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1 INTRODUCTION

ABSTRACT

The electromagnetic observations of GW170817 were able to dramatically increase our
understanding of neutron star mergers beyond what we learned from gravitational waves
alone. These observations provided insight on all aspects of the merger from the nature of the
gamma-ray burst to the characteristics of the ejected material. The ejecta of neutron star mergers
are expected to produce such electromagnetic transients, called kilonovae or macronovae.
Characteristics of the ejecta include large velocity gradients, relative to supernovae, and
the presence of heavy r-process elements, which pose significant challenges to the accurate
calculation of radiative opacities and radiation transport. For example, these opacities include
a dense forest of bound—bound features arising from near-neutral lanthanide and actinide
elements. Here we investigate the use of fine-structure, line-binned opacities that preserve the
integral of the opacity over frequency. Advantages of this area-preserving approach over the
traditional expansion—opacity formalism include the ability to pre-calculate opacity tables that
are independent of the type of hydrodynamic expansion and thus eliminate the computational
expense of calculating opacities within radiation-transport simulations. Tabular opacities are
generated for all 14 lanthanides as well as a representative actinide element, uranium. We
demonstrate that spectral simulations produced with the line-binned opacities agree well
with results produced with the more accurate continuous Monte Carlo Sobolev approach, as
well as with the commonly used expansion—opacity formalism. The agreement between the
line-binned and expansion—opacity results is explained as arising from the similarity in their
opacities in the limit of low optical depth, where radiation transport is important in the ejecta.
Additional investigations illustrate the convergence of opacity with respect to the number of
included lines, and elucidate sensitivities to different atomic physics approximations, such as
fully and semirelativistic approaches.

Key words: gravitational waves —opacity —radiative transfer — stars: neutron.

and subsequent follow-up observations in the electromagnetic spec-
trum (Abbott et al. 2017b) of a nearby merger event, astronomers

The merger of two neutron stars has been proposed both as the
source of short-duration gamma-ray bursts (Narayan, Paczynski &
Piran 1992) and the site of r-process production (Lattimer &
Schramm 1974; Symbalisty & Schramm 1982). Simulations con-
firmed that the neutron-rich, dynamical ejecta from neutron star
mergers (NSMs) robustly produced r-process elements from the
second through third r-process peaks (Rosswog et al. 1999, 2014;
Just et al. 2015). With the gravitational wave (Abbott et al. 2017a)
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were able, for the first time, to validate these theories and, to some
extent, determine the yields from these NSMs.

On the surface, the light curves and spectra seem to be a vali-
dation of the ejecta predicted by the merger simulations. Theorists
had proposed a two-component model for the ejecta consisting
of a neutron-rich dynamical ejecta (producing heavy r-process
elements) and a higher electron fraction wind ejecta (light r-process
and iron peak elements) (Metzger & Berger 2012; Metzger 2017). A
significant number of lanthanide and actinide elements are predicted
to be present in the ejecta (see e.g. Fig. 1). The high opacities
associated with these elements produced in the heavy r-process
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Figure 1. Predicted elemental abundances for the ejecta producedinal.4 +
1.4M neutron star merger (Grossman et al. 2014; Rosswog et al. 2014),
approximately 1 d after merger. A few labels are provided for easy identifi-
cation of various lanthanide and actinide elements considered in this work.

support an argument for late-time, infra-red emission, whereas
the wind ejecta would produce early-time UV/optical emission.
With observations of both an early UV/optical and later infra-red
emission, astronomers could place constraints on the amount of
ejecta in each component. Many groups attempted such studies,
producing a wide range of results (for a review, see COté et al.
2017; Ji, Drout & Hansen 2019) and, although all agree that
roughly 0.01M was ejected in the merger, the exact amount,
and the exact composition of the ejecta still remains a subject of
debate.

