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ABSTRACT

Some carbon-rich evolved stars exhibit a very prominent spectral feature at ∼“30 μm.” The C-rich nature of these
objects suggests that the carrier is a sulfide, carbide, or other substance apt to form in a reducing environment.
However, the carrier of this spectral feature remains disputed, with magnesium sulfide (MgS) as the most favored
candidate. In order to investigate the carrier of the “30 μm” feature further, we have taken a dual approach, studying
both laboratory and observational data. In order to obtain a homogeneous sample, we studied the “30 μm” feature
observed in the spectra of galactic extreme carbon stars that exhibit the 11 μm SiC absorption feature. Thus, we
avoid potential differences in the target objects that could contribute to the observed differences in the shape,
position, and strength of the “30 μm” feature. In addition, we analyzed the shape and position of the “30 μm”
features for a range of sulfide minerals for which laboratory data exist. Our study of observed astronomical features
shows a range of shapes and positions for the “30 μm” feature despite similarities in the source objects. The nature
of our sample argues against grain processing or temperature differences due to hardening of the stellar radiation
field with evolution. While there are very few correlations between spectral parameters for our sample, the peak
positions of the ∼11 μm absorption and 30 μm emission features do correlate, and these peak positions correlate
with the modeled optical depth. These correlations suggest that the carriers of the observable spectral features are
closely related to one another and to the density/pressure in the dust formation zone. Furthermore, we suggest that
the blue-broadening of the 11 μm feature cannot be attributed to SiS2 based on existing laboratory spectra, but
further lab work is needed to investigate the effect of increasing oxidation.
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1. INTRODUCTION

1.1. Physical and Chemical Evolution of Intermediate-mass
Stars and Their Circumstellar Shells

Stars between about 1 and 8 M� eventually evolve up the
asymptotic giant branch (AGB; Iben & Renzini 1983). Because
of instabilities in their interior, AGB stars pulsate and throw off
large amounts of mass from their surface (e.g., Vassiliadis &
Wood 1993). This intensive mass loss produces a circumstellar
shell of dust and neutral gas. Once the AGB star has exhausted
its outer envelope, the AGB phase ends. At this point, the mass
loss virtually stops and the circumstellar shell moves away from
the star. At the same time, the central star begins to shrink
and heat up from ∼3000 K until it is hot enough to ionize the
surrounding gas, at which point the object becomes a planetary
nebula (PN). Toward the end of the AGB phase, the increasing
impact of the thermal pulse cycles leads to an enhanced mass-
loss rate (e.g., Vassiliadis & Wood 1993; Villaver et al. 2002a).
Such an increase in mass-loss rate (dubbed the superwind) is
necessary to explain the densities seen in typical PNe (Renzini
1981). Since the initial suggestion of the superwind hypothesis,
many observations of AGB and post-AGB stars have supported
this hypothesis (e.g., Knapp & Morris 1985; Wood et al.
1992).

The chemical composition of the atmospheres of AGB stars
is expected to change as these stars evolve, due to convective
dredge up of carbon produced in the He-burning shell. The
carbon-to-oxygen ratio (C/O) is critical in determining which
types of dust and molecules are present around an AGB star.
The formation of extremely stable CO molecules will consume
almost all of the less abundant element, leaving only the more

abundant element available for dust formation. Stars start their
lives with the cosmic C/O of ≈0.4 and are therefore oxygen-
rich. In about one-third of AGB stars, enough carbon will be
dredged up to make C/O > 1, and, therefore, carbon will
dominate the chemistry around these stars, known as carbon
stars. If carbon stars reach the optically obscured superwind
phase, they become known as “extreme carbon stars” (Volk
et al. 1992). See Speck et al. (2009) for a review of extreme
carbon stars and their dust.

1.2. Dust Around Carbon Stars

Carbon stars are expected to have circumstellar shells domi-
nated by amorphous or graphitic carbon grains. Unfortunately,
these carbon-only grains do not have diagnostic infrared (IR)
spectral features. Other predicted components of the dust shells
include various carbide, nitride, and sulfide grains (see Speck
et al. 2009 and references therein for a review of observed and
hypothetical condensates around carbon stars).

The most important dust component after “pure” carbon
grains is silicon carbide (SiC), which has an IR spectral feature
at ≈11 μm. SiC was long predicted to be present in carbon star
circumstellar shells, beginning with theoretical condensation
models (Friedman 1969; Gilman 1969) and continuing with the
prediction of a characteristic ∼11 μm spectral feature (Gilra
& Code 1971). The observational discovery of an ∼11 μm
emission feature in many carbon star spectra (Hackwell 1972;
Treffers & Cohen 1974) provided a means to study dust around
carbon stars.

There have been numerous studies of the ∼11 μm feature
in carbon star spectra, and several focused on how the shape
and position of the feature vary from object to object (Cohen
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1984; Baron et al. 1987; Willems 1988; Chan & Kwok 1990;
Goebel et al. 1995; Speck et al. 1997, 2005, 2006, 2009; Sloan
et al. 1998; Thompson et al. 2006). Not all these previous works
agree. All studies concur that the increasing optical depth leads
to decreasing color temperatures from the stars as the stellar
photosphere becomes hidden from view and the dust from which
we receive light becomes progressively cooler. At the same
time, the ∼11 μm feature tends to become weaker (relative to
the continuum), more flatly topped (less sharply peaked), and
possibly broader.

Several studies of the ∼11 μm feature have shown that it is
consistent with SiC self-absorption, i.e., absorption by cooler
SiC particles located in the outer part of the dust shell, where
they can absorb the SiC emission feature produced by warmer
SiC closer to the central star (Cohen 1984; Speck et al. 1997,
2005, 2009). Indeed, Speck et al. (1997) showed that every star in
their sample whose underlying continuum temperature satisfied
Tcol < 1200 K was best fitted by self-absorbed SiC, whether
the ∼11 μm feature was in net emission or net absorption.
As the dust shell reaches extreme optical depths, the ∼11 μm
feature will eventually be seen in net absorption. Furthermore,
the ∼11 μm SiC feature is seen to vary from object to object in
spectral shape and peak position.

When the ∼11 μm SiC feature is in net absorption, the
observed features have an even larger range of shapes and
positions than do the SiC emission features. In particular, this
feature seems to range from a “pure” ∼11 μm feature as seen in
IRAS 23166+1655 to a much broader, bluer feature (e.g., AFGL
2477; Speck et al. 1997). The cause of the broadening to the
blue side of the ∼11 μm feature remains unknown but has been
attributed to an interstellar silicate absorption contribution (see
Speck et al. 1997; Groenewegen 1996), silicon nitride (Si3N4;
Clément et al. 2005), amorphous SiC (Speck et al. 2005), and
C3 (e.g., Zijlstra et al. 2006; Jørgensen et al. 2000). The Si3N4
hypothesis has been shown to be erroneous (Pitman et al. 2006),
while the suggestion of amorphous SiC is not supported by
evidence from pre-solar grains in meteorites (Pitman et al. 2011
and references therein). Speck et al. (2009) argued against C3
as the cause of the absorption feature on the short wavelength
side of the SiC feature. Another plausible contributor to this
“blue-broadening” of the ∼11 μm feature may be SiS2. This
substance has been invoked to explain the “30 μm” feature (see
below) as well as the equally enigmatic 21 μm feature (see
Zhang et al. 2009b and references therein). This idea will be
discussed further in Section 4.

