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Prefa
e

The AGB phase (where AGB stands for Asymptoti
 Giant Bran
h) represents

the �nal evolutionary phase for the vast majority (> 95%) of stars { in
luding

our sun { in the universe. AGB stars are important be
ause they satisfa
torily

meet the model 
onditions for a ri
h nu
leosynthesis to o

ur in their interiors.

Moreover they lose 50% to 90% of their initial mass in the interstellar medium;

hen
e they are signi�
ant 
ontributors to the 
hemi
al enri
hment of galaxies.

Given their high luminosities, they also 
onstitute useful old population probes

of gala
ti
 stru
ture and dynami
s.

Be
ause AGB stars are eÆ
ient produ
ers of 
arbon and heavy elements

(elements heavier than iron), all stars observed to exhibit 
arbon and heavy-

element overabundan
es were traditionally assigned to the AGB phase.

However, an in
reasing number of arguments re
ently suggested that the

AGB family is overgrown with intruders, i.e., stars that have many observational


hara
teristi
s of AGB stars but that are de�nitely not AGB stars. Among the

intruder families, barium giants are probably the less talented, for they were

easily unmasked some 30 years ago. They are intruders be
ause, unlike AGB

stars, they do not produ
e their heavy elements by themselves, but a

reted

them in the past from a 
loseby, now extinguished, 
ompanion AGB star.

They are however betrayed by their mu
h too high temperatures and too

low luminosities 
ompared to genuine AGB stars { indeed, barium stars need

not be as evolved (as 
old and luminous) giants as AGB stars, be
ause they do

not have to be eÆ
ient produ
ers of heavy elements.

Another signi�
ant number of intruders lie among the S star family. But S

intruders are mu
h more diÆ
ult to unmask; in fa
t, they still widely abuse as-

tronomers, be
ause in addition to the heavy element overabundan
es, they also

mimi
 quite 
losely the luminosities and temperatures of AGB stars. An addi-

tional entanglement arises from the fa
t that some S stars are true AGB stars

(they are 
alled intrinsi
 S stars), while some are binary intruders like barium

stars (they are named extrinsi
). Both groups are however indistinguishable on

the basis of low-resolution spe
tra 
ommonly used for 
lassi�
ation purposes.

Hen
e, all these S stars were histori
ally assigned to the same \S" spe
tral 
lass.

1
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Yet it is of key importan
e to distinguish the AGB stars from their binary

masqueraders, be
ause the latter may otherwise strongly bias some of the prop-

erties derived for AGB stars. For instan
e, the number ratio of AGB versus

non-AGB giant stars, and the dedu
ed respe
tive durations of these phases, will

be totally in error if intruders have not been 
orre
tly removed from the studied

sample. Moreover, the very study of the intruder properties yields invaluable


onstraints, for example on giant star radii.

This work aims at testing the binary s
enario proposed to a

ount for the

intruders, and at better 
hara
terizing barium stars and the two kinds of S stars

(extrinsi
 and intrinsi
). First, the AGB evolution and the taxonomy of red giant

stars will be brie
y presented. The binarity of barium and S stars will then be

examined, thanks to a de
ade-long radial-velo
ity monitoring in 
ollaboration

with the Geneva Observatory. The re
ent HIPPARCOS parallaxes will allow

to derive more a

urate luminosities for the two kinds of S stars. Finally, the

binary s
enario will be tested on a homogeneous, well-de�ned sample of 205

S stars, thanks to a �ve-years large-s
ale observing program in
luding radial-

velo
ity measurements, photometry, and low- and high-resolution spe
tros
opy,

thus allowing to derive the frequen
y and properties of intruders among the S

star family, and to better 
hara
terize genuine AGB S stars.



Chapter 1

Pe
uliar red giant stars

The purpose of this introdu
tion is to provide an outline of the general 
ontext


on
erning pe
uliar red giant stars. In fa
t, the zoo of pe
uliar red giant stars is

so diverse and 
omplex that only some well-de�ned evolutionary sequen
es and

a limited number of stellar 
lasses will be 
onsidered. The evolution of single

low- and intermediate-mass stars is sket
hed in Se
t. 1.1. Given the failures of

the single star framework to explain observational 
hara
teristi
s of some stellar


lasses, the binary s
enario that is potentially able to solve these 
ontradi
tions

is presented in Se
t. 1.2. Se
t. 1.3 then depi
ts various pe
uliar red giant star

families and the way some of them at least are believed to �t within the binary

framework. This binary s
enario gives rise to many observational tests; some

have already been performed and are dis
ussed in Se
t. 1.4. However many

important issues remain that ought to be examined. The present work aims at

studying some of these issues on the basis of large-s
ale stellar samples. The

reader interested in the general organization of the present work is thus invited

to jump dire
tly to Se
t. 1.4.3.

1.1 Single star evolution

1.1.1 Brief sket
h of single star evolution as a fun
tion of

initial mass

The life of a star is a su

ession of thermonu
lear burning stages and gravita-

tional 
ontra
tion phases. Fig. 1.1 presents a broad s
hemati
 view of the main

thermonu
lear burning steps of single solar-metalli
ity stars. The emphasis is on

the main stru
tural 
hanges rather than on a quantitative estimate of ea
h of the

relevant limiting masses, still subje
t to large un
ertainties. The quoted masses

refer to main-sequen
e masses (di�erent from a
tual masses, sin
e stars lose

mass as they evolve). Evolution of binary stars, where mass transfer between

the 
omponents of the binary system may play a key role, is not 
onsidered for

the moment.

3
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Stars with masses 0.01M

�
�

<

M

�

<

0.07M

�

(Mayor 1997) never rea
h 
entral

temperatures high enough to ignite hydrogen and stay brown dwarfs during their

whole life.

Stars more massive than � 0:07M

�

(Chabrier & Bara�e 1997) experien
e


ore hydrogen burning. Hydrogen burning pro
eeds via the pp-
hain if the

temperature is lower than� 20�10

6

K (i.e. for stars less massive than � 1:1M

�

),

and via the CNO 
y
le at higher temperatures (i.e. in the 
ore of main-sequen
e

stars if M

�

>

1:1M

�

, and in hydrogen-burning shells). When the 
old CNO 
y
le

is a
tive in 
entral regions of main-sequen
e stars, 
onve
tion develops in the


ore due to the steep temperature dependen
e of the energeti
s of the CNO

rea
tions.

For stars less massive than � 0:4M

�

, the evolution stops at this stage, thus

leaving a helium white dwarf. Sin
e the main-sequen
e lifetime is larger than the

age of the universe for M

�

<

0.8-0.9M

�

, helium white dwarfs are a
ademi
 obje
ts,

in the sense that they are not yet observable

1

. Hen
e the only observable single

stars having evolved o� the main sequen
e have masses larger than � 0:8M

�

.

All stars more massive than 0.4M

�

further evolve as giant stars while burn-

ing hydrogen in a shell on the Red Giant Bran
h (RGB).

In stars less massive than 1.85-2.2M

�

(Maeder & Meynet 1989), the helium


ore resulting from hydrogen burning will be ele
tron degenerate and an explo-

sive helium ignition (helium 
ash) will o

ur at the top of the RGB. Su
h stars

are 
alled low-mass stars.

Following the RGB, stars burn helium �rst in their 
ore, then in a shell

on the Asymptoti
 Giant Bran
h (AGB), thereby growing their degenerate CO


ore. In stars less massive than 6-9M

�

(this large un
ertainty is mainly due to

a poor knowledge of mass loss on the giant bran
hes and to short
omings in

the 
onve
tion pres
riptions), mass loss prevents the 
ore from growing to the

Chandrasekhar limit mass (� 1:4M

�

, the maximum mass that 
an be supported

by ele
tron degenera
y) and terminates the AGB. Su
h stars (having ignited he-

lium non-degenerately and developing an ele
tron-degenerate CO 
ore without


arbon ignition) are 
alled intermediate-mass stars.

Low- and intermediate-mass stars eje
t the remainder of their envelope at

the top of the AGB; they be
ome post-AGB and planetary nebulae stars and

�nish their lives as white dwarfs devoid of any nu
lear sour
es.

Stars more massive than 11M

�

go through all nu
lear burning phases (H,

He, C, Ne, O, and Si-burning; note that they ignite 
arbon at the 
enter of

their non-degenerate CO 
ore) and be
ome supernovae; their 
ore of iron-peak

elements then 
ollapses to be
ome a neutron star or, if M

�

>

25-50M

�

(Maeder &

Meynet 1989), a bla
k hole.

Stars with 6-9M

�
�

<

M

�

<

11M

�


onstitute diÆ
ult intermediate 
ases; only

re
ently have some models been attempted [Nomoto (1987) and the series of

papers by Iben, Ritossa and Gar
��a-Berro (1996, 1997, 1999)℄. Contrarily to

stars with M

�

>

11M

�

, 
arbon is ignited o�-
enter in a (mildly) degenerate en-

1

ex
ept if they belong to binary systems where a 
ompanion may have stripped their

formerly hydrogen-ri
h envelope
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vironment. If mass loss has not redu
ed the mass of the star below the Chan-

drasekhar limit before 
arbon ignition, a thermal runaway 
annot be avoided

and these stars may explode as type I 1/2 supernovae (Iben & Renzini 1983).

However, it seems that at least some of the 6-11M

�

stars manage to be
ome

super AGB stars, with O-Ne 
ores, experien
ing �rst He-burning in a shell, then

H-He burning in two shells and thermal instabilities (thermal pulses). Their �-

nal state might be neon-oxygen white dwarfs if mass loss is suÆ
ient, or 
ore


ollapse leading to a type II supernova and a neutron star, or an O-de
agration

leading to disruption.

1.1.2 Stellar evolution of low- and intermediate-mass sin-

gle stars

A qualitative pi
ture (e.g. Lattanzio 1995) of the main phases of evolution

of low- and intermediate-mass stars (i.e., with 0:9

�

<

M

�

<

6 � 8M

�

on the main

sequen
e) is sket
hed in the following.

From birth to main sequen
e

A star's life begins with the gravitational 
ollapse (on a free-fall time-s
ale,

typi
ally on the order of a few times 10

5

years) of an interstellar mole
ular


loud. Interestingly, observations show that large 
louds do not form isolated

stars: it appears that stars frequently (or even preferentially) tend to form in

groups, ranging from binary star systems to 
lusters that 
ontain hundreds of

thousands of members. The 
ollapsing 
loud is segmented by the pro
ess of

fragmentation, i.e. lo
al 
ollapse of some parts of the 
loud under their own

gravity { whether the fragmentation o

urs prior to, or during 
ollapse, or if it

a
ts on a disk 
omposed of infalling material, is poorly known.

Later, the evolution of the protostar is 
ontrolled by the rate at whi
h it


an thermally adjust to the 
ollapse (Kelvin-Helmholtz time s
ale): this is

the pre-main-sequen
e phase [see e.g. Bernas
oni (1996)℄. To give an idea,

a 1M

�

star requires on the order of 10

7

years to 
ontra
t quasi-stati
ally to its

main-sequen
e stru
ture.

The main-sequen
e is the lo
ation in the Hertzsprung-Russell (HR) diagram

(Fig. 1.2) where stars 
onvert hydrogen into helium in their 
ore. Their evolution

is governed by the time s
ale of nu
lear rea
tions (� 9� 10

9

years for the Sun,

� 9� 10

7

years for a 5M

�

star; Charbonnel et al. 1996; Landolt & B�ornstein

1982), whi
h explains that approximately 80% to 90% of all stars in the solar

neighbourhood are observed to be main-sequen
e stars.

The red giant bran
h and the horizontal bran
h

On
e hydrogen burning is 
ompleted at the 
enter of the star, it may still 
on-

tinue (if the star is more massive than � 0:4M

�

) in a thin peripheral shell

surrounding the 
entral helium 
ore. During this stage the star leaves the main
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sequen
e and rapidly 
rosses the Hertzsprung gap in the HR diagram. It ex-

pands and its outer layers be
ome 
onve
tive. As the star rea
hes the Hayashi

limit, 
onve
tion extends deeply inward (in mass) from the surfa
e, and the star,

still be
oming redder and brighter, as
ends the red giant bran
h (RGB) in the

HR diagram. The 
onve
tive envelope deepens and penetrates into the region

where partial H-burning has o

urred previously. This material is still mostly

hydrogen, but with added helium together with the produ
ts of CN 
y
ling, pri-

marily

14

N (that roughly doubles at the expense of

12

C whi
h drops by about

30%) and

13

C, while

16

O is preserved at essentially its initial abundan
e. These

produ
ts are mixed to the surfa
e; hen
e the surfa
e ratio

12

C/

13

C is predi
ted

to drop from its initial value of � 90 to lie between 18 (for intermediate-mass

stars) and 26 (for low-mass stars). This phase is known as the �rst dredge-up.

In order to explain the lower observed values of the

12

C/

13

C ratio

(3

�

<

12

C/

13

C

�

<

25), some non-
onve
tive extra-mixing referred to as 
ool bottom

pro
essing has been spe
ulated to o

ur in low-mass stars and to transport mate-

rial between a zone 
lose to the hydrogen-burning shell and the (relatively 
ool)

bottom of the 
onve
tive envelope (Boothroyd et al. 1995); hen
e more

13

C will

be brought to the surfa
e and the resulting

12

C/

13

C ratio may rea
h values as

low as � 11. The extra-mixing origin is usually supposed to be rotation-indu
ed

and/or shear-indu
ed turbulen
e.

Low-mass stars may spend as mu
h as 20% of their life as red giants, while for

intermediate-mass stars this phase lasts generally less than 7% of their lifetime.

As the star as
ends the giant bran
h the helium 
ore 
ontinues to 
ontra
t

and heat. If the star is less massive than 1:8� 2:2M

�

, the helium 
ore will be

ele
tron degenerate. Eventually the helium 
ombustion starts at the (o�-
enter)

point of maximum temperature. Sin
e temperature and density are de
oupled,

the triple-� ignition of helium is explosive, being referred to as the (
ore) helium


ash. Following this, the star qui
kly moves in the HR diagram to the 
lump,

also 
alled, when dealing with low-mass stars, the horizontal bran
h, where it

burns helium hydrostati
ally in a 
onve
tive 
ore and hydrogen in a thin shell.

This is the se
ond longest phase in the life of a star: � 1:2 � 10

8

years for a

solar-metalli
ity 1M

�

star (Charbonnel et al. 1996).

The only di�eren
e for intermediate-mass stars (1:8 � 2:2

�

<

M

�

<

6 � 8M

�

)

is that helium ignition o

urs under non-degenerate 
onditions in the 
enter;

hen
e no runaway situation, su
h as the 
ore helium 
ash for low-mass stars, is

en
ountered.

The asymptoti
 giant bran
h

� The early asymptoti
 giant bran
h

When the 
entral helium is exhausted, the star starts burning helium in a

thin shell surrounding a degenerate 
arbon-oxygen 
ore and as
ends the giant

bran
h for the se
ond time. This phase is referred to as the asymptoti
 giant

bran
h or AGB be
ause, for low-mass stars, the evolutionary tra
k in the HR
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diagram is very 
lose to (but slightly to the blue of) the low-mass red giant

bran
h.

The stru
tural readjustment to helium-shell burning results in a strong ex-

pansion of the star, and for stars with masses greater than �4M

�

, the hydrogen

shell is temporarily extinguished as the star begins its as
ent on the AGB. The

inner edge of the 
onve
tive envelope is thus free to penetrate the extin
t hydro-

gen shell, and to mix to the surfa
e the produ
ts of 
omplete hydrogen burning.

This episode, termed the se
ond dredge-up, will further redu
e the

12

C abun-

dan
e, enhan
e the

14

N abundan
e, and redu
e slightly the

16

O abundan
e.

More details on surfa
e abundan
e 
hanges observed following the dredge-up

episodes may be found in Smith & Lambert (1990).

Following this, the hydrogen shell is re-ignited. At this stage the stru
ture is

qualitatively similar for all masses (e.g. Bl�o
ker 1999): (i) a very 
on
entrated

CO 
ore (� 0:5 to 1M

�

, but the radial extent of its edge is only � 10

�4

of that

of the stellar surfa
e); this 
ore is in fa
t a very hot white dwarf whi
h grows in

mass by a

reting nu
lear-pro
essed matter from the burning shells; (ii) a thin

layer (� 10

�2

M

�

) o

upied by the helium and hydrogen burning shells, and

(iii) the extended hydrogen envelope.

The thin helium burning shell be
omes thermally unstable and experien
es

periodi
 outbursts 
alled thermal pulses, during whi
h it liberates on a short

time s
ale hundreds to millions times the energy provided by the hydrogen-

burning shell. Hen
e the remaining of the evolution on the AGB is referred to

as the thermally-pulsing asymptoti
 giant bran
h (or TPAGB), and the former

evolution on the AGB as the early asymptoti
 giant bran
h (or EAGB). To give

an idea, the EAGB lasts for about 50�10

6

years, and the TPAGB some 2�10

6

years for 1-3M

�

stars (Bl�o
ker 1995).

� The thermal pulses

Thermal pulses were �rst dis
overed in AGB models of low-mass Population

II stars by S
hwarzs
hild & H�arm (1965) and in AGB models of intermediate-

mass Population I stars by Weigert (1966). They are often dubbed helium shell


ashes, despite the fa
t that their physi
al origin is 
ompletely di�erent (they

are explained by the 
lassi
al gas law) than that leading to the 
ore helium 
ash

(whi
h is produ
ed under degenerate 
onditions at the top of the RGB and only

for low-mass stars). The instability is a 
onsequen
e of the high temperature

sensitivity of the rate of helium burning 
ombined with the thinness of the shell

in whi
h it o

urs. The following paragraphs rely heavily on Forestini (1991).

When energy is dumped into a shell within a star, this shell expands and

thus lifts the above layers upward. Being pushed farther away from the 
enter

of the star, those layers will have a de
reasing weight. Sin
e the pressure in

the 
onsidered shells is dire
tly 
aused { in hydrostati
 equilibrium { by the

weight of the surmounting layers, the pressure will drop. Now if the shell in

question is thin (like the burning shells in low- and intermediate-mass stars), it


an undergo a substantial expansion with a large fra
tional drop in density, but

only lift the overlying layers by a small fra
tion of their radial distan
e to the


enter. Consequently, the pressure drop within the shell will be small 
ompared
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to the density drop. Then, a

ording to the 
lassi
al gas law, the temperature

will a
tually rise. If this shell 
ontains a substantial sour
e of nu
lear energy

whose produ
tion rate is very sensitive to temperature, the rise in temperature

will 
ause a further energy gain. Provided the shell has a high enough opti
al

thi
kness, the energy loss will be smaller than the gain.

Hen
e an energy gain leads to a thermal runaway in a shell that is (1)

suÆ
iently thin that perturbations in it do not a�e
t the hydrostati
 stru
ture

of the star, and (2) opti
ally thi
k enough that it does not lose easily the ex
ess

thermal energy. This instability be
omes a thermal pulse if it is strong enough

to require a 
onve
tive transport of the energy in the helium shell (i.e. if the


onve
tive gradient ex
eeds the adiabati
 gradient)

2

.

Therefore the thermally-pulsing AGB may be seen as a su

ession of four

phases (e.g. Lattanzio 1995), and this 
y
le goes on till the end of the AGB,

when mass loss has removed almost all of the star envelope.

1. the quies
ent helium-hydrogen double-shell burning : the stru
ture is ba-

si
ally that of an EAGB star. Almost all of the surfa
e luminosity is

provided by the hydrogen shell. This phase lasts for 10

4

to 10

5

years, de-

pending on the 
ore mass (the smaller the 
ore mass, the longer the phase).

In stars more massive than � 4M

�

, the 
onve
tive envelope is deep enough

to rea
h temperatures where non-negligible hydrogen-burning 
an take

pla
e: this phenomenon has been given the 
olourful name of hot bottom

burning (e.g. Lattanzio et al. 1997). The pro
essed matter is immediately


onve
ted to the stellar surfa
e.

2. the thermal-pulse phase : the thermal instability develops in the helium-

burning shell, produ
ing a 
onve
tive zone that extends from the helium

shell almost to the hydrogen-shell and that lasts for about 200 years. This


onve
tive zone 
omprises helium and

12

C; it 
omes very 
lose to the now-

extinguished hydrogen-burning shell (although without penetrating it).

3. the hydrogen-o� phase : the helium shell dies down and the 
onve
tion is

shut-o�. The energy released previously drives a substantial expansion,

pushing the hydrogen-shell to su
h low temperatures and densities that

it is extinguished. A phase of slow helium burning starts, that will last a

few thousand years.

4. dredge-up phase : in response to the 
ooling of the outer layers, the 
on-

ve
tive envelope extends inward. After a (not pre
isely known) number of

pulses, it will manage to penetrate into the formerly 
onve
tive tongue (de-

veloped during the pulse), where the 
omposition has been modi�ed due

2

If the runaway is not strong enough to lead to the rise of 
onve
tion, one generally speaks

of a mi
ro-pulse. Sometimes, the beginning of the TPAGB is de�ned as the epo
h at whi
h the

luminosity produ
ed by the helium-burning shell during a 
ash ex
eeds for the �rst time that

produ
ed by the hydrogen-burning shell, instead of the epo
h at whi
h a 
onve
tive tongue

�rst develops in the helium-burning shell (sometimes 
alled the �rst major thermal pulse)
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to helium burning. This results in freshly produ
ed

4

He,

12

C and heavy

elements (see below) being mixed to the surfa
e by envelope 
onve
tion

[Iben & Renzini 1983; Sa
kmann & Boothroyd 1991; see also Mowlavi

1999℄. The star 
ontra
ts ba
k and the hydrogen-shell is re-ignited, re-

starting at step 1.

� Nu
leosynthesis on the TPAGB

Many observations have demonstrated that low-mass AGB stars are enri
hed

with 
arbon and spe
i�
 heavy elements (like Sr, Y, Zr, T
, Ba), implying that

su
h elements have been synthesized in the interiors of the stars and dredged

up to the stellar surfa
e.

. 
arbon: The repeated operation of the thermal pulse 
y
le is responsible

for the periodi
 addition of 
arbon to the stellar surfa
e. If enough dredge-ups

have time to o

ur before the stellar envelope is entirely stripped, an AGB star

whose initial surfa
e C/O ratio is less than 1, will 
hange into a 
arbon star,

with C/O>1.

. heavy elements: In AGB stars, the heavy elements observed to be over-

abundant are known to be produ
ed by the nu
leosyntheti
 s-pro
ess (where

\s" stands for slow; see e.g. Arnould 1991; Arnould & Takahashi 1999). The

s-pro
ess is a neutron-
apture pro
ess starting on iron seed nu
lei that o

urs

if the neutron 
ux is weak enough for the �-de
ay time s
ale to be (generally)

shorter than the neutron-
apture time s
ale: in other words unstable nu
lei

have time to �-de
ay before 
apturing a neutron. The s-pro
ess is therefore

able to synthesize only those nu
lides 
lose to the valley of nu
lear stability

(Burbidge et al. 1957). In fa
t it imprints a very 
lear signature on its produ
t

nu
lei, in the form of overabundan
e peaks, one around Sr, another around Ba,

a third one around Pb, whi
h are pre
isely those observed in AGB stars (Smith

and Lambert 1985, 1990). These peaks re
e
t underlying nu
lear properties:

magi
 nu
lei with 
losed neutron shells (with N=50, 82 and 126 neutrons) have

very small neutron-
apture 
ross se
tions and 
onstitute bottlene
ks along the

s-pro
ess nu
lear path. Hen
e, these magi
 nu
lei (like

88

Sr,

89

Y,

90

Zr,

138

Ba,

139

La,

140

Ce) are piling up and the 
orresponding elements are indeed observed

to be overabundant.

A distin
tion is made between light{s elements (Sr, Y, Zr) and heavy{s el-

ements (Ba, La, Nd): the ratio of the heavy-s to light{s ([hs=ls℄) is a sensitive

fun
tion of the total neutron irradiation, the neutron exposure, be
ause high

neutron exposures will 
ause the �rst bottlene
k (N=50) to be bypassed and

nu
lides will thus a

umulate at the se
ond bottlene
k.

Te
hnetium (T
) is a parti
ularly interesting element, be
ause all its isotopes

are radioa
tive.

99

T
, the only te
hnetium isotope produ
ed by s-pro
essing,

has a half-life of � 213 000 years in the laboratory; this is short 
ompared

to the AGB lifetime. Although some obje
tions have been raised 
on
erning

the presen
e of te
hnetium during the whole TPAGB phase (see dis
ussion in
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Chap. 5), observations tend to demonstrate that from some point on the AGB,

te
hnetium is always present in those stars. Hen
e te
hnetium plays a key

diagnosti
 role in identifying re
ent s-pro
essing stars, serving as a marker of

TPAGB stars.

. The neutron sour
e: Observations of s-pro
ess overabundan
es in AGB

stars demand that a neutron sour
e operates before or during the AGB stage.

The thermal pulses have been soon re
ognised as a promising site for s-pro
ess

nu
leosynthesis, sin
e they 
onsist of repeated hydrogen and helium burning

phases, produ
ing respe
tively abundant

14

N and

12

C. At the start of helium

burning,

14

N gives rise to

14

N(�; 
)

18

F(�

+

�)

18

O(�; 
)

22

Ne

and in the presen
e of protons,

12

C rea
ts a

ording to:

12

C(p; 
)

13

N(�

+

�)

13

C:

The

13

C and

22

Ne nu
lei produ
ed are the most important sour
e of neutrons

in hydrostati
 stellar 
onditions, through the rea
tions

22

Ne(�; n)

25

Mg

and

13

C(�; n)

16

O:

In low-mass stars, the

22

Ne neutron sour
e is marginally a
tivated be
ause

of too low temperatures, and neutrons are believed to be produ
ed through the

alternative and mu
h faster rea
tion

13

C(�; n)

16

O.

Unfortunately, the amount of

13

C left behind by the CNO 
y
ling in the

hydrogen-burning shell turns out to be far too low to drive the synthesis of

the s-elements. The following ad ho
 assumption has to be made: some kind of

extra mixing must take pla
e at the bottom of the 
onve
tive envelope during the

dredge-up phase, so that \just the right quantity" of protons from the envelope

is mixed into the inter-shell region ri
h in newly synthesized

12

C. At hydrogen

re-ignition (during the subsequent inter-pulse phase), protons are 
aptured by

12

C to form

13

C whi
h will later produ
e the ne
essary neutrons (if the amount

of mixed hydrogen is too low, too few neutrons will be released, but if it is too

high, all the

13

C will further burn into

14

N before produ
ing any neutrons).

Su
h partial mixing at the base of the 
onve
tive envelope might arise from

overshoot below the 
onve
tive region (Herwig et al. 1997) and/or rotationally

indu
ed mixing (Langer et al. 1999).

The

13

C po
ket is usually believed to sit in the star and wait until the

next thermal pulse. Then, it will be engulfed in the 
ash-driven 
onve
tive

tongue, where the temperatures are high enough to release the neutrons: the

s-pro
essing will solely o

ur in this 
onve
tive zone.
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However, re
ent 
omputations (Straniero et al. 1995; Mowlavi et al. 1995)

show that the inter-pulse is long enough to produ
e suÆ
iently high tempera-

tures in the inter-shell so as to release neutrons and to make s-pro
essing already

in the inter-shell during the inter-pulse. During the next thermal pulse, the s-

pro
ess elements will be mixed in the 
onve
tive 
ash-driven zone [in advan
ed

pulses a se
ond small neutron burst may be indu
ed by the

22

Ne sour
e; Gallino

et al. 1998℄. Later, during the following dredge-up phase, the 
onve
tive enve-

lope will 
ome down to gather matter enri
hed in s-pro
ess elements up to the

surfa
e of the star.

There are several observational hints that the neutron sour
e is indeed

13

C.

In parti
ular, if the neutron sour
e is

13

C (�,n)

16

O, the s-pro
ess eÆ
ien
y

is expe
ted to in
rease with de
reasing metalli
ity (Clayton 1988): indeed, the

number of neutrons available per seed iron nu
leus is larger at lower metalli
ities.

Observations seem to 
on�rm this tenden
y [in
rease of [s/Fe℄ with de
reasing

[Fe/H℄ (Feltzing & Gustafsson 1998); in
rease of the ratio heavy-s to light-s

([hs=ls℄) with de
reasing [Fe/H℄ in Ba stars and CH subgiants and giants (Lu
k

& Bond 1991; Vanture 1992
)℄.

. Hot bottom burning: In stars more massive than � 4M

�

, the hot bot-

tom burning is also responsible for 
hanges in stellar surfa
e abundan
es. In

parti
ular, Li abundan
es and C/O ratio are a�e
ted:

Æ

7

Li overabundan
es are plausibly explained via the Cameron-Fowler beryl-

lium transport (Cameron & Fowler 1971; Sa
kmann & Boothroyd 1992),

though this me
hanism requires �ne-tuning: on the one hand, a long

enough

3

He pro
essing through

3

He(�,
)

7

Be must o

ur in order to pro-

du
e signi�
ant amounts of

7

Be; but on the other hand, the

7

Be must

be qui
kly removed from hot layers by 
onve
tion, in order to avoid de-

stru
tion by the

7

Be(p,�)

4

He rea
tion (most eÆ
ient at temperatures

> 2:5 � 10

6

K). On
e lifted to 
ooler layers,

7

Be 
aptures an ele
tron to

form

7

Li. This s
enario is in good agreement with observations of gala
-

ti
 (Abia et al. 1993) and Magellani
 Clouds (Smith et al. 1995) Li-ri
h

AGB stars. Note that the Li-ri
h phase is only temporary, sin
e at some

time the limited amount of seed nu
lei

3

He (left over from the early main

sequen
e evolution) will be exhausted.

Æ C/O and

12

C/

13

C de
rease: the

12

C dredged-up will be pro
essed by

hot bottom burning into

14

N via the CNO 
y
le, hen
e the C/O ratio

de
reases; this will ne
essarily involve the produ
tion of some

13

C; hen
e

the surfa
e ratio

12

C/

13

C drops to its CNO equilibrium value of � 3. This

latter point is fortunate be
ause it solves the so-
alled \
arbon star mys-

tery" (Iben 1981) raised at a time when 
urrent models (thermal pulses

and dredge-up of 
arbon) predi
ted that the most evolved, and thus the

most luminous AGB stars, had to be the most 
arbon-ri
h; but intrigu-

ingly, observations showed at that time a la
k of 
arbon stars among the

brightest stars of the Magellani
 Clouds. This 
ontradi
tion is solved with
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hot bottom burning, whi
h predi
ts a maximum luminosity of M

bol

=-6.4

for 
arbon stars (Boothroyd et al. 1993), as stars more luminous will have

burnt enough 
arbon to redu
e C/O to less than unity.

Interestingly, hot bottom burning is predi
ted to be more eÆ
ient in low-

metalli
ity stars (be
ause of higher temperatures at the base of the 
onve
tive

envelope). This is 
onsistent with the fa
t that in our Galaxy, the majority of

Li-ri
h stars are 
arbon stars (C/O> 1), while in the Magellani
 Clouds, they

are S stars (hen
e with C/O< 1). Note also that if mass loss de
reases the

hydrogen envelope mass suÆ
iently, hot bottom burning is quen
hed and stars

may be
ome 
arbon stars again with low

12

C/C

13

ratio (Frost et al. 1998). This

is 
onsistent with re
ent �ndings of obs
ured 
arbon stars (Kastner et al. 1993;

van Loon et al. 1998); in the Magellani
 Clouds, their luminosities rea
h M

bol

=

-6.8.

� Con
lusion: In summary, the thermally-pulsing AGB evolution is a 
om-

plex interplay between thermal pulses, dredge-up, hot bottom burning and mass

loss, that is far from being well understood. The similarity between dynami
,

thermal and nu
lear burning time-s
ales during the TPAGB prevents many

usual approximations from being used, not to mention stellar pulsations (on a

mu
h shorter time-s
ale, � 500 days) that are not 
urrently in
luded in models.

From the asymptoti
 giant bran
h to the white dwarf stage

In order to form a planetary nebula of typi
ally a few tenths of a solar mass

within � 10

4

years, a heavy mass loss (i.e., a superwind of � 10

�5

M

�

/year, Ren-

zini 1981) is required at the tip of the AGB. The asymptoti
 giant bran
h evo-

lution is terminated when the mass of the envelope de
reases below � 0:01M

�

.

At this stage stars evolve o� the AGB toward higher temperatures through

a plateau phase at 
onstant luminosity. They are 
alled post-AGB stars or

equivalently proto-planetary nebulae. In this transition phase, the 
entral stars

may take very di�erent aspe
ts in
luding those of (high gala
ti
 latitude) inter-

mediate-type supergiants, R CrB, RV Tau, or [WC℄ stars. This transition phase

is believed to be short with respe
t to the previous TPAGB phase: typi
ally

10

3

to 10

4

years.

During the des
ent of the white dwarf 
ooling tra
k some stars are believed

to experien
e a �nal helium shell 
ash and to make a se
ond appearan
e as

AGB stars. The lifetime of su
h \born-again" giants is however short (typi
ally

100-1000 years). Sakurai's obje
t, as well as FG Sge may be examples of these

stars.

Interestingly, many post-AGB stars appear to be binaries, but this might be

due to an observational bias, sin
e binaries display a prolonged infra-red lifetime

due to the presen
e of hot dust presumably trapped in a stable 
ir
umbinary

dis
 (Van Win
kel 1999). At least, the binary nature of the extremely iron-

de�
ient post-AGB stars (that may rea
h [Fe/H℄=-4.8) is well established (Van

Win
kel et al. 1999). In these stars, the good 
orrelation between the 
hem-

i
al de�
ien
ies of the photosphere and the 
ondensation temperature of the
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orresponding elements is a hint that the observed 
hemi
al patterns are due

to depletion in refra
tory elements: in a gas-dust mixture, the elements with a

lower 
ondensation temperature remain in the gas phase while the others (the

refra
tory elements, i.e. elements with a high dust 
ondensation temperature)

more easily 
ondense to the dust parti
les. During AGB evolution, dust 
onden-

sates in a 
ir
umstellar shell; it is then blown away by radiation pressure. When

the out
ow stops, \
leaned" material (depleted in refra
tory elements) { possi-

bly lo
ated in a 
ir
umbinary disk { may be partially re-a

reted by the star,

whi
h will thus show a la
k of refra
tory elements. Be
ause s-pro
ess elements

have high dust 
ondensation temperatures, they are depleted as well; hen
e it

is hard to tra
e the dredge-ups history in these obje
ts. Whether the same

(or the 
omplementary) 
hemi
al fra
tionation alters as well the 
omposition of

the matter a

reted by the 
ompanion is 
urrently unknown; it is however an

important issue, sin
e the polluted 
ompanion may in turn evolve and exhibit

anomalous abundan
e patterns (see Se
t. 1.2).

The orbital periods of binary post-AGB stars may be as short as 116 days,

and their orbits are not 
ir
ularized. It is not 
lear how the progenitor AGB

stars 
an avoid a 
ata
lysmi
 evolution (
ommon envelope phase, spiral-in) with

so short orbital periods (see however dis
ussion in Se
t. 2.11).

When stars rea
h high enough e�e
tive temperatures to ionise the 
ir
um-

stellar (or 
ir
umbinary) material they be
ome planetary nebulae. When the

nebula is dispersed, they appear as white dwarfs. Central stars of planetary

nebulae have indeed been identi�ed as immediate progenitors of white dwarfs.

Single white dwarfs in the solar neighbourhood present the interesting property

that their mass distribution is strongly peaked around 0:6�0:2M

�

(Weidemann

1990).

1.1.3 Observational 
ounterparts

For ea
h of the main evolutionary phases outlined above, observational 
oun-

terparts ought to be found in order to 
he
k and better 
onstrain theory. This

is often a hard task be
ause some evolutionary phases have very short lifetimes

or be
ause they la
k unambiguous observational signatures.

Main sequen
e

Low- and intermediate-mass stars that are 
urrently on the main sequen
e have

e�e
tive temperatures in the range 3700-18000K; as su
h they are 
lassi�ed as

M0-1 to B3-5 dwarf stars (Landolt & B�ornstein 1982).

RGB and EAGB

As stars rea
h the giant stage, their e�e
tive temperature de
reases and they are


lassi�ed as G (T

e�

=4800-5900K), then K (T

e�

=3800-4800K) giants. Only the

lower mass stars (M

�

<

1:7M

�

a

ording to S
haller et al. 1992) manage to rea
h
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low enough temperatures on the RGB in order to exhibit TiO bands, and to be


lassi�ed as M giants (T

e�

=3200-3800K). The observed abundan
es for normal

G, K and M giants are similar, and are in fair agreement with the predi
tions

of the �rst dredge-up (Smith & Lambert 1990).

However, it is not 
lear that all G and K stars are less evolved than M stars.

Indeed, when stars evolve from the tip of the red giant bran
h to the 
lump

their temperature re-in
reases; therefore stars regress along the spe
tral type

sequen
e, be
oming late-G or early-K stars again. K stars may a
tually be

found among stars as
ending the RGB or in the 
lump and on the EAGB, and

M stars among stars near the RGB tip, on the early- AGB and possibly on the

TPAGB. The infrared properties of M stars agree with this hypothesis (Habing

1987; Jorissen et al. 1993).

TPAGB

� The M-S-C sequen
e

The many dredge-ups o

urring on the TPAGB periodi
ally add s-pro
ess-

and C-ri
h matter to the stellar surfa
e. While C/O<1, the star is not seen

as a 
arbon star, be
ause the formation of the stable CO mole
ule does not

exhaust all the oxygen supply: enough oxygen remains available in order to

form the oxide bands 
hara
teristi
 of M stars. However, be
ause of the s-pro
ess

enri
hment, ZrO bands be
ome apparent and the star is therefore 
lassi�ed in

the MS or S family. Detailed spe
tros
opi
 abundan
es have 
on�rmed the M-S-

C sequen
e

3

: these stars indeed share a 
ommon relation of in
reasing s-pro
ess

enhan
ement with in
reasing

12

C (Smith & Lambert 1990): C/O� 0:4 for M

stars, � 0:5 for MS stars, � 0:6 for S stars (Smith & Lambert 1990), � 0:98�1:0

for SC stars (Keenan & Boeshaar 1980) and � 1:01� 1:5 in C stars (Lambert

et al. 1986) even if ea
h group shows 
onsiderable s
atter. The S stars mass

loss rates were found to be 
omparable to those of AGB M stars (Jura 1988)

and C stars (Bieging & Latter 1994). Moreover, there is dire
t eviden
e for the

intermediate status of S stars in their lo
ation between the M and C stars in the

�eld (e.g. Knapik et al. 1999) and on the upper giant bran
hes of intermediate

age 
lusters in the Magellani
 Clouds (e.g. Bessell et al. 1983; Lloyd Evans

1984).

Hen
e, single stars are 
urrently believed to evolve among the M-MS-S-SC-

C sequen
e. However the details of this evolutionary sequen
e have been lively

debated with the dis
overy of 
arbon stars surrounded by 
ir
umstellar shells


ontaining sili
ate-type dust (usually a signature of oxygen-ri
h stars) rather

than 
arbon-ri
h dust (Willems & De Jong 1986; Little-Marenin 1986; Little-

Marenin et al. 1988; Kwok & Chan 1993). Willems & De Jong (1986) and De

Jong (1989) argued that these stars are observed in a brief transient evolutionary

stage (

�

<

10 years) after 
onversion from a M to a C star, during whi
h mass loss

e�e
tively 
eases and the 
ir
umstellar envelope, produ
ed while the star was

still oxygen-ri
h, 
oasts outward.

3

more pre
isely, the M-S-N sequen
e, sin
e most of the hotter 
arbon stars of type R are

not believed to belong to this evolutionary path, see Se
t. 1.3.3



1.1. SINGLE STAR EVOLUTION 17

Several alternative binary models have been proposed (Little-Marenin et al.

1988; Le Bertre et al. 1990; Lloyd Evans 1990; Barnbaum et al. 1991); however it

is not 
lear whether the binary system should 
ontain (i) a 
arbon giant and an

oxygen-ri
h giant or (ii) a 
arbon giant and a dwarf 
ompanion, with oxygen-ri
h

matter, eje
ted by the previously oxygen-ri
h giant, trapped within the binary

system. There are also some eviden
es that these sili
ate 
arbon stars are in

fa
t J-type 
arbon stars (i.e., they are

13

C-ri
h), whi
h may be an important


lue to understand their status (Lloyd Evans 1990; Lloyd Evans 1991; Lambert

et al. 1990).

Hen
e the adequation of the M-S-C sequen
e for all AGB stars is still subje
t

to some un
ertainties.

Another un
ertainty 
on
erns the dete
tability of various s-pro
ess elements.

In prin
iple, on
e dredge-ups have started, all the stars should display s-pro
ess

elements. Yet it is worth noting that all the s-pro
ess elements (i) are not

produ
ed in equal amounts, and (ii) do not be
ome dete
table at the same

abundan
e level. For example, if the ZrO bands do not be
ome observable at

the same time as the T
 lines, one 
ould expe
t to observe, on the TPAGB,

te
hnetium-poor S stars or T
-ri
h M stars.

The predi
ted surfa
e abundan
es of Zr and T
 are plotted in Fig. 1.3

(Goriely 1999) as a fun
tion of the number of thermal pulses for two di�er-

ent stellar masses at solar metalli
ity. The ratio of the semi-
onve
tive mass

with respe
t to the pulse mass is 
hosen as �

SC

= 0:1, while the ratio of the

dredged-up mass with respe
t to the pulse mass is taken as �

DU

= 0:05.

The following observational dete
tion thresholds have been adopted and

drawn with horizontal lines on Fig. 1.3: Vanture et al. (1991) �nd that M

stars without T
 have log[N(T
)=N(Ti)℄ < �4:8. The T
 dete
tion threshold

has thus been set at log[N(T
)=N(Ti)℄ = �5. A Zr overabundan
e of 0.2 dex


orresponds to barely dete
table Zr enhan
ements and has been adopted as a

transition value between M and S stars (log[N(Zr)=N(Ti)℄ = �2:2).

With this 
hoi
e of dete
tion thresholds and model parameters, a 1.5M

�

star

exhibits zir
onium after showing te
hnetium (the situation for the 3M

�

star

is less 
lear-
ut be
ause of the strong dilution of s-pro
ess elements in its more

massive atmosphere). This would explain the puzzling T
-ri
h M stars: Sanner

(1978), Little-Marenin & Little (1979) and Little et al. (1987) found 37 T
-

ri
h M stars (among whi
h 11 \
ertainly" T
-ri
h, and the rest \probably"

T
-ri
h), versus 127 T
-poor M stars (among whi
h 58 \
ertainly" T
-poor,

and the rest with \doubtful" T
). These T
-ri
h M stars are predominantly

found among Mira variables with periods ex
eeding 300 days. The zir
onium

abundan
es derived for T
-ri
h M stars are on average (slightly) higher than

that of T
-poor M stars and similar to that of T
-ri
h MS stars (Vanture et al.

1991); hen
e some of these stars may well be intermediates between M and

MS-S stars, and will possibly all turn as weakly s-pro
ess enhan
ed stars as

abundan
es determinations gain pre
ision.

This pi
ture is, however, oversimpli�ed, and there is a
tually some room for

variations:
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Figure 1.3: Evolution of the surfa
e abundan
es of zir
onium and te
hnetium

(normalized to Ti) as a fun
tion of the pulse number (Goriely 1999). The

solid horizontal lines at log[N(T
)=N(T i)℄ = �5 and log[N(Zr)=N(T i)℄ = �2:2

roughly 
orrespond to the dete
tion thresholds for te
hnetium and for enhan
ed

zir
onium, respe
tively
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Æ the adopted Zr and T
 dete
tion thresholds 
ontain some degree of ar-

bitrariness; in parti
ular, T
 abundan
e determinations su�er from large

un
ertainties;

Æ the model parameters �

SC

and �

DU

are of major importan
e for deriving

the T
 and Zr surfa
e abundan
e 
urves in Fig. 1.3, but they are poorly

known;

Æ another impli
it hypothesis in the above s
heme is that a dredge-up o

urs

after every pulse (i.e., every � 1�3�10

5

yr). However, Busso et al. (1992)

argued that if stars experien
e dredge-up only rarely (every 8-10 pulses)

some TPAGB stars without te
hnetium should be observed, be
ause the

time delay between the dredge-up events will be long enough for T
 to

de
ay below dete
table levels;

Æ �nally, the temperature dependen
e of the T
 half-life must be 
onsidered:

the high temperatures en
ountered during thermal pulses strongly shorten

the e�e
tive half-life of

99

T
 (t

1=2

� 1 yr at � 3 � 10

8

K, Cosner et al.

1984). However the large neutron densities at these high temperatures

more than 
ompensate the redu
tion of

99

T
 life-time (Mathews et al.

1986) and enable a substantial te
hnetium produ
tion. Third dredge-up

episodes then 
arry te
hnetium to the envelope, where it de
ays steadily

at its terrestrial rate of t

1=2

= 2:13� 10

5

yr. Starting from an abundan
e


orresponding to the maximum observed one, te
hnetium should remain

dete
table during 1:0� 1:5� 10

6

yr (Smith & Lambert 1988).

Nevertheless, Straniero et al. (1995) advo
ated that the s-pro
ess nu
le-

osynthesis mainly o

urs during the interpulse. When te
hnetium is en-

gulfed in the subsequent thermal pulse, it will de
ay at a fast rate be
ause

of the high temperature, and will not be replenished if there is no neutron

sour
e operating within the pulse itself. The 
on
lusion that s-pro
ess

enri
hed TPAGB stars should ne
essarily exhibit te
hnetium would then

be 
hallenged. However, re
ent 
al
ulations (Goriely 1999) show that

the temperatures en
ountered inside a thermal pulse are not high enough

everywhere in the pulse and during enough time in order to destroy te
h-

netium signi�
antly.

Given these un
ertainties, the aim of Fig. 1.3 is mainly to stress that the

M-S-C evolutionary sequen
e probably leaves room to explain some T
-ri
h M

stars; similarly, the existen
e of T
-poor S stars belonging to this very same

evolutionary 
hannel (supposing then that ZrO be
omes dete
table before T
)


annot a priori be ex
luded. For these latter stars however, a more likely s
enario

will be presented in Se
t. 1.2 and further 
on�rmed in the main part of this work.

� Metalli
ity dependen
e

Sin
e a lower amount of dredged-up 
arbon is needed to a
hieve C>O in low-

metalli
ity stars, the ratio of C to M giants is expe
ted and observed to in
rease

as metalli
ity de
reases (e.g., Groenewegen 1999). Moreover, the dependen
e
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of the giant bran
h temperature on metalli
ity (hotter if more metal-poor),

may lead to a smaller number of M stars in metal-poor environments, be
ause

they will rather show o� as K stars. This will further strengthen the trend of

in
reasing C/M stars ratio with de
reasing metalli
ity.

As far as S stars are 
on
erned, 
olumn density 
al
ulations predi
t that the

hotter stars will need larger abundan
e enhan
ements to make ZrO dete
table

(Pi

irillo 1980). All these arguments suggest that S stars are probably less

numerous in a metal-poor environment.

1.1.4 Problems

This s
enario however fa
ed a problem with the dis
overy of a 
lass of stars that


ould �t in none of its predi
ted evolutionary phases: barium stars are a small

group of G-K giants with de�nite overabundan
es in s-pro
ess elements, but

mu
h too low luminosities to be lo
ated on the thermally-pulsing AGB (S
alo

1976). Hen
e their overabundan
e patterns 
ould not be understood by dredge-

up of self-produ
ed s-elements, and de�ed explanation for many years, until the


ontradi
tion was solved by invoking a binary s
enario.

1.2 Stellar evolution of low- and intermediate-

mass double stars

In the following we 
onsider a system 
omposed of a red giant (dubbed the

primary) and a 
ompa
t (main sequen
e or white dwarf) 
ompanion (the se
-

ondary).

1.2.1 Binary intera
tion

To what extent 
an binarity in
uen
e the evolution of low- and intermediate-

mass giants as des
ribed in Se
t. 1.1.2? In fa
t, 
lose binaries are de�ned as

binary systems in whi
h some signi�
ant intera
tion { other than simple gravi-

tational attra
tion between point masses { takes pla
e. If the orbital semi-major

axis be
omes suÆ
iently small with respe
t to the stellar radii, either be
ause of

the expansion of a star (due to its own evolution) or by orbital 
ontra
tion due

to angular momentum losses, then intera
tion will o

ur. The intera
tion may

be radiative, as in the heating of the surfa
e of one 
omponent by the hot 
om-

panion, or it may be tidal, distorting both 
omponents through the 
ombination

of gravitational and 
entrifugal e�e
ts.

The possible intera
tions are:

� rotational syn
hronization and orbital 
ir
ularization: be
ause of

tidal e�e
ts on the envelope of the giant star, the rotational period of the ex-

tended star lo
ks on the orbital period and the e

entri
ity of the system de-


reases.
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� mass transfer: The mass transfer modalities depend on the size of the

Ro
he lobe. In the Ro
he approximation it is assumed that (i) two stars rotate

about their 
enter of mass in a 
ir
ular orbit, (ii) the gravitational �elds of the

two stars 
an be des
ribed by those of two point masses, (iii) the stars are in

syn
hronous rotation with the orbital motion. The pre
ise form of the resulting

potential was �rst dis
ussed by Ro
he. It 
an be shown that the isobars 
oin-


ide with equipotential surfa
es, hen
e the shape of the binary 
omponents will

be that of the Ro
he equipotential surfa
es. Close to ea
h star, the potential

is dominated by the gravitational potential of that star, thus the equipotential

surfa
es are almost spheri
al. Moving farther from a stellar 
enter, two e�e
ts

be
ome important: (i) the tidal e�e
t of the 
ompanion, whi
h 
auses an elonga-

tion in the dire
tion of the 
ompanion, and (ii) 
attening by the 
entrifugal for
e.

Consequently, the equipotential surfa
es are distorted and almost pear-shaped

in a way that their largest dimension is along the line of 
enter (e.g. Livio et al.

1992). The equipotential surfa
e passing through the point where the Ro
he

potential vanishes along the line of 
enters (= L

1

, the inner Lagrangian point)

is de�ned as the Ro
he lobe. The 
riti
al Ro
he radius

4

is de�ned as the radius

of a sphere that has the same volume as the Ro
he lobe. The importan
e of the

Ro
he lobe lies in the fa
t that stars that �ll their Ro
he lobe start to transfer

mass through the inner Lagrangian point L

1

to their 
ompanion.

The binary star nomen
lature depends on the degree to whi
h one or both


omponents �ll their Ro
he lobe: binaries are named deta
hed if neither 
om-

ponent �lls its Ro
he lobe, and semi-deta
hed or 
onta
t if respe
tively one or

the two 
omponent(s) are �lling their Ro
he lobe.

In deta
hed systems, mass transfer 
an o

ur through wind a

retion (BoÆn

& Jorissen 1988), while semi-deta
hed systems experien
e Ro
he-lobe over
ow

(RLOF). When a star �lls its Ro
he lobe, an infall of gas o

urs towards the

se
ondary star. Be
ause of the angular momentum of this gas, it 
annot fall

dire
tly onto the star and forms an a

retion dis
 inside the Ro
he lobe. As this

pro
ess is ongoing, more and more gas gets eje
ted into the ring and fri
tion


auses the gas to lose angular momentum, allowing the matter in the dis
 to

spiral down and to be a

reted onto the se
ondary.

1.2.2 A binary evolutionary sequen
e

The evolution of two low- or intermediate-mass stars belonging to a binary

system is illustrated in Fig. 1.4 (Jorissen 1999; Jorissen & Van E
k 1999). Only

the situation leading to the formation of stars polluted in 
arbon and s-pro
ess

elements is 
onsidered

5

.

4

Several approximations are available in the literature for the Ro
he radius (around star

1) as a fun
tion of the orbital separation A and the mass ratio q = M

1

=M

2

. For example,

Eggleton (1983) derives:

R

LR

= A�

0:49q

2=3

0:6q

2=3

+ ln(1 + q

1=3

)

5

This is of 
ourse a very restri
ted view of the binary star evolution problem, that involves a

wealth of exoti
 evolutionary paths leading, e.g., to Algol stars, 
ata
lysmi
 variables, helium
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Figure 1.4: Binary evolution involving two low- or intermediate-mass stars.

Modi�
ations in the orbital elements are not represented; it is supposed that

no 
ata
lysmi
 out
ome { e.g. merging of the 
omponents { interrupts the

evolution before the �nal white dwarf pair state. Stars with ex
ess 
arbon and

s-pro
ess elements at their surfa
e are �lled with grey 
louds, and stars that

show T
 have a thi
k dotted border. The numbers refer to explanations in the

text
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In the left 
olumn of Fig. 1.4 are represented the spe
tral families not re-

quiring binarity, whereas the right 
olumn identi�es 
lasses of pe
uliar stars re-

quiring binarity. The su

essive evolutionary phases are now brie
y presented,

as well as their observational 
ounterparts; Se
t. 1.3 will provide more detailed

information on ea
h family of pe
uliar red giants.

� Phase 1: Binary main sequen
e stars: this starting point is known

to be a 
ommon one, sin
e many binaries are found among main-sequen
e �eld

stars (Duquennoy & Mayor 1991; Fis
her & Mar
y 1992).

It is worth a brief digression 
on
erning the frequen
y of multiple systems

in unevolved stars. In the Taurus-Auriga asso
iation (the most extensively sur-

veyed star-forming region), a lower limit of 51% is quoted (Mathieu 1994). The

binary rate among main-sequen
e stars amounts to � 2=3 for main-sequen
e G

stars (Duquennoy & Mayor 1991), � 45% for main-sequen
e K stars (Mayor

et al. 1992) and to � 40% for main-sequen
e M stars (Fis
her & Mar
y 1992).

However, when extrapolation is made to 
ompare the same range of orbital sep-

arations, the frequen
y of pre-main-sequen
e binaries and higher-order systems

may be in ex
ess (by a fa
tor 2-4) of that found among �eld main-sequen
e stars.

To explain the possible overabundan
e of pre-main-sequen
e binaries, one may

invoke time evolution of the semi-major axis of the system, in
luding possible


ases of disruption. In an alternative s
enario, the bulk of the �eld population is

to be formed in dense stellar 
lusters (e.g. Lada et al. 1991; Kroupa 1995) where

binaries are easily disrupted, and are later dispersed into the �eld; the similar

binary frequen
y found in the Trapezium 
luster 
ore and among main-sequen
e

�eld stars is 
ompatible with this hypothesis (Petr et al. 1998).

However large un
ertainties still exist, both be
ause of small sample sizes

and in
ompleteness problems, and be
ause di�erent observational te
hniques

are used for the dete
tion of pre-main-sequen
e and main-sequen
e binaries,

therefore implying di�erent dete
tion biases.

� Phase 2: Normal giant + main sequen
e star: The more massive

star (the primary) leaves �rst the main sequen
e and may be observed as a

binary normal giant while being a RGB, 
ore-helium burning or early-AGB

giant. Observational 
ounterparts are the �eld binary giants listed in BoÆn

et al. (1993), and the open 
lusters binary giants of Mermilliod (1996), though

the main-sequen
e nature of their 
ompanion is not guaranteed in all 
ases.

� Phase 3: TPAGB star + main sequen
e star: The binarity of

TPAGB stars is very diÆ
ult to dete
t be
ause su
h evolved stars have a tur-

bulent atmosphere. The S star �

1

Gru is however known to be the primary

of a wide (� 400 AU) binary system, whose se
ondary is a solar-mass main-

sequen
e star (Feast 1953; Proust et al. 1981; Ake & Johnson 1992). T Sgr

also enters this 
lass (Culver & Ianna 1975). Re
ently the orbital motion of a

dozen of Mira and semi-regular variables has been dete
ted (Hinkle et al. 1999).

Many more additional 
andidates may 
ome from MACHO observations that

stars, binary pulsars, bla
k hole binaries, Thorne-

_

Zytkow obje
ts, type Ia supernovae, et
.

For a larger overview of binary star evolution, see Iben (1991)
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possibly dis
overed numerous (� 25% of AGB stars) semi-deta
hed AGB Miras

in the Large Magellani
 Cloud (Wood et al. 1999). Depending on their Ro
he

geometry, their s-pro
ess overabundan
es and on the nature of their 
ompa
t


ompanion, su
h binary Miras either belong to this phase, phase 4, 10 or 11.

� Phase 4: TPAGB star + main sequen
e star + mass-transfer:

At this phase, the 
ompanion a

retes s-pro
ess- and 
arbon-enri
hed matter

lost by the TPAGB star. Some symbioti
 systems may be in that situation:

they indeed 
onsist of a mass-losing red giant, a 
ompa
t 
ompanion (generally

a main-sequen
e or a white dwarf star), a nebula surrounding the system and

an a

retion disk surrounding the se
ondary. Sin
e not all symbioti
s are �lling

their Ro
he lobe, mass transfer may also o

ur through wind a

retion. Hen
e

some of them (the TPAGB symbioti
s) 
onstitute observational 
ounterparts of

either phase 4 or 11, depending on the nature of their 
ompanion.

� Phase 5: Post-AGB star + main-sequen
e star: Binarity is a

widespread phenomenon among post-AGB stars (Van Win
kel 1992, 1995,

1998a, 1999ab
; Waters et al. 1993; Pollard et al. 1996; Hrivnak 1999), but

their mass fun
tions

6

do not always allow to distinguish between a main se-

quen
e and a white dwarf 
ompanion, hen
e they may belong to either phase 5

or 12.

� Phase 6: Binary nu
leus of planetary nebulae: Abell 35 system:

Abell 35 systems are planetary nebulae with wide binary nu
lei, 
onsisting of an

extremely hot, hen
e young, white dwarf and a late-type (G-K) rapidly rotating

dwarf, probably spun-up by a previous a

retion event.

� Phase 7: Hot white dwarf + rapidly rotating s-pro
ess-enri
hed

main-sequen
e star: WIRRing stars: Here are probably lo
ated the

re
ently-dis
overed WIRRing stars (Wind-Indu
ed Rapidly Rotating); they 
on-

sist of a rapidly rotating, s-pro
ess-enri
hed K dwarf with a hot white dwarf


ompanion.

� Phase 8: Main-sequen
e s-pro
ess- and 
arbon-enri
hed star +

white dwarf 
ompanion: At this stage the white dwarf has be
ome 
ool

enough to be very diÆ
ult to dete
t; and the binary system is observed as

a main sequen
e star showing 
arbon and s-pro
ess overabundan
es (no te
h-

netium, be
ause it had enough time to de
ay). Su
h binary main-sequen
e

s-pro
ess-enri
hed stars have been identi�ed as dwarf barium stars and as the

CH subgiants. Main-sequen
e 
arbon-enri
hed stars are also observed as dwarf

6

Observations of a single-lined spe
tros
opi
 binary system readily provide the radial ve-

lo
ity semi-amplitude K, the period P and the e

entri
ity e of the orbit, hen
e the mass

fun
tion, where the stellar masses (M

1

and M

2

) and the in
lination (i) of the orbit with

respe
t to the line of sight appear in an inseparable 
ombination (K and P in km s

�1

and

days, respe
tively):

f(M) =

[M

2

sin(i)℄

3

(M

1

+M

2

)

2

= 1:036 � 10

�7

K

3

P (1 � e

2

)

3=2

(M

�

)
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arbon stars; a dozen are known. Dwarf S stars might also exist, though none

has been identi�ed yet.

� Phase 9 and 9bis: s-pro
ess- and 
arbon-enri
hed giant stars

+ white dwarf 
ompanion: Depending on their e�e
tive temperature, the

observational 
ounterparts of this evolutionary phase show o� di�erently:

. G-K giants enri
hed in s-pro
ess elements will be 
lassi�ed as barium stars;

they are te
hnetium-poor, be
ause T
 had time to de
ay sin
e the mass

transfer event (phase 9);

. M giants enri
hed in s-pro
ess elements will be 
lassi�ed as S stars, be
ause

ZrOmole
ular bands will be able to form and to be observed in these 
ooler

stars (phase 9bis);

. Whether stars in this evolutionary phase 
an be observed as 
arbon stars

is not yet �rmly demonstrated, though it is very likely;

. Yellow symbioti
s also enter this 
ategory, sin
e they belong to intera
ting

binary systems 
omposed of a G-K giant with s-pro
ess overabundan
es

and a white dwarf.

� Phase 10: TPAGB star + white dwarf: As for phase 3, binarity is

very diÆ
ult to dete
t in TPAGB stars. A possible 
ase is the non-
onformist

T
-ri
h S star o

1

Ori known to have a white dwarf 
ompanion (Ake & Johnson

1988). Some among the binary long-period variables of Hinkle et al. (1999) and

Wood et al. (1999) may also enter this 
ategory.

� Phase 11: TPAGB star + white dwarf + mass-transfer: Here are

found the TPAGB symbioti
 stars with a white dwarf 
ompanion.

� Phase 12: Post-AGB star + white dwarf: Some of the post-AGB

binaries (Van Win
kel 1999) may enter this 
ategory.

� Phase 14: Double degenerates: Binary systems 
omposed of two white

dwarfs have been dis
overed only re
ently (Sa�er et al. 1988, 1998) although

they are believed to be extremely 
ommon (roughly 10% of all white dwarfs;

Maxted & Marsh 1999); they are predi
ted (and observed) to be very short

periods (1.5 hours

�

<

P

�

<

1 week), probably be
ause of the 
onsequen
es of the

previous mass transfer events.

1.3 Some families of red giant stars

A brief des
ription of various stellar families of 
ool stars, some of them pre-

sumably involved in the binary s
enario, is given below, with spe
ial emphasis

on the te
hniques used to expose the binary stars that mimi
 single TPAGB

giants.
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1.3.1 Barium stars

Barium stars were �rst identi�ed by Bidelman & Keenan (1951) as G-K giant

stars with abnormally strong lines of Ba II and Sr II as well as strong CH G

bands, and sometimes strong CN and C

2

bands.

Sin
e Warner (1965), a visual estimate of the Ba II �4554 line strength is

used to 
hara
terise the abundan
e pe
uliarity, on a s
ale from 1 to 5. Later on,

Keenan & Pitts (1980) introdu
ed semi-barium stars (or marginal barium stars)

with Ba indi
es between 0.1 and 0.9. However, these indi
es do not provide a

robust appre
iation of the 
hemi
al pe
uliarities involved, mainly be
ause the

Ba II �4554 line is somewhat sensitive to stellar luminosity; therefore, normal

bright giants have often been mis
lassi�ed as marginal barium stars (Smith &

Lambert 1987; M
William 1990). Keenan & M
Neil (1989), aware of this prob-

lem, de
ided to drop the barium stars indi
es below 0.3 from their subsequent

spe
tral 
lassi�
ation.

Abundan
e studies (e.g. Burbidge et al. 1957; Lambert 1985) have shown

that these strong lines are not solely 
aused by luminosity e�e
ts but by real

overabundan
es of heavy elements. In addition to barium and strontium, other

heavy elements are also enhan
ed, prin
ipally Y, Zr, La, Ce, Pr, Nd and Sm.

Furthermore, there is 
learly a real range of overabundan
es among barium stars

(e.g. see the spe
trophotometri
 work of Williams 1975); therefore barium stars

are 
ustomarily divided between strong barium stars (Ba 1 to 2-2.5) and mild

barium stars (Ba 2.5 to 5).

Interestingly, the two groups seem to have di�erent mean ages and luminosi-

ties (Cat
hpole et al. 1977; Mennessier et al. 1997): mild barium stars would

have kinemati
 properties similar to those of early F stars, and would be younger

and more luminous on average than strong barium stars.

In fa
t a third group of stars, the metal de�
ient barium stars (or weak-lined

barium stars) has been reported (Ma
Connell et al. 1972; Cat
hpole et al. 1977;

Yamashita & Norimoto 1981); it is not 
lear whether they are transition obje
ts

between the Population I barium stars and their Population II analogs (the CH

stars, see Se
t. 1.3.3), or whether they are truly Population II obje
ts but with

C/O< 1 (unlike CH stars).

As already noted, it was soon re
ognised (S
alo 1976) that barium stars,

despite their s-pro
ess enhan
ements, were too warm and of too low a lumi-

nosity to be on the thermally-pulsing AGB. This has been further 
on�rmed

with HIPPARCOS parallaxes (Bergeat & Knapik 1997; Mennessier et al. 1997):

barium stars 
learly 
on
entrate between M

v

� 3 and �1:5 [whi
h 
orresponds

roughly to M

bol

� 2:4 and -2.2 with bolometri
 
orre
tions taken from Landolt

& B�ornstein (1982)℄. This is 
learly too low a luminosity as 
ompared to the

predi
ted thermal pulse luminosities (M

bol

� �4 for 1.2M

�

star, Boothroyd &

Sa
kmann 1988).

