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ABSTRACT

A new, comprehensive set of low-temperature opacity data has been assembled. From this basic data set,
Rosseland and Planck mean opacities have been computed for temperatures between 12,500 and 700 K. In
addition to the usual continuous absorbers, atomic line absorption (with more than 8 million lines), molecular
line absorption (with nearly 60 million lines), and grain absorption and scattering (by silicates, iron, carbon,
and SiC) have been accounted for. The absorption due to lines is computed monochromatically and included
in the mean with the opacity sampling technique. Grains are assumed to form in chemical equilibrium with
the gas and to form into a continuous distribution of ellipsoids.

Agreement of these opacities with other recent tabulations of opacities for temperatures above 5000 K is
excellent. It is shown that opacities which neglect molecules become unreliable for temperatures below 5000
K. Triatomic molecules become important absorbers at 3200 K. Similarly, grains must be included in the

computation for temperatures below 1700 K.
Subject headings: atomic — molecular data

1. INTRODUCTION

Whenever energy is transported by radiative processes a
knowledge of the opacity of the medium is required in order to
compute the thermal structure of the material. In those cases
where the diffusion approximation is applied to the transfer of
energy, the Rosseland mean opacity, defined as

L (1o, /(2B
Kr Jo K, 0T o 0T

is required. Because this average is an inverse average of the
monochromatic opacity, it can be strongly affected by wave-
lengths near the peak of the weighting function which have
relatively little opacity. If bound-bound absorption by atoms
or molecules is significant, this factor requires that the most
complete line lists possible, including very many weak lines
whose combined effect may veil some frequencies even though
the lines individually would be negligible, must be assembled in
order to produce accurate Rosseland means.

For more than 30 years investigators at Los Alamos Nation-
al Laboratory have provided Rosseland mean opacities for use
in stellar modeling (see, for example, Cox & Stewart 1965; Cox
& Tabor 1976; and Weiss, Keady, & Magee 1990). Several
groups have recently reexamined the task of computing
frequency-averaged opacities (Rogers & Iglesias 1992
[OPAL]; Seaton et al. 1994 [OP] and references therein), and
in the process they have made significant progress toward
explaining several discrepancies between models and observa-
tions of pulsating stars (Iglesias, Rogers, & Wilson 1990).
However, all of these projects focused their attention on the
conditions found in stellar interiors and stellar envelopes.

With the exception of Weiss et al. (1990), who included
unspecified molecular absorbers and considered temperatures
as low as 1500 K, none of these groups has considered opac-
ities for the conditions which occur in the outer layers of cool
giant stars or in star-forming clouds. The computation of opac-
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ities at temperatures below about 5000 K is complicated by the
formation of molecules and the myriad spectral lines they
possess. When temperatures below about 1700 K are encoun-
tered, grain equilibrium and the complex absorption processes
of grains must also be included. It is this range of conditions
which forms the focus of this paper.

Early compilations of low-temperature opacities by
Cameron & Pines (1973) and Alexander (1975) included simple
equilibrium calculations for grains and crude approximations
for the opacities of both molecules and grains. Alexander,
Johnson, & Rypma (1983, hereafter AJR) compiled more
extensive results which included detailed treatment of grain
equilibrium, consideration of a wider range of solid and molec-
ular absorbers, and the effects of the grain size distribution.
Sharp (1992) published tables of Rosseland and Planck mean
opacities which included a detailed consideration of the line
spectra of many diatomic and two triatomic (H,O and CO,)
molecules. Pollack, McKay, & Christofferson (1985) and
Pollack et al. (1994) also completed extensive calculations of
Rosseland opacities, but only for conditions in which solid
particles condense.

For this investigation Rosseland and Planck mean opacities
have been computed over the range of temperature from 700 to
12,500 K and density from log R = —7.0 to + 1.0, where R =
p/T2, p is the density in g cm ™3, and Ty is the temperature in
millions of degrees (see OPAL for discussion). Tables can be
constructed with either R or p as an independent variable.
Tables utilizing R have the advantage that the relevant param-
eter range can be covered with a rectangular table and it has
also been shown (OPAL) that interpolation in tables of R is
more accurate. Unless specified otherwise, all opacities will be
presented in mass units (cm? g~ ') in this paper.

All opacities are computed with the opacity sampling (OS)
teclinique with a set of 9279 frequencies in the range 0.10-100
um. Numerical tests indicate that the rms error introduced by
the use of this truncated frequency set (compared to an infi-
nitely large set of frequencies) is less than 3% for the worst case,
and usually much less. Such errors are acceptable compared to
the uncertainties in the monochromatic opacities themselves.
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2. EQUATION OF STATE TABLE 2

. . . .. MOLECULAR SPECIES INCLUDED IN EOS
In this study it has been assumed that the medium is in local LECULAR OFE o