The differences in the yield predictions arise from different
assumptions in the structure of the ejecta, the composition of
the ejecta and the opacities. In many simulations, the ejecta was
modelled in spherical symmetry. By varying the velocity, mass, and
composition of the ejecta, these models produce a range of emission
spectra that can be combined to form multicomponent models
(Cowperthwaite et al. 2017; Pian et al. 2017). Multidimensional
models can include more detailed ejecta profiles. For example, a
set of models included two-component ejecta properties with the
dynamical, heavy r-process rich ejecta driven along the orbital plane
and a more spherical wind ejecta (Kasen et al. 2017; Tanvir et al.
2017; Troja et al. 2017; Tanaka et al. 2018; Wollaeger et al. 2018).
These structures can produce different emission properties for the
same production rate of heavy r-process elements. Additionally,
even for the same model morphology, there remain differences in
the light-curve predictions from the various modelling groups. For
example, a major difference is a redward shift in the peak emission
produced by different groups. We discuss this shift in Section 4.2
and show that this behaviour is not due to the different ways in which
the opacities are implemented in the radiation-transport simulations,
which has been previously suggested, for example, in Kasen et al.
2017.

The range of opacities used also varies dramatically. Many mod-
els rely on constant opacity values, varying from 0.2 to 30 cm? g~*.
Only a few models used detailed, frequency-dependent opacities
based on atomic physics calculations and these calculations are
still limited to a few lanthanide elements used as surrogates for the
heavy r-process elements (Barnes et al. 2016; Kasen et al. 2017;
Tanaka et al. 2018; Wollaeger et al. 2018). Calculating accurate
opacities for lanthanides and actinides pushes the frontier in atomic
physics research due to the complexity in modelling the interaction
of many bound electrons, some of which occupy a partially filled
f shell. Generating a complete set of opacities requires making
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approximations in the atomic physics calculations that can signifi-
cantly alter NSM spectral simulations.

In addition, the implementation of these opacities in NSM
modelling also varies from group to group. Due to the existence
of a strong velocity gradient in the ejecta, Doppler effects must be
included in the opacities. This requirement typically includes both
a correction to the optical depth of each line (Sobolev 1960) and
effects on line broadening, leading to a variety of expansion-opacity
approaches (Castor 2004). These methods require line lists that can
be difficult to include in their entirety in light-curve calculations
due to the large number of lines associated with lanthanide and
actinide elements. In this work, we propose using pre-computed,
binned line contributions, which allows opacities to be generated in
a compact tabular form for convenient use in transport calculations.
This line-binned approach is guaranteed to preserve the integral of
the opacity over frequency and supersedes our earlier, preliminary
attempt to achieve this goal using line-smeared opacities.

This paper presents a first set of lanthanide opacities, as well
as a representative actinide (uranium) opacity, to be used in light-
curve calculations for NSMs. In Section 2 we review the methods
and some of the uncertainties in the atomic physics calculations for
these heavy opacities, discussing relevant approximations, such as
semi- versus fully relativistic models and configuration interaction.
In Section 3 we present a range of line-binned opacities for
NSM calculations, illustrating similarities and differences in the
lanthanide and uranium opacities. Motivation and justification for
our line-binned opacity approach is presented in Section 4. We
summarize with a brief discussion of the implications of our results
for observations.

2 ATOMIC PHYSICS CONSIDERATIONS

2.1 Computational framework

In this work we use the Los Alamos suite of atomic physics and
plasma modelling codes (see Fontes et al. 2015b and references
therein) to generate the fundamental data and opacities needed to
simulate the characteristics (time to peak, spectra, luminosities,
decay times, etc.) associated with neutron star mergers. For a given
element, a model is composed of the atomic structure (energies,
wavefunctions, and oscillator strengths) and photoionization cross-
sections. Both the fully and semirelativistic (SR) capabilities of the
suite are used in this work.

