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PREFACE

IAU Colloquium No. 108, Atmospheric Diagnostics of Stellar Evolution: Chemical Pecu-
liarity, Mass Loss, and Explosion, was attended by 63 participants from Japan and 65 participants
from 20 other countries. In all, 34 invited talks, 32 contributed talks, and 49 poster papers were
presented, and the meeting was widely regarded as a great success.

This colloquium was organized with the following original intention: Recent detailed obser-
vations and extensive theoretical modeling, both of the stellar atmosphere and the stellar interior,
have opened up new possibilities of establishing evolutionary models of the chemical and dynami-
cal behavior of stars that are unified from the central core to the outermost layers. In particular,
there is a common interest in the atmospheric phenomena of chemical peculiarities, mass loss, and
explosion, all of which are strongly related to the hydrodynamical evolution of the stellar interior.
Instead of analyzing these phenomena separately for specific stellar types or masses, we intended
to gain a sequential view of the different evolutionary paths of stars of various masses by bringing
researchers of different specialities together.

On 23 February 1987, a supernova was observed in the Large Magellanic Cloud. This
supernova (SN 1987A) has revealed many new exciting features and provided us with a unique and
excellent opportunity to chart the evolution and explosion of massive stars. Our colloquium greatly
benefitted from this timely occurrence, and became the first IAU meeting to discuss intensively
SN 1987A. In the session on explosion, historic underground neutrino observations, ground-based
optical observations, and satellite observations of SN 1987A were collected and compared with
theoretical models. Among the highlights was the exciting announcement of the detection of
x-rays from the supernova, which was much earlier than the theoretical prediction.

The progenitor of SN 1987A was, surprisingly, a B3 supergiant. The mass loss and the
change in the surface abundances during the progenitor’s evolution were directly related to the
discussion of the two other major topics of the colloquium, chemical peculiarity and mass loss. In
these, there were extensive discussions on the interaction between the evolving stellar interior and
the atmosphere for various types of stars that exhibit peculiar surface abundances and a loss of
mass . Abundance anomalies of He, Li, CNO and s-process elements in main-sequence stars, AGB
stars, OB supergiants, Wolf-Rayet stars and interacting binaries were interpreted by the combined
effects of diffusion, meridional circulation, convection, and mass loss. Mass loss mechanisms and
self-consistent atmospheric models with stellar wind were discussed in the light of new observations
over all wave bands for a wide range of stars in the HR diagram.

Every evening, ample time for discussion (and a beer !) was provided, which proved to
be very popular among participants. At the banquet, we celebrated the 80th birthday of Yoshio
Fujita and his pioneering work on carbon stars.

Tokyo Ken’ichi Nomoto
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I. Chemical Peculiarities as Probe of Stellar Evolution

Chair: C. de Jager and G. Michaud



MAIN SEQUENCE ABUNDANCES:
OBSERVATIONAL ASPECTS

Jun JUGAKU

Tokyo Astronomical Observatory

Abstract: Although once it was thought that main-sequence stars are remarkably
homogeneous with respect to their chemical composition, the upper main-sequence
stars (30000 > Te > 7000) show a variaety of chemically peculiar stars besides the
so-called normal stars. Those include the Am, Ap, A Bootis, He-deficient, and
He-rich stars. This review summarizes the current data, which are necessary to
construct and test the theoretical models of these stars. In the second half of the
review we concentrate on Li. In the lower main-sequecnce stars abundances of Li
have been determined in hundreds of stars. Some of the remarkable results are:
(1) A uniform upper abundance value irrespective of stellar effective temperature,
(2) abundance gap in the F stars of the Hyades, and (3) increasing depletion with

smaller stellar mass for the Hyades.



MAIN SEQUENCE ABUNDANCES, MASS LOSS AND MERIDIONAL CIRCULATION

Georges Michaud
Département de Physique, Université de Montréal
Montréal, Québec, CANADA H3C 3J7

ABSTRACT Constraints that abundance anomalies observed on main sequence stars put on
turbulence, meridional circulation and mass loss are reviewed. The emphasis is on recent
observations of Li abundances.

Upper limits to turbulence are obtained from the Be abundance in the Sun and from
underabundances of Ca and Sc in FmAm stars. The Li abundance in G type stars suggests
the presence of turbulence below convection zones.

The abundance anomalies, both over and underabundances, observed in FmAm and \
Booti stars can be explained by diffusion in the presence of mass loss. A mass loss rate
of 10715 M, yr-! is required to explain the FmAm stars while a mass loss rate of 1013
Mo yr-t is required by the A Booti stars.

The position and width of the Li abundance gap observed in Hyades and other open
clusters is explained by diffusion. A detailed reproduction of the Li{Tesr) curve seems to
require a mass loss rate of slightly more than 10-** Mo yr-%, of the same order as the
mass loss rate required by the FmAm stars. In the presence of such a mass loss only
small overabundances of heavy elements are expected. The observed variations in the Li
abundance as a function of the age of clusters suggests that the Li abundance observed
in old halo stars does not represent the cosmological abundance.