thermodynamic equilibrium and that all species are in strict Source of Partition
chemical equilibrium. This assumption permits the equation of Molecule Function
state (EOS) to be written in terms of the appropriate equi- H 187
librium equations for each species. These equations are solved Hoo ST
using the subroutines described in Kurucz (1970, hereafter HF ...ccooeoeenn. ST
K70), which were modified to include grain condensation, as HClL.....oooo ST
described in AJR. Briefly, the percentage of each element which SH """""""" §¥
is condensed is tabulated as a function of temperature and oN L ST
pressure from a detailed consideration of the condensation CO.ooovl 187
equilibrium. Each time the EOS subroutines are called from CS e, ST
within an opacity calculation, the abundance of each condens- NH ..o ST
able element remaining in the gas phase is reducéd’ from its Ef) """""""" g
original abundance by the percentage of that element which is NS .. ST
condensed at the given temperature and pressure. We have OH .............. ST
used condensed percentages for C, O, Si, Mg, Fe, Ti, and Zr for Op e ST
a variety of compositions with differing C/O ratios provided by I;dalgl """"""""" g
Sharp (1989) which are based upon the detailed condensation Mgo e ST
equilibrium calculations described in Sharp & Huebner (1990). AH oo ST
The EOS includes a wide variety of atomic and molecular AlO.............. ST
species because of the wide range of temperatures and densities AlF . ST
included in the opacity tables. Table 1 lists the atomic species gill({jl """"""" §¥
included in the EOS. All atomic partition functions have been sio ... ST
taken from K70. Several of the heavier elements are included SiS.ciiiiiieiiii. ST
because they form molecules which are opacity sources or are R ST
important for spectroscopic analyses of late-type stars. SO s ST
Table 2 lists the molecular species included in the EOS, (szaH """"""" g
along with the source of the partition function for each species. Tio ... ST
TiO* .........e. GG
VO...ooovneenne ST
TABLE 1 YO..ooooieninn. ST
AToMic SPECIES INCLUDED IN EOS ZrO.............. ST
Zro*t ... GG
Species States Included | S P SMT + CGP
H,O oo, 188
H............. LI HCN ............ 188
He ............ LI HCO ............ 188
[ O 1, 11, 11 CH, ....c.eet 188
Noo 1, I, 111 C,H ............. 188
L I, 1L, 11 [ O3 188
| SR 1 CO, v, 188
Ne ...oooeen. L I AIOH............ 188
Na............ L, I, 11 SiCy cviininnns 188
Ng .o L 1, I TiOy.eevennnnn. 188
Al ... I, 1L, I VO, coiiiinenne 188
) P L 1L, I ZrOy ...l 188
| 1, I, I CHy ..ocoveneet 188
S L, II, I CH, ............ 188
Cl............. I, 1L, I CH, ..o 188
Ar............. L, I
Koooooiannnns 1, I, 1 REFERENCES.—ST = Sauval & Tatum
Ca...oovnnne I, 10, I 1984; 188 = Irwin 1988; SMT = Sidhu,
SCoaviiiiii I, 11, III Miller, & Tennyson 1992; 187 = Irwin
Tioiiiannnnn I, 11, I 1987; GG = Gurvich & Glushko 1982;
Vo, 1, In, I CGP = Chandra, Gaur, & Pande 1991.
Crooooovvvnnns 1, 11, 11
Mn............ 1, 11, 1 . T . .
Fe. . " L m Again the list is diverse in order to accommodate a wide range
CO v L 1, I of chemical compositions. The selection of species was guided
Nioooorrnnn 1, 1, 101 by the calculations of Johnson & Sauval (1982) and Irwin
Cu . L IL, 101 (1988). Several polyatomic species containing heavy elements
Zn............. I, 11, 1 :
gp B are included because they may affect the abundance of an
Yoo L1 opacity source.
Zr e L1 Two special notes should be made about the molecular equi-
TC.oioeeiiinnnn LI librium calculations. First, TiO* and ZrO% are included
Ez ------------- i ﬁ because they can significantly affect the equilibrium abundance

of the important opacity sources TiO and ZrO in a narrow

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1994ApJ...437..879A

3)> D 4377 T8TOA

(TR - T4377 J8797

No. 2, 1994

range of temperatures and densities. For example, at 2500 K
and a density of 1071° g cm ™3, the abundance of ZrO is
depressed by a factor of 4 when ZrO™ is included in the calcu-
lation. The effect of TiO* is much smaller, reaching a
maximum of about 1% at 2500 K.

Secondly, Lenzuni, Chernoff, & Salpeter (1991) have pointed
out that HY can significantly affect the abundance of H™ in
metal-free gases by contributing additional free electrons. We
have taken its partition function from Sidhu, Miller, & Tenny-
son (1992) for temperatures below 2500 K and equal to 1.793
times the values given by Chandra, Gaur, & Pande (1991) at
higher temperatures. The scaling factor is required to smoothly
match the values at 2500 K. The Chandra et al. (1991) values
are significantly lower than those given by Sidhu et al. (1992),
apparently because they did not include as many energy levels
in their analysis. Further work is needed to resolve this uncer-
tainty. Fortunately, the influence of H5 is negligible whenever
metals (elements heavier than He) have a mass fraction greater
than or equal to 0.0001.

3. OPACITY SOURCES

The opacity sources described here allow for the accurate
tabulation of Rosseland and Planck mean opacities for tem-
peratures between about 700 and 12,500 K. Because this tem-
perature range includes a wide variety of different types of
absorption and scattering processes from many diverse species
of atoms, molecules, and dust grains, the number and variety of
opacity sources which must be included is extensive. Even
though many of them are computed with rather standard
methods or subroutines, an attempt will be made to describe
all of the opacity sources so that complete references will be
available in one location.

3.1. Atomic Absorption

3.1.1. Continuous Sources

The bound-free and free-free absorption of H1 and He1 is
computed as described in K70. The bound-free absorption of
H™ is computed from the fitting formula of John (1988) to the
cross-sections of Wishart (1979). The free-free absorption of
H~ is computed from the fitting formula of John (1988) to the
cross sections of Bell & Berrington (1987).

The bound-free absorption of the following species is
included using the formulation of K70 (number of levels in
parenthesis): N 1(3), O1(1), Mgu (2), Sizi(5), and Ca 11 (3). In
addition, the bound-free absorption of C 1(8), Mg 1(8), Al 1(8),
Si1(8), and Fe 1(15) are computed using subroutines originally
derived from the Pandora NLTE program (Vernazza, Avrett,
& Loeser 1980). Bound-free absorption of Na 1 (8) and Ca 1(8)
are similarly derived from Pandora (Avrett 1987).

3.1.2. Spectral Line Sources

Atomic line data for the neutral and first ionization stage of
the elements Ca—Ni is taken from Kurucz (1991). Data for a
few other elements is taken from Kurucz & Peytreman (1975).
Table 3 lists the elements and the number of lines included for
each ionization stage. Only the strongest lines of doubly
ionized elements are included because those species are not
important at the temperatures of interest here.