The fully relativistic (FR) approach is based on bound- and
continuum—electron wavefunctions that are solutions of the Dirac
equation, while the SR approach uses solutions of the Schrodinger
equation with relativistic corrections. A FR calculation begins with
the RATS atomic structure code (Fontes et al. 2015b) using the
Dirac—Fock-Slater method of Sampson and co-workers (Sampson,
Zhang & Fontes 2009). An SR calculation begins with the CATS
atomic structure code (Abdallah, Clark & Cowan 1988) using the
Hartree—Fock method of Cowan (Cowan 1981). These calculations
produce detailed, fine-structure data that include a complete de-
scription of configuration interaction for the specified list of config-
urations. Two variant, relativistic calculations are also considered
that include incomplete amounts of configuration interaction (see
Section 2.2). After the atomic structure calculations are complete,
both the FR and SR methods use the GIPPER ionization code to
obtain the relevant photoionization cross-sections in the distorted-
wave approximation. The photoionization data are used to generate
the bound-free contribution to the opacity and are not expected to be
too important for the present application, due to the range of relevant
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photon energies, but are included for completeness. Therefore, they
are calculated in the configuration-average approximation, rather
than fine-structure detail, in order to minimize the computational
time.

The atomic level populations are calculated with the ATOMIC
code from the fundamental atomic data. The code can be used in
either local thermodynamic equilibrium (LTE) or non-LTE mode
(Hakel & Kilcrease 2004; Magee et al. 2004; Hakel et al. 2006;
Colgan et al. 2016; Fontes, Colgan & Abdallah 2016). The LTE
approach was chosen for the present application, which requires
only the atomic structure data in calculating the populations. At the
relevant times, the ejecta densities are low enough that collective,
or plasma, effects are not important and simple Saha—Boltzmann
statistics is sufficient to produce accurate level populations. The
populations are then combined with the oscillator strengths and
photoionization cross-sections in ATOMIC to obtain the monochro-
matic opacities, which are constructed from the standard four
contributions: bound—bound (b-b), bound—free (b—f), free—free (f—f)
and scattering. Specific formulae for these contributions are readily
available in various textbooks, such as Huebner & Barfield (2014).

Here, we reproduce only the expression for the bound-bound
contribution, as it is useful in understanding the subsequent expres-
sion for line-binned opacities, as well as the discussion of such
quantities in Section 3:

2
bp _ TIE
K=

pmec

N;i |Fi| Liy, 1)
1
where v is the photon energy, p is the mass density, N; is the
number density of the initial level in transition i, f; is the oscillator
strength describing the photoexcitation of transition i, and L; , is
the corresponding line profile function. The line-binned opacities
proposed in this work are comprised of discrete frequency (or
wavelength) bins that contain a sum over all of the lines centred
within a bin. An expression for this discrete opacity is obtained
from the continuous opacity displayed in equation (1) by replacing
the line profile with 1/ v;, i.e.
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where vj represents the frequency width of a bin denoted by inte-
ger index j. So, the summation encompasses all lines i with centres
that reside in bin j. It is straightforward to show that numerical
integration of equation (2) over all bins produces the same value as
that obtained by analytically integrating equation (1) because the
line profile function is normalized to one when integrating over all
frequencies. The form of equation (1) is clearly independent of the
type of expansion, which is a distinct advantage over methods that
assume a homologous flow, such as the expansion-opacity approach.
However, the line-binned opacities are expected to be significantly
different than those produced with more traditional approaches.
Physical arguments and numerical examples in support of using
these line-binned, area-preserving opacities to model kilonovae is
provided in Section 4.

The line-binned opacities in equation (2) can be readily cast in
a tabular form, using a discrete temperature/mass-density grid, that
is commonly employed in radiation-hydrodynamics simulations. In
the latter approach, discrete photon frequency groups are chosen to
model the flow of radiation, and the groups are typically much less
resolved compared to the frequency bins. If a particular group is
denoted by integer index g, and the group boundaries exactly align
with specific bin boundaries, then (unweighted) group opacities can
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Table 1. lonization energies for the first three ion stages of four represen-
tative elements considered in this work. Values are presented for the fully
relativistic (FR) and semirelativistic (SR) methods described in the text, as
well as from the NIST ASD (Kramida et al. 2018).

