
Astron. Astrophys. 352, 609–618 (1999) ASTRONOMY
AND

ASTROPHYSICS

On the origin of the 13µm feature?

A study of ISO-SWS spectra of oxygen-rich AGB stars

T. Posch1, F. Kerschbaum1, H. Mutschke2, D. Fabian2, J. Dorschner2, and J. Hron1

1 Institut für Astronomie, T̈urkenschanzstrasse 17, 1180 Wien, Austria
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Abstract. We have derived a mean profile of the 13µm emis-
sion feature from 11 ISO spectra of oxygen-rich AGB stars and
present an overview of the mineral species that could account
for it. Our results can be summarized as follows: i) Spheri-
cal particles ofα-Al2O3 (corundum) have a sharp emissivity
maximum peaking at 12.7µm. The difference of 0.3µm in the
peak position compared to the mean observed band profile is
a serious obstacle to assigning the 13µm dust feature to this
dust species. ii) From a continuous distribution of ellipsoidalα-
Al2O3-particles, a broad emissivity profile peaking at 13–14µm
emerges. It is difficult to reconcile the large width of this profile
with the width of the observed 13µm band. iii) The most promi-
nent emissivity maximum of TiO2 (rutile) is located at 13.5µm;
its width is larger and its strength three times smaller than the
emissivity maximum of corundum. iv) Core-mantle-grains com-
posed of rutile and corundum or of corundum and amorphous
olivine can both produce, in a certain domain of core volume
fractions, a spectral signature very similar to the observed 13µm
feature. However, the necessity to assume rather artificial dis-
tribution functions of the core volume fractions makes this sce-
nario improbable. v) We consider MgAl2O4 (spinel) to be the
most promising candidate for the carrier of the 13µm feature
since its emissivity peaks are located at 12.95µm and at 16.8µm
for spherical particles and since atboth positions features are
present in most of the spectra of our sample. In view of the
relevance of this substance for circumstellar shells, laboratory
spectra of spinel particles embedded in KBr are also presented.

Key words: stars: variables: general – stars: AGB and post-
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1. Introduction

Whereas amorphous silicates are known to be constituents of
circumstellar dust since the 1970 s, it was not before the end of
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the 1980 s that a dust feature in the spectra of oxygen-rich AGB
stars was with some constancy ascribed to another kind of solid
particles. Hackwell (1972) was among the first authors to point
out that silicates might not be the only kind of dust with spectral
signatures in the 8–13µm region. Onaka et al. (1989) tentatively
identified a broad feature at 12–13µm observed in IRAS-LRS
spectra as a band feature of partially crystallizedγ-aluminum
oxide particles. They noted that the 12–13µm feature is promi-
nent especially when the asymmetry factor of the visual light
curve is large. Sloan et al. (1996) presented an analysis of 187
LRS spectra in which the 13µm feature is present. They came
to the result that 75–90 % of all SRb variables but only 20–25 %
of the Miras with oxygen-rich dust show the 13µm feature. As
a possible explanation for this fact, they proposed that the ab-
sence or weakness of pulsational shock waves allows the carrier
of the 13µm feature to form and survive. More recently, Sloan &
Price (1998) suggested that there may be a correlation between
the presence of alumina grains and a star’s C/O ratio, such that
in case of a C/O ratio close to unity, almost all oxygen will be
consumed by alumina grains, whereas in case of smaller C/O
ratios, an increasing amount of silicates will form. Hron et al.
(1997) found that the 13µm feature is observed in stars within a
rather narrow range of photospheric and dust shell temperatures,
indicating that the formation of its carrier strongly depends on
the physical conditions inside the circumstellar shell.