The dis
overy that many barium stars belong to binary systems (M
Clure

et al. 1980; M
Clure 1983; M
Clure & Woodsworth 1990) solved the problem

of their s-pro
ess overabundan
es: when the 
urrent WD 
ompanion of the
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barium star was a thermally-pulsing AGB star, it transferred s-pro
ess- and

C-ri
h material onto its 
ompanion, whi
h may now be observed as a barium or

CH star (phase 9 of Fig. 1.4).

Several studies have attempted to dete
t the UV radiation of the white

dwarf 
ompanion of barium stars, but only in very few 
ases �rm dete
tions (�

Cap, � Cyg, HD 165141,56 Peg, �

1

Cet)

7

or possible dete
tions (�

2

Cas, HD

65699) 
ould be established (S
hindler et al. 1982; Dominy & Lambert 1983;

B�ohm-Vitense et al. 1984; B�ohm-Vitense & Johnson 1985; Fekel et al. 1993).

The pau
ity of systems with 
on�rmed white dwarf 
ompanions { as 
ompared

for example to 
ompanion dete
tions for dwarf 
arbon stars, see Se
t. 1.4.1 {

probably results from the mu
h larger distan
es of giant stars.

Barium stars are not expe
ted to show te
hnetium, be
ause this s-element

had enough time to de
ay sin
e the mass transfer event. T
 I was sear
hed but

not found in barium stars (Burbidge & Burbidge 1957; Warner 1965; Boesgaard

& Fesen 1974). In fa
t, te
hnetium is expe
ted to be primarily ionized in these

relatively hot giants (see Table 5.3); hen
e T
 II was also sear
hed for in the UV

spe
tral region with IUE (Little-Marenin & Little 1987), with negative results.

1.3.2 S stars

Spe
tros
opy

The S 
lass was originally de�ned by Merrill (1922), to designate a group of


urious red stars whi
h did not �t well into either 
lass M (TiO stars) or 
lasses

R and N (
arbon stars); hen
e the resulting 
lass was somewhat heterogeneous

(e.g. some barium stars were 
alled 'S'). The original prototypes of the 
lass were

�

1

Gru and the two long-period variables R And and R Cyg. Keenan (1954)


lari�ed the situation by a

epting only as S stars those exhibiting ZrO bands.

Hen
e the spe
tra of S stars resemble those of M stars but with disappearing

bands of TiO and additional bands of ZrO and sometimes LaO. If the ZrO

bands are weak or 
an be seen only at dispersion higher than 100-200

�

A/mm at

H




, the star is 
alled MS. Pure S stars are those S stars where the TiO bands

(
hara
teristi
 of M stars) are not visible any more. Lines of s-pro
ess

8

elements

like Y, Sr, Zr, Ba and La are also enhan
ed in S stars.

The 
lassi�
ation rules for S stars have regularly 
hanged with time. Keenan

(1954) devised a two-parameter system [Sx; y with x and y temperature and

abundan
e (ZrO) indi
es, respe
tively℄ based upon the relative intensity of the

TiO and ZrO bands. The abundan
e 
lass has often been taken as indi
ating

the \S-ness" of a star: S stars are referred to as \weak", \mild", \intermediate"

or \strong" for in
reasing abundan
e 
lasses. In a later work, Keenan & M
Neil

(1976) 
hanged slightly the pro
edure using a temperature index and two sep-

arate estimates of the strength of ZrO and TiO bands on a s
ale from 0 (very

7

Moreover, the reality of the heavy-element overabundan
es has been questioned in the


ase of 56 Peg (Lu
k 1977) and �

1

Cet (Fekel et al. 1993)

8

an a

ident of nomen
lature, sin
e the slow neutron 
apture pro
ess was unknown when

the S spe
tral type was introdu
ed
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weak) to 5 (very strong), hen
e eliminating the abundan
e parameter. Some

other notations are found in the literature; for example Ma
Connell's 
lassi�
a-

tion (Ma
Connell 1979) uses simply a Sm �n format, where m is the TiO band

strength, and n the ZrO band strength.

All these 
lassi�
ation rules are su

essful in isolating S stars from other

late-type stars, but are inadequate in establishing temperature and abundan
e


lasses. As shown by early mole
ular-equilibrium 
al
ulations (S
alo & Ross

1976; Pi

irillo 1980), the prime 
ause for this failure is the large e�e
t of a

star's C/O ratio on its mole
ular band strengths; for example this 
lassi�
ation


annot properly handle SC stars. This 
riti
ism was voi
ed among others by

Ake (1979), who proposed a solution using the strength of the Na D lines,


ommonly used in 
arbon stars, as well as the ZrO and TiO intensities, in

de�ning the temperature index. He also devised an abundan
e index based upon

the strengths of ZrO, TiO and YO, and presumably related to the C/O ratio.

Keenan & Boeshaar (1980) redis
ussed the problem on
e more and adopted a

new 
lassi�
ation Sx=y, where the temperature index (mainly based on TiO,

ZrO and LaO band strengths) is quoted before the slanting line, and the C/O

index (based on TiO, ZrO, YO bands strengths and Na D lines) after.

In fa
t, a de�nite 
lassi�
ation of S stars should probably await dedi
ated

model atmospheres in order to properly disentangle the e�e
ts of C/O, s-pro
ess

enhan
ements and temperature.

S star 
atalogues

S stars are rare: among the 9110 stars of the Bright Star Catalogue (Ho�eit &

Jas
hek 1991), 518 (=5.7%) are M or S giants, among whi
h only 10 (=2%) are

of type S.

The 
urrently most extensive 
atalogue of S stars is the General Catalogue of

Gala
ti
 S Stars, 2

nd

edition (GCGSS, Stephenson 1984) with 1347 obje
ts (it

updated the 1976 General Catalogue of S stars that listed 741 stars). Moreover,

Table 2 of the General 
atalogue of 
ool C stars, 2

nd

edition (Stephenson 1989)

lists a number of S (or MS or SC) stars previously mis
lassi�ed as C stars, and

about 75 new S stars were also reported by Stephenson (1990); hen
e some 1435

S stars are known to date. The GCGSS unfortunately 
ontains several stars

mis
lassi�ed as S, as listed in Table 1.1, mostly 
ommuni
ated by Jorissen

(1998, priv. 
omm.). Many are M supergiants (be
ause of the 
onfusion of

strong CN bands 
lose to 7910

�

A with LaO bands, Lloyd Evans & Cat
hpole

1989), some are M giants, other are M dwarfs (probably be
ause at low plate

resolution CaH �6385 falls 
lose to ZrO �6474).

Chemi
al pe
uliarities

The presen
e of ZrO bands has often been 
onsidered as a dire
t 
onsequen
e of

mole
ular equilibrium in the spe
ial 
ir
umstan
es where the atmospheri
 C/O

ratio is within 10% of unity (e.g. S
alo & Ross 1976). However, Pi

irillo (1977)
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Table 1.1: Stars mis
lassi�ed as S. In 
olumn 1, S90-nn refers to the list of Stephenson (1990). In 
olumn 2, the WO number

refers to the Westerlund & Olander (1978) sample. Stars tagged `Stephenson M stars' by Smith & Lambert (1990) are in
luded

as well, and are denoted by `Ste M' in 
olumn 3

GCGSS Name revised Sp. Typ. Ref.

22 HD 6409 = BD+18

Æ

145 M? Smith & Lambert (1988)

25 YZ Cet dM5.5e Stephenson (1986); Ma
Connell (1997)

149 NO Aur M2Iab Bidelman (1998, priv. 
omm.)

247 HD 262427 ? Jorissen et al. (1998)

341 TT CMa M8{10 Lloyd Evans & Little-Marenin (1999)

359 Hen 22 K3-5III this work

382 NZ Gem M3 II-III Keenan & M
Neil (1989)

500 HR 3296 M3- III Keenan & M
Neil (1989)

539 WO7 M1.5 Lloyd Evans & Cat
hpole (1989)

544 HIC 42650 early M dwarf Van E
k et al. (1998)

566 +06

Æ

2063 Ste M Smith & Lambert (1990)

569 WO9 M1.5 Lloyd Evans & Cat
hpole (1989)

648 WO15 M4 Lloyd Evans & Cat
hpole (1989)

722 HD 96360 Ste M Smith & Lambert (1990)

726 WO22 M2- Lloyd Evans & Cat
hpole (1989)

738 WO25 M5.5 Lloyd Evans & Cat
hpole (1989)

771 WO28 M2.5 Lloyd Evans & Cat
hpole (1989)

776 WO31 M3 Lloyd Evans & Cat
hpole (1989)

780 LTT 13336 M3V Stephenson (1986); Ma
Connell (1997)

796 HR 4755 M3-IIIa Keenan & M
Neil (1989)

805 WO34 M2 Lloyd Evans & Cat
hpole (1989)



3
0

C
H
A
P
T
E
R
1
.
P
E
C
U
L
I
A
R
R
E
D
G
I
A
N
T
S
T
A
R
S

Table 1.1: (
ontinued)

GCGSS Name revised Sp. Typ. Ref.

806 WO35 M2 Lloyd Evans & Cat
hpole (1989)

828 WO39 M2 Lloyd Evans & Cat
hpole (1989)

847 WO40 M2+ Lloyd Evans & Cat
hpole (1989)

868 WO44 M3: Lloyd Evans & Cat
hpole (1989)

871 WO46 M2 Lloyd Evans & Cat
hpole (1989)

873 Hen 154 G8III this work

875 LTT 14486 M2V Stephenson (1986); Ma
Connell (1997)

886 WO48 C Meadows et al. (1987)

888 WO49 M2 Lloyd Evans & Cat
hpole (1989)

890 WO50 M2.5 Lloyd Evans & Cat
hpole (1989)

893 WO52 early type? Lloyd Evans & Cat
hpole (1989)

897 WO53 M3 Lloyd Evans & Cat
hpole (1989)

905 WO55 M5-6 Lloyd Evans & Little-Marenin (1999)

919

a

WO58 early type? Lloyd Evans & Cat
hpole (1989)

PK 332-0.2 mis
lassi�ed PN; Me? A
ker et al. (1987)

924 WO60 M4 Lloyd Evans & Cat
hpole (1989)

925 WO61 M3 Lloyd Evans & Cat
hpole (1989)

933 WO63 M2 Lloyd Evans & Cat
hpole (1989)

934 WO64 M2 Lloyd Evans & Cat
hpole (1989)

937 HD 150922 = �13

Æ

4495 Ste M Smith & Lambert (1990)

942 WO65 M2.5 Lloyd Evans & Cat
hpole (1989)

943 Hen 169 
arbon re
lassi�ed in Rybski's thesis (Stephenson 1984)

944 WO66 M1.5 Lloyd Evans & Cat
hpole (1989)

951 WO68 M1.5 Lloyd Evans & Cat
hpole (1989)
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Table 1.1: (
ontinued)

GCGSS Name revised Sp. Typ. Ref.

952 WO69 M3: Lloyd Evans & Cat
hpole (1989)

956 WO70 M3 Lloyd Evans & Cat
hpole (1989)

957 WO71 M5 Lloyd Evans & Cat
hpole (1989)

1031 HD 167539 = +16

Æ

3426 Ste M Smith & Lambert (1990)

1034 M1-3 Lloyd Evans & Little-Marenin (1999)

1146 M8-10 Lloyd Evans & Little-Marenin (1999)

1178 HD 189581 Ste M Smith & Lambert (1990)

1237 MV Ma
Connell (1997)

1259 V1959 Cyg M3 Lloyd Evans & Little-Marenin (1999)

1271 +22

Æ

4385 ? Jorissen et al. (1998)

1292 Ma
Connell (1999, priv. 
omm.)

1301 HD 214285 = BD�11

Æ

5880 M? Smith & Lambert (1988)

1314 - M4I Winfrey et al. (1994)

1322 57 Peg M4+IIIa Bidelman (1998, priv. 
omm.)

S90-41 - M8III Winfrey et al. (1994)

- HR 4088 = DE Leo M Lambert et al. (1995)

- HR 7442 M Lambert et al. (1995)

Notes: a. Star GCGSS 919 has various 
on
i
ting spe
tral 
lassi�
ations: it found its way into the 
atalogue of S stars

from the Westerlund & Olander (1978) survey, but was later dismissed as S star by Lloyd Evans & Cat
hpole (1989), who

proposed an early spe
tral type instead. It was also 
lassi�ed as a planetary nebula under the identi�
ation PK 332-0.2.

A
ker et al. (1987) do not 
on�rm this 
lassi�
ation and quotes two earlier spe
tral assignments as Me. An unpublished

low-resolution (450-800 nm) spe
trum obtained by the author in January 1997 at ESO with the Boller & Chivens spe
trograph

on the 1.52m-teles
ope reveals a perfe
t 
ontinuum with no visible spe
tral features ex
ept for a very broad and strong

H� emission line obliterated on its blue side. It is thus very likely that this star has a variable spe
trum. The various

spe
tral 
lassi�
ations re
eived over the years make it a good 
andidate symbioti
 star. It 
ertainly deserves a 
lose monitoring.
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has shown that the above statement is only valid for stars with T

e�

< 3000K. At

higher temperature, the mere presen
e of ZrO attests a real Zr enhan
ement.

As far as TiO is 
on
erned, the redu
ed strength of TiO in the spe
tra of

S stars, as 
ompared to M stars, is a dire
t indi
ation of C/O values greater

than the solar value of 0.6 (Pi

irillo 1977). Hen
e the absen
e of S stars with

strong TiO and strong ZrO indi
ates that there is no substantial s-pro
ess en-

han
ements in stars with solar C/O. Pi

irillo thus 
on
ludes that S stars are


hara
terised by a redu
ed supply of free oxygen and an enhan
ed supply of

s-pro
ess elements.

Subsequent detailed abundan
e analyses (e.g., Smith & Lambert 1990) have

shown that the overabundan
e pattern for the elements heavier than Fe bears

the signature of the s-pro
ess nu
leosynthesis (K�appeler et al. 1989).

Di
hotomy

Be
ause their spe
tra 
an have some 
ommon features with either those of M or

C stars (as proved by the very existen
e of the MS and SC spe
tros
opi
 
lasses),

and be
ause they bridge an abundan
e gap between oxygen and 
arbon stars, all

the S stars were traditionally 
onsidered as transition obje
ts between normal

M giants and 
arbon stars on the AGB (Se
t. 1.1.3).

However, some early studies already pointed at a possible di
hotomy in the

S star family: Keenan (1954) noted from motions and gala
ti
 distribution


onsiderations that there was a 
onsiderable dispersion in absolute magnitudes

of S stars. Takayanagi (1960) distinguished Mira S stars (with M

v

� �3) from

non-variable and small-amplitude variable S stars (withM

v

� 0). Yorka & Wing

(1979) found a similar di
hotomy, with M

v

� �1:5 to �2 and M

v

= �1 for Mira

and non-Mira S stars, respe
tively. Hen
e eviden
es for a possible di
hotomy

inside the S family was suspe
ted quite early

9

.

Surveys for te
hnetium in S stars (Little-Marenin & Little 1979) later re-

vealed that not all S stars exhibit T
 lines. A breakthrough in our understand-

ing of the evolutionary status of S stars 
ame with the realization that T
-poor

S stars 
ould be the 
ooler analogs of barium stars, a suspi
ion �rst expli
ited by

Iben & Renzini (1983), and later 
on�rmed by additional te
hnetium observa-

tions (Little et al. 1987; Smith & Lambert 1988): the binary s
enario (Fig. 1.4)

predi
ts that there should exist two kinds of S stars:

. S stars in phase 3 (bona �de TPAGB stars); they are 
alled intrinsi
 S

stars

. S stars in phase 9bis (binary masqueraders); they are 
alled extrinsi
 S

stars. By extension, all the stars that owe their 
hemi
al pe
uliarities to

a mass transfer rather than to self-nu
leosynthesis are 
alled extrinsi
.

Hen
e T
-ri
h S stars 
an still be identi�ed with genuine TPAGB stars

dredging-up to the surfa
e their home-made s-pro
ess elements (in
luding T
),

9

The S stars \seem to be a mixture of two subgroups of stars with di�erent spa
e distri-

bution" (Mavridis 1971)
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but T
-poor S stars emerge from a totally di�erent evolutionary history, owing

their 
hemi
al pe
uliarities to the a

retion of s-pro
ess-ri
h matter from their


ompanion (formerly a TPAGB star, now an undete
ted white dwarf). As bar-

ium stars, they are te
hnetium-poor, be
ause enough time has elapsed for the

te
hnetium to de
ay sin
e the mass transfer event.

In fa
t, the di
hotomy noted in the early days (Keenan 1954; Takayanagi

1960), although solely based on photometri
 variability properties, bore some

resemblan
e with the te
hnetium di
hotomy (T
-poor stars being predominantly

non-variable, and Mira S stars T
-ri
h); however, the non-variable group was

most probably polluted by many T
-ri
h, intrinsi
 stars.

(Intera
ting) binaries

Subsequent radial velo
ity surveys (Jorissen & Mayor 1988; Brown et al. 1990;

Jorissen & Mayor 1992) have 
learly dete
ted a high per
entage of binaries

among T
-poor stars, as it is the 
ase among barium stars. When observed with

the IUE satellite, many T
-poor S stars exhibit a hot UV 
ontinuum that 
an

be attributed to a white dwarf 
ompanion (Johnson et al. 1993). Furthermore,

several T
-poor S stars like HD 35155 and HR 1105, as well as the mild barium

star 56 Peg, exhibit a UV spe
trum typi
al of intera
ting binary systems. The

UV emission lines are probably asso
iated with hot gas 
ows resulting from

the a

retion of the red giant wind by the white dwarf 
ompanion. Moreover,

T
-poor stars systemati
ally exhibit the high ex
itation He �10830 line, like

symbioti
 stars but unlike T
-ri
h stars or normal giants (Brown et al. 1990).

Like in symbioti
 systems, X-rays have been dete
ted in the T
-poor S stars

HR 363 and HD 35155, as well as in the barium star HD 165141 (Jorissen et al.

1996).

Mass loss

Be
ause they are lo
ated on the TPAGB, intrinsi
 S stars are supposed to suf-

fer from a severe mass loss and thus to present eviden
e for 
ir
umstellar dust,


ontrarily to extrinsi
 S stars. Su
h eviden
e is provided by IRAS photome-

try, maser emission and CO 
ir
umstellar emission dete
tion. However, several

studies (Jura 1988; Chen & Kwok 1993; Bieging & Latter 1994; Sahai & Lie
hti

1995) do not really take into a

ount the S star di
hotomy (though testing the

AGB evolutionary M-S-C sequen
e requires stellar samples devoid of any extrin-

si
 
omponents). Hen
e the results of Jorissen & Knapp (1998) are preferentially

reported here (but see also Jorissen et al. 1993; Groenewegen 1993; Chen et al.

1998): the S stars are lo
ated in well-de�ned groups in the IRAS 
olour-
olour

diagram ([12℄-[25℄, [25℄-[60℄), a partition reminis
ent of, albeit not identi
al to,

the one des
ribed by van der Veen & Habing (1988). The main results are the

following:

� All T
-poor S stars are non- or weakly- variable stars with undete
table 
ir-


umstellar shells, thus su�ering only a moderate mass loss (< 2� 10

�8

M

�

/yr).
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Binarity does not in
rease their mass loss rates; however, the few binary intrin-

si
 S stars are among the stars with the largest mass loss rates in the sample of

Jorissen & Knapp (1998). Hen
e, binarity seems to in
uen
e mass loss in evolved

stars, whi
h may be of importan
e when designing mass transfer models.

� T
-ri
h S stars may be divided into various sub
lasses:

(1) a few T
-ri
h stars have undete
table 
ir
umstellar shells and thus have very

low mass loss rates, similar to those of extrinsi
 S stars; these S stars have weak


hemi
al pe
uliarities, barely distinguishable from normal giants;

(2) S stars with tenuous oxygen-ri
h 
ir
umstellar shells, fed by a small mass loss

rate of a few 10

�7

M

�

/yr; these are short-period (P� 100 to 150 days) semi-

regular variables or short-period (P< 500d) Mira variables; they have weak


hemi
al pe
uliarities;

(3) S stars with dense oxygen-ri
h 
ir
umstellar shells, with mass loss rates

ranging from a few 10

�8

M

�

/yr to a few 10

�5

M

�

/yr; they are predominantly

long-period (P> 300d) Mira variables (see also Jura 1988) and have strong


hemi
al pe
uliarities;

(4) S stars with strong 
hemi
al pe
uliarities (often 
lassi�ed as SC in the op-

ti
al), with moderate mass loss rates of a few 10

�8

M

�

/yr to a few 10

�7

M

�

/yr

with small wind velo
ities; they are mostly semi-regular (with periods ranging

for 60 to 360 days) or irregular variables, with a few short-period (P< 370 days)

Miras, and they are reminis
ent of 
arbon stars;

(5) a few S stars have very extended IR shells, probably deta
hed from their

parent star, and 
over a wide range in wind velo
ities and in mass loss rates,

from a few 10

�7

M

�

/yr to several 10

�6

M

�

/yr. They are often SC or CS stars.

Hen
e it is noteworthy that among the S family, the onset of a signi�
ant

mass loss rate is 
on
omitant with dete
table overabundan
es imputable to the

third dredge-up events.

Gala
ti
 distribution

Be
ause S stars are relatively rare and be
ause of their weird spe
tra, their

gala
ti
 distribution still su�ers from large un
ertainties.

There has been a long \spiral arms" tradition: in the �rst study ever of the

gala
ti
 distribution of S stars, Keenan (1954) found that S stars (ex
luding

long-period variables) fall along spiral arms (as mapped by Morgan et al. 1953)

whereas the long-period variables proje
ted on the gala
ti
 plane only showed a

random s
atter. Nassau & Blan
o (1954), though emphasizing the small size of

their data sample (31 stars), suggested that the S star distribution was dissimilar

to that of N stars, and that they appeared in groups whi
h in some 
ases agreed

in position with previously known 
on
entrations of OB stars. Later, Takayanagi

(1960) basi
ally rea
hed the same 
on
lusions as Keenan.

As reported by Yorka & Wing (1979), many subsequent studies 
on�rmed

the spiral-arm nature of S stars or their 
oin
iden
e with OB asso
iations, sim-

ply be
ause most of the early sear
hes for S stars were 
arried out in the gala
ti


plane. This situation prevailed until Henize reported brie
y (1964, IAU Sympo-

sium No 24) on his survey 
overing the entire sky south of Æ = �25

Æ

(hen
e all
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gala
ti
 latitudes). Going against main-stream beliefs, he noted (i) a substan-

tial number of high latitude S stars, (ii) a mu
h greater resemblan
e between S

stars and the disk population late-M stars, than with young Population I ob-

je
ts in the spiral arms, and (iii) no signi�
ant di�eren
e between the surfa
e

distribution of variable and non-variable S stars.

Using more than 700 S stars (in
luding the Henize sample), Yorka & Wing


on�rmed in a landmark paper (1979) the absen
e of 
orrelation between the

S star distribution and either OB asso
iations or spiral arms; on the 
ontrary,

S stars were found to have the same age (or mixture of ages) as the normal

red giants of types G, K and M. The derived s
ale heights were z=230p
 (if

M

v

= �1:6) for Mira S stars and z=200p
 for non-Mira S stars. Unfortunately

the te
hnetium di
hotomy of S stars was unknown at that time, and here again,

their non-Mira 
lass is a mixture of intrinsi
 and extrinsi
 S stars. Similarly,

Lloyd Evans & Cat
hpole (1989) studied the Westerlund-Olander sample of S

stars (sele
ted from the strength of the LaO bands, and thus strongly biased

toward 
ooler, probably intrinsi
, more extreme S stars) and 
on
luded that

the gala
ti
 distribution of S stars was not signi�
antly di�erent from that of


arbon stars in the same �eld.

However, one 
annot totally ex
lude that at least some S stars may belong

to a mu
h younger population, sin
e e.g. the stars TT9 and TT12=WO23 seem

to be physi
ally asso
iated with young 
lusters in the � Car 
omplex and have

high masses (Cat
hpole & Feast 1976).

The S star subgroups derived from infrared 
olours 
on�rmed the presen
e

of di�erent gala
ti
 distributions: for example Jorissen et al. (1993) have shown

that the mean intrinsi
 (a

ording to IRAS 
olours: [12℄-[25℄> �1:3) S stars

gala
ti
 latitude is 5

Æ

, whereas it is 12

Æ

if [12℄-[25℄< �1:3, i.e. for a mixture

of extrinsi
 and intrinsi
 S stars (as it is for M giants). Interestingly, despite

di�erent magnitude distributions, M giants with [12℄-[25℄> �1:3 or < �1:3 ap-

pear to have identi
al gala
ti
 latitude distributions, in 
ontrast to the situation

prevailing for S stars. This further supports the idea that, unlike M giants, S

giants are 
omposed of two distin
t stellar families.

Globular 
lusters

Curiously, there is only one gala
ti
 globular 
luster known to have barium and

S stars: ! Centauri (Lloyd Evans 1983b). This is undoubtedly a 
lue regarding

the s-pro
ess nu
leosynthesis or eÆ
ien
y as a fun
tion of metalli
ity. ! Cen is

the most massive globular 
luster asso
iated with the Galaxy. Whereas stars in

most metal-poor globular 
lusters exhibit a single metalli
ity indi
ating a single,


ommon formation or enri
hment event, ! Centauri is unique in showing a wide

spread of metalli
ity among the red giants, an eviden
e of a 
ontinuous self-

enri
hment of the 
luster. The S stars of ! Centauri are fainter than normal

TPAGB stars, whi
h would point toward a binary explanation; however, the

binary frequen
y of 
hemi
ally pe
uliar stars was found to be unexpe
tedly low

(out of 32 Ba, CH and S stars, only 2 (CH) binaries un
overed, Mayor et al.

1996). Either these stars were indeed enri
hed in the past by mass transfer



36 CHAPTER 1. PECULIAR RED GIANT STARS

in soft binary systems whi
h have been later dynami
ally disrupted, or they

may represent the top of the range of metal abundan
e in ! Cen and thus have

primordial abundan
e anomalies (Lloyd Evans 1983b; Vanture et al. 1994): a

third formation 
hannel for pe
uliar red giants may exist there.

1.3.3 Carbon stars

Carbon stars have been known for well over a 
entury; they exhibit strong C

2

,

CN and CH bands and no metalli
 oxide bands. They were soon separated in

groups R and N (Pi
kering 1908). N stars exhibit a very strong depression in the

violet part of their spe
trum, while R stars have warmer temperatures. However,

sin
e the 
oolest R stars were very diÆ
ult to distinguish from the hottest N

stars, Keenan & Morgan (1941) attempted to arrange all the 
arbon stars in

one temperature sequen
e, ignoring the R and N di
hotomy: this was the Cx,y

system, where x is expe
ted to be a temperature index while y is a C

2

strength

index. This lumping of type N and R groups into the single C 
lassi�
ation

might have been a \regressive step" (Eggen 1972a), sin
e it be
ame gradually

apparent that the early-R type and the N type des
ribed two di�erent stellar

types. The most relevant di�eren
es between early-R and N stars are that N

stars have s-pro
ess overabundan
es, whereas early-R stars do not, and early-R

stars have a low

12

C/

13

C ratio, unlike N stars.

Therefore, a revision of the Morgan-Keenan system has been established by

Keenan (1993), where the author divides 
arbon stars into a C-R sequen
e, a

C-N sequen
e and a C-H sequen
e.

Te
hnetium has been sear
hed in 
arbon stars (Merrill 1955; Peery 1971;

Little-Marenin & Little 1987; Smith & Wallerstein 1983), despite the extreme

faintness of 
arbon stars in the region of the strong blue resonan
e lines of

te
hnetium (below 4300

�

A). Frequen
ies of 75% of 
arbon stars being T
-ri
h

are sometimes quoted but are subje
t to large un
ertainties. As expe
ted sin
e

they la
k s-pro
ess enhan
ement, J stars (the

13

C-ri
h 
ool 
arbon stars) were

found to be T
-poor, but then a signi�
ant fra
tion of T
-poor 
arbon stars

remains; they may be the extrinsi
 
arbon stars, i.e., analogs of S stars but with

C/O> 1. This remains to be proven by a radial-velo
ity monitoring.

The gala
ti
 distribution of 
arbon stars (mainly of N stars, be
ause they

are the most easily dete
ted in infra-red surveys) has been thoroughly studied

(Dean 1976; Claussen et al. 1987; Kers
hbaum & Hron 1992; Guglielmo et al.

1998) and is 
hara
terized by a s
ale height of � 200p
.

N stars

They have temperatures 
omparable to normal giants of spe
tral type M3 or

later; many are variable. Both their s-pro
ess enhan
ements (Utsumi 1985;

Lambert et al. 1986) and their HIPPARCOS absolute magnitudes (Wallerstein

& Knapp 1998) are 
ompatible with their TPAGB status, ex
ept for the few

whi
h do not have s-pro
ess enhan
ements and whi
h are also J stars (e.g. Lloyd

Evans 1986).
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Early R stars

While the later R stars are indistinguishable from the earlier N stars, the early

R stars (R0-R3) form a distin
t 
lass of (predominantly) non-variable stars that

are not losing mass. They are solar-metalli
ity 
arbon stars with temperatures


orresponding to those of normal G and K giants (4200

�

<

T

e�
�

<

5000K, Dominy

1984). They have no te
hnetium; in fa
t, unlike in N, S, Ba, CH, subgiant

CH and dwarf 
arbon stars, no s-pro
ess enhan
ement at all 
ould be dete
ted

(Dominy 1984). Too faint to be on the AGB, they rather lie near the barium

and CH stars in the HR diagram (S
alo 1976; Alksnis et al. 1998). They might

be related to the 
ooler J stars. The absen
e of any eviden
e of binary motion

after a � 16-year radial-velo
ity monitoring of 22 R stars (whereas the rate of

spe
tros
opi
 binaries among normal late-type giants is � 20%) led M
Clure

(1997b) to suggest that early R stars might on
e have been binaries that have

now 
oales
ed (however su
h a 
oales
en
e is predi
ted to spin up the a

reting

star, whi
h does not appear to be the 
ase).

J stars

J type stars are 
hara
terized by strong isotopi
 bands of 
arbon; sin
e their

12

C/

13

C ratio is often low (3-9, whereas most N stars have

12

C/

13

C> 20, Utsumi

1985; Dominy 1985), they might be hot bottom burning stars. Some of them

are the sili
ate 
arbon stars des
ribed in Se
t. 1.1.3, and are possibly members

of binary systems.

CH stars

The CH 
lass is a rather ill-de�ned 
lass of stars that are seen in dwarf spheroidal

galaxies, in the gala
ti
 globular 
luster ! Cen, and in the gala
ti
 halo. They

were mostly 
lassi�ed as early-R stars before they were re
ognised as a separate


lass by Keenan (1942), who de�ned them as having strong CH bands, strong

Swan bands of C

2

(indi
ating C/O> 1), strong resonan
e lines of Ba II and

Sr II, strong H lines, weak lines of the iron-group elements and high radial

velo
ities. The 
hief distinguishing feature between CH and R stars is the

presen
e of s-elements overabundan
es in the former. Moreover CH giants have

metalli
ities lower than [Fe/H℄= �1, 
onsistent with abundan
es in Population

II stars (Vanture 1992a; Vanture 1992b; Vanture 1992
). All CH stars in the

�eld are spe
tros
opi
 binaries (M
Clure 1984b; M
Clure & Woodsworth 1990).

Provided that their 
ompanion is a white dwarf of 0.6M

�

, the CH stars have

masses near 0:8�0:1M

�

(M
Clure &Woodsworth 1990). They are thus believed

to be the Population II equivalent of barium stars.

Yet a di�erent situation arises in the LMC, where the luminous and blue

CH stars dis
overed by Hartwi
k & Cowley (1988, 1991) presumably belong to

a mu
h younger population than the bulk of the LMC 
arbon stars (Suntze�

et al. 1993), and thus 
ould be in a totally di�erent evolutionary phase than

gala
ti
 CH stars.
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There are also a few low-velo
ity (

�

<

60 km s

�1

) CH stars with disk-like

motions, whi
h Yamashita (1975) has 
lassi�ed as CH-like stars. They appear to

have mu
h larger masses than the 
lassi
al red-giant CH stars, and at least some

of them show no eviden
e of binarity (Vanture & Wallerstein 1999). Whether

they really represent a separate 
lass of stars from the early R stars is still

un
ertain.

1.3.4 Yellow symbioti
 stars

Symbioti
 systems 
onsist of a late-type giant and a hot 
ompanion, a white

dwarf in most 
ases, exhibiting nebular lines in their spe
tra (e.g. Kenyon 1986).

Yellow symbioti
s involve a G or K giant and are often halo obje
ts (S
hmid &

Nussbaumer 1993). Abundan
e analyses have revealed their s-pro
ess enhan
e-

ments and low-metalli
ity (e.g. UKS-Ce1 and S32: S
hmid 1994; AG Dra:

Smith et al. 1996; BD�21

Æ

3873: Smith et al. 1997). These yellow symbioti
s

are probably evolving on the upper RGB or on the E-AGB, thus being the Pop-

ulation II 
ounterparts of the extrinsi
 S stars. Low-metalli
ity G-K giants are

known to be more luminous (by about 2 magnitudes) than their solar-metalli
ity


ounterparts (Smith et al. 1996); sin
e mass loss is known to in
rease with lu-

minosity among giant stars, it has been argued (Jorissen 1997) that Population

II giants have larger mass loss rates than the Population I stars of the same

temperature; they will 
onsequently, as shown by Nussbaumer & Vogel (1987),

exhibit more easily a symbioti
 a
tivity.

1.4 Testing the binary s
enario

While the binary s
enario des
ribed in Se
t. 1.2 leads to an attra
tive expla-

nation of the 
hemi
al pe
uliarities en
ountered in several families of stars, it


ertainly needs to be strengthened and re�ned. Fortunately it provides several

predi
tions whi
h may be observationaly tested.

1.4.1 Candidate progenitors of pe
uliar red giant stars

An important predi
tion of the binary s
enario is the existen
e of polluted dwarf

stars. In fa
t, several 
lasses of main-sequen
e stars have been identi�ed as

possible progenitors of barium and extrinsi
 S stars. However the boundary

between these 
lasses is often fuzzy; in fa
t all these various families are probably

manifestations of the barium syndrome in populations of various ages and with

various levels of 
arbon pollution in their atmosphere.

Dwarf barium stars

In phase 4 of Fig. 1.4, the a

reting star is supposed to be still a main sequen
e

star. This situation is 
learly supported by times
ale 
onsiderations, and further


on�rmed by observations: the 
ooling times of the dis
overed 
ompanion white

dwarfs of S stars are so long that mass transfer must have o

urred early in the
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life of the S star, 
ertainly while it was still on the main sequen
e (Johnson

et al. 1993). Moreover, the 
ross se
tion for wind a

retion is independent of

the geometri
 radius of the star a

ording to the Bondi-Hoyle formula, hen
e

dwarf a

retors are not at a disadvantage with regard to giant a

retors. Con-

siderations on the mass of the giant barium stars suggest that the bulk of dwarf

barium stars should populate the main sequen
e from spe
tral types �A2 to

�G0. In fa
t dwarf barium stars long remained elusive, until it was re
og-

nised that the subgiant CH stars and the F Sr �4077 dwarfs had the proper

abundan
e anomalies, gravities and gala
ti
 frequen
ies to be identi�ed with

the long-sought Ba dwarfs.

� CH subgiants: They were dis
overed by Bond (1974) as F and G-type stars

with weak metalli
 lines but enhan
ed features of CH and of s-pro
ess elements

(Sr II). Their spe
tral features are very similar to those of CH-like stars, with

the ex
eption that the C

2

bands are generally absent in subgiant CH stars,

indi
ating that C/O<1 in their atmospheres.

Most are moderately metal-de�
ient ([Fe/H℄=-0.1 to -0.8) and have s-pro
ess

enhan
ements similar to barium stars (but lower than the 
lassi
al CH stars).

At least some of them were shown to lie on the main sequen
e, and this was

plainly 
on�rmed by HIPPARCOS measurements (Lu
k & Bond 1982; Lu
k &

Bond 1991; Tomkin et al. 1989; North et al. 1994; Mennessier et al. 1997).

They belong to an old disk (mostly low-velo
ity) population and, despite

their name, the subgiant CH are the progenitors of barium stars rather than

the halo CH stars themselves: the abundan
e patterns of barium giants are


onsistent with those of CH subgiants, provided that the material now observed

in the atmospheres of the CH subgiants is 
onve
tively mixed in the star's

envelope as it as
ends the red giant bran
h to be
ome barium giants (Lu
k &

Bond 1982; Tomkin et al. 1989; Lu
k & Bond 1991; Smith et al. 1993).

� F Sr �4077 stars: CH subgiants overlap with stars referred to as \F Sr

�4077" (North & Duquennoy 1991; North et al. 1994). The latter, previously


lassi�ed by Bidelman (1985a) as having a `strong Sr �4077' line within a FV

spe
trum, 
onstitute an inhomogeneous group; however, half of them were iden-

ti�ed by North et al. (1994) as dwarf barium stars, mainly be
ause of s-pro
ess

and 
arbon enhan
ements.

As expe
ted, a large fra
tion of binaries (about 90%) has been found among

CH subgiants and barium dwarfs; moreover they have similar mass fun
tions

and orbital elements as barium stars (M
Clure 1997a; North et al. 1999). The

suspe
ted WD 
ompanions to these dwarf barium stars however appear to be

too 
ool to be dete
table with the IUE satellite (Bond 1984; North & Lanz

1991).

� WIRRing stars: On the 
ontrary, it is the presen
e of a hot WD 
om-

panion to the rapidly-rotating, magneti
ally a
tive K dwarf 2RE J0357+283

that led Je�ries & Stevens (1996) to suspe
t it might be a dwarf barium star. A

subsequent spe
tros
opi
 analysis (Je�ries & Smalley 1996) 
on�rmed this early
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suspi
ion. This star is the �rst example of the new 
lass of WIRRing (`Wind-

Indu
ed Rapidly Rotating') stars (Kellett et al. 1995; Je�ries et al. 1996; Je�ries

& Stevens 1996), that have been spun up by wind a

retion, as predi
ted by

SPH simulations (Theuns et al. 1996): a

retion of the slow, massive wind from

the AGB progenitor of the white dwarf by the K star in a deta
hed 
on�gura-

tion, is able to transfer both mass and angular momentum, thus spinning up

the K star (Je�ries & Stevens 1996)

10

.

Dwarf 
arbon stars

Be
ause main-sequen
e stars do not produ
e 
arbon on their own, it had been

widely assumed that the faint 
arbon stars were more distant examples of the


lassi
al bright giant 
arbon stars. However, roughly a dozen 
arbon stars with

high parallaxes or proper motions have been re
ently dis
overed (Liebert et al.

1979; Green et al. 1991; Green et al. 1992; Warren et al. 1993; Heber et al. 1993;

Green et al. 1994; Liebert et al. 1994).

Hen
e these dwarf 
arbon stars must have been polluted. In fa
t, at least

two of them have a hot white dwarf 
ompanion (Heber et al. 1993; Liebert et al.

1994). Green & Margon (1994) found that barium is enhan
ed in all six dwarf


arbon stars they have analysed.

Interestingly, the dwarf 
arbon star G77-61 has an extreme metal de�
ien
y

of -5.6 dex (Gass et al. 1988), far greater than for any ordinary halo dwarf or

giant, but reminding the binary post-AGB stars depleted in refra
tory elements

(Se
t. 1.1.2). This similarity reinfor
es the evolutionary link between binary

post-AGB stars and binary dwarf pe
uliar stars. New dis
overies of dwarf 
ar-

bon stars are expe
ted due to an on-going dedi
ated survey (Ma
Connell 1997).

Dwarf S stars?

Dwarf S stars are predi
ted to exist [see Fig. 2
 of De Kool & Green (1995)℄,

but none is known. Model atmospheres are 
urrently too poorly developed to

predi
t in detail their spe
tral 
hara
teristi
s.

1.4.2 Frequen
ies of extrinsi
 stars

A dire
t 
he
k of the binary s
enario may be performed by 
omparing the fre-

quen
y of dwarf barium, barium and extrinsi
 S stars with respe
t to their

respe
tive normal (i.e., non-polluted) analogs.

� dwarf barium stars: From their survey of � 200 slightly evolved F

dwarfs, Tomkin et al. (1989) dis
overed 2 barium dwarfs, and thus derive a

rough frequen
y of 1% barium stars among F dwarfs. Edvardsson et al. (1993)

�nd 6 dwarf barium stars among 200 F stars, or 3%, but their binary nature

10

however, WIRRing stars do not need to be dwarfs: the giant barium star HD 165141,

known to have a hot WD 
ompanion (Fekel et al. 1993), is another member of that 
lass

(Jorissen et al. 1996)
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remains to be proven. North & Duquennoy (1991) �nd a frequen
y of 0.5 to

1.0% Ba dwarfs among FV stars.

� barium stars: Ma
Connell et al. (1972) estimated that Ba stars were 1%

as abundant as normal G and K giants in the vi
inity of the sun. From a 200

stars sample, Williams (1975) derived a frequen
y of barium stars among G-K

giants of 1 to 4 %. Bidelman (1985b) obtained a frequen
y between 0.5 and 1%.

� S stars: The following estimates are performed on samples restri
ted to

Æ < �25

Æ

, be
ause this portion of the sky has been uniformly 
overed by S

stars surveys. The Mi
higan Spe
tral Survey (Houk 1975, 1978, 1982, 1988)

lists 2930 M giants south of Æ = �25

Æ

(ex
luding luminosity 
lasses I, II and

V, but keeping the stars with no indi
ation 
on
erning their luminosity 
lass;

hen
e the number of genuine M giants may be somewhat smaller). Down to

B = 9:5, the slope of the d log N=dV amounts to 0.6, as expe
ted for an

in�nite and uniform distribution of stars (e.g., Mihalas & Binney 1987), hen
e

the Mi
higan Spe
tral Survey is probably 
omplete for M stars down to B = 9:5;

725 M stars are found up to this limiting magnitude. Adopting a typi
al B�V

value for S stars (B � V = 1:5), the limiting magnitude of B = 9:5 translates

into V = 8; the GCGSS 
atalogue of Stephenson (1984), 
omplete to V � 10,


omprises 17 S stars brighter than V = 8 and south of Æ = �25

Æ

. Among these,

2 are mis
lassi�ed as S stars (CSS 500 and 796, see Table 1.1). The resulting

frequen
y of S stars among M giants is � 2%.

� extrinsi
 vs. intrinsi
 S stars: Very few estimates of the respe
tive

frequen
ies of extrinsi
 vs. intrinsi
 S stars are quoted in the litterature. Little

et al. (1987) found 71% of T
-ri
h S stars and 29% T
-poor S stars; however

these numbers have not been 
orre
ted for the sele
tion biases present in their

sample and, therefore, do not represent the true frequen
y of these stars in the

solar neighbourhood. Separating extrinsi
 and intrinsi
 S stars on the basis

of their visual and infrared photometry, Groenewegen (1993) derives that in a

magnitude-limited sample of S stars, 50% to 70% are extrinsi
 S stars. Jorissen

et al. (1993) �nd that about 90% of all S stars in a volume-limited sample have

no IR ex
ess and therefore are extrinsi
 S stars. Other estimates derived from

various studies (e.g. Smith & Lambert 1988; Brown et al. 1990) are regularly

quoted, though all of them su�er from large un
ertainties, be
ause they never

refer to well-de�ned, 
omplete S stars samples. Hen
e a reliable determination

of the frequen
ies of extrinsi
 and intrinsi
 S stars in an homogeneous stellar

sample is still missing; deriving su
h an estimate is in fa
t one of the aim of this

work.

Anti
ipating the result that roughly one S star out of two is extrinsi
, then

1% of extrinsi
 S stars are found among normal giants, a ratio in good agreement

with the previous estimates of dwarf barium stars among normal main-sequen
e

stars, and of giant barium stars among normal G-K giants.

Therefore, the binary s
enario is at least not 
ontradi
ted by these very

rough estimates of the respe
tive proportions of barium and S stars.
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1.4.3 Remaining issues

The very existen
e of dwarf extrinsi
 stars, and the fa
t that their estimated pro-

portion (among normal dwarfs) 
ompares well with 
orresponding proportions

of giant extrinsi
 stars (among normal giants), tend to strengthen the binary

s
enario; however there still remains unsolved issues and important predi
tions

that ought to be 
he
ked on large-s
ale stellar samples rather than on isolated

obje
ts.

All barium stars and extrinsi
 S stars should be binaries. M
Clure &

Woodsworth (1990) examined the binarity of 20 barium stars. The present

work will extend their results to about 70 barium stars and 30 T
-poor S stars,

from data obtained after a 10-years radial velo
ity monitoring in 
ollaboration

with the Geneva Observatory. The suspe
ted evolutionary link between barium

and extrinsi
 S stars will be dis
ussed.

The exa
t way by whi
h the matter is transferred from the AGB star onto

its 
ompanion { either by wind a

retion in a deta
hed binary, or by Ro
he lobe

over
ow (RLOF) in a semi-deta
hed binary { is still a matter of debate, and

will be dis
ussed in Chap. 2.

The 
ompanion of (dwarf and giant) barium stars should always be a white

dwarf. Dire
t and indire
t methods are available for determining the nature of

the 
ompanion: (1) sear
hing for the ultraviolet light of the 
ompanion dire
tly;

(2) deriving the mass of the 
ompanion from radial velo
ity measurements. The

�rst method has been used thanks to several years of IUE observations (Johnson

et al. 1993) and leads to the 
on
lusion that T
-poor S and MS stars tend to

have white dwarfs 
ompanions, while T
-ri
h stars do not. The se
ond method

has been applied by M
Clure & Woodsworth (1990) on their restri
ted sample

of barium and CH stars, and will be used on a mu
h larger sample of barium

and S stars in the present work.

Having a white dwarf 
ompanion is 
ertainly a ne
essary 
ondition for a bar-

ium star or a T
-poor S star, but not a suÆ
ient one: binary systems 
onsisting

of a normal red giant and a white dwarf 
ompanion are indeed observed. The

additional parameters thus required to turn a star into a barium star will be

dis
ussed.

These issues, relating to the binarity of barium and extrinsi
 S stars, will be

examined in Chap. 2.

The binary s
enario predi
ts that two kinds of S stars should exist. In fa
t,

te
hnetium is expe
ted to be the only 
onspi
uous spe
tros
opi
 di�eren
e to

distinguish extrinsi
 S stars from their intrinsi
 analogs. Both 
lasses were

therefore 
ompletely 
onfused until re
ently; in fa
t, the extrinsi
 s
enario is

still widely ignored. The present work will attempt to better delineate the

spe
i�
ities of both families.

First, extrinsi
 S stars are expe
ted to be less evolved, hotter and less lu-

minous than intrinsi
 S stars. Thanks to the new parallaxes provided by the

HIPPARCOS satellite, the luminosities of extrinsi
 and intrinsi
 S stars will be

derived, and 
ompared to that of similar stars in external galaxies (Chap. 3).
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Se
ond, a systemati
 study of a well-de�ned sample of S stars 
overing all

gala
ti
 latitudes and separating intrinsi
 S stars from their extrinsi
 analogs

is still la
king. A study of the magnitude-limited Henize sample of 205 S stars

s
anning all gala
ti
 latitudes up to the gala
ti
 pole (see Chap. 4) has been

performed and is presented in this work; the observational material 
olle
ted for

this purpose is summarized in Table 1.2; it will be des
ribed in more details in

Chap. 5 and 6.

Table 1.2: Observational material 
olle
ted on the Henize sample of 205 S stars

Observation Aim

(1) 5-year radial velo
ity monitoring ) dete
tion of binary stars

(2) 5-year photometri
 monitoring

in the UBV Geneva photometri


system, as well as JHKL photome-

try

) estimate of photometri
 vari-

ability; estimate of apparent mag-

nitudes; identi�
ation of spe
i�



lasses of stars (symbioti
, SC)

(3) 70 high-resolution spe
tra

around 4250

�

A

) determination of T
 
ontent

(4) 30 high-resolution spe
tra

around H

�

) dete
tion of symbioti
 stars

(5) 160 low-resolution spe
tra ) spe
tral 
lassi�
ation

Apart from the wealth of information provided by ea
h data type alone,

multivariate 
lassi�
ation te
hniques will be applied on the whole data set in

order to guarantee a 
lassi�
ation as obje
tive as possible. On
e the extrinsi


and intrinsi
 S stars will be properly unmasked, a statisti
al 
hara
terization

of ea
h family (proportion, gala
ti
 s
ale height, average 
olours, ...) will be

attempted (Chap. 7).

These issues go beyond the \simple" problem of stellar 
lassi�
ation, be
ause

intrinsi
 S stars represent an evolutionary phase of great importan
e in order

to understand the produ
tion of heavy elements in stellar interiors and their

spreading in the interstellar medium; any unnoti
ed extrinsi
 
ontribution will

inevitably skew all the derived properties. For example, the third dredge-up lu-

minosity threshold (
ommonly measured as the minimum luminosity of S stars)

or the evolutionary times
ales of TPAGB stars 
an be strongly in error if the


onsidered star samples are polluted by non-AGB, mass-transfer S stars. Un-

masking the extrinsi
 masqueraders is a 
ru
ial step in our global understanding

of stellar evolution.
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Chapter 2

Orbital elements of barium

and T
-poor S stars

Sometime look for double stars

K. G. Henize, private notes on S stars, �1961

2.1 Introdu
tion

The present 
hapter 
ontains an extensive analysis of the orbital elements of

barium stars, sin
e the new orbits [presented in Udry et al. (1998a,b)℄ 
onsid-

erably enlarge the database, from the 17 orbits from M
Clure & Woodsworth

(1990) to more than 50 now. The binary evolution 
hannels relevant for bar-

ium stars will be 
onfronted with our new data, with spe
ial emphasis on the

(e; logP ) diagram. The number of available orbits is now large enough to per-

form a meaningful 
omparison of the period and mass-fun
tion distributions of

strong and mild barium stars.

As far as S stars are 
on
erned, their evolutionary link with barium stars

is dis
ussed in the light of the 25 new S stars orbits now available, and ap-

pears to be fully 
on�rmed. Finally, we present some suggestions to solve the

dilemna (see Chap. 1) about the mass transfer mode that operated in barium

and extrinsi
 S stars.

2.2 The stellar samples

Radial-velo
ity monitoring of several samples of 
hemi
ally-pe
uliar red giants

(PRG) has been performed by the team of M
Clure at the Dominion Astrophys-

i
al Observatory (DAO, Canada) and by the CORAVEL team on the Swiss 1-m

teles
ope at Haute-Proven
e Observatory (Fran
e) and on the Danish 1.54-m

teles
ope at the European Southern Observatory (La Silla, Chile), with the aim

45
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of deriving their binary frequen
ies. A detailed des
ription of the CORAVEL

data, along with the new orbits, is given in Udry et al. (1998a,b); see Baranne

et al. (1979) for a des
ription of the CORAVEL spe
tro-velo
imeter.

A brief des
ription of these samples, on whi
h the present study relies, is

given below, with spe
ial emphasis on their statisti
al signi�
an
e.

2.2.1 Barium stars with strong anomalies

The CORAVEL and DAO samples taken together 
ontain all 34 known barium

stars with strong anomalies [i.e. Ba4 or Ba5 on the s
ale de�ned by Warner

(1965)℄ from the list of L�u et al. (1983). The binary frequen
y derived for this


omplete sample in Se
t. 2.4 thus allows us to address the question of whether

binarity is a ne
essary 
ondition to form a strong barium star. Three stars

with a Ba3 index monitored by M
Clure were in
luded as well in this sample of

strong barium stars.

2.2.2 Barium stars with mild anomalies

The CORAVEL and DAO samples taken together in
lude 40 stars with a mild

barium anomaly [Ba<1, Ba1 and Ba2 on the s
ale of Warner (1965)℄. The

CORAVEL sample is a random sele
tion of 33 Ba<1, Ba1 and a few Ba2 stars

from the list of L�u et al. (1983). Although this sample is by no means 
omplete,

it provides a good 
omparison to the sample of strong barium stars des
ribed

above, for investigating the 
orrelation between the orbital elements and the

intensity of the 
hemi
al anomaly.

Be
ause orbital elements for barium stars are spread in the literature, Ta-

bles 2.5 and 2.9 
olle
t all orbital elements available for mild and strong barium

stars, respe
tively. The number in 
olumn `Ref.' of these tables refers to the

papers where the 
omplete set of orbital elements for the 
onsidered star 
an be

found (see Tab. 2.17). Fekel et al. (1993) report preliminary orbital elements for

the mild barium star HD 165141; the lower limit on the orbital period quoted

in Table 2.5 is derived from their more a

urate KPNO data. For the sake of


ompleteness, a note identi�es stars with an orbital or a

eleration solution in

the Hippar
os Double and Multiple Systems Annex (ESA 1997).

For several barium stars monitored by M
Clure, a few CORAVEL measure-

ments have been obtained to improve the DAO orbit, sin
e these measurements

signi�
antly in
rease the time span of the monitoring. These updated orbits are

listed in Tables 2.5 and 2.9 under the referen
e number 0. A zero-point 
orre
-

tion of �0:46 km s

�1

has been applied to the DAO measurements, as derived

from the average di�eren
e in systemi
 velo
ity for the 3 stars (HD 46407, HD

131670 and HD 223617) for whi
h independent DAO and CORAVEL orbits are

available.

Several barium stars have very long periods, ex
eeding the time span of

the monitoring. In those 
ases, whenever possible, a preliminary orbit was

nevertheless derived by �xing one of the orbital parameters (usually the period).

Those 
ases 
an be readily identi�ed in Tables 2.5 and 2.9 by the fa
t that there
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is no un
ertainty given for the �xed parameter [see Udry et al. (1998a) for more

details℄.

2.2.3 Non-variable S Stars

Besides the orbit obtained for the S star HR 1105 (=HD 22649) by GriÆn (1984),

our CORAVEL monitoring of a sample of 56 S stars is the primary sour
e

for investigating the binary frequen
y among S stars. This sample in
ludes

36 bright, northern S stars from the General Catalogue of Gala
ti
 S Stars

(GCGSS; Stephenson 1984) with no variable star designation, neither in the

General Catalogue of Variable Stars (Kholopov et al. 1985) nor in the New

Catalogue of Suspe
ted Variable Stars (Kukarkin et al. 1982). The 
riterion of

photometri
 stability has been adopted to avoid the 
onfusion introdu
ed by the

envelope pulsations masking the radial-velo
ity variations due to orbital motion.

Su
h a sele
tion 
riterion 
learly introdu
es a strong bias against intrinsi
ally

bright S stars, whi
h is of importan
e when deriving the binary frequen
y among

S stars (see the dis
ussion in Se
t. 2.4.3).

Our samples in
lude the border 
ase HD 121447, sometimes 
lassi�ed as a

Ba5 star and sometimes as an S star; in the analysis of the orbits presented in

the next se
tions, this star has been in
luded among both barium and S stars.

Table 2.11 presents all 25 orbits available for S stars, 
olle
ted from the

papers referred to in 
olumn `Ref.' (see Table 2.17). The orbits of Jorissen &

Mayor (1992) have been updated with a few new measurements and listed in

Table 2.11 with referen
e number 0 in 
olumn `Ref'.

2.2.4 Mira S stars

A sample of 13 Mira S stars has also been monitored with CORAVEL, in order

not to restri
t the sear
h for binaries to low-luminosity S stars (see Table 2.14

and Se
t. 2.2.3). However, the envelope pulsations of Mira stars will undoubt-

edly hamper that sear
h [see Se
t. 2.3 and Udry et al. (1998a) for a detailed

dis
ussion℄.

2.2.5 SC and T
-poor 
arbon stars

A sample of 7 SC and CS stars has been monitored as well with CORAVEL

(Table 2.15), along with the 3 
arbon stars la
king T
 from the list of Little et

al. (1987, see Table 2.16).

2.2.6 CH stars

Orbits of CH stars are provided by M
Clure & Woodsworth (1990), and are not

repeated here.



48 CHAPTER 2. ORBITAL ELEMENTS

2.3 The radial-velo
ity jitter: a new diagnosti


The standard deviation of the O�C residuals for some of the orbits 
omputed

by Udry et al. (1998ab) is 
learly larger than expe
ted from the error �

1

on

one measurement (Tables 2.5, 2.9 and 2.11). Figure 2.1 shows that there is

a tenden
y for the largest O � C residuals to be found in the systems with

the largest ma
roturbulen
e, as measured by the CORAVEL index Sb. The

signi�
an
e of this 
orrelation is dis
ussed in this se
tion.

The CORAVEL spe
trovelo
imeter (Baranne et al. 1979) measures the stel-

lar radial velo
ity by 
ross-
orrelating the stellar spe
trum with a mask repro-

du
ing about 1500 lines of neutral and ionized iron-group spe
ies from the spe
-

trum of Ar
turus (K1III). The 
ross-
orrelation dip (

-dip) of minor planets

(re
e
ting the sun light), 
orre
ted for the solar rotational velo
ity and pho-

tospheri
 turbulen
e, allows the determination of an `instrumental pro�le' �

0

.

That parameter 
orresponds to the sigma of a gaussian fun
tion �tted to the



-dip of a hypotheti
al star without rotation and turbulen
e. An estimator of

the stellar ma
roturbulen
e 
an then be derived from the observed width � of

the stellar 

-dip as Sb = (�

2

� �

2

0

)

1=2

.

The Sb parameter is expe
ted to in
rease with luminosity, as does ma
rotur-

bulen
e (e.g. Gray 1988). This predi
tion will be 
on�rmed from the luminosi-

ties derived in Chap. 3 from HIPPARCOS parallaxes for 23 S stars in 
ommon

with the present sample. A least-square �t to these data yields the relation

M

bol

= �1:60� 0:37 Sb; (2.1)

valid for 3 � Sb � 9 km s

�1

. Sin
e bright giants also exhibit large velo
ity

jitters probably asso
iated with envelope pulsations (e.g. Mayor et al. 1984), a


orrelation between Sb and the radial velo
ity jitter must indeed be expe
ted, as

observed on Fig. 2.1. Orbits with a large jitter tend to be asso
iated with giants

having large Sb indi
es. This trend is espe
ially 
lear among binary S stars, and


ontinues in fa
t among non-binary S stars (the jitter being then simply the

standard deviation of the radial-velo
ity measurements). Binary (`extrinsi
')

and non-binary (`intrinsi
') S stars a
tually form a 
ontinuous sequen
e in the

(Sb, jitter) diagram of Fig. 2.1, the transition between extrinsi
 and intrinsi
 S

stars o

urring around Sb = 5 km s

�1

. Intrinsi
 S stars, with their larger Sb

indi
es (

�

>

5 km s

�1

), may thus be expe
ted to be more luminous than extrinsi


S stars [3

�

<

Sb ( km s

�1

)

�

<

5℄

1

. Extrinsi
 S stars are in turn more luminous than

barium stars, with the border 
ase HD 121447 (K7IIIBa5 or S0; Keenan 1950,

Ake 1979) having Sb = 2:8 km s

�1

, intermediate between Ba and S stars.

HD 60197 (K3Ba5) and BD�14

Æ

2678 (K0Ba1.5) are two other barium stars

with espe
ially large Sb indi
es, suggestive of a luminosity larger than average

for barium stars, though there is no information available in the literature to


on�rm that suggestion.

1

The binary S star HDE 332077, with Sb = 10:3 km s

�1

, is outlying in that respe
t, as

in many others (see Se
t. 2.9.2)
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Not represented (be
ause a

urate �

1

values are la
king) are the two re-

markable mild barium stars HD 77247 (Sb = 5:8 km s

�1

) and HD 204075

(Sb = 4:9 km s

�1

) observed at DAO. The latter is indeed known to be a bright

giant, withM

v

= �1:67 (Bergeat & Knapik 1997), thus 
on�rming the fa
t that

Sb is a good luminosity indi
ator for red giants.

The large velo
ity jitter observed in Mira S stars is a 
onsequen
e of their


omplex and variable 

-dips (Barbier et al. 1988; see also Udry et al. 1998a). In

some 
ases however (like AA Cyg and R Hya), the 

-dips are featureless, broad

and very stable. These stars with a 
omparatively smaller jitter are lo
ated on

the lower boundary of the region o

upied by intrinsi
 S stars in Fig. 2.1.

2.4 Binary frequen
y

2.4.1 Strong barium stars

A

ording to Tables 2.9 and 2.10, the frequen
y of binaries among barium stars

with strong Ba indi
es (Ba3, Ba4 or Ba5) is 35/37, the only stars with 
onstant

radial-velo
ities being HD 19014 and HD 65854. Before 
oming to a 
on
lusion

as to whether binarity is or is not a ne
essary 
ondition to produ
e a PRG star,

one needs �rst to assess the barium nature of the 
onstant stars and se
ond,

to evaluate the eÆ
ien
y with whi
h binary stars 
an be dete
ted with our

parti
ular proto
ol of observations. The latter question is dis
ussed in Se
t. 2.5.

The 
ase of HD 19014 deserves some 
omments, as its radial velo
ity appears

de�nitely variable (Table 2.10) though with no 
lear eviden
e for binary motion.

Its only distin
tive property is its rather large Sb index of 2.5 km s

�1

(Fig. 2.1),

suggesting a luminosity larger than average for barium stars. With a radial-

velo
ity standard deviation of 0.5 km s

�1

, HD 19014 falls right on the (Sb,

jitter) 
orrelation observed in Fig. 2.1, leaving no room for variations due to

binary motion.

In the absen
e of any abundan
e analysis available for HD 19014, the pho-

tometri
 index �(38� 41), 
orrelated with the level of 
hemi
al pe
uliarities in

barium stars (Jorissen et al. 1998), may be used instead. As shown in Jorissen

et al. (1998), HD 19014 appears to have rather weak pe
uliarities, and further-

more lies in between the lo
i of normal giants and Ib supergiants with respe
t

to this photometri
 index, suggesting that the strong barium lines are more

likely due to a high luminosity (as inferred from the large Sb index) than to an

abundan
e e�e
t.

HD 65854 is the other strong barium star with no eviden
e for binary motion

(M
Clure & Woodsworth 1990). Za�
s (1994) performed a detailed abundan
e

analysis of that star, 
on�rming its barium nature.

Finally, it has to be noted that BD+38

Æ

118 is a triple hierar
hi
al system,

with a period ratio P (ab+ 
)=P (a+ b) = 13 (Table 2.5). At this stage, it is not

entirely 
lear whether the inner pair a + b or the outer pair ab + 
 is the one

responsible for the barium syndrome. Based on the position of the two pairs

in the (e; logP ) diagram, it is argued in Se
t. 2.6 that the barium syndrome is
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Figure 2.1: The jitter (�

2

� �

2

1

)

1=2

(where �

1

is the average un
ertainty on one

measurement, and � is the standard deviation of the radial-velo
ity measure-

ments for non-binary stars, and of the O � C residuals around the 
omputed

orbit for binary stars) as a fun
tion of the CORAVEL index Sb (see text). Stars

with a 

-dip narrower than the instrumental pro�le have been assigned Sb = 0.

Similarly, the jitter has been set to 0 if � � �

1

. Data are from Tables 2.5{2.15.

Typi
al error bars on Sb are displayed in the upper left 
orner. The suspe
tedly

mis
lassi�ed S stars HD 262427 and BD+22

Æ

4385 (Table 2.12) have not been

plotted. The inset is a zoom of the lower left 
orner
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more likely to be asso
iated with the wider pair than with the 
loser one.

2.4.2 Mild barium stars

The risk of mis
lassifying a supergiant as a mild barium star is high, sin
e

luminosity also strengthens the very lines of Ba II and Sr II that are often

used to identify barium stars (Keenan & Wilson 1977; Smith & Lambert 1987).

Ex
luding the two supergiants obviously mis
lassi�ed as mild barium stars and

listed in Table 2.8, the frequen
y of binary stars among barium stars with mild

Ba indi
es (Ba<1, Ba1 and Ba2) is at least 34/40 (= 85%; Table 2.5), and

possibly 37/40 (= 93%) when in
luding the suspe
ted small-amplitude binaries

HD 18182 and HD 183915 (Table 2.6), as well as 56 Peg, an intera
ting binary

system (S
hindler et al. 1982). HD 130255 has not been in
luded in the previous

statisti
s, sin
e it has been shown to be a subgiant CH star rather than a barium

star (Lambert et al. 1993).

Detailed abundan
e analyses are available for two among the three 
onstant

stars (HD 50843, HD 95345 = 58 Leo and HD 119185). Sneden et al. (1981)

�nd an average overabundan
e (with respe
t to solar) of 0.23 dex for the s-

pro
ess elements in HD 95345. A similar result is obtained by M
William (1990).