Detailed two dimensional calculations of diffusion in presence of meridional circulation
for HgMn and FmAm stars lead to a cut-off of about 100 km s for the maximum equa-
torial rotational velocity at which abundance anomalies are expected in these objects.
This agrees with observations. A similar calculation for the F stars of the Hyades where
Li underabundances are observed leads to a contradiction, unless meridional circulation
patterns are modified by the presence of convection zones once they become as large as
in late F stars. There remains a possibility that meridional circulation would be responsible
for some of the reduction of the Li abundance as observed in the Hyades and UMa.
Further observations are suggested to distinguish the effects of settling and nuclear des-

truction.

I. Particle Transport Velocities

It is necessary to compare atomic diffusion and mass loss velocities to other possible
transport velocities in order to evaluate the relative importance of each. Each process is
briefly presented in this section.

The results of Tassoul and Tassoul (1982, 1984) will be used to evaluate meridional



circulation. The two dimensional meridional circulation velocity patterns are well deter-
mined by their calculations and will be compared to the other velocity fields. They apply
strictly to stars with outer radiative zones only.

Following Schatzman et al. (1981), the turbulent diffusion velocity can be approximated
by:

3 1n ¢ 3 1In ¢

vps Dpl= T3 ) SR 5 ) (1)

where Dr is the turbulent diffusion coefficient taken to be Rx times larger than the atomic
self diffusion coefficient, Dii. For a trace element, the quantity c is defined by c(A)=
N(A)/Nr where Nr is the particle number density exclusive of electrons. Particle transport
by turbulent diffusion is speculative because Dr is only assumed {(Michaud 1985).

The mass loss rate, dM/dt, is assumed small enough to have negligible effect on
stellar structure. It merely introduces, throughout the static stellar envelope, a global
outward velocity of matter, vw, expressing the conservation of the flux of the main cons~-
tituent. A trace element diffusing in the presence of mass loss must satisfy the conserva-
tion equation, in which both vw and the diffusion velocity appear (Michaud and Charland
1986, Paquette et_al. 1986).

II. The Sun

While the Li solar photospheric abundance is some 100 to 200 times smaller than the
interstellar value, the Be abundance is about normal (Boesgaard, 1976). This observation
can be coupled with Li abundance observations in field stars and in clusters (Cayrel et
al, 1984). Since no element separation is expected in the convection zone itself (Schatz-
man 1969), those observations show that, in solar type stars, Li has probably been carried
below the convection zone by some mild turbulence (Schatzman 1977; Vauclair et al. 1978b;
Baglin et _al. 1985) to the region where it can burn (T=2.5 10% K). Turbulence must be
weak enough not to carry Be to the slightly deeper region where it can burn (T=3.5 108
K). The Li abundance then gives a value for the turbulence below the convection zone
(Rx=50; see Michaud 1985) and an upper limit to the turbulence {Rx<90) a little deeper in
(between 2.5 and 3.5 106 K). While the value of Rx=50 depends on the exact depth of
the convection zone and so is model dependent, the upper limit is well established since

it depends only on the temperatures at which Li and Be burn.

II1. The F Stars

Boesgaard an Tripicco (1986a) have recently obtained striking observations showing
a clear hole in the Li abundance of the Hyades F stars at Tess =6700 K. It is perhaps
two orders of magnitude deep but only 300 K wide in Tess (see their Fig. 2). The low Li
abundance stars at Tess =6700 K are clearly separated from the stars showing a progressive

decrease of the Li abundance with Test as observed below 6000 K. The separation of the



gap from the cooler stars seems to imply that 2 processes are involved. The nuclear
burning of Li transported by turbulence is probably involved below 6000 K (see the prece—
ding section), but a different process seems required around 6700 K.

The gravitational settling of Li explains without arbitrary parameters the presence
and width of the hole in the Li abundance at this Teft. As can be seen from Fig. 2 of
Michaud (1986), the depth of the superficial convection zone increases by more than two
orders of magnitude as one goes from 7000 to 6500 K. While Li has one electron left at
the T of the bottom of the convection zone in the model for Tes =7000 K, it has none
in the model for 6500 K. The radiative acceleration on Li at the bottom of the convection
zone decreases from being about 5 times larger than gravity in the model with Tes =
7000 K to being negligible in models with Test = 6800 K or less (see also Vauclair, this
conference). If the Tesr is slightly smaller than 7000 K, Li settles gravitationally while
it is supported by radiative acceleration at higher Tef. At Tesr =6800 K, the Li abundance
is reduced by gravitational settling by a factor of 20 according to Michaud (1986). In
still cooler stars, the effect is smaller as convection zones become progressively deeper
and the diffusion time scale increases: the bigger the reservoir, the longer it takes to
empty. At the age of the Hyades, diffusion has had little effect in stars with Test <
6500 K. The diffusion time scale varies approximately as aAM%5 (see Michaud 1977). It .
varies from 2.8 108 yr at Tesr = 6900 K to 4 10° yr at 6300 K and 101° yr at 6000 K
(assuming a=1.4).

Observations of other clusters can lead to a better understanding of the evolution
of the Li abundance. In the Pleiades, Pilachowski and Hobbs (1987) have observed less
than a factor of 1.5 decrease of the Li abundance in the gap (see also Duncan and Jones
1983, Duncan 1981). Since the Pleiades are about ten times younger than the Hyades, a
scaling of the exponential dependence of the abundance reduction leads to exp(3.4/10})=1.4;
this is reasonable agreement.