The ∼11 μm absorption feature is most likely caused by SiC
grains. Whether the broadening to the blue side of the feature is
due to an extra component in the dust shell, or due to structural
changes in the SiC grains remains unknown. Whatever the
cause of the ∼11 μm feature and its variations in peak position
and breadth, these variations in spectral parameters should be
manifestations of variations in the physical conditions within the
dust shell. A detailed study of the ∼11 μm feature was presented
by Speck et al. (2009), but they did not compare their results
with any study of the longer wavelength features.

In addition to the ∼11 μm SiC feature, a very prominent
feature often appears at ∼30 μm in the spectra of some carbon-
rich low- and intermediate-mass evolved stars. This so-called
30 μm feature was discovered in the spectra of carbon-rich
AGB stars and PNe (Forrest et al. 1981) and has since been
observed and studied in many C-rich evolved stars (e.g., Goebel
& Moseley 1985; Nuth et al. 1985; Omont et al. 1995; Begemann
et al. 1994; Hony et al. 2002b).

The carrier of this spectral feature remains unknown. The
C-rich nature of the objects in which the “30 μm” feature is
found suggests that the carrier is a sulfide, carbide, or other
substance apt to form in a reducing environment. Several such
candidate carrier minerals (e.g., Fe3C, FeS, and SiS2) have
been eliminated from the pool (Nuth et al. 1985). Nuth et al.
(1985) suggested both CaS and MgS as potential condensates
but favored MgS over CaS due to three claims involving the
spectra of CaS: (1) its absorption peaks at 40 μm (and not around
30 μm), (2) its emission around 24 μm does not rise as quickly
as observations, and (3) it should be less abundant around stars
than MgS (Nuth et al. 1985). However, Lodders & Fegley (1995)
found CaS to condense at a higher temperature than MgS,
while Hofmeister et al. (2003) produced new laboratory spectra
demonstrating the viability of CaS as a carrier of the “30 μm”
feature. MgS remains the most favored candidate carrier for the
“30 μm” feature, although it is far from universally accepted.
For example, Zhang et al. (2009a) showed that the 30 μm feature
in HD 56126 is too strong for MgS to be the carrier, as it would
require a much larger abundance of MgS than can realistically
be expected (see Section 5 for further discussion).

Early observational studies of the “30 μm” feature relied upon
observations from the Kuiper Airborne Observatory (KAO; e.g.,
Omont et al. 1995). Even the Infrared Astronomical Satellite
(IRAS) Low Resolution Spectrometer (LRS; Olnon et al. 1986)
spectra did not probe to long enough wavelengths. However, the
advent of higher resolution Infrared Space Observatory (ISO)
Short Wavelength Spectrometer (SWS; de Graauw et al. 1996)
with broader wavelength coverage has yielded some interesting
results. Early ISO SWS studies of the “30 μm” feature suggested
that the feature can be resolved into two components peaking
at ∼26 and ∼33 μm (Szczerba et al. 1999) and subsequent
studies were predicated on this finding (e.g., Volk et al. 2002;
Hony et al. 2002b; Zhukovska & Gail 2008). Interestingly, Volk
et al. (2002) used the ISO spectra to derive the emissivities for
these two features and successfully modeled the full range of
variations in feature strengths from AGB stars to PN phases,
while Hofmeister et al. (2003) found that the laboratory spectra
of MgS could be decomposed into two features. However,
Hrivnak et al. (2009) used new data from the Spitzer Space
Telescope to show that the 30 μm feature is not composed of
these two sub-features, but rather it is one single broad feature.

Hony et al. (2002b) investigated the effect of grain shape on
spectral features of Mg0.9Fe0.1S (from Begemann et al. 1994)
and found that while a continuous distribution of ellipsoids
(CDE) gave a reasonable match to the astronomical “30 μm”
feature, more narrowly defined shapes (e.g., only spheres, or
only prolate spheroids, or only oblate spheroids) did not match.
However, they did not use other sulfide minerals in their analysis.
Hony & Bouwman (2004) produced radiative transfer models of
a variety of C-rich environments using CDE Mg0.9Fe0.1S with
some success; however, the laboratory spectra used do not cover
the visible/near-IR range, which is needed to correctly model
the dust emission. Furthermore, the assumption is made that the
dust is essentially MgS without examining other possibilities.

This tendency to assume that the “30 μm” feature is due
to MgS persists. Leisenring et al. (2008) suggested that there
is observational evidence for MgS forming on the surface of
SiC grains already extant around carbon-rich stars, i.e., spec-
troscopic data show correlation between increasing “30 μm”
emission and decreasing SiC emission. This observational study
is supported by the theoretical grain condensation models of
Zhukovska & Gail (2008). However, the Zhukovska & Gail
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Table 1
Sample of Extreme Carbon Stars

IRAS Other R.A.a Decl. THT Date of
Number Names (J2000) (J2000) Number Observation

00210+6221 CGCS 6006 00 23 51.2 + 62 38 16.4 40401901 1996 Dec 24
01144+6658 V829 Cas, AFGL 190, CGCS 6017 01 17 51.6 +67 13 55.4 68800128 1997 Oct 3
02408+5458 02 44 25.2 + 55 11 15 80002504 1998 Jan 24
03313+6058 CGCS 6061 03 35 30.7 +61 08 47.2 62301907 1997 Jul 31
06582+1507 CGCS 6193 07 01 08.44 + 15 03 39.8 71002102 1997 Oct 26
17534−3030 AFGL 5416, CGCS 6690 17 56 33.1 −30 30 47.1 12102004 1996 Mar 17
19548+3035 AFGL 2477, CGCS 6851 21 50 45.0 + 53 15 28.0 56100849 1997 May 30
21318+5631 AFGL 5625S, CGCS 6888 21 33 22.98 + 56 44 35.0 11101103 1997 Mar 7
22303+5950 CGCS 6906 22 32 12.8 +60 06 04.1 77900836 1998 Jan 2
23166+1655 LL Peg, AFGL 3068, CGCS 6913 23 19 12.39 + 17 11 35.4 37900867 1996 Nov 29

Note. a Units of right ascension are given in hours, minutes, and seconds; units of declination are degrees, arcminutes, and arcseconds.

