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ABSTRACT

Theoretical ultraviolet extinction curves have been calculated for comparison with observed curves for cir-
cumstellar dust in M supergiants. The theoretical curves assume a silicate grain composition, because silicate
grains are expected in the oxygen-rich environments that are observed. Calculations were performed with and
without the inclusion of scattering into the beam, with largely similar results. A comparison of the computed
curves with the observed ultraviolet extinction curve for circumstellar dust in a Scorpii indicates that the size
distribution of the circumstellar grains must cut off near 800 A; that is, there are few or no grains smaller
than this. Our conclusion is that smaller interstellar silicate grains, where they exist, must come from other

sources such as grain fragmentation in shocks.

Subject headings: interstellar; grains — stars: atmospheres — stars: circumstellar shells — stars: late-type —

ultraviolet: spectra

I. INTRODUCTION

A variety of evidence suggests that the general interstellar
medium contains dust grains smaller than those responsible
for visible-wavelength extinction and polarization. The evi-
dence for smaller grains includes the rise of extinction toward
short wavelengths in the ultraviolet (e.g., Witt 1973) which
indicates the presence of grains as small as 500 A or less; the
general fit of scattering models to the observed extinction,
which requires small grains (e.g., Mathis, Rumpl, and Nor-
dsieck 1977; Draine and Lee 1984); and the recent infrared
indicators that the general size distribution may extend down
to grains of only a few tens of angstroms in size (Sellgren 1984;
Sellgren, Werner, and Dinerstein 1983).

If very small grains are present, they may play important
roles in galactic and interstellar medium evolution. For
example, if they are as numerous as would be expected from
extrapolation of the standard grain-size distribution
(noca™33, where a is grain radius; Mathis, Rumpl, and
Nordsieck 1977), they should dominate the surface area avail-
able for the accretion of grain mantles in gas-grain collisions
and might therefore govern interstellar depletions as well as
ionization in dark clouds (Draine and Sutin 1987) and photo-
electric heating of diffuse interstellar gas (Jura 1976). It is there-
fore important to understand the nature, number, and
evolution of these grains.

Small grains can be the product of grain formation or they
can be fragments of grains that are broken apart, for example,
in interstellar shocks. Recent theoretical calculations indicate
that the time scale for a typical grain to undergo shocks is an
order of magnitude shorter than the time scale for formation
and injection into the interstellar medium (Seab and Shull
1983; McKee et al. 1987; Seab 1987), suggesting that the
observed size distribution must be the result of shock pro-
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cessing rather than grain formation. Some calculations of
grain-formation processes (e.g., Hasegawa 1984) support this,
indicating that typically grains produced in red giant and
supergiant atmospheres grow to several hundred angstroms
before injection into the interstellar medium, while others (e.g.,
Gail and Sedlmayr 1986) predict small sizes for newly formed
circumstellar grains. Thus theoretical models of grain forma-
tion leave open the question of whether the very small grains
known to exist in the diffuse interstellar medium are formed by
condensation in circumstellar envircnments or by shock frag-
mentation of larger grains.

In this paper we model observed circumstellar extinction
curves, using scattering theory and plausible grain composi-
tions. The observations are described in the next section, fol-
lowed by a description of the calculations (§III), and a
discussion of the results and their implications (§ IV).

II. OBSERVATIONAL MATERIAL

We have identified a number of binary systems containing
an M supergiant and a hot (B or A) main-sequence companion.
The most prominent of these is Antares (« Sco), consisting of
an M1 Ia primary and a B2 IV secondary (for a discussion of
the secondary’s spectral classification, see Snow et al. 1987).
For a Sco and several other similar systems, it has been pos-
sible to make ultraviolet observations of the hot companion as
a probe of the properties of the circumstellar dust being formed
in the extended atmosphere of the red supergiant (Buss and
Snow 1988). The primary products are ultraviolet extinction
curves for the circumstellar dust, although some information
on gas-phase depletions may also be derived.

There are many difficulties in the analysis, caused by fore-
ground interstellar dust contributions to the extinction, but in
cases where these difficulties could be resolved, the results have
been quite consistent. The circumstellar extinction curves show
no 2175 A bump, and no far-ultraviolet rise. The lack of a 2175
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A bump may be attributed to the presumed lack of carbon-
aceous grains in these oxygen-rich environments, since most
theories of the origin of the bump suggest that it arises in
carbonaceous grains of some type (see, for example, the review
by Savage and Mathis 1979 and the recent discussions by
Hecht 1986 and Sakata et al. 1984). The lack of a far-ultraviolet
rise is less easily explained as a grain-composition effect,
however, so we decided to explore its implications for the
grain-size distribution.

