data is included in the model atmosphere code
is sufficiently general that any combination of ions may be selected, once the
necessary cross-sections have been downloaded from TOPbase (Cunto et al. 1993).
Additional cross-sections may be added as they become available.

2.2. Line Opacities

We have devised a procedure, loosely based on Sneden et al. (1976) to sample
the line opacity directly at each wavelength grid point for all layers in a model
atmosphere. Relevant lines are selected from a master list of atomic lines based on
the temperature, pressures and abundances of the model at each wavelength and
depth point. Approximately 500000 lines are selected. For each grid point, the
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Fig. 2. Solar composition comparisons of the STERNE opacity sampled models
to Kurucz’s ATLAS9 models. The ATLAS9 models are shown by the black lines.
The STERNE models are represented by the grey lines, and also shown resampled
on the ATLAS9 grid by the dotted lines. The emergent flux is plotted as a function
of wavelength for four Teg, log g pairs (see text).

contributions of all selected lines within prescribed search windows are included
in the line opacity calculation. The line opacity is calculated using detailed line
profiles for each selected spectral line. Computed in this fashion, the opacity
sampling (OS) method is able to account for the depth dependence of the variation
with wavelength of the line opacities. Lines are selected from the atomic line list
compiled by Kurucz & Bell (1995).

2.3. Model Verification

A comparison of the STERNE models with Kurucz’s ATLAS9 models has been
carried out using a solar composition and four effective temperature and gravity
pairs. The results are shown in Fig. 2.

The emergent flux is plotted as a function of wavelength for A: Teg = 10000 K,
logg=3.0, B: Teg =20000K, logg = 3.0, C: Teg =30000K, logg = 3.5, and D:
Teg =40000K, log g = 4.5. The STERNE model has been resampled on the ATLAS9
grid to allow for comparison. Differences in the models can be accounted for by
the different solar abundances used, and differences in the treatment of continuous
and line opacities, which alter the model structure. We use the solar abundances
of Grevesse & Sauval (1998), while Kurucz uses the abundances by Anders &
Grevesse (1989).
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Fig. 3. The ratio of the OP Ci1 continuous opacity to the Peach opacity in a
model atmosphere with T,g = 20000K and log g = 3.0.

3. RESULTS

We have compared hydrogen-rich and helium-rich models of the opacity sam-
pled version of STERNE with new continuous opacities to the models computed
using the ODF version of STERNE. Models have been computed with and without
line opacity in order to compare the effect of changing the continuous opacities
alone.

Looking at continuum-only models, we find general agreement between the
models in the hydrogen-rich case. However, when comparing helium-rich models,
we have found that the new opacities produce significant changes in the emergent
flux distribution of the atmosphere, particularly in the region 500A < A < 1000A.
The primary cause is the CII continuous opacity.

An increase in the opacity when using the OP cross-sections leads to an increase
in the continuum opacity at A < 1000 A, resulting in more UV flux with a steeper
continuum at A > 1200A. A comparison of the CII opacity computed in both
models is shown in Fig. 3. The ratio of the opacity computed with the OP cross-
sections to the opacity computed using the Peach tables (1970) is plotted as a
function of optical depth in the atmosphere and as a function of wavelength.

When comparing continuum plus line models, we find that differences in the
flux and temperature distributions are far more drastic for the helium-rich case
than the hydrogen-rich case.
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Fig.4. Flux distributions of hydrogen-rich and helium-rich model atmo-
spheres. The solid line represents the ODF model, and the grey line represents the
new 0S model, also shown resampled on the ODF grid (dotted line). Model param-
eters on the left: Teg =30000K, logg=>5.0, ny=0.911 and nye=0.089. Model
parameters on the right: Te,g =30000K, log g=>5.0, ng =0.0001 and nge =0.99,
nc =0.0099 and solar metallicity.

The plot on the left of Fig. 4 shows the effects of the new opacities on the flux
distribution of a hydrogen-rich atmosphere and the figure on the right for a helium-
rich atmosphere with Teg = 30000 K and log g =5.0. The ODF model is shown by
the solid line, the OS model by the grey line and the OS model resampled on the
ODF wavelength grid by the dotted line. The plots have been cropped to show
regions of interest, the integral over the flux remains the same for both models.
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Fig.5. Differences (Tos — Topr) in the temperature distribution for the
models as a function of optical depth. A - Hydrogen-rich models from the left plot
of Fig. 4, B - Helium-rich models from the right plot of Fig. 4.

The effect of the new opacities on the temperature distribution of the atmo-
sphere is shown in Fig. 6. The temperature differences (Tos—Topr), are plotted as
a function of optical depth for both compositions. The differences in the tempera-
ture distribution translate into an approximate increase of up to 3000 K in the line
forming region of the atmosphere for a hydrogen-deficient star with Teg = 30 000 K.
In the hydrogen-rich case we expect an increase of approximately 300 K.
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Fig.6. Differences (Tos — Topr) in the line forming region of the tem-
perature distribution of helium-rich and hydrogen-rich model atmospheres with
(Tor, log g) = (10000,3.0), (20000,4.0), (30000,5.0), (40000,6.0), (50000,6.0).
The line forming region has been approximated as the range in optical depth
1072 to 10°.

Fig. 6 shows the range of the approximate increase in temperature across the
line forming region of both helium-rich and hydrogen-rich high-gravity stars at
several effective temperatures. These results show that the new treatment of
opacity will have implications in the effective temperature measurements of stars
of all compositions and temperatures.

4. SUMMARY

The treatments of continuous and line opacity in the model atmosphere code
STERNE have been revised. Opacity Project cross-sections have been incorporated
and an opacity sampling method has been implemented. Results show significant
differences for chemically peculiar stars when compared to model atmospheres
computed using Kurucz and Peach continuous opacities and an ODF treatment
for line opacity. The principal results are that the CII continuous opacity computed
using OP cross-sections substantially modifies the flux distribution of hydrogen-
deficient atmospheres at A ~ 1000 X and the new line opacity treatment signif-
icantly modifies the temperature distribution of these stars. Effects in the tem-
perature distribution of hydrogen-rich stars of up to 300 K are also seen. These
results will have consequences in the effective temperature measurements of stars
of all compositions.
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Several applications exist for these models. We intend to examine extreme
helium stars, helium-rich sdB stars, chemically peculiar subdwarf B stars and
hydrogen-deficient binaries.
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Abstract. The use of Balmer line profiles to determine atmospheric parame-
ters of subdwarf B stars is a well-established method that relies on a compari-
son of spectroscopic observations with synthetic spectra generated from model
atmospheres. This method allows us to determine parameters such as the ef-
fective temperature, surface gravity and photospheric helium abundance. The
self-consistency of these parameters can be investigated by examining the Ly-
man lines covered by current far-ultraviolet observations. We discuss the results
of a preliminary analysis of a sample of ten subdwarf B stars for which both
optical and far-ultraviolet spectra were secured. At temperatures below 30,000
K we find good consistency between optical and ultraviolet spectra when some
allowance is made for the metal line blanketing present in the ultraviolet region.
At higher effective temperatures, however, the consistency is not as satisfactory.
Possible solutions to this puzzle are considered.

Key words: stars: atmospheres, subdwarfs

1. INTRODUCTION

The atmospheric parameters which characterize the subdwarf B (or sdB) stars
are now routinely obtained from simultaneous fits to the Balmer line profiles with
synthetic spectra generated from model atmospheres (see, e.g., Saffer et al. 1994).
Over the years, this method has proved quite reliable, although systematic effects
between various grids of models may still be present. The method can, in principle,
be extended to the Lyman region of the spectrum, just as it has been for the DA
(Barstow et al. 2001, 2003) and DAO white dwarfs (Good et al. 2004). However,
in the case of the hot B subdwarfs, it is expected that the interpretation of the fits
to the Lyman lines might be more complicated, since the far ultraviolet spectra of
sdB stars are known to include hundreds of transitions from heavy elements (see,
e.g., Ohl et al. 2000). The blocking effect of these numerous lines would have to
be considered in any fit purporting to match the ultraviolet continuum level of hot
B subdwarfs. This problem could be solved by fitting the ultraviolet continuum
with fully blanketed synthetic spectra; however, this cannot be accomplished in a
routine manner yet, as the abundance patterns of heavy elements which charac-
terize sdB stars are still being documented (Edelmann et al. 2006; Fontaine et al.
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2005). Thus, at this stage, it might be more appropriate to i) determine the at-
mospheric parameters of hot B subdwarfs on the basis of optical spectroscopy and
synthetic spectra as sophisticated as possible; i) calculate the ultraviolet contin-
uum predicted at the values of Tog, log g and He/H derived in the optical; and i)
investigate to what extent the predicted ultraviolet continuum is consistent with
that observed with the FUSE satellite. We have undertaken such an exploratory
study on a small sample of hot B subdwarfs, and present here preliminary results
from this investigation.

2. OBSERVATIONS, MODELS AND BALMER LINE FITS

Ten subdwarf B stars were selected for this analysis. The optical spectra were
secured using the 2.3 m telescope at Steward Observatory, while the far-ultraviolet
spectra were obtained through the FUSE satellite archives. We computed pure
hydrogen and mixed helium and hydrogen (log He/H = —2.5), NLTE model at-
mospheres using version 200 of TLUSTY (Hubeny 1988) and the corresponding
synthetic spectra using version 48 of SYNSPEC (Hubeny & Lanz 1995) with the
Stark broadening tables of Lemke (1997). Our model grid extends over the follow-
ing parameters: Tog = 20,000 to 60,000 K spaced by 2,000 K and log g = 5.0 to
6.5 spaced by 0.25 dex. We emphasize that our grid includes no heavy elements.

The technique used to fit the Balmer lines is standard, and can be summarized
as follows: the observed and theoretical Balmer line profiles (H3-H9) are normal-
ized to a linear continuum set to unity. The observations are then compared to
synthetic spectra and a chi-squared minimization technique is then applied until
a best fit is achieved between the calculated model and the observations (see, e.g.,
Bergeron et al. 1992). All in all, the pure hydrogen models fit the optical spectra
of our target stars quite satisfactorily.

3. THE FAR-ULTRAVIOLET CONTINUUM OF sdB STARS

As we emphasized earlier, a fit to the Lyman lines carried out in the same
manner as the fit to the Balmer lines is not possible: while the optical spectra
show few features besides the H I and He I lines, the FUSE observations reveal
numerous lines of heavy elements that mar the ultraviolet spectrum. This prevents
us from clearly determining the placement of the continuum, a crucial step in the
standard fitting procedure. Thus, to verify the consistency of the parameters, we
adopt the following approach. With the atmospheric parameters derived from the
optical spectrum, we calculate the theoretical flux at 5458.7 A associated with
each star and, on the basis of existing Stromgren photometry, fix the solid angle.
This allows us to normalize the emergent flux from our model atmospheres, and
to predict the ultraviolet flux received at the Earth. For all but one star in our
sample, no interstellar reddening was included, although the presence of small
amounts of reddening cannot be excluded. In the case of PG 08234466, however,
reddening was required, and the color excess we determine, E(B—V) = 0.10, is not
unusual even for high-latitude PG stars. Unfortunately, there are no archival IUE
observation of this object which would have provided a check on this measurement.
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Fig. 1. Synthetic spectra calculated for three objects using the parameters de-
rived from their optical spectrum (values are indicated in the top lefthand corner).
These are superimposed onto the FUSE observations and are not fits, but rather
provide a check on the consistency between the optical and ultraviolet ranges. The
synthetic spectra are normalized using the y magnitude, as described in the text.
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Our predictions of the ultraviolet flux are compared to the absolute flux mea-
sured by the FUSE satellite in Figure 1 for three objects in our sample. These
include HD 4539, a cool, bright sdB star, PG 17164426, the prototypical long-
period sdB variable, and Ton S-227, a well-studied sdB star at a somewhat higher
effective temperature. The predicted fluxes are calculated on the basis of pure
hydrogen or mixed hydrogen/helium models which do not include any heavy el-
ements. For objects with Teg < 30,000 K, our comparisons at ultraviolet wave-
lengths yield satisfactory results in the sense that, when some allowance is made
for metal line blanketing, the synthetic spectra reproduce in a satisfactory manner
the general shape of the continuum as well as the Lyman line profiles. This is
shown in Figure 1 for HD 4539 and PG 1716+4426. Interestingly, our procedure
may provide us with a way to decide where the continuum level should be set in
abundance analyses of FUSE spectra.

For objects with Teg > 30,000 K, however, there appears to be a systematic
discrepancy between the synthetic spectra derived from the optically determined
parameters and the observed ultraviolet spectra. Ton S-227 provides us with a
clear illustration of this situation: the predicted Lyman lines appear too wide,
as if the surface gravity determined in the optical were too large, while the flux
level in the interline region appears too low, in contrast to what it should be
if line-blocking were the only significant omission in our models. Because some
heavy elements are more abundant in hotter objects than in cooler ones, while the
reverse is true for other elements, it is not possible, at this stage, to connect simply
and unambiguously the trend we observe at high effective temperatures with the
abundance of heavy elements. Moreover, it should be noted that Barstow et al.
(2001, 2003) encountered similar discrepancies for DAs with Teg > 50,000 K.

We are currently exploring other alternatives to account for the systematic dis-
crepancy observed in the hotter sdB stars. Interstellar reddening, stratified H/He
atmospheres, as well as homogeneous atmospheres incorporating large abundances
(up to solar) of heavy elements, such as those considered by Heber (2006) and Be-
hara & Jeffery (2006) at this conference, are currently being considered.
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Abstract. Quantitative analyses of extreme helium stars to date face the dif-
ficulty that theory fails to reproduce the observed helium lines in their entirety,
wings and line cores. Here, we demonstrate how the issues can be resolved
using state-of-the-art non-LTE line formation for these chemically peculiar ob-
jects. Two unique B-type objects are discussed in detail, the pulsating variable
V652 Her and the metal-poor star HD 144941. The improved non-LTE compu-
tations for helium show that analyses assuming LTE or based on older non-LTE
model atoms can predict equivalent widths, for the He110830 A transition in
particular, in error by up to a factor ~3. Our modelling approach also succeeds
in largely resolving the general mismatch for effective temperatures of EHe stars
derived from ionization equilibria and from spectral energy distributions.

Key words: line: formation — stars: atmospheres — stars: fundamental pa-
rameters — stars: individual (V652 Her, HD 144941)

1. INTRODUCTION

Extreme helium stars (EHes) are a rare class of low-mass H-deficient objects
with spectral characteristics of B-giants. Most of the two dozen known EHes could
be explained by post-AGB evolution, linking R CrB stars to Wolf-Rayet type
central stars of planetary nebulae, see Heber (1986) and Jeffery (1996) for reviews.

LTE spectral analyses encounter two difficulties for EHe stars: 1) synthetic
spectra have so far not succeeded in matching the observed helium lines in their
entirety, and II) spectroscopic and spectrophotometric temperatures differ sys-
tematically. As inadequacies in the basic parameter determination can potentially
hamper any further interpretation, the issue needs to be resolved. The necessary
steps for improving the modelling will be discussed in the following for two test
cases, V652 Her and HD 144941. Here, extreme helium stars turn out to be im-
portant testbeds for stellar atmosphere modelling. In particular, non-LTE model
atoms for helium can be tested in more detail than in any other type of star, since
all predicted transitions — including all forbidden components — can be measured.
The sample stars are unique among the class members in several aspects. Both
objects have gravities too large for post-AGB evolution and they show atypical
surface abundances.
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Fig. 1. Fits to He and H lines in the two sample stars

2. MODEL CALCULATIONS & OBSERVATIONAL DATA

The model calculations are carried out in analogy to the hybrid non-LTE ap-
proach chosen for sdB star analyses (Przybilla et al. 2005b), but see also Przybilla
et al. (2005a) for further details. In brief, the atmospheric structure computa-
tions are carried out using the ATLAS12 code (Kurucz 1996). Note that we have
replaced the photoionization data for Hel levels with principal quantum number
n=2 as used by Kurucz with data from the Opacity Project (Fernley et al. 1987).
In particular the cross-sections for the 2p3P° level are increased by a factor ~2
at threshold, thus improving the fits of computed energy distributions with obser-
vation. Then, the restricted non-LTE problem is solved. State-of-the-art model
atoms for He (Przybilla 2005) and H (Przybilla & Butler 2004) are utilised, and
detailed line-broadening is accounted for in the spectrum synthesis (Barnard et
al. 1969, 1974; Dimitrijevi¢ & Sahal-Bréchot 1990; Stehlé & Hutcheon 1999). For
comparison, additional calculations are made using the He model atom of Hus-
feld et al. (1989). Details of the observations and the data reduction have been
published elsewhere (Jeffery et al. 2001; Harrison & Jeffery 1997).

3. DISCUSSION

The stellar parameters are derived in a standard manner, using the He1/11
ionization balance as T.g and the Stark-broadened HeT lines as log g indicators.
Data for the final models (with estimated uncertainties) are summarised in Ta-
ble 1, including microturbulence ¢ and also H abundance n§*™™ (by number). For

V652 Her the atmospheric parameters agree very well with those found by Jeffery
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g 1 et al. (2001), except
e el A < for the hydrogen abun-

7 dance, which is reduced
1 by a factor ~2 because
3 ofnon-LTE strengthen-
1 ing of the Balmer lines.
1 For HD144941, how-
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Fig.2. Modelling of the J-band spectrum of V652 Her i, surface gravity by a

factor ~2. The reduction in the hy-
drogen abundance is less pronounced
V652 Her (Rmax) HD 144941 in this star.

Tor (K) 220004500 2200041000 /: comparison_ of our, non-LTH
pectrum syntnesis I10r e an
logg 3.20+0.10 4.15+0.10 (grey lines) with the observed spectra
¢(lm/s) AL 8£2 of V652 Her and HD 144941 (histo-
ny 0.00540.0005 0.035+0.005 grams) is made in Figure 1. Excellent

Table 1. Stellar parameters

agreement for the entire line profiles
— wings and line cores — is found. The great improvement achieved becomes obvi-
ous when comparing Figure 1 to Figure 2 of Harrison & Jeffery (1997) and Figure 5
of Jeffery et al. (2001). This resolves one of the most persistent inconsistencies
in quantitative analyses of extreme helium stars. A few forbidden components
of He1l lines missing in our modelling are indicated by short vertical marks. The
appropriate broadening data are unavailable to us.

The Hel lines in the visual experience non-LTE strengthening, facilitated by
the overpopulation of the n=2 states relative to the levels of higher principal
quantum number. This overpopulation occurs because of recombinations to levels
of Herl at higher excitation energies and subsequent de-excitation via downward
cascades to the (pseudo-)metastable 2s states (the singlet resonance lines are close
to detailed balance). Singlet lines are in general subject to larger non-LTE effects
than the triplet lines. The level populations deviate by only a few percent from
detailed equilibrium at the formation depths of the continua, indicating that the
assumption of LTE for the model atmosphere computations is appropriate.

Analyses in the near-IR range are highly useful for constraining the atomic data
input for the non-LTE computations because of amplified non-LTE effects in the
Rayleigh-Jeans tail of the spectral energy distribution. The comparison of model
calculations with the current He model (full grey line) and an old model by Husfeld
et al. (1989, dotted line) with observation (histogram) for the He1 10830 A feature
in Figure 2 demonstrates the superiority of the former. The old model predicts
the line to be ~3 times stronger than observed, showing little deviation from
detailed balance (dashed line). This success is facilitated by making use of accurate
photoionization cross-sections in particular for the 2s 35 state and a proper account
of line blocking. Note that the line broadening is dominated by instrumental effects.
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HD144941: E(B-V)=0.23
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High-resolution obser-
vations would be high-
ly desirable for con-
straining the mod-
elling even further.
The second major
difficulty in the mod-
elling of extreme he-
lium stars is a general
mismatch of effective
temperatures derived
from ionization equi-
libria and spectropho-
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Fig. 3. SED fits for the sample stars fagfe};alrlglglsgterosr stdee_

rived from the Hel/1I ionization equilibria (see Table1) with IUE spectropho-
tometry and visual and near-IR photometry (black histograms and dots) is made
in Figure 3. Excellent agreement is found for V652 Her, and a reasonable match
for HD 144941 when interstellar reddening is accounted for. We conclude that the
hybrid non-LTE approach based on state-of-the-art model atoms as discussed here
succeeds in solving the most persistent problems in the quantitative spectroscopy
of extreme helium stars.
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Abstract. We report the detection of the Ge 111, Zr 1v, Pb 111, and Pb 1V res-
onance lines in Far Ultraviolet Spectroscopic Explorer (FUSE) spectra of hot
subdwarf B stars (sdB). We analyze 18 stars that cover the effective temper-
ature domain for this class of stars. We carry out an abundance analysis and
demonstrate that Ge, Zr, and Pb abundances are higher than the ones observed
in the Sun’s photosphere in almost every star. We perform radiative levitation
calculations on Ge, Zr, and Pb, and show that the theory predicts higher Ge
and Zr abundances than the observations. Moreover, the large scatter of ob-
served abundances cannot be explained by the radiative levitation alone. This
suggests that other mechanisms must be taken into account for explaining the
abundances of Ge, Zr, and Pb in the atmospheres of sdB stars.

Key words: Diffusion — Spectroscopy — Stars: abundances — Subdwarfs

1. INTRODUCTION

The recent discovery of elements beyond the iron group in the atmospheres
of hot subdwarf B stars (sdB) by O’Toole (2004) adds new pieces to the abun-
dance anomaly puzzle observed at the surface of these relatively high gravity stars.
O’Toole (2004) reported the detection of strong resonance lines of Ga 111, Ge 1V,
Sn 1v, and Pb 1v in the STIS and IUE spectra of many sdB and sdOB stars that
cover a wide range of effective temperatures. Strong resonance lines of Ge 111, Zr 1v,
Pb 111, and Pb 1v are also formed in the far ultraviolet wavelength range. This
is one of the last unexplored spectral windows in the study of sdB atmospheres.
The Far Ultraviolet Spectroscopic Explorer (FUSE), which covers a spectral wave-
length range of 905-1187 A with a resolution of R = A/AN ~ 18,000, is exploring
in great details this important waveband. In this paper we present the results of an
abundance analysis for the elements Ge, Zr, and Pb observed in the atmospheres
of 18 sdB stars. We also present results of radiative levitation calculations on Ge,
Zr, and Pb based on an approach developed by Michaud et al. (1976).
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2. FUSE OBSERVATIONS

We retrieved the FUSE spectra from the Multimission Archive at STScl. All
stars were observed through the large apertures with an exposure times of about
6000 s on average. The data were reduced using the program CALFUSE that
processes the raw data into wavelength and flux calibrated 1-d spectra. Because
each observation consists of several exposures, we co-added the individual expo-
sures by cross-correlating them in order to remove any wavelength shifts. Figure 1
illustrates an example of merged FUSE spectra of the bright and cool sdB star
HD 205805. The strongest lines observed in the spectrum are the hydrogen lines
from Lyg to the series limit, the He 11 AA1084 and 992 lines, the C 111 A\977 line,
and the C 111 A1175 multiplet.

HD 205805

o<t E — [\o% — E
v E Teff = 25,600 K_ B 2 E
£ 405 logg =53 a5 | = 3
< E xe ol |/ M
W 30E  5R3 =
@ eI E
S 20E 3
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S 10E =
= 0E ‘ ‘ ‘ ‘ 3
900 950 1000 1050 1100 1150 1200

Wavelength (A)

Fig.1. FUSE spectrum of HD 205805.

The spectrum in Figure 1 seems noisy at this scale. In fact, this apparent noise
is due to the huge number of photospheric and interstellar absorption lines that
are observed in the FUSE spectra of almost all sdB stars. Interstellar lines such
as Hy, C 11, C 111, N1, O 1, Si 11, P 11, and Fe 11 are observed along the lines of
sight of many sdB stars. Photospheric lines come from elements such as C, N, O,
Si, P, S, Cl, and elements from the iron group such as V, Cr, Mn, Fe, Co, and Ni.
In addition to these elements, the FUSE wavelength range contains lines that are
produced by elements beyond the iron group. Resonance lines from ions such as
Ge 111, Zr 1v, Pb 111, and Pb 1v are observed in the FUSE spectra of almost all sdB
stars. Lines coming from excited levels of Pb 111 are also observed in a few stars.
Table 1 summarizes the atomic properties of the Ge 111, Zr 1v, Pb 111 and Pb 1v
lines observed in the FUSE band.

Table 1. Atomic data for Ge, Zr, and Pb

Ton Z  Wavelength loggf g E;
(A) (cm™1)

Getr 32 1088.463  0.264 1.0 0.0

Zriv 40 1183.973  0.000 4.0 0.0

Pbmr 82 1048.877 0.114 1.0 0.0

Pbrv 82 1028.611  0.086 2.0 0.0
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3. ABUNDANCE ANALYSIS

We computed a set of LTE atmo- r Al PbII
sphere models with the atmospheric ‘
parameters listed in Table 2 (the at-
mospheric parameters were derived by
E. M. Green et al. 2006, in prepa-
ration; Edelmann 2003; M. Fontaine
et al. 2006, in preparation; Kilkenny
et al. 1987; Heber et al. 2002; Allard
1986; and Saffer et al. 1994). These i ]
models were computed for a hydro- R
gen/helium chemical composition. We L.
used two methods for determining the 1047
abundances of Ge, Zr, and Pb. For
stars that do not have numerous ab-

F, (10712 erg s~ cm™2 A1)
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Fig.2. FUSE spectrum of Feige 87

sorption lines and have a well defined showing the Pb 1T A1048 line and our
continuum, we fitted each line by using 1,0t fit.

a x2 minimization technique for whic

the abundance and a scaling factor are the free parameters. In this case we com-
puted grids of LTE synthetic spectra by considering Ge, Zr, and Pb as trace ele-
ments. The lines of Ge 111, Zr 1v, Pb 111, and Pb 1v were computed for abundances
ranging from log N(X)/N(H) = —10.4 to —6.0 in steps of 0.4 dex by assuming no
microturbulent velocity. The calculations were performed by using the programs
TLUSTY (Hubeny & Lanz 1995) and SYNSPEC (I. Hubeny 2004, private commu-
nication). The partition functions for the neutral, +1, and +2 ionization stages of
Ge, Zr, and Pb are calculated in the same manner than in the Kurucz’s ATLAS9
code (Kurucz 1993; Proffitt et al. 2001). For the +4 ionization stage of Zr and Pb
we adopted the ground-state statistical weights for the partition functions. The
sdB star Feige 87 is a good example of a low-metallicity star for which this method
gives excellent results (see Figures 2 and 3).

We cannot apply the x? fitting technique for stars like the one illustrated
in Figure 1 (see also Figure 1 of Blanchette et al. 2006). Instead we used the
IDL (Interactive Data Language) program SYNPLOT developed by I. Hubeny.
SYNPLOT is an interactive program that calculates and plots synthetic spectra
using the program SYNSPEC. We can then overplot the observed spectrum and
compare it to the model. If the model does not reproduce the observation, we
can change the abundance and repeat the operation until the fit is acceptable,
i.e., the comparison between the model and the observation is satisfactory. This
is what we call fitting a spectrum by eye. The main difficulty encountered when
fitting spectra with this method is the placement of the continuumm. For instance,
Pereira et al. (2006) showed that LTE hydrogen-rich synthetic spectra computed
in the FUSFE band yielded continuum above the observed continuum. In their
calculations they used T.g and log g from a Balmer line analysis, and normalized
the synthetic spectra to the y magnitude. Their results indicate that the placement
of the continuum may be one of the main sources of systematic error. When fitting
a small portion of the spectrum we have a tendency to put the continuum close to
what we believe is the real continuum. The study of Pereira et al. (2006) shows,
however, that the continuum may be well above the one that we set for determining
the abundances. Consequently, we may underestimate the abundances when fitting
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spectra that contain numerous absorption lines.

In order to measure the zirconium
abundance, we estimated the oscil-
lator strength of the Zr 1v A1184
line empirically, because no oscil-
lator strength was available from
the literature. We measured the
Zr abundance in the atmosphere
of the sdB star Feige 48 by us-
ing its ultraviolet spectrum obtained
by the Space Telescope Imaging
Spectrograph onboard HST (O’Toole
et al. 2004). We analyzed the Zr 111
lines at 1790.113 A, 1793.523 A, and
1798.048 A and measured an abun-
dance of log N(Zr)/N(H) = —-8.0.

. . Keeping this abundance constant, we
Fig.3. FUSE spectrum of Feige 87 . L
showing the Zr 1v A1184 and N 111 Ax1183 fitted the Zr 1v A1184 line observed in
and 1184 lines and our best fit. the FUSE spectrum by maximizing

the oscillator strength ¢gf in order to

obtain the best fit for this line. This best gf value is given in Table 1. Because
the Zr 1v A1012 line is blended with the S I1I resonance line at 1012.498 A, we
only used the Zr 1v A\1184 line to estimate the Zr abundance. Figure 3 illustrates
the best fit of the Zr 1v A1184 and N ITI A\1184 lines for the star Feige 87.
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4. RESULTS

Table 2 summarizes the abundances for Ge, Zr, and Pb observed in the at-
mospheres of our program stars. The first column is the name of the star. The
second and third columns give the effective temperature in ascending order and
the gravity, respectively. Columns 4, 6 and 8 are the measured abundances or
upper limits (log[N(X)/N(H)]. : x symbol). Columns 5, 7, and 9 are the observed
abundances reported relative to the abundances in the Sun (log[N(X)/N(H)], —
log[N(X)/N(H)]e : * — ® symbol). The Ge, Zr, and Pb abundances in the atmo-
sphere of the Sun are —8.42, —9.41, and —10.00, respectively. They are taken from
the review of Asplund et al. (2005). We estimate that the uncertainties (statistical
and systematic) associated to the measured abundances vary from 0.1 dex to 0.3
dex. Table 2 shows that Ge, Zr, and Pb are present in the atmospheres of almost
all sdB stars. Although the average abundances relative to hydrogen are about
the same for these three elements with a value of about log[N(X)/N(H)] ~ —7.8
and a dispersion of about 1.0 dex, the Ge, Zr, and Pb abundances relative to the
solar abundances are 0.62, 1.61, and 2.20 dex, respectively. The difference in the
abundances relative to solar is due to the fact that

log[N(Pb)/N(H)]o < log[N(Zr)/N(H)]o < log[N(Ge)/N(H)]o. (1)

Figure 4 illustrates the Ge, Zr, and Pb abundances by number relative to
hydrogen as a function of effective temperature. Filled circles and downward-
pointing arrows correspond to abundances and upper limits. The horizontal dotted
line in each panel is the solar abundance according to Asplund et al. (2005). The
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Table 2. Abundance of Ge, Zr, and Pb in the atmospheres
of sdB stars compared to the Sun

Star Tem log g Ge Zr Pb
(10°K) (ems™2) x * -0 * *—O * *x—0
HD 4539 23.9 5.2 -77 o0v =77 17 =81 19
JL 36 24.5 5.6 -78 06 -—-80 14 =77 23
HD 205805 25.6 5.3 -80 04 —-74 20 -87 13
LB 1516 26.1 5.4 -80 04 —-80 14 =87 13
Feige 48 29.6 5.5 -80 04 —-80 14 -85 1.5
Feige 87 29.9 5.4 -103 -19 -84 10 =73 27
JL 236 29.9 5.7 -76 08 —-75 19 =81 19
PG 0823+465 29.9 5.8 -90 —-06 —-74 20 <-9.0 <1.0
PG 1710+490 30.3 5.7 -79 05 =71 23 <-95 <0.5
PG 1206+165 30.5 5.6 -93 -09 -93 01 —-6.7 33
PG 1610+529 31.0 5.8 -76 08 -—-71 23 =77 23
PG 1032+406 31.3 5.9 -67 1v -73 21 =71 29
Feige 91 31.3 6.0 -65 19 -—-73 21 =70 3.0
KPD2109+4401 314 5.6 -75 09 <-9.0 <04 -73 2.7
PG 1619+522 33.0 5.8 -67 1.7 =73 21 -72 28
PG 1538+401 33.5 5.9 -80 05 —-88 06 —-90 1.0
PG 1219+534 33.6 5.8 -66 18 =83 1.1 -70 3.0
PG 1255+547 33.9 5.8 -64 20 -—-71 23 —-6.8 3.2

figure shows that the abundances are higher than the solar abundances in almost
every star, and that these overabundances can reach 3 orders of magnitude in a
few cases. The analysis of several stars provides the opportunity to uncover some
trends in the abundance patterns. Can we observe such trends with the data
that we have in hand? There may be a slight increase in the abundance as the
temperature increases. The large scatter of the abundances, however, is really the
most striking result. For instance, stars with Tog > 29,500 K show a scatter of
the abundances on a scale of 2 to 3 orders of magnitude for the three elements.

Three stars in our sample are EC 14026 pulsators: Feige 48, KPD 2109+4401
and PG 1219+534. The Ge, Zr, and Pb abundances in Feige 48 are about the
same and are close to the cooler stars. KPD 210944401 and PG 12194534 display
the same abundance pattern. Although they show relatively high Ge and Pb
abundances, their Zr abundance is much lower. By comparison with other stars
in general, the pulsators do not show any abundance enhancement. Two stars in
our sample are out of the ordinary: Feige 87 and PG 1206+165. The two stars
show low Ge and Zr abundances but high Pb abundance. Moreover, their FUSE
spectra show very low abundances of iron peak elements, although their C, N, and
O abundances are relatively high. The hot PG1538+401 star is another interesting
object. Its Ge, Zr, and Pb abundances are systematically lower than the other hot
stars.
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Fig.4. Ge, Zr, and Pb abundances (filled circles) and upper limits (downward-
pointing arrows) observed in the FUSE spectra of sdB stars. The dotted line in
each panel is the solar abundance according to Asplund et al. (2005). The dashed
and long-dashed lines are predicted abundances computed within the framework
of the radiative levitation theory according to Michaud et al. (1976) for models
with log g = 5.5 and 6.0, respectively.

5. RADIATIVE LEVITATION

In order to confirm the role of the radiative levitation for maintaining traces
of heavy elements, we carried out radiative levitation calculations on Ge, Zr, and
Pb. Figure 4 illustrates radiative equilibrium abundances computed at g = % for
models with log g = 5.5 (dashed lines) and 6.0 (long-dashed lines). Because of lack
of atomic data for Ge, Zr, and Pb, we used the approximate method developed by
Michaud et al. (1976) to compute the equilibrium abundances illustrated in Fig-
ure 4. Bergeron et al. (1988) showed that the approach of Michaud et al. (1976)
yields good agreement with more detailed radiative levitation calculations carried
out in sdB models for C, N, and Si. Bergeron et al. (1988) added that this ap-
proximate formalism overestimates the radiative acceleration by no more than a
factor of ~ 3 in the line-forming regions, and concluded that this method could
be applied to other elements. Following the findings of Bergeron et al. (1988)
and in order to better match the observed abundances, we reduced the radiative
acceleration on Ge, Zr, and Pb by a factor of 3. Figure 4 shows that the radiative
levitation provides more than enough support for our elements of interest.

The predicted abundances are in general greater than the observed abundances.
In a few cases the predictions are consistent with the observations. It is difficult
to explain, however, the large scatter of the observed abundances. For instance,
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stars with Tog > 29,500 K show abundances that vary over two to three orders
of magnitude. According to the parameter-free diffusion model, which consists of
a strict equilibrium between the gravitational and radiative accelerations, stars
with similar atmospheric parameters should show similar abundances. The large
scatter of the abundances for Teg > 29,500 K cannot be interpreted only in terms
of the atmospheric parameters.

6. DISCUSSION AND CONCLUSION

A weak stellar wind at the surface of sdB stars is one of the mechanisms that
was proposed for opposing gravitational settling and at the same time affecting
the equilibrium abundances predicted by the radiative levitation. Although the
proposed mass loss rates are too low to be detected directly, their effect on the
surface abundances may be quite important. Michaud et al. (1985) and Bergeron
et al. (1988) put forward the wind hypothesis to explain the Si underabundance ob-
served in a handful of sdB stars. Bergeron et al. (1988) demonstrated that detailed
radiative levitation calculations predicted large Si abundances, even though ob-
servations showed that Si was underabundant as much as five orders of magnitude
in stars with Tog > 27,000 K. Michaud et al. (1985) suggested that an outward
velocity field produced by a weak stellar wind could decrease the Si abundance at
the surface of a sdB star.

By trying to explain the He underabundance in sdB stars, Michaud et al.
(1989) demonstrated that the radiative forces were in fact too small to support
the observed He abundance. This result prompted Fontaine & Chayer (1997) and
Unglaub & Bues (1998) to compute time dependent diffusion calculations that
included mass loss. Both groups showed that mass loss rates of the order of 10~13
to 1071* Mg yr~! could maintain He abundances similar to those observed in
the atmospheres of sdB stars. The wind hypothesis was also assumed by Chayer
et al. (2004) to explain the presence of EC 14026 pulsators and non-pulsators in the
empirical instability region. Chayer et al. (2004) showed that weak stellar winds
could disrupt the Fe reservoir, which is responsible for driving the pulsations in
EC 14026 stars, and explain why a star pulsates while another does not.

All the diffusion calculations that we have just reviewed involve weak stellar
winds that assume an outward velocity that is provided by the continuity equation.
This velocity depends on the mass loss rate, the density of matter, and the position
where the velocity is calculated. This means that at a given radius all elements
have the same outward velocity. This velocity is low in the deeper layers of the
atmosphere, and is large in the upper layers. O’Toole (2004) proposed that this
velocity could be different for elements with different atomic mass. He suggested
that a fractionated wind could explain the Si underabundance and the presence of
Ge, Sn, and Pb in the atmospheres of sdB stars. O’Toole (2004) argued that Si,
Ge, Sn, and Pb should have similar susceptibility to absorp radiative momentum
given that they occupy the same column of the periodic table and should have in
principle similar atomic properties. He added that the atomic mass should be the
parameter that could be involved in the separation of the elements in the wind.
Consequently, a light element such as Si could be removed preferentially from the
atmospheres of sdB stars in a fractionated stellar wind, while the heavier elements
Ge, Sn, and Pb should lag behind.

This interesting hypothesis can be tested by comparing the abundances of Si,
Ge, Sn, and Pb in a sample of stars with atmospheric parameters that cover the
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whole range of possible values for sdB stars. The present study is the first step in
this direction. The FUSE observations provide the spectral window to identify not
only Ge and Pb, but also Si. We are in the process of completing the Si abundance
analysis and hope to test the hypothesis of the fractionated wind put forward by
O’Toole (2004).

ACKNOWLEDGMENTS. P.C. is supported by CSA under a PWGSC con-
tract. G.F. acknowledges the contribution of the Canada Research Chair Program.
This work was supported in part by NASA grant NAG510647.

REFERENCES

Allard F. 1986, Masters Thesis, Univ. Montréal

Asplund M., Grevesse N., Sauval A. J. 2005, in Cosmic Abundances as Records of
Stellar Evolution and Nucleosynthesis, eds. F. N. Bash & T. G. Barnes, ASP
Conf. Ser., in press (astro-ph/0410214)

Bergeron P., Wesemael F., Michaud G., Fontaine G. 1988, ApJ, 332, 964
Blanchette J. P., et al. 2006, these Proceedings

Chayer P., et al. 2004, Ap&SS, 291, 359

Edelmann H. 2003, Ph.D. Thesis Universitat Erlangen-Niirnberg

Fontaine G., Chayer P. 1997, in Third Conf. on Faint Blue Stars, eds. A. Philip,
J. Liebert, & R. Saffer, Schenectady: Davis, 169

Heber U., Moehler S., Napiwotzki R., Thejll P., Green E. M. 2002, A&A, 383, 938
Hubeny 1., Lanz T. 1995, ApJ, 439, 875

Kilkenny D., Heber U., Drilling J. S. 1987, in 2nd Conf. on Faint blue Stars, IAU
collog. 95, eds. A. G. D. Philip, D. S. Hayes, & J. W. Liebert, L. Davis Press
Inc., p. 731

Kurucz, R. L. 1993, CD-ROM 13, ATLAS9 Stellar Atmospheres Program and 2
km/s Grid (Cambridge: SAO)

Michaud G., Bergeron P., Heber U., Wesemael F. 1989, ApJ, 338, 417

Michaud G., Bergeron P., Wesemael F., Fontaine G. 1985, ApJ, 299, 741

Michaud G., Charland Y., Vauclair S., Vauclair G. 1976, ApJ, 210, 447

Pereira C., Wesemael F., Bergeron P. 2006, these Proceedings

Proffitt C. R., Sansonetti C. J., Reader J. 2001, ApJ, 557, 320

Saffer R. A., Bergeron P., Koester D., Liebert J. 1994, ApJ, 432, 351

O’Toole S. J. 2004, A&A, 423, 125

O’Toole S. J., Heber U., Chayer P., Fontaine G., O’Donoghue D., Charpinet S.
2004, Ap&SS, 291, 427

Unglaub K., Bues I. 1998, A&A, 338, 75



Baltic Astronomy, vol. 15, 139-145, 2006.

CHEMICAL ABUNDANCES OF HELIUM-RICH
SUBDWARF B STARS

A. Ahmad and C. S. Jeffery
Armagh Observatory, College Hill, Armagh BT61 9DG. Northern Ireland.

Received 2005 August 17

Abstract. Helium-rich subdwarf B (He-sdB) stars represent a small fraction
of the population of hot subdwarfs. We report recent results of our spectral
analysis of He-sdB stars including surface chemical abundance measurements
of a bright He-sdB star — JL 87 — measured from its high-resolution optical
spectrum using line-blanketed LTE model atmospheres. These measurements
provide further insight into the formation mechanism(s) of these rare faint blue
stars.

Key words: stars: chemically peculiar - stars: early-type - subdwarfs -
stars: fundamental parameters - stars: abundances

1. INTRODUCTION

A very small fraction (< 5%) of the subdwarf pupulation comprises the so
called helium-rich subdwarf B (He-sdB) stars. These are “cooler” subdwarfs with
strong neutral helium lines in their optical spectrum. They are found in the field
of our Galaxy (Green et al. 1986) and also in some globular clusters (Moehler et
al. 1997, 2002, 2004).

He-sdB stars were originally identified as sdOD in the Palomar Green survey
(Green et al. 1986) as subdwarfs showing strong Hel lines plus weak Hell lines
but with no detectable hydrogen Balmer lines. From this spectral definition one
would expect all sdOD stars to be extremely helium-rich and cooler than sdO
stars. However, this is not the case as our spectral analysis (Ahmad & Jeffery
2003) showed that He-sdB stars exhibit a wide range in helium abundance and
temperatures similar to both sdB and sdO stars.

Since “helium-rich” can be interpreted differently by different authors, it is vital
that the label “He-sdB” is used homogeneously. The new MK-type classification
scheme being developed by Drilling et al. (2000) would address this issue. For
now we would use the He-sdB label for all subdwarfs that have previously been
identified as such by other authors.

Two evolutionary models have been proposed for the formation of these He-
sdB stars. The first, by Iben & Tutukov (1986), involves the merger of two white
dwarfs (WD) to form a He-sdB star. The second, by Lanz et al. (2004), involves
convective flash mixing of the atmosphere of a star on the white dwarf cooling
track which has previously undergone high mass-loss.
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Fig.1. Helium-rich stars on the Tog — log g diagram plotted with evolution-
ary tracks. He-sdB stars from this study are plotted using the filled star symbol.
He-sdB stars found in globular clusters (Moehler et al. 1997, 2002, 2004) are plot-
ted with filled hexagonal symbol. Single star evolutionary tracks (dashed lines)
are taken from Dorman et al. (1993) and merged He+He WD tracks (solid lines)
are taken from Saio & Jeffery (2000). Adapted from Ahmad (2004).

Our aim is to establish whether either or both these models fit the observed
properties of He-sdB stars. In this paper, we present physical parameters of ad-
ditional He-sdB stars, new observations of the double-lined spectroscopic binary
PG 15444488, discuss preliminary abundance measurements of a He-sdB star
JL 87, and discuss their possible evolution.

2. PHYSICAL PARAMETERS

In order to understand the evolution of He-sdB stars our first study involved
determining the position of these stars on the Teg — log g diagram. We measured
atmospheric physical parameters of twenty two He-sdB stars using LTE model
atmospheres and the x? fitting program SFIT2 (cf. Ahmad & Jeffery 2003) and
plotted them on the Tog —log g plane (Fig. 1). In general the effective temperatures
(Tesr) of He-sdB stars lie in the range 30 000 — 40 000 K, surface gravities (log g) in
the range 4.5 — 6.0 and helium abundance (by number, ny.) in the range 0.10 —
0.99. Ten additional He-sdB stars appear to be hotter than 40 000 K. Since NLTE
effects become increasingly important at such high temperature, these stars were
not analysed.