lon stage lonization energy (eV)

FR SR NIST
Cel 491 5.24 5.54
Cell 10.5 11.2 10.9
Cein 18.0 19.6 20.2
Nd 1 4.58 4.97 5.53
Nd 10.9 111 10.7
Nd 1 19.2 205 221
Smi 4.83 5.33 5.64
Smi 10.6 10.7 111
Smii 20.3 21.6 234
Ui 4.00 5.48 6.19
un 12.1 11.7 11.6
uin 17.4 19.2 19.8

be computed in a straightforward manner from equation (2) via the
formula

T ®)
Vg .
J Vg

where  vgq is the frequency width of group g. If a bin overlaps
with more than one group, its opacity contribution is distributed
across those groups in proportion to the area in each group. Thus,
by combining equations (2) and (3), v; vanishes and one obtains
new ‘binned’ opacities, where the new ‘bins’, called ‘groups’, are
now defined by the multigroup structure, vg. These multigroup
opacity data are used in the SUPERNU radiation-transport code for
our light-curve and spectral simulations (see Section 4.2).

When constructing opacity tables, a practical consideration in-
volves the choice of an oscillator strength cut-off value, which we
denote by f.. Rather than evaluating the summation in equation (2)
over all available lines, we consider only lines with an oscillator
strength above some prescribed value. For the conditions of interest
for modelling kilonovae, we found that a value of f, = 1076 is
typically sufficient to produce converged results. Unless otherwise
noted, this cut-off value was used when constructing all of the
opacity data discussed in this work.

2.2 Baseline atomic models

As mentioned in Section 1, atomic models were created for all
14 lanthanides and one representative actinide (uranium). In order
to obtain converged opacities for the range of temperatures and
densities in our simulations, only the first four ion stages of each
element were considered, similar to the choice made by Kasen,
Badnell & Barnes (2013). A list of configurations chosen for each
element is provided in Table Al of Appendix A. Since Nd was
used as a representative element in the recent study by Kasen et al.
(2013), we chose an identical list of configurations for that element
in order to make meaningful comparisons. As expected, the number
of Nd levels is identical to those appearing in Table 1 of that earlier
work.! The number of lines is slightly higher in the present listing,
possibly due to the retention of small oscillator strengths that do

1Based on this analysis, the 4f*6s6p® configuration appears to have been
left out of Table 1 of Kasen etal. (2013).
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not affect the modelling in a significant way. We did some tests to
include higher lying configurations, but found that the displayed list
is sufficient to produce converged opacities due to the relatively low
temperature and densities of the ejecta. Therefore, the configuration
lists for the other elements were chosen in a similar fashion. The
configurations for Ce 11 and Ce 111 are also identical to those chosen
by Kasen etal. (2013). The number of levels and lines differ strongly
in this case. We cross-checked the values between our FR and SR
calculations, which agree well, so those earlier values appear to be
in error.

