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Abstract

The hot subdwarl B {sdB) stars are evolved objects with typical helium burning
cores of ~ 0.5 My, surrounded by a thin hydrogen surface layer (~2% by mass
or less). In the HR diagram they are located near the extreme horizontal branch.
Their origin and evolution 18 still unclear and strongly under debate; in the past
they should have experienced a core He flash and substantial mass loss during
or after the giant branch phase. How such unusually large mass loss can oocur
is not yet known. A binary scenario could provide a solution with mass transfer
through Roche-lobe overflow [Mengel ef el 1976; Bailyn «f ol 1992). Conversely,
the absence of binarity in sdB stars would support the argument that they are
formed as the consequence of merger between two white dwarfs (Iben and Tutukoy
1986). Whether they are created through a single evolutionary channel or through
several, it is imperative to understand the incidence of binarity amongst sdB stars.

With this purpose, the energy distribution of a sample of 34 sdB stars has
been studied with the help of IUE spectra, together with new and existing optical
and infrared photometric data. Using a grid of high-gravity helinm-deficient model
atmospheres and a y*-minimization procedure, the Aux distribution of 19 sdB stars
of the sample has been found to correspond with composite systems containing a
hot subdwarl B star and a cool main-sequence companion. No evidence of binarity
was found for the remaining 15 sdB stars. Atmospheric parameters such as the
effective temperatures and the angular diameters of the stellar components and
the interstellar extinction of the system were derived.

New intermediate-resolution spectra of single and composite sdB stars were
obtained in order to better determine the atmospheric parameters of the sample
of sdBs whese Hux distribution had already been under study. By comparing the
observed blue (A 3800 — 4700 A) and red (A 8000 - 8850 A) spectra of seven
single and eight composite sdB stars with a grid of synthetic spectra representing
hot 3dB and cool stars, the parameters of the stellar components were derived.
Effective temperatures, surface gravities, abundance parameters (such as ny, and
Fe/H]), velocity shifts and rotational broadening of both components and the
radiug ratio of the systems were obtained. The majority of the cool companions
of composite sdB stars analyzed could be identified with main-sequence stars,
confirming previcus results obtained from the energy distribution analysis.

This is the first time that modeling of the infrared caleium triplet lines [Ca'T,
at A\ 8408, 8542, B6G2 ﬂ] in spectra of composite sdB stars is performed in order
to obtain the atmospheric parameters of the cool companions.
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The spectral analysis of a peculiar star, PG 09004400 (=BI Lyn), is also pre-
sented. Previously misclassified as an evolved binary system containing either a
hot subdwarl or white dwarl and a thick accretion disk [Ferguson ef al 1984;
Lipunova and Shugarov 1990; Wade and Potter 1995 Orosz ef ol 1997), the
hot component of Bl Lyn is a luminous low-mass ([~ 0.5 Mg) helium star with
low surface gravity and the cool companion is a rapidly rotating G-type glant
of approximately one to a few solar masses. The hydrogen-deficiency of the hot
star 18 probably the result of a common-envelope phase during which the outer
envelope was entirely removed or transferred to the cool companion. The hot star
luminosity suggests that it lies on a post-AGB evolution track.

Stellar pulsations can arise when a local maximum in opacity is situated ap-
propriately in a stellar envelope, giving rise to several instability strips in the HR
diagram. Z-bump opacities, i.e. opacities due to iron-group elements, are known
to excite radial pulsations in helium stars with 10¢ < LiM < 10* and Ty ~
25000 K. Well-studied cases are V652 Her and BXCir. The absence of variations
in metal-poor star HD144941 demonstrates the importance of Z-bump opacities
to drive these pulsations. Several other helinm-rich stars lie elose to the theoret-
ical blue-edge of the Z-bump instability strip. I report on a search of variability
based on new photometric observations of two extreme helium stars close to the
Z-bump instability boundary, LS IV46"2 and L83 5121, finding indications for a
0.2 day periodicity in the case of LS IV 62,
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Chapter 1