For each line the strength factor

AB,

_ o200 —EkT 9
S=af g5 @
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TABLE 3

THE NUMBER OF SPECTRAL LINES INCLUDED
FOR EACH ELEMENT

SPECIES
ELEMENT 1 11 1

1679 152 9

2616 686
416 909 32

854 594

1109 2646
152 22 11
638 233 40
98 1501 14
1926 221 66
724 404 3
277 383 6
1491 718 15

Ar....oooiiiiil 1371 2913
Ca..ooovvevvnnn, 25585 890 7
SCoeviiiiiiis 191264 49568 59
Ticoriiineeannnn. 867399 248075 2
Vo, 853786 808584 1
(& ST 338668 1007782 50
Mn............... 248165 575578 19
Fe.ooovvieinn, 579105 921100 148
COo wovvvviiennns 372937 714857 291
Nioooooiiiiann, 102224 284434 20
(0} B 181 2041 14

is defined, where AB, is the fractional number abundance of the
element, ABy, is the fractional number abundance of iron, and
E, is the energy of the lower level of the transition. Lines are
then divided into three categories according to the strength
factor for the line. All lines with S < 10~ 5 are weak lines. They
are included in the calculation only if they fall within 4
Doppler half-widths of a sampling frequency. Since sampling
frequencies are never that close together, these lines contribute
to the opacity at only one sampling frequency.

Lines with S > 0.025 are strong lines. The absorption coeffi-
cient of each strong line is computed with a Voigt profile, with
the damping constant equal to 3 times the classical radiation
damping constant plus the van der Waals collisional damping
constant (Unsold 1955). The microturbulent velocity is set to
2.0 km s~ ! from studies of red giant stars (Smith and Lambert
1985, 1986, 1990). Strong lines are tested at each wavelength,
but are included in the opacity only if

Nty =52 10, 3
X

where N, is the number density of the absorbing species, « is
the absorption at line center, I is the damping constant for the
line, and x = Av/Avp, measures the number of Doppler half-
widths between the sampled frequency and line center. The
maximum error introduced by the use of this approximation at
any temperature-density point is less than 0.5%. Its use speeds
up the computation significantly because far fewer evaluations
of the Voigt function are required. Following OP, the wings of
the strong lines are reduced in strength by the factor (v*/v3) to
avoid unrealistic values of opacity in the far wings of the strong
lines.

Medium lines have 107% < § < 0.025 and are included only
if they fall within 100 Doppler half-widths of a particular sam-
pling wavelength. Their contribution is computed with a Voigt
profile and is included whenever equation (3) is satisfied. The
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definitions of strong, medium, and weak lines and the criterion
in equation (3) were all determined so that the effect on the
final result (compared to treating all lines at all wavelengths)
was less than 0.5%.

Out of the total of 8,216,994 atomic lines listed in Table 3, we
treat 558 in the strong line and 21,985 in the medium line
formalisms described above. All other lines are considered as
weak lines, with Doppler profiles. Using a procedure first sug-
gested by Jogensen (1990), an opacity table is constructed for
each species which has more than 10,000 weak lines. In each
opacity table, the temperature-dependent portion of the
opacity of the species is pretabulated at each sampling fre-
quency. All that is required to compute the opacity of this
species at a given temperature-density point is to interpolate in
this table for the proper temperature and multiply by the
number density of the species computed by the EOS. This
procedure introduces errors of less than 0.5%, decreases the
computation time by a factor of 5, and decreases the memory
requirements by a factor of 20. :

Hydrogen lines are treated separately using Griem’s (1960,
1967) formulation of the Stark broadening, as computed by
subroutines from K70. While this treatment is not sufficient for
line profile analysis, it is sufficient for the computation of mean
opacities where the detailed wavelength dependence of the line
absorption is averaged out.

3.2. Scattering

Electron scattering and Rayleigh scattering from H1, He 1,
and H, are computed from the standard formulae by sub-
routines taken from K 70. All spectral lines are assumed to be in
pure absorption. Scattering by dust grains will be discussed in
§3.4.

© 33 M__olecular Absorption
Bound-bound absorption by molecules becomes a notice-

able source of opacity at temperatures as high as 5000 K
(especially at high densities) and a dominant source for tem-
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peratures below 2500 K. All molecular absorption is computed
monochromatically. A variety of molecules are considered to
account for as much of the total absorption as possible for a
wide variety of chemical compositions. Jergensen (1994b) has
demonstrated that it is extremely important to include as many
weak lines as possible in order to accurately predict the emer-
gent spectrum from a stellar atmosphere model. He has shown
that, in the case of H,O, there are large changes in photo-
spheric structure when the completeness factor is increased
from 90% to 95% and noticeable changes in structure occur
until 98% of the total theoretical molecular absorption is
included. Because the Rosseland mean opacity is a harmonic
mean, and therefore emphasizes those wavelengths with the
smallest monochromatic opacity at wavelengths where the
weighting function is significant, it is also important to include
as many weak lines as possible in this calculation. The dis-
cussion of Figure 15 in §4.2 presents another dramatic
example of this point. Therefore, an attempt has been made to
utilize the most extensive line lists available for all the signifi-
cant molecular absorbers.

Table 4 lists the molecular absorbers considered, along with
the source of the data utilized for each. All molecular lines are
computed with Doppler profiles (with turbulent velocity of 2
km s~!, as described in § 3.1.2), and are included if they fall
within 4 Doppler half-widths of a sampled frequency. A total of
59 million lines are included in the molecular archive. The
opacity of molecules which contain carbon are computed with
lines of both C'2 and C!3, with the ratio C'2/C*'® = 90 set at the
solar value (Anders & Grevesse 1989). The Ti isotopes included
in the TiO lines have the solar abundance ratios
Ti*6: Ti*7: Ti*®: Ti*°: Ti*° = 0.0825:0.0745:0.737:0.054:0.052.
The Zr isotopes included in the ZrO lines have the
solar abundance ratios  Zr®®:Zr°':Zr%2:Zr%*:Zr°¢ =
0.52:0.11:0.17:0.17:0.03. The oscillator strengths for ZrO have
been updated by the recent laboratory analysis by Littleton,
Davis, & Song (1993).