Other clusters have now been observed: Coma by Boesgaard and Tripicco (1987) and
NGC 752 and M 67 by Hobbs and Pilachowski (1986a, 1986b). In Coma and NGC 752 a
dip occurs at the same Tetsr as in the Hyades, though not as well defined. In the older
clusters, NGC 752 and M 67 the Li abundance around Test =6200 K appears to have been
lowered by diffusion and/or burning. Within the error bars, the interstellar matter Li
abundance is consistent with the original Li abundance in young clusters (Hobbs 1984).

In the UMa moving group and in a new study of the Hyades, Boesgaard, Budge and
Burck (1988) and Boesgaard (1987) obtain upper limits of 10-? the original Li abundance
in some stars. Since there is a measurement error of +2 mA (Boesgaard, Budge and Burck,
1988 §II), and since an underabundance by a factor of 30 leads to a line of about 2 mA
in the middle of the gap (see Fig. 4 of Boesgaard and Tripicco 1986a), it appears to me
that no underabundance by a factor of more than 30 can be determined from these spectra.
The presence of a blend can only make the determination of the upper limit more difficult.
It cannot be used to reduce the upper limit, as was apparently done here.

Spite and Spite (1982) and Spite et _al. (1984) have determined the Li abundance in

Halo stars (see also Hobbs and Duncan 1987). It is about 8 times smaller than the current



value in young stars before it is affected by diffusion or burning. But if one uses the
diffusion time scale at Test = 6300 K (¥= 4 10° yr as seen above) at an age of 8 10° yr,
which is a minimum for halo stars, one obtains a factor of exp(-2)=7.4 reduction in the
Li abundance at Tessr = 6300 K by diffusion alone. This suggests that the original Li
abundance in halo stars may well have been about the same as the original Li abundance
in young clusters today. In the cooler of the halo stars nuclear burning would have reduced
the Li abundance. There would be a large Test interval over which the Li abundance
would be about constant because these two effects would combine to form a plateau.

That the Li abundance observed by Spite and Spite (1982) could not be the cosmolo-
gical abundance but had been reduced by a factor of at least 4 by either diffusion or
burning was first noted by Michaud, Fontaine and Beaudet (1984). These authors also
emphasized that this plateau is constant over a surprisingly large Tess interval. This
remains a problem requiring further study.

That the plateau should be shifted to lower Test in halo stars can be understood
rather easily as due to a Z dependence of the depth of the convection zone at a given
Tess (Michaud, Fontaine and Beaudet 1984).

The interpretation of the Li abundance gap using a diffusion model has been questioned
because of the observed absence of abundance anomalies of heavy elements in F stars
(Boesgaard and Lavery 1986; Thévenin, Vauclair and Vauclair 1986; Tomkin, Lambert and
Balachandran 1985) where Be has been observed to be underabundant. Such anomalies
had been predicted on account of the diffusion calculations in the absence of any mass
loss (Michaud et _al. 1976, Vauclair et _al. 1978b). It has recently been shown that even a
very small mass loss was sufficient to reduce considerably any expected overabundance in
F stars. On Fig. 2c of Michaud and Charland (1986), it is shown that a mass loss rate
of 10715 M, yr-! is sufficient to keep the Sr overabundance below a factor of 1.5 while
Sr would be expected to be more than 100 times overabundant in the absence of mass
loss (Michaud et al. 1976), The presence of even a very small mass loss rate considerably
limits any overabundance when the radiative acceleration and gravity are close to each
other as i8 the case for heavy elements in stars cooler than Tess = 7000 K. The same small
mass loss rate reduces the Li overabundance in stars of Texr = 7000 K or more where Li
is supported. As shown in Fig. 4 of Michaud (1986), the same mass loss rate of 10-5
Mo yr-! eliminates the Li overabundance of a factor of 10 expected in the absence of
mass loss at Test = 7000 K, It has now been verified that the presence of mass loss
cannot increase the Li underabundance that diffusion leads to beyond a total factor of 30
underabundance.

Detailed calculations of radiative accelerations for a few selected elements are cur-
rently underway at Montréal to define a test of this model. Nitrogen and oxygen seem
specially promising (see Fig. 1): they are in the He configuration when Li is not supported.
This is based on calculations carried out as described by Michaud et al. (1976) but needs
to be confirmed by more detailed calculations.

The introduction of a mass loss rate may seem arbitrary. However in this case the

position and depth of the observed Li abundance gap is explained without arbitrary para-
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Fig. 1 Radiative accelerations of Li and oxygen as a function of the mass above the

point of interest. When the radiative acceleration on Li is smaller than gravity, so is
that on O. According to these calculations oxygen should sink if Li sinks.

Fig. 2 Meridional circulation stream lines (full lines) as a function of the angle from
the polar axis. The position of convection zones is indicated by dotted lines. That iden~
tified by A is for a 12000 K main sequence star while that indicated by B is for a 6400
K star.

meters, other than the uncertainty on «, and the introduction of the mass loss is only
necessary to improve the fit of the shape of the Li abundance curve with Tes, Further-
more, as I will now show, such mass loss rates are also required to explain the observed

abundance anomalies in FmAm stars which are probably the hot continuation of the F stars

of the Hyades with Li underabundances.