Begemann et al. (1997) derived an average band profile of
the 13µm feature from 51 IRAS-LRS-spectra and compared it
with the opacities of various forms of aluminum oxides. They
pointed out that both amorphous andγ-Al2O3 cannot account
for the 13µm feature, whereasα-Al2O3 can, if a continuous
distribution of ellipsoidal grain shapes is assumed. Kozasa &
Sogawa (1997) discussed the formation of heterogeneous grains
composed of a corundum core and a silicate mantle. They argued
that the condensation of silicates on pre-condensed Al2O3 is
the natural process of dust formation and presented radiative
transfer calculations according to which a feature at 13–14µm
attributed to Al2O3 appears if the mass loss rate of an oxygen-
rich AGB star is below 2× 10−5 M�. In contrast to these
authors, Gail & Sedlmayr (1998) and Jeong et al. (1999) found
that Al2O3 is very unlikely to be a condensation seed in O-
rich circumstellar shells. According to their calculations, TiO2
should be the very first condensate in M star envelopes.
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On the basis of our previous work (Posch & Kerschbaum
1999), we try here to give an overview of the mid-IR opaci-
ties of dust species (the optical constants of which are given in
the literature) that could account for the 13µm feature. All of
the substances considered here show, apart from an emissivity
peak near 13µm, additional major or minor spectral signatures.
Their positions and relative strengths are discussed, because we
consider them essential for a unique identification, which is not
possible on the basis of the 13µm band alone.

2. Observational data

2.1. The sample of ISO spectra

The Semiregular variables of types SRa and SRb (SRV) and
the Irregular variables of type Lb (IRV) are quite numerous
groups of objects among the stars on the AGB. They can provide
important constraints on theoretical mass-loss models due to
their pulsational behaviour in which they differ from the more
frequently studied Mira variables. In a series of papers (Kersch-
baum & Hron 1992, 1994, 1996; Kerschbaum 1995; Hron et al.
1997) the SRVs have been studied in a systematic way.

The SRVs are known since the end of the 1980 s to show
prominent 13µm emission features. The availability of high
quality ISO data was the starting point of this investigation.

We used data from 5 open time ISO projects (fker-
schb.orichsrv/orichsrl/zzagb2pn; jhron.varlpv/varlpv2) for our
work. In these programmes we tried on one hand to cover repre-
sentative O-rich AGB variables with different pulsational prop-
erties (Mira, SRa, SRb, Lb, and OH/IR) and on the other hand
to monitor a few objects in order to study the spectral changes.
In total we were able to observe 22 objects at least once. For
this paper we selected a subset of spectra with strong 13µm
emission; because of the type of the corresponding stars (SRb),
the stellar variability plays a minor role here (Kerschbaum et
al. 1999). No clear indications for time variations of the 13µm
feature were found in case of the stars for which we have two
spectra.

Additional spectra were taken from the ISO data archive.
They originate from the projectssprice.startyp1, sprice.startyp2
andjgoebel.oxystars.

Our observations were carried out with ISO-SWS (de
Graauw et al. 1996) with full grating scans (2.4µm to 44µm,
AOT01 and speed 2, typically) and an intrinsic resolution be-
tween 400 and 600. The pipeline processed data products (OLP
7.+) were further reduced with ISAP. The connection of the in-
dividual bands which introduces an additional uncertainty was
done by multiplying the longer wavelength band in order to fit
overlapping regions. For flux levels below 100 Jy the correc-
tion was applied additively. Fig. 1 shows the reduced spectra in
the wavelength range from 11.5 to 17.5µm on which we are
focussing here.

Table 1 lists the properties of the stars of our sample. All of
the stars on which this work is based are Semiregulars of type
SRb. Their mass-loss-rates are comparatively small, i.e. below
3×10−7 M� in all cases where they are known.

Data on the gas mass-loss are adopted from Kerschbaum
et al. (1996), Kahane & Jura (1994) and Knapp et al. (1998).
RV Boo (Kerschbaum et al. 1997, Bergmann et al. 1999) and
EP Aqr (Knapp et al. 1998) show very peculiar CO lineshapes
and have probably a complex, nonspherical distribution of their
circumstellar material.

