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ABSTRACT
Amorphous alumina was produced by a sol-gel technique in order to make available its(Al2O3)optical constants for possible astrophysical applications. Gradual annealing showed that the X-ray

amorphousness of alumina ended somewhere between 723 and 873 K. Above this transition point, the
structure changes into disordered At T [ 1273 K, crystalline (corundum) is formed.c-Al2O3. a-Al2O3Mie calculations show that amorphous alumina exhibits a wide Al-O vibrational band, peaking at
11.5È11.8 km and having a steep ““ blue ÏÏ and an extended ““ red ÏÏ wing. It may be an important contrib-
utor to the continuous opacity between the silicate bands in oxygen-rich circumstellar envelopes,
whereas it is ruled out for the explanation of the 13 km band.

An average 13 km band proÐle was derived from 51 IRAS low-resolution spectra of bright Mira stars
and semiregular variables. Its shape, which is satisfactorily represented by a Lorentz proÐle, can be
reproduced by Mie calculations with the data of but not with those of The calcu-a-Al2O3, c-Al2O3.lations show that the 13 km band proÐle of is sensitive to grain shape. If is thea-Al2O3 a-Al2O3absorber, a second band should be present at 21 km.

A close correlation was found between the strengths of the 13 km band and the 10 km silicate band. It
suggests that the 13 km band carrier could also be somehow connected with silicate dust. Experimental
arguments supporting this attribution are presented.
Subject headings : circumstellar matter È dust, extinction È infrared : ISM: lines and bands È

stars : late-type

1. INTRODUCTION

The mid-infrared spectra of oxygen-rich circumstellar
envelopes around many evolved stars are dominated by the
silicate emission bands at about 10 and 19 km. The IRAS
low-resolution spectra (LRS) catalog (Olnon et al. 1986)
presents the spectra of more than 1800 such sources. The
wide range of widths and shapes and Ðne-structure details
visible especially in the proÐle of the stronger 10 km feature
have formed the base for classiÐcation schemes, evolution-
ary characterization of the envelopes, and suggestions
about the chemical and mineralogical properties of the sili-
catic dust de Jong, & Willems Little-(Vardya, 1986 ;
Marenin & Little Henning, &1988, 1990 ; Ossenkopf,
Mathias & Price Parallel1992 ; Simpson 1991 ; Sloan 1995).
to these observationally based analyses, much laboratory
work has been done on analogs that promise to reproduce
the observed silicate band proÐles, especially the 10 km
band proÐle Henning, & Dor-(Kra� tschmer 1988 ; Gu� rtler,
schner & Tsuchiyama Shibai, &1989 ; Koike 1991 ; Koike,
Tsuchiyama et al. et al.1993 ; Ja� ger 1994 ; Dorschner 1995).

Much less attention has been paid to the spectral region
between the silicate bands. In this very range, which we will
refer to as ““ the trough ÏÏ (12È17 km), at least two points wait
for their explanation and, therefore, deserve greater atten-
tion :

1. The opacity on the deepest point of the trough is sur-
prisingly high, and the 19 km band proÐle is rather shallow

if compared with laboratory data of silicates (see Simpson
et al.1991 ; Dorschner 1995).

2. A weak but distinct emission band centered at about
13 km was detected in the IRAS LRS spectra of Mira and
other evolved giant stars et al. Little-(Vardya 1986 ;
Marenin & Little LeVan, & Little-1988, 1990 ; Sloan,
Marenin Up to now, no satisfactory explanation has1996).
been put forward.

Possibly, both points are closely related in that the 13 km
band is only the visible ““ tip of the iceberg ÏÏ and the contin-
uum in the trough stems from the merging of a greater
number of vibrational bands of solids condensing in the
O-rich circumstellar environment. As promising candidates
contributing to the emission in the 12È15 km spectral range,

suggested Al-containing framework silicates,Tielens (1990)
aluminates, and metal oxides, among the latter alu-SiO2,minum oxide alumina), spinel alumin-(Al2O3, (MgAl2O4),ous cements, and rutile However, most of these(TiO2).compounds have not yet been investigated seriously in an

astrophysical context.
Since the 13 km band has not been observed in carbon-

rich stars, it was natural to attribute this feature to vibra-
tions of an oxide, and de Jong, & WillemsOnaka, (1989)
tentatively identiÐed it with the AlÈO vibrational band of
alumina grains. suggested that sapphire (aGlaccum (1995)
terrestrial gem variety of could account for the 13Al2O3)km band. However, an ultimate proof of these identiÐcation
proposals has been handicapped by the lack of a reliable
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observationally based band proÐle.
Alumina (its rhombohedral modiÐcation is called corun-

dum and designated as is considered as an earlya-Al2O3)condensate in a cooling gas of solar composition. Numer-
ous theoretical studies have been devoted to the sequence of
condensation processes taking place in such environments
as the early solar system, expanding envelopes around
evolved stars, and supernova shells & Larimer(Grossman

Schramm, & Grossman &1974 ; Lattimer, 1978 ; Kozasa
Hasagawa Hasegawa, &1987 ; Sedlmayr 1989 ; Kozasa,
Nomoto In his conception of the ““ chemical memory1991).
of the matter, ÏÏ stressed the important roleClayton (1982)
that may be played by corundum and spinel crystallites.
Because the are the innermost cores of oxidic supernova
condensates (SUNOCONs) protected by a silicate mantle,
they may transport the condensed SN-aluminum bonded
within highly refractory compounds through the interstellar
space. As a matter of fact, Al-enriched inclusions with iso-
topic anomalies (for Ca-Al inclusions, see McPherson,
Wark, & Armstrong as well as micron-sized presolar1988)
corundum and spinel grains have been detected in primitive
meteorites (Nittler et al. et al.1994, 1995 ; Huss 1994 ;

et al. The isotope signature points to a redHutcheon 1994).
giant and asymptotic giant branch (AGB) star origin of the
corundum grains et al. This lends additional(Nittler 1995).
support to the idea that alumina grains contribute to cir-
cumstellar dust opacity, even if the content of detectable
corundum grains in the meteorites seems to be extremely
small (about 0.5 ppm). There could be a large number of
much smaller grains that escaped detection.

