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ABSTRACT

Laboratory studies of the evolution of a magnesium silicate smoke from an amorphous condensate to
a crystalline mineral by annealing in vacuum provide a foundation for the development of a silicate
evolution index (SEI). The SEI can be used to predict the emergent IR spectrum of silicate dust in a
circumstellar shell based on the time-temperature history of the silicate grains in the outflow. Optical
constants for the magnesium silicate smoke samples compatible with those of Draine & Lee are derived

over the range 0.001-1000 pm.

Subject headings: circumstellar matter — dust, extinction — ISM: molecules — methods: laboratory —

molecular processes

1. INTRODUCTION

The availability of the large IRAS Low-Resolution
Spectrometer (LRS) database, classified by spectral shape
(Cheeseman et al. 1989) and emissivity classes, has spurred a
steady increase in efforts to model the emergent spectra of
stars shrouded in dust. Collison & Fix (1991) presented a
generalized model of axisymmetric dust emission for use in
distinguishing the geometry of dust shells, in particular the
difference between “donut-like” and “disklike ” grain dis-
tributions that might apply to protostellar sources or to
late-type stars. Simpson (1991) derived the variation in the
shapes of the 10 and 18 um silicate features observed in a
sample of 117 stars with optically thin dust shells. While the
shape of the 18 um feature remained relatively constant, in
the peak position and width of the 10 um silicate feature
there was considerable variation, which was attributed to
several potential factors: grain size, grain composition, and
optical depth effects. Ivezic & Elitzur (1995) studied the
infrared emission and dynamics of outflows from late-type
stars and found considerable differences in the outflow
characteristics of the shell depending upon the composition
of the grains. These models not only differentiated oxygen-
rich from carbon-rich outflows but also found significant
differences between shells containing graphite versus
carbonaceous grains or crystalline olivine versus
“astronomical silicate.” Hron, Aringer, & Kerschbaum
(1997) have recently extended studies by Little-Marenin &
Little (1990) to a larger sample of oxygen-rich semiregular
(SR) and Mira variables. They found a large degree of varia-
tion in the width and peak position of the 10 um silicate
feature but no clear association of this variation with other
stellar parameters. They found that the most reasonable
explanation for the variation in the character of the 10 um
emission feature was “changing contributions from olivine
and corundum possibly caused by an increasing amount of
dust processing ...” (Hron et al. 1997).

We recently completed a study of the spectral evolution
of an amorphous magnesium silicate smoke annealed in
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vacuum at temperatures ranging from 1000 to 1200 K
(Hallenbeck, Nuth, & Daukantas 1998). The IR spectra of
the annealed smokes displayed characteristic bands diag-
nostic of the degree of thermal evolution of the samples. The
initial condensate had a peak absorbency at 9.3 um that
quickly shifted to 9.7 um after several hours of annealing at
1027 K. After only 10.5 hr of annealing the smoke devel-
oped dual maxima at 9.8 and 11.1 + 0.2 um: at low
resolution this would certainly appear to be a broad asym-
metric peak with a center at about 10.5 um. The shape and
overall peak position of the 20 um feature evolved very little
during this same time period. No significant changes were
observed in the 10 um region of the silicate spectrum during
the next 37.5 hr of annealing: there appears to be a natural
pause or “stall” in the spectral evolution of the sample,
midway between the initially chaotic condensate and the
more ordered glass. Thereafter, individual features sharp-
ened as the sample became more ordered. The annealed
smoke displayed the same evolutionary stages over the tem-
perature range studied, but the rate of spectral change was
highly temperature dependent.

Transmission electron microscopy (TEM) analysis of the
initial smoke sample (Nuth, Hallenbeck, & Rietmeijer 1999)
reveals a mixture of 20-30 nm diameter amorphous magne-
sium silicate grains that span a broad range of Mg/Si ratios
peaking at compositions approximating the smectite
(MggSigO,,) and serpentine (Mg;Si,O,) dehydroxylates. In
addition, there are in the mixture large (200-400 nm
diameter) polycrystalline tridymite grains, which are experi-
mental artifacts of the vapor phase condensation process.
Analysis of the annealed samples shows that these two
populations of grains remain compositionally isolated
during annealing and do not readily exchange material. All
stall samples showed evidence for polycrystalline forsterite
and tridymite with the random appearance of enstatite
(Nuth et al. 1999). With increased residence in the stall, the
short-range order gave way to long-range crystallographic
order in the nanograins. Once thermal annealing took the
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smoke out of the stall, long-range order improved on scales
larger than individual nanograins and grain growth pro-
ceeded to a point where irregularly shaped single-crystal
magnesium silicates could develop.

