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ABSTRACT

Aims. It is now well established that a large amount of heavy (trans-iron) elements are produced during neutron star (NS) mergers.
These elements can be detected in the spectra of the kilonova emitted from the post-merger ejected materials. Due to the high level
densities that characterize the complex configurations belonging to heavy elements, thus giving rise to millions of absorption lines, the
kilonova ejecta opacity is of significant importance. The elements that contribute the most to the latter are those with an unfilled nd
subshell belonging to the fifth and the sixth rows of the periodic table, and those with an unfilled nf subshell belonging to the lanthanide
and actinide groups. The aim of the present work is to make a new contribution to this field by performing large-scale atomic structure
calculations in three specific sixth-row 5d elements, namely hafnium, osmium, and gold, in the first four charge stages (I–IV), and by
computing the corresponding opacities, while focusing on the importance of the atomic models used.
Methods. The pseudo-relativistic Hartree–Fock (HFR) method, including extended sets of interacting configurations, was used for the
atomic structure and radiative parameter calculations, while the expansion formalism was used to estimate the opacities.
Results. Theoretical energy levels, wavelengths, and oscillator strengths were computed for millions of spectral lines in Hf I–IV, Os
I–IV, and Au I–IV ions, the reliability of these parameters being assessed through detailed comparisons with previously published
experimental and theoretical results. The newly obtained atomic data were then used to calculate expansion opacities for typical
kilonova conditions expected one day after the NS merger; these are a density of ρ = 10−13 g cm−3 and temperatures ranging from T =
5000 K to T = 15 000 K. Some agreements and differences were found when comparing our results with available data, highlighting
the importance of using sufficiently complete atomic models for the determination of opacities.
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1. Introduction

A kilonova, which is the electromagnetic signal that happens
when two neutron stars (NS) merge, is known to be the place
where heavy (trans-iron) chemical elements show large contri-
butions to the spectrum (Lattimer et al. 1974; Eichler et al. 1989;
Freiburghaus et al. 1999; Korobkin et al. 2012; Wanajo et al.
2014; Kasen et al. 2013, 2017; Rosswog 2015; Metzger 2017).
These elements are produced from the rapid nucleosynthesis r-
process during the NS coalescence, and, because of their high
density of electronic transitions between numerous energy lev-
els, the emitted light is strongly absorbed, leading to a significant
opacity characterizing the kilonova spectra.

While many approaches of kilonova spectral modeling
assume constant gray opacities (Perego et al. 2017; Villar
et al. 2017) or use opacities determined from prescriptions con-
sisting of crude approximations to atomic-physics-based models
(Just et al. 2022), the accurate estimation of this opacity is
of paramount importance for kilonova light-curve determina-
tion, that is, the evolution of kilonova luminosity with time
⋆ Tables 2–13 are available at the CDS via anonymous ftp

to cdsarc.cds.unistra.fr (130.79.128.5) or via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/687/A41

(Kasen et al. 2013; Tanaka et al. 2020). This relies on the
most comprehensive knowledge possible of atomic data such
as energy levels, wavelengths, and oscillator strengths charac-
terizing the species contributing most to the opacity. Among the
latter, we essentially find the elements with an open 4d or 5d sub-
shell belonging to the fifth and sixth rows of the periodic table
and the elements with an open 4f or 5f subshell belonging to the
lanthanide and actinide groups (Tanaka et al. 2020).

In this context, many recent works have been dedicated to
new extended calculations of atomic parameters in heavy ele-
ments with the aim of deducing the corresponding opacities.
Most of these studies were focused on lanthanide ions, such
as the papers published by Gaigalas et al. (2019) for Nd II–
IV, Gaigalas et al. (2020) for Er III, Radžiūtė et al. (2020) for
Pr II–Gd II, Radžiūtė et al. (2021) for Tb II–Yb II, Carvajal
Gallego et al. (2021) for Ce II–IV, Rynkun et al. (2022) for
Ce IV, Carvajal Gallego et al. (2022a) for Ce V–X, Carvajal
Gallego et al. (2022b) for La V–X, Carvajal Gallego et al.
(2023a) for Pr V–X, Nd V–X, Pm V–X, Carvajal Gallego et al.
(2023b) for Sm V–X, and Maison et al. (2022) for Lu V.

Atomic structure and opacity calculations were also inves-
tigated by Fontes et al. (2020, 2023) for all lanthanide
and actinide atoms in charge stages between I and IV, by
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Tanaka et al. (2020) for elements ranging from Fe to Ra in
ionization stages from I to IV, by Banerjee et al. (2022) for
three selected lanthanides (i.e., Nd, Sm and Eu, from V to
XI), and by Banerjee et al. (2024) for all elements from La to
Ra in the charge stages ranging from I to XI. We also high-
light the recent studies concerning kilonova opacities relating to
neodymium and uranium ions using different atomic structure
approaches (Flörs et al. 2023) as well as analyses of the sen-
sitivity of astrophysical opacities to atomic data in relation to
the use of a semiempirical adjustment of radial parameters, the
introduction of core-polarization effects (Deprince et al. 2023),
or the use of complete partition functions (Carvajal Gallego
et al. 2023c) in the calculations.

In the present work, we report the results of a compara-
tive study of the contributions to kilonova expansion and Planck
mean opacities for three representative 5d-elements of the sixth
period, namely hafnium, osmium, and gold, for which extended
configuration interaction models based on the pseudo-relativistic
Hartree–Fock (HFR) method were used to obtain a new set of
radiative data for a large amount of lines belonging to the first
four spectra (i.e., Hf I–IV, Os I–IV, and Au I–IV). These data
were then considered for the determination of the correspond-
ing expansion and Planck mean opacities for kilonova ejecta
conditions expected one day after the NS merger, that is, for a
density of 10−13 g cm−3 and a temperature ranging from 5000 to
15 000 K. This work follows a similar study that we recently pub-
lished for two representative 4d-transition elements of the fifth
period, namely niobium and silver (Ben Nasr et al. 2023).

2. Atomic data

Theoretical energy levels, wavelengths, and oscillator strengths
for spectral lines in Hf I–IV, Os I–IV, and Au I–IV were
computed using the pseudo-relativistic Hartree–Fock (HFR)
approach developed by Cowan (1981). For each atomic system,
a large amount of interacting configurations were included in
the calculations. The complete lists of these multi-configuration
expansions are given in Tables A.1–A.3 for Hf, Os, and Au ions,
respectively. No semi-empirical procedure, in which configura-
tion average energies would have been fit to match available
experimental data, was performed. It was indeed showed by
Deprince et al. (2023) that computed opacities are virtually not
affected by such an adjustment. However, all the Slater radial
integrals, corresponding to the direct (Fk) and the exchange (Gk)
electrostatic interactions between electrons within the same con-
figurations and to the electrostatic interactions between electrons
belonging to different configurations (Rk) were scaled down by a
factor of 0.85, while the spin-orbit parameters (ζnl) were kept at
their ab initio values, as recommended by Cowan (1981). It was
actually shown by the latter that this procedure made it possible
to reduce the differences between the HFR energy levels and the
experimental values, when they are available. Nevertheless, it is
useful to remember that the choice of this scaling factor (between
for example 0.80, 0.85, 0.90, and 0.95) does not have a critical
impact on the opacity calculations, as discussed in one of our
previous papers (Carvajal Gallego et al. 2023a).