2.2. Deriving the 13µm band profile

To derive an average 13µm band profile from our spectra, we
used a method similar to the one described by Begemann et al.
(1997). We fitted a fifth-degree polynomial to each spectrum
in the wavelength ranges 10.0–12.25, 14.2–14.8, 15.1–15.3,
15.55–16.1, 16.25–16.6 and 17.3–18µm, thus skipping the
range of the 13 and 17µm emissions as well as the CO2 emission
lines (see Justtantont et al. 1998). Using polynomials of higher
degree did not improve the quality of the fits. The least square
fits were subtracted from the original spectra to get the indi-
vidual 13µm band profiles. These individual profiles were then
normalized and summed up (with equal statistical weight). In
Fig. 2 the normalized individual residuals are plotted, whereas
Fig. 3 shows the result of summing them up. Apart from the
13µm band, five sharp emission lines at 13.48, 13.87, 14.97,
15.40 and 16.18µm can be seen. These lines are due to ro-
vibrational transitions of CO2 molecules. Furthermore, a rather
weak feature at 16.8µm can be seen. This feature coincides in
position and relative strength with a minor emissivity maximum
of spinel (see Sect. 3.2 and Fig. 14). There may be an additional
feature at 15.8µm for which we cannot, however, suggest an
identification.

2.3. Position and width of the 13µm feature

The most striking property of the 13µm band is its small width
compared to the width of the 10 and the 17–18µm silicate fea-
tures. This was already evident from previous work based on
IRAS spectra. Sloan et al. (1996) found a full width at half max-
imum (FWHM) value of about 0.6µm; Begemann et al. (1997)
report a value of 1.05µm. (The corresponding widths of the 10
and the 17–18µm silicate feature are, according to Dorschner
et al. (1995), 1.6–2.6µm and 6–7.5µm, respectively.)

In order to determine the positions and widths of the 13µm
feature for the individual spectra, we used the following method:
a second degree parabola was fitted to each of the residual emis-
sion profiles in the wavelength range 12.5–13.4µm. The highest
point of the respective parabola (and not the highest point of the
spectrum, the position of which is determined by noise) was
considered to represent the peak of the feature. To derive the
FWHM value, we used the same parabola. The results are listed
in the last two columns of Table 1. For the stars of which we have
two spectra, we give mean values. The band position is between
12.95 and 13.05µm and the FWHM amounts 0.5–0.8µm. It
should be noted, though, that the latter value is a result of a con-
tamination of the 13µm feature with the 13.48µm CO2 line in
case of the spectra of T Sge and V 438 Oph. This contamination
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Fig. 1. The reduced ISO spectra.

Fig. 2. The normalized individual residual emission profiles in the
12–17µm range, derived by subtraction of a fifth order polynomial
from our spectra.

Fig. 3. The average residual emission profile in the 12–17µm range,
derived by summing up the normalised individual residuals shown in
the previous figure.
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Table 1.Properties of the sample stars

Name IRAS Name Type Period Spectrum LRS F12 vexp dM/dt band position FWHM
[d] [Jy] [km s−1] [M �/yr] [µm] [µm]

Y UMa 12380+5607 SRb 168 M7II-III: 15 192.6 5 2×10−7 13.0 0.7
RV Boo 14371+3245 SRb 137 M5e-M7e 22 125.0 7 2×10−7 13.0 0.5
g Her 16269+4159 SRb 89 M6III 16 437.6 9 1×10−7 12.95 0.6
V438 Oph 17123+1107 SRb 170 M0-M7e 15 61.6 13.0 0.75
T Sge 19194+1734 SRb 166 M4-M6.5 15 140.2 13.05 0.8
X Pav 20075-6005 SRb 199 Mc 22 556.8 13.0 0.6
EP Aqr 21439-0226 SRb 55 M8III 23 637.4 10 2×10−7 13.0 0.6
SV Peg 22035+3506 SRb 145 M7 21 264.7 8 3×10−7 12.95 0.6

may also be the reason for the comparatively large feature width
found by Begemann et al. (1997).

3. Possible identifications of the 13µm feature

We will now present possible carrier substances of the 13µm
feature, the optical constants of which are listed in reference
books (mainly Palik 1985-98). Both for spherical particle shapes
and for a continuous distribution of ellipsoids (CDE), we calcu-
lated the volume normalized absorption cross sectionCabs/V ,
which also determines the emissivity (since in thermodynamic
equilibrium, absorption is balanced by emission).V designates
the mean particle volume in both cases. For circumstellar shells
that are optically thin (which is the case for all the stars of our
sample), the emission of each dust component can be, to a rea-
sonable approximation, calculated by multiplyingCabs with an
integral over Planck functions for the whole temperature range
of the shell (see e.g. Onaka et al. 1989). A more sophisticated
approach would be of course to useCabs together with a grain
size distribution as an input parameter for a radiative transfer
calculation. However, since we are mainly interested here in
the 13µm feature, i.e. in dust emission from a rather limited
wavelength range, we will not present model spectra for the
dust shells, but only compare the residual emission profile de-
rived by the method described in Sect. 2 withCabs-profiles. It is
clear that both profiles or functions do not represent exactly the
same physical quantity; but there is a close interrelation between
both such thatCabs governs the peak positions and widths of
the dust emission (unless, as mentioned, the circumstellar shell
is optically thick).

