PERSPECTIVES

The Elemental Composition of
Interstellar Dust

Donald G. York

Interstellar dust is a nagging problem in
observational astronomy. Its presence great-
ly complicates the measurement of both
spectra and luminosities because it modifies
the energy distribution of light passing
through it. Sources in the galactic plane,
toward the galactic center, are completely

obscured in optical light, though they are

often detectable in the infrared beyond a
wavelength of 5 pm. One example of a seri-
ous consequence of generally distributed
dust is that extinction of light by dust su-
perimposes a noncosmological patchiness
on top of the distribution of external

be compared to the corresponding ratios in
the solar system, which constitute the so-
called cosmic abundances. The latter are
corrected in various ways to represent the
equivalent gas-phase abundance of the ele-
ments. Elements unobserved in interstellar
gas must be trapped in a nonatomic or non-
ionic phase (molecules or dust grains). For
some elements, the cosmic abundance is
poorly determined, so deficiencies or ex-
cesses apparent in interstellar measure-
ments may be simply calibration errors.

. Ground-based observations show that K

gion from 1200 to 3000 A, and in the
1970s, the list of interstellar species was
considerably extended by observations from
rockets and satellites that included the
spectral region from 900 to 1200 A. Still,
there were limitations in signal-to-noise ra-
tio as well as-in the tables of wavelengths
and transition probabilities of resonance
lines, so weak lines were overlooked.

These last two deficiencies have now
been remedied, the one by better, more
complete laboratory data, the other by the
launch of the HST. Because the required
observations are spectroscopic, they were
not compromised by the faulty primary mir-
ror that so much hampered the imaging sci-
ence from HST before the corrective optics
were inserted last year. For the spectroscopy
relevant here, only the efficiency of some
observations was affected.

Several researchers have used the tele-
scope and its high resolution spectrograph to
expand further the list of elements observed

galaxies measured from Earth. For all
of this, the nature of the distributed
dust is largely unknown. On page 209
of this issue, Cardelli brings the re-
sources of the Hubble Space Tele-
scope (HST) to bear in an attempt to
understand the one aspect of the
problem: abundances of heavy ele-
ments in the interstellar medium (I).

The existence of interstellar dust
was confidently postulated in the
1920s to explain some ubiquitous ob-
servational trends among distant stars
and clusters (2). Since then, propos-
als for its composition have included
smoke, graphite, diamonds, solid hy-
drogen, iron particles, dielectric par-
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ticles (mixtures of C, Si, Mg, O, and
ice), and large molecules (Platt parti-
cles). The effects of dust on other as-
tronomical observations vary with di-
rection in the galaxy, presumably be-
cause dust properties vary with environ-
ment and direction within the galaxy.
Apart from the intrinsic interest in deter-
mining the composition of the grains, it
would be valuable to find some way of as-
sessing dust properties so that appropriate
observational corrections could be made.
One way to understand grain composi-
tion is to perform very high resolution spec-
troscopy on the absorption lines in starlight
caused by intervening clouds of gas and
dust. In principle, one can determine col-
umn densities (in atoms per square centi-
meter) for many elements, which can be
then expressed as ratios relative to the col-
umn density of H 1. These ratios can then
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and Na are not much depleted (3), but the
neutral species observed are not the domi-
nant ionization state, and the corrections
needed to obtain elemental abundances are
large and uncertain. The other two inter-
stellar species widely observed in the opti-
cal part of the spectrum are Ca 11 and ‘Ti 1.
The ionization corrections are considerably
smaller, and both are depleted by factors of
100 to 1000 in many directions (4), at least
in clouds that move slowly relative to the
local galactic rotation velocity. High-veloc-
ity clouds (v 250 km s!) show much lower
depletion of Ca and Ti. Presumably, one is
observing some destructive process at work
on dust particles in these fast-moving
clouds that causes atoms to be returned to
the gas phase from the solid phase.
Beginning in ‘the 1960s, rocket-borne
instruments opened up the ultraviolet re-
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Fig. 1. Abundances compared to atomic number for the main dust cloud in the spectrum of { Oph. Open
rectangles are from Copernicus data (7). Solid dots are new values from HST or high-resolution results from
ground-based data (in the case of Ti ). The X's represent results from trace ionization stages (72), relative to
neutral sulfur. Data for Na, Li, K, Al, and Ca, not covered by Cardelli's summary, are included.

in the interstellar medium. Cardelli summar-
izes the results (1), focusing on results for {
Ophuichi, a standard star used in studies of
interstellar extinction and abundances.
The new observations augment the list of ob-
served elements with elements of much
larger atomic number than previously stud-
ied, notably Ga, Ge, As, Kr, Sn, Tl, and Pb.
Cardelli focuses on the. physical inter-
pretation of the depletion pattern of ele-
ments, which should one day lead to an un-
derstanding of grain makeup and to a corre-
lation of the extinction properties with ob-
servable element depletions. Two widely
compared views have been that depletion
depends on condensation temperature (5)
(the temperature at which a certain frac-
tion of a given species is depleted by cap-
ture into solid phase at a given temperature
and pressure) or that it depends on first
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be achieved, in our lifetime, from space.
An alternative approach, men-
tioned by Cardelli, is to obtain the

wide range of elements discussed by
him in lines of sight to stars with less
dust and less saturated lines. Figure 2
| shows a condensation. plot for three
types of gas: a dense cloud (£ Oph), a
medium velocity cloud with little
depletion (also in £ Oph), and gener-
— ally low—column density gas without
measurable extinction (near the sun).
The depletion patterns are similar in
shape, but different in absolute
amount, for the three cases, a fact
that should provide additional infor-
mation on not only the elemental
content of the dust, but also on form
of the condensates (10).