III. THEORETICAL CALCULATIONS

a) Without Scattering into the Beam

For our first attempt to see whether the flat far-UV extinc-
tion curve constrains the grain-size distribution, we undertook
extinction curve calculations in which scattering of photons
into the JUE aperture was neglected. This simplified case could
be computed readily, though for a complete answer it proved
necessary later to include scattering, as discussed in the next
subsection.

A series of extinction curve calculations were carried out
using a variety of silicate grain-size distributions. Optical con-
stants for “astronomical silicate” have been taken from
Draine and Lee (1984) and Draine (1985), including minor
corrections from Draine (1987). Scattering cross sections were
calculated using standard Mie theory for homogeneous spher-
ical particles (van de Hulst 1957). Graphite grains are not
included in the calculations because the oxygen-rich
environment of stars like a Sco are expected to produce silicate
grains but not graphite or other carbonaceous grains.

Grain extinction calculations were done assuming two dif-
ferent types of grain-size distributions. First, extinction curves
were calculated assuming all grains were the same size. Values
between 100 A and 2500 A were used for the radius. Second, a
Mathis, Rumpl, and Nordsieck (1977) type of power-law dis-
tribution was used, which has the number density of grains dn
given by

-3.5
dnoca > da, g <a<dp, -

For all power-law calculations, the value of a,, was fixed at
2500 A, while the a,;, value was varied in logarithmic steps
from the 100 A value appropriate to the normal interstellar
medium up to the maximum of 2500 A. Results for the power-
law type distribution are shown in Figure 1 for a,;, values
between 250 A and 1500 A. Extinction curves for the single-
sized grains are not shown, but lead to the same conclusions. A
more general discussion of the results of varying the size limits
in a power-law distribution is given by Mathis and Wall-
enhorst (1981).

b) Inclusion of Scattering into the Beam

In order to incorporate the possibility that some photons are
scattered into the IUE aperture, we adopt the formalism of
Code (1973), which solves the two-stream radiative transfer
problem for a spherically symmetric circumstellar nebula
entirely within the beam. While this situation does not apply
directly to the o Sco system, the results should nevertheless
indicate the direction of change when circumstellar scattering
is included. A full solution would necessitate a Monte Carlo
simulation of a UV source embedded off-center in an approx-
imately spherical nebula centered on the M star. As we discuss
below, the results of using the Code approximation give us
confidence that a more detailed calculation would not produce
significantly different conclusions.
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FiG. 1—Comparison of computed curves with circumstellar extinction in o
Sco. The flatness of the observed curve is inconsistent with the lack of a rise
toward short wavelengths in all computed curves for minimum grain size
@in < 800 A. The o Sco curve from Snow et al. (1987) was based on subtrac-
tion of an average foreground interstellar extinction curve; we have estimated
(dots) how this would be changed by adopting a relatively flat far-UV curve to
represent the foreground extinction, as appropriate for the p Ophiuchi cloud.
The spike in the a Sco curve near 8 um ™! is due to Lya absorption.

Code (1973) gives the emergent flux from the nebula plus the
central star relative to that from the star alone as

L 2
1+ 08 (1= e &

(=1 - )1 - awg) 1)
(=1 -o)l —awg),

where o is the grain albedo, g is the forward-scattering param-
eter, and 7 is the optical depth at V to the star. This equation
was used to determine an “effective extinction ” which will be
less than the expected total extinction by the amount of scat-
tered light included in the beam.

The grain models used are the same as in the previous sub-
section. The total grain albedo and forward-scattering param-
eter are calculated from the optical properties of the
“astronomical silicate ” grain material. We addressed the grain
optical depth by two different approaches. First, a self-
consistent solution of equation (1) was done by setting the
effective extinction at B— V (including scattering effects) equal
to the observed E(B— V) = 0.15 (Snow et al. 1987) and numeri-
cally solving for the required 7. For all grain models, this pro-
cedure gave a result requiring more grain material than
expected in the line of sight from the total hydrogen column
density of hydrogen with a normal heavy element abundance
and depletion. The resulting effective E(B— V) is low compared
to the observed value; we take this to mean that the scattering
in the actual nebula is less important than in the assumed
spherically symmetric model.

where

and

IV. RESULTS AND DISCUSSION

Figure 1 shows our computed extinction curves (without
scattering) superposed on the observed circumstellar dust
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extinction curve for a Sco, taken from Snow et al. (1987). The «
Sco curve was originally derived by removing the foreground
extinction, assuming that the foreground material is represent-
ed by the average interstellar extinction curve of Seaton (1979).
When we have difficulty understanding how the circumstellar
extinction could be negative at short UV wavelengths (the
curve should flatten, not drop, as the parameter 2ma/A
increases; e.g., Spitzer 1978), we decided to adopt as the
assumed foreground extinction the curve for the p Ophiuchi
cloud, with which o Sco is closely associated. The p Oph
extinction is much lower than the average curve in the far-UV;
the result of recomputing the a Sco circumstellar curve by
subtracting a p Oph-like foreground curve is indicated by the
dots in Figure 1. The result is a flat far-UV curve that does not
dip significantly below zero. Even though the far-UV extinc-
tion for a Sco dust has been revised by this, the original conclu-
sions of Snow et al. (1987) need not be changed, because the
far-UV extinction still shows no rise toward short wavelengths.