TABLE 4
MOLECULAR OPACITY SOURCES

Molecule Number of lines Source of Data
(60 N 37720 Goorvitch & Chackerian 1994
H,O oo, 20000000 Jorgensen & Jensen 1993
Jorgensen, Jensen, & Serensen 1994
TiO oo 12312080 Jorgensen 1994a
CN (Red system) ............... 2200000 Jorgensen & Larsson 1990
CN (Violet B-X system)........ 323818 Kurucz 1991

SIO. i 14401
H,-H, (collision induced)......

H,-He (collision induced)......

CH oo, 61856
Cy oot 1494062
HCN .o, 10000000
CoHy oo, 10000000
ZrO oo, 311735
YO oo, 1197
MgH .o, 9396
SH oo, 1644
HCl oo, 3829
HF oo, 1295
NH ..ot 613
OH ...oovvooeeeeeeeeeee e, 801
AH ..o 7249
SIS e, 592
CS oot 35471

Tipping & Chackerian 1981

Borysow & Frommbhold 1990

Zheng & Borysow 1994

Borysow, Frommhold & Moraldi 1989
Borysow & Frommbhold 1989

Sharp 1984

Sharp 1984

Jorgensen et al. 1985

Jorgensen 1993

Littleton & Davis 1985

Littleton 1987

Sharp 1981

Sharp 1981

Sharp 1981

Sharp 1981

Bell 1979

Bell 1979

Tipping 1987

Lopez Piiieiro, Tipping, & Chackerian 1987b
Lopez Pifieiro, Tipping, & Chackerian 1987a
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The free-free absorption of H; is included utilizing the
results of Dalgarno & Lane (1966). The bound-free and free-
free absorption of H; is computed by a subroutine from K70.

3.4. Absorption and Scattering by Dust Grains

The absorption and scattering by dust grains is treated by
Rayleigh scattering theory for a continuous distribution of
ellipsoids (Bohren & Huffman 1983). Since our treatment of
this method has been discussed extensively elsewhere
(Alexander & Ferguson 1994), it will only be briefly sum-
marized here. The continuous distribution of ellipsoids model
assumes that the dust particles are triaxial ellipsoids, with all
mathematically possible shapes represented by equal probabil-
ities. All possible orientations of the ellipsoids are also con-
sidered to be equally probable. This double averaging over
shape and orientation allows the complex polarizability of the
particle ensemble to be computed from the dielectric function
of the material in the grain. Once the polarizability is known,
the absorption and scattering efficiencies can be calculated
from Rayleigh theory. At the very shortest wavelengths (far
from the peak of the weighting function), the Rayleigh approx-
imation breaks down and is replaced by a Mie calculation for
spherical particles. Iron grains are treated entirely with the Mie
theory for spherical particles because the Rayleigh criterion
(2ma/A|m| < 1, where a is the grain radius and m is the
complex index of refraction) is violated for most grain sizes
even for wavelengths near the peak of the weighting function
due to the large values of the index of refraction.

The sources for the optical properties of the dust grains
included in this study, in the form of complex indices of refrac-
tion, are presented in Table 5. These optical properties have
been selected as the most representative of the species likely to
be present in warm, dusty gases in typical astrophysical
environments. It is assumed that the optical constants for cool
oxygen-rich silicates (Ossenkopf, Henning, & Mathis 1992)
represent the optical properties of all the common silicates
which may condense. Other trace condensates are not
included, even though they may significantly affect the opacity
if no other materials have condensed, because we lack data for
them. The omission of common low-temperature condensates
such as FeS, Fe;0,, and (ultimately) H,O in our calculations
sets a practical lower limit of about 700 K for the applicability
of our results (Grossman 1972). Both oxygen-rich and carbon-
rich mixtures are permitted, although results for only the
oxygen-rich case will be discussed here.

The size distribution of the grains is assumed to follow the
power law determined from observations of interstellar
reddening (Mathis, Rumple, & Nordsiek 1977) with radii
between 0.005 and 0.25 um for all grain species. If the power
law with exponential decay size distribution recently obtained
by Kim, Martin, & Hendry (1994) is used instead, the
Rosseland mean opacities in the standard composition are
increased by about 15%. However, the larger particles allowed

TABLE 5
SOURCES OF OPTICAL CONSTANTS FOR DUST GRAINS

Grain Species Source of Optical Constants

Cool oxygen-rich silicates......
Iron ..ooovvvviiiiiiiiiiinn,

Ossenkopf, Henning, & Mathis (1992)
Ordal et al. (1988)

Johnson & Christy (1974)

Rouleau & Martin (1991)

Pégourié (1988)

Amorphous carbon..............
Silicon carbide ..................

ROSSELAND OPACITIES 883

in this distribution violate the Rayleigh criterion for a wide
range of wavelengths near the peak of the weighting function.

4. RESULTS

Tables of Rosseland and Planck opacities have been com-
puted for a wide range of chemical compositions. Our standard
tables cover the temperature range from log T = 4.10 to log
T = 2.85. The densities covered by our standard tables range
from log R = —7.0 to log R = + 1.0. These values of R cover
the density range 1073 to 107° g cm ™2 at 10,000 K and the
density range 1076 to 1078 g cm ™3 at 1000 K. These table
limits are required because of the exclusion of both high-
temperature absorbers and the wide variety of grain species
which form at progressively lower temperatures. Somewhat
higher or lower densities could be included if they are impor-
tant for specialized applications.