Examination of the spectra of the evolving magnesium
silicate smokes and comparison to the observed spectra of
dusty comets (Hanner et al. 1994) reveals remarkable agree-
ment between the position and shape of the spectra of the
natural particles and those of our synthetic analogs with
one exception: natural particles contain little free silica (e.g.,
they have no peaks at ~9.2 or 12.5 um). Fortunately, it is
relatively easy to quantitatively subtract the contribution of
the pure silica component from the spectra of our annealed
smokes to obtain the spectra of the magnesium silicate
grains at any stage in the annealing process. In this paper
we will present two series of spectra, the original IR spectra
of the annealed laboratory samples and the “silica-free”
magnesium silicate spectra, representing successive stages of
evolution beginning with fresh condensates and proceeding
through nearly crystalline forsterite and tridymite.

We have developed a silicate evolution index based on
our measurements of the rate of change observed in our
synthetic silicate smokes as a function of annealing tem-
perature. This index is keyed to spectra representative of the
stall stage of evolution and is calculable based on the time-
temperature history of grains in a circumstellar outflow.
This index and its application are discussed in §§ 2 and 3. In
§ 4, the silica-subtracted spectra have been converted into
appropriate optical constants over the wavelength interval
used by Draine & Lee (1984). These constants have been
chosen so that the annealed magnesium silicate spectra are
consistent with and blend smoothly into the spectrum of
astronomical silicate derived by Draine & Lee (1984).
Finally, we will stress the many caveats that need to be
applied to these results and the fact that much more effort is
needed to quantify various aspects of the silicate evolution
index presented below.

2. SILICATE EVOLUTION INDEX

Hallenbeck et al. (1998), hereafter HND, demonstrated
the temperature dependence of the spectral evolution of a
magnesium silicate smoke, beginning with a highly amor-
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phous condensate and ending with relatively ordered for-
sterite crystals. This laboratory investigation provides a
database, which can be used to predict astronomical spectra
based on the time-temperature profiles of silicate grains in
circumstellar outflows. In order to quantify the degree of
silicate evolution, it is necessary to account for the spectral
stall (Fig. 1). The annealing times required to enter and exit
the stall at a specific temperature are given by equations (1)
and (2), respectively, where time (t) is in seconds and tem-
perature (T) is in kelvins:

t,, = 1.3 x 10755 exp (140,870/T) , 1)
t., = 1.7 x 1077° exp (177,430/T) . )

These equations can be recast to yield a measure of the
annealing path traversed if a grain spends a known interval
of time at a particular temperature. If we definef;, and f,, as
the fraction of the annealing required to reach or exit the
stall, respectively, then

fin = 7.77 x 10%%t exp (—140,870/T) , 3)
foue = 5.88 x 10°°t exp (—177,430/T) . )

Integration of these two equations for a given time-
temperature path in a circumstellar outflow will yield a
value of 1 when the condensate has been annealed suffi-
ciently to have reached (eq. [3]) or to have begun to evolve
from (eq. [4]) the spectral stall. Note that, whereas f;,
becomes relatively meaningless after reaching 1, the stall
spectrum, f, . does not, since it tracks the subsequent evolu-
tion of the silicate toward crystallinity. Note also that
because f;, and f,, have different slopes the integrations
must be done independently.

