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ABSTRACT

In this paper we discuss how accurate interstellar gas
phase element abundances may be derived using weak
absorption lines in the spectra of early-type stars, pro-
viding both the interstellar line strength and the corre-
sponding f-value have been reliably determined. We also
discuss an analogous method for estimating cosmic abun-
dances using weak stellar absorption lines in the spectra
of main sequence early-type stars. Such stellar atmo-
spheres should be uncontaminated by the products of in-
terior nuclear reactions. As the stars will also have short
lifetimes, the stellar abundances should reflect the cur-
rent chemical composition of the solar neighborhood.

INTRODUCTION

A major area of astronomical research for several decades
has been the study of the diffuse interstellar medium (see,
for example, Cowie and Songaila 1986, Harris 1988 and
references therein), which consists of gas and dust grains.
One important method for observing the gas phase ma-
terial is through the absorption lines it produces in the
optical and UV spectra of early-type stars (Bohlin et al.
1983, Joseph et al. 1985). Of particular interest is the
chemical composition of the dust, which may be inferred
from the depletions of the elements observed in the gas
phase (see, for example, York et al. 1983). The depletion
d; of an element is defined by (Shull 1986):

log d; = log(N;/Ng) - log (Ni/Nn)e

where (N;/Ny) and (N;/Ng)g are the relative abundance
of element i to hydrogen in the interstellar medium, and
the cosmic abundance, respectively. Values of Ny can be

determined to an accuracy of approximately 10% from
La and H; absorption lines (Bohlin et al. 1978, Savage et

al. 1977, Shull and Van Steenberg 1985). In this paper
we discuss how reliable interstellar and cosmic (stellar)
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abundances may be estimated through the analysis of
absorption lines with small oscillator strengths.

INTERSTELLAR ABUNDANCES

Interstellar abundances are normally estimated using a
curve of growth with a single Maxwellian velocity distri-
bution, in which the derived abundance depends on the
absorption line strength (denoted by the equivalent width
W), the velocity distribution of the line of sight inter-
stellar material (characterised by a Doppler width b), and
the oscillator strength f of the transition under consider-
ation (Spitzer 1978). However for absorption lines with
small oscillator strengths (f < 10~2), the derived element
abundance for most sightlines depends exclusively on the
measured interstellar absorption line strength and f-value
and not on the adopted b-value. To determine accurate
abundances one therefore needs reliable estimates of these
two quantities.

Bohlin et al. (1983) have published a survey of ul-
traviolet interstellar absorption lines in the spectra of 88
early-type stars, obtained with the Princeton high resolu-
tion (~0.05A FWHM) spectrometer on board the Coper-
nicus satellite (Rogerson et al. 1973). These observa-
tions cover the wavelength range 950-13704, and include
highly reliable equivalent widths for many weak absorp-
tion lines in species such as N I and O I. For example, for
the N I 11614 line in the line of sight to 1Sco, Bohlin et
al. find W) = 3.240.5mA, while for O I 13564 towards
k Ori, W) = 3.140.3mA. More recently, Van Steenberg
and Shull (1988a) have extended the work of Bohlin et
al. by publishing a survey of interstellar line strengths in
the wavelength range 1097-2605A towards 261 early-type
stars, obtained with the lower resolution (~0.2A FWHM)
spectrographs on board the International Ultraviolet Ez-
plorer (IUE) satellite (Boggess et al. 1978). Although
the IUE observational data are not as good as those from
Copernicus, due to lower resolution and signal-to-noise
capabilities, IUE can observe much fainter stars. More-
over in the future very high quality observations of faint
stars should be available from the very high resolution
(~0.01A FWHM) spectrometers on board the Space Tele-
scope (see Gull et al. 1986 and references therein).

Over the past few years there have been several stud-
ies of interstellar abundances using the absorption lines
in the Bohlin et al. (1983) Copernicus and Van Steen-
berg and Shull (1988a) IUE surveys. These include York
et al. (1983) for the elements N and O, Harris and Bro-
mage (1984) for Cl, Jenkins et al. (1986) for Mg, P,
Cl, Mn, Fe, Cu and Ni, Harris and Mas Hesse (1986)
for S, Harris (1987) for Fe, P and S, and Van Steenberg
and Shull (1988b) for Si, Mn, Fe, S and Zn. However
in general these authors used oscillator strengths taken
from the literature (and particularly the compilation of
Morton and Smith 1973). In many cases, the wavefunc-