An example of our results for one composition (X = 0.70
and Z = 0.02 with the Grevesse 1991 mix of heavy elements is
shown in Table 6. It has been our experience that investigators
who utilize these tables require unique combinations of
temperature-density coverage, chemical composition, and
table format. Instead of attempting to publish or make avail-
able electronically a large set of general tables, we will instead
offer to compute upon request tables for any set of circum-
stances within the constraints permitted by our program. This
effort is possible through the support of NSF grant AST-
9217946. Requests for tables should be sent to the first author
at the internet address: dra@twsuvm.uc.twsu.edu. In addition
to being able to compute tables for standard chemical com-
positions, we are especially interested in preparing tables with
unusual abundances to model specialized astrophysical
phenomena.

4.1. Analysis of Opacity Results

The effects of changing metallicities is demonstrated in
Figure 1 for a slice through the table at log R = —3.0. As
expected, the higher the metallicity, the higher the opacity.
More specifically, the following observations can be made. For
temperatures above about 5000 K, the opacities are dominated
by hydrogenic absorption and are little affected by composi-
tion. For temperatures between 5000 and 2500 K the opacities
are still dominated by hydrogenic absorption (principally, H™
and Rayleigh scattering), but the metals make an increasingly

2.8 3.0 32 3.4 3.6 3.8 4.0
log T

F1G. 1.—The Rosseland mean opacity as a function of temperature for
different chemical compositions. From the bottom, the abundance of the metal
is Z = 0.9, 0.0001, 0.001, 0.01, 0.02, and 0.04. The value of R is held constant at
0.001 and X = 0.70 for each curve.
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Fi1G. 2—The Rosseland mean opacity as a function of temperature for the
solar composition. Each curve is labeled with the value of log R.

important contribution to the number of free electrons (as the
degree of hydrogen ionization decreases) as the metallicity is
increased. The sharp rise in the opacity at 2500 K signals the
emergence of H,O as a dominant absorber. Grain conden-
sation at about 1500 K creates an even larger increase in the
total absorption.

The opacities of the master grid in Table 6 are plotted in
Figure 2. The effect of grain opacity is seen on the left. As the
density increases, the condensation temperature of grains
increases and, as a result, the steep rise in the opacity below
2000 K gradually shifts to higher temperatures with increasing
density. The plateau in the opacity between 1500 and 3200 K is
the result of molecular absorption, mostly H,O. This bump
also moves to higher temperatures with increasing density
under the influence of the law of mass action. At the highest
density H,O is the major contributor to the Rosseland mean
for all temperatures below 3200 K, until grain condensation
occurs at about 1600 K. At 5000 K Rayleigh scattering domi-
nates at low densities while H™ dominates at higher densities.
At this and all higher temperatures, absorption and scattering
by hydrogen and H~ dominates the opacity with only minor
contributions from the atomic lines.

10°
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x, (cm? gm?)

: L L I N
0 4000 8000 12000 16000 20000

1/A (cm™)

F16. 3—The monochromatic absorption coefficient of selected species at
1000 K and R = 0.001. Line sources have been smoothed with a Gaussian filter
with a half-width of 15 cm ~*. The symbols are defined as: Gg; = silicate grains;
Gg, =iron grains; metals = atomic lines; H,O = water vapor; and
CO = carbon monoxide. The heavy solid line represents the total opacity. The
upward pointing arrow denotes the wavelength of the maximum of the Planck
function, while the downward pointing arrow shows the location of the
maximum of the Rosseland weighting function.

The frequency dependence of some of the important
absorbers is demonstrated in Figures 3-6. In each of these
figures, the opacities have been smoothed with a Gaussian
function with a half-width of 15 cm™! so that the extreme
variability of the line absorbers computed with opacity sam-
pling is somewhat smoothed out. (It should be emphasized that
this smoothing was done only for purposes of these figures, and
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FiG. 4—Same as Fig. 3, except at 2000 K. Titanium oxide (TiO) has been
added.
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F1G. 5—Same as Fig. 3, except at 5000 K. The negative hydrogen ion (H™),
hydrogen bound-free and free-free (H), and Rayleigh scattering from hydrogen
(Ryy) have been added.
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F1G. 6.—Same as Fig. 3, except at 10,000 K. Hydrogen lines (H;,.,) have
been added.
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was not used in any of the Rosseland opacity calculations.) To
remind the reader of the importance of the weighting function
used in computing mean opacities, the downward pointing
arrow in each figure denotes the maximum of the weighting
function for Rosseland mean calculations (0B,/0T), while the
upward pointing arrow denotes the maximum of the weighting
function of the Planck mean calculations (B,). Each figure pre-
sents results for the density parameter (log R) value of —3.0.

At 1000 K the opacity at all but a few long wavelengths is
controlled by the opacity of silicate and iron grains. Note that
carbon and SiC grains do not form unless the C/O abundance
ratio is very close to 1.0. H,O and CO affect the total opacity
at a few wavelengths; no other opacity source affects the total
opacity in the region near the peaks of the weighting functions.

At 2000 K the total opacity is dominated by molecules,
principally H,O and TiO. Atomic lines and CO lines are
important at a few wavelengths. While not shown here, contin-
uous sources such as Rayleigh scattering from H and H, and
H™ absorption are important at individual wavelengths where
no molecule happens to have a strong absorption feature, even
though their average absorption coefficient is only about 103
cm? g~ ! or less in this spectral region. This effect is a result of
the harmonic nature of the Rosseland average. For example,
the Rosseland mean would be reduced by almost a factor of 3 if
the H™ opacity were left out.

At 5000 K the atomic lines and H™ dominate the total
opacity in the region around the peaks of the weighting func-
tions. It is again important to have the continuous absorbers as
a floor under the line sources. The total opacity would still be
reduced by a factor of 3 if the H™ absorption was excluded.