(2008) model assumed that the 30 μm feature had two com-
ponents. Furthermore, both the Zhukovska & Gail (2008) and
the Leisenring et al. (2008) studies fail to account for obser-
vations of SiC absorption features in extreme carbon stars (see
Section 1.2, and Speck et al. 2009; Gruendl et al. 2008 and
references therein). Moreover, these studies assume that the re-
duction in peak-to-continuum ratio for the observed 11 μm fea-
ture is due to coating of SiC grains, rather than self-absorption
effects (see Speck et al. 2005 and references therein).

In this paper, we investigate the “30 μm” feature in the
spectra of extreme (i.e., optically obscured) carbon stars with
the goal of determining the carrier of the 30 μm feature and
testing the hypotheses for C-rich condensation sequences. In
Section 2 we discuss our sample selection and data analysis. In
Section 3 we present the results of our analysis of the observed
spectral features in extreme carbon star data. In Section 4 we
reconsider SiS2 as a condensate to explain observed spectral
parameters. Section 5 investigates a selection of laboratory data
on sulfides, while Section 6 compares the laboratory data with
our observational sample. The findings are summarized and
conclusions drawn in Section 7.

2. SAMPLE SELECTION AND OBSERVATIONS

The “30 μm” feature is observed in a range of carbon-rich
evolved stars. The evolution of low- and intermediate-mass
stars from optically bright AGB stars through the obscured
superwind phase and the short-lived post-AGB, pre-planetary
nebula (PPN) phase, to the PN phase is described in Section 1.1.
During this evolutionary process, the dusty region around a
C-rich evolved star changes, chemically, in optical depth, and in
the radiation field to which it is exposed. The “30 μm” feature
is observed for objects in all these phases of stellar evolution,
and thus the factors governing the observed variations in this
feature include chemistry, density, and the radiation field. In
order to limit the factors that may lead to spectral variations, we
have selected a sample containing all known extreme carbon
stars in the Galaxy that exhibit the ∼11 μm SiC feature in
absorption as of 2008, discussed in Speck et al. (2009). This
sample limits us to stars that are in the superwind phases
and, thus, all have relatively high-density outflows and low-
energy radiation fields. Furthermore, by including only those
objects with SiC absorption features, we can use this feature as
a diagnostic. Moreover, the occurrence of the SiC absorption
feature suggests that SiC grains are not coated with carbon or
MgS (see Section 1.2). The objects were all observed by ISO
and are listed in Table 1.

The raw ISO data were extracted from the ISO data archive,
and we used the Off-Line Processing (OLP) pipeline, version
10.1. Individual spectral sub-bands were cleaned of glitches
(caused by cosmic ray particles) and other bad data sections.
Next, they were flat-fielded, sigma-clipped (using the default
value σ = 3), and rebinned to the final spectral resolution
(R = λ/Δλ), which ranged from 200 to 700, depending on
the scanning speed of the SWS grating during the observation
(Leech et al. 2003). The final spectra are presented in Figure 1
which contains for each source: the ISO SWS data, IRAS pho-
tometry points, IRAS LRS data, and continuum fits (described
in Section 3). Please note that the intrinsic variability of AGB
stars gives rise to changes in brightness and thus the ISO and
IRAS data are often offset in flux.

3. ANALYSIS

3.1. Continuum Fitting and Parameter Measurements

To analyze the spectral features of our extreme carbon stars,
we must first estimate the contribution of the continuum. Fol-
lowing Thompson et al. (2006), we assume that the continuum
can be approximated by a blackbody or modified blackbody;
i.e., F (λ) ∝ Bλ(T ) × λ−β , where β is the emissivity index. The
emissivity index β depends on the size, structure, composition,
and temperature of the grains as well as on the optical depth
of the dust shell (e.g., Mennella et al. 1998; Koike et al. 1980,
1987, 1995). For an optically thick dust shell, one expects the
continuum to be well approximated by a blackbody, while more
optically thin dust shells are better fit by F (λ) ∝ Bλ(T ) × λ−β .
In the case of carbon stars, the dust content, and thus its con-
tinuum, is expected to be dominated by carbon grains (see
Section 1.2). For carbon grains, the emissivity law is expected
to have β ≈ 1 if the grains are amorphous and β ≈ 2 if the
grains are graphitic (Mennella et al. 1998; Koike et al. 1995).
A distribution of dust temperatures would be represented by a
summation of blackbodies and emissivities which may lead to
apparent β-values <1. Theoretically, β-values <1 are consid-
ered unphysical when one considers a single grain population;
however, such values may occur due to summations of emission
curves from a distribution of grain sizes and temperatures. Fur-
thermore, measured values of β in laboratory experiments (e.g.,
Mennella et al. 1998; Koike et al. 1980) have found amorphous
carbon to have β-values <1; Rouleau & Martin (1991) found
that amorphous carbon has β ≈ 0.8. Combined infrared and sub-
millimeter observations of carbon-rich post-AGB object CRL
618 show that its spectral energy distribution (SED) has a long
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Figure 1. SEDs of our sample of 10 extreme carbon stars. Large dark gray circles are the IRAS photometry data, these are connected by a gray dotted line to guide the
eye; smaller dark gray circles are the IRAS LRS data; black dots are the ISO SWS data. Smooth lines indicate the continuum fits: black solid line = pure blackbody
(β = 0); dark gray line = modified blackbody with variable emissivity index; and the light gray line = modified blackbody with β = 1. The blackbody and modified
blackbody temperatures are listed in Table 2. The down arrow indicates an upper limit. The x-axis is wavelength in μm and the y-axis is flux (λ Fλ) in W m−2.
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Figure 1. (Continued)

Table 2
Fitted Blackbody and Modified Blackbody Continuum

Temperatures and Emissivity Indices

IRAS Name TBB
a TBB−Mod

b TBB−Mod
c β

@ β = 1 (Best Fit)

00210+6621 290 250 255 0.6
01144+6658 280 230 245 0.6
02408+5458 250 205 240 0.2
03313+6058 350 280 330 0.2
06582+1507 320 260 280 0.5
17534−3030 280 235 260 0.6
19548+3035 295 240 295 0.0d

21318+5631 295 240 285 0.2
22303+5950 345 280 310 0.4
23166+1655 290 235 270 0.3

Notes. All temperatures are in Kelvin.
a TBB is the best-fitting blackbody temperature.
b The best-fitting modified blackbody temperature if β = 1.
c The best-fitting modified blackbody temperature if β is allowed to vary.
d The best fit is with the blackbody.

wavelength emissivity consistent with β ≈ 0.8 (Knapp et al.
1993). Meanwhile, IRC + 10◦216, a carbon-rich AGB star that
is not yet completely dust-obscured, has an observed β ≈ 1.3
(Le Bertre 1987). This object is expected to be a precursor to an
extreme carbon star and should eventually evolve into a CRL-
618-like object. With this in mind, we have fit the continuum for
each of our 10 sources 3 times using (1) a blackbody continuum,
(2) a modified blackbody continuum for which the emissivity
law is set to unity (as expected for amorphous carbon), and (3)
a modified blackbody for which the emissivity was allowed to
vary to get the best overall fit to the observed SED. For this
latter fit, we used the slope of the SED as seen in the IRAS pho-
tometric observations to guide the steepness of the slope of the
fitted continuum. In light of fits to previous laboratory and as-
tronomical data (e.g., Le Bertre 1987; Knapp et al. 1993; Koike
et al. 1980), we did not limit the emissivity law to 1 < β < 2.
The temperatures and β-values of the fitted continua are listed
in Table 2 and the continua are shown in Figure 1.