Introduction




2 Introduction

The hot subdwarf stars were first, recognized as a distinet spectroscopic class of
objects in the 1950°s by J. L. Greenstein and G. Milnch (Greenstein and Milnch
1953; Greenstein 1956; Minch 1955, 1956, 1958; Minch and Slettebak 1959),
who undertook a systematic spectroscopic survey of subdwarl candidates. In
1958, Minch {1958) performed the first quantitative spectroscopic analysis of the
spectrum of one of these stars (the sdO star HZ 44), though the first reasonably
comprehensive description of the group is given in Greenstein (1960). From the
surface gravities of these stars, Greenstein found that these stars were intermediate
between the main sequence and the white dwarfs. Like the Population II main
sequence stars which have smaller radii than their Population [ counterparts, it
was appropriate to refer to these stars as subdwarfs. Since there was evidence that
they belonged to an old population, they were much too hot to be extensions of
the Population 11 main sequence, and it was Greenstein who first labelled them as
“hot subdwarf stars”. Greenstein (1960, 1965) reported results of his spectroscopic
survey, whose candidates were chosen from the large surveys of Humason and
Lwicky (1947; HZ), Feige (1958; I"), lriarte and Chavira (1957) and Chavira (1958,
1959; TON), on the basis of their very blue colour. Greenstein noted that hot
subsdwarl stars fall in the Hertzsprung-Russell (HR) diagram at fainter visual
magnitudes and bluer colours than the normal Horizontal Branch (HB) stars of
globular clusters. However, he also noted that some clusters appeared to have
extended horizontal branches whose endpoints reached the regime of the feld
subdwarls in a colour magnitude diagram. Greenstein sugpgested that such stars
in the clusters and the feld may be dying objects in the process of transition to

the white dwarl stage.

The broadband colours of hot subdwarl stars are quite blue, (B - V) ~ 0.3,
(L7 = B) ~ -1.0, so that the detection efficiency for these stars is very high in
ultraviolet-excess colour surveys. The most extensive sky survey available today
of blue subluminous stars is the so-called PG survey, i.e. “Palomar Green Sur-

vey of UV-Excess Stellar Objects” (Green ef ol 1986). This survey was initially



addressed to a search of quasars, containing 1874 objects, most of them being
bBlue stars. It showed that hot subluminous stars are the most dominant popuala-
tion of faint blue stars at high galactic latitudes down to a limiting magnitude of
V16, even outnumbering the white dwarfs, The sdB and sd0 stars dominated
the number counts, at 40% and 13% of the sample, respectively. The PG survey
covers more than 1/4 of the sky and is statistically complete to 84%. Comple-
mentary programs in the southern hemisphere such as the Edinburgh-Cape (EC)
and Hamburg-Schmidt [HS) surveys, have also identified large numbers of hot

subdwarl stars at high galactic latitudes.

Subluminous stars form two spectroscopic sequences, a helium poor sequence
consisting of the Horizontal Branch stars of spectral type B (HBB), the subdwarf
B stars (sdB) and the sd0B stars (a sequence of inereasing effective temperature),
and a helivm-rich sequence (sd0) stars). But this segregation into two spectro-
seople sequences i not 8o strict, sinee most hydrogen dominated subdwarfs display
weak helinm lines in their spectra while, in many helium dominated subdwarfs

hydrogen can be identified (Heber 1991).

Between the yvears 1985 and 1988 the number of spectroscopically identified
sd() and sdB stars increased from around 200 wo 1225 [Kilkenny, Heber and
Dirilling 1988). The increase was primarily due to the results of the PG sur-
vey [Green ef ol 1986), where more than 900 new hot subdwarls were discovered.
Subsequent surveys pointed out the need for a system of spectral classification for

the hot subdwarl stars.
Henece, hot subdwarf stars were subdivided into several spectral classes. Today,

the commaon spectral types are characterized in the following manner:

= HBB (Horizontal Branch B) stars: have narrow Balmer lines and absorption

lines of He 1 and Mg 11



4 Introduction

o 5B (subdwarl B) stars: show broad Balmer lines, weak He 1 and no Mg 11

absorption lines.

e OB (subdwarl OB) stars: introduced by Baschek and Norris (1975), as

sdB but also showing He 11 lines.

& sd0) [subdwarf () stars: display strong He 1 and He 11 absorption lines.

Some metal lines may be present too in the spectra of hot subdwarl stars,
mostly C and Si, but usually they ave very weak., Additionally, several pecu-
liar cases have been defined, for example the He-sdB stars (helinm-rich subdwarf
B starg), which are sdB stars showing unusual strong helium absorption lines,

introduced by Moehler ef al. (1990b).