Sects. 3–4 are structured as follows. We first present the
emissivity of corundum, because it is most often made respon-
sible for the 13µm feature. Second, the optical properties spinel
of (MgAl2O4), which can be considered as an MgO-containing
alumina species, are discussed. Third, the spectral signature of
titanium dioxide is confronted with the observed 13µm band
profile. Finally, after arguing against Speck’s (1998) hypothesis
that SiO2 could account for the 13µm feature, we sum up the
results of our Mie calculations for core-mantle-grains.

3.1. α-Al2O3 (corundum)

Corundum is a crystalline form of Al2O3 with rhombohedral
lattice structure. The optical constantsn andk must therefore

Fig. 4.The mid-IR emissivity of corundum. The full line denotes spher-
ical particles, the dashed one a continuous distribution of ellipsoids
(CDE).

be measured for two principal polarizations of the incident light,
namely for parallel and for perpendicular polarization. The light
beam polarized perpendicularly to the crystal’s symmetry axis
is called the ordinary ray, the one with parallel polarization is
called the extraordinary. The corresponding values ofCabs will
be namedCabs,o andCabs,e in the following. Since we assume
the particles to be randomly oriented in circumstellar environ-
ments, a proper mean of those two values has to be calculated.
This mean is given by

Cabs =
2
3
Cabs,o +

1
3
Cabs,e, (1)

because there aretwo orthogonal directions in space which are
both perpendicular to the crystal’s symmetry axis, but onlyone
being parallel to it.

In Fig. 4, the mid-IR profile ofCabs/V of α-Al2O3 is pre-
sented for two different cases: for spherical particles on the one
hand and for a CDE on the other hand. In both cases, the particles
were assumed to be small compared to the wavelength and the
most recent data set was used. This data set is due to Gervais &
Piriou (1974, 1975) and was taken from Gervais (1991), where
it is listed together with the results of Barker (1963), which
yield a similar emissivity profile. For spherical particles, we
used Mie theory to calculateCabs,o andCabs,e from no, ko, ne

andke, respectively, and derived the mean valueCabs accord-
ing to Eq. (1). For the ellipsoidal particles, we adopted the shape
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Fig. 5.The mid-IR emissivity of corundum. The full line denotes spher-
ical particles, the dashed one a CDE. For comparison, the residual
emission profile that we have derived from the ISO spectra is also
shown.

Fig. 6.The mid-IR emissivity of spinel. The full line denotes spherical
particles, the dashed one a CDE.

distribution described by Ossenkopf et al. (1992) which is based
on the general concept of Bohren & Huffman (1983). Note that
the maximum value ofCabs/V in case of spherical particles,
situated at 12.72µm, amounts about 16.5µm−1, which is about
six times larger than in the CDE case and more than 30 times
larger than for a typical amorphous astronomical silicate (see
e.g. Ossenkopf et al. 1992). This implies that for approximately
spherical particles small amounts of corundum (a few percents)
may be sufficient to produce a feature comparable in strength
to the 10µm silicate band. Qualitatively, the same is true for
spinel and rutile, as can be seen from Figs. 6 and 8, even though
their maximumCabs/V values are about three times smaller.

In Fig. 5, we have normalized the values ofCabs such that
the maximum value equals unity and overplotted the residual
profile shown in Fig. 3. It is evident from this figure that

(a) the emissivity profile of sphericalα-Al2O3-particles peaks
at a wavelength 0.3µm smaller than the 13µm dust feature; but
(b) the FWHM value of the observed feature agrees quite well
with the FWHM of corundum spheres, whereas it is about 7
times smaller than it would be in case of the assumed CDE.