The improvement in agreement between theoretical and
experimental levels when the scaling factor (S F) is used in HFR
calculations is illustrated in Tables A.4–A.6, where we give a
small sample comparison between the first few experimentally
known energy levels and the HFR values obtained without scal-
ing down the Slater integrals and with the scaling factor 0.85 for

E
ne

rg
y 

(c
m

-1
)

0

100000

200000

300000

400000

500000

E
ne

rg
y 

(c
m

-1
)

0

100000

200000

300000

400000

500000

600000

700000

E
ne

rg
y 

(c
m

-1
)

0

100000

200000

300000

400000

500000

600000

700000

800000

900000

Hf I      Hf II     Hf III          Hf IV

Os I      Os II     Os III         Os IV

Au I     Au II          Au III          Au IV

Fig. 1. Comparison between full set of HFR energy levels calculated
using the physical models of the present work (in black) and the HFR
energy levels obtained using the physical models considered by Tanaka
et al. (2020) (in blue) for Hf I–IV, Os I–IV, and Au I–IV. The red lines
correspond to the ionization potentials taken from the NIST database
(Kramida et al. 2023).
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Fig. 2. Comparison between full set of HFR energy levels calculated
using physical models of present work (in black) and HFR energy lev-
els obtained using physical models considered by Tanaka et al. (2020)
(in blue) for Os II between 120 000 and 138 000 cm−1. The red line
corresponds to the ionization potential taken from the NIST database
(Kramida et al. 2023).
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Fig. 3. Deviation between HFR and experi-
mental wavelengths, ∆λ/λExp (∆λ = λHFR −

λExp) as a function of λHFR for spectral lines
in Hf I–IV, Os I–IV, and Au I–IV ions.
Experimental data were taken from Kramida
et al. (2023) (NIST) for Hf I–II, Os III,
and Au I; from Malcheva et al. (2009) for
Hf III; from Sugar et al. (1974) for Hf
IV; from Ivarsson et al. (2003) and Quinet
et al. (2006) for Os I; from Ivarsson et al.
(2004) and Quinet et al. (2006) for Os II;
from Ryabtsev et al. (1998) for Os IV; from
Ryabtsev et al. (1998) for Au II; from Zainab
& Tauheed (2019) for Au III; and from Wyart
et al. (1994) for Au IV.

Table 1. Number of levels and transitions obtained with HFR calcula-
tions and used for opacity determination in Hf, Os, and Au I−IV ions.

Ion N levels
(a) N lines

(b) IP (cm−1)(c)

Hf I 8694 349 524 55 048
Hf II 2060 170 114 117 820
Hf III 355 12 472 181 840
Hf IV 322 9312 269 150
Os I 18 925 3 986 602 68 059
Os II 14 331 6 506 304 137 000
Os III 16 158 2 538 381 202 000
Os IV 10 230 3 454 744 331 000
Au I 1692 1244 74 409
Au II 6481 23 107 162 950
Au III 14 627 186 596 242 000
Au IV 8235 994 995 363 000

Notes. The ionization potentials are also listed in the last column for
each ion. (a)Total number of energy levels obtained in HFR calculations.
(b)Total number of transitions involving energy levels below the ioniza-
tion potential for which log g f > –5. (c)Ionization potential taken from
the NIST database (Kramida et al. 2023).

Hf I–IV, Os I–IV, and Au I–IV ions, respectively. If the improve-
ment is not always obvious for some specific levels, we note that
the overall agreement is better when applying the scaling factor,
the mean deviation ∆E = EHFR – EExp being found to be equal
to 563 cm−1 for all the levels reported in Tables A.4–A.6, while
the same deviation is a factor of two larger (∆E = 1154 cm−1)
when no scaling factor is applied to the Slater integrals. Of
course, the agreement between calculated and experimental lev-
els can always be improved by a semi-empirical adjustment
procedure, as suggested by Cowan (1981), but it has been shown
(Deprince et al. 2023) that such a procedure has no significant

impact on the determination of opacities in the most interest-
ing spectral region for current observations, typically beyond
3000 Å.

Using the physical models considered in our HFR calcula-
tions, a large number of spectroscopic parameters were obtained.
More precisely, the configurations listed in Tables A.1–A.3 gave
rise to numerous energy levels and radiative transitions whose
numbers are reported in Table 1. We note that the numbers
of transitions given in this table correspond to those involv-
ing energy levels below the ionization potential of each atom
or ion (whose value taken from the NIST database (Kramida
et al. 2023) is also given in Table 1) and for which the com-
puted log g f -values were found to be greater than –5. This
lower limit on the oscillator strengths was actually shown to
allow the inclusion of the large majority of transitions con-
tributing to the opacity in one of our previous papers (Carvajal
Gallego et al. 2021).

To have an idea of the extent of the atomic structure calcula-
tions carried out in the present work, we compare the number of
levels that we obtained with those resulting from the theoretical
models considered by Tanaka et al. (2020) for the same ions in
Fig. 1. More precisely, in this figure we plot the full set of energy
levels calculated in the present work along with those obtained
using the HFR method only including the configurations listed
in Tanaka et al. (2020) for Hf I–IV, Os I–IV, and Au I–IV. We
can easily see that, for some ions, the level densities are consid-
erably larger in our calculations than what was deduced from the
models of Tanaka et al., which may turn out to be an essential cri-
terion for the determination of opacities. More precisely, we note
rather large differences between both sets of energy levels in the
cases of Hf III and Hf IV, in particular as far as highly excited
states are concerned. Such differences are also observed, to a
lesser extent, for states just below the ionization potential in the
cases of Hf II, Os IV, Au II, and Au IV. Unfortunately, for most
ions, there are so many levels that it is difficult to distinguish the
differences between the level densities obtained in both works
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Fig. 4. Comparison between HFR oscillator strengths (log g f ) and
previously published values for Hf I–III ions. Previous data were taken
from Duquette et al. (1986) for Hf I and from Den Hartog et al. (2021),
Lawler et al. (2007), Lundqvist et al. (2006), and Bouazza et al. (2015)
for Hf II. Two different semi-empirical approaches were used in the
latter reference based on a parametrization of the oscillator strengths
(OSP) and on a pseudo-relativistic Hartree-Fock model including
core-polarization effects HFR+CPOL from Malcheva et al. (2009) for
Hf III, respectively.

in Fig. 1. To highlight such differences, an example is given in
Fig. 2 in which we have enlarged part of Fig. 1 corresponding
to the Os II energy levels between 120 000 and 138 000 cm−1,
clearly showing that the level density obtained in our calcula-
tions is much higher than the one deduced from Tanaka et al.
(2020).

