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ABSTRACT

The reexamination of astrophysical opacities has eliminated gross discrepancies between a variety of
observations and theoretical calculations; thus allowing for more detailed tests of stellar models. A
number of such studies indicate that model results are sensitive to modest changes in the opacity. Conse-
quently, it is desirable to update available opacity databases with recent improvements in physics, refine-
ments of element abundance, and other such factors affecting the results.

Updated OPAL Rosseland mean opacities are presented. The new results have incorporated improve-
ments in the physics and numerical procedures as well as corrections. The main opacity changes are
increases of as much as 20% for Population I stars due to the explicit inclusion of 19 metals (compared
to 12 metals in the earlier calculations) with the other modifications introducing opacity changes smaller
than 10%. In addition, the temperature and density range covered by the updated opacity tables has
been extended. As before, the tables allow accurate interpolation in density and temperature as well as
hydrogen, helium, carbon, oxygen, and metal mass fractions. Although a specific metal composition is
emphasized, opacity tables for different metal distributions can be made readily available. The updated

opacities are compared to other work.

Subject headings: atomic data — atomic processes — stars: interiors

1. INTRODUCTION

Radiation transport plays a basic role in determining the
structure and evolution of stars. Thus, as observational and
modeling capabilities progress, a number of serious discrep-
ancies become apparent that could be explained by uncer-
tainties in the opacity. Recently, new astrophysical opacity
calculations helped resolve several of these outstanding
problems (e.g., Rogers & Iglesias 1994; Adelman & Wiese
1995). The most significant change was an increase of over a
factor of 3 in opacity for Population I stars near tem-
peratures of a few hundred thousand degrees due to
improved atomic physics for partially ionized Fe (Iglesias,
Rogers, & Wilson 1990; Iglesias & Rogers 1991a; Rogers &
Iglesias 1992a; Seaton et al. 1994, hereafter SYMP). Addi-
tional improvements in the bound-bound transitions of Fe
using full intermediate coupling rather than pure LS coup-
ling (Iglesias, Rogers, & Wilson 1992, hereafter IRW) led to
further opacity increases that affected stability studies of hot
stars (Cox et al. 1992; Moskalik & Dziembowski 1992;
Kiriakidis, El Eid, & Glatzel 1992; Dziembowski & Pamy-
atnykh 1993; Dziembowski 1994; Gautschy & Saio 1993).
That is, stellar pulsation models are sensitive to ~20%
changes in opacity. Other iron-group elements were also
found to increase the opacity further by ~30% even though
their combined abundance is more than an order magni-
tude smaller than that of Fe (Rogers & Iglesias 1992a; 1993;
SYMP). Heavier elements (atomic number > 28), however,
have sufficiently low abundances in normal composition
stars that their contribution to the opacity is small (Iglesias
et al. 1995).

For practical reasons previously distributed OPAL
opacity tables only considered 12 metals including Fe but
neglecting other iron-group elements. The present work
expands on the earlier calculations by including 19 metals.
Additional modifications are discussed in detail below.
These updated opacity tables are available for a range of
mixtures with varying hydrogen and metal mass fraction.
Also available are tables for C and O rich composition

similar to those offered in Iglesias & Rogers (1993). These
tables allow for accurate interpolation in temperature and
density as well as H, He, C, O, and metal mass fraction.
Although the default metal distribution assumes the solar
composition from Grevesse & Noels (1993, hereafter
GN093), opacity tables for different metal distributions can
be readily generated on request using a correspondence
between the equation of state (EOS) and opacity for sets of
mixtures with the same temperature and electron density
(Rogers & Iglesias 1992b).

2. MODIFICATIONS TO OPAL

The OPAL code has been previously described in detail
(Rogers & Iglesias 1992a; IRW) and only subsequent modi-
fications are discussed. These modifications have been
grouped into the following three categories: physics,
numerical procedures, and corrections.

2.1. Physics

Under this heading are included improvements to the
physics as well as added cross sections. The main new
feature is the consideration of seven additional metals
where a sample mixture is explicitly given in Table 1. As was
first shown in Rogers & Iglesias (1992a) and in more detail
later by IRW and SYMP, it is important to include the
spin-orbit interaction in the atomic data generation for Fe.
Consequently, full intermediate coupling is used for Ar and
heavier elements, while LS coupling is used for the lighter
elements. The necessary atomic data are computed as
before from parametric potentials (Rogers, Wilson, & Igle-
sias 1988; IRW).