Perhaps by piecing together such
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Fig. 2. Abundance versus condensation temperature for the main cloud in § Oph (circles or squares with
elemental symbols), for the “high-velocity” cloud in § Oph (encircled x’s) (13), for another reddened star (o
Per) (14), and for unreddened stars (x’s) (15). The data for Na, K, Li, Ca, and Al are also included in this plot.
Small differences with specific abundance values given by Cardelli arise from different adopted values of

oscillator strengths and reference solar abundances.

ionization potential (FIP) (6). The latter
has no particular physical basis but was sug-
gested by data from the Copernicus satel-
lite. The former fits the general astrophysi-
cal picture that grains come, in part, from
atmospheres of red giant stars and are in-
jected into the interstellar medium by slow
mass outflow. The elements with condensa-
tion temperatures below 800 K have little
depletion, possibly a sign that the observed
grains come from regions that do not get
much cooler than that minimum tempera-
ture, for astrophysical reasons.

With the new data for heavier masses,
Cardelli suggests that depletion is related to
the number of valence elections, hence, to
general chemical reactivity. In the conden-
sation picture, certain elements have long
stood out as destroying any simple correla-
tion, including Na, Li, and P. These were
supposed to form particular molecules under
interstellar conditions that saved them from
the ultimate fate of depletion into the solid
phase (7). By contrast, Cardelli appeals to a
general view that the formation process for
grains is chemical, that higher reactivity
leads to more channels for condensation,
and that the probabilities for effective reac-
tion decrease as the valence shells fill up.

The significance of the noted trends
compared to those expected from the con-
densation temperature picture, the reactiv-
ity picture, and the FIP picture is hard to
assess. None of the three explains the ob-
served values to within a factor of 5 from a
trial mean value. Evidently, the particular
chemistry of each element will need to be
understood in detail. Once that is done,
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there may turn out to be obvious reasons
why one element or the other deviates by a
factor of 15 or even 50.

‘In the reactivity picture emphasized by
Cardelli, Na, K, Li, and Al may require
some special explanation. Figure 1 shows
the results of three techniques for measur-
ing abundances of { Oph. While based on
some of the Cardelli results, the figure in-
cludes estimates for Ca, Na, K, Li, and Al,
the last fouf of which deviate considerably
from the pattern suggested by Cardelli. In
the condensation picture, the observed abun-
dances of P, Li, As, and to some extent Mg,
require special explanations. In the FIP pic-
ture, K, Na, Li, and Ga stand out as not fit-
ting the scheme well (8).

In any event, much work remains to be
done. Although the new data from HST
mean that the column densities are now ac-
curately known for some elements, there
are considerable problems with the inter-
pretation of the data for other elements.
For instance, almost all the elements in row
3 of the periodic table have easily observ-
able lines, but they are saturated. The result
is that the actual column densities are am-
biguous. Only when the intrinsic spectro-
scopic profile width, attributable to the fi-
nite slit on the instrument, is smaller than
the full width at half maximum of the ther-
mal profile of the gas cloud can the ambi-
guities be removed. Recent widespread de-
tection of hyperfine structure in the Na D
lines in interstellar absorption (9) empha-
sizes the need for resolutions of 0.3 km s,
10 times better than that available from
HST. Such observations will probably not

SCIENCE e VOL. 265 ¢ 8 JULY 1994

observations in numerous lines of
sight, further insights can be obtained
into the depletion patterns and hence
into the makeup of interstellar dust.
Some progress can be made in this
case without the extremely high re-
solving power cited earlier, if the
~ saturation is small (or, more techni-
cally, the optical depth is near unity).
Some additional work in this direction will
be done with HST. For elements with, criti-
cal diagnostic lines below 1150 A (Ar, and
in some cases, N, O, Si, and P), researchers
must rely on existing data from Copernicus
or await the launch of the Far Ultraviolet
Spectroscopic Explorer (FUSE) around the
turn of the century.

Research along these lines is likely to
eventually bear fruit. One would like to ex-
tend the studies to cover a range of physical
conditions (such as temperature, density of
atomic hydrogen, and density of molecular
hydrogen) to learn more about the formation
and destruction process of grains and mol-
ecules. Extending these studies to other gal-
axies may allow direct observation of element
and grain formation in the early universe.
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