The reliability of our results was assessed through detailed
comparisons with other previously published experimental and
theoretical data. In particular, the HFR wavelengths obtained in
the present work were found to be in good agreement (within
a few percent) with the available experimental values. Indeed,
the average relative deviations ∆λ/λExp (with ∆λ = λHFR –λExp)
were evaluated at 0.002± 0.060 for Hf I, 0.028± 0.068 for Hf II,
0.030± 0.073 for Hf III, 0.031± 0.036 for Hf IV, 0.053± 0.179
for Os I, 0.007± 0.079 for Os II, 0.011± 0.030 for Os III,
0.004± 0.020 for Os IV, 0.025± 0.081 for Au I, 0.017± 0.042
for Au II, 0.018± 0.042 for Au III, and 0.023± 0.010 for Au IV
when taking the experimental wavelengths from Kramida et al.
(2023) for Hf I–II, Os III, and Au I, from Malcheva et al. (2009)

for Hf III, from Sugar et al. (1974) for Hf IV, from Ivarsson
et al. (2003) and Quinet et al. (2006) for Os I, from Ivarsson
et al. (2004) and Quinet et al. (2006) for Os II, from Ryabtsev
et al. (1998) for Os IV, from Ryabtsev et al. (1998) for Au II,
from Zainab & Tauheed (2019) for Au III, and from Wyart et al.
(1994) for Au IV. These relative deviations ∆λ/λExp are plotted
as a function of λHFR in Fig. 3 for neutral, single-, double-, and
treble-ionized hafnium, osmium, and gold.

An estimate of the quality of our oscillator strengths could
also be made from comparisons with previously published data.
However, as the primary goal of our work was to determine opac-
ities, it was more useful to ensure the overall consistency of
our calculated g f -values for the whole set of transitions in the
ions of interest than to examine their accuracy for each individ-
ual transition in detail. For this purpose, in Figs. 4–6 we show
the comparisons of the log g f -values obtained in the present
work with the experimental and theoretical results taken from
literature for Hf I–III, Os I–IV, and Au I–IV, respectively. As
can be seen in these figures, the overall agreement is satisfac-
tory, the deviation being found to be less than a factor of two
for 84% of transitions in Hf I–III, for 70% of transitions in
Os I–IV, and for 77% of transitions in Au I–IV, when consid-
ering the data from Duquette et al. (1986) for Hf I; Lundqvist
et al. (2006), Lawler et al. (2007), Bouazza et al. (2015), and
Den Hartog et al. (2021) for Hf II; Malcheva et al. (2009) for
Hf III; Kurucz (1993), Ivarsson et al. (2003), and Quinet et al.
(2006) for Os I; Ivarsson et al. (2004) and Quinet et al. (2006)
for Os II; Azarov et al. (2018) for Os III; Ryabtsev et al. (1998)
for Os IV; Corliss et al. (1981), Migdalek & Baylis (1979),
Hannaford et al. (1981), Desclaux et al. (1994), Gaarde et al.
(1994), Migdalek & Garmulewicz (2000), Safronova & Johnson
(2004), Fivet et al. (2007), Zhang et al. (2018), McCann et al.
(2022), and Kramida et al. (2023) for Au I; Zhang et al. (2002),
Biémont et al. (2007), and McCann et al. (2022) for Au II;
Enzonga et al. (2008) and Zainab & Tauheed (2019) for Au III;
and Wyart et al. (1994) for Au IV. It is also worth emphasizing
that no systematic deviation was observed between our oscillator
strengths and the other results.

All these comparisons allowed us to have some confidence
in the overall reliability of the radiative parameters obtained in
the present work, the main purpose of which is to to provide a
large quantity of atomic data of sufficient quality for the estima-
tion of opacities. For more numerical details, some samples of
our newly calculated oscillator strengths (log g f ) are compared
with previously published results for experimentally observed
intense lines in Hf I–IV, Os I–IV, and Au I–IV in Tables 2–13
(only available at the CDS). It should be noted that, in these
tables, among the tens of millions of lines computed in our work,
we restricted ourselves to the strongest transitions for which
the oscillator strengths did not present significant cancellation
effects in the HFR calculations, i.e. for which the cancellation
factor, CF as defined by Cowan (1981) was greater than 0.05, and
to transitions providing points of comparison with experimen-
tal or theoretical results previously published in the literature.
Looking at these tables, one can obviously notice that, although
the overall agreement is satisfactory (on the order of a factor
of two), some of our oscillator strengths can present relatively
large disagreements with results previously published in the lit-
erature. This is mainly due to the fact that our atomic calculations
were not optimized for particular transitions but rather aimed at
providing a set of spectroscopic parameters of sufficient and sim-
ilar quality for a very large number (several hundred thousand)
of radiative transitions, which constitutes an essential point for
opacity calculations.
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Fig. 5. Comparison between HFR oscil-
lator strengths (log g f ) and previously
published values for Os I–IV ions. Pre-
vious data were taken from Quinet
et al. (2006), Ivarsson et al. (2003), and
Kurucz (1993) for Os I, from Quinet
et al. (2006) and Ivarsson et al. (2004)
for Os II, from Azarov et al. (2018) for
Os III, and from Ryabtsev et al. (1998)
for Os IV.

Fig. 6. Comparison between HFR oscil-
lator strengths (log g f ) and previously
published values for Au I–IV ions. Pre-
vious data were taken from the NIST
database by Kramida et al. (2023),
Hannaford et al. (1981), Corliss et al.
(1981), Gaarde et al. (1994), Fivet et al.
(2007), Desclaux et al. (1994), McCann
et al. (2022), Migdalek & Baylis (1979),
Migdalek & Garmulewicz (2000),
Safronova & Johnson (2004), and
Zhang et al. (2018) for Au I; from
McCann et al. (2022), Biémont et al.
(2007), and Zhang et al. (2002) for
Au II; from Zainab & Tauheed (2019)
and Enzonga et al. (2008) for Au III;
and from Wyart et al. (1994) for Au IV.
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Fig. 7. Relative ionic abundances for Hf I–V species as a function of
temperature.
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Fig. 8. Relative ionic abundances for Os I–V species as a function of
temperature.
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Fig. 9. Relative ionic abundances for Au I–V species as a function of
temperature.