In earlier OPAL tables the densities were sufficiently low
and the material hot enough that the absorption by mol-
ecules was not significant and only the formation of H, was
included in the EOS. At higher densities and lower tem-
peratures the absorption and scattering cross sections from
various H and He species can play a more important roll
(Lenzuni, Chernoff, & Salpeter 1991; Stancil 1994). A list of
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TABLE 1
METAL COMPOSITION

RELATIVE NUMBER FRACTION

Grevesse & Reduction®

ELEMENT Noels (1993) to 19 Metals
[ S 2.45518E—1 2.45518E—01
N 6.4577TE—2 6.45777E—02
[0 U 5.12959E—1 5.12966E —01
Forrrnni . 2.51236E—5
Ne ..ooooeveennn 8.31922E—-2 8.32102E—02
Na.............. 1.47939E—3 1.47939E—03
Mg..ooovveennnne 2.63077E—2 2.63077E—02
Al 2.04213E-3 2.04213E-03
Si.oo 2.45518E—2 2.45518E—-02
Porrii, 1.95022E—4 1.95022E — 04
S 1.12223E-2 1.12223E—-02
Clovoeiiinninnn. 2.18818E—4 2.18818E—04°
.\ 2.29130E—3 2.29130E—03
Koo, 9.12184E—5 9.12184E —05°
[oF: T 1.58519E—3 1.58558E—03
SC.iiiiiiiis 1.02349E—6
J S SO 7.24574E—5 7.48770E —05°
Voo, 6.91963E—6
Crooeevvvvnnnnn. 3.23655E—4 3.28793E —04°
Mn.............. 1.69857E—4 1.69857E —04°
Fe..ooovinnin. 2.18818E—2 2.18771E—02
COo cevvvvnnnnnn 5.75549E —5
Ni.oooooooaann 1.23050E—3 1.29276E —03°

2 The reduction to 19 metals conserves molecular
weight and particle number.
b New metals in OPAL calculation.

these cross sections new to the OPAL code is given in Table
2.

There are two modifications to the spectral line broaden-
ing. The first involves the red wings of line profiles which at
low temperatures can make a significant contribution to the
individual element opacity (blue wings are overwhelmed by
other lines or the photoionization continuum). Unfor-
tunately, present line-shape theories are not satisfactory in
the far-wing regions. It is clear, however, that the (v — v,) 2
behavior of a Voigt profile in the far wing is not valid; v is
the photon frequency and v, the frequency at line center.
Following the proposed expedient by SYMP, the red wings
of the Voigt profiles are now multiplied by the factor (v/vo)*.

The second modification to the spectral lines is broaden-
ing by neutral H and He. Typically, impact broadening by
electrons overwhelms the broadening by neutrals, except at
low temperatures where the electron density can be orders
of magnitude smaller than the neutral particle density. At
present, no simple recipe exists for accurately estimating

TABLE 2
NEW ABSORPTION AND SCATTERING CROSS SECTIONS

Reaction Reference

Lenzuni et al. 1991
Dalgarno & Williams 1966
Bell 1980

Stancil 1994

Stancil 1994

cp+e +hvop+e)
Stancil 1994

Stancil 1994

cp+e +hvop+e)

Induced collision absorption by H,......
H, Rayleigh scattering ....................
Hy,+e +hw->H+H" ................
H+H"+h->H+H"..................
Hy +hv->H*"+H ............. .
Hf +e  +h->H; +e .......
He + He* + hv —» He + He™
He; + hv—>He* + He........oeevnnnn.
He; +e” +hv—>He; +e™ ooooennen...

* This process is assumed equal the proton and electron inverse brems-
strahlung cross section.

collision broadening by neutrals. The formula for van der
Waals broadening proposed by Unsold (1955) is based on
estimates of the long-range dispersion forces in terms of the
hydrogen ground-state polarizability and the mean squared
radius of the radiating states. This approach has been
widely used but gives values that are generally too small
where the corrections depend on the particular species and
transitions (e.g., Gurtovenko & Kondrashova 1980).

In order to improve on the Unsdld approximation,
Deridder & van Rensbergen (1976) computed the collision
broadening by neutral H and He using the Smirnov-Roueff
potential. In the present work, their tabulated results are
used to compute the damping constants of lines from
neutral and singly charged metals broadened by neutral H
and He.

In IRW and earlier OPAL calculations the ionization
balance was computed in the Debye-Hiickle approx-
imation. This approach is valid over most of the density-
temperature range covered by the tables since these plasmas
are weakly coupled (i.e., kinetic energy > potential energy).
At the higher densities, however, the Debye-Hiickle approx-
imation is no longer valid and the occupation of weakly
bound states in highly ionized ions is sensitive to higher
order Coulomb corrections (e.g., see Fig. 1 of Iglesias &
Rogers 1993). Consequently, the present calculations
include these higher order Coulomb terms (Rogers,
Swenson, & Iglesias 1996).