The �(38� 41) index of Jorissen et al. (1998) is 
ompatible with su
h a small

overabundan
e level. Za�
s et al. (1997) �nd overabundan
e levels up to 0.4

dex for s-pro
ess elements in HD 119185. No detailed analysis is available for

HD 50843, but its �(38�41) index is 
omparable to that of HD 119185 (Jorissen

et al. 1998), so that s-pro
ess overabundan
es similar to those of HD 119185

may be expe
ted for HD 50843. In summary, all three stars appear to be truly

mild barium stars despite the absen
e of radial-velo
ity variations.

2.4.3 S stars

The results of the radial velo
ity monitoring of S stars are presented in Ta-

bles 2.11{2.15, whi
h have been subdivided in the following way: 2.11: S stars

for whi
h an orbit or a lower limit on the orbital period is available; 2.12: S stars

with no radial-velo
ity variations; 2.13: S stars with radial-velo
ity variations

but no 
lear eviden
e for orbital motion; 2.14: Mira S stars; 2.15: SC stars.

This partition is motivated by the fa
t that S stars generally exhibit some

radial-velo
ity jitter very likely due to envelope pulsation, that 
ompli
ates the

sear
h for binaries. This is espe
ially true for Mira S stars and SC stars [see

Se
t. 2.3, Fig. 2.1 and the detailed dis
ussion in Udry et al. (1998a)℄. In these


onditions, binary stars are extremely diÆ
ult to �nd among the stars listed in

Tables 2.14 and 2.15. Among these, S UMa may perhaps be binary, but more

measurements are needed before a de�nite statement 
an be made. The two

CS stars with the broadest 

-dips (Sb > 10 km s

�1

), R CMi and RZ Peg,

exhibit radial-velo
ity variations mimi
king an orbital motion. These variations

are however most probably due to envelope pulsations, sin
e their period is

identi
al to the period of the light variations (see Udry et al. 1998a). An orbital
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solution has been found for BD�08

Æ

1900, but the binary nature of that star is

questionable for several reasons, as dis
ussed by Udry et al. (1998a).

The stars listed in Table 2.13 exhibit radial-velo
ity variations that 
annot

satisfa
torily be �tted by an orbital solution despite the fa
t that their jitter is

moderate when 
ompared to that of Mira S stars or SC stars.

An interesting di�eren
e may be noti
ed between the S stars with mod-

erate jitter listed in Table 2.13 and the binary S stars of Table 2.11: as al-

ready shown in Se
t. 2.3 and Fig. 2.1, binary S stars are restri
ted to the range

2:8

�

<

Sb ( km s

�1

)

�

<

5, whereas Mira, SC and non-binary S stars generally have

Sb

�

>

4:5 km s

�1

(BD�21

Æ

2601, with Sb = 3:4 km s

�1

, is the only ex
eption

but sin
e it la
ks T
, it is likely not an intrinsi
 S star). In Se
t. 2.3, it was

argued that this separation re
e
ts a di�eren
e in the average luminosities of

these two groups of S stars (Eq. 2.1), as will be 
on�rmed in Chap. 3. The data

presented in Tables 2.11{2.15 thus largely 
on�rm the binary paradigm, sin
e

all T
-poor S stars (with the only ex
eptions of HD 189581 and BD�21

Æ

2601)

are binary stars. The presen
e of T
-ri
h S stars among the binary stars, al-

though allowed in prin
iple, is limited to HD 63733, HD 170970 and o

1

Ori. As

argued by Jorissen et al. (1993), the presen
e of T
 in the former two stars is

even questionable, sin
e they fall on the boundary between T
-ri
h and T
-poor

stars a

ording to the 
riterion of Smith & Lambert (1988, see also Fig. 5.6).

The absen
e of infrared ex
esses (Jorissen et al. 1993) and their small Sb indi
es

(Fig. 2.1, where HD 63733 and HD 170970 are 
agged as `T
 doubtful') lend

support to their extrinsi
 nature. o

1

Ori is a very spe
ial 
ase, as it shares the

properties of extrinsi
 (in having a WD 
ompanion; Ake & Johnson 1988) and

intrinsi
 (in having T
) S stars. It may be an extrinsi
 S stars starting its as
ent

on the thermally-pulsing AGB (phase 10 of Fig. 1.4).

Finally, it should be noted that two S stars with 
onstant radial velo
ities

(Table 2.12) were found. The absen
e of any dete
table jitter and their small Sb

index are, however, quite unusual for S stars. We therefore suspe
t that these

stars may have been mis
lassi�ed as S stars. This suspi
ion appears justi�ed

at least for HD 262427, whi
h is listed as S? in the dis
overy paper of Perraud

(1959).

2.4.4 T
-poor 
arbon stars

In their extensive study of T
 in late-type stars, Little et al. (1987) list only 3


arbon stars la
king T
 lines (X Cn
, SS Vir and UU Aur). They might possibly

be the analogs of the extrinsi
, T
-poor S stars. If so, they should be binary

stars. The results of their CORAVEL monitoring is presented in Table 2.16,

with no 
lear eviden
e for binary motion, ex
ept perhaps in the 
ase of X Cn
.

The large jitter exhibited by these stars (espe
ially SS Vir) is reminis
ent of

the situation en
ountered for SC stars, and like them, the T
-poor C stars have

large B � V indi
es (� 3:0).
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2.5 In
ompleteness study

2.5.1 General prin
iples

In order to evaluate the real frequen
y of binary stars within a given stellar

sample, it is of key importan
e to properly evaluate the eÆ
ien
y with whi
h

binary systems 
an be dete
ted. That dete
tion eÆ
ien
y not only depends

upon internal fa
tors set by the proto
ol of observations (internal velo
ity error,

sampling and time span of the observations), but also upon external fa
tors

related to the orbital properties of the binary systems [through the distributions

of periods P , e

entri
ities e, and ratios Q = M

3

2

=(M

1

+ M

2

)

2

℄, or to their

orientation with respe
t to the line of sight (through the in
linations i and

longitudes of periastron !), or with respe
t to the time sampling (through the

epo
hs T of passage at periastron).

A Monte-Carlo simulation of our ability to dete
t binary stars has there-

fore been performed following the guidelines des
ribed by Duquennoy & Mayor

(1991). First, N binary systems (where N is the number of stars in the observed

sample being tested) are generated by drawing T

j

and !

j

(1 � j � N) from

uniform random distributions, i

j

from a sin i probability distribution (implying

random orientation of the orbital poles on the sky), and P

j

, e

j

and Q

j

from their

observed distributions extrapolated in several di�erent ways (see Se
t. 2.5.2).

The syntheti
 binary j is then attributed the line-width index Sb

j

of the jth

star in the real sample, and similarly a set of observation dates t

j;k

(1 � k � n

obs

j

,

n

obs

j

being the number of observations of the real star j) and a set of internal

velo
ity errors �

int

j;k

. The intrinsi
 radial-velo
ity jitter observed for S stars (and,

to a mu
h lesser extent, for barium stars; see Fig. 2.1 and Se
t. 2.3) has to be

in
luded in the simulation. To that purpose, a paraboli
 �t to the trend observed

in Fig. 2.1 has been used to asso
iate a radial-velo
ity jitter �

jit

j

to the sele
ted

line width Sb

j

. Syntheti
 velo
ities V

j;k

are then 
omputed for the observation

dates t

j;k

from the orbital elements, with an added error drawn from a gaussian

distribution of standard deviation �

j

= [(�

int

j

)

2

+(�

jit

j

)

2

℄

1=2

, �

int

j

being the average

internal error on one measurement of star j. The few stars measured by other

authors

2

have been attributed sets of observation dates, internal velo
ity errors,

line-width indi
es and jitter from stars of our sample having 
omparable orbital

elements.

Finally, the binary star j is 
agged as dete
ted if P

�

(�

2

j

) < 0:01, where

P

�

(�

2

) is the �

2

probability fun
tion with � = n

obs

j

� 1 degrees of freedom, and

�

2

j

= (n

obs

j

� 1)(�

j

=�

j

)

2

, �

j

being the unbiased dispersion of the n

obs

j

syntheti


velo
ities of star j. The dete
tion rate is then N

bin

=N , where N

bin

is the number

of stars with P

�

(�

2

j

) < 0:01.

This pro
edure is repeated until 100 sets of N stars have been generated,

whi
h is suÆ
ient for the average dete
tion rate to rea
h an asymptoti
 value.

The above method has been applied separately for the sample of 37 barium

2

HD 165141 has not been in
luded in the in
ompleteness study des
ribed in this se
tion,

be
ause it was added to Table 2.5 later on
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stars with strong anomalies, of 40 mild barium stars and of 28 S stars with

Sb < 5 km s

�1

(referred to as non-Mira S stars in the following). This par-

ti
ular 
hoi
e for the Sb threshold is motivated by the fa
t that on Fig. 2.1,

T
-poor S stars (that are expe
ted to belong to binary systems) are restri
ted

to Sb < 5 km s

�1

. The method has not been applied to Mira S stars be
ause

of the un
ertain (and probably large) radial-velo
ity jitter a�e
ting these stars

(Se
ts. 2.3, 2.5.3 and Fig. 2.1).

2.5.2 Dete
tion rates for spe
i�
 P , e and Q distributions

The main diÆ
ulty of the Monte-Carlo method outlined in Se
t. 2.5.1 is that the

real distributions of period, e

entri
ity and Q are not 
ompletely known, sin
e

the very dete
tion biases we want to evaluate render the observed distributions

in
omplete. Di�erent 
hoi
es have therefore been made on how to 
omplete

the observed distributions, and the sensitivity of the estimated binary dete
tion

rates on these 
hoi
es is evaluated a posteriori.

The distribution of ratios Q is likely to have little impa
t on the dete
tion

biases. Therefore, the observed distribution as derived in Se
t. 2.9 has been

adopted. Three di�erent 
ases are 
onsidered for the period and e

entri
ity

distributions, as follows:

(i) Uniform distribution in the (e; logP ) diagram

Figure 2.2 shows the 
urves of iso-probability dete
tion for strong barium, mild

barium and non-Mira S stars in the (e; logP ) plane. To derive these probabil-

ities, the (e; logP ) plane has been uniformly 
overed by a mesh of 480 points,

whi
h is equivalent to adopting uniform logP and e distributions. For ea
h of

these mesh points, 100N (i.e. about 3000) syntheti
 binaries have been gener-

ated as indi
ated above, in order that the dete
tion probability be mainly set

by P and e rather than i; T and !. As seen on Fig. 2.2, the dete
tion proba-

bility drops tremendously for P

�

>

8000 d, be
ause of the �nite timespan of the

observations, whi
h started in 1985 for most strong barium stars, and in 1986

for most mild barium and S stars. For S stars, the intrinsi
 jitter a�e
ting their

radial velo
ities also 
ontributes to lower the dete
tion rate.

(ii) Observed P and e distributions

In this 
ase, the observed P and e distributions are assumed to represent the real

distributions, as if there were no systems with periods longer or e

entri
ities

larger than those 
urrently dete
ted in the real samples. This is a 
onservative


hoi
e that allows one to estimate the maximum dete
tion rate. With this 
rude

hypothesis, an unfavorable spatial or temporal orientation of the binary system

is the only possible 
ause of non-dete
tion. E

entri
ities and periods of the

syntheti
 binaries were drawn in a

ordan
e with their observed distribution

in the (e; logP ) diagram, using the reje
tion method des
ribed by Press et al.

(1992).

The binary dete
tion rates obtained for the three samples under these hy-

potheses are listed in Table 2.1 under item Monte-Carlo (ii).
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Figure 2.2: The iso-probability 
urves in the (e; logP ) plane for dete
ting binary systems among strong barium, mild barium

and non-Mira S stars. The dotted 
urves 
orrespond to dete
tion probabilities of 97.5%, 95% and 92.5% (de
reasing towards

the upper right 
orner), and the solid 
urves to probabilities of 90%, 80%, 70%,... In the lower part of ea
h diagram are

represented binary stars for whi
h only a lower limit is available on the period
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Table 2.1: Comparison of the simulated and observed binary dete
tion rates for

strong barium stars, mild barium stars and non-Mira S stars (Sb < 5 km s

�1

).

The quoted un
ertainty 
orresponds to the standard deviation of the dete
tion

rates for the 100 sto
hasti
ally independent sets generated

strong Ba mild Ba S (Sb < 5 km s

�1

)

Observed 94.6% = 35/37 85.0% = 34/40 85.7%

to 92.5% = 37/40 = 24/28

Monte- 97.9 � 3.0% 93.0 � 5.0% 96.8 � 4.0%

Carlo (ii) =(36.2 � 1.1)/37 =(37.2 � 2.0)/40 =(27.1 � 1.1)/28

Monte- 95.7 � 4.0% 89.4 � 6.0% 89.5 � 6.0%

Carlo (iii) =(35.4 � 1.5)/37 =(35.8 � 2.4)/40 =(25.0 � 1.5)/28

(iii) Extrapolated P and e distributions

In this last 
ase, the real period distribution is assumed to be identi
al to the

observed distribution at short periods. Its long-period tail in
ludes the N

no�P

stars having no orbital period 
urrently available (i.e. stars with only a lower

limit available on P , or even stars with 
onstant radial velo
ities) but assumed

to be very long-period binaries. More pre
isely, the N

no�P

stars are uniformly

redistributed over the period bins ranging from P

inf

to 20000 d, where P

inf

is

the �rst period bin 
ontaining a star from the N

no�P

subsample. E

entri
ities

are supposed to be uniformly distributed under the 
urve e = (logP � 1)

2

=7.

The 
orresponding binary dete
tion rates are listed in Table 2.1 under item

Monte-Carlo (iii).

What are the main 
auses of non-dete
tion? In the 
ase of mild barium stars for

example, the non-dete
ted binaries in simulation (iii) are distributed as follows,

in de
reasing order of importan
e: e > 0:8 for 47.3%, P > 10

4

d for 32.7%,

��=10 < !(mod�) < �=10 for 20.7% (be
ause the radial-velo
ity 
urve remains

very 
at over a large fra
tion of the orbital 
y
le around apoastron), sin i < 0:1

for 4.5%, and a 
ombination of various less severe 
onditions for 9.8%. Note

that, sin
e a star may belong to more than one of these 
ategories, the sum of

the above per
entages ex
eeds 100%. In more pra
ti
al terms, these numbers

translate into 6.6% of the undete
ted binaries having a radial-velo
ity semi-

amplitude K < 0:4 km s

�1

too small in 
omparison with the instrumental

a

ura
y, while 37.8% remained undete
ted be
ause of an in
omplete phase


overage (�t < P=4) and 26.6% be
ause the number of measurements is too

small (< 8).

2.5.3 Dis
ussion

The dete
tion rates obtained for the various 
ases 
onsidered in Se
t. 2.5.2 are

summarized in Table 2.1, where they are 
ompared with the observed rates.
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If binarity were not the rule among barium stars, the observed rates of

binaries would be signi�
antly lower than the predi
ted ones. Here on the


ontrary, there is a good agreement between the Monte-Carlo predi
tions and

the observed binary rates among mild and strong Ba stars. One may therefore


on
lude that binarity is a ne
essary 
ondition to produ
e 
hemi
ally-pe
uliar

red giants like mild and strong Ba stars. The agreement is slightly better for the

Monte-Carlo simulation (iii) extrapolating the period distribution up to 20000 d.

The few barium stars with undete
ted radial-velo
ity variations are thus likely

binaries with very long periods or with unfavourably-oriented orbits.

The situation is more tri
ky for S stars. The appli
ation of the Monte-Carlo

method to the whole sample of S stars is hampered by our ignoran
e of the

exa
t amount of jitter in the radial velo
ities of Mira stars with large Sb indi
es

(see Fig. 2.1). Therefore the Monte-Carlo simulation 
annot be used to evaluate

the rate of binaries among the whole sample of S stars (as we did for barium

stars). The problem is less severe for S stars with Sb < 5 km s

�1

, where the

jitter is smaller (< 1 km s

�1

) and may be estimated with more 
on�den
e.

Moreover, the fa
t that T
-poor S stars (i.e. extrinsi
 S stars suspe
ted of

belonging to binary systems) appear to be restri
ted to Sb < 5 km s

�1

provides

an independent justi�
ation for applying the Monte-Carlo simulation to that

subsample. The observed binary rate for S stars with Sb < 5 km s

�1

is 
lose

to the one predi
ted with the extrapolated P and e distributions (
ase iii in

Table 2.1). This result is thus 
onsistent with the hypothesis that all S stars

with Sb < 5 km s

�1

are members of binary systems [Note that, for S stars,

the 
ase (iii) predi
tions have to be preferred over the 
ase (ii) ones, sin
e the

period distribution of S stars is most probably in
omplete at large periods, due

to a more limited time 
overage than in the 
ase of barium stars℄. However, this

agreement should not be overinterpreted, as the Sb < 5 km s

�1

limit between

extrinsi
 and intrinsi
 S stars may be somewhat fuzzy.

Are there binaries in our sample of intrinsi
 S stars? For these stars, the

intrinsi
 jitter may possibly indu
e variations of the same order of magnitude as

those 
aused by binarity, and thus renders the dete
tion of possible binaries very

deli
ate. However, several arguments indi
ate that binary stars are probably not

very frequent among the intrinsi
 S stars of our sample. The upper panel of

Fig. 2.3 shows the distribution of the radial-velo
ities standard deviation �(V

r

)

predi
ted by the Monte-Carlo simulation for a sample of binary stars having

orbital parameters mat
hing those of the binary S stars, and with an intrinsi


jitter of 1 km s

�1

. As expe
ted, the observed �(V

r

) distribution for binary S

stars (middle panel of Fig. 2.3) mat
hes the simulated distribution (allowing for

large statisti
al 
u
tuations due to the small number of stars observed). On

the 
ontrary, the observed �(V

r

) distribution for Mira S stars (lower panel of

Fig. 2.3) di�ers markedly from that of binary S stars, sin
e the former distribu-

tion peaks at �(V

r

) � 1:5 km s

�1

and is rapidly falling o� at larger �(V

r

). The

pau
ity of Mira S stars with 2 � �(V

r

) � 6 km s

�1

must therefore re
e
t the

low per
entage of binaries among this group. The minimum value of the jitter

(1 km s

�1

) adopted in the simulation is a 
onservative 
hoi
e; a larger jitter
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Figure 2.3: The simulated �(V

r

) distribution for binary S stars (upper panel),

and the observed distribution for real S stars (lower two panels). HD 191589

and HD 332077, the two binary S stars with very dis
repant mass fun
tions, lie

outside the boundaries of the middle panel, with �(V

r

)=14.4 and 18.5 km s

�1

respe
tively

would shift the simulated �(V

r

) distribution (upper panel) towards larger �(V

r

)

values, thus strengthening the above 
on
lusion.

Although binarity is not required to produ
e intrinsi
 S stars and is indeed

not frequent in the sample 
onsidered in this work, binary stars may nevertheless

exist among them as in any 
lass of stars. A few intrinsi
 S stars with main

sequen
e 
ompanions are known, from the 
omposite nature of their spe
trum

at minimum light. They in
lude T Sgr, W Aql, WY Cas (Herbig 1965; Culver

& Ianna 1975), and possibly S Lyr (Merrill 1956a), as well as the 
lose visual

binary �

1

Gru (Feast 1953). A T
-ri
h S star with a WD 
ompanion is also

known (o

1

Ori; Ake & Johnson 1988).

2.6 The (e; logP ) diagram

The (e; logP ) diagram is a very useful tool to study binary evolution, as the

various pro
esses modifying the orbital parameters in the 
ourse of the evolution
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(like tidal intera
tion, RLOF or wind a

retion) imprint distin
tive signatures

on the (e; logP ) diagram [see the various papers in Duquennoy & Mayor (1992)℄.

The (e; logP ) diagram for various 
lasses of red giants of interest here is dis-

played in Fig. 2.4.

The sample of G and K giants from open 
lusters presented in Fig. 2.4

(from Mermilliod 1996) will be used as a referen
e sample to whi
h the binaries

involving PRG stars may be 
ompared. A striking feature of this (e; logP ) dia-

gram is the relative pau
ity of systems with e < 0:1 and orbital periods longer

than 350 d. A similar la
k of 
ir
ular systems is observed among binary sys-

tems involving solar-type main-sequen
e primaries (Duquennoy & Mayor 1991;

Duquennoy et al. 1992), the threshold period (10 d) being mu
h shorter in this


ase. On the 
ontrary, many systems with periods shorter than this threshold

have 
ir
ular orbits.

Both features are the result of physi
al pro
esses that operated in the former

history of these systems. Tidal e�e
ts on the more evolved 
omponent nearly

�lling its Ro
he lobe are responsible for the 
ir
ularization of the 
losest binaries

in a given (
oeval) sample. The threshold period is then set by the largest radius

rea
hed by the more evolved 
omponent in its former evolution (Duquennoy

et al. 1992; Mermilliod & Mayor 1996). The la
k of 
ir
ular systems above

the tidal 
ir
ularization threshold has been interpreted as an indi
ation that

binary systems form in e

entri
 orbits. A theoreti
al support to this hypothesis

is provided by Lubow & Artymowi
z (1992). These authors show that the

intera
tion betwen the young binary system and a 
ir
umbinary disk 
ontaining

proto-stellar residual material may in
rease a moderate initial e

entri
ity, thus

giving rise to the observed la
k of 
ir
ular orbits among unevolved systems.

The (e; logP ) diagram of barium stars is markedly di�erent from that of


luster giants, for (i) barium stars nearly �ll the low-e

entri
ity gap observed

among unevolved binaries

3

, (ii) the minimum and maximum periods for a 
ir
u-

lar orbit are P

1

� 200 d and P

2

� 4400 d, respe
tively, among barium stars, as


ompared to 50 and 350 d for 
luster giants, and (iii) at a given orbital period,

the maximum e

entri
ity found among barium systems is mu
h smaller than

for 
luster giants. Still, it is important to note that quite large e

entri
ities

(e � 0:97, HD 123949) are found among barium stars, yet at large periods

(P � 9200 d). The (e; logP ) diagrams of S and CH stars, and their threshold

periods P

1

and P

2

in parti
ular, are very similar to those of barium stars.

The di�eren
es between the (e; logP ) diagrams of PRG and 
luster binaries

re
e
t the fa
t that the orbits of PRG systems have been shaped by the mass-

transfer pro
ess responsible for their 
hemi
al pe
uliarities, whereas most of the


luster binaries are probably pre-mass transfer binaries. The (e; logP ) diagram

of PRG stars may also have been altered to some extent by tidal e�e
ts o

urring

in more re
ent phases (e.g., when low-mass barium stars 
urrently in the 
lump

3

The newly derived orbits for barium systems were never for
ed to be 
ir
ular, even though

the 
riterion of Lu
y & Sweeney (1971) may indi
ate that the data is 
ompatible with the

hypothesis e = 0 at the 5% level. Given the general appearan
e of the (e; logP ) diagram

(Fig. 2.4), there is no physi
al reason not to a

ept small albeit non-zero e

entri
ities
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Figure 2.4: The (e; logP ) diagram for various samples of red giant stars:

Lower left panel: Barium stars. Mild (Ba<1 { Ba2, from Table 2.5) and strong

(Ba3 { Ba5, from Table 2.9) barium stars are represented by open and �lled


ir
les, respe
tively. The 
rosses identify the two pairs of the triple hierar
hi
al

system BD+38

Æ

118;

Upper left panel: Binaries involving G and K giants in open 
lusters (Mermilliod

1996);

Upper right panel: CH stars (M
Clure & Woodsworth 1990);

Lower right panel: S stars from Table 2.11 (Note that HD 121447, the border


ase between barium and S stars, has been in
luded in both samples). The �lled


ir
les 
orrespond to HD 191589 and HD 332077, two S stars with unusually

large mass fun
tions (see Se
t. 2.9)
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strong Ba

S

mild Ba

mild+strong  Ba

Figure 2.5: Period distributions for various families of PRG stars. Shaded

regions in the histograms denote systems with only a lower limit available on

the orbital period. For 
omparison, the thi
k dashed line in the mild+strong

Ba panel provides the period distribution for the sample of normal giants in

open 
lusters (Mermilliod 1996; see Fig. 2.4). The error bars on the histograms


orrespond to the statisti
al error expe
ted for a Poisson distribution

evolved up the RGB), thus 
ompli
ating its interpretation in terms of mass-

transfer only (see Se
t. 2.7). Detailed models of binary evolution are therefore

required to fully interpret the (e; logP ) diagram of PRG stars.

Two barium stars deserve some 
omments. As already noted in Se
t. 2.4.1,

BD+38

Æ

118 is a triple system. The large e

entri
ity (e = 0:14) of the inner

pair (P = 300 d) may therefore not be representative of barium systems and

should probably not be regarded as a 
onstraint on the mass-transfer pro
ess

that shaped the barium-star orbits. Mazeh & Shaham (1979) and Mazeh (1990)

have shown that, in a triple system, the dynami
al intera
tion of the inner

binary with the third body prevents the total 
ir
ularization of the inner orbit.

However, the os
illation of the e

entri
ity of the inner binary obtained in the


ases 
onsidered by these authors has an amplitude (of the order of 0.05) mu
h

smaller than the 
urrent e

entri
ity of BD+38

Æ

118. It is not 
lear therefore

whether su
h a dynami
al intera
tion in a triple system may be responsible for

the large e

entri
ity of the inner pair in BD+38

Æ

118. Another possibility is that
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Table 2.2: Summary of the distin
tive features of the period distributions of

mild and strong barium stars

Strong Ba Mild Ba

� short-period mode

(P

�

<

1500 d)

e < 0:08 no short-period

mode

a

� long-period mode

(P

�

>

1500 d)

mild and strong barium stars in this mode

are indistinguishable

e > 0:08

� upper-period 
uto� 5000 d

b

> 11000 d

a

ex
ept for the pe
uliar system HD 77247

b

ex
ept for the spe
ial 
ase HD 123949: P � 9200 d, e = 0:97

the mass transfer responsible for the barium syndrome a
tually originated from

the distant third 
ompanion, whereas the inner pair 
onsisting of the barium

giant and a low-mass main sequen
e 
ompanion has orbital elements typi
al of

unevolved systems like those involving giants in 
lusters. The mass fun
tions

of the two pairs are similar (see Se
t. 2.9) and do not 
ontradi
t the above

statement, although they 
annot be used to 
on�rm it either.

Another remarkable system is HD 77247, with P = 80:5 d and e = 0:09�

0:01. There is no indi
ation whatsoever from the O � C residuals of the orbit

of M
Clure & Woodsworth (1990) that this star may belong to a triple system.

Yet its orbit should have been 
ir
ularized by the tidal pro
esses at work in

giants, unless that star is mu
h younger than the 
luster giants displayed in

Fig. 2.4 (see Duquennoy et al. 1992). An interesting property in that respe
t is

the fa
t that the star has anomalously broad spe
tral lines (Sb = 5:8 km s

�1

;

Table 2.5), an indi
ation that it is either a luminous G (super)giant or that it

is rapidly rotating.

2.7 Period distributions

The orbital-period distributions of mild barium stars, strong barium stars and

S stars are 
ompared in Fig. 2.5, and their distin
tive features are outlined

in Table 2.2. The signi�
an
e of the two modes identi�ed in the period and

e

entri
ity distributions of strong barium stars may be grasped by 
onsidering

the Ro
he radii 
orresponding to the mode boundaries. Adopting 2.1 M

�

as

the typi
al mass of strong-barium systems (1.5 + 0.6 M

�

; see Table 2.4), the

� 1500 d threshold between the low- and long-period modes translates into

A � 700 R

�

and R

Ro
he

� 200 R

�

for the Ro
he radius around the former

AGB 
ompanion in its �nal stage (when its mass amounts to � 0:6 M

�

). Sin
e
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this Ro
he radius is of the order of AGB radii, the threshold between the short-

and long-period modes is probably related to the di�erent mass transfer modes

arising in deta
hed and semi-deta
hed binary systems (see Se
t. 2.11). The lower

boundary of the short-period mode (� 200 d) 
orresponds to A � 180 R

�

, or

R

Ro
he

� 85 R

�

around the barium star. Sin
e this Ro
he radius is of the order

of radii rea
hed on the RGB, the lower end of the short-period mode is likely

altered by tidal 
ir
ularization or even RLOF o

urring as the 
urrent barium

star evolves on the RGB (see Se
t. 2.12).

The upper period 
uto� for strong barium stars (whi
h is meaningful, sin
e

the sample is 
omplete) is signi�
antly smaller than that of mild barium stars,

as expe
ted in the framework of mass transfer through wind a

retion (BoÆn

& Jorissen 1988; Jorissen & BoÆn 1992; Se
t. 2.10). The level of 
hemi
al

pe
uliarities of a barium star depends, among other parameters, on the amount

of matter transferred onto it. Sin
e that amount may in turn be expe
ted to be

smaller in wider (i.e. longer-period)

4

systems, it is not surprising that the long-

period 
uto� is larger for mild barium stars. The period 
uto�s observed for

strong and mild barium stars (5000 and > 11000 d respe
tively) therefore put


onstraints on the eÆ
ien
y of wind a

retion, to be used in future simulations.

More generally, milder 
hemi
al pe
uliarities are expe
ted in longer-period

systems. However, the broad overlap between the period distributions of mild

and strong barium stars (Fig. 2.5) suggests that the s
atter in a (period, 
hemi
al

anomaly) diagram will be large. It is therefore likely that other parameters play

an important role in 
ontrolling the level of 
hemi
al pe
uliarities. That question

will be addressed in Se
ts. 2.8 and 2.10.

2.8 Is there a 
orrelation between barium inten-

sity and orbital period?

The existen
e of a 
orrelation between the orbital separation (or more pre-


isely, periastron distan
e) and the level of 
hemi
al pe
uliarities would 
learly

be of key importan
e for understanding the mass transfer pro
ess at work in

the progenitor systems of barium stars. Unfortunately, these quantities are not

easily available for our 
omplete sample, as not all stars have been the target

of detailed abundan
e analyses on one hand, and on the other hand, the or-

bital separations 
annot be derived for spe
tros
opi
 binaries with one observed

spe
trum without further assumptions.

Jorissen et al. (1998) have shown that although there is a general tenden
y

for longer-period systems to exhibit less severe pe
uliarities (their Figs. 6 and

7), there is a 
onsiderable s
atter that 
an not be attribuated to un
ertainties

4

It is in fa
t the periastron distan
e rather than the orbital period whi
h is the key pa-

rameter in this respe
t. The long period (� 9200 d) observed for the strong barium star HD

123949 is therefore not relevant, sin
e its very large e

entri
ity yields a periastron distan
e

mu
h smaller than in systems with P � 5000 d and smaller e

entri
ities
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Table 2.3: Normal giants in barium-like binary systems, from Jorissen et al.

(1998)

160538 K0III + WD 904 Berdyugina (1994) DR Dra

33856 1698 K0.5III 1031 M
William (1990)

13611 649 G8III + WD? 1642 M
William (1990) �

1

Cet

169156 6884 K0III 2374 M
William (1990)

66216 3149 K2III 2438 M
William (1990)

in the determination of the level of 
hemi
al pe
uliarity by di�erent authors

5

.

Moreover, the very existen
e of several giants with normal heavy-element

abundan
es, albeit in binary systems with barium-like orbital elements, is an-

other 
lear indi
ation that the orbital separation is not the only parameter


ontrolling the level of 
hemi
al pe
uliarities in barium stars. These barium-

like binary systems involving a normal giant are listed in Table 2.3 and have

been 
olle
ted by Jorissen et al. (1998) from the 
atalogue of BoÆn et al. (1993),

listing all spe
tros
opi
 binary systems with a giant 
omponent. That 
atalogue

has been sear
hed for systems involving a red giant with normal heavy-element

abundan
es a

ording to M
William (1990), and falling in the region e < 0:1,

P > 350 d of the (e; logP ) diagram (Fig. 2.4). That region of the (e; logP ) di-

agram is normally not populated by pre-mass-transfer systems, as dis
ussed in

Se
t. 2.6, so that the unseen 
omponent in these systems may be supposed to be

a WD. No dire
t 
on�rmation for the presen
e of a WD is however available for

HD 33856 and HD 66216. For HD 13611 (=�

1

Ceti), B�ohm-Vitense & Johnson

(1985) reported some UV ex
ess that they attribute to a WD 
ompanion, though

that statement has subsequently been questioned (Jorissen & BoÆn 1992; Fekel

et al. 1993). The 
learest 
ase of a post-mass-transfer system 
onsisting of a

WD and a normal red giant is undoubtedly HD 160538 (=DR Dra). Orbital

elements (P = 904 d, e = 0:07) have been obtained by Fekel et al. (1993), along

with de�nite eviden
e for the presen
e of a hot WD. An abundan
e analysis of

that star has re
ently been 
arried out by Berdyugina (1994), who 
on
ludes

that HD 160538 is a solar-metalli
ity giant ([Fe/H℄ = �0:05) with normal Zr,

Ba and La abundan
es.

These 
ounter-examples (espe
ially DR Dra) strongly suggest that binarity

is not a suÆ
ient 
ondition to produ
e a barium star! Another 
ondition { like

a low metalli
ity? { seems thus required to form a barium star, and su
h a

hidden parameter may, at least in part, be responsible for the blurred 
orre-

lation between the orbital period and the intensity of the 
hemi
al anomalies.

Unfortunately, it is diÆ
ult to evaluate the exa
t in
uen
e of metalli
ity on that


orrelation, be
ause a homogeneous set of metalli
ity determinations is la
king

for the stars in our sample. Large systemati
 di�eren
es may indeed be present

between the metalli
ity determinations by di�erent authors, as dis
ussed e.g.

by Busso et al. (1995). As an illustration, metalli
ities ranging from �0.45 to

5

The s
atter is even more severe if one 
onsiders periastron distan
e instead of orbital

period
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+0.13 have been published for HD 46407! Nevertheless CH stars are found to

have high heavy-element overabundan
es with respe
t to barium stars (Fig. 7

of Jorissen et al. 1998: these low-metalli
ity stars have the largest [s/Fe℄ values

at any given orbital period). This lends strong support to the idea that metal-

li
ity is the hidden parameter 
ontrolling the level of 
hemi
al pe
uliarities at

a given orbital period. Kov�a
s (1985) also noti
ed that there is a 
orrelation

between [Ba/Fe℄ and metalli
ity [Fe/H℄: strong barium stars generally have a

metalli
ity lower than mild barium stars (see also the re
ent 
ompilation of

Busso et al. (1995), and North et al. (1994) for a similar �nding among barium

dwarfs). Clayton (1988) provided a theoreti
al foundation for that empiri
al

�nding: if

13

C(�; n)

16

O is the neutron sour
e responsible for the operation of

the s-pro
ess, its eÆ
ien
y in terms of neutron exposure is expe
ted to be larger

in a low-metalli
ity environment. Therefore, barium stars would be easier to

produ
e in a low-metalli
ity population. That question will be dis
ussed in more

details in Se
t. 2.10, sin
e there are obviously other parameters involved (like

the dilution fa
tor and the amount of matter transferred from the former AGB


ompanion) whose impa
t should be evaluated as well.

2.9 The mass-fun
tion distributions

2.9.1 Barium and CH stars

The 
umulative frequen
y distribution of mass fun
tions f(M) 
onveys infor-

mation on the masses of the two 
omponents in the binary system, sin
e

f(M) =

M

3

2

(M

1

+M

2

)

2

sin

3

i � Q sin

3

i; (2.2)

M

1

andM

2

being the masses of the red giant and of its 
ompanion, respe
tively.

As shown by Webbink (1986) and M
Clure & Woodsworth (1990), the f(M)

distribution of pe
uliar red giants like barium and CH stars is very di�erent

from that of normal red giants. The PRG distributions are in fa
t 
ompatible

with a narrow range of Q values, 
onvolved with random orbital in
linations.

M
Clure & Woodsworth (1990) obtained Q = 0:041�0:010 M

�

for their sample

of 16 barium stars, and Q = 0:095� 0:015 M

�

for CH stars. Su
h narrow Q

distributions are indeed expe
ted if the 
ompanions of PRG stars are WD stars

with masses spanning a narrow range, as is the 
ase for �eld WDs (Reid 1996).

On the 
ontrary, sin
e the 
ompanions of normal giants in binary systems ought

not be WDs, their masses may span a mu
h wider range (the only 
onstraint

being then M

2

�M

1

), thus 
ontrasting with the PRG f(M) distributions.

The larger samples 
onsidered in the present work make it possible to derive

the distributions of Q separately for mild and strong barium stars. These dis-

tributions have been extra
ted from the observed distribution of f(M) by two

di�erent methods. In the �rst method, the observed f(M) distribution is simply


ompared to simulated distributions assuming random orbital in
linations and

gaussian distributions (of mean M

i

and standard deviation �

i

, i = 1; 2) for the
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Table 2.4: Average masses M

1

of the giant star in various PRG families as

derived from the 
umulative frequen
y distribution of the mass fun
tions, for

two di�erent values of the 
ompanion average mass M

2

. N is the number of

available orbits

Family N Q M

1

Ref

M

2

= 0:60 M

2

= 0:67

(M

�

) (M

�

) (M

�

)

CH 8 0.095 0.9 1.1 2

Barium (strong) 36 0.049 1.5 1.9 1

Barium (mild) 27 0.035 1.9 2.3 1

Barium (total) 63 0.043 1.65 2.0 1

S (extrinsi
) 17

a

0.041 1.6 2.0 1

Remark: a: the two pe
uliar S stars HD 191589 and HDE 332077 were not

in
luded (see Se
t. 2.9.2)

Referen
es: 1. This work; 2: M
Clure & Woodsworth (1990)

masses M

i

of the two 
omponents. Sin
e f(M) depends upon the masses only

through the ratio Q = M

3

2

=(M

1

+M

2

)

2

, almost equally good �ts (expressed

in terms of the greatest distan
e D between the syntheti
 and observed f(M)

distributions) are obtained for di�erent 
ombinations of M

1

and M

2

, all 
orre-

sponding to the same value of Q. The value of Q minimizing D for the di�erent

PRG families is listed in Table 2.4. The syntheti
 and observed f(M) distribu-

tions are 
ompared in Fig. 2.6. The best �ts are obtained with �

1

= 0:2 M

�

and �

2

= 0:04 M

�

.

A similar analysis performed by North et al. (1999) on a sample of dwarf

barium stars provided the �rst independent estimate of the average 
ompan-

ion mass. Unlike the barium giants, the barium dwarfs o�er the possibility to

dire
tly derive their masses by �tting evolutionary tra
ks to their observed sur-

fa
e gravities and e�e
tive temperatures. The known distribution of primary

masses and the average ratio Q derived from the f(M) distribution then yield

an average massM

2

of 0:67�0:09 M

�

for the 
ompanion. Assuming that dwarf

barium stars, giant barium stars and extrinsi
 S stars represent su

essive stages

along the same evolutionary path (Se
ts. 2.12 and Chap. 1), the M

2

value de-

rived by North et al. (1999) for the 
ompanions of dwarf barium stars may be

adopted to derive the average mass M

1

of the giant for the di�erent PRG fami-

lies listed in Table 2.4. For 
omparison, the average mass M

1


orresponding to

M

2

= 0:60 M

�

has also been listed.

The se
ond method, des
ribed by Cerf & BoÆn (1994) and based on the

Ri
hardson-Lu
y iterative inversion algorithm, fully 
on�rms the above results.
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Figure 2.6: Comparison of the syntheti
 (dashed line) and observed (solid line)

mass-fun
tion distributions for CH stars (top panel, with data from M
Clure

& Woodsworth (1990), strong barium stars (se
ond panel from top, from Ta-

ble 2.9), mild barium stars (third panel from top, from Table 2.5), all barium

stars (fourth panel from top), and S stars (bottom panel, from Table 2.11). For

S stars, the syntheti
 distribution has been 
onstru
ted by adopting a dete
tion

threshold i > 36

Æ

to simulate the de�
it of systems with small mass fun
tions

(see text). The dotted line 
orresponds to the distribution of Q

Figure 2.7 shows the extra
ted distributions of mass ratios q = M

2

=M

1

and

masses M

1

when M

2

is �xed at 0.6 M

�

.

The f(M) distributions of CH stars, mild barium stars and strong barium

stars are 
learly distin
t, and this di�eren
e is re
e
ted in the 
orresponding

average masses M

1

listed in Table 2.4. A Kolmogorov-Smirnov test 
on�rms

the signi�
an
e of this di�eren
e, sin
e the null hypothesis that the distributions

of mild and strong barium stars are extra
ted from the same parent population

may be reje
ted with a �rst kind risk of only 0.6%.

Although the di�eren
e in the Q distributions of mild barium stars, strong

barium stars and CH stars may equally well result from a di�eren
e in the giant

or 
ompanion masses, the di�erent kinemati
al properties reported for these

families suggest a di�eren
e in the respe
tive masses of the giant star. The

kinemati
s of CH stars is typi
al of a halo population (M
Clure 1984ab and

referen
es therein), whereas barium stars belong to a disk population. Moreover,

there are several pie
es of eviden
e that mild barium stars belong to a somewhat
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Figure 2.7: Distributions of mass ratios q = M

2

=M

1

extra
ted from the ob-

served f(M) distributions using the Ri
hardson-Lu
y iterative algorithm, for

mild barium stars (upper panel), strong barium stars (middle panel) and S

stars (lower panel). During the inversion pro
ess, M

2

has been �xed at 0.6 M

�

.

The 
orresponding mass M

1

of the giant star 
an be read from the upper s
ale.

The various lines refer to the distributions obtained after 2 (dotted line), 4

(short-dashed line), 6 (long-dashed line), 8 (dash-dotted line) and 10 (thi
k

line) iterations

younger population than strong barium stars. Cat
hpole et al. (1977; see also

L�u 1991) showed that the velo
ity dispersion of mild barium stars is smaller

than that of strong barium stars. From a statisti
al analysis of the positions of

barium stars in the Hertzsprung-Russell diagram based on Hippar
os parallaxes,

Mennessier et al. (1997) 
on
lude that mild barium stars are mostly 
lump giants

with a mass in the range 2.5 { 4.5 M

�

, whereas strong barium stars populate the

giant bran
h and have masses in the range 1 { 3 M

�

. These mass estimates are


onsistent with those derived from the mass-fun
tion distributions (Fig. 2.7).

It may thus be 
on
luded that mild barium stars, strong barium stars and

CH stars represent a sequen
e of in
reasingly older gala
ti
 populations.

2.9.2 S stars

Figure 2.8 
ompares the 
umulative distributions of mass fun
tions for barium

and S stars. Apart from a de�
it of systems with small mass fun
tions, the f(M)
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Figure 2.8: Comparison of the mass-fun
tion distributions of barium stars (thi
k

solid line: strong barium stars; thin dashed line: mild barium stars) and S stars

(thin solid line). The mass fun
tions of HD 191589 and HDE 332077 were not

in
luded in the 
omparison

distribution of S stars is very similar to that of strong barium stars. The de�
it

of S systems with small mass fun
tions f(M) 
an probably be attributed to the

diÆ
ulty of dete
ting small-amplitude binaries for these stars with a substantial

radial-velo
ity jitter (Se
ts. 2.3 and 2.5.2, and Figs. 2.1 and 2.2).

Note that the two S stars HD 191589 and HDE 332077 were not in
luded

in the 
omparison, sin
e they have very dis
repant mass fun
tions of 0.395 and

1.25 M

�

, respe
tively (Table 2.11). A-type 
ompanions were dete
ted for these

stars with the International Ultraviolet Explorer (Ake & Johnson 1992; Ake

et al. 1992), 
onsistent with their mass fun
tions. From the 
urrent radial-

velo
ity data, there is no indi
ation that these systems might be triple. The

evolutionary status of these T
-poor S stars is 
urrently unknown.

2.10 Mild vs. strong barium stars: entangled ef-

fe
ts of orbital dynami
s and gala
ti
 pop-

ulation

In the previous se
tions, mild and strong barium stars have been seen to di�er

in many respe
ts: (i) short-period (P

�

<

1500 d), nearly-
ir
ular systems are la
k-
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ing among mild barium stars, (ii) there is a tenden
y for systems with longer

periods to have milder 
hemi
al anomalies, although the large s
atter in that re-

lation suggests that some other parameter (like metalli
ity?) partially 
ontrols

the level of 
hemi
al anomalies, (iii) strong barium stars generally have lower

metalli
ities than mild barium stars, (iv) mild barium stars have smaller mass

fun
tions on average, and (v) mild barium stars are kinemati
ally younger than

strong barium stars.

The previous fa
ts 
onsistently suggest that mild barium stars belong to

a younger, more metal-ri
h and more massive population than strong barium

stars. In this se
tion, we investigate the 
onsequen
es of this di�eren
e in gala
-

ti
 population on the mass-transfer pro
ess. For that purpose, the 
hemi
al

anomalies of mild and strong barium stars are 
omputed using a simple dynam-

i
al model, assuming that the former AGB progenitor of the present WD has

dumped heavy-element-ri
h matter onto its 
ompanion.

The parameters 
ontrolling the intensity of 
hemi
al anomalies in barium

stars may be easily identi�ed with the aid of the following formula, relating the

overabundan
e fa
tor s of heavy elements in the envelope of the barium star

(i.e. the ratio between the abundan
es after 
ompletion of the a

retion and

dilution pro
esses, and the initial envelope abundan
es) to their overabundan
e

f in the material a

reted from the former AGB star:

s =

f�M

Ba

+M

Ba;0

�M

Ba;
ore

�M

Ba

+M

Ba;0

�M

Ba;
ore

� fF + (1� F); (2.3)

where F is the dilution fa
tor of the a

reted matter �M

Ba

in the envelope

of mass (M

Ba;0

� M

Ba;
ore

+ �M

Ba

). Here, M

Ba;0

and M

Ba;
ore

denote the

initial total mass and 
ore mass, respe
tively, of the a

reting barium star. The

a

reted mass �M

Ba

is 
omputed from the relation

�M

Ba

= �(M

AGB;0

�M

WD

); (2.4)

where � 
orresponds to the fra
tion of the mass lost by the former AGB star of

mass M

AGB;0

(at the start of the thermally-pulsing phase) that is a
tually a
-


reted by the barium star. For the sake of simpli
ity, it is assumed that all 
ases


onsidered below undergo wind a

retion (so that predi
tions will be restri
ted

to systems with P

�

>

1500 d, in a

ordan
e with the dis
ussion of Se
t. 2.7). The

Bondi & Hoyle (1944) pres
ription will therefore be adopted for 
omputing the

a

retion eÆ
ien
y � (see Theuns et al. 1996 for more details):

� =

�

A

2

�

GM

Ba

v

2

w

�

2

1

[1 + (v

orb

=v

w

)

2

℄

3=2

; (2.5)

or using Kepler's third law:

� = ��

2

k

4

[1 + k

2

℄

1:5

; (2.6)

where k � v

orb

=v

w

, v

orb

and v

w

being the relative orbital velo
ity (2�A=P ) and

the wind velo
ity, respe
tively, G is the gravitational 
onstant, A is the orbital
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separation, � � M

Ba

=(M

AGB

+ M

Ba

), and � is a s
aling parameter. In the

above relation, it has been assumed that the wind is highly supersoni
. Detailed

hydrodynami
 simulations (Theuns et al. 1996) have shown that � � 0:05 in

the situation of interest here.

The above relations thus indi
ate that the following parameters will have

some impa
t on the level of 
hemi
al anomalies:

(i) a large orbital separation will result in a small a

retion 
ross se
tion (Eq. 2.5,

valid for a wind-a

retion s
enario). Note, however, that the fun
tional depen-

den
e of � with A is more 
ompli
ated than the simple expli
it A

�2

fa
tor

appearing in Eq. (2.5), sin
e there is an impli
it dependen
y through the or-

bital velo
ity v

orb

;

(ii) a lower mass for the barium star results in a smaller dilution (i.e. larger

F). However, the e�e
t is opposite on the a

retion 
ross se
tion (Eq. 2.5),

notwithstanding the impli
it dependen
e through v

orb

;

(iii) a smaller metalli
ity probably results in larger heavy-element overabun-

dan
es f in the AGB progenitor (see the dis
ussion at the end of Se
t. 2.8). As

low-metalli
ity giants are expe
ted to have low masses, this e�e
t is strongly


oupled with (ii);

(iv) a larger mass for the AGB progenitor results in more mass being lost and

thus a

reted by the 
ompanion; a more massive WD is also produ
ed.

The above qualitative dis
ussion shows that the various relevant parameters

are strongly 
oupled with ea
h other, thus 
alling for detailed 
al
ulations. Be-


ause in the framework of the simple wind-a

retion model adopted here, the

a

retion rate depends upon the orbital separation (see Eq. 2.5), the resulting

overabundan
e s must be 
omputed by taking into a

ount the variation of the

orbital separation in the 
ourse of the mass transfer pro
ess. Negle
ting the

anisotropy in the mass loss pro
ess indu
ed by the a

retion, as well as a pos-

sible transfer of linear momentum from the wind to the a

reting star (Theuns

et al. 1996), the variation of the orbital separation obeys the equation:

_

A

A

= �

_

M

1

+

_

M

2

M

1

+M

2

: (2.7)

The amount of a

reted matter has been 
omputed by integrating Eqs.(2.3){

(2.7) using a Runge-Kutta s
heme, starting with M

AGB;0

equal to M

Ba

(the

present mass of the barium star), and integrating tillM

AGB

=M

WD

= 0:67 M

�

(see Tab. 2.4). This initial 
ondition ensures that the AGB star was initially

slightly more massive than the barium star, and evolved faster. The amount of

mass a

reted thus represents a lower limit, as the AGB star might have been

more massive initially.

Di�erent 
ombinations of paramaters have been 
onsidered, so as to evaluate

the relative importan
e of items (i), (ii) and (iii) listed above. To evaluate the

impa
t of the population di�eren
e between strong and mild barium stars (see

Table 2.4), 
ases withM

Ba

= 1:8 (mimi
king strong barium stars, and labelled L

in the following) and 2.4 M

�

(mimi
king mild barium stars, and labelledH in the

following) have been 
onsidered. To evaluate the impa
t of metalli
ity (item iii),

surfa
e s-pro
ess overabundan
es f of 130 and 40 in low- and high-metalli
ity



72 CHAPTER 2. ORBITAL ELEMENTS

AGB stars, respe
tively, were 
onsidered (labelled l and h, respe
tively, in the

following). The overabundan
e s of heavy elements for 
ases Hh, Lh and Ll is

shown on Fig. 2.9 as a fun
tion of the �nal orbital period P (for P

�

>

1500 d, as

shorter �nal periods most probably involve RLOF, not adequately des
ribed by

the present s
heme). The overabundan
e f of heavy elements in the a

reted

matter is 
learly of utmost importan
e in 
ontrolling the pollution level s. In

parti
ular, it is 
lear that di�erent giant masses (Table 2.4) 
annot explain the

di�erent pollution levels of mild and strong barium stars (
ompare 
ases Lh

and Hh on Fig. 2.9). The respe
tive overabundan
es s obtained in 
ases Hh

and Lh are even opposite to what is expe
ted from the observations, sin
e the

more massive mild barium stars (Hh) would be more polluted than the strong

barium stars (Lh) for a given f ! This 
ontradi
tion results from the fa
t that

more mass was allowed to be ex
hanged in the `mild barium' systems be
ause

the AGB progenitor was supposed to be more massive in the more massive mild

barium systems than in the strong barium systems (see above).

The mass of the AGB progenitor sensitively 
ontrols both the amount of mass

that 
an be ex
hanged (thus �xing the pollution level) and the mass of the WD

(thus �xing Q). It o�ers therefore a way to link the di�eren
es in pollution levels

and mass fun
tions that are observed in mild and strong barium stars. However,

be
ause that explanation 
annot a

ount for the kinemati
 di�eren
es observed

between mild and strong barium stars (Se
t. 2.9.1), we favour an explanation in

terms of a di�eren
e in the f values 
hara
terizing the matter a

reted by the

barium stars belonging to the H and L populations having di�erent metalli
ities.

We �nd that, with the 
hoi
e f = 40 and 130, the di�eren
e between mild and

strong barium stars is largely one of population, strong barium stars belonging

almost ex
lusively to a low-mass low-metalli
ity population 
hara
terized by a

large value of f (represented by 
ase Ll). Some merging between the H and L

populations inevitably o

urs for mild barium stars, however, sin
e they 
ontain

all stars with 0:2

�

<

log s

�

<

0:5 (see Fig. 2.9). This predi
tion re
eives some support

from the mass distribution of mild barium stars presented in Fig. 2.7. Although

mild barium stars are dominated by high-mass obje
ts (M

1

� 1:5 { 3 M

�

,


orresponding to the H population in the above simulations), there is a small

tail of less massive obje
ts whi
h suggests that mild barium stars are indeed a

mixture of populations H and L.

The above values of f appear plausible in view of the s-pro
ess overabun-

dan
es reported by Utsumi (1985) and Kipper et al. (1996) in N-type 
arbon

stars, supposed to be representative of the former AGB mass-losing star in the

barium systems. However, the parameter f is admittedly not very tightly 
on-

strained by our simple model. It is therefore en
ouraging that the value of f


hosen to reprodu
e the upper period 
uto� of strong barium stars (in 
ase Ll)

predi
ts that mild barium stars 
an be produ
ed in systems with periods up to

a few 10

4

d whi
h is 
onsistent with the longest periods observed among mild

barium stars (Se
t. 2.5.3).

Another argument related to CH stars lends strong support to the idea that

f in
reases in low-metalli
ity populations, and is the prin
ipal fa
tor 
ontrolling

the pollution levels of PRG stars. Although the periods of CH stars span the
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Figure 2.9: S
hemati
 predi
tions of the wind-a

retion s
enario [Eqs. (2.3) {

(2.7)℄ for the 
ases Ll, Lh and Hh de�ned in the text. The dotted lines mark

the (somewhat arbitrary) separation between strong, mild and non-barium stars.

The range in periods spanned by mild and strong barium stars is represented

by the horizontal lines in the upper part of the �gure

same range as those of barium stars (Fig. 2.4), their heavy-element overabun-

dan
es at a given period are generally larger than those of barium stars [Fig. 7

and Table 8 of Jorissen et al. (1998)℄. Applying the method des
ribed above to

CH stars, it is found that values of f of the order of 300 at least are required

to a

ount for the observed overabundan
e levels s. The operation of the s-

pro
ess must therefore have been very eÆ
ient in the low-metalli
ity AGB star

responsible for the pollution of the CH star envelope (see also the dis
ussion in

Se
t. 2.8). There is a very distin
t property of the heavy-element abundan
e

distribution observed in CH stars that 
on�rms this fa
t. Heavy s-pro
ess ele-

ments (`hs') like Ba are 
omparatively more overabundant than light s-pro
ess

elements (`ls') like Y, with [hs/ls℄� 0:4 (Vanture 1992
). This situation is only

en
ountered when the neutron exposure � whi
h 
hara
terizes the eÆ
ien
y of

the s-pro
ess rea
hes values as large as 1 mb

�1

(Vanture 1992
). Su
h values

lead to overabundan
es of heavy s-elements that are 
omparatively larger than

for smaller � (e.g. Fig. 5 of Busso et al. 1995), in agreement with the above

requirement for large f values in CH systems.
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2.11 Short-period Ba systems and the question

of RLOF

The mass-transfer model [Eqs. (2.3) { (2.7)℄ used in Se
t. 2.10 to evaluate the re-

spe
tive importan
e of the various parameters entering the problem is extremely

s
hemati
. In parti
ular, it assumes that mass transfer o

urs through wind a
-


retion. On one hand, the fa
t that barium stars have non-
ir
ular orbits indeed

points against RLOF in a semi-deta
hed system, as tidal e�e
ts will eÆ
iently


ir
ularize the orbit when the giant is about to �ll its Ro
he lobe. But on the

other hand, RLOF seems unavoidable for the barium stars with the shortest

periods, sin
e their orbital separation is too small to have a

omodated a large

AGB star in a deta
hed binary system in the past (see in parti
ular the 
ase

of HD 121447, having the se
ond shortest orbital period among barium stars;

Jorissen et al. 1995). Adopting for instan
e M

AGB

= 0:6 M

�

, M

Ba

= 1:5 M

�

and P = 1500 d yields a Ro
he radius of about 200 R

�

, mu
h smaller than

typi
al radii of � 500 R

�

observed for 
ool (T

e�

� 2200 K) Mira stars (e.g. Van

Belle et al. 1996). In su
h 
ir
umstan
es, it seems unavoidable that at least the

shortest-period systems among barium stars result from RLOF.

The main diÆ
ulty with RLOF is that, when this pro
ess involves a giant

star with a 
onve
tive envelope (as is the 
ase for AGB stars), and when this

star is the more massive star in the system, the mass transfer then o

urs on a

dynami
al time s
ale (`unstable 
ase C' mass transfer) and is expe
ted to lead to

a dramati
 orbital shrinkage. A 
ommon envelope generally forms at that stage,


ausing a strong drag on the embedded stars and resulting in the formation of


ata
lysmi
 variable stars with orbital periods of a few hours (e.g. Meyer &

Meyer-Hofmeister 1979; De Kool 1992; Iben & Tutukov 1993; Ritter 1996).

Barium stars must somehow have avoided this evolutionary 
hannel. There

must be a way to do so, as indi
ated by the mere existen
e of short-period (as

short as 116 days) binary post-AGB stars: an AGB star 
an not �t in most of

the binary systems holding a post-AGB star (Van Win
kel 1999)!

In the remainder of this se
tion, several ways out of the 
ata
lysmi
 
hannel

are brie
y suggested.

First, the ex
entri
ity of most barium, S and post-AGB binary systems is

non-zero. Mass loss may have started (and o

ured?) at periastron only, thus

in
reasing the ex
entri
ity still, as noted by Van Win
kel et al. (1995), allowing

an AGB star to survive. Alternatively, as noted in Se
t. 2.6, the orbital ex
en-

tri
ity may have developed after the AGB phase, through a tidal intera
tion

with a massive 
ir
umbinary disk.

Se
ond, unstable mass transfer models do not yet take into a

ount 
y
li


diameter variations o

uring in Mira stars: periodi
 
hanges with pulsation

phase in the angular diameter of Mira variables have been re
enty observed

with amplitude up to 35% and 45% of the smallest value for the Mira R Leo

and the te
hnetium-ri
h (thus TPAGB) S star � Cygni, respe
tively (Burns

et al. 1998; Young et al. 1999).

Third, it is possible that the 
ommon envelope phase developing during un-
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stable 
ase C mass transfer does not lead to a dramati
 orbital shrinkage if

me
hanisms internal to the AGB star redu
e the e�e
tive binding energy of

its envelope (like the re
ombination energy in the hydrogen and helium ioniza-

tion zones, ex
itation of non-radial pulsation modes, sho
k-heating, dust-driven

winds...; Iben & Livio 1993). In those 
ases, not so mu
h energy ought to be

extra
ted from the orbit to expell the 
ommon envelope, thus redu
ing (and

even perhaps suppressing) the orbital de
ay. Due 
onsideration of the thermal

energy of the AGB envelope redu
es its e�e
tive binding energy and the orbital

shrinkage asso
iated with a 
ommon-envelope phase is therefore limited. Han

et al. (1995) have shown that barium systems like HD 77247 with periods as

short as 80 d may form under su
h 
ir
umstan
es.

Fourth, the dynami
al instability asso
iated with 
ase C mass transfer is sup-

pressed when the mass-losing star is less massive than its 
ompanion (Pastetter

& Ritter 1989), with q < q


rit

< 1, where q = M

AGB

=M

Ba

and q


rit

is given

by Hjellming & Webbink (1987; see also Hjellming 1989). This situation is

en
ountered if a strong mass loss by wind steadily redu
ing the mass of the

AGB star reversed the mass ratio prior to the onset of RLOF. Tout & Eggleton

(1988) have shown that the mass ratio is easily reversed if the mass loss rate

of the AGB star is tidally enhan
ed by the 
ompanion (`Companion-Reinfor
ed

Attrition Pro
ess', CRAP) so to ex
eed the Reimers rate by one or two orders

of magnitude. By in
luding this e�e
t, Han et al. (1995) were able to stabilize

the RLOF of many systems, whi
h ended up as barium systems with periods in

the range 250 { 2500 d.

Finally, the very 
on
ept of the Ro
he lobe may be irrelevant for systems

involving a mass-losing star where the wind-driving for
e may substantially re-

du
e the e�e
tive gravity of the mass-losing star (see the dis
ussion in Theuns

& Jorissen 1993). The existen
e of an extra-for
e driving the mass loss will


learly modify the shape of the equipotential surfa
es, as shown by S
huer-

man (1972). The geometry of X-ray binaries involving mass-losing supergiants

(Bolton 1975; Kondo et al. 1976), and possibly also of the yellow symbioti
-

barium star BD�21

Æ

3873 (Smith et al. 1997), are indeed observed to deviate

from the predi
tions made with the usual Ja
obi integral des
ribing the re-

stri
ted three-body equipotential surfa
es. In parti
ular, if the e�e
tive gravity

is redu
ed below some threshold depending upon the mass ratio, the 
riti
al

Ro
he equipotential will degenerate into a surfa
e in
luding both the Lagrangian

points L

1

and L

2

(if the mass-losing star is the more massive 
omponent) or L

1

and L

3

(in the opposite 
ase). Matter will thus not ne
essarily be 
on�ned to

the lobe surrounding the a

reting 
omponent, but may es
ape from the sys-

tem through L

2

or L

3

, after forming a 
ir
umbinary disk. Furthermore, in the


ase of a strong wind, the parti
les have initially non-zero kineti
 energy taken

from the internal energy of the mass-losing star, that makes the equipotentials

es
apable barriers. Therefore, only a limited fra
tion of the mass lost by the

AGB star is a

reted by the 
ompanion, and su
h a redu
ed a

retion rate will

be less prone to trigger the expansion of the a

reting star envelope, at the

origin of the 
ommon envelope formation. The mass 
ows in these situations

are 
omplex, as shown by re
ent Smooth Parti
le Hydrodynami
s simulations
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(Theuns & Jorissen 1993; Theuns et al. 1996).

2.12 Do S stars evolve from barium stars?

The orbital properties of S stars appear to be identi
al to those of barium stars,

as apparent from Fig. 2.4 [(e; logP ) diagram℄ and Figs. 2.6 and 2.8 (mass-

fun
tion distribution). This similarity is a strong indi
ation that binary S stars

are simply the des
endants of barium stars as they 
ool while as
ending either

the RGB or the E-AGB

6

. Be
ause the evolution is slower on the RGB than on

the E-AGB, it may a
tually be expe
ted that binary S stars be dominated by

stars on the upper RGB rather than on the E-AGB. In this 
ase, they ought to

be low-mass stars (be
ause only low-mass stars develop a red giant bran
h), in

agreement with the value 1.6 M

�

derived from their average Q (Table 2.4).

It is expe
ted that at some point in their evolution on the RGB the S stars

with the shortest periods (P

�

<

600 d) will over
ow their Ro
he lobe. In that

respe
t, it should be noted that the hottest (i.e. least evolved) S star in our

sample, HD 121447, has the shortest period among S stars. The detailed analysis

of this system performed by Jorissen et al. (1995) 
on
ludes that the giant will

over
ow its Ro
he lobe before rea
hing the RGB-tip, with a dramati
 fate for

the binary system as des
ribed in Se
t. 2.11 in relation with unstable 
ase C

mass transfer.

Another puzzling S star is Hen 108, the se
ond shortest-period S star, with

an orbital period of only 197 days. Su
h a short orbital period sets strong


onstraints on the radius of the giant star that has to �t inside its Ro
he lobe.

Indeed, supposing the mass of the 
ompanion white dwarf to be 0.6M

�

, the

radius of the Ro
he lobe around the primary S star is � 50 R

�

, showing only

little sensitivity to the primary mass (taken inside the reasonable limits 1-4M

�

).

Given an e�e
tive temperature of � 3700 K as derived from the V �K 
olour

index and the 
alibration by Ridgway et al. (1980), and an absolute bolometri


magnitude in the range �2 � M

bol

� �3:5 (Chap. 3), the resulting radius is

between 54R

�

an 109R

�

. Hen
e this star must be extremely 
lose to over
ow

its Ro
he lobe

7

.

The various pro
esses that prevented the orbital de
ay of the binary system

in a former stage of its evolution, when the AGB progenitor of the present WD

�lled its Ro
he lobe, are no longer appli
able to this se
ond RLOF event. First,

the mass ratio 
an no longer be inverted easily, as the 
ompanion is already a

low-mass WD, so that 
ase C mass transfer is ne
essarily dynami
ally unstable.

Se
ond, the envelope of a RGB star is more tightly bound than that of an

evolved AGB star (sin
e it is less extended and its `gravity-redu
ing' wind is

mu
h weaker), so that more energy has to be extra
ted from the orbit to expell

the 
ommon envelope, resulting in a stronger orbital de
ay.