Optical constants of single crystals and microcrystalline
particles of have been measured by many authorsa-Al2O3 Smith, & Morgan(Barker 1963 ; Loewenstein, 1973 ; Toon,
Pollack, & Khare Rendon, & Iglesias1976 ; Serna, 1982 ;

There are also measurements of other modi-Gervais 1991).
Ðcations of crystalline alumina, e.g., an artiÐcialc-Al2O3,product with cubic symmetry et al. and of(Koike 1995)
amorphous alumina et al. et al.(Eriksson 1981 ; Chu 1988).
All of these alumina samples exhibit bands coinciding
nearly but not exactly with the peak position of the
observed 13 km band. The widths of the bands vary over a
wide range. As for crystalline grains, one has to keep in
mind that the calculated band position and proÐle is con-
siderably inÑuenced by surface modes.

From condensation theory, it can be expected that imme-
diately after their condensation, alumina grains should be
amorphous rather than crystalline The(Sedlmayr 1989).
data of amorphous alumina available in the literature are
not sufficient for an adequate description of the optical
properties of such grains. The amorphous byc-Al2O3et al. is not representative for amorphousEriksson (1981)
alumina. The data set provided by et al. su†ersChu (1988)
from the weakness of the absorption signal measured of the
Ðlm on a sapphire substrate.

Therefore, we feel that measuring representative optical
data of amorphous is very important for a generalAl2O3discussion of the possible contribution of alumina to the IR
opacity in the circumstellar envelopes around oxygen-rich
late-type stars, the understanding of the origin of the 13 km
band, and the solid-state structure of condensed circumstel-
lar grains.Al2O3In this paper, which continues our e†orts on oxides of
possible astrophysical signiÐcance (see et al.Henning 1995),
we wish to discuss the optical properties of amorphous and

crystalline alumina particles and their relevance to the iden-
tiÐcation of the 13 km band. describes the prep-Section 2
aration of amorphous alumina particles by sol-gel
reactions, the phase transitions to crystalline modiÐcations,
and the derivation of the optical constants of amorphous
alumina. presents the extraction of the proÐle ofSection 3
the 13 km band from IRAS LRS spectra, the comparison of
all optical data available of with this proÐle, andAl2O3alternative suggestions for the carrier of the 13 km band.

2. OPTICAL PROPERTIES OF AMORPHOUS ALUMINA

2.1. Preparation and Analytics
The techniques of melting and quenching normally used

in our laboratory for preparing amorphous refractory
oxides (see, e.g., et al. fails in the case ofBegemann 1995)
aluminum oxide. Therefore, we applied the sol-gel tech-
nique commonly used in the material sciences for producing
homogeneous amorphous solids (for details see, e.g.,

& Scherer This technique, which is totallyBrinker 1990).
di†erent from the condensation process of in astro-Al2O3physical environments, is exclusively used as an experimen-
tal trick to realize the totally amorphous structure. Since
the astrophysical processes leading to the formation of
solids are hardly understood in their details, in many cases
the preparation of laboratory analogs aims only at produc-
ing a Ðnal product that is as similar as possible to the
cosmic material regardless of the processes involved in the
formation.

The gel was obtained by the reaction of aluminumAl2O3secondary butoxide ethyl-[Al(OCHCH3CH2CH3)3],acetoacetate propan-2-ol(CH3COCH2COOC2H5),and demineralized water. After 6 months of stir-(C3H7OH),
ring in order to reach maximum homogeneity, gelling was
triggered by heat, and the resulting gel was dried. Separate
samples of it were stepwise annealed in an oxygen stream at
temperatures in the range K. For each of473 \ Tan\ 1773
these samples, density, IR transmission spectra in KBr and
polyethylene (PE) embedding, and an X-ray di†ractogram
have been measured. For the samples of and 1073Tan\ 873
K, 27Al-nuclear magnetic resonance (NMR) spectroscopy
measurements have been carried out. In addition, the dried
gel has been subjected to a di†erential thermal analysis
(DTA) in an oxygen atmosphere as well as to di†erential
thermogravimetry (TG).

shows a series of six mid-IR transmission spectraFigure 1
with increasing annealing temperature, which show charac-
teristic spectral alterations. After drying at K, theTan\ 383
spectrum of the gel is dominated by bands of organic
groups and water. During the annealing, the organics are
oxidized and expelled as gases, and the respective bands
disappear. The decompositional reactions are conÐrmed by
the DTA results. The TG measurements show that the
weight loss with increasing temperature reaches its end-
point at 689 K. We consider the spectrum for KTan \ 873
in to represent amorphous alumina. This spectrumFigure 1
shows a single broad AlÈO vibrational band centered at
about 13.9 km. The amorphous state is veriÐed by the X-ray
di†raction pattern. The 27Al-NMR spectrum shows three
peaks at 6, 34, and 67 ppm, which are due to sixfold
(octahedrally), ““ Ðvefold ÏÏ (distorted tetrahedrally), and
fourfold (tetrahedrally) coordinated aluminum, respectively.
The coexistence of all coordinations of Al conÐrms the
amorphous nature of the product.
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FIG. 1.ÈIR transmission spectra of samples in KBr (arbitraryAl2O3units). The space between two long tick marks of the ordinate axis corre-
sponds to 20% transmission. The samples were prepared by means of the
sol-gel technique followed by annealing at the temperatures 503,Tan \ 383,
873, 1073, 1273, and 1773 K. Note the occurrence of a second absorption
band at about 460 cm~1 (21.7 km) in the spectra of the high-temperature
modiÐcation.