The silicate evolution index (SEI) tracks the cumulative
degree of annealing using both equations (3) and (4) in the
following fashion:

SEI=A4 + B, (5)
where
A=f,,B=0 for 0<f,<1, T <1067K ;
A=1,B=f, for f,>1, T <1067K ;

A=1,B=f, for T>1067K.
Values of SEI less than 1 therefore indicate silicate
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F1G. 1.—IR spectrum representative of the magnesium silicate stall and an Arrhenius plot of the time required for the smoke sample to enter and exit the

stall phase of evolution.
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F1G. 2—IR spectra of the initial magnesium silicate condensate con-
taining free silica (solid line), a pure silica condensate (dashed line), and the
calculated subtraction spectra representing a “pure” magnesium silicate
condensate (dot-dashed line).

spectra that have not yet reached the stall. Values between 1
and 2 indicate that the stall has been reached but not
exceeded, whereas for values greater than 2 the grain
spectra are progressing from the stall toward crystallinity.
Note that the value of SEI is discontinuous at 4 =1;
however, since all stall spectra are identical, this discontin-
uity will have no practical effect in the application of the
SEI to astrophysical problems.

Careful inspection of equations (1) and (2) will reveal that
these curves should intersect at some temperature, above
which the spectral evolution of magnesium silicates pro-
ceeds without a stall. Equating t;, with ¢, and solving for T
yields a temperature of 1067 K at which no stall in the
evolution of magnesium silicates occurs. Using either equa-
tion (1) or (2) shows that magnesium silicate condensates
reach and pass through the stall spectrum at 1067 K in 281 s
and then begin to evolve toward crystallinity. Therefore, as
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noted above, equation (5) is strictly valid only for tem-
peratures less than 1067 K. For temperatures greater than
1067 K, f;,, has no meaning. Because of the rapidity at which
annealing occurs at T > 1067 K, the discontinuity in SEI at
this temperature will have little practical effect in the choice
of the optical properties used to calculate the grain spec-
trum, provided that A is set to 1 for consistency with lower
temperature results.

3. APPLICATION OF THE SEI

The magnesium silicate smoke described in HND also
contains a polycrystalline tridymite component responsible
for substructure in the 10 and 20 um features. In order to
make the optical constants presented in this paper more
universally applicable to oxygen-rich circumstellar regions,
we have subtracted the spectrum of pure silica smoke from
the spectra of the magnesium silicate sample containing free
silica. For example, the IR spectra of the initial magnesium
silicate condensate from HND and of a pure silica conden-
sate produced under comparable experimental conditions
are shown in Figure 2, along with the calculated silica-free
magnesium silicate spectrum. Subtracting the pure silica
component causes the maximum for the 10 um magnesium
silicate peak to shift from 9.3 to 9.7 um, the value typically
reported for amorphous astronomical silicates. The sub-
traction process also results in the elimination of the Si,O,
peak at 11.3 ym and in a slight reduction in the intensity of
the 20 um feature.

The spectra selected to represent the thermal evolution of
a magnesium silicate grain from an amorphous material to
a crystalline mineral are shown in Figure 3. We have
included four prestall spectra, a stall spectrum, and four
poststall spectra, along with their calculated SEI values
ranging from 0.002 to 31.16. For SEI values greater than
100, we recommend that optical constants of appropriate
crystalline phases, such as those of Koike, Shibai, &
Tsuchiyama (1993), be used.

The spectra in Figure 3 were obtained by annealing the
magnesium silicate smoke under conditions ranging from 1
hr at 1000 K (SEI = 0.002) to 48 hr at 1048 K (SEI = 31.16).
Pure silica smoke annealed for these two sets of time and
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F1G. 3.—IR spectra of magnesium silicate smoke samples containing free silica annealed in vacuum and their silicate evolution index values (0.002-31.16).
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F1G. 4—IR spectra of an annealed magnesium silicate sample with a
SEI value of 0.002 (solid line), an annealed pure silica sample (dashed line),
and the calculated silica-free magnesium silicate spectra (dot-dashed line).

temperature display identical IR spectra: a peak at 9.08 um,
which can be deconvolved into bands centered at 8.35 and
9.00 um, and peaks at 12.22 and 21.59 um (Fig. 4). Although
the same annealed silica spectrum was used for all the sub-
tractions, the integrated intensity of the silica spectrum
ranged from 20% to 26% of the integrated intensity of the
annealed magnesium silicate samples. The exact percentage
employed in each subtraction was determined by the
minimum amount of silica necessary to account for the 8.35
and 12.22 um substructure in the 10 um feature. This range
in silica abundance is attributed to compositional varia-
tions between the individual magnesium silicate aliquots
extracted from the bulk sample.