We have also divided our sample of He-sdB stars into carbon-rich and carbon-
poor. Carbon-rich He-sdB stars show strong Ci1/111 lines in their optical spectra
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and C1r/1v lines in their ultraviolet (UV) spectra. It is likely that these two
groups are produced by different evolutionary channels. To get some estimate
of the carbon abundance in carbon-rich He-sdB stars we calculated a number of
models with different carbon abundances and tried to match the strength of the
carbon lines in the UV spectra. Preliminary results suggest that nc < 0.01 in
carbon-rich He-sdB stars.

3. ABUNDANCES

The surface chemical abundances of a star provides further clues about its
prior evolution. In our next study we carried out high-resolution spectroscopy of
He-sdB stars to measure these abundances. Two bright (V' ~ 12) He-sdB stars —
PG 1544+488 and JL 87 — were selected for this study.

3.1. PG 15444488

We obtained optical blue
spectra  of the prototype
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PG 15444488 with the William
Herschel Telescope (WHT) in
2003 April. In total, seven spec-
tra were obtained over two con-
secutive nights. While carrying
out the spectral analysis we no-
ticed that some of the neutral
helium line profiles had an un-

= W usual shape seen here in Fig. 2.
8 ter 200s on 7 fon oo vl On closer examination it became
+ W 2005 05 27 [02 01 U] evident that this was due to line-
g 1.6} 2005 05 27 [02 12 UT] doubling. It was suspected to be

due to binarity. However to con-
firm this hypothesis, more data
were required.

Coincidentally, PG 15444488
had been observed twice with
the Far Ultraviolet Spectro-
scopic Explorer (FUSE) satellite
(PI: T.M. Brown) in 2002. At
first, it was observed in 2002
March but since one of the detec-

Wavelength (A) tors on FUSE failed during the
. . observations it was re-observed
Fig.2. One night’s data from the 2005 ;9002 July. The FUSE obser-

WHT run of PG 15444488 showing line profile

variations in the Her 5047 A absorption line.

vations were made in the time-
tag (TTAG) mode. In this

mode, both the position and time of each photon event on the detector is recorded
and therefore it was possible to re-extract the archival data and split them into
short time-resolved spectra (~ 900s).

We then measured radial velocities from the WHT and FUSE spectra (for de-
tails, see Ahmad et al. 2004). The FUSE data showed similar velocity variations
as the optical WHT data. We then combined the radial velocities from the FUSE
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spectra with those obtained from the WHT spectra and solved for the orbit. From
the orbital solution we were able to demonstrate that PG 15444488 is a short pe-
riod binary with a period of ~ 0.48 day, comprising two helium-rich hot subdwarfs
and likely to be a product of close-binary evolution (cf. Ahmad et al. 2004). Some
recent observations of PG 1544488 from the 2005 WHT run are shown in Fig. 2.
No abundances could be measured for PG 15444488 as line-doubling makes
it impossible to measure the equivalent widths of the spectral lines. However in
future, with better data it might be possible to deconvolve the spectra of the two
components of the binary and measure their individual chemical abundances.

3.2. JL 87

A high-resolution optical spectrum of JL 87 was obtained at the
Anglo- Australian Telescope (AAT) with the University College London Echelle
Spectrograph (UCLES) in 1996. The spectrum was reduced using standard IRAF
routines. Physical parameters of the star were measured from the optical spec-
trum using SFIT2 as described in section 2, and indicates that T.g = 24 000 K and
logg = 4.5. Lanz et al. (2004) have measured Tog = 29 000K and logg = 5.5 for
JL 87 using far-ultraviolet spectrum of the star obtained with FUSE and NLTE
model atmospheres. There is significant disagreement between the atmospheric
parameters derived from the optical and far-ultraviolet spectra which cannot just
be account for by NLTE effects.

Using our derived physical parameters, we measured the atmospheric chemical
abundance listed in Table 1. There is some agreement between our preliminary
measurement of hydrogen, helium and nitrogen abundances with those of Lanz et
al. (2004).

There is a significant amount of hydrogen in the atmosphere of JL 87 (ng ~
0.80). This is also evident from the strong hydrogen Balmer lines in the optical
spectrum (Fig. 3). Such a high hydrogen abundance is not typical for most He-
sdB stars (ng < 0.10). Nitrogen is enriched while oxygen is depleted in JL 87
suggesting CNO processing. However carbon, which is destroyed in CNO cycle, is
also enriched. The metal lines in the optical spectrum are quite sharp and can be
reproduced with vsini < 5km s~ L.

Table 1. Chemical abundances in JL 87
in mass fraction compared to Lanz el al.
(2004) — L04 and solar values.

Element | this work L04 Sun
H 0.5636 0.56 — 0.77 | 0.7054
He 0.4198 0.43 — 0.28 | 0.2758
C 0.0056 0.0140 0.0031
N 0.0031 0.0040 0.0011
(0] 0.0023 - 0.0096
Si 0.0003 0.0007 0.0007
S 0.0001 - 0.0004
Fe 0.0024 0.0013 0.0012
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Fig.3. A section (3900 — 4600 A) of the high-resolution optical spectrum

(3900 — 5000 A) of JL 87 (dark line) along with best fit model.
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It seems unlikely that JL 87 is the product of a white dwarf merger in which any
remaining hydrogen is converted to helium resulting in an extremely helium-rich
surface. It has been suggested that JL 87 is a product of shallow mixing (Lanz et al.
2004) as it can satisfactorily explain the surface abundances. However, our surface
gravity measurement indicates that the star is too luminous to have been flash
mixed. The atmospheric parameters and helium abundance of JL 87 are similar
to those of chemically peculiar massive helium-rich stars known as intermediate
helium stars (eg. Zboril & North 1999). However, carbon is underabundant in
these stars.

4. EVOLUTION

4.1. LATE FLASH MIXING MODEL

It has been proposed by Lanz et al. (2004) that stars evolving with high mass-
loss on the red giant branch undergo a late helium core flash on the white dwarf
cooling track, leading to convective “flash mixing” of the envelope which then
forms a helium and carbon rich hot subdwarf. All hot subdwarfs produced by this
channel show carbon enrichment. Their recent analysis of the FUSE spectra of
two He-sdB stars provide support for this evolutionary scenario.

4.2. BINARY MERGER MODEL

Iben & Tutukov (1986) on the other hand have suggested that the merger of two
white dwarfs (WD) can produce a hot subdwarf with a depleted hydrogen atmo-
sphere. More recently this has been modelled by Saio & Jeffery (2000) to explain
the origin of extreme helium (EHe) stars. Some of these EHe stars are thought
to evolve into He-sdB stars. The binary merger model can explain both carbon-
rich and carbon-poor He-sdB stars. A merger of two helium WDs can produce a
carbon-poor He-sdB star. A low-mass CO+He WD merger might produce a star
which resembles a carbon-rich He-sdB during its evolution to the WD track. The
analysis presented in section 2 (Ahmad & Jeffery 2003) and Fig. 1 lends general
support to the white dwarf merger model for the formation of He-sdB stars.

4.3. BINARY EVOLUTION

Both the existing evolutionary models for He-sdB stars assume a “single” star.
The discovery that the prototype PG 15444488 is a binary containing two He-sdB
stars poses a challenge for both models. It is therefore likely that a close-binary
evolution channel might be responsible for the formation of some He-sdB stars
(see discussion in Ahmad et al. 2004).

4.4. WIND AND MAGNETIC FIELD

None of the models discussed above satisfactorily accounts for all the observed
parameters of JL 87. However, the observed properties of JL. 87 are very similar
to those of intermediate helium stars. These are massive young stars with stellar
winds and magnetic fields. In normal B type star atmospheres (assuming no wind),
diffusion cannot lead to helium enrichment. However, it was shown by Vauclair
(1975) that in the presence of stellar winds, diffusion can lead to helium overabun-
dance. The intermediate helium stars normally show typical CNO abundances.
However, peculiar CNO abundances patterns can also be produced depending on
several parameters like magnetic field configuration and effective temperature. It
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is therefore possible that luminous He-sdB stars showing some helium enrichment
like JL 87 are in fact intermediate helium stars.

5. SUMMARY

Spectral analysis of He-sdB stars shows that they are a very inhomogeneous
group of hot subdwarfs. A fraction of these stars are misclassified (or cool) He-
sdO stars. Their evolution is still under much debate. We have discovered that
the prototype, PG 15444488, is a short-period binary containing two low-mass
hot helium subdwarfs which demonstrates that close binary evolution also plays
an important role in their formation. The observed atmospheric parameters and
abundances in JL 87 are similar to those of intermediate helium stars which are
chemically peculiar massive young stars.
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Abstract. In previous diffusion calculations with mass loss a steady out-
flow of all elements has been assumed. However, the existence of a chemically
homogeneous wind requires an efficient momentum transfer via Coulomb in-
teractions from the heavy elements to hydrogen and helium. For the example
Tes = 35000K and log g = 6.0 it will be shown that hydrogen and helium would
fall back onto the star if the mass loss rate is below about 10712Mg, /yr. This
effect may change the predicted surface compositions.

Key words: subdwarfs, stars: mass loss, stars: winds, outflow, stars: diffusion

1. INTRODUCTION

In previous papers (Unglaub & Bues, 2001 and Unglaub, 2005) it has been
shown that the effects of diffusion and weak winds with mass loss rates M ~
10~ Mg /yr may explain the helium abundances in sdB stars with number frac-
tions H/He between about solar and 1074, However, the abundance anomalies of
heavy elements can hardly be explained simultaneously, at least if a solar initial
composition is assumed. In contrast to many observational results helium should
always be more deficient than each of the elements C, N and O. A possible reason
for this discrepancy may be the decoupling of metals on the one hand and H+He
on the other hand in the wind region. This may happen if the momentum redistri-
bution via Coulomb interactions between H, He and the metals is not sufficiently
effective.

Vink & Cassisi (2002) calculated mass loss rates for sdB stars with the assump-
tion of a fixed velocity law. For “luminous” sdB stars with 5.0 < logg < 5.5 they
obtain 107" Mg /yr < M < 1071°M, /yr for solar composition and, for example,
M ~ 107'2My, /yr for Tog = 35000K and logg = 6.0. Our own hydrodynamical
calculations, which will be published elsewhere (A& A, in preparation), are in good
agreement with these results (within a factor of two). For the “compact” sdB stars
with log g > 5.5, however, M may be clearly lower especially if the CNO elements
are deficient.

Possible wind signatures (H, lines with a central line emission) have been
detected by Heber et al. (2003) in four of the more luminous sdB stars. The
spectral synthesis of H, by Vink (2004) with M ~ 10~ M, /yr showed a similar
behaviour of the line core. Insofar theoretical predictions seem to be in agreement
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with observational results. In the present paper, for the example Tog = 35000K,
log g = 6.0 and a stellar mass M, = 0.5M, it will be investigated for which mass
loss rates a one component wind solution may be consistent.

2. METHOD OF ANALYSIS

In the following the elements H and He, for which the radiative acceleration is
assumed to be zero, will be denoted as “element” 1, whereas the metals are denoted
as “element” 2. As in the supersonic region the gradient of the gas pressure can
be neglected, the momentum equation for “element” 1 (H+He) reads:

dv
Geoll = 9(r) +un —1 (1)

dr
Jeoll 1s the collisional acceleration on H and He due to Coulomb interactions with
the metals and g, is the gravitational acceleration as a function of radius. The
existence of a supersonic wind with increasing velocity in outward direction re-
quires that the acceleration term v %} is larger than zero. Thus this equation can
only be valid if:
Jeoll > gir) (2)

H and He cannot be accelerated if this condition is violated. Then the assumption
of a steady outflow of all elements is inconsistent. As derived by Burgers (1969)
Jeoll can be written as:

_ p2 Amgigd
Geoll = m_1m2 T (hl A) G(z) (3)

my and mo are the mean masses of “elements” 1 and 2, respectively, and In A =
—1/2 + In (3kTRp/ (g1G2)), where Rp is the Debye radius. From Eq. (3) it can
be seen that (apart from the weak dependence via InA) geon is proportional to
the squares of the mean charges ¢; and g of both “elements” and to the inverse
of the temperature T. As g.o is proportional to the density ps of the metals, it
decreases if the metal abundances in the wind region are reduced.

In order to accelerate H and He via collisions with the heavy elements, the
mean velocity in radial direction of the metals must be larger than the one for H
and He. If this velocity difference is denoted with Av, then z is defined as

Av
o«

T

(4)
where o = /2kT/p if pu is the reduced mass of both “elements”. For T' = 35000K
it is @ = 22km/s. The Chandrasekhar function G, is defined as in Krticka et
al. (2003) and as it is plotted e.g. in Krticka & Kubdt (2005). The important point
is that G(,) increases with = for z < 1, reaches a maximum value for z ~ 1 and
decreases for > 1. Thus for given temperature, mean charges of the elements and
density of the metals, gcon1 cannot exceed some maximum value. If this maximum
value is smaller than the gravitational acceleration, no velocity difference exists
for which condition (2) is fulfilled.

The density of the metals (“element” 2) as a function of radius and velocity
can be obtained from the equation of continuity 772M = 47r2pyvy where 1 is the
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mass fraction of the metals. From this equation py can be inserted into Eq. (3) so
that

1 M 4mqgig
mimsg 4mr2vy kT

YGeoll = (hl A) G(x) <5)
As both geon and 9(r) scale with r =2, we calculate geon for 7 = R, and compare this
with the surface gravity of the star. For the velocity of the metals vo = 1000km/s
is assumed, which is of the same order of magnitude as the surface escape velocity
of 1260km/s. If with these values condition (2) is violated for all values of , H and
He decouple from the metals before the wind is accelerated to the surface escape
velocity.

3. RESULTS

The collisional acceleration on H and He is calculated for solar abundances
of the metals (represented by the CNO elements). So we obtain mean masses
my = 2.13 % 1072%g for H and He and my = 2.44 * 10~ 23g for the heavy elements.
The mass fraction of the metals is 772 = 0.0133. To maximize gcon, the maximum
value of G(,) at © ~ 1 is inserted, it is G(;) = 0.214. The mean charges have
been calculated with the LTE assumption for 7' = 35000K and an electron density
ne = 5% 101%cm=3. We obtain ¢; = 1.0g, (where g, is the proton charge) for H
and He and g2 = 2.6¢;, for the CNO elements. As especially in the outer parts of
the wind region the electron density is much lower, the mean charge of the metals
may be larger. Thus the results for ga = 5.0¢, are presented in addition.

In Table 1 the maximum values of geon (denoted with g2%¥) are given for
several mass loss rates, temperatures and mean charges of the metals. ¢gi'} may
be compared with the surface gravity of the star (logg = 6.0).

For log M = —11.0 it is goot¥ > g in all cases. Thus for this mass loss rate a
steady outflow of all elements may exist.

For 1ogM = —12.0 the situation is less clear. For T' = 35000K and ¢» = 2.6¢,
it is log giofi® = 5.7 only. Thus H and He would fall back onto the star so that a one
component wind solution is incosistent. For go = 5.0g, and the same temperature
we obtain log giti* = 6.3, which is larger than the surface gravity. In this case
the elements could be coupled. If, however, frictional heating (due to the velocity
difference of the elements) increases the temperature, then the elements could

decouple again. For T' = 350kK (instead of T' = 35kK) it is log g™3* = 5.4 only.

coll —
Thus for log M = —12.0 more detailed calculations are necessary.
max

Finally, for log M = —13.0 in all cases goeX is lower than logg by a factor
of the order ten at a distance where the velocity is 1000km/s. This means that
metals decouple from H and He clearly before the wind is accelerated to the surface
escape velocity.

Table 1. gi.i for several values of mass loss rates, mean charges g2 /¢p

(¢p = proton charge) of the metals and temperatures.

log M [Mo /y1] -11.0 -12.0 -13.0

%2/q 26 50 50|26 50 50|26 50 50
T [kK] 35 35 350 | 35 35 350 | 35 35 350
log g% [cgs] | 6.7 7.3 64 |57 63 54 |48 53 44
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4. CONCLUSIONS

For the case Teg = 35000K and log g =6.0 it has been shown that a one com-
ponent description of winds is clearly inconsistent for a mass loss rate of the order
10~ Mg /yr as required from diffusion theory to explain the helium abundances.
The Coulomb coupling between H, He and the metals in the supersonic region
of the wind is not sufficient to accelerate or at least to levitate H and He. Thus
these elements would fall back onto the star. This result is in agreement with the
predictions of Krticka & Kubét (2005).

The decoupling of elements in the wind region probably will lead to surface
compositions which are different from those predicted with the assumption of
chemically homogeneous winds. So it seems to be possible that fractionated winds
exist and lead to the large deficiencies of Si in some sdB stars as suggested by
O’Toole (2004). Fontaine et al. (2006) suggested that weak winds of the order
10~ Mg /yr are responsible for the coexistence of pulsating and non-pulsating
sdB stars with the same stellar parameters. As the actual mass loss rate in a
multicomponent wind is unclear, this may be a viable explanation.
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Abstract. In the course of our search for double degenerate binaries as poten-
tial progenitors of type Ia supernovae with the ESO VLT several new subdwarf
B (sdB) binaries were discovered. In this paper, we present detailed analyses
of six radial velocity variable sdB stars. Radial velocity curves have been mea-
sured. From the mass functions we derive lower limits to the masses of the
unseen companions and we discuss their nature. In addition, stellar parame-
ters like effective temperatures, surface gravities and helium abundances were
determined as well as metal abundances.

Key words: binaries: spectroscopic — stars: atmospheres — subdwarfs

1. INTRODUCTION

There is general consensus that the precursors of type Ia supernovae (SN Ia)
are white dwarfs in close binary systems. These white dwarfs accrete matter from
their companions until a critical mass limit is reached. The two scenarios for SN
Ta formation differ in the nature of the companion. This is a main sequence or red
giant star in the so-called ’single degenerate’ scenario, and is another white dwarf
in the 'double degenerate’ scenario.

The purpose of the ’Supernova Ia progenitor survey’ (SPY) was to check the
double degenerate scenario by observational means. Thus, we observed more than
1000 WD over the course of four years at the ESO VLT equipped with UVES in
order to check the objects for radial velocity (RV) variations (cf. Napiwotzki et
al. 2003). Follow-up observations of promising objects were performed in order to
derive system parameters like periods (P) and RV semi-amplitudes (K). In combi-
nation with quantitative spectral analyses we computed the systems’ total masses
and merging times. A very promising SN Ia precursor candidate was discovered
by Napiwotzki et al. (2005) in the course of our project.

Due to mis-classification in the input catalogue the SPY sample also contains
a number of subdwarf B stars (sdBs; Lisker et al. 2005). Since these objects
are immediate precursors of white dwarfs, they are also promising objects with
respect to the search for SN Ia progenitors. For example, Maxted et al. (2000)
and Geier et al. (2006) found the sdB binary KPD 193042752 to be a SN Ia
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Fig. 1. Sample best fit RV curve and power spectrum for the visible sdB star in
the HE 0532-4503 system. Upper panel: Measured radial velocities as a function
of orbital phase and fitted sine curve. Lower panel: Power spectrum.

precursor candidate. Thus promising RV variable sdB stars were included in our
follow-up observations as well.

In this paper we present the results of an analysis of six sdB binaries discovered
by SPY.

2. OBSERVATIONS AND RADIAL VELOCITY CURVES

All program stars were observed at least twice in the course of the SPY project
at the ESO VLT. Additional observations were made during follow-up campaigns
at the ESONTT (equipped with EMMI), the ESO VLT (UVES), the Calar Alto
Observatory 3.5m telescope (TWIN) and the 4m WHT (ISIS) at La Palma.

Radial velocities of the individual observations are determined by calculating
the shifts of the measured wavelengths relative to their laboratory values. Since
the S/N ratio was of the order of 15 to 30, most of the narrow metal lines were
hardly visible in our individual spectra. We therefore focussed on all available He1
lines, and on the observed Ha line profile because of its sharp and well-defined
non-LTE line core. We performed a simultaneous fit of a set of mathematical
functions to the observed line profiles using the ESO MIDAS package. A linear
function was used to reproduce the overall spectral trend, and a Gaussian for the
innermost line core. In order to fit the Ha profile we used an additional Lorentzian
to model the broad line wings. The central wavelength of the Lorentzian was fixed
to that of the Gaussian for physical reasons.
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The period search was carried out by means of a periodogram based on the
"Singular Value Decomposition’ method. For a large range of periods the best
fitting sine-shaped RV curve was computed (see Napiwotzki et al. 2001). The
difference between the observed radial velocities and the best fitting theoretical
RV curve for each phase set was evaluated in terms of the logarithm of the sum of
the squared residuals (x?) as a function of period. This method finally results in
the data-set’s power spectrum which allows to determine the most probable period
of variability (see Lorenz et al. 1998).

From the best fit RV curve corresponding to the most probable period, the
ephemeris, the system’s velocity and the semi-amplitude were derived. As an
example, Fig. 1 displays the resulting power spectrum and best-fit sine curve for
HE 0532—4503. The ephemerides for all program stars, are given in Table 1, as
well as the semi-amplitudes (K) and the derived system velocities (7).

3. QUANTITATIVE SPECTRAL ANALYSIS

Prior to quantitative spectral analysis the spectra were corrected for the measured
RV and coadded in order to increase the S/N ratio. Effective temperatures (Tog),
surface gravities (logg) and helium abundances (log [nge/nu|) were determined
by fitting simultaneously each observed hydrogen and helium line with a grid of
metal-line blanketed LTE model spectra. The procedure used is described in detail
in Napiwotzki et al. (1999). Because of its sensitivity to non-LTE effects, the Ha
line was excluded from this analysis. Results are displayed in Tab. 2, and a sample
fit is shown in Fig. 2.

In addition, LTE metal abundances were derived for the program stars from
measured equivalent widths using the classical curve-of-growth method. Some
stars show very rich abundance patterns with many species above the detection
threshold (e.g. HE2135-3749), while others like HE 1448—0510 are extremely
metal poor (see also Edelmann 2003). In order to derive upper limits to elemen-
tal abundances in these cases, we assumed the detection limit for metal lines to
be equal to the S/N level (in terms of equivalent width). Results of our metal
abundance analysis are given in Tab. 3.

4. NATURE OF THE UNSEEN COMPANION

Since the spectra of the program stars are single-lined, they reveal no infor-

Table 1. System parameters: ephemeris, RV semi-amplitudes K and system
velocities v, for all the sdB stars discussed

System Ephemeris K y
[hel.JDy—2 450 000] [kms~1] [kms~1]

WD 0048—-202 | 3097.5596 + 7.4436 xE  47.9£04 —26.5+0.4
HE 0532—-4503 | 3099.9975 + 0.2656 xE  101.5£0.2 8.5£0.1
HE 0929-0424 | 3100.0585 + 0.4400 xE 114.3£1.4 41.4£1.0
HE 1448—-0510 | 3097.0703 &£ 7.1588 xE  53.7£1.1 —45.5+0.8
HE 2135-3749 | 3099.6520 & 0.9240 xE  90.5£0.6 45.0+0.5
HE 2150—-0238 | 3100.6081 + 1.3209 xE  96.3£1.4 —32.5+0.9
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Fig.2. Sample model fit for an sdB star (HE 0532-4503) based on 47 UVES
spectra.

mation about the orbital motion of the sdBs’ companions, and thus we can only
compute their mass functions

f = Miompsin®i__ PR )
m (Mcomp + ]\/[sdB)2 oG’

Although the RV semi-amplitude K and the period P are determined by the
RV curve, Msp, Mcomp and sin® i remain free parameters. Binary population

Table 2. Stellar parameters: effective temperatures,
surface gravities and helium abundances of the visi-
ble components. Typical error margins for Teg, log g
and log [nme/nu] are 235K, 0.03dex and 0.15dex,

respectively.
System Tos log g log[nue/nu]
K] [cms—2]

WD 0048—-202 | 29960 5.50 < —4.00
HE 0532—4503 | 25390 5.32 —3.21
HE 0929—-0424 | 29470 5.71 —-1.99
HE 1448—-0510 | 34690 5.59 —3.06
HE2135-3749 | 30000 5.84 —2.54
HE 2150—-0238 | 30200 5.83 —2.44
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Table 3. Metal abundance patterns of the program stars (relative to solar values)

System Abundances €
Cn N1t Oon Mg11 Al Sitn
Sitv S1 St Arir Ar1m Ca1ir

Tinn Fe1in Zn 111

WD 0048—-202 — —0.67 —1.38 —1.00 —-0.71 —1.50
—1.98 — —1.41 — — —
+1.84 —-0.27 —

HE 0532—4503 —2.29 —-0.79 —1.17 —-0.72 — —1.22
— —0.28 —0.82 — — —
— 0.16 —

HE 0929—-0424 —1.81 —-0.14 —1.07 —0.80 —0.53 —0.93
— — —0.80 +0.79 — —
— 0.00 —

HE 1448—-0510 | <-2.17 <-1.24 <-2.17 —-0.59 <-0.93 —
— — <40.80 <+40.67 — —
— <-0.46 —

HE 2135—3749 — —0.36 — — — —
— —0.12 —0.58 +0.74 +0.50 +1.89
+1.61 —0.87 +1.94

HE 2150—-0238 — —0.25 <—-2.17 <-1.53 <-1.18 <-2.00
— — —0.26 +0.92 — —
— <-0.71 —

synthesis models (Han et al. 2003) indicate a most likely mass of Myp =0.47 Mg
for sdB stars, which we adopt for the following analysis. Assuming i=90° we
are able to compute the companions’ minimum masses from Equation ?7. The
statistically most probable inclination angle is ¢ = 52° which yields the most likely
masses for the companions. Our results are summarized in Tab. 4.

Table 4.
(minimum mass M29]

comp

o
mass M52

Mass functions, and masses
and most probable

) of the unseen companions.

comp

System S MBn, M,

(Mo]  [Mg)] (M)
WD 0048—202 | 0.085  0.47 0.57
HE 05324503 | 0.029  0.25 0.37
HE 0929—0424 | 0.068  0.36 0.51
HE 1448—0510 | 0.115  0.56 0.68
HE 21353749 | 0.071  0.36 0.51
HE 2150—0238 | 0.122  0.48 0.70
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Fig.3. Determination of the mass of the unseen companion for the system
HE 0532-4503. The solid line marks the mean mass for the unseen companion,
while the dashed lines indicate the error margins.

5. TIDALLY LOCKED ROTATION?

For close binary systems, the components’ stellar rotational velocities may be
tidally locked to their orbital motions (see e.g. Napiwotzki et al. 2001), which
means o

Ty

Urot = P . <2)
Measurement of the projected rotational velocities v,o sin 7 would therefore allow
to determine the systems’ inclination angles 7. In order to derive v.ot sin 7, we
compared the observed spectra with rotationally broadened, synthetic line profiles.
The latter ones were computed for the stellar parameters given in Tab. 2 and
Tab. 3. Since sharp metal lines are much more sensitive to rotational broadening
than Balmer or helium lines, we concentrated on strong NI lines between 5000
and 5008 A.

Table 5 displays the resulting projected rotational velocities vyt sin i, as well
as the deduced inclination angles 7 and corresponding masses Mcomp. No rotation
velocity could be determined for HE 1448—0510 due to the lack of suitable metal
lines, the remaining five stars are slow rotators with projected rotational velocities
below 10kms~!. For the short period systems HE 0532—4503, HE 0929—0424 and
HE 2135—3749 we deduce inclination angles between 11° and 32°. The analyses of
WD 0048—-202 and HE 2150—0238, however, yield unreasonable values sin ¢ > 1.
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Table 5. Periods and projected rotational velocities, as well as inclination angles
and masses of the unseen companion computed for tidally locked rotation.

System P RsaB  Urot  Urot Sint ) Meomp
(d] [Ro] [km/s| [km/s]  [deg] [Mo]
HE 0532—4503 | 0.2656 4+ 0.0001 0.25 47 9+2 11+£3 5.0£3.0
HE 0929—0424 | 0.4400 4+ 0.0002 0.16 18 6 +2 197 2.7+£20
HE 2135—3749 | 0.9240 4+ 0.0003 0.14 7 4+£2 32+£20 1.1+£0.7
HE 2150—0238 | 1.3209 & 0.0050 0.14 — 8 £2 sini >1 —
HE 1448—-0510| 7.1588 4+ 0.0130 0.18 — — — —
WD 0048—-202 | 7.4436 + 0.0150 0.20 — <5 sing >1 —

A possible explanation is, that the latter systems are not tidally locked, which is
plausible because they have rather long periods.

The masses deduced for the companions of the short-period systems are quite
large, as can be seen from Tab. 5. For the HE 2135—3749 system, the sdB com-
panion’s mass is 1 M which indicates a massive white dwarf. The companion of
HE 0929—-0424 is even more massive, but the large error in mass prevents us from
drawing conclusions. For HE 0532—4503 the companion mass is larger than the
Chandrasekhar mass, even is we allow for the large error and adopt the canonical
mass for the sdB, indicating that it might possibly be a black hole. As can be seen
from Fig. 3, the companion mass could be sub-Chandrasekhar only if the sdB is of
very low mass (Mgp < 0.34Mg). As indicated by some tests it will be possible
to reduce the uncertainty in v,o¢ sin ¢ if we include more lines. This will be done
in the near future.

Black holes are rare objects and it is therefore very unlikely that our small
sample of six RV variable sdBs contain two of them. But stellar rotation and
orbital motion may also be locked in a period-ratio that differs from unity (like
Mercury, for which the ratio is 3/2).

Since the projected rotational velocities are small, the crucial parameter for the
measurement of vyt sin ¢ and subsequently for Mcomp, is the spectral resolution of
the instrument. Our spectra, however, have been measured through rather wide
slits. Their spectral resolution is therefore seeing dependent. We used informa-
tion from the seeing monitor to determine the instrumental profile during these
observations. When coadding the spectra we discarded those (few) taken in poor
conditions and used only those taken under similar seeing conditions ~ 1”. This
procedure may have led to an underestimation of the width of the instrumental
profile which could have led to an overestimation of the system inclination. A
lower inclination means even higher masses. Only if we should still have overesti-
mated the width of the instrumental profile, the companion masses could be lower.
To obtain more accurate values for v.o; sin 7 we will need additional observations.
These will have to be taken using a small slit so that the instrumental profile is
well defined. For the time beeing the resulting high companion masses have to be
taken with a pinch of salt.
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Abstract. We present spectral classification and physical parameters of a sam-
ple of “helium-rich” sdB-He stars from spectra obtained from the SDSS archive.
The spectral classification was carried out using an automated neural network
and the physical parameters were derived using LTE model atmospheres. The
results indicate that most of these stars are not typical He-sdB stars but rather
are normal sdB stars with slight helium enrichment. This is most likely a result
of the use of a different definition of “helium-rich” in the initial SDSS classifi-
cation to that used more widely in the field.

Key words: stars: chemically peculiar - stars: early-type - subdwarfs - stars:
fundamental parameters

1. INTRODUCTION

Subluminous B stars form the dominant population of faint blue stars in our
Galaxy down to a limiting magnitude of B ~ 16 mag. These so-called subdwarf
B (sdB) stars are thought to be low-mass core helium burning stars with a thin
hydrogen envelope. The surfaces of sdB stars are predominantly helium-deficient
due to diffusion and gravitational settling. However, a small number have ex-
tremely helium-rich atmospheres. The evolution of these “helium-rich subdwarf
B” (He-sdB) stars has recently been the subject of much debate involving both
single and binary star evolution.

Only a very small fraction (~5%) of sdB stars identified in previous surveys
of faint blue stars like the Palomar Green survey (Green et al. 1986) and the
Edinburgh Cape survey (Kilkenny et al. 1997) are helium-rich. A small number of
stars discovered amongst the many thousand hot subdwarfs in the recent Quasar
survey — the Sloan Digital Sky Survey (SDSS) have been reported to show strong
helium lines and labelled ‘sdB-He’ (Harris et al. 2003).

In this study we used an artificial neural network (ANN) to classify spectra of
sdB-He stars from the SDSS and to derive fundamental atmospheric parameters.
The aim was to determine whether sdB-He stars are similar to He-sdB stars. This
would increase the number of known helium-rich subdwarfs for further studies.
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2. DATA MINING

Where available, reduced spectra were manually extracted from the SDSS Data
Release server using coordinates listed in Harris et al. (2003). The spectra were
then normalized using the continuum provided in the fits file. The normalized
spectra were then classified and parameterised. It should be noted that the spectra
analysed here are moderate resolution (~3A) and have a typical signal-to-noise
(S/N) ratio of ~40.

3. CLASSIFICATION

We have classified the SDSS sdB-He sample onto the MK-like system defined
by Drilling et al. (2000). As the hot subdwarfs do not fall within the scope of the
original MK system, Drilling et al. (2000) have extended and refined the earlier
work of Drilling (1996) and Jeffery et al. (1997) to construct a three-dimensional
MK-like classification scale for these stars.

This scale is based upon
Table 1. Classifications of the SDSS sdB- a sample of spectra from
He sample as determined by the ANN. Error a number of sources, cov-

estimates are ~2 subtypes for spectral type, . .
~1 subclass for luminosity, and ~4 subclasses ering the wavelength region

for the helium class. 4,050 ~ 4900A at a resolu-
Name [SDSS J+] nue ANN Classification tion of 2.5A. Tt deﬁnes a
spectral type running from
09 40 44.084-00 47 59  0.16 sdBOVIII:He23 sdO1 to sdA, analogous to
11 38 40.69—00 35 31 0.01 sdB3V:Hel MK spectral classes, and
12 43 46.384+00 25 34  0.05 sdB1V:He23 uses luminosity classes IV —
12 54 10.86—01 04 08  0.01 sdB3I11:He5 VIII, where most hot subd-
13 17 45.804+01 04 50 0.01 sdBOVI:He3 warfs have a luminosity class
13 45 45.24—00 06 41 0.15 sdO9VII:He21 ~VII. A helium class has
13 46 35.68—00 18 04  0.09 sdA21V:He0 been introduced, which runs
1357 07.35401 04 54  0.36  sdO6VIL:He30 from ‘He0’ to ‘Hed(’, based
14 15 56.68—00 58 14 0.21 sdB8VI:Hel4 on H, Hei, and He1r line
14 39 17.644-01 02 51 0.01 sdB6V:He3 strengths.
14 45 14.93400 02 49 0.02 sdB1VII:Hell As our intention is to
15 27 08.314-00 33 08  0.45 sdO9VIII:He35 classify large quantities of
15 29 05.62+00 21 37  0.06 sdO9VII:HelO spectra obtained from digi-
15 42 38.43—00 37 58 0.07 sdA2III:He2 tal Sky surveys such as the

SDSS, we have trained an ar-
tificial neural network (ANN) to perform classifications onto the Drilling et al.
(2000) scale. The ANN is a feed-forward back propagation network with an input
layer of 901 nodes, two hidden layers of 5 nodes each, and an output layer of 3
nodes from which is obtained the spectral type, luminosity class, and helium class
values determined by the network. The ANN was trained for 700 iterations on the
same set of hot standards used by Drilling et al. (2000), with the spectra having
been velocity corrected and resampled onto a uniform wavelength grid of 4050 —
4950A at a dispersion of 1A per pixel.
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The results of applying the ANN to our sdB-He sample are presented in Table 1.
Each spectrum was velocity corrected and resampled onto the same wavelength
grid as was used for training the ANN. Error estimates (1o) for each of the pa-
rameters determined by the ANN are ~2 subtypes for spectral type, ~1 subclass
for luminosity, and ~4 subclasses for the helium class.

The spectra from Ahmad & Jeffery (2003) were also classified with the ANN
to check for consistency as these have previously been manually classified by J.S.
Drilling. The ANN classification with the manual classification, within the above

€rrors.

4. SPECTRAL ANALYSIS
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The physical parameters ef-
fective temperature (Teg), sur-
face gravity (logg) and helium
abundance (np,) were measured
from the optical blue (4200 —
5000A) spectra (Fig. 1) using the
latest version of the spectral fit-
ting code SFIT2 and grid of high-
gravity LTE models (cf. Ahmad
& Jeffery 2003).

Note that the blue ends of
the SDSS spectra are incorrectly
normalized when corrected using
the continuum provided by the
SDSS therefore the region from
3900 — 4200A was not consid-
ered in the model fit. Given the
low quality of the SDSS spectra
the errors in Teg are =£1000K,
in logg are +£0.4, and ny. are
+0.05.

The sdB-He stars are plot-
ted on the T.g — logg diagram
using the derived parameters in
Fig. 2. The respective helium
abundances are listed in Table 1
as number fraction. From their

Fig. 1. Optical spectra of sdB-He stars (thick
line) along with best fit model. The spectrum
of the He-sdB star prototype — PG15444-488 is
plotted on the top for comparison.

position on the Teg — logg di-
gram (Fig. 2), half of our sdB-
He stars are too luminous to be
subdwarfs, the others have a dis-
tribution typical of He-sdB stars.
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Fig. 2. Position of sdB-He stars on the Teg — log g diagram shown with open
star symbol. Other helium-rich objects like extreme helium (EHe) stars and He-
sdO stars are shown with filled symbols. He-sdB stars from other work are shown
by filled star symbol. For references see Ahmad & Jeffery (2003).

5. CONCLUSIONS

We have classified and parameterised a set of spectra of stars identified as
sdB-He in the SDSS. It is clear from both spectral classification as well as param-
eterization that most of these stars show very little helium enrichment. Half of
the stars in our sample have surface gravities too low to be subdwarfs. Out of the
remaining subdwarfs only a handful are helium-rich (i.e. having nyge > 0.10 or He
class > 20), again pointing out the need for a homogeneous classification scheme
for hot subdwarfs.
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Abstract. Two evolutionary scenarios are proposed for the formation of ex-
treme helium stars: a post-AGB star suffering from a late thermal pulse, or the
merger of two white dwarfs. An identification of the evolutionary channel for
individual objects has to rely on surface abundances. We present preliminary
results from a non-LTE analysis of CNO, Mg and S for two unique objects,
V 652 Her and HD 144941. Non-LTE abundance corrections for these elements
range from negligible values to ~0.7 dex. Non-LTE effects typically lead to sys-
tematic shifts in the abundances relative to LTE and reduce the uncertainties.

Key words: line: formation — stars: abundances — stars: atmospheres — stars:
evolution — stars: individual (V652 Her, HD 144941)

1. INTRODUCTION

Extreme helium stars (EHes) are a rare class of low-mass H-deficient objects
with spectral characteristics similar to those of B-giants. Most of the two dozen
known EHes could be explained by post-AGB evolution, linking R Cr B stars to
Wolf-Rayet type central stars of planetary nebulae, see Heber (1986) and Jef-
fery (1996) for reviews. The two stars studied here, V652 Her and HD 144941, are
unique among the class members because of surface gravities too high for post-
AGB evolution and atypical surface abundances. A merger of two He white dwarfs
was suggested for the evolutionary origin of V652 Her (Saio & Jeffery 2000). The
chemical composition puts important observational constraints on evolutionary
scenarios. However, all elemental abundance analyses of EHes to date are based
on the assumption of local thermodynamic equilibrium (LTE), therefore being sub-
ject to potential systematic uncertainties. We investigate here which improvements
can be expected from a state-of-the-art non-LTE abundance analysis.

2. MODEL CALCULATIONS, OBSERVATIONS & STELLAR PARAMETERS

The model calculations are carried out in a hybrid non-LTE approach, see
Przybilla et al. (2005) for details. In brief, the atmospheric structure computations
are performed using ATLAS12 (Kurucz 1996) for an appropriate chemical mixture.
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Fig.1. Elemental abundances in the sample EHes from individual spectral lines

Table 1. Non-LTE model atoms

Table 2. Stellar parameters

Ton Source

V652 Her (Rinax) HD 144941

H Przybilla & Butler (2004)

He1/u Przybilla (2005)

Cir/u1 Nieva & Przybilla (in prep.)

N11/11 Przybilla & Butler (2001),
with extensions

O Becker & Butler (1988)

Mg Przybilla et al. (2001)

S1/11 Vrancken et al. (1996),
with updated atomic data

Tor (K) 220004500 220001000
logg 3.2040.10 4.15+0.10
¢ (km/s) 441 8+2
nNETE 0.00540.0005  0.035+0.005
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(symbols as in Fig. 1) state-of the-art model atoms.

3. NON-LTE ABUNDANCES

Elemental abundances are derived from line-profile fits, using a y2-minimisation
technique based on small grids of synthetic spectra with varying metal abundances
for given stellar parameters. This puts tighter constraints than the standard equi-
valent-width analysis. Abundances (by number) from individual spectral lines as a
function of equivalent width Wy are displayed in Figure 1. The grey bands indicate
the lo-uncertainty range of the resulting abundances for the chemical species.

The non-LTE analysis reveals: 1) a reduction of systematic trends of abundance
with Wy, I1) systematic shifts in the abundances relative to LTE, implying a down-
ward revision in most cases and 111) a potential for reducing the statistical scatter
by a significant amount, e.g. for O 11 in HD 144941. Non-LTE abundance correc-
tions for individual lines can be as large as ~0.7 dex (Mg11 \4481 A in V652 Her),
but usually they are (much) smaller. Note that the available spectra cover only a
restricted wavelength range, such that the analysis has to rely on a rather small
number of metal lines. Consequently, we view our results as preliminary, also be-
cause of residual uncertainties in the stellar parameter determination, which are
indicated by a slight mismatch in the metal ionization equilibria in V652 Her. The
situation is more aggravated in HD 144941 because of its strong metal-deficiency
that is larger than in any other EHe star. The only metal ionization equilibrium
available for an independent verification of the stellar parameter determination is
that of silicon, for which we lack a reliable non-LTE model atom at present (the
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model atom of Becker & Butler (1990) is too rudimentary in Silr).

The abundance patterns in the sample stars relative to the solar standard
(Grevesse & Sauval 1998) are discussed in Figure 2. For each ionic species non-
LTE and LTE results with uncertainties derived from the line-to-line scatter are
displayed, using the same symbols as in Figure 1. The symbol size encodes the
number of lines used for the abundance determination.

Both stars exhibit CNO-processed material in their atmospheres. For V652 Her
the sum of CNO-abundances correlates well with the super-solar metallicity as
indicated by the magnesium and sulphur abundances. Note the large non-LTE
correction for magnesium, by a factor ~5. Enhanced magnesium abundances as
derived from LTE analyses of several EHe stars have been controversial because
they cannot be consistently explained by nucleosynthesis (Jeffery 1996). The cur-
rent findings indicate a solution of this issue. No further conclusions can be drawn
for HD 144941 at present. We intend to extend the non-LTE study to aluminium,
silicon and iron in the near future in order to complete the diagnostic inventory.

The preliminary non-LTE analysis of the two unique hydrogen-deficient, high-
gravity objects V652 Her and HD 144941 does not drastically change our view of
their evolutionary origin as constrained from surface abundances. While the non-
LTE abundance corrections are small in most cases, they can be highly important
in other cases. Accounting for non-LTE effects improves on the significance of
abundance studies of extreme helium stars.
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Abstract. We examine some of the systematics of different types of subdwarf
B stars — short-period sdB4+WD binaries, short period sdB+MS binaries, com-
posite spectrum systems, and apparently single stars — using recent results from
our ongoing spectroscopic surveys and from asteroseismology, 2MASS photom-
etry, and open cluster color magnitude diagrams. There are a wide variety
of puzzles still remaining to be solved before we understand all the details of
subdwarf B star formation and evolution.

Key words: binaries: close — stars: fundamental parameters — subdwarfs

1. INTRODUCTION

For several years, we have been collecting homogeneous stellar spectra of bright
(V < 14.4) sdB stars using both the MMT blue spectrograph and Steward Ob-
servatory’s 2.3m Bok telescope. Accurate radial velocities derived from individual
MMT spectra (1A resolution, 4000-4950A) are used to identify sdB binaries and
determine precise orbital parameters (Green, For & Hyde 2005). We also shift
multiple spectra for the same star to the rest velocity and combine them into a
single high-S/N MMT spectrum for optical abundance analysis (see Fontaine et al.,
this volume). Our 2.3m survey is much lower resolution (~9A, 3615-6900A), and
was originally intended solely for identification and homogeneous classification of
sdO and sdB candidates. However, when we recently compared the effective tem-
peratures, gravities, and helium abundances derived from combined MMT spectra
vs. similarly-combined 2.3m spectra, for the same stars, we found no systematic
differences, given sufficient S/N for both (~ 200-300).