6

Stri
tly speaking, the S and barium phases may even be intermingled in the sequen
e Ba

(lower RGB) - S (upper RGB) { Ba (He 
lump) { S (E-AGB and TP-AGB)

7

This star 
ould be expe
ted to exhibit a symbioti
 a
tivity; however a high-resolution

spe
trum at H

�

(Chap. 6) revealed no emission line whatsoever
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2.13 Con
lusions

Radial-velo
ity monitoring of a 
omplete sample of barium stars with strong

anomalies reveals that 35 out of 37 stars show 
lear eviden
e of binary motion.

For mild barium stars, that frequen
y amounts to 34/40 (or 37/40 if one in
ludes

the suspe
ted binaries). A Monte-Carlo simulation shows that these frequen-


ies are 
ompatible with the hypothesis that all the observed stars are binary

systems, some of them remaining undete
ted be
ause of unfavourable orbital

orientation or time sampling. We 
on
lude therefore that there is no need to

invoke a barium-star formation me
hanism other than one (like mass transfer)

dire
tly related to the binary nature of these stars. In other words, binarity

appears to be a ne
essary 
ondition to form a barium star. It seems, however,

that it is not a suÆ
ient 
ondition, sin
e binary systems with barium-like orbital

elements but no heavy-element overabundan
es seem to exist (e.g. DR Dra). It

has been argued that a metalli
ity lower than solar may be the other parameter

required to form a barium star. The in
reasing levels of heavy-element over-

abundan
es observed in the sequen
e mild Ba { strong Ba { CH stars support

that hypothesis, sin
e this sequen
e is also one of in
reasing age (and thus, to

�rst order, of de
reasing metalli
ity), as revealed by their kinemati
al properties.

The (e; logP ) diagram of PRG stars 
learly shows the signature of mass

transfer, sin
e the maximum e

entri
ity observed at a given orbital period is

mu
h smaller than in a 
omparison sample of normal giants in 
lusters. Mass

transfer rather must thus be held responsible for the 
hemi
al pe
uliarities ex-

hibited by PRG stars. A distin
tive feature of the (e; logP ) diagram of barium

stars is the presen
e of two distin
t modes: a short-period mode (P

�

<

1500 d)


omprising nearly-
ir
ular orbits (e < 0:08), populated by strong barium stars

only, and a long-period mode made ex
lusively of non-
ir
ular orbits. At this

point, it is not 
lear whether the nearly 
ir
ular orbits of the short-period mode

bear the signature of RLOF, or whether they arise from tidal 
ir
ularization

on the RGB long after the mass-transfer pro
ess. Detailed models of binary

evolution are required to answer that question.

The 
omparison of the mass-fun
tion distributions of mild and strong bar-

ium stars 
on�rms that the di�eren
e between them is mainly one of gala
ti


population rather than of orbital separation, sin
e mild barium stars host more

massive giants than strong barium stars. The loose 
orrelation that is observed

between the orbital period and the level of heavy-element overabundan
es is

another indi
ation that a parameter not dire
tly related to the orbital dynam-

i
s has a strong impa
t on the pollution level of the barium star. All these

fa
ts �t together ni
ely if the s-pro
ess operation is more eÆ
ient in a low-

metalli
ity population. Provided that the rea
tion

13

C(�; n)

16

O is the neutron

sour
e responsible for the operation of the s-pro
ess, su
h a 
orrelation between

metalli
ity and s-pro
ess eÆ
ien
y is indeed predi
ted on very general theo-

reti
al grounds. In this framework, the giant star in Pop.II CH systems has

a

reted material mu
h enri
hed in heavy elements by its former AGB 
ompan-

ion. Therefore, stars of old, low-metalli
ity populations like CH stars (and to a

lesser extent, strong barium stars) exhibit, for a given orbital period, mu
h larger
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heavy-element overabundan
es than stars belonging to a younger population.

A radial-velo
ity monitoring of S stars 
on�rms that T
-poor S stars are

all binaries and are the 
ool des
endants of the barium stars on the RGB or

E-AGB, sin
e they have similar orbital periods and mass fun
tions. There is a

suggestion, however, that the short-period tail of S stars may be trun
ated at

about 200 d due to RLOF o

urring on the RGB. Similarly, for Pop.II stars,

yellow barium-symbioti
 systems like AG Dra and BD�21

Æ

3873 are the 
ool

des
endants of the hotter CH stars. Two T
-poor S stars, HDE 332077 and

HD 191589, have unusually large mass fun
tions, and an A-type 
ompanion has

been dete
ted in both 
ases with IUE, as well as in 57 Peg (see also Chap. 3).

The evolutionary status of these stars is 
urrently un
lear.
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Table 2.5: Orbital elements for mild (Ba<1, Ba1 and Ba2) barium stars. Column 2 provides the spe
tral sub
lass (> 0 if K

type, < 0 if G type) and 
olumn 3 the Ba index, from L�u et al. (1983). The 
olumns labeled �

1

and N give the average error on

one measurement and the number of measurements, respe
tively. A dash in 
olumn Sb indi
ates that the spe
tral line width

is smaller than the instrumental pro�le. For orbits obtained from instruments other than CORAVEL, the Sb parameter is not

available (`na'). When an orbital solution is available, 
 is the systemi
 radial velo
ity; otherwise, it is the average radial-

velo
ity with its standard deviation. �(38 � 41) is a photometri
 index 
hara
terizing the strength of the Ba anomaly (see

text). The numbers in 
olumn `Ref.' refer to Table 5, whi
h gives the referen
e where the 
omplete set of orbital parameters

for the 
onsidered system may be found

HD/DM Sp. Ba P e f(M) O � C �

1

N S

b


 �(38 � 41) Ref.

(d) (M

�

) (km/s) (km/s) (km/s) (km/s)

22589 �5 < 1 5721.2�454 0.24�0.17

a

0.0042�0.0025 0.22 0.37 19 1.1 �28.0�0.6 �0.03 1

26886 �8 1 1263.2�3.7 0.39�0.02 0.025 �0.002 0.40 0.32 23 2.0 +3.8�0.1 +0.02 2

27271 �8 1 1693.8�9.1 0.22�0.02 0.024 �0.001 0.31 0.30 23 1.2 �18.1�0.1 �0.01 2

40430 0 1 > 3700 0.34 15 1.7 �23.9�1.0 �0:03 1

49841 �8 1 897.1 �1.8 0.16�0.01 0.032 �0.002 0.33 0.32 21 1.0 +10.9�0.1 �0.09 2

51959

g

2 1 > 3700 0.34 21 � +38.9�0.8 +0.07 1

53199 �8 2 7500 0.21�0.22

a

0.026 �0.001 0.17 0.36 11 1.1 +23.3�0.1 �0.07 2

58121 0 1 1214.3�5.7 0.14�0.02 0.015 �0.001 0.24 0.30 23 1.3 +10.2�0.1 �0.04 2

58368 0 2 672.7 �1.3 0.22�0.02 0.021 �0.001 0.39 na 31 na +37.8�0.1 �0.11 13

59852 �9 1 3463.9�53.8 0.15�0.06 0.0022�0.0004 0.27 0.34 19 � +0.1�0.1 �0.10 1

77247


;d

�5 1 80.53 �0.01 0.09�0.01 0.0050�0.0001 0.50 na 66 5.8 �19.7�0.1 na 0,13

91208 0 1 1754.0�13.3 0.17�0.02 0.022 �0.002 0.39 0.32 24 0.7 +0.2�0.1 �0.05 1

95193 0 1 1653.7�9.0 0.13�0.02 0.026 �0.001 0.26 0.32 18 0.8 �7.3�0.1 �0.06 1

98839

b

�7 < 1 > 11000 56 na �1: na 5

101079 1 1 > 1500 0.34 7 1.2 �2.2�0.2 �0.17 2

104979 0 1 > 4700 0.29 25 0.7 �30.8�0.4 +0.07 2

131670


;e

1 1 2929.7�12.2 0.16�0.01 0.040 �0.002 0.36 0.30 55 0.6 �25.1�0.1 �0.13 1,13

134698 1 1 > 3600 0.33 22 0.5 �29.5�1.6 �0.20 1

139195 1 1 5324 �19 0.35�0.02 0.026 �0.002 0.7 na 107 � +6.3�0.1 �0.02 12
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Table 2.5: (
ontinued)

HD/DM Sp. Ba P e f(M) O � C �

1

N S

b


 �(38� 41) Ref.

(d) (M

�

) (km/s) (km/s) (km/s) (km/s)

143899 �8 1 1461.6�6.9 0.19�0.02 0.017 �0.001 0.27 0.35 26 0.3 �29.8�0.1 �0.05 1

165141 0 1 > 2100 10 na +10.2�1.8 �0:14 4,23

180622 1 1 4049.2�37.7 0.06�0.10

a

0.070 �0.020 0.25 0.30 10 � +39.2�1.1 �0.10 2

196673


;d

2 2 6500 0.64�0.03 0.013 �0.002 0.47 0.5 51 3.0 �24.6�0.1 0.00 1,13

199394


;d

�8 1 4606.5�351

f

0.06�0.06

a

0.023 �0.003 0.40 na 52 1.1 �5.6�0.2 �0.15 0,13

200063 3 1 1735.4�8.1 0.07�0.04

a

0.058 �0.004 0.23 0.29 10 2.3 �58.3�0.2 �0.10 2

202109

g

�8 1 6489.0�31.0 0.22�0.03 0.023 �0.003 0.8 na 112 0.0 +16.7�0.1 �0.06 11

204075


;d

�5 2 2378.2�55 0.28�0.07 0.004 �0.001 0.52 na 32 4.9 +2.1�0.1 �0.15 0,13

205011


;d

1 1 2836.8�10 0.24�0.02 0.034 �0.003 0.45 na 41 1.4 +11.5�0.1 �0.13 0,13

210946 1 1 1529.5�4.1 0.13�0.01 0.041 �0.001 0.26 0.31 30 1.3 �4.3�0.1 �0.11 2

216219 �1 1 4098.0�111.5 0.10�0.04 0.013 �0.001 0.37 0.33 29 2.0 �7.2�0.1 �0.07 2

223617


;d;g

2 2 1293.7�3.9 0.06�0.02 0.0064�0.0004 0.34 na 39 0.4 +28.5�0.1 �0.10 2,13

288174 0 1 1824.3�7.1 0.19�0.01 0.017 �0.001 0.15 0.33 14 0.9 +34.7�0.1 �0.12 1

�01

Æ

3022 1 1 3252.5�31.4 0.28�0.02 0.016 �0.001 0.25 0.36 26 1.0 �35.4�0.1 �0.15 1

�10

Æ

4311 �0 1 > 3400 0.45 33 1.5 +52.7�2.9 �0.14 1

�14

Æ

2678 0 < 1 3470.5�107 0.22�0.04 0.023 �0.002 0.39 0.38 15 2.9 +4.9�0.1 +0.06 1

Remarks:

a: data 
ompatible with 
ir
ular orbit at 5% 
on�den
e level (Lu
y-Sweeney test);

b: not listed in L�u et al. (1983), but present in L�u (1991);


: Combined CORAVEL/DAO orbit;

d: A DAO-CORAVEL o�set of �0.46 km s

�1

has been applied to the DAO measurements;

e: A DAO-CORAVEL o�set of �0.73 km s

�1

has been applied to the DAO measurements;

f: A somewhat more a

urate period (4382 � 91 d) is obtained by for
ing e = 0;

g: A

eleration solution listed in the Hippar
os Double and Multiple Systems Annex (ESA 1997)
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Table 2.6: Suspe
ted binary mild barium stars. The numbers in 
olumn `Ref.' refer to the papers listed in Tab. 2.17

HD Sp. Ba N �t V

r

�(V

r

) �

1

S

b

�(38 � 41) Ref. Rem.

(d) (km/s) (km/s) (km/s) (km/s)

18182 0 0 22 3451 25.76 0.45 0.32 � �0.03 0

183915 0 2 9 4073 �50.08 0.50 0.29 0.3 �0.18 0,13

218356 2 2 13 6201 �27.86 1.17 0.29 3.6 �0.13 0,19 56 Peg (K0IIp + WD)
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Table 2.7: Mild barium stars with no eviden
e of binary motion. The numbers in 
olumn `Ref.' refer to the papers listed in

Tab. 2.17

HD Sp. Ba N �t V

r

�(V

r

) �

1

S

b

�(38 � 41) Ref. Rem.

(d) (km/s) (km/s) (km/s) (km/s)

50843 1 1 20 4437 12.21 0.33 0.33 � �0.03 0

95345 2 1 26 3036 5.48 0.21 0.28 0.7 +0.07 0

119185 0 1 17 2869 �74.51 0.24 0.36 0.8 �0.05 0

130255 0 1 26 2956 40.19 0.33 0.32 � +0.01 0,9 subgiant CH
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Table 2.8: Supergiants mis
lassi�ed as mild barium stars. The numbers in 
olumn `Ref.' refer to the papers listed in Tab. 2.17

HD Sp. Ba N �t V

r

�(V

r

) �

1

S

b

�(38� 41) Ref. Rem.

(d) (km/s) (km/s) (km/s) (km/s)

65699 0 0 21 5163 11.17 0.27 0.31 6.0 �0.01 0,16

206778 2 1 94 6204 2.82 0.56 0.27 5.8 +0.06 0,16 � Peg (K2II/Ib var)
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Table 2.9: Same as Table 2.5 for strong (Ba3, Ba4 and Ba5) barium stars. The numbers in 
olumn `Ref.' refer to the papers

listed in Tab. 2.17

�

HD/DM/ Sp. Ba P e f(M) O �C �

1

N S

b


 (38 � 41) Ref.

others (d) (M

�

) (km/s) (km/s) (km/s) (km/s)

5424 1 4 1881.5�18.6 0.23 �0.04 0.005 �0.0004 0.18 0.30 13 � �0.3�0.1 �0.11 1

16458

g

1 5 2018 �12 0.10 �0.02 0.041 �0.003 0.38 na 36 na +20.3�0.1 �0.13 13

20394 0 4 2226 �22 0.20 �0.03 0.0020�0.0002 0.34 - 87 � +24.2�0.1 �0.09 6

24035 4 4 377.8 �0.3 0.02 �0.01

a

0.047 �0.003 0.19 0.29 15 � �12.5�0.1 �0.26 1

31487 1 5 1066.4�2.6 0.05 �0.01 0.038 �0.002 0.33 na 35 na �4.2�0.7 na 13

36598 2 4 2652.8�22.7 0.08 �0.02 0.037 �0.002 0.21 0.27 11 � +44.1�0.1 �0.18 1

42537 4 5 3216.2�54.7 0.16 �0.05 0.027 �0.005 0.43 0.30 12 1.9 �2.5�0.2 �0.31 1

43389 2 5 1689.0�8.7 0.08 �0.02 0.043 �0.002 0.35 0.32 24 0.6 +53.1�0.1 �0.16 2

44896 3 5 628.9 �0.9 0.02 �0.01

a

0.048 �0.001 0.21 0.26 19 1.9 +52.2�0.1 �0.17 2

46407

b;e

0 3 457.4 �0.1 0.013�0.008

a

0.035 �0.001 0.40 0.29 68 1.8 �3.4�0.1 �0.21 2,13

49641 1 3 1768 �23 0.0 0.0031�0.0004 0.42 na 35 na +4.4�0.1 �0.14 13

50082 0 4 2896.0�21.3 0.19 �0.02 0.027 �0.002 0.35 0.31 29 1.1 �17.4�0.1 �0.12 2

60197 3 5 3243.8�66.3 0.34 �0.05 0.0028�0.0006 0.31 0.27 14 3.0 +54.3�0.1 �0.05 1

84678 2 4 1629.9�10.4 0.06 �0.02

a

0.062 �0.003 0.30 0.29 12 0.8 +27.9�0.1 �0.31 1

88562 2 4 1445.0�8.5 0.20 �0.02 0.048 �0.003 0.44 0.32 23 0.7 +11.8�0.1 �0.04 1

92626 0 5 918.2 �1.2 0.00 �0.01

a

0.042 �0.002 0.32 0.27 35 0.5 +16.3�0.1 �0.29 2

100503 3 5 554.4 �1.9 0.06 �0.05

a

0.011 �0.001 0.55 0.28 16 1.7 �8.9�0.1 �0.22 1

101013

e

0 5 1711 �4 0.20 �0.01 0.037 �0.001 0.58 na 118 1.4 �14.5�0.1 �0.17 13,20
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Table 2.9: (
ontinued)

�

HD/DM/ Sp. Ba P e f(M) O �C �

1

N S

b


 (38� 41) Ref.

others (d) (M

�

) (km/s) (km/s) (km/s) (km/s)

107541 0 4 3569.9�46.1 0.10 �0.03 0.029 �0.002 0.28 0.31 16 0.1 +88.1�0.1 �0.26 2

120620 0 4 217.2 �0.1 0.01 �0.01

a

0.062 �0.001 0.42 0.36 28 � +33.2�0.1 �0.18 1

121447 7 5 185.7 �0.1 0.015�0.013

a

0.025 �0.001 0.47 0.32 26 2.8 �11.9�0.1 �0.26 7

123949 6 4 9200 0.97 �0.06 0.105 �0.64 0.30 0.33 25 0.6 �10.8�0.3 �0.19 1

154430 2 4 1668.1�17.4 0.11 �0.03

a

0.034 �0.003 0.48 0.29 15 1.3 �38.1�0.1 �0.04 1

178717 4 5 2866 �21 0.43 �0.03 0.006 �0.001 0.47 na 46 2.0 �16.4�0.1 �0.20 13

196445 2 4 3221.3�43.0 0.24 �0.02 0.031 �0.002 0.23 0.29 12 0.6 �25.5�0.1 �0.22 1

199939 0 4 584.9 �0.7 0.28 �0.01 0.025 �0.001 0.47 na 52 1.6 �41.7�0.1 �0.25 13

201657 1 4 1710.4�15.0 0.17 �0.07 0.004 �0.001 0.29 0.31 15 � �27.7�0.2 �0.24 2

201824 0 4 2837 �13 0.34 �0.02 0.040 �0.003 0.45 - 86 0.8 �31.1�0.1 �0.18 6

211594 0 4 1018.9�2.7 0.06 �0.01 0.0140�0.0005 0.33 0.30 49 1.0 �9.9�0.1 �0.39 2

211954 2 5 5000 0.39 �0.08 0.017 �0.005 0.35 0.32 14 � �6.1�0.1 �0.22 1

+38

Æ

118(a+b)




2 5 299.4 �0.2 0.14 �0.01 0.0141�0.0004 0.30 0.31 30 1.4 �18.7�0.1 �0.19 1

+38

Æ

118(ab+
)




2 5 3876.7�112.2 0.21 �0.06 0.0017�0.0004 0.29 0.31 30 1.4 �18.3�0.1 �0.19 1

�42

Æ

2048 2 4 3260.0�28.3 0.08 �0.02 0.065 �0.004 0.24 0.29 12 1.4 +40.5�0.1 �0.16 1

�64

Æ

4333

d

0 4 386.0 �0.5 0.03 �0.01

a

0.068 �0.003 0.31 0.33 16 � +8.3�0.2 �0.29 1

L�u 163 �5 5 965.1 �16.0 0.03 �0.07

a

0.0029�0.0006 0.57 0.39 14 � +2.8�0.2 �0.39 1

NGC 2420 X - 5 1402 �10 0.0 0.050 �0.005 0.50 na 16 � +78.2�0.2 na 13,21

Remarks:

a: data 
ompatible with 
ir
ular orbit at 5% 
on�den
e level (Lu
y-Sweeney test);

b: Combined CORAVEL/DAO orbit; A DAO-CORAVEL o�set of �0.19 km s

�1

has been applied to the DAO measurements;


: triple system;

d: CpD;

e: Orbital solution listed in the Hippar
os Double and Multiple Systems Annex (ESA 1997);

g: A

eleration solution listed in the Hippar
os Double and Multiple Systems Annex (ESA 1997)
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Table 2.10: Strong barium stars with no eviden
e for binary motion. The numbers in 
olumn `Ref.' refer to the papers listed

in Tab. 2.17

HD Sp. Ba N �t V

r

�(V

r

) �

1

S

b

�(38 � 41) Ref. Rem.

(d) (km/s) (km/s) (km/s) (km/s)

19014 4 5 18 3272 13.3 0.47 0.28 2.2 �0.01 0 jitter only?

65854 1 3 30 3369 0.5 0.42 na na na 13
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Table 2.11: Orbital elements of S stars. Column 2, labeled GCGSS, lists the star number in the General Catalogue of Gala
ti


S Stars (Stephenson 1984). The numbers in 
olumn `Ref.' and `Ref. T
' refer to the papers listed in Tab. 2.17

HD/DMGCGSS Sp. P e f(M) O �C �

1

N S

b


 Ref. T
 Ref. Rem.

(d) (M

�

) (km/s) (km/s) (km/s) (km/s) orb. T


7351 26 S3/2 4593 �110 0.17 �0.03 0.073 �0.007 0.68 0.31 50 3.3 +1.5� 0.1 3,4 n 15 HR 363

22649

f

79 S4/2 596.2 �0.2 0.09 �0.02 0.037 �0.003 0.8 na 53 na �22.3� 0.1 18 n 15 HR 1105

30959

d

114 S3/1 > 1900 0.29 12 4.3 �8.8� 0.7 1,14 y 15 o

1

Ori

35155 133 S4,1 640.5 �2.8 0.07 �0.03 0.032 �0.003 0.81




0.33 19 3.5 +79.7� 0.2 0,10 n 15

246818 156 S 2548.5�73.2 0.18 �0.11

a

0.0035�0.0015 0.59 0.37 17 2.8 �45.5� 0.2 1 n 8 +05

Æ

1000

288833 233 S3/2 > 3900 0.38 18 3.5 +81.1� 1.0 1 n 8 +02

Æ

1307

49368 260 S3/2 2995.9�67.1 0.36 �0.05 0.022 �0.003 0.58 0.34 23 4.3 +49.8� 0.1 1 n 15 V613 Mon

63733 411 S4/3 1160.7�8.9 0.23 �0.03 0.025 �0.003 0.38 0.32 14 3.5 +1.9� 0.1 1 y? 15

95875 720 S3,3 197.2 �0.4 0.02 �0.04

a

0.059 �0.009 0.70 0.28 10 4.0 +40.6� 1.1 1 n 0 Hen 108

121447 - S0 185.7 �0.1 0.015�0.013

a

0.025 �0.001 0.47 0.32 26 2.8 �11.9� 0.1 7 n 17

170970 1053 S3/1 4392 �202 0.08 �0.04

a

0.021 �0.002 0.33 0.30 39 3.9 �35.8� 0.1 1 y? 15

184185 1140 S3*4 > 3400 0.43 22 4.3 +1.5� 1.6 1 - - �21

Æ

5435

191226 1192 M1S 1210.4�4.3 0.19 �0.02 0.013 �0.001 0.38 0.30 36 4.2 �25.0� 0.1 3 n 15

191589 1194 S 377.3 �0.1 0.25 �0.003 0.394 �0.005 0.29 0.30 41 3.1 �9.7� 0.1 1 n 15

218634

e

1322 M4S > 3700 0.36 28 5.6 +20.1� 2.3 0,22 n 8 57 Peg
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Table 2.11: (
ontinued)

HD/DM GCGSS Sp. P e f(M) O �C �

1

N S

b


 Ref. T
 Ref. Rem.

(d) (M

�

) (km/s) (km/s) (km/s) (km/s) orb. T


332077 1201 S3,1 669.1 �1.0 0.077�0.007 1.25 �0.02 0.66 0.46 39 10.2 �5.2� 0.1 0,10 n 8

343486 1092 S6,3 3165.7�37.6 0.24 �0.03 0.039�0.005 0.82 0.43 37 3.8 +4.9� 0.1 1 - -

+21

Æ

255

b

45 S3/1 4137 �317 0.21 �0.04 0.032�0.004 0.51 0.33 36 3.2 �38.5� 0.3 1 n 8

+24

Æ

620 87 S4,2 773.4 �5.5 0.06 �0.03

a

0.042�0.005 0.82 0.41 19 4.0 �21.0� 0.2 0,10 n 8

+22

Æ

700 96 S6,1 849.5 �8.8 0.08 �0.06

a

0.043�0.008 1.14 0.48 20 4.9 +40.5� 0.3 0,10 n 8

+79

Æ

156 106 S4,2 > 3900 0.39 19 4.3 �33.0� 2.1 1 n 8

+23

Æ

3093 981 S5,4 1008.1�4.8 0.39 �0.03 0.045�0.005 0.81 0.41 30 3.8 �44.1� 0.2 0,10 n 8

+23

Æ

3992 1209 S3,3 3095.6�41.7 0.10 �0.03

a

0.034�0.004 0.71 0.37 43 4.3 �26.7� 0.1 1 n 8

+31

Æ

4391 1267 S2/4 > 3600 0.37 28 3.3 +25.2� 1.6 1 - -

+28

Æ

4592 1334 S2/3: 1252.9�3.5 0.09 �0.02 0.016�0.001 0.32 0.34 34 3.2 �37.5� 0.1 1 n 8

Remarks:

a: Data 
ompatible with 
ir
ular orbit at 5% 
on�den
e level (Lu
y-Sweeney test);

b: Visual binary; the S star is BD+21

Æ

255 = PPM 91178 = SAO 75009 = HIC 8876, whereas its visual K-type 
ompanion (BD+21

Æ

255p

= PPM 91177 = SAO 75008) is also a spe
tros
opi
 binary whose orbit is given in Jorissen & Mayor (1992);


: Two outlying measurements (at phase 0.38 and 0.93 deviating by 1.40 and �1:98 km s

�1

, respe
tively) were kept in the present

orbital solution. No obvious instrumental origin 
ould be found to a

ount for these outlying measurements, whi
h may have a real - but

as yet unidenti�ed - physi
al 
ause in this strongly intera
ting system (Ake et al. 1991;

d: The WD 
ompanion of o

1

Ori has been dete
ted by IUE (Ake & Johnson 1988);

e: 57 Peg has a 
omposite spe
trum S+A6V (Van E
k et al. 1998);

f: Orbital solution listed in the Hippar
os Double and Multiple Systems Annex (ESA 1997)
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Table 2.12: Non-binary (mis
lassi�ed?) S stars

HD/DM GCGSS Sp. N �t V

r

�(V

r

) �

1

S

b

T
 Ref. Rem.

(d) (km/s) (km/s) (km/s) (km/s) T


262427 247 S? 10 3622 +34.61 0.37 0.31 2.3 - - S 
lass from Perraud (1959)

+22

Æ

4385 1271 S2 26 3607 �2.63 0.36 0.36 2.6 - - S 
lass from Vyssotsky & Balz (1958)
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Table 2.13: S stars with radial-velo
ity jitter. The numbers in 
olumn `Ref. T
' refer to the papers listed in Tab. 2.17

HD/DM GCGSS Sp. N �t V

r

�(V

r

) �

1

S

b

T
 Ref. Rem.

(d) (km/s) (km/s) (km/s) (km/s) T


BD�10

Æ

1334 176 Sr 16 3613 +22.72 1.39 0.48 7.1 - -

BD+15

Æ

1200 219 S4/2 19 3933 +46.77 1.47 0.45 5.2 - -

61913 382 M3S 12 1860 �15.68 0.65 0.30 4.9 db
 17 NZ Gem = HR 2967

BD�04

Æ

2121 416 S5/2 18 3585 +31.83 1.04 0.38 5.6 yes 8

BD�21

Æ

2601 554 S3*3 14 3308 +44.72 1.07 0.36 3.5 no 0

BD+20

Æ

4267 1158 Swk 19 3009 +26.69 1.59 0.41 6.9 - -

189581 1178 S4*2 19 3399 �17.04 0.78 0.34 4.5 no 15

BD+04

Æ

4354 1193 S4*3 13 3006 �8.79 0.63 0.39 5.3 yes 8

192446 1198 S6/1 17 3245 �22.48 0.79 0.42 6.0 yes 8

216672 1315 S4/1 30 3251 +12.47 0.76 0.31 4.9 yes 15 HR Peg = HR 8714
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Table 2.14: Mira S stars. The numbers in 
olumn `Ref. T
' refer to the papers listed in Tab. 2.17

HD GCGSS Var Sp. N �t V

r

�(V

r

) �

1

S

b

T
 Ref. Rem.

(d) (km/s) (km/s) (km/s) (km/s) T


1967 14 R And S5-7/4-5e 9 1924 �4.85 4.92 0.54 9.6 yes 17

4350 12 U Cas S5/3e 5 729 �51.62 7.97 0.78 8.5 yes 17

14028 49 W And S7/1e 3 1856 �38.34 0.70 0.42 4.2 yes 17

29147 103 T Cam S6/5e 3 641 �11.09 5.28 0.55 11.5 yes 17

53791 307 R Gem S5/5 7 2126 �45.55 4.05 0.58 11.7 yes 17

70276 494 V Cn
 S3/6e 4 2126 �4.71 10.17 0.48 10.3 db
 17

110813 803 S UMa S3/6e 13 2667 +1.46 5.15 0.45 10.1 yes 17 binary?

117287 - R Hya M6e-M9eS 16 2924 �9.69 2.06 0.70 9.6 prob 17

185456 1150 R Cyg S6/6e 4 767 �29.45 2.42 0.58 13.2 yes 17

187796 1165 � Cyg S7/1.5e 12 2976 +3.24 3.19 0.61 8.3 yes 17

190629 1188 AA Cyg S6/3 31 2931 +11.41 1.33 0.42 8.7 yes 17

195763 1226 Z Del S4/2e 3 348 +37.43 3.52 0.93 9.7 yes 17

211610 1292 X Aqr S6,3e 7 1746 +11.67 7.20 0.75 8.3 prob 17
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Table 2.15: SC Stars. The numbers in 
olumn `Ref.' refer to the papers listed in Tab. 2.17

HD/DM GCGSS Var Sp. N �t V

r

�(V

r

) �

1

S

b

T
 Ref. Rem.

(d) (km/s) (km/s) (km/s) (km/s) T


286340 117 GP Ori SC7/8 15 3614 +82.78 2.09 0.45 7.0 - -

44544 212 FU Mon S7/7 17 3720 �25.86 1.71 0.48 7.2 - -

BD�04

Æ

1617 244 V372 Mon SC7/7 13 3341 +16.66 2.93 0.46 7.3 - -

BD�08

Æ

1900 344 S4/6 17 3619 +72.47 1.54 0.40 5.4 - - binary?

54300 R CMi CS 16 3740 +45.76 6.06 0.52 12.2 yes 17 pseudo-orbit

198164 CY Cyg CS 27 3613 +4.52 1.02 0.34 6.9 yes 17

209890 RZ Peg C9 21 2932 �32.32 6.51 0.56 14.9 yes 17 pseudo-orbit
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Table 2.16: T
-poor 
arbon stars. The 
olumn labelled GCCCS refers to the entry number in the General Catalogue of Cool

Carbon Stars (Stephenson 1973)

HD GCCCS Var Sp. N �t V

r

�(V

r

) �

1

S

b

Rem.

(d) (km/s) (km/s) (km/s) (km/s)

46687 537 UU Aur C5,3 6 857 13.5 1.27 0.28 5.8

76221 1338 X Cn
 C5,4 15 2117 �6:0 1.13 0.35 4.8 binary?

108105 1999 SS Vir C6,3 16 1976 2.4 3.30 0.62 6.6 pseudo-orbit
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Table 2.17: Referen
es to Tables 2.5{2.16

0 This work

1 Udry et al. (1998a)

2 Udry et al. (1998b)

3 Carquillat et al. (1998)

4 Jorissen et al. (1996)

5 GriÆn (1996)

6 GriÆn et al. (1996)

7 Jorissen et al. (1995)

8 Jorissen et al. (1993)

9 Lambert et al. (1993)

10 Jorissen & Mayor (1992)

11 GriÆn & Keenan (1992)

12 GriÆn (1991)

13 M
Clure & Woodsworth (1990)

14 Ake & Johnson (1988)

15 Smith & Lambert (1988)

16 Smith & Lambert (1987)

17 Little et al. (1987)

18 GriÆn (1984)

19 S
hindler et al. (1982)

20 GriÆn & GriÆn (1980)

21 M
Clure et al. (1974)

22 Ha
kos & Peery (1968)

23 Fekel et al. (1993)



Chapter 3

The HIPPARCOS

Hertzsprung-Russell

diagram of S stars

3.1 Introdu
tion

A dire
t predi
tion of the binary s
enario for S stars is the brighter luminosity of

intrinsi
 S stars with respe
t to extrinsi
 S stars. The 
he
k of this predi
tion has

been hampered till now by the diÆ
ulty in evaluating the absolute magnitude of

S stars. Methods used so far in
lude individual parallaxes (� Cyg: Stein 1991),

membership in a binary system with a dete
ted main sequen
e 
ompanion (�

1

Gru: Feast 1953; 57 Peg: Ha
kos & Peery 1968; T Sgr: Culver & Ianna 1975),

membership in a moving group (�

1

Gru, R Hya: Eggen 1972b; R And, HR

363, o

1

Ori: Eggen 1972a), membership in a 
luster or asso
iation (WY Cas:

Mavridis 1960; TT9, TT12: Feast et al. 1976), Ca II K-line emission width (HD

191630, 57 Peg: Warner 1965; o

1

Ori: Boesgaard 1969). Most of these individual

estimates were used by S
alo (1976) to lo
ate S stars in the Hertzsprung-Russell

(HR) diagram, with the 
on
lusion that they fall above the luminosity threshold

for TP-AGB stars, as derived from the early AGB model 
al
ulations available

to S
alo. Although S
alo's 
on
lusion appears to support the 
ustomary M-S-C

sequen
e, statisti
al estimates based on the kinemati
s or spa
e distribution of

S stars pointed out a systemati
 di�eren
e between the average luminosity of

non- or weakly-variable S stars and of Mira S stars, the latter being about 3

visual magnitudes brighter than the former (Takayanagi 1960; Yorka & Wing

1979). Su
h a segregation apparent in these early studies might already hint

at the 
urrent di
hotomy between extrinsi
 and intrinsi
 S stars. The rather

heterogeneous set of former luminosity determinations for S stars, along with

our revised understanding of their evolutionary status, prompted the present

study, based on the trigonometri
al parallaxes provided by the HIPPARCOS

95
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satellite. Its aim is to lo
ate T
-ri
h and T
-poor S stars in the Hertzsprung-

Russell (HR) diagram, and to 
ompare their respe
tive lo
ations with stellar

evolutionary tra
ks.

Our HIPPARCOS sample of S stars is des
ribed in Se
t. 3.2. The method

used for deriving their bolometri
 magnitudes is detailed in Se
t. 3.3. The

HR diagram of S stars is dis
ussed in Se
t. 3.4, with spe
ial emphasis on the


omparison with theoreti
al evolutionary tra
ks and with S and C stars in the

Magellani
 Clouds. Finally, the 
orrelation between the infrared 
olours of S

stars and their lo
ation on the giant bran
hes is dis
ussed in Se
t. 3.5.

The HIPPARCOS parallaxes used in this study did not take into a

ount the

orbital elements. Yet, if the orbital period is of the order of one year, it is very

diÆ
ult to distinguish the motion of the star due to binarity (orbital 
ontribu-

tion) from the motion of the earth around the Sun (paralla
ti
 
ontribution),

and thus to get a meaningful parallax. However, a subsequent redu
tion of the

HIPPARCOS material, taking into a

ount the binary orbit, does not lead to

any signi�
ant 
hanges in any of the S stars parallaxes (Pourbaix 1999, priv.


omm.).

3.2 S stars in the HIPPARCOS 
atalogue

A full dis
ussion of the HIPPARCOS mission 
an be found in the HIPPAR-

COS 
atalogue (ESA 1997). Cross-identi�
ations between the HIPPARCOS


atalogue and the General Catalogue of Gala
ti
 S Stars (Stephenson 1984;

GCGSS) yield 63 stars in 
ommon between the two 
atalogues. Of these, 22 are

part of the HIPPARCOS general survey (a systemati
 monitoring of all stars

down to magnitudes 7.3 { 9, depending on gala
ti
 latitude and spe
tral type),

and 41 belong to samples in
luded in the HIPPARCOS Input Catalogue (Turon

& al. 1992, 1992b, 1993) for a parti
ular purpose. The sample of S stars studied

here 
an thus in no way be 
onsidered as a 
omplete sample, sin
e it rather

re
e
ts the parti
ular interests prevailing at the time of 
onstru
tion of the

HIPPARCOS Input Catalogue. A 
omparison with the GCGSS indi
ates that

the HIPPARCOS sample of S stars is nevertheless 
omplete down to V = 7:5.

Table 3.1 lists various identi�
ations of the S stars 
onsidered in this work.

The di�erent 
olumns 
ontain the following data:

1. HIPPARCOS Input Catalogue (HIC) number;

2-3. GCGSS and HD numbers;

4. variable name in the the General Catalogue of Variable Stars (Kholopov et al.

1985; GCVS);

5. variability type from the GCVS;

6. spe
tral type from the GCGSS;

7. presen
e (y) or absen
e (n) of te
hnetium lines [from Little et al. (1987),

Smith & Lambert (1988), from the 
ompilation of Jorissen et al. (1993), or from

Chap. 5 in the 
ase of HIC 28297℄;

8-9. annual parallax � and its standard error �

�

(both expressed in milliar
se
-

onds).
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Table 3.2 lists the basi
 photometri
 properties of the S stars in the HIP-

PARCOS sample. The various 
olumns 
ontain the following data:

1. HIC number;

2-3. median Hp magnitude and its standard error �

Hp

;

4. 
olour ex
ess E

B�V

;

5. Johnson V

J

magnitude from the HIPPARCOS 
atalogue;

6. dereddened (V �K)

0


olour index;

7. dereddened K

0

magnitude;

8. bolometri
 
orre
tion BC

K

to the K magnitude;

9. bolometri
 magnitude M

bol

(see Se
t. 3.3 for details about the derivation of

the quantities listed in 
olumns 4{9);

10. method used for deriving the bolometri
 
orre
tion: (1) by integrating un-

der the energy 
urve, or (2) from the (BC

K

; V �K) relation of Bessell & Wood

(1984);

11. sour
e for the HIPPARCOS (V � I)

C


olour [A-G: from V RI

C

photometry;

H-K: from UBV

J

photometry; L-P: from HIPPARCOS and Star Mapper pho-

tometry; Q: spe
i�
 treatment applied to long-period variables; R: from spe
tral

type; see the HIPPARCOS and Ty
ho Catalogues (ESA 1997, Vol. 1, Introdu
-

tion and Guide to the Data) for details℄;

12. dupli
ity 
ag (�eld H59 of the HIPPARCOS 
atalogue; see Se
t. 3.4.1);

13. other identi�
ations ['Hen' refers to the survey of S stars by Henize (1960)℄.

One star (HIC 42650 = GCGSS 544) appears outlying in many respe
ts.

With the largest parallax in the sample and the se
ond faintest Hp magnitude,

it is intrinsi
ally mu
h fainter than all the other stars in the sample. It is also

somewhat bluer, with (B � V )

J

= 1:39 and (V � I)

C

= 1:65, 
ompared to

average 
olour indi
es of h(B�V )

J

i = 1:79 and h(V �I)

C

i = 2:72 for the whole

sample.

A low-resolution spe
trum (�� � 0:3 nm) of this star, 
overing the spe
tral

range 440 { 820 nm, has been obtained at the European Southern Observa-

tory (ESO, La Silla, Chile) on the 1.52-m teles
ope equipped with the Boller

& Chivens spe
trograph (grating #23 + �lter GG 420; 114

�

A mm

�1

) and a

Loral/Lesser thinned, UV-
ooded 2048x2048 CCD (CCD#39; 15 �m pixels).

The 
ux response 
urve of the system has been 
alibrated using the spe
tropho-

tometri
 standard star LTT 4816.

The spe
trum of GCGSS 544 appears to be that of a M0-M1 dwarf, as 
an be

seen on Fig. 3.1 from the strong MgH (�478:0 and �521:1) and CaH (�638:2 and

�638:9) bands, as well as from the strong Na D line superimposed on moderately

strong TiO bands (Jas
hek & Jas
hek 1987). This 
lassi�
ation is 
onsistent

with its absolute visual magnitude M

v

= 8:6 derived from its HIPPARCOS par-

allax and V

J

magnitude. That star is thus mis
lassi�ed as S star, sin
e there is

no tra
e whatsoever of ZrO bands in its spe
trum.

The 
ase of T Cet (= HIC 1728) is also 
on
i
ting, sin
e it was 
lassi�ed

as M5-6Se in the original paper by Keenan (1954) de�ning the S 
lass, and

re
lassi�ed as M5-6Ib-II in the Mi
higan Spe
tral Survey (Houk & Cowley 1975).

The spe
tra of supergiants and weak S-type stars look very similar at the low
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Table 3.1: S stars in the HIPPARCOS 
atalogue: Identi�
ations and parallaxes

HIC GCGSS HD Var Var type Sp. T
 � �

�

621 3 310 S3,1 n 2.50 0.69

1728 8 1760 T Cet SR
 M5-6Se; M5-6Ib-II y 4.21 0.84

1901 9 1967 R And M S5-7/4-5e y -0.06 6.49

5091 22 6409 M2wkS n 2.43 0.89

5772 26 7351 S3/2 n 3.21 0.82

8876 45 S3/1 n -1.92 1.50

10687 49 14028 W And M S7/1e y -1.17 3.17

17296 79 22649 BD Cam Lb S4/2 n 6.27 0.63

21688 104 29704 S: n 1.84 1.00

22667 114 30959 o

1

Ori SRb S3/1 y 6.02 0.94

25092 133 35155 S4,1 n 1.32 0.99

26718 149 37536 NO Aur L
 M2S y 2.38 0.97

28297 178 40706 S2,1 n 1.17 0.88

30301 212 44544 FU Mon SR S7/7 (SC) 0.30 1.58

32627 260 49368 V613 Mon SRb: S3/2 n 1.65 1.11

32671 265 49683 M4S -0.18 1.07

33824 283 51610 R Lyn M S5/5e -3.39 1.79

34356 307 53791 R Gem M S4*1 y -6.22 6.50

35045 312 54587 AA Cam Lb M5S y 1.24 1.02

36288 347 58521 Y Lyn SR
 M6S y 4.03 1.33

37521 382 61913 NZ Gem SR M3S n? 3.19 0.79

38217 411 63733 S4/3 y? 0.00 0.99

38502 422 64332 NQ Pup Lb S5/2 y 3.01 1.11

38772 436 SU Pup M S4,2 -1.75 1.81

40977 494 70276 V Cn
 M S3/6e 26.58 42.74

45058 589 78712 RS Cn
 SR
: M6S y 8.21 0.98

54396 722 96360 M3 n 2.10 0.90

59844 788 BH Cru M S5,8e (SC) 1.64 0.99

62126 803 110813 S UMa M S3/6e y 0.63 0.94

64613 815 S3,3 -1.90 2.99

64778 816 115236 UY Cen SR S6/8 (CS) 1.66 1.04

66783 826 118685 S6,2 n 3.42 0.65

67070 829 M1wkS n 2.27 1.06

68837 U Cir SR C -1.92 1.51

71348 804 110994 BQ O
t Lb: S5,1 2.08 0.57

72989 867 131217 S6,2 n 4.24 1.02
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Table 3.1: (Continued)

HIC GCGSS HD Var Var type Sp. T
 � �

�

77619 903 142143 ST Her SRb M6.5S y 3.22 0.75

81970 937 M2S n 3.32 1.14

82038 938 151011 Swk n 4.30 1.07

87850 163990 OP Her SRb M6S y 3.26 0.54

88620 1014 164392 2.09 1.06

88940 1023 165774 S4,6 n 0.23 1.50

89316 1025 165843 S2,1 1.47 1.05

90723 1053 170970 S3/1 y 1.83 0.67

94706 1117 180196 T Sgr M S5/6e y -31.67 9.28

97629 1165 187796 � Cyg M S7/1.5e y 9.43 1.36

98856 1188 190629 AA Cyg SRb S6/3 y 0.86 0.88

99124 1192 191226 M1S-M3SIIIa n 0.39 0.71

99312 1194 191589 S: n 2.25 0.77

99758 1195 191630 S4,4 y 1.18 0.81

100599 1211 V865 Aql M S7,2 -1.28 1.91

101270 1224 195665 AD Cyg Lb S5/5 -0.96 1.15

103476 1254 199799 MS 2.16 0.82

110146 1292 211610 X Aqr M S6,3e: -4.01 5.73

110478 1294 212087 �

1

Gru SRb S5,7: y 6.54 1.01

112227 1304 215336 Swk n 0.74 0.92

112784 1309 SX Peg M S3/6e 2.12 2.99

113131 1315 216672 HR Peg SRb S4/1 y 3.37 0.94

114347 1322 218634 57 Peg SRa M4S n 4.28 0.88

115965 1334 S2/3: n 1.72 1.26

HIPPARCOS 
lose visual binaries

19853 89 26816 S y 3.79 1.05

27066 157 S 1.13 3.50

Mis
lassi�ed S star

42650 544 MS

a

32.13 1.50

Comparison barium star

68023 121447 K7IIIBa5; S0 n

b

428�71 p





Remarks:

a: HIC 42650 is an early M dwarf rather than a MS star

b: Little et al. 1987


: Distan
e derived by Mennessier et al. 1997 from a maximum-likelihood estimator based on the HIPPARCOS parallax
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Table 3.2: S stars in the HIPPARCOS 
atalogue: Photometry

HIC Hp �

Hp

E

B�V

V

J

(V �K)

0

K

0

BC

K

M

bol

S

V�I

Dupl Other ident.

621 7.570 0.003 0.000 7.50 4.38 3.12 2.74 -2.14 2 O Hen 1

1728 5.439 0.033 0.000 5.61 6.5 -0.89 2.91 -4.85 1 O

1901 10.705 0.011 10.71 -0.11 K V

5091 7.462 0.004 0.042 7.44 5.04 2.27 2.84 -2.95 2 O

5772 6.395 0.004 0.049 6.33 4.65 1.53 2.68 -3.25 1 F HR 363

8876 9.072 0.002 8.97 L +21

Æ

255

10687 8.075 0.226 8.60 0.7 O

17296 5.095 0.003 0.041 5.06 4.78 0.15 2.77 -3.09 1 C O HR 1105

21688 8.225 0.009 0.000 8.23 5.64 2.59 2.91 -3.16 2 O Hen 3

22667 4.702 0.005 0.121 4.71 4.96 -0.62 2.85 -3.87 1 O V

25092 6.882 0.011 0.128 6.82 4.46 1.97 2.76 -4.66 2 F

26718 6.243 0.011 0.245 6.23 4.67 0.8 2.74 -4.57 1 C

28297 8.987 0.002 0.029 8.88 L Hen 7

30301 8.520 0.032 0.327 9.76 7.35 1.4 3.03 1 O

32627 7.749 0.004 0.051 7.73 4.93 2.64 2.83 -3.43 2 O

32671 8.232 0.006 8.38 2.07 O

33824 9.922 0.029 9.93 1.91 K

34356 7.529 0.456 7.53 2.12 P V

35045 7.578 0.007 0.039 7.69 6.01 1.56 2.95 -5.01 2 O V

36288 6.897 0.005 0.058 7.27 7.63 -0.54 3.08 -4.43 1 O V

37521 5.587 0.003 0.027 5.55 4.85 0.61 2.86 -4.01 1 G HR 2967

38217 7.981 0.002 7.90 F

38502 7.532 0.015 0.072 7.52 5.17 2.13 2.86 -2.61 2 F V

38772 9.609 0.218 9.64 2.64 K Hen 32

40977 9.262 0.152 0.004 9.25 K X

45058 5.450 0.026 0.002 6.04 7.74 -1.71 3.07 -4.06 1 O

54396 8.075 0.006 0.000 8.05 O

59844 7.737 0.118 0.163 7.74 K Hen 120

62126 8.909 0.148 0.000 8.94 5.95 2.99 2.87 1 K

64613 11.404 0.021 11.33 2.85 K Hen 134, -30

Æ

10427

64778 6.787 0.033 0.088 6.85 6.09 0.49 2.85 -5.55 1 L V Hen 135

66783 6.832 0.007 0.062 6.91 5.82 0.9 2.93 -3.49 2 O Hen 138

67070 8.541 0.002 0.009 8.43 L -2

Æ

3726

68837 9.609 0.013 9.54 J V C* 2142

71348 6.806 0.005 0.106 6.82 5.16 1.33 2.86 -4.21 2 O Hen 127

72989 7.425 0.004 0.204 7.45 O Hen 150
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Table 3.2: (
ontinued)

HIC Hp �

Hp

E

B�V

V

J

(V �K)

0

K

0

BC

K

M

bol

S

V�I

Dupl Other ident.

77619 6.920 0.026 0.000 7.69 8.55 -0.86 3.11 -5.20 2 O

81970 7.803 0.004 0.173 7.99 5.63 1.83 2.91 -2.64 2 O �13

Æ

4495

82038 6.689 0.002 0.190 6.60 4.59 1.43 2.78 -2.62 2 L

87850 6.105 0.010 0.022 6.22 6.09 0.06 2.92 -4.45 1 O

88620 8.448 0.004 0.072 8.39 O Hen 183

88940 8.211 0.003 0.186 8.17 O Hen 186

89316 8.412 0.005 0.082 8.37 O Hen 187

90723 7.457 0.002 0.041 7.42 4.88 2.41 2.82 -3.45 2 O

94706 10.826 0.223 10.78 1.05 3.14 1 K V

97629 6.169 0.168 0.004 7.91 7.69 -1.73 3.27 -3.58 1 O V

98856 8.159 0.037 0.491 8.16 6.26 0.39 2.94 1 K

99124 7.374 0.002 0.491 7.28 3.4 2.37 2.52 2 L

99312 7.368 0.001 0.081 7.26 H

99758 6.757 0.004 0.029 6.74 5.05 1.6 2.71 -5.33 1 O Hen 197

100599 9.642 0.134 10.34 1.49 Q +0

Æ

4492

101270 8.607 0.011 8.61 1.18 K

103476 7.248 0.016 0.071 7.36 5.99 1.15 2.95 -4.22 2 O

110146 10.188 0.179 10.82 2.9 Q V

110478 5.495 0.011 0.000 6.42 8.55 -2.13 3.12 -4.93 1 O V Hen 202

112227 7.929 0.001 0.089 7.82 L

112784 9.241 0.176 0.056 9.25 K V

113131 6.346 0.016 0.050 6.39 5.47 0.77 2.86 -3.73 1 O V HR 8714

114347 5.033 0.011 0.024 5.05 5.47 -0.5 3 -4.34 1 F

115965 9.536 0.003 0.056 9.43 K +28

Æ

4592

HIPPARCOS 
lose visual binaries

19853 7.607 0.010 0.120 7.90 O C +23

Æ

654

27066 11.274 0.010 0.327 11.12 R C

Mis
lassi�ed S star

42650 11.118 0.005 0.009 11.03 I

Comparison barium star

68023 0.056 3.78 4.090 2.69 -1.40 1
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Figure 3.1: The spe
trum of HIC 42650 = GCGSS 544, with the prin
ipal

spe
tral features identi�ed

plate dispersions used in 
lassi�
ation work, and are therefore easily 
onfused

(e.g., Lloyd Evans & Cat
hpole 1989). T Cet has nevertheless been kept in our

�nal list until higher resolution spe
tra resolve these equivo
al 
lassi�
ations.

The star HIC 27066 (= GCGSS 157) has HIPPARCOS 
olours that do not

mat
h those of an S star [(B�V )

J

= 0:80 and (V � I)

C

= 0:83℄. HIPPARCOS

found it to be a 
lose visual binary with a separation of 0.262 ar
se
, the 
om-

panion being 1.55 mag fainter in the Hp band. The 
olour indi
es measured by

HIPPARCOS 
orrespond to the 
omposite light from the system.

The only other S star found by HIPPARCOS to be a 
lose visual binary

(with an angular separation of 0.18 ar
se
) is HIC 19853. Although its 
olour

indi
es are not atypi
al for a late-type star, the measured 
olours must 
learly

be 
omposite sin
e the 
ompanion is only 0.35 mag fainter in the Hp band.

These two stars have been ex
luded from our �nal sample. Among the 61

remaining S stars, 20 do exhibit te
hnetium lines in their spe
trum, 21 do not,

and the T
 
ontent is unknown for the remaining 20 stars.

The only trigonometri
al parallax for an S star with a small relative error

available in the literature prior to the HIPPARCOS mission is that obtained by

Stein (1991) for the Mira S star � Cyg. His value (8:8 � 1:9 mas) is in good

agreement with the HIPPARCOS parallax listed in Table 3.1.
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3.3 Colours and bolometri
 magnitudes

3.3.1 Colours

Although the (B � V )

J

and (V � I)

C

(where the subs
ripts J and C stand

for the Johnson and Cousins photometri
 systems, respe
tively) 
olour indi
es

are dire
tly provided by the HIPPARCOS 
atalogue, we felt that the (V �K)

J


olour index, derived on a 
ase-by-
ase basis, is a more appropriate temperature

indi
ator. For most of the stars in our sample, the (V � I)

C

index listed in the

HIPPARCOS 
atalogue has been derived from a �du
ial relation (V � I)

C

=

f(B � V )

J


alibrated on normal M giants (as indi
ated by the 
ags H-P in


olumn S

V�I

of Table 3.2). Several S stars in our sample, however, fall outside

the validity range of su
h a 
alibration, so that (V � I)

C

as provided by the

HIPPARCOS 
atalogue is not a reliable temperature indi
ator for our purpose.

As dis
ussed by Ridgway et al. (1980), B�V for late-type stars is not a good

temperature indi
ator either, be
ause the temperature has opposite e�e
ts on

B � V : when the temperature de
reases, the absorption in the V band due to

TiO bands in
reases (thus de
reasing B�V ), whereas the bla
k body 
ontinuum

tends to in
rease the B � V index. By 
ontrast, these two e�e
ts a
t together

to in
rease V �K.

The V � K index has therefore been 
onstru
ted from individual K mag-

nitudes 
olle
ted from the literature, mostly from the Two-Mi
ron Sky Survey

(Neugebauer & Leighton 1969; TMSS), but also from Wing & Yorka (1977),

Cat
hpole et al. (1979), Chen et al. (1988), Nogu
hi et al. (1991) and Fouqu�e

et al. (1992); it is available for 46 stars as listed in Table 3.2. The adopted

V magnitude 
orresponds to the V

J

magnitude listed in the HIPPARCOS 
at-

alogue. It has been obtained by the HIPPARCOS redu
tion 
onsortia from a

(H

p

�V

J

, (V �I)

C

) relation, with (V �I)

C

derived by di�erent methods as listed

in 
olumn S

V�I

of Table 3.2. A

ording to the HIPPARCOS redu
tion 
onsor-

tia (ESA 1997, Vol. 1, Introdu
tion and Guide to the Data), that relation is

quite well de�ned from 
lassi
al photometry in the range �0:4 < (V � I)

C

< 3:0

(whi
h holds for 47 S stars), with un
ertainties of less than 0.01 mag. The red

extension down to (V � I)

C

= 5:4 (15 S stars) was de�ned using observations

of Mira variables devoted to that purpose, resulting in an un
ertainty of 0.03{

0.05 mag. For indi
es down to (V � I)

C

= 9:0 [only � Cyg is 
on
erned, with

(V � I)

C

= 6:1℄, the HIPPARCOS redu
tion 
onsortia adopted a linear extrap-

olation of the previous relation. To avoid the un
ertainties inherent to su
h

an extrapolation, a (
ux) average of the numerous V

J

measurements of � Cyg

available in the literature has been preferred over the linear extrapolation.

In summary, the un
ertainty on V

J

introdu
ed by the 
olour transformation

applied on Hp is largely o�set by the fa
t that the Hp magnitude is a good

time average over a uniform period of time (the duration of the HIPPARCOS

mission), the same for all the stars. As dis
ussed in Se
t. 3.4.1, the intrinsi


variability of S stars is indeed a major sour
e of un
ertainty on their lo
ation

in the HR diagram.
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3.3.2 Bolometri
 magnitudes

Sin
e most of the 
ux from S stars is radiated in the near-infrared, the bolomet-

ri
 
orre
tion is best determined from near-infrared magnitudes. Moreover, the

near-infrared and bolometri
 variability is mu
h smaller than the visual ampli-

tude of variations (Mira-type variables whi
h vary typi
ally by 6 to 8 mag in the

visual region, vary by less than 1 mag in the K band; Feast et al. 1982). There-

fore, the bolometri
 
orre
tionBC

K

in theK band (de�ned as M

bol

= K+BC

K

)

has been adopted in this work (and listed in Table 3.2).

In order to 
ompute bolometri
 
orre
tions, an extensive set of magnitudes

ranging from the ultraviolet to the far IR has been 
olle
ted from the literature.

This set in
ludes Johnson UBV RIJHKLM magnitudes when available, as well

as good quality 
uxes at 4.2, 11.0, 19.8 and 27.4 �m from the Revised Air

For
e Four-Color Infrared Sky Survey (Pri
e & Murdo
k 1983), and four-
olour

infrared photometry from Gillett et al. (1971). The IRAS 12, 25, 60 and 100

�m 
uxes (with a quality 
ag 3) from the se
ond edition of the Point Sour
e

Catalogue (IRAS S
ien
e Team 1988) were also used, or when available, the

repro
essed IRAS 
uxes provided by Jorissen & Knapp (1998). When several

measurements in the same �lter are available, a 
ux average has been 
omputed.

All magnitudes bluer than 4.8�m have been 
orre
ted for interstellar red-

dening and absorption, using the extin
tion law as provided by Cohen et al.

(1981) for the BV RIHKL �lters and by Koornneef (1983) for the J and M

�lters. The visual extin
tion A

V

was derived either from Ne
kel & Klare (1980)

with the distan
e derived from the HIPPARCOS parallax, or from Burstein &

Heiles (1982) for stars with gala
ti
 latitudes jbj > 10

Æ

. In the latter 
ase, the

E

B�V

value provided by Burstein & Heiles (1982) was redu
ed by the fa
tor

[1� exp(�10d sin jbj)℄, where d stands for the distan
e in kp
. In the remaining


ases, the 
ose
ant formula (Feast et al. 1990) was used:

E

B�V

= 0:032 (
ose
jbj � 1) [1� exp(�10 d sin jbj)℄

The adopted E

B�V

values are listed in Table 3.2.

The deredenned BV RIJKLM magnitudes have then been 
onverted into


uxes using the zero-magnitude 
uxes provided by Johnson (1966). This par-

ti
ular 
hoi
e will be justi�ed below. The zero-magnitude 
ux in the H band

was taken from Jas
hek (1978) and, for the remaining bands, from the original

papers quoted above.

A limited sample of 17 stars have enough broad-band 
olours available

(BV RIJHK, as well as IRAS 12, 25 and 60 �m) to derive the bolometri


magnitude by a dire
t integration of the available 
uxes over wavelength. More

pre
isely, the trapezoidal rule has been used on the 
urve �F

�

versus log�. The

zero point of the bolometri
 magnitude has been de�ned from the requirement

that L = 3:86 10

33

erg s

�1


orresponds to M

bol

= 4:75 for the Sun.

If the available photometri
 data was too s
ar
e to derive the bolomet-

ri
 magnitude from a dire
t integration, it has been derived instead from the

(BC

K

; V �K) relation of Bessell & Wood (1984) appli
able to oxygen-ri
h stars.
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For the 17 S stars where both methods are appli
able, they yield 
onsistent re-

sults (with a r.m.s. deviation of 0.1 mag), provided that the zero-magnitude


uxes of Johnson (1966) be adopted (as was done by Bessell & Wood 1984).

If the zero-magnitude 
uxes listed by Jas
hek (1978) are used instead, some-

what lower bolometri
 
orre
tions BC

K

(i.e. brighter bolometri
 magnitudes,

by about 0.06 mag) are obtained.

A bolometri
 magnitude M

bol

= �3:74, based on the same HIPPARCOS

parallax, has re
ently been derived by Van Leeuwen et al. (1997) for � Cyg, and

agrees well with our value �3:58 listed in Table 3.2.

3.4 The HR diagram of S stars

The V � K 
olours and the bolometri
 magnitudes derived as dis
ussed in

Se
t. 3.3, 
ombined with the HIPPARCOS parallaxes, provide the HR diagram

of S stars presented in Fig. 3.2. Only the 30 S stars with an available K mag-

nitude and with 0 < �

�

=� < 0:85 (see Fig. 3.3) have been plotted. Despite the

sometimes large un
ertainties a�e
ting V �K or M

bol

(as dis
ussed in Se
t. 3.4.1

below), a segregation between extrinsi
 and intrinsi
 S stars is readily apparent,

with extrinsi
 S stars being intrinsi
ally fainter and bluer than intrinsi
 S stars.

3.4.1 Un
ertainties on the HR diagram

The two major sour
es of un
ertainty on the position of an S star in the HR

diagram are the stellar intrinsi
 variability and the error on the parallax �.

The intrinsi
 variability of S stars has an impa
t on both V �K and M

bol

.

The variability in the V band and, to a lesser extent, in the K band, leads to

a variation of V �K, and thus of BC

K

(Se
t. 3.3.2). If BC

K

was derived from

simultaneous V and K measurements, it 
ould be expe
ted that the variations

in K and in BC

K

would 
an
el to a large extent, thus leaving only a moderate

variation in M

bol

. However, sin
e the V and K data used in this study do not

result from simultaneous observations, the expe
ted 
an
ellation will not o

ur.

Its impa
t on M

bol

is, however, diÆ
ult to evaluate. It seems nevertheless

unlikely that this e�e
t 
ould lead to a systemati
 upwards shift of all intrinsi


S stars that would be responsible for the observed segregation between intrinsi


and extrinsi
 S stars. The impa
t of the intrinsi
 variability on V �K is easier

to estimate. Its e�e
t is shown on Fig. 3.2 from the variation re
orded in

the Hp magnitude over the � 1230 d duration of the HIPPARCOS mission.

The smaller variation due to K has not been taken into a

ount. Clearly, the

un
ertainty on V � K due to the intrinsi
 variability does not jeopardize the

observed segregation between extrinsi
 and intrinsi
 S stars. An interesting by-

produ
t of Fig. 3.2 is the in
rease of the amplitude of variations towards 
ooler

and more luminous stars [see also Eyer & Grenon (1997) and Jorissen et al.

(1997)℄.

The impa
t on the bolometri
 magnitude of the un
ertainty on the parallax

is shown in Fig. 3.4, presenting (separately for intrinsi
 and extrinsi
 S stars) the
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Figure 3.2: The HR diagram for S stars with 0 < �

�

=� < 0:85. Filled triangles


orrespond to T
-ri
h S stars, open squares to T
-poor S stars and dots to S

stars with unknown T
. HD 121447, the boundary 
ase between Ba and S stars

(see Se
t. 3.4.3), is represented by ?. The error bar provides the un
ertainty on

V �K 
aused by the intrinsi
 variability of the HIPPARCOS Hp magnitude;

it 
overs the range in Hp between the 5th and 95th per
entiles

range of M

bol


orresponding to � � �

�

[see Arenou et al. (1995) and Lindegren

(1995) for a dis
ussion of the external errors of HIPPARCOS parallaxes and

of the a

ura
y of the zero-point℄. As dis
ussed by Van Leeuwen et al. (1997),

there is a spe
i�
 error sour
e on the parallax for nearby Mira variables, as

some of these stars were found to have asymmetri
al spatial light distributions.

Changes in these asymmetries might a�e
t the derived parallax. The 
ag 'V'

in �eld H59 of the HIPPARCOS 
atalogue possibly re
e
ts su
h e�e
ts, as it

refers to a 'variability-indu
ed mover'. This 
ag is set for 14 stars in our sample,

mostly nearby Miras (see 
olumn 'Dupl' in Table 3.2). Like Van Leeuwen et al.

(1997), we assume that any su
h e�e
t will add only additional random s
atter

to the mean results.

Part of the overlap in luminosity between extrinsi
 and intrinsi
 S stars in

the HR diagram may a
tually be attributed to the large error bars of the inter-

loping stars (NQ Pup and HD 170970

1

among intrinsi
 S stars, and HD 35155

1

The presen
e of T
 in HD 170970 is somewhat un
ertain, though, sin
e the 
entral wave-

length of the blend 
ontaining the �426:2 T
 line lies at the very boundary between T
-ri
h

and T
-poor stars (Smith & Lambert 1988)
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Figure 3.3: Distribution of the relative error �

�

=� on HIPPARCOS parallaxes

� for S stars. The hat
hed and bla
k parts of the histogram 
orrespond to

T
-poor and T
-ri
h S stars, respe
tively. Stars with negative parallaxes and

stars with �

�

=� > 0:85 have been assigned to the leftmost and rightmost bins,

respe
tively

among the extrinsi
 S stars). That explanation does not hold true, however, for

the high-luminosity, T
-poor S star 57 Peg (M

bol

= �4:3), whi
h has a small

un
ertainty on its parallax (�

�

=� = 0:21). That star is spe
ial in many respe
ts,

sin
e it has an A6V 
ompanion instead of the WD 
ompanion expe
ted for ex-

trinsi
 S stars in the framework of the binary paradigm. It is further dis
ussed

in Van E
k et al. (1998).