Jeffery ef al. (1997) introduced a classification scheme of helium-rich hot sub-
dwarls, lurther developed by Drilling ef al [1998) into a system of classification
based on a three-dimensional spectral type, consisting of a "spectral’ elass, "lumi-
nosity’ class and “helium’ class in order to classily the sd( and sdB stars. In the
case of extremely helium-rich stars two parallel spectral sequences are necessary:
one showing strong lines of C 11, C 111 or C 1v, and the other with these same lines

weak or absent.

1.1 Ewolution of low-mass stars

Stars are mainly formed by hydrogen and spend most of their life-times within the
main sequence, where nuclear reactions in their cores convert this hydrogen into
helinm in order to supply energy to the star. The location of a star in the main
spquence depends on 168 initial mass. As the star evolves in the main spquence,
its hydrogen is reduced and the helivm builds up in the core which, eventually,
becomes dominantly helium. Subsequently the hydrogen burning moves to a rel-

atively thick shell surrounding a small but growing helinm core.



1.1 Evolution of low-mass stars 5

The core remaing stable against convection, so there i3 a gradual change in
composition from the isothermal He core, through the thick H-burning zone, into
the envelope. The shell becomes progressively thinner as it burns H adding He

ash to the core.

Because of the shell source, the envelope expands and the core contracts.
Druring this process the lumincsity of the star remains nearly constant, and the
surface temperature drops, so the star moves nearly horizontally to the right in the
Hertzsprung—Russell diagram. Shell burning adds mass gradually to the isother-
mal core, which contracts and heats. The stellar envelope becomes convective,
and the star moves up the Red Giant Branch (RGB). When the core temperature
ig high enough, He-burning is ignited and the star becomes a horizontal branch
(HB) star, burning He in the core and H in a shell. After core He is exhausted,
a normal low-mass star will have two energy sources, a helium shell and a hydro-
gen shell. It will return to the asymptotic giant branch [AGB). After H-burning

reaches elose to the surface, the star will contract to become a white dwarf.

Fig. 1.1-a) and b) represent some of the most characteristic stellar groups
within the Herstaprung-Russell diagram, and the normal stellar evolutionary track

of a star of a few solar masses.

Metal-rich HB stars are normally found clese to the RGB. In clusters they
appear on & clump. In metal-poor elusters the HB stars are much bluer and bhence
we see a genuine horizontal branch (HB) which merges with the giant branch at
the luminosity of the clump stars. It is still not well known how the stars get to
the HB position in the HR diagram, since they must lose mass between leaving
the RGB and reaching the HB. The more mass is lost from the H-envelope, the
hotter is the remaining star. Stars with the smallest amount of mass in the H-
envelope populate the blue part of the horizontal branch (BHB). Stars in the BHB
appear to have a helium-rich core of around hall a solar mass and a thin hydrogen

envelope.
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Figure 1.1: Hertzsprung-Russell diagram showing: a) the position of the stars
belonging to the most characteristic stellar groups, b) the normal stellar evolution
experienced by a star of a few solar masses, and ¢} possible evolution of an sdB
star belonging to a binary svstem (courtesy of Dr. C. 8. Jeffery).

Subdwarfl B stars are the field counterparts of the very faint extensions of
metal-poor clusters blue horizontal branches. In Fig. 1.1-¢) is shown how an sdB
star might evolve if it belonged to a binary system in which the removal of its
H envelope by the companion occurred just before reaching the tip of the giant

branch.

Because low-mass stars are faint, only a limited sample of the brightest stars
has been analyzed. The results of this analysis indicate that all subluminous B
stars and most of the sdOB stars are extended horizontal branch stars and behave
like helinm main sequence stars of hall a solar mass despite the photospheric
helinm depletion, the latter being caused by diffusion. Their shell masses are less
than 0.02 Mg which means that their further evolution will proceed at a line of
nearly constant gravity towards higher effective temperatures (like a pure helium

star).

