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ABSTRACT

A study of all full-scan spectra of optically thin oxygen-rich circumstellar dust shells in the database pro-
duced by the ShortWavelength Spectrometer on ISO reveals that the strength of several infrared spectral fea-
tures correlates with the strength of the 13 lm dust feature. These correlated features include dust features at
19.8 and 28.1 lm and the bands produced by warm carbon dioxide molecules (the strongest of which are at
13.9, 15.0, and 16.2 lm). The database does not provide any evidence for a correlation of the 13 lm feature
with a dust feature at 32 lm, and it is more likely that a weak emission feature at 16.8 lm arises from carbon
dioxide gas rather than dust. The correlated dust features at 13, 20, and 28 lm tend to be stronger with respect
to the total dust emission in semiregular and irregular variables associated with the asymptotic giant branch
than in Mira variables or supergiants. This family of dust features also tends to be stronger in systems
with lower infrared excesses and thus lower mass-loss rates. We hypothesize that the dust features arise from
crystalline forms of alumina (13 lm) and silicates (20 and 28 lm).

Subject headings: circumstellar matter — dust, extinction — infrared: stars — stars: AGB and post-AGB

1. INTRODUCTION

The mystery of the 13 lm feature dates to Little-Marenin
& Price (1986), who identified a dust emission feature
at 13.1 lm in the spectra from some circumstellar dust
shells observed by the Low-Resolution Spectrometer
(LRS) aboard IRAS. Further analysis of the LRS database
(Little-Marenin & Little 1988, 1990; Sloan & Price 1995;
Sloan, LeVan, & Little-Marenin 1996) and more recent
spectra from the Short Wavelength Spectrometer (SWS) on
ISO (Justtanont et al. 1998; Posch et al. 1999; Fabian et al.
2001b) have provided many useful clues about the origin
of the 13 lm feature but no conclusive identification of its
carrier.

Several different carriers may be responsible for the 13 lm
feature. Glaccum (1995) first suggested sapphire, or more
precisely, crystalline alumina (Al2O3) as a possible carrier
(his original unpublished statement is several years older).
Other possible carriers include SiO2 grains (quartz if in crys-
talline form; Speck et al. 2000) and spinel (MgAl2O4; Posch
et al. 1999). Because all of these carriers fit the 13 lm feature
to varying degrees of success, the key to distinguishing the
correct carrier is to identify correlations with other features,
both in the laboratory and in the astronomical databases.

Begemann et al. (1997) analyzed crystalline alumina
(�-Al2O3, which has a rhombohedral structure) and showed
that in addition to the 13 lm feature, it should produce a
weaker feature at 21 lm, but this feature has yet to be identi-
fied in astronomical sources. Posch et al. (1999) examined a
number of possible carriers of the 13 lm feature, and they
point out that since SiO2 should produce a stronger feature
at 9 lm and a weaker one at 21 lm, neither of which is seen
in SWS spectra, it is unlikely to be the carrier. As an alterna-
tive, they suggest spinel, since its laboratory spectrum
includes a feature at 16.8 lm that they claim to see in SWS
spectra. Fabian et al. (2001b) continued this work with fur-
ther laboratory analysis of spinel, showing that both labora-
tory spectra of spinel and SWS spectra of some 13 lm
sources also show emission features at 32 lm. Thus, based
on the apparent correlation of dust features at 13, 16.8, and
32 lm, spinel appears to be the strongest candidate for the
carrier of the 13 lm feature.

As shown by Sloan et al. (1996), the 13 lm feature
appears in spectra covering the entire silicate dust sequence.
Sloan & Price (1995, 1998, hereafter SP) defined this
sequence using flux ratios from the spectra in the LRS data-
base after subtracting a stellar continuum to isolate the dust
spectrum. They divided the sequence into eight segments,
labeled SE1–SE8 (SE = silicate emission, although oxygen-
rich dust emission would be more proper). Classes SE1–SE3
correspond to low-contrast alumina-rich dust seen in
evolved stars losing mass at low rates. Moving up the
sequence, classes SE3–SE6 show structured silicate emis-
sion, with features at 10 and 11 lm. The strongest sources
of 13 lm emission appear in this range, a fact first noticed
by Little-Marenin & Price (1986), who defined the three-
component spectral class as those sources showing 10, 11,
and 13 lm features. The upper end of the silicate dust
sequence (SE6–SE8) consists of sources of classic silicate
emission produced by amorphous silicate grains. These
sources have optically thicker shells and higher mass-loss
rates than sources at the other end of the sequence.
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The structured silicate spectra are about as enigmatic as
the 13 lm feature. Given the similarity between the spectral
structure in these circumstellar shells at 10 and 11 lm and
the spectra from comets produced by crystalline silicates, it
is reasonable to hypothesize that crystalline silicates in fact
produce structured silicate emission (e.g., Bregman et al.
1987; Tielens 1990; Little-Marenin & Little 1990). Unfortu-
nately, spectral observations of optically thin circumstellar
dust shells have not provided any direct proof for this
hypothesis.6 Structured silicate emission may also arise
from combinations of amorphous alumina and amorphous
silicates (Lorenz-Martins & Pompeia 2000) or from opti-
cally thick but geometrically thin shells of amorphous sili-
cates (three-dimensional smoke rings; Egan & Sloan 2001),
or from combinations of the various proposed carriers.

Little-Marenin & Price (1986) first commented on a fea-
ture at �19.5–20.0 lm that appears as a shoulder to the
18 lm amorphous silicate feature. They noted that this fea-
ture often appeared with the 13 lm feature in their three-
component class defined from the LRS database. The Auto-
class II classifications, which used an unbiased Bayesian
method to classify the LRS database (Goebel, Bregman, &
Witteborn 1989; Cheeseman et al. 1989), confirmed this
association (see especially the �30 and �34 classes). Goebel
et al. (1995) also commented on a feature in the vicinity, at
19.7 lm, in a spectrum of HD 53917 taken from the Kuiper
Airbone Observatory (KAO) with HIFOGS. Posch et al.
(2002) identify the carrier of this feature as MgO and FeO,
but these materials do not show features at any other wave-
length in the laboratory, making confirmation difficult.

Other features may also be associated with the 13 lm
feature. Glaccum (1995, 1999) identified a broad emission
feature at �28–29 lm in several dust spectra obtained with
a long-wavelength spectrophotometer on the KAO. They
found this feature in the spectra of three strong 13 lm
sources, most notably RX Boo. Justtanont et al. (1998) dis-
covered that the SWS spectra of many 13 lm sources have
emission bands at 13.87, 14.98, and 16.18 lm that arise from
warm carbon dioxide gas above the stellar photosphere.
They also identify related features at 13.48 and 15.41 lm in
some particularly strong CO2 spectra and note that the
strongest band at 14.98 lm can appear in emission or
absorption.

This study extends the work of Sloan et al. (1996) and SP
from the LRS sample to the SWS sample in an effort to
quantify the correlation between the 13 lm dust emission
feature and the possible dust emission features at 16.8,
�19.5–20, �28–29, and �32 lm, as well as the carbon
dioxide bands in the 13–17 lm range.

2. SAMPLE

We start with the database of SWS spectra from ISO as
produced by the postpipeline processing algorithm devel-
oped by Sloan et al. (2003). This algorithm greatly simplifies
the task of reducing large numbers of SWS spectra by align-
ing data from different detectors and spectral segments into
one continuous spectrum. The algorithm produces a final
spectrum in four-column format (wavelength, flux, spectro-

scopic error, and normalization error). Most of these spec-
tra were obtained in the lowest resolution mode, speed 1,
although some were taken at speeds 2, 3, and 4. In speeds 1
and 2, the resolution between 5 and 40 lm varies between
220 and 430 (�/D�) with discontinuities at the boundaries
between spectral bands. Speeds 3 and 4 have 2 and 4 times
more resolution, respectively.