At 10,000 K, hydrogen (bound-free, free-free, and lines)
dominates the total opacity, with metals contributing at a few
frequencies. Hydrogen lines are only a 20% factor in the
Rosseland mean at this temperature despite their prominence
in the spectrum.

The consequences of these effects from individual absorbers
on the Rosseland mean can be examined in Figure 7. In addi-
tion to showing the total Rosseland opacity at a fixed value of
R, this figure also shows the Rosseland opacity of all absorbers
except one for each of the major absorbers. These partial
opacity curves are labeled with the excluded absorber in each
case. Since the vertical scale is greatly compressed, only those

log xg
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......... o
Rayleigh 1

1 I Il 1 — 1 1

2.8 3.0 32 34 3.6 38 4.0

log T

FiG. 7—The Rosseland mean opacity as a function of temperature for
R = 0.001. The solid line represents the total Rosseland mean opacity for the
solar composition. All other lines represent the Rosseland mean opacity for all
sources except the source labeled. For example, the line labeled H,O is the
Rosseland mean opacity of all species except water vapor.
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absorbers which affect the overall Rosseland average by at
least a factor of 2 are shown. As expected, grains and H,O have
an overpowering effect at low temperatures while hydrogen
bound-free and free-free absorption produce more than an
order of magnitude effect at high temperatures. No other
opacity source produces as much as half an order of magnitude
effect at any temperature for this value of R. However, at other
values of R some additional opacity sources can be dominant.
For example, at low densities scattering dominates the opacity
at all temperatures above the grain condensation temperature.
At high densities H™ is more significant because of the
enhanced level of ionization present.

Because of the wide availability of atomic opacities, it is
important to know the limits of their applicability. Figure 8
demonstrates the consequences of neglecting molecules both as
opacity sources and in the equation of state. At 4000 K the
difference between the opacity without any molecular effects
and our standard opacity reaches a maximum value of 38% at
intermediate densities. At 5000 K the maximum differential is
only 12%, too low to show on the scale of this figure. As the
temperature is decreased, the differential grows systematically
and become significant at progressively lower densities.

The Planck mean opacity is defined as

[¢ «,B,dv ‘W

{¢ Bydv ’

where «, is the monochromatic opacity including only absorp-
tion (not scattering) processes. Because the derivation of the
diffusion approximation (and the Rosseland mean) assumes
that the radiation field is isotropic, its use in optically thin
media is not strictly valid. However, the ratio of the Rosseland
mean to the Planck mean opacity provides important informa-
tion about the appropriateness of solving the radiative trans-
port via the diffusion approximation in optically thin media
(Alexander & Ferguson 1994, and references therein). When
the ratio is close to unity, the diffusion approximation will
produce a reliable estimate of the thermal structure of the
medium even when it is optically thin. However, when the ratio
deviates significantly from unity, structures of optically thin
media obtained from the diffusion approximation may be
unreliable.

Figure 9 helps us determine in which temperature-density
regions the diffusion approximation can be safely applied to
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FIG. 8.—The ratio of the opacity without any molecular effects in either the
opacity calculation or in the equation of state to the standard opacity from the
master grid. The curves are labeled with the value of log T.
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FiG. 9—The ratio of the Rosseland mean opacity to the Planck mean
opacity as a function of temperature. Each curve is labeled with the value of
log R for that curve. A reference line for a ratio of 1.0 is included.

optically thin media. When the opacity is dominated by the
opacity of grains, the ratio of the mean opacities is always close
to one. For temperatures above about 6000 K, where the
opacity is dominated by continuous absorbers such as hydro-
gen bound-free and free-free, the ratio is again reasonably close
to one. In those conditions where the opacity is dominated by
line sources the ratio of opacities deviates dramatically from
unity. Under these circumstances the use of the diffusion
approximation to obtain the thermal structure of optically thin
media becomes highly suspect. There is, of course, no error
introduced in using a Rosseland optical depth as a depth indi-
cator in a model photosphere obtained from the solution of the
non-gray equation of radiative transfer.

4.2. Comparison to Other Results

Figure 10 compares our opacities to those obtained by the
OPAL project (Rogers & Iglesias 1992), where each curve is
labeled by the temperature in thousands of kelvins. It is not
surprising than our opacities are smaller than the OPAL
results at high temperatures because of the neglect of high-
temperature absorbers in our computation. For example, at a
temperature of 14,000 K and log R = — 3.0, the second ioniza-
tion stage of many of the heavy elements has a significant
population, but we have included only the strongest lines of
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TN 20
2 o1t /’ R .
\5: “
<
-9
S 00
o
o0
=]
=
01} ]
02k . ) \ . L ) A L3
7 6 -5 4 3 2 1 0o 1
log R

FiG. 10—The ratio of the Rosseland mean opacity obtained by OPAL to
the results of the present study as a function of R for the solar composition.
Each curve is labeled by the temperature in thousands of kelvins.
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those species. This limitation sets a practical upper limit for
our results at about 12,500 K. The agreement between our
results and the Opal results is very good at 10,000 K, never
exceeding 5% at any density and averaging better than 3%.