We now have homogeneous parameters for 115 sdB and sdOB stars from MMT
spectra, and we will soon have comparable parameters derived from 2.3m spectra

*Observations reported here were obtained at the MMT Observatory, a joint facility of the
University of Arizona and the Smithsonian Institution.
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Fig.1. The log g—Teg diagram for 100 homogeneous, single-lined sdB stars in
our MMT sample. The error bars are twice the formal errors of the fit.

for an overlapping sample of more than 200 stars. In sections 2 and 3, we will use
the temperatures and gravities derived for our current MMT sample to show how
such information can eventually help illuminate our ideas about sdB formation
and evolution, particularly when combined with the new results just beginning
to be uncovered by asteroseismology. In section 4, we use 2MASS T photometry
in combination with optical photometry to highlight another puzzle involving the
distribution of low mass main sequence secondaries in sdB binaries. Finally, we
reconsider the problem of representative samples of disk EHB stars in section
5. Using an infrared-selected (2MASS) hot star sample plus evidence from the
color magnitude diagrams of the old open clusters NGC 6791 and NGC 188, we
investigate the cool end of the EHB region, which presents its own problems.

2. TEMPERATURE-GRAVITY RESULTS

Fig. 1 shows the gravity vs. effective temperature diagram for stars in our
MMT sample that do not have composite spectra. Fifteen sdB stars (mostly
pulsators) fainter than our original magnitude limit were excluded in an effort to
make this sample more representative. To the extent that this diagram truly is
representative, the nonuniform distribution of stars must be reflecting significant
details about their evolution. Additional data, e.g. stellar masses, will be needed
before we can fully understand why these stars are distributed the way they are.

The nonuniformity shouldn’t be too surprising, since we already know that
several different scenarios can produce sdB stars. In fact, Figures 2 and 3 show
for the first time, that the distribution of apparently single sdB stars appears to
be somewhat different from that of short-period binary sdB stars. For example,

T http://www.ipac.caltech.edu/2mass
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Table 1. Results from Asteroseismology.

Pulsator Teg log g Mass

PG 00144067 34126 + 165 5.769 £ 0.030 0.490 £ 0.019
PG 10474003 34768 + 112 5.815 £+ 0.019 0.490 £ 0.014
PG1219+534 33604 + 125 5.809 £ 0.024 0.457 £ 0.012
Feige 48 29582 + 135 5.478 £ 0.023 0.460 £ 0.008
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30% of the single sdB stars lie in a relatively dense “foot” between 5.75 < log g <
5.90 for Teg > 33000 K, that is almost entirely missing in the binary distribution.
However, the rest of the single stars are widely scattered over all the regions where
the binaries occur. Another interesting feature is that short-period binaries with
main sequence companions occupy only a small area in the middle of the range
of sdB+WD binaries (except for one hot outlier, HS 233343927, which Heber et
al. (2004) suggested might have an unusually small mass for an sdB star). It will
be interesting to see if this holds up when larger short-period sdB+MS samples
are available, since there is no obvious reason why it should be so.

3. ASTEROSEISMOLOGICAL MASSES

Both single star evolution with enhanced mass loss and binary mass transfer
followed by common envelope ejection are expected to produce 0.46 to 0.49 Mg
sdB stars, since that is the mass range near the first red giant tip where helium
can ignite in stripped stellar cores. In contrast, mergers of He-core white dwarfs
are expected to produce single sdB stars with a much wider range of masses.
Asteroseismology is just beginning to provide an independent check of this crucial
parameter. Recent results from Charpinet and collaborators (Brassard et al. 2001;
Charpinet, Fontaine, & Brassard 2003; Charpinet et al. 2005a; Charpinet et al.
2005b) are listed in Table 1. Radial velocities were derived from multi-epoch
spectra for each of the four objects, with a typical precision of ~2kms™'. The
velocities indicate that PG 00144067, PG 10474003, and PG 12194534 are single
stars, consistent with other similar stars in Fig. 2, while Feige 48 is a binary, as
previously discovered by O’Toole, Heber, & Benjamin (2004).

All four asteroseismological masses are consistent with a He core flash at, or
during evolution away from, the tip of the first red giant branch. This is particu-
larly gratifying in the case of the binary, since this is the only known way that such
a binary could have formed. The values for the single stars do not, by themselves,
rule out the merger theory, particularly since all three refer to essentially the same
point in the log g—Teg diagram. However, Fig. 2 shows a distinct lack of stars
scattered above and below the horizontal sequence of hot stars at log g~ 5.8, that
would correspond to higher and lower masses. Therefore, it seems that mergers
cannot be an important evolutionary channel for sdB stars hotter than Teg =
32000K. It will be very interesting for the merger theory to see what asteroseis-
mology can tell us about the masses of single stars toward the right (cooler) side
of Fig. 2!
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Fig.2. The log g—T.g diagram for the subsample of apparently single stars

in Fig. 1, i.e. those which show no significant radial velocity variations, reflection
effects, absorption lines or detectable IR flux from a cool companion.
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Fig. 3. The same as Fig. 2, except only known short-period binary stars from
Fig. 1 are plotted. The seven circled objects have main sequence secondaries, while
nearly all the rest are believed to have white dwarf companions.

4. A SURPRISING RESULT FROM 2MASS PHOTOMETRY

So far, we have only discussed sdB stars with non-composite spectra, i.e. those
whose optical spectra show no absorption lines from a cool companion. Stark
& Wade (2003) demonstrated that about 1/3 of sdB stars have main sequence
companions of type F, G, or K, that are easily detected using a combination of
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I-H

Fig.4. V-J vs. J-H plot of spectroscopically confirmed sdB stars with
V <14.4 and E(B—V) <0.05. The curve between the two clumps illustrates how
the color of a typical composite sdB star would vary with the mass of the main

sequence secondary; the open circles mark (from upper right to lower left) com-
panion masses of 0.70, 0.60, 0.54, 0.37, 0.26, and 0.18 Mg, (see text).

optical and 2MASS infrared photometry. More recently, Green, For & Hyde (2005)
showed that there is a surprising dichotomy in the V—J vs. J—H two-color plot
between sdB+MS binaries whose secondaries are detectable in optical spectra, and
all the rest (single stars and short-period binaries with invisible companions).
We have updated this result in Fig. 4, having added several more stars, and
the conclusions remain the same: 1) there is a significant color gap between the
composite spectrum sdB stars in the upper right and all the other sdB stars at the
lower left, that cannot be explained by selection effects, 2) none of the composite
spectrum stars investigated so far have orbital periods shorter than many months
to several years, and 3) all of the sdB binaries with periods of the order of a few
hours to several days fall in the lower left of Fig. 4 along with the apparently single
sdB stars, including the seven known sdB binaries with dwarf M3—M6 companions.
To determine the size of the gap between sdB stars with mid-M companions (in
the lower left group) and those with companions of spectral types F, G, or K (in
the upper right), we calculated expected colors for composite stars over a range of
secondary masses. Starting with a typical sdB primary having M, = 4.5, V-J =
—0.50, and J—H = —0.12, we used observed colors and magnitudes corresponding
to empirically derived lower main sequence masses from K8 to M6 (Kirkpatrick
& McCarthy 1994; Henry & McCarthy 1993), to compute the combined colors
(open circles). The results show that the color gap corresponds to a mass gap of
about 0.3 M. Does this mean that nearly all sdB progenitors with main sequence
companions originally more massive than about 0.35 M were able to achieve a
stable mass transfer of more than 0.4 Mg to their companions? Once again, the
systematics of a large sample of sdB stars have provided a powerful clue for the
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formation and evolution of these stars.

5. REPRESENTATIVE SAMPLES OF EHB/SDB STARS

Detailed conclusions concerning the evolutionary histories of sdB stars will
not be possible in the absence of large, homogeneous, precise, and representative
samples of EHB stars. We attempted to make Fig. 1 more representative by
requiring a magnitude-limited sample. We will soon achieve an improved sample,
following the completion of our homogeneous, low resolution survey of every known
sdB brighter than V=14.4. But it is doubtful that even this sample will be
truly representative, because of selection effects in the identification of known sdB
stars. SdB stars are often chosen spectroscopically, which discriminates against
composite sdB stars with brighter F, A, or even B main sequence companions
(as is well known). Selection effects should be more straightforward for a sample
of sdB stars and composite sdB stars chosen by their UV flux, but this method
requires complex follow-up to separate the sdB stars from sdO, main sequence B,
post-AGB, BHB stars, etc, and it does not solve a key problem: a representative
sample of sdB stars (canonical spectroscopic definition) won’t necessarily help us
understand all about EHB stars. What we really need are representative EHB
samples including sdB, sdOB, and other related hot stars, i.e. all those that are
produced by processes similar to those that create sdB stars. However, there is no
good definition of the hot and the cool limits for disk EHB stars.

Uli Heber (this volume) has provided evidence that a number of cooler sdO
stars should more properly be identified with EHB stars than with post-AGB stars.
For a relatively unbiased look at the opposite end of the sdB sequence, consider
the color-magnitude diagram for the old, metal-rich open cluster NGC 6791.
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NGC 6791 and the similar cluster NGC 188 (not shown) are the only two disk
clusters known to contain sdB stars. Both clusters also contain more luminous
stars extending towards cooler temperatures along an apparent BHB, as seen in
Fig. 5. All of the cluster BHB stars are proper motion and/or radial velocity
members, so they must surely be related to the sdB stars. Many of these BHB
stars were not detected by the UIT surveys that easily found the hotter cluster
sdB and sdO stars (Landsman et al. 1998). This means that UV-selected samples
are also affected by selection effects, if the goal is to find all of the relatives of sdB
stars, determine their relative proportions, and understand how they are related.

The distribution of the hot stars in NGC 6791 and NGC 188 is quite interesting.
About half are located in a tight sdB clump, while the other half are scattered
thinly all along the BHB. This is very different from what is found in globular
clusters, where there are typically hundreds of stars along the upper horizontal
branch (either the red horizontal branch, RR Lyrae strip, BHB, or some combi-
nation), but never more than a handful of EHB stars, if indeed, there exist any
at all. We believe that the very different distributions between disk and globular
cluster EHB/BHB stars very likely indicate different formation histories.

In an effort to get a different perspective on the true proportions of hot EHB
stars, one of us (E.M.G.) has experimented with a 2MASS-selected sample. Of the
62,197 2MASS point sources with J < 14.6, —0.35 < J—H < 0.00, and —0.5 < J—K
< —0.05, there are 1550 with declinations north of —5°, galactic latitudes greater
than 30°, and E(B—V)pax < 0.10, including a number of previously known sdO
and B stars. Spectra for 78 new objects have now been obtained in combination
with our 2.3m low resolution survey (section 2). This pilot study turned up 16
new sdB/sdOB stars, 3 sdO stars, 22 main sequence B stars, and 37 BHB stars
between about 22000K and 10000 K. We presume that most of the BHB stars
are halo objects since their distribution along the BHB resembles that in globular
clusters, but the old open clusters prove that at least a few of the BHB stars may
belong to the disk. This means that we cannot define a cutoff temperature for
the cool end of the disk EHB at 22000K, or 20000 K, or even 16 000 K, without
excluding a number of related metal-rich BHB stars. (Of course, it will be tedious
to identify them in the field, as they will be far outnumbered by halo BHB stars
in most data sets).

Winter (this volume) has found a very similar EHB/BHB distribution from
his analysis of photometrically-selected SDSS spectra; he also finds the density of
stars thins out at the cool end of the sdB sequence, but then rises again as the
EHB merges into the tail of what appears to be the halo BHB. The distributions
in both our 2MASS sample and Winter’s SDSS sample confirm Newell’s (1973)
results for blue field stars, including the same low density region near 21 400K
that was identified as the second of the two famous “Newell gaps”.

6. CONCLUSIONS

We conclude that precise, homogeneous, representative surveys of the funda-
mental parameters of EHB stars contain important information about the evolu-
tionary histories of sdB stars. At a minimum, it will be necessary to understand
the signficance of the patterns in the log g—Teg diagram for each different type
of sdB star. For another example, we showed how precise temperatures plus as-
teroseismological gravities and masses appear to rule out mergers as an important
formation channel for at least the hotter sdB stars.
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We further conclude that the unexpected color gap between very short period
sdB stars with mid-M type main sequence secondaries, and the much longer period
systems with F, G, or K type secondaries, corresponds to a mass gap in the
approximate range between 0.35 and 0.65 Mg, although the significance of the
gap is not yet clear.

Using the color magnitude diagram for members of the old disk cluster NGC 6791,
and also a 2MASS-selected sample of hot stars, we have revisited the problem of
obtaining representative samples of disk EHB stars. Although it will be difficult,
we suggest that stars both hotter and cooler than those in typical “sdB” samples
need to be included in future investigations, in order to get a clearer picture of
EHB evolution. Lastly, we caution against assuming that halo EHB stars are pro-
duced by the same formation mechanisms as their disk counterparts, since the two
types of horizontal branches have such widely different luminosity and temperature
distributions.
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Abstract. We present the results of a study of the late-type companions in
hot subdwarf composite spectrum binaries. The exact nature of these late-type
companions has been disputed in the literature — some argue that they are
main sequence stars, and others have claimed they are subgiants. To deter-
mine the properties of the late-type companions, we first conducted a survey
utilizing the Two Micron All Sky Survey (2MASS) All-Sky Data Release Cata-
log to identify composite-colored binaries in the Catalogue of Spectroscopically
Identified Hot Subdwarfs (Kilkenny et al. 1988, 1992). We then conducted a
spectroscopic study of a sub-sample of the 2MASS composite-colored hot sub-
dwarfs. The sample consists of photometrically and spectroscopically single and
composite hot subdwarfs (14 single and 51 composite). We also obtained spec-
tra of 59 single late-type stars with Hipparcos parallaxes for calibration. We
used measured equivalent width (EW) indices from the composite systems to
estimate the temperature and gravity of the late-type star, taking into account
the dilution of its spectral features by light from the hot subdwarf. Results from
combining the spectroscopic data with model energy distributions indicate that
the late-type companions in composite-spectrum systems are best described by
main sequence companions overall.

Key words: binaries: spectroscopic — stars: horizontal-branch

1. DEFINING THE SAMPLE

For this investigation we studied hot subdwarf stars listed in the Catalogue
of Spectroscopically Identified Hot Subdwarfs (Kilkenny, Heber, & Drilling 1988,
KHD) as updated and expanded in an electronic version by D. Kilkenny, c. 1992.
While the KHD catalog contains all varieties of hot subdwarfs, we primarily fo-
cused on the more numerous sdB stars. The sdB are understood to be relatively
homogeneous and probably have a common evolution history from the zero-age
extended horizontal branch (ZAEHB), while sdO stars likely follow multiple evo-
lutionary pathways and might be expected to be less homogeneous and to have
less simply explained properties.
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Fig.1. Panel a: Color-Color plot for 2MASS colors of sdBs only with a linear
fit to the points shown as the solid line, the parameter @) increases along this line
as indicated. The dashed line is mathematically perpendicular to the linear fit line,
and demonstrates a contour of constant ) (the two lines cross at @ = +0.15). All
other panels contain histograms (bin sizes 0.05) of 2MASS color indices: J—Kg
(panel b), J—H (panel ¢), and @ (panel d). In the three histograms (panels b—d),
the solid line is for all sdB, the dotted line is for sdB with both ¢(J— Kg) and
o(J—H) < 0.2 the dashed line is for sdB with both o(J—Kg) and o(J—H) < 0.1.
Single sdBs fall in the left peak (@ < 0.15), composites fall in the right peak
(Q > 0.15). The effect of 1 magnitude of extinction (Ay = 1) is indicated.

To make a comparison of the KHD data with existing databases (such as
2MASS) or to obtain new observations of the correct star, accurate coordinates on
a consistent system are required. For each entry the object’s position was verified
by referring whenever possible to original published finding charts or by contacting
knowledgeable observers, then locating the object on a chart prepared from the
USNO A2.0 Catalog (Monet 1998, see also Stark & Wade 2003).

2. 2MASS RESULTS

We collected readily available visible and near-IR flux measurements of hot
subdwarfs from the 2MASS All-Sky Data Release (ASDR) Catalog and identified
those whose colors indicate the presence of a late type companion (for more in-
formation see Stark & Wade 2003; Stark et al. 2005). We thus determined the
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fraction of hot subdwarfs that exist in composite spectrum binaries (~40% of sdBs
from KHD are composite in a magnitude limited sample). We defined an approxi-
mately volume limited sample of hot subdwarfs from KHD for statistical purposes
(see Stark & Wade 2003; Stark et al. 2005), and found that ~25% of sdBs are
composite in a volume limited sample (VLS).

We defined the color parameter Q = 0.752(J—H) + (J—Kg), which gives the
clearest separation between composite and single hot subdwarfs based on 2MASS
photometry alone. We compared the distributions in J—Kg, J—H, and @, and
found them all to show a bimodally distributed population (Fig. 1). In a histogram
of the IR color indices J— Kg and @), the two peaks of the bimodal distribution
can be understood as single stars (blue peak at J—Kg = —0.170, Q ~ —0.275)
and composite systems (red peak at J—Kg = +0.289, Q ~ +0.500). This bimodal
distribution is also present in the approximately VLS, again with the two peaks
at J—Kg = —0.167 and +0.248, and @ ~ —0.275 and +0.475.

There are no (or very few) F or dM companions of the hot subdwarfs in the
KHD catalog. This is evident from the bimodal distribution in 2MASS colors (Q,
J—Kg, and J—H). Were there a large population of F or dM companions, their
composite colors would have filled in the gap between the two bimodal peaks.
However, the distribution in 2MASS colors can be described by only a very small
(or no) spread in the colors of the late-type companions. In the case of F-type and
earlier companions, should they actually exist, it is likely that most of them were
never identified as containing a hot subdwarf. The F-type star would dominate the
light at visual wavelengths, and the combined light would look spectroscopically
like a metal-poor Pop II star (the metal lines of the Pop I star being diluted by
the hot subdwarf so they look like a Pop II star). So, it is understandable that
there are very few of these objects in the current KHD catalog. The dM stars on
the other hand, have no obvious reason to be selected against in surveys that have
identified hot subdwarfs. The dM is significantly fainter than the hot subdwarf, so
that it should be basically undiscernible in the visible (both photometrically and
spectroscopically). So, the fact that there are no (or very few) dM companions
in the KHD sample represents a true trend in the hot subdwarf population (as
opposed to a possible selection bias as in the case of the F-type and earlier stars).

The observed distribution of hot subdwarfs in 2MASS colors can be repro-
duced equally well by either assuming main sequence companions with My ¢qp ~
4.5 —5.0 mag, or by assuming subgiant companions with more luminous sdB stars
(My sap =~ 2.5 — 3.0 mag) — photometric data alone cannot distinguish between
these two possibilities.

3. SPECTROSCOPY OF COMPOSITE HOT SUBDWARFS

Spectroscopy of a sub-sample of the 2MASS composite-colored hot subdwarfs
was obtained to break the degeneracy between main sequence and subgiant com-
panions present in the 2MASS and visual photometry alone. Observations were
made primarily at the Kitt Peak National Observatory (KPNO) 2.1m telescope
using the GoldCam spectrograph, but some additional observations came from the
McDonald Observatory 2.7m telescope with LCS. Both sets of observations cover
roughly 4500-9000 A with ~3.3 A resolution (~1.3 A /pix) using two spectrograph
settings. This wavelength region covers HB, Mgib, He1 5875 A, Na1D, He, Hel
6678 A, and the Ca1r IR Triplet (CaT). The sample of observed stars consists of
photometrically and spectroscopically single and composite hot subdwarfs (14 sin-
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Fig. 2. Normalized spectra for a “typical” single hot subdwarf (top,
LS IV+00°21), a composite hot subdwarf (middle, PB 6107), and a single HIP
standard star (bottom, HIP 13081). Left panel shows the region from Hf to He,
right panel shows the CaT. Prominent spectral features are labelled.

gle and 51 composite). We also obtained spectra of 59 single late-type stars from
both the main sequence and subgiant branch with Hipparcos (HIP) parallaxes for
calibration. Example spectra from KPNO GoldCam (of a single, composite, and
standard star) are shown in Fig. 2. Our analysis focused on Mgib, Na1D, and
CaT equivalent widths (EWs). Each of these lines has a very different behavior
with Teg and log g, so they are useful for constraining the dilution by the hot
subdwarf, as well as Tog and My, of the late-type companion, thus breaking the
main sequence-subgiant degeneracy present in the 2MASS and visual photometry
alone.

The observations (2MASS and visual photometry combined with EWSs) for
each composite hot subdwarf were compared with diluted models based on HIP
standard star observations, models of ZAEHB stars (Caloi 1972), terminal-age
EHB (TAEHB) stars (Dorman et al. 1993), and Kurucz (1998) spectral energy
distributions, in order to determine the combination of sdB-+late-type star that
best explained all observations. In most cases the actual fit was driven primarily by
the measured EWs, and secondarily by J—Kg color (this agrees with the previous
determination that photometry alone cannot distinguish between main sequence
and subgiant companions in these cases). With a few exceptions, it was found
that the late-type companions in composite-spectrum systems are best identified
as main sequence. The majority of the well constrained main sequence companions
have 0.5 5 (B—V)Comlo <1.1 (spectral types ~F6-K5, see Fig. 3). The spectra and
identifications of four composite subdwarfs are compared in Figs. 4 and 5.

There are some interesting objects identified through our spectroscopy. These
include:

e Two new emission line objects, LS IV—08°03 (possible x-ray binary) and
PB 5333 (NLTE emission in the core of Har). One possible new NLTE core
emission object, TON 264.
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Fig.3. Histogram showing the distribution of late-type companions in B—V
(bottom) and approximate Spectral Type (top). Objects in the last bins on either
end of the histograms are upper or lower limits and either (1) have problems with
their fits or (2) belong outside the range of parameters examined (see discussion
at the end of §3). PG 0232+095, and those stars fitted with subgiant companions
(assuming ZAEHB hot subdwarfs) have been excluded from this plot.

e Nine objects that are best fit with subgiant companions (assuming ZAEHB
or TAEHB hot subdwarfs), with an additional six best fit with subgiants
assuming TAEHB hot subdwarfs. PG 0232+095’s late-type companion seems
to show molecular features indicative of a giant star (e.g., possible CN-red
molecular bands), but the CaT appears too weak for a giant star — this
object requires further study.

e A possible resolved visual double sdB+sdB (or sdB+HBB), HZ 18 (Fig. 6),
which may also contain an inner short-period binary (based on the velocity
difference between the spectra for the two stars).

There were 18 cases in which the late-type companion was poorly fitted by
our models (namely the best-fit parameters fell right at or near the edge of our
model grid). The EWs in some of these objects may be erroneous due to an inter-
stellar contribution. Additional refinement of the models, extension of the models
to include a larger temperature range in both the late-type stars (by obtaining
more observations of standards) and the hot subdwarfs (more models over a larger
temperature range), or adjustments to correct for interstellar contributions, are
needed to accurately fit these objects.
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Fig. 4. Comparison of the major spectral features in the spectra of PB 6107 and
PHL 3802. Panels from left to right show: H3, Mgib, Na1D, Ha, and CaT. These
two stars were both fit with similar hot subdwarfs (B—V = —0.246 & —0.233 and
My = 4.43 & 4.22 for PB 6107 and PHL 3802 respectively) and companions
(G9V-KOV), so their spectra look similar. (Continuum fits shown were not used
for the calculation of EWs.)

4. LIMITATIONS AND DIRECTIONS FOR FUTURE WORK

Our modelling procedure is limited in the range of both hot subdwarf and
late-type stars included. These models could be greatly improved by including
a greater range in temperatures for both the companion and particularly for the
hot subdwarf. Specifically we have trouble identifying and coping with the hottest
sdBs, and the sdOs. We are also using the assumption that the hot member
is in fact a true sdB-type star; if it is in fact a HBB or post-EHB star, then the
modelling breaks down, giving bogus fits. Additional information to help constrain
the properties of hot subdwarf would be of value (including whether it is sdB, sdO,
post-EHB, or HBB). This additional information could include UV observations
or spectra with coverage farther to the blue. Also, including additional late-type
spectral features from our spectra would help better constrain the fits.

Future work related to, or stemming from, this project includes:

1. Classification of more composite hot subdwarfs.

2. Long-term RV studies of composite spectrum systems to determine periods
(or at least set lower limits on the periods).

3. Follow-up observations of “unusual” objects identified, including (for exam-
ple): PG 02324095, TON 264, HZ 18, and the emission lined objects.

4. Further observations of the resolved visual doubles, including proper mo-
tions, and better classifications of the companions (particularly HZ 18, which
may be a resolved sdB+sdB or sdB+HBB system).
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Fig.5. Comparison of the major spectral features in the spectra of PG
01164242 and PG 16484-080. Panels from left to right show: HE, Mgib, Na1D,
Ha, and CaT. These two stars were fit with similar companions (GOIV) but differ-
ent hot subdwarfs (PG 16484080 was fit with a hotter, fainter hot subdwarf, while
PG 0116+242 was fit with a cooler, brighter hot subdwarf). In PG 16484080, the
late-type companion dominates over the hot subdwarf so its lines appear much
stronger in the combined spectra, while in PG 0116+242, the brighter hot sub-
dwarf washes out the features from the late-type star making them appear much
weaker. (Continuum fits shown were not used for the calculation of EWs.)

5. IMPLICATIONS

Han et al. (2002, 2003) predict that for companions that are later than ~G, all
companions in short-period systems are main sequence stars (in post-CE binaries)
and all companions in long-period systems (P > 40 days) are subgiant or giant
stars (in post-Roche lobe overflow binaries). RV studies of composite spectrum hot
subdwarfs with FGK-type companions (i.e.‘Orosz et al. 1997; Maxted et al. 2001;
Saffer et al. 2001), have found that the orbital periods must be long, many months
to years or more. In the Han et al. scenario this would imply that they contain
subgiant or giant companions. Han et al., however, assume that hot subdwarfs
with subgiant and giant companions, i.e., these same long-period systems, were
excluded from surveys for hot subdwarfs. Indeed, in our study, the majority of
composite companions are consistent with main sequence stars (although we have
identified some subgiant companions, so this exclusion is not complete).

If the GK-type companions are main sequence stars, why do they seem to be in
long-period binaries? At face value, there is something incorrect or incomplete in
the Han et al. binary formation scenario or its interpretation as applied to existing
samples of hot subdwarfs. It may be that aspects of the Han et al. study (binary
evolution model, or mapping onto observables) are at the heart of the matter; or
perhaps the apparent contradictions can be resolved via discovering some subtlety
of different sample selection for the RV studies reported so far and our present
spectroscopic analysis. (The latter possibility can be assessed, for example, by an
RV study of the composite binaries in our study.)
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Abstract. We present first results from Monte Carlo simulations of short-
period sdB 4+ white dwarf binaries, with various possible distributions of the
orbital separation and secondary mass. We compare these results with our
observed distributions and discuss the implications for the common envelope
evolution.

Key words: binaries: close — methods: numerical - stars: EHB and post-EHB
— white dwarfs

1. INTRODUCTION

Radial velocity surveys show that a large fraction of sdB stars are in post-
common envelope binaries with orbital periods between a few hours and several
days (Green et al. 1997; Morales-Rueda et al. 2003, 2004; Green et al. 2005). Such
short orbital periods suggest that they must have evolved via binary mass transfer
and common envelope evolution. The vast majority of short-period sdB secon-
daries are not detectable from optical spectra or 2MASS fluxes, nor do they show
reflection effects. Therefore, given their mass functions, nearly all such compan-
ions must be white dwarfs. Since sdB stars are relatively bright and numerous,
they provide an extremely useful sample for studying interacting binary evolution.

2. SIMULATIONS

We used Monte Carlo simulations to investigate which distributions of orbital
separation and minimum secondary mass are most compatible with the observed
periods, radial velocity semi-amplitudes, and minimum masses in a small, but
representative, sample of sdB + white dwarf binaries (Green et al. 2005). We
assumed circular orbits and sdB masses of 0.49 M, in agreement with Saffer et
al. (1994) and with recent asteroseismological results for four pulsating sdB stars
(see the contribution by Green et al. in this same volume). The number of trials
in each simulation is 50000.

For our initial attempt, we assumed the simplest case of flat distributions for
both the companion masses, mo, and the orbital separations, a. Guided by the
periods and minimum masses, mg(min), derived from our observed sample, we
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Fig.1. (a) Flat distributions for my and a with 0.35 < my < 0.65 M and 1.3
< a < 40 Rg, respectively. (b) A gaussian distribution in the range mo with 0.25
< mgy < 0.50 Mg, plus an exponential distribution for a.

randomly chose secondary masses and orbital separations independently of each
other in the ranges 0.35 < mg(total) < 0.65 My and 1.3 < a < 40 R, respectively.
We calculated the period and velocity amplitude for each simulated system using
Kepler’s Law.

Another parameter needed to compare with the observed distributions is the
orbital inclination. In each case, we selected the direction of the orbital axis of
rotation by generating random values for x, y and z between 0 and 1, discarding
any with r > /22 + y2 + 22 so that all orientations would occur with equal prob-
ability. Cos i = x/r for an observer looking along the x-axis. The probability of
seeing a particular inclination is proportional to sin ¢, resulting in a mean observed
inclination from a large number of trials equal to 57.3° (1 radian), in agreement
with theoretical expectation.

3. RESULTS

The following plots show the results of our Monte Carlo simulations (curves)
compared to the observed histograms (boxes). We have adjusted the assumed
parameters in each case to get the best fits. From top to bottom, the four panels
display the comparisons as functions of the period, log period, observed velocity
amplitude (K), and mg(min).

Fig. 1a shows that the best flat distributions are still a poor fit to the observed
data: the periods and minimum massses are overestimated, while the velocity
amplitudes are too small. Fig. 1b shows an acceptable fit using a gaussian mass
distribution and an exponential distribution for the orbital separation, although
the mass range is not quite large enough to include all the data points.
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sdB+WD systems with ex- curve.
tremely short periods have secondary masses > 0.50 M, and do not fit any picture
with correlated ms and a. They must result from a different evolutionary path,
and are not considered further in these simulations.) Fig. 3 shows the results of
using this dashed curve to derive my from the period. An upper mass limit of
0.65 Mg (Fig. 3a) produced too few longer period binaries, but a similar curve
with an upper limit of 0.75 M, (Fig. 3b) fit the observations quite well.

We also tried gaussian mass distributions instead of the flat distributions in
Fig. 3, but they produced two discrete humps as a function of orbital period, which
are not seen in the data. Eliminating the humps required such large spreads in
the gaussians that the distributions approached the flat case.

m,(min) (M)
)
I
|

4. CONCLUSIONS

Our two most successful simulations are shown in Fig. 1b, for uncorrelated my
and a, and in Fig. 3b, where we attempted a supposedly more realistic correlated
scenario. While Fig. 3b shows a seemingly better fit, it also requires that 80% of the
white dwarf companions have masses greater than the He core flash value, which
is difficult to believe. If most of the WD’s in sdB+WD binaries were to experience
their initial mass transfer on the AGB, then the subsequent separations would be
too large to allow a second mass transfer at the first red giant branch tip, which
is needed to produce the sdB star. The better-looking fits in Fig. 3b, compared
to Fig. 1b, are most likely due to a larger number of free parameters. Given the
small number of observed data points, an upper mass limit of 0.65 M in Fig. 1b
would produce a fit that is nearly as successful, with a much more reasonable
distribution of companion masses. Thus the most believable results so far suggest
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Fig. 3. (a) Flat distributions over the ranges 0.35 < my < 0.475 M (N=15000)
and 0.475 < mg < 0.65 Mg (N=35000). (b) Flat distributions for 0.35 < my <
0.475 My, (N=10000) and 0.475 < my < 0.75 Mg, (N=40000).

that white dwarf companion masses might not be correlated with their orbital
separation after all.

While these initial efforts are interesting, it is obvious that we need to obtain
orbital parameters for a larger complete sample in order to better constrain future
Monte Carlo investigations.
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Abstract. We give an update of the results of a campaign to obtain orbital
solutions of subdwarf B stars from the Edinburgh-Cape survey (Stobie et al.
1997). To date we have obtained blue spectra of 40 subdwarf B stars from the
Edinburgh-Cape catalogue using the grating spectrograph at the 1.9 m Radcliffe
telescope at the South African Astronomical Observatory. We find that 17 out
of these 40 are certain binaries with a few other objects showing radial velocity
variations of small amplitude. The binary fraction found in our sample, after
correcting for our binary detection efficiency, is 48%. We have secured the
orbital parameters for 4 of the 17 systems and narrowed down the orbits of
another 7 to a small range of periods.

Out of the four subdwarf B binaries for which we have determined the or-
bital solution, three have orbital periods that, according to population synthesis
studies by Han et al. (2003), suggest they have been formed via a common en-
velope ejection channel. The masses of the companions, assuming a canonical
mass of 0.5 Mg for the subdwarf B star, suggest that they are probably white
dwarfs. We observed the shortest period binary (3h) of the three, to search for
indications of modulation in the lightcurve due to irradiation of the companion
by the subdwarf B star. No indications of reflection effect were found confirming
that the companion is indeed a white dwarf. The fourth system with measured
orbital parameters shows an orbital period that could correspond to a subdwarf
B binary formed either via the common envelope ejection channel or the stable
Roche Lobe overflow channel.

The aim of the this study: to obtain an independent, statistically signifi-
cant sample of subdwarf B binaries, with solved orbits, based purely upon the
Edinburgh-Cape survey to avoid the uncertain biases of the Palomar-Green and
other surveys, is underway.

Key words: subdwarfs, binaries: close, binaries: spectrospcopic
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1. THE BINARY FRACTION OF SUBDWARF B STARS

Maxted et al. (2001) find that 69+£9% of the subdwarf B (sdB) stars in their
observed sample are in binary systems. Napiwotzki et al. (2004) find a binary
fraction of 40% in their SPY (Supernova type Ia Progenitor Survey) sample.

Radial velocity measurements of a

sample of 40 sdBs from the Edinburgh- A
Cape (EC) survey yield 17 certain spec- r
troscopic binaries. Radial velocities
were measured by fitting a model line
profile to HB and H~ simultaneously
(Morales-Rueda et al. 2004). To de-
termine the true binary fraction in our
sample we need to compute our de-
tection efficiency, i.e. the probability

of detecting (or not detecting) a bi-
nary at a certain orbital period due to S
the sampling of the data and the ac-
curacy of the radial velocity measure- log,,P (d)
ments. These probabilities were cal-
culated in a similar way to those by
Maxted et al. (2001) and are shown
in Fig. 1 (solid line). For comparison
we are also plotting in Fig. 1 the observed orbital period distribution (dashed line)
and the theoretical distribution, considering both the common envelope (CE) ejec-
tion and the Roche lobe overflow (RLOF) channels (dash-dotted line) and only the
CE ejection channel (dotted line). These distributions will be discussed again in
Section 3. We find that for orbital periods up to 1 day our average detection effi-
ciency is 87% which gives a binary fraction for our sample of 49+8%. The observed
distribution peaks at log;y P = —0.1 and the theoretical distribution (only con-
sidering binaries formed through the CE ejection channel) peaks at log;, P = 0.6
where the detection efficiency is 90% in which case the binary fraction of our sam-
ple is 47+8%. We find that this number agrees better with the binary fraction
found by Napiwotzki et al. (2004) than with that found by Maxted et al. (2001).

Napiwotzki et al. (2004) suggested that this discrepancy in binary fraction
could be due to the fact that the SPY sdB sample belongs mainly to the thick
disk and the halo, whereas the PG sample studied by Maxted et al. (2001) comes
from the thin disk. In the case of our EC sample, we expect most of the sdBs
to belong to the thin disk population which indicates that the reason for the
discrepancy in binary fraction is due to something else, probably to low number
statistics.

It is also worth noticing how our detection probability decreases with longer
period systems (less than 50% above 25 days). A longer time baseline is one of
the requirements to increase our sensitivity in this period range.

0.5

Fig.1. Detection efficiency as a
function of orbital period.

2. ORBITAL SOLUTIONS

We find the orbital solutions for four of the systems observed, EC00404—4429,
EC02200-2338, EC12327—1338, and EC12408—1427. The orbital solutions for
EC00404—4429 and EC02200—2338 were already presented by Morales-Rueda et
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al. (2005) and are given in parenthesis in the following paragraphs. The orbital
solutions for EC12327—1338, and EC12408—-1427 are given in Table. 1.

EC00404—4429 (P = 0.12834(4)d, Mamin = 0.32 Mg): Its orbital period
places it in the group of sdB binaries formed via the CE ejection channel (see right
panel of Fig. 2). The minimum mass of the companion, assuming the canonical
mass of 0.5 Mg for the sdB, indicates that the companion is probably a white
dwarf. We have looked for indications of a reflection effect on the companion of
this system as it is the shortest period binary of our sample and found no significant
reflection effect. This confirms that the companion is a white dwarf. The system
must have formed therefore via the second CE ejection channel (Han et al. 2003)

EC02200-2338 (P = 0.8022(7)d, Msmin = 0.39 Mg) & EC12327—-1338:
Their orbital periods place them in the group of sdB binaries formed via the CE
ejection channel. The minimum masses of the companions, assuming the canonical
mass for the sdB star, indicate that the companions are probably white dwarfs.

EC12408—-1427: The orbital period of this sdB binary is consistent with the
binary having been formed either via the CE ejection channel or via the RLOF
channel. The minimum mass of the companion is compatible with both a white
dwarf or a main sequence star.

Table 1. Orbital solution for two sdB binaries. ~y is the
systemic velocity, K is the radial velocity semiamplitude,
and the 1 and 10 per cent rows give the probability that the
true period lies further than 1 and 10 per cent (respectively)
from the given value. The numbers given are the log;, of
the probabilities.

EC12327-1338 EC12408-1427
Period (d) 0.363221(1) 0.90243(1)
HID, (d) 2452728.153(1) 2452732.068(5)
v (km s~ 1) —6.44 + 1.74 ~52.02 £ 1.19
K (kms~!) 124.30 + 2.55 58.90 £ 1.55
Momin (M) 0.38 0.21
X?educed 1.9 0.8
2nd best alias (d) 0.369281(1) 9.493(1)
Ax? 33 38
n 15 29
1 per cent —7.34 —6.89
10 per cent —11.58 —6.96
Systematic error (km s~1) 2 2

3. ORBITAL PERIOD DISTRIBUTION

Theory predicts that most sdB stars should be in long period binaries (Han
et al. 2003). They would have formed via a stable Roche Lobe overflow channel
(dashed line in right panel of Fig. 2) and have main sequence companions. This
long period population is missing from the observations shown in the left panel
of Fig. 2. At present only two long period sdBs candidates are known. This
is probably caused by biases in the observed sample: 1. early type companions
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will swamp the light of the sdB star, 2. long period binaries will show smaller
amplitude radial velocities thus higher resolution spectra is needed to find them,
3. longer time baselines are required to measure periods of a few hundred days.
Biases numbers 2 and 3 affect directly the binary detection efficiency curves
presented in Section 1. This explains the differences between the observed and the

predicted orbital period distributions at long orbital periods.
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Fig. 2. Left panel: Observed orbital period distribution of sdB binaries. Light
grey: unknown companion type, dark grey: main sequence companions, black:
white dwarf companions. Right panel: theoretical orbital period distribution
taken from Han et al. (2003). Dotted line: CE channel sdBs with white dwarf
companions, solid line: CE channel sdBs with main sequence companions, dashed
line: stable Roche Lobe overflow channel sdBs with main sequence companions.

With 40 EC sdBs observed and 17 binaries found, this study is well on its way.

More observations are required to obtain the statistically significant sample, based
only on EC sdBs, that we seek.
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Abstract. Radial velocity curves for 14 bright subdwarf B close binary systems
have been measured using high precision radial velocity measurements from
high S/N optical high-resolution spectra. The companions for all systems are
unseen. The periods range from about 0.18 days up to about six days. The
radial velocity semi amplitudes are found to lie between 15 and 130 kms™!.
The invisible companions for three of our program stars are undoubtedly white
dwarfs. In the other cases they could be either white dwarfs or main sequence
stars. For two stars the secondaries could possibly be brown dwarfs. The orbits
for most observed systems are circular. However, small periodic deviations of
the measured radial velocity points from the adopted theoretical sine curve are
discovered for four program stars. These deviations can be perfectly matched
assuming slightly eccentric orbits with small eccentricities of e = 0.02 — 0.06.
Possibly, this is the first time that non-circular orbits have been detected in sdB
binaries.

Key words: stars: subdwarfs — stars: horizontal branch — stars: mass function
— binaries: close

1. INTRODUCTION

The origin of subdwarf B (sdB) stars has been under discussion for years.
Since many apparently single sdB stars show variable Doppler line shifts resulting
from orbital motion (e.g. Green, Liebert & Saffer 2001, Maxted et al. 2001), close
binary interaction appears to be important for the evolution of sdB stars. From a
theoretical point of view, Han et al. (2002, 2003) elucidated in detail three channels
that can produce sdB stars from close binary systems: (i) the common envelope
ejection channel, (ii) the stable Roche lobe overflow channel, and (iii) the merger
channel. Adopting these three channels in principle all sdB stars, i.e. also single
sdB stars (as mergers), could be produced by close binary evolution.

Surveys keep going on to find radial velocity variable sdB stars and the number
of sdB binaries for which the orbits have been measured is steadily increasing (see
e.g. Morales-Rueda et al., these proceedings) and has now risen to more than five
dozen.
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The unseen companions can only be white dwarfs or low mass main sequence
stars. Some of such systems may qualify as type Ia Supernova progenitors as
exemplified by the subdwarf B star KPD 193042752, for which Maxted, Marsh &
North 2000) found a massive WD companion (M > 0.95 M) and the system mass
to exceed the Chandrasekhar mass limit (see also Geier et al., these proceedings).
The typical mass for WDs is about 0.6 My, thus it is not very likely to find a
system like KPD 193042752, i.e. exceeding the mass limit. Nevertheless, in the
context of evolutionary theory for close binaries, systems with lower masses are
also very interesting, because they went through a common envelope phase (or two
such phases if the companion is a white dwarf). The physics of common envelope
evolution is still unclear, but very important for the future evolution of binary
stars in general.

The observational results agree reasonably well with the theoretical predictions
of Han et al (2003). However, the observations suffer from one main bias: Almost
all studies were based on sdB stars drawn from surveys for UV excess objects
(e.g. Palomar Green, PG, Green et al 1986, or Hamburg ESO, HE, Wisotzki,
Reimers & Wamsteker 1991). These stars are mostly rather faint (B > 13 mag),
and therefore most likely at larger distances. Some bright sdB stars (B = 10 —
12 mag) certainly have been overlooked, because they are not listed in the PG
or HE catalogs or misidentified due to saturation effects of photographic survey
plates.

The Catalogue of Spectroscopically Identified Hot Subdwarf Stars (Kilkenny,
Heber & Drilling 1988, @stensen, these proceedings) contains more than 2300
such objects. Several (~ 200) of them are brighter than 13 mag and some as
bright as 10th magnitude. These bright stars are ideally suited for detailed spec-
troscopic studies’. Hence we select a sdB sample mostly brighter than B = 13 mag,
which should contain stars much closer from us than in the samples of Maxted et
al. (2001) and Napiwotzki et al. (2004).

Here, we present the results of 14 bright (B < 13 mag), short period radial
velocity (RV) variable sdB systems.

2. OBSERVATIONS AND ANALYSIS

We obtained optical echelle spectra with high S/N at the German-Spanish As-
tronomical Center (DSAZ) on Calar Alto, Spain, with the 2.2 m telescope equipped
with the Fiber-Optics Cassegrain Echelle Spectrograph (FOCES), and at the Euro-
pean Southern Observatory (ESO) on La Silla, Chile, with the Fiber-fed Extended
Range Optical Spectrograph (FEROS) mounted until October 2002 on the 1.52 m
ESO telescope, and afterwards on the 2.2 m telescope. The spectra have a nominal
resolution of A/AX = 30000 (DSAZ) and 48000 (ESO), and cover the wavelengths
from 3900 A to 6900 A (DSAZ) and 3600A to 8 900A (ESO).

The radial velocities are determined by calculating the shifts of the measured
wavelengths of Balmer H,, He15876 A, and all clearly identified metal lines (typ-
ically more than 30 lines due to N11, O 11, and Si1) to laboratory wavelengths.
Gaussian curves are fitted to the absorption lines in order to determine their cen-
tral wavelengths. After the measurement, all values were corrected to heliocentric

LOur aim is not only to discover new radial velocity variable sdB stas, but also to deter-
mine their atmospheric parameters, metal abundances, isotopic anomalies and rotation velocities
(Edelmann, Heber, & Napiwotzki 2001; Edelmann et al., these proceedings).
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disc on the slit, S/N), spectrum of CPD—64° 481. The dots denote the
and from the data reduc- radial velocities determined for all measured lines.
tion (e.g. wavelength cal- Note the very good consistency irrespective of the
ibration), we plotted the wavelength. The straight line indicates the mean

RVs for all measured ab- value, and the dashed lines the 1o error limit.

sorption lines versus the corresponding wavelength positions for all single spectra
(exemplarily shown for one spectrum in Fig. 1). From each plot the mean RV
value together with its corresponding error limit (mostly 1 — 2 kms™!) can be
determined. No wavelength dependent trend for the obtained RV values could be
found for any of our observations.