Above the AlÈO band in shows aTan \ 973 Figure 1
weak splitting into two features with peaks at 16.7 and 13.7
km. The number of broad Bragg reÑection peaks in the
X-ray di†raction patterns increases with growing tem-
perature. At the same time, the peaks become sharper,
which indicates increasing crystallinity. We consider the
samples in the interval K as representing973 ¹Tan ¹ 1173
disordered This is supported by the X-ray di†rac-c-Al2O3.tion measurements, from which the lattice constant of the
1173 K sample was estimated at 0.79 nm. In the NMR
spectrum, the resonance of Ðvefold coordination of Al is no
longer visible.

Crystalline is characterized by the jointc-Al2O3occurrence of six- and fourfold coordinated aluminum. The
spectra of the samples with K are typical ofTan\ 1273

(corundum). The transformation of amorphousa-Al3O3 c-
into crystalline is conÐrmed by the X-rayAl2O3 a-Al2O3data and by an exothermic peak in the DTA curve.

Some additional weak IR bands for the samples with
K are due to (6.1 and 2.9 km) and723 ¹Tan ¹ 1473 H2OAlÈOH (9.3, 7.1, and 6.6 km). Aluminum oxide prepared by

sol-gel technique contains a great number of micropores
Ðlled with adhesive water, which is difficult to remove by
vacuum degasiÐcation.

2.2. Determination of Optical Constants
The optical constants of amorphous alumina have been

determined on the 873 K sample. Its density o \ 2.45 g
cm~3 is considerably lower than those of crystalline c-

(3.5È3.9 g cm~3) and (3.97 g cm~3)Al2O3 a-Al2O3Based on TEM studies of a similar(Hammond 1991).
product by Pierre, & Uhlmann we considerYang, (1988),
porosity as the cause of the low density and assume that the
pores are Ðlled with liquid water. The density of the 873 K
sample would imply a volume-Ðlling factor of about if the23,density of the compact amorphous material has the plaus-
ible value of o B 3.2 g cm~3.

For the spectroscopic measurements, small particles were
produced by grinding the substance in an agate mortar.
Sedimentation in acetone was used to separate grain size
fractions smaller than 2 km (coarse fraction) and 1 km (Ðne
fraction). The Ðne fraction was used for transmission spec-
troscopy in KBr embedding (mass ratio of 1 :500, wavenum-
ber range 400È5000 cm~1), whereas the coarse fraction was
embedded in PE (mass ratio 1 :100 ; wavenumber range 20È
650 cm~1) for the FIR measurements. The alumina column
densities in the PE and KBr pellets (diameter 1.27 cm, mass
200 mg) were 1.5 mg cm~2 and 0.3 mg cm~2, respectively.
The transmission of the pellets was measured by a Bruker
113v FTIR spectrometer using pure PE and KBr pellets as
reference samples.

The measured mass absorption coefficients of both grain
size fractions turned out to be in good agreement with each
other in the overlap region (400È650 cm~1). From the com-
bined spectra, optical constants for amorphous alumina
were derived for the range 20È1300 cm~1. For this range,
the particles have been sufficiently small to apply the Ray-
leigh approximation of the Mie formulae. Test calculations
with continuous distributions of ellipsoids (CDE; see

& Hu†man conÐrmed that the inÑuence ofBohren 1983)
the particle morphology on the measured absorption band
proÐle was sufficiently small for our amorphous alumina, so
that the assumption of spherical grains was reasonable.
Generally, shape e†ects on band proÐles are weak as long as

holds, where is the (real) dielec-e@ \ n2[ k2[ [2 ] e
m

e
mtric constant of the transparent embedding medium.

The optical constants have been calculated by a Lorentz
oscillator Ðt. For the high-frequency dielectric constant, we
used the value as it follows from BruggemanÏse=\ 2.4
mixing rule (see, e.g., for a compositeOssenkopf 1991)
material consisting of a compact amorphous phaseAl2O3(2/3 per volume) with et al. and water-e=\ 2.8 (Chu 1988)
Ðlled pores with (one-third). An adequate repre-e=\ 1.77
sentation of the broad AlÈO vibrational band was achieved
by a superposition of eight Lorentz oscillators.

lists the resulting n and k values, andTable 1 Figure 2
compares our data with those determined by et al.Chu

et al. and et al. These(1988), Eriksson (1981), Koike (1995).
data sets represent materials of di†erent states of order. The
crystalline ISAS sample et al. shows the sharp-(Koike 1995)
est band proÐle, and our sol-gel product has the broadest
feature (see which suggests that our sample is moreTable 3),
disordered than the thin Ðlm material studied by Eriksson
et al. The increased imaginary part at wavelengths(1981).
around 100 km may be due to disorder-induced excitation
of vibrational modes that cannot be optically excited in
perfect crystalline materials.