An example of silica subtraction from an annealed mag-
nesium silicate smoke (SEI = 0.002) is shown in Figure 4,
and the complete set of calculated, silica-free magnesium
silicate spectra for SEIs 0.002-31.16 is presented in Figure 5.
Subtraction of the pure silica component from the stall
spectrum changes the ratio of the 9.8 and 11 um peaks from
1.0:0.7 to 1.0:0.9, which is much closer to the ratio observed

for olivine-rich comets (Hanner et al. 1994). For the highly
evolved samples, the silica-free spectra resemble the spectra
of crystalline forsterite with a small contribution due to
enstatite (Koike et al. 1993), in complete agreement with the
TEM analysis. Although subtraction of the pure silica com-
ponent had little effect on the 20 um feature of the initial
condensate, in the annealed samples the prestall silica-free
spectra display flatter 20 um features that peak at shorter
wavelengths, while the stall and poststall spectra have more
forsteritic 20 um signatures.

4. DERIVATION OF OPTICAL CONSTANTS

No optical constants were measured during the course of
the experiments outlined in HND because of the small size
of the samples (~5 mg) used in the individual annealing
runs. After obtaining the diffuse reflectance spectrum of
each sample, the annealed smokes were sent to a colleague
for TEM analysis so that the mid-IR spectra of the samples
might eventually be used to constrain both the composition
and mineralogical texture of grains in astrophysical sources.
However, it is still possible to use the method outlined by
Draine & Lee (1984) to derive a self-consistent set of optical
constants for our samples. In our application we will
assume that the magnesium silicate smoke samples have
nearly the same optical constants as astronomical silicate
over all wavelengths except over the range from 5 to 27 yum
and that each annealed silicate spectrum connects smoothly
with that of astronomical silicate at these wavelengths.

Although the assumptions outlined above are essential if
we wish to derive a complete set of optical constants over
the wavelength range from 100 nm to 1000 pum, they are also
not that unreasonable as a first approximation. Draine &
Lee (1984) derived the optical constants for astronomical
silicate to represent the amorphous oxide component of the
interstellar grain population. Amorphous magnesium and
iron silicates should dominate this population based on
cosmic abundance considerations. The mid-infrared spectra
of iron and magnesium silicates are quite similar in general,
even though magnesium silicates anneal much more rapidly
than do iron silicates (HND). Given the fact that amorp-
hous magnesium and iron silicates show no strong spectral
features at wavelengths other than in the mid-infrared and
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FiG. 5—Calculated silica-free IR spectra for annealed magnesium silicate samples spanning a SEI range of 0.002-31.16
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that the Draine & Lee constants are already used to rep-
resent the spectral properties of the grain population domi-
nated by these silicates, the Draine & Lee astronomical
silicate spectrum appears to be a good first approximation
to the spectra of the grains in our sample at wavelengths
that we could not measure in our study.

The 5-25 pm spectrum of astronomical silicate has been
replaced by the mid-infrared spectra of the annealed
samples measured in our study by smoothly scaling the
measured spectra to match that of Draine & Lee (1984) at
these wavelengths. This could potentially overestimate the
contribution of magnesium silicate to the Draine & Lee
constants by overlooking the contribution of amorphous
iron silicate in this region. However, if iron is present as
metal in a circumstellar condensate as predicted by ther-
modynamic calculations (Ebel 1999; Grossman 1972), then
there is no iron silicate condensate in this grain population.
Even if iron silicates condense separately in such outflows
(Rietmeijer et al. 1999), because the iron silicate spectrum
should remain constant over the temperature range of inter-
est (T < 1100 K) in this paper, our approximation maxi-
mizes the contribution of the changing component of the
grain population. Because there will likely be additional
unchanging spectral components in this condensed mixture
as well, most models will need to incorporate an appropri-
ately scaled, unchanging graybody into the grain popu-
lation. We suggest that an appropriate, near graybody
would be the difference spectrum between our original
amorphous magnesium silicate smokes and the spectrum of
astronomical silicate; the optical constants for this hypo-
thetical grain component have also been calculated.