IV. The FmAm and A Booti stars.

If one assumes that the outer region of an Am star is perfectly stable and calculates
the abundance anomalies produced, one obtains values that exceed the observed overabun-
dances by more than a factor of 10 (Michaud et al.1976). Some perturbing process appears
to be important.

It is possible to get an upper limit to the turbulence below the H convection zone



in FmAm stars by its effect on the abundance of Sc and Ca. As mentioned by Jugaku
(this conference) these 2 elements are generally observed to be underabundant in these
objects and it was obtained by Vauclair et al. (1978a) that to explain the observed undera-
bundance implied Rx ¥3 even if the uncertainty on the radiative acceleration of Sc was
used to maximise this value. This is then a rather strict upper limit for turbulence in
the outer regions of FmAm stars. This may be related to the presence of a u gradient
caused by the progressive increase of the He abundance inward. Once turbulence is so
small, however, it can have essentially no effect on the abundance of heavy elements.
Turbulence cannot be the hydrodynamical process reducing overabundances in FmAm stars.

Mass loss appears to reduce sufficiently the observed overabundances (Fig. 3 of Mi-
chaud et al. 1983 and Fig. 2d of Michaud and Charland 1986) while maintaining the observed
underabundances (Fig. 4 of Michaud et al. 1983). A mass loss rate of about 10-15 M,
yr-! is needed.

At the same Tess as the FmAm stars showing overabundances of most heavy elements
(see e, g., Van’t Veer-Menneret et al, 1985, Burkhart et_al. 1987), there are also the \
Booti stars that have underabundances of most heavy elements (Baschek and Searle 1969).
Diffusion in presence of a mass loss rate of 10-}® Mo yr-! leads to generalized undera-
bundances by factors of * 3. Such a different mass loss rate may be caused by the higher

rotation rate of the A\ Booti stars as compared to the FmAm stars.

V. Meridional Circulation

Following the derivation by Tassoul and Tassoul (1982) of a physically cornsistent
meridional circulation velocity field, it became possible to do detailed calculations of gra-
vitational settling in presence of circulation. The first comparison (Michaud 1982, Michaud
et _al. 1983) was encouraging, though based on a very rough approximation of the meri-
dional circulation velocity fields (Figure 2) and justified the effort of a detailed two dimen-
sional calculation of diffusion in presence of meridional circulation. The aim becomes to
test a well defined hydrodynamic model as precisely as possible using observed abundance
anomalies. We test whether the meridional circulation patterns obtained by Tassoul and
Tassoul (1982) for radiative models explain the disappearance of abundance anomalies at
about 100 km s8-! for HgMn and FmAm stars. We then test for the Li abundance gap
observed in young stellar clusters. As the external convection zone becomes deeper, the
model of Tassoul and Tassoul assuming a purely radiative outer region should break down
at some point.

The calculations turned out to require a grid of 20 (horizontal)x 100 (vertical).
Details of the calculations may be found in Charbonneau and Michaud (1987a).

For the HgMn stars, Wolff and Preston (1978) obtain an upper limit of 100 km s-!
for the V gin i at which they are observed. The meridional circulation is slow enough to
allow the disappearance of the He convection zone by He settling for rotational velocities

up to 75 km s-! (Charbonneau and Michaud 1987a). Once the He convection zone has
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Fig. 3 On part a) is shown the Li abundance as a function of time in a Tes = 7000

K star. The curves are identified by the equatorial rotational velocity in km s™l. The
effect of meridional circulation on the Li abundance starts to be felt for rotational velo-
cities of 50 km s"!. This can be understood from part b) of the figure where the total
vertical transport velocity is shown as a function of the angle from the rotation axis.
For rotational velocities of up to some 40 km s-!, the transport velocity is everywhere
positive.

disappeared, the atmospheric region becomes stable and diffusion can cause the abundance
anomalies observed on HgMn stars {(Michaud 1982). For FmAm stars, Abt and Levy (1985)
obtain an upper limit of 0.9 day for the orbital period of the binary systems in which
there are FmAm stars while the limit obtained by Charbonneau and Michaud (1987a) is
0.7 day or Ve=100 km s-! assuming synchronous rotation. In my opinion this constitutes
excellent agreement and suggests that the meridional circulation patterns of Tassoul and
Tassoul (1982) constitute the main velocity field opposing chemical separation. In particular
it appears that turbulence does not play a major role. Note that in obtaining their solution
Tassoul and Tassoul had to assume a non negligible turbulent viscosity though the solution
did not depend on the value chosen (the dependence was only ag ul/11},

One can similarly use the meridional circulation fields to test its effect on the diffu-
gion of Li in the F stars of clusters {Charbonneau and Michaud (1987). It turns out how-
ever that the upper limit of the equatorial rotation velocity is much smaller. This can
be traced to the increase in the depth of the convection zone. The diffusion velocity
decreases considerably due to the p-! dependence of the diffusion coefficient while the
meridional circulation velocity is nearly constant as one goes deeper in the star. While
the critical velocity in the middle of the gap is about 15 km s™!, there are stars in the
middle of the gap of the Hyades with a V sin i of 50 km s™! {(Boesgaard 1987). These stars
have very low Li abundance and if the low Li abundance in the gap is to be explained by
diffusion it is clear that the calculations of Tassoul and Tassoul (1982) do not apply to F
stars.