2.2. Numerical Procedures

Although the temperature resolution in previous OPAL
tables was considered adequate for interpolation (Rogers &
Iglesias 1992a; Seaton 1993), stellar pulsation models are
sensitive to temperature derivatives of the opacity. There-
fore, the number of temperature points has been increased;
in particular, for the important region between 10° and 10°
K where the opacities display large increases relative to the
Los Alamos results (e.g., Huebner et al. 1977). A sample
Rosseland mean opacity table is given in Table 3 to be
compared to previous tabulations (e.g., Table 2 of IRW).
The tables are in terms of log R = log (p/T2) and log T,
where p is the mass densityingem ™3, T, = 107 T,and T
is the temperature in kelvins. The range of the tables has
been extended in both temperature and density; the new
ranges are 3.75 <log T < 8.7 and —8 <log R< +1. The
lowest temperature is sufficiently high that the neglect of
molecular absorption (except for those in Table 2) should
not lead to significant errors (Alexander & Ferguson 1994).
Also note that the tables are almost rectangular except for
missing entries at the highest densities and temperatures.
The omitted values correspond to degenerate plasmas that
are beyond the range of validity of the calculations but
where the energy transport is dominated by conduction
(Cox & Giuli 1968). The cutoff roughly corresponds to a
degeneracy parameter #n = (chemical potential/ky T') = 8,
where kg is the Boltzmann constant.

The number of frequency points in the monochromatic
photoabsorption has doubled to 10, still covering the same
energy range 0-20k; T. Even though it was found earlier
(Rogers & Iglesias 1992a) that 5000 points was reasonably
accurate for Rosseland mean opacity calculations (largest
errors were a few percent) and that increasing the number of
frequency points only marginally reduces the uncertainties,
using 10* points assures that the photon energy mesh is not
responsible for differences with other calculations.
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Although there are no computational restrictions on the
total number of transition arrays or spectral lines for a
given ion stage, there is a maximum number of spectral lines
allowed within a transition array connecting two configu-
rations. Originally this number was set at 10* for the LS
coupling calculations (Rogers & Iglesias 1992a) and was
later increased to 5 x 10* for the full intermediate coupling
results (IRW). It has been increased again to 1.5 x 105. As a
result, almost all transition arrays considered could be
treated in full detail except for a few weak transition arrays
in Fe and Ni which were treated in pure LS coupling.

2.3. Corrections

The development of the OPAL code has continued up to
the present and in the process some errors have been found.
Fortunately, only a couple of these errors have significantly
affected the astrophysical opacities. One such correction
was a factor of 2 overestimate in the natural line widths. A
second involves the table generation code that combines the
individual element monochromatic opacities and leads to
errors at the lowest temperature. There have been other
minor corrections. For example, a systematic error of
~ 15% in some 2s—2p transitions for initial electron configu-
ration 1s%2s22p™nl with 1 < x <5 was reduced to a few
percent or less. This ~15% error in a few spectral lines is
large when comparing to spectroscopic measurements, but
it had negligible effect on the Rosseland mean opacities of
astrophysical mixtures.

3. RESULTS

The main opacity changes are due to the additional
metals in the mixture. Their impact as well as those from the
other modifications in § 2 are considered in more detail
below. Before proceeding, note that the improvements in
the numerical procedures (§ 2.2) have little effect on the
astrophysical opacities. The larger number of lines in a
given transition array did increase the Rosseland mean
opacity of the heaviest elements when considered individ-
ually at conditions relevant to stellar envelopes. Neverthe-
less, once the elements are combined to make a typical
stellar composition the differences vanish from the final
results. As mentioned above, increasing the number of
photon energy points had negligible impact on the
Rosseland mean opacity. One possible exception is the
increased temperature resolution of the tables which could
affect opacity derivatives.