The 
ase of HD 35155 deserves further 
omments. This extrinsi
 S star has

the se
ond largest relative error on the parallax. It is a binary system with

an orbital period of 641 � 3 d in a nearly 
ir
ular orbit, yielding an orbital

separation of about 2 AU assuming typi
al masses of 1.6 and 0.6 M

�

for the S

star and its suspe
ted white dwarf 
ompanion (see Chap. 2). The 
orresponding

angular separation on the sky (a) will thus be about twi
e the annual parallax

(sin
e a = A�, where A is the orbital separation expressed in AU). There is no

indi
ation whatsoever that the orbital motion of HD 35155 has been dete
ted by

HIPPARCOS. However, sin
e the orbital period is of the order of the duration of

the HIPPARCOS mission and the parallax is small (1:32�0:99 mas), this system

represented a diÆ
ult 
hallenge for the redu
tion 
onsortia. The orbital motion

has in fa
t been dete
ted (
ag 'O' in 
olumn 'Dupl' of Table 3.2) for another

short-period S star (HIC 17296 = HD 22649; P = 596 d), but the situation

is more favourable in this 
ase, be
ause of its larger parallax (� = 6:27 mas


ompared to � = 1:32 mas for HD 35155).

Finally, one should be aware that the observed distribution of absolute mag-

nitudes of a sample of stars may be altered by various statisti
al biases, de-
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Figure 3.4: The un
ertainty on M

bol

due to the un
ertainty �

�

on the parallax

�. The error bar extends from M

bol

(� + �

�

) to M

bol

(� � �

�

). Left panel:

paralla
ti
 errors for T
-poor S stars; right panel: paralla
ti
 errors for T
-ri
h

S stars. Symbols are as in Fig. 3.2

pending on the sele
tion 
riteria of the sample (e.g. Brown et al. 1997; Luri &

Arenou 1997). The impa
t of su
h biases is examined in the next se
tion.

3.4.2 An evaluation of the impa
t of statisti
al biases

The evaluation of the statisti
al biases altering the true absolute magnitude

distribution of any given observed sample of stars requires the knowledge of the

sele
tion 
riteria de�ning that sample. Indeed, magnitude-limited samples are

mostly a�e
ted by the Malmquist bias (Malmquist 1936), whereas the Lutz-

Kelker bias plays an important role for parallax-limited samples (e.g. Lutz

& Kelker 1973; Lutz 1979; Hanson 1979; Smith 1988). For the HIPPARCOS

sample of S stars 
onsidered here, the sele
tion 
riteria 
ombine limits on the

parallax with limits on the magnitude. Monte-Carlo simulations (see e.g. Pont

et al. 1998) appear therefore more appropriate than an analyti
al approa
h to

explore the biases resulting from the sele
tion 
riteria and the observation errors

when applied to a reasonable model of the parent population.

The main aim of the simulations presented in this se
tion is to demonstrate

that the segregation observed in the HR diagram between T
-ri
h and T
-poor

S stars is not an artefa
t 
aused by statisti
al biases whi
h might in prin
i-

ple operate di�erentially on the two families (be
ause e.g. of di�erent gala
ti
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distributions), but that it must result instead from truly di�erent luminosity

distributions.

To this aim, a parent population of T
-ri
h S stars is generated with the

following properties:

� a large number (> 300 000) of T
-ri
h S stars are 
reated, with a spa-

tial distribution 
hara
terized by an exponential s
ale height of 180 p


(as derived for the T
-ri
h stars of the Henize sample 
omprising 205 S

stars; Chap. 7), and a uniform proje
ted distribution on the gala
ti
 plane

around the Sun;

� various bolometri
-magnitude distributions are adopted (see below);

� the (V � I)

J


olour index is derived from the bolometri
 magnitude using

a �du
ial AGB �tted to our sample:

(V � I)

J

= (0:5� M

bol

)=1:5 + �

V�I

gauss(0; 1) (3.1)

where �

V�I

= 0:6 and gauss(0,1) is a random variable with a redu
ed

normal distribution;

� the bolometri
 
orre
tion is 
omputed from the (BC

I

; (V � I)

J

) relation

of Bessell & Wood (1984);

� the (unreddened) V

J;0

magnitude is dedu
ed from the distan
e d, M

bol

,

BC

I

and (V � I)

J

;

� the V

J;0

magnitude is reddened a

ording to the 
ose
ant formula (Feast

et al. 1990).

Stars are extra
ted from this parent population so as to reprodu
e the ob-

served distribution of V

J

magnitudes in the entire

2

HIPPARCOS sample of S

stars. The \measured" parallax of ea
h extra
ted star is then 
omputed from

its distan
e d by

�

measured

= 1=d+ �

�

(V

J

) gauss(0; 1) (3.2)

where the (�

�

; V

J

) relationship is derived from a least square �t to the HIP-

PARCOS data for S stars. The simulated star is then retained if it satis�es the


ondition 0 < �

�

=� < 0:85 imposed on the star in order to be in
luded in the

HR diagram of Fig. 3.2.

In summary, the two sele
tion 
riteria are:

� Condition I: the V

J

distribution of the extra
ted sample of simulated stars

has to reprodu
e the V

J

distribution of the HIPPARCOS sample of S stars;

2

The V

J

distribution of the entire HIPPARCOS sample of S stars (60 stars when ex
luding

the two 
lose visual binaries and the mis
lassi�ed S star; see Table 3.1) has been preferred

over the V

J

distribution of the 21 S stars known to be T
-ri
h, be
ause of its larger statisti
al

signi�
an
e and be
ause the observed V

J

distributions of T
-ri
h and T
-poor S stars are not

signi�
antly di�erent.
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Figure 3.5: Bolometri
 magnitude distributions (upper panels) and their 
u-

mulative frequen
ies (lower panels) resulting from the Monte-Carlo simulations

des
ribed in the text. The parent M

bol

distributions are re
tangular and span

the range indi
ated by the arrows in the upper panels. In the lower panel,

their 
umulative frequen
y is represented by the thi
k solid line. The dotted

line (resp. thin solid line) refers to the distribution of the �

I

(resp. �

I+II

)

sample. Both histograms are drawn at the same s
ale, the dotted histogram

being normalized to unity. Note that a Malmquist-type bias is responsible for

the deviation of the dotted histogram from the original re
tangular distribution,

whereas a Lutz-Kelker-type bias 
auses the di�eren
e between the dotted- and

the thin-solid histograms

� Condition II: 0 < �

�

=� < 0:85.

The stars extra
ted from the parent population and satisfying 
ondition I

(resp. I+II) de�ne what will be 
alled in the following the sample �

I

(resp.

�

I+II

). The sample �

I

is supposed to represent the real HIPPARCOS sample.

Although the sele
tion 
riteria that were used to in
lude a given S star in the

HIPPARCOS Input Catalogue are unknown to us, 
ondition I ensures that they

are impli
itly met in our simulation. Besides, 
ondition II is satis�ed by 61%

of the stars in �

I

to be 
ompared with 63% in the real HIPPARCOS sample of

S stars. This good agreement 
onstitutes a 
he
k of the internal 
onsisten
y of

our model as a whole.

The 
omparison between the M

bol

distributions of the sample �

I+II

and of

the parent sample then illustrates the impa
t of the statisti
al biases. This is
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shown in Fig. 3.5 for re
tangular parent distributions in the range �4 � M

bol

� �6 (Fig. 3.5a) and in the range �2 � M

bol

� �6 (Fig. 3.5b). The net e�e
t

of these biases is to transform the original re
tangular distribution into a bell-

shaped distribution, with a median shifted by 0.4 magnitude towards fainter

objets, and with asymmetri
al tails extending beyond the original limits. This

spread is most pronoun
ed on the fainter side of the distribution. The faintest

observed S star in a sample of N obje
ts must therefore be expe
ted beyond

the lower boundary of the parent distribution (at a bolometri
 magnitude 
orre-

sponding to the 
umulative frequen
y 1=N). The amplitude of this o�set does

not depend on the median value of the parent distribution, but depends rather

sensitively upon its width (
ompare Fig. 3.5a and Fig. 3.5b). For reasonable

values of the width of this parent M

bol

distribution, and adopting N = 14 as for

the sample of T
-ri
h S stars plotted in the HR diagram of Fig. 3.4, the o�set

value is found to lie between 0.7 and 1.5 mag. A

ording to this statisti
s, the

presen
e of the T
-ri
h S star NQ Pup at M

bol

= �2:6 (i.e. about 1 mag below

the onset of the TPAGB) is nevertheless fully 
ompatible with its lo
ation on

the TPAGB (see Fig. 3.7). Furthermore, Fig. 3.5b demonstrates ad absurdum

that the luminosity segregation between T
-ri
h and T
-poor S stars is not an

artefa
t: if T
-ri
h S stars with �2 � M

bol

� �4 typi
al of T
-poor S stars were

to exist, they should have been dete
ted indeed.

Two 
on
lusions may thus be drawn from the above simulations:

� they demonstrate that the la
k of low-luminosity T
-ri
h S stars does

not result from statisti
al biases, sin
e these biases tend to in
rease the

number of low-luminosity stars;

� when inferring the luminosity threshold for the appearan
e of T
-ri
h S

stars, it must be reminded that statisti
al biases tend to make the faintest

T
-ri
h S stars observed by HIPPARCOS appear below (between 0.7 and

1.5 mag) the true lower-luminosity boundary of the parent population.

3.4.3 Comparison with theoreti
al RGB and AGB evolu-

tionary tra
ks

Figure 3.6 
ompares the position of S stars in the HR diagram with the RGB

(i.e. up to the onset of 
ore He-burning) for stars of di�erent masses and of

metalli
ity Y = 0:3; Z = 0:02 (S
haller et al. 1992). Figure 3.7 is the same as

Fig. 3.6, but for the E-AGB, up to the �rst thermal pulse (Charbonnel et al.

1996).

The e�e
tive temperatures of all these models have been 
onverted to V �K


olours using the 
alibration of Ridgway et al. (1980) for 
lass III giants, whi
h

is stri
tly valid only in the range 2:2 < V �K < 6:8.

The predi
ted lo
ation of the giant bran
h in the HR diagram is known to

depend sensitively upon model parameters like the 
onve
tive mixing length or

the atmospheri
 opa
ities. For the Geneva evolutionary tra
ks used here, these

model parameters have been 
alibrated so as to reprodu
e the observed lo
ation
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Figure 3.6: The lo
ation of the RGB (up to the onset of 
ore He-burning) for

stars of various masses (as labelled, in M

�

) and metalli
ity Y = 0:3; Z = 0:02,

a

ording to S
haller et al. (1992). The (V �K, spe
tral types) 
alibration is

from Ridgway et al. (1980). Other symbols are as in Fig. 3.2

of the red giant bran
hes of more than 75 
lusters (S
haller et al. 1992). The


omparison of these tra
ks with the observed lo
ation of the S stars in the HR

diagram is thus meaningful. The main result of the present study is apparent

on Fig. 3.7: the onset of thermal pulses mat
hes well the limit between intrinsi


and extrinsi
 S stars, so that T
-ri
h intrinsi
 S stars may be asso
iated with

thermally-pulsing AGB stars (the only possible ex
eption being NQ Pup, but

see the dis
ussion about errors below).

The previous result provides interesting 
onstraints on the o

urren
e of

both the s-pro
ess and the third dredge-up in thermally-pulsing AGB stars, by

suggesting that those pro
esses operate from the very �rst thermal pulses on, a


on
lusion already rea
hed by several authors (e.g., Ri
her 1981; S
alo & Miller

1981; Miller & S
alo 1982) from the luminosity distribution of 
arbon stars in

the Magellani
 Clouds (see, however, the dis
ussion of Se
t. 3.4.4). Be
ause

there is little 
hange in luminosity from one pulse to the next (see Fig. 3.7), and
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Figure 3.7: Same as Fig. 3.6, but for the early AGB up to the �rst thermal

pulse (Charbonnel et al. 1996). To guide the eye, a dashed line 
onne
ts the

starting point of the TP-AGB on the various tra
ks. The 
rosses along the

right-hand axis provide the luminosities of the �rst ten thermal pulses in a

1.5 M

�

, Z = 0:008 star (
orresponding to the LMC metalli
ity) 
omputed by

Wagenhuber & Tu
hman (1996). Other symbols are as in Fig. 3.2

be
ause of the un
ertainties a�e
ting the lo
ation of individual S stars in the

HR diagram, it is diÆ
ult, however, to set a limit on the exa
t number of pulses

ne
essary to 
hange a normal M giant into an (intrinsi
) S star. Moreover, the

statisti
al biases dis
ussed in Se
t. 3.4.2 shift the lower boundary of the observed

luminosity distribution of T
-ri
h S stars below the true threshold. The Monte-

Carlo simulations presented in Se
t. 3.4.2 predi
t that the faintest star in the

sample of 14 T
-ri
h S stars displayed in Fig. 3.7 will be observed 0.7 to 1.5

mag below the lower boundary of the true luminosity distribution (see Fig. 3.5).

This is well in line with the observed lo
ation of the T
-ri
h S star NQ Pup (see

Se
t. 3.4.1) below the TP-AGB threshold luminosity.

As far as extrinsi
 S stars are 
on
erned, the present data alone do not

permit to distinguish between them populating the RGB or the E-AGB of low-
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mass stars. Neither does the mass-transfer s
enario set any 
onstraint on the


urrent evolutionary stage of the extrinsi
 S star. However, when both the RGB

and the E-AGB are possible, evolutionary time-s
ale 
onsiderations 
learly favor

the RGB over the AGB. Besides, the analysis of the orbital elements (Chap. 2)

points towards them being low-mass stars, with an average mass of 1:6 � 0:2

M

�

. This value is in ex
ellent agreement with their position in the HR diagram

of Fig. 3.6 [two ex
eptions are HD 35155 and 57 Peg; see Se
ts. 3.4.1 and Van

E
k et al. (1998)℄.

Note that the lower left boundary of the region o

upied by extrinsi
 S stars

is set by the 
ondition that T

e�

be low enough in order that ZrO bands may form.

Su
h a threshold roughly 
orresponds to the transition between K and M giants

(see the spe
tral types labelling Fig. 3.6), so that extrinsi
 S stars should merge

into the KIII barium stars at lower luminosities and higher T

e�

along the RGB

(see also Chap. 2). As an example, the transition obje
t HD 121447, 
lassi�ed

either as K7IIIBa5 (L�u 1991) or S0 (Keenan 1950), has been lo
ated in Fig. 3.6

following the methods presented in Se
t. 3.3, using the photometry obtained

by Hakkila & M
Namara (1987) and the HIPPARCOS distan
e provided by

Mennessier et al. (1997).

3.4.4 Comparison with S and 
arbon stars in external sys-

tems

Several S stars have been found in the Magellani
 Clouds and in a few other

nearby galaxies, allowing a dire
t 
omparison of their luminosities with those of

gala
ti
 S stars derived from the HIPPARCOS trigonometri
 parallaxes (Fig. 3.8):

� In a study of 90 long-period variables in the Magellani
 Clouds, Wood

et al. (1983) identi�ed 14 MS stars (labelled as W83 on Fig. 3.8) in the

range �7 �M

bol

� �5;

� In a magnitude-limited survey of several �elds in the outer regions of the

northern LMC, Reid & Mould (1985) identi�ed 10 S stars (labelled as R85

on Fig. 3.8) in the range �5:0 �M

bol

� �3:9;

� In a sample extra
ted from the faint tail of the Westerlund et al. (1981)

LMC survey of late-type giants, Lundgren (1988) �nds 6 S stars (labelled

as L88 on Fig. 3.8) in the range �5:7 �M

bol

� �4:8;

� Bessell et al. (1983) and Lloyd Evans (1983b, 1984) �nd 16 S stars (labelled

as B83, L83 and L84 on Fig. 3.8, with bolometri
 magnitudes provided

in Tables A1 and A2 of Westerlund et al. 1991) in LMC 
lusters with

�4:8 �M

bol

� �4:4 (ex
luding NGC 1651/3304, quite far from the 
luster


enter, possibly a �eld star, and the 
lose pair LE1+2 in NGC 1987);

� S stars have also been found in other galaxies: for example, Aaronson

et al. (1985) �nd one S star with M

bol

= �5:15 in NGC 6822, Brewer

et al. (1996) dis
over one S star with M

bol

= �5:3 in M31, and Lundgren



3.4. THE HR DIAGRAM OF S STARS 115

(1990) �nds seven S stars in the range �4:9 �M

bol

� �3:1 in the Fornax

dwarf ellipti
al galaxy (labelled as L90 on Fig. 3.8).

The bolometri
-magnitude range for all these S stars in external systems has

been plotted in Fig. 3.8. Their luminosities are generally 
omparable to those

of the gala
ti
 T
-ri
h S stars, with the ex
eption of the brighter W83 S stars.

These W83 S stars extend up to the theoreti
al AGB tip 
orresponding to the

Chandrasekhar limit for the degenerate 
ore. Smith et al. (1995) have shown

that, in the Magellani
 Clouds, these S stars with �7 �M

bol

� �6 are all Li-ri
h

stars with M

�

>

4 M

�

. In the solar neighbourhood, these Li-ri
h S stars are rare

(Cat
hpole & Feast 1976; Lloyd Evans & Cat
hpole 1989). The only su
h star

in the present HIPPARCOS sample is T Sgr, but its HIPPARCOS parallax is

useless (Table 3.1).

Conversely, in all the external systems, there appears to be a la
k of low-

luminosity S stars with respe
t to the solar neighbourhood. In the Magellani


Cloud �elds surveyed, this la
k of low-luminosity S stars may 
learly be at-

tributed to the limited sensitivity of the surveys (see R85 and L88 in Fig. 3.8).

The situation is di�erent in the Magellani
 Cloud 
lusters, where the available

surveys are sensitive down to M

bol

= �4:0 and �nd many M stars but no S stars

in the range �4:0 to �4:4. Does this mean that T
-poor, extrinsi
 S stars are

really absent from the Magellani
 Cloud globular 
lusters? Possibly, although

extrinsi
 S stars are mostly found at luminosities fainter than M

bol

= �3:5 (i.e.

below the RGB-tip), and were thus not properly surveyed in the Magellani


Cloud 
lusters. The absen
e of extrinsi
 S stars in the Magellani
 Clouds 
lus-

ters would not be surprising, though, given the situation en
ountered in gala
ti


globular 
lusters. Barium and (low-luminosity) S stars are rare in gala
ti
 glob-

ular 
lusters (Vanture et al. 1994, and referen
es therein). They are only present

in the massive, low-
on
entration 
luster ! Cen (Lloyd Evans 1983b), and their

origin in that 
luster is still un
lear. Côt�e et al. (1997) have argued that the

binary evolution leading to the formation of extrinsi
 heavy-element-ri
h stars

is only possible in low-
on
entration 
lusters like ! Cen. In more 
on
entrated


lusters, hard binaries rapidly shrink to orbital separations not large enough to

a

ommodate an AGB star. It would be of interest to 
he
k whether Magel-

lani
 Cloud globular 
lusters are indeed too 
on
entrated to allow the formation

of extrinsi
 S stars. However, the re
ent result that the barium and the low-

luminosity S stars in ! Cen appear to have 
onstant radial velo
ities (Mayor

et al. 1996) 
hallenges the above pi
ture. It may indi
ate that the barium and

low-luminosity S stars in ! Cen represent the extreme tail of the wide range

in metal abundan
es observed in that parti
ular globular 
luster, as suggested

by Lloyd Evans (1983b). Alternatively, these stars might have been enri
hed in

the past by mass transfer in soft binary systems whi
h were later dynami
ally

disrupted.

The la
k of low-luminosity S stars in the Fornax dwarf ellipti
al galaxy (L90

in Fig. 3.8) is probably related to the low-metalli
ity of that system ([Fe/H℄

� �1:5; Lundgren 1990). At su
h low metalli
ities, the red giant bran
h is

shifted towards the blue, so that stars with luminosities typi
al of the gala
ti
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Figure 3.8: Comparison of the M

bol

range of S stars in the solar neighbourhood

(this work, symbols are as in Fig. 3.2) and in external systems:

� S stars: LMC 
lusters: L83 (Lloyd Evans 1983a), L84 (Lloyd Evans 1984),

B83 (Bessell et al. 1983); Magellani
 Cloud �elds: W83 (Wood et al. 1983), R85

(Reid & Mould 1985), L88 (Lundgren 1988); Fornax dwarf ellipti
al galaxy: L90

(Lundgren 1990). Dete
tion thresholds are also indi
ated.

� C stars: the rightmost histogram gives the luminosity fun
tion of the 186

LMC (thi
k line) and 134 SMC (thin line) C stars identi�ed by Blan
o et al.

1980), adopting 18.6 for the LMC distan
e modulus and 0.5 mag as the di�eren
e

in distan
e moduli between the Clouds. The leftmost histogram provides the

luminosity fun
tions of C stars from the Westerlund et al. (1991) SMC survey

(hat
hed) as well as from the deeper Westerlund et al. (1995) SMC survey (open)
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T
-poor S stars are a
tually of spe
tral type G or K in Fornax (see Smith et al.

1996, 1997 for a dis
ussion on a similar situation in the gala
ti
 halo). No

spe
i�
 e�ort to �nd heavy-element-ri
h stars among the warm (`
ontinuum')

giants was attempted by Lundgren (1990). Contrarily to the situation prevailing

in the Magellani
 Cloud 
lusters dis
ussed above, an S star is found in Fornax

at the luminosity threshold (M

bol

= �3:2) between `
ontinuum' (G or K) giants

and M giants, suggesting that the lower luminosity 
uto� observed for S stars

in Fornax is just a spe
tral sele
tion e�e
t.

Deeper surveys are available for 
arbon stars, be
ause of their more 
onspi
-

uous spe
tral features. The luminosity distribution of the 134 SMC and 186

LMC 
arbon stars identi�ed by the pioneering survey of Blan
o et al. (1980) is

shown in Fig. 3.8. It should be noted that the luminosity fun
tions are almost

identi
al for the LMC and SMC despite their di�erent metalli
ities, so that

the 
omparison with a more metal-ri
h gala
ti
 sample is not unreasonable. A

GRISM survey of 
arbon stars in the SMC by Rebeirot et al. (1993; RAW) led

to the dis
overy of 1707 su
h stars. For 100 of them, bolometri
 magnitudes

were determined from JHK photometry (Westerlund et al. 1991), with a limit-

ing magnitude of M

bol

� �3. Their distribution is represented by the hat
hed

histogram on Fig. 3.8. A subsequent photometri
 and spe
tros
opi
 survey has

been devoted to the � 5% among RAW obje
ts having M

bol

> �3 (Westerlund

et al. 1995; Fig. 3.8). The range of absolute bolometri
 magnitudes for 
arbon

stars from the deeper SMC survey now totally 
overs that of gala
ti
 S stars,

in
luding its low-luminosity tail.

The nature of the SMC low-luminosity 
arbon stars is still debated. They

might either be 
ontaminating dwarf 
arbon (dC) stars from our own Galaxy,

or low-luminosity 
arbon stars equivalent to the gala
ti
 R 
arbon stars, or may

be extrinsi
 
arbon stars formed by mass transfer a
ross a binary system like

gala
ti
 extrinsi
 S stars [as already suggested by Barnbaum & Morris (1993)℄.

Westerlund et al. (1995) reje
t the �rst hypothesis, mainly be
ause none (ex-


ept two) of their 
arbon stars have 
olours similar to the known gala
ti
 dC

stars, and moreover, none exhibits a strong C

2

band head at 619.1 nm, a fea-

ture exhibited by gala
ti
 dC stars. The last two hypotheses o�er interesting

alternatives that remain to be investigated. It should also be noted that the

possibility that some of the low- luminosity SMC 
arbon stars be extrinsi
 
ar-

bon stars makes it diÆ
ult to use the SMC 
arbon-star luminosity distribution

to derive the luminosity threshold for the o

urren
e of the s-pro
ess and third

dredge-up along the AGB (see the dis
ussion in Se
t. 3.4.3). Further obser-

vations are 
learly required in order to distinguish intrinsi
 
arbon stars from

possible extrinsi
 
arbon stars.



118 CHAPTER 3. THE HIPPARCOS HR DIAGRAM OF S STARS

R<0.09

0.09<R<0.1

0.1<R<0.2

0.2<R

Figure 3.9: Infrared ex
ess along the giant bran
hes, as measured by the ratio

R = F (12�m)=F (2:2�m). The di
hotomy between extrinsi
 and intrinsi
 S stars

is 
learly apparent. Symbols are as in Fig. 3.2

3.5 Infrared ex
ess and position along the giant

bran
hes

Infrared ex
esses revealing the presen
e of 
ool 
ir
umstellar material are a 
om-

mon feature of late-type giants (e.g., van der Veen & Habing 1988; Habing 1996).

These ex
esses are often asso
iated with intrinsi
 stellar variability. Ha
king

et al. (1985) have shown that the brightest IRAS 12�m sour
es outside the

gala
ti
 plane are long-period variables (LPV). Similarly, in globular 
lusters,

all stars with a 10 �m ex
ess are LPVs (Frogel & Elias 1988), and moreover,

they are found only above the RGB tip. These IR ex
esses are asso
iated with a

strong mass loss, whi
h thus appears to be the rule among LPVs. It is expe
ted

to be mu
h smaller in non-pulsating AGB and RGB stars (e.g., Habing 1987).

Consequently, S stars with large photometri
 variability and infrared ex
esses

are expe
ted to be found among the most luminous stars. Indeed, it was already

shown in Fig. 3.2 that variability in the HIPPARCOSHp band tends to in
rease

with luminosity. The present data o�er the possibility to investigate as well the

evolution of the IR ex
esses probing mass loss along the giant bran
hes in the

HR diagram.

The ratio R = F (12�m)=F (2:2�m), probing the presen
e of 
ool 
ir
umstel-

lar material emitting at 12 �m, has been derived from the IRAS PSC and from
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the K magnitude, whenever available (using the 
alibration of Be
kwith et al.

(1976) to 
onvert K magnitudes into 
uxes at 2.2 �m). As already shown by

Jorissen et al. (1993), there is a 
lear segregation of S stars a

ording to their

value of R. All T
-de�
ient S stars have 0:075

�

<

R

�

<

0:093, 
onsistent with photo-

spheri
 bla
kbody 
olours (R = 0:073 for T

e�

= 4000 K and R = 0:093 for T

e�

=

3150 K, whi
h 
orresponds to the T

e�

range spanned by extrinsi
 S stars). On

the 
ontrary, intrinsi
 S stars generally have R > 0:1, indi
ative of 
ir
umstellar

dust. This segregation is a further indi
ation of the inhomogeneous nature of

the family of S stars.

As expe
ted, Fig. 3.9 
learly shows that R < 0:1 indi
es are restri
ted to the

RGB (or E-AGB), whereas S stars on the AGB have larger and larger R indi
es

as they evolve towards 
ooler T

e�

.

3.6 Con
lusions

The HR diagram of S stars 
onstru
ted from HIPPARCOS parallaxes fully


on�rms the di
hotomy of S stars, by showing that:

� extrinsi
 S stars are hotter and intrinsi
ally fainter than intrinsi
 S stars;

� extrinsi
 S stars are low-mass stars populating either the RGB or the

E-AGB, and in any 
ase are found below the luminosity threshold mark-

ing the onset of thermal pulses on the AGB. Therefore, their 
hemi
al

pe
uliarities 
annot originate from internal nu
leosynthesis and dredge-

up pro
esses o

urring along the TP-AGB. Their binary nature suggests

instead that their 
hemi
al pe
uliarities originate from mass transfer;

� on the 
ontrary, T
-ri
h S stars are found just above the TP-AGB luminos-

ity threshold. Their lo
ation in the HR diagram indi
ates that s-pro
ess

nu
leosynthesis and third dredge-up must be operative quite early on the

TP-AGB.
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Chapter 4

The Henize sample of S

stars: general 
ontext

Half of a 
entury ago, no 
atalogue of S stars existed. There was Keenan's

(1954) list, but many others had sin
e then been reported, and there were

rumours about Henize's unpublished list.

Karl G. Henize was a graduate student at the University of Mi
higan when

he was sent, in 1949-51, to the Lamont-Russey Observatory, near Bloemfontein,

South Afri
a, in order to take plates for the Mi
higan-Mount Wilson survey

of the southern sky for H

�

emission obje
ts. This survey was a joint venture

utilizing the 10.5 in
h red-
orre
ted Mount Wilson 
amera equipped with a 15

Æ

obje
tive prism, and the University of Mi
higan Lamont-Russey Observatory

fa
ilities (Henize 1954; Wray 1966).

He obtained three sets of plates (all plates were in the red region, be
ause the

purpose was to study stars with H

�

emission): the short (8 min) and medium

(120 min) exposure plates 
overed the entire sky south of �25

Æ

, and the long

(240 min) exposure plates 
overed a band 20

Æ

wide 
entered on the gala
ti


equator from l = 240

Æ

to 10

Æ

(mostly 
on�ned to de
linations below �25

Æ

).

The short series was designed to rea
h to 8

th

magnitude, the medium exposure

series from 8

th

to 11

th

magnitude and the long exposure series was designed to

re
ord from 10

th

to 13

th

magnitude (Wray 1966).

Henize got his Ph.D. in 1954, then worked at the Smithsonian before getting

a fa
ulty position at Northwestern University near Chi
ago. He published sev-

eral papers on H

�

emission stars; at some point he realized he 
ould distinguish

S stars from M stars, and that he was �nding many S stars that were new. There

was a rumour that Henize had submitted a paper 
ontaining his list for publi
a-

tion, but that the referee had raised a number of obje
tions (probably about the

dis
ussion of spa
e density and population type), and Henize never revised the

paper. That was probably about the time that Henize joined NASA's astronaut

program, so perhaps he was no longer very motivated to work on problems of

S stars. Anyway, he still attended AAS meetings and other meetings, and in

121
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1960 he gave a talk at an AAS meeting, the abstra
t of whi
h 
an be found in

Henize (1960):

A 
atalogue of 145 S stars found on the obje
tive-prism spe
trum

plates of the Mi
higan-Mount Wilson Southern H

�

Survey has been


ompiled. This survey 
overs the sky south of de
lination �25

Æ

uni-

formly to the red magnitude 10.5. The spe
tra 
over the red-yellow

region with a dispersion of 450

�

A/mm at H

�

and permit 
lassi�
ation

of most of the stars by the Keenan system through 
omparison of

ZrO bands at �6345 and �6474 with TiO bands at �5861 and �6159

(Keenan 1954). [...℄ In addition to the 145 
learly identi�able S stars,

18 stars with weak and somewhat un
ertain ZrO and 4 stars with

un
ertain ZrO together with extremely strong sodium D absorption

were found. The latter stars, whi
h appear similar to WZ Cas, are

VY Aps, UY Cen, CD -60:3017 and Anon 08

h

45

m

:9;�70

Æ

35

0

(1875).

There were also 29 stars labelled \un
ertain ZrO" in that unpublished list,

whi
h thus 
ontains 196 S stars.

By the end of 1963 Henize produ
ed a longer list, in whi
h some stars of

1960 had disappeared, and with new stars added. It is rather likely that Henize

had time to further inspe
t his plates and to 
ross 
he
k originally questionable

obje
ts. Most probably the same plates were used: indeed Henize took no

further obje
tive prism plates (Stephenson priv. 
omm.); and he did not perform

any sort of systemati
 sear
h on the the long-exposure plates before Wray's work,

initiated in 1965 (Wray, priv. 
omm.

1

).

Also present in this new list is a distin
t set of additional stars lo
ated north

of �25

Æ

. It is not 
lear from where these 31 S stars 
ame from { probably

from other plates that were available at Mi
higan { but he kept them separate,

giving them higher numbers. So we do not know the limiting magnitude of the

plates where extra 31 stars were found, but they were probably mostly similar

to the southern survey plates { at least, the stars found seem to have similar

magnitudes. They apparently 
omprise two separate sets of plates, obtained at

epo
hs 
ontemporaneous with the end of his survey: S stars in Saggitarius and

Vulpe
ula and S stars in Cygnus.

This longer list was renumbered and lead to the �nal 1965 list, superseding

the one des
ribed in 1960, so that the earlier one is no longer relevant. In

1

On this problem, Dr. J. Wray further notes: \ Knowing Karl, and his keen interest in

the problems of sele
tion e�e
ts, sample 
ontamination and 
ompleteness, I would opt for

the assumption that any additions that were not spe
i�
ally noted as being extraneous to a

prior population sample de�nition would be legitimate members of the population sample, i.e.,

they would be 
on�rmed on plates of similar exposure, wavelength 
overage, et
. Although

the long-exposure plates were 
ertainly available to him, he would have been the �rst to point

out that using the long-exposure plates to 
on�rm questionable obje
ts found on short or

medium exposure plates would 
learly bias part of the group towards fainter magnitudes. I

am 
on�dent that he would have made some mention of that in the 1965 publi
ation if he had

done so."



123

the 1965 list, the S stars south of �25

Æ

have numbers 1-205 (in order of right

as
ension), and those north of �25

Æ

have numbers 206-236. This list was never

published, but was widely 
ir
ulated. It is a
tually published in that its stars

are listed in the �rst and se
ond editions of Stephenson's 
atalogues of gala
ti


S stars. They are indi
ated as \Henun" (Henize, unpublished) [ex
ept for Hen

116 (�

1900

= 11

h

43

0

:0; Æ

1900

= �64

Æ

46

0

) that was omitted℄. In the following we

refer to the �rst 205 stars of this list as \the Henize sample of S stars"

2

.

In this list, 14 stars are \un
ertain" (:), most likely be
ause they were the

ones near the plate limit, or 
ontaminated by a nearby star; 42 stars have no

spe
tral 
lassi�
ation, 68 are 
lassi�ed as mild (abundan
e 
lass 1-3), 52 as

moderate (4-6), and 29 as strong(7-9)

3

.

It is not 
lear whether the 1965 list is supposed to in
lude all S stars south

of �25

Æ

, or only the newly dis
overed ones. The di�eren
e is not great, be
ause

rather few S stars were known in the deep south before the Henize survey. Some

long-known S stars su
h as �

1

Gruis do have Henize numbers. That star is quite

bright (V = 6:6), 
ertainly brighter than 8

th

mag, so one wonders if Henize

noti
ed it as an S star on his short-exposure plates or if he in
luded it be
ause

it was known. This emphasizes the point that the "plate limit" of a survey is

not a de�nite number but depends on many things. An S star with only a weak

6474

�

A band will not be noti
ed if the 6474

�

A region is overexposed, but the

6474

�

A band is quite strong in �

1

Gru and Henize was probably able to see it

despite the overexposure. In Stephenson's 
atalogue, there are six stars brighter

than V = 8 and south of �25

Æ

that are not in the Henize survey; however, at

least two of them (CSS 500 and 796) are mis
lassi�ed as S (see Tab. 1.1), while

three additional obje
ts (CSS 853, 729 and 1170) are 
lassi�ed as normal M

giants in the Mi
higan spe
tral survey. Hen
e Henize may have missed a few

mild S stars brighter than 8, due to overexposure, but the numbers would be

small (of 
ourse, he must have missed some variable stars due to their being

at the wrong phase when the plates were taken). Therefore it 
an probably be


onsidered that the survey attempts to be 
omplete in a sphere, rather than a

shell.

Meanwhile, Henize turned over his 42 deep plates to a Northwestern Univer-

sity student named James Wray, whose dissertation is dated 1966. Wray, like

Henize, was originally interested in H

�

emission obje
ts (and found many of

them in the LMC, for example), but he also found about 50 new S stars. These

are listed in Yorka and Wing's 
atalogue by their Wray numbers { whi
h go

above 300, sin
e evidently the same list in
luded other things besides S stars.

2

The Henize S stars are referred to as \Hen nnn" in this work; this notation 
orresponds

to the \Henun nnn" of Stephenson (1984), though they are referred to as \Hen 4-nnn in the

Simbad database

3

Also in
luded are 28 \related" obje
ts su
h as SC stars, and MS stars whi
h did not meet

Keenan's de�nition for abundan
e 
lass 1. They are labelled \stars with very doubtful ZrO",

and were left unnumbered. They are not in
luded in either Stephenson's 
atalogues nor Wing

and Yorka's 
atalogue
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The Wray S stars are mostly fainter than the Henize S stars, although there

may be a few ex
eptions. Besides S stars, the sear
h of medium exposure plates

by Henize also resulted in the dis
overy of over 1000 Be stars, 150 probable

planetary nebulae and about 300 
arbon stars (Wray 1966).

To 
on
lude with, the Henize sample of S stars 
onstitutes the only ho-

mogeneous magnitude-limited sear
h for S stars 
overing all gala
ti
 latitudes,

from the gala
ti
 equator up to the gala
ti
 pole. The next 
hapters fo
us on

this stellar sample and aim at deriving the respe
tive properties of its extrinsi


and intrinsi
 S stars. Chap 5 is devoted to high resolution spe
tra obtained

for 72 stars in order to derive their te
hnetium 
ontent. Data 
on
erning low-

resolution spe
tros
opy, photometry and radial-velo
ity are presented in Chap 6.

A global analysis (multivariate 
lassi�
ation) of the whole material 
olle
ted on

the Henize sample is performed in Chap. 7 and permit to 
hara
terize the dis-

tin
tive features of extrinsi
 and intrinsi
 S stars.



Chapter 5

The te
hnetium di
hotomy

5.1 Introdu
tion

Element 43 was predi
ted on the basis of the periodi
 table by Mendeleev, who

suggested that it would be very similar to manganese and gave it the name

ekamanganese. In 1925, three German 
hemists announ
ed its dete
tion by

means of lines in the X-ray spe
trum, and gave it the name masurium; but

their dis
overy was not 
on�rmed and is now 
onsidered erroneous, although

their parallel dis
overy of rhenium, element 75, was valid. A
tually element

43 was �rst produ
ed in 1937 in the 
y
lotron at Berkeley, by bombarding a

sample of molybdenum with deuterons. It was identi�ed by E. Segr�e and C.

Perrier, who named it te
hnetium (after the greek ������o, arti�
ial) be
ause it

was the �rst element to be produ
ed arti�
ially. A few years later it was found

among the produ
ts of uranium �ssion (Merrill 1956b). Te
hnetium has three

long-lived isotopes,

97

T
 (half life 2:6� 10

6

years),

98

T
 (1:5� 10

6

years),

99

T


(2:1� 10

5

years), as well as 20 short-lived isotopes and isomers. All T
 isotopes

are radioa
tive and therefore highly toxi


1

.

Te
hnetium was �rst identi�ed in the spe
tra of some M and S stars by

Merrill (1952). As dis
ussed in Se
t. 1.1.3, models predi
t te
hnetium to be a

good tra
er of TPAGB stars. From the observational point of view, almost all

Miras variables (irrespe
tive of their spe
tral types) with period longer than 300

days (being thus high-luminosity AGB stars, a

ording to the period-luminosity

relation) show te
hnetium in their spe
tra (Little-Marenin & Little 1987; Smith

& Lambert 1986; Smith & Lambert 1988). Moreover, virtually all the S stars

identi�ed as TPAGB stars in Chap. 3 thanks to the HIPPARCOS parallaxes

1

At 298 K te
hnetium is a silvery-grey solid metal that tarnishes slowly in moist air. In

everyday's life, te
hnetium is a byprodu
t of the nu
lear industry. It is used as a 
orrosion

inhibitor for steel (limited to 
losed systems sin
e te
hnetium is radioa
tive), and medi
al

imaging agent.

95

T
 is used as a radioa
tive tra
er (informations provided by the WebEle-

ments database of Mark Winter [http://www.shef.a
.uk/
hemistry/web-elements/℄)

125
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turn out to be T
-ri
h. Therefore, it seems probable that all s-pro
ess enri
hed

TPAGB stars indeed exhibit te
hnetium lines.

The very fa
t that not all S stars exhibit T
 lines is most probably the

eviden
e that they are not all on the TPAGB. As mentioned in Chap. 1, extrinsi


S stars, that are members of binary systems, owe their 
hemi
al pe
uliarities to

the a

retion of s-pro
ess-ri
h matter from an evolved 
ompanion rather than

to self-nu
leosynthesis. They are te
hnetium-poor, be
ause enough time has

elapsed for the te
hnetium to de
ay sin
e the mass transfer event. The

99

T


half-life is indeed mu
h shorter than any stellar evolutionary times
ale (but the

TPAGB).

Besides te
hnetium dete
tion, several spe
tros
opi
 
riteria (of various ef-

�
ien
ies) aiming at distinguishing extrinsi
 from intrinsi
 S stars have been

mentioned in the literature [e.g. oxygen isotopi
 ratio (Smith & Lambert 1990),

presen
e of the He I �10830 line (Brown et al. 1990), zir
onium isotopi
 ratio

(Busso et al. 1992)℄, but te
hnetium dete
tion appears to be, by far, the most

se
ure and tra
table way to unmask extrinsi
 S stars.

It is 
ru
ial to distinguish extrinsi
 from intrinsi
 S stars in the present study

of the Henize sample of S stars, in order to disentangle the two sub-families and

to study their respe
tive 
hara
teristi
s. Furthermore, a survey of te
hnetium

in su
h a large sample of S stars may be expe
ted to provide further 
onstraints

on the s-pro
ess environment in AGB stars (e.g. interpulse s-pro
ess versus

thermal-pulse s-pro
ess, thermal-pulse duration and temperature versus

99

T


half-life).

The present 
hapter deals with high-resolution te
hnetium spe
tra obtained

for 72 Henize stars. Some additional K, M and symbioti
 stars data are also

presented.

5.2 Observations and redu
tion

5.2.1 Instrumental set-up

The high-resolution spe
tra used in the present study were obtained during

several runs (1991-1998) at the European Southern Observatory, with the Coud�e

E
helle Spe
trometer (CES) fed by the 1.4m Coud�e Auxiliary Teles
ope (CAT).

The 1991-1993 runs were performed with the short 
amera (f/1.8) and CCD

#9 (RCA SID 503 thinned, ba
kside illuminated, 1024� 640 pixels of 15 �m),

whereas the long 
amera (f/4.7) and CCD #38 (Loral/Lesser thinned, ba
kside

illuminated, UV 
ooded, 2688 � 512 pixels of 15 �m) were used during the

1997-1998 runs. Details on these 
on�gurations 
an be found in Lindgren &

Gilliotte (1989) and Kaper & Pasquini (1996). The resolution ranges from

0.14

�

A (R=30000) to 0.07

�

A (R=60000) for a 
entral wavelength of 4250

�

A.

The spe
tra approximately 
over the wavelength range �� 4230-4270

�

A.
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5.2.2 Stellar samples

The observed stars are a subset of the sample of 205 S stars 
olle
ted by Henize

(Chap. 4). Given the limitations on the CAT pointing and on the dete
tors

sensitivity, only stars with Æ > �75

Æ

, V < 11 and B � V < 2 (translating

into 70 obje
ts) 
ould be observed in a reasonable amount of time, i.e. less

than 1h30 per star. A few bright redder stars 
ould also be observed (but see

the dis
ussion on SC stars in Se
t. 5.3.2). A sample of bright M stars with an

ex
ess at 60�m (indi
ative of a possibly deta
hed dust shell; see Zijlstra et al.

1992), as well as the two symbioti
 stars RW Hya and SY Mus, and some radial-

velo
ity standards have also been observed. Three non-Henize S stars from our

radial-velo
ity monitoring (Chap. 2) have been in
luded as well. The log of the

observations, in
luding the instrumental setting, is given in Table 5.1 and, for

Henize stars, in Table 5.2.

These tables are organized as follows:

� in Table 5.1, the �rst 
olumn identi�es the star by its HD, HR or BD number,

while in Table 5.2 the Henize and GCGSS numbers (Stephenson 1984) are listed

in the �rst two 
olumns;

� the spe
tral type is quoted next; in Table 5.2, spe
tral types are from Stephen-

son (1984);

� the next two 
olumns list the 
ivil date of the observation (day month year)

and the Julian date (JD - 2 448 000.5);

� the 
olumn CCD provides the instrumental setting (9-sh: CCD #9 + short


amera; 38-l: CCD #38 + long 
amera);

� the next 
olumn indi
ates the spe
tral resolution;

� the next six 
olumns give, for the two 
onsidered te
hnetium blends (at

4262

�

A and 4238

�

A, respe
tively), the (Doppler-shift 
orre
ted) 
entral wave-

length of the te
hnetium blend (� - 4200

�

A), the standard deviation on the

Doppler shift (�, in

�

A) and the signal-to-noise ratio (see text);

� the te
hnetium-ri
h (y) or te
hnetium-poor (n) status is given next;

� the last 
olumn 
ontains additional remarks.

5.2.3 Data redu
tion and S/N ratio

The CCD frames were 
orre
ted for the ele
troni
 o�set (bias) and for the

relative pixel-to-pixel response variations (
at-�eld). Wavelength 
alibration

was performed from thorium lamp spe
tra taken several times per night. An

optimal extra
tion of the spe
tra was performed a

ording to the method of

Horne (1986). The whole redu
tion sequen
e was performed within the `long'


ontext of the MIDAS software pa
kage.

The signal-to-noise (S/N) ratio was estimated for ea
h spe
trum in the fol-

lowing way: three S/N values were 
omputed for the three best exposed CCD

lines (along the dispersion axis), in the neighborhood of the spe
tral region of

interest (either 4262

�

A or 4238

�

A). These three S/N values were then 
ombined

a

ording to Eq. 17 of Newberry (1991). When the exposure time on a given

star has been split in two (in order to redu
e 
osmi
s detrimental e�e
t), the �nal
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Table 5.1: Observations log and results for non-Henize stars.

HD/BD type 
date Jdate CCD R 4262

�
A blend 4238

�
A blend T
 Remarks

� � S/N � � S/N

� M stars

HR 4938 M3.5III 160393 1063.3 9-sh 45000 62.104 0.012 41 38.366 0.028 29 n V789 Cen

HR 5064 K5-M0III 150393 1062.3 9-sh 45000 62.097 0.010 76 38.353 0.030 61 n

HR 5134 M5III 150393 1062.3 9-sh 45000 62.069 0.015 70 38.356 0.037 53 n V744 Cen

� M stars with 60�m ex
ess

73341 M3/M4III 300593 1138.0 9-sh 45000 62.103 0.011 33 38.370 0.030 25 n SAO 236108

91094 M1III 300593 1138.0 9-sh 45000 62.099 0.014 39 38.357 0.025 34 n SAO 250981

179199 M2III 290593 1137.4 9-sh 45000 62.097 0.017 18 38.354 0.032 15 n SAO 162305

181620 M2III 290593 1137.4 9-sh 45000 62.109 0.016 29 38.368 0.025 23 n V4415 Sgr;SAO 211215

� Symbioti
 stars

100336 M4.5 160393 1063.2 9-sh 45000 62.094 0.020 11 38.347 0.029 8 n SY Mus

117970 M2 150393 1062.2 9-sh 45000 62.115 0.011 31 38.363 0.042 24 n RW Hya

� Non-Henize S stars

1760 M5-6Se 300792 834.4 9-sh 30000 62.230 0.020 65 38.142 0.030 55 y T Ceti (also M5-6Ib-II)

�21

Æ

2601 S3*3 310197 2480.2 38-l 60000 62.097 0.007 22 38.365 0.024 16 n

�08

Æ

1900 S4/6 240298 2869.0 38-l 60000 62.239 0.029 15 38.256 0.035 11 y

+04

Æ

4356 S4*3 290593 1137.3 9-sh 45000 62.210 0.015 19 38.079 0.033 11 y see note

� Radial velo
ity standards

80170 K5III 240298 2869.1 38-l 60000 62.099 0.011 84 38.356 0.018 66 n

108903 M3.5III 240298 2869.3 38-l 60000 62.104 0.012 233 38.372 0.016 182 n 
 Cru A

Note: The S star BD+04

Æ

4356 = GCGSS 1193 = SAO 125493 = IRAS 20062+0451 has been erroneously asso
iated by Ma
Connell

(Ma
Connell 1982) with the nearby (non-S) star BD+04

Æ

4354. The 
oordinates in the original paper are nevertheless 
orre
t. Sin
e

then, this error has propagated in the literature (Stephenson 1984, Jorissen et al. 1993, Chen et al. 1995, Jorissen et al. 1998, Udry et al.

1998a), although in all these papers the measured star was indeed the S star BD+04

Æ

4356.
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Table 5.2: Same as Table 5.1 but for Henize S stars.

Hen GC- HD/DM type 
date Jdate CCD R 4262

�
A blend 4238

�
A blend T
 Remarks

GSS � � S/N � � S/N

1 3 310 S3,1 210991 521.2 9-sh 30000 62.107 0.008 36 38.375 0.013 34 n

2 39 9810 S2,1 210991 521.3 9-sh 30000 62.094 0.015 21 38.372 0.014 18 n

3 104 29704 S: 210991 521.3 9-sh 30000 62.088 0.019 26 38.396 0.016 23 n

5 139 S3,3 010297 2481.0 38-l 60000 62.089 0.007 18 38.394 0.010 12 n

6 141 S5,2 300197 2479.1 38-l 60000 62.091 0.008 22 38.379 0.015 11 n

7 178 40706 S2,1 150393 1062.0 9-sh 45000 62.126 0.022 22 38.367 0.025 20 n

8 202 �39

Æ

2449 S5,6 010297 2481.1 38-l 60000 62.227 0.020 18 38.194 0.042 14 y

9 204 �60

Æ

1381 S3,3 160393 1063.0 9-sh 45000 62.099 0.008 16 38.349 0.024 13 n

14 242 �34

Æ

3019 S2,5 160393 1063.1 9-sh 45000 62.104 0.004 13 38.363 0.023 10 n

16 248 S: 310197 2480.2 38-l 60000 62.258 0.019 13 38.172 0.014 7 y

18 294 �28

Æ

3719 S6,8e 150393 1062.0 9-sh 45000 62.072 0.032 13 38.378 0.033 10 n

19 328 310197 2480.1 38-l 60000 62.229 0.015 16 38.233 0.021 12 y

20 342 �45

Æ

3132 310197 2480.0 38-l 60000 62.230 0.016 27 38.120 0.017 16 y

28 390 62340 S4,4 010297 2481.1 38-l 60000 62.079 0.016 36 38.381 0.011 26 n

31 434 65152 S1,1 150393 1062.1 9-sh 45000 62.093 0.009 31 38.369 0.026 27 n

34 446 S7,2 010297 2481.1 38-l 60000 62.254 0.022 39 38.193 0.013 30 y X Vol

35 447 �71

Æ

435 S1,1 300197 2479.1 38-l 60000 62.078 0.010 19 38.375 0.026 11 n

36 448 �31

Æ

5393 S3,1 150393 1062.1 9-sh 45000 62.222 0.011 22 38.141 0.028 17 y

37 456 �41

Æ

3702 S4,2 010297 2481.2 38-l 60000 62.260 0.004 19 38.090 0.017 12 y

39 461 �65

Æ

601 S6,2 010297 2481.2 38-l 60000 62.238 0.004 31 38.118 0.014 21 y

41 474 �27

Æ

5131 S4,2 010297 2481.2 38-l 60000 62.219 0.027 31 38.210 0.019 23 y

43 487 �26

Æ

5801 S4,4 240298 2869.1 38-l 60000 62.099 0.012 15 38.348 0.026 10 n

45 490 �32

Æ

5117 010297 2481.3 38-l 60000 62.212 0.015 25 38.147 0.019 18 y

57 559 S4,2 310197 2480.2 38-l 60000 62.221 0.021 21 38.145 0.019 14 y

63 588 �33

Æ

5772 S4,1 300197 2479.2 38-l 60000 62.103 0.013 15 38.364 0.017 10 n

64 591 �28

Æ

6970 S7/5e 010297 2481.3 38-l 60000 62.252 0.010 17 38.181 0.031 7 y

66 593 �33

Æ

5803 S5,2 310197 2480.3 38-l 60000 62.226 0.029 18 38.138 0.013 12 y

79 653 S5,2 240298 2869.2 38-l 60000 62.097 0.011 19 38.388 0.023 14 n

80 656 S5,6 150393 1062.2 9-sh 45000 62.254 0.017 15 38.138 0.022 12 y KN Car
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Table 5.2: (
ontinued)

Hen GC- HD/DM type 
date Jdate CCD R 4262

�
A blend 4238

�
A blend T
 Remarks

GSS � � S/N � � S/N

88 667 �30

Æ

8296 S5,2 300197 2479.3 38-l 60000 62.220 0.012 15 38.122 0.008 10 y

89 668 S3,1 300197 2479.3 38-l 60000 62.223 0.018 18 38.091 0.012 9 y

90 672 �54

Æ

3378 S5,6 240298 2869.2 38-l 60000 62.083 0.008 22 38.372 0.021 16 n

95 693 S4,2 300593 1138.0 9-sh 45000 62.229 0.016 12 38.138 0.020 8 y

97 696 S5,2 290593 1137.1 9-sh 45000 62.224 0.006 21 38.148 0.033 16 y HP Vel

101 704 S5,4 240298 2869.3 38-l 60000 62.247 0.037 21 38.165 0.032 15 y Z Ant

104 714 95013 S5,4 300593 1138.1 9-sh 45000 62.208 0.015 10 38.176 0.008 6 y

108 720 95875 S3,3 300197 2479.3 38-l 60000 62.087 0.014 34 38.368 0.017 21 n

119 778 104361 S3,3 010297 2481.4 38-l 60000 62.084 0.010 27 38.377 0.015 16 n

121 792 �27

Æ

8661 S4,6e 300593 1138.1 9-sh 30000 62.098 0.016 10 38.374 0.035 8 n

123 795 �47

Æ

7642 S4,2 160393 1063.3 9-sh 45000 62.096 0.013 20 38.358 0.027 14 n CSV101280

126 802 S4,2 240298 2869.4 38-l 60000 62.100 0.018 17 38.368 0.022 12 n

129 808 �46

Æ

8238 S4,4 290593 1137.1 9-sh 45000 62.073 0.018 14 38.384 0.034 11 n

132 813 �72

Æ

869 S4,6 300593 1138.2 9-sh 30000 62.081 0.011 12 38.355 0.038 9 n

133 814 114586 S5,4 240298 2869.3 38-l 60000 62.073 0.008 20 38.367 0.021 16 n

137 824 �50

Æ

7894 160393 1063.3 9-sh 45000 62.088 0.013 22 38.366 0.028 14 n

138 826 118685 S6,2 150393 1062.3 9-sh 45000 62.092 0.008 32 38.367 0.027 25 n -71 963

140 832 120179 S3,1 310197 2480.3 38-l 60000 { { 36 { { 27 y see text

140 832 120179 S3,1 300593 1138.2 9-sh 30000 { { 26 { { 20 y see text

141 834 120460 S8,5 230597 2592.2 38-l 60000 62.250 0.044 19 38.181 0.018 12 y VX Cen

143 839 122434 S3,1 010297 2481.4 38-l 60000 62.092 0.013 27 38.372 0.019 19 n -41 8409

147 858 �25

Æ

10393 S3,3 290593 1137.2 9-sh 45000 62.084 0.024 9 38.356 0.015 7 n

149 864 130859 S4,2 150393 1062.4 9-sh 45000 62.102 0.007 13 38.370 0.023 10 n

150 867 131217 S6,2 010892 836.0 9-sh 30000 62.093 0.012 6 38.376 0.037 5 n

162 927 S5,2 300593 1138.3 9-sh 30000 62.239 0.016 18 38.181 0.039 14 y

173 962 S4,2 300593 1138.3 9-sh 30000 62.096 0.015 9 38.336 0.044 7 n

175 974 156957 S6/3+ 310792 835.1 9-sh 30000 62.243 0.032 21 38.142 0.027 16 y V635 S
o

177 977 �32

Æ

12687 S: 230597 2592.4 38-l 60000 62.232 0.032 24 38.107 0.027 12 y

178 978 157335 S5,4 300593 1138.4 9-sh 30000 62.272 0.020 10 38.118 0.049 6 y V521 Oph
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Table 5.2: (
ontinued)

Hen GC- HD/DM type 
date Jdate CCD R 4262

�
A blend 4238

�
A blend T
 Remarks

GSS � � S/N � � S/N

179 994 160379 S5,2 150393 1062.4 9-sh 45000 62.090 0.012 17 38.369 0.025 13 n

182 1010 163896 S4,2 310792 835.2 9-sh 30000 62.082 0.008 25 38.376 0.027 22 n V745 Sgr

183 1014 164392 310792 835.1 9-sh 30000 62.089 0.013 26 38.369 0.029 22 n

186 1023 165774 S4,6 210991 521.0 9-sh 30000 62.090 0.011 30 38.375 0.012 26 n

187 1025 165843 S2,1 300593 1138.4 9-sh 30000 62.084 0.014 20 38.388 0.038 14 n

191 1056 171100 S5,4 310792 835.2 9-sh 30000 62.244 0.021 19 38.166 0.035 15 y V3574 Sgr

193 1074 �23

Æ

14695 S4,2 300792 834.2 9-sh 30000 62.106 0.006 9 38.344 0.018 8 n

197 1195 191630 S4,4 210991 521.0 9-sh 30000 62.216 0.014 50 38.147 0.011 42 y

199 1212 310792 835.3 9-sh 30000 62.094 0.013 14 38.363 0.021 12 n

201 1275 �26

Æ

15676 S3,3 300792 834.3 9-sh 30000 62.098 0.013 15 38.366 0.045 13 n

202 1294 S5,7: 210991 521.1 9-sh 30000 62.270 0.034 27 38.191 0.011 17 y �

1

Gru

203 1295 S4,4 300792 834.3 9-sh 30000 62.067 0.017 12 38.358 0.033 12 n

204 1303 S6,6 310792 835.3 9-sh 30000 62.116 0.016 19 38.368 0.023 17 n CSV103101
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S/N ratio was 
omputed using Eq. 18 of Newberry (1991). The degradation of

the S/N ratio due to 
at-�eld 
orre
tion has not been taken into a

ount, sin
e


at-�elds have little degrading e�e
t for the low S/N values under 
onsideration.

The S/N ratio values are listed in Tables 5.1 and 5.2 for ea
h target star. Be-


ause of the CCD spe
tral response, the S/N ratio near 4238

�

A is systemati
ally

lower than the one near 4262

�

A. All the spe
tra are plotted in Appendix A.

5.3 Analysis

5.3.1 Fit of the te
hnetium blends

The three strong resonan
e lines of T
 I are lo
ated at 4238

�

A, 4262

�

A and 4297

�

A,

with intensity ratios of 3:4:5. All three lines are severely blended (Little-Marenin

& Little 1979, their Table III). With the adopted instrumental 
on�gurations,

a single exposure spans 35 to 50

�

A; it is thus possible to observe simultaneously

the 4238

�

A and 4262

�

A lines. In this analysis we follow the guidelines provided

in the landmark paper of Smith & Lambert (1988) and therefore 
on
entrate

on the most useful 4262

�

A line, while the 4238

�

A line is used as an independent


on�rmation.

Fig. 5.1 shows examples of spe
tra in the 4262

�

A region for an M3-4 giant

(HD 73341) and for seven S stars (four being te
hnetium-poor: Hen 3, 187,

31, 7 and three te
hnetium-ri
h: Hen 140, 39 and 202 = �

1

Gru). It 
an

be seen that the T
 �4262:270

�

A line is blended with two features; the bluest

in
ludes primarily Nb I (4262.050

�

A) and Gd II (4262.087

�

A), and the reddest Cr I

(4262.373

�

A) (see Fig. 5.1). A weaker 
ontribution of Nd II at 4262.228

�

A, almost

on the top of the T
 I line, may also be present. These 
omposite features are

mu
h weaker than the T
 I resonan
e line at its maximum strength; moreover,

the Nb I-Gd II blend and the T
 I line are 0.18

�

A apart. Therefore the shape and

lo
ation of the Nb I-Gd II (-T
 I) blend (hereafter 
alled X

4262

feature) 
learly

depends on whether it 
ontains the te
hnetium line or not. Quantitatively, the

minimum of a gaussian �tted to a T
-
ontainingX

4262

feature is shifted redward

by � 0:14

�

A with respe
t to the minimum of a gaussian �tted to a no-T
 X

4262

feature; su
h a shift is easily dete
table on our spe
tra (
ompare Hen 3 or Hen

7 with Hen 39 on Fig. 5.1).

In pra
ti
e, ea
h spe
trum has been rebinned to zero-redshift in the following

way: 10 nearby (� 5

�

A on either side) apparently unblended stellar features with

unambiguous identi�
ation, are adopted as wavelength standards. Gaussian

pro�les are �tted to these lines and provide a mean redshift. The wavelength

of the X

4262

feature is then 
omputed as the minimum of a gaussian 
entered

on the X

4262

feature of the redshift-
orre
ted spe
trum. Typi
al un
ertainties

on the X

4262

wavelength amount to 0.013

�

A for te
hnetium-poor stars and

0.020

�

A for te
hnetium-ri
h stars (as derived from the standard deviation on

the mean redshift).

The same method is applied to the 4238

�

A te
hnetium line, where the CH-

La II blend has been taken as the X

4238

feature (Fig. 5.2). Typi
al un
ertainties
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on the X

4238

wavelength are slightly larger (0.023

�

A for T
-ri
h S stars and

0.025

�

A for T
-poor S stars) be
ause of the lower S/N ratio and the stronger

blending at 4238

�

A. Results are listed in Tables 5.1 and 5.2; the X

4238

and

X

4262

features always yield 
onsistent results regarding the absen
e or presen
e

of te
hnetium, ex
ept for Hen 140 (=HD 120179).

This star is indeed unique in having very weak te
hnetium features (see

Figs. 5.1 and 5.2). A se
ond spe
trum, taken 3.5 years later, is almost identi
al

to the one displayed in Fig. 5.1 and 5.2. The blind appli
ation of gaussian �tting

to the X

4238

feature of Hen 140 yields a 
entral wavelength that would qualify

it as T
-poor; however, the extreme weakness of the pseudo-emission separating

the La II-CH blend from the Sm II line as seen in Hen 140 (Fig. 5.2) is unusual for

T
-poor stars, and suggests the presen
e of a weak te
hnetium line, as 
on�rmed

from the appearan
e of the X

4262

feature. We therefore believe that Hen 140 is

the unique example in our sample of an S star with very weak T
 lines.

In all the other 
ases, te
hnetium (non-) dete
tion relies on the lo
ation of

the minimum of a gaussian �tted to the X

4262

(or X

4238

) blend.

Are there, with this method, risks (i) to mis
lassify as T
-ri
h a truly T
-

poor star, and (ii) to mis
lassify as T
-poor a truly T
-ri
h star? We show in

the remaining of this se
tion that both risks are most probably non-existent in

the present study.

Error (i) 
ould, in prin
iple, a�e
t very luminous T
-poor stars, be
ause

their large ma
roturbulen
e would broaden their X

4262

feature, whi
h 
ould

then possibly mimi
 a T
-ri
h feature.

In order to test this hypothesis, gaussian �lters of di�erent widths have been

applied to T
-poor spe
tra, so as to make their line widths 
omparable to those

of the stars 
lassi�ed as T
-ri
h. The resulting plots are displayed in Fig. 5.3

and 5.4. This simulation shows that even the largest ma
roturbulen
e value

observed in our sample (T Ceti) is not large enough to make truly T
-poor stars

appear as T
-ri
h from the broadening of their X

4262

feature. That 
on
lusion

is however somewhat less obvious when 
onsidering the X

4238

feature. Hen
e

this risk 
annot be ex
luded for very luminous stars (
lass I or II) if observed

at low resolution (R < 30 000).

Error (ii) 
ould, in prin
iple, o

ur for stars displaying a `weak te
hnetium

line' (weaker than the T
 lines of Hen 140 dis
ussed above) with an intensity not

large enough to shift the X

4262

blend redward from the T
-poor wavelength. In

fa
t, some stars in our sample exhibit an `ambiguous' X

4262

blend, in the sense

that the pseudo-emission lo
ated between the Nb I-Gd II lines and the Cr I line

be
omes very weak or even disappears, mimi
king a `weak te
hnetium line' (a

typi
al example is Hen 7 on Fig. 5.1). Su
h a star is 
lassi�ed by our method as

te
hnetium-poor, for the minimum of the X

4262

blend remains un
hanged with

respe
t to the no-T
 
ases.

In fa
t, all intermediates exist between the `unambiguous' X

4262

T
-poor

blends (with a 
lear 
entral pseudo-emission, see HD 73341 and Hen 3 on

Fig. 5.1) and the `ambiguous' X

4262

blends (where this pseudo-emission is ab-

sent, as in Hen 7); two typi
al transition 
ases are plotted on Fig. 5.1 (Hen 187
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Figure 5.1: Spe
tra in the 4262

�

A region. The top spe
trum is HD 73341,

a normal giant (M3/M4III); the other spe
tra 
orrespond to Henize S stars.