This database of over 1200 spectra, in combination with
the infrared spectral classifications of Kraemer et al. (2002),
allows us to quickly identify and analyze all of the relevant
spectra from oxygen-rich circumstellar dust shells observed
by the SWS in full-scan mode. Our sample starts with all
spectra classified by Kraemer et al. (2002) as 2.SE. They
classify all stellar sources associated with optically thin dust
emission as group 2; those sources with oxygen-rich dust are
in group 2.SE, subdivided into 2.SEa (amorphous alumina
emission; 72 spectra), 2.SEb (structured silicate emission;
43 spectra), and 2.SEc (classic amorphous silicate emission;
54 spectra). These subgroups correspond to SE1–SE3,
SE3–SE6, and SE6–SE8 in the SP classification system,
respectively.

We limit our study to those spectra with a sufficient ratio
of signal to noise for the identification and extraction of the
spectral features discussed below. This reduces the number
of spectra to a total of 131 (52 2.SEa, 35 2.SEb, and 44
2.SEc). Table 5 in the Appendix lists the sources in our
reduced sample. Most sources were observed by the SWS
only once, but in a few cases, the SWS obtained multiple
spectra of the same source. We analyze each spectrum
independently.

Most of the spectra come from sources associated with
the asymptotic giant branch (AGB). Most of the remainder
are from supergiants. A minority are from transition objects
between the AGB and planetary nebulae or infrared sources
with no well-studied optical counterpart.

Unlike the IRAS survey, the observations from ISO were
limited to specific targets selected for their characteristics,
requiring caution when any statistical conclusions are
drawn from the SWS database as a whole. As an example,
we cannot use the database to answer questions about the
fraction of sources that exhibit 13 lm features since many
sources were selected because they did or did not have this
feature. However, the sample of spectra from the SWS does
contain a large number of sources with and without this fea-
ture, allowing us to search the spectra in these two groups
for other similarities and differences.

3. METHOD

Sloan et al. (2003) describe in detail all of the steps fol-
lowed to produce a spectrum from the SWS data in the ISO
Data Archive. Only one aspect should be emphasized here.
The junction between bands 3D, 3E, and 4 in the 27–30 lm
range requires special care because of the low sensitivity of
band 3E and a light leak that affects the long-wavelength
edge of band 3D. Sloan et al. (2003) have found that by
ignoring band 3D beyond 27.3 lm they can eliminate most
or all of the impact of the light leak on the band-to-band
normalization. Their procedure is to fit band 4 to band 3D
using polynomials to extrapolate the spectra over the gap
between them. Band 3E is then fitted to the average flux on
either side (in bands 3D and 4), which will minimize any
possible discontinuities from 27.3 to 27.7 lm that result
from the poor performance of band 3E.

6 Optically thick shells that produce silicate absorption (SA) spectra do
show several emission features arising from crystalline silicates in the 20–40
lm range (discovered byWaters et al. 1996), but the issue here is structured
silicate emission (SE3–SE6) in the 10–12 lm range in optically thin shells.
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To analyze the dust emission features, we follow the basic
method of SP (with some modifications as described below),
isolating the dust spectrum by fitting an assumed stellar
spectrum over the wavelength range 5.5–7.0 lm and sub-
tracting it to form a simple estimate of the dust emission
beyond 7.0 lm. For all sources, NU Pav (M6 III) served as
the assumed spectrum for reasons explained by SP. SP also
classify the dust emission by taking ratios at 10, 11, and
12 lm. The ratio F10=F12 plotted against F10=F11 defines the
silicate dust sequence, and the position of a dust spectrum
along this sequence determines its SE index (1–8). The SE
indices determined from the SWS data generally agree with
the classifications of Kraemer et al. (2002), with a few excep-
tions, as expected considering the qualitative approach they
used compared with the more quantitative analysis here.
The SP classification includes a ‘‘ t ’’ suffix to denote 13 lm
sources. Here we assign a ‘‘ t ’’ suffix if the 13 lm feature rep-
resents at least 0.1% of the total dust emission (summed
from 7.0 to 45.2 lm).

Figure 1 compares the dust spectra at each SE index,
showing the strongest and weakest 13 lm features. For each

index the spectrum presented is an average of from two to
seven spectra. All of the SE1 and SE2 spectra in the SWS
sample contain at least a small 13 lm feature, so the distinc-
tion between the two curves for these indices is only a ques-
tion of degree. For the SE7–SE8 sources, no SWS spectrum
shows a trustworthy feature at 13 lm, so the figure shows
only the average of the spectra with no 13 lm features. The
LRS sample includes sources at each index with 13 lm fea-
tures because it was a more uniform and much larger sam-
ple. For SE2–SE6, Figure 1 clearly illustrates the differences
between spectra with and without 13 lm features. Those
spectra with 13 lm features also show strong CO2 bands at
13.9, 15.0, and 16.2 lm as well as the extra dust component
at �19.5–20.0 lm on the long-wavelength shoulder of the
18 lm feature.

The reader may also notice a feature in Figure 1 at 12.3
lm. This apparent feature occurs in the transition between
bands 2C and 3A, where both exhibit poor responsivity and
the calibration is most susceptible to artifacts in the spectral
response correction. The 12.3 lm feature most likely is such
an artifact; it appears in spectra of standard stars such as �
Lyr and � CMa, more strongly in band 3A than band 2C.
For this reason, the algorithm of Sloan et al. (2003) uses
band 2C instead of band 3A to 12.4 lm. In the dust sources
in our sample, the 12.3 lm artifact typically appears at a
strength of 1%–2% of the total emission at that wavelength,
but subtracting the stellar continuum enhances its strength
relative to the remaining dust emission. In the case of the
low-contrast dust shells that comprise SE1, the resulting
feature at 12.3 lm has a contrast of several percent with
respect to the underlying dust emission. We treat the
12.3 lm feature as an artifact and do not examine it further,
but the interested reader should see the recent work by
Mutschke et al. (2002), who looked at this possible dust
feature in more detail.

To analyze the spectral features quantitatively, we extract
the strength of each feature by (1) interpolating the contin-
uum by fitting a line to the dust continuum on either side,
(2) subtracting this, and (3) summing the remaining flux.
When the strength of one feature is plotted versus another
in the figures below, feature strengths are usually expressed
as a ratio to the total dust emission (Fd , summed from 7.0 to
45.2 lm). In addition, we have set the strength of features to
zero if the central wavelength of the feature falls outside a
reasonable range. Table 1 provides the wavelengths for fit-
ting the continuum on the blue and red sides of each feature
along with the permitted range of its central wavelength.
Figures 2 and 3 illustrate this method for the dust feature at

Fig. 1.—Comparison of spectra with the strongest (black) and weakest
(gray) 13 lm features at each silicate emission index. The spectra with
strong 13 lm features also show strong emission from carbon dioxide, most
notably at 13.9, 15.0, and 16.2 lm, an additional component to the 18 lm
silicate feature in the vicinity of 19.5–20.0 lm, and a weak feature in some
spectra at 16.8 lm.Not marked is the 12.3 lm feature, which we consider as
a likely artifact.