There is no question that direct measurement of the
optical constants of our samples would have been prefer-
able to calculations based on the approximations outlined
above; unfortunately, this was not possible. Given the
utility of a set of optical constants versus a collection of
spectral plots over a limited wavelength range (such as Fig.
5) in the construction of models of stellar extinction or emis-
sion due to grains, we decided that derivation of a self-
consistent set of optical constants could prove to be
worthwhile. However, in spite of our best efforts to calculate
these constants based on reasonable approximations and in
a manner consistent with our original laboratory measure-
ments, we caution the reader that these constants should be
regarded with some degree of skepticism. At best, they are
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only a first approximation to reality, especially with regard
to the non—-magnesium-silicate grain components. Con-
siderable laboratory work remains to be carried out to
measure the optical properties of these grain components.

Given the assumptions outlined above together with the
methods presented and constants tabulated in the work of
Draine & Lee (1984), it is a relatively straightforward task
to convert our measurements into a set of self-consistent
optical constants over the wavelength range of interest. The
complete set of optical constants from 100 nm to 1000 ym
calculated for the magnesium silicate spectra minus the
silica component (Figs. 2 and 5) and for the pure silica
spectra (Figs. 2 and 4) are presented in Tables 1, 2, and 3.1
Table 4 is an abbreviated version of Tables 1-3 covering the
mid-IR region for prestall, stall, and poststall grains.

We note here one obvious shortcoming of this method:
namely, neither the long-wavelength nor the short-
wavelength properties of the grains are allowed to change
as the silicate transforms from a highly amorphous conden-
sate into what might well be a completely crystalline grain.
This will be most important in the far-infrared, where the
falloff varies from somewhat less than A~ ' for highly
amorphous materials (e.g., Harvey et al. 1991) to 1~ 2 for
crystalline grains (Koike et al. 1993). For SEI < 1 (prestall)
the compositional heterogeneities within individual amorp-
hous grains are becoming homogenized and individual sub-
grain boundaries begin to develop, whereas for 1 < SEI < 2
individual grains exhibit polycrystalline textures consisting
of many smaller subcrystalline units (F. J. M. Rietmeijer
1998, private communication). Neither of these textures
would be expected to exhibit 4~2 behavior as both would
be amorphous on size scales of a few microns to a few
hundred microns, the wavelength of the radiation in ques-
tion.

For SEI > 2, the individual subgrain boundaries begin to
anneal away and crystalline minerals eventually form. For
models in which the long-wavelength behavior of the grains
becomes important, some smooth transition between the
4”1 behavior of amorphous materials and the 4~ 2 behavior
of crystalline solids is required. We would suggest that for
SEI > 102 silicate condensates should be considered to be
completely crystalline and the optical constants of Koike et

! Tables 1, 2, and 3 appear in their entirety in the electronic edition of
the Astrophysical Journal.

TABLE 1

OPTICAL CONSTANTS

MAGNESIUM SILICATE PRESTALL 1 PRESTALL 2 PRESTALL 3 PRESTALL 4
(UNANNEALED) (SEI = 0.002) (SEI = 0.223) (SEI = 0.298) (SEI = 0.447)
WAVELENGTH

(um) Re Im Re Im Re Im Re Im Re Im
0.001 ......... —0.000692 0 —0.00069 0 —0.000693 0 —0.00069 0 —0.000677 0
0.00101 ...... —0.000696 0 —0.000695 0 —0.000695 0 —0.000694 0 —0.000693 0
0.00102 ...... —0.000699 0 —0.000699 0 —0.000697 0 —0.000698 0 —0.000682 0
0.00104 ...... —0.000703 0 —0.000705 0 —0.000701 0 —0.000704 0 —0.000712 0
0.00105 ...... —0.000712 0 —0.000714 0 —0.000711 0 —0.000714 0 —0.00072 0
0.00106 ...... —0.000726 0 —0.000728 0 —0.000727 0 —0.000728 0 —0.000731 0
0.00107 ...... —0.000745 0 —0.000745 0 —0.000747 0 —0.000746 0 —0.000744 0
0.00108 ...... —0.000765 0 —0.000764 0 —0.000768 0 —0.000765 0 —0.000754 0
0.0011........ —0.000785 0 —0.000783 0 —0.000786 0 —0.000783 0 —0.000782 0
0.00111 ...... —0.000801 0 —0.0008 0 —0.000801 0 —0.0008 0 —0.000794 0