The period search was carried out by means of a periodogram analysis based on
the Singular Value Decomposition (SVD) method. A sine-shaped RV curve is fitted
to the observations for a multitude of phases which are calculated as a function
of period (see Napiwotzki et al. 2001). The difference between the observed radial
velocities and the best fitting theoretical RV curve for each phase set is evaluated
in terms of the logarithm of the sum of squared residuals (x?) as a function of
period, yielding the power spectrum of the data set which allows to determine
the most probable period of variability (see e.g. Lorenz, Mayer & Drechsel 1998).
Table 1 summarizes the orbital parameters (period, systemic velocity, and semi
amplitude) for all analyzed stars.

3. ECCENTRIC ORBITS?

In Fig. 2 the residuals to the sine fits are plotted. One can see that the RV val-
ues for most of our program stars are well reproduced by sinusoidal curves (semi-
amplitudes of possible periodic deviations of the residuals < 2 kms™!, i.e. our
detection limit?). This means the orbits for the majority of our analyzed stars are
most likely circular. However, for three stars (PG 1232—136, [CW83] 1419—09,
and PG 0133+114), and potentially also for PB 7352 periodic deviations of the
residuals can be seen. There are some possibilities to explain such periodic devia-
tions:

(i) Triple systems. This can be ruled out on a very high confidence level.
Because the time-span of the observations for all four systems were within a few
weeks and the period of the remaining residuals are exactly one half of the binary
orbital period, respectively. However, the influence of a third light might play a
role.

2A semi-amplitude of 2 kms—! for the periodic deviations of the residuals for a system with
a semi-amplitude of 100 kms~1! is equivalent to an eccentricity of e = 0.02.
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Fig. 2. Measured radial velocities as a function of orbital phase and fitted sine
curves, together with the residuals (Av;ad = Uobs — Usine) to the sine fits including
error bars for all program stars (ordered by increasing periods: from top left to
bottom right).

(ii) Observational or analytical effects. These are also not very likely. Es-
pecially for the most significant cases PG 1232—136 and [CW83] 1419—-09, all
RV measurements are from one observing run. For both stars, during all nights
the setup has not been changed, nor has the data reduction, or analysis method.
PG 0133+114 also clearly shows periodic deviations of the residuals. Its observa-
tions were carried out during different observing runs but at the same observatory.
For comparison, [CW83] 1735422 does not show any sign of a periodic deviation
of the residuals at all, although it has almost the same period as PG 01334114
and was observed mainly during the same observing runs as PG 0133+114.

(ili) A somewhat eccentric orbit. To test this we took the best fitting sinusoidal
for each star, calculated a set of theoretical RV curves with varying eccentricities
and periastron angles (), and fit these curves to the observed RV values. Another
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Fig. 3. Residuals to the fits including error bars for PG 1232—-136,
[CW83]1419—09, PG 0133+114, PB 7352, and PG 0001+275 for two different ec-
centricities. Upper part: Fits using vanishing eccentricities, Lower part: Best
matching fits.

attempt was made by applying a program (Mayer, priv. comm.) which fits all
parameters, including eccentricity and periastron angles, simultaneously to the
observed data points. Both methods give exactly the same results: The observed
RV points for three stars can be reproduced best assuming a non-circular orbit (see
Fig. 3). For PG 1232—136 we determined an eccentricity of e = 0.060 & 0.005 and
a periastron angle of ) = 162.5° +0.5°, for [CW83] 1419—09 the points match best
by applying an eccentricity of e = 0.039 +0.005 together with a periastron angle of
Q = 355.6°£0.5°, and for PG 01334114 the observed RV points are fitted almost
perfectly by using an eccentricity of e = 0.025 4+ 0.005 and a periastron angle of
Q = 101.5° & 0.5°. The data points for PB 7352 can also be matched better for
a non-zero eccentricity than assuming a circular orbit (see Fig. 3), however, by
a very much lower significance level. An eccentricity of e = 0.024 £+ 0.01 and a
periastron angle of {2 = 85.8° 4+ 1.0° result.

We have also checked whether the small eccentricities are actually significant
using the standard test of Lucy & Sweeney (1971). All four systems passed
the test and lie well below the p = 0.05 level (PG 1232—136: p = 6 x 1077,
[CW83] 1419—-09: p = 3 x 107°, PG 0133+114: p = 6 x 1077, and PB 7352:
p =2 x 107%). The random distribution of periastron angles of those four stars
supports our conclusion that eccentric orbits are the cause for the periodic devia-
tions.

(iv) Gravitational deformation of the sdB primary due to tidal forces in a bound
rotating system (like e.g. seen for KPD 1930+4-2752). This can also be ruled out.
From the lack of the broadening of the spectral lines we have been able to exclude
tidally locked rotation, e.g. for PG 1232—136 which shows the largest periodic
deviations.

As the circularization time-scale strongly depends on the period (teiy ~ p9/12,
Tassoul & Tassoul 1992) one would expect that the eccentricity would be correlated
with the period. However, for our four stars this is not the case; i.e. the star with
the longest period (PB 7352) does not have the largest eccentricity, nor does
the star with the shortest period (PG 1232—136) have the smallest eccentricity.
Surprisingly, the opposite is the case!
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However, lacking a better explanation, we suggest that the orbits of four of our
program stars are probably not circular, making these close binaries the first for
which eccentric orbits are detected.

4. NATURE OF THE UNSEEN COMPANIONS

The lower limits to the companion masses of the unseen companions, resulting
from the mass function by adopting the canonical mass of the sdB star of M =
0.5 M) (Heber 1986), are given in Table 1.

The companions are most likely either white dwarfs or late type main sequence
stars. Spectral signatures of degenerate companions would not be detectable at
optical wavelength due to the faintness of the white dwarfs. On the other hand,
assuming the star is sufficiently bright, spectral features arising from a late type
main sequence star could be seen. Therefore we searched for lines which are
prominent in cool stars, e.g. the Ca1l H and K line, the G-band, the Mg triplet
at 5167 A, 5173 A, and 5184 A, or the Ca1r triplet (CaT) at 8498 A, 8542 A, and
8662 A (cf. Jeffery & Pollacco 1998). None are found.

We estimate that any cool main sequence star that contributes more than 10%
of light in the I band should be detectable via the CaT search. Even at a spectral
type as late as M1 the CaT lines are strong with equivalent width larger than
1 A (Jones, Alloin & Jones, 1984). Adopting M(I) = 4.6 mag for the sdB star
this corresponds to a companion spectral type of ~ M1 or a mass of ~ 0.45 Mg
(Drilling & Landolt, 2000). Accordingly we classify the companion as a white
dwarf if its minimum mass exceeds 0.45 My). This is the case for CD—24° 731,
[CW83] 1735422, and HD 171858. In all other cases the companion type can not
be constrained further from our observations, they could be either main sequence
stars or white dwarfs. The minimum companion masses for BPS CS 22169—0001
and CPD—64° 481 are so small (0.03 My, and 0.05 M), respectively) that they
may be brown dwarfs if the inclination is larger than 20° and 38°, respectively.

Table 1 summarizes the probable nature for all companions to our program
stars.

5. DISCUSSION

The unseen companions of three stars are white dwarfs whereas in the other
cases they are either low mass main sequence stars or white dwarfs. The periods
are in almost all cases shorter than ten days (dictated by our search strategy).
This indicates that all observed RV variable sdB stars have evolved through at
least one common envelope phase, consistent with the theoretical prediction of
Han et al. (2003). After such a common envelope phase the orbit of the resulting
close binary system should be circular, irrespective of a possible former eccentric
orbit, as found for all former observed close hot subdwarf or white dwarf binary
systems. Also, most of our radial velocity curves can be reproduced best by
assuming a circular orbit. However, for four systems (which comprise one fourth
of our sample) we detected periodic deviations from fitted sinusoidal curves. These
deviations can be removed almost perfectly for PG 1232—136, [CW83] 1419—09,
and PG 0133+114 by introducing small eccentricities of ¢ = 0.025 — 0.06. Also for
PB 7352 the observed data points can be matched better assuming a very small
eccentricity of € ~ 0.02.

Unfortunately, for all four stars it is unclear whether their companions are main
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Table 1. Orbital parameters for our program stars, ordered by increasing periods from
the top to the bottom. Given are the periods P, the system velocities 7o, the RV semi-
amplitudes K, the minimum masses of the system components Mcomp., and the nature of
the unseen companions due to their determined masses (bd = brown dwarf, ms = main
sequence star, wd = white dwarf). All numbers in parentheses give the uncertainty of
the last given digit.

star P Yo K Mcomp.  nature
days [kms™!] [kms™!] [Mp]  comp.

22169—0001 0.1780(3) 28+£03 149+04 003  bd/ms/wd
CPD—64° 481 0.2772(5) 941403 238404 005  bd/ms/wd
PG 1232-136 0.3630(3) 41+£03 129.6+£04 0.41 ms/wd
[CW83] 1419-09  0.4178(2) 423403 109.6+£04 034  ms/wd
HE 0230—-4323 0.4515(2) 16.6 £1.0 62.4+1.6 0.17 ms/wd
PG 0001+275 0.529842(5) —44.7+0.5 92.8+0.7 0.29 ms/wd

JL 82 0.7371(5) 16408 346+1.0 010 ms/wd
Ton S 183 0.8277(2) 505408 84.8+1.0 032  ms/wd
PG 0133+114 1.23787(3) —0.3+0.2 82.0£0.3 0.36 ms/wd
[CW83] 1735422 1.280(6) 206+04 1046+05 053  wd

HD 171858 1.63280(5) 62.5+0.1 87.8+£0.2 0.46 wd

PB 7352 3.62166(5) —2.1+0.3 60.8£0.3 0.40 ms/wd
Ton S 135 4.122(8) —-3.7+1.1 414+£15 0.26 ms/wd
CD—-24° 731 5.85(30) 20£5 633 0.55 wd

sequence stars or white dwarfs, i.e. we do not know whether the stars have evolved
during one or two common envelope phases. If their companions are white dwarfs,
it is really hard to believe that the orbits of the stars remain eccentric although
the systems have undergone two common envelope phases.

Another point arises concerning the common envelope itself. Terman, Taam
and Hernquist (1994) show that during the common envelope phase the initial
spiral-in of the companion is very eccentric, but their modeling shows also that
the orbit circularizes very quickly. Did the common envelope phase for sdB stars
in eccentric orbits last shorter and are they younger than ”normal” sdB binaries?

6. SUMMARY AND CONCLUSION

We have determined the orbital parameters for 14 bright binary subdwarf B
systems using high precision radial velocity measurements from high S/N optical
high-resolution spectra. The companions are unseen in the spectra.

For most systems the orbits are circular. However, for four sdB stars we dis-
covered that their orbits are probably non-circular with small eccentricities of
e = 0.022 — 0.060. These close binaries are probably the first for which eccentric
orbits have been detected.

Using the canonical mass for the sdB primary of M = 0.5 My and the mass
function, the nature of the invisible secondaries for all program stars could be
constrained. Three systems consist of a sdB star and a white dwarf because the
companion mass exceeds ~ 0.45 M. The companions of two systems are possibly
brown dwarfs. For all other systems the nature of the unseen companions remain
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unclear; they could either be main sequence stars or white dwarfs.

Important questions remain to be answered. Are the periodic deviations from
fitted sine shaped RV curves really due to eccentric orbits? If so, are the radial
velocity curves of all other close binary sdB systems, which have been determined
by other groups really consistent with circular orbits or were the observations per-
formed so far simply too inaccurate to detect such small eccentricities? To verify
or clarify the nature of the invisible companions more high-precision measurements
of radial velocity variable sdB systems and further photometric observations are
necessary to search for eclipses or reflection effects.
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Abstract. V1379 Aql is an eclipsing binary consisting a hot subdwarf (sdB)
and a red giant star (KO IITI/TV). According to the brightness variation outside
of eclipses, the giant component is a chromospherically active star. The dark
and cool active structures on this component and their evolution cause the
variation of the total light of the system. Photometric observations spanning
16 years yield the variations of the photometric period and the mean brightness.
There is a correlation between these. We suggest that the photometric period
decreases as the latitude of the active region moves toward the equator.

Key words: subdwarfs — stars: variables: general — stars: individual: V1379
Aql

1. INTRODUCTION

V1379 Aql is a binary system composed of a red giant star (K0 III/IV) and a
hot subdwarf star (sdB). The first indication of chromospheric activity on the giant
star came from the detection of Call H&K emission by Bidelman & MacConnell
(1973). Photometric variations with an amplitude of about 07'2 were first observed
by Henry et al. (1982). The presence of a hot companion was noticed by Fekel &
Simon (1985) in ultraviolet IUE spectra. They suggested that the hot companion
was a B subdwarf. Balona et al. (1987) discovered the eclipse of the subdwarf from
a variation of about 0712 in the colour index U-B. The system is asynchronous, the
rotational period of 25.4 days found by Balona et al. (1987) and Lloyd et al. (1987)
being longer than the orbital period of 20.7 days determined from radial velocity
measurements by Balona (1987) and Fekel et al. (1993). Jeffery et al. (1992)
determined the mass ratio from UV radial velocity measurements which, together
with a light curve analysis, then gave the masses. Hooten & Hall (1990) determined
a photometric period of about 26 days with an amplitude of 07°20—-07"25 in the
V band. Fekel et al. (1993) improved the orbital elements and the spectroscopic
ephemeris from a new radial velocity curve. Jeffery & Simon (1997) analysed
the UV eclipse. They defined the eclipse duration and the light curve profile.
UBYV photometry and Ha spectroscopy of the system in 1995 was presented and
discussed by Frasca et al. (1998).

Starspots in a photosphere induce quasi-periodic brightness variations due to
the star’s axial rotation. Therefore, the modulation period marks the angular ve-
locity of the mean latitude at which they are centered. By analogy with the solar
case, the year-to-year variations of the rotational period can be attributed to the
migration of stellar activity centers towards latitudes possessing different angular
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velocity. The long-term photometric monitoring of active stars provides a powerful
tool to derive relevant parameters of stellar surface activity (Rodono et al., 2000;
Messina & Guinan, 2003). In this paper we investigated the presence of the photo-
metric period variation and its connection with the mean brightness variation. The
analysis of extended time-series of broad-band photometric observations of V1379
Aql showed the existence of periodic variations of the seasonal mean brightness
level and periodic variations of its photometric period. The second section of this
paper contains the B and V observations obtained between 1998 and 2004 and the
variations which appeared in the light (V) and colour (B-V) curves. In the third
section we present the seasonal rotational periods obtained by means of a peri-
odogram analysis. The existence of the photometric period variation is discussed
in Section 4.

2. THE OBSERVATIONS AND THE LIGHT CURVES

The observations of V1379 Aql were obtained with two telescopes at two obser-
vatories. The differential BV photometry of the system was carried out between
1988 and 2002 with the Vanderbilt-Tennessee State 40 cm Automated Photo-
electric Telescope (APT) and between 2002 and 2004 with the 48 cm Cassegrain
telescope at Ege University Observatory. HD 185567 and HD 185587 were used
as comparison and check stars, respectively. The comparison and check stars were
found to be constant in brightness during the period of observations. All the differ-
ential magnitudes were corrected for the atmospheric extinction. Each observation
was a mean of four or five measurements. A total of 1338 and 1364 average points
in B and V filters, respectively, were obtained during 1307 nights.

Since the mean magnitude and amplitude of the light curve vary with time,
B and V data of V1379 Aql obtained between 1988 and 2004 are separated into
31 subsets. The V-band data sets are listed in Table 1. The columns of Table 1
show the data subsets, the mean epoch, the observing time range (HJD-24 00000)
and the number of average observing points in each data subset. B and V band
photometry of the system obtained in the interval 1988 — 2004 is shown in Fig. 1.

We show the light variation for each observing season in Fig. 2. As can be
seen, the shape of the light curves is quite different in all observing seasons. The
scales of the axes in this figure are the same for each data set. The amplitudes,
the minimum and maximum brightnesses vary during the years depending on the
evolution of the activity structures on the cool component. The shape of the light
curves is more complex in some years and therefore more difficult to analyse (e.g.
90B), while they have a descriptive shape allowing the period analysis in some
observing seasons (e.g. 91A).

3. PHOTOMETRIC PERIOD VARIATION

In this study we used a periodogram analysis (Scargle, 1982) to look for the
period of the photometric rotational modulation and the stellar surface differential
rotation. The datasets given in Table 1 have been analysed by applying the pro-
gram PERIOD04 (Lenz & Breger, 2005). The photometric period, the amplitude
and the mean brightness of the light variations are calculated from each data set.
A search for secondary periodicities was also performed by filtering the primary
frequency modulation from the data and recomputing the periodogram for the
residual data. The periodogram analysis detected the presence of a secondary ro-



Photometric Period Variation of V1879 Aql 201

-0.25

=

-0.10

Delta_m (V)

0.10

0.25

IIIII IIIIIIIIIIIIIIIIIIIIII-.III‘.I'I

0.35

o
»
()

Delta (B-V)

o
3
o

0.65

88 92 96 100 104
(Year—1900)

Fig.1. The light (V) and colour (B-V) variations against years of V1379 Aql.

tation period in several data sets. The two rotational periods are believed to be
due to the presence of two long-lived active regions at different latitudes having
different angular velocities due to differential rotation (Messina & Guinan, 2003).
No periodicity was detected in some sets. The lack of periodicity was presumed to
be caused by a rather uniform longitudinal distribution of spot centers that could
not, produce a rotational modulation.

The results are listed in Table 2. In this table, we give data sets and mean
epoch (Year-1900) to which the photometric periods refer, the photometric periods
(P1, P) and their uncertainty, the amplitudes of the sinusoids resulting from the
periodogram analysis (A1, A2) and the mean brightness (ZP) of the light curves.
The agreement of the sinusoids obtained from the periodogram analysis with the
observed data are shown in Fig. 2. The connection between the fundamental
photometric period (P;) and the mean brightness is shown in Fig. 3. While the
photometric period decreases, the mean brightness of the system increases between
1988 and 2004.
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Table 1. The subsets of the V photometry of V1379 Aql.

Data Sets Mean Epoch  Time Range N5 Source
88A 1988.48 47276-47329 60 1
88B 1988.86 47415-47483 41 1
89A 1989.44 47615-47702 100 1
89B 1989.88 47779-47853 37 1
90A 1990.47 47987-48067 42 1
90B 1990.93 48185-48212 12 1
91A 1991.46 48354-48428 32 1
92A 1992.46 4870248809 31 1
92B 1992.88 48874-48957 42 1
93A 1993.47 49081-49165 58 1
93B 1993.88 49236-49322 29 1
94A 1994.45 49428-49545 59 1
94B 1994.93 49643-49688 22 1
95A 1995.46 49791-49909 72 1
95B 1995.90 49982-50053 47 1
96A 1996.44 50160-50261 57 1
96B 1996.96 50392-50421 16 1
97A 1997.44 50515-50642 61 1
97B 1997.89 50713-50777 31 1
98A 1998.41 50881-50992 53 1
98B 1998.91 51089-51148 33 1
99A 1999.44 51257-51353 56 1
99B 1999.90 51447-51510 51 1
00A 2000.42 51615-51712 50 1
00B 2000.89 51805-51873 23 1
01A 2001.44 51979-52092 44 1
01B 2001.90 52181-52229 11 1
02A 2002.47 52354-52459 54 1
02B 2002.89 52535-52603 38 1-2
03A 2003.65 52809-52914 32 2
04A 2004.64 53177-53264 28 2

1. Henry (2002) 2. This study

4. RESULTS

Measurements of stellar surface differential rotation are obtained in different
ways. One of these is Fourier analysis of broad-band photometric data. In this
paper, using 16 years of continuous V-band data of V1379 Aql, we found a photo-
metric period variation consistent with a solar-type differential rotation. As seen
in Fig. 2, the shape of light curve varies for each data set. The continual redis-
tribution of spots as a result of stellar differential rotation accounts for much of
the changing shape and amplitude of the light curve on rotational timescales. The
observed asymmetries in the light curve clearly demonstrate that spot groups are
present at multiple longitudes. As seen in Fig. 3, the photometric period (P;)
of the system varies between 26.5 days and 25.5 days. We suggest that the lati-
tude of spot activity center moves toward the equator, i.e., toward faster rotating
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Fig. 2. The V light variation of V1379 Aql for each year. The synthetic curves
calculated by the periodogram analysis are plotted, also. The observing seasons
are shown with set names at the top and left of each boxes in figure.

latitudes during an activity cycle, thus producing a decrease in the photometric
period. V1379 Aql displays a solar-like behaviour. As the active regions move
toward the equator, the activity cycle ends. Therefore, the spots start to decay
and the system is seen to become brighter. The mean period of the system was
reduced by ~ 0.25d in 16 years, but the mean light brightened by about 072 in the
same time interval. We consider that the evolution of the active regions affected
the variations of the photometric period and the mean brightness. There is an
interesting correlation between each of these. Photometric observations of V1379

Aql are continuing.
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Table 2. The results of the photometric period analysis for V data sets.

Data Mean P o P o A o Ao o 7P o
Sets Epoch (day) (day) (mag) (mag) (mag)

88A 1988.48 26.1214 0.0002 26.1293 0.0007 0.236 0.002 0.052 0.002 0.030 0.002
88B 1988.87 25.8916 0.0002 25.0722 0.0011 0.195 0.002 0.031 0.002 0.011 0.001
89A 1989.45 26.1197 0.0001 25.6051 0.0005 0.204 0.003 0.053 0.002 0.000 0.002
89B 1989.89 25.8555 0.0002 25.7881 0.0006 0.187 0.003 0.071 0.003 0.037 0.002

90A 1990.47 26.4082 0.0002 0.227 0.004 -0.001 0.003
90B 1990.93
91A 1991.46 26.3973 0.0001 25.5825 0.0014 0.281 0.004 0.036 0.003 0.051 0.003
92A  1992.46

92B 1992.89 26.5087 0.0001 26.2948 0.0004 0.233 0.002 0.053 0.002 0.008 0.001
93A 1993.48 26.3565 0.0002 26.1758 0.0006 0.126 0.002 0.045 0.002 -0.014 0.002

93B 1993.89
94A 1994.46 26.3804 0.0002 26.0821 0.0004 0.223 0.004 0.096 0.004 0.010 0.003
94B 1994.94 26.3007 0.0003 0.246 0.003 0.074 0.002

95A 1995.47 26.4427 0.0001 26.4814 0.0006 0.182 0.002 0.036 0.003 0.079 0.002
95B 1995.90 25.8054 0.0001 26.5692 0.0009 0.223 0.002 0.037 0.002 0.072 0.001
96A 1996.44 26.1680 0.0001 26.2992 0.0005 0.332 0.003 0.076 0.003 0.052 0.002
96B 1996.96

97A 1997.45 26.0902 0.0000 26.0591 0.0004 0.292 0.003 0.060 0.003 -0.001 0.002

97B 1997.89 25.9204 0.0002 0.271 0.003 0.010 0.002
98A 1998.41 26.0323 0.0001 25.9106 0.0006 0.212 0.002 0.043 0.002 -0.004 0.002
98B 1998.92
99A 1999.44
99B 1999.90 25.5102 0.0002 25.6521 0.0006 0.181 0.002 0.057 0.002 0.005 0.001
00A 2000.43
00B 2000.90
01A 2001.44 26.0124 0.0004 26.4932 0.0004 0.065 0.003 0.066 0.003 -0.050 0.002
01B 2001.90
02A 2002.48 26.3002 0.0002 0.198 0.004 -0.083 0.003
02B 2002.89 26.0589 0.0005 0.165 0.005 -0.100 0.004
03A 2003.66 25.6987 0.0003 26.2197 0.0015 0.126 0.003 0.021 0.003 -0.105 0.002
04A 2004.64 26.0954 0.0003 0.117 0.002 -0.054 0.002
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Abstract. Light curve solutions show HW Vir and PG 1336-018 to be remark-
ably similar eclipsing binaries. The subdwarf-B (sdB) Primary of PG 1336-018
is a pulsator but pulsation is not detected in the sdB Primary of HW Vir. Ul-
traviolet spectra were used to obtain carbon and silicon abundances in the sdB
Primary of HW Vir; in due course these should be compared with those in the
sdB Primary of PG 1336-018 to see if pulsation in the latter could be explained
by the k-mechanism, arising from higher metal abundances and microscopic
diffusion.

Key words: subdwarfs — stars: abundances — stars: individual (HW Vir)

1. INTRODUCTION

HW Vir (BD —07°3477) is reported by Menzies & Marang (1986) to be an
eclipsing binary with an orbital period of 0.1161 days, the Primary being a sdB
star. Much subsequent work is concerned with an interpretation of the period
change, first identified as a decrease by Kilkenny et al. (1994). Ibanoglu et al.
(2004) find a sinusoidal variation in residuals between observed and calculated
times of mid-eclipse which they suggest is due to a third body in the system; a
brown dwarf orbiting with a period of 18.8 years, and having a mass between 0.022
Mg and 0.07 Mg depending on the inclination of its orbit.

Kilkenny et al. (1998) discover NY Vir (PG 1336-018) to also be an eclipsing
binary with a remarkable resemblance to HW Vir; the essential difference is the
pulsation in the sdB primary of PG 1336-018, and the non-detection of change in
the binary orbital period (Kilkenny 2005). The similarity between HW Vir and
PG 1336-018 is indicative of the absence of a clear separation between pulsat-
ing and non-pulsating sdB stars in the T, — logg diagram (Koen et al. 1999).
Charpinet (2001) reviews earlier theoretical work which explains sdB star pulsa-
tion as being driven by a metal ionisation zone, its required over abundance of
metals being provided by microscopic diffusion from outer layers.

A comparison of photospheric abundances in HW Vir and PG 1336-018 could
serve as a verification of our understanding of sdB star pulsation. As a first step,
metal abundances were determined for HW Vir from International Ultraviolet
Explorer (IUE) spectra. Different Tog and logg values are obtained from light
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curve solutions (Kiss et al. 2000) and Balmer line fits (Wood & Saffer 1999),
prompting a new determination with ultraviolet spectroscopy.

2. OBSERVATIONS

HW Vir was observed with IUE on 1984 May 10" and 11*". On May 10*" a
series of low dispersion spectra were obtained using the Long Wavelength Prime
(LWP) camera. While reading the LWP camera, a high dispersion spectrum was
accumulated in the Short Wavelength Prime (SWP) camera and only read once an
adequate exposure had been achieved. During May 11" the role of the two cameras
was reversed, leading to a series of low dispersion SWP spectra and accumulation
of LWP high dispersion spectra while reading the SWP camera. Images were
reprocessed (Nichols & Linsky 1996) and spectra extracted.

3. EFFECTIVE TEMPERATURE AND ANGULAR RADIUS

The energy distribution of HW Vir is based on IUE images SWP 22985,
SWP 22986, LWP 03322 and LWP 03323; these are supplemented by fluxes in U,
B and V passbands derived from photometry by Menzies et al. (1990). SWP 22984
was obtained during Primary Eclipse and not therefore included. Other low reso-
lution SWP and LWP spectra obtained at various orbital phases give flux densities
which agree within error limits, indicating the absence of an ultraviolet reflection
effect. Remie & Lamers (1982) iteration was used for Teg determination with trial
reddening estimates in the range 0.00 < E(B — V) < 0.04, calculated following
Seaton (1979), which attempt to remove the 2200 A feature.

Thin lines in Fig-
ure 1 are dereddened
UBV flux densities and
merged IUE low resolu-
tion spectra for E(B —

V) = 0.00 and E(B — -1.0
V) = 004 UBV
flux densities for E(B —

V) = 0.02 are sim-
ilarly shown as thick
lines. The remaining
thick line in Figure 1 is
the flux density at the
top of the Earth’s atmo-
sphere estimated from

-12.0

Log,q Flux (ergs/cm?/sec/R)

the adopted model stel- 2000 4000

lar atmosphere, com- Wavelength (&)

puted following Kurucz

(1992), normalised at V Fig. 1. The energy distribution of HW Vir.

for E(B — V) = 0.02.

Reddening along the line of sight to HW Vir is therefore E(B—V') = 0.02+0.02 and
Ter = 294004 700K with a corresponding angular radius o = (2.034:0.06) x 10~ 11
radians. Upper and lower T, and « limits correspond to the uncertainty in
E(B-V).
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4. SURFACE GRAVITY AND ABUNDANCES

High dispersion spectra from images SWP 22971, SWP 22972 and SWP 22973
were corrected for relative velocity shifts and merged. Abundances and surface
gravity were determined by comparison with synthetic spectra computed with
sYnsPEC (Hubeny & Lanz 2003) assuming Local Thermodynamic Equilibrium
(LTE), using model stellar atmospheres computed with ATLAs9 (Kurucz 1992).
The version of sYNsSPEC used differed from the public domain version in that He I
line Stark broadening was computed using tables by Dimitrijevi¢ & Sahal-Bréchot
(1984, 1990) as appropriate. Synthetic spectra were broadened to allow for orbital
motion and rotation of the sdB, assuming the binary is tidally locked.

Determination of sur-
face gravity and helium
abundance was based on
the He 11 A\ 1640A line. -
Loci of fits in the T, — log g 6.0
diagram are shown in Fig-
ure 2 as lines of differing
thickness annotated by he-
lium abundances (by num-
ber) relative to the Sun.
Large filled circles show the
best fit obtained for each
helium abundance. 5.0 T

Allowing for error limits

on the derived Tog, Figure 29000 30000 31000

2 shows the helium abun- Effective Temperature (K)
dance (by numbers) to lie

between 0.04 and 0.10 of Fig. 2. Loci of fits to He1r A 1640 A

the solar helium abundance

and log g to lie between 5.4 and 5.8. The derived helium abundance by numbers
for sdB Primary of HW Vir was therefore n(He) = 0.07 £ 0.03 of the solar value;
its surface gravity was similarly, logg = 5.6 + 0.2.

Few metal lines were read-

o © 0 <+
- < d Q Q
o (<) o o

Z

0.07
0.03

5.5

log g

ily identified in high dispersion Table 1. Carbon and Silicon Abundances
spectra though lines of Si 111,
Sitv, Cm1 and Ci1v could be sSiv |sim|cwv | cm
u.sed for a.bundance de.terrmr'la— Ty ) [0 | 2@ 2@ [2r@ | 2@
tions by direct comparison with 1394 | 1299 | 1548 | 1247
. 1403 1551
synthetic spectra. Abundances
b b lati he S 50 | 0.06 | 0.27 | 0.008|0.030
y number, relative to the Sun, 28700 | 5.6 | 0.07 | 0.76 | 0.074 | d.030
obtained for several assumed 6.0 | 0.08 | 0.13 | 0.023 | 0.030
T d 1 1 5.0 | 0.06 | 0.28 | 0.006 | 0.027
eff and logg values are pre- 29350 | 6.6 | 0.07 | 0.21 |0.077 | 0.080
sented in Table 1. Abundances 6.0 | 0.08 | 0.76 | 0.077]0.032
. L 5.0 | 0.06 | 0.39 | 0.005 | 0.029
obtained appear to be ionisa- 30100 | 5.6 | 0.07 | 0.29 | 0.008 | 0.030
tion stage dependent; synthetic 6.0 | 0.08 | 0.27 |0.033]0.033

spectrum calculations in non-
LTE do not explain the apparent discrepancies.

In the case of carbon, abundances from C111 and C1v lines do not appear to
be significantly different in view of uncertainties in Tog and log g and weakness of
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the C1v, all are formed at similar depths in the atmosphere. Silicon abundances
are better determined because the lines are stronger and the difference between
Si1v and Silil appears to be real; this could arise because of stratification in the
Atmosphere because the Si1v and SiIll lines are formed at Rosseland mean depths
of 4 x 107 and 10~ respectively.

5. CONCLUSIONS

The Teg lower limit is just above the Wood & Saffer (1999) upper limit but
the derived helium abundance and surface gravity were in good agreement. Both
silicon and carbon are depleted relative to the Sun. The difference between silicon
abundances derived from Si1v and SiIll lines suggests a stratified atmosphere
caused by microscopic diffusion, though further work on abundance gradients
would be needed for confirmation.

Hipparcos parallax measurements indicate, at 68% confidence, a distance to
HW Vir of not less than 264 parsecs. The angular radius lower limit derived in
this paper then suggests a HW Vir sdB Primary radius of not less than 0.22 Rg.
Light curve solutions (see Kiss et al. 2000) indicate 0.22 R, as an upper limit for
the radius of the sdB Primary, which suggests a discrepancy unless E(B—V) = 0.0
in which case T,g is close to the lower limit suggested by the ultraviolet energy
distribution and in agreement with Wood & Saffer’s (1999) result.
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Abstract. We present some of the results of an ongoing spectroscopic survey
to derive reliable atmospheric parameters for the known pulsating sdB stars
as well as several known constant stars. This survey involves high S/N ratio
optical observations in conjunction with detailed NLTE model atmospheres.
The homogeneity of our approach allows us, for the first time, to discuss with
some confidence the locations of the empirical instability regions for the short-
period pulsating EC 14026 stars and for the long-period PG 1716 stars in the
surface gravity-effective temperature plane. We also briefly address the question
of the influence of a weak stellar wind on these pulsators.

Key words: stars: EHB and post-EHB — stars: oscillations — stars: subdwarfs

1. INTRODUCTION

It is now well established that stellar pulsations are a common phenomenon
among hot B subdwarf (sdB) stars. A first type of pulsating sdB stars, called
EC 14026 stars after the prototype EC 14026—2647, was discovered some years
ago (Kilkenny et al. 1997), while the existence of a second type, the PG 1716 stars
(after the prototype PG 1716+426), was reported only recently (Green et al. 2003).
The relatively short pulsation periods observed in the EC 14026 stars — typically
in the range 100—200 s — are attributed to p-mode oscillations, while the much
longer periods detected in the PG 1716 stars — from 3000 s to upward of 8000 s —
are attributed to g-mode pulsations (see, e.g., Fontaine et al. 2003).

In order to fully understand the properties of the pulsating sdB stars, it is nec-
essary to have, among other things, a reliable description of the instability regions
in the log g-T.g diagram. The most recent discussion of the empirical instability
strips for pulsating sdB stars was presented by Fontaine et al. (2004). However,
that discussion remained limited because the estimates of the atmospheric pa-
rameters for pulsating sdB stars available at the time came from various mixed
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sources, potentially sporting significant systematic differences. As a consequence,
only a somewhat blurred view of the empirical instability regions in the log g-Teg
plane could be provided.

Since then, we have worked hard to improve the situation by pursuing a spec-
troscopic program which emphasizes high S/N ratio observations and homogeneity
of approach. We have now determined the atmospheric parameters of almost all
known pulsating sdB stars accessible from Arizona, as well as many known con-
stant stars for comparison purposes. We report here on the preliminary results of
that ongoing program.

2. AN HOMOGENEOUS APPROACH THROUGH SPECTROSCOPY

Our approach has been part of a global optical spectroscopy program designed
to improve on the characterization of sdB stars. So far, we have gathered medium
resolution (~ 1 A), high signal-to-noise ratio (<S/N> ~ 170) spectra for 115 stars
with the blue spectrograph at the new 6.5 m Multiple Mirror Telescope (MMT).
Those spectra cover the range from ~ 4000 A to ~ 4950 A. Most of these stars have
been searched by one of us (E.M.G.) for long-period photometric activity of the
PG 1716 type. Several have also been searched by Billeres et al. (2002) for short-
period pulsations and found to be constant. In addition, we also gathered low
resolution (~ 9 A) spectra of even higher sensitivity (<S/N> ~ 273) for a sample
of 55 stars at the Steward Observatory 2.3 m Telescope. Those latter spectra cover
the range from ~ 3615 A to ~ 6900 X and all belong to pulsating sdB’s, either of
the EC 14026 type or PG 1716 category. A detailed comparison of the 38 objects
in common in the two samples has allowed us to conclude that, in spite of different
resolution and spectral coverage, there are no significant systematic differences in
the inferred atmospheric parameters of stars belonging to either one of the two
samples. We explain that in terms of sufficiently high S/N ratio.

An integral part of our program is the development of a bank of model atmo-
spheres and synthetic spectra suitable for the analysis of the spectroscopic data.
To this end, we have so far computed two detailed grids (one in LTE and the other
in NLTE) with the help of the public codes TLUSTY and SYNSPEC (Hubeny &
Lanz 1995; Lanz & Hubeny 1995). Each grid is defined in terms of 11 values of the
effective temperature (from 20,000K to 40,000K in steps of 2,000K), 10 values
of the surface gravity (from log g of 4.6 to 6.4, in steps of 0.2 dex), and 9 values
of the helium-to-hydrogen number ratio (from log N(He)/N(H) of —4.0 to 0.0,
in steps of 0.5 dex). These grids were originally developed to analyze our MMT
data and, therefore, our current synthetic spectra are limited to the range from
3500 A to 5800 A, but this can easily be widened as needed. We are planning to
include metals in the near future. More details about these models will be found
in Green, Fontaine, & Chayer (in preparation).

We show in Figure 1 the results of our analysis for our current sample of 115 sdB
stars with MMT spectroscopy. Those were obtained with the help of our NLTE
grid of He/H models. The figure illustrates the three atmospheric parameters that
were inferred: log g, Tesr, and the He/H number ratio. The size of each point is
proportional to the logarithm of that latter quantity. In comparison to the normal
(solar) He/H ratio (illustrated here by the open circle), all of the stars observed
show helium deficiencies in their atmospheres. The observed pattern of He/H
ratios is, however, rather complicated and defies simple explanations.
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Fig.1. Distribution of 115 sdB stars with MMT spectroscopy in the log
g-Teg diagram. The size of a circle gives a logarithmic measure of the inferred
He/H number ratio. The thin dotted lines show some of Ben Dorman’s evolution-
ary tracks for models with a range of H envelope masses. The thick dotted line
represents the zero-age He-burning main sequence for masses with 0.3—0.6 Mg.

3. AN UPDATED VIEW OF THE EMPIRICAL INSTABILITY REGIONS

Figure 2 shows our updated view of the locations of the instability domains
for pulsating sdB stars in the log g-Tog plane as calculated from our He/H NLTE
model atmospheres. It is possible, even probable, that the inclusion of metals will
modify the picture somewhat. We are planning to investigate that point in the
near future with the computations of NLTE models that would include metals
along with H and He. For the time being, however, this is what we can offer. The
built-in homogeneity of our approach is of central interest here; we show only stars
for which we obtained spectra ourselves with the same instruments and that were
analyzed in the same way.

All of the 30 known PG 1716 pulsators (except for one whose recent discovery
was announced by Dave Kilkenny in these proceedings) are plotted in Figure 2
and are shown as open circles. It can be seen that a typical PG 1716 star has
a log g value of about 5.4 and an effective temperature of about 27,000K. As
indicated above, PG 1716 stars are long-period, high-order g-mode pulsators. In
comparison, there are 34 known short-period, low-order p-mode pulsators of the
EC 14026 type. The positions of 26 of these objects belonging to our homogeneous
spectroscopic sample are plotted as filled circles in the figure. It is apparent that a
typical EC 14026 star has a log g value of around 5.7 and an effective temperature
of about 33,000 K, but there is some dispersion as well.



214 Fontaine, Green, Chayer, Brassard, Charpinet, and Randall

4.8

5.0 —
52 e -’ _

5.4 [

Log g

56 =

5.8 et

60 . = = .; |

6.2 Lo |

6.4 | | | |
45000.  40000.  35000.  30000. 25000.  20000.

Terr

e

Fig.2. Distribution of the pulsating sdB stars in the log g-Tes diagram.
The filled circles give the locations of 26 EC 14026 stars, while the open circles
indicate those of 30 PG 1716 pulsators. The cross indicates typical uncertainties
on the atmospheric parameters, while the curves are the same as in Fig. 1.
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Fig. 3. Distribution of the sdB stars in the log g-Teg diagram which have
been searched for long-period photometric variations of the PG 1716 type. The
filled circles give the locations of the 30 known PG 1716 pulsators, while the open
circles indicate those of 70 constant stars. The other features in the figure are the
same as in Fig. 2.
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Figure 2 clearly shows that the two classes of pulsating sdB stars occupy dif-
ferent domains in the log g-Teg plane, although the domains actually touch. As a
matter of fact, two stars initially discovered as short-period pulsators have been
reported to also exhibit long-period luminosity variations more characteristic of
PG 1716 stars. These are HS 070246043 (Schuh et al. 2005) identified in the figure
by the upper filled circle surrounded by a larger open circle, and Balloon 090100001
(Oreiro et al. 2005; Baran et al. 2005) identified by the lower similar symbol. The
positions of these two objects at the common boundary of the two classes of pul-
sating sdB stars are quite consistent with the suggestion that HS 0702+6043 and
Balloon 090100001 are both EC 14026 and PG 1716 pulsators at the same time!

We show, in Figure 3, the distribution of the sdB stars which have been searched
for long-period photometric activity of the PG 1716 type. The plot includes the
locations of 30 (out of 31) known long-period pulsators (filled circles) and the lo-
cations of 70 constant stars (open circles). The latter are defined as stars with am-
plitude limits of less than ~ 1 millimag in the period range 400—15000s (E.M.G.,
unpublished). We note that all of the objects illustrated in the figure belong to
our MMT sample, hence the figure does provide an homogeneous view of the PG
1716 phenomenon in the log g-Teg plane.

We also cannot help but point out the strong concentration of PG 1716 stars
on the low-gravity cool side of the sdB range. Actually, at least two of the four
apparently constant stars in that region may show very low-amplitude variations,
but we prefer to adopt a conservative selection criterion and declare them “con-
stant” for the time being. More generally, we cannot exclude the possibility that
all cool sdB stars of low gravity may be PG 1716 pulsators at this stage.

The corresponding homogeneous view of the EC 14026 phenomenon is shown
in Fig. 4. In that figure, we plotted the positions of the 26 EC 14026 stars (out of
34 currently known) and of the 33 constant stars for which we have spectroscopic
measurements. The latter are defined as stars with amplitude limits of less than ~
1 millimag in the period range 20—1 000 s (see Billeres et al. 2002). As discussed
by Charpinet et al. in these proceedings, it is a remarkable fact that all of the
known pulsators are found in the region of maximum p-mode instability as obtained
through detailed nonadiabatic calculations using equilibrium models that include
radiative levitation of iron. We take this as a strong observational proof of the
basic validity of the driving mechanism based on radiative levitation as originally
proposed by Charpinet et al. (1997) for EC 14026 stars.

At the same time, the possibility that variable and nonvariable stars may coex-
ist in the EC 14026 instability domain was first hinted at by Billeres et al. (1997)
on the basis of early statistics. The homogeneous spectroscopy presented here
confirms that this is indeed the case. Fig. 4 clearly reveals that sdB stars show a
mixed population of variable and nonvariable stars inside the EC 14026 instability
strip. The best contending mechanism to explain this phenomenon is the possi-
bility that weak stellar winds significantly perturb the levitating reservoir of iron
or iron-peak elements in some cases (see, e.g., Charpinet, Fontaine, & Brassard
2001). We briefly discuss this possibility in the rest of this paper.
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Fig.4. Distribution of the sdB stars in the log g-Teg diagram which have
been searched for short-period photometric variations of the EC 14026 type, and
which belong to our homogeneous spectroscopic sample. The filled circles give
the locations of 26 EC 14026 pulsators, while the open circles indicate those of 33
constant stars. The other features in the figure are the same as in Fig. 2.

4. EFFECTS OF A STELLAR WIND ON THE SDB PULSATORS

The effects of a weak stellar wind on the levitating reservoir of iron in a typical
model of a sdB star have already been discussed by Chayer et al. (2004). We have
followed up on these calculations by integrating them into our equilibrium model
building code and then analyzing the pulsational properties of such an evolving
model with the help of our nonadiabatic pulsation code. We recall that the model
considered by Chayer et al. (2004) is characterized by the values of M =0.5 M,
log g =5.5, and Teg = 30,000 K. Furthermore, it has been assumed that the model,
in its initial configuration at time t =1 yr, is a standard “second generation” model
a la Charpinet et al. (1997) in which diffusive equilibrium between gravitational
settling and radiative levitation of iron has been reached. A stellar wind is then
turned on at a rate of 6 x 107*° Mg, /yr. The key question is then to find out when
the model looses its capacity to drive pulsation modes.