TABLE 1

Fitting Parameters for Spectral Features

Feature

(lm)

Blue

Continuum-fitting

Range

(lm)

Allowed

Range of

Band Center

(lm)

Red

Continuum-fitting

Range

(lm)

13.1 ............ 12.3–12.6 12.85–13.25 13.4–13.7

13.87 .......... 13.73–13.83 13.84–13.92 13.97–14.10

14.98 .......... 14.77–14.87 14.93–14.99 15.03–15.13

16.18 .......... 16.00–16.13 16.17–16.26 16.30–16.43

19.8 ............ 18.4–18.8 19.1–20.3 21.5–22.0

28.1 ............ 26.3–27.3 27.5–29.0 29.3–30.3

31.5 ............ 29.5–30.5 31.2–31.8 32.5–33.5
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13 lm, the carbon dioxide bands at 13.9, 15.0, and 16.2 lm
(Fig. 2), and the dust features at �19.5–20, 28, and 32 lm
(Fig. 3).

Fitting a line under a feature when the underlying dust
continuum has a more complicated shape may not produce
the most accurate result for a given spectrum, but noise in
some spectra has a strong effect on the fitting of higher order
polynomials. For example, Sloan et al. (1996) used fifth-
and sixth-degree polynomials to fit the dust continuum
under the 13 lm feature in LRS data. The results here will
slightly underestimate the strength of the 13 lm feature, but
they will be more consistent from one source to the next,
especially since some spectra are affected by a discontinuity
in slope at 12 lm (at the seam between bands 2C and 3A).

A more detailed analysis of the feature at �19.5–20.0 lm
might take into account the expected shape of the 18 lm
silicate dust feature, but it is unclear how this shape varies
with SE index. It may vary within an SE index. Until this
behavior is better understood, this step would require
assumptions that complicate the analysis more than they
help it. If a correlation with other features is present and
strong, we will see it despite the noise in individual extrac-
tions caused by our simple technique, and as shown below,
this is in fact the case.

4. RESULTS

4.1. The 13 lm Feature

Figure 4 shows how the strength of the 13 lm feature
(F13) depends on the position of a spectrum along the sili-
cate dust sequence. It plots the 13 lm strength as a percent-
age of total dust emission (F13=Fd) versus the flux ratio
F11=F12 used by SP to classify a spectrum on the silicate dust
sequence. The silicate emission index depends on the flux
ratio by

SE ¼
�
10F11

F12

�
� 7:5 ðtruncatedÞ : ð1Þ

In general, as one advances from SE1 on the left (low-
contrast dust shells dominated by alumina dust) to SE8 on
the right (thicker shells of amorphous silicates), the strength
of the typical 13 lm feature drops from 0.5%–1.5% of the
total dust emission to less than 0.5%. The diagonal gap
apparent in the data may help explain the wide range in the
strength of the 13 lm feature at each SE index; it separates

Fig. 3.—Example of the extraction of the longer wavelength features at
20, 28, and 32 lm in W Hor, a semiregular variable classified as SE5t. The
lines are as defined in Fig. 2.

Fig. 4.—Plot of the strength of the 13 lm feature (expressed as a percent-
age of the total dust emission from 7 to 45 lm) vs. the flux ratio F11=F12

from the dust. The strength of the 13 lm emission feature appears to follow
two sequences; these are separated by a gap pointed to by the dashed lines.
Semiregular and irregular variables dominate the upper sequence, while
Mira variables dominate the lower sequence. The flux ratio F11=F12 deter-
mines the position of a spectrum on the silicate dust sequence, as indicated
by the labels ‘‘ SE1 ’’ to ‘‘ SE8.’’ The vertical hashes mark the boundaries
between these indices. The different symbols represent the dust types as
classified by Kraemer et al. (2002): amorphous alumina (2.SEa or SE1–
SE3; diamonds), structured silicate emission (2.SEb or SE3–SE6; squares),
and classic amorphous silicates (2.SEc or SE6–SE8; triangles). Filled sym-
bols represent Mira variables, open symbols represent SRb variables, and
gray symbols are for other variability types (irregulars, other semiregulars,
and sources with no variability recognized). Error bars are plotted when
they exceed the size of the plotting symbol.

Fig. 2.—Example of the extraction of the strength of the 13 lm dust fea-
ture and the carbon dioxide bands at 13.9, 15.0, and 16.2 lm from a dust
spectrum (after the stellar continuum has been estimated and removed).
The heavy lines illustrate the line segments used to estimate the dust contin-
uum under the features; solid portions represent the wavelength ranges fit-
ted to the continuum, and dotted portions depict the wavelength range over
which the feature flux is summed. The spectrum in this example is of RX
Boo, a semiregular variable classified here as SE4t. The TDT (Target
Dedicated Time) number uniquely identifies the particular spectrum.
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two sequences of the 13 lm strength versus position on the
silicate dust sequence.

Semiregular and irregular variables dominate the upper
sequence, while Mira variables, if they show any 13 lm
feature at all, fall entirely on the lower sequence. Table 2
compares the variability types of the sources plotted in Fig-
ure 4 from SE1 to SE6, separated into the upper sequence,
lower sequence, or sources showing a 13 lm feature with a
strength less than 0.1% of the total dust emission. Three-
quarters of the 25 spectra on the upper sequence are from
SRb variables (semiregular variables on the AGB), and
these spectra represent two-thirds of the spectra from SRb
variables in the SE1–SE6 range. None of the 22 spectra from
Mira variables in the SE1–SE6 range lies on the upper
sequence. These results build on the earlier findings of Sloan
et al. (1996), who estimated that �90% of SRb variables
exhibited a 13 lm feature, compared to only �20% of
Miras.

For SE2–SE6, the sources used to create the average spec-
tra with strong and weak 13 lm features in Figure 1 come
from above and below the diagonal gap in Figure 4, respec-
tively. For SE1, the limited number of spectra above the gap
required a shift of the boundary downward to F13=Fd ¼
0:50%. As stated previously, no acceptable spectra with
13 lm features appeared in SE7 or SE8.

The mean central wavelength of the 13 lm feature in our
sample lies at 12.91 lm, in reasonable agreement with meas-
urements of the peak wavelength in previous studies (e.g.,
13.1 lm in Begemann et al. 1997; Sloan et al. 1996). We have
chosen a relatively narrow wavelength range to fit the con-
tinuum under the 13 lm feature, primarily to avoid the CO2

emission band at 13.48 lm. The measured FWHM of this
feature is sensitive to assumptions made about the underly-
ing continuum, so to a great degree, the FWHM is not mea-
sured so much as assumed by the extraction process. For
example, Begemann et al. (1997) found an FWHM for the
13 lm feature of 1.05 lm, considerably larger than the 0.6
lm quoted by other investigators (Sloan et al. 1996; Posch
et al. 1999) and due in large part to their decision to fit the
long-wavelength continuum beyond 15 lm. Our much nar-
rower wavelength range leads to a typical FWHM of only
0.43 lm, and it shifts the central wavelength to the blue.

4.2. Carbon Dioxide Bands

The CO2 spectra in our sample take on several appearan-
ces, which we can arrange into a sequence of four groups
(Table 3). Group A includes those spectra with the 13.9 and
16.2 lm bands in emission and the 15.0 lm band in absorp-
tion. These spectra also usually show several photospheric
absorption bands at shorter wavelengths, including the CO2

absorption band at 4.15 lm and additional absorption
bands at 6.5 and 7.2 lm. In group B, only the 13.9 and 16.2

lm bands are visible, both in emission. In group C, these
two bands are joined in emission by the 15.0 lm band.
Group D has all three bands in emission, as well as addi-
tional CO2 bands at 13.5 and 15.4 lm and sometimes also at
15.7 lm.