It is however interesting to consider the alternate possibility that in those siars
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Fig. 4 The Li underabundance caused by the matter brought, to the convection zone,
by meridional circulation from the region where Li burns, is shown as a function of Tess
for the Hyades (8 10% yr) and UMa (4 10% yr). It is compared to observations for these
two clusters (Boesgaard, Budge and Burck 1988).

rotating fast enough to stop diffusion, meridional circulation brings to the surface matter
from which Li has been burned. Calculations for this model were carried out using the
same circulation velocity fields as previously. The burning of Li was assumed to be com-
plete at T=2,5 108 K so that matter arriving from that depth has no Li. When after a
time to, matter that was originally deeper than T= 2.5 108 K arrives in the convection
zone, the Li abundance starts decreasing in the convection zone. It then decreases with
a time constant 6, obtained from the time it takes to replace the mass of the convection
zone by new material. The time evolution of the abundance is then:

c = coexp((t—to)/e) for t)to.
The effect of diffusion was completely neglected in this calculation. Where the radiative
acceleration on Li is negligible, the settling would increase the effect of the burning and
80 taking it into account could only strengthen the argument. When however the radiative
acceleration is larger than gravity, the situation is a little more complex. Figure 3 shows
the effect of meridional circulation on the superficial Li abundance in a case when Li is
supported. The meridional circulation starts reducing the Li overabundance only for equa-
torial rotational velocities larger than about 50 km s-!. On part b of Figure 3 meridional
circulation and diffusion velocities are compared as a function of the angle from the rota-
tion axis. For V> 35 km s-!, the upward diffusion velocity is everywhere larger than the
downward circulation velocity, so shielding the surface Li by keeping it in the convection
zone. For stars with Test >6900 K and V<50 km s-1, the surface Li is shielded from the
burning zone.

On Fig. 4 is shown the Li abundances to be expected from such a model at the age
of the Hyades and of Uma. They are compared to the observations of Boesgaard, Budge
and Burck (1988). To do these calculations the equatorial rotation velocity is needed. I
used V= 50 km s™! at Tes=6700 K and V=25 km s8-! at Terr =6350 K, from an average of

the observed rotational velocities in the appropriate Tesst range taking the effect of sin i
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Table 1
Stars that are a Problem for Meridional Circulation

Star Cluster Tess (K) v sin i ve(crit) log(N(Li))
TRI11R Coma 6400 35 21 2.67
HD2377B Pleiades 6400 75 68 2.9
HD23584 Pleiades 6500 85 68 2.8
HD23351 Pleiades 6700 80 70 2.9
HD23608 Pleiades 6650 110 70 2.8

into account. The rotational velocities were interpolated linearly in between those 2
Tets. Above Test =6900 K, Li is shielded by gr{Li). One could argue that the agreement
is quite satisfactory at least for the Hyades. A somewhat larger rotational velocity would
be needed to explain the results for UMa.

In Table 1 are shown a number of stars that have large Li abundances and rotational
velocities. Are indicated both the measured rotational velocities and the limiting rotational
velocity beyond which Li should be strongly depleted by the mechanism just described.
These contradict the model just described. They require that the penetration of the con-

vection zone by meridional circulation be at most partial.

VI. CONCLUSIONS

While gravitational settling explains the presence of a Li abundance gap in ¥ stars,
it cannot explain underabundances by more than a factor of about 30 in the Hyades. If
larger underabundance factors were confirmed, it may imply that Li has been destroyed
by nuclear reactions in at least some of the F stars. It was shown how meridional circu-
lation may then be implied. The blue side of the abundance gap would still be explained
by the drop of gr(Li) between Tess =7000 and 6700 K. Observations of N and O may
allow to distinguish between the effect of settling and of nuclear burning of Li though
more calculations of radiative accelerations are needed to confirm this test. While the
meridional circulation model of Tassoul and Tassoul appears to pass the test of abundance
anomalies in HgMn and FmAm stars, it may not pass that of the F stars. The difference
may come from the deeper convective zones of the F stars which may modify the solutions
obtained by Tassoul and Tassoul for purely radiative envelopes. Note that given the obser-
ved solar rotational velocity, meridional circulation should have no effect on the Li abun-
dance before the Sun is 2 101 yr old.

Abundance anomalies imply mass loss rates smaller than 107133 M, yr-l. The Li
abundance implies mass loss rates smaller than 10-1% Mo yr-!, This contradicts the assump-
tion of Guzik, Willson, and Brunish (1987) that stars with 1 < M < 3 Mo lose mass at the
rate of 10-% to 108 Mo yr-i.

I thank Paul Charbonneau and Yves Charland for carrying out most of the calculations

reported in this paper.
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OBSERVED LITHIUM ABUNDANCES AS A TEST OF STELLAR INTERNAL STRUCTURE

Sylvie Vauclair - Observatoire Midi-Pyrénées - France

The "lithium gap” observed in the Hyades and other galactic¢ clusters by Ann
Boesgaard and her <collaborators (Boesgaard and Tripicco 1986, Boesgaard 1987,
Boesgaard, Budge and Burck 1987) gives a challenge to theoreticians. Indeed ~a good
fit between the theoretical results and the observations will giver a clue for our
understanding of the stellar internal structure and evolution.