The canonical picture of hot subdwarl B stars is that they are helium main-
sequence stars with a mass of ~ 0.5 Mz [Heber ef al 1984; Heber 1986). They
possess a very thin hydrogen envelope and are burning helium in their cores
They comprise over 50% of all very blue objects (U-B < —0.46; Green el ol 1986),
and are probably responsible for the ultraviolet excess observed in giant elliptical

galaxies (Brown ef al 1997).
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An sd(} follows an evolutionary track entirely different from an sdB although
both have nearly the same mass. The predecessors of the sd()'s presumably are
horizontal branch stars with shell masses in excess of 0.02 Mg, Since they have two
energy sources (H- and He-burning shells) when they leave the horizontal branch,
they first evolve redwards to the second giant branch, but some of the sd0) stars
fail to ascend it since the envelope masses are too small and, instead, evalve at
almest constant luminosity towards the sd() domain. Thereby they reach parts
of the HR diagram where gravity is low and mass loss rates are high, possibly. In
contrast to the sdB and sd0ODB stars which stay compact (with gravities larger than
log g ~ 5), diffusion eeases to determine the composition of their atmospheres.
When they finally enter their present sd0 state, they are helium rich rather than
helium poor as the sdOB stars. The He II convection zone which reaches up to
the photosphere of subdwarf (0 stars inhibits diffusion. Subdwarfl B and OB stars
on the other hand which have a helium poor atmosphere [due to diffusion) and
which stay compact, never develop a He IT convection zone in their photospheres

and henee remain belivm poor.

1.1.1 The Horizontal Branch

An extensive study of subdwarfs was carried out by Greenstein and Sargent (1974),
where they present an astrophysical interpretation of hot subdwarfs. The term
"Extended Horizontal Branch’ (EHB) was introduced, which describes a blueward
extension of the blue horizontal branch as observed in colour-magnitude diagrams
of globular elusters. Hence, through an improved quantitative analysis, Greenstein
and Sargent identified the hot subdwarf stars as the field counterparts of the very

faint extensions of metal-poor globular eluster blue horizontal branches.

Hot subdwarf stars form more or less a temperature sequence on the EHB with
the following typical ranges in effective temperature: 15000 to 20000 K for HBB
stars, 20 000 to 35000 K for sdB stars, and the sd OB stars can reach effective tem-
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peratures up to 40000 K. Surface gravities have typical values between log g=4.5
and log g=6.0, HBB stars show values lower than log g=5.0. The helivm-rich sd()
stars cover a wider range of atmospheric properties than the sdB/sd(OB stars,

with Tog ranging from 40000 K up to 90000 K and log g=4.0 1o log g=6.5.

Following ideas outlined by Heber ef al. (1984) and Heber [1986) the sdB/sdOB
stars can be identified with models for EHB stars, which differ markedly from those
for normal HB stars (an EHB star is defined as a HB star with a core mass to
total mass ratio larger than 0.95). An EHB star shows great resemblance to a
helium main-sequence star of hall a solar mass and 18 further evolution should
proceed similarly as confirmed by several caleulations (Calei 198%; Dorman, Rood

and O'Connell 1993).

The positions of most analyzed sdB/sdOB stars agree with the theoretical
model predictions if luminosity evolution is accounted for. The spectroscopic
analyses also reveal that the sdB stars (unlike the sd() stars) have very similar
absolute visual magnitudes of My = 4.™24+0."7 (Heber 1986) and, therefore, can

b used like standard candles for distance determinations.

Another important statement regarding the nature of hot subdwarl stars was
made by Greenstein and Sargent (1974). Due to the resemblance to the globular
cluster horizontal branches, hot subdwarfs have been regarded as Population 11
stars. This conclusion was thought to be supported by the fact that they are metal
weak stars. However, low helinm and metal surface abundances can be interpreted
in terms of atmospheric diffusion processes (see section 1.1.2) in high-gravity non-
rotating atmospheres in the absence of convection (Michaud 1970; Michaud ef al.
1985]). Elemental diffusion processes seem to appear in hot subdwarl stars because
their elemental abundance pattern 18 very peculiar. Thus, elemental abundances

are not an indication of stellar population.

The Population I1 hypothesis was soon doubted by Baschek and Norris (1975)

from a study of space motion of hot subdwarl stars. Some objects showed a
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kinematical behavior characteristic to halo objects, so there was no doubt about
the existence of some Population [ subdwarfs. However, the orbits of most objects
were concentrated to the galactic disk, suggesting that they are old disk objects.
A more recent and detailed kinematical study by Colin ef al [1994) draws the

same conclusions.