At the lowest temperature included in the OPAL tables, our
opacities become somewhat higher than theirs at the highest
densities, reaching a maximum differential of 0.109 dex at
R = 10. The differential at this point is reduced only by 0.014
dex if the effects of molecules are removed from our calcu-
lations (molecules are not included in the OPAL calculation).
A detailed comparison of the results of our EOS calculation
with those of OPAL (Iglesias 1993) at 6000 K and log R = 1.0
shows excellent agreement. Since we both use the same cross
section data for H™, most of the remaining difference in our
opacities must be due to differences in the treatment of the only
other significant absorber, atomic lines. One difference in our
treatment of atomic lines is that we treat each element explic-
itly for all elements up to copper, while OPAL considers only
12 heavy elements. This simplification of the EOS removes the
veil of millions of weak lines of the excluded elements, even
though the abundance of the neighboring elements is adjusted
to compensate for the excluded elements. Jogensen (1994b) has
shown that a veil of weak lines can be critically important to
the structure of cool stellar atmospheres (see discussion in
§ 3.2). As is the case for Rosseland mean calculations, the radi-
ative transfer in a stellar atmosphere is strongly affected by any
wavelengths near the flux maximum which have very low
opacity. While the OPAL treatment of elements has been
shown to be accurate at higher temperatures (Iglesias &
Rogers 1991), the validity of this approximation at lower tem-
peratures has not been demonstrated. Indeed, when we use
their abundances instead of the full set of elements, the differen-
tial is reduced by 0.022 dex at this point. Almost all of this
effect is the result of the loss of the veil of weak lines of the
excluded elements. The electron balance (which controls the
H™ opacity) is hardly affected since the abundance of neigh-
boring elements with nearly the same ionization potential is
adjusted for the excluded elements.

Still another factor which affects the comparison at this
point is that we have assumed a turbulent velocity of 2 km s !
(characteristic of a stellar photosphere) in' computing the
Doppler broadening of the atomic lines while OPAL did not
include turbulence in their calculation of Doppler broadening.
Their assumption of no turbulence is reasonable at the higher
temperature which are their primary interest because thermal
velocities will be greater than any reasonable turbulent veloc-
ity. However, at the temperatures of interest here, turbulent
velocities characteristic of a stellar photosphere contribute sig-
nificantly to the Doppler broadening of the lines. Removing
the turbulent velocity reduces the differential at this point by
0.008 dex.

Finally, if we limit the evaluation of strong lines (as defined
in § 3.1.2) to 100 Doppler half-widths of line center, the differ-
ential is reduced by 0.009 dex. These four factors account for
half of the differential at this point; neglecting them brings our
values into reasonable agreement (0.057 dex) with OPAL
results.

The influence of the metals is eliminated in Figure 11, which
compares our results to the OPAL results for the composition
X =0.70 and Z = 0. The ratio of opacities is much closer to
unity for most temperatures and densities in this figure. The
rms average deviation for all table points contained in the
range covered by the figure is less than 5%.
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FiG. 11.—Same as Fig. 10, except for the zero metallicity case

Lenzuni et al. (1991) have also computed metal-free opac-
ities. We compare our results to theirs in Figure 12. Data
points outside the normal density range for our tables (log
R > 1.0) are represented as dotted lines in this figure. For den-
sities in our normal range, our opacities generally agree quite
well with the results of Lenzuni et al. (1991), with an rms differ-
ence of only 8%. At 5000 K most of the difference at high
density is the result of our adoption of more accurate values for
the partition function for H , which were not available at the
time of their study. At 1000 K and 3000 K the differences at
high density are the result of using different data for collision-
induced absorption by H,~H, pairs. Lenzuni et al. include esti-
mated data for the overtone and double vibration bands which
we have chosen not to include. Since these bands fall near an
opacity minimum, they significantly influence the Rosseland
mean even though they are a hundred times weaker than the
fundamental (cf. Fig. 3 of Lenzuni et al.). Nonideal effects in the
EOS would further alter our results for densities greater than
10”2 gcm ™ 3 (Lenzuni & Saumon 1992).

Our results are compared to those of the OP project in
Figure 13, with each curve labeled by log T. This plot shares
many of the features of Figure 10. Again, our opacities under-
estimate the total opacity at high temperatures due to the
neglect of high-temperature atomic species. At intermediate
temperatures, the agreement is very good. For example, at
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F1G. 12—The ratio of the Rosseland mean opacity obtained by Lenzuni
et al. (1991) to the results of the present study as a function of density for the
zero metallicity case. Each curve is labeled with the temperature in thousands
of kelvins. Dotted curves show the extension of the comparison beyond the
normal range of our tables.

F1G. 13.—The ratio of the Rosseland mean opacity obtained by OP to the
results of the present study as a function of R for the solar composition. Each
curve is labeled with the value of log T

10,000 K the rms deviation is less than 5%. At the lowest
temperature included in the OP results, the consequences of
OP having neglected molecules becomes quite noticeable. As
the density is increased at 3200 K the contribution of mol-
ecules becomes more and more significant. At the highest
density included in their table, CO, H,0, and TiO each make a
contribution of at least 25% to the Rosseland mean, i.e., the
Rosseland mean is reduced by at least 25% from its total value
when any one of these opacity sources is removed from the
calculation. If all molecules are removed from the computa-
tion, the Rosseland mean is reduced by more than 60% at this
point, and then our result agrees well with the OP result.

Figure 14 presents the comparison between our results and
the OP results for the metal-free case. The agreement between
the results is strikingly good. In the temperature range of
12,000-5000 K, the rms difference is less than 5%.

The present results are compared to our previous com-
pilations (AJR) in Figure 15, where the curves are labeled by
log T. Note that a different vertical scale is required here to
show the rather large differences in opacities which occur at
low temperatures. The increase in the opacity in the present
study at 1000 K is the result of our use of the continuous
distribution of ellipsoids formulation for computing the
opacity of the grains, as well as updated optical constants for
the grains. The effects of the continuous distribution of ellip-
soids formulation are discussed elsewhere in more detail
(Alexander & Ferguson 1994).
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F1G. 14.—Same as Fig. 13, except for the zero metallicity case
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Fi1G. 15—The ratio of the Rosseland mean opacity obtained by Alexander
et al. (1983) to the results of the present study as a function of density. Each
curve is labeled by the value of log T

The very large changes seen at log T = 3.2 are the result of a
subtle effect in the computation of a Rosseland mean. AJR
computed the opacity of water vapor using the straight mean
data of Auman (1967). Because those data have a long wave-
length cutoff of 850 cm™*, the only opacity at longer wave-
lengths is a very small contribution from continuous sources.
At higher temperatures the consequence of this deficiency in
the data is not large because the peak of the Rosseland weight-
ing function is at much shorter wavelengths. At this lower
temperature, however, the wavelengths with no water vapor
opacity have become weighted by the Rosseland weighting
function, which caused the AJR calculation to significantly
underestimate the total opacity.