A theoretical explanation of the "lithium gap” by gravitational and radiative
diffusion has been proposed by Michaud 1986. In 6 type stars, the convection zone is
too deep for gravitational settling to take place : the density at the bottom of the
convection zone is so large that the diffusion time scale exceeds the age of the
star. Increasing the effective temperature leads to a decrease of the convection
zone, and consequently to a decrease of the diffusion time scale. In F stars it
becomes smaller than the stellar age, leading gqualitatively to a 1lithium abundance
decrease as observed. When the convection zone 1is shallow enough, the radiative
acceleration on lithium becomes important as lithium is 1in the hydrogenic form of
1i 111 (while it is a bare nucleus, 1li 1V, deeper in the star). This radiative
acceleration may prevent lithium settling for hotter F stars. This is a very
attractive explanation, which leads to a minimum of the lithium abundance nearly at
the place where it is observed in effective temperature. However it suffers from some
difficulties : the theory predicts an increase of the lithium abundance larger than
normal in the hottest f stars, which is not observed, and the predicted minimum
lithium abundance is one or two orders of magnitude higher than the minimum observed
in the Hyades. The former may be overcome if mass loss occurs in these stars (Michaud
B6). Let us focus on the latter.

The radiative acceleration on a given element, through a bound-bound transition,
may be written

1o i.n g. (v) _tv dv (1)
m N o i,n c

where m is the mass of the considered element, N; n/N the fraction of the element in
the lower level of the line, %i n {v) the transition section and ¢V dv the available
photon flux.

With the diffusion approximation, a lorentz profile for the 1line, and after

integration over v, 9 becomes
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where f is the oscillator strength of the line and A/2 the half width.

K¢ is the monochromatic opacity due to all the opacity sources except the considered

line.
For an unsaturated line (KL<<KC), {2} may be transformed into
-4 N L4 TL 2 ~
_1.6x10 i,n . z e e R K (1)
9p ° A N z_ 2 T z "«
(e -1) r c

where kK is the Rosseland mean opacity, T the effective temperature, T the 1local
temperature, R the stellar radius, r the local radius

The ratio F/KC which appears in 95 represents the fact that the radiative
acceleration through one line strongly depends on the other sources of opacity at the
same frequency. Up to now, the radiative accelerations have been computed with the
approximation k_ » k. However if, for example, a line of an abundant element sits at
the same place as the Ly o lithium resonance line, the radiative acceleration on
lithium may be strongly decreased.

A table of the important 1lines which may blend the 1lithium and beryllium
resonance lines has been given in Vauclair 1987. This table is not exhaustive as this
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part of the spectrum is not well known. Also the atomic parameters of these lines are
very uncertain. The influence of these lines on the lithium and beryllium radiative
accelerations is shown on fig. 1. It seems too small to account for the discrepancy
between the theoretical and observed minima of Li abundances. However these results
are very uncertain as this part of the spectrum is not well known. I would 1like to
emphasize the urgent need of good atomic parameters for these far UV lines.

Another explanation of the lithium gap in the Hyades could be found in terms of
turbulent diffusion and nuclear destruction. Turbulence 1is definitely needed to
explain the lithium abundance decrease in 6 stars. If this turbulence is due to the
shear flow instability induced by meridional circulation (Baglin, Morel, Schatzman
1985, Zahn 1983), turbulence should also occur in F stars, which rotate more rapidly
than G stars. Fig. 2 shows a comparison between the turbulent diffusion coefficient
needed for lithium nuclear destruction and the one induced by turbulence. Li should
indeed be destroyed in F stars : This effect gives an alternative scenario to account
for the Li gap in the Hyades. The fact that Li is normal in the hottest observed F
stars could be due to their slow rotation.

o

L] T
J> 6500K e
o az1d 2
Lithium

ky :
Fis

r
3l

7500 7860 500 060 Ty 5599

FIGURE 2
I3 50 55 o7 B0 Turbulent diffusion coefficients.
og

~curves labelled o =1,0 and a=1.5 : Dy needed
FIGURE 1 for Li nuclear destruction ( a= mixing '{eng:h
parameter) .
-curves (1),(2),(3): D induced by rotation

Radiative acceleration on Li in a 1.2 M, star. (zahn 1983). these curves are adjusted for Li

— ok, =X nuclear destruction in solar type stars.
v,z : : : (1): present rotation law; (2): assuming

sen Xy ®x * opacity of blendings lines Endal and Sofia 1981 braking; (3): assuming

=== x, = x/2 + opacity of blending lines Skumaniteh 1972 braking.
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ON THE DISTRIBUTION OF THE LITHIUM ABUNDANCE IN NORMAL LATE-TYPE GIANTS

Liia Hanni
Tartu Astrophysical Observatory
202444 Pdravere, Estonian SSR, USSR

The abundance of lithium in stellar atmospheres presents an important observa-
tional constraint to the hydrodynamical models of the outer layers of stars. It can
be considered as a cumulative measure of the extent of matter exchange between sur-
face and deeper layers during the stellar evolution.