The data for the porous material in areTable 1
““ e†ective ÏÏ optical constants since the material consists of
alumina and water-Ðlled pores. In order to estimate the
inÑuence of the porosity, we applied the Bruggeman mixing
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TABLE 1

INFRARED OPTICAL CONSTANTS

OF AMORPHOUS ALUMINA

POROUS COMPACT

j (km) n k n k

7.8 . . . . . . . 1.328 0.063 1.343 0.078
8.0 . . . . . . . 1.312 0.068 1.323 0.086
8.2 . . . . . . . 1.296 0.075 1.301 0.095
8.4 . . . . . . . 1.278 0.082 1.277 0.105
8.6 . . . . . . . 1.259 0.090 1.251 0.116
8.8 . . . . . . . 1.239 0.099 1.223 0.129
9.0 . . . . . . . 1.217 0.110 1.193 0.144
9.2 . . . . . . . 1.192 0.122 1.160 0.162
9.4 . . . . . . . 1.166 0.137 1.124 0.183
9.6 . . . . . . . 1.136 0.156 1.084 0.208
9.8 . . . . . . . 1.104 0.178 1.041 0.240
10.0 . . . . . . 1.070 0.208 0.994 0.281
10.2 . . . . . . 1.033 0.247 0.944 0.334
10.4 . . . . . . 0.999 0.300 0.896 0.408
10.6 . . . . . . 0.976 0.368 0.862 0.504
10.8 . . . . . . 0.974 0.442 0.859 0.612
11.0 . . . . . . 0.991 0.509 0.886 0.712
11.2 . . . . . . 1.016 0.563 0.927 0.792
11.4 . . . . . . 1.045 0.612 0.977 0.861
11.6 . . . . . . 1.079 0.650 1.036 0.913
11.8 . . . . . . 1.112 0.678 1.092 0.946
12.0 . . . . . . 1.139 0.700 1.138 0.969
12.5 . . . . . . 1.196 0.751 1.224 1.016
13.0 . . . . . . 1.249 0.795 1.294 1.059
13.5 . . . . . . 1.299 0.834 1.355 1.098
14.0 . . . . . . 1.345 0.868 1.408 1.135
14.5 . . . . . . 1.386 0.901 1.455 1.176
15.0 . . . . . . 1.429 0.939 1.505 1.227
15.5 . . . . . . 1.479 0.976 1.567 1.278
16.0 . . . . . . 1.535 1.007 1.638 1.322
16.5 . . . . . . 1.594 1.031 1.715 1.356
17.0 . . . . . . 1.654 1.048 1.795 1.382
17.5 . . . . . . 1.716 1.059 1.877 1.398
18.0 . . . . . . 1.778 1.060 1.962 1.402
18.5 . . . . . . 1.838 1.052 2.044 1.392
19.0 . . . . . . 1.893 1.034 2.118 1.369
19.5 . . . . . . 1.939 1.010 2.182 1.336
20.0 . . . . . . 1.976 0.981 2.236 1.298
21.0 . . . . . . 2.019 0.927 2.298 1.220
22.0 . . . . . . 2.036 0.889 2.318 1.165
23.0 . . . . . . 2.043 0.872 2.323 1.143
24.0 . . . . . . 2.053 0.873 2.332 1.149
25.0 . . . . . . 2.071 0.886 2.355 1.171
26.0 . . . . . . 2.103 0.901 2.400 1.197
27.0 . . . . . . 2.143 0.912 2.459 1.217
28.0 . . . . . . 2.190 0.913 2.528 1.223
29.0 . . . . . . 2.236 0.906 2.598 1.214
30.0 . . . . . . 2.278 0.891 2.664 1.193
32.0 . . . . . . 2.346 0.848 2.772 1.128
34.0 . . . . . . 2.391 0.800 2.844 1.051
36.0 . . . . . . 2.418 0.758 2.891 0.978
38.0 . . . . . . 2.435 0.723 2.919 0.915
40.0 . . . . . . 2.446 0.696 2.938 0.861
45.0 . . . . . . 2.463 0.655 2.955 0.763
50.0 . . . . . . 2.477 0.636 2.949 0.699
60.0 . . . . . . 2.513 0.630 2.941 0.654
70.0 . . . . . . 2.557 0.640 2.948 0.672
80.0 . . . . . . 2.606 0.652 2.987 0.704
90.0 . . . . . . 2.657 0.662 3.043 0.728
100 . . . . . . 2.708 0.670 3.103 0.742
125 . . . . . . 2.828 0.675 3.254 0.755
150 . . . . . . 2.931 0.661 3.385 0.747
175 . . . . . . 3.017 0.639 3.501 0.712
200 . . . . . . 3.091 0.612 3.599 0.668
250 . . . . . . 3.197 0.552
300 . . . . . . 3.261 0.497
400 . . . . . . 3.342 0.411
500 . . . . . . 3.399 0.335

FIG. 2.ÈReal (n) and imaginary (k) parts of the refractive index of our
amorphous K) compared with data of crystallineAl2O3 (Tan \ 873 (Koike
et al. sample ISAS) and amorphous et al.1995, c-Al2O3 (Eriksson 1981)
and amorphous et al. For our material, we show theAl2O3 (Chu 1988).
data of the original porous sample and data corrected for porosity by the
Bruggeman theory (““ compact material ÏÏ).

formula of e†ective medium theory. If the dielectric func-
tions of the mixture and one component are known, the
dielectric function of the other component can be deduced.
The dielectric function of the water that Ðlled the pores was
taken from & Querry The resulting data of theHale (1973).
““ compact material ÏÏ are listed in and plotted inTable 1

As expected, they show a strengthened AlÈOFigure 2.
band.