tion had not been optimised for the transition of interest
and hence the corresponding f-value was not reliable. At
Queen’s University Belfast we therefore embarked on an
extensive project in 1983 to calculate accurate f-values
using the CIV3 code of Hibbert (1975) for the transitions
observed by Bohlin et al. (The methods employed by
Hibbert to determine f-values are discussed by him else-
where in these proceedings). To date, interstellar abun-
dances accurate to normally +0.1 dex have been derived
for magnesium (Murray et al. 1984), nitrogen (Hibbert
et al. 1985), oxygen (Keenan et al. 1985) and phospho-
rous (Dufton et al. 1986), while work on chlorine is in
progress. Our results are significantly different from those
of previous authors, and imply effectively zero depletions
for low density sightlines, consistent with such sightlines
generally having little interstellar dust content (Keenan
et al. 1986).

In the future we intend to extend our work to calcu-
late f-values for other species in the Bohlin et al. (1983)
survey, including Fe II, Cu II and Ni II. We also plan to
produce atomic data relevant to Space Telescope obser-
vations.

COSMIC ABUNDANCES

As noted in the previous Section, the combination of high
quality interstellar absorption line strengths and accurate
f-values allows extremely reliable interstellar abundances
to be derived. For example, towards ( Oph the oxygen
abundance is known to +0.04 dex (Keenan et al. 1985).
However as pointed out in the Introduction, an important
quantity in interstellar medium studies is the element de-
pletion, as from this the grain composition is inferred.
Hence an accurate knowledge of the cosmic abundance
value of the element under consideration is also required.
Unfortunately, cosmic abundances employed in interstel-
lar work are usually determined from the sun and me-
teorites, and are often uncertain (Grevesse 1984, Meyer
1985a,b), thereby vitiating the accuracy of the interstellar
depletions. Furthermore, cosmic abundances determined
in this way apply to the interstellar medium as it was in
the solar neighbourhood some 5 x 10%rs ago, and hence
are not necessarily appropriate to studies of current de-
pletions.

At Queen’s we have therefore recently undertaken a
programme to derive accurate contemporay cosmic abun-
dances using a similar approach to that employed in the
interstellar work described above. Weak stellar absorp-
tion lines (with typical equivalent widths of 5mA) are ob-
served in the spectra of main sequence early-type stars.
Due to their weakness, these lines have equivalent widths
which are very sensitive to the element abundance, but
not to the assumptions made in the model atmosphere
analysis.
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We have initially observed weak lines of argon as as
the cosmic abundance of this element is particularly un-
certain (Grevesse 1984, Meyer 1985a,b), and it has been
extensively detected in the interstellar medium through
absorption lines of A I at 1066.7 and 1048.2A (see Duley
1985 and references therein). Observational data were
obtained using the coudé spectrograph with a CCD de-
tector on the Coudé Feed Telescope at the Kitt Peak
National Observatory in December 1988 (see Keenan et
al. 1990 for more details). For v Peg, § Cet and HR 1765
the 4587-4611A wavelength region was observed, which
includes the A II line at 4589.98A. In addition, spectra
covering the wavelength interval 4647— 46724 (which con-
tains the A II line at 4657.94A) were obtained for y Peg.
In Figure 1 we show the spectrum of v Peg from 4585—
46054 to illustrate the high quality of the observational
data. The equivalent widths found for the A II 4590 and
4658A lines were in the range 5~7mA, with errors of typ-
ically +0.5mA.

The observational data were analysed by comparing
measured stellar Stromgren colours (effective tempera-
ture indicators), 3 indices (surface gravity indicators) and
A 1I equivalent widths with those predicted by local ther-
modynamic equilibrium (LTE) model atmosphere codes.
All theoretical results were deduced using the line blan-
keted grid of models of Kurucz (1979), or new models
calculated with Kurucz’s program. The derivation of ef-
fective temperatures and surface gravities have been dis-
cussed in detail by Keenan et al. (1990).

Using the stellar atmospheric parameters, argon abun-
dances were deduced by comparing the observed A II
line strengths with those predicted from LTE model at-
mosphere calculations (see Brown et al. 1986 for more
details). A microturbulent velocity V; = 51+5kms~! was
adopted for the all the stars, as this value has been found
to be appropriate for LTE analyses of near main sequence
early-type stars (see, for example, Hardorp and Scholz
1970; Kodaira and Scholz 1970); however for the pro-
gramme stars the derived A II abundances are effectively
independant of the choice of V; (see below). Oscillator
strengths for the A II 4590 and 4658 A transitions were
taken from Garcia and Campos (1985), who measured A
II lifetimes (and hence f-values) to an accuracy of better
than 10% using the delayed-coincidence method.