3. Opacities

The expansion opacities corresponding to the hafnium, osmium,
and gold ions of interest were calculated using the bound-bound
absorption coefficient given by (Karp et al. 1977; Eastman &
Pinto 1993; Kasen et al. 2006):

κbb(λ) =
1
ρct

∑
l

λl

∆λ
(1 − e−τl ), (1)

where λ (in Å) is the central wavelength within the region of
width ∆λ, λl are the wavelengths of the lines appearing in this
range, c (in cm s−1) is the speed of light, ρ (in g cm−3) is the
density of the ejected gas, t (in s) is the elapsed time since the
ejection, and τl are the optical depths that can be estimated using
the Sobolev expression (Sobolev 1960):

τl =
πe2

mec
flnltλl, (2)

where e (in C) is the elementary charge, me (in g) is the elec-
tron mass, fl (dimensionless) is the oscillator strength, and nl

(in cm−3) is the density of the lower level of the transition. The
latter can be estimated by assuming the local thermodynamic
equilibrium (LTE) through the relation

nl =
gl

U(T )
ne−El/kBT , (3)

in which gl and El (in cm−1) are the statistical weight and the
energy of the lower level of the transition, respectively, U(T ) is
the partition function of the ionization stage considered, and n is
the ion density evaluated by

n =
ρ

Amp
X j, (4)

where A is the mass number, mp is the proton mass, and X j is the
relative ionic fraction of the jth ionization state.

The temperature range in which the Hf I–IV, Os I–IV, and
Au I–IV ions contribute the most to the plasma ionic abundances
was determined from the Saha equation, in which the relevant
partition functions U(T ) were computed using all the energy
levels obtained in our HFR models described in Sect. 2, com-
pleted by Hf V, Os V, and Au V energy levels estimated from
HFR calculations including the following configurations: 4f14,
4f13ns (n = 6–8), 4f13np (n = 6–8), 4f13nd (n = 5–8), 4f126s2,
4f125d2, 4f125d6s, 4f126s6p for Hf V, 5d4, 5d3ns (n = 6–8), 5d3np
(n = 6–8), 5d3nd (n = 6–8), 5d3nf (n = 5–8), 5d26s2, 5d26p2,
5d26d2, 5d25f2, 5d26sns (n = 7–8), 5d26snp (n = 6–8), 5d26snd
(n = 6–8), 5d26snf (n = 5–8), 5d26pns (n = 7–8), 5d26pnp (n =
7–8), 5d26pnd (n = 6–8), 5d26pnf (n = 5–8), 5d6s2ns (n = 7–
8), 5d6s2np (n = 6–8), 5d6s2nd (n = 6–8) for Os V, and 5d7,
5d6ns (n = 6–8), 5d6np (n = 6–8), 5d6nd (n = 6–8), 5d6nf (n = 5–
8), 5d56s2, 5d56p2, 5d55f2, 5d56s6p, 5d56s5f, 5d56s6f, 5d56p5f
for Au V. The ionization potentials were taken from the NIST
database (Kramida et al. 2023). This gave rise to the ionization
balances as shown in Figs. 7–9 for the first ions of hafnium,
osmium, and gold, respectively. From these figures, we deduced
that the maximum relative abundances occurred at T = 2000 K
for Hf I, Os I, and Au I; T = 4000 K for Hf II; T = 5000 K for
Os II; T = 6000 K for Au II; T = 7500 K for Hf III; T = 8000 K
for Os III; T = 10 000 K for Au III; T = 11 000 K for Hf IV;
T = 12 500 K for Os IV; and T = 15 000 K for Au IV. We there-
fore limited the opacity calculations to the temperature range not
exceeding 15 000 K.

The expansion opacities were computed using all the electric
dipole transitions for which the upper level was below the ion-
ization potential and the log g f -value was greater than –5. This
led to a very large amount of transitions for each element (see
Table 1). It is important to note that these numbers are much
higher than the numbers of transitions included in the opacity
calculations of Tanaka et al. (2020), which considered a total of
about 385 000 lines for the 12 atomic systems of interest, to be
compared with a total of slightly over 18 million in our work (i.e.,
a number of lines 50 times greater). In all of our computations,
the elapsed time after NS merger was assumed to be t = 1 day,
and the density of the gas was chosen to be ρ = 10−13 g cm−3, as
suggested by Banerjee et al. (2022), for example, while the width
of wavelength bin was set at ∆λ = 10 Å.

The results obtained are shown in Figs. 10–12, where the cal-
culated expansion opacities of hafnium, osmium, and gold are
compared for three different temperatures, namely T = 5000 K,
T = 10 000 K, and T = 15 000 K, respectively. We can clearly see
that the contribution of Os is much more significant than that
of Hf and Au for the first two temperatures, as highlighted by
Tanaka et al. (2020).
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Fig. 10. Expansion opacity for Hf, Os,
and Au, calculated at T = 5000 K.
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Fig. 11. Expansion opacity for Hf, Os,
and Au, calculated at T = 10 000 K.
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Fig. 12. Expansion opacity for Hf, Os,
and Au, calculated at T = 15 000 K.

A commonly used wavelength-independent absorption coef-
ficient is the Planck mean opacity, κP, which is the inte-
grated opacity related to the total radiation absorbed and
defined as

κP(T ) =

∫ ∞
0 B(λ,T ) κ(λ) dλ∫ ∞

0 B(λ,T ) dλ
, (5)

where B(λ,T ) is the Planck function given by

B(λ,T ) =
2hc2

λ5

1
ehc/λkT − 1

. (6)

The Planck mean opacities computed in the present work are
plotted in Fig. 13 for temperatures up to 15 000 K. As seen from
this figure, at the lowest temperature, T = 3000 K, hafmium
and osmium produce an opacity two orders of magnitude higher

A41, page 7 of 15



Ben Nasr, S., et al.: A&A, 687, A41 (2024)

Fig. 13. Planck mean opacities for Hf, Os, and Au as a function of tem-
perature. The labels I, II, III, and IV show typical temperature ranges
for each ionization state.

than gold. When the temperature increases, if Os always remains
the main contributor, the opacity of Hf decreases while that
of gold increases until both elements have a similar contribu-
tion around T = 10 000 K. At 15 000 K, osmium contribution
to the Plank mean opacity is about four times higher than gold
contribution, which is itself about four times greater than that
of hafnium. Overall, these results are in fairly good agreement
with the Planck mean opacities roughly extracted from Fig. 7 of
Tanaka et al. (2020), even if the values of the latter seem a fac-
tor of 2–3 smaller than our results for osmium at 5000 K and
for hafnium at 15 000 K. This could be due to the differences
between the atomic models used, those considered in our work
giving rise to many more radiative transitions that can contribute
to monochromatic opacities. This point was already mentioned
in Sect. 2 and highlighted in Figs. 1 and 2, where comparisons of
the level densities obtained in our calculations and those deduced
from Tanaka et al. (2020) are given, showing (sometimes rather
large) differences for the Hf I–IV, Os I–IV, and Au I–IV ions
considered.