As seen in Figure 1, the blackbody continua generally
overestimate the far-IR continuum, while the steepest continuum
(β = 1) tends to be too steep compared to the IRAS SED. It is
very important to have an accurate continuum slope because
the parameters that define the spectral features in continuum-
divided spectra are greatly affected by the choice of continuum.

Having determined three temperature-dependent continua for
each spectrum, each one was divided by its assigned continua in
order to determine the characteristics of the solid-state spectral
features. Continuum-division leaves a temperature-independent
emission/absorption efficiency Qλ, which represents the com-
posite extinction efficiency for all grains in the dust shell. The
resulting dust extinction spectra are shown in Figure 2.

For each of the continuum-divided spectra, we determined
the parameters of the residual spectral features. Using the
NOAO onedspec package within the Image Reduction and
Analysis Facility (IRAF), the barycentric position, FWHM,
and equivalent width (EW) were determined for the ∼11 μm
SiC absorption feature and the 30 μm emission feature. The
parameters for each of these features were determined three
times, since we have three fitted continua. While we expect that
the values for continua with variable β will be most appropriate,
the values derived using the β = 0 and β = 1 cases provide
an estimate of the errors and serve as a double check on any
correlations found between spectral parameters.

The onedspec package allows fitting of spectral features with
either a Gaussian or Lorentzian profile; we used both. Typically,
the Gaussian profile is popular for astronomical spectroscopic
applications. However, a Lorentzian profile is appropriate to the
study of solid state spectral features when working in frequency
space. In fact, the classical model of emission features from
solids is the Lorentz model. It is therefore equivocal which
profile is best suited to fitting the observed spectral features.
Consequently, we tried both potential profiles and found little
difference between using Gaussian or using Lorentzian fits in
terms of finding correlations between features. We will only
consider the Gaussian fits here.

For the ∼11 μm absorption feature, the attribution to SiC
is controversial. Only two sources in the sample (IRAS
23166+1655 and IRAS 02408+5458) show an ∼11 μm ab-
sorption feature that clearly “peaks” close to 11 μm with the
remaining sources having broader features peaking at slightly
shorter wavelengths. Speck et al. (2009) discuss this apparent
uneven broadening toward the blue side in the SiC feature and
attribute it to an extra feature around 10 μm. Regardless of the
true cause of the ∼11 μm absorption feature, the parameters of
this feature should be indicators of the physical/chemical state
of the circumstellar shell and thus can be used as a diagnostic.

The 30 μm feature is not perfectly Gaussian in shape. How-
ever, the general shape of the 30 μm feature is more or less the
same throughout all of our sources. Therefore, the best-fitting
Gaussian parameters are usable when searching for trends. One
particular aspect of the 30 μm feature that may pose a problem
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

Figure 2. Continuum-divided spectra where continuum is the best-fit modified blackbody (with variable emissivity index) listed in Table 2. The x-axis is wavelength
in μm and the y-axis is emissivity.

in two particular sources, IRAS 03313+6058 and IRAS
19548+3035, is the apparent rise in the flux at longer wave-
lengths in the ISO data. However, these spectra do exhibit a
local minimum between the 30 μm and this upward inflection.
Hence, our Gaussian fits used the shape up until these minima
and do not include the long wavelength rise seen in Figure 1.

3.2. Correlations

Having measured the barycentric position, FWHM, and
EW for both spectral features (at 11 and 30 μm), we sought
correlations between these parameters and with other spectral
parameters (e.g., fitted continuum temperature). In addition,
Speck et al. (2009) presented radiative transfer models for
each of our sample objects. We used their model parameters
for these sources as further potential correlation parameters. In
their work, Speck et al. (2009) produced models using, for each
source, either the classic “MRN” grain-size distribution4 or with
a larger, but narrower grain-size distribution based on meteoritic
pre-solar grains (see Speck et al. 2009; Bernatowicz et al. 2006).

When formally seeking correlations between spectral param-
eters, it is important to have a suitable measure of the strength
of a correlation. We have produced three continua by which our
original spectra were divided (β = variable, β = 0, and β = 1

4 That is, n(a) ∝ a−q , where n is the number of grains in the size interval
(a, a + da) and q = 3.5, amin = 0.005 μm, and amax = 0.25 μm (Mathis et al.
1977).

cases). While the β = variable case is the best-fitting continuum,
we only count a correlation as valid if it occurs regardless of the
choice of continuum within the β = 0 and β = 1 limits. Further-
more, it is typical in astronomy to define a correlation in terms
of the sample correlation coefficient (often called “R”). This
coefficient is usually quoted and there is an implicit assumption
that a value of R � 0.5 constitutes a significant correlation (e.g.,
Speck et al. 1997; Dijkstra et al. 2005). Thompson et al. (2006)
argued that R = 0.5 is not sufficient to demonstrate a correla-
tion, but rather that R2 must be >0.5. Meanwhile, the description
of the correlations in Willems (1988) are consistent with either
R > 0.5 or R2 > 0.5. Dijkstra et al. (2005) used the “p-value”
to express the significance of finding a correlation but do not
discuss what it means. In order to ensure that our analysis is
rigorous, it is necessary for us to explain some statistical terms,
such as the sample correlation coefficient and coefficient of de-
termination, as well as discuss whether these statistical terms
have significance (e.g., see Brockett & Levine 1984; Donnelly
2004). The “sample correlation coefficient,” R, measures both
the direction and strength of the relationship between an inde-
pendent variable x and a dependent variable y. The value of the
sample correlation coefficient is −1 < R < 1 such that if R ∼ 0
there is no relationship between x and y. The sign ( + or −)
of R merely designates whether the relationship between x and
y is positive or negative (i.e., it defines the direction of the slope
of the trend). It is clear that to choose a value of R = 0.5
as a measure of the significance of a correlation is arbitrary.
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According to Rumsey (2003), most statisticians like to see
|R| > 0.6 in order to consider a correlation significant, while
Thompson et al. (2006) and Guha-Niyogi et al. (2011) stated
that R should be >0.7, in order to be considered a correlation.