Fig. 7. Absorption spectra of spinel: laboratory measurement of parti-
cles embedded in KBr (solid line) compared to a CDE calculation for
particles in KBr (dashed). ‘Mean CDE’ designates a continuous distri-
bution of ellipsoids with equal probability for all shapes (from needles
to disks).

However, a CDE with a shape distribution function giving even
stronger preference to spheres would result in a smaller FWHM.

Minor maxima ofCabs/V are located at 20 and at 21µm.
It should be mentioned that Gervais (1991) also reports a

data set for a polycrystalline sample of hot-pressed 99.9% alu-
mina for which the maximum ofCabs is situated at 13µm in-
stead of 12.7µm, as for the measurements ofα-Al2O3-samples.
However, this may be due to the fact that the author of this
data set, Worrell (1986), only presents rather low resolution re-
flectance spectra (no table ofn andk), from which the optical
constants were then deduced. We don’t think it would be justi-
fied to trust these particular data only because they better match
the 13µm dust feature.

3.2. MgAl2O4 (spinel)

Magnesium aluminum spinel is a cubic mineral, the composi-
tion of which can be written as MgO×mAl2O3, withm varying
between 0.9 and 4. Its melting point is approximately 2400 K,
i.e. about 100 K above the one of corundum (Tropf & Thomas
1991). Gail & Sedlmayr (1998) found that with decreasing tem-
perature, the stability of MgAl2O4 exceeds the one of Al2O3
and that an almost sudden transition from corundum to spinel
can take place in chemical equilibrium.

Nittler et al. (1997) listed spinel among the presolar oxide
grains which have been found in meteorites (however, only a
small fraction of those oxide grains are spinels, the majority of
them being corundum particles).

To derive the emissivity of spinel, we have used the optical
constants published by Tropf & Thomas (1991). They refer to
stoichiometric spinel, i.e. to the case ofm = 1 in the general
formula given above. Due to the cubic crystal structure of spinel,
no anisotropy inCabs occurs. Fig. 6 shows the result of our cal-
culations. Two peaks inCabs can be seen, one at 12.95µm with
Cabs/V = 6.4µm−1 and a FWHM of 0.9µm plus a second,
four times weaker one at 16.8µm with a FWHM of 1.5µm (for
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spherical particles). Whereas the first signature is due to Al-
O-stretching vibrations, the second originates from the MgO
content of spinel. A spectral signature similar to the latter but
situated at longer wavelengths (17.7–19.9µm) is characteris-
tic of Mg-Fe-oxides (see Henning et al. (1995) for the optical
constants and Bagnulo (1996) for radiative transfer calculations
based on them).

For ellipsoidal particles, both emissivity peaks of spinel ap-
pear broader and are shifted by about 0.5µm towards longer
wavelengths. Note that in the case of spinel, especially, it was
necessary to perform a cubic spline interpolation of the mea-
suredn andk values, because the wavelength grid of the data
to which we refer is rather coarse. Measurements of small par-
ticles produced by grinding a stoichiometric Mg spinel yield
absorption properties which are comparable to the case of a
CDE calculation for a uniform shape distribution according to
Bohren & Huffman (1983) (see Fig. 7). As is known for various
other kinds of substances, the ground particles strongly deviate
in their shape from spherical symmetry due to agglomeration.
This effect – in combination with the presence of the KBr matrix
– shifts the peak positions towards the red. Compared to spher-
ical particles in vacuum, the shift amounts 1µm in case of the
13µm band and 2µm in case of the 16.8µm band. Therefore, if
spinel is the carrier of the astronomical 13µm feature, the par-
ticles must be approximately spherical, which is a reasonable
assumption, though. For a detailed discussion of shape effects
on the spectrum of ground particles see Henning & Mutschke
(1999).

Unfortunately, most of the ISO spectra on which this work
is based have a flux level which is rather low in the 15–20µm
region. However, the average residual emission presented in
Sect. 2 does show, as we pointed out, a spectral signature at
16.8µm (see Figs. 2, 3 and – for a comparison with laboratory
data – Fig. 14).

An ongoing analysis of ISO archive spectra gives additional
evidence for the presence of a spectral signature at 16.8µm
in sources of the 13µm feature. We are planning to verify on
the basis of a larger sample of spectra whether there is a clear
correlation between the strengths of both features, which would
give strong support to our hypothesis that they have the same
origin.