As an indication of the quality of our atomic structure calcu-
lations, the ionization energies for the FR and SR models are
presented in Table 1, along with the values from the NIST Atomic
Spectra Database (ASD) (Kramida et al. 2018), for the following
four representative elements: Ce (Z = 58), Nd (Z = 60), Sm (Z =
62), and U (Z = 92). The overall agreement is good, with the
worst comparisons occurring for the neutral ion stage (particularly
for uranium), which is typically the most difficult to calculate
due to the presence of more bound electrons and the need to
accurately describe the correlation between them. As expected, the
SR values are more accurate than the FR values for these near-
neutral ions for two reasons. First, the Hartree—Fock approach
uses a better (non-local) description of the exchange interaction
between the bound electrons than the Dirac—Fock—Slater method,
which uses the Kohn-Sham local-exchange approximation (Kohn &
Sham 1965; Sampson et al. 2009). Secondly, the SR approach
uses semi-empirical scale factors to modify the radial integrals that
appear in the configuration-interaction calculation (Cowan 1981).
In any event, the inaccuracies in the ionization energies have been
removed in both the FR and SR models of this study by replacing
the calculated values with those appearing in the NIST data base.
All level energies within an ion stage were shifted by the same
amount when implementing this procedure. Of course, inaccuracies
in the calculated ionization energies are reflected in the individual
level energies as well, but the line positions are determined by
taking the difference of energies within the same ion stage. So some
beneficial cancellation is expected in this regard when systematic
shifts are present within a given ion stage. The NIST ionization-
energy correction was applied to all of the models considered in
this work. An illustration of the ionization balance that is obtained
with these improved energies is provided in Fig. 2 for Nd at a mass
density of p = 107**gcm™3, corresponding to the ejecta density
at 1d after the merger (see fig. 3 in Rosswog et al. 2014). Due
to the relatively low densities associated with the dynamical ejecta,
a single ion stage is dominant over a broad range of temperatures.
This behaviour is typical for all of the elements considered in this
work because the ionization energy of each of their first three ion
stages is similar (see e.g. Table 1).

2.3 Variant models

In addition to calculating FR and SR models, two less-accurate (but
faster to compute) FR models were generated in order to test the
sensitivity of the kilonova emission to the quality of the atomic
data. Configuration interaction (Cl) is a method to better describe
the correlation between the bound electrons of an atom or ion, and
typically results in improved level energies and oscillator strengths
(for a more detailed explanation, see, for example, Cowan 1981,
Fontesetal. 2015b). The use of Cl is crucial for obtaining reasonably
accurate atomic structure data for the near-neutral heavy elements
considered here. However, due to the smearing of lines caused by
the large velocity gradients in the ejecta, it is possible that differing
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Figure 2. lonization-stage fraction versus temperature for Nd at a typical
mass density of p = 10713 g cm™3, calculated with the fully relativistic (FR)
approach. The black curves and circles refer to Nd 1, the red ones to Nd 11,
the green ones to Nd 111, and the blue ones to NdIv. The solid curves use
NIST-corrected ionization energies (Kramida et al. 2018), while the dashed
curves use uncorrected values. The circles indicate explicit temperatures at
which (NIST-corrected) opacities were calculated for use in the simulation
of spectra and light curves.

Table 2. Number of lines per ion stage of neodymium for the FR, FR-
SCNR and FR-SCR models (see the text).

lon stage # of lines

FR FR-SCNR FR-SCR
Nd 1 25224 451 14330369 2804438
Nd 1 3958977 3222445 783275
Nd 233822 137192 51036
Nd v 5784 5393 2051

amounts of CI could produce similar spectra, which, if true, would
provide more confidence in the fidelity of the simulated spectra, at
least from an atomic physics perspective.

In order to test this concept, we generated two additional FR
models for Nd: one that includes CI between only those basis
states that arise from the same relativistic configuration and one
that includes CI between only those basis states that arise from the
same non-relativistic configuration. These models are referred to
here as ‘FR-SCR’ and ‘FR-SCNR’, respectively (see Fontes et al.
2015b; Fontes et al. 2016 for additional details). The FR-SCR model
is less accurate than the FR-SCNR model, which is less accurate
than the FR model described above. All three FR models contain the
same number of fine-structure levels, but their energies differ due
to the different CI treatments. Additionally, each model contains
a different number of lines, as displayed in Table 2. The variant
models have fewer lines than the baseline FR model, and those
transitions that are common to the three models will typically be
described by different oscillator strengths.