Another statistical quantity for correlation studies is the
determination coefficient R2. For a linear-regression fit through
a data set, the value of R2 is a measure of how well the regression
line approximates the real data points. If R2 = 1.0, the
regression line perfectly fits the data. If R2 < 0.5, then <50% of
the data points can be explained by the linear regression fit, i.e.,
<50% of the variation in y can be attributed to x. Consequently,
we use the R2 value to define a significant correlation and
require R2 � 0.5. This criterion for significance of correlations
is consistent with those used by Thompson et al. (2006),
Guha-Niyogi et al. (2011), Xiang et al. (2011), and Greenberg
& Chlewicki (1983).

The coefficient of determination for the correlations sought
between spectral parameters for the variable-β data are listed
in Table 3. Correlated variables (R2 � 0.5) are shown in bold
face, while the somewhat ambiguous results (|R| > 0.6 →
R2 � 0.36 or not all continua give rise to R2 � 0.5) are in
italics. The data amongst which the correlations are sought are
plotted in Figures 3, 4, 5, and 6. Cross-referencing Table 3 with
these figures, we see that the criteria for correlations are valid.
For correlations with 0.36 � R2 � 0.5 (e.g., SiC or 30 μm peak
positions with continuum temperature), there is not a discernable
trend when the data are plotted.

Although there are correlations (i.e., R2 > 0.5) for several
listed pairs of parameters, some of the correlations disappear
depending on the choice of continuum. We only consider corre-
lations that exist for all three continuum choices. Figures 3, 4,
and 5 show the relationships between the spectral parameters.
Both using our statistical criterion of R2 > 0.5 regardless of
continuum choice and examining Figures 3, 4, and 5, we can
see that there are only two pairs of parameters for which cor-
relations clearly exist: SiC EW versus SiC FWHM, and the
barycentric positions for SiC and the ∼30 μm feature. In both
cases, the correlation exists whether or not the unusual object,
IRAS 17534−3030,5 is included in the correlation assessment.
Furthermore, these correlations remain even when we remove
extraneous data points or discontinuities within the spectra (see
Figures 2(b), (c), and (i)).

Speck et al. (2009) showed that the ∼11 μm SiC feature varies
significantly in width in such a way that it appears to broaden
toward the blue side. This is confirmed by the measurements
presented here (see Figure 4 and Table 3). The broadening
has been attributed to an extra dust/molecular component in
addition to SiC (e.g., interstellar silicate or C3; see Speck et al.
2009 and references therein). Since the broadening is always
to the blue side of the SiC feature, one would expect to find a
correlation between the barycentric position and the FWHM of
the SiC feature; no such correlation is found. This complicates
the interpretation of the feature at ∼11 μm and raises the
question of whether it is truly due to SiC grains. However,
the intrinsic variations in the observed 11 μm emission feature
are large and the cause of the variations remains unknown
(see Thompson et al. 2006; Speck et al. 2005 and references
therein). If the ∼11 μm SiC absorption feature were to be
similarly variable, this would interfere with finding correlations
with the blue component of the absorption feature. We did

5 IRAS 17534−3030 does not exhibit the usual strong molecular absorption
bands, e.g., C2H2 at 13.7 μm. Speck et al. (2009) found that they needed to use
unusual parameters in their radiative transfer models for this object.

Table 3
Coefficients of Determination for Correlations

between Spectral and Model Parameters

Parameter 1 Parameter 2 R2

β TBB 0.2093
β SiC Center 0.0989
β SiC EW 0.008
β SiC FWHM 0.1411
β 30 μm Center 0.0001
β 30 μm EW 0.3057
β 30 μm FWHM 0.1214
β τmet 0.0516
TBB SiC Center 0.4102
TBB SiC EW 0.0666
TBB SiC FWHM 0.0489
TBB 30 μm Center 0.3912
TBB 30 μm EW 0.0287
TBB 30 μm FWHM 2.00E−05
TBB τmet 0.7871
SiC Center SiC EW 0.1962
SiC Center SiC FWHM 0.5727
SiC Center 30 μm Center 0.5915
SiC Center 30 μm EW 0.1337
SiC Center 30 μm FWHM 0.0804
SiC Center τmet 0.2332
SiC EW SiC FWHM 0.6608
SiC EW 30 μm Center 0.1081
SiC EW 30 μm EW 0.1079
SiC EW 30 μm FWHM 0.0911
SiC EW τmet 0.0548
SiC FWHM 30 μm Center 0.2417
SiC FWHM 30 μm EW 0.2627
SiC FWHM 30 μm FWHM 0.0975
SiC FWHM τmet 0.0118
30 μm Center 30 μm EW 0.001
30 μm Center 30 μm FWHM 0.0002
30 μm Center τmet 0.4552 (tentative correlation)
30 μm EW 30 μm FWHM 0.4855 (tentative correlation)
30 μm EW τmet 0.0098
30 μm FWHM τmet 0.0473

Notes. Listed R2 values were determined using Gaussian feature shape fits to
the β = variable modified blackbody continuum divided spectra. τMRN and τmet

at the modeled optical depths at 10 μm from Speck et al. (2009) for the MRN
and meteoritic grain-size distributions, respectively. Bold font indicates where
there is a correlation (R2) regardless of the choice of continuum. The R2 values
are slightly effected by the removal of bad data within IRAS 01144+6658, IRAS
02408+5458, and IRAS 22303+5950. However, for the correlations of interest
(bolded) involving the 30 μm feature, the data removal in these cases increased
the R2 values thus strengthening the correlations.

find a correlation between the FWHM and EW of the SiC
feature such that EW scales with the FWHM, suggesting that
increasing strength (EW) is largely due to the broadening of the
feature.

There is also a correlation between the barycentric positions
of both the ∼11 μm SiC and the 30 μm features. As the
barycentric position of SiC shifts to longer wavelengths, the
30 μm feature also becomes redder. This is true regardless of
the choice of continuum with the exception that we do not find
such a correlation for the situation where β = 0 and we include
IRAS 17534−3030. In previous work (e.g., Speck et al. 2009;
Groenewegen 1996, see also Section 1.2), the ∼11 μm feature
is assumed to be made up of two superposed features: SiC on
the red side and an unknown constituent on the blue side. In this
case, the correlation between barycentric position may occur
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Figure 3. Relationships between continuum temperatures and spectral feature parameters. In all cases, circles are blackbody temperatures; triangles are modified
blackbody temperatures with β = 1; squares are modified blackbody temperatures with best-fit β-value; black symbols are parameters measured on spectra using
blackbody continuum division; dark gray symbols are parameters measured on spectra using continuum with best-fit β-value; light gray symbols are parameters
measured on spectra using continuum with β = 1. Upper panels: peak positions; middle panels: FWHMa; lower panels: equivalent widths; left column: values for
11 μm SiC feature; right column: values for “30 μm” feature; the x-axis is always continuum temperature and the y-axis is always in μm.

because the position of the ∼30 μm feature is actually correlated
with the strength of the unknown constituent on the blue side
of the ∼11 μm feature. If the unknown constituent were C3,
this may argue for a C/O or C-atom abundance influence on the
∼30 μm feature. If the blue constituent is silicate, then C/O may
again be important, but the trend would be inverted. Potential
causes of this correlation will be discussed further in Section 6.
It is worth pointing out that despite our attempt at rigor in
defining what constitutes a significant correlation, correlation is
not the same as causation. For example, Messerli (2012) showed
that there is a strong correlation between a country’s per capita
chocolate consumption and the number of Nobel prizes it had
won. We should be careful when interpreting correlations, even
when they are statistically significant.