The smooth solid lines in Figure 1 represent our calculations
without scattering, for a variety of assumed lower size cutoffs
a,;, (given on the plot, in units of microns). As these curves
show, our computed curves for size distributions with small
values of a,;, are strongly ruled out by the observed a Sco
curve. For a_;, < 800 A, the calculated curves all rise toward
short wavelengths (this trend is more pronounced for a;, <
250 A, not shown in the figure). The best fit between computed
and observed curves occurs for a,;, = 800 A, and a,,;, = 1000
A is within the uncertainties. Values as small as a,;, = 500 A or
smaller are clearly ruled out.

Inclusion of scattering into the aperture does not signifi-
cantly alter this result, as seen in Figure 2. In fact, the scat-
tering generally sharpens the argument for large grains in the
circumstellar nebula around a Sco. The large silicate grains
that produce the extinction at the B and V wavelengths are
efficient scatters, with albedos above 0.8 and forward-
scattering parameters greater than 0.5 (cf. Draine and Lee
1984). The inclusion of scattered photons has a large effect at
these wavelengths: we find the effective E(B— V) to be less than
a fourth of the usual value. On the other hand, the small grains
that produce the far-UV extinction are more absorbing even at
these wavelengths, with albedos closer to 0.1 and nearly
spherical scattering phase functions. Under these circum-
stances, very little light is scattered into the beam, and the
effective extinction in the far-UV is only slightly less due to
scattering. Dividing this by the much smaller effective E(B—V)
results in a greatly increased far-UV extinction in the normal-
ized curve, in contradiction to the observations. Even with a
Jower size limit of 1000 A, there is a significant rise in the
extinction. Several different upper size limits on the grain
population were also tested, without changing this result. We
again conclude that scattering in the o Sco nebula cannot be as
effective as in Code’s symmetrical, centered circumstellar
nebula. Since the inclusion of scattering raises the far-UV
extinction level, the argument against any significant popu-
lation of small grains in the circumstellar dust around a Sco is
strengthened.

Our calculations therefore suggest that the lack of a signifi-
cant rise in extinction toward short UV wavelengths indicates
that there is no significant population of grains smaller than
800 A diameter. The size distributions of circumstellar grains in
the observed stars must therefore cut off at a size larger than
this; it is impossible to tell from our calculations how much
larger. The conclusion that few or no grains smaller than 800 A
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Fic. 2—Circumstellar extinction of a Sco with the inclusion of scattering in
the calculations. The thin line here represents the computed curve when scat-
tering into the IUE aperture is taken into account. For this curve, the lower
grain size limit was 1000 A; the disagreement with observations becomes more
severe if a smaller minimum size is assumed.

exist in these environments is consistent with some theoretical
models for the grain-formation process (Hasegawa 1984),
which indicate that newly formed grains grow rapidly as they
flow outward from the central star, reaching sizes governed by
how quickly they move to density regimes too sparse for con-
tinued accretion and growth. Other models (e.g., Gail and
Sedlmayr 1986) are not consistent with our results.

Infrared polarization data (e.g., Hildebrand 1983) also
suggest that large circumstellar grains are present in red super-
giant extended atmospheres, although these data provide no
information on the presence or absence of small grains.

Our data strongly support the theoretical expectations that
newly formed circumstellar grains reach large sizes (~1 um or
larger) before injection into the interstellar medium. On the
other hand, there is ample evidence that small grains (a < 250
A) are abundant in the interstellar medium, and a growing
body of data suggests that there are numerous grains (or large
molecules) with ~10 A typical sizes (Sellgren 1984; Sellgren,
Werner, and Dinerstein 1983). If these small grains are not
formed in circumstellar envelopes of red giants, then we must
look for other origins.

One possibility is that the small grains are formed in types of
circumstellar environments not included in our study. It is
particularly appealing to consider carbon-rich circumstellar
envelopes, since most of the observable manifestations of small
grains are generally attributed to carbonaceous grains. We are
in the process of testing this possibility, through infrared
searches in carbon-rich circumstellar environments for the
spectral features associated with small (~ 10 A) carbonaceous
grains or large molecules of the polycyclic aromatic hydrocar-
bon (PAH) class.

Another possible origin for the small grains assumed to be
present in the general interstellar medium is the fragmentation
of larger grains. The theoretical work on grain evolution by
Seab and Shull (1985) and by Tielens et al. (1987) indicates that
grains undergo shocks sufficiently frequently that shock pro-
cessing should be the governing mechanism in establishing the
size distribution. Our results may be construed as supporting
this view.
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