3 SAMPLE OPACITIES AND TABLES

In order to illustrate the basic characteristics of the opacities used
in this study, the LTE monochromatic opacity for Nd is displayed
in Fig. 3 for typical ejecta conditions of T = 0.5eV and p =
107 gcm™2. The left-hand panel displays the complete opacity,
with all four contributions (b-b, b—f, f—f, and scattering), while
the right-hand panel shows the contributions that arise only from
free electrons (f—f and scattering) in order to give some indication
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Figure 3. The LTE line-binned opacity for neodymium at T = 0.5eV and p = 1073 gcm™3. The left-hand panel displays the complete opacity, which
includes the bound-bound, bound—free, free—free, and scattering contributions. The right-hand panel displays only the contributions due to free electrons, i.e.
the free—free and scattering contributions. The average charge state, Z, for these conditions is listed in the legend of the left-hand panel.

of the massive differences that occur when the bound electrons
are taken into account. The b-b contribution was calculated via
the line-binned expression in equation (2). The f—f and scattering
contributions were obtained from the simple, analytic formulas
(Huebner & Barfield 2014) associated with Thomson and Kramers,
respectively. The gap between the b—b features and the onset of the
b—f edge occurring at  20eV is due to missing lines that would
be present if more excited configurations had been included in the
model. Our transport calculations have minimal intensity at these
energies. We note that a mean charge state of Z = 1.998 is obtained
for these conditions, indicating that the opacity is dominated by
Nd 1.

In this example, the inclusion of the line features dramatically
increases the opacity in the optical range (1.65-3.26 eV or 0.751-
0.380 um) by up to eight orders of magnitude. The absorption
in the near-infrared range below 1.65eV (0.496-1.65eV or 10.0—-
0.751 um) is also greatly increased, by a few orders of magnitude
in this case, indicating that spectra would more likely be observed
in the mid-infrared range, at least for these specific conditions.

3.1 Examples of line-binned opacities

A more detailed Nd opacity example is provided in Fig. 4, with
the conditions (T = 0.5eV, p = 107*gcm™2) being the same
as those given in Fig. 3. Line-binned opacities are presented for
the four models described in Section 2: FR, FR-SCNR, FR-SCR,
SR. The models produce qualitatively similar results, but there
are visible quantitative differences, as exemplified by the Planck
mean opacities displayed in each panel. The Planck mean opacity
is defined in the standard way;, i.e.

K" = By (T )k, dv By(T)dv, 4)

0

where B,(T) is the Planck function and k, indicates that the
scattering contribution is omitted from the monochromatic opacity.
This mean value of the frequency-dependent opacity permits rough
quantitative comparisons between models. The SR model produces
the smallest mean value, given by 3727 cm? g2, while the least
accurate FR-SCR model has a value of 5299 cm? g2, resulting in a
variation of 42 per cent. The most accurate FR model produces an
intermediate value of 4497 cm? g1, with the FR-SCNR yielding a
similar result. These differences allow us to test the sensitivity of

the kilonova light curves and spectra (see Section 4) to changes in
the underlying atomic physics models that are used to construct the
opacity.

Next, we consider a broader range of elements at a cooler tem-
perature, presenting line-binned opacities for the four representative
elements (Ce, Nd, Sm, and U) at T = 0.3eV, p = 1072 gem =2 in
Fig. 5. Results are displayed for both FR and SR results in order to
compare these two different atomic physics models for a range of
elements. The opacities for all of these elements display similar
qualitative behaviours: line-dominated absorption that increases
with photon energy, with a peak at 3 eV, and a bound-free edge at
an energy of 10eV. These similarities are not surprising because
the charge state distribution for each element is dominated by the
second ion stage, i.e. Z = 1, at these conditions. Therefore, the
bound-bound contribution to the opacity is dominated by lines
associated with the singly ionized stage for each element in this
example. As explained in Section 2.2, and demonstrated in Fig. 2
and Table 1, a single ion stage is dominant over a broad range of
temperature at such low densities for a given element. Furthermore,
the dominant stage is typically the same for all lanthanide (and
actinide) elements due to the similarity in the ionization potentials
of their ion stages.