Te
hnetium-poor spe
tra are plotted with a thin line; te
hnetium-ri
h spe
tra

with a thi
k line. Hen 3, 187, 31, 7 are typi
al T
-poor stars; Hen 39 and

202 are typi
al T
-ri
h stars. The T
-ri
h spe
trum of Hen 140 is unique in

our sample and remarkable be
ause of its very weak T
 lines (see Se
t. 5.3.1).

All spe
tra are plotted on the same relative intensity s
ale. The lo
al pseudo-


ontinuum point has been taken as an average of the 
uxes at 4239.1, 4244.1,

4247.1 and 4265.4

�

A; for the sake of 
larity, ea
h spe
trum (ex
ept the lowest

one) is verti
ally shifted by 1 unit with respe
t to the spe
trum below it. Some

spe
tral features of s-pro
ess elements are identi�ed (see text)
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Figure 5.2: Same as Fig. 5.1 for the 4238

�

A region

and Hen 31). These `ambiguous' spe
tra were taken during di�erent observing

runs; the shape of the X

4262

blend is independent of the resolution and of the

S/N ratio of the spe
tra.

Do these `ambiguous' spe
tra 
orrespond to stars with a weak te
hnetium

line, intermediate between the 
lear T
-poor and T
-ri
h 
ases? In fa
t these

`ambiguous' spe
tra are 
learly di�erent from the spe
trum of the weakly T
-

ri
h star Hen 140, for their X

4238

feature is identi
al to the X

4238

feature of the

unambiguous T
-poor stars (Fig. 5.2), whi
h 
learly indi
ates that te
hnetium

is absent in these stars.

It may therefore be 
on
luded that our method of gaussian �t to the X

4238

andX

4262

features is able to properly separate te
hnetium-ri
h from te
hnetium-

poor S stars.
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Figure 5.3: Arti�
ial broadening of three T
-poor spe
tra at 4238.191

�

A. Raw

spe
tra are plotted with a thi
k line
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Figure 5.4: Arti�
ial broadening of three T
-poor spe
tra at 4262.270

�

A . Raw

spe
tra are plotted with a thi
k line
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What then 
auses the variety of X

4262

features observed in Fig. 5.1 for

te
hnetium-poor S stars? The spe
tral sequen
e going from Hen 3 to Hen 7

on Fig. 5.1 is not a temperature sequen
e. The temperature of the stars of

our sample have been derived from the V � K 
olour index using the Ridg-

way et al. (1980) 
alibration, the K magnitudes from Cat
hpole et al. (1979)

and our Geneva photometry. Although the bulk of te
hnetium-ri
h S stars are


learly 
ooler than te
hnetium-poor S stars (see also Chap. 3), there is no sign

whatsoever of a possible 
orrelation between the shape of the X

4262

blend of

te
hnetium-poor stars and their temperature. MOOG (Sneden 1974) syntheti


spe
tra (for stars with T

e�

� 3400� 3800 K as derived from their V �K index)

indi
ate that neither gravity nor metalli
ity 
an signi�
antly modify the X

4262

blend.

A 
loser inspe
tion of the spe
tral sequen
e of Fig. 5.1 (from HD 73341

to Hen 7) reveals that several lines be
ome stronger as the 
entral pseudo-

emission of the X

4262

blend weakens. The major 
ontributors to these features,

identi�ed with the help of syntheti
 spe
tra, are indi
ated on the top of Fig. 5.1.

It is noteworthy that all these elements are s-pro
ess elements. The sequen
e

of spe
tra (drawn with a thin line) in Fig. 5.1 is thus, from top to bottom,

a sequen
e of in
reasing s-pro
ess line strengths (s-pro
ess lines being weak,

as expe
ted, in the M star HD 73341). The line whi
h progressively blends

the X

4262

feature of te
hnetium-poor stars is thus probably an s-pro
ess line

as well. Sin
e it 
annot be te
hnetium (see above), a good 
andidate is the

4262.228

�

A line of Nd II, or perhaps the wing of the Gd II line at 4262.087

�

A.

It is not surprising to �nd a wide range of s-pro
ess enhan
ements among

te
hnetium-poor S stars, sin
e these stars have a

reted their s-pro
ess-enri
hed

matter from a 
ompanion star. Hen
e the level of 
hemi
al pe
uliarities is

not linked to the evolutionary status of the star, but rather depends upon the

amount of s-pro
ess a

reted matter (see dis
ussion in Chap. 2).

These s-pro
ess lines are more diÆ
ult to see in the te
hnetium-ri
h S stars,

probably be
ause in these 
ooler and more luminous stars, lines are broader

(be
ause of a larger ma
roturbulen
e) and the mole
ular blanketing is more

severe.

5.3.2 Mis
lassi�ed and SC stars

The method outlined in Se
t. 5.3.1 
annot be applied to four stars of our sample

whi
h exhibit pe
uliar spe
tra (Hen 22, 135, 154 and 198).

In order to 
he
k the assignment of the Henize stars to spe
tral type S, low-

resolution spe
tra have been obtained for all stars from Hen 3 to Hen 165. In

fa
t, Hen 22 and 154 emerged as the only two mis
lassi�ed stars (Se
t. 6.6.3).

They show no sign of ZrO bands whatsoever in their spe
tra; Hen 22 is rather

a late G (�G8) giant and Hen 154 a mid-K (�K3-5) giant.

As far as Hen 135 and Hen 198 are 
on
erned, Fig. 5.5 shows that the

spe
tra of these stars are very di�erent from those of other S stars of the Henize

sample. Many spe
tral features adopted as wavelength standards, as well as
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Figure 5.5: Same as Fig. 5.1, but for two prototype S stars (Hen 186, T
-poor

and Hen 197, T
-ri
h), and for the two outstanding stars UY Cen (SC) and RZ

Sgr. Note the striking di�eren
es between the lower and upper spe
tra of UY

Cen, taken on Mar
h 16, 1993 and on January 31, 1997, respe
tively. The lo
al

pseudo-
ontinuum point is de�ned as in Fig. 5.1; for the sake of 
larity, ea
h

spe
trum (ex
ept the lowest one) is verti
ally shifted by 1.5 unit with respe
t

to the spe
trum below it
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the te
hnetium blend, are diÆ
ult or even impossible to identify in the spe
tra

of Hen 135 and Hen 198. In fa
t, we show below that these two stars are the

only two SC stars in the subsample of Henize S stars observed with the CAT

2

.

Hen 135 (V � 7) and Hen 198 (V � 7� 10) were indeed the only very red stars

(B�V > 2) whi
h were bright enough to allow spe
tra to be taken in the violet.

SC stars are known to have very pe
uliar spe
tra. Their spe
trum is �lled

with strong atomi
 lines and almost no mole
ular bands in the opti
al, a 
on-

sequen
e of their C/O ratio being very 
lose to unity (S
alo 1973). Cat
hpole

& Feast (1971) de�ne SC stars from the following three 
riteria: (i) extremely

strong Na D lines, (ii) drop in the 
ontinuum intensity shortward of 4500

�

A, and

(iii) bands of ZrO and CN simultaneously present (though quite weak), as well

as general resemblan
e of the spe
trum (i.e. regarding `the absolute and relative

strength of metal lines') with that of UY Cen.

Hen 135 (=UY Cen) is thus the prototype SC star. Our two spe
tra of that

star (taken in Mar
h 1993 and January 1997, see Fig. 5.5) are quite di�erent; in

parti
ular the shape of the X

4262

feature has 
hanged noti
eably. Therefore it

is hazardous to infer the te
hnetium 
ontent of UY Cen from these data alone

without the help of appropriate model atmospheres and syntheti
 spe
tra, whi
h

is beyond the s
ope of this work.

Hen 198 (=RZ Sgr) has an Se-type spe
trum; Stephenson (1984) quotes

the HD 
atalogue noting that `the spe
trum is similar to 
lass N, but does

not belong to that 
lass'. It is probably asso
iated with a re
e
tion nebula

(Whitelo
k 1994). RZ Sgr is a large-amplitude (� 2:5 mag) SRb-type variable

(P = 203:6 d). Its H� emission, as well as the TiO and ZrO band strengths, are

variable. Cat
hpole & Feast (1976) also note that the Zr:Ti ratio of RZ Sgr is

unusually high for an S star, and rather 
lose to the one of N-type 
arbon stars.

Although RZ Sgr has not been 
lassi�ed as an SC star, it shares many


ommon features with that family. Indeed, it reasonably meets the three 
riteria

mentioned above for SC stars:

(i) Reid & Mould (1985) measured the strength of the Na D lines for several S,

SC and C stars, in
luding RZ Sgr. A spe
trophotometri
 index of 1.07 is found

for RZ Sgr, mu
h larger than typi
al values for S stars (0.22 for BD+28

Æ

4592

and 0.28 for NQ Pup), but 
omparable to values obtained for SC stars (0.55

for LMC 441, 1.73 for R CMi, 2.57 for VX Aql). Thus RZ Sgr has abnormally

strong Na D lines with respe
t to other S stars.

(ii) The ultraviolet 
ux de�
ien
y of SC stars is 
learly apparent from photo-

metri
 data in the Geneva system. Indeed, the mean wavelengths of the B and

V �lters are �

0

(B) = 4227

�

A and �

0

(V ) = 5488

�

A (Rufener & Ni
olet 1988);

therefore the B�V index is highly sensitive to the ultraviolet 
ux de�
ien
y of

SC stars o

urring for � < 4500

�

A. SC stars have B � V > 2, whereas the bulk

of S stars have B � V < 2. In that respe
t again, RZ Sgr (2:0 < B � V < 3:0)

is typi
al of SC stars.

(iii) ZrO is present (although weak) in RZ Sgr; we found no information about

2

Although the Henize sample 
ontains several SC stars, they are usually too red, hen
e

too faint at 4250

�

A, to be observed with the CAT.
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the possible presen
e of CN bands. Infrared CO bands are stronger in RZ Sgr

than in many other S and SC stars (Whitelo
k & Cat
hpole 1985), probably

lo
king a great quantity of 
arbon.

The IRAS 
olours of RZ Sgr also share many similarities with SC stars: it is

lo
ated in a region of the (K� [12℄,[25℄� [60℄) 
olour-
olour diagram [`region E'

as de�ned by Jorissen & Knapp (1998)℄ 
ontaining mainly SC stars with large

60�m ex
ess and often resolved shells (see also Young et al. 1993).

All these arguments therefore indi
ate that RZ Sgr is 
losely related to the

SC family. As pointed out for UY Cen, the 4262

�

A and 4238

�

A lines of T
 I are

very diÆ
ult to analyse in SC stars. An assignment of these two stars to either

the T
-ri
h or T
-poor group has therefore not been attempted here. Abia &

Wallerstein (1998) nevertheless suggest that SC stars are T
-ri
h, based on a

quantitative analysis.

5.4 Dis
ussion

5.4.1 The te
hnetium di
hotomy

The lower part of Fig. 5.6 shows the frequen
y histogram of the wavelength of

the X

4262

spe
tral feature for stars of Tables 5.1 and 5.2. The stars of our

sample 
learly segregate in two groups. The average wavelength of the bluer

group is 4262.093

�

A; this group thus 
orresponds to T
-poor S stars. The average

wavelength of the redder group is 4262.235

�

A, thus revealing the 
ontribution of

the T
 I 4262.270

�

A line to the Gd II-Nb I blend. The standard deviation on the

X

4262

wavelengths is 0.012

�

A for T
-poor stars and 0.017

�

A for T
-ri
h stars.

These values are in good agreement with the estimated errors on the X

4262

wavelength (0.013

�

A for T
-poor and 0.020

�

A for T
-ri
h stars, Se
t. 5.3.1).

The two groups are 
learly separated by a 0.08

�

A gap, with no intermediate


ases. Therefore, in order to distinguish T
-poor from T
-ri
h stars (on our

spe
tra of resolution in the range 30 000-60000), a delimiting wavelength of

4262.16

�

A may be safely adopted.

A similar 
on
lusion holds for the X

4238

feature (Fig. 5.7), where a boundary

wavelength of 4238.29

�

A unambiguously separates the two kinds of S stars.

Fig. 5.7 further shows that the diagnosti
s provided by the X

4238

and X

4262

features are 
onsistent with ea
h other.

For 
omparison purpose the frequen
y histogram of the wavelength of the

X

4262

spe
tral feature as obtained by Smith & Lambert (1988) is plotted in

the upper part of Fig. 5.6, for their sample of MS and S stars (their Table 2).

The segregation into T
-poor and T
-ri
h S stars (with 4 stars falling on their

boundary wavelength at 4262.14

�

A) is not as 
lean as with our higher resolution

spe
tra.

The small number of `transition stars' in our sample (i.e. stars with weak

T
 lines, the only 
ase being Hen 140) is noteworthy. This result may provide


onstraints on the evolution with time of the te
hnetium abundan
e along the

TPAGB (Smith & Lambert 1988; Busso et al. 1992) and 
learly deserves further
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Figure 5.6: Frequen
y histograms of the wavelength of the X

4262

spe
tral fea-

ture. Top: results of Smith & Lambert (1988) for their sample of MS and S

stars; the dotted line delimits the boundary wavelength (4262.14

�

A) between

T
-poor and T
-ri
h S stars, as adopted by Smith & Lambert (1988). Bottom:

same for all stars of Tables 5.1 and 5.2, where the boundary wavelength has

been taken at 4262.16

�

A

studies. For example, it would be of interest to investigate whether the small

number of S stars with weak te
hnetium lines found in our sample implies that

the very �rst obje
ts to dredge-up heavy elements on the TPAGB are not S

stars but rather M stars. Indeed, the T
 dete
tion threshold might not 
oin
ide

with the ZrO dete
tion threshold, as dis
ussed in Se
t. 1.1.3 (see Fig. 1.3). It

is moreover ne
essary to disentangle abundan
e e�e
ts from atmospheri
 e�e
ts

on the te
hnetium line strength.

Although a more detailed study is deferred to a forth
oming study, it may

already be mentioned at this point that the T
/no-T
 di
hotomy reported in

this work is not due to te
hnetium being entirely ionized in the warmer S stars.

Indeed, the T
 I/(T
 I + T
 II) ratio is still � 40% in the warmest S stars

(T

e�

=3800 K) while it amounts to � 70% at T

e�

=3500 K and to � 95% at

T

e�

=3000 K, a

ording to the Saha ionization equilibrium formula (with repre-

sentative ele
tron densities taken from model atmospheres, see Tab. 5.3).
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4262 4262.1 4262.2 4262.3

4238.1
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Figure 5.7: The wavelength of the X

4262

T
 feature versus the wavelength of

the X

4238

T
 feature. Errorbars represent the standard deviation of the mean

redshift (
omputed from the �10 spe
tral features adopted as wavelength

standards). The te
hnetium 
lass (T
-ri
h or T
-poor) derived from the X

4238

blend always 
on�rms the te
hnetium 
lass derived from the X

4262

blend; the

T
-poor and T
-ri
h regions are 
learly distin
t. The boundary wavelengths

adopted in this study between T
-ri
h and T
-poor stars are 4262.16

�

A for the

X

4262

feature (horizontal axis) and 4238.29

�

A for the X

4238

feature (verti
al

axis); they are indi
ated by arrows
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Table 5.3: Per
entages of neutral and ionized te
hnetium for typi
al tempera-

tures of red giants

Te� gravity % T
 I % T
 II

� grid of MARCS models (Plez 1992; Plez et al. 1992; Bessell et al. 1998)

2500. -0.5 99.73 .27

2600. -0.5 99.40 .60

2700. -0.5 98.82 1.18

2800. -0.4 97.82 2.18

2900. -0.2 96.89 3.11

3000. 0.0 94.85 5.15

3100. 0.1 91.64 8.36

3200. 0.3 87.82 12.18

3250. 0.3 84.43 15.57

3400. 0.7 80.29 19.71

3500. 0.9 73.33 26.67

3650. 1.2 60.85 39.15

� Models from Bessell et al. (1998)

3600. -0.50 29.46 70.54

3600. 0.00 40.98 59.02

3600. 0.50 52.62 47.38

3600. 1.00 63.27 36.73

3800. -0.50 12.84 87.16

3800. 0.00 17.72 82.28

3800. 0.50 26.60 73.40

3800. 1.00 37.09 62.91

3800. 1.50 48.23 51.77

4000. 0.00 6.43 93.57

4000. 0.50 12.74 87.26

4000. 1.00 20.21 79.79

4000. 1.50 29.90 70.10

4000. 2.00 41.12 58.88

4250. 0.50 3.72 96.28

4250. 1.00 6.49 93.51

4250. 1.50 10.91 89.09

4250. 2.00 17.43 82.57

4250. 2.50 26.19 73.81

4500. 1.00 2.10 97.90

4500. 1.50 3.70 96.30

4500. 2.00 6.36 93.64

4500. 2.50 10.56 89.44
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5.4.2 M stars with 60�m ex
ess and symbioti
 stars

None of the four M stars with 60�m ex
ess taken from the sample of Zijlstra

et al. (1992) show te
hnetium. This observation 
learly indi
ates that these

stars, whi
h are surrounded by 
ool dust dating ba
k to a former episode of

strong mass loss, do not 
urrently experien
e heavy elements synthesis followed

by third dredge-ups. The same 
on
lusion holds true for the two observed

symbioti
 stars (SY Mus and RW Hya).

5.5 Con
lusion

High-resolution spe
tra have been obtained and analysed to infer the te
hnetium


ontent of 76 S, 8 M and 2 symbioti
 stars. All the spe
tra are plotted in

Appendix A. The presen
e or absen
e of te
hnetium was dedu
ed from the

shape of two blends involving te
hnetium at 4238

�

A and 4262

�

A (more pre
isely:

from the wavelength of their minimum). However this method does not apply

to SC stars. The te
hnetium (non-)dete
tion at 4238

�

A is 
onsistent with the

result at 4262

�

A. Only one `transition' 
ase (Hen 140 = HD 120179, a star where

only weak lines of te
hnetium are dete
table) is found in our sample.

A resolution in ex
ess of 30 000 is de�nitely required to provide unambigu-

ous 
on
lusions regarding presen
e or absen
e of te
hnetium. For example, at

4262

�

A, an s-pro
ess line (possibly Nd II) is suspe
ted to sometimes mimi
 a weak

te
hnetium line (although the 4238

�

A feature 
learly shows that te
hnetium is

absent). The shape of the �4262

�

A feature varies from one T
-poor star to

another, depending on the s-pro
ess overabundan
e level, whi
h is in turn a

fun
tion of the amount of a

reted matter by these binary S stars.

Among the 70 analysed Henize S stars, 41 turn out to be te
hnetium-poor

and 29 te
hnetium-ri
h. That fra
tion may not be used, however, to infer the

relative frequen
ies of intrinsi
 and extrinsi
 S stars, sin
e the subsample of

Henize S stars observed with the CAT is biased towards the brightest and bluest

stars. The frequen
y of extrinsi
/intrinsi
 S stars will be derived from the whole

data set in Chap. 7.
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Chapter 6

Additional observational


hara
teristi
s of Henize S

stars

6.1 Introdu
tion

The present 
hapter 
ontinues with the dis
ussion of the observational mate-

rial 
olle
ted on the S stars of the Henize sample. After a dis
ussion of the

radial-velo
ity data of the Henize S stars (Se
t. 6.2), their Geneva photome-

try is examined (Se
t. 6.3), as well as their JHKL (Se
t. 6.4) and their IRAS

(Se
t. 6.5) photometry. Spe
tral indi
es 
omputed from the low-resolution spe
-

tra are dis
ussed in Se
t. 6.6. All the data des
ribed in this 
hapter are listed

in Tables B.1 to B.4 of Appendix B.

6.2 Radial velo
ities of S stars

6.2.1 CORAVEL monitoring of the Henize sample

Radial-velo
ity monitoring of the Henize sample of S stars has been performed

between 1992 and 1997 on the Danish 1.54-m teles
ope at the European South-

ern Observatory (La Silla, Chile). A full des
ription of the CORAVEL spe
tro-

velo
imeter 
an be found in Baranne et al. (1979). Basi
ally, CORAVEL mea-

sures the velo
ity of a star by 
ross-
orrelating its spe
trum with a mask re-

produ
ing about 1500 lines of neutral and ionized iron-group spe
ies from the

spe
trum of Ar
turus (K1 III). The minimum of a gaussian �tted to the 
ross-


orrelation dip (

-dip) thus obtained leads to the radial velo
ity of the star.

Further information on the CORAVEL observation and redu
tion te
hniques


an be found in Duquennoy et al. (1991). The helio
entri
 radial velo
ity data

are listed in Table B.1.

147
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6.2.2 Binarity in the Henize sample

Radial velo
ity 
urves and orbital parameters

Despite the fa
t that all extrinsi
 S stars ought to be binaries, the number of

radial velo
ity measurements in the present survey was generally not suÆ
ient

to derive a reliable orbit, ex
ept in the 
ases listed in Table 6.1 and displayed

in Fig. 6.1. Table 6.1 also provides a few very preliminary orbits derived from

6 or 7 measurements only.

These orbital parameters are typi
al of the few orbits already known for

extrinsi
 S stars (see Chapter 2). The Henize sample 
ontains in fa
t the S star

with the se
ond shortest orbital period known (Hen 108, P = 197 d). Su
h

a short orbital period sets strong 
onstraints on the radius of the S star that

has to �t inside its Ro
he lobe. Indeed, supposing the mass of the 
ompanion

white dwarf to be 0.6 M

�

, the radius of the Ro
he lobe around the S star is

� 50 R

�

, with little sensitivity to its adopted mass (taken within the reasonable

limits 1-4 M

�

). Given an e�e
tive temperature of � 3700 K as derived from

the V �K 
olour index and the 
alibration of Ridgway et al. (1980), and an

absolute bolometri
 magnitude in the range �2 � M

bol

� �3:5 (Chap 3), the

resulting radius lies in the range 54 R

�

to 109 R

�

. Hen
e this star must be

extremely 
lose to �lling its Ro
he lobe, or even 
urrently undergoes a stable

Ro
he-lobe over
ow. In fa
t, this star 
ould be expe
ted to exhibit symbioti


a
tivity; however a high-resolution spe
trum of this star around H

�

(Se
t. 6.3.5)

reveals no emission line whatsoever.

In fa
t, the only S star known to have a shorter period than Hen 108 is HD

121447 (P = 186 d, Table 2.9), an early S star (S0, Keenan 1950), also known as

the 
oolest barium star (K7III Ba5, L�u 1991). This system was found to be an

ellipsoidal variable (Jorissen et al. 1995). Due to its similarity with HD 121447,

Hen 108 may be suspe
ted to be an ellipsoidal variable as well; unfortunately

the available photometri
 data are too s
ar
e to 
he
k this hypothesis.

As far as the Henize S stars with fewer radial-velo
ity measurements are


on
erned, their radial-velo
ity standard deviation is expe
ted to be larger for

T
-poor S stars than for T
-ri
h S stars, be
ause the intrinsi
/extrinsi
 paradigm

requires T
-poor S stars to belong to binary systems. This is indeed the 
ase,

sin
e the mean value of the radial-velo
ity standard deviation is h�(V

r

)i =

3:2 � 2:4 (rms) km s

�1

for T
-poor S stars, as 
ompared to 1:3 � 0:7 (rms)

km s

�1

for T
-ri
h S stars. This point will be further examined in Se
t. 7.2.

6.2.3 The CORAVEL parameter Sb

In fa
t, some additional pie
es of information may be derived from the CORAVEL



-dip: in parti
ular, the parameter Sb, de�ned as the redu
ed width of the 

-

dip: it is 
omputed from the observed width � of the stellar 

-dip, 
orre
ted for

the instrumental pro�le �

0

= 6:29 km s

�1

(i.e., the 

-dip of minor planets re-


e
ting the sun light, 
orre
ted for the solar rotational velo
ity and photospheri


turbulen
e): Sb = (�

2

� �

2

0

)

1=2

.
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Table 6.1: Orbital elements for Henize S stars

Hen P T [HJD e 
 ! K a sini f(m) N O � C �T

[days℄ -2 400000℄ [km s

�1

℄ [deg℄ [km s

�1

℄ [Gm℄ M

�

[km s

�1

℄ [days℄

2 1146.97 38128.45 0.21 21.06 33.40 5.57 86.00 0.019 8 0.10 4931

2.05 16.28 0.01 0.07 5.96 0.07 1.11 0.001

108 197.24 48632.01 0.00 40.51 0.00 14.41 39.09 0.061 10 0.60 1826

0.30 1.48 { 0.30 { 0.52 1.40 0.007

121 763.63 49280.49 0.00 -5.495 0.00 10.54 110.69 0.092 11 0.96 1778

5.89 5.04 { 0.30 { 0.51 5.40 0.013

137 636.39 49699.02 0.44 -21.12 120.22 6.57 51.68 0.014 9 0.63 1780

12.38 24.16 0.17 0.47 23.57 1.88 8.29 0.007

147 335.76 49559.54 0.22 -8.13 195.56 11.01 49.58 0.043 8 0.52 1579

1.09 23.78 0.14 0.60 31.33 2.39 10.86 0.028

� preliminary orbits

119 1300 48612 0.14 -23 254 7 118 0.039 6 0.20 1781

124 1983 51068 0.17 6 226 6 155 0.038 7 0.69 1414

183 889 49059 0.10: -11 173 9 114 0.076 7 0.63 1827
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Figure 6.1: Orbits for 5 Henize S stars. The last three panels labelled \orb?"

provide preliminary orbits
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Figure 6.2: CORAVEL 
ross-
orrelation dips for the extrinsi
, T
-poor S star

Hen 2 (upper part, left), for the intrinsi
, te
hnetium-ri
h S star Hen 97 (upper

part, right) and for the Mira S star Hen 32 = SU Pup (lower part). The values

of the Sb parameter are 4.2 km s

�1

, 7.7 km s

�1

and 8.5 km s

�1

for Hen 2,

Hen 97 and Hen 32, respe
tively

In relatively unevolved giants (like G, K, barium stars or T
-poor S stars),

the 

-dip is narrow, strongly 
ontrasted and has a non-variable shape. On the


ontrary, the 

-dip of Mira stars is wide, shallow and strongly variable with

time (see Figs. 2.1 and 6.2).

There are probably several reasons for the distorted 

-dips of Mira stars

(Barbier et al. 1988). First, the atmosphere of a Mira star is 
hara
terized by a


omplex velo
ity �eld; the 

-dip of a Mira star is thus a 
ombination of several

(variable) 

-dips, ea
h dip 
orresponding to a layer moving with a given velo
ity

(Udry et al. 1998a; Wallerstein 1985). Hen
e the width of the resulting 

-dip

is larger and more variable than if the star had a standing atmosphere. This

link between Sb and the pulsational 
hara
teristi
s of the atmosphere is further


on�rmed by the strong trend of in
reasing Sb with in
reasing radial-velo
ity

jitter (see Fig 2.1).

Se
ond, the CORAVEL mask is optimized for Ar
turus-type (K1) giants. In


ooler stars like S stars, the relative line intensities are di�erent, and additional

mole
ular lines are en
ountered: su
h inadequa
ies of the mask with respe
t

to the stellar spe
trum are in part responsible for the shallower 

-dips of S

stars (Alvarez, priv. 
omm.). The broadening of spe
tral lines due to ma
ro-

turbulen
e { previously believed to be the main 
ause of the 

-dip widening {

probably plays only a minor role in shaping the 

-dip.

Sin
e intrinsi
 S stars are by de�nition on the TPAGB, they are expe
ted

to be on average more evolved than extrinsi
, mass-transfer S stars; their Sb

parameter is 
onsequently expe
ted to be larger. This is indeed the 
ase, as
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Figure 6.3: Histogram of the 

-dip widths (expressed in terms of Sb, see text)

for the Henize S stars. The inset represents the large Sb tail of the histogram,


on
erning S Mira or SC stars

shown in Fig. 6.3: the distribution of the Sb parameter is 
learly bimodal, the

�rst peak (Sb < 5:5 km s

�1

) 
omprising mostly T
-poor stars, and the se
ond

one (Sb � 5:5 km s

�1

) mainly T
-ri
h stars. The la
k of systems around

Sb � 5:5 km s

�1

is not dependent on the adopted binning of the data, but

reveals the real of bimodal nature of the distribution. Hen
e, as suspe
ted in

Se
t. 2.3, the Sb parameter appears to be a useful tool to distinguish, with a

good statisti
al eÆ
ien
y, intrinsi
 from extrinsi
 S stars, when no information

on te
hnetium is available.

6.3 Geneva photometry

The Henize sample of S stars has been monitored in the Geneva photometri


system on the Swiss teles
ope at La Silla (Chile). Detailed information on this

photometri
 system and on the data redu
tion 
an be found in Golay (1980),

Rufener (1988) and Rufener & Ni
olet (1988). Among the 205 S stars of the

Henize sample, 179 
ould be rea
hed with the 70 
m Swiss teles
ope, with an

average of 4 good-quality photometri
 measurements (in all �lters) per star.

6.3.1 Reje
ted measurements

Some photometri
 measurements have been dis
arded. They 
on
ern mostly

mis
lassi�ed stars, or stars with abnormal 
olours:
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� Mis
lassi�ed stars: Hen 22 and 154 are two stars mis
lassi�ed as S, as

revealed by low-resolution spe
tra (Se
t. 6.6).

� Single measurement revealing abnormally blue 
olours: Only a single very

blue measurement (U �B = 2:26; B � V = 0:48) is available for Hen 82;

a nearby �eld main-sequen
e star 
ould well have been measured instead

of the faint and variable S star Hen 82. In fa
t, the S star Hen 82 is most

probably a Mira (strong H

�

and H

�

emission on low-resolution spe
trum,

spe
tral type S5,8). Although Mira stars are known to sometimes exhibit

su
h blue 
olours, Hen 82 has been removed from the photometri
 data

set, given the la
k of additional photometry 
on�rming the blue 
olours

of this star. The same holds true for Hen 181 (=V407 S
o; U �B = 2:18;

B � V = �0:53).

� Close visual binaries: Several stars (Hen 47, 94, 105, 155) were found to

be 
lose visual binaries, and their photometri
 data have therefore not

been 
onsidered for the analysis presented in Chap. 7.

In all these 
ases, two spe
tra separated by less than 10

00

(angular separa-

tion on the sky proje
ted on the dire
tion perpendi
ular to the slit, 
or-

responding to less than 15 pixels on the CCD frame) have been re
orded

by the Boller & Chivens spe
trograph (Se
t. 6.6). Rough estimates of the


ompanion spe
tral type 
ould be obtained in all 
ases, but Hen 94 whi
h

is too faint: Hen 47 (> 5

00

): S + K4V; Hen 105 (> 4

00

): S + late BV or

early AV; Hen 155 (> 14

00

): S + G5 IV-III. The numbers in parentheses

provide a lower limit of the angular separation.

Hen 47 is the only one among those 
ases where the physi
al asso
iation

between the two stars is 
learly unlikely. The di�eren
e in absolute visual

magnitudes between the S star and a K4V star is at least 7 magnitudes,

but the observed di�eren
e in apparent visual magnitudes is less extreme,

sin
e the available photometry 
learly reveals 
omposite 
olours.

All these pairs lie within 2

Æ

of the gala
ti
 plane (ex
ept Hen 155 with

b = 20

Æ

) where 
rowding may be severe. If some of these pairs would

nevertheless turn out to be physi
al, the less evolved main sequen
e 
om-

panion would allow to set a lower limit on the mass of the S star, namely

> 3 M

�

for Hen 105. These masses are 
ompatible with S stars being

intermediate-mass stars.

� Magnitudes fainter than 16.5: All magnitudes fainter than 16.5 were re-

je
ted, as well as their asso
iated standard deviations, be
ause at su
h

faint magnitudes the 
ux 
ontribution from the sky is dominating. For

our S stars, magnitudes fainter than 16.5 only o

ur in the U �lter, ex
ept

for Hen 122 (B = 17:453), whi
h is 
agged in Table B.2.

The stars having U > 16:5 fall in two 
ategories: (i) either the star has

some of its U measurements fainter than U = 16:5; in that 
ase only the

measurements brighter than U = 16:5 were 
onsidered;

(ii) or the star has all its U measurements fainter than U = 16:5; no U
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standard deviation is 
omputed in that 
ase. Column m

U

indi
ates in

Table B.2 the number of measurements fainter than U = 16:5.

6.3.2 Average 
olours and standard deviation

The average magnitudes were 
omputed from the weighted 
uxes a

ording to

Eq. 2 of Rufener (1988), where the weights refer to the quality of the measure-

ments.

The redu
ed standard deviation �

r

is 
omputed by quadrati
ally subtra
t-

ing the instrumental error �

0

from the standard deviation �. The instrumental

error is 
omputed by interpolating Fig. 2 of Barblan et al. (1998), giving the

mean pre
ision as a fun
tion of the magnitude in the 
ase of Geneva photomet-

ri
 measurements. If � � �

0

, then �

r

= 0. The redu
ed standard deviation

has not been 
omputed for magnitudes fainter than 16.5, be
ause of the large

un
ertainties a�e
ting the mean pre
ision �

0

at su
h faint magnitudes.

6.3.3 Dereddening

Ea
h star has been dereddened a

ording to the following pro
edure:

1. If 10

Æ

� jbj < 45

Æ

, the 
olour ex
ess E

B�V

is taken from Burstein & Heiles

(1982) and is multiplied by the fa
tor [1�exp(�10 r sin jbj)℄, where r is the

distan
e in kp
 and b is the gala
ti
 latitude (Feast et al. 1990); 72 stars are


on
erned. The visual extin
tion is then 
omputed with A

V

= R�E

B�V

,

where R = 3:1.

2. If jbj < 7:6

Æ

, A

V

(r) is taken from Ne
kel & Klare (1980); 70 stars are


on
erned.

3. If jbj � 45

Æ

, or if the star is not on the Milky Way �elds de�ned by Ne
kel

& Klare (1980), or if it falls outside their A

V

(r) diagram (i.e., if the star

is lo
ated too far away), then the visual extin
tion is taken from Arenou

et al. (1992); 37 stars are 
on
erned.

The dereddening pro
edure then requires to assign absolute visual magni-

tudes to S stars. From HIPPARCOS parallaxes, intrinsi
 S stars are known to

be brighter than extrinsi
 S stars (Chap. 3), but several fa
tors (intrinsi
 vari-

ability, as well as the Lutz-Kelker bias) prevent from giving a

urate average

luminosities for both 
lasses of S stars. The only previous large-s
ale estimate

of absolute visual magnitudes of S stars is by Yorka & Wing (1979), who derived

that the average M

V

at maximum light is of the order �1:5 to �2:0 for Mira

S stars (i.e., intrinsi
 S stars) and �1 for non-Mira S stars (presumably mostly

extrinsi
 S stars).

In prin
iple intrinsi
 S stars and extrinsi
 S stars should thus be assigned

di�erent absolute magnitudes (sayM

V

= �1 for extrinsi
 S stars andM

V

= �2

for intrinsi
 S stars), depending on whether they have te
hnetium or not. This

approa
h has not been retained here sin
e (i) the only unambiguous way to
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distinguish extrinsi
 from intrinsi
 S stars is te
hnetium dete
tion, and this

information is available only for 70 S stars (out of 205); the other parameters


apable of segregating the two kinds of S stars have only a statisti
al eÆ
ien
y

(see Table 6.3), and (ii) this would introdu
e an a priori distin
tion between

extrinsi
 and intrinsi
 S stars, whi
h would be diÆ
ult to disentangle from

possible genuine photometri
 di�eren
es derived subsequently.

While the intrinsi
 S stars are brighter than the extrinsi
 ones, they are

also mu
h redder, hen
e their V magnitude is dimmed. Therefore the single

plausible value of M

V

= �1 has been assigned, for dereddening purposes only,

to both extrinsi
 and intrinsi
 S stars.

The dereddening pro
ess is iterated until 
onvergen
e of the apparent V

magnitude is a
hieved (to a level of 10

�4

mag). The dereddened U and B

magnitudes are then 
omputed, using E

U�B

= 0:652�E

B�V

, a relation derived

by Cramer (1994) for B stars in the Geneva photometri
 system (no su
h relation

is available for late-type stars).

6.3.4 Colour-
olour diagram

In the (U � B;B � V )

0


olour-
olour diagram (Fig. 6.4), T
-poor stars tend

to 
luster 
lose to the normal giant sequen
e. The la
k of extrinsi
 S stars

with very blue and variable 
olours, that would be the signature of a nebular


ontinuum as in symbioti
 stars, will be further 
ommented in Se
t 6.3.5. Note

also that information on the te
hnetium 
ontent is only available for the bluest

stars, sin
e the te
hnetium lines used in this study are lo
ated in the violet

around 4260

�

A.

Intrinsi
 S stars are known to be generally redder than extrinsi
 S stars

(Chap. 3). This property is not 
learly visible on Fig. 6.4, merely be
ause of a

strong observational bias: the reddest S stars were generally too faint in the U

�lter and do not therefore appear on Fig. 6.4, ex
ept for some relatively bright

stars. In that respe
t it must be noted that the stars with (B � V )

0

> 2 are

generally pure S stars (i.e., exhibiting only ZrO bands and no TiO) or SC stars;

this point will be further dis
ussed in Se
t. 6.6.5. The extremely red star at

(U � B)

0

= 5:04; (B � V )

0

= 2:70 is the bright prototype SC star Hen 135 =

UY Cen.

On the 
ontrary, many blue Miras are found where symbioti
 S stars were

expe
ted [e.g., Hen 50: (U �B)

0

= 2:0, (B � V )

0

= 0:3, �(U) = 0:5 or Hen 56:

(U � B)

0

= 1:6, (B � V )

0

= 1:2, �(U) = 0:3℄. The blue 
olors of some Miras

were already noted by Nakagiri & Yamashita (1979). The lo
ation of Miras in

their (U � B;B � V ) diagram (their Figs. 17, 18 and 19) is very similar to the

lo
ation of Henize blue Miras in Fig. 6.4. Nakagiri & Yamashita found that

Miras des
ribe loops in this part of the 
olour-
olour diagram over a 
omplete


y
le. A similar behaviour is observed for prototypi
al Miras present in the

Geneva photometri
 
atalogue (e.g. R Hor, R Cn
 or o Cet).

Be
ause of the blue ex
ursions of many Miras from the Henize sample, no


lear distin
tion is observed between intrinsi
 and extrinsi
 S stars on the basis

of the UBV 
olour indi
es. However, the blue Miras exhibit a mu
h larger
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Figure 6.4: Dereddened 
olour-
olour diagram, in the Geneva photometri
 sys-

tem, of the Henize S stars. A zoom is presented in the lower-right inset. T
-ri
h

S stars are represented by bla
k triangles, T
-poor S stars by open squares,

stars for whi
h no T
 information is available by dots, and the two (T
-poor)

symbioti
 S stars by open hexagons. The stars that have only upper limits on

their U 
ux (Se
t 6.3.1) are 
agged with an arrow. The solid and dotted lines

are the normal giant and dwarf sequen
es, respe
tively, from Grenon (1978)
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variability than do extrinsi
 S stars (at least the non-symbioti
 extrinsi
): hen
e

it is often possible to distinguish intrinsi
 from extrinsi
 S stars by 
ombining


olour indi
es and photometri
 variability information. This will be done in

Se
t. 7.1.

6.3.5 Symbioti
 stars

Sin
e all extrinsi
 S stars belong to binary systems, one 
ould expe
t to see

photometri
 signatures indu
ed by the presen
e of their 
ompa
t (white dwarf)


ompanion, like in symbioti
 systems. Indeed, symbioti
 stars are intera
ting

binaries in whi
h the 
ool 
omponent is a late-type giant intera
ting with a


ompa
t 
ompanion (in most 
ases a white dwarf, sometimes a main-sequen
e or

a neutron star). The mass loss of the giant star feeds a nebula whi
h engulfs the


omponents and gives rise to a veiling blue 
ontinuum and intense superposed

nebular emission lines.

In fa
t, the U �lter (� 3050 � 3850

�

A), and, to a mu
h lesser extent, the

B �lter (� 3650 � 5150

�

A), are sensitive to the blue 
ux ex
ess of symbioti


stars; as a 
onsequen
e, symbioti
 stars o

upy extremely pe
uliar and variable

lo
ations in the (U�B;B�V )

0


olour-
olour diagram. Ex
ursions of symbioti


stars towards the blue in that 
olour-
olour diagram were already noti
ed by

Arkhipova & Noskova (1985), and are seen as well for prototypi
al symbioti


stars monitored in the Geneva photometri
 system (espe
ially R Aqr and T CrB,

and to a lesser extent, BL Tel, Z And and AG Peg).

Only two extrinsi
 S stars of the Henize sample exhibit abnormally blue


olours in Fig. 6.4: Hen 18 and Hen 121. Their very pe
uliar and identi
al

behaviour in the (U�B;B�V )

0


olour-
olour diagram is illustrated by Fig. 6.5,

where their individual photometri
 data are plotted.

Very few information on these two S stars is available in the litterature.

Though both stars were known as emission-line stars (Hen 18 is 
lassi�ed as

S6,8e and Hen 121 as S4,6e by Henize (Stephenson 1984), this 
hara
teristi


was not further investigated probably be
ause H

�

emission is a 
ommon feature

among Mira S stars. They were both further observed in the near-infrared by

Cat
hpole et al. (1979) and were dete
ted by IRAS in the infrared (Chen et al.

1995).

The emission lines 
hara
teristi
 of symbioti
 stars have been sear
hed for

in these two stars, as well as in 29 other \abnormally blue" stars of the Henize

sample, with high-resolution spe
tros
opy performed in January 1998 at the

European Southern Observatory, with the Coud�e E
helle Spe
trometer (CES)

fed by the 1.4m Coud�e Auxiliary Teles
ope (CAT), used in remote 
ontrol. The

long 
amera (f/4.7) and CCD #38 (Loral/Lesser thinned, ba
kside illuminated,

UV 
ooded, 2688� 512 pixels of 15 �m) were used. Details on these 
on�gu-

rations 
an be found in Kaper & Pasquini (Kaper & Pasquini 1996). With a

resolution of R= 80 000 (ie: 0.082

�

A at H

�

), the spe
tra approximately 
over

the wavelength range ��6535 � 6610

�

A at H

�

and ��6660-6735

�

A at He I.

The data were redu
ed using the `long' 
ontext of the MIDAS software pa
kage

[bias substra
tion, 
at-�eld normalization, wavelength 
alibration through tho-
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Figure 6.5: Dereddened 
olour-
olour diagram, in the Geneva photometri
 sys-

tem, of symbioti
 and non-symbioti
 S stars (individual measurements). T
-ri
h

stars are represented by an horizontal dash, T
-poor stars by a verti
al dash,

stars for whi
h no information on T
 is available by dots. The measurements

of Hen 18 and 121, the two symbioti
 stars, are represented by stars symbols

and empty hexagons, respe
tively (they are both T
-poor). The solid and dot-

ted lines are the normal giant and dwarf sequen
es, respe
tively, from Grenon

(1978)
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Figure 6.6: Spe
tra of S stars in the H

�

region. From bottom to top: Hen 5:

a non-symbioti
 T
-poor S star; Hen 80: a non-symbioti
 T
-ri
h Mira S star;

Hen 18 and 121: the two (T
-poor) new symbioti
 S stars

rium lamp spe
tra taken roughly every hour, optimal extra
tion of the spe
tra

a

ording to Horne (1986)℄.

Both Hen 18 and 121 indeed show a de�nite, though weak, symbioti
 a
-

tivity, in that they exhibit the very broad (FWHM

�

>

300 km s

�1

) H

�

emis-

sion with blue-shifted absorption typi
al of symbioti
s (Fig. 6.6), but no other

emission line. This H

�

emission is 
learly distin
t from the Mira pro�le

(FWHM

�

<

130 km s

�1

) often shown by Mira (T
-ri
h) S stars (see Hen 80

in Fig 6.6).

Though the symbioti
 family 
omprises over 200 obje
ts, only 3 symbioti


S stars were known to date (Jorissen 1997); Hen 18 and 121 
onstitute two

new dis
overies in this restri
ted family and, like the other symbioti
 S stars,

their symbioti
 a
tivity is moderate. These two stars are found to be binaries

and their orbital periods (P = 764 d for Hen 121, P > 1800 d for Hen 18, see

Table 6.1 and B.1) appear typi
al of those of normal extrinsi
 S stars.

The 29 additional \blue" S stars also examined for symbioti
 a
tivity did
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not exhibit any symbioti
 features at the epo
h of observation. It is thus note-

worthy that only the two stars Hen 18 and 121, out of the 29 blue Henize stars

spe
tros
opi
ally examined (and possibly out of the 172 stars having Geneva

photometry) exhibit a 
lear symbioti
 signature at the epo
h of observation.

This fa
t underlines that the key fa
tor triggering symbioti
 a
tivity is not yet

understood: it is not suÆ
ient to have a red giant and a white dwarf in a binary

system with periods typi
ally in the range 200-10000 days to develop symbioti


a
tivity; some additional physi
al ingredients (involving metalli
ity, luminosity,

masses of the 
omponents, mass loss, presen
e and properties of a disk fed by

an enhan
ed mass loss?) are 
learly required.

6.4 JHKL photometry

Observations in the J;H;K and L bands (1.2, 1.6, 2.2, and 3.4 �m) were ob-

tained at the South Afri
an Astrophysi
al Observatory for 138 Henize stars.

These 
olours were dereddened using the 
olour ex
ess E

B�V

obtained in

Se
t. 6.3.3 
ombined with unpublished 
olour ex
ess ratios for the SAAO system

kindly made available by Dr. I. Glass (1999, priv. 
omm.).

6.5 IRAS photometry

Intrinsi
 and extrinsi
 S stars have been shown to segregate well in the (K �

[12℄;K� [25℄) diagram (Groenewegen 1993; Jorissen et al. 1993). Here the 
olor

index K � [i℄ is de�ned as K � [i℄ = K + 2:5 � log(F (i)=620), where F (i) (in

Jy) is the (non 
olor-
orre
ted) 
ux in the i band from IRAS PSC; 
onversion

between the K magnitude and the 2:2 �m 
ux is performed a

ording to the


alibration of Be
kwith (1976; 620 Jy 
orresponds to K = 0). Only IRAS good-

quality 
uxes (quality 
ag=3) have been retained; the 
orresponding K � [12℄

and K � [25℄ 
olour indi
es are listed in Table B.3. The IRAS 
uxes of Hen 55

(= IRAS 08457-4548) have been disregarded, be
ause this star is very near from

IRAS 08459-4547 lo
ated about 2

0

to the east, possibly 
ontaminating its IRAS


uxes. Despite a good quality 
ag (3 at 25�m), Hen 2 (= IRAS 01309-7913)

has not been in
luded be
ause its 25�m 
ux is at the IRAS sensitivity limit

(0.2 Jy) and leads to an unphysi
al K � [25℄ 
olour falling to the blue of the

Rayleigh-Jeans point.

Indeed, Fig. 6.7 ni
ely 
on�rms the expe
ted segregation among the S stars

of the Henize sample. More pre
isely, a severe 
onstraint may be set on Henize's

extrinsi
 S stars: they always have K � [25℄ < �4 and K � [12℄ < �2:5. The

([12℄� [25℄; [25℄� [60℄) 
olour-
olour diagram is less useful, be
ause good quality

[12℄ � [25℄ and [25℄ � [60℄ 
olours are only available for 27 stars, among whi
h

only 7 are known to be T
-ri
h and 1 is T
-poor.
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Figure 6.7: The (K � [12℄;K � [25℄) 
olour-
olour diagram of Henize S stars.

Open squares stand for T
-poor S stars, �lled triangles for T
-ri
h S stars and

bla
k dots for S stars with unknown te
hnetium 
ontent. Only the good-quality

(
ag=3) IRAS measurements have been used. The error bars 
orrespond to a

typi
al un
ertainty of 5 and 10% on the 12 and 25 �m 
uxes, respe
tively. The

solid line represents bla
k body 
olours, with arrows 
orresponding to temper-

atures of 4000, 3000, 2000 and 1500 K (from lower left to upper right)

6.6 Low-resolution spe
tros
opy

6.6.1 Observations and redu
tions

Low-resolution spe
tra (�� � 3

�

A), 
overing the spe
tral range 4400-8200

�

A,

have been obtained at the European Southern Observatory (ESO, La Silla,

Chile) on the 1.52m teles
ope equipped with the Boller & Chivens spe
trograph

(grating #23 + �lter GG 420; 114

�

Amm

�1

) and a Loral/Lesser thinned, UV


ooded 2048� 2048 CCD (CCD #39; 15�m pixels).

The CCD frames were 
orre
ted for the ele
troni
 o�set (bias), for the rel-

ative pixel-to-pixel response variation (
at-�eld) and for the sky foreground

lines. Wavelength 
alibration was performed from helium-argon lamp spe
tra

taken at least every two spe
tra. An optimal extra
tion of the spe
tra was per-

formed a

ording to the method of Horne (1986). The extra
ted spe
tra were

multiplied by the instrumental response fun
tion, obtained from the spe
tra

of 
ux-
alibrated standard stars (namely CD�32

Æ

9927, LTT 3218, LTT 4816).
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The whole redu
tion sequen
e was performed within the \long" 
ontext of the

MIDAS software pa
kage.

The signal-to-noise (S/N) ratio was estimated for ea
h spe
trum in the fol-

lowing way: three S/N values were 
omputed for the three best exposed CCD

lines (along the dispersion axis), in the neighbourhood of three spe
tral region

of interest (� 6000, 7000 and 7500

�

A). These S/N values were then 
ombined

a

ording to Eq. 17 of Newberry (1991). When the exposure time on a given

star has been split in two, the �nal S/N ratio was 
omputed using Eq. 18 of

Newberry (1991). The degradation of the S/N ratio due to 
at-�eld 
orre
tion

has not been taken into a

ount. The average of these three S/N ratio values

are listed in Table B.4 for ea
h target star.

Su
h low-resolution spe
tra have been obtained for 158 stars out of the 205

Henize S stars. Some spe
tral standards K stars, M stars and non-Henize S

stars were also observed.

6.6.2 Constru
tion of band-strength indi
es

These low-resolution spe
tra allow to distinguish sub
lasses inside the S family.

To set this 
lassi�
ation on a quantitative basis, band-strength indi
es have

been 
onstru
ted that indi
ate the strength of a spe
i�
 band (or line) with

respe
t to a nearby pseudo-
ontinuum. More pre
isely, the index 
hara
terizing

the band/line X

�

is de�ned as I

X;�

= (C

max

�B

min

)=C

max

, where C

max

is the

maximum \pseudo-
ontinuum" 
ux inside the wavelength interval [�

C;i

, �

C;f

℄,

and B

min

is the minimum \band" 
ux inside the wavelength interval [�

B;i

,

�

B;f

℄. The adopted values of �

B;i

, �

B;f

, �

C;i

and �

C;f

are listed in Table 6.2.

An average index I

X

for a given oxide is then 
omputed as the mean strength

of all the bands listed in Table 6.2 for that oxide.

The ZrO bands used in the 
omputation of the mean ZrO index were taken

from Table 1 of Ake (1979), but only the 7 bands not too strongly 
ontaminated

by TiO bands have �nally been retained. In pra
ti
e, Pearson's 
orrelation


oeÆ
ients between ea
h ZrO index and the average TiO index were 
omputed

for all non-pure S stars. If they were larger than 0.6, the 
orresponding ZrO

band was reje
ted.

6.6.3 Mis
lassi�ed stars

In fa
t su
h band-strength indi
es allow to eÆ
iently unmask mis
lassi�ed S

stars, as shown on Fig. 6.8. Indeed, as far as non-S stars are 
on
erned, K

and M giants all have I

ZrO

< 0:1 as expe
ted, as well as the M dwarfs and

supergiants. Furthermore, their temperature type ni
ely in
reases with the TiO

index. On the 
ontrary, virtually all Henize S stars have I

ZrO

> 0:1, as well

as the three additional well-known S stars for whi
h spe
tra were also obtained

(HD 35155, HD 49368, GG Pup). The only ex
eptions are Hen 4, 22, 58, 127

and 154, whi
h have I

ZrO

< 0:1.

Hen 4 and Hen 127 (both with I

ZrO

= 0:08) have de�nite TiO bands but

barely visible (possibly un
ertain) ZrO bands. In fa
t, Hen 58 (I

ZrO

= 0:09) and
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Table 6.2: Wavelengths (in

�

A) used in the 
omputation of the band indi
es

de�ned in Se
t. 6.6.2

name �

B;i

�

B;f

�

C;i

�

C;f

Na D 5883 5903 5800 5847

ZrO 4640 4657 4600 4625

ZrO 5718 5735 5680 5720

ZrO 5748 5757 5680 5720

ZrO 6378 6382 6310 6345

ZrO 6412 6441 6310 6345

ZrO 6505 6530 6452 6475

ZrO 6541 6560 6452 6475

TiO 5448 5454 5410 5448

TiO 5591 5600 5500 5550

TiO 5615 5620 5500 5550

TiO 5759 5767 5680 5720

TiO 5810 5820 5800 5847

TiO 5847 5869 5800 5847

TiO 6159 6180 6067 6130

TiO 6187 6198 6067 6130

TiO 6651 6674 6452 6475

TiO 6681 6706 6452 6475

TiO 6714 6735 6452 6475

TiO 7054 7069 7014 7057

TiO 7125 7144 7014 7057

LaO 7380 7390 7362 7403

LaO 7403 7410 7362 7403
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Figure 6.8: ZrO index versus TiO index, as derived from low-resolution spe
tra

with S=N � 60. Symbols are as follows: plusses for late G or K stars, open


ir
les for M giants, small open 
ir
les for M dwarfs, 
rossed 
ir
les for M super-

giants, open squares for T
-poor S stars, �lled triangles for T
-ri
h S stars, dots

for stars with unknown T
 
ontent, open hexagons for late S stars also belonging

to the Westerlund-Olander sample, open star symbols for previously-known SC

stars.
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Hen 40 (I

ZrO

= 0:12) somehow fall in the same 
ategory, while Hen 67, having

I

ZrO

= 0:10, is an S star (i.e. has well visible ZrO bands). Hen
e the boundary

between M and S stars falls somewhere in the range 0:09 � I

ZrO

� 0:12,

depending on temperature. The eviden
e for Hen 4, 40, 58 and 127 being

mis
lassi�ed as S stars is however too weak to justify their elimination from the

�nal sample 
onsidered for analysis.

As far as Hen 22 and 154 are 
on
erned, they are 
learly mis
lassi�ed as S

stars. Besides, Hen 22 is 
lassi�ed as `S:' by Henize. Both stars 
annot be dwarfs

be
ause their NaD and MgH �4780

�

A features are too weak. Their prominent

Ca I � 4455

�

A line and their weak CN �7895

�

A band point towards them being

giant stars rather than supergiants. Type Ia supergiants 
an 
ertainly be ruled

out be
ause their absolute magnitudes (M

v

= �7:8 and -7.5 for G8Ia and K3-5I

respe
tively, Landolt & B�ornstein 1982) would result in mu
h too large heights

above the gala
ti
 plane (7.5 kp
 for Hen 154 and 13.2 kp
 for Hen 22). Hen 154

is probably a late G giant (�G8), and Hen 22 a mid-K giant (�K3-5). These

assignments are 
ompatible with the Geneva photometry available for these two

stars. In Fig. 6.8, they are the two stars with I

ZrO

� 0:05 and I

TiO

< 0:1.

Chen & Kwok (1993) mention that Hen 124 (= GCSS 447 = GCGSS 798)

\is known to have been mis
lassi�ed and is not an S star" without any other

justi�
ation. However on the basis of our low-resolution spe
tra we 
on�rm that

Hen 124 is not mis
lassi�ed and is indeed an S star.

To 
on
lude with, the number of mis
lassi�ed stars in the total sample is

most probably very low, sin
e out of the 158 Henize S stars with a low-resolution

spe
trum available, only two (Henize 22 and 154) turn out to be 
learly non-S

stars.

6.6.4 ZrO and TiO band strengths of S stars

The 158 spe
tra obtained not only allow to dete
t mis
lassi�ed stars, but also

to distinguish sub
lasses within the S family a

ording to the strength of TiO,

ZrO, LaO bands and sodium D lines.

The plane of ZrO and TiO indi
es displayed in Fig. 6.8 exhibits a 
omplex

stru
ture. Although T
-ri
h and T
-poor S stars somehow segregate on the

lower bran
h (i.e., in the region I

ZrO
�

<

0:3), there is a se
ond, 
urved bran
h

extending upwards, whi
h 
ontains mainly SC stars and late, nearly pure or

pure S stars with LaO bands.

The band strengths in S stars depend upon many parameters (temperature,

C/O ratio, s-pro
ess abundan
es), and the interpretation of the trends observed

on Fig. 6.8 in parti
ular, and of the mole
ular band strengths of S stars in

general, must therefore rely on detailed mole
ular-equilibrium 
al
ulations, as

provided by e.g., S
alo & Ross (1976), Sauval (1978) and Pi

irillo (1980).

In fa
t, Fig. 6.8 is a good illustration of the diÆ
ulty of 
lassifying S stars

solely on the basis of their ZrO and TiO band strengths. This was already

re
ognised by Keenan & M
Neil (1976) and Ake (1979), who repla
ed the old

Keenan (1954) 
lassi�
ation s
heme (temperature and abundan
e 
lasses de�ned

by 
ombining the ZrO and TiO band strengths) by a 
lassi�
ation where the
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TiO and ZrO indi
es are listed separately. Even then, additional information is

needed (as provided by the Na D line index des
ribed in Se
t. 6.6.5), be
ause

SC stars fall 
lose to extrinsi
 S stars in Fig. 6.8. This diÆ
ulty mainly arises

be
ause as a star evolves along the AGB, its temperature is expe
ted to de
rease

while its C/O ratio is expe
ted to in
rease, but these two fa
tors have opposite

e�e
ts on the main band strengths.

Fig. 6.8 may a
tually be des
ribed in terms of a 
ounter-
lo
kwise loop of

in
reasing C/O ratio. In fa
t, the 
lassi�
ation s
heme of Ake (1979), based

on Pi

irillo's results, uses the ZrO, TiO and YO band strengths to 
lassify

S stars in six 
lasses of C/O ratios. Ake's 
lassi�
ation implies that, when

C/O evolves from 0.9 to unity, S stars des
ribe a 
ounter-
lo
kwise loop in

Fig. 6.8, from the right side of the lower bran
h (I

ZrO

=0.2, I

TiO

=0.5) up to the

right side of the upper bran
h (I

ZrO

=0.5, I

TiO

=0.3) and down this bran
h to

I

ZrO

=0.2, I

TiO

=0.2. The fa
t that C/O in
reases downward along the upper

bran
h is 
on�rmed by the following observations: (i) the higher regions of

the upper bran
h are mostly populated by late and nearly pure S stars from

the Westerlund-Olander survey (Westerlund & Olander 1978), a survey based

on the LaO band strength. Strong LaO bands appear in 
ool stars with C/O

ratios 
lose to unity (Pi

irillo 1980); (ii) SC stars (whi
h are 
hara
terized by

a C/O ratio almost unity) are lo
ated at the lower left end of the upper bran
h

(I

TiO

� 0:15; I

ZrO

� 0:25).

Nevertheless, Pi

irillo (1980) also stressed that the in
rease in C/O alone


annot a

ount for the in
reasing strength of ZrO bands in the M-MS-S sequen
e

for stars warmer than about 3000 K (see his Fig. 11), so that Zr enhan
ements

no doubt have to be present as well. The mole
ular spe
tra of 
ool S stars

re
e
t as well both s-pro
ess enhan
ements and C/O e�e
ts. In that respe
t,

it must be noted that the �ve T
-ri
h S stars with the greatest ZrO indi
es

(I

ZrO

> 0:27) are those having the most intense te
hnetium lines (based on a

visual inspe
tion of the high resolution spe
tra of Chap. 5). The strength of the

T
 line in these stars is related to a large T
 (and hen
e s-pro
ess) abundan
e

rather than to a temperature e�e
t, sin
e the temperatures of these 5 stars with

strong T
 lines span the whole range observed for T
-ri
h S stars (as derived

from the V �K 
olour index and the 
alibration of Ridgway et al. 1980).

6.6.5 Na D index and SC stars

An index based on the strength of the sodium D line is an useful 
omplement

(Ake 1979) to the TiO and ZrO indi
es des
ribed in Se
t. 6.6.4. In 
arbon stars,

the Na D lines are widely used as a temperature indi
ator; however, in S stars,

the Na D index is sensitive to both temperature and abundan
es (Keenan &

Boeshaar 1980), be
ause of the opa
ity of overlying bands of ZrO, TiO, and CN.

Fig. 6.9 illustrates the trend of the Na D index with B � V 
olor. For

relatively low values (say, I

NaD

< 0:6), the Na D index is known to be a good

temperature indi
ator (Keenan & Boeshaar 1980; Ake 1979). It is therefore not

surprising that T
-ri
h S stars, whi
h are 
ooler than T
-poor S stars, have on

average larger Na D indi
es.
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Figure 6.9: Na D line index (as derived from low-resolution spe
tra with S=N �

60) versus the dereddened B � V 
olour index. Symbols are as follows: open

squares for T
-poor S stars, �lled triangles for T
-ri
h S stars, dots for stars

with unknown T
. The three previously known SC stars (Hen 120 = BH Cru,

Hen 135 = UY Cen, Hen 157 = VY Aps) are denoted by star symbols. Note

that no te
hnetium information is available from the 
urrent work for pure S

and SC stars be
ause of the very weak 
ux emitted by these stars below 4500

�

A,

where the te
hnetium resonan
e lines are lo
ated

For larger values of the Na D index (say, I

NaD

> 0:7), the C/O ratio 
omes

into play. At the top of the oblique sequen
e in Fig. 6.9 
an be found the three

SC stars of the Henize sample for whi
h a low-resolution spe
trum is available

(Hen 120 = BH Cru = SC 4.5/8-e or SC 6/8-e or SC 7/8-e; Hen 135 = UY

Cen = S 6/8- and Hen 157 = VY Aps; Cat
hpole & Feast 1971; Keenan &

Boeshaar 1980); they are represented by an open star symbol in Fig. 6.9. The

Henize stars populating the oblique sequen
e (from I

NaD

> 0:7) are 
losely

related to SC stars, sin
e they ful�ll the spe
tral 
riteria de�ned by Cat
hpole

& Feast (1971): (i) extremely strong Na D lines, (ii) drop in the 
ontinuum

intensity shortward of 4500

�

A, and (iii) bands of ZrO and CN simultaneously

present (though quite weak), as well as general resemblan
e of the spe
trum

(i.e. regarding `the absolute and relative strength of metal lines') with that of

UY Cen = Hen 135.

Indeed, 
riterion (i) is automati
ally satis�ed, sin
e stars in the oblique se-

quen
e have large Na D indi
es (I

NaD

> 0:7), hen
e strong Na D lines. Cri-
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Figure 6.10: Same as Fig. 6.9, but with symbols 
oding the strength of the LaO

bands, as de�ned in Se
t. 6.6.2. The three previously known SC stars (Hen 120

= BH Cru, Hen 135 = UY Cen, Hen 157 = VY Aps) are denoted by star symbols

terion (ii) implies that SC stars have very red B � V 
olour indi
es, sin
e the

e�e
tive wavelengths of the B and V �lters are �

0

(B) = 4227

�

A and �

0

(V ) =

5488

�

A (Rufener & Ni
olet 1988). Therefore any 
ux de�
ien
y o

urring short-

ward of 4500

�

A results in a large B � V 
olour index, as observed. Criterion

(iii) is also ful�lled sin
e the stars in the oblique sequen
e in Fig. 6.9 are those

populating the upper sequen
e in Fig. 6.8, i.e., have weak TiO bands and weak

to moderate ZrO bands.

Nevertheless, the LaO bands provide an interesting additional pie
e of infor-

mation indi
ating that the stars populating the oblique sequen
e in Fig. 6.9 
an-

not be 
onsidered as genuine SC stars { ex
ept for the three previously-known

SC stars (marked with a star symbol) { despite the resemblan
es mentioned

above, but that they rather are pure S stars.

The LaO bands are strong in stars with either a low e�e
tive temperature

(T

e�
�

<

2500 K) or a C/O ratio 
lose to unity within a few per
ents (Pi

irillo

1977; Pi

irillo 1980). As seen on Fig. 6.10, the LaO band strength is very

weak in the bulk of S stars with (B�V )

0

< 1:5, in
reases with (B�V )

0

above

(B � V )

0

= 1:5, but is markedly weak again for the three genuine SC stars at

the upper right end of the oblique sequen
e in Fig.6.10. The absen
e of strong

LaO bands in SC stars 
omes from the la
k of free oxygen supply when C/O

approa
hes unity. Therefore it is 
on
luded that Hen 120, 135 and 157 are
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the only genuine SC stars among the 158 Henize stars for whi
h low-resolution

spe
tra are available.