It is, however, worth highlighting that the opacities deter-
mined in the present work were computed assuming single-
element plasma for each species; that is, they do not take the
elemental abundances within the kilonova ejecta into account.
Determining the contribution of each species to the total ejecta
opacity would require a realistic estimate of their corresponding
abundance, which could be obtained from NS merger simula-
tions. This will be within the scope of a further investigation
in which all elements and their abundances will be included in
order to estimate their respective contributions to the kilonova
ejecta total opacity.

4. Summary and conclusion

New calculations of the atomic structures and radiative parame-
ters for a very large number of spectral lines were carried out in
the charge stages I–IV of three elements of the sixth period, Hf,
Os, and Au. To do this, we used the pseudo-relativistic Hartree–
Fock theoretical method including a large amount of electronic
configurations. These ab initio atomic data were found to be gen-
erally in good agreement with previously published experimental
and theoretical results. The reliability of our atomic parameters
and especially their quantity, with approximately 0.5 million,
16 million, and 1.2 million radiative transitions computed in
Hf, Os, and Au ions, respectively, allowed us to estimate the

expansion and Planck opacities corresponding to ejecta condi-
tions expected one day after a neutron star merger (i.e., T ∼
5000–15 000 K and ρ ∼ 10−13 g cm−3). It was shown that, due
to its very high spectral density, Os is the main contributor to
Planck mean opacity over the entire temperature range, while the
contributions of Hf and Au reverse as the temperature increases.
This is because the Planck mean opacity of Au is about four
times greater than that of Hf at T = 15 000 K, while it is two
orders of magnitude lower than the one of Hf at T = 5000 K.
Of course, these different contributions must be weighted by the
respective chemical abundances to estimate the total opacities
affecting the kilonova spectra.
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Appendix A: Additional tables

Table A.1. Configurations included in HFR atomic structure calculations for Hf I-IV ions.

Hf I Hf II Hf III Hf IV

Even parity Even parity Even parity Even parity
4f14 5d2 6s2 4f14 5d2 6s 4f14 5d2 4f14 5d
4f14 5d2 6s 7s 4f14 5d2 7s 4f14 5d 6s 4f14 6s
4f14 5d2 6s 8s 4f14 5d2 8s 4f14 5d 7s 4f14 7s
4f14 5d2 6s 6d 4f14 5d2 6d 4f14 5d 8s 4f14 8s
4f14 5d2 6s 7d 4f14 5d2 7d 4f14 5d 6d 4f14 6d
4f14 5d2 6s 8d 4f14 5d2 8d 4f14 5d 7d 4f14 7d
4f14 5d3 6s 4f14 5d 6s2 4f14 5d 8d 4f14 8d
4f14 5d3 7s 4f14 5d 6s 7s 4f14 5d 5g 4f14 5g
4f14 5d3 8s 4f14 5d 6s 8s 4f14 5d 6g 4f14 6g
4f14 5d4 4f14 5d 6s 6d 4f14 5d 7g 4f14 7g
4f14 5d3 6d 4f14 5d 6s 7d 4f14 5d 8g 4f14 8g
4f14 5d3 7d 4f14 5d 6s 8d 4f14 6s2 4f13 5d 6p
4f14 5d3 8d 4f14 5d3 4f14 6p2 4f13 6s 6p
4f14 5d2 6p 7p 4f14 5d 6p2 4f14 6d2

4f14 5d2 6p 8p 4f14 5d 6p 5f 4f14 5f2

4f14 5d2 6p2 4f14 5d 6p 6f 4f14 6s 7s
4f14 5d2 6p 5f 4f14 5d 6p 7f 4f14 6s 8s
4f14 5d2 6p 6f 4f14 5d 6p 8f 4f14 6s 6d
4f14 5d2 6p 7f 4f14 5d 6d2 4f14 6s 7d
4f14 5d2 6p 8f 4f14 5d 5f2 4f14 6s 8d
4f14 5d2 6d2 4f14 6s 6g
4f14 5d2 6f2 4f14 6s 7g
4f14 5d 6s2 6d 4f14 6s 8g
4f14 5d 6s2 7d
4f14 5d 6s2 8d

Odd parity Odd parity Odd parity Odd parity
4f14 5d2 6s 6p 4f14 5d2 6p 4f14 5d 6p 4f14 6p
4f14 5d2 6s 7p 4f14 5d2 7p 4f14 5d 7p 4f14 7p
4f14 5d2 6s 8p 4f14 5d2 8p 4f14 5d 8p 4f14 8p
4f14 5d3 6p 4f14 5d2 5f 4f14 5d 5f 4f14 5f
4f14 5d3 7p 4f14 5d2 6f 4f14 5d 6f 4f14 6f
4f14 5d3 8p 4f14 5d2 7f 4f14 5d 7f 4f14 7f
4f14 5d3 5f 4f14 5d2 8f 4f14 5d 8f 4f14 8f
4f14 5d3 6f 4f14 5d 6s 6p 4f14 6s 6p 4f13 5d2

4f14 5d3 7f 4f14 5d 6s 7p 4f14 6s 7p 4f13 5d 6s
4f14 5d3 8f 4f14 5d 6s 8p 4f14 6s 8p 4f13 6s2

4f14 5d2 6s 5f 4f14 5d 6s 5f 4f14 6s 5f 4f13 6p2

4f14 5d2 6s 6f 4f14 5d 6s 6f 4f14 6s 6f
4f14 5d2 6s 7f 4f14 5d 6s 7f 4f14 6s 7f
4f14 5d2 6s 8f 4f14 5d 6s 8f 4f14 6s 8f
4f14 5d2 6p 7s 4f14 5d 6p 7s
4f14 5d2 6p 8s 4f14 5d 6p 8s
4f14 5d2 6p 6d 4f14 5d 6p 6d
4f14 5d2 6p 7d 4f14 5d 6p 7d
4f14 5d2 6p 8d 4f14 5d 6p 8d
4f14 5d2 5f 6d
4f14 5d 6s2 6p
4f14 5d 6s2 7p
4f14 5d 6s2 8p
4f14 5d 6s2 5f
4f14 5d 6s2 6f
4f14 5d 6s2 7f
4f14 5d 6s2 8f
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Table A.2. Configurations included in HFR atomic structure calculations for Os I-IV ions.