Note.—Table 1 is published in its entirety in the electronic edition of The Astrophysical Journal. A portion is shown here for guidance regarding its

form and content.
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TABLE 2
OPTICAL CONSTANTS

STALL PoOSTSTALL 1 POSTSTALL 2 PosTSTALL 3 PoOSTSTALL 4
(SEI = 1.000) (SEI = 2.104) (SEI = 3.336) (SEI = 16.078) (SEI = 31.156)
‘WAVELENGTH
(um) Re Im Re Im Re Im Re Im Re Im

0.001 ......... —0.000694 0 —0.000697 0 —0.000699 0 —0.000702 0 —0.000705 0
0.00101 ...... —0.000695 0 —0.000697 0 —0.000694 0 —0.000697 0 —0.000699 0
0.00102 ...... —0.000696 0 —0.000695 0 —0.000689 0 —0.000691 0 —0.000691 0
0.00104 ...... —0.0007 0 —0.000697 0 —0.000691 0 —0.00069 0 —0.000688 0
0.00105 ...... —0.00071 0 —0.000707 0 —0.000704 0 —0.000701 0 —0.000698 0
0.00106 ...... —0.000726 0 —0.000724 0 —0.000726 0 —0.000722 0 —0.00072 0
0.00107 ...... —0.000747 0 —0.000747 0 —0.000753 0 —0.000751 0 —0.00075 0
0.00108 ...... —0.000769 0 —0.000771 0 —0.000778 0 —0.000778 0 —0.000779 0
0.0011........ —0.000788 0 —0.000791 0 —0.000795 0 —0.000798 0 —0.0008 0
0.00111 ...... —0.000802 0 —0.000805 0 —0.000804 0 —0.000808 0 —0.000811 0

Note.—Table 2 is published in its entirety in the electronic edition of The Astrophysical Journal. A portion is shown here for guidance regarding

its form and content.

al. (1993) should be used to calculate the optical properties
of the grains. For 2 < SEI < 102 we suggest that a smooth
transition between the optical constants of Drain & Lee
(1984) and those of Koike can easily be achieved by a linear
combination of grain spectra calculated from the two data
sets. In this method the percentage of grains calculated from
the constants of Draine & Lee is equal to (102 — SEI)/100
and that of grains calculated using the constants of Koike
equal (SEI — 2)/100. Note that we have simply assumed
that for SEI > 102 the grains will behave as crystalline
materials. We have not measured this transition in the
laboratory partially because of the difficulty in judging at
just what point an annealing amorphous solid does indeed
become crystalline and partially because this transition is
expected to be highly sensitive to the experimental method
used in the measurement. However, for the purposes of
virtually all astrophysical applications, grains annealed to
SEI > 102 will behave as crystalline materials.

As noted above, the astronomical silicate of Draine &
Lee (1984) includes all noncarbonaceous grain materials,
not just magnesium silicates. For this reason, we have
included optical constants for a nonsilicate oxide com-

ponent to the dust that might be found in oxygen-rich cir-
cumstellar shells. This component is derived by subtracting
the spectrum of unannealed magnesium silicate smoke from
the astronomical silicate of Draine & Lee (Fig. 6). Since we
know nothing about the annealing behavior of this grain
component, we will assume that its spectrum does not
change at all in most circumstellar outflows. Although this
might be a reasonable first approximation, it is clear that
much more work is needed both to identify likely oxide
grain components and to measure the spectral changes
induced in these materials during annealing.