Fig. 5 illustrates some of our results. It shows the evolving distribution of Fe in
the envelope of our representative model. The initial equilibrium distribution at
the beginning of the simulation is the curve labelled “0.00” and highlighted, in part,
by the heavy curve. We recall here that diffusive equilibrium is reached at a given
shell when the outward radiative acceleration on an element can be equated to the
downward effective gravitational acceleration. Because the radiative acceleration
depends on the abundance of the element in question, the condition of equilibrium
implies an abundance at a given depth which depends on the local conditions.
Hence, the equilibrium abundance of a radiatively levitating element is a function
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of depth.
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Fig.5. Evolving distribution of iron in a representative sdB star model in
the presence of a weak stellar wind. Only the envelope part of the stellar model is
shown since the “action” is confined there. The heavy solid curve labelled “0.00”
illustrates part of the initial distribution that is provided by the condition of
diffusive equilibrium between gravitational settling and radiative levitation. Each
curve is labelled by the logarithmic value of the time elapsed (in years) since the
wind was turned on in the simulation. The dotted (solid) curves correspond to
phases during which the Fe abundance in the driving region increases (decreases)
while p-mode pulsations can be driven. The dashed curves, starting at an age of
107:98 yrs, correspond to late phases when the Fe abundance in the driving region
has dropped to values too small for pulsational driving to be possible.

As time goes by, the presence of a weak stellar wind progressively perturbs this
equilibrium profile and, ultimately, the whole reservoir of levitating Fe is swept
away. This is the case, for instance, for the profile labelled “8.00” that corresponds
to the Fe distribution after 10® yrs of evolution. Thus, at the end of the simulation,
the whole envelope becomes depleted of iron as compared to its normal value of
log N(Fe)/N(He) = —4.5. On the other hand, there is an intermediate phase
during which Fe pollution reaches its maximum across the outermost layers. This
is shown by the profile obtained after 10692 yrs of evolution. After that phase,
the abundance of Fe decreases monotonically throughout the envelope until the
reservoir of levitating atoms is completely depleted.

In Figure 5, the dotted and solid curves are associated with epochs when pul-
sational driving is possible. In fact, the model can drive a maximum number of
modes precisely when Fe pollution is at a maximum in the driving region, i.e.,
after 10592 yrs of elapsed time in this particular simulation. After some 107-%%
yrs of evolution, however, the wind has done its damage and the model can no
longer excite pulsation modes because the Fe abundance in the driving region has
dipped below a critical level. The dashed curves thus correspond to epochs when



218 Fontaine, Green, Chayer, Brassard, Charpinet, and Randall

the excitation of pulsation modes is no longer possible.

Figure 5 also reveals the potential fate of the surface abundance of iron in a
sdB star in the context of a wind scenario. According to our simulation, pulsators
should show some Fe enhancements in their atmospheres — but note that this is a
strong function of log g and T.g — while nonpulsators may show enhanced, normal,
or depleted abundances depending on their age and the wind’s magnitude. This
result has some important and unfortunate implications if the wind scenario that
we have envisioned is realistic. Indeed, it may be difficult, if not impossible, to
detect a spectroscopic signature that would discriminate between pulsating and
nonpulsating sdB stars. This may be in line with the recent negative results
reported from searches for a spectroscopic signature of pulsating sdB stars (e.g.,
Blanchette et al. in these proceedings, and O’Toole et al., in preparation).
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Abstract. In previous attempts to perform seismic modelling of pulsating
subdwarf-B stars, various mode identification techniques are used with uncer-
tain results.

We investigated a method so far neglected in sdB stars, but very successful
for Main Sequence pulsators, that is, mode identification from the line-profile
variations caused by stellar pulsation.

We report the calculation of time-resolved synthetic spectra for sdB stars
pulsating with various combinations of pulsation modes; these calculations were
carried out over appropriate ranges of effective temperature, surface gravity
and helium abundances. Preliminary tests using these synthetic line-profile
variations demonstrated their potential for mode identification by comparison
with observation.

Key words: stars: subdwarfs — stars: oscillations

1. INTRODUCTION

Subdwarf B (sdB) stars are believed to be low-mass (~ 0.5Mg) core helium burn-
ing objects belonging to the Extreme Horizontal Branch (EHB) (Heber 1986).
With thin and mostly inert hydrogen-rich residual envelopes, sdB stars remain hot
(20000 < T < 40000) and compact (5 < log g < 7) throughout their EHB lifetime
(Saffer et al. 1994); they eventually evolve towards the white dwarf cooling se-
quence without experiencing the Asymptotic Giant Branch and Planetary Nebula
phases of stellar evolution. While binary population synthesis calculations by Han
et al. (2002, 2003) successfully demonstrate the formation of sdB stars through
several possible channels, resulting models require further comparison with obser-
vation. As sdB stars are believed to be responsible for the ultraviolet-upturn seen
in the energy distributions of elliptical galaxies and spiral galaxy bulges (Yi et al.
1997), understanding sdB star formation may provide an important diagnostic for
studying galaxy evolution and formation.

The discovery (Kilkenny et al. 1997, Green et al. 2003) that some sdB stars are
nonradial pulsators means asteroseismology could be used to discern their internal
structure and so constrain evolution models. But before any seismic modelling
can be reliably attempted one must identify pulsation modes which are excited.
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Assuming radial and
non-radial pulsations can
be modelled by spheri-
cal harmonics Y,,;,,, mode
identification tries to as-
sign values to the spherical
wavenumbers n, [ and m:
n is related to the number
of nodes of the radial dis-
placement, [ is the number
of nodal lines on the stellar
surface and m is the num-

Eﬁfo:;fhStl}llzhr(}tlzfisonp:;s;r;gf Fig.1. [ =3 pulsation mode with m from 3 (left)
& g, to 0 (right) and 4 from 30° (top) to 90° (bottom)
the star, as shown in Fig. 1. (GONG/NSO/AURA /NSF).

2. THE PROBLEM OF MODE IDENTIFICATION IN SDB STARS

Mode identification in subdwarf-B stars is far from being trivial. Several methods
which prove efficient for mode identification in pulsating Main Sequence stars have
limitations in the case of sdB stars. Nevertheless, these mode identification tech-
niques, however uncertain, are used in meritorious attempts at seismic modelling
of the most promising pulsating sdB stars.

2.1. Period fitting

The method entails fitting an observed period spectrum of a pulsating star to a
theoretical period spectrum and is straightforward in principle. However, when
considering pulsating sdB stars there is a major difficulty to overcome (Brassard
et al. 2001): so far, most sdB stars (except for PG 1605+072 with more than
50 periods (Koen et al. 1998), and KPD 193042752 with at least 44 periods
(Billeres et al. 2000)) have a rather sparse period spectrum, possibly because
lower amplitude frequencies are not yet observed. This makes it very difficult to
match objectively observed periods with periods computed from a model, as the
latter are much more numerous.

Despite the intrinsic difficulty of period fitting in sdB stars, Brassard et al.
(2001) use this technique to model the pulsating sdB star PG 00144067 and ten-
tatively identify 23 distinct pulsation modes. They search a four-parameter space
(Tofr, log g, the mass of the star M, and the mass of its H-rich envelope Moy, ) for
a model whose theoretical period spectrum could account for the observed periods
in PG 00144067, using a “merit” function that is minimum for the best fit(s).
In addition to the four parameters, they also deduce the rotation velocity of the
star and other properties (see their Table 6). They claim a good agreement with
previous spectroscopic determination of T,g and log g, but we note that in order
to discriminate between equally good fits (several minima of their merit function)
they use spectroscopic constraints. More recently, the same method is applied by
Charpinet et al. (2005) to PG 1219+4534.

2.2. Amplitude ratios

Yet another method in use for mode identification in pulsating Main Sequence
stars relies on multicolor photometry. This method, known as the amplitude
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ratio method (Heynderickx et al. 1994), relies on the fact that for non-radially
pulsating stars the photometric pulsation amplitude depends on wavelength and
on the spherical wavenumber [ of the pulsation mode. Ramachandran et al. (2004)
investigate this method for non-radially pulsating sdB stars and draw the following
conclusions:

o for EC 14026 stars, only the modes of high I (3 and 4) should be easy to disen-
tangle, provided their amplitudes are large enough to observe. On the other
hand, low degree modes are very difficult to distinguish, and this problem
becomes worse as the period shortens;

o for “Betsy” stars, modes of spherical degree [ = 1 may be difficult to distin-
guish from modes with [ > 1 in the case of longer periods.

Using ULTRACAM multicolor photometry, Jeffery et al. (2004, 2005) use the am-
plitude ratio method to identify pulsation modes of three sdB stars, HS 0039+4302,
KPD 210944401 and PG 0014+067. Their results are provisional, as only statisti-
cal errors are taken into account.

3. LINE-PROFILE VARIATIONS IN PULSATING SDB STARS

We saw in the previous section that current mode identification methods in sdB
stars need improvement. However none of these techniques use spectroscopy to
perform mode identification, although it has proved useful when modelling pulsat-
ing Main Sequence stars (e.g. Aerts et al. 1992, Briquet & Aerts 2003). Our claim
is that spectroscopy, and the pioneering detailed computation of line-profile varia-
tions (Ipv) we perform, could provide a more reliable mode identification method.
Indeed Ipv enable a complete reconstruction of the non-radial oscillations of a star,
provided that a time-series of spectra are observed with a high enough S/N ratio,
temporal, and wavelength resolution.

3.1. Computation of synthetic line-profile variations

The method used for our computation of theoretical line-profile variations is quite
straightforward. We combined three computer programs, BRUCE (Townsend
1997), SYNSPEC (Hubeny & Lanz 2000) and KYLIE (Townsend 1997), so as
to compute a series of time-resolved spectra exhibiting line-profile variations.

BRUCE first divides the stellar surface into a large number of very small sur-
face elements that are determined by the usual polarand azimuthal coordinate
angles 0 and ¢ and a step-size Af and Ap. BRUCE then perturbs the stellar
surface, assuming the pulsation is linear and adiabatic, with selected combina-
tions of pulsation modes at selected time steps, giving for each surface element its
temperature, surface gravity, orientation, projected radial velocity and projected
area.

It is important to realize that, because of the pulsation, different points on the
stellar surface not only have different radial velocity, but also different tempera-
ture, log g and orientation, meaning that the contributions of the different surface
elements to the line-profile have different amplitudes and energy distributions. The
line-profile variations do not only come from the Doppler shift in wavelength, but
also from the complex temperature and log g behavior on the stellar surface.

The emergent monochromatic flux in wavelength interval A\, at some wave-
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Fig. 2. Trial computation of H, line-profile variations for the short-period pul-
sator PG 1605+072. Only the six highest-amplitude pulsation modes (out of more
than 50) were taken into account in this computation in order to reduce computing
time. The line-profiles have been shifted along the ordinate axis (normalized flux)
for clarity.

length A\ and time ¢ is then given by

Fa(t) =Y I(t)ij p(t)i; sin6; AG; Ag; (1)
]
where I (t);; is the specific intensity emergent from the tile at 6; and ¢; in wave-

length interval A\, at wavelength A and time ¢, in the direction of the observer,
as computed by our modified version of SYNSPEC. The quantity

accounts for the time-dependent orientation of each tile, 7i(t);; being the normal to
the tile at some time ¢, and § being the direction of propagation of the radiation.
This is then repeated for the desired number of time-steps using KYLIE, there-
fore producing series of time-resolved observer-directed spectra.
Examples of line-profile variations computed with our codes are given for dif-
ferent modes in Figs. 2 and 3.

3.2. Observation of line-profile variations in pulsating sdB stars

Observations of line-profile variations in sdB stars have been made by Telting &
Ostensen (2004) who observed PG 1325+101 with the 2.5-m NOT telescope. Their
observations showed strong evidence for a dominant radial pulsation mode, but
most importantly drew attention to the potential of spectroscopic mode identifi-
cation. Similar observations were made of the bright sdB star Balloon 090100001
(Telting & @stensen 2005).
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Fig.3. A time series of 1A resolution synthetic spectrum ratios for PB 8783
(short-period pulsator) and EC 21324-1346 (long-period pulsator) in left and right
frames respectively. Second and subsequent synthetic spectra in each time series
are divided by the first, the elapsed time being given in minutes. Time-series
calculations were based on assumed pulsation modes (I = 3,m = 0;1 = 2,m =
0;l=1,m=0;1=2,m=1;l=3,m =0) and velocity amplitudes from Jeffery &
Pollacco (2000) for PB8783 and on modes (I =1,m=1;1=2,m=1;1=3,m =
0) and amplitudes to match photometric variations of EC 21324—1346.

4. THE MOMENT METHOD AND ITS APPLICATION TO SDB STARS
4.1. The moment method

Mode identification from line-profile variations could in principle be carried out
by a direct comparison of observed and synthetic spectra but we propose to adapt
to pulsating sdB stars the so-called moment method. It was first introduced by
Balona (1986a,b, 1987), and later refined and applied to Main Sequence pulsators
by Aerts et al. (1992), Aerts (1996) and Briquet & Aerts (2003).

In this method, an observed line-profile is replaced by its first few moments, and
their time dependence studied to identify the pulsation modes. The nth moment
of a line-profile p(v) (where v is the line of sight velocity component corresponding
to the displacement from the laboratory wavelength) is be defined as

Y fjooj v"p(v) dv
<" >= —fjof o) de (2)

All the information contained in the line-profile can be reconstructed from the
entire series of moments of nth order, but Briquet & Aerts (2003) showed that
most of the information is contained in the first three moments:

e the first moment < v > is the centroid of the line-profile in a reference frame
with origin at the stellar center;
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e the second moment < v? > is related to the variance of the line-profile;

e the third moment < v*

Telting 2003).

> relates to the skewness of the profile (see also

Once the moments of the ob- 20
served line-profile have been computed,
their variations are compared with the
time-dependence of theoretical moments
(Aerts 1992). These depend on the
wavenumbers [ and m of the pulsation
mode, but also on its amplitude v,, on
the inclination ¢ of the star’s axis of
rotation to the observer, on its rota-
tion velocity v and on the width o of
the intrinsic broadening profile, allowing
a complete reconstruction of non-radial
pulsation. One then selects the most
likely set of parameters (I, m, vy, %, vq, )
by minimizing a so-called discriminant
(Briquet & Aerts 2003), which is a func- 10000
tion that takes into account the quality

of the fit between the theoretical and ob- ‘”§ 0
served moments. .
In Fig. 4, we show the three normal-
ized moments for a synthetic radial mode -20000 ‘ ‘ ‘ ‘
X ! 0 0.2 0.4 06 0.8 1
we computed. Even without computing Phase
the discriminant, the phase-dependence Fig.4. First, second and third mo-
of the observed moments can provide ments for the synthetic line profile of a
some useful information. For instance radial mode computed using our codes.

e the peak-to-peak amplitude of the first moment gives an idea about the
overall velocity range due to the oscillation;

e if < 2 > can be described by a single sine function with twice the frequency
of the first moment it means that m = 0, while if the mode is sectoral (|m| =
l) < v? > behaves sinusoidally with the same frequency as the frequency of
the first moment.

4.2. Application to pulsating sdB stars

The major difficulty to overcome in order to apply the moment method to pul-
sating sdB stars comes from its current formulation (Briquet & Aerts 2003) in
which the moment method neglects the variation of the specific intensity (i.e.
01, (8;, ) = 0) due to changes in Tex and log g during the pulsation. This can be
a good approximation when dealing with spectral lines that are not sensitive to
temperature variations (such as silicon lines in 3 Cephei stars (Dupret et al. 2002)
and (De Ridder et al. 2002)) but in the case of sdB stars, temperature effects
should not be neglected.

We tested the moment method in its current formulation on lpv of H,, for var-
ious pulsation modes, but the identification was not always satisfactory. However
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it was extremely difficult to choose a suitable wavelength range over which the mo-
ments were to be computed. We are investigating a systematic way to make that
choice, as well as whether the use of the narrower and much weaker helium lines
might improve the mode identification. Another possibility is to take temperature
effects into account using of higher-order moments, as Balona (1987) suggests.

5. FUTURE PROSPECTS

Our development of spectroscopic methods for pulsation mode identification in
subdwarf-B stars was stimulated by the acquisition of observational data. A start
on this was made in August 2005 using the South African Astronomical Observa-
tory 1.9-m telescope to obtain time-resolved spectroscopy of “Betsy” stars (Schoe-
naers & Lynas-Gray 2006).

Furthermore, Kawaler & Hostler (2005) show internal rotation to be expected
in sdB stars, the rate depending on distance from the stellar centre. Mode splitting
due internal rotation cannot be identified using the usual formula applicable in
the case of surface rotation and may have led to incorrect mode identification in
previous works. Special attention therefore needs to be given to the modelling of
this effect in pulsating sdB stars, even though the moment method shouldn’t be
affected much by differential rotation, contrarily to period fitting.

However, mode identification in pulsating sdB stars is a real challenge with the
methods discussed above. Other methods might prove worth investigating.

The so-called TIPS method aims at comparing the observed amplitude and phase
variations across the line-profile with the theoretical variations (Schrijvers et al.
1997 and Telting & Schrijvers 1997a, b). It was recently used by De Cat et al.
(2005) to identify pulsation modes in monoperiodic SPB (Slowly Pulsating B)
stars, together with the method of photometric amplitude ratios and the moment
method (with moments up to the sixth order).

Yet another mode identification method, Doppler Imaging, should be inves-
tigated. The method is based on the idea that line-profile variations of rapidly
rotating stars are a sort of “doppler image” of the stellar surface within the line-
profile. This method has been challenged because of its apparent lack of physical
foundation, but Kochukhov (2004) claims a reliable recovery of the surface pul-
sation velocity structures can be achieved for all types of pulsation geometries
accompanied by significant line-profile variations. It remains to be seen whether
the line-profile variations in sdB stars are large enough.

To summarize, this paper presents several options for meeting the challenge
presented by sdB star pulsation mode identification by spectroscopic methods.
All appear to be worthy of further investigation and progress made to date is
briefly summarized.
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Abstract. We present results of photometric observations of the high-ampli-
tude EC 14026-type star, Balloon 090100001. The data were obtained in wide-
band B filter and span over five weeks, consisting of about 150 hours of ob-
servations. Fourier analysis of these data led us to the detection of at least 50
modes of pulsation, out of which 37 are independent. The frequencies of 22
detected modes are in the region of pulsations of EC14026-type stars, theoret-
ically attributed to p modes, and cluster into four narrow ranges, around 2.8,
3.8, 4.7 and 5.5 mHz, where the radial fundamental mode, the first, second and
third overtones are likely to occur. Surprisingly, we also detect 15 independent
modes in the low-frequency domain, between 0.1 and 0.8 mHz. These modes
are typically found in PG 1716+426-type stars, recently discovered among cool
B-type subdwarfs, and theoretically attributed to high-order g modes. As both
kinds of oscillations are observed in Balloon 090100001, it represents a link be-
tween the two classes of pulsating hot subdwarfs. At present, it is probably the
most suitable target for testing evolutionary scenarios and internal constitution
models of these objects by means of asteroseismology. Three of the modes we
detect form an equidistant frequency triplet which can be explained by invoking
rotational splitting of an ¢ = 1 mode.

Key words: stars: oscillations — stars: individual: Balloon 090100001

1. INTRODUCTION

Balloon 090100001 (BA09) was found to be an sdB star by Bixler et al. (1991).
Although it is one of the brightest sdB stars its pulsational nature was discovered
only recently by Oreiro et al. (2004). Owing to a very short run, the authors
were able to extract only two independent modes and the first harmonic of the
main mode. Beside these three peaks, they noted a small signal around 0.3 mHz,
whose appearance was surprising for an EC14026 star. With a B magnitude of
11.8, periods around 300s and amplitude up to 50 mmi for the main mode, this
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EC14026 object turned out to be an excellent candidate for follow-up photometry.

2. OBSERVATIONS

BA09 was re-observed ot T
independently by two of L P S : e Al
us (AB and RO) in Au- :
gust and September 2004.
AB used an SBIG ST- 50
10XME CCD camera at-
tached to a 60-cm tele-
scope at Mt. Suhora Ob-
servatory. The Johnson-
Cousins U BV R filters were
used. RO employed the
TCP instrument in the 80 I
cm TACS80 telescope. Only "
a B filter was used in this A0 ———

. . 30 35 40 45 50 55 60 65 70
case, allowing a cycle time
of 10 s. Results of the anal- . . HJD-2453200
ysis of these data are pub- Fig.1. Light curve from Tenerife and Poland.
lished separately (Baran et al. 2005, Oreiro et al. 2005). Some time later, we
combined our B filter data and made a common FT analysis. The light curve of
our combined data is presented in Fig. 1. In this way we improved the spectral
window (Fig. 2), but the difference is not significant since our sites are located at
similar longitude and the observations were not simultaneous.
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3. PERIODOGRAM ANALYSIS

Fig. 3 shows the Fourier W
spectrum for non prewhit-
ened data. Note that the
highest peak (with an am-
plitude of 53 mma) is trun-
cated in order to better 06 L i
view the signal with lower
amplitudes. At first look,
seven groups of peaks can
be distinguished (not all
of them turned out to be 02
real). Down to S/N about
7 we revealed 50 frequen-
cies, which are listed in Ta- 0.0 == PO VN
ble 1. Frequencies f2, fs, ' ' ' ’ ’

f [mHz]
f4 form an equally spaced
triplet. If we assume they
are due to rotational split-
ting of an /=1 mode, with C},; = 1 then a rotation period of 7.1 days is derived.
Despite the large data set we still have an aliasing problem, and in a few cases
we were not able to correctly distinguish between a real mode and its aliases. In
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Fig. 2. Spectral window resulted from the
Poland-Tenerife combined data.
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Fig. 3. Amplitude spectrum calculated on joined data.

Fig. 4, residuals out of 50 frequencies subtracted are shown. As can be seen there
are still many peaks that could be real, but this can be verified only with data of

better quality.

4. 2005 CAMPAIGN

In order to get such
a higher quality set of
data, we are arranging
for summer 2005 a simul-
taneous photometric and
spectroscopic campaign on
BA09. The official web
page can be found at
http://webpages.ull.es/
users/raquelor, where the
relevant information on the
campaign is posted. Some
photometric and spectro-
scopic sites have already
agreed to participate al-
though for some of them
the observing time has not
yet been awared. All obser-

A [mmi]

0,2

0,1

00 !
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0 2 4 6 8 10
f [mHz]
Fig. 4. Residual spectrum after 50 peaks
subtracted.

vatories but one will use CCD cameras with a B filter. Two sites will use multicolor
photometry, so we will be able to compare amplitudes from two seasons. With
these new data we will also make an attempt to identify the pulsational modes in
BA09. In particular, the method which uses spectroscopy and multicolor infor-
mation, described in detail in Daszynska-Daszkiewicz (2003), will be used for that

purpose.
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Table 1. Frequencies, amplitudes and phases of the
prewhitened peaks from the Poland—Tenerife combined data.
Letter (number) subscripts refer to g-mode (p-mode) frequencies

Freq. Ampl. Phase Freq. Ampl. Phase
(mHz) (mma) (mHz) (mma)

fa 02724  2.886 2.646 fui 3.7918  1.143  2.906
fs  0.3658  2.708 2.843 fi 37867 1223 3.001
fo  0.2400 1.848 1.228 f1s  3.8229  0.827  2.353
fo 03257  1.092 4.600 fia 46511  0.768  5.712
fe 02463  0.970 3.013 fis 46761 0.967  6.135
fr 01451 0874 5.569 fis 46591  0.882  2.447
fe 02110  0.987 4.646 fir 46686 0.760  3.257
fu 03312 1.067 5.106 fis 46421  0.621  5.684
fr 0.0904 0.888 5.794 fio  4.6614 0.648  6.005
f; 02989  0.822 6.040 fao  5.5329  0.770  4.097
fx  0.1356  0.828 0.479 for 54944  0.623  5.903
fo 0.2480  0.815 4.578 fa2 55551 0.626  5.759
fu 0.6844 0702 5466 fi — fs 24417 0.739  0.429
fn 08331  0.623 4416 fi —fp 24818 0404  4.933
fo 06311 0492 0568 fi+f1 56149 5930  4.560
fi 28075 53.101 3.030 fi+fo 5.6307 4.496  4.609
f2  2.8232 20539 3.061 fi-+fs 5.6323 2785  2.150
fs  2.8248 12075 0.603 fi+fi 5.6338 0970 3.695
fi 2.8264  4.800 2.069 fo-+fs 5.6480 0.709  1.882
fs 28539  1.665 1.208 fo+ fo 5.6465 0.719  4.458
fo 28557 1212 4.244  fo+ fi  5.6496 0.441  4.462
fr  2.8585 1140 5084 fi-+fo 6.5835 0.684  4.891
fs  2.8250  0.901 2605 2f; +f1 84224 0.846 0.031
fo 37761 4572 3.694 2fi +f» 84381 0523  6.051
fio 37956 1111 1421 2fi + f3 8.4397 0.458  3.847
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Abstract. We report briefly the results from a continuation of the NOT
search program for pulsating sdB stars. During this period we have observed
45 candidates and found 3 new short period pulsating sdB stars. Two of the
new pulsators were selected based on spectroscopy from the Sloan Digital Sky
Survey, while the third is a PG object. All the stars have periods in the range
120-140s, typical for short period subdwarf B pulsators, and the detected pul-
sation amplitudes are all relatively low, between 0.3 and 0.7 %.

Key words: stars: subdwarfs - stars, oscillations - stars: individual
(PG 14194081, SDSS J1445+0002, SDSS J1642+4252)

1. INTRODUCTION

A search programme for new sdB pulsators was conducted with the Nordic
Optical Telescope (NOT) in the years 1999-2001. In total 10 pulsators were found
among candidates selected from the HS, HE and PG surveys. Additionally, one
pulsator was found in a small SDSS sample observed in Oct 2002. (Solheim et
al. 2004). Here we report the results of a continuation of the NOT search pro-
gramme in 2004 and 2005. Candidates were selected from sdBs with Teg between
27000 and 37000 K, with preliminary Teg determined from SDSS spectra or taken
from literature sources.

2. OBSERVATIONS

The programme was granted observing time June 4 -9, 2004 and February 15—
20, 2005. The first run had mostly clear weather, but the second was totally lost
due to heavy snow at the observatory. In the 2004 run 45 candidates were observed
and 3 new pulsators were detected. They are PG 1419+081, and two new sdB stars

TBased on observations made with the Nordic Optical Telescope, operated on the island of La
Palma jointly by Denmark, Finland, Iceland, Norway, and Sweden, in the Spanish Observatorio
del Roque de los Muchachos of the Instituto de Astrofisica de Canarias. The data presented here
have been taken using ALFOSC, which is owned by the Instituto de Astrofisica de Andalucia
(TAA) and operated at the Nordic Optical Telescope under agreement between IAA and the
NBIfAFG of the Astronomical Observatory of Copenhagen.
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Table 1. Time series photometry. The length of each run
is the number of cycles N times the cycle time.

Object Date Observers  Start N Cycle
(2004) (UT) (s)
PG 1419+081 June 8 JES, RO 21:56 128 30

SDSS J144514.934+000249.0  June 6 JES, RO 00:27 137 30
June 7 JES, RO 23:57 121 30
SDSS J164214.214425234.0  June 6 JES, RO 02:22 220 20
June 9 JES 01:48 181 20

Table 2. Detected periods and amplitudes for the three
new pulsators. The last column gives the one-sigma noise
level found in the amplitude spectrum when avoiding the
region between 7 and 9 mHz.

Object Date P1 P2 P3 Al A2 A3 g
(2004) (s) (mma) (mma)
PG 1419+081 June 8 144 136 73 23 0.7

J14454-0002 June 6 119 124 142 7.7 6.2 4.8 0.9
June 7 118 126 142 5.7 4.5 4.4 0.8
J1642+44252 June 6 138 130 33 1.9 0.4
June 9 138 3.4 0.5

from the SDSS survey, which we refer to as J1445+0002 and J16424-4252. The
log of observations for these three stars is given in Table 1, together with the full
designations for the two SDSS stars.

PG 14194081 (V =15.1) was classified as a subdwarf (sd) in the PG catalogue
(Green et al. 1986) and as an sdB in the BPS catalogue (BPS CS 22883-25; Beers
et al. 1992) The log(Tes) =4.53 given in the BPS catalogue was based on UBV
photometric observations only, and has a large associated error (10%). No new
spectroscopy has been obtained yet, but it is worth noting that 2MASS photometry
indicates IR excess (J — H =40.28), compatible with an F-G class main sequence
companion.

The SDSS stars have magnitudes g’ = 17.34 for J1445+0002 and ¢’ = 15.68 for
J1642+4552. Both show IR excess from 2MASS photometry (J — H =+0.15 and
+0.19, respectively), and their spectra also show signs of contamination from a
cool companion (Ca11, Mg and NaD lines). Model fits to the SDSS spectroscopy
of these stars give effective temperatures of 37650 and 33900 K, respectively, but
these fits are quite uncertain due to the contamination from the main sequence
companion. J144540002 displays the Hell 4686 line making it an sdOB star,
which is consistent with the relatively high temperature, but we note that such a
high temperature has not been seen in any other pulsating sdOB star yet, so it is
probably an artifact introduced by the contamination, and we estimate that the
true temperature could be lower by as much as 10 %.

The time-series observations were all done with ALFOSC in the windowed
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Fig.1. The observed light-curves of the three new pulsators. Top panel:
PG 1419+081; Middle panel: J14454-0002; Lower panel: J1642+4552. The dotted
lines shows the oscillations associated with the detected periods.

readout mode as described in Solheim et al. (2004). The observing log for the new
pulsating objects is shown in Table 1.

3. RESULTS

The three new pulsators show low amplitude pulsations with periods between
118 and 142s, typical for most other known EC 14026 pulsators. The light-curves
are shown in Fig. 1, and their Fourier transforms in Fig. 2.

For PG 1419+081 we have only one short run which shows one clear peak at
144 s and a second barely above the 30 detection limit.

The Fourier transforms of the two light-curves of J1445+002 both show rich
amplitude spectra with three clearly detected periods on the first night, all con-
firmed on the second run 46 hours later.

J1642+-4552 is the lowest amplitude pulsator, with the strongest peak at 138s
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Fig. 2. The Fourier transforms of the light-curves of the three new pulsators.
Top panel: PG 1419+081; Middle panel: J 1445+0002; Lower panel: J1642+4552.
The dotted lines indicate three times the noise level as given in Table 2.

and an amplitude of 3.4 mma. The first night we detected also a second peak at
130s, but this was below the detection limit the second run.

3. CONCLUSIONS

We have presented the discovery data for three new short period sdB pulsators.
With these three pulsators, the total no of EC 14026 pulsators has now reached
36. All these sdBs show evidence of having a main sequence companion, as has
been seen with about half of all short period pulsators discovered to date.
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Abstract. We have obtained 2552 low-resolution spectra of the bright sdBV
Balloon 090100001, aiming to derive pulsational characteristics of this star. The
data were obtained at the Nordic Optical Telescope during 7 nights in Au-
gust/September 2004 over a total time base of 38 nights.

In this paper we present preliminary results obtained from frequency anal-
yses and spectral modelling of phase-folded spectra. Additionally, we briefly
discuss the prospect of mode-identification for the main modes in this star,
using preliminary amplitude ratios derived from our spectra.

Key words: stars: subdwarfs — line: profiles — stars: early-type, oscillations
— stars: variables: general — stars: individual: Balloon 090100001

1. INTRODUCTION

Oreiro et al. (2004) found high-amplitude photometric variability and labelled
Balloon 090100001 as the brightest known pulsating subdwarf-B star (B=11.8).
Furthermore, Oreiro et al. (2004), Baran et al. (2005), and Baran, Oreiro et al.
(2005, these proceedings) presented a rich p- and g-mode frequency spectrum, in-
cluding a triplet close to the dominant frequency of 2.8075 mHz. The fact that both
p- and g-modes have been discovered in this star shows that Balloon 090100001
is in essence part of both the slow and fast pulsating groups of subdwarf-B stars.
Altogether, the brightness, the pulsational amplitude, and the rich but seemingly
non-randomly distributed frequency spectrum, make this star an excellent target
for asteroseismological studies.

So far, several pulsating sdB stars have been studied using low-resolution spec-
trographs on intermediate-size telescopes, e.g. PB 8783 and KPD 1209+4401 (Jef-
fery & Pollacco 2000), PG1605+072 (O’Toole et al. 2003), PG1325+101 (Telting
& (stensen 2004), as well as a few other studies in these proceedings. All these
studies have shown that low-resolution spectroscopy gives additional information
(with respect to photometric studies) regarding the fundamental parameters of
the stars, and gives essential velocity information that characterises the pulsa-
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Fig.1. Top: Quasi-Stromgren u (lowest), v and b (open squares) light curve

for about 1 hour of data. Bottom: Radial velocities derived from cross-correlation

for one night of data. The short period variations reflect the main pulsation mode;
the long term drifts and sudden shifts are (largely) instrumental effects

tional behaviour of these stars.

In this paper we present preliminary results derived from our data set that
was obtained with the aim to put constraints on the pulsational characteristics of
Balloon 090100001.

2. OBSERVATIONS

We observed Balloon 090100001 during 7 nights in August/September 2004
over a total time base of 38 nights. Our data set overlaps the photometric data set
presented by Baran, Oreiro et al. (2005, these proceedings). We used the Andalucia
Faint Object Spectrograph and Camera, ALFOSC, at the Nordic Optical Telescope
on La Palma.

Our instrumental setup was: grism #16, CCD #8, and a long slit of 0’8 width.
This setup samples the wavelength region of approximately 3500-5060 A, and gives
a FWHM spectral resolution of about 3 A corresponding to 54 km /s /pixel. We used
an exposure time of 30 sec, which hardly affects the amplitude of the main pulsa-
tion (P=356s) in terms of phase smearing. With appropriate binning and window-
ing in the spatial direction we achieved a cycle time of 43 seconds. Thorium-Argon
and Helium arc-line spectra were made sandwiching 40 or less consecutive spectra.

The spectra were flatfielded and extracted using standard tasks within IRAF.
The average signal to noise ratio of the individual extracted spectra is S/N=50.
A total of 2552 useful spectra were obtained.
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Fig. 2. The amplitude of the window function in Fourier space, showing strong
4-day and 1-day aliases

3. RADIAL VELOCITIES, LINE WIDTH, EQUIVALENT WIDTH, AND
SPECTROPHOTOMETRY

We used the cross-correlation routine FXCOR in IRAF using the mean spec-
trum as a template. The cross-correlation function (CCF) is dominated by the
strong Balmer lines in the spectrum. We used the center of the CCF as a measure
for the radial velocity of the star, and we used the FWHM of the CCF as a mea-
sure of the width of the Balmer lines, which in itself reflects the apparent surface
gravity.

We used the average equivalent width (EW) of the Hy-H9 Balmer lines as a
further observable. To beat the noise in the wings of the profiles, each point in the
profile was weighted with its own depth with respect to the continuum, implying
the following non-standard form EW=4/2(1 — P()))2 x A\, where P()) is the
line profile.

We also used our unnormalised spectra to obtain quasi-Stromgren uvb photom-
etry from the mean count level in the following bands: 3515-3715 A, 4000-4200 A,
and 4600-4800 A. For each band the mean count levels were put on a magnitude
scale and were subsequently detrended as a function of time.

Figure 1 shows the radial-velocity measurements of one night of data, and a
typical uwvb light curve for about 1 hour of data. From the plot of the radial-velocity
measurements it is clear that drifts in velocity and shifts due to recentering of the
star on the slit occur. We have corrected for such instrumental/observational drifts
and shifts by detrending appropriate chunks of radial-velocity data using first and
second order polynomial fits. Note that such detrending can affect the amplitudes
of low-frequency pulsational signal in the data.

4. FOURIER ANALYSES

We have analysed the quantities described above using a standard discrete
Fourier transform. The distribution in time of the spectra results in strong 1-day
and 4-day aliases (see the window function in Figure 2). Although the frequency
resolution as obtained from the central window peak is on the order of 1 uHz, the
severe aliasing pattern makes it difficult to separate real peaks from aliases.

Figure 3 shows the Fourier transforms of three of our observables, indicating



238 J. H. Telting, R. Ostensen, U. Heber and T. Augusteijn

T T T T T

E 60 detrended Str. u spectrophotometry

£ 40}

E 20|

of

S f ' o ' i T ' ]
39 0,2:- Balmer Equivalent Width .
i :
=9 :
g 2:0 0.1 L
o = OE o - kbt

T T T T T T T T T

detrended radial velocity

(km/s]
o mo o
T
1

0 1 2 3 4 5 6 7 8 9
frequency [mHz]

Fig. 3. Amplitude of Fourier transforms

the dominance of the main pulsation mode at 2.80749 mHz in the Fourier spectra.
To estimate the errors on the amplitudes in Fourier space, we prewhitened the 25
strongest peaks and averaged the remaining amplitude spectrum between 0 and
15 mHz. The resulting error levels are 2.7mmag for photometry amplitudes, and
0.24 km/s for the radial-velocity amplitude. The radial-velocity amplitude of the
main pulsation mode is 18.0km/s.

We have looked for the presence of other pulsation frequencies in the Fourier
transforms of the observables. In Table 1 we list the pulsation frequencies from
Baran, Oreiro et al. (2005, these proceedings), for which we find evidence in our
data. Note that for some of these detections our data set alone would not suffice
to label them as significant.

Table 1. Frequencies and B-mag amplitudes from Baran,
Oreiro et al. (2005, these proceedings), for which we find
evidence in our spectra. One * denotes a corresponding
peak, two ** denote a peak at an obvious alias.

mHz  mmag mHz  mmag

0.2724 2.89  ** 2.8075 53.10 *

0.3658  2.71 * 2.8232  20.53 *JHx

0.3257 1.09  ** 2.8248 12.08 *
3.7761  4.57 *

5. PHASE-FOLDED SPECTRA

In order to investigate the pulsational characteristics of the dominant mode
(2.8075 mHz), we have phase-folded and averaged our spectra into 20 phase bins,
each bin containing more than 100 spectra. The phase binning and subsequent
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Fig. 4. Bottom: Spectra folded to pulsational phase of the dominant mode
(2.8075 mHz) and subsequently binned to 20 phase bins: the residual spectra are
shown in grey-scale representation. Middle: Overplot of the residual spectra. Top:
average of all 2552 spectra. We show the wavelength region covering He1 4471 A,
Mg11 4481 A, Sitir 4552 A, C 111 4650 A, to indicate the profile variations for these
lines.

averaging increases the S/N to better than 500 for the resulting spectra, and sig-
nificantly reduces the variations that may be present at other frequencies. Besides
clear variations in the Balmer lines and HeT lines, we detect pulsational variations
in lines of heavier elements as well (see Figure 4).

We fitted the LTE spectral synthesis models of Heber et al. (2000) to each of
the 20 phase-folded spectra to obtain values of the apparent effective tempera-
ture and apparent effective gravity. Both temperature and gravity show sinusoidal
behaviour as a function of pulsation phase. The mean values are found to be
Tes=28700K, log(g)=5.39 dex, with a Helium abundance log(n(He)/n(H))=—2.75
dex that does not vary with pulsation phase. The pulsational amplitudes of ap-
parent surface temperature and gravity are ATog=1250K, Alog(g)=0.1dex. The
pulsational track of Balloon 090100001 is plotted in the gravity versus temperature
diagram in Figure 5.

It is noteworthy that the main cause of the large variations in log(g) is the
pulsational acceleration, which alters the surface gravity an order of magnitude
more than the pulsational radius change does. Consequently, any type of modelling
of p-mode line-profile and brightness variations for stars like Balloon 090100001
should account for the effect that the pulsational acceleration has on the surface
gravity.
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Fig. 5. Diagram of log(g) versus Tug, with three evolutionary tracks from Dor-
man et al. (1993). In only six minutes Balloon 090100001 sweeps through the
diagram along the indicated pulsational track (the ragged closed contour close to
the TAEHB). The diamonds depict all other known p-mode sdB pulsators.

6. TOWARDS MODE IDENTIFICATION

We computed uvb amplitude ratios for the main pulsation mode (2.8075 mHz),
and for the strongest (2.8232 mHz) of the three frequencies that were identified
by Baran, Oreiro et al. (2005, these proceedings) to form an equidistant triplet.
Because of the triplet structure, this latter frequency is likely due to an =1 mode.
Given its very high amplitude, the main pulsation mode is likely to be of low
degree nature: ¢ <3.

The amplitude ratios A,/A, and A,/A, are plotted as a function of wave-
length in Figure 6, similar to the diagrams presented by Ramachandran et al.
(2004). Note that the stellar and pulsational parameters of the models presented
by Ramachandran et al. (2004) are not consistent with those of Balloon 090100001.

We find that there is a clear separation between the amplitude ratios of the
two modes, which indicates that it is unlikely that the two modes have the same
pulsational degree ¢, leaving as likely identifications of the main mode ¢=0 and
{=2.

We prefer the /=0 identification of the main mode, because of the high observed
amplitude of that mode. Nevertheless, we are convinced that detailed modelling
of the amplitudes as a function of wavelength, in a similar fashion as presented by
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Fig. 6. Our uvb amplitude ratios compared with theoretical UVBR ratios for a
sdB star hotter and more compact than Balloon 090100001 (see Ramachandran et
al. 2004). Unlike the theoretical curves, our amplitude ratios show clear separation
for the two modes.

Randall et al. (2005, these proceedings) and Green et al. (2005, these proceedings),
could provide further evidence to confirm our tentative identification of the main
pulsation mode of Balloon 090100001.

7. SUMMARY AND PRELIMINARY CONCLUSIONS

We have obtained a large spectroscopic data set of Balloon 090100001, and find
clear signatures of the main pulsation mode. In our Fourier periodograms we find
further evidence for other previously known frequencies.

In the phase-folded spectra, as folded on the main pulsation period, we find
clear pulsational variations in the Balmer and Helium lines that are present in our
spectra. Moreover, we find clear pulsational variations in lines of heavier elements
as well.

The apparent pulsational variations of temperature and gravity, due to the
main pulsation mode, are AT,=1250K and Alog(g)=0.1dex (semi amplitudes).
The radial velocity amplitude of this mode is 18 km/s .

We show that the uvb amplitude ratios, derived from our spectra, of the main
mode and of the strongest of the triplet modes are not the same, indicating that
these modes may have a different ¢ value. We tentatively identify the main mode
to be a radial mode.

ACKNOWLEDGMENTS. JT thanks Raquel Oreiro for an early copy of her
poster on Balloon 090100001 that was presented at the meeting (Baran, Oreiro et
al. 2005, these proceedings).
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Abstract. We present the analysis of 200 high-resolution and 150 low-
resolution spectra of the pulsating subdwarf close binary KPD 1930+2752
obtained with the Keck and the Calar Alto 2.2 m telescopes. Using metal-
rich, line blanketed LTE model atmospheres the atmospheric parameters Teg =
35500 £ 500 K, log g = 5.56 &£ 0.05 and log % = —1.48 £ 0.02 were derived.
The radial velocity curve was measured and combined with all available pub-
lished and unpublished radial velocity data in order to get results of high ac-
curacy (K = 341 £+ 1 kms™!, P = 0.0950933 4+ 0.0000015 d). For the first
time we measured the projected rotational velocity. The preliminary result
is vpopsind = 97 £ 9 kms~! (30). Since the rotation of the sdB star is very
likely tidally locked to the orbit, we can constrain the inclination of the system.
Assuming the companion to be a white dwarf, the mass of the sdB is limited
from 0.44 Mg to 0.63 Mg and the total mass range of the system is 1.3 Mg to
2.0 Mg. It is very likely that the total mass exceeds the Chandrasekhar limit.
Hence KPD 1930+2752 is a candidate for a progenitor of a Type Ia supernova.
According to the derived limits for the inclination angle, eclipses are likely to
oceur.

Key words: binaries: spectroscopic — stars: atmospheres — stars: individual
(KPD 19304-2752) — subdwarfs — supernovae: general

1. INTRODUCTION

KPD 193042752 was identified as a subdwarf B star in the Kitt Peak-Downes
survey (Downes 1986). The parameters which were derived from spectroscopy by
model atmosphere fits (Saffer and Liebert 1995) are consistent with the theoretical
instability strip for pulsating sdB stars, which was predicted by Charpinet et al.
(1996). After the first pulsating sdBs (EC 14026 stars) were discovered in 1997
(Kilkenny et al. 1997; Koen et al. 1997; Stobie et al. 1997), Billeres et al. (2000)
initiated a survey to search for these objects in the northern hemisphere. They
selected KPD 193042752 from the list of Saffer and Liebert (1995) for their fast
photometry program and detected multiperiodic variations with short periods and
low amplitudes. In addition to 44 p-mode pulsations they found a strong variation
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at a much longer period of about 4100s. This variation could be identified as
an elipsoidal deformation of the sdB most likely caused by a massive companion.
Billeres et al. predicted the period of the binary to be two times the period of the
brightness variation (P = 8217.8s = 0.095111d).