Subluminous O and B stars dominate the populations of faint blue stars and
are found in both the old disk (field sdBs) and halo populations {globular cluster
members) of our own Galaxy. Following original suggestions by Calol [1989) and
Gregeio and Renzini (1990), these stars and their progeny are widely believed (e.q.,
Jergensen and Thejll 1993; Bresson, Chicsi and Fagotto 19%4; Dorman, ('Connell
and Road 1995; Yi, Demarque and Oemler 1998) to be the main contributors to
the uleraviclet light emanating from elliptical palaxies and spiral galaxy bulges
that are commonly referred to as the *UV upturn phenomencn” [Code 1969).
However, important questions still remain over the exact evolutionary paths and

the appropriate time scales followed by these stars.

Wesemael et al. [1982) suggested the sdB-sdOB-sd () sequence to be an evolu-
tionary one. The higher helivm abundance of sd() stars would then be interpreted
as a result of convective mixing along that sequence, triggered by lonization of
He 11 to He 111, However, theoretical caleulations defeated this possibility (Groth,

Kudritzki and Heber 1985)

1.1.2 Helium abundances, abundance anomalies and at-

mospheric diffusion

Helium is deficient in the vast majority of the analyzed HBB, sdB and sdQOB
stars by factors ranging from 2 to more than 300. It has long been realized that
the helium deficiency in their atmospheres is caused by atmospheric diffusion

{Greenstein, Truran and Cameron 1967; Greenstein and Sargent 1974; Baschek
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and Norris 1975; Winget and Cabot 1980; Hunger and Kudritzki 1981; Baschek
el ol 1982; Kudritzki ¢ al. 1982; Wesemael ef al. 1982). However, parameter free

diffusion models cannot reproduce the observed abundances anomalies, at least

for the sdOB subelass (Michaud et ol 1989).

Detailed caleulations of radiative acceleration on helium and heavier elements
ghowed that some elements could be supported against gravitational settling, while
others could not (Lamontagne ef ol 1985, 1987; Michaud of ol 1985, 1989; Berg-
eron ef ol 1988). However, observations contradicted the predicted abundances
of 81 in sdB stars, which should have been supported but was found to be under-
abundant, and of He, which should have been completely depleted but was found
to be, in general, underabundant cnly by a factor of ten. These resulis suggested
that other processes that could transport particles, such as a weak stellar wind

(Michaud et ol 1985), could operate in subdwar{ atmospheres.

There appears to be a trend for the C and Si abundance to decrease with
increasing Ty (Bergeron ef ol 1988). It has been found that among sdB stars
C is underabundant over 20000 < Tq/ K < 40000, while the 5i abundance is
glightly below the solar value when Top < 27000 K but truly underabundant by
as much as 5 orders of magnitudes in the interval 27000 < Tog/ K < 40000 N is

in nearly solar abundanee, within a factor of two, among sdB stars.

The observed C, N and 5i abundance can be reproduced by diffusion models if
a small mass loss rate (of the order of 107" M /vr) is considered (Michaud et al
1985). However, the diffusion process does not necessarily lead to a depletion of
all the metals. The Cl, Ar and P enrichment in some stars can be probably caused
by the radiative acceleration being large for these elements (“radiative levitation”;

Heber 1991),

The helium deficiency of the sdB and sd0B stars is naturally explained by grav-
itaticnal settling (diffusion)(Heber ef ol 1984). Since the time scale for gravita-

ticnal settling of helium in the subdwarl atmosphere is small {< 10* yr) compared
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to the lifetime on the EHB (~ 10* yr), it is to be expected that the photospheric
helivm abundance decreases drastically after the star has left the zero age EHB.
The observations, however, indicate that the helinm abundance stays constant
when the star evolves across the EHB strip or even increases when it evolves into
the sdOB domain. Therefore, the helium abundance has reached an equilibrium
value in the EHB stars, which might depend on the effective temperature. Ac-
cordingly the {downward) gravitational settling is balanced by an upward force.

The latter may be due to radiative acceleration.