Despite these comparable trends, an inspection of the frequency-
dependent opacities also reveals the differences inherent in the
underlying atomic energy-level structure for each element. The
detailed line structure is visibly different in each panel of Fig. 5
due to fundamental atomic physics theory concepts such as the
angular momentum coupling between the various bound electrons,
quantum selection rules for the absorption of photons between
different energy levels, etc. There are also notable differences when
comparing the FR and SR values for a given element. The Planck
mean opacity is, once again, presented in each panel of Fig. 5
for comparison purposes. The ratio of the FR to SR value of the
Planck mean is 2.43, 2.47, 1.74, and 0.889 for Ce, Nd, Sm, and
U, respectively. The variation in this set of ratios gives a basic
indication of the uncertainty in the opacities due to the choice of
physics models for this group of four elements. Within the FR or SR
model, the maximum ratio occurs between Ce and U, with a value of
7.80 or 2.85, respectively. These two values provide a rough estimate
of how the opacity can vary between different elements calculated
within the same physical framework. Of course, representing such
complex, frequency-dependent absorption features by a single mean

MNRAS 493, 4143-4171 (2020)

020z 1snbny €0 uo 1s8nb Aq 01 £8S/S/E | ¥/S/S6T/10BNSIE-80ILE/SBIUW/WO0D dNO"dIWapEI.//:Sd)y WO} PaPEOJUMO(]



4148

9

10°
10
10
10
10
10*
10°
107
10
10°
10°
10°

8
7
6
5

(cm’/g)

bin

K

1

C. J. Fontes et al.

W
LU AL L L R ELL AL mALL mELL AL mal e

a) FR: k' = 4497 cm’/g

vl ol 1

E o ool ol el sl ol ol

3

>,
8

0.01

0.1 1

g

photon energy (eV)

=

—
o
o

| ™ T T T

—
o
<

Lo e

¢) FR-SCR: k' = 5299 cm’/g

i 2
(cm'/g)
=55

bin
K

._.
=)

w ~

e e g e

vl ol ol el o ol vl el o ol ol 2

0

sl MEETRETT | MR
0.01 0.1 1
photon energy (eV)

>,
8
8

1()9E T T ™ Ty
8L 3
108 b) FR-SCNR: «* = 4492 cm’/g 3
10°F 1
r 2
i E
!— E
1 5] Y BTN R Ll
®.001 0.01 0.1 I 10 100
photon energy (eV)
1()9§ LA B AL LA LAY B LR A |
8L 3
10F 4) sR: " = 3727 em¥/g 3
10F

2
E
3
-
-
3
l:
r
’r
3:

| MR |

T | MR | PR
0.01 0.1 1
photon energy (eV)

S,
S

Figure 4. The LTE line-binned opacity for neodymium at T = 0.5eV and p = 10713 gcm~3 using four different models described in the text: (a) FR, (b)
FR-SCNR, (c) FR-SCR, and (d) SR. The Planck mean opacity, obtained via integration of the line-binned opacity, is also listed in each panel.

value is a gross approximation. A more realistic comparison should
investigate the use of different opacity models in the simulation of
kilonova emission, which we consider in Section 4.

As a final illustration, we present in Figs 6 and 7 the line-binned
opacity for all 14 lanthanide elements, as well as uranium, at two
sets of characteristic conditions. These results were calculated with
the SR model. Once again, a characteristic ejecta density of p =
107 gem~2 was chosen for both figures. A temperature of T =
0.1eV was chosen in Fig. 6 to highlight opacities with a b-b
contribution that is dominated by the first, i.e. neutral, ion stage for
all 15 elements. A higher temperature of T = 0.3 eV was chosen in
Fig. 7 to compare opacities with a b—b contribution that is dominated
by the second, i.e. singly ionized, ion stage of each element.

The qualitative trends in these two figures resemble those dis-
cussed above for Figs 4 and 5. For example, the opacity for all
15 elements in Figs 6 and 7 displays line-dominated absorption
that increases with photon energy, peaking at an energy of about
2-3eV. In Fig. 6, the signature f—f and scattering contributions
(see Fig. 3) are absent because the underlying atomic processes of
inverse bremsstrahlung and electron scattering, respectively, require
the presence of free electrons. Since the charge state distribution is
dominated by the neutral ion stage in this case, Z = 0 and the free
electron density is relatively small. On the other hand, the f—f and
scattering contributions are clearly present in Fig. 7 for which the
temperature, and free electron density, is higher.