3. COMPARISON WITH OBSERVATIONS AND DISCUSSION

3.1. T he 13 Micron Emission ProÐle of L ate-Type Giants
In the past, a critical examination of the identiÐcation of

the 13 km feature with alumina su†ered both from the lack
of adequate laboratory data and from the lack of a suffi-
ciently accurate band proÐle derived from observational
data. Therefore, we used the IRAS LRS catalog et(Olnon
al. to derive an average 13 km proÐle.1986)

Since the 13 km band was observed only in oxygen-rich
stars, we selected all objects that belong to one of the LRS
spectral classes 14È17, 2n, 4n, 6n, and 8n and have a 12 km
Ñux density º100 Jy. 338 objects were found. Many of their
spectra show the 13 km feature in emission. A source with a
very distinct 13 km band in the LRS spectrum is shown in

The derivation of the band proÐle meets two mainFigure 3.
problems. The Ðrst one is presented by the LRS spectra that
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FIG. 3.ÈIllustration of the data reduction process using IRAS
07034[3551 as an example. Shown are the IRAS LRS data with the 10 km
and 13 km features, the polynomial Ðt to the LRS data used to extract the
13 km feature, and the residual 13 km feature shifted by a value of 100 Jy.

consist of two independent parts that happen to overlap in
the range of the 13 km band. The proÐle of the band is thus
certainly a†ected by how well the two parts of the spectra
have been Ðtted together. In the worst case, a bad Ðtting
could lead to a spurious 13 km feature. The second problem
is the subtraction of underlying dust emission, on which the
13 km feature is superposed. This ““ background ÏÏ consists of
the broad 10 km silicate emission feature and the contribu-
tion of the dust emission in the trough region between the
two silicate features at 10 and 19 km (see Since theFig. 3).
silicate spectra are di†erent from source to source and the
trough components are entirely unknown and since we do
not know the temperature distribution of the circumstellar
dust, it appears to be impossible to model the underlying
““ background ÏÏ with sufficient certainty. Instead, we rep-
resented this emission by a Ðfth-degree polynomial. The
exact shape of the polynomial obviously depends on the
wavelength ranges of the data to which the polynomial is
Ðtted. From our spectra with broad 10 km features, we
found that the polynomial should be Ðtted in the ranges
from 11.05 to 12.48 km and from 15.77 to 19.11 km.

For deriving the 13 km band proÐle, we selected 51
spectra for which we felt the polynomial Ðtted to these
wavelength ranges provided a acceptable representation of
the dust emission background. Consequently, all sources
are excluded where the 10 km silicate band is relatively
narrow (e.g., IRAS 03507]1115 \ IK Tau). An example
illustrating our proÐle extraction procedure is given in

lists the 51 sources used to derive theFigure 3. Table 2
average 13 km proÐle. From these, 43 could be identiÐed
with variable stars (15 Mira stars, 26 semiregular variables,
and two irregular variables). The average 13 km proÐle is
shown in According to our proÐle, the 13 km bandFigure 4.
extends from about 12.25 to 15.2 km. The peak position is
13.1 km, and the width (FWHM) amounts to 1.05 km. The
band is clearly asymmetric. It can be Ðtted by a dispersion
proÐle. Major discrepancies occur only around 12È12.5 km
where the scatter of the data points is particularly large. We
consider the relatively good representation by a dispersion
proÐle as evidence that our extraction procedure resulted in
a physically reasonable band proÐle.

FIG. 4.ÈProÐle of the 13 km band based on the IRAS LRS spectra of
the 51 stars listed in A Lorentz proÐle and the proÐle derived byTable 2.

et al. are also shown.Sloan (1996)

et al. independently obtained a proÐle of theSloan (1996)
13 km band from the IRAS LRS spectra of a larger sample
of evolved variable stars by using a procedure similar to
ours. These authors also carried out infrared observations
and conÐrmed the 13 km band seen in the IRAS LRS data.
Their average proÐle is nearly symmetric, very narrow
(FWHM\ 0.6 km), and peaks at 13.1 km (see Com-Fig. 4).
pared with our proÐle, there is excellent agreement on the
blue side. The systematic deÐcit between 13.9 and 14.5 km
and the excess from 14.5È15.0 km suggests that there are
systematic di†erences between the dust emission and its
representation by the polynomial. This could at least partly
explain the smaller width of the proÐle derived by etSloan
al. (1996).

3.2. Search for a 13 Micron Absorption Band
In order to Ðnd out whether there are indications for the

13 km feature in absorption, we inspected IRAS LRS
spectra of bright sources with strong silicate absorption
bands and found several objects with dips at the wavelength
in question. The most promising cases are IRAS
17317[3331, 18257[1000, and 19283]1944.

Since aluminum is strongly depleted in the interstellar gas
et al. and the missing atoms are assumed to(Barker 1984)

be incorporated into dust grains, it makes sense to search
for the 13 km absorption band in the spectra of galactic
sources behind heavily obscuring interstellar cloud com-
plexes. An inspection of 8È13 km spectra of Galactic center
sources & Aitken that show a strong 10 km(Roche 1985)
silicate absorption band of the di†use cloud dust yielded
some positive indications. However, this Ðnding must be
viewed with some caution because the band is at the edge of
the atmospheric window.