Although the evolution time scales of sdB and sdOB stars are unknown, they
are likely to be much longer than the diffusion time scales of heavy elements (10°-
10° years for species such as C, N and Si; Lamontagne ef al.  1985). However,
the short settling time scales of heavy elements imply that physical mechanisms
disrupting the diffussion process must be considered to explain the residual metal
abundance observed. Hadiative element support has been sugeested in this con-
text {Baschek ef al. 1982; Baschek, Hifflich and Scholz 1982; Heber et al. 1984a.b),
but disruptive agents such as meridional cireulation, turbulent motions and mass

cutfow should alse be considered {Lamontagne ef al. 1983).

Si has been suggested to be in solar abundance in the hot sd() stars, but
strongly deficient in the intermediate-temperature OB subdwarfs. This result is
interpreted by Baschek ef ol (1982} and Baschek, Hofflich and Scholz {1982) as
the result of a change in the lonization state of the Si atom, which could affect its
radiative support. On the other hand, it is evident that 5i is approximately solar
in the atmospheres of some sdB stars (Baschek ef ol 1972; Baschek and Norris
1970; Heber f al 1984). Baschek ef ol (1982) explained this anomaly with the
fact that the silicon is in a noble gas configuration (5i v) in the lower atmosphere,
being subject of gravitational settling. In the cooler sdB stars, 5i does not reach
this configuration and, hence, experiences a larger radiative upwards acceleration

which might inhibit gravitational settling.
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Since the helium abundance in the sdOB stars varies considerably from star
Lo star, there might be an unknown second parameter which determines the equi-
librium abundance. When the mass flux due to the mass loss equals the diffusive

mass fux, diffusion ends [Heber 1986).

The modified abundance patterns obscure relationships between sdB stars and

their progenitor stars and make their evolution history more difficult 1o establish.

1.1.3 The EHB and post Giant Branch evolution

It is important to note that the interior structure of an EHB star differs from that
of a true horizontal branch star with respect to the luminosity of the hydrogen
burning shell. In an HB star the luminesity of the hydrogen burning shell equals
or even exceeds the helium core luminosity, whereas in an EHB star the luminosity
of the hydrogen burning shell is negligibly small. For the sdB stars the envelope
is lower than 0.02 Mg while for the sdOB stars it is even smaller (1073 wo 1074
Mg). It is argued that the evolution of an EHB star should proceed similar to
the evolution of a pure helium star with hall a solar mass since the hydrogen rich

envelope is inert.

According to canonical theory, then, EHBE stars retain only a thin (< 0.02 M)
inert hydrogen envelope due to prior mass loss on the red giant branch (RGB), and
spend their core-helivm-burning lifetime at high effective temperatures (20000 K
< Top < 35000 K). Following the exhaustion of their central helinm, EHB stars do
not return to the asymptotic giant branch (AGB) but instead follow AGB-mangué
tracks, spending the rest of their pre-white dwarf lifetime at high temperatures

and luminositios.

Several scenarios have been suggested to explain the origin of EHB stars. In
the single-star scenario, EHB stars are produced by extensive mass loss along the

RGB, which reduces the envelope mass to the very small values required by canon-
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ical EHB models, This scenario predicts that the EHB should appear as a well-
defined extension of the blue horizontal branch (BHB) in the colour-magnitude
diagram (CMD). The principal difficulty with this scenario is the fine tuning of
the mass-logs process needed to produce the narrow range of EHB envelope mass.
To avoid this fine tuning problem, D'Cruz ef al. [(1996) have suggested that some
EHB stars might be “hot He-Hashers™, i.e., stars which evolve off the RGB to high
effective temperature before igniting helium. Such stars would settle onto a blue
hook at the hot end of the HB. Several binary scenarios have also been proposed
(Bailyn ef ol 1992; Iben 1990; Iben and Tutukov 1986, 1992; Mengel, Norris and
Groas 1976), involving either Roche lobe overflow along the RGB or the merger
of a double helium white dwarl system. These scenarios predict a wide range in

the EHB mass and therefore a wide range in luminosity.