Because the CO2 bands are narrow and often weak, we
can classify only a portion of our sample, 42 spectra, into
one of these four groups. Separating these groups into sepa-
rate SE indices reveals that at each SE index, the strength of
the 13 lm feature generally increases as the 15.0 lm CO2

band changes from absorption to emission. For example,
the four SE1 spectra in groups A and B (15.0 lmband either
in absorption or absent) have a mean 13 lm strength
(F13=Fd) of 0.39%, but the three SE1 spectra in groups
C and D (15.0 lm band in emission) have a mean 13 lm
strength of 0.98%. At SE4, the corresponding 13 lm
strengths are 0.01% and 0.54%, respectively. In general,
spectra in groups C and D (15.0 lm emission) fall on the
upper sequence in Figure 4 (F13=Fd vs. SE index).

Furthermore, the strength of the CO2 bands tends to
increase with the strength of the 13 lm feature. To quantify
this relation, we sum the strengths of the CO2 bands at 13.9,
15.0, and 16.2 lm, treating a 15.0 lm band in absorption as
a negative flux. Figure 5 plots this summed strength as a
function of the 13 lm strength, with both fluxes normalized
by dividing by the integrated dust continuum. It provides
clear support for the original suggestion of Justtanont et al.
(1998) that these spectral features are correlated. As de-
scribed above, features with out-of-range central wave-
lengths are treated as having zero flux. The Pearson correla-
tion coefficient (e.g., Press et al. 1988) between the strengths
of the carbon dioxide bands and the 13 lm feature is 0.81,
suggesting a reasonably strong relationship.

4.3. The 16.8 lm Feature

Posch et al. (1999) identified the 16.8 lm feature as a com-
ponent of spinel. The feature clearly appears in some spectra
in our sample, but we question its identification with a
dust feature. Figure 6 plots the 16.8 lm feature as averaged
from the strongest 18 cases (13 2.SEa, 5 2.SEb). The best-fit

TABLE 2

Variability Type and the 13 lm Feature

Variability Type

13 lm Sequence Mira SRa SRb SRc SRd SR Lb Lc L None Total

Upper ...................... . . . . . . 19 1 . . . 2 3 . . . . . . . . . 25

Lower ...................... 11 2 4 1 . . . . . . . . . . . . . . . . . . 18

No feature................ 11 1 4 6 1 1 1 4 2 1 32

Total ........................ 22 3 27 8 1 3 4 4 2 1 75

TABLE 3

Carbon Dioxide Spectra

Group 13.87 lm 14.98 lm 16.18 lm

Other Bands

(lm)

A........... Emission Absorption Emission . . .

B ........... Emission . . . Emission . . .

C........... Emission Emission Emission . . .
D .......... Emission Emission Emission 13.5, 15.4, (15.7)
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Gaussian has an FWHM of only 0.13 lm, and the FWHM
of the actual profile is only slightly wider (0.15 lm), com-
pared to the FWHM of the 13 lm feature, which ranges
between 0.43 and 1.05 lm, depending on the reference.
The FWHM of the 16.8 lm feature produced by spinel in
the laboratory is �0.8 lm (Posch et al. 1999, Fig. 14). The
FWHM of the observed 16.8 lm feature is too narrow to be
a dust feature. However, it is wider than the CO2 bands in
the same spectra. For example, we find that the CO2 band at
16.2 lmhas a typical FWHMof�0.07 lm.

The wavelength range from 13.5 lm out to at least 16.5
lm is a veritable forest of marginally detectable CO2 lines
(Cami et al. 2000), leading us to suspect that the 16.8 lm fea-
ture arises from one or more CO2 bands. Recent theoretical
spectra generated by D. Carbon (2002, private communica-
tion) expand the wavelengths covered by Cami et al. (2000)
and show that CO2 produces additional bands at 16.7 and
17.2 lm. We find that the 16.8 lm feature is suspiciously

close to the transition identified by Carbon as the 0310–0220
(�u–Dg) transition. The width and profile of the observed
feature are suggestive of a blend with another band, perhaps
a 13CO2 band or another unidentified feature.

The 16.8 lm feature is faint, and it is identifiable in only
18 spectra, a small fraction of our sample, making it difficult
to extract and compare its strength to the 13 lm feature.
Given the correlation between CO2 and the 13 lm feature,
we would expect the 16.8 lm feature to correlate with the 13
lm feature whether it arose from CO2 or from a dust feature
associated with 13 lm emission.

Of the 18 spectra in our sample with a clear 16.8 lm fea-
ture, 14 are identified with the group of CO2 spectra that
shows the three prominent bands at 13.9, 15.0, and 16.2 lm
in emission, along with the additional bands at 13.5 and
15.4 lm (group D in Table 3). If the 16.8 lm feature does
arise from CO2, these are precisely the spectra where one
would expect to see it.

As an aside, we comment on the 17.2 lm emission feature
identified by Carbon as an additional CO2 band. We had
noticed this feature in our analysis prior to this identifica-
tion, but it is faint and near the noise levels, precluding any
detailed analysis. Nonetheless, we conclude that it is an
additional CO2 band present in the SWS database.

4.4. The 20 lm Feature

To compare the strength of the feature at �19.5–20.0 lm
to the 13 lm feature, we extract its strength by fitting a line
over the wavelength ranges given in Table 1. The average
central wavelength of the dust feature at �19.5–20.0 lm lies
at 19.78 lm, so for the remainder of this paper we refer to it
as the 20 lm feature. Figure 7 illustrates the correlation
between the 13 and 20 lm features. As with the 13 lm and
other features, only those features with a central wavelength
in the range given by Table 1 are plotted. The Pearson corre-
lation coefficient between the 13 and 20 lm features is 0.82,
indicating that the strength of the 20 lm feature is coupled
to the 13 lm feature just as strongly as the CO2 bands.

The 20 lm feature occurs right at the boundary between
bands 3C and 3D, raising the suspicion that it could result
from some systematic problem with the SWS database.

Fig. 7.—Correlation between the dust features at 13 and 20 lm, with a
best-fit line (dashed line). Symbols are as in Fig. 5. The correlation coeffi-
cient is 0.82.

Fig. 5.—Correlation between the strength of the CO2 bands at 13.9,
15.0, and 16.2 lm and the strength of the 13 lm feature, plotted as a per-
centage of total nonstellar emission in each spectrum. The symbols are as
defined in Fig. 4, except that all variability types are plotted with open sym-
bols. The dotted line shows a least-squares fit to the data. The correlation
coefficient is 0.81.

Fig. 6.—Shape of the 16.8 lm feature (solid line) and a best-fit Gaussian
of FWHM 0.13 lm (dashed line). This feature is too narrow to arise from
dust.
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However, the Si:As detectors used in band 3 have proven
reliable and have not been associated with any documented
problems that could produce such an artifact. Furthermore,
it is unlikely that an artifact would correlate so well with the
13 lm feature.

4.5. The 28 lm Feature

Many spectra in our sample show an emission feature in
the vicinity of 28 lm, near the 29 lm feature reported in
some 13 lm sources in spectra from the KAO by Glaccum
(1995, 1999). In spectra from the SWS, the 28 lm feature
has been identified thus far only as a light leak in band 3D in
Figure 10 of Fabian et al. (2001b). Sloan et al. (2003) have
taken care to avoid those portions of band 3D strongly
affected by the light leak (i.e., wavelengths longer than
27.3 lm), and while the feature does lie at the troublesome
boundary between bands 3D, 3E (27.3–27.7 lm), and 4
(past 27.7 lm), we believe it is real, based on our own
analysis and on its previous identification in KAO data.