This was proven by Maxted et al. (2000), who measured a radial velocity curve
of KPD 193042752 which could be fitted with the proper period. The radial ve-
locity amplitude K = 349.3 + 2.7kms™~!' combined with the assumption of the
canonical mass for sdBs Mgp = 0.5 Mg led to a lower limit for the mass of the
system derived from the mass function. This lower limit M > 1.47Mg exceeded
the Chandrasekhar mass of 1.4 M. Because there was no sign of a companion
in the spectra, it was concluded that the unseen object must be a white dwarf.
Putting all this together Maxted et al. concluded that KPD 193042752 could be
a good candidate for the progenitor of a Type la supernova.

Type Ia supernovae (SNe Ia) are the most important standard candles for ex-
tragalactic distance measurements and play an outstanding role in observational
cosmology. The progenitors of SNe Ia as well as the dynamics of the explosions are
still under debate. The thermonuclear explosion of a white dwarf turned out to be
the most reasonable explanation. A white dwarf has to exceed the Chandrasekhar
mass to explode in this way. In the single degenerate scenario the white dwarf ac-
cretes matter from a nearby non-degenerate companion star. Possible progenitor
candidates are supersoft X-ray sources. Double degenerate systems consist of two
white dwarfs in a short period system, which merge within a Hubble time due to
gravitational wave radiation (Livio 2000). KPD 193042752 has a sufficiently short
period and may have a sufficiently high total mass. The sdB can be expected to
evolve to a white dwarf before the merger.

From the theoretical point of view Ergma et al. (2001) questioned the double de-
generate scenario in the case of KPD 1930+2752. Their simulations based on the
derived parameters of Maxted et al. suggested the formation of a single massive
ONeMg white dwarf or a neutron star.

The main drawback of all previous investigations is the lack of information on the
inclination angle and the assumption made on the sdB mass. We drop the latter
assumption and derive constraints on the inclination for the first time by means of
an accurate measurement of the projected rotational velocity and surface gravity.
Because the rotation of the sdB star is tidally locked to the orbit, we can derive
sini as a function of the sdB mass from these two quantities.

2. OBSERVATIONS AND DATA REDUCTION

With the 10m Keck Telescope at the Mauna Kea Observatory two hundred
high-resolution spectra were obtained by N. Przybilla in half a night in July 2004,
using the High Resolution Echelle Spectrometer (HIRES, Vogt et al. 1994). The
spectra covered a wavelength range of 4200 A — 6800 A with few small gaps at a
resolution of 0.1 A and exposure times of 20s each. The data were reduced using
the ESO-MIDAS package. Bias and flatfield corrections were applied and a wave-
length calibration was done. All spectra were corrected to the heliocentric frame
of reference.

Additional observations were obtained with the 2.2 m Telescope at the Calar Alto
Observatory in July 2004. The Calar Alto Faint Object Spectrograph (CAFOS)

was used to obtain 150 spectra covering a wavelength range of 3600 A — 6200 A
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with 5 A resolution and an exposure time of 180s each. The data were reduced in
analogy to the HIRES spectra.

3. STELLAR PARAMETER DETERMINATION
The coadded CAFOS spec-
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matching of the observed spectra was done with the FITPROF routine by the
means of a x? fit (Napiwotzki 1999). The results of the fits with different grids

were consistent (see Table 1).

Table 1. Parameters of KPD 193042752

model Teg log g log Z((I?{e))
LTE logm =20 35549 K 5.63 -1.58
LTE logm = +1 35183 K 5.56 -1.48
NLTE (PRO2) 35619 K 5.56 151
NLTE (NGRT) 35516 K 5.53 -1.45
NLTE (If) 35617 K 5.64 1153
adopted 35500 + 500 K 5.56 £ 0.05 -1.48 + 0.02

NLTE effects played a minor role. In the first instance it was not possible to fit
the hydrogen and some helium lines (He1 5876, He11 5412 and in particular He 1l
4686) simultaneously. This so called helium problem already occurred during other
analyses of pulsating subdwarfs (Heber et al. 2000; Edelmann 2003). The analysis
of HST-UV spectra of three sdB stars with similar T,g as KPD 1930+2752 revealed
supersolar abundances of the iron group elements (O’Toole & Heber 2005). Those
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stars also displayed the optical He ionisation problem. Using more appropriate
metal-rich models (10 x solar metalicity) the problem could be remedied (see also
Heber, these proceedings). The abundances of the iron group elements have not
been measured for KPD 19304-2752. Because of the similarity of its atmospheric
parameters to those of the stars studied by O’Toole and Heber (2005), we adopted
high-metalicity models as well and, indeed, the fit improved (Fig. 1).The derived
temperature is about 2000 K higher than in prior analyses (Billeres et al. 2000)
irrespective of the choice of model atmosphere. With this KPD 193042752 is
situated at the edge of the instability strip in the T, — log g diagram (Charpinet
et al. 1996).

4. SPECTROSCOPIC ORBIT

Due to the low signal to noise ratio of the HIRES spectra only the Ha and
Hp3 lines could be used for determining the radial velocity by x? cross correlation
with a model spectrum at rest wavelength. To improve the accuracy, the resulting
radial velocity curve was combined with all available radial velocity data of KPD
193042752 (Maxted et al. 2000; Woolf et al. 2002; Orosz 2000 priv. comm.)
covering a timespan of four years. A sine curve was fitted to these 2900 data
points using a x? minimizing method and the power spectrum was generated
(FITRV and FITPOW routines by H. Drechsel). The sine curve fit is excellent and
no period change could be detected over the whole timebase (Figs. 2). The orbital
parameters were measured with unprecedented accuracy: v(Ha) = 5 & 1kms™1,
K =341+ 1kms™', P = 0.0950933 4 0.0000015 d. No radial velocity variations
due to pulsations could be found.

5. PROJECTED ROTATIONAL VELOCITY

The main aim of the high-resolution time-series spectroscopy was to obtain a
high-precision measurement of the projected rotational velocity. For this purpose
the 200 HIRES spectra were shifted to rest wavelength and the median was cal-
culated in order to filter cosmics. The projected rotational velocity was measured
using a model spectrum with the derived atmospheric parameters fixed and per-
forming a x? fit. The lines He11 4686, He1 4922 and He1 5016 were used for this
measurement. Furthermore one single high resolution spectrum obtained with the
ESO Very Large Telescope (VLT) at the Paranal Observatory and the Ultravio-
let and Visual Spectrograph (UVES) was available. The rotational velocity was
measured in the same way for the helium lines. The still preliminary results were
consistent (see Fig. 3) and yield: v,y sini = 97 + 9kms~! (30)

6. MASS AND INCLINATION

KPD 193042752 is obviously affected by the gravitional forces of the compan-
ion, demonstrated by its elipsoidal deformation. Since the period of the photomet-
ric variations are exactly half the period of the radial velocity curve the rotation
of the sdB star is very likely tidally locked to the orbit. In addition to the mass
function two more equations set additional constraints on the problem with only
Myqp remaining as free parameter.
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rot Sin i P | MyagG
siniziv();j:;z i R= 7ng (1)

With log g, P and vy sini measured and the fact that sin¢ cannot exceed

unity a lower limit for the mass of the sdB of 0.44 Mg is derived. As can be seen
in Fig. 4 the total mass of the system exceeds the Chandrasekhar limit for all rea-
sonable assumptions of Myqp. If the companion is a white dwarf, its mass has to be
lower than the Chandrasekhar limit. This implies an upper limit Myp < 0.63 Mg
and a possible total mass range of Mgqptwp = 1.3+0.1 — 2.0+ 0.2 M (Fig. 5).
Although a more massive companion cannot be ruled out completely, the object
would probably be a bright X-ray source in this case. No such source is known at
this coordinates.
The inclination angle of the system (Fig. 4) in the lower mass range is very close
to 90°. KPD 193042752 could be an eclipsing binary (cf. the very similar binary
KPD 042245421, Orosz and Wade 1999), as some features in the light curve al-
ready indicated (Maxted et al. 2000).

1

F\ Eclipse ]

0.95 — R 1a error of sin i —

09 -~ —

» S -

0.85 —
08 Ll L N R ‘

0.5 0.6 0.7 0.8 0.9

M,a/ Mo

Fig. 4. Inclination with 1o error (dotted line) versus mass of the sdB. The
upper curve indicates the minimum inclination for an eclipse.

7. CONCLUSION

The combination of an extensive set of 350 spectra and 2 700 radial velocity
data points from prior observations made it possible to determine the parameters
of KPD 193042752 with very high accuracy. The tidally locked rotation together
with a white dwarf companion implies a mass range for the sdB without any
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Fig.5. Total mass of the binary as a function of the sdB mass. The dashed
vertical line marks the point where the companion mass equals the
Chandrasekhar mass.

evolutionary model considerations. KPD 1930+2752 is the first subdwarf, whose
mass could be constrained in this way. The total mass and the merging time
of the binary indicate that it is a very good candidate for a SN Ia progenitor.
KPD 193042752 is one of only three known double degenerate systems, which
fulfill these requirements (Napiwotzki et al. 2003a; Karl 2004). While it fits into
the DD scenario, KPD 193042752 might also evolve into a SN Ia via the SD
scenario. Since time for merging due to gravitational wave radiation is of the
same order as the EHB life time, Roche lobe overflow could occur well before the
sdB becomes a white dwarf due to the shrinkage of the orbit. Recent calculations
by Han and Podsiadlowski (priv. comm.) indicate that the mass transfer would
be stable. Follow-up observations should be undertaken to measure an improved
lightcurve and search for signs of an eclipse. If detected all system parameters will
be determined. An alternative promising option is asteroseismology, which could
tightly constrain the sdB mass.
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Abstract. We present a preliminary report of time-series spectroscopic data
obtained on PG 1219+534. An analysis of three years of photometric observa-
tions is also included.

Key words: stars: subdwarfs, variable: general —
stars: individual (PG1219+534)

1. INTRODUCTION

In order for asteroseismology to determine the structure and evolution of subd-
warf B stars, we must first determine their modes of pulsation using spherical
harmonics. Although time-series photometry is sufficient to detect frequencies of
pulsation, time-series spectroscopy shows more promise for uniquely determining
modes of pulsation (O’Toole et al. 2000; Telting & Ostensen 2004). Spectroscopy
is particularly sensitive to higher [ modes which have lower photometric ampli-
tudes. This is because the surface cancelation that affects photometry does not
have the same affect on spectroscopy, which focuses on velocity and line-profile
measurements.

The sdB star PG 12194534 (hereafter PG 1219) is an ideal candidate for simul-
taneous time-series spectroscopy and photometry. Since PG 1219 was discovered
to be an sdB pulsator (Koen et al. 1999), its logg and T have been constrained
(Heber et al. 2000) and its pulsation spectrum has been studied (Charpinet et al.
2005). Unlike other sdB pulsators, photometry has revealed a simple pulsation
spectrum of four stable frequencies with occassional low-amplitude interlopers.
As long as the pulsations are not all the same mode (which is highly unlikely),
PG 1219 should serve as a baseline to understand the relationship between time-
series spectroscopy and models. Then other similar, but more complicated stars
may be understood as well.

2. PHOTOMETRY

Photometric data of PG 1219 has been collected during 2003, 2004, and 2005
(Reed et al. 2005). Dates of observations are shown in Table 1. Although most
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Table 1. List of observations of PG 1219.

Year Inclusive Dates Hours Observed
2003 May 13 - June 4 48.6
2004 March 9 - 15 21.5
2005 February 25 - March 2 23.8

Table 2. Periods, Frequencies, and Amplitudes of PG 1219
over three years. Formal least-squares errors in parenthesis.

Period Frequency Amplitudes
(sec) (uHz) (mma)

2003 2004 2005
122.4165(26) 8168.832(174) - 1.24(22) -
128.0775(5)  7807.754(9) 5.13(11) 7.35(22)  9.78(37)
133.5106(2)  7490.037(10) 4.36(11)  5.66(22)  6.81(37)
135.1614(54) 7398.558(298) - 0.72(22) -
143.6495(1)  6961.386(7) 6.48(11)  6.62(22)  7.11(37)
148.7761(3)  6721.508(14) 3.34(11)  3.93(22)  2.22(37)

observations were conducted at Baker Observatory, some were also done at Mc-
Donald Observatory in 2003. Images were taken with a red cutoff filter. The list
of periods, frequencies, and amplitudes of each year are provided in Table 2 and
the Fourier transform (FT) of each year is shown in Fig. 1.

Pulsations were detected in PG 1219 over the range of 122 to 149 seconds.
There are four stable frequencies in all three years whose amplitudes vary from
year to year as seen in both Table 2 and Fig. 1. The frequency that has the
highest amplitude varies as well. Two low-amplitude frequencies appeared in 2004
that were not detected in the 2003 or 2005 data. These frequencies were not
prewhitened in Fig. 1 and they are indicated by the arrows. In the prewhitened FT
of 2003 (Fig. 1), the residual signal near 7490 pHz is due to short-term amplitude
variations of that pulsation frequency within that data set. The lower amplitude
of this same residual peak in 2004 is due to the shorter length of the 2004 run than
the 2003 run.

3. SPECTROSCOPY

Spectroscopic observations of PG 1219 were obtained at the Mayall 4 m telescope
at Kitt Peak National Observatory. Although four nights were requested and
granted, both weather and telescope mirror support problems led to observing
only on February 24, 2005 for a duration of 1.5 hours and a total of 154 spectra.
Images were taken with the F3KB blue sensitive CCD camera, RC spectrograph,
and KPCO007 dispersion grating at a spectral resolution ~ 2.5 li and a wavelength
range of ~ 3400 to 5500 A. Exposure times ranged from 15 to 20 seconds for a
duty cycle of 28 to 34 seconds respectively, providing at least four measurements
per pulsation period.

The length of the run gives a pulsation resolution of 187.5 pyHz, which is just
barely enough to resolve the pulsations in PG 1219. Velocities were derived by cross
correlating individual spectra with the mean spectra with the IRAF task fxcor,
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Fig. 1. The temporal pulsation spectra (FT's) for PG 1219 for three consecutive
years. Each set prewhitened by four frequencies is shown below the FT. The
window function for each year is shown in the inset of each panel. Arrows indicate
the two low amplitude interlopers in 2004, which were not prewhitened.

then a Fourier transform was calculated for the velocities. Fourier transforms
are sensitive to coherent signals while noise cancels out when many spectra are
collected over a long time span. It follows that the noise level of the FT is still too
high to detect any modes clearly, as there were too few measurements in this ill-
fated short run. So even though the highest peak in the FT of the velocity curve
(shown in Fig. 2) corresponds to the highest amplitude photometric frequency,
peaks of this amplitude were easiliy reproducible in a randomized dataset. Hence,
our detection of this peak was not significant.

We still reach the conclusion that time-series spectroscopy on PG 1219 and
similar stars is feasible using this instrumentation. The spectral resolution and



254

20

Wk ol

|
—_
(@]
T
]
—

|
W]
[=}

w
>~ I . . . I
E 0 2000 4000
- Time (seconds)
2
3]
S 3
° L
] FJ4
2

i1

. . 1 1
6000

7000 8000
Frequency (uHz)

P B
9000
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integrations per period were sufficient, so had the run been longer, pulsation ve-
locities could have been measured.
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Abstract. We have re-observed four rapidly-pulsating sdB stars during 2003
and 2004 and compared the results to earlier observations. The class prototype,
EC 14026-2647 (=V361 Hya), had a weak frequency which has apparently
disappeared, whilst a new frequency has appeared. In EC 20338-1925, the
strongest frequency (6806 pHz; ampl. 0.026 mag) has reduced to about 0.004
mag, and weaker frequencies have come and gone. Between 1997 and 2004, the
complex pulsator, PG 1605+072 (=V338 Ser), has had its strongest frequency
(f1) halve in amplitude, f3 and f; double in amplitude, whilst fo has remained
essentially constant. Finally, HS 214940847 (=V384 Peg) shows no significant
change between 2003 and 2004, but we have increased the number of known
frequencies from two to six.

Key words: stars: oscillations — stars: horizontal-branch

1. INTRODUCTION

The existence of a new class of variable star — the rapidly pulsating sdB stars
— was reported by Kilkenny et al. (1997). These stars have been called EC 14026
stars, after the prototype, though they are also referred to as sdBV stars and
the prototype is now designated V361 Hya. They pulsate with very short periods
(typically ~ 2 to 3 minutes); they usually have several oscillation frequencies; they
have surface temperatures around 28000 < Teg < 35000 K and surface gravities
5.2 < log g < 6.1. Reviews of pulsating sdB stars have been given by Kilkenny
(2002) and Charpinet, Fontaine & Brassard (2001) for example.

The EC 14026 stars provide potential for examination of the internal structure
of hot subdwarfs via the identification of pulsation modes. In addition, it is clear
that the rapidly pulsating sdB stars can undergo quite significant changes in their
pulsational behaviour. A comparison of the 1996 data for PG 1336-018 (=NY Vir,
with the 1999 data from the “Whole Earth Telescope” campaign (XCov17), shows
that the main pulsation frequencies in that star had changed substantially — and
were changing from day to day (see Figs 7 — 9 of Kilkenny et al. 2003)

The South African Astronomical Observatory (SAAQO), in collaboration with
several South African Universities, has set up a programme — the National Astro-



256 D. Kilkenny, J. P. Kotze, E. Jurua, M. Brownstone, H. A. Babiker

physics and Space Science Programme (NASSP) — to provide training at graduate
level in Astronomy and Astrophysics for students from Africa. Part of the honours
course is a practical project and some students opt to do this at the Sutherland
site of the SAAQ. So far, students have carried out observational projects on four
pulsating sdB stars, obtaining data sets with baselines up to 14 days — comparable
in length to a “WET” campaign but with only one site. Some results are presented
below and compared to earlier data.

2. OBSERVATIONS

Observations were made with the University of Cape Town’s frame-transfer
CCD on the 1.9m and 1.0m telescopes at the Sutherland site of the SAAO. Where
possible, target stars were diffferentially corrected using other stars on each frame.
The frequency analyses described in this paper were all carried out using software
which produces periodogram analysis following the Fourier transform method of
Deeming (1975).

3. RESULTS

3.1. EC 14026-2647 (=V361 Hya)

EC 14026-2647 is the class prototype, but is somewhat atypical. It is dom-
inated by a single frequency and appears at times to show only that frequency.
Periodograms from the discovery paper (Kilkenny et al. 1997) reveal a frequency
at 6930 pHz (144.3 s) with an amplitude of ~ 0.012 mag but, on a few nights, a
clear frequency at 7485 pHz (133.6 s; 0.004 mag) is also visible.

The more recent data (2003 July) again shows the 144s variation, except that
the amplitude is only about 0.007 mag — half that previously seen — and two nights
show a frequency near 7265 pHz (P ~ 137.6s). The previously seen frequency near
7485 Hz is not detected.

3.2. EC 20338-1925

EC 20338-1925 was discovered to be a pulsator in 1998 (paper in preparation).
At that time, the variability was dominated by a very strong frequency near 6806
uHz (146.9 sec; 0.026 mag) but four other much weaker frequencies were clearly
present. The same five frequencies were found from data obtained in 1998 July
and September, although there is some indication of changes in amplitude in some
frequencies.

In 2003 July, two runs of just over 6 hours each were obtained on successive
nights. The most obvious change is that the very strong frequency near 6806 pHz
has decreased in amplitude from 0.026 mag to 0.004 mag. It is also apparent that
a frequency near 7425 pHz (135 sec; 0.002 mag) has disappeared in the 2003 data
and a new frequency near 7913 pHz (126 sec; 0.004 mag) has appeared.
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3.3. HS 2149+0847 (=V38} Peg)

HS 214940847 was dis-
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changes in the amplitudes be-  pjg. 2. Periodogram for HS 214940847 for 2004
tween the two dates. June (10 nights).

Amp (mag)
0.008 ‘

nHz
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3.4. PG 1605+072 (=V338 Ser)

PG 16054072 was discovered to be an sdB pulsator by Koen et al. (1998).
It is the largest amplitude sdB pulsator known and has a remarkable number of
frequencies resolved (> 40) as was shown in both the discovery paper and in 1997
by Kilkenny et al. (1999). It is also unusual in that most of its pulsation modes
are of rather longer period than in the other rapidly pulsating sdB stars (~ 350 —
550 seconds) — probably due to the lower surface gravity.

During the 2004 NASSP student project, PG 1605+072 was observed on twelve
nights out of two weeks. The 1997 data — split into two separate weeks — seem
consistent between the two weeks, but significant changes are obvious between the
two weeks in 2004 and between 2004 and 1997. Such changes are not unexpected —
they were noted between the discovery data of Koen et al. (1998) and the campaign
reported by Kilkenny et al. (1999).

Between 1997 and 2004, the four strongest frequencies are still the strongest,
but their “rank” is reversed. Using the Kilkenny et al. (1999) nomenclature, f5
and f4 have more than doubled in amplitude; f; has more than halved, while f5 is
about the same. Many of the strongest remaining frequencies from 1997 are still
found in the top twenty, though f7 is absent and a number of “new” frequencies
have appeared.

4. CONCLUSIONS

The phenomenon described above is not new — several authors have noted
changing amplitudes — but these raise some questions:

e Are these changes related to the growth and decay of normal modes ? This
seems likely, but why does this happen 7

e On what sort of time scale(s) are the changes happening ?

e If these are normal modes, will repeated observation of the stars enable us
to map out a more substantial frequency set for analysis ?
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Abstract. High-speed multicolour photometry with ULTRACAM promises to
revolutionise the study of pulsating subdwarf B stars. As well as providing high
S/N light curves with excellent temporal resolution, colour amplitude ratios may
be used to discriminate between different pulsation modes. In this paper we
review the methods for mode determination developed for KPD 210944401 and
HS 003944302 since the 2003 workshop. We also present a new dataset obtained
over 6 nights in 2004 August for PG 0014+067. This was the first sdB star to
be subjected to a detailed asteroseismological analysis. It was also the subject
of the WET campaign in 2004 October/November (XCov24). We discuss the
implications of our new observations for mode identification and rotation.

Key words: stars: variable: other — stars: oscillations — stars: individual
(KPD 2109+4401, HS 0039+4302, PG 00144067, SDSS J171722.08+58055.8)

1. INTRODUCTION

The discovery of pulsations in subdwarf B (sdB) stars has provided a vital key
for measuring their global properties and for exploring their internal structure.
Such information allows us to test theories of stellar physics, the structure of
horizontal branch stars and the origin of sdB stars. Many aspects of sdB star
astronomy are described elsewhere in this volume; here we describe our application
of high-speed multicolour photometry to the asteroseismology of sdB stars.

2. NON-RADIAL OSCILLATIONS

Nonradial oscillations (nro’s) are waves travelling through the interior of a
star. They may manifest as surface displacements characterized by a spherical
harmonic:

s = 50Ye,m (0, p)cos(2mut) (1)
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Fig.1. Spectral variation near Hel 4471Adue to one cycle of a radial mode
(¢,m =0,0) in a pulsating sdB star. Scales are arbitrary.

where v represents the frequency of the oscillation, ¢: the degree of the spherical
harmonic or the number of lines of nodes on a spherical surface and m: the az-
imuthal number or the number of lines of nodes passing through the polar axis
(Im] < £). Besides these surface nodal line identifications, n (or k) denotes the
order of the oscillation eigenfunction. In the linear adiabatic approximation this
is equivalent to the number of nodes along the radial direction.

Such oscillations are probably excited at some level in a very large fraction
of all stars. Many hundreds of modes have been identified in the Sun. However,
because of superposition and cancellation, nro’s are generally manifest only when
they are both of sufficiently low degree and of significant amplitude. They become
observable principally as variations in total light, colour, radial velocity or absorp-
tion line profile. The effects of low-degree oscillations on a stellar spectrum are
illustrated in Fig. 1 and 2. Fig. 1 shows the flux as a function of wavelength and
time through one cycle of a radial pulsation with a simulated velocity amplitude of
10 km s~!. The top panel in Fig. 2 shows the the average spectrum of a star in the
region of Hy. Below are shown grey-scale representations of residual time series
(e.g. the average spectrum subtracted from the time-varying spectrum) for three
non-radial modes (amplitudes = 10 km s~!). The horizontal shading shows how
the total flux varies through the pulsation cycle. The s-waves running through
the vertical bands demonstrate how the disk-averaged radial motion of the stellar
surface modifies the profiles of the absorption lines.
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Rkl .

Fig. 2. Mean and trailed residual spectra for modes {,m = (0,0), (2,0) and
(2,2) (top to bottom).

Because nro’s propagate through the stellar interior, they provide indirect in-
formation about stellar structure. The best example is provided by the Sun, where
nro’s have been used to measure the internal density profile, internal rotation
speed, structure of the tachocline, and the presence of sunspots on the invisible
hemisphere. In stars, internal structure is inferred by finding the best match be-
tween observed oscillation frequencies and frequencies computed from families of
stellar interior models. Generally, only frequencies are used, principally because
these can be measured from a single-channel light curve. In the best cases, such
methods may yield n from the frequencies if the stellar radius is known and m
from frequency splitting if rotation lifts the azimuthal degeneracy. ¢ is harder to
identify, but can generally be assumed to be small.

We have attempted various approaches to identify ¢ in the nro’s of pulsating
sdB stars. One result is particularly apposite (Heynderickx et al. 1994). For a
given mode, the ratio of photometric amplitude at different wavelengths is inde-
pendent of the inclination of the pulsation axis i to the observer and to m, but is
sensitive to £. In principal, this allows us to identify ¢ from multicolour photom-
etry or spectrophotometry, and thereafter by elimination to identify n. With n
and ¢ derived empirically, the comparison with theoretical models is much more
tightly constrained. We may also be able to learn something about rotation by
identifying multiplets, i.e. oscillations at different frequencies with the same n, ¢
but different m.

We have therefore obtained high-speed multicolour photometry for a number
of sdB stars using 4m telescopes and developed the necessary diagnostic tools in
an effort to identify n and ¢ for comparison with models.
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Table 1. Codes for spectroscopy and photometry
simulations

STERNE: LTE line-blanketed model atmospheres
IN: Teg = 25 — 35kK, logg =4 — 6, X;
OUT: model grid: T, P,

SPECTRUM: LTE specific intensities

IN: STERNE models, X;, vgun, < g >, < A >
OUT: intensity grid: I,

BRUCE: surface description of nro’s
IN: M7 TeﬁvReqvivertv < é,m,P,U >ant7tn
OUT: T9¢, 9o¢, o, Ao sini, Vogp sin ¢

KYLIE: apparent fluxes
IN: BRUCE models, Iy, < A >,d\
OUT F)\t

FAST: Fourier analyis of spectroscopic time series
IN: F)\t
OUT: v, ¢,a

3. THEORETICAL PHOTOMETRY

The colour amplitude ratio method
involves measuring the amplitude a of
an oscillation in light measured in two =2
or more wavelength intervals. The
principle is illustrated schematically in
Figure 3. In order to determine the
value of ¢ responsible for an observed
curve in this figure, it is first necessary
to derive theoretical amplitude ratios
from model atmospheres and pulsation
theory. For consistency we will refer
to the pass bands v/, ¢’ and 7’ of the
Sloan Digital Sky Survey (Fukugita et
al. 1996). A summary of the codes Fig. 3. Schematic amplitude ratios.
used, with their principal inputs and outputs, is given in Table 1. The same
codes, models and methods may of course be used to compute amplitude ratios
for broad-band photometry and for spectrophotometry, as well as for detailed
modelling of line-profile and radial velocity variations (¢f. Figs. 1,2).

Ramachandran et al. (2004) have predicted amplitude ratios for examples of
both short and long-period sdBVs (EC 14026-2647 or V361 Hya and PG 1716+426
variables). These are based on a grid of LTE model atmospheres and synthetic
spectra computed (using programs STERNE and SPECTRUM) over a range of
effective temperatures Teg, surface gravities g and wavelengths A, with appropriate
values for composition X; and microturbulent velocity vy, (Jeffery et al. 2001).
We calculate intensity spectra I,, including continuum intensities, over a range
of cosine angles p in order to have an explicit description of what is known as the

a,.la,
iy
o
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effective “limb darkening” at all wavelengths and, notably, in all lines.

Using program KYLIE (Townsend 1997), these intensity spectra are folded
into a description of the moving surface provided by program BRUCE (ibid.),
which calculates the surface geometry due to an adiabatic non-radial pulsation.
This description includes the local Tug, g, projected velocity, surface area and
inclination on a finely spaced grid covering the visible hemisphere.

The result is a time series of spectra, both line and continuum fluxes F, Fex
for any specified temporal resolution and duration and for any desired spectral
resolution and range, for a star pulsating in one or more non-radial modes, each
with a specified period and amplitude.

This time series may be analyzed in a number of ways. For application of
the amplitude ratio method, we convolved each spectrum F); with photometric
filter transmission functions (SDSS «’¢’r’ and Johnson UBVRI) and converted to
magnitudes. We then fitted one or more sine functions to determine the amplitude
(and phase) of each oscillation in each filter (a,, ay,a,/) from which ratios were
trivial to compute.

To find disk integrated and pro-
jected velocity amplitudes and line pro-
file behaviour, we identified a template
spectrum Ayo — 1 and computed the
cross-correlation function (ccf) for each
residual spectrum Ay; — 1. The pro-
jected radial velocity v; is measured by
locating the peak of each ccf; higher or-
der moments of the ccf are also com-
puted. Sine functions are again fitted
to each oscillation in order to measure
amplitudes and phases. This work is
done with the program FAST (Fourier
Analysis of Spectroscopic Time Series).

This procedure may be further re-
fined by choosing the wavelength re-
gion to include either a single line pro-
file, many absorption lines or the en-
tire UV /optical spectrum. Our goal is
to choose a series of procedures which
effectively mimic the observations as
closely as possible.

Fig.5. ULTRACAM design

4. ULTRACAM PHOTOMETRY

ULTRACAM is a high-speed 3-channel CCD camera (Dhillon & Marsh 2001,
Figs. 4 and 5). Dichroics split the light into ultraviolet, visual and red wavebands
which are simultaneously imaged with frame transfer CCDs, each having a 5 x 5’
(1024 x 1024 pixels) imaging area. These CCDs use a masked area into which
exposures are shunted rapidly from the imaging area, and which can then be read
out while the next exposure is running. Mounted on the 4.2m William Herschel
Telescope, the combination of high throughput and high time resolution provides
an outstanding tool with which to explore pulsating sdB stars. It is equipped with
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Fig.4. ULTRACAM on the WHT

filters v/, ¢’, r’, i’ and 2z’ in the system designed for the Sloan Digital Sky survey
(Fukugita et al. 1996), where the ¢/, i and 2z’ may be interchanged in the red
channel. By a judicious choice of windows on the CCD, frame rates of ~ 103 Hz
can be achieved. In our observations of sdBVs, frame rates of 0.1 — 10 Hz are
more typical, primarily dictated by the pulsation frequencies (~ 5 — 8 mHz) and,
for the brightest targets, the need to avoid CCD saturation.

4.1. 2002 WHT campaign

First observations were obtained in 2002 September for the targets KPD 2109
+4401 and HS 0039+4302. A portion of the light curves for each of these targets
is shown in Fig. 6. From amplitude spectra obtained with these light curves,
the amplitudes of several modes were measured in each of the three ULTRACAM
channels, being u', ¢’ and " of the SDSS system. The ratios ay /a, and a,//a,
were computed and are shown in Fig. 7. Meanwhile, theoretical models of the
colour amplitude ratios expected for non-radial oscillations of different spherical
degree in sdBVs were computed by Ramachandran et al. (2004).

From Fig. 7 it was clear that at least one oscillation in each target had to
be a relatively high-degree (¢ = 4) mode. Predicted ratios for low-degree modes
(¢ = 0,1,2) lie close together, so it is not possible to identify the degree of the
observed modes so easily. There were no modes identified with £ = 3. Assuming
the observed frequencies belong to modes with unique k, £ values (i.e. there is no
rotational splitting), an additional constraint can be used. For a given degree ¢,
modes of successive radial order £ must be well-spaced in frequency, so modes of
similar frequency cannot have the same ¢. By imposing such a constraint and by
comparing the colour-amplitude ratios, it is possible to assign k and ¢ values
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Fig. 6. Partial ULTRACAM light curves in u/, ¢’ and ' for sdBVs
KPD 2109+4401 and HS 003943202 (adapted from Jeffery et al. 2004). Gaps
are due to clouds.
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Fig.7. Observed amplitude ratios for KPD 2109+4401 and HS0039+4302
(top). Modes with a,s < 1.4 mmag shown as dashed lines. Lower panels show
previous photometry of KPD 210944401 (left, Koen 1998) and a set of theoretical
colour amplitude ratios £ = 0,...,4 (right, Ramachandran et al. 2004). From
Jeffery et al. (2004).



266 C. S. Jeffery et al.

o o
= =
S S
| |

Dif. mag.
Dif. mag.

o
Sl 1 8t 1
o o

I I I I L L I I
8.15 8.16 8.17 8.18 8.19 8.2 11.15 11.16 11.17 11.18 11.19 11.2

Time (days) Time (days)

Fig. 8. Two sections of the white light curve of PG 00144067 together with the
19-frequency solution. Time (t) is JD-2453230. From Jeffery et al. (2005).

with some confidence. It is then possible to compare the observed frequency
spectrum with theoretical models for non-radial oscillations in extended horizontal
branch stars (cf. Charpinet et al. 2002), and hence to select which models best
represent the star observed in terms of total mass, envelope mass, age, and other
characteristics. A full description of the observations and the identification of the
modes in these two stars is given by Jeffery et al. (2004).

4.2. 2004 WHT campaign
A second ULTRACAM run _ | Brossard et al. (2001)

to observe pulsating sdBVs =7} y
was executed in 2004, Septem- €

ber. Observations of a g2[ | - ‘ ‘ ‘ ]
secondary target, the 17th I ! : [ R }‘ SR ‘
mag. sdB SDSS J171722.08 [ Charpinet et al. (2005a)

+58055.8, are presented by
Aerts et al. (2006, these pro-
ceedings).

The primary target was
the magnitude 16.5 star PG
0014+067, previously the
subject of successful aster-
oseismological studies by Bras-
sard et al (2001) and

log(amp) (%)

T T T T
ULTRACAM+FTN

log(amp) (mmag)
0
T
1

st \\M | | | 1

Charpinet et al. (2005). This S T A
star showed ~20 independent Freauency (mHz)
frequencies in its white light Fig.9. Comparison of three independent fre-

curve with frequencies be- quency amplitude spectra for PG 0014+067. Solid
tween 5.7 and 12.9 mHz. Our lines are 40 detections, dashed lines 30, and dot-
alm was to check mode iden- ted lines are observed frequencies coincident with
tifications deduced from the frequencies in best fit models. From Jeffery et al.
theoretical model that best (2005).

fitted the frequency spectrum, and also to support a subsequent Whole Earth
Telescope campaign to improve the overall frequency resolution. Although a much
more challenging target than the 2002 targets, it was possible to observe this object
with the WHT for ~ 6 hours on each of 6 successive nights. These observations
were supported with data from Faulkes Telescope North, located on the Hawai-
ian island of Maui. ~ 8 hours data obtained over 5 nights proved invaluable for
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Fig.10. Amplitude ratios for the three largest amplitude modes in
PG 00144067 (solid) and from theory (Ramachandran et al. 2004, dashed lines).
From Jeffery et al. (2005).

improving the window function and enabling us to identify 19 frequencies correctly.

Two segments of the “white light” curve, obtained by combining the 3-channel
ULTRACAM data with data from the Faulkes telescope, together with the 19-
frequency solution, are shown in Fig. 8. One important goal was to verify previous
frequency analyses (Fig. 9). Most major frequencies identified previously were con-
firmed, differences are probably due to cycle d~! aliases.

In terms of mode identification, the results were less conclusive than for the
targets observed in 2004. However it was possible to show that the two dominant
modes must be £ = 0,1 or 2 (Fig. 10), and to find evidence that the rotational
period should be nearer to 4d than to the 1.35d reported previously. The first
result is significant because it contradicts the best seismic models (Charpinet et
al. 2005, Brassard et al. 2001), in which the dominant mode has ¢ = 3.

Full details of this analysis have been published by Jeffery et al. (2005). Pre-
liminary results of the 2004 WET campaign on PG (00144067 are presented by
Kawaler et al. (2006, these proceedings).
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5. THE FUTURE

ULTRACAM has proved to be a powerful instrument for the interpretation of,
to date, four pulsating sdB stars. There are three ways in which it will make a
significant impact in the future. Mounted on an 8m class telescope, such as the
VLT, it can provide outstanding multicolour light curves for short-duration events,
such as eclipses in those HW Vir systems which contain a pulsating sdB star. In
conjunction with other 4m telescopes, multi-site campaigns covering 4 — 7 days and
multicolour photometry of stars brighter than 15" mag. will allow identification
of both frequencies and ¢ values for modes with amplitudes 0.5 mmag. or less.
Finally, the prospect that ULTRACAM may be available for more extended periods
on a 2.5m class telescope offers the prospect of extending mode identifications to
a much larger sample of sdBVs than has been possible so far.
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Abstract. We attempt to interpret frequencies detected in KPD 193042752
with those of a pulsator in which the pulsation axis is influenced by tidal forces
and continually points toward the companion. KPD 193042752 is in a close
binary with a period of about 2 hours. It was observed by the Whole Earth
Telescope in the summer of 2003.

Key words: stars: post-AGB, variable: general — stars: individual
(KPD 1930+4-2752)

1. INTRODUCTION

In order for asteroseismology to discern the internal conditions of variable stars,
the pulsation “mode” as represented mathematically by spherical harmonics with
quantum numbers n (sometimes designated k), ¢, and m, must be identified. For
nonradial, multimode pulsating stars, pulsation periods, frequencies and/or the
spacings between them are used to discern the spherical harmonics (see for exam-
ple Winget et al. 1991). These known modes are then matched to models that
are additionally constrained by non-asteroseismic observations; typically Teg and
log g from spectroscopy. Within such constraints, the model that most closely re-
produces the observed pulsation periods (or period spacing) for the proper modes
is inferred to be the correct one. Occasionally, such models can be confirmed by
independent measurements (Reed et al. 2004, Reed, Kawaler, & O’Brien 2000,
Kawaler 1999). Unfortunately, more often than not, it is impossible to uniquely
identify the spherical harmonics and asteroseismology cannot be applied to obtain
a unique conclusion.

Several methods are being pursued to observationally constrain the spherical
harmonics including time-series spectroscopy (included in these proceedings are
papers by Telting; Aerts; Harms, Reed, & O’Toole; Schoenaers, and Geier) and
multicolor photometry (see the proceedings paper by Jeffery). Our contribution
is to use tidal forces in close binaries.

Analogous to the oblique pulsator model described by Kurtz (1992) that has
been successfully applied to roAp stars, tidal forces may impact pulsations by
inclining the spherical harmonics towards the companion; along the tidal force.
KPD 193042752 (hereafter KPD 1930) was discovered to be an sdBV star with a
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Fig.1. Temporal spectra (Fourier transform, FT) of simulations for KPD 1930
assuming a tidally induced pulsation axis. The solid lines are simulations for an
orbital axis of 90° and the dashed lines are for an orbital axis of 80°. The dotted
lines indicate the input frequency (at 0) and orbital splittings.

massive white dwarf companion in a 2.5 hour binary (Billeres et al. 2001). In this
case the tidal force is strong enough to slightly distort the sdB star but no eclipses
have been positively detected. As the pulsation geometry should align with the
strongest force, a measure of the likelihood of the pulsation axis to point at the
companion is the ratio of the tidal to centrifugal acceleration. For KPD 1930 this
ratio is 1.7:1, making it the best candidate known at this point.

2. WHAT DO WE EXPECT TO SEE?

We have previously discussed our simulations to determine the impact on pulsa-
tions for a pulsation axis that points at the companion and precesses with the
orbital period (Reed, Brondel, & Kawaler 2005; Reed et al. 2001). For KPD 1930
we can specifically ask what we expect to see. Our simulations calculate the rel-
ative brightness for a grid of 10,000 points on the observable surface of the star
(one half of the entire spherical surface with the line-of-sight remaining constant).
A modest amount of limb darkening was included using limb darkening coeffi-
cients from van Hamme (1993) for a model with Teg =29000K and logg=5.0
for the square root law at A =5000A. For the simulations in this paper, we used
pulsation and orbital periods appropriate for KPD 1930, assumed that the tidal
force causes the pulsation axis to point directly at the companion and tested two
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Fig. 2. Representation of the temporal spectrum (FT) for KPD 1930. Arrows
indicate frequencies detected with the height indicating the observed amplitude.
Dashed lines indicate frequencies we anticipate to detect once the data is divided
into phases appropriate for various modes.

orbital (rotational) axis inclinations of 80° and 90°. Fig. 1 shows the results of
these simulations for several pulsation modes. For each panel of the figure, we
input a single frequency (at 0 uHz) and then, using 10s time steps, integrated the
lightcurve over about 10 orbital cycles (about a day). This has been done for two
inclinations for the binary/rotation axis: 80° (dashed lines in the figure) and 90°.
As the dashed 80° lines are nearly indistinguishable from the solid 90° lines, we
can conclude that small changes in the binary/rotation axis will not change the
results. Note that in 4 of the 6 modes shown, the original, input frequency is not
detected. This is because the phase of pulsation changes over the orbital period as
we “look” at opposite sides of the star. These opposite phases serve to cancel the
input frequency in many cases. If the lightcurve is properly divided into regions
of like phase for an individual pulsation mode, the central, input frequency is re-
covered. So even though both of the m values for £=1 look the same, the data
are divided differently to recover the input frequency. As such, different m values
are easily distinguishable.

2.1. The pulsation content of KPD 1930

The next step is to examine the observed frequency content of KPD 1930 in the
complete data set to look for multiplets matching those in Fig. 1. An examination
of the complete frequency content of KPD 1930 is beyond the scope (and space)
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Table 1. Pulsation frequencies split by a multiple of the rotation/orbital
frequency. The pulsation frequencies are in descending order and the number
in parentheses indicates the multiple of the rotation/orbital frequency between
itself and the previously listed frequency.

6791.9: 6428.9 (3), 5938.6 (4), 5451.8 (4), 5208.9 (2)

5383.8:  4769.8 (5), 4524.8 (2

4705.2:  3974.5 (6), 3852.7 (1), 3731.1 (1)

4168.1:  4049.2 (1), 3923.2 (1

4152.1:  4030.2 (1), 3908.5 (1
(1

)
(5) )
1) 30203 (1
(1) ), 3783.4 (1), 3664.9 (1), 3543.2 (1), 3308.8 (2),
cont.  3188.9 (1), 3064.9 (1)
4129.6:  4004.0 (1)

4115.0:  3990.8 (1)
4066.4:  3951.2 (1)
(1)

3921.9:  3790.9

1
1
1
1
1
1), 3829.9 (1)
1

of this paper, but 39 frequencies have been detected with some confidence in
the Xcov 23 data. Table 1 lists those frequencies which form multiplets near
the orbital/rotational frequency splitting. The pulsation frequencies are listed in
descended order (an arbitrary choice) with the multiple of the splitting between
that frequency and the previously listed one in parentheses.

Anytime we see a splitting of 2 X f,.1,, it is an indication of a tipped ¢ = 1 mode,
while splittings of 4 x f,p indicate either an £m = 2,1 or 4,1 mode. Fig. 2 shows
arrows representing frequencies detected in the Xcov 23 data and the dashed lines
indicate where we would expect new peaks to appear when the data are phase-
separated for individual modes.

3. WHAT DO WE REALLY SEE?

Now that we know what to potentially look for from the simulations, and where to
look for new peaks from the complete data set, it is time to separate the data into
regions of like phases for various pulsation modes and see what appears. Pulsations
modes that would change phases during an orbital cycle are separated so that all
the data for each phase forms a data set. Then we can fit and prewhiten them in
the usual manner, without influence from the complete data set (that is, reduce
them as per normal without assuming any a priori frequencies). Frequencies that
match between the two phase sets are then examined to see if they 1) are detected
in the complete data or are only in the phased data, 2) at a frequency expected
(dashed lines in Fig. 2) if not in the complete data, and/or 3) differ in phase as
expected. Figs. 3 and 4 show data phase-separated for several different pulsation
modes.