5. CAVEATS IN USING THE SEI AND ASSOCIATED
SPECTRA

All of the spectra of annealed silicates in Figure 3 were
derived from a single bulk sample of highly amorphous
magnesium silicate smoke. HND have noted that both the
annealing rate and sample spectrum at any given annealing
time and temperature vary slightly if a sample of different
composition or starting texture is used in the experiments.
The magnitude of this compositional and textural depen-
dence has not yet been determined. Several samples of mag-

TABLE 3

OPTICAL CONSTANTS

DRAINE & LEE

Minus
MAGNESIUM SILICATE MAGNESIUM
DRAINE & LEE (UNANNEALED) SILICATE ANNEALED SiO, UNANNEALED SiO,
WAVELENGTH
(um) Re Im Re Im Re Im Re Im Re Im

0.001 ......... —0.000691 0 —0.000692 0 —0.000691 0 —0.0007 0 —0.0007 0
0.00101 ...... —0.000695 0 —0.000696 0 —0.000695 0 —0.0007 0 —0.0007 0
0.00102 ...... —0.000699 0 —0.000699 0 —0.000698 0 —0.0007 0 —0.0007 0
0.00104 ...... —0.000705 0 —0.000703 0 —0.000704 0 —0.0007 0 —0.0007 0
0.00105 ...... —0.000714 0 —0.000712 0 —0.000714 0 —0.0007 0 —0.0007 0
0.00106 ...... —0.000727 0 —0.000726 0 —0.000728 0 —0.0007 0 —0.0007 0
0.00107 ...... —0.000745 0 —0.000745 0 —0.000746 0 —0.0007 0 —0.0007 0
0.00108 ...... —0.000764 0 —0.000765 0 —0.000765 0 —0.0008 0 —0.0008 0
0.0011........ —0.000783 0 —0.000785 0 —0.000783 0 —0.0008 0 —0.0008 0
0.00111 ...... —0.0008 0 —0.000801 0 —0.0008 0 —0.0008 0 —0.0008 0

Note.—Table 3 is published in its entirety in the electronic edition of The Astrophysical Journal. A portion is shown here for guidance regarding its

form and content.
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Fic. 6.—IR spectrum of astronomical silicate (Draine & Lee 1984)
(solid line), the IR spectrum of unannealed silica-free magnesium silicate
smoke (dashed line), and the IR spectrum of other oxide grains (dot-dashed
line) that results from subtraction of the unannealed magnesium silicate
spectrum from that of astronomical silicate.

nesium silicate starting materials have been examined and
all exhibit a spectral stall. However, both the annealing time
required at a given temperature to enter or exit the stall and
the exact shape of the stall spectrum, e.g., the ratio of the 9.7
to 11 um peak heights, differ slightly from the sample pro-
filed in HND. A considerable amount of laboratory effort
will be required to quantify the specific dependence of the
stall spectrum and the rate of annealing on composition.
Although the exact details of this evolution will become
clearer as more data is obtained, we do not expect that our
overall understanding of the spectral evolution of amorp-
hous silicate smokes will change drastically.

The SEI is extremely sensitive to the highest temperatures
experienced by the grains. These high temperatures occur at
the time of grain formation—a very poorly understood phe-
nomenon. If grains form at temperatures in excess of ~ 1100
K, they will quickly (¢ < 10 minutes) become crystalline.
Grains formed at temperatures less than ~ 1000 K will
almost never be annealed sufficiently in a typical circumstel-
lar outflow to reach the stall. In either case, careful analysis
of the emergent infrared spectrum of silicate dust in the
circumstellar shell could be used to constrain the tem-
peratures at which grain formation occurred.

In the case of optically thick dust envelopes, where inter-
ferometric methods are not possible, this might prove to be
the only means of obtaining a measure of the grain forma-
tion radius. In optically thin shells, it may be possible to use
interferometry to obtain a measure of the inner radius of the
dust shell and thereby derive an independent measure of the
dust formation temperature.

6. DISCUSSION

This paper is a first attempt to account for changing
silicate optical properties as freshly condensed grains
anneal in a circumstellar outflow or protostellar nebula.
Although the details of the representative spectra and rate
constants may change to some degree as future laboratory
work allows us to refine the compositional or textural
dependencies of these factors, we feel that this first attempt
is a significant improvement over the current practice of
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using astronomical silicate to represent all stages of silicate
grain evolution. Astronomical silicate is much more appro-
priately used as the average of the optical properties of
grains from all oxygen-rich outflows rather than as rep-
resenting grains in each outflow regardless of its tem-
perature profile.