We do not find a strong correlation (across the choices of
continua) between the strengths of the SiC and ∼30 μm fea-
tures. This lack of correlation presents difficulties for pre-
vious explanations of the ∼30 μm feature which invoke the
coating of SiC on MgS dust grains (e.g., Leisenring et al.
2008). If MgS coats SiC grains, one would expect to see
an inverse correlation between the SiC and MgS feature
strengths (EWs).

We identify two tentative correlations. The barycentric posi-
tion of the ∼30 μm feature apparently increases with the opti-
cal depth as found in both the MRN and “meteoritic” radiative
transfer models of Speck et al. (2009, see also Figure 6 here).
The strength and breadth of the 30 μm feature also appear to
have a weak correlation with one another (see Figure 4). For
the former, optical depth is really just a measure of the total
number of particles in the dust shell. Therefore, the 30 μm fea-
ture shifts to longer wavelengths when the dust shell is more
densely packed. This may be indicative of a change in the dust
species as more dust is created. A denser dust shell may allow
for more iron to be included in a sulfide and could naturally
explain this correlation. There is not a correlation between the
feature wavelength and its strength or breadth, suggesting that
the effect is not one of optical depth and self-absorption of the
feature, further strengthening the attribution to compositional
effects.

Previous research has suggested evolutionary processes to
explain the shift in the central peak of the 30 μm feature between
different astrophysical sources (Hony et al. 2002b). As a source
evolves from an AGB star to a PPN and then, possibly, to a
PN, its UV flux increases. It has been suggested that either

8



The Astrophysical Journal, 764:142 (15pp), 2013 February 20 Messenger, Speck, & Volk

Figure 4. Relationships between spectral feature parameters. In all cases, black symbols are parameters measured on spectra using blackbody continuum division;
dark gray symbols are parameters measured on spectra using continuum with best-fit β-value; light gray symbols are parameters measured on spectra using continuum
with β = 1. Upper panels: peak positions vs. FWHM; middle panels: peak positions vs. equivalent widths; lower panels: FWHM vs. equivalent widths; left column:
values for 11 μm SiC feature; right column: values for “30 μm” feature; the x- and y-axes are always in μm.

dust temperature or processing due to the harder radiation field
gives rise to spectral variations. Here we only present spectra
of optically obscured AGB stars so the variations in the 30 μm
feature cannot be attributed to changes in the stellar radiation
field.

4. SILICON DISULFIDE AND THE BROADENING
OF THE 11 μm FEATURE

Silicon disulfide (SiS2) has been invoked to explain the
“30 μm” feature (see Section 1.2) as well as the equally
enigmatic 21 μm feature (see Zhang et al. 2009b and references
therein).

The spectrum of SiS2 presented by Kraus et al. (1997) shows
that, in addition to an ∼21 μm feature, crystalline SiS2 exhibits a
feature at ∼9.5 μm attributed to oxygen impurities giving Si–O
bonds. This observed feature could potentially contribute to the
blue-broadening of the 11 μm feature. Begemann et al. (1996)
prepared a glassy SiS2 sample and took both reflectance and
transmission spectra in order to derive the complex refractive
index of this substance. Unfortunately, their data do not extend to
wavelengths shortward of 12 μm and thus cannot be compared
to the blue-broadening of the 11 μm feature. Using absorbance
data for SiS2 from A. M. Hofmeister (2012, private communica-
tion; see Hofmeister et al. 2003; Speck et al. 2011 for details of
laboratory procedures) and following the procedures described

by Speck et al. (2011) to obtain absorption efficiencies/cross
sections for comparison with astronomical data, we produced
the spectrum shown in Figure 7. From inspection, we can see
that the ∼21 μm feature has a peak-to-continuum ratio of ap-
proximately half that for the ∼10 μm feature. We also used the
onedspec package in IRAF to determine the relative strengths of
these features (as measured by EW) and find that the ∼21 μm
feature is ∼70% as strong as the ∼10 μm feature. If the blue-
broadening was due to Si–O bonds in SiS2 grains, then we would
expect to see the ∼21 μm feature in the continuum-divided spec-
tra in Figure 2 and its strength should be most obvious in those
objects with the broadest/bluest ∼11 μm feature. There is no
evidence for a ∼21 μm feature in any of our sample objects.
Increasing oxygen contamination may completely coat the SiS2
grains, which would increase the strength of the ∼10 μm fea-
ture relative to that at ∼21 μm; however, the carbon-richness
of our astronomical environments make this scenario unlikely.
Indeed, while SiS2 may be quickly and easily oxidized in the
terrestrial laboratory, the same is much less likely in a reducing
environment around a carbon star. The first reaction of SiS2 with
OH in a low-oxygen environment would make solid SiO rather
than SiO2, but this solid has its mid-IR feature shortward of
9 μm, which is not consistent with the added feature needed to
explain the blue-broadening of the ∼11 μm feature. The blue-
broadening of the ∼11 μm feature can be fitted quite nicely with
a regular ∼9.7 μm absorption feature like that seen in the ISM
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Figure 5. Relationships between the SiC and “30 μm” spectral feature param-
eters. In all cases, black symbols are parameters measured on spectra using
blackbody continuum division; dark gray symbols are parameters measured on
spectra using continuum with best-fit β-value; light gray symbols are parameters
measured on spectra using continuum with β = 1. Upper panel: peak positions;
middle panel: FWHMa; lower panel: equivalent widths; axes are always in μm.

(see, e.g., Speck et al. 1997; Groenewegen 1996). Speck et al.
(2005) attempted to fit this feature with amorphous SiC which
has a diamond-like SiC component giving a feature at ∼9.3 μm,
but found that this new feature is too blue to match the observed
broadening.

5. IDENTIFYING THE “30 μm” FEATURE
THROUGH LABORATORY DATA

As discussed in Section 1.2, many carriers have been proposed
for the 30 μm feature. The most favored candidate carrier is
MgS, but this remains controversial (e.g., Zhang et al. 2009a). In
order to investigate some of the potential carriers of the “30 μm”
feature, we analyzed the effect of composition and grain-shape
distributions on potential matches to the “30 μm” feature.

Since solid particles in astrophysical environments are ex-
pected to be very irregular in shape, it is very difficult to charac-
terize the shape of the particles in an simple way. Traditionally,
cosmic dust grains have been assumed to be spherical for sim-
plicity, however, it is becoming increasingly obvious that the

use of spherical grains leads to unrealistic spectral features (see,
e.g., Min et al. 2003; DePew et al. 2006; Pitman et al. 2008,
2011).