As far as stars populating the oblique sequen
e are 
on
erned, all the

Westerlund-Olander stars of the Henize sample have strong LaO indi
es (as

expe
ted sin
e this survey used the LaO bands to dete
t S stars) and fall on

the oblique sequen
e [they all have (B � V )

0

> 2:2 and I

NaD

> 0:8℄. All these

stars have been 
lassi�ed as S/5 or S/6 and are mostly pure-S stars (Lloyd

Evans & Cat
hpole 1989). Hen
e the intermediate stars lo
ated on the oblique

sequen
e of Fig.6.10 are believed to be nearly-pure or pure S stars, and as su
h

are intermediate between the bulk of S stars and SC stars.

6.7 Con
lusion

At this point the various data 
olle
ted on the S stars of the Henize sample

(te
hnetium spe
tra, radial-velo
ities, UBV JHKL and IRAS photometry, low-

resolution spe
tros
opy) have all been dis
ussed. Several observational param-

eters derived from these data have been shown to be potentially able to distin-

guish, with various eÆ
ien
ies, intrinsi
 S stars from their extrinsi
 masquer-

aders; the strengths and weaknesses of these various diagnosti
s are summarized

in Table 6.3. The aim of the next 
hapter will be to perform a global analysis

of this large data set, and to derive the respe
tive properties of extrinsi
 and

intrinsi
 S stars.
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Table 6.3: Observational data, their dis
riminating power and their limitations

observational data extrinsi
 stars intrinsi
 stars limitations Ref.

� te
hnetium no yes only available for 70 stars (the bluest

and/or brightest)

Se
t. 5.4

� radial velo
ity periodi


variations

jitter poor orbital 
overage or unfavorably

oriented orbits (pole-on) hinder the de-

te
tion of extrinsi
 S star variability,

while radial velo
ity jitter may mimi


orbital motion for intrinsi
 S stars

Se
t. 6.2.2

� shape of the

CORAVEL 

-dip

deep and narrow shallow and wide fuzzy extrinsi
/intrinsi
 boundary Se
t. 6.2.3

� UBV photome-

try

blue,

non-variable

red, variable blue Miras 
onfuse the 
lassi�
ation;

la
k of measurements for faint stars

Se
t. 6.3.4

� IRAS K-[12℄< �2:5

K-[25℄< �4

often

K-[12℄> �2:5

often K-[25℄> �4

relatively few good-quality 
uxes, espe-


ially for extrinsi
 stars

Se
t. 6.5

� low-resolution

spe
tros
opy

relatively weak

TiO, ZrO and

Na D

strong TiO or

ZrO, strong Na D

fuzzy extrinsi
/intrinsi
 boundaries;

only available for 158 stars

Se
t. 6.6



Chapter 7

Respe
tive properties of

extrinsi
 and intrinsi


Henize S stars

Being extrinsi
 is quite di�erent

from being e

entri


Habing (1996)

7.1 Multivariate 
lassi�
ation

7.1.1 The problem

The problem in hand is to determine, among the 205 Henize S stars, whi
h ones

are the intrinsi
 (true TPAGB) stars, and whi
h ones are the extrinsi
 (binary)

stars, on the basis of the various observational parameters des
ribed in Chap. 5

and 6, and summarized in Table 6.3.

This problem is typi
ally one of multivariate 
lassi�
ation: N obje
ts (the

Henize sample of 205 stars) need to be 
lassi�ed a

ording to m parameters (as

listed in Table 6.3). The main available multivariate 
lassi�
ation methods are

thoroughly des
ribed in Murtagh & He
k (1987): prin
ipal 
omponent analysis

(PCA), 
lustering analysis and dis
riminant analysis.

PCA �nds new axes in the parameter spa
e su
h that the spread of the

proje
tions of the individual points onto these axes is maximum (the largest

spread 
orresponding to the �rst prin
ipal 
omponent, the se
ond largest spread

to the se
ond prin
ipal 
omponent, et
). The main problem with PCA is that

the �rst few prin
ipal 
omponents need not ne
essarily lie in the dire
tions of

natural group di�eren
es, and in fa
t group di�eren
es may often be hidden in

the resultant plot. Therefore it is not an appropriate method for our purpose

171
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of 
lassifying stars in groups. An additional problem is that the 
omponents

emerging from PCA are not always readily interpretable in physi
al terms. A

more 'grouping-oriented' te
hnique is dis
riminant analysis be
ause it seeks a set

of axes where the between-group/within-group varian
e is the largest. However

the groups need to be de�ned in advan
e.

Cluster analysis is quite di�erent from dis
riminant analysis sin
e it a
tually

builds up the various groups when no group assignment is available a priori

(it is an unsupervised 
lassi�
ation method)

1

. Hen
e, among the plethora of

multivariate data analysis te
hniques, 
luster analysis seems the best suited to

the present problem. Partitioning methods have been preferred over hierar
hi
al

methods: indeed, the former provide the best 
lustering for a given number of


lusters, whereas the latter build up the 
lusters step after step, starting with

every obje
t in a di�erent 
luster, and then 
lustering together the most similar

obje
ts until one single 
luster 
ontaining all the obje
ts is obtained

2

; su
h

hierar
hi
al te
hniques 
an never repair what was done in the previous steps,

and provide no guarantee that the best possible 
lustering for a given number

of 
lusters has been obtained.

An additional 
ompli
ation 
omes from the in
ompleteness of our data set:

not all the observational parameters are available for all the 205 stars. Su
h

missing values prevent the blind appli
ation of any multivariate 
lassi�
ation

method. In fa
t, the widely re
ommended solution is to ignore 
ompletely ob-

je
ts that have any missing values. This option is not a�ordable here: it would

redu
e the sample size dramati
ally (e.g. only 70 stars out of 205 have the vital

te
hnetium data available), and would throw away an intolerably large amount

of valuable information. Another alternative is to employ imputation, that is

the insertion of an estimate for ea
h missing value, thereby 
ompleting the data

set. In the present 
ase, su
h imputations 
ould lead to seriously underestimat-

ing the varian
es, and blur or even erase the separation between intrinsi
 and

extrinsi
 stars. A totally di�erent method to handle stars with missing values

has thus been designed, as des
ribed in Se
t. 7.1.2.

7.1.2 The 
lustering algorithm

After a 
areful examination of the various available te
hniques, the 
lustering

program CLARA des
ribed in Kaufman & Rousseeuw (1990) has been 
hosen

and further adapted in order to 
lassify all the stars, the 
omplete stars (i.e.,

those stars having all the m parameters available on whi
h 
lustering is per-

formed) as well as the un
omplete ones (stars with some missing parameters).

The 
lassi�
ation pro
eeds along the following steps:

1. The data are �rst normalized in order to avoid dependen
e on the mea-

surement units: if x

ij

is the j

th

parameter of star i, x

j

the mean value

1

Cluster analysis has be
ome known under a variety of names, su
h as numeri
al taxonomy,

automati
 
lassi�
ation, botryology, and typologi
al analysis (Kaufman & Rousseeuw 1990)

2

this is \agglomerative" 
lustering; for the opposite 
lustering dire
tion, algorithms are

named \divisive"



7.1. MULTIVARIATE CLASSIFICATION 173

of the j

th

parameter for all the stars, and �

j

its standard deviation, then

the normalized value is 
omputed as:

x

0

ij

= (x

ij

� x

j

)=�

j

2. In order to quantify the degree of dissimilarity between stars i

1

and i

2

,

the Eu
lidian distan
e d(i

1

; i

2

) is 
omputed:

d(i

1

; i

2

) =

2

4

m

X

j=1

(x

0

i

1

j

� x

0

i

2

j

)

2

3

5

1=2

3. The number k of desired 
lusters is �xed in advan
e.

4. A seed sample of stars is drawn from the entire star set. In the original

program CLARA, many random seed samples were su

essively 
hosen

and the best resulting 
lustering was retained. In the present 
ase, due

to the many in
omplete stars, a better strategy is to 
hoose only one seed

sample, on
e for all, as the sample of 
omplete stars (Rousseeuw, priv.


omm.). The CLARA program has thus been modi�ed to this end.

5. The method then sele
ts k stars, 
alled representative stars, within the

seed sample of 
omplete stars. The k 
lusters are then 
onstru
ted by

assigning ea
h 
omplete star of the data set to the nearest representative

star.

Of 
ourse, not every sele
tion of k representative stars gives rise to a sub-

sequent \good" 
lustering. The optimal representative stars will be those

for whi
h the average distan
e of the representative star to all the other

(
omplete) obje
ts of the same 
luster is minimum. For a full des
rip-

tion of the algorithm �nding the optimal representative stars, we refer to

Chapter 2 of Kaufman & Rousseeuw (1990).

6. The 
lusters are then 
ompleted by assigning ea
h remaining un
omplete

star to the nearest 
luster: the distan
e between any un
omplete star

and ea
h 
luster 
enter of gravity (proje
ted on the subspa
e where the

un
omplete star is lo
ated, see Fig. 7.1) is 
omputed; the un
omplete star

is agglomerated to the 
luster that minimizes this distan
e.

This algorithm is espe
ially suitable here be
ause it provides a representative

star for ea
h 
luster, a very desirable feature for 
hara
terization purposes. The

drawba
k of su
h an approa
h is that the representative stars of ea
h 
luster

are 
hosen among 
omplete stars only, hen
e they are not ne
essarily optimal

representative of the un
omplete stars as well. The risk is thus to agglomer-

ate some 'exoti
' un
omplete star to some existing 
luster (from whi
h it is

the 
losest on the basis of its available parameters), although this exoti
 star

should in fa
t have been the seed of a new 
luster. However, we feel this risk

is rather unimportant given the purpose of the 
lassi�
ation (distinguishing in-

trinsi
 from extrinsi
 S stars), be
ause the available parameters of un
omplete
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Figure 7.1: S
hemati
 illustration of 
lustering (in a three-dimensional Eu
lidian

parameter spa
e j

1

,j

2

,j

3

) for a un
omplete star i with parameter j

3

missing.

The open squares indi
ate the best representative star of ea
h 
luster, the small


rosses their 
enter of gravity, and the large 
rosses the proje
tion of their 
enter

of gravity on the subspa
e (j

1

, j

2

) of star i

stars often mat
h 
orre
tly the 
orresponding parameters of 
omplete stars. It

might happen that some stars have outstanding photometri
 variations or very

red 
olours, but these extreme stars will be automati
ally 
lassi�ed in the in-

trinsi
 groups, whi
h is a 
orre
t assignment sin
e su
h evolved stars are very

unlikely to be extrinsi
 S stars.

Mis
lassi�
ations 
an never be ex
luded by su
h 
lustering te
hniques. How-

ever, their major advantage over a 'handmade' 
lassi�
ation lies in that they

guarantee that the 
lassi�
ation 
riteria will remain homogeneous for the 205

stars: all the available parameters will be taken into 
onsideration in the same

way from the �rst star to the very last.

7.1.3 Classi�
ation parameters

The number of parameters m used in the 
lustering is 
riti
al. It should not

be too small, in order to limit the number of stars with none of the parameters

available. Neither should it be too large, in order to maximize the number

of 
omplete stars and therefore to a
hieve a better de�nition of the 
lusters.

Moreover, the 
lassi�
ation parameters must have a real dis
riminating power,
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otherwise they will blur the work done by the other more useful parameters.

After trials and errors, 10 parameters have been retained as giving the

best possible 
lustering, i.e., the smallest number of obviously mis
lassi�ed

stars. These parameters, whose dis
riminating power was dis
ussed in the

previous 
hapters (see also Table 6.3), are: te
hnetium, the width (Sb) and

depth (PR) of the CORAVEL 

-dip, the radial velo
ity standard deviation

�(V

r

), the (U � B)

0

, (B � V )

0

, and K-[12℄ 
olour indi
es, and the photomet-

ri
 standard deviation �

phot

= (�(B)

2

+ �(V )

2

)

1=2

. An \abundan
e index"

I = I

ZrO

+ I

TiO

+ I

NaD

has also been in
luded: as shown in Figs. 6.8 and 6.9,

it remains small for T
-poor stars, in
reases somewhat for T
-ri
h stars be
ause

of slightly stronger TiO bands and/or ZrO bands, and rea
hes its highest values

for pure S and SC stars, be
ause of their strong Na D lines. The (V �K)

0

index

has also been added in the parameter list be
ause T
-poor S stars often have

bluer (V �K)

0


olours than T
-ri
h S stars.

This 
hoi
e results in 196 stars out of 205 having at least one parameter

available, among whi
h 33 stars have all of them available (\
omplete" stars).

The 9 remaining stars are:

� Hen 22 and Hen 154, the two mis
lassi�ed S stars (Se
t. 6.6.3); they have

been ex
luded from the 
luster analysis;

� Hen 26, Hen 60, Hen 102 (=TT10) and Hen 116: no information what-

soever is available on these stars. Hen 116 [�

1900

= 11

h

43

m

:0; Æ

1900

=

�64

Æ

46

0

a

ording to the unpublished list of Henize (1965)℄ is even miss-

ing in General Catalogue of Gala
ti
 S stars (Stephenson 1984). These

stars may well be variable stars; however, without any pie
e of information

to 
lassify them, they have been ex
luded from the 
luster analysis.

� Hen 33 and 176 are 
learly lo
ated among intrinsi
 stars in the ([12℄-

[25℄,[25℄-[60℄) IRAS 
olour-
olour diagram (Jorissen et al. 1993). Henize


lassi�ed Hen 33 as an S5,8e star, whi
h is more typi
al of intrinsi
 stars

also. In the same vein, Hen 192 has a [12℄-[25℄ index typi
al of intrinsi


stars. These three stars are therefore in
luded in the intrinsi
 group.

7.1.4 Clustering analysis: results

The number of 
lusters is also 
riti
al. Therefore 
lustering analyses with two

and six 
lusters are presented and 
ompared in the following paragraphs.

Two 
lusters

Sin
e the S family is suspe
ted to 
omprise two kinds of stars, 
lustering has �rst

been attempted with two 
lusters. Their 
enter of gravity is listed in Table 7.1,

and individual assignments are provided in Table B.4. The 
orre
tness of the

individual star assignments to one or the other 
luster { and the possible ways

to 
he
k it { will be dis
ussed in more details in Se
t. 7.1.5. At this point, it will

just be mentioned that the 
lustering analysis with two 
lusters leads to only
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one 
learly mis
lassi�ed star (Hen 152) and one puzzling 
ase (Hen 189). Hen

152 has many 
hara
teristi
s of an intrinsi
 star, although it was 
lassi�ed in the

extrinsi
 group. The reason for that mis
lassi�
ation lies in the two extremely

dis
repant radial velo
ity measurements [�(V

r

) = 9 km s

�1

℄, whi
h brings the

star near to the extrinsi
 group. In fa
t Hen 152 is most probably a pure S or

SC star, be
ause of its huge 

-dip width (Sb=16 km s

�1

), very red 
olours

[(B � V )

0

= 2:6℄ and large photometri
 variability (�

phot

= 0:6 mag).

Hen 189 is a puzzling 
ase that has been 
lassi�ed in the intrinsi
 group

by the algorithm. Indeed it is 
learly di�erent from \normal" extrinsi
 stars,

be
ause of its larger photometri
 variability. Its blue 
olors may tag it as either

a symbioti
 star or a blue Mira. However, no symbioti
-like H

�

emission was

observed at high resolution, but on the other hand, its deep and narrow 

-dip

is not typi
al of Miras. Given this 
ontradi
tory situation, it was kept in the

intrinsi
 group.

Six 
lusters

Is it possible to further split the intrinsi
 and extrinsi
 
lasses into more sub-

groups? A 
lassi�
ation in six 
lusters leads to relatively well-de�ned groups

indeed. These groups and their 
enter of gravity are listed in Table 7.1. However

this subdivision does not mean that these six groups 
orrespond to six types of

physi
ally-di�erent stars. For example, the 
lustering algorithm produ
es two

groups (#1 and #2) of extrinsi
 stars di�ering mainly in their radial-velo
ity

standard deviations. Both groups are believed to 
ontain binary stars, but group

#2 
ontains more orbits 
loser to edge-on and/or with shorter periods and/or

with a better sampling of the radial-velo
ity measurements, resulting in larger

radial-velo
ity standard deviations.

The 
lusters are not as widely separated as in the two-
lusters 
ase. Hen
e

more stars (4) are erroneously 
lassi�ed: Hen 49 and 152 are 
learly mis
lassi-

�ed as extrinsi
 stars, probably be
ause of their large radial-velo
ity standard

deviation or their unusual photometri
 behaviour. In fa
t they rather resemble

pure S or SC stars. Hen 15 and 117 have been 
lassi�ed in the symbioti
 group,

though they are rather intrinsi
 stars; the reason here is probably the la
k of

data on these faint stars. These 4 stars have been re-assigned to the 'se
ond-

best-
hoi
e' 
luster determined by the algorithm, whi
h is in these four 
ases an

intrinsi
 
luster.

All stars with less than 5 parameters available were examined individually;

their 
lassi�
ation seems to be 
orre
t.

The six-
lusters 
lassi�
ation may be 
ompared to the two-
lusters 
lassi�-


ation, by putting together groups #1, 2, and 3 in the same extrinsi
 (T
-poor)


ategory, and groups #4, 5 and 6 in the same intrinsi
 (T
-ri
h) 
ategory. The

same partitioning of the Henize sample is found than in the two-
lusters 
ase,

ex
ept for 3 stars: Hen 46, 67 and 189 were previously 
lassi�ed in the intrin-

si
 group and are now in the extrinsi
 group. These three stars are typi
al

borderline 
ases (Hen 189 has been dis
ussed above) and it is indeed very dif-

�
ult to determine if they belong to the intrinsi
 group or to the extrinsi
 one
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with the available data. It is however en
ouraging that the 
lustering algorithm

yields identi
al results for the 193 remaining stars, separating in distin
t groups

intrinsi
 and extrinsi
 stars.

The group properties may be summarized as follows:

1. Extrinsi
 stars:

� group 1: T
-poor stars: narrow and deep 

-dip, UBV magnitudes

almost 
onstant and 
olors 
lose to that of normal giants, photo-

spheri
 IRAS 
olours, small abundan
e index I .

� group 2: same as group 1, ex
ept for smaller radial-velo
ity standard

deviations.

� group 3: symbioti
 stars, large-amplitude binaries and with extremely

blue and variable photometri
 indi
es

2. Intrinsi
 stars:

� group 4: \the less evolved" T
-ri
h stars: the 

-dip is wider and

shallower than in the (non-symbioti
) extrinsi
 groups, but not as

distorted as in the other intrinsi
 groups (a typi
al example is Hen

97 in Fig. 6.2); the stars exhibit a moderate photometri
 variability

and radial-velo
ity jitter, and redder 
olours than the extrinsi
 stars.

� group 5: T
-ri
h stars, intermediate between groups 4 and 6, with

many blue Miras.

� group 6: T
-ri
h stars with strongly distorted 

-dips, strongly vari-

able UBV photometry and large radial-velo
ity jitter. They present

the highest values of the abundan
e index I and large infrared ex-


esses.

7.1.5 Testing the validity of the 
luster assignments

Te
hnetium provides a way to 
he
k the quality of the 
lassi�
ation presented

in Se
t. 7.1.4. Te
hnetium is at the origin of the division of the S star family

into extrinsi
 and intrinsi
 stars. Hen
e, if that division is sound, T
-poor and

T
-ri
h stars should not be mixed in any given 
luster. This is indeed the


ase. Even if te
hnetium is one of the 
lassi�
ation parameter, this result is not

obvious, be
ause the nine other parameters 
ould easily blur the dis
riminating

a
tion of te
hnetium, if there were no genuine underlying di
hotomy in the S

family.

This 
he
k appears espe
ially valuable for the 37 in
omplete stars (among

163) having nevertheless T
 data. This subsample of in
omplete stars may be


onsidered as a test subsample, be
ause the 
lusters are de�ned independently

of it (sin
e they are de�ned from 
omplete stars only, see Se
t. 7.1.2). All these

un
omplete stars are 
orre
tly 
lassi�ed, i.e., they are assigned to T
-ri
h or T
-

poor 
lusters in agreement with their T
 
ontent, despite the possible blurring

a
tion of the other parameters.
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Figure 7.2: Average values and standard deviation (represented as error bars)

of the 9 parameters used to derive the 6 
lusters. The tenth parameter used in

the 
lustering, te
hnetium, is indi
ated at the bottom. The dis
repant group

#3 is the one made of the two symbioti
 stars
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Table 7.1: Clusters average properties. The 
luster referen
e number is indi
ated in the �rst 
olumn, the number of stars in ea
h


luster 
omes in the se
ond 
olumn and the 10 
lassi�
ation parameters (see text) are listed next. The last 
olumn indi
ates

the intrinsi
 or extrinsi
 nature of the 
onsidered 
luster (based on its T
 
ontent). In the 6-
lusters 
lassi�
ation, 
lus-

ters have been ordered a

ording to in
reasing Sb values. The 
luster that 
onsists of the two symbioti
 S stars is also indi
ated

N T
 Sb PR �(V

r

) (U �B)

0

(B � V )

0

(V �K)

0

�

phot

I K�[12℄

� 2 
lusters

1 63 no 4.72 0.38 3.23 3.14 1.20 5.07 0.06 0.94 -2.70 ext

2 133 yes 7.96 0.27 1.98 2.89 1.65 7.07 0.42 1.42 -2.16 int

� 6 
lusters

1 15 no 4.48 0.39 6.00 3.18 1.15 4.43 0.04 0.91 -2.74 ext

2 49 no 4.77 0.38 2.20 3.18 1.22 4.78 0.06 0.95 -2.69 ext

3 2 no 5.83 0.23 6.74 1.66 0.89 5.56 0.17 1.14 -2.68 ext, symb

4 55 yes 6.66 0.33 1.41 3.24 1.64 5.78 0.19 1.23 -2.45 int

5 12 yes 7.95 0.17 1.88 2.10 0.88 6.86 0.31 1.18 -2.24 int

6 63 yes 10 0.22 2.82 2.77 1.84 7.42 0.71 1.64 -1.90 int
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Figure 7.3: Histogram of the standard deviation �(V

r

) of the radial velo
ity

measurements for the S stars of the Henize sample. The intrinsi
 S stars (top)

and extrinsi
 S stars (bottom) are separated a

ording to the 
lustering algo-

rithm presented in Se
t. 7.1.4. T
-ri
h and T
-poor S stars are represented in

bla
k and hat
hed bins, respe
tively. The upper and lower histograms have

di�erent envelopes: the long tail of extrinsi
 S stars with large radial-velo
ity

standard deviations (lower panel) re
e
ts the binary nature of these stars

Therefore, as far as te
hnetium is 
on
erned, the present 
lassi�
ation leads

to no mis
lassi�
ation.

The 
lassi�
ation �nally retained is that with six 
lusters, where 
lusters 1,

2 and 3 are put together in the extrinsi
 
lass, and 
lusters 4, 5 and 6 
onstitute

the intrinsi
 
lass. The three intrinsi
 stars Hen 33, 176 and 192 (with none

of the 
lassi�
ation parameters available) are in
orporated in the intrinsi
 
lass

(see Se
t. 7.1.3). Hen
e the Henize sample of 205 stars 
omprises 66 extrinsi


stars, 133 intrinsi
 stars, 4 un
lassi�ed stars and 2 non-S stars.

7.2 Radial-velo
ity variations in the Henize sam-

ple

The histograms of the radial-velo
ity standard deviation for intrinsi
 and ex-

trinsi
 S stars are presented in Fig. 7.3. The intrinsi
 and extrinsi
 groups are

separated a

ording to the 
lustering algorithm des
ribed in Se
t. 7.1.4.
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Figure 7.4: On this azimuthal proje
tion of the Henize sample of S stars, the

south gala
ti
 pole is lo
ated at the 
enter. Con
entri
 
ir
les 
orrespond to

gala
ti
 latitudes �60

Æ

, �30

Æ

, 0

Æ

and 30

Æ

. The long-dashed line represents the

limit Æ = �25

Æ

, and shows that the south gala
ti
 pole has been fully surveyed

The distribution of the standard deviation of the radial-velo
ity measure-

ments for intrinsi
 S stars is strongly peaked at �(V

r

) � 1:5 km s

�1

and is

rapidly falling o� at larger �(V

r

). It probably re
e
ts the jitter asso
iated with

the turbulent atmosphere of pulsating AGB stars. The la
k of intrinsi
 S stars

with �(V

r

) < 0:5 km s

�1

is also 
learly visible.

On the 
ontrary, the �(V

r

) distribution for extrinsi
 S stars is mu
h 
atter,

and this feature is, as expe
ted, a 
lear signature of the large frequen
y of

binaries among extrinsi
 S stars. The stars with �(V

r

) < 0:5 km s

�1

are

probably long-period and/or nearly pole-on binaries.

7.3 Gala
ti
 distribution

7.3.1 Extrapolation to the 
omplete sphere

The Henize sample is limited on the sky by the simple 
riterion Æ < �25

Æ

.

Translating this 
ondition into gala
ti
 
oordinates reveals that the latitudes

surveyed go from b = +37

Æ

down to the south gala
ti
 pole { a very desirable

feature for estimating the gala
ti
 s
ale height of S stars (Fig. 7.4).

The unequal gala
ti
 longitude 
overage �l(b) at di�erent gala
ti
 latitudes
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b in the Henize sample has been 
orre
ted by assigning a weight P

?

to ea
h

star, de�ned as the inverse fra
tion of the 
ir
umferen
e 
overed by the Henize

sample at the star's latitude, for both hemispheres:

P

?

(jbj) = 2� 360

Æ

=[�l(jb

?

j) + �l(�jb

?

j)℄

(the distribution of S stars is assumed to be symmetri
 with respe
t to the

gala
ti
 equator and independent of l). In other words, P

?

(jbj) is the e�e
tive

number of S stars at latitudes jbj and �jbj, and the sum of the weights of all the

stars of the Henize sample gives the total number of S stars that would have

been dete
ted if the whole gala
ti
 sphere had been surveyed (with a limiting

magnitude R = 10:5), i.e., 632.

7.3.2 Estimates of bolometri
 magnitudes

Apparent bolometri
 magnitudes 
ould be 
omputed for 126 Henize S stars by

integrating the spe
tral energy distribution derived from the Geneva U;B and V

bands (�

e�

= 3463; 4227 and 5488

�

A, respe
tively) and from the SAAO J;H;K

and L bands (�

e�

= 1:2; 1:6; 2:2 and 3.4 �m, respe
tively). All the photometry

was 
orre
ted from interstellar reddening as des
ribed in Se
t. 6.3.3 and 6.4.

The 
ux 
alibration for the SAAO photometry was kindly provided by Dr. I.

Glass (1999, priv. 
omm.); for the Geneva photometry, it is taken from Rufener

& Ni
olet (1988). No 
orre
tion has been applied for the 
ontribution of the


ux longward of 3.4 �m whi
h is generally quite small (< 5% of the total energy

distribution; Glass & Feast 1973). These apparent bolometri
 magnitudes are

listed in the 
olumn m

bol

in Table B.3.

Unfortunately these bolometri
 magnitudes are only available for the 126

stars that have measurements in all the UBV JHKL bands. A se
ond, less

restri
tive estimate of the bolometri
 magnitudes has thus been performed. For

ea
h of the six groups obtained through the 
lustering algorithm of Se
t. 7.1.4,

a bolometri
 
orre
tion in the V band (BC

V

) has been 
alibrated from the

stars that have a reliable apparent bolometri
 magnitude available from the

integration of the UBV JHKL 
uxes (as explained above). This bolometri



orre
tion then allows to derive the bolometri
 magnitude of all the stars with a

V magnitude available. Although that method allows to in
rease the sample to

170 stars (instead of 126 previously), the drawba
k is that the derived apparent

bolometri
 magnitudes { and hen
e, the distan
es { are far less a

urate, sin
e

the V �lter 
at
hes only a small fra
tion of the total 
ux emitted by these red

stars. These apparent bolometri
 magnitudes are listed in the 
olumn m

bol;V

of

Table B.3.

7.3.3 Distan
es

The sampling distan
e of the Henize sample must be estimated from its limiting

magnitude R = 10:5, and requires the derivation of the bolometri
 
orre
tion to

be applied to the R band (BC

R

). The bolometri
 
orre
tion has been estimated
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from data [m

bol

and (V �K)

0

℄ provided in Table 3.2 and from R magnitudes


olle
ted in the literature for the same stars: BC

R

= �0:40(V � K)

0

+ 1:33.

Given the average (V � K)

0


olour indi
es of extrinsi
 and intrinsi
 S stars

[(V �K)

0

= 4:7 and 6.5, respe
tively℄ and the limiting magnitude of the Henize

sample (R = 10:5), the limiting apparent bolometri
 magnitudes 
ould be 
om-

puted for both groups, i.e., m

bol;lim

= 9:9 for extrinsi
 S stars and m

bol;lim

= 9:2

for intrinsi
 S stars. Adopting reasonable absolute bolometri
 magnitudes of

�3:1 and �4:4 for extrinsi
 and intrinsi
 S stars, respe
tively (Chap.3), we �nd

that the maximum distan
es to whi
h S stars have been observed in the Henize

sample are 4.0 kp
 for extrinsi
 S stars and 5.3 kp
 for intrinsi
 S stars (in the

absen
e of interstellar absorption).

7.3.4 Distribution on the gala
ti
 plane

The proje
tion of Henize S stars onto the gala
ti
 plane is plotted in Fig. 7.5,

along with the estimated sampling distan
e (Se
t. 7.3.3). Although these sam-

pling distan
es might appear somewhat overestimated when 
ompared to the

distan
e of the farthest dete
ted star, it must be noted that Fig. 7.5 displays

only those stars for whi
h the apparent bolometri
 magnitude 
ould be derived

from dire
t integration of the UBV JHKL 
uxes (Se
t. 7.3.3). Hen
e, 79 out

of 205 stars have not been 
onsidered on Fig. 7.5, and those stars with missing

UBV or JHKL data are pre
isely the faintest, i.e., farthest, obje
ts. There-

fore, the maximum sampling distan
e displayed on Fig. 7.5 will nevertheless be


onsidered as 
orre
t and will be used in the following.

As already mentioned in Chap. 1, there was a general 
onsensus, before 1965,

that the non-Mira S stars were spiral-arm obje
ts or were found in OB asso
i-

ations, hen
e that they were younger than the majority of M giants (Keenan

1954; Nassau 1958; Takayanagi 1960). However, as noted by Yorka & Wing

(1979), no systemati
 surveys for S stars at high gala
ti
 latitudes had yet been

published, 
ausing a strong bias in the available data.

The situation in that respe
t improved dramati
ally thanks to the Henize

survey (Henize 1960), Wray's thesis (1966), the Westerlund survey (Westerlund

1964) and various red and near-infrared obje
tive-prism surveys 
ondu
ted at

the Warner and Swasey Observatory (see Stephenson 1984). In their study of

the gala
ti
 distribution of S stars using this material, Yorka & Wing (1979)

found no 
on
entration of S stars in the gala
ti
 plane as strong as that of

extreme Population I obje
ts, nor any asso
iation with the gala
ti
 arms or

interstellar 
louds.

The present work, based solely on the Henize sample, but distinguishing

extrinsi
 S stars from intrinsi
 S stars, 
on�rms their �nding, sin
e Fig. 7.5

shows no 
lear eviden
e for a 
on
entration of either kind of S stars along the

gala
ti
 arms.
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Table 7.2: Exponential s
ale heights z

0

for extrinsi
 and intrinsi
 S stars derived by various methods (see text)

m

bol

N(ext) N(int) M

bol

(ext) M

bol

(int) z

0

(ext) z

0

(int)

(p
) (p
)

a.

R

UBVJHKL 51 75 �3:1� 1:0 �4:4� 1:0 580

�210

+320

220

�60

+120

(z � 1000 p
)

b.

R

UBVJHKL 34 38 �3:1 �4:4 560 180

V

0

<10


.

R

UBVJHKL 11 10 �3:1 �4:4 810 260

V

0

<8.5

d. V

0

+BC

V

65 105 �3:1 �4:4 520 170

Adopted 600� 100 200� 100
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1 kpc

Figure 7.5: Proje
tion of the Henize S stars on the gala
ti
 plane (the gala
ti



enter falls outside the frame towards the right; the 
entral 
ross represents the

position of the Sun). Only those stars with jzj < 100 p
 have been retained.

The three solid lines 
orrespond to the gala
ti
 arms Perseus, Orion and Sagit-

tarius from Vogt & Mo�at (1975). The dashed straight lines 
orrespond to

the boundaries of the Henize sample in the gala
ti
 plane (Æ < �25

Æ

) and the

dashed 
ir
les to the sampling distan
es of 4.0 kp
 (extrinsi
 S stars) and 5.3 kp


(intrinsi
 S stars)

7.3.5 Gala
ti
 s
ale heights

The density distribution of extrinsi
 and intrinsi
 S stars as a fun
tion of the

height z above the gala
ti
 plane is displayed in Fig. 7.6. It has been 
omputed

from the observed star 
ounts multiplied by the weights P

?

(jbj) (Se
t. 7.3.1),

divided by the volume � � (d

2

S

� z

2

) � dz sampled for a given bin (z,z + dz),

where d

S

is the sampling distan
e estimated in Se
t. 7.3.3.

The upper two panels of Fig. 7.6 present the density distribution for the

stars whose distan
es 
ould be derived from the bolometri
 apparent magnitudes


omputed from the UBV JHKL 
uxes (as explained in Se
t. 7.3.3). The density

distribution has been normalized to its value in the gala
ti
 plane so as to

make it roughly independent from the estimated sampling distan
e (as long as

z � d

S

). However, the s
ale heights will nevertheless still depend upon the

adopted absolute bolometri
 magnitude.

Adopting M

bol

= �4:4� 1:0 and M

bol

= �3:1� 1:0 for intrinsi
 and extrinsi
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Figure 7.6: Logarithm of the density distribution perpendi
ular to the gala
-

ti
 plane for intrinsi
 and extrinsi
 S stars, normalized to the density in the

plane. In the upper two panels, the distan
es were derived from the apparent

bolometri
 magnitudes 
omputed by integrating the UBV JHKL 
uxes. In the

lower two panels, the apparent bolometri
 magnitudes were derived from V and

a bolometri
 
orre
tion derived separately for ea
h of the 
lusters of Table 7.1

(see text)

stars, respe
tively, exponential s
ale heigths of 220

�60

+120

p
 and 580

�210

+320

are

obtained (
ase a of Table 7.2). Note that in the 
ase of intrinsi
 S stars, points

above � 1000 p
 do not follow the exponential distribution de�ned from the

star 
ounts 
loser from the plane. They 
annot be explained by invoking a


ontamination of the intrinsi
 sample by extrinsi
 stars, be
ause the 6 stars

responsible for these four outlying points above � 1000 p
 are probably all

intrinsi
 stars (2 are T
-ri
h, none is T
-poor). In fa
t, these outlying points

probably result from the larger un
ertainties altering the distan
es of these faint

stars.

The above s
ale heights were derived from the subsample of 126 stars (out

of 205 Henize S stars) for whi
h the apparent bolometri
 magnitude 
ould be

reliably determined from the integration of the UBV JHKL 
uxes. In order to

evaluate whether or not the s
ale heights derived from this parti
ular subsam-

ple are somehow biased, s
ale heights derived from other subsamples are now


omputed.

First, the s
ale heights were determined for subsamples of di�erent V

0

lim-
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iting magnitudes extra
ted from the 
omplete Henize sample. For example, in

the Henize subsample limited to stars brighter than V

0

= 10 (72 stars), the bolo-

metri
 magnitude is available for 85% of the stars; the derived s
ale heights are

listed in 
ase b of Table 7.2, and in 
ase 
 if the limiting magnitude is V

0

= 8:5.

The s
ale heights derived from these smaller albeit internally more 
omplete

samples still lead to a signi�
ant s
ale height di�eren
e between extrinsi
 and

intrinsi
 S stars.

Se
ond, the 
onsidered sample has been enlarged by deriving the apparent

bolometri
 magnitudes from the V magnitude and the 
orresponding bolometri



orre
tion (as explained in Se
t. 7.3.2). The 
orresponding density distributions

are displayed in the lower two panels of Fig. 7.6, and the derived s
ale heights

are listed in 
ase d of Table 7.2. The di�eren
e between these s
ale heights

and the previous ones is not surprising, given the mu
h lower pre
ision of the

adopted bolometri
 magnitudes. However they 
on�rm on a larger subsample

that the intrinsi
 S stars are mu
h more 
on
entrated towards the gala
ti
 plane

than are the extrinsi
 S stars.

Could this di�eren
e in s
ale height be spurious, and 
aused by our parti
u-

lar 
hoi
e of the absolute bolometri
 magnitudes? We have stressed in Chap. 3

that the average bolometri
 magnitudes of intrinsi
 and extrinsi
 S stars, as

derived from HIPPARCOS data, are subje
t to various biases whi
h render

these absolute magnitudes still somewhat un
ertain. In order to for
e extrin-

si
 and intrinsi
 S stars to have the same s
ale height, one has to impose a

di�eren
e of nearly 4 magnitudes between their average absolute magnitudes

(e.g., M

bol;ext

= �2 and M

bol;int

= �6, yielding an identi
al s
ale height of

� 350 p
). Despite the remaining un
ertainties on M

bol

mentioned above, su
h

a large di�eren
e in the bolometri
 magnitudes of extrinsi
 and intrinsi
 S stars

is de�nitely in
ompatible with the available HIPPARCOS data (if anything,

the existing biases would rather tend to de
rease the observed gap between the

average M

bol

of extrinsi
 and intrinsi
 S stars; see Se
t. 3.4.2 and Fig. 3.5).

Hen
e the di�eren
e in s
ale heights between extrinsi
 and intrinsi
 S stars

is undoubtedly real, revealing that intrinsi
 and extrinsi
 S stars 
learly belong

to two di�erent populations. Given the various estimates presented in Table 7.2

and their un
ertainties, the adopted exponential s
ale heights are 600�100 p
 for

extrinsi
 S stars and 200�100 p
 for intrinsi
 S stars. In fa
t, the s
ale height for

intrinsi
 S stars happens to be 
omparable to that of planetary nebulae. Zijlstra

& Pottas
h (1991) derive an exponential s
ale height of 250� 50 p
. This good

agreement is not unexpe
ted sin
e intrinsi
 S stars will shortly (i.e., within the

duration of the TPAGB, whi
h is short 
ompared to the total stellar lifetime)

eje
t their envelope and be
ome planetary nebulae. It is also similar to the

s
ale heights (� 230� 250 p
) estimated for O-ri
h SRa, SRb and long-period

(P > 300 d) Mira stars (Kers
hbaum & Hron 1992; Jura & Kleinmann 1992a;

Jura & Kleinmann 1992b). The exponential s
ale height of intrinsi
 S stars

is in any 
ase typi
al of disk stars, but the un
ertainty on our determination

pre
ludes any detailed identi�
ation of the progenitors of intrinsi
 S stars with

either massive or low-mass main sequen
e stars. The exponential s
ale height
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of intrinsi
 S stars quoted in Table 7.2 (200�100 p
) in fa
t en
ompasses values

typi
al of both the young and old disks (see Fig. 5 of Gilmore & Reid 1983).

As far as extrinsi
 S stars are 
on
erned, their exponential s
ale height of

600 � 100 p
 is smaller than the values usually quoted for the extended/thi
k

disk (about 1400 p
; see the dis
ussion of Reid & Majewski 1993). Nevertheless,

it is similar to the s
ale height of short-period (P < 300 d) Miras (Jura 1994;

Kers
hbaum & Hron 1992), although that group may be a mixture of thin-disk

and extended-disk stars having di�erent metalli
ities and s
ale heigths (Norris

& Green 1989; Hron 1993). A

ording to Norris & Green (1989, their Table 8),

an exponential s
ale height of 600�100 p
 is typi
al of giants with metalli
ities

in the range [Fe/H℄= �0:5 to �0:4.

7.4 The relative frequen
y of extrinsi
/intrinsi


S stars

7.4.1 Magnitude-limited sample

In the magnitude-limited Henize sample of 205 S stars, the separation of ex-

trinsi
 and intrinsi
 S stars on the basis of the 
lustering algorithm des
ribed

in Se
t. 7.1 leads to 66 extrinsi
 S stars, 133 intrinsi
 S stars, 2 mis
lassi�ed S

stars, and 4 stars with no information at all (Hen 26, 60, 102, 116).

When 
orre
tion is made for the unequal gala
ti
 longitude 
overage at di�er-

ent gala
ti
 latitudes (see Se
t. 7.3.1), the per
entages of extrinsi
 and intrinsi


S stars are 66� 5% and 34� 5%, respe
tively, given the 4 un
lassi�ed stars and

the estimated un
ertainties on the 
lustering te
hnique.

7.4.2 Volume-limited sample

Estimate 1: in the entire Henize sample

The relative frequen
y of extrinsi
 and intrinsi
 S stars in a volume-limited

sample is subje
t to far more un
ertainties, be
ause it depends dire
tly upon

the estimated sampling distan
e. As noted above, the Henize sample 
omprises

extrinsi
 S stars up to � 4:0 kp
 and intrinsi
 S stars up to � 5:3 kp
. The

respe
tive surfa
e densities of intrinsi
/extrinsi
 S stars proje
ted onto the plane

then 
orrespond to the total number of S stars of a given kind (extrapolated to

all longitudes; Se
t.7.3.1) divided by the area sampled in the plane (sin
e the

s
ale height is mu
h smaller than the sampling distan
e). The relative surfa
e

densities are then 47% for extrinsi
 S stars and 53% for intrinsi
 S stars. Large

un
ertainties a�e
t these frequen
ies; in fa
t, by pushing all the un
ertainties

to their worst limits, the per
entage of extrinsi
 stars 
an lie anywhere between

20 and 90% !
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Estimate 2: in the solar neighbourhood

The relative star density in the solar neighbourhood, as derived from the nor-

malization used in Fig. 7.6, is D(0)

int

=D(0)

ext

= 1:9, whi
h leads to 35% of

extrinsi
 stars and 65% of intrinsi
 stars. The higher fra
tion of intrinsi
 S stars

with respe
t to extrinsi
 S stars is 
ompatible with their greater 
on
entration in

the gala
ti
 plane, as derived in Se
t. 7.3.5. Note that, unlike the s
ale heights

derived in Se
t. 7.3.5, the ratio D(0)

int

=D(0)

ext

is dire
tly a�e
ted by possible

errors on the sampling distan
es.

Estimate 3: in a 1.5 kp
 sphere

A frequen
y estimate independent of the sampling distan
e { subje
t to large

un
ertainties { may be obtained by 
onsidering the respe
tive numbers of ex-

trinsi
 ans intrinsi
 S stars in a sphere of radius 1 kp
. Su
h a sphere is small

enough to ensure 
ompleteness for both the extrinsi
 and intrinsi
 samples, and

large enough with respe
t to the exponential s
ale heights to in
lude most stars

of both 
lasses.

When using the apparent bolometri
 magnitudes derived from the V mag-

nitude (as in 
ase d of Table 7.2), the frequen
y of intrinsi
 S stars is estimated

to be 69%.

7.4.3 The Henize survey as 
ompared to other surveys

Fig. 7.7 
ompares the V magnitude and gala
ti
-latitude distributions of sev-

eral samples of S stars, as listed in Stephenson (1984). The Henize survey, as

listed in Stephenson (1984), may in fa
t be the only homogeneous magnitude-

limited survey that extends from the gala
ti
 plane up to high gala
ti
 latitudes.

Nevertheless, other surveys subsequently dete
ted additional S stars south of

Æ = �25

Æ

and with V magnitudes in the same range as that of Henize. The

most severe worry about the 
ompleteness of the Henize survey 
omes from the

gala
ti
 plane survey of Ma
Connell (1979), with 189 stars south of Æ = �25

Æ

not belonging to the Henize sample. These stars missed by Henize 
an 
ertainly

not be all explained by a large photometri
 variability or by very small (V �R)


olour indi
es that would push the R magnitudes of Ma
Connell's stars below

Henize's dete
tion threshold (R = 10:5). Ma
Connell notes that \better plate

s
ale and slightly higher dispersion, larger aperture and ex
ellent opti
s of the

Curtis S
hmidt teles
ope, improved emulsions and variability of some stars are

all 
ontributing fa
tors. These will permit one to note stars having weaker ZrO

enhan
ement that would otherwise be the 
ase" (Ma
Connell 1979). The better

plate s
ale is probably the leading fa
tor that enabled Ma
Connell to re
ognise

S spe
tra in 
rowded regions of the gala
ti
 plane.

Fig. 7.8 shows a 
omparison of the Henize and Ma
Connell samples in the

region 
overed by both surveys (Æ < �25

Æ

and jbj < 15

Æ

). The histograms dis-

play the eye estimates of the strength of ZrO and TiO bands (as found on K.

Henize's unpublished notes, kindly 
ommuni
ated by V. Henize). This 
ompar-

ison is meaningful be
ause Henize and Ma
Connell used similar plates and used
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Figure 7.7: The gala
ti
 latitude distribution for S stars from various surveys, as

a fun
tion of their V magnitude, as listed in Stephenson (1984). Only the stars

south of Æ = �25

Æ

and with a V magnitude available in Stephenson (1984) have

been plotted. For the Ma
Connell, Wray, Westerlund, Stephenson and Sand-

uleak surveys [see Stephenson (1984) for detailed referen
es on these surveys℄,

only stars not belonging to the Henize survey are plotted
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Figure 7.8: Comparison of the TiO and ZrO band-strength indi
es for S stars

from the Henize and Ma
Connell (1979) surveys. Sin
e Henize surveyed all

de
linations Æ < �25

Æ

, and Ma
Connell virtually all gala
ti
 latitudes jbj <

15

Æ

, only the stars mat
hing both 
riteria have been plotted. Henize stars are

assigned to the extrinsi
 (hat
hed) or intrinsi
 (bla
k) groups a

ording to the


lassi�
ation established in Se
t. 7.1.4

quite the same ZrO and TiO bands, though there might be a small horizontal

shift between the s
ale of Ma
Connell and that of Henize (there are no 
ommon

stars with TiO and ZrO indi
es available in the two surveys, that would allow to

�x a referen
e point). Most of the stars missed by Henize have high TiO indi
es

and small ZrO indi
es. On the top of ea
h bin in Fig.7.8, the ratio intrinsi
/total

is indi
ated for the Henize stars. Assuming that the same fra
tions apply to

the 
orresponding Ma
Connell bins, Ma
Connell's sample may be split into its

extrinsi
 and intrinsi
 
omponents. These numbers have then been added to the


orresponding numbers of extrinsi
 and intrinsi
 Henize stars, in order to yield

the extrinsi
/intrinsi
 frequen
y in the total (Henize + Ma
Connell) sample.

If the above method is applied on the TiO histograms, the extrinsi
/intrinsi


frequen
y remains un
hanged. This 
an be understood from the fa
t that the

bins 
ontributing mostly in Ma
Connell's sample 
ontain similar proportions of

extrinsi
/intrinsi
 stars. When 
onsidering the ZrO histograms, the extrinsi


frequen
y is in
reased by a few per
ents in the (Henize + Ma
Connell) sample.
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This results from the fa
t that Ma
Connell's sample 
ontains mainly weak ZrO

stars whi
h tend to have a higher extrinsi
 frequen
y.

In any 
ase these 
hanges turn out to be mu
h less important than the

un
ertainties from various other sour
es (see Se
t. 7.4.2) a�e
ting the frequen
ies

derived for the sole Henize sample.

The Wray survey (Wray 1966), based on deeper plates, represents another

important sour
e of S stars not retained by Henize, although they were available

to him (Wray, priv. 
omm.). However, in
luding these obje
ts found on su
h

deeper plates 
overing only the gala
ti
 plane would 
learly have biased the

low gala
ti
 latitudes (where most intrinsi
 stars are found) towards fainter

magnitudes.

7.5 Con
lusions

Given the large number of observational parameters 
olle
ted on the Henize

sample of S stars, multivariate 
lassi�
ation seemed the best suited to perform

a homogeneous 
lassi�
ation. The 
lustering algorithm used in this 
hapter

indeed leads to well-de�ned stellar groups and is very eÆ
ient in separating

extrinsi
 from intrinsi
 S stars, even for the \un
omplete" stars (i.e., that have

missing parameters).

The binarity of extrinsi
 S stars is 
learly apparent from their radial-velo
ity

standard deviation distribution, whereas intrinsi
 S stars are mostly single

evolved stars with pulsating envelopes.

Neither the extrinsi
 nor the intrinsi
 S stars of the Henize sample exhibit

any 
lear 
on
entration along the gala
ti
 arms, a 
on
lusion already rea
hed

by Yorka & Wing (1979); however these authors did not distinguish extrinsi


from intrinsi
 stars.

Despite un
ertainties 
on
erning the absolute magnitudes of S stars and the

sampling distan
es, intrinsi
 S stars have been shown to be mu
h more 
on-


entrated towards the gala
ti
 plane than extrinsi
 S stars. Trying to re
on
ile

their gala
ti
 s
ale height leads to a 
learly implausible luminosity di�eren
e.

The retained exponential s
ale heights are 200 � 100 p
 and 600 � 100 p
 for

intrinsi
 and extrinsi
 S stars, respe
tively. The frequen
y of extrinsi
 stars

among S stars probably lies around 50%, but values as low as 30% and as high

as 70% 
annot be ex
luded giving the large remaining un
ertainties.



Summary and 
on
lusions

This brief 
hapter lists the major results, impli
ations and afterthoughts based

upon the present study of barium and S stars.

In the �rst part of this work, spe
i�
 properties of red giant stars have been

investigated thanks to original data sets: the binarity of barium and S stars,

and the luminosities of S stars.

The set of orbital elements available for 
hemi
ally-pe
uliar red giant stars

has been 
onsiderably enlarged thanks to a de
ade-long CORAVEL radial-

velo
ity monitoring of about 70 barium stars and 50 S stars. When a

ount

is made for the dete
tion biases, the observed binary frequen
y among strong

barium stars, mild barium stars and T
-poor S stars is 
ompatible with the

hypothesis that they are all members of binary systems. The similarity between

the orbital-period, e

entri
ity and mass-fun
tion distributions of T
-poor S

stars and barium stars 
on�rms that T
-poor S stars are the 
ooler analogs of

barium stars.

A 
omparative analysis of the orbital elements of the various families of pe-


uliar red giant stars, and of a sample of 
hemi
ally-normal, binary giants in

open 
lusters, revealed several interesting features. The e

entri
ity { period

diagram of pe
uliar red giant stars 
learly bears the signature of dissipative

pro
esses asso
iated with mass transfer, sin
e the maximum e

entri
ity ob-

served at a given orbital period is mu
h smaller than in the 
omparison sample

of normal giants. The mass fun
tion distribution is 
ompatible with the un-

seen 
ompanion being a white dwarf, whi
h lends further support to the binary

s
enario. Assuming that the white dwarf 
ompanion has a mass in the range

0:60�0:04 M

�

, the masses of mild and strong barium stars amount to 1:9�0:2

and 1:5 � 0:2 M

�

, respe
tively. Mild barium stars are not restri
ted to long-

period systems, 
ontrarily to what is expe
ted if the smaller a

retion eÆ
ien
y

in wider systems were the dominant fa
tor 
ontrolling the pollution level of

the extrinsi
 star. These results suggest that the di�eren
e between mild and

strong barium stars is mainly one of gala
ti
 population rather than of orbital

separation, in agreement with their respe
tive kinemati
al properties.

There are indi
ations that metalli
ity may be the parameter blurring the

period{
hemi
al anomaly relationship. Extrinsi
 stars thus seem to be produ
ed

more eÆ
iently in low-metalli
ity populations. Conversely, normal giants in

barium-like binary systems may exist in more metal-ri
h populations.
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HIPPARCOS trigonometri
al parallaxes made it possible to 
ompare the

lo
ation of T
-ri
h and T
-poor S stars in the Hertzsprung-Russell diagram:

T
-ri
h S stars were found to be 
ooler and intrinsi
ally brighter than T
-poor

S stars. The impa
t of the statisti
al biases a�e
ting HIPPARCOS parallaxes

has been evaluated; these biases 
ertainly do not endanger the luminosity seg-

regation between intrinsi
 and extrinsi
 stars; however they prevent from giving

a

urate average magnitudes for both kinds of S stars.

The 
omparison with the Geneva evolutionary tra
ks reveals that the onset

of thermal pulses on the asymptoti
 giant bran
h mat
hes well the observed

limit between T
-poor and T
-ri
h S stars. T
-ri
h S stars are, as expe
ted,

identi�ed with thermally-pulsing AGB stars of low and intermediate masses,

whereas T
-poor S stars 
omprise mostly low-mass stars lo
ated either on the

red giant bran
h or on the early AGB. Their lo
ation in the HR diagram is


onsistent with the average mass of 1:6 � 0:2 M

�

derived from their orbital

mass-fun
tion distribution.

A 
omparison with the S stars identi�ed in the Magellani
 Clouds and in

the Fornax dwarf ellipti
al galaxy reveals that they have luminosities similar

to the gala
ti
 T
-ri
h S stars. However, most of the surveys of S stars in the

external systems did not rea
h the lower luminosities at whi
h gala
ti
 T
-poor

S stars are found. The deep Westerlund survey of 
arbon stars in the SMC

un
overed a family of faint 
arbon stars that may be the analogs of the low-

luminosity, gala
ti
 T
-poor S stars. Hen
e, dwarf 
arbon stars will 
ertainly

repay dedi
ated surveys. However, reliable luminosity diagnosti
s ought �rst to

be determined.

Sin
e extrinsi
 and intrinsi
 S stars supposedly form two distin
t 
lasses of

stars, with 
ompletely di�erent evolutionary histories, it may be expe
ted that

they di�er in many of their physi
al properties. However, extrinsi
 and intrinsi


S stars had never been separated in a large and well-de�ned sample. The se
ond

part of this work has aimed at �lling this gap, by studying, thanks to a large-

s
ale observing program, the Henize sample of 205 S stars 
overing all gala
ti


latitudes.

First, this sample has been 
leaned from a few mis
lassi�ed non-S stars

thanks to UBV Geneva photometry and low-resolution spe
tra. These low-

resolution spe
tra were also su

essfully used to distinguish sub
lasses within

the S family. In the future, appropriate model atmosphere 
al
ulations will allow

to interpret these sub
lasses in terms of di�erent temperatures, C/O ratios and

s-pro
ess enhan
ements.

Dedi
ated Geneva photometry and high-resolution spe
tra allowed to un-


over two new symbioti
 S stars. Why only these two stars exhibit a symbioti


a
tivity is still un
lear, given the strong resemblan
e between extrinsi
 S stars

and symbioti
 stars in terms of (i) orbital elements of the binary systems and

(ii) evolutionary status of their 
omponents.

The more stringent di�eren
e between extrinsi
 and intrinsi
 stars is their T



ontent. The te
hnetium-ri
h or -poor nature of 72 S stars was determined, and
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indeed highlighted a 
lear di
hotomy, with only one \intermediate" star (show-

ing weak te
hnetium lines). This di
hotomy should be further investigated with

abundan
e determinations thanks to model athmospheres, in order to a
hieve a

better 
hara
terization of stars at the onset of the third dredge-up episodes on

the thermally-pulsing AGB.

Apart from te
hnetium, several other observational parameters were shown

to be eÆ
ient in segregating intrinsi
 S stars from their extrinsi
 masqueraders

(UBV , JHKL and IRAS photometry, radial-velo
ity standard deviation, shape

of the CORAVEL 
ross-
orrelation dip, 
ombination of band strength indi
es

derived from low-resolution spe
tra). Multivariate 
lassi�
ation has been per-

formed on the Henize data sample in order to guarantee a 
lassi�
ation as ob-

je
tive as possible and handling at the same time a large number of parameters.

The resulting 
lustering separates eÆ
iently extrinsi
 and intrinsi
 S stars,

allowing to derive the respe
tive properties of these two distin
t stellar 
lasses.

The population di�eren
e between intrinsi
 and extrinsi
 S stars is for the �rst

time demonstrated, sin
e intrinsi
 S stars are 
learly more 
on
entrated towards

the gala
ti
 plane than extrinsi
 S stars (z

int

= 200�100 p
 and z

ext

= 600�100

p
), and are therefore believed to belong to a younger, more massive population.

The respe
tive proportions of extrinsi
 and intrinsi
 S stars are subje
t to large

un
ertainties mainly be
ause of un
ertain luminosities. There may be as many

as 50% extrinsi
 stars among S stars in a volume-limited sample. Mu
h more

a

urate estimates will soon be possible by looking at extrinsi
 S stars in external

systems with ESO Very Large Teles
opes.
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Appendix A

Library of te
hnetium

spe
tra

The te
hnetium spe
tra used in Chap. 5 are presented in this Appendix. Fig. A.1

to A.20 
on
ern S stars from the Henize sample, as well as some additional S

stars, M stars and the two symbioti
 stars SY Mus and RW Hya. The stars

plotted in Fig. A.1 to A.8 are te
hnetium-poor, the ones in Fig. A.9 to A.20

are te
hnetium-ri
h, while the SC stars of Fig. A.21 and A.22 have not been

assigned to either group be
ause of their very pe
uliar and variable spe
tra (see

Se
t. 5.3.2).

All spe
tra are plotted on the same relative intensity s
ale. The lo
al pseudo-


ontinuum point has been taken as an average of the 
uxes at 4239.1, 4244.1,

4247.1 and 4265.4

�

A; for the sake of 
larity, ea
h spe
trum (ex
ept the lowest

one) is verti
ally shifted by 1 unit with respe
t to the spe
trum below it. The left

page displays the spe
tral region around the T
 I 4238.191

�

A line, and the right

page the spe
tral region around the T
 I 4262.270

�

A line for the 
orresponding

star.
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Figure A.1: T
-ri
h spe
tra at 4238.191

�

A
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Figure A.2: T
-ri
h spe
tra at 4262.270

�

A
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Figure A.3: T
-ri
h spe
tra at 4238.191

�

A
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Figure A.4: T
-ri
h spe
tra at 4262.270

�

A
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Figure A.5: T
-ri
h spe
tra at 4238.191

�

A
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Figure A.6: T
-ri
h spe
tra at 4262.270

�

A
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Figure A.7: T
-ri
h spe
tra at 4238.191

�

A
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Figure A.8: T
-ri
h spe
tra at 4262.270

�

A
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Figure A.9: T
-poor spe
tra at 4238.191

�

A
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Figure A.10: T
-poor spe
tra at 4262.270

�

A
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Figure A.11: T
-poor spe
tra at 4238.191

�

A
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Figure A.12: T
-poor spe
tra at 4262.270

�

A
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Figure A.13: T
-poor spe
tra at 4238.191

�

A
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Figure A.14: T
-poor spe
tra at 4262.270

�

A
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Figure A.15: T
-poor spe
tra at 4238.191

�

A
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Figure A.16: T
-poor spe
tra at 4262.270

�

A
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Figure A.17: T
-poor spe
tra at 4238.191

�

A
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Figure A.18: T
-poor spe
tra at 4262.270

�

A



216 APPENDIX A. LIBRARY OF TC SPECTRA

Figure A.19: T
-poor spe
tra at 4238.191

�

A
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Figure A.20: T
-poor spe
tra at 4262.270

�

A
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Figure A.21: Spe
tra of SC stars at 4238.191

�

A



219

Figure A.22: Spe
tra of SC stars at 4262.270

�

A
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Appendix B

The Henize sample of S

stars: data

The data used in Chap. 6 and 7 are listed in this Appendix. The tables are

organized as follows:

� Table B.1: CORAVEL data:

. Hen is the Henize number as listed in the General Catalogue of Gala
ti
 S

stars (Stephenson 1984);

. T
 indi
ates whether the star is te
hnetium-ri
h (y) or te
hnetium-poor (n)

as derived in Chap. 5;

. N

C

is the number of CORAVEL radial-velo
ity measurements;

. �T stands for the time span (in days) of the observations;

. V

r

( km s

�1

) is the mean helio
entri
 radial velo
ity and �(V

r

) ( km s

�1

) its

standard deviation;

. �

1

( km s

�1

) gives the average error on one measurement;

. Sb ( km s

�1

) and PR are the redu
ed width and the depth of the CORAVEL


ross-
orrelation dip, respe
tively;

. V

ran

( km s

�1

) indi
ates the range of the radial velo
ity measurements.

� Table B.2: Geneva photometri
 data:

. N

p

is the number of measurements in the Geneva photometri
 system;

. V is the visual apparent magnitude;

. U -B, B-V and (U -B)

0

, (B-V )

0

are the reddened and dereddened 
olour in-

di
es, respe
tively;

. m indi
ates the method 
hosen for dereddening the photometry, as des
ribed

in Se
t. 6.3.3 [1: E

B�V

is taken from Burstein & Heiles (1982); 2: A

V

(r) is taken

from Ne
kel & Klare (1980); 3: A

V

(r) is taken from Arenou et al. (1992)℄;

. n

U

is the number of measurements fainter than U = 16:5; they were all dis-


arded;

. �

r

(U), �

r

(B) and �

r

(V ) stand for the standard deviation of the U , B and V
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magnitudes.

� Table B.3: Infrared photometri
 data:

. the �rst 4 
olumns list the JHKL photometry taken at SAAO (Se
t. 6.4);

. (V -K)

0

is the dereddened 
olour index;

. the K-[12℄ and K-[25℄ indi
es, as des
ribed in Se
t. 6.5, 
ome next;

. m

bol

is the apparent bolometri
 magnitude obtained by integrating the spe
-

tral energy distribution in the UBV JHKL bands (Se
t. 7.3.2);

. m

bol;V

is a less a

urate estimate of the apparent bolometri
 magnitude de-

rived by applying an appropriate bolometri
 
orre
tion to the V magnitude (see

Se
t. 7.3.2).

� Table B.4: Spe
tros
opi
 data and 
lustering results:

. I

ZrO

, I

TiO

, I

NaD

and I

LaO

are the band strength indi
es as de�ned in

Se
t. 6.6.2;

. S/N stands for the signal-to-noise ratio of the low-resolution spe
tra used to

derive the band strength indi
es (Se
t. 6.6);

. the weight assigned to ea
h Henize star in order to 
orre
t for the unequal

gala
ti
 longitude 
overage at di�erent gala
ti
 latitudes is listed in 
olumn w;

. l and b stand for the gala
ti
 longitudes and latitudes, respe
tively;

. C

2

and C

6

are the group assignments derived from the 
lustering algorithm

for 2 and 6 resulting 
lusters (see Se
t 7.1.4 and Table 7.1);

. C

f

is the �nal retained 
lassi�
ation, where \e" and \i" stand for \extrinsi
"

and \intrinsi
", respe
tively.