Os I Os II Os III Os IV

Even parity Even parity Even parity Even parity
4f14 5d6 6s2 4f14 5d6 6s 4f14 5d6 4f14 5d5

4f14 5d6 6s 7s 4f14 5d6 7s 4f14 5d5 6s 4f14 5d4 6s
4f14 5d6 6s 8s 4f14 5d6 8s 4f14 5d5 7s 4f14 5d4 7s
4f14 5d6 6s 6d 4f14 5d6 6d 4f14 5d5 8s 4f14 5d4 8s
4f14 5d6 6s 7d 4f14 5d6 7d 4f14 5d5 6d 4f14 5d4 6d
4f14 5d6 6s 8d 4f14 5d6 8d 4f14 5d5 7d 4f14 5d4 7d
4f14 5d7 6s 4f14 5d5 6s2 4f14 5d5 8d 4f14 5d4 8d
4f14 5d7 7s 4f14 5d5 6s 7s 4f14 5d4 6s2 4f14 5d3 6s2

4f14 5d7 8s 4f14 5d5 6s 8s 4f14 5d4 6s 7s 4f14 5d3 6s 7s
4f14 5d8 4f14 5d5 6s 6d 4f14 5d4 6s 8s 4f14 5d3 6s 8s
4f14 5d7 6d 4f14 5d5 6s 7d 4f14 5d4 6s 6d 4f14 5d3 6s 6d
4f14 5d7 7d 4f14 5d5 6s 8d 4f14 5d4 6s 7d 4f14 5d3 6s 7d
4f14 5d7 8d 4f14 5d7 4f14 5d4 6s 8d 4f14 5d3 6s 8d
4f14 5d6 6p 7p 4f14 5d5 6p2 4f14 5d4 6p2 4f14 5d3 6p2

4f14 5d6 6p 8p 4f14 5d4 6s2 6d 4f14 5d3 6s2 6d 4f14 5d2 6s2 6d
4f14 5d6 6p2 4f14 5d4 6s2 7d 4f14 5d3 6s2 7d 4f14 5d2 6s2 7d
4f14 5d5 6s2 6d 4f14 5d4 6s2 8d 4f14 5d3 6s2 8d 4f14 5d2 6s2 8d
4f14 5d5 6s2 7d
4f14 5d5 6s2 8d

Odd parity Odd parity Odd parity Odd parity
4f14 5d6 6s 6p 4f14 5d6 6p 4f14 5d5 6p 4f14 5d4 6p
4f14 5d6 6s 7p 4f14 5d6 7p 4f14 5d5 7p 4f14 5d4 7p
4f14 5d6 6s 8p 4f14 5d6 8p 4f14 5d5 8p 4f14 5d4 8p
4f14 5d7 6p 4f14 5d6 5f 4f14 5d5 5f 4f14 5d4 5f
4f14 5d7 7p 4f14 5d6 6f 4f14 5d5 6f 4f14 5d4 6f
4f14 5d7 8p 4f14 5d6 7f 4f14 5d5 7f 4f14 5d4 7f
4f14 5d7 5f 4f14 5d6 8f 4f14 5d5 8f 4f14 5d4 8f
4f14 5d7 6f 4f14 5d5 6s 6p 4f14 5d4 6s 6p 4f14 5d3 6s 6p
4f14 5d7 7f 4f14 5d5 6s 7p 4f14 5d4 6s 7p 4f14 5d3 6s 7p
4f14 5d7 8f 4f14 5d5 6s 8p 4f14 5d4 6s 8p 4f14 5d3 6s 8p
4f14 5d6 6s 5f 4f14 5d5 6s 5f 4f14 5d4 6s 5f 4f14 5d3 6s 5f
4f14 5d6 6s 6f 4f14 5d5 6s 6f 4f14 5d4 6s 6f 4f14 5d3 6s 6f
4f14 5d6 6s 7f 4f14 5d5 6s 7f 4f14 5d4 6s 7f 4f14 5d3 6s 7f
4f14 5d6 6s 8f 4f14 5d5 6s 8f 4f14 5d4 6s 8f 4f14 5d3 6s 8f
4f14 5d6 6p 7s 4f14 5d5 6p 7s 4f14 5d4 6p 7s 4f14 5d3 6p 7s
4f14 5d6 6p 8s 4f14 5d5 6p 8s 4f14 5d4 6p 8s 4f14 5d3 6p 8s
4f14 5d6 6p 6d 4f14 5d5 6p 6d 4f14 5d4 6p 6d 4f14 5d3 6p 6d
4f14 5d6 6p 7d 4f14 5d4 6s2 6p 4f14 5d4 6p 7d 4f14 5d3 6p 7d
4f14 5d6 6p 8d 4f14 5d4 6s2 7p 4f14 5d4 6p 8d 4f14 5d3 6p 8d
4f14 5d5 6s2 6p 4f14 5d4 6s2 8p 4f14 5d3 6s2 6p 4f14 5d2 6s2 6p
4f14 5d5 6s2 7p 4f14 5d3 6s2 7p 4f14 5d2 6s2 7p
4f14 5d5 6s2 8p 4f14 5d3 6s2 8p 4f14 5d2 6s2 8p
4f14 5d5 6s2 5f
4f14 5d5 6s2 6f
4f14 5d5 6s2 7f
4f14 5d5 6s2 8f
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Table A.3. Configurations included in HFR atomic structure calculations for Au I-IV ions.

Au I Au II Au III Au IV

Even parity Even parity Even parity Even parity
4f14 5d10 6s 4f14 5d10 4f14 5d9 4f14 5d8

4f14 5d10 7s 4f14 5d9 6s 4f14 5d8 6s 4f14 5d7 6s
4f14 5d10 8s 4f14 5d9 7s 4f14 5d8 7s 4f14 5d7 7s
4f14 5d10 6d 4f14 5d9 8s 4f14 5d8 8s 4f14 5d7 8s
4f14 5d10 7d 4f14 5d9 6d 4f14 5d8 6d 4f14 5d7 6d
4f14 5d10 8d 4f14 5d9 7d 4f14 5d8 7d 4f14 5d7 7d
4f14 5d9 6s2 4f14 5d9 8d 4f14 5d8 8d 4f14 5d7 8d
4f14 5d9 6s 7s 4f14 5d8 6s2 4f14 5d7 6s2 4f14 5d6 6s2

4f14 5d9 6s 8s 4f14 5d8 6s 7s 4f14 5d7 6s 7s 4f14 5d6 6p2

4f14 5d9 6s 6d 4f14 5d8 6s 8s 4f14 5d7 6s 8s 4f14 5d6 5f2

4f14 5d9 6s 7d 4f14 5d8 6s 6d 4f14 5d7 6s 6d 4f14 5d6 6p 5f
4f14 5d9 6s 8d 4f14 5d8 6s 7d 4f14 5d7 6s 7d 4f14 5d7 6g
4f14 5d9 6p2 4f14 5d8 6s 8d 4f14 5d7 6s 8d
4f14 5d9 6p 5f 4f14 5d8 6p2 4f14 5d7 6p2