From the observed large scatter of lithium abundances in evolved stars it fol-
lows that the efficiency of mixing has been highly variable from one object to
another. At present, it seems to be difficult to find any satisfactory explanation to
the 1lithium abundances of individual stars. We suppose that at this stage the
statistics of lithium abundances in different types of stars can give some insight
into the character of mixing processes operating in stars. In this report some obser-
vational results about the distribution of the lithium abundances in normal late-type
giants are presented.

The observations of the lithium resonance line at 36708.8 A were carried out
with a SIT vidicon detector attached to the coudé spectrometer of the 1.5 m telescope
of the Tartu Astrophysical Observatory. The sample of stars observed consists of 70
KO - K5 and 75 MO - M4 giants. A set of spectra of K giants with different strengths
of lithium resonance doublet is shown in Fig. 1.

Fig. 1. A set of the spectra of K
giants with different strength of the

exceeds that of the nearby Cal line
A6717.7 é; 2 - the 1lithium 1line is
strong; 3 - the lithium line is weak,
but its contribution to the blend is
still noticeable; 4 =~ the line is
undetectable in our spectra.
| | In Fig. 2 the frequency distribution of
ALS || Fesy lithium line strengths is shown for
three intervals of spectral classes.
Our sample of KO - K1 giants mainly
consists of the objects with undetect-
able or weak lines of lithium. Due to
the high degree of the ionization of
4 iithium in these stars, the line can be
l . HT \ | detected only when the lithium abun-
6690 6700 6710 6720 6730 (R) dance exceeds log NL-'\41.0 (in the
scale of log Ny = 12.0). This estimate
is based on the common stars of this
study and the work by Lambert et al, (1980), where the abundance of lithium has been
derived by the method of spectrum synthesis using high-quality spectra. Only one star
out of 20 early K giants surveyed by us was found to possess a relatively strong line
of lithium ~ BS 5361 (KOIII). Certainly, our sample of KO - Kl giants is too small to
guarantee the detection of extreme cases of lithium line strengths.

9Boo K3 I

BUME KeID lithium resonance line.
Comparatively low spectral resolution
(Ax ™ 0.6 2) and difficulties with the
intensity calibration did mnot warrant
any detailed abundance analysis of our

vV UMa K30 spectral material. Instead, the stars
with similar spectral types were
divided into four groups according to
the strength of the lithium line. The
groups may be described as follows

39 byg K30 (see Fig. 1): 1 - the lithium line is
extraordinarily strong, its intensity

Fe 266

lal32
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In the case of K2 - K5 giants as well as M0 - M4 giants again more than 60% of
the stars have no detectable lithium resonance line, although the detection limit
lies at much lower abundance values. The constancy of the relative number of the
stars with an undetectable lithium line despite different detection limits seems to
be noteworthy. It may imply that about 63 - 65% of field late-type giants indepen-
dently of their position on the red giant branch, really have a very low abundance of
lithium. Lithium deficiency of these stars, most probably, originates from the period
of main sequence evolution.

Fig. 2. Frequency distribution of the
lithium resonance line strengths in red

o4 Ko-x10200 4 kz-xs50) 4 mo-mu73) giants. The number of observed stars is
05k | L indicated in the brackets.
The next feature that deserves
o4 r N attention in Fig. 2, is bimodal
frequency distribution of lithium line
0.2k - - strengths for MO - M4 giants. Here we
get some hint at the existence of a gap
in the distribution of the lithium

1 2 3 4 12 3 4 12 3 4 abundances of the evolved stars. The
results of a more precise abundance
analysis of 25 M giants by Luck and

Lambert (1982) and 10 M giants by Hanni (1983) also tend to show a discontinuity in
the lithium abundances within the sample of stars with similar effective temperature.

About 25% of M giants - the stars of group 2 - show a definite lithium line in
their spectra. As indicated by common objects of the present survey and of the two
above-mentioned studies, the lithium abundances of these stars are clustering around
the abundance value of log Ny; % 0.0. They form an extension to the sequence of G - K
giants of declining surface lithium abundance with advancing spectral type defined by
the stars with a detectable and strong line of lithium. The decrease of the surface
lithium content may be attributed to the increasing convective dilution as a star
evolves wupwards along the red giant branch. The starting value of the lithium abun-~
dance of the evolved stars with a still measurable lithium content would have been
high. Most probably, these stars have left the main sequence with the initial atmos-
pheric abundance of lithium which, according to abundant observational data, is close
to the cosmic abundance of log Ny; % 3.0. As evidenced by the theory of stellar evo-
lution, the early M-type giants should have been experienced the maximum amount of
mixing caused by the growth of the convective envelope in the stage of the first red
giant branch. Therefore, the abundance of log Nr; % 0.0 probably represents the final
value of the lithium abundance after the first dredge-up phase for stars, which have
become red giants with undepleted surface lithium content. It gives us an estimate of
the reduction factor of the lithium abundance equal to 1000, whereas theoretical cal-
culations by Iben (1967a, b) predict the factor no more than 60. Some doubt may be
expressed about the validity of standard models of the stellar interior structure.