In Table 1 the derived argon abundances log [A] (on
the scale log [H] = 12) are summarised, along with the
changes in log [A] (Alog [A]) found when all the observa-
tional uncertainties (equivalent widths and atmospheric
parameters) are taken into account. An inspection of the
table shows that the results are relatively insensitive to
the observational uncertainties, and the derived values of
log [A] should be accurate to approximately £0.05 dex.
Support for this comes from the fact that for the three
stars the derived argon abundances are in excellent agree-
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Fig. 1. The spectrum of v Peg from 4585-4605A, which
clearly shows the weak A II line at 4590A (marked with
an asterisk). This feature has an equivalent width of W,
= 6.3+0.5mA.

ment, with discrepancies of typically 0.05 dex, while for
7 Peg the values of log [A] estimated from the two A II
lines differ by only 0.07 dex.

For the three stars we obtain a mean abundance of log
[A] = 6.49+0.04, where the error bar refers to the sam-
ple standard deviation. There is also an uncertainty in
log [A] which arises from possible non-LTE effects. How-
ever very recent non-LTE calculations for A II performed
by us (Holmgren et al. 1990) indicate that these effects
should be small (<0.02 dex) for the transitions under
consideration. In view of this, and the fact that there is
a possible 10% uncertainty in the adopted A II f-values
(Garcia and Campos 1985), we therefore conclude that
our mean argon abundance should be accurate to £0.05
dex.

Table 1. Derived stellar argon abundances, on the scale
log [H] = 12

(Star Line (A) log [A] Alog [A]
v Peg 4590 6.50 +0.03
v Peg 4658 6.43 +0.09
HR 1765 4590 6.53 +0.08
é Cet 4590 6.49 +0.03

As the stars under consideration are on or near
the main sequence, their atmospheres should be uncon-
taminated by the products of interior nuclear reactions
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(Brown et al. 1986), and hence any derived abundances
should reflect those of the interstellar material from which
the stars formed some 106-107yrs ago. During these short
lifetimes it is unlikely that the stars have moved signifi-
cantly from their places of origin, and as they lie within
typically 500pc of the sun (Savage et al. 1985), our result
of log [A] = 6.4910.05 therefore represents an accurate
evaluation of the current cosmic abundance value of ar-
gon in the solar neighborhood.

As argon is not present in the solar photospheric spec-
trum (see, for example, Grevesse 1984), previous esti-
mates of the cosmic abundance value have been deter-
mined from emission lines formed in the solar corona,
which are detected in the X-ray region of the spec-
trum. In these analyses most authors have calculated
argon abundance ratios (for example A/Fe; Doschek et
al. 1985), and used the solar abundance of the denomina-
tor to infer that for argon. Using this method, Withbroe
(1971), Walker et al. (1974) and Doschek et al. have de-
termined values for log [A] of 6.65, 6.78 and 6.44, respec-
tively, with error estimates of approximately +0.2-0.3
dex. According to Meyer (1985b), the only absolute argon
abundance determination is that of Veck and Parkinson
(1981), who found log [A] = 6.38+3:13 from an analysis
of solar flare data from the OSO-8 satellite. These au-
thors were able to measure the absolute abundance as
they analysed not only the A XVII line emission at ~4A,
but also the continuum emission, which is dominated by
free-free and free-bound processes in hydrogen. We note
that our result is in good agreement with that of Veck
and Parkinson, and also with the recent measurement by
Doschek et al. However the error estimate in our argon
abundance is 12% or less, as opposed to the ~75% un-
certainty in those of Veck and Parkinson and Doschek et
al.

It is interesting to note that although up to now the
most reliable cosmic argon abundance estimate is the log
[A] = 6.38 of Veck and Parkinson (1981), many work-
ers have adopted the Withbroe (1971) value of log [A]
= 6.65 in interstellar depletion studies of argon (see, for
example, York 1983, Duley 1985). For the sightlines to
A Sco and a Vir, York (1983) and York and Kinahan
(1979) found argon depletions of ~0.20 and ~0.15 dex,
respectively, using the Withbroe cosmic abundance value.
However adoption of the present result implies that argon
is effectively undepleted in these sightlines, which is to be
expected as they are unreddened and hence contain few
interstellar grains (see Keenan et al. 1986).

In the future we plan to extend our work by observing
weak absorption lines of P II in early-type stellar spectra,
as this species is extensively observed in the interstel-
lar medium (Dufton et al. 1986), and accurate oscilla-
tor strength calculations performed at QUB are available
(Hibbert 1988).
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