In order to provide some qualitative analysis of the line-binned
opacities for the 14 lanthanide elements displayed in Figs 6 and 7,
we present Figs 8 and 9, respectively. In each of the two panels in
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Fig. 8, the solid black curve (with circles) represents the number
of lines in the first ion stage, which is the dominant stage for these
conditions, for each element. The number of lines for the various ion
stages can also be found in Table Al. Superimposed on this black
curve is a red dashed curve (with squares) that represents the mean
opacity obtained from the frequency-dependent opacities in Fig. 6.
The red dashed curve in the left-hand panel represents the Planck
mean opacity displayed in equation (4). The red dashed curve in the
right-hand panel represents the Rosseland mean opacity defined by
the standard harmonically averaged expression

K"t = B, (T)[kv] " dv B,(T)dv, (5)
0

where B, (T) is the partial derivative of the Planck function with

respect to temperature.

As expected from basic atomic physics considerations, the
number of lines in the first ion stage of the 14 lanthanide elements
peaks at Gd (Z = 64), near the centre of the range. The energy
level structure of Gd is the most complicated due to the presence
of the half-filled 4f” subshell, as well as a 5d! subshell, in the
ground-state configuration. This combination of open subshells
results in @ maximum in the number of fine-structure levels that
are allowed by quantum physics, i.e. according to the rules of
angular momentum coupling of the bound electrons and the Pauli
exclusion principle. This large number of levels corresponds to a
maximum in the number of lines (or transitions) displayed in Fig. 8.
However, this peak in the number of lines corresponds to relatively
low values in the Planck and Rosseland mean opacities. This is a
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Figure 5. The LTE line-binned opacities for four representative elements (Ce, Nd, Sm, and U) at T=0.3eV and p = 10723 gcm~3. Panels (a) and (b) represent
Ce, panels (c) and (d) represent Nd, panels (e) and (f) represent Sm, and panels (g) and (h) represent U. The panels in the left-hand column were calculated
with the FR approach, while panels in the right-hand column were calculated with the SR approach. The Planck mean opacity, obtained via integration of the
line-binned opacity, is also listed in each panel.
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Figure 6. The LTE line-binned opacity for all 14 lanthanide elements, as well as uranium, at T = 0.1eV and p = 10723 gcm™2. For these conditions, the
bound-bound contribution to the opacity is dominated by the first, i.e. neutral, ion stage of each element. Panels (a)—(n) display results for Z = 57-70, while

panel o displays the uranium (Z = 92) result.

counterintuitive result since the existence of more lines is expected
to increase the chances of photon absorption, which corresponds
to higher opacities. In addition, note that the adjacent element
Eu (Z = 63), which also contains the 4f” subshell in its ground
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configuration, similarly corresponds to relatively low values of the
two mean opacities. This behaviour can be understood from the fact
that the half-filled 4f” subshell is semistable with respect to energy,
i.e. it takes more energy to excite an electron from this type of
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Figure 7. The LTE line-binned opacity for all 14 lanthanide elements, as well as uranium, at T = 0.3eV and p = 10~ gcm™3. For these conditions, the
bound-bound contribution to the opacity is dominated by the second, i.e. singly ionized, ion stage of each element. Panels (a)-(n) display results for Z =

57-70, while panel (o) displays the uranium (Z = 92) result.

configuration than it does from the adjacent ground configurations
that contain the 4f or 4 subshell. Thus, the energy-level structure
associated with an element possessing a 4f” subshell in its ground
state can be somewhat different than the other lanthanides, and a

significant fraction of the allowed radiative transitions can occur
at higher energies than for the other lanthandides. For example,
according to the NIST data base (Kramida et al. 2018), the first
excited state of Eu1 occurs at an energy of 1.6eV. This value
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