The various improvements and corrections influenced
different regions of the opacity tables. Generally, the modifi-
cations led to moderate net increases in the opacity, but
there is an important region in the tables where the opa-
cities are now smaller. For an overview, the ratios of opa-
cities from the present work to the IRW results are
displayed in Figure 1. The comparisons are for mixtures
with hydrogen mass fraction X = 0.7 and metal mass frac-
tion Z =0.02 and 0.001 where the metal composition is
given in Table 1. Throughout the discussion the helium
mass fraction, Y, is adjusted so that X + Y + Z = 1. Note
that in reducing the mixture in Table 1 from 19 to 12 metals
for the IRW calculations, the particle number as well as the
molecular weight of the mixture is conserved. For example,
the Fe abundance in the 14 element composition is slightly
larger than in the 21 element mixture to compensate for the
missing iron-group elements. In Figure la thelogR = —5.5
track is representative of plasma conditions relevant to sta-
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FiG. 1.—Ratio of updated OPAL and IRW Rosseland mean opacities
as a function of temperature at constant log R values indicated in the
Figure. The plots are for X = 0.7 and (a) Z = 0.02 plus (b) Z = 0.001 where
the metal distribution is from Table 1.

bility studies of hot stars for which the 20% opacity
enhancement near log T = 5.3 is significant, log R = —3.5
is representative of envelopes in Population I Classical Cep-
heids, and log R = —1.5 shows a 5% decrease in opacity
near log T = 6.3 that is relevant to solar interior models.
Because of the lower metallicity, Figure 1b shows much
reduced opacity changes.

3.1. Effect of Additional Metals

Although the seven additional elements constitute less
than 0.25% of the total metal abundance in Table 1, their
impact on the opacity is not negligible. In Figure 2 the ratio
of the opacity computed with the updated OPAL code with
21 and 14 elements is plotted where the latter composition
consists of those element explicitly included in IRW. Again,
when reducing the mixture in Table 1 from 19 to 12 metals,
the particle number as well as the molecular weight of the
mixture is conserved. The log R = —35.5 track in Figures la
and 2a is not only representative of pulsating hot stars, but
also of the largest opacity enhancements.

Not surprisingly, the ratios for Z =0.02 and 0.001 in
Figure 2 have similar shape except that the opacity
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Fi16. 2—Ratio of Rosseland mean opacities computed with 21 and 14
elements for the same mixtures as in Fig. 1 at constant log R values
indicated in the figure.

enhancements are smaller for the lower metallicity mixture.
A comparison of Figures 1 and 2 shows that the main modi-
fication to the IRW opacities is the explicit presence of the
seven additional metals. Note that their effect at log
R = —3.5is evident even at the higher temperatures.

Not all of the seven additional metals in Table 1 contrib-
ute equally to the opacity. By far the largest opacity
enhancements are due to Ni which is both the heaviest and
most abundant of the additional elements. On the other
hand, less than 1% change in opacity is produced by indi-
vidually adding P, Cl, or K to a mixture with X = 0.7 and
Z = 0.02. For the same composition each of the remaining
three metals (Ti, Cr, and Mn) contributes at the few percent
level with Cr producing close to a 10% opacity increase at
logR = —5.5andlog T = 5.1.

3.2. Line Broadening

The effect of broadening by neutral H and He is shown in
Figure 3 where the ratio of the opacity for a Population I
composition with and without this broadening mechanism
is presented. The figure shows that the effect is quite pro-
nounced for Fe but not as much for the total mixture.
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Fic. 3—Ratio of Rosseland mean opacities computed with and
without line broadening by neutral H and He as a function of R at con-
stant temperature. The plots are for a X = 0.7 and Z = 0.02 mixture as
well as the Fe component in that mixture. Also plotted is the ratio of the
opacity with and without the Fe photoabsorption (dashed line) for the
same mixture including the broadening by neutral H and He.

Similar opacity enhancements have been obtained by the
Opacity Project (OP) using observationally determined
widths for the Fe lines (Seaton 1994, private
communication). In order to ascertain the relevant impor-
tance of Fe at these plasma conditions, the figure also dis-
plays the ratio of the opacity computed with and without
the Fe photoabsorption contribution (i.e., the Fe is included
in the EOS only). Clearly, the Fe photoabsorption makes a
significant contribution to the opacity, and the broadening
by neutral H and He of the Fe lines is important at the
higher densities. Although not emphasized in Figure 3,
neutral broadening by H and He is also included in spectral
lines from all neutral and singly ionized metals.

The correction to the natural width does lower the
mixture opacity in low density regions where pressure
broadening does not dominate the line shape. This correc-
tion, which can lower the mixture opacity by as much as
10%, is most pronounced at lower R values and accounts
for the reduced enhancement at log R = —5.5 in Figure 2a
relative to that in Figure la. This correction partially
explains the differences in Figure 15 of SYMP for the lower
log R tracks and 5 < log T < 6. The (v/v,)* cutoff in the red
wings can significantly decrease the individual element opa-
cities at low temperatures as shown by SYMP. It has,
however, negligible impact on the opacities of hydrogen-
helium-rich mixtures.