The analysis of the 28 lm feature follows that of the
20 lm feature, and as Figure 8 shows, the 28 lm feature also
correlates with the 13 lm feature. In our sample, the mean
central wavelength of the 28 lm feature is 28.15 lm. The
Pearson correlation coefficient between the 13 and 28 lm
features is 0.70, again indicating a relationship.

In the development of the automated postpipeline algo-
rithm for the SWS database, Sloan et al. (2003) tried several
different methods of normalizing band 3E to its neighboring
bands. While the shape and central wavelength of the 28 lm
band proved sensitive to the method of normalization, the
extracted fluxes proved to be robust, giving us confidence
that this feature is not an artifact of the normalization
method. In addition, its correlation with the 13 lm feature
makes it unlikely that it arises from any light leak, since the
strength of the light leak should depend more on the overall
spectral energy distribution than on any detailed spectral
features. Given the dependence of the feature position on
the normalization scheme for band 3E, the final determina-
tion of the position and shape of the 28 lm feature will have
to await future spectroscopy, but the correlation of its
strength with the 13 lm feature seems solid.

4.6. The 32 lm Feature

Fabian et al. (2001b) first identified an emission feature in
the vicinity of 32 lm. They argued that since laboratory
spectra of spinel show emission features at 13, 16.8, and
32 lmand these three features appear together in some spec-
tra from the SWS, spinel was the best candidate for the
carrier of the 13 lm feature.

Our analysis of the 32 lm feature follows the same proce-
dure as for the 20 and 28 lm features. The mean wavelength
of the extracted feature is 31.51 lm. As Figure 9 shows,
attempting to correlate the strength of the 32 lm feature to
the 13 lm feature produces a Pearson correlation coefficient
of only 0.34, substantially less than that for the 20 and
28 lm features and CO2 bands.

The 32 lm feature lies completely in the range of the trou-
blesome Ge:Ga detectors used in band 4 on the SWS. Given
the difficulties in band 4 (e.g., hysteresis in the dark current,
sensitivity to cosmic-ray hits), it is certainly possible that the
32 lm feature does correlate with the 13 lm feature better
than indicated here, but the SWS database does not provide
any evidence for such a correlation. The 28 lm feature also
lies mostly in band 4, and its correlation with the 13 lm is
readily apparent.

5. DISCUSSION

Our analysis reveals clear correlations between the
strength of the dust features at 13, 20, and 28 lm as well as
the carbon dioxide bands. On the other hand, the 16.8 lm
feature probably does not arise from dust, and the strength
of the 32 lm feature does not correlate with the 13 lm fea-
ture. While it is possible that the 13, 20, and 28 lm dust fea-
tures actually arise from the same carrier, it is equally
plausible that they arise from different carriers related by
the fact that they all form in the same physical conditions
that also produce the carbon dioxide bands. The key, then,
to the identification of the carrier of the 13 lm feature is the
identification of either (1) a carrier that can produce all three
correlated dust bands or (2) a family of related carriers that
can account for all three bands and should arise in similar
conditions.

Fig. 8.—Correlation between the 13 and 28 lm features. The symbols
are as in Fig. 5. The correlation coefficient is 0.70.

Fig. 9.—Plot of the strength of the 32 lm feature compared to the
strength of the 13 lm feature. Symbols are as in Fig. 5. The correlation
coefficient is 0.34, which is too low to suggest a reasonable correlation.
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5.1. The Silicon-impoverished Grain Hypothesis

While we can no longer link the 13 lm feature to dust fea-
tures at 16.8 and 32 lm, this does not eliminate the possibil-
ity that the 13 lm feature still arises from spinel (MgAl2O4)
as proposed by Posch et al. (1999) and Fabian et al. (2001b).
Given the correlation of this feature with the 20 lm feature,
it is worthwhile to consider spinel in conjunction with the
carrier proposed for the 20 lm feature by Posch et al.
(2002), Mg and Fe oxides. Spinel and the oxides are all
silicon-poor, so this hypothesis would gain strength if a
plausible scenario for the formation of silicon-impoverished
grains could be advanced.

Sloan & Price (1998) noticed that MS and S stars, which
have a C/O ratio near unity, produce circumstellar shells
dominated by alumina grains, while supergiants, whose
massive envelopes dilute any dredged up material and
remain oxygen-rich, almost always produce silicate-rich
dust shells. On this basis, they suggested that the silicate
dust sequence might arise from the range of C/O ratios pos-
sible in the photospheres of oxygen-rich AGB stars and
supergiants. They proposed that when the C/O ratio of
oxygen-rich stars approaches unity, the formation of CO
gas will leave little oxygen for grain formation. As gaseous
material moves away from the central star and cools, alu-
mina grains will form before silicate grains because of the
higher condensation temperature of alumina and the higher
chemical affinity of aluminum for oxygen than for silicon
(Stencel et al. 1990). Sloan & Price (1998) suggested that in
stars with C/O ratios near unity, the formation of CO gas
and alumina grains might exhaust the supply of available
oxygen before silicates can form. Thus, Sloan & Price (1998)
have invoked the silicon-impoverished grain hypothesis not
to explain the presence of the 13 lm and related features but
to explain the existence of alumina-rich spectra, which show
broad, low-contrast dust emission at the bottom of the
silicate dust sequence (2.SEa or SE1–SE3).

Sloan et al. (1996) found that 13 lm features could appear
in spectra associated with any part of the silicate dust
sequence. Here we find that 13 lm features can appear at
least from SE1 to SE6. As Figure 1 shows, the underlying
dust spectrum from SE4 and up, for spectra with and with-
out the 13 lm and associated features, clearly resembles sili-
cate dust emission with its characteristic emission peaks in
the vicinity of 10 and 18 lm. Radiative transfer models by
Lorenz-Martins & Pompeia (2000) and Egan & Sloan
(2001) required at least half of the dust grains to be silicate
in nature to fit spectra from SE4 to SE8. The 13, 20, and 28
lm features appear most strongly in SE4–SE6 spectra,
which must have a substantial contribution from silicate-
rich grains. On this basis, we conclude that it is unlikely that
these dust features arise solely from silicon-impoverished
grains. Silicon impoverishment provides a straightforward
means of explaining alumina-rich spectra by linking them to
photospheric chemistries with C=O � 1. Some other mecha-
nism is needed to explain the presence of the 13, 20, and
28 lmdust features.

5.2. Crystalline Grains as a Possible Carrier

We suggest an alternative hypothesis: that the 13 lm and
related dust features arise from crystalline forms of the
grains already known to be present in oxygen-rich dust
shells, namely, alumina and silicate grains. In this scenario,
crystalline alumina would produce the 13 lm feature while

crystalline silicates would produce the 20 and 28 lm
features.

Waters et al. (1996) first discovered spectral features from
crystalline silicates in circumstellar shells, using SWS obser-
vations of optically thick sources such as OH/IR stars. The
thorough study by Molster, Waters, & Tielens (2002a) and
Molster et al. (2002b, 2002c) provides convincing arguments
that the strong features seen at 10, 11, 18, 20, 23, 27, 33, 40,
and 43 lm arise from combinations of forsterite (Mg2SiO4,
the Mg-rich end-member of the olivine series) and enstatite
(Mg2SiO3, the corresponding Mg-rich end-member of the
pyroxene series). (The iron-rich end-members of olivine and
pyroxene are known as fayalite and ferrosilite, respectively.)