Finally, I would like to stress that the bulk and quality of the 1lithium abun-
dance data for red giants need to be considerably raised for an adequate statistical
analysis. The main task of the present report was to provoke some interest in the
problem concerning the distribution of lithium abundances in evolved stars.
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ABUNDANCES IN COOL EVOLVED STARS

Catherine A. Pilachowski
National Optical Astronomy Observatories, Kitt Peak National Observatory
PO Box 26732, Tucson, AZ 85726-6732, USA

Nature has filled the upper right quadrant of the Hertzsprung-Russell diagram
with more varieties of peculiar stars and odd chemical compositions than even our
most speculative observers and theorists could dream up. To bring some structure to
this vast subject 1 will categorize the phenomena we observe according to our model
of stellar evolution, dividing the stars among the first ascent of the giant branch
and the core-helium burning phase, the asymptotic giant branch (double shell-
burning) phase, and the post—~AGB and pre-planetary nebula stars. The types of stars

found in these three groups are summarized below.

Warm Giants: AGB Stars: Post—-AGB Stars:

Ba IT Stars M Stars R CrB Stars

Early Carbon Stars MS Stars Hydrogen-Deficient Carbon Stars
CH Stars S Stars RV Tauri Stars

Subgiant CH Stars N Stars W Vir Stars

Weak G—band Stars SC Stars SRd Variables

Li~-Rich Giants J Stars

Two dominant themes run throughout the evolution of late type star compositions:
the abundances of the isotopes of carbon, nitrogen, and oxygen, and the abundances
of the metals heavier than the iron peak - the neutron capture elements usually
associated with the s—process. 1In addition to these elements, the abundance of
lithium can also be a distinguishing characteristic of some groups, and can be used

to interpret possible origins for some of these peculiar stars.

The Warm Giants

Most samples of warm giants in the literature are comprised of primarily low
mass, old disk stars that fall either on their first ascent of the red giant branch
or in the core-helium burning clump immediately following core helium ignition. The
abundances of several classes of peculiar warm giants, as well as
normal K giants and the Sun, are summarized in Table 1. Looking first at the
comparison of the abundances in normal K giants with the predictions of stellar

evolution theory for the first dredge-up (Iben and Renzini 1984), we see generally
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good qualitative agreement. Material left over from main-sequence CN-cycle hydrogen
burning is mixed with relatively pristine material on the stellar surface, reducing
the carbon abundance slightly, enhancing the nitrogen abundance, and raising the 13C
abundance. The oxygen abundance remains constant for all practical purposes, since
stellar interior temperatures are too low for the ON cycle to operate, except that a

small amount of 16O is converted to 17O.

The uncertain distances, luminosities, masses, and evolutionary states of field
giants confuse our attempts to verify theoretical predictions in detail, but a
recent study of the carbon and nitrogen abundances in M67 giants by Brown (1987)
offers an excellent observational test. Brown determined carbon and nitrogen
abundances for giants from 3.7 > My > 0.9; his C/N ratios are plotted versus
absolute magnitude in Figure 1. The first dredge-up begins at MV=3.5, but it is
fully complete by a luminosity of MV=3.0. The giants of M67 are able to complete
the first dredge-up more quickly than expected from theoretical calculations, and
the change in the C/N ratio is larger than predicted, as well. The field K giants
in Table 1 also show lower C/N ratios than predicted by first dredge—up
calculations. Brown offers two hypotheses to explain these results: a) that a real
stellar envelope becomes fully convective at lower luminosity than predicted, or b)
that the CN-cycled material lies closer to the surface than expected, either due to
mass loss of the outer layers of the star or due to a greater extent of the CN-

cycled region in the interior.
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Figure 1 - The C/N ratio in M67 giants vs. absolute magnitude.

The mass loss alternative is contradicted by the detection of lithium in low mass

giants, but support for more extensive CN-cycling in the interior is provided by

measurements of the 12C/13C ratio in field stars: the well-known Arcturus problem
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that has been haunting us since carbon isotope ratios were first measured.
Theoretical models of the first dredge—up reduce the carbon isotope ratio from the
solar value of about 90 to approximately 20-30. Standard models are unable to
produce carbon isotope ratios lower than this. Many K giants, however, have 120/130
as low as 7 — 10 (Lambert and Ries 198l), approaching values appropriate for CN—
cycle equilibrium. Metal-deficient giants achieve carbon isotope ratios as low as 4
(Sneden et al. 1986). Theorists have addressed this problem by tweaking the
standard models to increase the amount of mixing (c.f. Dearborn et al. 1976).
Brown's M67 data eliminate some of these alternatives, specifically those invoking
mixing during the helium core flash. Models which partially mix the stellar
material either on the main sequence or before the first ascent of the giant branch,
perhaps through meridional circulation currents or turbulent diffusion, have been
the most successful at reproducing the observed composition changes at the first

dredge-up.

The compositions of several varieties of peculiar warm giants are also listed in
Table l. These stars differ from normal G and K giants in a variety of ways:
lithium is unusually high (or low); carbon is enriched through triple-a
nucleosynthesis or depleted through CN~cycle processing; and/or s~process elements
are enhanced. The origin of these groups of peculiar warm giants has been a mystery
for decades. Their relative rarity in the Galaxy suggests unusual circumstances are
required to produce peculiar giants. While their compositional anomalies are
reminiscent of double-shell flashes on the asymptotic giant branch, the luminosities

of these warm giants are much too low for them to have undergone helium shell
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