Again we note the extremely sharp dependence of the
annealing rate of amorphous magnesium silicate grains on
temperature. Because grain temperatures in most oxygen-
rich outflows range from 300 to 600 K (Hron et al. 1997),
most silicate grains will exhibit optical properties consider-
ably more primitive than the stall spectrum; e.g., SEI < 1.
In almost all such cases we expect that the detailed optical
properties and annealing rates will vary little from those in
this work because of compositional or textural factors since
the differences in the initial stages of annealing are much
less pronounced than they become at or beyond the stall
stage.

Similarly, in high-temperature outflows the initially
amorphous silicate condensates anneal quite rapidly to
form crystalline grains. Under these circumstances we also
expect little difference between our current results and more
detailed analyses based on compositional or textural depen-
dencies since annealing will occur so rapidly in these high-
temperature flows that changes of a factor of 2, or even 10,
in the annealing rate will be insignificant: e.g., if the SEI
predicts the crystallization of forsterite in 30 s and it
actually occurs in 3 s (or 5 minutes), the emergent spectrum
of the source will not change.

For grain condensation temperatures on the order of
~1030 + 30 K, the exact rate of annealing may become
extremely important since changes between factors of 2 and
10 in this range could mean the difference between prestall
grains and crystalline forsterite emerging from the outflow.
Unfortunately, since we do not know a priori the composi-
tion or texture of the grains that will condense in a given
circumstellar outflow and we are still a long way from being
able to model the nucleation and grain growth processes in
such systems, more accurate laboratory data may not yet be
needed. In fact, it may be possible to use a combination of
modeling and observation to constrain the rate of annealing
in actual circumstellar outflows. These models and obser-
vations would then serve as the basis for additional experi-
mental studies that would use these constraints to identify
the compositions and textures of the grains formed in such
outflows.

7. SUMMARY

Using the experimental work presented in HND, we have
developed a silicate evolution index (SEI) to describe the
annealing of freshly condensed circumstellar or protostellar
silicates. We have used the spectra of HND and the
methods of Draine & Lee (1984) to derive a set of optical
constants for silicate spectra representing different evolu-
tionary stages. We suggest that these optical constants can
be used together with the optical constants for astronomical
silicate minus magnesium silicate (e.g., other oxides) to con-
struct models of the infrared emission from circumstellar
outflows and hot protostellar disks. Such models should
represent a considerable improvement over the current
state of the art, in which grain evolution is not considered.

We have noted several important caveats that should be
kept in mind when using both the SEI and the optical con-
stants provided in Tables 1, 2, and 3. First, the exact shape
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of the infrared spectrum and the specific rate of annealing at
any given temperature are dependent on the exact composi-
tion and mineralogical texture of the condensate. Although
these variables should not effect condensates formed at
either very high temperatures (fast conversion to
crystallinity) or low temperatures (grains remain at a pres-
tall evolutionary stage), for temperatures of ~1030 + 30 K
more accurate laboratory data will be required to predict
grain properties. Alternatively, observed grain properties
could be used to constrain grain models, and laboratory
data could then be used to determine the composition and
mineralogical texture of the condensates.

An additional caveat is that the optical constants in
Tables 1, 2, and 3 were derived, not measured, based on the
spectra of HND and the spectrum calculated from the
optical constants of astronomical silicate. In addition, the
far-IR spectra of the annealed silicate samples were not
obtained during our laboratory studies. For highly evolved
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samples (SEI > 2) this omission could lead to considerable
error in the optical constants of more crystalline materials.
Alternatively, we have suggested an interpolation method
using the spectra derived from constants for astronomical
silicate (Draine & Lee 1984), crystalline forsterite (Koike et
al. 1993), and a weighting factor based on the SEI that could
serve as a reasonably good first approximation for the
far-IR optical constants if such accuracy is required. Much
more experimental, observational, and theoretical work will
be required before grain formation and annealing in astro-
physical environments are fully predictable phenomena.
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