The optically thin shells with the 13 lm feature have sig-
nificantly different spectra than those seen in the deeply
embedded sources where crystalline silicates have been
firmly identified. In the optically thick shells, the 33 lm fea-
ture dominates the other features, while in the 13 lm sour-
ces, it is absent. Similarly, the feature at 23 lm is much less
pronounced in our sample. In addition, the feature at 27 lm
has shifted to 28 lm in the 13 lm sources.

Molster et al. (2002a) compare several laboratory samples
of forsterite and two crystalline structures of enstatite
(ortho-enstatite with a rhombic structure and clino-enstatite
with a monoclinic structure). Their figures show that ensta-
tite has much weaker features at 23 and 33 lm than forster-
ite, and in the 27–28 lm region, the forsterite feature is at
27.4 lm while the enstatite feature is at 28.2 lm. The 19.6
lm feature from forsterite is accompanied by a 16.2 lm dust
feature that does not appear in either the 13 lm spectra or in
the laboratory spectra of enstatite. (This feature is much
broader than the 16.2 lmCO2 band.)

Thus, enstatite is a strong candidate for the carrier of the
20 and 28 lm dust features. We also note that the ortho-
enstatite spectra examined by Molster et al. (2002a) provide
a better match to the observed 28 lm feature than the clino-
enstatite spectra. The recent study of laboratory samples of
Mg-rich and Fe-rich olivines by Fabian et al. (2001a), how-
ever, demonstrates and quantifies how the relative strengths
and positions of the silicate emission features depend onMg
and Fe content and the distribution of particle shapes. Even
if it proves premature to assign the 20 and 28 lm features to
a particular species of crystalline silicates, it is clear that at
least one species of crystalline silicates provides a good
match to the observed features; others might also.7

Under what conditions would outflowing gas condense
into crystalline grains instead of amorphous grains?We sug-
gest that the structure of the grains depends on the density
of the gas in the dust formation zone. Gail & Sedlmayr
(1998) argue that grains will anneal if atoms can obtain suffi-
cient energy to jump into a vacancy in the lattice structure,
and this likelihood can be expressed in terms of a diffusion
timescale. Whether or not the grains will form with a crys-
talline structure depends on how the diffusion timescale
compares to the timescale for accretion of the dust grains,
which will be longer when the density in the dust formation

7 Models of the spectrum of RX Boo by Glaccum (1999) show that
�-Ca2SiO4 can account for at least part of the 20 lm feature and all of the
28 lm feature in that source; �-Ca2SiO4 is another crystalline silicate, lend-
ing further indirect support for crystalline silicates as a likely carrier of both
features. On the other hand, his models account for most of the 20 lm fea-
ture with Mg0.8Fe0.2O, an oxide much like that proposed by Posch et al.
(2002).
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zone is lower. At lower densities, the grains will form more
slowly, giving each atom a longer period of time to settle
into the lattice structure before the grain accretes more par-
ticles. In denser dust-forming regions, the grains will accrete
material faster than they can settle into the lattice, resulting
in an amorphous structure.

A lower density in the dust formation zone could result
either from a lower mass-loss rate or because the dust
formation zone is farther away from the central star. Our
sample provides evidence for both of these effects.

First, SRb variables are far more likely to have strong
spectral features at 13, 20, and 28 lm than Mira variables.
Wood & Sebo (1996) provide strong evidence from observa-
tions and modeling of sources in the Large Magellanic
Cloud that most Mira variables must pulsate in the funda-
mental mode, while long-period variables with smaller
amplitudes (e.g., semiregulars) pulsate in the first overtone.
This difference would imply that Miras pulsate in a radial
mode while semiregulars pulsate in a nonradial mode, which
would in all likelihood lead to a higher mass-loss rate in
Miras.

Habing (1996, x 9.2) reviews the evidence for higher mass-
loss rates in Miras, including the lack of maser activity in
semiregulars and the significantly higherV�[12] andK�[12]
colors in Miras (see Kerschbaum & Hron 1992, 1994). To
examine the mass-loss rate more directly for all of the
sources in our sample with classifications of SE1–SE6, we
estimate the mass-loss rate from dust as measured by the
K�[12] color, using the relation between this color and
mass-loss rate found byWhitelock et al. (1994). The Kmag-
nitudes come from Neugebauer & Leighton (1969), Jura &
Kleinmann (1992), Jura, Yamamoto, & Kleinmann (1993),
Gezari et al. (1993), Kerschbaum&Hron (1994), Whitelock
et al. (1995), Feast (1996), van Leeuwen et al. (1997),
Bedding & Zijlstra (1998), Feast & Whitelock (2000), and
Whitelock, Marang, & Feast (2000). The 12 lmmagnitudes
come from The IRAS Point Source Catalog (Joint IRAS
Science Working Group 1988), color corrected for typical
AGB sources by adding 0.22 mag. Because most of these
sources are variables and not all of the photometry repre-
sents averages over the total period, this method will result
in significant uncertainties in the mass-loss rates derived; we
estimate the minimum uncertainty to be�30%–40%.

The mass-loss rate tends to increase up the silicate dust
sequence, so Figure 10 plots it as a function of the strength
of the 13 lm feature separately for each SE index from 1 to
6. By segregating the sources in this manner, we can concen-
trate on how the mass-loss rate depends on the strength of
the 13 lm feature for spectra with otherwise similar dust
characteristics. At each index, spectra with stronger 13 lm
features arise from stars with generally lower mass-loss
rates, just as might be expected given the separation of SRb
and Mira variables between the stronger and weaker 13 lm
sources. Table 4 summarizes these trends by giving the mean
for those sources corresponding to the upper sequence in
Figure 4, the lower sequence, and those sources where
F13=Fd < 0:1%.

Cami et al. (2000) model the CO2 emission and conclude
that when the 15.0 lm band is in absorption, the warm CO2

layer is closer to the central star than in sources with a 15.0
lm emission band. This dependence provides support for
the second effect, that in 13 lm sources, the dust formation
zone is farther from the central star. As one moves the warm
CO2 layer away from the central star, the 15.0 lm band

shifts from absorption to emission and on average the
13 lm band grows in strength. The strength of the emission
from the CO2 and the strength of the dust emission features
at 13, 20, and 28 lm are clearly correlated. If the CO2 layer
is physically associated with the dust formation zone, then it
follows that the 13 lm feature is stronger when the dust
forms farther from the central star and the dust formation
zone has a lower density.

Thus, a lower mass-loss rate and a (potentially) greater
distance between the dust formation zone and the central
star, both of which should result in lower densities in the
dust formation zone, are linked to sources with stronger
13 lm features.

Begemann et al. (1997) suggested that if the 13 lm feature
arose from crystalline alumina, then a companion feature
should be visible at 21 lm, but this feature does not appear

Fig. 10.—Mass-loss rate as a function of the strength of the 13 lm fea-
ture, plotted separately for each SE index from 1 to 6. Symbols are as in
Fig. 5. The vertical dashed lines separate the regions in the plots corre-
sponding to the upper sequence in Fig. 4 (right side of SE2–SE6), the lower
sequence in Fig. 4 (center of SE2–SE4, right side of SE1), and sources with
no significant 13 lm feature (left side for all SE indices). Table 4 gives the
meanmass-loss rate for each of these regions.