3.3. H and He Cross Sections

In the range of plasma conditions covered here the con-
tribution from collision-induced photoabsorption by H,
remains small (e.g., Lenzuni et al. 1991). For example, a
mixture with X =0.7, Z =0.02, log T = 3.75, and log
R = +1 has less than 1% of the hydrogen in molecular H,.
The other cross sections involving H, H*, and H; in Table
2 do affect the opacity as shown in Figure 4. Note that these
cross sections from Stancil (1994) stop at 25,200 K corre-
sponding to the high-temperature cutoff in the figure. The
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FiGc. 4—Rosseland mean opacity increases due to the cross sections in
Table 2 for a pure hydrogen plasma.

comparable cross sections for the He species do not signifi-
cantly contribute to the opacity for conditions considered in
the present work.

3.4. Solar Opacities

The largest uncertainties in solar interior opacities are
due to EOS models and element composition (Iglesias &
Rogers 1991b, 1995; Rozsnyai 1992; Luo 1994). Conse-
quently, the updated opacities for solar models are expected
to differ from the IRW results. The ratio of updated results
for 21 elements, GN93 metal composition to the IRW opa-
cities computed with 14 elements, and the Grevesse (1991,
hereafter G91) metal composition are displayed in Figure 5
for conditions relevant to the solar interior. This ratio has a
minimum at log T = 6.2 (near the bottom of the solar con-
vection zone). To isolate the improved EOS effects on the
opacity, Figure 5 compares results from the present calcu-
lations and the IRW results for an identical 14 element
composition and GN93 metal distribution. These opacity
differences tend to vanish with decreasing temperature since
p ~ T3, thus reducing the plasma coupling and the effects of
the higher order Coulomb terms. At the higher tem-
peratures the ratio also approaches unity, since bound
states are rare and do not contribute to the opacity. A third
comparison emphasizes opacity changes due to changes in
composition. Figure 5 shows the ratio of updated opacities
computed with 21 elements for the GN93 and G91 metal
compositions. In Figure 5 the improved EOS and mixture
effects tend to cancel except near log T = 6.2 where the
decrease from the modifications to the EOS are largest and
increases from the new composition smallest.

3.5. Inverse Bremsstrahlung

At high temperatures relativistic effects can modify
opacity calculations. An important contribution at these
conditions is photon scattering for which OPAL includes
collective effects (Boercker 1987) and relativistic corrections
(Sampson 1959). For example, in Table 3 atlog T = 8.7 and
log R = —8 the opacity is enhanced by the relative increase
of the electron-positron pair concentration. On the other
hand, the inverse bremsstrahlung calculation includes col-
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FiG. 5—Ratio of Rosseland mean opacities for a solar mixture with
X =0.708, and Z = 0.0173 at (a) log R = —1 and (b) log R = —1.5. The
ratios compare net changes in the updated opacity from IRW (solid line),
improved EOS (dot-dashed line), and GN93 vs. G91 composition (dashed
line).

lective effects but neglects relativistic corrections. Using the
Bethe-Heitler results (Heitler 1954) for the Coulomb poten-
tial, it has been shown by Itoh, Masayuki, & Kohyama
(1985) and by Itoh, Kojo, & Masayuki (1990) that rela-
tivistic corrections can be important in inverse bremsstrah-
lung calculations at conditions relevant to stellar models.
Nevertheless, the relativistic corrections to the inverse
bremsstrahlung only affect the total Rosseland mean
opacity in the high-temperature, degenerate region of the
updated tables. Note that relativistic effects also enhance
the inverse bremsstrahlung cross section at high tem-
peratures and low densities, but there the opacity is domi-
nated by photon scattering.

Table 4 compares the total Rosseland mean opacity of a
pure oxygen plasma where the inverse bremsstrahlung has
been computed in the Born-Elwert approximation (Elwert
1939) for (1) nonrelativistic Coulomb potential, (2) rela-
tivistic Coulomb potential, and (3) nonrelativistic screened
Coulomb potential. The last approximation uses an expo-
nential screening length obtained from the many-body
analysis (Rogers 1981) but neglects dynamic effects as well
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TABLE 4

IMPACT OF INVERSE BREMSSTRAHLUNG APPROXIMATIONS® ON Kg
FOR A PURE OXYGEN PLASMA

log R
log T -25 —-20 —-1.5 -1.0
80...... <1%® <1%° 2%, <1% 7%, 1% 21%, 3%
81...... <1%, <1% 2%, 1% 8%, 2% 26%, 5%
83...... 1%, 1% 4%, 3% 6%, 7% 40%, 17%
85...... 1%, 2% 5%, 7% 20%, 20%  62%, 350%
87...... 2%, 6% 9%, 17% 28%, 51%