3.3. Comparison of the Observationally Based 13 Micron
ProÐles with L aboratory Data of Al2O3

An important test for the alumina hypothesis is the com-
parison of the proÐles derived from the observations with
theoretical proÐles calculated with the optical constants of
di†erent samples ofAl2O3.shows theoretical proÐles computed for di†erentFigure 5
laboratory samples. We have plotted Q/a, where 4na2Q is
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TABLE 2

OBSERVATIONAL DATA

IRAS Name Star Name Var Type Spectral Type S(13) S/N S(10)

00192[2020 . . . . . . T Cet SRc M5È6 SIIe 11.5 4.7 44
00205]5530 . . . . . . T Cas Mira M6eÈM9.0e 22.5 5.9 180
00245[0652 . . . . . . UY Cet SRb M7 10.3 5.8 51
01556]4511 . . . . . . M7 III 38.1 8.3 265
02192]5821 . . . . . . S Per SRc M3 IaeÈM7 17.7 4.4 247
02427[5430 . . . . . . W Hor SRb MC 16.2 10.8 133
04020[1551 . . . . . . V Eri SRc M6 II 29.4 6.7 216
04166]4056 . . . . . . IR Per SRa M6.5 16.5 17.0 110
04387[3819 . . . . . . R Cae Mira M6e 7.3 4.4 86
05027[2158 . . . . . . T Lep Mira M6eÈM9e 8.3 3.0 57
05132]5331 . . . . . . R Aur Mira M6.5eÈM9.5e 13.2 9.4 167
06139]3313 . . . . . . VW Aur SRb M6 8.8 6.0 56
07034[3551 . . . . . . M6 III 22.2 8.6 176
08078[3801 . . . . . . AS Pup Mira M7eÈM9 6.9 3.7 46
09185[4918 . . . . . . RW Vel Mira M7 III(II)e 11.8 9.4 96
09309[6234 . . . . . . R Car Mira M4eÈM8e 12.5 5.5 150
09425]3444 . . . . . . R LMi Mira M6.5eÈM9.0e 28.4 4.2 295
10562[6235 . . . . . . 7.1 5.4 38
10580[1803 . . . . . . R Crt SRb M7 38.7 8.3 398
11461[3542 . . . . . . CD [35 7454 M7 III 23.1 5.6 189
12380]5607 . . . . . . Y UMa SRb M7 IIÈIII : 8.0 3.5 77
13001]0527 . . . . . . RT Vir SRb M8 III 38.6 6.7 281
13269[2301 . . . . . . R Hya Mira M6eÈM9eS(Tc) 91.7 5.1 638
13468]3947 . . . . . . R CVn Mira M5.5eÈM9e 13.1 7.9 46
14003[7633 . . . . . . h Aps SRb M7 III 39.3 8.2 297
14371]3245 . . . . . . RV Boo SRb M5eÈM7e 6.4 3.3 55
15193]3132 . . . . . . S CrB Mira M6eÈM8e 12.5 4.4 14
15410[0133 . . . . . . BG Ser Mira M6eÈM8e 6.2 4.7 60
15492]4837 . . . . . . ST Her SRb M6ÈM7 IIIas 9.7 4.4 70
16306]7223 . . . . . . R UMi SRb M7 IIIe 6.1 4.2 41
16438[1133 . . . . . . V446 Oph SR: M8 9.9 6.3 7
16534[3030 . . . . . . RR Sco Mira M6 IIÈIIIeÈM9 8.3 3.3 54
17102[1031 . . . . . . BD [07 4447 M7 11.8 4.2 145
17265[0725 . . . . . . 7.6 4.6 82
18204[1344 . . . . . . M8 35.6 4.4 368
18359[0847 . . . . . . X Oph Mira M5eÈM9e 15.3 4.6 131
19007[2247 . . . . . . SU Sgr SRb M6 III 5.5 4.4 41
19194]1734 . . . . . . T Sge SRb M4ÈM6.5 10.2 7.2 70
19510[5919 . . . . . . S Pav SRa M7 IIeÈM8 III 27.7 8.9 188
20015]3019 . . . . . . V719 Cyg Lb M4e 11.5 4.0 174
20038[2722 . . . . . . V1943 Sgr Lb M8 15.9 4.5 118
20248]7505 . . . . . . UU Dra SRb M8 IIIe 14.2 6.8 97
20248[2825 . . . . . . T Mic SRb M6e 30.0 3.9 151
20431]1754 . . . . . . U Del SRb M5 IIÈIII 7.4 4.3 78
20502]4709 . . . . . . RZ Cyg SRa M7.0ÈM8.2ea 10.1 7.7 83
21088]6817 . . . . . . T Cep Mira M5.5eÈM8.8e 38.2 10.3 265
21439[0226 . . . . . . EP Aqr SRb M8 III 54.0 5.8 360
22035]3506 . . . . . . SV Peg SRb M7 17.8 6.6 132
22525]6033 . . . . . . MY Cep SRc M7ÈM7.5 I 10.1 5.8 85
22540[5740 . . . . . . M8 III 8.6 4.0 54
23365]5159 . . . . . . SV Cas SRa M6.5 9.4 5.3 99

NOTE.ÈS(13) and S(10) (in Jy) are the strengths of the 13 and the 10 km band, respectively ; S/N is the
ratio of the 13 km band strength to the r.m.s. scatter of the measured Ñuxes.

the extinction cross section of a particle with radius a. The
ratio Q/a is related to the mass absorption coefficient i by
i \ (3/4)(Q/ao), where o is the density of the grain material.
The upper panel in shows the results for severalFigure 5
amorphous samples. The particles are assumed to be spher-
ical and much smaller than the wavelength (Rayleigh case).
As discussed in for amorphous grains the optical° 2.2,
properties are only weakly inÑuenced by shape e†ects. The
theoretical proÐles of crystalline anda-Al2O3 (Barker 1963)

(Koike ISAS) are shown in the lower panel ofc-Al2O3 Here we present calculations for both RayleighFigure 5.
spheres and a CDE using a special weighing function (see

et al. summarizes the band char-Ossenkopf 1992). Table 3
acteristics of our sample and those of other authors.