4. RESULTS

We have examined data from Xcov 23 to look for indications of tidally modified
pulsations. As can be seen from Figs. 3 and 4, we have failed to detect any. No new
frequency peaks appear where we would expect them to. Though KPD 1930 is the
best candidate for such inclined pulsations to occur, our efforts have been thwarted
by an incredibly rich and complex pulsation spectrum. KPD 1930 has at least
39 independent pulsation frequencies, perhaps many more, with the amplitudes
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Fig. 3. Temporal spectra of Xcov 23 data separated appropriately for phase for
the given mode. Only one of the phases is shown. The arrows and dashed lines
are the same as in Fig. 2 except the arrows are inverted.

changing over just a few days. As such, it is incredibly difficult to interpret: If
the data are divided such that amplitudes of pulsations are roughly constant, then
most of the frequencies are unresolved. If the data are long enough to resolve
the pulsations, then the amplitudes have changed significantly within the data
set, perhaps even disappearing altogether. It seems that if it is at all possible
to understand the pulsation nature of KPD 1930, it will require constant, single-
instrument observations over several weeks. Satellites such as MONS (which will
not observe KPD 1930) would be the tool of choice. For such a complex pulsator,
any additional complications, such as those from multiple and multiply-sensitive
instruments, or aliasing caused by gaps in the data, make the temporal spectrum
impossible to decipher.
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Abstract. We present high-speed multicolour photometry of the faint sub-
dwarf B star SDSS J171722.084+58055.8 (mp = 16.7mag), which was recently
discovered to be pulsating. The data were obtained during 2 consecutive nights
in 2004 August using the three-channel photometer ULTRACAM attached to the
4.2m William Herschel Telescope. We confirm the star to be oscillating and
we refine the dominant frequency to 6.960mHz. A second new frequency of
7.267mHz is discovered. Both frequencies are significant in all three colours at
level > 50 and vary in phase in the three colours. We attempted mode identi-
fication for the strongest mode from its amplitude ratios but did not succeed.

Key words: stars: subdwarfs, stars: variables: other, stars: oscillations,
stars: individual: SDSS J171722.084+58055.8

1. INTRODUCTION

Of the 33 sdB stars with p-mode oscillations known to date, few have been
modelled seismically so far (Charpinet et al., 2006). These modelling efforts result
in mode identification based on frequency matching from the theoretical predic-
tions, by means of a procedure that gives equal probability to spherical degrees
¢ =0,1,2,3. It is therefore clear that a great need for empirical mode identifi-
cation, i.e., identification obtained independently of the details of the theoretical
models, emerges. The easiest way to achieve such empirical identification is from
multicolour high-precision photometry (Jeffery et al., 2006).

In this poster, we present ULTRACAM multicolour photometry of the sdB star
SDSS J171722.084+58055.8 (hereafter abbreviated as SDSS1717). This is an sdB
star of B magnitude 16.7 in which Solheim et al. (2004) discovered oscillations
from white-light data gathered with the Nordic Optical Telescope (NOT). The
NOT data revealed a frequency of 7.03mHz and a variable amplitude ranging
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Fig.1. ULTRACAM light curves for SDSS 1717 on 2004 August 24.

from 4.4 to 6.2 mmag, most likely due to multimode beating. Our data confirm
this result and prove the multiperiodicity.

2. DATA DESCRIPTION

Jeffery et al. (2005) recently reported on the outcome of a 6 nights ULTRA-
CAM run with the 4.2m William Herschel Telescope dedicated to the sdB star
PG 00144067 performed in August 2004. The main target was not yet visible dur-
ing the first 2.5 hours of each of these nights. Two such blocks of 2.5h on two con-
secutive nights were devoted to SDSS 1717 (a2000 = 17:17:22.0, 20900 = +58:05:59)
together with several comparison stars. We adopted an integration time of 10s
which samples the dominant 140-sec pulsation well.

The reduction of the data frames was performed in the same manner as for
PG 00144067, which was already described in much detail in Jeffery et al. (2005).
We hence refer the reader to that paper for information. Different comparison stars
were considered to compute the differential magnitudes in the three channels (u’
g/, /). The final results of the frequency analysis is independent of the different
choices of the comparison stars. The details of the lightcurve computation will be
presented elsewhere (Aerts et al., in preparation), but the final result for one night
is shown in Fig.1. A beat pattern is readily seen in the g’ lightcurve, pointing
towards multiperiodicity as already suspected by Solheim et al. (2004).
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Fig.2. Lomb-Scargle periodograms at subsequent stages of prewhitening for
the g’ lightcurve. The dashed line indicates the 40 level after prewhitening with
f1 and fo determined within the interval [17, 23] mHz.

3. FREQUENCY ANALYSIS

As in Jeffery et al. (2005), we computed Lomb-Scargle periodograms (Scar-
gle 1982) over the frequency range [0,14] mHz in steps of 0.1uHz for each of the
lightcurves and adopted a prewhitening procedure. The results for the g’ filter
are shown in Fig. 2. We find one dominant frequency of f; = 6.960(2) mHz with
amplitudes of 5.8(8), 5.0(3), and 3.7(4) mmag for respectively ', g’, r’. This result
is entirely compatible with the one of Solheim et al. (2004). After prewhitening
with f1, we find a second very significant frequency in all three residual lightcurves
(middle panel of Fig. 2): fo = 7.267(3) mHz. This new second frequency has ampli-
tudes 3.8(7), 2.8(3), and 2.0(3) mmag in respectively u’, g, t’. The periodograms
following the second prewhitening stage reveal no further significant frequencies
(see bottom panel in Fig. 2). The dashed lines in Fig. 2 indicate the 4o level which
we adopted as a stop criterion. In conclusion, we have found two independent
oscillation frequencies in SDSS 1717, of which the second one was not known so
far. All three lightcurves are in phase with each other for both f; and fs.

4. MODE IDENTIFICATION

We show the amplitude ratios with respect to the g’ filter for f; and f in Fig. 3.
The 1-0 confidence interval is shown only for fi. The theoretical predictions in the
adiabatic approximation are taken from Ramachandran et al. (2004, their Fig.4
top panel) for the temperature and gravity of SDSS 1717 (Solheim et al. 2004). It
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Fig. 3. Observed amplitude ratios for f; (thick full line) and fo (thick dashed
line). The 1-o confidence interval is shown only for f;. The thin lines are the-
oretical predictions taken from Ramachandran et al. (2004): dashed-dot-dot-dot:
¢ =3, full: £ =0, dashed-dot: £ = 1, dashed: ¢ = 2, dotted: £ = 4.

is impossible to identify the modes from this plot. For fi, the ratio u’/g’ behaves
according to £ # 3, while the 1//g’ ratio is only compatible with ¢ = 3. We are
currently investigating whether the non-adiabatic approximation (Fontaine, 2006)
leads to better results. It may also be that unresolved beating affects the observed
amplitude ratios and makes them deviate from the theoretical predictions. The
error bars for fo (not shown) are too large to draw conclusions.
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Abstract. We present follow-up observations of pulsating sdB stars as part
of our efforts to resolve the pulsation spectra for use in asteroseismological
analyses. This paper reports on our overall efforts, but specifically on our
results for the pulsating sdB stars KPD 2109+4401 and PG 0154+182.

Key words: stars: individual (PG 01544182, KPD 2109+4401)

1. INTRODUCTION

The scientific goal of this observational study is to resolve the pulsation struc-
ture of pulsating sdB stars by combining limited amounts of data from larger
telescopes with data from smaller (~0.5 m) telescopes. This combination allows
us a long timebase sufficient to resolve closely spaced pulsations and the increased
signal-to-noise of the larger telescopes allows us to detect pulsations with low
amplitudes. Table 1 lists stars we have observed and observatories from which
we have obtained data. Though the majority of our data is from Baker, MDM,
and McDonald observatories, we routinely participate in multisite collaborations,
including the Whole Earth Telescope.

2. OBSERVATIONS AND ANALYSES

KPD 2109+44401: Our data set for KPD 2109+4401 (hereafter KPD 2109)
consists of 29 data runs with a total length of 182.6 hours over 31 days. The tem-
poral resolution is 0.4 pHz with a detection limit of 0.3 mma (milli-modulation am-
plitudes). We detect eight pulsation frequencies extending from 4701 to 8375 uHz,
corresponding to periods of 119.4 to 212.7s. Table 2 lists the frequencies we de-



280 G. W. Wolf et al.

Table 1. List of observations of pulsating sdB stars.

Target Inclusive Dates Hours Observed Sites'
EC 05217-3914 Nov. 6 - 15, 1999 59 1,2
PG 1336-018 Apr. 14 - May 1, 2001 288 13
HS 220142610 Sep. 17 - Oct. 4, 2000 95.0 3, 14
Feige 48 Mar. 6 - Apr 13, 1999 63.6 7,8, 13
Dec. 10 - 16, 1999 17.5 3
Feb. 8 - Mar. 05, 2000 42.4 3,7, 8
Nov. 2 - Dec. 22, 2000 45.7 3,9, 12
Jan. 18 - Feb. 1, 2001 55.0 3
Apr. 19 - 30, 2001 52.0 13
Apr. 5 - 21, 2002 56.8 13
KPD 193042752  Aug. 15 - Sep. 9, 2003 246.5 13
KPD 210944401  Sep. 12 - Oct. 14, 2004 182.6 4,5,7,9, 11
PG 0154+182 Oct. 6 - 14, 2004 28.4 5
PG 1325+101 Mar. 3 - Apr. 3, 2003 264 4,14
PG 12194534 May 13 - Jun. 4, 2003 48.6 4,7
Mar. 9 - 15, 2004 21.5 4
Feb. 25 - Mar. 2, 2005 23.8 4
PG 0014 Oct. 8 - Oct. 20, 2004 142 5,13
PG 16184563 Mar. 17 - May 1, 2005 200.5 4,6,7,9,10
HS 182445745 May 24 - July 11, 2005 Unknown 6

T Observing sites: 1) CTIO 1.5 m, 2) SAAO 1.9 m, 3) Fick 0.6 m, 4) Baker
0.4 m, 5) MDM 1.3 m, 6) MDM 2.4 m 7) McDonald 2.1 m, 8) McDonald
0.9 m, 9) Suhora 0.6 m, 10) Lulin 1.0 m, 11) Greece 0.4 m, 12) Beijing 0.85 m,
13) Whole Earth Telescope Campaign, 14) Other campaign (non-PI)

Table 2. Periods, Frequencies, and Amplitudes for KPD 2109. Formal least-squares
errors in parentheses.

Period Frequency Ampl. Period Frequency Ampl.
(sec) (uHz) (mma) (sec) (uHz) (mma)
182.42120(8 5481.819( 6.13(9) 196.31012(10 5093.981(2) 6.44(9

(8) 3) (10) )
184.71248(23)  5413.819(6)  2.63(10) 198.19774(30)  5045.466(8)  2.03(9)
184.74037(25)  5413.002(7)  2.32(10)  209.14104(20)"  4781.462(45)  0.35(9)
191.84271(36)  5212.604(10) 1.63(9)  212.71520(22)"  4701.122(49)  0.32(9)

T These frequencies are only above the detection threshold in the MDM data.

tected and Figure 2 shows temporal spectra of the complete data set (left) and
just the MDM data (right) as well as successive prewhitening steps.

We confirm five of the known frequencies previously identified by both Koen
(1998; hereafter K98) and Billeres et al. (1998), but do not detect the 5084 pHz
frequency detected by K98. We resolve a doublet that was suspected by K98,
but at 0.8 uHz, was not resolvable in his data. Furthermore, our high signal-to-
noise data sets detect the feature at 4781 uHz, which was suspected by K98 and
marginally detect another frequency at 4701 pHz. The peak around 4781 pHz
was also marginally detected in the spectroscopic analysis by Jeffery & Pollacco
(2000).

PG 01544182: PG 0154+182 (hereafter PG 0154) was observed as a sec-
ondary star at MDM observatory during our KPD 2109 run. It was observed for 4
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Fig.2. Temporal spectra (FT) for KPD 2109 showing the original data
(top), and prewhitening by 2 and 6 frequencies, respectively. Arrows indicate
prewhitened frequencies and the dashed lines indicate low-amplitude frequencies
not prewhitened in this figure. Inset is the data window.

hours (on average) over 9 consecutive nights. The discovery data only detected a
single frequency (Koen et al. 2004), whereas we clearly detected 6 frequencies, one
of which is likely an unresolved doublet. Figure 3 shows shows an FT of the origi-
nal data (window function is inset), prewhitened data (arrows indicate frequencies
removed) and the amplitude of the 6785.20 uHz frequency over the course of our
run. The smooth, roughly sinusoidal appearance of the 6785.20 pHz amplitude
leads us to believe this frequency is in fact two with a splitting of ~ 1.5u4Hz, or a
beat period slightly longer than our run.

Table 3. Periods, Frequencies, and Amplitudes for PG 0154. Formal least-squares

errors in parentheses.
Period Frequency  Amplitude Period Frequency  Amplitude

110.9280(15) 9014.85(12)  1.13(22)  142.2137(7)  7031.67(3)  3.88(23)
119.5830(19)  8362.39(13)  1.04(23)  147.3795(30) 6785.20(14)  3.58(1.27)
130.2638(11)  7676.72(6)  2.15(24)  164.2108(3)  6089.73(1)  9.46(23)
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Abstract. In the Whole Earth Telescope (WET) observations of the sdBV
PG 00144067, made in October 2004, we found a peculiar regularity of the
pulsation frequencies reminiscent of asymptotic p—mode pulsation along with
rotational splitting. This finding was amplified by adding additonal modes
found by observations with the WHT earlier in the year. To determine if this was
a peculiarity of that star, we examined other sdBV stars that have extended—
longitude coverage, and found a similar pattern in all of them.

High-order p—mode pulsations (such as seen in the Sun and roAp stars)
should not be present if our models of these stars and their pulsations are any
guide to reality. The reasons behind this pattern are currently unkonwn.

Key words: stars: oscillations — stars: evolution — subdwarfs

1. INTRODUCTION

The pulsation frequencies seen in pulsating subdwarf (sdBV) stars show fre-
quencies that are of the same order as the radial fundamental frequency. However,
these stars generally show multiperiodic pulsation, with many modes seen within
a relatively narrow frequency range. Correctly identifying the reason for this rich
mode spectrum should reveal some fundamental features of the stars themesleves.
The leading candidate explanation is that we are seeing nonradial modes with
degree [ ranging from 0 to 3 or 4; Brassard et al. (2001) demonstrate this for
the star PG 00144067 (hereafter PG 0014), while Kilkenny et al. (2002) follow
a similar prescription for PG 10474003. An alternate explanation is that we are
seeing rotational splittings of I = 0 — 2 modes in stars with rapidly rotating cores,
which in turn are a consequence of differential rotation that develops on the red
giant branch (Kawaler & Hostler 2005).

PG 0014, as one of the richest pulsators among the short period sdBV stars (i.e.
the EC14026 stars) is an excellent candidate to try to distinguish between these
two possibilities. While Brassard et al. (2001) did demonstrate that this star is a
rich pulsator, the data they used were single—site data and therefore could suffer
from 1 c¢/d aliases. We observed PG 0014 in a massive multi-longitude run with
the Whole Earth Telescope in October 2004. The results of that run, combined
with data from the William Herschel Telescope taken two months earlier (Jeffery
et al. 2005) allow us to present a detailed frequency list with assurance that all
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Fig.1. Fourier transform of the WET data on PG 0014; the horizontal lines
show noise levels of 3 o (lower) and 3.7 ¢ (upper).

are real periodicities and no daily aliases are present.

What we found is that, while the frequencies might be describable in terms of
higher-than-usual values of [ or rapid internal rotation, they show a pattern that
looks more like asymptotic p—mode pulsation. A similar pattern has been found
in the other well-studied pulsating sdBV stars. Unfortunately, the models demand
that these stars are displaying low-order p—mode pulsations, which show no such
asymptotic patterns.

2. PG 0014 FREQUENCIES FROM WET AND ULTRACAM/WHT

The results of the WET run on PG 0014 will appear elsewhere (Vuckovié et al,
2005). We show the amplitude spectrum of the main region of interest in the
WET data in Figure 1; the signal-to-noise level is sufficient to reveal peaks with
amplitudes above about 0.45 mma. For possible lower-amplitude modes, we in-
clude in our analysis the frequencies found by Jefferey et al. (2005) in multicolor
photometry of PG 0014 using Ultracam on the WHT; the merged frequency list
is shown in Table 1. In creating this list, we used the WET data as the primary
source, and added lower—{requency modes identified by Jeffery et al. (2005). Even
though the Jeffery et al. (2005) data are mostly single site, we are confident in
their frequency identifications. This confidence comes from their identification of
all modes that they have in common with the WET data, without a single instance
of selection of a 1 ¢/d alias in their analysis. In Table 1, the Ultracam peaks are
indicated in the Notes column, with the symbol (w) indicating that the mode was
seen only in the combined Ultracam data (all colors).

The frequency list of PG 0014 displays some suggestive systematics; concen-
trating on the second column of Table 1 we see several modes with separations of
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approximately integral multiples of 90 uHz. Other separations of nearly 100 uHz
are apparent as well. Our initial inclination was to try to identify the 100 uHz
splitting as a rotational splitting. While this large splitting could be caused by
rotation, the implied rotation rate (if solid-body rotation) would be much larger
than upper limits based on spectroscopic study of line profiles. On the other hand
Kawaler & Hostler (2005) suggest that rapid internal rotation could produce large
splittings in a star with a slow surface rotation rate, but their predictions suggest
that the splittings of different modes should not show the same value.

3. A PHENOMENOLOGICAL MODEL

With two apparent splittings present, we decided to explore an entirely phe-
nomenological parameterization that could then be used to make an empirical fit
to the observed frequencies. We chose a form reminiscent of asymptotic p—mode
pulsation with a constant rotation frequency:

f,5)=fo+ixd+jxA (1)

where § represents a small spacing (and ¢ can range from 0 upwards) and A
represents a large spacing (with j initially limited to being either -1, 0, or 1). In
the equation above, f, represents a zero-point for the fit with ¢ = 5 = 0.

In the general case of fitting a set of frequencies, we perform a two-dimensional
x? minimization, to find best-fit values for 6 and A. Clearly, there is an aliasing
problem when the combinations of 4, j, §, and A produce commensurate spacings,
so the x? surface shows multiple minima. We break that degeneracy (when pos-
sible) by choosing the (§, A) pair for which we have at least two modes with the
same value of 7 but different j. In practice, we make the further requirement that
the fit must include at least two different pairs of modes (i.e. modes with the same
value of ) that show the same A; i.e. the fit must contain modes with (iq, j1),
(i1,72), (i2,73), and (i2,js). In a subsequent paper, we will show that enforcing
these additional conditions on the fit criteria restrict the aliasing problem and
greatly statistical significance of the fit.

For PG 0014 this procedure yields values of §=90.37, A=101.22, and f,=5923.24
(all in uHz). Using these values in Equation 1, we find the model frequencies listed

Table 1. Frequencies present in PG0014, and a “model”.

# Freq. [uHz] Amp. [mma] Note t j Model Difference
2 5923.4 0.54 fine structure 0 0 5923.2 0.2
3 6193.5 0.44 3 0 5194.1 -0.6
4 6452.9 0.45 7 -1 6454.1 -1.2
5 6632.8 0.65 fine structure 9 -1 6634.6 -1.8
6 6646.5 0.60 UltraCam 8 0 6645.6 0.9
7 6659.9 0.34 UltraCam (w) 7 1 6656.5 -3.4
8 6726.8 0.37 UltraCam (w) 10 -1 6724.9 1.9
9 6826.1 2.38 10 0 6826.1 0.0
10 7088.7 2.98 fine structure 14 -1 7086.1 2.6
11 7187.5 0.66 UltraCam 14 0 7187.3 0.2

12 7289.0 0.65 14 1 72885 0.5
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Fig. 2. Schematic diagram of the frequencies of PG 0014. The open circles
are the frequencies in Brassard et al. (2001) and the long vertical lines are the
frequencies of their best-fit stellar model. Closed circles represent the frequencies
from the WET+UltraCam data (Table 1) and short lines give the fit to those
frequencies using Equation (1) and the derived values for § and A.

in Table 1. Note that the fit is extremely good - the 11 modes identified in the ta-
ble are all fit to within 0.05%, with an RMS difference of 0.013 ¢. Figure 2 displays
the closeness of the fit in comparison with the data, and with the fit frequencies
from Brassard et al. (2001).

To estimate the statistical significance of this fit, we performed sets of 1000
trials with randomly chosen frequencies that span the same frequency interval. In
each set of trials, the best fit (as judged by the RMS difference between the best
model and the random frequency set) was tabulated. This procedure helped us
determine the statistical significance of the star’s fit by the model. In the case of
PG 0014, the star departs from a random frequency distribution at the 4 o level.

Is this asymptotic pulsation? After all, high—order p-modes show a more-or-
less constant frequency spacing; such sequences are seen in helioseismic data and
in the rapidly oscillating Ap stars (i.e. Kurtz et al, 2005).

The sequence of modes split by integral multiples of § cannot be asymptotic
p—mode behavior. Models of PG 0014, and sdBV pulsators in general, indicate
that the radial fundamental frequency in the models is usually close (in frequency)
to the observed mode frequencies. Asymptotic relations such as Equation (1) are
usually valid (at the few-percent level) only for values of n > [, or more generally
for large values of n. Even so, the computed frequency separation for p—modes in
sdBV models yields values of several hundred pHz - a factor of 10 or more larger
than what PG 0014 shows.

4. IS PG 0014 A FREAK? NO...

To see if PG 0014 is just a strange star, we examined published frequency lists
for other sdBV stars that are known to be rich pulsators, and which have extended
longitude coverage that ensures correct separation of true frequencies from diurnal
aliases.
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Table 2. Frequencies present in PG 1336-018, and a

“model”.

# Freq. [uHz] Note t j Model Difference
1 4885.1 0 0 4886.7 1.5
2 5219.0 13 -1 5218.7 -0.3
7 5444.3 13 1 5447.6 3.3
3 5356.5 17 -1 5356.0, -0.4
8 5470.9 17 0 5470.5 -0.4

11 5585.7 17 1 5585.0 -0.7
4 5369.4 no fit - - - -

12 5598.5 no fit - - - -
5 5392.2 18 -1 5390.4 -1.8
9 5505.6 18 0 5504.8 -0.8

13 5621.2 18 1 5619.3 -1.7
6 5435.4 doublet 16 0 5436.2 0.7

10 5516.7 15 1 5516.3 -0.5

14 5757.3 doublet 22 1 5756.7 -0.6

15 5891.5 26 1 5894.1 2.6

16 5916.3 30 0 5917.0 0.7

Table 3 shows that nearly all sdBV stars with extended-longitude coverage
show similar splittings across their temporal spectra. As an example, we show (in
Table 2) the frequency list for PG 1336-018 (from Kilkenny et al. 2003) along with
the best-fit model using values of 4 and A derived from the observed frequencies
alone. We note that the value of A is precisely equal to the orbital frequency of
this close binary, which is also (presumably) the rotation frequency of both stars
if the system is tidally locked.

Another way to show the regularity to these patterns is through an echelle
diagram (similar to those used in helioseismology and seismological observations
of solar type stars). Figure 3 shows such diagrams for PG 0014 and PG 1336-019.

5. AND SO, A MYSTERY

We stress that what we have done is to make a purely empirical fit to the ob-
served frequencies - this is, essentially, simple numerology with NO known physics
involved. While we have no explanation at all for why this works, there are several
points that may be important.

Feige 48 has the lowest gravity of the bunch; the 5 frequencies from Reed et

Table 3. Splittings found in pulsating sdBV stars.

Star logg fo|pHz] 6 [uHz] A [uHz] Significance

PG 0014 5.8 5923 90.4 101.2 400
PG 1219 5.85 5812 60.5 - 370
PG 8783 >5.6 7193 58.1 138.9 390
PG 1047 5.9 6310 55.9 186.5 420
PG 1336 5.7 4886 34.4 114.5 6.0 o

Feige 48 5.5 2642 13.9 - -
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Fig.3. “Echelle” diagrams of the frequencies in PG 0014 (top) and PG 1336
(bottom); the frequencies have been folded on the small spacing ¢ and stacked,
showing the uniformity of the frequency spacings within the main band and the
two side bands separated from the main band by the large spacing A.

al. (2004) show a small splitting that is the smallest of the ensemble, but show no
evidence of a second large spacing (A). Aside from PG 0014, there appears to be
some correlation between log g and d. Two stars show spectra that are completely
described without the need of a large spacing. And, PG 1336 is a member of
a close binary. The large spacing we identify is precisely equal to the orbital
frequency. If we can assume that the stars in this system are tidally locked and
therefore in synchronous rotation, then in this system at least the large spacing
A can be identified with the stellar rotation rate. Reed (private communication)
points out that the two modes for which the spacing model fails are those that
display a pulsation geometry aligned not with the orbital plane, but pointing from
the primary to the secondary.
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Abstract. We summarise the results of an extensive study aimed at quantita-
tively interpreting the oscillations detected in long-period variable subdwarf B
stars. Our analysis is based on between 300 and 400 hours of time-series pho-
tometry obtained for each of three representative targets: PG 16274017, PG
13384481 and PG 0101+039. The former two were the subjects of extensive
multi-site campaigns led from the 1.52-m Steward Observatory telescope on
Mt. Bigelow, Arizona, while the latter was observed with the 0.15-m Canadian
space telescope MOST. We find that, unlike for the short-period oscillators,
where asteroseismology has been successful in some instances, our understand-
ing of the slow pulsators is somewhat limited due to both observational and
conceptual challenges. In particular, the period spectra measured to date are
much sparser than those anticipated from models, implying that the indices of
the modes observed must be constrained from the outset if asteroseismology
is to be achieved. One promising idea is the exploitation of a mode’s colour-
amplitude dependence on its degree index ¢ through multi-colour photometry.
Applying that method to the PG 1338+481 data together with other constraints
suggests the excitation of £ = 1 modes. If confirmed, this would point to a dis-
crepancy between the observed and predicted long-period variable subdwarf B
star instability strips of around 7000 K on the blue side, although some of it
could be due to incorrect spectroscopic determinations of the effective temper-
atures of cool sdB stars.

Key words: stars: EHB and post-EHB, variable: general — stars: individual
(subdwarfs)

1. INTRODUCTION

Pulsating subdwarf B (sdB) stars can be divided into two groups: the rapidly
oscillating EC 14026 stars (Kilkenny et al. 1997) and the long-period variable PG
1716 stars (Green et al. 2003). At effective temperatures between 29,000 K and
36,000 K, the rapid oscillators correspond to the hotter of the two classes and
excite both radial and low-degree non-radial pressure modes with typical periods
in the 80-500 s range. Their instabilities are thought to be driven by a classical
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kappa mechanism associated with a local overabundance of iron, which in turn
depends on the competitive actions of gravitational settling and radiative levitation
(Charpinet et al. 1996). Indeed, models taking into account diffusion processes
and the resulting non-uniform iron abundance profile have been very successful
at predicting the observed EC 14026 instability strip on the Hertzsprung-Russell
diagram as well as the range of periods excited for a given object (see Fontaine et al.
in these proceedings for details). Beyond this, quantitative period matches leading
to mode identification and asteroseismological estimates of key stellar parameters
have been possible in a few instances (see Charpinet et al. in these proceedings for
details).

In comparison, the study of the long-period variables is still in its infancy.
Found at cooler temperatures in the 22,000 K to 29,000 K range, these stars
exhibit brightness variations on a typical timescale of 1—2 hours, immediately
implying high radial order gravity modes. While the driving mechanism is be-
lieved to be the same as for the EC 14026 stars (Fontaine et al. 2003), the vast
majority of current PG 1716 models can excite only modes with degree indices
£ > 3, the observability of which is controversial due to cancellation effects when
integrating over the visible disk of the star. However, discrepancies between the
observed and predicted instability strips have been difficult to quantify due to a
lack of data. Unlike the EC 14026 stars, where just a few nights of photometry
can be sufficient to identify enough periods for asteroseismology, the long-period
variables need to be monitored over the course of weeks or even months to yield a
comparable number of periodicities. Extracting the observed frequency spectrum
is further complicated by severe aliasing effects and the fact that atmospheric vari-
ations occur on a similar timescale as the stellar oscillations. These observational
challenges notwithstanding, the detailed study of long-period variable subdwarf B
stars could prove invaluable to our understanding of post-main sequence stellar
evolution. In contrast to the shallow pressure modes observed in the EC 14026
pulsators, the slow oscillators’ gravity modes probe deep within the star and are
sensitive to the exact composition of the CO/He core. Successful asteroseismology
of the latter would thus hold implications for the core helium burning phase not
only of subdwarfs, but of other evolved stars as well.

In what follows, we present the results of an ambitious observational campaign
aimed at measuring and quantitatively interpreting the period spectra of three
representative slowly oscillating subdwarf B stars. We begin with an account of
the observing runs and the frequencies extracted before comparing our findings to
qualitative non-adiabatic and quantitative adiabatic predictions. We then outline
the steps taken towards asteroseismic modelling and note the implications of our
preliminary results.

2. OBSERVATIONAL PROGRAMME

2.1. PG 1627+017

At atmospheric parameters Teg ~ 23,700 K and log g ~ 5.32 (Green, Fontaine,
and Chayer, in preparation), PG 16274017 is one of the coolest subdwarf B stars
known. It was chosen as a first observational target because of its brightness
(V ~ 12.9), relatively high-amplitude pulsations, and an equatorial location vital
to the success of our multi-site collaboration. While the majority of the data were
gathered at the 1.52-m Steward Observatory telescope on Mt. Bigelow, Arizona,
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Fig. 1. Fourier Transform for PG 1627+017.

between 9 May and 11 June 2003, the time coverage and baseline were improved
by simultaneous observing time granted at the South African Astronomical Ob-
servatory’s 1-m telescope and the 2.3-m Siding Spring Observatory (Australia),
as well as by weekend runs at Mt. Bigelow in the weeks leading up to the main
campaign. Our efforts yielded a total of 303 hours of useful R-band photometry
with a duty cycle of 33% over the five week period. Some spectroscopy was also
obtained with the aim of recovering the main peaks from radial velocity shifts (see
For et al. in these proceedings for details). The Fourier Transform of the entire
photometry lightcurve is shown in Figure 1, mirrored by a model spectrum (upside
down) constructed on the basis of 23 extracted periodicities with amplitudes of at
least three times the noise level. The residual between the observed and modelled
spectra is displayed at the bottom of the figure.

All 23 periods detected in the lightcurve of PG 16274017 lie in the 4500-9000
s range and have R-band amplitudes between 0.3 and 0.5 % of the star’s mean
brightness. Note that their distribution in frequency space is non-uniform, with
the most powerful oscillations clustering between ~ 6300—7050 s and several very
closely spaced doublets and triplets occurring throughout the period spectrum.
The latter may partially be explained by rotational splitting. PG 1627+017 forms
part of a close binary system and, assuming a binary-synchronous rotation rate,
spins on its axis with a period of Pt = Phin ~ 0.83 days (Morales-Rueda et
al. 2003). The resulting break in spherical symmetry lifts the (2¢ + 1)-fold de-
generacy of a mode with given radial order k£ and degree index ¢, introducing
a dependence on the azimuthal index m. To first order, the components of a
(k,1) mode with adjacent values of m are then separated by a frequency spacing
Af = (1 = Cie)/Prot, where for the high radial order gravity modes encountered
in PG 1716 stars Cyy ~ 1/(¢(£ 4 1)). These equations imply that, in theory, ro-
tational splitting can be exploited to determine the degree indices of the modes
observed. However, in the case of PG 16274017 the frequency spectrum uncovered
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Fig.2. Two possible manifestations of rotational splitting for PG 16274017,
depending on the degree indices invoked. Peaks illustrated in the same colour refer
to modes with the same values of ¢ and k but different m. The values of ¢ shown
are derived from the frequency spacing between split components.

is too dense to allow the unambiguous identification of a given peak, as is shown in
Figure 2. While the scenario invoking modes with ¢ = 1 (upper panel) seems more
convincing, the possibility of explaining the observed period distribution in terms
of £ =2 and ¢ = 3 modes (lower panel) cannot be ruled out. It is thus unclear not
only what degree indices the modes observed are associated with, but also which
of the peaks detected are independent stellar pulsations, and which are rotational
in nature. This makes asteroseismology and mode identification challenging, if not
impossible.

2.2. PG 1338+481

Our second target, PG 13384481 (V ~ 13.6), is a much more typical long-
period variable in terms of atmospheric parameters at Teg ~ 28,400 K and log g ~
5.40 (Green, Fontaine, and Chayer, in preparation). It was chosen for its repre-
sentative qualities as well as the fact that it is a single, and thus probably slowly
rotating, star. Observational efforts were conducted between 15 March and 3 May
2004 and focussed on just two sites: the 1.52-m Steward Observatory telescope em-
ployed during the previous campaign, and the 1.3-m MDM telescope at Kitt Peak.
In total, we obtained ~ 250 hours of simultaneous U- and R-band photometry, as
well as an additional ~ 70 hours of R-band data. The resulting Fourier Transforms
are displayed in Figure 3 for both the U (blue) and the R (red) lightcurves. It is
evident that, while the amplitudes in the U are significantly higher than those in
the R, the oscillations are locked in frequency and phase. This is confirmed during
the pre-whitening process, where the periods determined in the two colours are
generally found to lie within 0.5 s of each other. Adopting a threshold of three
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Fig. 3. U (blue) and R (red)-band Fourier transforms for PG 1338+481.

times the local noise level, we were able to extract 13 periods in the 2100 s to 7200
s range with amplitudes up to 0.3 % and 0.2 % of the mean brightness in the U-
and R-band respectively.

The decision to observe PG 1338-+481 Table 1. U/R amplitude ratios

in .two wavebands was based on a theo- for the five dominant peaks detected
retical study exploiting the dependence in the lightcurves of PG 1338481

of a mode’s colour-amplitude behaviour

on its degree index ¢ (Randall et al. Period (s) U/R amplitude
2005). Put simply, the ratio of a pul-

sation peak’s amplitudes as measured 3530 1.4940.29
in two well-separated bandpasses can 3828 1.420.22
be used to directly infer the associated 4090 1.3940.40
mode’s degree index provided the star’s 4347 1.27£0.30
atmospheric parameters are known. We 4625 1.55%0.51

list, in Table 1, the U/R amplitude ra-
tios for the five most convincing periodicities extracted from the data. Note that
these all correspond to peaks with amplitudes of at least four times the local
noise level. It is obvious from the table that the amplitude ratios of all five peaks
are consistent within the error margins, which may imply that the corresponding
modes have the same degree index. That possibility is supported by the fact that
the oscillations are relatively evenly spaced in period, neighbouring peaks being
separated by 257 s < AP < 298 s. According to asymptotic theory, this is pre-
cisely what would be expected for high radial order modes with consecutive values
of k and constant degree index ¢. While the matter remains to be investigated in
more detail, the resulting constraint on mode identification makes PG 13384481
a prime target for asteroseismological studies.



296 Randall et al.

0.09 — —

5227 s
24687 s 7235 s ‘ 2650 s

0.06 12344 s ‘

Relative Amplitude (%)

0.03 l ]

0.00 ‘ A
0.00 0.10 0.20 0.30 0.40 0.50 0.60

Frequency (mHz)
Fig. 4. Fourier transform for PG 0101+039.

2.8. PG 0101+039

PG 01014039 was observed with the Canadian space telescope MOST (Walker
et al. 2003) from 28 September to 15 October 2004 in a trial run for potential future
missions. Since the effects of daily aliasing and atmospheric variation had under-
mined the extraction of periodicities for both of the previously studied targets, we
had concluded that the successful asteroseismology of long-period variable subd-
warf B stars would be facilitated by space-based observations. However, it was
not clear from the outset whether the 15-cm aperture MOST telescope, currently
the only satellite dedicated to asteroseismology, would be able to achieve sufficient
precision for detecting pulsations in the relatively faint subdwarfs. It was therefore
imperative to select a bright target like PG 01014039 (V' ~ 12.1), regardless of its
other characteristics such as atmospheric parameters (Teg ~ 28,300 K and log g ~
5.52 according to Green, Fontaine, and Chayer, in preparation), or the fact that
it forms part of a short-period binary system (Pyi, ~ 0.57 days from Moran et al.
1999).

The ~ 400 hours of broadband photometry gathered by MOST boast a duty
cycle of 96.5 % and a noise level similar to that achieved for PG 1338+481 after
seven weeks of ground-based observations. It is thus beyond doubt that, given the
appropriate observing time, data from MOST can surpass anything obtainable
from the ground in terms of time coverage. And indeed, the Fourier transform
illustrated in Figure 4 shows no visible signs of aliasing. Adopting a threshold
of four times the mean noise level, we were able to extract three convincing pe-
riodicities attributed to stellar oscillation (continuous line segments). Note that
their amplitudes are significantly lower than those detected for either of the pre-
vious targets, which could well be due to PG 0101+039’s higher surface gravity.
In addition, we found two lower amplitude peaks (dotted line segments) that are
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Fig. 5. Comparison between the range of periods predicted from a sequence of
PG 1716 models (colour-coded dots) and those observed for PG 16274017, PG
13384481 and PG 01014039 (boxes). See text for further details.

probably caused by an ellipsoidal deformation of the subdwarf due to the gravita-
tional pull of its companion, and would imply a binary-synchronous rotation rate.
Unfortunately, the fact that only three pulsations were identified makes this star
unsuitable for asteroseismology for the time being.

3. QUALITATIVE COMPARISON WITH NON-ADIABATIC THEORY

In order to compare the ranges of periods observed for PG 1627+017, PG
1338+481 and PG 01014019 to those predicted by non-adiabatic theory, we com-
puted a short sequence of sdB models in the appropriate temperature range. Con-
stituting an updated version of the numerical tools employed by Charpinet et al.
(1996) to explain the EC 14026 phenomenon, these models incorporate radiative
levitation and are characterised by five free parameters: effective temperature Teg,
surface gravity log g, total stellar mass M., logarithmic depth of the transition be-
tween the hydrogen-rich envelope and the helium core log ¢(H), and logarithmic
depth of the extent of the inner carbon-oxygen core log ¢(He). Note that, while M,
and log g(He) were kept at constant representative values over the entire sequence,
log ¢(H) and log g were changed with T,g so as to keep all of the structures parallel
to the zero-age extreme horizontal branch (for precise values see Randall et al. in
preparation). Each model was then subjected to adiabatic and non-adiabatic pul-
sation calculations, the former estimating the periods of modes present, and the
latter computing their stability. Figure 5 illustrates the periodicities predicted to
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be excited over the sequence for modes with ¢ = 2 (magenta), £ = 3 (blue), £ = 4
(cyan), £ = 5 (green), £ = 6 (yellow), £ = 7 (red) and ¢ = 8 (black). Superposed
on this theoretical instability strip are the ranges of periods observed for our three
targets. It can be seen that the general trend of the unstable period range de-
creasing with increasing temperature is recovered by the models, however on an
absolute scale the periods observed are longer than those predicted. Moreover, the
modes excited by models hotter than 23,000 K are associated with degree indices
¢ > 4, and the structure representative of PG 13384481 and PG 0101+039 at
Teg = 28,000 K drives no modes with ¢ < 8 whatsoever. It is thus clear that
our models are subject to important deficiencies that have yet to be determined
and addressed. Given the similarities that exist between the theoretical instability
strip and that observed, we nevertheless believe that the driving mechanism iden-
tified for the long-period variable subdwarfs lies at the origin of the oscillations
detected and will be able to account for them quantitatively when more realistic
models become available.

4. QUANTITATIVE COMPARISON WITH ADIABATIC THEORY

In a first attempt to quan-
titatively explain the period
spectra uncovered in long-
period variable subdwarf B 35
stars we focus primarily on PG
13384481, the most promis-
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ing object observed so far. 307 N
One thing that the photome-
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common is a strong deficiency
in periodicities observed com-
pared to those predicted in
the same range. While this

U/R amplitude ratio
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could be partly alleviated by 1.5 L =
more sensitive measurements, J I ﬁ
it is obvious that asteroseis- 1ol B
mology will only be achieved ’

if there is some constraint on

mode identification from the 0.5 ‘ ‘ ‘ ‘
outset. Possible methods of 2000. 3100. 4200. 5300. 6400. 7500.
determining the degree index Period (s)

¢ of a mode observed include

the exploitation of rotational Fig.6. U/R amplitude ratios predicted for a

splitting (e.g., Charpinet et al. representative PG 13384481 model for degree in-
AN - dices £ = 3, 2, 1, 4 and 5 from top to bottom on

2005), line-profile variations the right hand side. The amplitude ratios mea-

from time-series spectroscopy sured for PG 13384481 are also indicated.
(see Schoenaers & Lynas-Gray,

these proceedings) and multi-colour photometry (e.g., Randall et al. 2005). Since
our observations do not include high-resolution spectroscopy and rotational split-
ting was found to yield ambiguous results when it was detected (see section 2.1),
the simultaneous U/R photometry of PG 13384481 is our best option. Figure 6
illustrates the period-dependent U/R amplitude ratios calculated from a model
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observed

2000. 3000. 4000. 5000. 6000.
Period (s)

Fig. 7. Period spectrum predicted for a model with T.g = 28,600 K, logg =
5.22, M, = 0.45 Mg, loggq(H) = -2.68 and log q(He) = -0.24. The five highest
amplitude periodicities observed for PG 1338+481 are also illustrated.

with Teg = 28,200 K and log g = 5.38 for degree indices £ = 3, 2, 1, 4 and 5 (from
top to bottom on the right hand side). Superposed on this are the amplitude
ratios observed for the five dominant pulsations of PG 1338+481 (see Table 1).
Considering the measurement errors, only modes with £ = 3 and ¢ = 5 can be
excluded with any confidence, although the / = 1 and £ = 4 curves do represent
better matches to the data than that for £ = 2.

Another feature that makes the PG 1338+481 data stand out is the nearly
equal period spacing of the five highest amplitude pulsations. As discussed in
section 2.2, this could well imply that they are all associated with the same degree
index, which in light of the multi-colour findings would correspond to ¢ = 1, 4
or possibly 2. Since the brightness variation caused by an oscillation of given
intrinsic amplitude strongly decreases with increasing f-value when integrating
over the visible disk of a star, the detection of £ = 1 or 2 modes is naturally
favoured compared to that of £ = 4 modes. Indeed, all main sequence g-mode
pulsators with good empirical mode identification show ¢ = 1 modes only. A
similar scenario holds true for white dwarfs, which do exhibit the occasional ¢ = 2
mode, but primarily excite dipole modes. As subdwarf B stars lie in between the
two regimes, we would expect their case to be no different. In addition to this, the
average period spacing between the five peaks ((AP) ~ 274 s) is very close to that
expected for £ = 1 modes in a representative PG 13384481 model, as can be seen
in Figure 7. (AP) decreases significantly with increasing degree index, implying
that the observed period spectrum could be matched to that predicted for £ = 2 or
higher only if a significant fraction of the theoretical periodicities were not excited
to appreciable amplitudes. Since we find no convincing reason why this should be
the case, we believe these modes to have degree indices of £ = 1.
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5. CONCLUSION

The observational campaign described in these Proceedings constitutes the first
serious attempt at quantitatively interpreting the period spectra excited in long-
period variable subdwarf B stars. It has revealed that even the most sensitive
measurements available yield an observed period spectrum far sparser than that
expected from theory. Consequently, mode identification must be constrained
from the outset if asteroseismology is to be possible. One way of doing this is the
exploitation of multi-colour photometry, which we attempted for the case of PG
1338+-481. Together with mode visibility and period spacing considerations, the
results point to the excitation of £ = 1 modes in that star. If confirmed, this would
aggravate the discrepancy between the computed and the observed instability strip
compared to the detection of £ = 3 or 4 modes. Indeed, none of the models shown
in Figure 5 are able to excite dipole modes. These are predicted only for models
cooler than 21,000 K, implying a difference of 7,000 K between the theoretical and
observed blue edge. While this clearly indicates shortcomings in our models that
have yet to be addressed (the spectroscopic determinations may also be partly
at fault), qualitative similarities between the observed and predicted instability
strips nevertheless point to the identification of the correct driving mechanism.
Beyond this, we feel that the constraints placed on the mode identification for PG
13384481 have opened this star up to asteroseismology, a possibility we are still
in the process of investigating.
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Abstract. We present a preliminary analysis of the FUSE spectra of five
PG 1716+426 stars, the subgroup of sdB stars that exhibit very low ampli-
tude, long-period multiperiodic luminosity variations. Our aim is to investigate
whether these stars display abundances of iron-peak elements which differ from
those observed in the shorter-period EC 14026 stars and in non-variable sdB
stars. Our preliminary results suggest that the abundances of Fe, Mn, Co, and
Ni in PG 17164426 stars do not differ appreciably from those measured in our
reference samples. The implications of these findings for non-adiabatic calcu-
lations which link the driving of both the long- and short-period pulsations to
an opacity bump associated with a local enhancement of the abundance of iron
and iron-peak elements in the envelope are briefly discussed.