4f14 5d9 6p 6f 4f14 5d8 6p 5f 4f14 5d7 6p 5f
4f14 5d9 6p 7f 4f14 5d8 6p 6f 4f14 5d7 6p 6f
4f14 5d9 6p 8f 4f14 5d8 6p 7f 4f14 5d7 6p 7f
4f14 5d9 6d2 4f14 5d8 6p 8f 4f14 5d7 6p 8f
4f14 5d9 5f2 4f14 5d8 6d2 4f14 5d7 6d2

4f14 5d8 6s2 6d 4f14 5d8 5f2 4f14 5d7 5f2

4f14 5d8 6s2 7d 4f14 5d7 6s2 6d 4f14 5d6 6s2 6d
4f14 5d8 6s2 8d 4f14 5d7 6s2 7d

4f14 5d7 6s2 8d

Odd parity Odd parity Odd parity Odd parity
4f14 5d10 6p 4f14 5d9 6p 4f14 5d8 6p 4f14 5d7 6p
4f14 5d10 7p 4f14 5d9 7p 4f14 5d8 7p 4f14 5d7 7p
4f14 5d10 8p 4f14 5d9 8p 4f14 5d8 8p 4f14 5d7 8p
4f14 5d10 5f 4f14 5d9 5f 4f14 5d8 5f 4f14 5d6 6s 6p
4f14 5d10 6f 4f14 5d9 6f 4f14 5d8 6f 4f14 5d6 6s 5f
4f14 5d10 7f 4f14 5d9 7f 4f14 5d8 7f 4f14 5d6 6s 6f
4f14 5d10 8f 4f14 5d9 8f 4f14 5d8 8f 4f14 5d7 5f
4f14 5d9 6s 6p 4f14 5d8 6s 6p 4f14 5d7 6s 6p 4f14 5d7 6f
4f14 5d9 6s 7p 4f14 5d8 6s 7p 4f14 5d7 6s 7p 4f14 5d7 7f
4f14 5d9 6s 8p 4f14 5d8 6s 8p 4f14 5d7 6s 8p 4f14 5d7 8f
4f14 5d9 6s 5f 4f14 5d8 6s 5f 4f14 5d7 6s 5f
4f14 5d9 6s 6f 4f14 5d8 6s 6f 4f14 5d7 6s 6f
4f14 5d9 6s 7f 4f14 5d8 6s 7f 4f14 5d7 6s 7f
4f14 5d9 6s 8f 4f14 5d8 6s 8f 4f14 5d7 6s 8f
4f14 5d9 6p 7s 4f14 5d8 6p 7s 4f14 5d7 6p 7s
4f14 5d9 6p 8s 4f14 5d8 6p 8s 4f14 5d7 6p 8s
4f14 5d9 6p 6d 4f14 5d8 6p 6d 4f14 5d7 6p 6d
4f14 5d9 6p 7d 4f14 5d8 6p 7d 4f14 5d7 6p 7d
4f14 5d9 6p 8d 4f14 5d8 6p 8d 4f14 5d7 6p 8d
4f14 5d8 6s2 6p 4f14 5d7 6s2 6p 4f14 5d6 6s2 6p
4f14 5d8 6s2 7p 4f14 5d7 6s2 7p
4f14 5d8 6s2 8p 4f14 5d7 6s2 8p
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Table A.4. Comparison between available experimental values of the first few excited energy levels in Hf I–IV and the HFR results obtained
without scaling down the Slater integrals (S F = 1.00) and with a scaling factor of 0.85 (S F = 0.85).

Configuration J EExp (cm−1)a EHFR (cm−1)b ∆E (cm−1)c

S F = 1.00 S F = 0.85 S F = 1.00 S F = 0.85
Hf I
5d26s2 2 0.00 0 0 0 0
5d26s2 3 2356.68 2664 2723 307 366
5d26s2 4 4567.64 5225 5241 657 673
5d26s2 0 5521.78 6011 5642 489 120
5d26s2 2 5638.62 6750 6390 1111 751
5d26s2 1 6572.55 7096 6827 523 254
5d26s2 2 8983.77 10672 10291 1688 1307
5d6s26p 2 10508.90 12618 13047 2109 2538
5d26s2 4 10532.57 12911 11820 2378 1287
5d6s26p 1 14017.83 12706 12761 -1312 -1256
5d36s 1 14092.29 13764 14005 -328 -87
... ... ... ... ... ... ...
Hf II
5d6s2 3/2 0.00 0 0 0 0
5d6s2 5/2 3050.88 2960 2817 -91 -234
5d26s 3/2 3644.65 2962 2676 -683 -969
5d26s 5/2 4904.85 4780 4661 -125 -244
5d26s 7/2 6344.34 5896 5630 -448 -714
5d26s 9/2 8361.76 8257 7972 -105 -390
5d26s 1/2 11951.70 12960 11384 1008 -568
5d26s 5/2 12070.46 12266 11166 196 -904
5d26s 3/2 12920.94 14117 12580 1196 -341
5d26s 5/2 13485.56 14877 13312 1391 -174
5d26s 3/2 14359.42 14942 13842 583 -877
... ... ... ... ... ... ...
Hf III
5d2 2 0.00 0 0 0 0
5d6s 1 2721.20 5109 4564 2388 1843
5d6S 2 3039.70 4612 4619 1872 1579
5d2 3 3288.70 3637 3683 348 394
5d2 2 5716.00 7789 7354 2073 1638
5d2 3 6095.10 6827 6809 732 714
5d6s 3 6881.60 9902 9358 3020 2476
5d2 0 8856.60 10502 9281 1645 424
5d2 1 11046.00 12730 11466 1684 420
6s2 0 11508.80 14877 15065 3368 3556
5d2 2 12493.20 14603 13364 2110 871
... ... ... ... ... ... ...
Hf IV
4f145d 3/2 0.00 0 0 0 0
4f145d 5/2 4692.00 5217 5217 525 525
4f146s 1/2 13380.10 20198 20499 6818 7119
4f146p 1/2 67039.00 68382 68570 1343 1531
4f146p 3/2 76614.20 76580 76782 -34 168
4f147s 1/2 140226.20 140965 140949 739 723
4f146d 3/2 140709.30 140709 140736 0 27
4f146d 5/2 142024.10 141903 141927 -121 -97
4f135d2 5/2 145856.00 142047 142316 -3809 -3540
4f135d2 5/2 148479.00 143976 144877 -4503 -3602
4f135d2 5/2 150636.00 146135 145726 -4501 -4910
... ... ... ... ... ... ...

Notes. a Experimental energy levels from Kramida et al. (2023) for Hf I–III
and from Sugar et al. (1974) for Hf IV (b) This work (c) ∆E = EHFR - EExp
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Table A.5. Comparison between available experimental values of the first few excited energy levels in Os I–IV and the HFR results obtained
without scaling down the Slater integrals (S F = 1.00) and with a scaling factor of 0.85 (S F = 0.85).