The recent non-cancnical HB models of Landsman ef ol {1996) provide a fur-
ther impetus for an observational test of EHB and post-EHB evolution. These
mardels include the dredge-up of helium from the hydrogen shell on the RGB. A
gtar that undergoes such helivm mixing will arrive on the HB with an enhanced
envelope helium abundance and therefore will lie blueward of its canonical loca-
tion. In this scenario, the high effective temperatures of EHB stars are due to a
high envelope helinm abundance, which considerably increases the envelope mass.
Thus the problem of fine tuning the mass-loss process is avoided (Landsman ef al.

1996).

sd0 evolution

The sd() stars apparently extend the sdB/sd0B sequence to higher temperatures
(Teq = 35000 K) and have, in general, helium rich atmoespheres in contrast to

the sdb and HBB stars.

The class of sd0) stars is less homogeneous than the sdB elass with respect
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to their atmeospheric parameters since they are more spread out over the [T,
log g)-plane. Many of the sdO stars lie close to the post-EHB tracks and therefore
might have evolved from the sdB stars. However, several sd() stars (of relatively
low gravities) cannot be post-EHB stars but are identified as descendants of the
AGE stars because they lie close to the post-AGD tracks. These stars are found
in the same region of the (Typ, logg)-plane as the central stars of Planetary
Nebulae (CSPN). Henee the sdQ) stars form two distinet groups with respect to
their evolutionary history: the “compact”™ sd0 stars evolving from the EHB and
the “low gravity” sd0 stars being post-AGB objects similar to the CSPNs (Heber

1991,

Various evolutionary scenarios are conceivable for the arigin of sd() stars. It

is unlikely that a single evolutionary scenario can explain both subpgroups.

For the “low gravity” subgroup, Heber and Hunger (1987) suggested that the
“horn-again-post-AGDB-stars™ scenario of Iben ef al. (1983} is the most promising
one, According to this scenario a post-AGDE star suffers a late helium shell Hash
bringing it back onto the AGDB for a second time. Most of its hydrogen envelope
reduced to 1074 My, during the first descent from the AGB can now be removed
if there is a second superwind phase. During the second descent, a modest, mass
loss (109 M fvr) is sufficient to strip off the remaining hydrogen layer. The star
is now powersd by helium burning for which evolutionary time scales are as long
as a planetary nebulae (PNe), which has possibly been ejected during the first
departure from the AGB. But by the time in which the sd0) star is hot enough to
ionize the PNe, this has long been dispersed over the interstellar mediom. This

explaing why no PNe could be detected. In this subgroup we also have the ordinary

“first-time-post-AGB-stars™ , which are those sd0) stars that descend directly from

the AGB.

The “compact” sd0s are more likely to have evolved from the EHB sdB/0Bs
[Caloi 1989; Gregeio and Renzini 1990; Dorman, Rood and (FConnell 1993;
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Sweigart 1997b). In this scenario, however, it is difficult to explain how a He-
deficient sdB star can evolve into a He-rich sd0). It was shown that photospheric
convection zones cannot cause this transition. Alternatively, mixing triggered by

He-shell Hashes has been suggested by Dreizler ef al. (1990).

In summary, three evolutionary channels can be identified leading to the sd0
stage: one starting from the extended horizontal branch and explaining the “com-
pact” sd() stars and another two starting from the asymptotic giant branch and
leading to the “low gravity”™ sd() stars, one of them via a second loop in the H-R

diagram caused by a final helium shell flash (Heber 1991).

sdB evolution

The origin of the sdB/OB stars is still unclear and strongly under debate. Their
gpace distribution and kinematical properties indicate that they belong to the
intermediate o old disk population. The guestion then arises, how the stellar

mass can be reduced to half a solar mass during the pre-EHB evolution.

Two general categories of precursors of sdB stars have been discussed in the
literature. Hither sdB stars are assumed to have originated as single stars, which
for some reason have had their hydrogen envelopes stripped by the time they
arrive in the HB, or they are thought to be the product of some kind of binary
star interaction (Bailyn ef al 1992). A pumber of hypotheses on the origing of

the sl stars have been advanced in the last decades:

(i) Enhanced mass loss on the RGB or during the core helium fash may re-
move almost the entire hydrogen-rich envelope. The physical reason for such
strong mass loss on the RGB is not understood. Birthrate estimates [Heber
1986} indicate that only 2% of the RGB stars need to experience such en-
hanced RGB mass logs. Evidence that it is indeed possible comes from the

existence of RR Lyrae stars of Population I which must also have lost hall