* Changes to total Rosseland mean opacity rounded off to nearest 1%.
® Percent decrease due to screening of Coulomb potential.
¢ Percent increase due to relativistic corrections.

as ion correlations (e.g., Ichimaru 1973). The required
thermal average in all three calculations includes degener-
acy effects (e.g., Itoh et al. 1985). The comparisons in Table 4
are between approximations (3) and (1) plus approx-
imations (2) and (1). Since screening effects are important
over a larger region of the opacity tables and there is no
simple expression for the screened Coulomb potential (e.g.,
see Koch & Motz 1959), relativistic corrections are
neglected in the inverse bremsstrahlung calculations and
approximation (3) is used to generate the opacity tables.
Consequently, Table 4 identifies an uncertain region in
these tables. Fortunately, at these conditions electron con-
duction should dominate the energy transport.

In addition, there are contributions from electron-
electron and electron-positron bremsstrahlung that are
neglected in the present calculations. These contributions to
the Rosseland mean opacity tables, however, are expected
to be small. Even though the electron-positron cross section
can be larger than the electron-ion result (Huang 1987), the
pair concentration is negligible except at the highest tem-
perature and lowest density point where the opacity is
dominated by photon scattering. The ratio of the electron-
electron to the electron-ion bremsstrahlung cross section
can be estimated by (Maxon 1972)

Oec /ﬂ v Nk T
Zoo ™ [0.85 +1.35 T + 0.38<kB T)](m‘:Z) , ()

where mc? is the electron rest mass energy. This rate equals
0.21 for photon energy hv/kg T = 4 (peak of the Rosseland
function), ion charge Z; =2 (helium), and log T =8.7
(maximum T in the tables). Nevertheless, the electron-
electron contribution decreases linearly with T and the
total contribution from inverse bremsstrahlung at high tem-
peratures decreases with density. Consequently, only the
high T and large R region of the tables are affected, but this
region is already uncertain (see Table 4) and the energy
transport is dominated by conduction of degenerate elec-
trons. In order to account for electron-electron inverse
bremsstrahlung it is tempting to modify the electron-ion
cross section by the factor in equation (1). In the region
where this contribution is most important to the total
opacity, however, both plasma screening and degeneracy
effects are also important and these have been neglected in
obtaining equation (1).

4. COMPARISONS WITH OTHER CALCULATIONS

4.1. Comparisonto Los Alamos

Previous work (e.g., Iglesias & Rogers 1991b, 1993;
Rogers & Iglesias 1992a) made extensive comparisons to
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the Los Alamos opacities and discussed the source of the
discrepancies. The modifications in the present work do not
significantly alter those comparisons. The exception is for
conditions relevant to the solar interior where models are
sensitive to small changes in opacity. Consequently, it is
interesting to revisit the work for the solar radiative interior
(Iglesias & Rogers 1991b). These earlier comparisons were
done for the Grevesse (1984) solar abundance and are
reproduced in Figure 6. In addition, the results from the
present calculations using the same Grevesse (1984) mixture
are presented. The improved agreement in Figure 6 between
the updated OPAL and Los Alamos opacities is due to the
higher order Coulomb corrections in the OPAL EOS and is
probably fortuitous, since plasma effects in the Los Alamos
work are included through an ad hoc continuum lowering
model (Huebner 1986).

4.2. Comparisonto OP

Comparisons showing reasonably good agreement
between OPAL and OP opacities for a variety of composi-
tions have been previously discussed by SYMP. Therefore,
the comparisons here are limited to those in Figures 7 and 8
plus those in Figures 11 and 12 in the next subsection. In
Figures 7 and 8 the calculations are for a composition with
X =07, Z=002, and metal distribution from SYMP,
except that the OPAL and OP results include 21 and 17
elements, respectively.

Figure 7 can be compared to Figure 18 of SYMP, which
again shows that the main change in the updated OPAL
opacities are in the region near log T = 5.3. In order to
emphasize the discrepancies, ratios of OPAL to OP opa-
cities are plotted in Figure 8. Clearly, both calculations
predict comparable Z-bumps near log T = 5.3 except for a
relative shift in temperature. This, of course, is the region of
the Z-bump absent in the Los Alamos opacities (e.g.,
Huebner et al. 1977) that has led to the resolution of several
long-standing problems (e.g., Rogers & Iglesias 1994;
Adelman & Wiese 1995). The Z-bump was theoretically
predicted by the improved treatment of bound-bound tran-

25

T T

Grevesse (1984)