Missing data are indi
ated by a dash.
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Table B.1: CORAVEL data

Hen T
 N

C

�T V

r

�(V

r

) �

1

Sb PR V

ran

(d) km/s km/s km/s km/s km/s

1 n 6 2338 10.3 0.5 0.2 4.3 0.41 1.4

2 n 8 4931 21.5 3.7 1.3 4.2 0.42 11.0

3 n 5 1826 26.5 2.3 1.0 6.1 0.30 5.3

4 { 4 1826 -6.8 0.2 0.2 4.5 0.43 0.5

5 n 4 1826 77.6 2.2 1.1 5.0 0.36 4.7

6 n 4 1826 49.0 2.4 1.2 6.1 0.30 5.1

7 n 4 1829 53.8 6.0 3.0 4.3 0.40 13.2

8 y 4 1827 47.4 2.1 1.1 6.2 0.28 6.0

9 n 4 1827 -7.2 0.7 0.4 3.8 0.43 1.8

10 { 4 1829 -9.6 5.4 2.7 4.8 0.32 12.9

11 { { { { { { { { {

12 { 3 1827 110.5 1.2 0.7 9.3 0.13 1.4

13 { { { { { { { { {

14 n 5 1826 31.2 1.2 0.6 4.3 0.42 3.1

15 { 2 1826 49.2 6.7 4.7 2.6 0.11 10.5

16 y 5 1829 38.1 0.8 0.4 6.0 0.34 1.8

17 { 5 1827 76.8 2.9 1.3 4.8 0.34 7.2

18 n 6 1828 67.6 6.6 2.7 5.6 0.22 13.8

19 y 5 1828 71.5 1.3 0.6 6.0 0.34 2.4

20 y 5 1829 -13.5 1.0 0.5 6.2 0.29 2.7

21 { 4 1416 35.5 0.6 0.4 7.2 0.18 2.0

22 { 4 1825 -10.4 3.0 1.5 3.3 0.46 7.4

23 { 3 717 55.6 2.1 1.2 7.8 0.22 4.6

24 { 3 714 35.3 3.5 2.0 9.6 0.25 6.1

25 { { { { { { { { {

26 { { { { { { { { {

27 { 1 { 4.0 1.4 1.4 18.6 0.25 0.0

28 n 4 1827 25.9 2.0 1.0 4.4 0.39 4.1

29 { 4 1828 49.0 0.8 0.4 5.9 0.39 1.9

30 { 3 1154 26.0 3.0 1.7 9.1 0.33 6.9

31 n 5 1827 -15.5 1.8 0.8 4.1 0.42 4.4

32 { 4 1746 68.8 2.8 1.4 8.5 0.11 6.4

33 { { { { { { { { {

34 y 3 763 17.9 1.9 1.1 9.6 0.16 3.4

35 n 5 1828 -13.6 3.3 1.5 3.9 0.46 10.2

36 y 5 1779 39.4 1.9 0.8 7.2 0.18 4.9

37 y 5 1780 12.8 1.4 0.6 7.1 0.27 2.8

38 { 3 1411 34.0 1.9 1.1 6.5 0.33 3.9

39 y 6 1827 12.1 1.1 0.4 6.2 0.31 3.3

40 { 3 740 74.5 1.7 1.0 7.4 0.27 3.4

41 y 3 766 11.8 1.5 0.9 7.0 0.15 3.2

42 { 2 351 56.6 1.8 1.2 5.9 0.34 2.5

43 n 5 1829 37.9 6.3 2.8 5.1 0.35 14.2

44 { 4 1780 32.4 2.1 1.1 6.1 0.30 4.5

45 y 5 1778 16.4 0.8 0.4 4.9 0.38 1.9

46 { 4 1778 29.4 0.8 0.4 5.2 0.35 2.0

47 { 4 1779 8.9 1.6 0.8 7.1 0.32 4.3

48 { 4 1826 81.8 3.1 1.5 6.2 0.29 9.3

49 { 2 715 27.9 0.8 0.6 6.2 0.50 1.5

50 { 3 833 59.9 1.1 0.6 10.0 0.14 2.3

51 { 4 1828 18.8 0.4 0.2 7.8 0.33 0.7
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Table B.1: CORAVEL data (
ontinued)

Hen T
 N

C

�T V

r

�(V

r

) �

1

Sb PR V

ran

(d) km/s km/s km/s km/s km/s

52 { 4 1826 -12.6 3.0 1.5 5.0 0.37 6.2

53 { 4 1156 37.3 1.8 0.9 8.5 0.26 3.5

54 { { { { { { { { {

55 { { { { { { { { {

56 { 4 1762 34.5 1.7 0.8 6.8 0.20 4.3

57 y 5 1827 5.3 1.1 0.5 6.0 0.29 2.6

58 { { { { { { { { {

59 { 4 1827 31.4 3.5 1.7 4.2 0.36 10.7

60 { { { { { { { { {

61 { 4 1412 47.9 3.2 1.6 4.7 0.38 7.6

62 { { { { { { { { {

63 n 6 1945 19.3 0.6 0.3 4.5 0.40 1.8

64 y 4 1827 44.3 0.5 0.3 6.9 0.32 1.3

65 { 5 1825 67.5 3.4 1.5 5.7 0.34 8.6

66 y 5 1828 7.3 0.7 0.3 6.7 0.31 1.9

67 { 6 1898 -22.8 0.8 0.3 5.2 0.36 2.4

68 { 1 { 2.5 1.1 1.1 13.9 0.28 0.0

69 { 5 1780 -2.4 2.8 1.2 8.5 0.27 6.6

70 { 5 1780 57.0 4.0 1.8 5.6 0.32 10.3

71 { 6 1827 -26.4 1.8 0.8 4.3 0.41 4.5

72 { 4 743 21.5 5.8 2.9 12.4 0.25 16.4

73 { { { { { { { { {

74 { 4 1825 -0.9 6.2 3.1 4.5 0.41 13.0

75 { { { { { { { { {

76 { 5 1780 -11.5 3.8 1.7 4.0 0.43 9.1

77 { 5 1827 7.6 1.1 0.5 6.5 0.30 2.7

78 { 4 1827 7.2 3.8 1.9 10.0 0.28 13.0

79 n 5 1744 -34.1 0.4 0.2 4.8 0.36 1.0

80 y 3 701 -0.2 4.1 2.4 7.9 0.11 6.8

81 { { { { { { { { {

82 { 4 1416 20.6 3.2 1.6 12.3 0.25 6.1

83 { 4 1413 26.8 4.6 2.3 3.6 0.43 9.3

84 { { { { { { { { {

85 { 4 1078 3.2 1.1 0.6 7.7 0.23 2.6

86 { 5 1747 -2.0 4.8 2.2 4.4 0.40 10.6

87 { 4 1829 21.5 1.1 0.6 10.3 0.44 3.2

88 y 5 1827 -1.2 0.9 0.4 6.3 0.31 2.2

89 y 4 1827 3.8 1.4 0.7 6.8 0.29 3.2

90 n 4 1413 12.2 1.5 0.7 4.8 0.38 3.2

91 { 2 742 -3.3 3.7 2.6 7.7 0.12 5.5

92 { 4 1096 -21.1 1.1 0.6 6.7 0.32 2.7

93 { 3 716 37.3 1.4 0.8 9.2 0.28 2.8

94 { 3 467 -4.4 3.1 1.8 7.7 0.31 5.2

95 y 5 1825 15.7 1.2 0.6 7.1 0.27 3.9

96 { 3 1092 -15.3 1.7 1.0 6.7 0.30 3.7

97 y 5 1828 0.8 0.9 0.4 7.7 0.26 2.1

98 { 4 1763 0.5 0.8 0.4 6.9 0.25 2.0

99 { 4 1156 3.5 2.3 1.2 9.6 0.31 6.1

100 { 2 1780 -4.0 4.3 3.0 11.0 0.42 6.3

101 y 4 1074 -3.8 2.5 1.2 10.0 0.20 7.1

102 { { { { { { { { {
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Table B.1: CORAVEL data (
ontinued)

Hen T
 N

C

�T V

r

�(V

r

) �

1

Sb PR V

ran

(d) km/s km/s km/s km/s km/s

103 { { { { { { { { {

104 y 4 1946 -14.3 1.1 0.6 5.7 0.33 2.0

105 { 4 1183 -30.7 1.4 0.7 5.4 0.33 3.0

106 { 2 1064 -46.0 2.5 1.8 6.7 0.26 3.6

107 { 4 1154 -39.8 2.3 1.2 6.0 0.34 4.5

108 n 10 1826 44.1 10.1 3.2 5.0 0.39 23.6

109 { { { { { { { { {

110 { 4 1093 -4.2 2.1 1.1 4.0 0.45 5.1

111 { 3 1092 -16.7 0.4 0.3 7.6 0.38 0.6

112 { { { { { { { { {

113 { 6 1535 -11.1 2.1 0.9 6.6 0.26 4.3

114 { { { { { { { { {

115 { { { { { { { { {

116 { { { { { { { { {

117 { { { { { { { { {

118 { 3 1412 6.4 3.4 2.0 3.9 0.38 6.8

119 n 6 1781 -22.2 4.3 1.7 4.4 0.41 11.2

120 { 5 1093 -0.4 2.8 1.2 7.3 0.27 10.1

121 n 11 1778 -4.9 6.9 2.1 6.0 0.22 20.0

122 { 3 717 -3.3 7.6 4.4 6.8 0.32 13.7

123 n 5 1764 0.2 2.6 1.2 4.6 0.41 6.1

124 { 7 1414 6.3 3.6 1.4 4.6 0.32 9.4

125 { 3 743 53.7 2.6 1.5 7.1 0.13 4.7

126 n 5 747 -29.8 2.7 1.2 4.6 0.38 6.2

127 { 8 2147 -1.0 0.7 0.2 5.7 0.35 2.2

128 { { { { { { { { {

129 n 6 1779 -25.4 3.4 1.4 5.3 0.35 7.9

130 { 6 1781 -5.5 2.2 0.9 6.0 0.35 6.7

131 { 4 1111 -48.3 1.6 0.8 6.6 0.32 3.7

132 n 7 1898 -44.7 0.8 0.3 4.4 0.40 2.5

133 n 7 1764 1.1 0.8 0.3 5.4 0.36 2.1

134 { 9 1705 61.5 2.4 0.8 6.3 0.26 7.3

135 { 7 1882 -22.2 1.5 0.6 7.8 0.40 4.5

136 { 3 328 -56.6 8.8 5.1 25.2 0.26 19.4

137 n 9 1780 -21.1 4.6 1.5 7.2 0.31 11.1

138 n 8 1902 8.3 1.0 0.4 5.7 0.32 2.7

139 { 4 682 -21.1 0.5 0.3 4.9 0.33 1.0

140 y 6 1781 -34.7 1.0 0.4 5.8 0.35 2.9

141 y 4 835 -54.9 1.4 0.7 7.6 0.19 3.0

142 { 2 470 -3.6 2.1 1.5 7.7 0.17 3.0

143 n 6 1106 -26.0 3.5 1.4 4.5 0.41 8.6

144 { 5 1094 -28.7 2.4 1.1 7.9 0.23 5.8

145 { 4 1626 -26.2 2.0 1.0 6.3 0.31 3.9

146 { 7 1572 -12.2 1.3 0.5 7.1 0.25 3.5

147 n 8 1579 -9.9 7.1 2.5 4.2 0.41 16.7

148 { { { { { { { { {

149 n 6 1108 25.0 2.9 1.2 4.5 0.40 7.5

150 n 8 1781 23.9 2.1 0.8 4.9 0.37 6.2

151 { 1 { -22.0 1.9 1.9 21.1 0.21 0.0

152 { 2 466 -56.9 8.7 6.2 16.4 0.32 18.9

153 { 3 955 15.4 2.3 1.3 9.3 0.21 5.6
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Table B.1: CORAVEL data (
ontinued)

Hen T
 N

C

�T V

r

�(V

r

) �

1

Sb PR V

ran

(d) km/s km/s km/s km/s km/s

154 { 6 1112 -12.9 0.5 0.2 3.4 0.35 1.2

155 { 2 624 -55.7 2.0 1.4 9.8 0.22 3.0

156 { { { { { { { { {

157 { 5 1034 -38.3 1.5 0.7 8.1 0.41 4.9

158 { { { { { { { { {

159 { 1 { 16.9 1.4 1.4 { 0.08 0.0

160 { 3 1827 -50.7 0.6 0.4 8.0 0.11 3.1

161 { { { { { { { { {

162 y 6 1865 8.8 1.0 0.4 6.8 0.28 2.4

163 { { { { { { { { {

164 { { { { { { { { {

165 { 5 1108 -12.9 1.9 0.9 9.5 0.23 5.0

166 { 4 958 -16.4 2.2 1.1 8.0 0.41 5.4

167 { 3 680 -13.1 1.7 1.0 9.5 0.31 3.7

168 { 4 759 0.4 2.5 1.3 7.9 0.41 5.5

169 { 4 761 -39.6 2.0 1.0 3.5 0.44 5.3

170 { { { { { { { { {

171 { 1 { 39.0 1.0 1.0 { 0.12 0.0

172 { 1 { -44.3 0.6 0.6 6.3 0.11 0.0

173 n 4 686 39.0 0.2 0.2 4.6 0.37 0.4

174 { 3 682 -0.4 2.7 1.6 7.2 0.24 5.0

175 y 5 1108 -34.0 0.6 0.3 6.5 0.28 1.4

176 { { { { { { { { {

177 y 5 1901 -20.7 0.7 0.3 6.2 0.30 1.7

178 y 3 833 56.5 1.8 1.0 9.0 0.18 4.6

179 n 3 684 36.0 0.9 0.5 5.7 0.32 1.6

180 { { { { { { { { {

181 { 3 334 -29.0 2.8 1.6 7.1 0.12 6.4

182 n 5 1827 31.2 5.9 2.6 5.2 0.34 13.7

183 n 7 1827 -7.2 5.0 1.9 4.7 0.37 15.4

184 { 3 330 -68.3 1.2 0.7 7.7 0.41 2.4

185 { 4 1749 5.9 1.1 0.6 5.8 0.27 2.9

186 n 5 886 -31.6 5.1 2.3 4.6 0.39 10.9

187 n 6 1827 -26.0 1.4 0.6 4.8 0.38 3.5

188 { 4 760 -30.8 1.8 0.9 7.0 0.33 4.3

189 { 4 1748 -68.7 3.3 1.6 5.1 0.31 7.4

190 { 4 1748 -85.9 4.0 2.0 3.9 0.37 10.1

191 y 4 757 -56.6 1.1 0.5 7.0 0.22 3.0

192 { { { { { { { { {

193 n 5 1823 -34.9 1.1 0.5 4.2 0.42 2.5

194 { 4 1748 -43.2 3.3 1.6 5.9 0.33 6.7

195 { { { { { { { { {

196 { 4 758 -106.8 0.5 0.3 5.8 0.29 1.1

197 y 8 2150 -12.9 0.6 0.2 5.6 0.36 1.8

198 { 4 757 -32.0 4.0 2.0 12.9 0.27 9.5

199 n 4 760 2.4 2.6 1.3 4.5 0.40 6.8

200 { { { { { { { { {

201 n 3 682 7.3 8.3 4.8 3.9 0.42 16.6

202 y 7 846 -5.7 1.5 0.6 8.9 0.23 4.2

203 n 4 757 8.5 0.9 0.4 4.9 0.36 2.1

204 n 3 682 -9.1 5.0 2.9 3.9 0.39 9.6

205 { { { { { { { { {
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Table B.2: Geneva photometri
 data

Hen N

p

V U -B B-V n

U

(U -B)

0

(B-V )

0

m �

r

(U) �

r

(B) �

r

(V )

1 3 7.49 3.22 1.21 0 3.19 1.17 3 0.05 0.03 0.02

2 20 8.48 3.27 1.20 0 3.21 1.12 2 0.02 0.01 0.01

3 4 8.26 2.94 1.03 0 2.92 1.00 2 0.12 0.08 0.08

4 3 9.81 3.37 1.27 0 3.31 1.18 2 0.10 0.04 0.03

5 3 11.01 3.18 1.17 0 3.17 1.16 2 0.00 0.02 0.02

6 5 9.88 3.02 1.07 0 3.01 1.06 2 0.03 0.03 0.04

7 3 8.89 3.18 1.25 0 3.16 1.22 2 0.06 0.02 0.00

8 8 11.03 3.25 1.40 0 3.21 1.34 2 0.23 0.24 0.25

9 4 9.52 3.27 1.22 0 3.26 1.20 2 0.03 0.01 0.00

10 4 9.33 3.11 1.23 0 2.99 1.05 2 0.06 0.06 0.07

11 1 14.37 { 0.85 1 { 0.82 2 { { {

12 3 12.38 1.59 0.95 2 2.33 0.89 2 { 1.65 1.86

13 3 13.02 { 1.39 3 { 1.33 2 { 0.25 0.27

14 3 10.32 3.31 1.28 0 3.26 1.19 2 0.06 0.01 0.02

15 2 12.01 2.54 1.21 0 2.46 1.09 2 0.37 0.41 0.31

16 2 11.20 3.37 1.30 0 3.31 1.21 2 0.05 0.13 0.13

17 3 12.37 { 1.21 3 { 1.12 2 { 0.00 0.00

18 13 10.60 1.57 0.99 0 1.44 0.79 2 0.22 0.09 0.06

19 1 10.49 3.84 1.66 0 3.80 1.59 3 { { {

20 1 10.29 3.14 1.25 0 3.06 1.14 2 { { {

21 2 12.37 { 1.75 2 { 1.65 1 { 0.00 0.01

22 { { { { { { { { { { {

23 { { { { { { { { { { {

24 2 11.83 { 2.05 2 { 1.73 1 { 0.35 0.30

25 { { { { { { { { { { {

26 { { { { { { { { { { {

27 1 12.65 { 2.23 1 { 2.08 2 { { {

28 3 8.87 3.33 1.47 0 3.23 1.31 2 0.01 0.02 0.01

29 2 11.61 { 2.44 2 { 2.24 1 { 0.08 0.06

30 1 13.73 { 2.65 1 { 2.14 1 { { {

31 1 7.18 3.34 1.38 0 3.27 1.26 2 { { {

32 2 8.69 1.98 0.97 0 1.91 0.85 3 1.43 1.47 1.65

33 { { { { { { { { { { {

34 2 10.16 2.74 1.22 0 2.64 1.07 2 0.37 0.48 0.62

35 2 9.83 3.32 1.31 0 3.24 1.19 2 0.00 0.00 0.00

36 2 9.01 2.27 0.92 0 2.24 0.88 1 0.02 0.07 0.09

37 5 10.95 3.38 1.49 0 3.30 1.38 3 0.15 0.09 0.10

38 3 11.26 3.37 1.41 0 3.29 1.29 3 0.02 0.05 0.07

39 3 9.31 3.20 1.29 0 3.11 1.15 2 0.05 0.03 0.02

40 3 11.39 2.88 1.29 0 2.60 0.87 1 0.00 0.05 0.06

41 1 9.46 2.32 1.00 0 2.26 0.91 1 { { {

42 1 12.43 { 2.68 1 { 2.56 3 { { {

43 1 10.59 3.58 1.31 0 3.52 1.22 1 { { {

44 2 10.69 3.22 1.40 0 3.16 1.30 1 0.17 0.18 0.19

45 7 9.58 2.80 1.20 0 2.68 1.01 1 0.10 0.04 0.02

46 3 11.42 { 1.64 3 { 1.19 1 { 0.00 0.02

47 { { { { { { { { { { {

48 { { { { { { { { { { {

49 3 12.57 { 3.40 3 { 2.82 1 { 0.00 0.13

50 3 10.78 2.37 0.93 0 1.99 0.36 1 0.51 0.56 0.60

51 3 10.68 { 2.58 3 { 2.41 3 { 0.27 0.24
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Table B.2: Geneva photometri
 data (
ontinued)

Hen N

p

V U -B B-V n

U

(U -B)

0

(B-V )

0

m �

r

(U) �

r

(B) �

r

(V )

52 3 11.78 { 1.90 3 { 1.38 1 { 0.02 0.02

53 3 9.98 3.41 2.05 0 3.17 1.68 1 0.66 0.54 0.40

54 4 11.18 3.14 1.58 1 3.29 1.50 3 0.31 0.76 0.89

55 { { { { { { { { { { {

56 5 12.39 1.72 1.39 1 1.60 1.20 3 0.30 0.11 0.05

57 6 10.32 3.58 1.59 0 3.37 1.27 1 0.20 0.14 0.15

58 { { { { { { { { { { {

59 4 10.69 3.21 1.27 0 3.15 1.18 2 0.06 0.00 0.00

60 { { { { { { { { { { {

61 1 12.04 { 2.06 1 { 1.67 3 { { {

62 4 12.73 { 2.70 4 { 2.31 3 { 0.30 0.20

63 6 9.82 3.48 1.40 0 3.42 1.31 3 0.06 0.02 0.02

64 4 10.22 3.67 1.64 0 3.52 1.42 2 0.10 0.11 0.11

65 14 10.91 2.74 1.73 13 2.62 1.31 1 { 0.08 0.06

66 3 10.40 3.30 1.43 0 3.24 1.34 3 0.11 0.05 0.06

67 4 8.91 3.25 1.18 0 3.19 1.09 2 0.00 0.01 0.01

68 2 11.35 { 3.13 2 { 2.49 1 { 0.69 0.48

69 3 11.18 { 1.97 3 { 1.77 2 { 0.31 0.30

70 3 11.04 { 1.85 3 { 1.57 3 { 0.04 0.00

71 3 10.32 3.54 1.45 0 3.44 1.29 3 0.00 0.03 0.03

72 3 10.38 3.30 2.43 2 4.04 2.28 3 { 0.72 0.54

73 { { { { { { { { { { {

74 4 11.12 3.52 1.51 0 3.38 1.29 1 0.00 0.01 0.01

75 3 13.60 { 2.04 3 { 1.81 1 { 0.24 0.23

76 4 10.80 3.32 1.23 0 3.24 1.11 2 0.07 0.02 0.01

77 3 11.16 3.29 1.53 0 2.98 1.05 1 0.09 0.14 0.17

78 3 11.61 { 3.13 3 { 2.78 1 { 0.71 0.48

79 2 10.58 3.50 1.43 0 3.38 1.25 2 0.05 0.05 0.04

80 1 9.29 2.38 1.36 0 2.29 1.23 2 { { {

81 { { { { { { { { { { {

82 { { { { { { { { { { {

83 5 12.04 { 1.95 5 { 1.43 1 { 0.00 0.02

84 { { { { { { { { { { {

85 3 11.63 2.97 1.64 1 2.87 1.41 1 0.00 0.11 0.13

86 3 10.91 3.48 1.38 0 3.36 1.21 2 0.20 0.03 0.03

87 3 11.00 { 2.88 3 { 2.65 1 { 0.27 0.25

88 4 9.63 3.25 1.21 0 3.20 1.13 2 0.09 0.08 0.09

89 3 9.85 2.97 1.37 0 2.82 1.15 1 0.30 0.03 0.04

90 9 9.80 3.35 1.35 0 3.20 1.14 1 0.16 0.02 0.02

91 3 12.09 2.33 1.33 0 2.26 1.23 3 0.36 0.49 0.46

92 3 11.56 { 1.67 3 { 1.47 1 { 0.18 0.19

93 2 11.85 { 2.36 2 { 2.21 3 { 0.27 0.25

94 { { { { { { { { { { {

95 5 10.37 3.75 1.39 2 3.53 0.99 1 0.83 0.10 0.03

96 3 12.12 { 1.95 3 { 1.76 1 { 0.30 0.35

97 6 8.60 2.82 1.18 0 2.72 1.04 1 0.11 0.14 0.15

98 3 11.21 3.38 1.50 0 3.17 1.18 1 0.00 0.09 0.07

99 3 10.34 3.08 2.05 1 3.17 1.86 1 0.04 0.37 0.17

100 { { { { { { { { { { {

101 6 9.45 2.96 1.48 0 2.92 1.43 2 0.16 0.14 0.13

102 { { { { { { { { { { {
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Table B.2: Geneva photometri
 data (
ontinued)

Hen N

p

V U -B B-V n

U

(U -B)

0

(B-V )

0

m �

r

(U) �

r

(B) �

r

(V )

103 { { { { { { { { { { {

104 3 10.07 3.24 1.33 0 3.15 1.20 3 0.10 0.02 0.02

105 { { { { { { { { { { {

106 3 12.10 { 1.61 3 { 1.17 1 { 0.10 0.09

107 3 12.57 { 2.72 3 { 2.40 1 { 0.19 0.10

108 4 8.77 3.19 1.12 0 3.16 1.07 1 0.02 0.04 0.04

109 { { { { { { { { { { {

110 3 11.26 3.46 1.58 1 3.28 1.29 1 0.00 0.00 0.00

111 3 12.43 { 2.60 3 { 2.21 1 { 0.28 0.23

112 { { { { { { { { { { {

113 3 12.05 { 1.86 3 { 1.41 1 { 0.03 0.03

114 { { { { { { { { { { {

115 2 13.42 { 2.08 2 { 1.63 1 { 0.30 0.35

116 { { { { { { { { { { {

117 { { { { { { { { { { {

118 4 11.71 3.20 1.35 2 3.15 1.23 2 0.00 0.03 0.03

119 5 8.83 3.17 1.21 0 3.04 1.02 1 0.07 0.00 0.00

120 6 7.48 3.69 3.02 0 3.62 2.91 1 1.50 1.02 0.62

121 30 10.45 1.94 1.07 0 1.89 0.99 2 0.54 0.20 0.10

122 1 13.98 { 3.84: 1 { 3.75 2 { { {

123 8 9.25 3.37 1.29 0 3.28 1.15 2 0.04 0.02 0.02

124 6 11.50 3.03 1.20 0 2.96 1.09 2 0.14 0.05 0.05

125 3 10.57 2.39 0.95 0 2.34 0.87 2 0.24 0.20 0.23

126 1 10.57 3.31 1.27 0 3.21 1.12 3 { { {

127 3 6.88 3.25 1.26 0 3.21 1.19 2 0.05 0.03 0.03

128 { { { { { { { { { { {

129 31 9.41 3.35 1.44 0 3.25 1.30 2 0.13 0.06 0.06

130 1 11.09 3.27 1.99 0 3.11 1.75 1 { { {

131 4 11.79 { 1.97 4 { 1.61 1 { 0.10 0.08

132 4 9.31 3.44 1.59 0 3.33 1.41 2 0.03 0.04 0.04

133 1 9.01 2.98 1.34 0 2.89 1.19 3 { { {

134 6 11.58 3.10 1.34 1 3.05 1.28 2 0.19 0.06 0.09

135 9 7.01 5.09 2.78 0 5.04 2.70 2 0.09 0.10 0.08

136 2 11.96 { 2.77 2 { 2.25 1 { 0.60 0.44

137 30 9.09 2.92 1.23 0 2.87 1.15 2 0.16 0.05 0.05

138 4 7.05 3.23 1.39 0 3.09 1.17 3 0.17 0.15 0.14

139 1 11.66 3.07 1.32 0 2.86 0.99 1 { { {

140 7 8.41 3.20 1.32 0 3.07 1.13 3 0.02 0.02 0.04

141 4 9.24 2.91 1.61 0 2.69 1.27 1 0.20 0.16 0.14

142 3 11.95 1.24 2.07 2 2.40 1.75 1 { 1.72 1.43

143 10 8.45 3.23 1.13 0 3.19 1.07 2 0.05 0.02 0.02

144 3 11.95 { 2.16 3 { 1.84 1 { 0.03 0.07

145 2 12.25 { 2.20 2 { 1.81 1 { 0.00 0.01

146 5 10.87 3.24 1.81 0 2.98 1.40 1 0.06 0.03 0.01

147 26 10.46 3.29 1.17 0 3.23 1.09 2 0.19 0.03 0.02

148 { { { { { { { { { { {

149 10 9.40 3.30 1.19 0 3.25 1.12 2 0.03 0.02 0.02

150 6 7.50 3.32 1.28 0 3.18 1.07 1 0.05 0.04 0.04

151 { { { { { { { { { { {

152 3 13.03 { 2.92 3 { 2.62 3 { 0.47 0.34

153 1 10.53 { 2.64 1 { 2.58 2 { { {
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Table B.2: Geneva photometri
 data (
ontinued)

Hen N

p

V U -B B-V n

U

(U -B)

0

(B-V )

0

m �

r

(U) �

r

(B) �

r

(V )

154 { { { { { { { { { { {

155 { { { { { { { { { { {

156 3 11.63 1.92 2.04 2 2.10 1.31 1 { 0.70 0.74

157 2 9.40 { 3.06 2 { 2.96 2 { 0.06 0.03

158 1 13.37 { 1.44 1 { 1.14 3 { { {

159 1 12.56 { 2.45 1 { 2.27 3 { { {

160 2 11.25 2.35 0.64 0 2.24 0.46 3 0.24 0.31 0.30

161 2 11.53 { 2.49 2 { 2.22 2 { 0.11 0.05

162 1 9.53 3.16 1.38 0 2.99 1.12 1 { { {

163 2 11.76 { 2.77 2 { 2.34 1 { 0.00 0.03

164 { { { { { { { { { { {

165 2 9.77 2.80 2.21 1 3.31 1.99 2 { 0.77 0.60

166 1 10.89 { 2.80 1 { 2.54 1 { { {

167 3 11.67 { 2.38 3 { 1.94 1 { 0.39 0.33

168 1 10.19 { 2.99 1 { 2.73 2 { { {

169 1 10.56 3.38 1.37 0 3.37 1.34 2 { { {

170 { { { { { { { { { { {

171 3 12.65 2.22 0.84 0 1.94 0.40 1 0.50 0.49 0.39

172 1 11.06 1.69 1.36 0 1.28 0.73 1 { { {

173 1 10.15 3.27 1.41 0 3.06 1.09 1 { { {

174 12 10.90 2.66 1.71 2 2.44 1.38 3 0.40 0.11 0.10

175 1 8.57 3.43 1.66 0 3.24 1.37 1 { { {

176 { { { { { { { { { { {

177 1 10.17 3.38 1.59 0 3.17 1.27 1 { { {

178 2 10.55 2.77 1.84 0 2.35 1.19 1 0.00 0.13 0.19

179 3 9.24 3.23 1.27 0 3.15 1.14 2 0.15 0.08 0.09

180 { { { { { { { { { { {

181 { { { { { { { { { { {

182 1 8.37 3.01 1.19 0 2.92 1.05 1 { { {

183 4 8.45 3.18 1.15 0 3.13 1.07 2 0.04 0.03 0.03

184 2 11.29 { 3.21 2 { 2.71 3 { 0.45 0.26

185 1 11.46 { 1.69 1 { 1.19 3 { { {

186 3 8.18 3.19 1.15 0 3.12 1.03 1 0.07 0.05 0.06

187 3 8.42 3.28 1.32 0 3.23 1.24 2 0.04 0.05 0.05

188 2 10.16 { 2.36 2 { 2.11 1 { 0.10 0.08

189 26 11.13 2.72 1.14 0 2.65 1.04 2 0.19 0.07 0.07

190 1 11.34 3.36 1.48 0 3.21 1.25 3 { { {

191 3 9.94 3.05 1.36 0 2.98 1.25 2 0.09 0.14 0.16

192 { { { { { { { { { { {

193 3 10.11 3.68 1.51 0 3.48 1.20 3 0.20 0.02 0.00

194 4 11.32 3.28 1.37 0 3.21 1.27 2 0.10 0.09 0.10

195 3 11.56 0.82 1.71 2 2.21 1.66 2 { 1.54 1.36

196 3 11.38 3.42 1.45 0 3.34 1.32 2 0.00 0.16 0.18

197 4 6.77 3.17 1.22 0 3.15 1.19 2 0.09 0.05 0.05

198 7 8.07 3.35 2.62 2 3.77 2.61 2 1.38 1.34 1.05

199 3 10.20 3.25 1.28 0 3.23 1.25 2 0.07 0.03 0.02

200 5 11.24 { 4.54 5 { 4.53 2 { 0.53 0.22

201 4 10.01 3.20 1.26 0 3.16 1.20 3 0.02 0.00 0.00

202 22 6.60 2.84 1.94 0 2.81 1.89 3 0.19 0.27 0.25

203 3 9.71 3.24 1.43 0 3.20 1.38 3 0.10 0.13 0.14

204 3 9.74 3.20 1.23 0 3.17 1.18 3 0.00 0.02 0.03

205 2 10.55 3.35 1.37 0 3.30 1.29 2 0.00 0.00 0.00
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Table B.3: Infrared photometri
 data

Hen K J-H H-K K-L (V -K)

0

K-[12℄ K-[25℄ m

bol

m

bol;V

1 3.10 0.93 0.19 0.12 4.28 -2.78 -4.26 5.90 5.46

2 4.07 0.92 0.20 0.15 4.18 { { 6.84 6.32

3 2.67 0.96 0.25 0.18 5.50 -2.66 -4.10 5.63 6.25

4 5.22 0.95 0.20 0.01 4.34 -2.73 { 8.03 7.62

5 5.80 0.81 0.08 0.14 5.18 { { 8.56 9.07

6 4.18 0.96 0.24 0.22 5.65 -2.51 -4.27 7.14 7.93

7 4.64 0.92 0.18 0.14 4.16 -2.71 { 7.43 7.21

8 5.50 0.94 0.25 0.28 5.36 -1.40 -2.19 8.42 8.09

9 5.30 0.97 0.17 -0.09 4.18 -2.66 { 8.12 7.57

10 { { { { { { { { 7.19

11 5.73 1.24 0.60 0.39 8.55 -0.97 -2.05 9.09 9.97

12 3.84 1.03 0.33 0.28 8.37 -3.90 { 6.92 7.89

13 { { { { { { { { 10.92

14 5.82 0.95 0.16 0.09 4.25 { { 8.58 8.13

15 4.82 0.86 0.14 0.23 6.85 -3.44 { 7.61 7.33

16 6.09 1.02 0.29 0.19 4.86 { { 9.03 8.17

17 { { { { { { { { 10.18

18 5.00 0.95 0.27 0.19 5.03 -2.67 { 7.85 7.36

19 5.41 0.96 0.22 0.10 4.91 -2.64 { 8.30 7.55

20 4.31 1.01 0.25 0.11 5.65 -2.41 -3.74 7.25 7.17

21 { { { { { { { { 7.77

22 7.53 0.83 0.05 -0.12 { { { { {

23 4.68 1.15 0.32 0.34 { -2.24 { { {

24 { { { { { { { { 6.53

25 { { { { { { { { {

26 { { { { { { { { {

27 5.86 0.81 0.54 { 6.37 -0.78 -1.85 { 7.88

28 3.96 0.95 0.24 0.12 4.47 -2.70 -4.23 6.76 6.48

29 5.41 1.17 0.32 0.36 5.64 -2.65 { 8.42 8.23

30 { { { { { { { { 7.83

31 2.46 0.98 0.22 0.18 4.40 -2.74 -4.22 5.27 4.91

32 { { { { { { { { 4.03

33 { { { { { { { { {

34 3.06 0.98 0.32 0.35 6.68 -2.08 -3.30 6.04 5.40

35 5.59 0.80 0.18 -0.08 3.90 { { 8.25 7.56

36 2.60 1.02 0.29 0.28 6.27 -2.48 -3.91 5.63 4.94

37 4.17 1.12 0.28 0.27 6.46 -2.55 -3.83 7.19 7.84

38 { { { { { { { { 8.15

39 3.49 1.01 0.27 0.20 5.42 -2.63 -4.12 6.42 6.12

40 4.88 1.08 0.32 0.36 5.32 -2.50 -3.12 7.70 6.17

41 2.61 1.06 0.32 0.33 6.58 -2.26 -3.50 5.65 5.25

42 { { { { { { { { 9.29

43 5.50 0.95 0.24 0.36 4.82 -2.73 { 8.36 8.71

44 5.06 1.00 0.31 0.33 5.36 -2.31 { 8.03 7.64

45 4.75 0.97 0.21 0.21 4.29 -2.83 { 7.50 6.23

46 5.41 1.04 0.31 0.20 4.74 -2.62 { 8.16 8.11

47 4.01 1.18 0.36 0.34 { { { { {

48 5.55 0.96 0.28 0.18 { -2.51 { { {

49 { { { { { { { { 8.02

50 2.68 0.99 0.38 0.46 6.48 -1.70 -2.96 5.44 5.08

51 3.34 1.20 0.39 0.34 6.86 -1.84 -2.99 6.46 7.40
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Table B.3: Infrared photometri
 data (
ontinued)

Hen K J-H H-K K-L (V -K)

0

K-[12℄ K-[25℄ m

bol

m

bol;V

52 5.29 1.16 0.34 0.08 5.04 -2.65 { 8.10 8.27

53 1.67 1.22 0.38 0.35 7.27 -2.40 -3.27 4.68 4.53

54 3.61 1.13 0.37 0.35 7.32 -1.92 -3.42 6.73 6.60

55 2.52 1.06 0.31 0.26 { { { { {

56 { { { { { { { { 7.87

57 3.81 1.08 0.31 0.21 5.61 -2.53 -3.81 6.70 6.57

58 { { { { { { { { {

59 5.60 0.95 0.26 0.25 4.84 -2.60 { 8.48 8.51

60 { { { { { { { { {

61 6.10 1.10 0.34 0.39 4.84 { { 8.94 8.92

62 { { { { { { { { 7.22

63 4.50 1.01 0.24 0.23 5.08 -2.76 { 7.42 7.65

64 3.35 1.03 0.29 0.29 6.25 -2.59 -3.87 6.27 6.77

65 4.57 1.10 0.27 0.26 5.16 { { 7.37 7.71

66 4.33 1.06 0.26 0.18 5.83 -2.66 -3.98 7.32 7.38

67 3.73 0.99 0.24 0.18 4.93 -2.67 -4.23 6.63 6.73

68 2.75 1.17 0.53 0.62 6.81 -1.57 -2.30 5.67 5.07

69 3.00 1.18 0.36 0.30 7.60 -2.47 -3.79 6.08 6.24

70 3.96 1.14 0.33 0.32 6.31 -2.57 -4.32 6.93 8.27

71 5.32 0.97 0.22 0.38 4.57 -2.69 { 8.13 7.94

72 4.06 1.00 0.38 0.41 5.88 -2.06 -3.28 7.06 5.60

73 { { { { { { { { {

74 6.20 1.05 0.21 0.46 4.29 { { 8.96 8.84

75 { { { { { { { { 8.59

76 6.21 1.01 0.16 0.38 4.25 { { 8.97 8.52

77 5.05 1.01 0.30 { 4.77 -2.50 { { 6.93

78 2.60 1.17 0.38 0.34 8.00 -2.44 -3.66 5.61 6.20

79 { { { { { { { { 8.14

80 2.72 1.06 0.36 0.33 6.21 -2.30 -3.70 5.76 4.58

81 5.33 0.93 0.48 { { -1.66 -2.72 { {

82 3.44 1.27 0.45 { { -4.33 { { {

83 6.25 1.05 0.20 0.21 4.34 { { 8.85 8.86

84 4.83 1.21 0.49 0.60 { -1.03 -1.99 { {

85 3.71 1.12 0.34 0.26 7.28 -2.38 -3.26 6.74 6.62

86 6.00 1.05 0.21 0.16 4.42 { { 8.81 8.78

87 3.44 1.30 0.42 0.39 6.93 -2.19 -3.17 6.58 7.55

88 4.28 1.00 0.24 0.22 5.15 -2.51 { 7.20 6.65

89 3.59 1.02 0.32 { 5.62 -2.30 -3.73 { 6.39

90 4.73 0.97 0.23 0.25 4.45 -2.68 { 7.50 7.22

91 { { { { { { { { 7.47

92 4.76 1.14 0.31 0.18 6.25 -2.48 { 7.78 8.20

93 2.31 1.15 0.38 0.34 9.11 -2.47 -3.55 5.42 7.07

94 { { { { { { { { {

95 3.77 0.97 0.28 0.26 5.47 { { 6.53 6.37

96 { { { { { { { { 8.76

97 1.87 1.03 0.30 0.24 6.32 -2.54 -3.88 4.85 5.40

98 4.42 1.13 0.30 0.30 5.89 { { 7.33 7.45

99 3.05 1.17 0.36 0.35 6.74 -2.47 -3.46 6.12 5.43

100 3.83 1.60 0.62 0.52 { { { { {

101 1.64 1.17 0.33 0.34 7.64 -1.64 -2.46 4.76 4.96

102 { { { { { { { { {
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Table B.3: Infrared photometri
 data (
ontinued)

Hen K J-H H-K K-L (V -K)

0

K-[12℄ K-[25℄ m

bol

m

bol;V

103 { { { { { { { { {

104 4.21 1.08 0.25 0.24 5.51 { { 7.16 6.92

105 4.75 1.04 0.32 0.32 { { { { {

106 { { { { { { { { 7.96

107 4.88 1.17 0.44 { 6.78 -2.40 { { 8.82

108 4.32 0.90 0.20 0.18 4.31 -2.64 { 7.12 7.03

109 6.25 0.56 0.40 1.51 { -0.89 -2.27 { {

110 { { { { { { { { 8.45

111 { { { { { { { { 8.47

112 { { { { { { { { {

113 5.15 1.29 0.34 0.20 5.63 -2.73 { 8.08 7.90

114 { { { { { { { { {

115 { { { { { { { { 7.72

116 { { { { { { { { {

117 { { { { { { { { {

118 { { { { { { { { 9.43

119 4.24 0.90 0.22 0.21 4.04 -2.64 -4.35 6.93 6.64

120 1.56 1.18 0.47 0.33 5.59 -2.12 -3.37 4.72 4.37

121 4.14 0.96 0.27 0.25 6.08 -2.69 { 7.10 7.58

122 5.21 0.96 0.27 { 8.52 -2.17 { { 9.40

123 4.47 1.00 0.20 0.14 4.39 -2.79 { 7.27 6.92

124 6.06 0.91 0.24 0.01 5.13 { { 8.93 9.25

125 3.73 0.86 0.42 0.54 6.63 -1.85 -3.20 6.75 6.42

126 5.35 0.99 0.24 0.24 4.80 -2.73 { 8.20 8.20

127 1.47 1.36 0.70 0.70 5.21 -2.55 -4.06 4.80 3.91

128 { { { { { { { { {

129 4.11 1.01 0.22 0.14 4.90 -2.67 { 6.97 7.07

130 4.34 1.18 0.32 0.27 6.07 -2.45 -3.67 7.35 7.58

131 4.26 1.19 0.36 0.36 6.53 -2.45 -3.59 7.24 7.93

132 4.14 1.04 0.22 0.22 4.67 -2.63 -4.16 6.98 6.85

133 3.60 0.97 0.27 0.09 5.00 -2.75 -4.11 6.48 6.64

134 6.20 0.84 0.28 0.23 5.21 { { 9.10 8.64

135 0.58 1.15 0.36 0.37 6.21 -2.05 -3.12 3.69 4.01

136 3.62 1.51 0.66 0.66 6.88 -1.18 -1.52 6.83 6.05

137 3.59 0.97 0.26 0.18 5.29 -2.77 -4.34 6.52 6.95

138 { { { { { { { { 4.44

139 { { { { { { { { 7.91

140 2.72 1.03 0.28 0.16 5.15 -2.70 -4.23 5.62 5.06

141 0.44 1.07 0.36 0.30 7.85 -2.37 -3.66 3.40 3.90

142 6.92 0.87 0.00 0.36 4.12 1.29 0.31 9.39 6.65

143 3.89 0.90 0.21 0.17 4.41 -2.84 -4.34 6.70 6.38

144 3.18 1.15 0.37 0.33 7.87 -2.41 -3.59 6.19 6.66

145 { { { { { { { { 8.29

146 2.51 1.14 0.36 0.30 7.22 -2.55 -3.92 5.45 5.31

147 5.84 0.86 0.17 0.08 4.40 { { 8.58 8.63

148 { { { { { { { { {

149 4.72 0.97 0.17 { 4.48 -2.68 { { 7.27

150 2.06 1.00 0.26 0.14 4.84 -2.76 -4.23 4.91 4.94

151 { { { { { { { { {

152 { { { { { { { { 7.80

153 2.19 1.24 0.56 0.66 8.17 -1.44 -2.41 5.49 6.04
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Table B.3: Infrared photometri
 data (
ontinued)

Hen K J-H H-K K-L (V -K)

0

K-[12℄ K-[25℄ m

bol

m

bol;V

154 { { { { { { { { {

155 3.68 1.00 0.45 0.39 { -2.49 -3.81 { {

156 { { { { { { { { 5.05

157 2.50 1.15 0.32 0.42 6.64 -2.49 -3.77 5.57 6.36

158 5.49 1.16 0.31 0.37 7.03 0.13 -0.84 8.46 8.13

159 4.46 1.16 0.36 0.32 7.59 -2.50 -3.36 7.54 7.70

160 { { { { { { { { 6.39

161 2.42 1.34 0.46 0.34 8.36 -2.32 -3.05 5.59 6.39

162 2.85 1.05 0.32 0.22 5.95 -2.51 -3.91 5.78 5.97

163 1.53 2.08 0.73 0.83 9.00 -0.83 -1.68 4.97 6.10

164 3.69 1.60 0.63 0.58 { -1.52 -2.32 { {

165 0.56 1.23 0.39 0.34 8.58 -2.13 -3.07 3.67 4.78

166 3.80 1.16 0.40 0.33 6.37 -2.48 -3.66 6.85 7.34

167 2.98 1.17 0.35 0.28 7.46 -2.57 -3.91 5.92 6.01

168 2.67 1.19 0.41 0.38 6.78 -2.42 -3.56 5.74 6.62

169 { { { { { { { { 8.56

170 3.35 1.13 0.45 0.40 { -2.02 -3.35 { {

171 2.99 1.19 0.50 0.46 8.44 -1.71 -2.86 6.04 7.38

172 0.26 1.17 0.55 0.63 9.02 -1.21 -2.16 3.21 5.18

173 4.53 1.01 0.23 -0.04 4.71 { { 7.29 7.24

174 3.81 1.04 0.41 { 6.15 -2.48 { { 5.95

175 1.43 1.07 0.31 0.24 6.33 -2.62 -3.95 4.36 4.92

176 { { { { { { { { {

177 3.12 1.15 0.32 0.28 6.14 -2.43 { 6.07 6.42

178 { { { { { { { { 4.63

179 3.71 1.00 0.22 0.12 5.17 -2.61 -4.02 6.60 6.93

180 4.62 1.78 0.78 0.68 { -0.92 { { {

181 3.05 1.07 0.55 { { -1.88 { { {

182 3.04 0.97 0.24 0.19 4.95 -2.84 -4.02 5.90 6.36

183 3.47 1.31 0.23 { 4.77 -2.67 -4.22 { 6.63

184 { { { { { { { { 6.98

185 4.57 1.09 0.28 0.03 5.48 { { 7.34 7.16

186 3.28 0.85 0.25 0.18 4.58 -2.82 -4.15 6.08 6.24

187 3.40 0.99 0.22 0.16 4.80 -2.75 -4.27 6.27 6.26

188 3.23 1.15 0.33 0.35 6.22 -2.35 -3.50 6.22 6.62

189 { { { { { { { { 8.90

190 { { { { { { { { 8.72

191 2.66 1.04 0.30 0.28 6.97 -2.40 -3.54 5.68 5.29

192 { { { { { { { { {

193 4.74 1.03 0.25 0.14 4.52 -2.64 { 7.50 7.26

194 { { { { { { { { 9.10

195 { { { { { { { { 7.10

196 5.96 0.75 0.34 0.27 5.06 { { 8.80 8.23

197 1.66 0.96 0.22 0.17 5.02 -2.77 -4.17 4.57 3.91

198 1.30 1.06 0.39 0.35 6.76 -1.73 -2.19 4.45 3.75

199 { { { { { { { { 8.20

200 4.02 1.33 0.93 { 7.21 -0.81 -2.05 { 6.92

201 5.76 0.90 0.18 0.10 4.07 { { 8.50 8.22

202 -2.12 1.14 0.43 0.44 8.57 -1.71 -2.50 1.07 2.13

203 5.01 0.86 0.23 0.21 4.55 -2.54 { 7.83 7.64

204 5.17 0.92 0.21 0.16 4.42 -2.84 { 7.99 7.99

205 4.99 1.00 0.25 0.19 5.35 { { 7.93 8.41
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Table B.4: Spe
tros
opi
 data and 
lustering results

Hen I

ZrO

I

TiO

I

NaD

I

LaO

S/N w l b C

2

C

6

C

f

1 { { { { { 4.27 311.9 -53.7 1 2 e

2 { { { { { 4.59 300.6 -37.7 1 2 e

3 0.14 0.44 0.54 0.04 188 4.52 231.1 -40.9 1 2 e

4 0.08 0.23 0.43 0.06 182 3.37 297.5 -30.3 1 2 e

5 0.18 0.31 0.43 0.03 157 3.47 237.6 -32.3 1 2 e

6 0.17 0.43 0.55 0.05 233 3.61 258.3 -33.9 1 2 e

7 0.16 0.19 0.37 0.03 70 3.22 244.2 -26.5 1 1 e

8 0.28 0.34 0.46 0.03 188 3.15 246.5 -24.2 2 4 i

9 0.16 0.18 0.41 0.05 306 3.27 270.0 -28.2 1 2 e

10 0.22 0.39 0.54 0.06 192 3.27 296.3 -28.2 1 1 e

11 0.28 0.71 0.90 0.20 107 3.01 234.6 -15.8 2 6 i

12 0.20 0.33 0.42 0.03 174 3.10 252.2 -22.0 2 6 i

13 0.19 0.34 0.45 0.04 65 3.12 256.2 -22.6 1 2 e

14 0.18 0.21 0.43 0.05 157 3.03 243.6 -17.7 1 2 e

15 0.28 0.70 0.91 0.17 64 3.00 236.7 -14.8 2 6 i

16 0.15 0.35 0.47 0.04 125 3.05 247.8 -18.9 2 4 i

17 0.24 0.36 0.51 0.04 109 3.02 243.6 -16.7 1 2 e

18 0.27 0.36 0.47 0.02 139 2.96 239.9 -11.2 1 3 e

19 0.31 0.24 0.49 0.04 172 2.95 242.5 -8.7 2 4 i

20 0.17 0.44 0.54 0.04 155 2.99 256.8 -14.1 2 4 i

21 0.30 0.54 0.72 0.10 186 2.94 244.6 -7.3 2 6 i

22 0.06 0.09 0.34 0.06 90 3.01 265.2 -16.5 0 {

23 0.50 0.28 0.66 0.13 123 2.94 244.6 -6.3 2 6 i

24 0.36 0.40 0.73 0.08 201 2.94 247.8 -7.1 2 6 i

25 0.27 0.77 0.90 0.20 81 3.04 271.6 -18.3 2 6 i

26 { { { { { 2.92 239.0 -1.3 0 {

27 0.49 0.21 0.84 0.18 79 3.19 294.8 -25.7 2 6 i

28 0.27 0.21 0.44 0.06 219 3.10 282.1 -21.6 1 2 e

29 0.37 0.17 0.77 0.05 169 2.92 241.2 -1.6 2 4 i

30 0.51 0.33 0.76 0.20 119 2.93 245.9 -3.0 2 6 i

31 0.16 0.21 0.41 0.04 172 3.01 273.2 -16.3 1 2 e

32 0.28 0.82 0.94 0.13 171 2.95 258.5 -8.3 2 6 i

33 0.57 0.39 0.99 0.56 31 2.92 246.2 -0.5 0 i

34 0.17 0.53 0.62 0.04 215 3.03 277.9 -17.9 2 6 i

35 0.14 0.14 0.44 0.07 243 3.08 283.8 -20.6 1 2 e

36 0.16 0.39 0.48 0.03 210 2.92 248.4 -1.0 2 5 i

37 0.15 0.50 0.59 0.02 218 2.93 257.5 -5.9 2 4 i

38 0.18 0.39 0.50 0.05 194 2.94 258.4 -6.4 2 4 i

39 0.18 0.42 0.52 0.04 95 3.03 278.6 -17.7 2 4 i

40 0.12 0.43 0.59 0.04 211 2.92 248.5 0.9 2 5 i

41 0.21 0.38 0.50 0.03 202 2.93 246.7 2.8 2 5 i

42 0.44 0.21 0.81 0.17 104 2.92 249.2 1.2 2 4 i

43 0.25 0.31 0.51 0.03 237 2.93 245.8 4.5 1 1 e

44 0.24 0.40 0.51 0.03 207 2.93 248.8 3.1 2 4 i

45 0.17 0.24 0.46 0.05 147 2.92 251.2 1.5 2 4 i

46 0.29 0.28 0.50 0.05 126 2.92 255.3 -0.4 2 2 e

47 0.52 0.29 0.88 0.10 118 2.92 254.5 1.0 2 4 i

48 0.24 0.41 0.55 0.02 155 2.93 250.6 5.5 2 4 i

49 0.38 0.18 0.90 0.14 94 2.92 257.8 0.4 2 4 i

50 0.25 0.67 0.79 0.41 49 2.93 256.3 2.3 2 5 i

51 0.42 0.19 0.89 0.30 122 2.93 268.8 -6.0 2 4 i
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Table B.4: Spe
tros
opi
 data and 
lustering results (
ontinued)

Hen I

ZrO

I

TiO

I

NaD

I

LaO

S/N w l b C

2

C

6

C

f

52 0.20 0.30 0.46 0.05 97 2.93 267.2 -4.7 1 2 e

53 0.45 0.39 0.84 0.18 127 2.92 259.1 1.7 2 6 i

54 0.59 0.43 0.78 0.03 147 2.93 254.1 6.0 2 6 i

55 0.36 0.19 0.94 0.16 108 2.92 265.2 -1.7 2 6 i

56 0.29 0.45 0.59 0.04 169 2.95 274.2 -8.3 2 5 i

57 0.23 0.44 0.54 0.03 162 2.93 269.1 -4.2 2 4 i

58 0.09 0.27 0.43 0.05 71 2.92 266.5 -1.0 1 1 e

59 0.20 0.32 0.44 0.04 98 3.01 286.1 -16.5 1 2 e

60 { { { { { 2.95 277.6 -9.4 0 {

61 0.20 0.18 0.42 0.06 60 2.93 262.8 4.0 1 2 e

62 0.40 0.18 0.87 0.20 78 2.93 263.5 4.3 2 6 i

63 0.12 0.29 0.48 0.04 271 2.95 258.2 9.3 1 2 e

64 0.51 0.30 0.72 0.09 179 2.97 254.8 12.4 2 4 i

65 0.15 0.38 0.53 0.04 227 2.93 264.6 3.8 1 2 e

66 0.16 0.39 0.52 0.03 152 2.95 259.1 9.0 2 4 i

67 0.10 0.41 0.50 0.04 146 3.11 296.1 -22.3 2 2 e

68 0.49 0.22 0.97 0.37 73 2.92 276.3 -1.5 2 6 i

69 0.53 0.30 0.84 0.19 124 2.95 284.5 -10.0 2 6 i

70 0.19 0.38 0.52 0.03 133 2.93 272.3 4.5 1 2 e

71 0.19 0.22 0.45 0.05 110 2.95 284.0 -8.6 1 2 e

72 0.36 0.21 0.93 0.26 128 2.94 283.5 -8.0 2 6 i

73 0.29 0.63 0.75 0.05 86 2.93 273.0 4.9 2 6 i

74 0.16 0.21 0.41 0.05 82 2.93 282.4 -5.9 1 1 e

75 0.51 0.28 0.88 0.17 65 2.94 284.3 -7.7 2 6 i

76 0.18 0.22 0.47 0.06 142 3.02 265.2 16.9 1 2 e

77 0.23 0.36 0.48 0.04 112 2.93 276.4 4.0 2 4 i

78 0.44 0.23 0.93 0.25 159 2.94 275.1 6.9 2 6 i

79 0.16 0.35 0.51 0.08 164 2.96 288.4 -10.7 1 2 e

80 0.33 0.56 0.70 0.05 205 2.97 289.4 -12.0 2 6 i

81 0.41 0.17 0.72 0.25 43 2.93 283.9 -4.4 2 6 i

82 0.27 0.15 0.59 0.07 116 2.93 284.3 -5.0 2 5 i

83 0.23 0.17 0.52 0.07 77 2.93 278.5 3.2 1 1 e

84 0.23 0.15 0.95 0.07 108 2.93 283.4 -3.5 2 6 i

85 0.27 0.49 0.63 0.07 143 2.94 275.3 7.7 2 6 i

86 0.23 0.24 0.48 0.04 144 2.97 271.8 12.4 1 1 e

87 0.32 0.20 0.97 0.23 151 2.93 284.0 -4.1 2 4 i

88 0.17 0.42 0.52 0.04 224 3.08 267.2 21.0 2 4 i

89 0.17 0.37 0.52 0.07 234 2.93 284.8 -3.6 2 4 i

90 0.22 0.28 0.47 0.05 158 2.92 281.5 1.7 1 2 e

91 0.25 0.72 0.92 0.15 115 2.95 277.6 9.3 2 6 i

92 0.24 0.38 0.53 0.04 141 2.93 281.4 4.7 2 4 i

93 0.50 0.29 0.80 0.24 172 2.94 289.9 -7.9 2 6 i

94 0.45 0.22 0.89 0.20 69 2.92 287.0 -1.9 2 6 i

95 0.18 0.46 0.55 0.05 259 2.92 286.9 -1.7 2 4 i

96 0.47 0.23 0.87 0.25 79 2.93 283.5 4.8 2 4 i

97 0.21 0.43 0.55 0.05 185 2.93 283.1 5.9 2 4 i

98 0.26 0.42 0.53 0.04 155 2.92 285.6 2.0 2 4 i

99 0.39 0.29 0.87 0.10 230 2.93 284.9 3.5 2 6 i

100 0.30 0.24 0.93 0.08 157 2.92 287.1 -0.5 2 4 i

101 0.30 0.58 0.77 0.09 102 3.08 275.2 20.9 2 6 i

102 0.14 0.41 0.56 0.04 52 2.92 287.4 -0.6 0 {
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Table B.4: Spe
tros
opi
 data and 
lustering results (
ontinued)

Hen I

ZrO

I

TiO

I

NaD

I

LaO

S/N w l b C

2

C

6

C

f

103 0.39 0.32 0.88 0.16 71 5.85 288.1 0.0 2 6 i

104 0.17 0.41 0.55 0.05 155 2.93 285.8 6.1 2 4 i

105 0.22 0.38 0.52 0.05 92 2.92 289.1 -0.7 2 4 i

106 0.17 0.43 0.56 0.05 96 2.92 290.2 -2.1 2 4 i

107 0.44 0.21 0.88 0.21 75 2.93 287.9 3.3 2 4 i

108 0.14 0.26 0.50 0.06 293 2.93 287.8 3.6 1 1 e

109 0.28 0.55 0.66 0.04 165 2.94 293.3 -7.5 2 6 i

110 0.14 0.19 0.45 0.05 173 2.92 290.6 -1.4 1 2 e

111 0.44 0.19 0.89 0.24 134 2.92 290.2 0.3 2 4 i

112 0.14 0.71 0.88 0.05 108 2.95 286.9 9.7 2 6 i

113 0.24 0.32 0.50 0.04 139 2.93 293.4 -4.8 2 4 i

114 0.60 0.34 0.90 0.12 172 2.92 292.1 -0.7 2 6 i

115 0.47 0.26 0.73 0.13 84 5.85 292.3 0.0 2 6 i

116 { { { { { 2.93 296.4 -3.3 0 {

117 0.28 0.15 0.82 0.07 121 2.93 295.3 2.2 2 4 i

118 0.16 0.22 0.39 0.06 112 3.10 291.7 21.7 1 2 e

119 0.20 0.24 0.49 0.05 267 2.94 295.4 6.3 1 1 e

120 0.25 0.21 0.97 0.09 174 2.94 297.6 6.5 2 4 i

121 0.24 0.42 0.51 0.04 102 3.66 295.0 34.4 1 3 e

122 0.59 0.51 0.86 0.40 64 2.96 298.6 10.5 2 6 i

123 0.13 0.24 0.42 0.04 217 3.00 298.5 15.1 1 2 e

124 0.23 0.39 0.49 0.05 192 3.07 298.9 20.4 1 2 e

125 0.21 0.57 0.72 0.10 198 3.95 299.0 36.4 2 5 i

126 0.19 0.32 0.49 0.04 206 2.95 301.3 9.4 1 2 e

127 0.08 0.38 0.51 0.03 143 3.22 303.0 -26.7 2 4 i

128 0.35 0.15 0.89 0.39 67 3.07 302.0 20.1 2 6 i

129 0.25 0.29 0.46 0.05 260 3.01 302.8 16.0 1 2 e

130 0.49 0.23 0.82 0.18 152 2.93 303.6 -3.8 2 4 i

131 0.26 0.37 0.58 0.04 124 2.93 304.0 2.2 2 4 i

132 0.24 0.23 0.50 0.05 164 2.95 304.1 -10.1 1 2 e

133 0.24 0.31 0.47 0.06 203 2.93 305.4 6.1 1 2 e

134 0.19 0.35 0.43 0.03 105 3.43 308.1 31.5 2 4 i

135 0.24 0.14 0.91 0.06 129 3.04 307.1 18.3 2 4 i

136 0.51 0.27 0.99 0.47 44 2.92 306.4 -0.4 2 6 i

137 0.15 0.38 0.52 0.05 252 2.97 309.6 11.4 1 2 e

138 0.15 0.41 0.52 0.03 172 2.95 306.6 -9.1 1 2 e

139 0.17 0.41 0.54 0.05 88 2.93 308.1 -5.5 2 4 i

140 0.14 0.39 0.55 0.06 171 2.94 310.7 6.9 2 4 i

141 0.29 0.60 0.78 0.07 175 2.92 309.9 2.0 2 6 i

142 0.75 0.60 1.03 0.46 28 2.93 308.7 -4.8 2 6 i

143 0.15 0.28 0.51 0.07 178 3.05 316.4 19.3 1 2 e

144 0.45 0.47 0.76 0.14 148 2.93 312.5 2.4 2 6 i

145 0.21 0.38 0.54 0.06 100 2.92 312.9 1.3 2 4 i

146 0.42 0.46 0.67 0.09 176 2.93 312.6 -2.6 2 6 i

147 0.19 0.27 0.45 0.04 198 3.45 329.1 31.9 1 1 e

148 0.35 0.18 0.87 0.12 154 2.92 315.4 -0.8 2 6 i

149 0.20 0.28 0.46 0.06 159 3.06 327.1 19.5 1 2 e

150 0.16 0.35 0.51 0.03 134 2.92 317.0 -1.3 1 2 e

151 0.57 0.37 0.89 0.22 77 2.93 316.2 -3.6 2 6 i

152 0.43 0.17 0.95 0.32 51 2.93 320.2 3.7 2 6 i

153 0.42 0.18 0.93 0.45 119 3.00 327.9 15.1 2 6 i
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Table B.4: Spe
tros
opi
 data and 
lustering results (
ontinued)

Hen I

ZrO

I

TiO

I

NaD

I

LaO

S/N w l b C

2

C

6

C

f

154 0.05 0.06 0.22 0.07 152 2.97 312.8 -12.0 0 {

155 0.52 0.25 0.76 0.19 144 3.07 335.9 20.3 2 6 i

156 0.46 0.68 0.85 0.09 125 2.92 326.0 0.1 2 6 i

157 0.31 0.14 0.96 0.07 245 3.01 314.5 -15.8 2 4 i

158 0.44 0.22 0.98 0.24 70 2.92 328.3 -1.5 2 6 i

159 { { { { { 2.94 323.2 -8.2 2 6 i

160 0.22 0.75 0.90 0.23 74 2.94 324.1 -7.5 2 6 i

161 0.51 0.28 0.90 0.14 88 3.00 349.2 15.4 2 6 i

162 0.21 0.42 0.54 0.03 249 2.93 329.5 -4.7 2 4 i

163 { { { { { 2.92 334.4 -1.5 2 6 i

164 0.77 0.64 1.08 0.25 64 2.92 335.1 -0.9 2 6 i

165 0.48 0.37 0.81 0.22 167 2.96 348.9 11.3 2 6 i

166 { { { { { 2.94 329.9 -7.0 2 4 i

167 { { { { { 2.93 331.3 -5.9 2 6 i

168 { { { { { 2.95 327.9 -10.1 2 4 i

169 { { { { { 3.02 321.1 -16.7 1 2 e

170 { { { { { 2.96 329.3 -10.3 2 6 i

171 { { { { { 2.94 334.4 -6.3 2 5 i

172 { { { { { 2.93 348.0 3.5 2 5 i

173 { { { { { 2.93 353.0 4.4 1 2 e

174 { { { { { 2.95 1.3 8.5 2 5 i

175 { { { { { 2.93 346.3 -2.4 2 4 i

176 { { { { { 2.93 356.5 4.8 0 i

177 { { { { { 2.93 353.7 2.3 2 4 i

178 { { { { { 2.93 357.4 4.9 2 5 i

179 { { { { { 2.97 337.8 -11.8 1 2 e

180 { { { { { 2.92 0.9 -0.1 2 6 i

181 { { { { { 2.93 355.1 -3.8 2 5 i

182 { { { { { 2.93 360.0 -2.7 1 1 e

183 { { { { { 3.05 328.7 -19.4 1 1 e

184 { { { { { 2.92 4.5 -1.8 2 4 i

185 { { { { { 2.92 4.7 -1.5 2 4 i

186 { { { { { 2.94 355.1 -7.7 1 1 e

187 { { { { { 3.08 326.3 -21.0 1 2 e

188 { { { { { 2.94 355.9 -7.9 2 4 i

189 { { { { { 2.99 344.8 -14.4 2 2 e

190 { { { { { 2.95 0.4 -9.3 1 2 e

191 { { { { { 2.97 358.6 -11.6 2 6 i

192 { { { { { 2.97 0.0 -12.0 0 i

193 { { { { { 2.95 10.7 -8.7 1 2 e

194 { { { { { 3.09 358.5 -21.2 1 2 e

195 { { { { { 3.17 347.0 -24.8 2 6 i

196 { { { { { 3.18 7.9 -25.3 2 4 i

197 { { { { { 3.53 334.2 -32.9 2 4 i

198 { { { { { 3.49 355.4 -32.5 2 6 i

199 { { { { { 3.63 0.3 -34.1 1 2 e

200 { { { { { 4.47 350.7 -43.8 2 6 i

201 { { { { { 4.43 22.5 -45.4 1 1 e

202 { { { { { 4.25 350.2 -54.5 2 6 i

203 { { { { { 4.32 338.0 -51.3 1 2 e

204 { { { { { 4.17 349.4 -58.6 1 1 e

205 { { { { { 3.38 304.8 -30.7 1 2 e
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