Configuration J EExp (cm−1)a EHFR (cm−1)b ∆E (cm−1)c

S F = 1.00 S F = 0.85 S F = 1.00 S F = 0.85
Os I
5d66s2 4 0.00 0 0 0 0
5d66s2 2 2740.49 3834 3269 1094 529
5d66s2 3 4159.32 4468 4663 309 504
5d76s 5 5143.92 5940 4927 796 -217
5d66s2 1 5766.14 6623 6594 857 828
5d66s2 0 6092.79 7120 6975 1027 882
5d76s 4 8742.83 9757 8656 1014 -87
5d76s 2 10165.98 11879 11146 1713 980
5d76s 4 11030.58 13156 11586 2125 555
5d76s 3 11378.00 12850 11787 1472 409
5d76s 2 12774.38 14557 13356 1783 582
... ... ... ... ... ... ...
Os II
5d66s 9/2 0.00 0 0 0 0
5d66s 7/2 3593.15 3773 3871 180 278
5d66s 5/2 3928.94 4598 4372 669 443
5d66s 3/2 5592.05 6290 6089 698 497
5d66s 1/2 6636.57 7292 7238 655 600
5d66s 5/2 7891.93 7890 8941 -2 1049
5d66s 7/2 11459.90 13103 11640 1643 180
5d66s 5/2 11654.08 12671 12486 1017 832
5d66s 3/2 13136.61 13448 11373 311 -1764
5d66s 7/2 13203.88 15206 13260 2002 56
5d66s 5/2 13414.80 15296 14081 1881 666
... ... ... ... ... ... ...
Os III
5d6 4 0.00 0 0 0 0
5d6 3 3849.26 2119 4533 -1730 684
5d6 2 3993.38 4728 4395 735 402
5d56s 3 4578.41 4404 5838 -174 1260
5d6 1 6154.41 6838 6931 684 777
5d6 0 6316.98 7144 7069 827 752
5d6 4 12535.51 15120 12899 2584 363
5d6 2 15131.09 17398 16033 2267 902
5d6 5 15780.66 18650 16392 2869 611
5d6 6 16720.70 19582 17140 2861 419
5d6 3 17073.05 20200 18091 3127 1018
... ... ... ... ... ... ...
Os IV
5d5 5/2 0.00 0 0 0 0
5d5 5/2 15617.70 19743 15780 4126 162
5d5 7/2 19886.30 24106 20463 4220 577
5d5 3/2 20218.30 24467 20805 4249 587
5d5 5/2 20944.70 25035 21665 4090 720
5d5 11/2 21105.10 25168 21573 4063 468
5d5 9/2 21764.60 25898 22430 4133 665
5d5 1/2 22521.80 26780 23231 4258 709
5d5 7/2 25587.80 30351 26666 4763 1078
5d5 5/2 27067.50 32098 27962 5030 894
5d5 1/2 28517.70 33396 29848 4878 1330
... ... ... ... ... ... ...

Notes. a Experimental energy levels from Kramida et al. (2023) for Os I–III
and from Ryabtsev et al. (1998) for Os IV. (b) This work. (c) ∆E = EHFR - EExp.
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Table A.6. Comparison between available experimental values of the first few excited energy levels in Au I–IV and the HFR results obtained
without scaling down the Slater integrals (S F = 1.00) and with a scaling factor of 0.85 (S F = 0.85).

Configuration J EExp (cm−1)a EHFR (cm−1)b ∆E (cm−1)c

S F = 1.00 S F = 0.85 S F = 1.00 S F = 0.85
Au I
5d106s 1/2 0.00 0 0 0 0
5d96s2 5/2 9161.18 9488 9967 326 805
5d96s2 3/2 21435.19 22242 22719 807 1284
5d106p 1/2 37358.99 32130 32467 -5229 -4892
5d106p 3/2 41174.61 34841 35276 -6334 -5899
5d96s6p 5/2 42163.53 36072 37130 -6092 -5034
5d96s6p 5/2 43379.00 45077 45432 1698 2053
5d96s6p 7/2 45537.20 39380 39954 -6157 -5583
5d96s6p 5/2 46174.98 40336 40814 -5839 -5361
5d96s6p 3/2 47007.43 40847 41472 -6160 -5535
5d96s6p 7/2 51028.89 44354 44890 -6675 -6139
... ... ... ... ... ... ...
Au II
5d10 0 0.00 0 0 0 0
5d96s 3 15039.57 16334 16252 1294 1212
5d96s 2 17640.62 19010 18712 1369 1071
5d96s 1 27765.76 29323 29248 1557 1482
5d96s 2 29621.25 31580 31316 1959 1695
5d86s2 4 40478.75 42390 43704 2811 3225
5d86s2 2 48510.89 52732 52427 4221 3916
5d86s2 3 52176.51 54457 55884 2280 3707
5d86s2 0 55436.60 57437 58663 2000 3226
5d86s2 2 58191.63 62443 62857 4251 4665
5d86s2 0 58550.23 64982 63680 6432 5130
... ... ... ... ... ... ...
Au III
5d9 5/2 0.00 0 0 0 0
5d9 3/2 12693.98 13076 13143 382 449
5d86s 9/2 29753.96 30728 31945 974 2191
5d86s 7/2 35076.89 36250 36983 1173 1906
5d86s 5/2 38822.40 41809 41629 2987 2807
5d86s 3/2 40345.88 42940 42766 2594 2420
5d86s 5/2 44425.95 46476 47075 2050 2649
5d86s 7/2 45740.58 47690 48075 1949 2394
5d86s 1/2 49439.00 54475 53201 5036 3762
5d86s 3/2 49969.68 53499 53444 3529 3474
5d86s 5/2 52059.60 55449 55078 3389 3018
... ... ... ... ... ... ...
Au IV
5d8 4 0.00 0 0 0 0
5d8 2 6630.12 8405 7289 1775 659
5d8 3 12293.66 12628 12765 334 471
5d8 2 18100.97 19990 19319 1889 1218
5d8 0 18185.20 21805 19545 3620 1360
5d8 1 21489.95 24661 23268 3171 1778
5d8 4 25702.13 28960 26655 3258 953
5d8 2 30735.67 32797 31907 2061 1171
5d76s 5 51296.97 54702 56049 3405 4752
5d8 0 55277.80 61411 55788 6133 510
5d76s 3 68890.98 68075 68958 -816 67
... ... ... ... ... ... ...

Notes. a Experimental energy levels from Kramida et al. (2023) for Au I–II, from Zainab & Tauheed (2019) for Au III,
and from Zainab et al. (2023) for Au IV. (b) This work. (c) ∆E = EHFR - EExp.
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