20 | X=0.73, Z=0.0195, logR=-1.4

rT

15[

| ST |
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.5 s . N s
6.0 6.5 7.0 7.5
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F1G. 6.—Percent differences to the Los Alamos Rosseland mean opa-
cities (LAOL) for the Grevesse (1991) solar composition. The earlier com-
parisons (dashed line) from Iglesias & Rogers (1991b) and the present
results (solid line) with improved EOS.
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F16. 7.—Comparison of updated OPAL (dots) and OP (solid line)
Rosseland mean opacities at constant values of log R indicated in the
figure where the metal distribution is from SYMP.

sitions in partially filled M-shell Fe ions (Iglesias, Rogers, &
Wilson 1987), and later quantified by more complete calcu-
lations (e.g., IRW; SYMP) as well as verified by laboratory
experiments (Da Silva et al. 1992). Clearly, the opacity in
this range of plasma conditions is sensitive to the atomic
data (e.g., line energies, oscillator strengths, and line widths),
but the details between different calculations are difficult to
compare since there are millions of spectral lines contrib-
uting to the opacity. It should be noted that both OPAL
and OP make approximations in the atomic data gener-
ation (see § 7.3 of SYMP for a summary). For example,
OPAL uses parametric potentials in the single configu-
ration approximation that neglects “two-electron” jumps
and are not as accurate as the close-coupling, multi-
configuration OP calculations. On the other hand, OPAL
includes full intermediate coupling where the OP data is

1.4
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- — —
- (%) w
T T TTTYTTY
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]
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FiG. 8.—Ratio of updated OPAL and OP Rosseland mean opacities for
values of log R indicated in the figure for the same composition as in Fig. 7.
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computed for pure LS in conjunction with a statistical
method to account for fine-structure splitting but not inter-
combination lines. Furthermore, much of the OP results for
Fe ions involve the so-called PLUS data (SYMP) and their
atomic data for Cr, Mn, and Ni are obtained from extrapo-
lation along iso-electronic sequences of the Fe results.
Uncertainties in the line widths can also affect the calcu-
lations (Rogers & Iglesias 1992a) and recent measurements
(Grenzel & Kunze 1996) show factor of 2 discrepancies
between experiments and close-coupling width calculations.

Figures 7 and 8 show significantly larger OPAL opacities
for log R = —1.5 and log T > 5.5 which were noted in the
earlier comparisons and were more recently discussed
(Iglesias & Rogers 1995) except they now persists to lower R
tracks. Recall that in Figure 2a there is a considerable
opacity increase due to the additional metals (in particular
to Ni) at these higher temperatures and log R = —3.5. It is
then probable that the same source for the discrepancy at
log R = —1.5 noted in Iglesias & Rogers (1995) applies to
Ni at these lower log R tracks.

There remains a discrepancy near log T = 4.1 in Figures
7 and 8 that was present in the earlier comparisons (see Fig.
18 of SYMP) but has now increased. At present, the source
of this discrepancy has not been identified.

4.3. Comparison to Alexander & Ferguson

Comparisons of the updated OPAL opacities to Alex-
ander & Ferguson (1994, hereafter AF94) for a X = 0.7 and
Z = 0.02 composition where the metal distribution is from
Grevesse (1991) are given in Figure 9. This figure should be
compared to Figure 10 of AF94. It follows that at the lower
temperatures the updated OPAL opacities are now in
better agreement with AF94. In particular, the updated
OPAL results no longer show the oscillations at the lowest
temperature. These oscillations in the IRW opacities were
due to an error in the table-generation code that combines
the individual element monochromatic opacities for a spe-
cific composition rather than an error in the photoabsorp-
tion calculations.

0.1 T T T 3 T T L
=3
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=
<
Tk
¥
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S \
o ~
g .
g - \ logT=3.8 -
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F16. 9.—Ratio of updated OPAL and AF94 Rosseland mean opacities
for X = 0.7 and Z = 0.02 where the metal distribution is from Grevesse
(1991).
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Fic. 10.—Ratio of updated OPAL and AF94 Rosseland mean opacities
for X =0.7and Z = 0.0.