3.3. TiO2 (rutile)

Since TiO is known to be a rather abundant molecule in the
atmospheres of M stars and since titanium oxides are stable up
to high temperatures, these are considered as candidates for the
first condensation products in circumstellar shells (see Gail &
Sedlmayr 1998 and Jeong et al. 1999). On earth, the most abun-
dant titanium oxide is the tetragonal rutile. Fig. 8 shows the
emissivity of spherical and ellipsoidal rutile particles, calcu-
lated from the optical constants published by Ribarsky (1985).
For this calculation, again, a mean ofCabs had to be derived
according to Eq. (1). Three maxima ofCabs are present: the
most prominent one is located at 13.5µm and is comparable
in strength to the principal emissivity maximum of corundum;

Fig. 8. The mid-IR emissivity of rutile.

Fig. 9. The mid-IR emissivity of amorphous SiO2.

the other two maxima, both weaker by a factor of about 10, are
situated at 23 and 27.5µm. As in case of corundum, these minor
spectral signatures could not be identified in the ISO spectra.

If we assume a CDE, the maxima ofCabs are again situated
at even longer wavelengths, the principal one, for example, at
14µm (see Fig. 8). Measurements which were not performed on
single crystals, but on particles, also yield a broad main max-
imum of Cabs located at 14–16µm (see e.g. Koike & Shibai
1998).

The only possibility to shift the maximum ofCabs towards
shorter wavelengths is to ‘build’ a core-mantle-grain composed
of TiO2 andα-Al2O3 (see Sect. 4.1).

3.4. Amorphous SiO2 and Na-Al-silicates

Amorphous silicon dioxide (glass) exhibits three principal emis-
sivity maxima: the most prominent one is situated at 8.9µm,
a second one at 20.5µm, and a third, least prominent one at
12.3µm (see Fig. 9; a similar plot is shown in Henning &
Mutschke 1997, based on measurements made at the Jena labo-
ratory). Speck (1998) suggested to attribute the feature at 12.5–
13.0µm observed by her with UKIRT in the spectra of O-rich
AGB-stars to some form of SiO2. Among the possible identi-
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fications discussed here, this one seems least probable to us,
since

(a) if SiO2 were responsible for the 13µm feature, this feature
should always be accompanied by even stronger 9 and 20.5µm
bands, which is not the case;
(b) the disagreement in band position (12.3 vs. 13µm) is even
more pronounced for SiO2 than forα-Al2O3.

This does not mean, of course, that we do not expect SiO2
to be present at all in circumstellar dust.

A recent study by Mutschke et al. (1998) of aluminum
silicates shows that incorporation of aluminum can shift the
12.3µm SiO2 feature to 13µm and to even longer wavelengths
(see the sodium-aluminum-silicate absorption spectra in Fig. 3
of Mutschke et al. 1998). However, in this case the width of the
respective bands is too large compared to the observed 13µm
feature (> 2µm vs. 0.6µm). Furthermore, argument (a) also ap-
plies to these materials. Nevertheless, aluminum silicates may
very well contribute to the continuum opacity in the trough be-
tween the 10 and 17–18µm silicate bands.

4. Core-mantle-grains

4.1. Corundum-olivine

Core-mantle-grains composed of corundum and silicates were
proposed by Kozasa & Sogawa (1997) as possible carriers of
the 13µm feature. According to these authors, corundum is
the prime condensate in circumstellar outflows and serves as
condensation nucleus for silicates. In their scenario, stars with
Ṁ < 2 × 10−5 M� should show an emission feature ‘around
13–14µm’, whereas stars with higher mass loss are dominated
by pure silicate features.