If we compare the wavelength position of the observed 13
km band with the data in we see that ÐtsTable 3, a-Al2O3the observations best. In we plot the averagedFigure 6,
observed 13 km band together with theoretical proÐles for
our amorphous alumina and for For the calcu-a-Al2O3.lations of the Ñux, we assume a grain temperature of 600 K.
Rayleigh particles of produce a band that is tooa-Al2O3narrow compared with the observed one. The band
broadens considerably if a CDE is assumed. Thus, it seems
to be possible to reproduce the observed proÐle with the
optical data of using an appropriate shape dis-a-Al2O3,tribution of the grains. Moreover, proÐle variations among
the stars could be easily accounted for by di†ering shape
distributions.
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FIG. 5.ÈUpper panel : absorption coefficient Q/a calculated for spher-
ical Rayleigh particles in vacuum for amorphous alumina data (this paper ;

et al. et al. L ower panel : absorption coefficientEriksson 1981 ; Chu 1988).
for spherical Rayleigh particles and a continuous distribution of ellipsoids
(CDE) for the data of the proÐle for the spheres wasa-Al2O3 (Barker 1963 ;
scaled down by a factor of 0.25) and et al. samplec-Al2O3 (Koike 1995,
ISAS).

With the exception of that of crystalline all pro-a-Al2O3,Ðles in are much wider than the observed 13 kmFigure 6
proÐle. In particular, it is evident that the proÐle of amor-
phous alumina is not compatible with the observations.
Therefore, we conclude that amorphous can beAl2O3canceled from the list of candidate 13 km band carriers.

A crucial test for the identiÐcation of the 13 km band with
AlÈO vibrations of would be the detection of thea-Al2O3

TABLE 3

BAND CHARACTERISTICS OF OUR SAMPLE AND THOSE OF OTHERS

jpeak FWHM Qext(jpeak)/aSample (km) (km) (cm~1)

This paper (porous) . . . . . . . . . . . . . . . . . . . 11.8 8.0 9650
This paper (compact) . . . . . . . . . . . . . . . . . 11.5 5.8 14450
Barker 1963 : a-Al2O3 . . . . . . . . . . . . . . . . 12.6 0.24 200000
Barker 1963 : a-Al2O3 (CDE) . . . . . . . . 13.3 3.5 38800
Eriksson et al. 1981 : c-Al2O3 . . . . . . . . 11.8 3.4 19850
Koike et al. 1995 : ISAS . . . . . . . . . . . . . . 12.1 2.7 32400
Koike et al. 1995 : ISAS (CDE) . . . . . . 12.3 6.5 23000
Chu et al. 1988 : a-Al2O3 . . . . . . . . . . . . . 11.7 2.5 22700

NOTE.ÈProÐle characteristics of the AlÈO absorption band calculated
for Rayleigh particles with the optical data of and the publishedTable 2
data of crystalline a- and and amorphous alumina (a- Thec-Al2O3 Al2O3).label ““ CDE ÏÏ denotes calculations for a continuous distribution of ellip-
soids (see text).

FIG. 6.ÈComparison of the observed 13 km proÐle (solid line) with
theoretical Ñux calculated with our data and with those for a-Al2O3for a dust temperature of 600 K.(Barker 1963)

second band at 21 km (see lower panel). The strengthFig. 5,
of this band is 42% of that of the 13 km band for grains with
a CDE and much smaller for spherical ones. Since the
observed width of the 13 km band lies somewhere between
the predictions for the CDE and Rayleigh cases, we expect
the same for the observed strength of a possible 21 km
feature. Inspection of the IRAS LRS spectra of those objects
in that exhibit the strongest 13 km bands did notTable 2
give convincing evidence for the 21 km band. Better data,
such as, e. g., ISO may provide, are clearly needed to decide
this matter.

The observed strengths of the 13 km and of the silicate
bands are closely correlated as shown in TheFigure 8.
observed ratio is about 0.13. Adopting 39,000 cm~1 and
3000 cm~1 for the absorption coefficient of anda-Al2O3silicate grains, respectively, and a Al/Si abundance ratio of
about 10 & Beer we estimate a band ratio of(Palme 1993),
0.51, if all of the Al atoms were locked up in grains.a-Al2O3Thus, about 25% of the available aluminum is needed in
form of crystalline alumina grains to account for the 13 km
band.

The present concept of grain formation in extended
stellar atmospheres states that newly(Sedlmayr 1989)
formed grains are amorphous rather than crystalline. If the
identiÐcation of the 13 km band with is correct, aa-Al2O3signiÐcant fraction of the originally amorphous alumina
grains must pass through some crystallization process. This
may be part of the evolutionary process of alumina grains
and requires that they remain hot enough for a sufficiently
long time. Possibly, the crystallization process cannot take
place in every circumstellar envelope, which may explain
why the 13 km band is absent in some spectra.

If most of the available aluminum is in the form of the
amorphous oxide, then amorphous alumina, like our labor-
atory analog product, should be one of the main absorbers
in the trough region between the silicate bands. A simple
estimate shows that the trough opacity of a laboratory
analog, e.g., (see et al.MgFeSiO4-glass Dorschner 1995),
should be enhanced by 30%, if we assume that all Si and Al
atoms are bonded in silicate and alumina, respectively, and
if the band strength of our compact amorphous isAl2O3correct.
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FIG. 7.ÈTransmission spectrum of small grains of an amorphous Mg silicate produced by sol-gel techniques. The composition can be given by the sum
formula Mg0.7SiO2.7.

Apart from further Al-containing absorbers couldAl2O3,contribute to the trough opacity. Discussing mineralogical
implications of the IRAS LRS spectra, Tielens (1990)
stressed the role of aluminum bonded in framework silicates
and oxidic compounds for the wavelength range 12È17 km.
In a recent experimental study, et al. con-Mutschke (1997)
Ðrmed that alumino-silicate glasses show an absorption
band peaking in the range 13È14 km. Further, spinel

optical constants by & Thomas(MgAl2O4 ; Tropf 1991a),
ferrospinel and aluminum oxyni-(FeAl2O4\hercynite),
tride (ALON; optical constants by & ThomasTropf 1991b)
could be added to the list of potential trough absorbers of
astrophysical signiÐcance.