More modest changes are seen in the results for higher tem-
peratures. Nevertheless, it must be remembered that the verti-
cal scale has been greatly compressed here. At log T = 3.4,
changes in the opacity by a factor of 50% or more are not
uncommon due to the improvement in the spectral data for
H,0. At intermediate temperatures, the differences are due
primarily to the significant expansion of the atomic line list
used here. The decrease in the opacity at 10,000 K is the result
of a correction in the H™ opacity introduced in Alexander,
Augason, & Johnson (1989).
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Finally, the results of the present study are compared to
several recent investigations of low-temperature opacities in
Figure 16. Some of these computations were based upon slight-
ly different solar compositions from that assumed here. These
slight abundance variations can cause differences in the
Rosseland opacities as great as 0.1 dex, or about twice the
thickness of the lines in the figure. There is good convergence
of the results for temperatures above 5000 K. The OPAL
results are not shown because they are indistinguishable from
our results at this scale over the entire range of temperatures
covered in those tables. Since we use virtually identical atomic
opacity sources as Kurucz (1992), we would expect to agree
very closely with results obtained by him at temperatures
where only atomic sources contribute to the opacity.

The effects of different treatments of the H,O spectrum are
evident for temperatures between 1500 and 2800 K. Plez
(1992), Sharp (1992), and Allard et al. (1994) all underestimate
the contribution of water vapor to the Rosseland mean due to
the use of incomplete line lists. In the context of stellar atmo-
spheric structure, Jorgensen (1994b) has conclusively shown
that at least 98.5% of the total band strength of water vapor
must be included to obtain convergence of the structure. This
requires the use of 20 million lines, more than twice as many as
included in the other studies. The straight mean results of
Allard et al. somewhat overestimate the contribution of water
vapor at the lowest temperatures. With decreasing temperature
the population of moderately excited levels decreases and more
wavelengths with low opacity occur, which makes the correct
treatment of individual lines more significant.

Weiss et al. (1990), who include unspecified molecular
absorbers, significantly overestimate the opacity below 5500 K.
The preliminary results of Bell (1994) are significantly lower
than ours for temperatures below 2500 K because his H,O line
list did not include any data longward of 5 um. If we remove
H,O from our calculation for wavelengths longer than 5 um,
our result is reduced by more than two orders of magnitude at
2000 K and agrees reasonably well with his result. The OP
results are indistinguishable from Bell’s results down to the
limit of their tables at 3160 K.

The current work agrees well in both condensation tem-
perature and total grain opacity with the work of Pollack et al.

1T T T T

logp=-10.0

3.0 32 34 3.6 38

FIG. 16.—(a) The results of the present study (labeled AF) compared to results from Allard et al. (1994). The curve labeled AHMT-OS is slightly revised data from
Allard et al. obtained by opacity sampling the H,O spectrum. The curve labeled AHMT-SM represents slightly revised data from Allard et al. based upon straight
mean H,O data. (b) The Rosseland mean opacity obtained in several investigations as a function of temperature. Curves are labeled as follows: WKM = Weiss et al.
(1990); PMC = Pollack et al. (1985); Bell = preliminary results from Bell (1994); and AF = the present study. The open circles show values extracted from the model
atmospheres of Plez (1992). The unlabeled dot-dash curve shows the results of Sharp (1992).
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(1985). For the temperatures covered here, the results of
Pollack et al. (1994) are indistinguishable from their earlier
results. It is encouraging that grain opacities computed with
such radically different assumptions and data agree so well.

5. CONCLUSIONS

From comprehensive opacity sampling calculations,
Rosseland and Planck mean opacities have been computed
over the temperature range 12,500-700 K for a range of differ-
ent chemical compositions. The effects of atomic, molecular,
and solid particulate absorbers and scatterers are included.
Tables will be computed by the authors for any requested
composition and combination of temperatures and densities
within the constraints discussed above. ot

All mean opacities are computed from monochromatlc
opacities. The effects of more than 68 million lines have been
included in the computation, along with 19 continuous sources
and four dust grain species. It is especially important that a
large number of weak lines are included because the inverse
nature of the Rosseland average makes it very susceptible to
individual frequencies which have very little opacity.

The results presented here agree well with other recent

opacity tabulations for temperatures above 5000 K. At pro-
gressively lower temperatures, molecules play an increasingly
more important role, and those computations which ignore
molecular effects underestimate the total opacity. At 3000 K
and high densities the triatomic molecule H,O is an impor-
tant opacity source. At about 1500 K (depending on the
density) dust grains form and completely dominate the total
opacity for lower temperatures.

It must be emphasized that all results reported here assume
that all species are in complete chemical equilibrium, the abun-
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dance ratios of the elements heavier than helium follow the
solar values, and the size distribution of the grains follows the
distribution law determined for interstellar grains. These
assumptions are required in order to obtain generalized tabu-
lations which can be utilized to model a wide range of situ-
ations. Violations of these assumptions are likely under certain
circumstances. Effects of possible departures from LTE on
molecular opacities has been recently reviewed by Johnson
(1994). Dust formation within the photospheres of cool giant
stars is also probably not in chemical equilibrium (Dominik,
Sedlmayr, & Gail 1993; Gauger, Gail, & Sedlmayr 1990). It is
possible to remove these assumptions, or to consider composi-
tions with nonsolar mixes of the metals, within the context of
specific models if sufficient information is provided from the
model. Some of these effects may require an iteration between
the computation of the opacities and the construction of the
models. These effects will be pursued in collaboration with
other investigators as the opportunity arises.
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