To calculateCabs for core-mantle-grains, we used two
methods. The simplest one is the so-called Maxwell-Garnett-
formula. It allows to calculate an effective dielectric functionε
of a core-mantle-grain small compared to the wavelength from
the dielectric functionεc of the core, the dielectric functionεm

of the mantle and the core volume fractionf :

ε − εm

ε + 2 εm
= f

εc − εm

εc + 2 εm
(2)

From this effective dielectric functionε, the quantityCabs/V
can be calculated fromε exactly in the same way as for one-
component-particles:

Cabs

V
=

6 π

λ
=

(
ε − 1
ε + 2

)
(3)

A second, independent method to calculate the emissivity of
core-mantle-grains is using existing Mie codes. We adopted the
programme BHCOAT, which was developed by Bohren & Huff-
man (1983). In the Rayleigh limit (2πa� λand|√ε| 2πa� λ),
BHCOAT and Eqs. (2) & (3) are equivalent.

The resulting values ofCabs/V for core-mantle-grains com-
posed of corundum and amorphous olivine (after Dorschner et
al. 1995) are shown in Fig. 10 for different values off . In this
figure, we limitedf to values up to 0.1, since if it is larger,

Fig. 10.The absorption efficiency of core-mantle-grains composed of
corundum and amorphous olivine. The peak position of the feature
corresponding to a volume fraction of the corundum core of 10% is
14.0µm.

Fig. 11.The absorption efficiency of core-mantle-grains composed of
corundum and amorphous olivine, the core volume fraction being uni-
formly distributed between 100 and 75%. The curves at the bottom of
the figure show the (equally weighted)Cabs-profiles that were summed
up to derive curve ‘Σ f ’.

the resulting relative strength of the corundum emission is un-
realistically large compared to the observations. For this core
volume fraction domain, the 12.7µm corundum band is shifted
to 14µm and beyond.

In spite of this, one could think of a scenario which would
produce the observed 13µm feature. If a large population of
pure silicate grains is present (regardless of the way they have
formed), then an additional population of core-mantle grains
with uniformly distributed values off will produce a feature
peaking near 13µm which isnot necessarily stronger than the
silicate bands. Fig. 11 shows this situation, focussing on the
13µm band only. To derive the emissivity profile designated
by Σ f , theCabs/V -values for different corundum core volume
fractions (0.1≤ f ≤ 1) were summed up. Though in this sum
all terms were given the same statistical weight, the terms corre-
sponding to highf values dominated, reflecting the much higher
Cabs-values of corundum compared to amorphous olivine. The
curves near the bottom of Fig. 11 represent those contributions to
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Fig. 12.The absorption efficiency of core-mantle-grains composed of
rutile and corundum, the core volume fraction being uniformly dis-
tributed between 0 and 50%.

Σ f for which 0.75≤ f ≤ 1. TheΣ f curve peaks at 12.83µm,
which is very close to the peak position of pure corundum of
12.72µm. To arrive at a peak position of 12.95µm, a distribution
function biased towardsf ≈ 0.85 would have to be assumed.

To summarize, two rather arbitrary assumptions are neces-
sary in order to reconcile the observed 13µm feature with our
calculations for corundum-silicate core-mantle-grains:

(a) the presence of a large population of almost pure silicate
grains;
(b) a maximum of the distribution function of the core volume
fractions near 0.85.

This can also be expressed in the following way: There have
to be, on the one hand, many particles consisting of about
85% corundum to account for the observed band position of
12.95–13µm; on the other hand, there have to be about 10 times
more particles consisting mainly of amorphous olivine to pro-
duce silicate bands comparable in strength to the 13µm band.
It seems to us that this is quite an artificial way of explaining
the observed feature.

4.2. Rutile-corundum

As already mentioned, TiO2 is considered a candidate for the
prime condensate in oxygen-rich circumstellar dust shells. It
is therefore not unlikely that core-mantle-grains composed of
TiO2, α-Al2O3 and other substances, form around long period
variables. Using the methods described in Sect 4.1, we calcu-
latedCabs/V for particles composed of rutile and corundum,
again for different values of the core volume fraction. As is
evident from of Fig. 12, for uniformly distributed values off ,
the peak position ofCabs is 12.8µm. On the other hand, for 0.3
≤ f ≤ 0.4, a spectral signature very well comparable in position
to the observed 13µm band profile emerges (see Fig. 14).

However, essentially the same objections as above have to
be raised against this possible carrier of the 13µm band. First,
we cannot think of any physical mechanism that would cause
the distribution function of the rutile core volume fractions to be
biased towards 0.3–0.4; second, evenif we assume a distribution

function yielding the ‘correct’ feature position, this feature will
be shifted to longer wavelengths in case that a silicate mantle
grows on top of the corundum mantle. The latter problem is
discussed in more detail below.