Key words: subdwarfs — stars: abundances — stars: oscillations — techniques:
spectroscopic — stars: individual: PG 1716+426; PG 16274-017; PG 1338+481;
PG0101+039; PHL 457

1. INTRODUCTION

The PG 17164426 stars are pulsating subdwarf B stars that exhibit very low
amplitude (<5 mmag), long-period (2000—-8000s), multiperiodic luminosity vari-
ations. These variations are associated with high radial order g-modes. In the PG
17164426 stars, which cluster between 20,000 and 28,000 K, the x driving mech-
anism is currently thought to be similar to that which is relevant to the hotter
(28,000-36,000K), shorter-period (100—500s) EC 14026 stars. In both classes,
it has been suggested that the driving is linked to an opacity bump associated
with a local enhancement of the abundance of iron and, presumably, other iron-
peak elements in the envelope (Charpinet et al. 1997; Fontaine et al. 2003). This
enhancement could be brought about by radiative element support, as argued by
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Chayer et al. (2004). Analyses of element abundances in sdB stars could be of some
help in constraining current non-adiabatic models, since the mean photospheric
abundances of iron-peak elements in both classes of pulsating stars might differ
from those which characterize the constant sdB stars. Furthermore, the relative
importance of a stellar wind might differ when one considers the sample of cool
PG 17164426 stars instead of the hotter EC 14026 stars. On that basis, it might
be possible to distinguish between various groups of B subdwarfs on the basis of
the abundance of iron-peak elements.

Motivated by these considerations, we have undertaken a systematic analysis
of the abundances of iron-peak elements in the PG 17164426 stars, and present
here preliminary results of this work.

2. ANALYSIS AND RESULTS

Our analysis is based on high-resolution FUSE observations of a sample of five
sdB stars that comprises all the PG 17164426 observed up to now with FUSE.
The basic atmospheric parameters of our target stars, as determined within the
extensive analysis of the MMT sample being carried out by Chayer et al. (2003),
are summarized in Table 1. For comparison purposes, we are also redetermining
abundances for a sample of constant sdB stars (PG 07494658, HD 4539, Feige 87,
JL 236 and PG 17104490, all located between 24,600 and 30,700 K), as well as for
one EC 14026 star, Feige48 (Teg =29,600 K). The abundances of heavy elements
are determined on the basis of analyses carried out with version 201 of TLUSTY
and version 48 of SYNSPEC (Hubeny & Lanz 1995; I. Hubeny 2004, private
communication). In order to facilitate the comparison with our own reference
samples of constant and EC 14026 stars, analyzed in LTE (e.g. Chayer et al. 2004),
we use the same approximation here and treat various heavy elements as traces.
The turbulent velocity is neglected and, as is standard in this type of analysis, the
local continuum level is set by eye in each wavelength region.

The main results of our preliminary analysis can be summarized as follows:
The PG 17164426 stars appear to form a very homogenous group in terms of
their abundances of iron-peak elements (Figure 1); the abundances by number we
determine for Mn, Fe, Co and Ni are similar for our five objects and differ at most
by 0.4 dex. They cluster around log (Mn/H) = —6.6, log (Fe/H) = —4.6, log
(Co/H) = —7.4, and log (Ni/H) = —5.8, with typical errors of the order of 0.4
dex.

The abundances in the cooler star, PG 16274017, are quite similar to those
obtained in the slightly hotter stars of the sample. Furthermore, the lines of heavy
elements in PHL 457 appear to be broader than those observed in the other stars

Table 1. Adopted Atmospheric Parameters

Star Teg/10% (K) log g log(He/H)
PG 1627+017 23.7 5.3 —-2.9
PG 17164426 27.6 5.5 —2.9
PG 0101+039 28.1 5.5 —2.8
PG 13384481 28.1 5.4 —2.9

PHL 457 28.2 5.5 —2.5
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Fig.1. Comparison between FUSE spectra of four of our program stars from
1123 to 1132 A with synthetic spectra containing only Fe lines. This spectral
region shows strong Felll lines that correspond to transitions from the ground
state 3d% 5D to the 3d°4p 5P° state. The synthetic spectra are calculated for two
Fe abundances: log(Fe/H) = —4.2 (lower curve) and —5.0 (upper curve). The final
Fe abundances are derived on the basis of several such regions and give a larger
weight to regions with little contamination by lines of other ions.

in our sample. This suggests that some additional rotational broadening might be
present. We note, in this context, that Edelmann et al. (2006a) report that PHL
457 is a member of a binary system.

We also carried out a comparison with the reference stars (EC 14026 and con-
stant stars) we reanalyzed. A comparison of the four long-period variables hotter
than 27,500 K with Feige48, the EC 14026 star with similar parameters, shows
that the abundances of Fe and Ni are quite similar, but that the abundances of
Mn and Co appear somewhat lower (by roughly 0.4 dex) in the EC 14026 star.

A comparison of the long-period variables with the non-variables in the same
temperature range shows that the abundances Fe, Mn, Co and Ni are similar in
both groups. In Feige 87, recognized as a constant star with low abundances of
heavy elements, there are no traces of Co and Ni, as well as lower abundances of
Fe and Mn than in the PG 1716+426 stars.

As is often the case with analyses in the far-ultraviolet, the placement of
the continuum represents a source of systematic error. For example, Pereira
et al. (2006) have recently shown that, in the far-ultraviolet range, the contin-
uum level obtained by using a theoretical energy distribution i) normalized at the
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Stromgren y magnitude and i) calculated at the values of Teg and logg deter-
mined from the Balmer lines, could well lie above that used in abundance analyses.
Fortunately, the impact of this work appears somewhat blunted here, since our
analysis relies principally on relative, rather than absolute, abundances between
various subgroups of hot B subdwarfs.

What, then, can be said at this stage of the agreement with the abundances
expected in the PG 17164426 stars? Fontaine et al. (2006) present the first predic-
tions of the time-dependence of the abundance of heavy elements expected in hot
B subdwarfs in the combined presence of radiative support and of a weak stellar
wind. Their preliminary results suggest that there is a complex dependence of
the surface abundance of heavy elements on the age; the abundance of selected
heavy elements might thus not be the reliable indicator of pulsation instability it
was once believed to be. While this makes the interpretation of abundances anal-
yses such as ours and that of Edelmann et al. (2006b) less straightforward, it also
suggests that abundance analyses will continue to play an important role in the
near future: they will undoubtedly contribute to sorting out the interplay of the
various physical processes taking place in the photospheres of hot B subdwarfs.
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NASA contract NAS5-32985.
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Abstract. The rapid p-mode oscillations observed in EC 14026 stars offer
interesting opportunities to constrain, with the tools of asteroseismology, the
main parameters that define their internal structure. We present the struc-
tural properties of sdB stars that are emerging from our detailed asteroseismic
studies. We find, in particular, that these properties seem to follow (and thus
confirm) expectations from standard EHB stellar evolution. We also show that
asteroseismology of EC 14026 stars should play a crucial role in solving the
long-standing puzzle of the evolution mechanisms that lead to the formation of
extreme horizontal branch stars.

Key words: stars: interiors — stars: oscillations — stars: asteroseismology —
stars: subdwarfs

FROM MODE DRIVING TO ASTEROSEISMOLOGY OF EC 14026 STARS

Since the first discovery of rapid oscillations in hot subdwarf B stars (these

are referred to as the EC 14026 stars from the name of the prototype; Kilkenny
et al. 1997) and the identification of an efficient driving mechanism to explain
this phenomenon (Charpinet et al. 1996, 1997), substantial observational efforts
from various groups (see the reviews of Charpinet 2001 and Kilkenny 2002) have
raised significantly the number of known EC 14026 pulsators (34 at the time of this
writing). The driving mechanism is a k-effect triggered by the region of partial
ionisation of heavy elements, especially iron, in the envelope of the star. It can
reach sufficient efficiency to destabilise modes because of the accumulation of iron
in the driving region due to microscopic diffusion processes.

It was quickly recognised by us that an adequate modelling of the EC 14026
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Fig.1. Global comparison: the observed and predicted instability domain.

phenomenon would require special attention to such diffusion processes. This
led to the development of our so-called ”2nd generation” models described in
Charpinet et al. (1997, 2001) that implement the nonuniform profiles of iron (i.e.,
the main contributor to the opacity bump) predicted by the condition of diffusive
equilibrium between gravitational settling and radiative levitation. With such
models, global theoretical properties of the EC 14026 pulsators could be derived
and, of course, confronted to the observed properties emerging from the evergrow-
ing sample of known pulsators. To date, with almost three dozen known EC 14026
variables, such comparisons continue to show remarkable similarities between the
global properties of the modelled and observed pulsators, thus strongly suggesting
that the basic ideas and physics behind the driving of pulsations in these stars are
sound. We illustrate below two aspects of these model/observation comparisons.

1.1. The theoretical instability region

Fig. 1 represents the log g — Teg plane where are positioned 26 (out of the 34
known) EC 14026 stars which have spectroscopic estimates of their atmospheric
parameters available (shown as red dot-circles in the figure). Filled circles represent
the 70 sdB stars observed with fast-photometry and found constant by Billeres et
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al. (2002). As an illustration of the extent of the region where sdB stars are found,
the sample of Saffer et al. (1994) is also shown as open circles. In addition, contours
derived from full, nonadiabatic pulsation calculations based on the 2nd generation
models are superimposed to the observations. These contours indicate the number
of excited, £ = 0 modes found in the models — a tracer of the efficiency of the driving
mechanism — as a function of log g and T.g. Remarkably, all the 26 EC 14026 stars
represented in this diagram are found within or slightly outside the 3 highest
contours (shown as plain lines in Fig.1), i.e., where the driving is most efficient.
Of course, this is precisely where one would expect to find the pulsators based
on theory. Also, a closer look at Fig. 1 indicates that the theoretical instability
domain is wider than observed and that nonpulsators cohabitate with pulsators
in the same log g — Teg region, a property not expected from the 2nd generation
models as they currently stand. Some of these issues, however, may be solved with
further refinements in the modelling of the diffusion processes in sdB stars (see
Fontaine et al., these proceedings).

1.2. The driven pulsation modes

Fig. 2 provides a compari-
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predicted period ranges. stars, including outliers like

PG 16054072 or Feige 48 which have much lower surface gravities and longer pe-
riods than the other known pulsators, show periods that are within the expected
range according to theory.

These basic observations underline the fact that a very strong overall consis-
tency exists between the predicted properties of EC 14026 stars from the current
2nd generation models and the observed properties of the real pulsators.
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2. DETAILED ASTEROSEISMIC STUDIES

The excellent global correspondence uncovered between theory and observation
has strongly encouraged us to attempt modelling individual EC 14026 pulsators
in detail. The ambition was: 1) to fully and accurately reproduce the observed
pulsation period spectra based on the 2nd generation models, thus leading to a
complete mode identification, and 2) to isolate the most accurate (or best-fitting)
model (or family of models) that correspond to the star under study, hence bring-
ing, for the first time, asteroseismic constraints to the stellar structure of Extreme
Horizontal Branch (EHB) stars.

2.1. A global approach to asteroseismology

In the recent years, we have set up a new global approach to the problem
of asteroseismology of EC 14026 pulsators. Inspired by the well known forward
method — which simply consists of comparing directly theoretical periods from a
model to the observed periods of a given star —, our global optimisation technique
allows us to exhaustively and efficiently explore the vast model parameter space
in order to isolate the model(s) that can best-match the period spectrum of the
EC 14026 pulsator under study. Developed mainly in the context of interpreting
white light fast-photometric data for which no a priori information on the mode
identification exists, our procedure is a ”double-optimisation” scheme that simul-
taneously searches for the optimal combination of observed and computed periods
(for a model with given parameters) and for the optimal set of model parame-
ters. This method leads objectively to the best match of the observed periods,
providing estimates of the structural parameters of the star and a complete mode
identification (i.e., the £ and k indices) of the observed periods. More details on
this method can be found in the pioneering paper of Brassard et al. (2001) and,
more recently, in Charpinet et al. (2005a).

2.2. Asteroseismic analyses of EC 14026 stars

The global optimisation technique has been applied to a handful of rapid pul-
sating sdB stars, so far. This includes the analysis of PG 00144067 from the
early work of Brassard et al. (2001), the analysis of PG 10474003 (Charpinet et
al. 2003), of PG 1219+534 (Charpinet et al. 2005a), and most recently of Feige 48
(Charpinet et al. 2005b). These studies were all based on high signal-to-noise white
light photometry specifically gathered at the Canada-France-Hawaii 3.6 m Tele-
scope (CFHT) with the fast-photometer LAPOUNE. In addition, precise medium-
resolution, high signal-to-noise spectroscopy from the MMT coupled with detailed
atmospheric modelling has proved essential to isolate a unique best-fit model solu-
tion. In each case, it was possible to achieve a simultaneous fit of all the observed
periods to ~ 0.8% and better. Moreover, in each case, the asteroseismic solutions
appear fully consistent with expectations from nonadiabatic pulsation theory (all
observed periods are assigned to modes predicted to be unstable), and the param-
eters derived for the best-fit model are entirely consistent with the spectroscopic
values.

It is an important result that, for at least four stars analysed in detail with
asteroseismology so far, solutions could be achieved which can accommodate three
different aspects of the modelling of rapid pulsating sdB stars, namely the pulsation
period distribution, the excitation of the modes through the driving mechanism,
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and detailed model atmospheres. This was certainly not guaranteed at the outset
and this provides strong additional support to the underlying ideas that explain the
pulsations in EC 14026 stars, considering that we find that, so far, high consistency
between models and observations is preserved even in the details.

log (Meq,/My,)
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theory). The two latter pa-
rameters in particular, i.e., the total mass and the mass of the H-rich envelope,
are quantities that cannot be measured directly with techniques other than aster-
oseismology (except in some rare cases for the parameter M, in binary systems).
Yet, their importance in the context of EHB stellar evolution and formation theo-
ries is crucial. Hence, systematic asteroseismic studies of EC 14026 star are bound
to bring new insight on these specific domains. Two interesting links with EHB
stellar evolution and formation are illustrated below, based on current asteroseis-

mic results.

3.1. A link to extreme horizontal branch stellar evolution

Fig. 3 shows representative evolutionary tracks of extreme horizontal branch
stars with various H-rich envelope masses (see figure for details) in a Teg —
log[Meny/M,] diagram. The ZAEHB and TAEHB are indicated by dashed-lines
(at low and high T,g, respectively). These sequences illustrate a well known prop-
erty of evolutionary models near the ZAEHB which tend to have higher (lower)
effective temperatures with thinner (thicker) H-rich envelopes, as the mostly inert
envelope acts as an isolating layer between the helium core and the stellar sur-
face. Asteroseismic measurements of the envelope mass should now allow us to
check if this property, indeed, exists in real subdwarf B stars. Remarkably, this
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trend seems to be confirmed by the four EC 14026 pulsators analysed in detail
(PG 00144067, PG 10474003, PG 1219+534, Feige 48; shown as red circles with
error bars in Fig. 3). Preliminary (and thus still insecure) analyses of additional
EC 14026 stars (HS 220142610, EC 05217-3914, KPD 193042752, EC 20117-4014,
and PG 0048+092; blue triangles and circle with error bars) tend to confirm this
conclusion. Nonetheless, more precise and additional asteroseismic measurements
will be necessary to allow for a definitive conclusion on this issue.

3.2. A link to subdwarf B star formation scenarios

Fig. 4 shows the dis-
tribution of the asteroseis-

mic masses (with uncer- e PGO048-4092
tainties) obtained for the
four well studied EC 14026 - Feige 48

stars. A value derived for
PG 0048+092 is also given,
although it should be consid- —— PGO014+067
ered as preliminary at this

— PG1047+003

stage. Among the various e POIE191o54
channels (from singleand bi- L ., . . . . . 0L
nary stellar evolution) pro- 03 04 " O'fM) 08 o7

tot ®.

posed to form extreme hori-

zontal branch stars, some are Fig.4. Distribution of EC 14026 star masses
expected to produce broader measured by asteroseismology.

mass distributions than originally believed, with masses that could be as low as
~ 0.30 Mg and as high as 0.7 Mg (see, e.g., Han et al. 2002, 2003; Podsiadlowski
et al., these proceedings). Quite interestingly, all the asteroseismically measured
masses, so far, have values in the range ~ 0.45 — 0.49 M), i.e., close to the canon-
ical mass for extreme horizontal branch stars (~ 0.47 Mg; see, e.g., Dorman et
al. 1993) with a very small dispersion. Also of interest, one of the channels likely
to form ”low-mass” or ”high-mass” EHB stars is the merger of two helium white
dwarfs, which would also contribute to produce isolated sdB stars (as opposed
to sdB’s in binary systems). Three of the four EC 14026 stars analysed in detail
(namely, PG 10474003, PG 00144067, PG 12194534), indeed, are very likely sin-
gle sdB stars. Their masses remain, however, close to the canonical mass. This
result might suggest that the merger scenario is not the dominant channel that
forms single sdB stars. However, the mass distribution from the merger channel,
although it spans a broader range, still has a dominant peak close to the canonical
value. Hence, considering that the statistics are still very uncertain due to the
small number involved, it is not yet possible to draw firm conclusions on this par-
ticular topic. Nonetheless, the potential of asteroseismology in solving such issues
is obviously very high and asteroseismic mass measurements for more EC 14026
stars will certainly bring interesting insight in this field.

4. CONCLUSIONS AND PROSPECTS

4.1. The future of asteroseismology of EC 14026 stars

For more than two decades, major efforts have been pursued in the commu-
nity of stellar pulsations in order to reach the ultimate goal of asteroseismology,
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which is to exploit the information that is contained in the vibrations of pulsating
stars to extract new information on the inner structure, physics, and evolution of
stellar objects. This goal is about to be achieved for EHB stars, as the detailed
study of rapid sdB pulsators has begun to reveal new fundamental elements of
the structure of these objects that, so far, were known only through modelling
based on standard stellar evolution theory. As illustrated in this paper, system-
atic asteroseismic analyses of EC 14026 stars, among other applications, open new
opportunities to test the validity of stellar evolution theory applied to the helium
core burning phase, and propose new ways of constraining the various scenarios
that are envisioned to form extreme horizontal branch objects (a problem of stel-
lar evolution theory that still needs to be solved). Hence, as surely as, yesterday,
the advent of precise spectroscopy and model atmospheres have revolutionised our
understanding of subdwarf B stars and have become, nowadays, essential tools to
study the properties of these stars, asteroseismology of EC 14026 stars will, to-
morrow, constitute an essential instrument to improve further our knowledge of
EHB stars. The technique of asteroseismology applied to rapid sdB pulsators is
still in its infancy and more work is certainly needed to improve and check the
models, the method and its predictions (the mode identification, for instance).
Clearly, however, the high consistency of the solutions that could be achieved in
the seismic analyses conducted so far indicate that the most basic ingredients of
the models are correct and that the asteroseismic results obtained should be robust.

4.2. The prospect of multicolour fast-photometry

One of the most promising avenues for future independent tests of the aster-
oseismic predictions resides in multicolour fast-photometry from which one has,
in principle, the ability to identify the ¢ index of the pulsation modes from their
amplitude ratios at different wavelengths. Theoretical efforts have been pursued
recently (see Ramachandran et al. 2004; Randall et al. 2005) to accurately in-
terpret multicolour data in the context of sdB pulsators. In parallel, a growing
amount of effort is being devoted to multibandpass observations (see, e.g., Jef-
fery et al. 2004). Such partial identification of the geometry of the modes would,
of course, be extremely valuable to check, and possibly improve, the complete
mode identification derived from the global optimisation techniques. Along this
line, we initiated several projects to carry out high S/N ratio U,B,V photometry of
EC 14026 pulsators using the Canada-France-Hawaii Telescope in conjunction with
the fast-photometer LAPOUNE. In addition, a project is underway to use the Far
UV Spectroscopic Explorer (FUSE) as a fast photometer (a possibility offered by
the so-called ” Time-Tag” mode of the instrument) that would provide a light curve
of the sdB pulsator PG 1219+534 in the FUV (~ 1000A4) bandpass. Combined
with nearly simultaneous ground based observations in the optical, this project
should lead to strong independent constraints on the ¢ value of the modes seen in
PG 1219+534, from which the predicted mode identification will be checked.
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Abstract. A stability analysis of a structural model of an sdO star is pre-
sented. A non-adiabatic code of oscillations is used to search for modes in the
frequency range 0.4 to 15mHz. All of the computed modes were found stable.
We draw the attention, however, to 3 different stability regions.

Key words: stars: sdOs, post-EHB

1. INTRODUCTION

O-type hot subdwarfs (sdOs) are pre-WD stars with masses around 0.5 Mg
and stellar parameters between 40000 and 100000 K in Teg and 4.0-6.5 in log g.
The few interpretations found in the literature about sdOs physical nature depict
them as objects with a C/O core and a helium burning shell (Groth et al. 1985),
from where they get their luminosity, and which are mostly devoid of hydrogen in
their atmospheres.

As can be inferred from their scattered positions on the HR diagram (HRD),
appearing both in the post-AGB (Asymptotic Giant Branch) and post-EHB (Ex-
treme Horizontal Branch) domains, there may be different evolutionary paths
which can bring a star to the sdOs loci.

We have started a photometric campaign searching for possible pulsations in
these objects which, if succesful, could open a new field to gain important informa-
tion for sdOs. So far, we have observed about 40 sdOs, with 3 possible pulsators
found. Some structural models were constructed for two of these objects and their
evolutionary paths calculated on the HRD.

We also present first preliminary results of pulsational stability of one of these
structural models.



314 C. Rodriguez-Lopez et al.

PG 1036+433 (1) PG 1036+433 (1)
0, &

PG 1427+136 (2)

111
Ampl. (mmo)

Modulotion (mmi)

HS 1808+5647 (3) HS 1808+5647 (3)

0.004 08

T S -

0.000 3 00 & E 04 =
o PRI <%0 G MREL E - AL H WWMWWV\MW E
-0.004 0.0

0.00 0.02 0.04 0.06 0.08 0 5 10 15
Time(doy) Freq. (mHz)

Fig.1. Light curves and power spectra of promising pulsating sdOs. The
horizontal lines are 3 & 4 times the mean Fourier noise.

2. STRUCTURAL MODELS AND EVOLUTIONARY PATHS

The structural models were constructed to account for the physical param-
eters of sdOs 1 & 2 which were found particularly promising for pulsations in
our photometric campaigns (Rodriguez-Lépez et al. 2004) and whose light curves
and Fourier transforms are shown in Fig. 1. For object number 3 (from a recent
campaign) the construction of the models is under way.

Models 1 & 2 were calculted to match the physical parameters of object 1,
and models 3 to 6 were constructed to account for object 2. These models were
calculated with the stellar evolution code of Jimenez et al. (2004) evolving Z=0.02
1 Mg stars from the Main Sequence with mass loss on the red giant branch at
rates 70 — 85 % higher than the canonical Reimers formula rates. Some relevant
properties of the models are given in Table 1.

The complete evolutionary tracks in the HRD of models 3 to 6, and the evolu-
tion to the WD phase of models 1 & 2 are shown in Fig. 2.

3. STABILITY ANALYSIS AND DISCUSSION

Using the non-adiabatic pulsation code of Moya et al. (2004) we have calculated
modes for [ =0,1,2, 3,4 with frequencies between 0.4 and 15 mHz, for model 1 of
Table 1. The structural models were calculated with a refinement of the fractional
mass depth parameter log ¢ (=log(1-M,/ Mg)) from 0 to ~-13. In Fig. 3 the
growth rate parameter () is plotted versus frequency. A positive value of  would
mean we have an unstable mode, while a negative value indicates stability. The

Table 1. Main physical parameters of the structural models

Model Tonr logg M NR X(H) X(He) X(C) Z

number (K) (Mop)
1 79000 5.70 0.478 0.675 0.21 0.72 3.4E-02  0.07
2 79000 5.95 0.491 0.650 0.68 0.30 3.0E-03 0.02
3 55000 5.89 0.471 0.685 0.43 0.55 9.6E-04 0.02
4 55000 5.95 0.471 0.690 0.33 0.65 6.3E-04 0.02
5 55200 5.98 0.471 0.695 0.27 0.71 9.0E-04 0.02
6 55000 6.02 0.470 0.700 0.18 0.78 1.5E-02 0.04
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plot shows that all of the computed modes were found to be stable.
However, we can notice 3

different regions in the scanned 4 T T T T
frequency range. Two regions
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have a tendency to instability: 32
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were found highly stable. Fig. 2. Evolutionary tracks followed by the

We have plotted the deriva- models in the HRD. Model 1 is marked with
tive of the work integral (dW/ an asterisc and the rest of the models with a

dlogq), which gives the net diamond.
amount of energy gained or lost

by the displaced material during -0z \=CI> . '

one pulsation cycle, and the log- 3 =1+
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for a representative mode of each G [ 2 ]
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In the first region (Fig. 4 left) [

the energy concentrates at log 1ol ) )

q~—6 in the proximity of the o 5 10 15

small bump in the opacity pro- Freq. (mHz)

file. At this depth in the star Fig.3. Growth rate parameter (7) vs. fre-
the density and temperature are quency for [=0,1,2,3,4 of model 1.

high, making it an important zone in the overall driving of pulsations. There-
fore the mode gains energy and becomes a bit more unstable. This opacity
bump is due to the C/O partial ionization zone, whose x-mechanism is the re-
sponsible for driving the pulsations found in the PG 1159 spectral class (Star-
rfield et al. 1983). Our structural model has a low carbon mass fraction, but
He enhancement often occurs together with a C enhancement, so we can spec-
ulate that by enhancing the metallicity and hence the magnitude of the opac-
ity bump, we might get unstable modes. It might well be that we need accu-
rate envelope compositions to construct individual structural models for each
sdO, as it is also the case for the PG 1159 stars (Quirion et al. 2004).
At intermediate frequencies the energy concentrates at logg ~ —8 (Fig. 4 right).
However, this region is not associated with an opacity bump and the modes are
highly stable.



316 C. Rodriguez-Lopez et al.

1.0
energy
opacity _____
b 0.5 1
o o
o o
o <3
o E s 0.0 ]
~ ~
= =
© © .
E 051y 7 -
. . -1.0
0 -5 -10 -15 0 -5 -10 —-15

log q log q
Fig.4. Left. Energy and opacity for the g99 mode at v~ 0.6 mHz. Right:
The g10 mode at v ~ 4.5 mHz. The dashed-dotted line depicts the convection zone.

At higher frequencies (Fig. 5) the 1.0 ' '
energy shifts even more towards the z:z;?tyy o
surface, at logg~—10, approaching to 0.5
the highest opacity bump located at
logq~—11, and the modes have again
a tendency to instability. However,
we would not expect unstable modes. ok ]
Even though the opacity bump is L
strong, the density there is not large B w.o‘ . .
enough to drive pulsations. Besides, o _5 _10 _15
the low ratio of the thermal to dynam- log q
ical timescales in this zone would make
the energy redistribution too efficient Fig.5. Energy and opacity for the p3
for the mode to become unstable. Work mode at v~ 10mHz.
is in progress to test for all these pos-
sibilites.
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Abstract. We report the discovery of a new large-amplitude slowly pulsating
sdB star, EC 21324-1346. Although we have only a small amount of data, it is
clear that the star exhibits more than one mode of variation; the present data
can be adequately represented with three or four frequencies in the range 170
— 330 pHz (about 0.8 to 1.6 hours). The amplitude of the dominant frequency
is about 0.004 mag — large for a slowly pulsating sdB star.

Key words: stars: oscillations — stars: horizontal-branch — stars: individual
(EC 21324-1346)

1. INTRODUCTION

The slowly pulsating sdB stars were discovered as part of a campaign by Dr
E. Green and her collaborators (Green et al. 2003) to find and monitor sdB stars
in binary systems. As with the rapidly pulsating sdB stars, the slow pulsators
have amplitudes < 0.01 mag — often much less — but longer periods, typically 1 —
2 hours. The slow pulsators also appear to be multi-periodic and, like the rapid
pulsators, the nomenclature for the slow pusators is undecided — they have been
referred to as “Betsy” stars, after the discoverer, but “PG 1716 stars” (after the
prototype, PG 1716+426) is more appropriate.

In the Edinburgh-Cape (EC) survey (Stobie et al. 1997; Kilkenny et al. 1997)
many new sdB stars have been found. Following the discovery of the fast pulsators
(Kilkenny et al. 1997) these are being checked for variability, but generally only for
short intervals of ~ 2 hours, so that low-amplitude slow pulsators might have been
missed. The star reported here, EC 21324-1346, was of such a large amplitude,
that even we couldn’t miss the variability, even in a relatively short run.

EC 21324-1346 is located at o = 21" 35™ 13, § = —13° 33’ 23" (2000.0).
A preliminary spectral type from the EC survey is “sdB”, but no survey UBV
photometry has yet been obtained. The photographic magnitude from the plate
measurement indicates B ~ 13 mag.
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Fig.1. Relative intensity light curve for EC 21324-1346 on JD 2453259 (40
second integrations; no filter). The abscissa is Fractional (heliocentric) Julian
Date.

Table 1. UCT CCD observation log for EC 21324-1346
Date (2003) JD Tel (m) Filter Run (hr) Integr (sec)

Jul 15/16 2453202 1.9 BG39 2.0 10
Sep 07/08 3258 1.0 - 4.1 30
Seo 09/10 3259 1.0 - 6.3 40

2. OBSERVATIONS

Observations were made with the University of Cape Town’s frame-transfer
CCD on the 1.9m and 1.0m telescopes at the Sutherland site of the SAAQ. Details
are listed in Table 1 and the longest run is shown in Figl.

3. ANALYSIS

The usual Fourier analysis has been carried out. The night JD 2453259 is the
longest run, and we found at least four frequencies clearly above the noise level
(see Fig.2). Of course, with such a short data set — covering very few cycles — it
is optimistic to think we can extract four frequencies. But inspection of Fig. 1
indicates that the variations are clearly not mono-periodic and even that probably
more than two frequencies are present.
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Fig. 2. Periodogram from Fig 1 data for EC 21324-1346.
We have repeated the analysis for the two consecutive nights — JD 2453258 and
JD 2453259 — together. We extract the same four frequencies and Fig. 3 shows
the best four frequency fit to the data for the two nights.
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Fig. 3. Four frequency fit to EC 21324-1346 data for JD 2453258 and 3259.
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Fig. 4. Periodogram for the EC 21324-1346 data for JD 2453258 and 3259, after
the removal of the four strongest frequencies.

4. CONCLUSIONS

EC 21324-1346 is an sdB star which exhibits multi-periodic variation with
periods in the range ~ 0.8 to 1.6 hours (see Table 2). It is clearly a slowly-
pulsating star of the type discovered by Green et al. (2003) and has rather a large
amplitude — for this class of star.

Table 2. Four frequencies extracted from Fig. 2 data
(best fit to two nights).

Frequency (Hz) Ampl.(mag) Period (s) Period (hr)

0.000253 0.0037 3950 1.10

0.000332 0.0022 3010 0.84

0.000175 0.0022 5710 1.59

0.000226 0.0016 4420 1.23
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Abstract. The MultiSite Spectroscopic Telescope (MSST) campaign aimed
to provide a detailed view of the the short-period pulsating subdwarf B star
PG 1605+072. We present results from the part of the campaign undertaken
on 4m telescopes in May/June 2002.

Key words: stars: variable: other — stars: oscillations — stars: individual
(PG1605+072)

1. INTRODUCTION

The MultiSite Spectroscopic Telescope (MSST) campaign observed the non-
radially pulsating subdwarf B star PG16054+072 in May/June 2002 (Heber et
al 2003). Spectroscopic observations were obtained on a range of 2-m and 4-m
class telescopes, supported by photometry from a large number of observatories,
including the Whole Earth Telescope. Other papers describing the spectroscopic
results from 2m telescopes (O’Toole et al. 2005) and the photometry (Schuh et al.
2003, Dreizler et al. 2006) are and will be published elsewhere.

Previous spectroscopic observations of PG 1605+072 with 4m telescopes had
proved the feasibility and precision of a study of velocity variations (Woolf et al.
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2002), compromised only by the quantity of data obtained and issues about timing.
The main focus of this part of the MSST was to maximise the length and cover-
age of the observations in order to obtain higher resolution in both velocity and
frequency, and hence to obtain material useful for identifying oscillation modes.
As a consequence of the traditional traumas of observational astronomy (time al-
location, instrument failure and bad weather), out of eighteen nights originally
requested, 7.5 nights were awarded and 24.3 hours of time-resolved spectroscopy
was obtained, of which 19.5 hours was usable. This paper introduces the observa-
tions, and presents the frequencies derived from the radial velocity measurements.

2. OBSERVATIONS

Time-resolved spectroscopy Table 1. MSST 4m observing log.
of spectral reso%utlor.l ~ .L& was Date  Obs Start Finish texp Nobs
carried out during six nights at
2002 JD—2445000 S
the Calar Alto 3.5-m telescope

(Spain)’ the European Southern 14/05 APO 409.324 409.446 3.6 1773
Observatory 3.5-m New Tech- 15/05 APO 410.183 410.331 4.8 1727
18/05 APO 413.296 413.329 4.8 471

. 22/05 CA 416908 417.146 165 1065
Apache Point Observatory 3.5m 530, 0 417885 418158 165 1213

(New Mexico, USA). 29/05 NTT 424.161 424.359 - -

At Apache Point (APO), we  Total 10892
used the red arm of the Dual
Imaging Spectrograph where it was anticipated that velocity changes would be
observable in Ha. At Calar Alto 3.5m (CA) telescope, both arms of the TWIN
spectrograph were used to obtain spectra simultaneously in the wavelength ranges
5785-6880A and 3850-4950A. At the NTT, the ESO Multi-Mode Instrument
(EMMTI) was used to obtain spectra in the wavelength range 6400-6700A. However,
atmospheric conditions were so poor that none of the EMMI data have proved to
be usable.

In all cases, spectra were obtained by trailing the star along the slit (Falter
et al., 2003) to give two-dimensional images representing wavelength dispersion in
one axis and time in the other. The time resolution is given effectively by the trail-
rate along the slit divided by the projected size of the stellar disk on the detector;
a higher trail rate provides better time resolution, but lower S/N per resolution
element. A summary of the observations is given in Table 1. The integrated
sky background is estimated using regions at each end of the slit. Arc-lamp and
standard-star calibration images were obtained in order to provide wavelength
calibrations and geometric correction.

The data reduction methods have been described by Falter et al. (2003).
With the image trailed along the slit at a uniform rate, each two-dimensional
image has to be reduced to a series of discrete spectra, with each one accurately
time-stamped. The choice of extraction interval is made at this stage to optimise
both the signal to noise ratio in individual spectra and the sampling rate. The
reduced data products consist of a two-dimensional FITS file containing a series
of wavelength calibrated time-tagged spectra for each long-slit trailed spectrum.

Spectra were read directly from the reduced FITS files and resampled onto a
logarithmic wavelength scale. Velocities were determined by cross-correlating each
spectrum with a template created by summing all spectra from a given series.
Problems with the wavelength calibrations, evident from substantial offsets for

nology Telescope (Chile) and the
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Fig. 1. Best solution for the CA blue spectroscopy. Top: the velocity amplitude
spectrum (v) before (above) and after (below) subtraction of the four highest
peaks. The dashed line shows the 40 level in each case. Bottom: part of the radial
velocity curve with the best four-frequency solution (solid) from Table 2. Times
are in JD-2452410.

individual frames, were corrected by demanding the mean velocity for each frame
to be 0 km s~ 1.

3. FREQUENCY ANALYSIS

Velocity amplitude spectra for each dataset (CA blue, CA red, APO red and
APO+CA red) were calculated using a simple Fourier transform. The limited
overall coverage restricts the frequency information that can be extracted. All
datasets show an excess of power in the range 1.5 — 2.5 mHz. Despite appar-
ent similarities in the velocity curves, the amplitude spectra obtained from each
arm of the TWIN spectrograph differ considerably from one another. A careful
comparison was carried out to look for systematic correlations.

We have formally analyzed

Table 2. MSST 4m frequencies and amplitudes. only the two CA datasets, which

F, Vi P Fy Vi Fon Vom  have a formal temporal resolu-
mHz km/s S mHz km/s mHz km/s tion (2/7) of 18 mHz. A detec-
1705 6.0 5% tion threshold was defined by a
1.756 5.4 569 1.767 8.5 local 0. Any peak above 40 was
1.867 7.2 536 1.867 6.5 1.891 2.3  deemed real, a sinusoid was fit-
2.095 5.4 477 2,076 15.4 ted and its frequency and am-

plitude recorded. The data was
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Fig.2. Top: comparison of 4m spectroscopy (CA blue: solid symbols) with
concurrent radial velocities from the MSST 2m campaign (open symbols) Times
are in JD-2452410. Bottom: power spectrum of 2m radial velocities for 3 nights
(JD 2452416.61 — 2452418.98). The dashed line represents the 4o level.

prewhitened by the fit and the procedure repeated until no peaks exceeded the 40
level. The solutions are given in Table 2 for the blue (F},) and red (F}) arms, and
also compared to the MSST 2m (Fjy,) results.

These solutions are unsatisfactory. As we know from the 2m data, there are
unresolved frequencies present which suggest that substantial errors should be
attached to the amplitudes given in Table 1. It is notable that the signal at
2.076 mHz detected in the 2m campaign (O’Toole et al., 2005) has a much lower
amplitude in the CA data. It is apparent that neither signal at 1.71 and 1.76 mHz
was detected in the MSST 2m campaign (O’Toole et al., 2005). While, given the
frequency resolution of our data, the signal at 1.76 mHz may coincide with one
at 1.744 mHz in the light curve of Kilkenny et al. (1999). There are sufficient
discrepancies between the 2m and 4m results to raise a number of questions.

Following the conference at which these first results were presented, we re-
analyzed a short section of the 2m data spanning just three nights (JD 2452416.61
— 2452418.98) centered on the two nights of the CA observations (O’Toole et al.
2005). Fig. 2 shows both 2m and 4m data in the regions of overlap where it will be
seen that the level of correlation is not high. It is also clear that the principal signal
at 2.076 mHz is present in the 2m data over these three nights, while it is not seen
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in the 4m data. At the very least it would appear that we have oversampled the
trailed CA spectra. Reconciling and understanding the remaining discrepancies
will require further work.

While O’Toole et al. (2005) note that the 2.076 mHz peak had a much reduced
amplitude in early velocity studies (O Toole et al., 2003; Woolf et al., 2002; O’Toole
et al., 2002) compared with contemporary photometric studies (Kilkenny et al.,
1999; Koen et al., 1998), it had a larger velocity amplitude in the study by Falter
et al. (2003). Although the mode amplitude may be variable over long time scales,
we have so far failed to confirm any such variability on a short time scale.

In conclusion, MSST 4m data should provide a high-time and spectral resolu-
tion snapshot of the radial-velocity behaviour of PG1605+072 over short intervals
during the more extended 2m campaign. Further analysis of the combined data
from 2m, 4m and photometry campaigns remains to be completed.
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SPECTROSCOPIC DETECTION OF G-MODES IN A
LONG-PERIOD PULSATING SDB STAR - PG 16274017
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Abstract. We have detected low-level velocity variations due to g-mode pulsa-
tions in the long-period sdB variable PG 16274-017. The amplitudes are barely
detectable at 1.0-1.5 km s~ !, despite the fact that this star is one of the bright-
est (V = 12.9) and largest amplitude (0.03 mag) pulsators in its class. The
final radial velocity data set includes 84 hours of time-series spectroscopy over
a time baseline of 53 days, with typical errors of 56 km s~! per spectrum.
Our velocities were combined with previously existing data to derive improved
orbital parameters. Unexpectedly, we find that the orbit of PG 16274017 ap-
pears slightly elliptical, supporting Edelmann et al.’s recent claim for similar
ellipticities in the orbits of several other sdB stars. Our radial velocity power
spectrum, after subtracting the orbital motion, shows three possible pulsational
peaks at 7201.0s (138.87 uHz), 7014.6s (142.56 uHz) and 7037.3s (142.10 uHz),
with amplitudes only 3 to 40 above the mean noise level. While only one of
the features is statistically likely to be real, all three are tantalizingly close to,
or a one day alias of, the three strongest periodicities found in the concurrent
photometric campaign. We further attempted to detect pulsational variations
in the Balmer line amplitudes. The only detectable periodicity, at 7209s, is
consistent with theoretical expectations as a function of wavelength, and it also
allows us to rule out a degree index of [=3 or /=5 for this mode. Given the
extreme weakness of the detected g-mode pulsations, we conclude that more
detailed spectroscopic mode identification in long-period sdB pulsators will re-
quire larger telescopes, higher efficiency spectral monitoring over longer time
baselines, improved longitude coverage, and increased radial velocity precision.
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Abstract. We have started a survey of magnetic fields in hot subdwarfs, and
here present our current results. The survey was inspired by the discovery of
two super metal-rich sdB stars, which lead to the idea that a correlation may
exist between metal abundances and magnetic field strength, similar to that
seen in the chemically peculiar A stars. After our initial observations, we find
no clear correlation. We will discuss the possible meaning of these results and
the implication of our detections for magnetic flux conservation in late stages
of stellar evolution.

Key words: stars: magnetic fields — subdwarfs

1. IMPLICATIONS OF ~1kG MAGNETIC FIELDS IN HOT SUBDWARFS

This proceedings contribution contains only an expanded discussion of the
implications of the detection of 1 kG magnetic fields in hot subwarf stars. For full
details of the observations and analysis of this work, see O’Toole et al. (2005).

In this initial study we have found no clear evidence that the extreme abun-
dances seen in UVO 0512-08 and PG 0909+276 are related to a strong magnetic
field. Our other observations of white dwarfs (Aznar-Cuadrado et al. 2004) and
central stars of planetary nebulae (Jordan et al. 2005) using the same instrumental
setup and reduction procedure have measured similar fields with strengths ranging
from -3kG to +4kG.

The detection of kilogauss strength magnetic fields raises questions for several
areas of hot subdwarf research. Detailed analysis of these is beyond the scope of
this work, however we present a qualitative discussion here.

First of all, how are the fields generated? The Sun’s magnetic field is believed
to be dynamo-induced; that is, the solar core is rotating at a different speed with
respect to the outer layers. Fields in magnetic white dwarfs (and magnetic Ap
stars) are thought to be fossil fields. A link has been hypothesised between these
two types of stars, and this would necessarily mean that their magnetic fields are
tied to the stellar core, since even a weak stellar wind would destroy fields only
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existing in the outer layers. In the case of the hot subdwarfs, no firm evidence exists
for differential internal rotation, although it has been hypothesised by Kawaler &
Hostler (2005); this implies that dynamo-induced fields are unlikely. The case
of fossil fields is less clear. If the fields are leftover from, for example, the star
formation cloud, then we might expect the fields to evolve with the star. It is
unclear how binary evolution (CPD —64°481 has probably has passed through a
common envelope phase) might affect the magnetic field of the star’s progenitor.

Second, what implications, if any, do these results have for any assumptions of
conservation of magnetic flux in stars? This is difficult to answer as there is as yet
no consistent theory that includes magnetic fields, convection, rotation, diffusion
and winds in stellar evolution. From an empirical standpoint, however, if magnetic
flux is completely conserved in sdB stars, then based on our measurements we
would expect a population of low-mass white dwarfs with magnetic field strengths
of up to ~500kG. The observational statistics are too low at the moment to
conclude on this one way or the other.

Another question we might ask ourselves is: how would a magnetic field af-
fect gravitational settling and radiative levitation calculations in hot subdwarfs?
Naively we might expect such a field to disrupt diffusion, however, abundance
anomalies with magnetic fields are also seen in chemically peculiar A stars, and
are in fact believed to play a role in the element enhancement. We therefore sug-
gest that magnetic fields of around 1kG be included in sdB diffusion calculations,
at least in a simple way.

Finally, it is well known that a small subset of sdBs pulsate. A magnetic field of
~1kG should have some effect on the pulsations, most obviously as a splitting of
a single pulsation mode into a doublet. There are more interesting consequences if
the pulsation modes are high-order, however. In the roAp stars, kilogauss-strength
fields lead to a region in the stellar atmosphere where magnetic pressure dominates
over radiation pressure. This will of course have an additional effect on the nature
of the oscillations.

Because the questions outlined above, we feel urged to extend spectropolari-
metric measurements to additional sdB and sdO stars. First of all, we lack a
sample of “normal” sdBs, i.e. objects which neither pulsate nor are members of
close binary systems, nor have already evolved away from the EHB. Since the
pulsating sdB stars are much fainter than the stars studied here, it will be much
harder to get similarly accurate measurements of field strength for them. Never-
theless, we have been awarded additional observing time with FORS1 at the VLT
to measure one pulsator and several “normal” sdB stars with the same setup.
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Abstract. Helium-rich subdwarf B (He-sdB) stars form a very small inhomo-
geneous group of subluminous stars showing varying degrees of helium enrich-
ment. They have been found in the field of our galaxy as well as in globular
clusters. Here we report the first discovery of pulsation in a He-sdB star —
LSIV—14°116. Two pulsation periods can be clearly identified (1950 and 2 900
s) and are more likely to be due to high-order non-radial g-mode oscillations
than to radial or non-radial p-modes.

Key words: stars: chemically peculiar - stars: early-type - subdwarfs - stars:
individual : LSIV—14°116 - stars: oscillations
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