Hofmeister et al. (2003) showed that there are several sulfide
minerals that could potentially match the observed “30 μm”
feature. With this in mind, we have acquired the optical constants
(complex refractive indices) of a range of sulfide minerals in
order to test the effect of both composition and grain shape
on the far-IR spectral feature. Following Min et al. (2003), we
have calculated the absorption cross sections (Cabs) for four
grain-shape distributions: spherical particles (SPH), continuous
distribution of ellipsoids (CDE), continuous distribution of
spheroids (CDS), and distribution of hollow spheres (DHS),6

using the optical constants of MgS, CaS, Mg0.9Fe0.1S (Fe10S),
Mg0.75Fe0.25S (Fe25S), Mg0.5Fe0.5S (Fe50S), and Mg0.1Fe0.9S
(Fe90S). The optical constants for CaS and MgS came from
Hofmeister et al. (2003)7 while the Fe10S–Fe90S data came
from Begemann et al. (1994).8 For the purposes of these
calculations, we assume the grains have a volume equivalent
sphere radius of 0.1 μm. While the dust grains almost certainly
have a range of sizes, the precise size distribution of the grains
is not known. Moreover, Speck et al. (2009) discussed in great
detail the issue of grains sizes in our sample stars and showed
that 0.1 μm-sized grains produce identical results in radiative
transfer models as do the more “realistic” distributions (e.g.,
Mathis et al. 1977; Kim et al. 1994).

While the calculations performed here are only valid in
the Rayleigh limit, that limit is met with 0.1-μm-sized grains
when looking at spectral features in the mid- and far-IR.
The resulting absorption cross sections (spectra) are shown
in Figure 8 (demonstrating compositional effect) and Figure 9
(demonstrating grain-shape effect). The shapes and positions of
the ∼30 μm features shown do not depend on short wavelength
data (the optical constants are limited to λ > 1 μm), but the
strengths of any observed emission features to which these data
are compared will depend on the UV–NIR absorption properties,
which are largely unknown.

It is immediately obvious from Figures 8 and 9 that the use
of spherical grains does not produce anything like the observed
feature. In fact, as stated above, it is unlikely that calculations
of cross sections using spherical grains are realistic (see, e.g.,
Min et al. 2003; DePew et al. 2006; Pitman et al. 2008; Corman
2010). Similarly, the calculated absorption cross sections for
the most iron-rich composition (Fe90S) do not resemble the
observed feature. Hony et al. (2002a) found evidence for FeS in
the spectra of some PNe; based on the same sharp features we see
in Figures 8 and 9 for Fe90S, we are confident that strongly iron-
bearing sulfides will not show a broad, smooth 30 μm feature.
We will not consider spherical grains or the Fe90S composition
further. On the other hand, all other sulfide compositions (CaS,
MgS, Fe10S, Fe25S, and Fe50S) give rise to very similar
spectral features, which certainly have overlapping parameters.
These results show that it may not be possible to distinguish
what particular mineral and/or grain shape is causing the
30 μm feature. Indeed, it is possible that the observed 30 μm
feature is made up of contributions from all these sulfide
minerals.

6 Hollow spheres are meant to simulate fluffy grains.
7 Optical constants can be downloaded from
http://galena.wustle.edu/∼dustspec/idals.html
8 Optical constants can be downloaded from
http://www.astro.uni-jena.de/Laboratory/Database/databases.html
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Figure 6. Relationships between modeled infrared optical depth and spectral feature parameters. In all cases, circles represent τ10 μm from models using the MRN
grain-size distribution; triangles represent τ10 μm from models using the “meteoritic” grain-size distribution; black symbols represent spectral parameters measured on
spectra using blackbody continuum division; dark gray symbols represent parameters measured on spectra using continuum with best-fit β-value; light gray symbols
represent parameters measured on spectra using continuum with β = 1. Upper panels: peak positions; middle panels: FWHMa; lower panels: equivalent widths; left
column: values for 11 μm SiC feature; right column: values for “30 μm” feature; the x-axis is always 10 μm optical depth τ10 μm and the y-axis is always in μm.

Zhang et al. (2009a) stated that MgS could not fulfill the
necessary abundance needed to explain the 30 μm emission.
They argue that the amount (by mass) of MgS dust needed
to explain the 30 μm emission in HD 56126 is roughly an
order of magnitude larger than that which is available, though
they do recognize limitations within their analysis. Their main
limitation results from the lack of viable optical constants for
the UV/visible range of the MgS spectrum. In order to surmount
this difficulty, they use Mie Theory and spherical grains to
calculate the absorption efficiencies for this range. However,
as previously discussed, spherical grains do not provide an
accurate representation of the 30 μm feature and thus should not
be used in any approximations, hence leading their estimates to
be questionable. Adding in other minerals to explain the 30 μm
feature (e.g., CaS, Fe10s, Fe25S, etc.) would only marginally
increase the number of atoms contributing to the 30 μm feature.
Whereas the more massive calcium and iron cations (in CaS,
FeS) would seem to produce a factor of 2–3 increase in the
dust mass, in fact the effect is much smaller because the carrier
formation is limited by the S abundance (which is only 44% of
the Mg atomic abundance). Consequently, including elements
other than magnesium cannot account for an order of magnitude

difference in the estimated dust mass. However, the inclusion
of iron-bearing sulfides may change the UV–visible absorption
properties significantly (cf. “dirty silicates”; Jones et al. 1978; Li
& Li 2009; Speck et al. 2011), and thus the Zhang et al. (2009a)
mass estimate may rest on underestimates for the absorptivity.
Furthermore, their use of spherical grains may contribute to an
underestimate of mass. Zhang et al. (2009a) appeal, as do we, for
better optical constants or MgS throughout the corresponding
wavelength range, which would allow us to more accurately
describe potential abundance concerns. This is also true for the
other sulfides considered here.

Hony et al. (2002b) analyzed various grain shapes of Fe10S
and identified CDE as the most likely cause of the 30 μm feature.
We acquired similar spectral feature shapes and positions for
our MgS and Fe10S CDE and spherical grain emission profiles
compared to those of Hony et al. (2002b). However, in our
analysis we did not consider individual (aligned) grain shapes,
but rather we also included the continuous distribution of
spheroids. A combination of randomly oriented spheroids from
Hony et al. (2002b) would look very much like our CDS
profile. Hony et al. (2002b) suggested that MgS SPH grains
were necessary to explain emission in some of their sources.
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Figure 7. Absorption cross section for SiS2: the x-axis is wavelength in μm and
the y-axis is absorption efficiency Qλ.

However, as previously discussed, SPH grains do not give rise
to realistic features (regardless of the choice of mineral data) and
thus this assertion of the need for spherical grains is probably
erroneous.