4.3. Three-component-particles

Since there is no reason to assume that core-mantle-grains con-
sist of two components only, it is of interest to calculateCabs

for three-component-particles. Unfortunately, it is not correct
to simply apply Eq. (2) iteratively. Farafonov (1999) presented
a general formalism to calculate the absorption efficiency of N-
layered ellipsoids. For N=3 and spherical particles small com-
pared to the wavelength, it reads:

Cabs

V
=

3 π

λ
= (α) (4)

α =
A2 − A1

A2 + 2 A1
(5)

(
A1
A2

)
=

(
1 1/3
e3 (−2/3) e3

)

×
(

(1/3)(e2 − 1) + 1 (−2/9)(e2 − 1)/v2
−(e2 − 1) v2 (2/3)(e2 − 1) + 1

)

×
(

(1/3)(e1 − 1) + 1
−(e1 − 1) v1

)
(6)

whereej = εj/εj+1 is the relative dielectric function (forj=3,
ej = εj) andvj is the volume fraction of thej th sphere with
respect to thetotal particle volume.

In spite of the relative complexity of this formalism, its re-
sult for a particle consisting of rutile core, a corundum and a
silicate mantle can be summarized in a few words. The shift of
the 12.7µm corundum emissivity maximum towards 14µm by
a silicate mantle also occurs in case of a rutile-corundum-core.
If we consider, for example, a core-mantle grain composed of 40
volume percents of TiO2 and 60%α-Al2O3 – having an emissiv-
ity peak position of 13.0µm –, then coating it with large silicate
mantles will shift the peak to wavelengths of 14.2–14.4µm (see
Fig. 13).

5. Conclusions

It is obvious that one could think of much more species espe-
cially of core-mantle-grains and compare their emissivity with
the 13µm band profile. However, it has been our intention to take
into account only those substances (and simple combinations of
them) which are expected to form in oxygen-rich circumstellar
outflows.

In Table 2, position and width of the average 13µm feature
that we have derived from our sample spectra are confronted
with the corresponding values for the grain species that are more
or less likely to account for it. Here, only spherical particle
shapes are considered. Fig. 14 presents a part of this comparison
graphically.

It is immediately evident from Table 2 that among the one-
component-grains spinel’s emissivity curve is most similar to
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Fig. 13.Cabs/V for three-component grains consisting of a rutile core,
a corundum-, and, additionally, a silicate-mantle. The rutile core fills
40% of the volume of the rutile-corundum-grain, which in turn amounts
2–10% of the whole particle volume.

Table 2.Comparison of the properties of the average 13µm band pro-
file with those of possible carrier substance

substance λpeak FWHM otherCabs-max.
[µm] [µm] [and comments]

observed 13.0 0.6 16.8 (, 15.8)
carrier
corundum 12.7 0.3 19.9, 21.0
spinel 12.95 0.6 16.8
rutile 13.4 1.2 22.9, 27.4
am. SiO2 12.3 1.3 8.9 [main], 20.5
rcor40 13.0 0.6 [rutile-corundumf=0.4]
csil85 12.95 0.5 [corundum-olivinef=0.85]
rcor0-100 12.8 0.6 [rutile-corundumΣ f ]
csil0-100 12.8 0.6 [corundum-olivineΣ f ]

the observed band profile. Corundum produces a feature at too
small a wavelength, whereas the opposite is true for rutile. An
additional argument for spinel being the carrier of the 13µm
feature is the coincidence of its 16.8µm secondary feature with
a spectral signature in the residual emission profile. The latter
could also be due to MgO. This possibility can be ruled out if
a tight correlation between the strength of both features exists,
which has to be verified in a future investigation.

Core-mantle-grains composed of rutile and corundum or of
corundum and amorphous olivine also agree in their optical
properties with the 13µm feature carrier, though in a limited
range of core volume fractions only. The latter limitation clearly
makes them less promising candidates.

Since for spinel and rutile, relatively few sets of optical
constants exist (see Henning et al. 1999), it seems desirable to
make additional laboratory measurements of these substances.
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