FIG. 8.ÈCorrelation between the band strengths (in Jy) of the 10 and 13
km bands for the 51 sources listed in The correlation coefficient isTable 2.
0.94 and the ratio of the 10 km to the 13 km band strength is 7.65.

3.4. Alternative Explanations of the 13 Micron Band:
T he Case for Silicates

Although there are, at present, no convincing arguments
against aluminum compounds as absorbers in the range
12È17 km, alternative interpretations remain attractive.
Here, we suggest that the 13 km band could be related to
silicates. et al. were the Ðrst who attributedVardya (1986)
this band to an ““ Al/Ca silicate.ÏÏ It has also been noted that
feldspar minerals generally show a weak feature near 13 km.
In these solids, Si is substituted partially by Al, and this
feature is due to AlÈO vibrations.

However, some silicates show bands in the 13 km region
without containing aluminum. Raman spectroscopic inves-
tigations suggest that silica and silicate glasses could have
vibrational bands in the trough region. For instance, a band
at 12.5 km occurs in silica glass spectra and a band between
14 and 17 km in spectra of CaO-MgO- andSiO2glass systems, the precise position depend-CaMgSiO4-SiO2ing on the metal-to- ratio Some ofSiO2 (McMillan 1984).
these bands are also IR-active.

Spectra of pyroxene glasses, which were thoroughly
studied in Jena Gu� rtler, & Henning(Dorschner, 1989 ; Ja� ger
et al. show an unusually Ñat trough bottom pointing1994),
to additional absorption components, which, in the case of
salite glass [Ca(Mg, becomes visible as a smallFe)Si2O6],peak at about 13.5 km. Furthermore, experiments in
progress et al. indicate that amorphous(Begemann 1997)
Mg-Fe silicates prepared by sol-gel techniques show a dis-
tinct band at about 12.5 km with the precise position and
strength depending on the cation ratio (Fig. 7).

If the observed 13 km band is indeed due to a vibration
within the silicate structure, then the strengths of the
observed 13 km band should necessarily correlate with
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those of the 10 km band. Such a correlation was found with
our observational material, from which the 13 km band
proÐle was derived. In this relationship is shown.Figure 8,
The correlation coefficient for our sample of 51 sources
amounts to 0.94. A natural explanation for this correlation
would be the assumption of a silicate origin of the 13 km
band. If the band ratios of the amorphous silicate shown in

are comparable with those of circumstellar sili-Figure 7
cates, then the relative strength of this minor band in the
trough region would be consistent with its silicate origin.
Obviously, this particular silicate is not a perfect laboratory
analog of the circumstellar silicate because the wavelength
position does not match exactly the observed 13 km band.

A third silicate band would provide additional mineral-
ogical information on the circumstellar and interstellar dust
silicates. A difficulty with this interpretation is that the pres-
ence of the 13 km band seems not to correlate with proÐle
characteristics of the other silicate bands. Further investiga-
tions are necessary to clarify this point.

4. SUMMARY AND CONCLUSIONS

In the spectra of many oxygen-rich AGB stars with
strong circumstellar silicate emission bands, there is a weak
but distinct emission band at about 13 km wavelength. In
this paper, we have studied whether this band could be due
to AlÈO vibrations in crystalline and/or amorphous
alumina grains, as was suggested in the literature. Since
under the nonequilibrium conditions in the circumstellar
environment the formation of amorphous solids is expected,
we have studied amorphous produced by sol-gelAl2O3reactions. Optical constants have been reported both for the
original porous substance and for a ““ compact ÏÏ material,
the properties of which were derived by applying e†ective
medium theory. Mie calculations suggest that small grains
of amorphous alumina should show a very broad band
peaking at 11.5 and 11.8 km for the compact and the porous
material, respectively.

We have derived a new proÐle of the 13 km band from
IRAS LRS spectra of a sample of very bright AGB stars.
We found this proÐle to be similar to a dispersion proÐle.
After completing the analysis, we learned of similar work by

et al. Their band proÐle is considerably nar-Sloan (1996).
rower than ours, which may be attributed to a somewhat
di†erent subtraction of the underlying silicate emission.

From a comparison of the observed proÐle with the
results of the Mie calculations, we conclude that amorphous
alumina grains cannot account for the 13 km band seen in
the mid-IR spectra of circumstellar oxygen-rich envelopes.
However, such grains can contribute to the generally high
level of emission in the region between the two silicate
bands. Therefore, they have to be considered as a probably
important opacity source for model calculations of circum-
stellar envelopes. The reproduction of the observed 13 km
band proÐle may be possible with the data of crystalline

if one takes into account that the shapes of thea-Al2O3,particles play a decisive role for the band proÐle. Strong
support for the identiÐcation of the 13 km band by a-Al2O3would come from the detection of a weak band at 21 km. In
the IRAS LRS spectra of our 13 km sources, we did not Ðnd
convincing evidence for its presence. We encourage obser-
vers to search for this band, e.g., in the ISO spectra.

We found a close correlation of the strength of the 13 km
band with that of the 10 km silicate band. The observed
band ratio is in agreement with an aluminum abundance as
found in the Sun and the chondrites. Nevertheless, it seems
reasonable to consider other carriers of the 13 km band as
well. We suggest that silicates themselves could be prom-
ising candidates.
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