Even though the agreement at log T = 3.8 and log
R = +1 in Figure 9 has improved, which is mostly due to
broadening by neutral H and He increasing the opacity by
0.034 dex (see Fig. 3), there remains a 20% (0.079 dex) dis-
crepancy. There are two factors that account for some of the
difference at this point: OPAL neglects turbulence in the
‘Doppler broadening and photoabsorption by molecules
(except for those in Table 2). These two effects were con-
sidered by AF94 and shown to account for 0.008 and 0.014
dex, respectively. These same authors also found that
reducing their mixture to the 14 elements in IRW decreased
their opacity by 0.022 dex. On the other hand, the change
from 14 to 21 elements in the present OPAL calculations
only increases the opacity by 0.009 dex. There are elements
included by AF94 (all elements up to Cu) still neglected by
OPAL, but these neglected elements are considerably lower
in abundance. Therefore, it is not expected that including
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Fic. 11.—Ratio of updated OPAL and OP Rosseland mean opacities
for X = 0.7 and Z = 0.02 where the metal distribution is from SYMP.
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F1c. 12—Ratio of updated OPAL and OP Rosseland mean opacities
for X =0.7and Z = 0.0.

these missing elements would more than double the opacity
increase in OPAL already produced by the seven additional
metals.

An alternative explanation is systematic differences in the
two calculations. One possibility is the different treatment
of line widths where AF94 uses 3 times the classical
damping plus the Unso6ld (1955) result while OPAL uses fits
to both the impact electron broadening (Rogers & Iglesias
1992a) and broadening by neutral H and He (§ 2.1). A test
was performed at log T = 3.8 and log R = +1 where the
line-width fits in OPAL were replaced by the width esti-
mates in AF94. Although the AF94 total line widths are, in
general, smaller than those in OPAL, for a portion of the
lines most relevant to the opacity the AF94 widths are
larger. Thus, the test results yielded a 10% (0.042 dex)
opacity increase reducing the discrepancy by about a factor
of 2 at these plasma conditions. This opacity increase in
OPAL using the AF94 widths combined with the effects of
turbulence and molecular absorption reduce the discrep-
ancy to ~3%. The improved agreement obtained by the
test above, however, only serves to identify a possible source
for the discrepancy. That is, any opacity uncertainties due
to line broadening have not been reduced, but simply better
quantified.

A comparison similar to Figure 11 of AF94 for a zero-
metallicity mixture is offered in Figure 10 that shows
improved agreement between the two calculations. The dis-
crepancies in Figure 10 are less than 4% except at log
T =3.8 and log R > —1. The latter discrepancies have
been slightly reduced by the additional cross sections in
Table 2 (see Fig. 4) but remain unexplained. Again, the
oscillations at the lowest temperature in the IRW opacities
due to a coding error have been removed.

Similar comparisons between OPAL and OP are offered
in Figures 11 and 12. Both of these figures show excellent
agreement between OPAL and OP at log T = 3.8 for log
R < —1 (limit of provided OP data). For the two other
temperatures and Z = 0.02 the discrepancy is comparable
to that in Figure 9. On the other hand, for the zero-
metallicity mixture and same 2 temperatures the discrep-
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ancy is much larger with OP (but still <10%) than with
AF94 at the larger densities. In order to test the sensitivity
to line widths, an OPAL calculation using the AF94 width
estimates was performed for the Z = 0.02 mixture at log
T = 4.1 and R = —4.5, but this only resulted in a 2% (0.009
dex) decrease in opacity. Finally, for the conditions in these
figures none of the calculations are in complete agreement,
but the largest discrepancies do not exceed 20%.

5. CONCLUSIONS

Updated OPAL opacities have been tabulated for use in
stellar models. The modifications include improved physics
and numerical procedures as well as corrections. Provided
with the opacity tables are codes that allow for inter-
polation in R, T, X, and Z as well as the C and O mass
fractions. These interpolation codes take advantage of the
smoothing procedure developed by Seaton (1993) to
compute opacity derivatives with respect to temperature
and density. Although the distribution of metals in the dis-
cussions above emphasized the GN93 solar composition,
tables with other metal distributions can be readily com-
puted using a correspondence principle. Request for the
tables and supporting codes may be sent to either of the
authors or to opal@coral.llnl.gov.

The main change relative to previous OPAL tabulations
is a 20% opacity enhancement in the region of the Z-bump
for Population I stars. This opacity increase is mostly due to
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explicitly including more elements in the calculations. A
small, but potentially significant, opacity decrease caused
by improvements in the equation of state was found for
conditions relevant to solar interior conditions. These
changes in the OPAL opacities were expected from pre-
vious investigations and provided the main motivation for
the present revisions.

Comparisons to other recent opacity calculations show
reasonably good agreement. In particular, the good agree-
ment with the molecular opacity effort by Alexander & Fer-
guson (1994) makes it possible to combine the two
tabulations smoothly, thus covering the large temperature
range generally required in stellar models. There are,
however, ~20% discrepancies between the various calcu-
lations that remain unexplained.
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to our attention. With regards to the latter, thanks are due
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