We have extended the analysis of the 30 μm feature by
including compositions other than Fe10S. We conclude that
while MgS CDE can describe some observed 30 μm features,
other grain shapes and compositions describe the feature equally
well and the differences between profiles are not distinguishable
in observational data.

6. COMPARING LAB AND OBSERVED DATA

In order to demonstrate how the laboratory mineral data com-
pare with astronomical observations, Figure 10 shows the CDE
distributions for the most disparate mineral spectra together
with three exemplar astronomical sources IRAS 06582+1507,
IRAS 21318+5631, and IRAS 23166+1655. IRAS 06582+1507
and IRAS 21318+5631 demonstrate the typical extreme carbon
star spectra, while IRAS 23166+1655 demonstrates an extreme
case in terms of the positions of both its ∼11 μm and ∼30 μm
features. It is also considered an archetypal extreme carbon
star (e.g., Speck et al. 2009). The CDE grain-shape distribution
was chosen for comparison because it tends to exhibit an inter-
mediate ∼30 μm spectral profile when compared to the other
non-spherical grain-shape distributions (see Figures 8 and 9).
By referring to these two figures, which demonstrate the ef-
fect of grain shape and composition, it is easy to see that
combinations of calculated absorption cross sections can
match the upper two observed astronomical spectra (i.e.,
IRAS 06582+1507, IRAS 21318+5631). Since these two
sources are representative of the majority of other objects in
our sample (see, e.g., Figure 2), the data suggest that (1)
sulfides could explain the majority of observed “30 μm” fea-
tures, but that (2) the precise composition of the sulfide is not
measurable for this broad feature. However, the spectrum of
IRAS 23166+1655 in the bottom panel of Figure 10, cannot
be matched by the sulfide data presented in Section 5. The ob-
served feature is too red to match any of the presented sulfide
laboratory data. While we did not exhaust the grain-shape pa-
rameter space, it seems unlikely that we can manipulate the

(a)
(b)

(c) (d)

Figure 8. Effect of composition on the “30 μm” spectral feature for constant grain shape. Each panel shows the calculated absorption cross section for a different
grain-shape distribution. Upper left panel: spherical grains; upper right panel: continuous distribution of ellipsoids; lower left panel: continuous distribution of
spheroids; lower right panel: distribution of hollow spheres. The x-axis is wavelength in μm and the y-axis is the divided flux.
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(a) (b)

(c) (d)

(e) (f)

Figure 9. Effect of grain shape on the “30 μm” spectral feature for constant composition. Each panel shows the calculated absorption cross section for a different
composition. SPH = spherical grains; CDE = continuous distribution of ellipsoids; CDS = continuous distribution of spheroids; DHS = distribution of hollow spheres.
Upper left panel: CaS; upper right panel: MgS; middle left panel: Fe10S; middle right panel: Fe25S; lower left panel: Fe50S; lower right panel: Fe90S. The x-axis is
wavelength in μm and the y-axis is the divided flux.

grain shape, size, composition, and orientation and get a match
to the spectrum of IRAS 23166+1655. This strongly suggests
that the identification of the “30 μm” feature solely with MgS
is suspect.

7. SUMMARY, CONCLUSIONS, AND
FUTURE DIRECTIONS

We have investigated the so-called 30 μm feature both in
astronomical observations and in laboratory spectra of sulfide
minerals. Our study reveals the following.

1. Neither perfectly spherical nor strongly iron-bearing sulfide
grains can provide matches to the observational data on the
“30 μm” feature in any of the extreme carbon stars in our
sample.

2. Whatever species are responsible for the 30 μm feature is
not coating the extant SiC grains, although we cannot rule
out carbon grains as seeds for sulfide grain formation.

3. As long as we reject spherical and very-iron-rich sulfide
grains, there is a range of Mg–Fe–Ca sulfides whose
emission profiles are essentially indistinguishable in many
cases.

4. While the majority of observational data in our sample
could be explained by a combination of sulfides in a range of
compositions and grain shapes, IRAS 23166+1655 (AFGL
3068) cannot be so easily explained. This object is the
prototypical extreme carbon star, and the present ISO SWS
data are high quality. This spectrum strongly suggests that
sulfides in general, and MgS in particular, cannot fully
describe the “30 μm” feature. We support the findings of

Zhang et al. (2009a) that MgS is not sufficiently supported
by the observational evidence to hold the current “best
hypothesis” status.

5. Correlations between peak positions of the ∼11 μm and
∼30 μm features and with modeled optical depth of these
circumstellar shells implies that the carriers are intimately
linked and depend on the dust shell density. However,
caution is needed when interpreting correlations, no matter
how statistically significant.

6. The lack of an observable 21 μm feature in our spectra is
evidence against oxidized SiS2 as the cause of the blue-
broadening of the 11 μm feature. However, it is possible
that SiS2 grains may be completely coated in SiO by
reaction with OH at the grain surface. This may suppress the
21 μm feature and generate an Si–O stretching vibration.
Unfortunately, the Si–O stretch for SiO is too blue to be
consistent with the observed blue-broadening of the 11 μm
feature. It would be interesting to investigate whether SiS2
coated with SiO would give rise to such a blue feature or
whether it would be sufficiently red to explain the blue-
broadening of the 11 μm feature. Furthermore, another
question that should be addressed is what fraction of SiS2
needs to be converted to SiO or SiO2 to sufficiently diminish
the 21 μm feature. In terrestrial laboratory conditions,
SiS2 is easily oxidized to SiO2 because oxygen is readily
available. In carbon-rich cosmic environments, the C/O
can vary from only just above unity to ∼2 with Galactic
carbon stars having a mean C/O ≈1.15 (Lambert et al.
1986; Ohnaka et al. 2000). Post-AGB stars that exhibit the
enigmatic 21 μm feature are known to be very carbon-rich
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Figure 10. Three sample sources demonstrating comparison between laboratory
and observational data. Only CDE grain-shape distribution and only MgS
and Fe50S calculated absorption cross sections are shown. CDE represents
the intermediate spectral profile shown in Figure 9, while MgS and Fe50S
represent the extremes of the compositional effects seen in Figure 8. The smooth
lines are the calculated absorption cross sections for laboratory sulfides and are
normalized to the continuum-divided observed ISO spectra (dots). The x-axis is
wavelength in μm and the y-axis is the divided flux.

and enriched in s-process elements (e.g., Van Winckel &
Reyniers 2000). This fact led Speck & Hofmeister (2004)
to suggest excess carbon in SiC grains as the cause of
the 21 μm feature. If the 21 μm feature can be attributed
to SiS2, then perhaps this sulfide needs highly reducing
environments, and is destroyed via oxidation in lower
C/O (but still C-rich) environments. In this case, the blue-
broadening in the 11 μm feature could be attributed to SiO
or SiO2 that forms on the surface of SiS2 grains, creating a
∼9.5 μm feature and suppressing that at 21 μm. Clearly a
laboratory study of oxidation of silicon disulfide is needed.
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