TABLE 4

MeanMass-Loss Rates

_MM
� �

(�10�7M� yr�1)

SE

Upper

Sequence

Lower

Sequence

No 13 lm

Feature

All

Sources

1............... . . . 0.61� 0.32 . . . 0.61� 0.32

2............... 0.32� 0.21 1.00� 0.60 1.77� 1.84 1.02� 1.11

3............... 0.49� 0.14 1.00� 0.50 0.84� 0.44 0.77� 0.43

4............... 1.18� 0.80 . . . 1.35� 0.44 1.30� 0.57

5............... 1.49� 2.14 . . . 4.96� 3.50 3.13� 3.30

6............... 1.25� 1.10 . . . 9.94� 5.01 7.38� 5.85
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in our sample. In the various alumina samples investigated
by Begemann et al. (1997), the ratio of the strengths of the
13 and 21 lm features ranges from 4.5 to over 30. Alumina
dust condenses from gas at a higher temperature than sili-
cates, as high as 1700 K compared to 1400 K (Tielens 1990).
The dust density will be highest at the dust formation zone,
and it is reasonable to assume that this region will dominate
the emission. For the sake of argument, we will conserva-
tively assume a temperature of 1000 K for the alumina
grains. Then the emission feature at 21 lmwould be weaker
than the 13 lm feature by a factor of 9–70 (depending on the
grain emissivities adopted). Even in the strongest 13 lm
sources, a feature�10 times weaker would be hard to find in
the SWS spectra. There is some evidence for spectral struc-
ture in the 21–22 lm range in several sources (Fig. 1, SE1–
SE3), but it is not clear that this structure correlates in any
way with the strength of the 13 or 20 lm features.

Another issue is the lack of evidence for features associ-
ated with crystalline silicate species at 9 and 11 lm. In most
sources, amorphous silicates with their strong and broad
10 lm feature dominate the dust mixture, and where they do
not, amorphous alumina dominates. Thus, searching for
spectral features from crystalline species is difficult. There is
certainly spectral structure in the vicinity of 11 lm in many
sources, but this could easily arise from the alumina mate-
rial. In particular, most structured silicate spectra (SE3–
SE6) show this structure, not just the 13 lm sources. Inter-
pretation of the spectra is complicated by the possibility that
there may be multiple causes of the structured silicate emis-
sion (e.g., Lorenz-Martins & Pompeia 2000; Egan & Sloan
2001).

Finally, we note that SP identified some supergiants with
13 lm features in their spectra but found that few super-
giants produced spectra associated with amorphous alu-
mina dust. The sample analyzed here is much smaller, but of
the 12 variables associated with supergiants (variability type
SRc and Lc) in the range SE1–SE6, 10 do not show 13 lm

features. Of the two that do, one (T Cet) is an MS star of
luminosity class II. The fact that it is an MS star indicates
that dredge-ups have modified its envelope, suggesting
that it is less massive than most supergiants and may be a
luminous AGB star.

6. CONCLUSIONS

Our study has revealed a correlation between the strength
of dust emission features at 13, 20, and 28 lm and the bands
produced by carbon dioxide in the 13–17 lm range. We sug-
gest that the most likely carriers of the dust features are crys-
talline analogs of the amorphous alumina and silicate grains
known to produce spectra spanning the range of the silicate
dust sequence.

While we do not rule out spinel as a possible carrier of the
13 lm feature, we can rule out the strongest argument in its
favor: the correlation of the 13 lm feature to possible dust
features at 16.8 and 32 lm. The former is too narrow to arise
from dust, and the latter is poorly correlated with the 13 lm
feature.
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APPENDIX

A CATALOG OF SOURCES AND SPECTRAL CLASSIFICATIONS

Table 5 provides information about the sources and spectra used in this study. The first column gives the name of the source
in the IRAS Point Source Catalog (Joint IRAS Science Working Group1988), while the second column gives a more common
name for the source, usually from the General Catalog of Variable Stars (when available; Kholopov et al. 1985–1988). These
columns are followed by the variability type, period (in days, when known), and spectral type. The spectral type is either from
the tables in Sloan & Price (1998) or SIMBAD.

The next three columns give the infrared spectral classifications, first, when available, the classification based on LRS spec-
tra from IRAS by Sloan & Price (1998, hereafter SP98), then the classifications by Kraemer et al. (2002, hereafter KSPW02),
who classified all full-scan spectra (AOT1) from the SWS on ISO, and finally, a classification made from the analysis of SWS
data in this study.

The SP98 classifications include an occasional classification of ‘‘H(SE),’’ which means that circumstellar silicate emission is
superposed on a red spectrum from an H ii region. The appended ‘‘ t ’’ denotes a 13 lm source (as defined by Sloan et al. 1996).
These classifications do not include a group number, which in most cases would be ‘‘ 2 ’’ for stellar spectrum with associated
circumstellar emission.

The KSPW02 classifications group the spectral indices into letter codes: ‘‘ a ’’ for�1–3, ‘‘ b ’’ for�3–6, and ‘‘ c ’’ for�6–8. A
careful look at Table 5 will reveal that these correspondences are only approximate.

The third column of infrared classifications is based on the current analysis. The ‘‘ t ’’ designation is given when the strength
of the 13 lm feature exceeds 0.1% of the total dust emission (F13=Fd > 0:001). For sources observed more than once, the SE
index is based on the average of the flux ratios (F11=F12) for the individual spectra. While Sloan & Price (1998) took care to
subtract a different continuum for supergiants and AGB sources, we have not done that here, so those spectra associated with
variability types of Lc or SRc might be shifted by approximately one SE index.

The final column gives TDT numbers of the spectra obtained for each source. In most cases, there is only one spectrum per
source, but there can be up to eight.
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TABLE 5

Catalog of Sources and Spectral Classifications

Infrared Spectral Class

IRAS PSC Name Source

Variability

Type

Period

(days)

Spectral

Type SP98 KSPW02 ThisWork

TDT

Numbers

00128�3219 ............ S Scl M 363 M3–9e (Tc) SE3 2.SEb 2.SE4 37102018 73500129

00192�2020 ............ T Cet SRc 159 M5–6S IIe SE1t 2.SEa 2.SE1t 37801819 55502308

00205+5530 ............ T Cas M 445 M6–9.0e SE1 2.SEa 2.SE2t 40201208

00213+3817 ............ R And M 409 S4.5, 9e SE3 2.SEc 2.SE4 40201723

00484+6238 ............ VYCas SRb 100 M6–7 SE3: 2.SEb 2.SE5t 41602501 78201606

01265+4624 ............ CEAnd Lb . . . M5 . . . 2.SEc 2.SE8t 80104817

01438+1850 ............ SV Psc SRb 102 M5 SE5t 2.SEb 2.SE6t 80501620

02168�0312 ............ o Cet M 332 M5–9e SE8 2.SEc 2.SE8 45101201

02185+5622 ............ SU Per SRc 533 M3.5 Iab SE5 2.SEc 2.SE5 43306303

02188+5652 ............ RS Per SRc 245 M4 Iab SE5t 2.SEc 2.SE5 45501805

02251+5102 ............ RR Per M 390 M6–7e SE2 2.SEa 2.SE2t 61702702

02347+5649 ............ YZ Per SRb 378 M1–3 Iab SE6 2.SEc 2.SE6t 47301604

02351�2711 ............ UUFor M . . . M9 . . . 2.SEc 2.SE6 44202463

02427�5430 ............ WHor SRb 137 Mc SE3t 2.SEb 2.SE5t 17902728 75600502

02469+5646 ............ W Per SRc 485 M3–7 Ia–Iab SE5t 2.SEc 2.SE5t 63702662

04265+5718 ............ RVCam SRb 101 M4–6 II–III SE6t 2.SEb 2.SE6t 83801807 86202101

04361�6210 ............ R Dor SRb 338 M8 IIIe SE7t 2.SEa 2.SE2t 58900918

04566+5606 ............ TXCam M 557 M8–10 SE6 2.SEc 2.SE7 69501070

05374+3153 ............ NOAur Lc . . . M2S Iab SE1 2.SEa 2.SE2 86603434

05524+0723 ............ �Ori SRc 335 M1–2 Ia–Ibe SE8 2.SEc 2.SE7 69201980

07559�5859 ............ V341 Car L . . . M0 III . . . 2.SEa 2.SE2 72802231

10243�5338 ............ V348 Vel SRc . . . M2 Iab/Ib . . . 2.SEc 2.SE7 25400410

10428�5909 ............ RT Car Lc . . . M2 Ia–0 H(SE) 2.SEc 2.SE7 25901312

10562�6235 ............ V408 Car M . . . K0 . . . 2.SEa 2.SE2t 26700202

12380+5607 ............ Y UMa SRb 168 M7 II–III: SE2t 2.SEa 2.SE2t 60200502

13022�7650 ............ DLCha SRb . . . M6 III . . . 2.SEa 2.SE3t 62804032

13269�2301 ............ R Hya M 389 M6–9eS(Tc) SE2t 2.SEa 2.SE3t 08200502

13303�0656 ............ S Vir M 375 M6–9.5 IIIe SE2 2.SEa 2.SE3t 25302224

13462�2807 ............ WHya SRa 361 M7.5–9ep SE8 2.SEa 2.SE3t 08902004 41800303

14003�7633 ............ hAps SRb 119 M7 III SE5t 2.SEb 2.SE5t 07901809

14129�5940 ............ R Cen M 546 M4–8 IIe SE2 2.SEa 2.SE2t 07903010

14219+2555 ............ RX Boo SRb 340 M6.5–8 IIIe SE3t 2.SEa 2.SE3t 08201905

14371+3245 ............ RV Boo SRb 137 M5–7e SE5t 2.SEa 2.SE4t 08202437 39401737

14390+3147 ............ RWBoo SRb 209 M5 SE7 2.SEb 2.SE5 42800541

15492+4837 ............ STHer SRb 148 M6–7 IIIa S SE1 2.SEa 2.SE2t 41901305

16011+4722 ............ X Her SRb . . . M6e SE6t 2.SEb 2.SE4t 08001921

16063�4906 ............ V Nor SRb 156 M5 III SE1:t 2.SEa 2.SE3 45901136

16079�5110 ............ PN Lo 14 . . . . . . M6 III: PN . . . 2.SEc 2.SE6 81600133

16235+1900 ............ UHer M 406 M6.5–9.5e SE4 2.SEc 2.SE5 43402028

16262�2619A ......... � Sco Lc . . . M1.5 Iab–Ib SE8 2.SEc 2.SE7 08200369

16269+4159 ............ g Her SRb . . . M6 III SE1t 2.SEa 2.SE2t 11103947 42401416 80000104

16387�2700 ............ AX Sco SRb 138 M6 SE3t 2.SEa 2.SE3t 12101602

17080�3215 ............ AH Sco SRc 714 M4–5 Ia–Iab SE5t 2.SEc 2.SE5 08403013

17123+1107 ............ V438 Oph SRb 170 M0–7e SE1t 2.SEa 2.SE3t 11601203 81001108

17354�3455 ............ V492 Sco SR . . . . . . . . . 2.SEb 2.SE4t 32702415

17361+5746 ............ TYDra Lb . . . M5–8 SE8t 2.SEc 2.SE8 46600803 74102309

17554+2946 ............ AUHer M 399 M8 . . . 2.SEc 2.SE7 45401501

18055�1833 ............ AX Sgr SRd . . . G5 Ia . . . 2.SEc 2.SE7 51502010

18359+0847 ............ X Oph M 329 M5–9e SE1 2.SEa 2.SE2t 47201847

18401+2854 ............ FI Lyr SRb 146 M SE2t 2.SEa 2.SE4t 82700735

19039+0809 ............ R Aql M 284 M5–9e SE5 2.SEb 2.SE4 12200329 32000318

53400105 67600406 47801417

19042�4858 ............ U Tel M 445 M7e SE6 2.SEc 2.SE5 52300905

19194+1734 ............ T Sge SRb 166 M4–6.5 SE3t 2.SEa 2.SE3t 12000604 73201510

19232+5008 ............ CHCyg SR . . . M7 IIIvar . . . 2.SEc 2.SE7 38301404 54101201

19474�0744 ............ GYAql SR 204 M6 III:e . . . 2.SEc 2.SE5 34401040 34401919

19480+2447 ............ NRVul Lc . . . M1 Ia SE4 2.SEc 2.SE6 53701751

19486+3247 ............ �Cyg M 408 S7, 5–7.5, 6 SE3 2.SEb 2.SE3 15900437 80800708

19503+2219 ............ NS Vul Lb: . . . M5 III SE5t 2.SEb 2.SE6t 32301516

19510�5919 ............ S Pav SRa 381 M7–8 IIe–II SE2t 2.SEa 2.SE2t 14401702

19550�0201 ............ RRAql M 395 M6e–9 SE7 2.SEc 2.SE7 53400809

20000+4954 ............ Z Cyg M 264 M5–9e SE8 2.SEc 2.SE8 37400126

20004+2955 ............ V1027 Cyg L . . . G7 Ia . . . 2.SEc 2.SE6 52601618
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TABLE 5—Continued

Infrared Spectral Class

IRAS PSC Name Source

Variability

Type

Period

(days)

Spectral

Type SP98 KSPW02 ThisWork

TDT

Numbers

20038�2722 ............ V1943 Sgr Lb . . . M8 SE2t 2.SEa 2.SE3t 85700514

20075�6005 ............ X Pav SRb 199 Mc SE3t 2.SEb 2.SE4t 14401801

20079�0146 ............ V584 Aql Lb . . . M8 . . . 2.SEb 2.SE5t 54200304 73200811

20120�4433 ............ RZ Sgr SRb 223 S4, 4ep . . . 2.SEa 2.SE2 14100818

20193+3527 ............ V1749 Cyg Lc . . . M3 Iab SE3t 2.SEb 2.SE3 73000622

20194+3646 ............ BI Cyg Lc . . . M4 Iab SE6 2.SEc 2.SE7 38101617

20197+3722 ............ BC Cyg SRc 700 M3.5 Ia H(SE) 2.SEc 2.SE6 35201201

20248�2825 ............ TMic SRb 347 M6e SE1t 2.SEa 2.SE1t 14401129 87201305

20270+3948 ............ RWCyg SRc 550 M2–4 Ia–Iab SE6 2.SEc 2.SE5 12701432

20440�0105 ............ FP Aqr Lb: . . . M9 . . . 2.SEc 2.SE6 51801556

20507+2310 ............ RXVul M 457 M9e SE2t 2.SEa 2.SE3 53502929

20529+3013 ............ UXCyg M 565 M4–6.5e SE8t 2.SEc 2.SE6 35701412

21088+6817 ............ T Cep M 388 M5.5–8.8e SE1 2.SEa 2.SE1t 26300141 34601646 40800106
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