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ABSTRACT

Context. 1t is now well established that the neutron star (NS) merger is at the origin of the production of trans-iron heavy elements
in the universe. These elements are therefore present in large quantities in the ejected matter, whose electromagnetic radiation, called
kilonova, is characterized by a significant opacity due to the high density of spectral lines belonging to many heavy ions. Among these,
the lanthanide ions play an essential role since, with their open 4f subshell, they have a considerable number of transitions that can
absorb emitted light. The knowledge of the atomic structure and the radiative parameters of these ions as well as the determination of
the corresponding opacities is therefore of paramount importance for the spectral analysis of kilonovae.

Aims. The main goal of the present work is to determine the relative contributions of the different lanthanide elements to the opacity
of the emission spectrum of a kilonova in its early phase, that is, a few hours after the NS merger, where the conditions are such that
the temperature is between 25 000 and 40 000 K. At these temperatures, the lanthanide ions whose charge states are between V and VII
are predominant.

Methods. We used the pseudo-relativistic Hartree—-Fock (HFR) method extensively to calculate the relevant atomic data (energy levels,
wavelengths, and oscillator strengths) in La-Lu V-VII ions. The corresponding monochromatic opacities were estimated from the
expansion formalism.

Results. We calculated the spectroscopic parameters for a total of more than 800 million radiative transitions in all the ions considered.
These data were used to estimate the expansion opacities and Planck mean opacities for all the lanthanide elements at early-phase
kilonova conditions between 25000 and 40000 K, making it possible to deduce the respective contributions of each element as a
function of temperature. Atomic calculations were also carried out with the fully relativistic Multiconfiguration Dirac-Hartree-Fock
(MCDHF) method in the specific case of the Yb V ion, as the available experimental data had not yet been compared with the theoretical

calculations in our previous studies on lanthanide ions.

Key words. atomic data — opacity

1. Introduction

Since the detection of gravitational waves from neutron star (NS)
mergers in August 2017, known as the GW170817 event, and
its electromagnetic counterpart, called kilonova (Abbott et al.
2017a,b; Kasen et al. 2017), there has been growing interest in
studying trans-iron heavy elements. The latter are indeed pro-
duced in large quantities by the nucleosynthesis r-process during
the NS coalescence and are therefore present in the ejected
matter.

As many heavy elements are characterized by complex elec-
tronic configurations, giving rise to many energy levels, a large
number of radiative transitions absorb the kilonova emitted light
and contribute strongly to the opacity affecting the observed
spectrum. With their unfilled 4f subshell, the lanthanides (Z =
57-71) are among the main contributors to this opacity. This has
motivated many investigations aimed at determining the atomic

* The complete atomic data sets used in this paper are available on
the Zenodo database at the address https://zenodo.org/records/
10635803

parameters and opacities of these elements over the past few
years. In particular, we mention here the works focused on the
first four ionization stages of lanthanides, namely, those related
to Nd II-IV (Gaigalas et al. 2019; Flors et al. 2023); Er III
(Gaigalas et al. 2020); Pr—Gd II (RadZiaté et al. 2020); Tb—Yb II
(Radziute et al. 2021); Ce II-IV (Carvajal Gallego et al. 2021);
and Ce IV (Rynkun et al. 2022). All lanthanide atoms from I to
IV charge stages and the corresponding opacities were also stud-
ied by Fontes et al. (2020). All of these works complemented
the kilonova simulations initially considered by, for example,
Kasen et al. (2013, 2015), Tanaka & Hotokezaka (2013), Barnes
& Kasen (2013), Fontes et al. (2015) and Tanaka et al. (2020).
Recently, the modeling of the emission spectra of lanthanide-
rich ejecta following an NS merger at different epochs after the
coalescence has also been carried out by different authors, such
as Hotokezaka & Nakar (2020), Domoto et al. (2022, 2023),
Gillanders et al. (2022, 2024), Tanaka et al. (2023).

With regard to higher ionization degrees of lanthanides,
which are of interest for the analysis of early-phase kilonovae,
that is, a few hours after the NS merger, some works have

A91, page 1 of 16

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.


https://www.aanda.org
https://doi.org/10.1051/0004-6361/202347723
https://orcid.org/0000-0002-4372-6798
mailto:pascal.quinet@umons.ac.be
https://zenodo.org/records/10635803
https://zenodo.org/records/10635803
https://www.edpsciences.org/en/
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org

Carvajal Gallego, H., et al.: A&A, 685, A91 (2024)

been also carried out. Among these are works that we recently
published for La V-X (Carvajal Gallego et al. 2022a); Ce V-
X (Carvajal Gallego et al. 2022b); Pr—-Nd-Pm V-X (Carvajal
Gallego et al. 2023a); Sm V=X (Carvajal Gallego et al. 2023b);
and Lu V (Maison et al. 2022). To these works must be added
the atomic data and opacity calculations performed for three
selected lanthanides (Nd, Sm, Eu) and for all the elements from
La to Ra, thus including the lanthanides ionized to the states
V-XI, by Banerjee et al. (2022, 2023), respectively. In the lat-
ter papers, the authors concluded that the lanthanide opacity
can be exceptionally high for typical kilonova conditions of T
~ 70000 K at a time ¢ ~ 0.1 day after the NS merger, due
to the dense energy levels in highly ionized species, in partic-
ular the IX—XI ionization stages that are predominant at such
temperatures.

However, using a novel ab initio modeling of the kilo-
nova precursor and kilonova afterglow based on 3D general-
relativistic magnetohydrodynamic simulations of NS mergers
with nuclear, tabulated, and finite-temperature equations of state,
weak interactions, and approximate neutrino transport, Combi
& Siegel (2023) found that the predicted opacity boost due to
highly ionized lanthanides predicted by Banerjee et al. (2022,
2023) at T ~ 70 000 K was unlikely to affect the early-phase kilo-
nova based on the obtained ejecta structures, as the photosphere
in their simulated merger ejecta remained at much lower gas
temperatures (typically less than 50 000 K) at all times. There-
fore, it seems relevant to intensify efforts in the study of atomic
processes characterizing atomic systems whose charge stages
correspond to temperatures encountered in the kilonova region
where the emission of light is significantly affected in practice.

The main goal of the present work is to determine the rel-
ative contributions of the different lanthanide elements to the
opacity of the emission spectrum of a kilonova in its early
phase, that is, a few hours after the NS merger, where the con-
ditions are such that the density is p = 107! g cm™ and the
temperature is between 25000 and 40000 K. At these tem-
peratures, the study of the ionization balance reported in our
previous papers (Carvajal Gallego et al. 2022a,b, 2023a) showed
that the charge states V-VII of lanthanide ions are predomi-
nant. We therefore undertook a systematic and detailed study
of the atomic structures and the radiative parameters of these
ions, namely, La-Lu V-VII, and we deduced the correspond-
ing opacities. To do this, we used extended atomic models
based on the pseudo-relativistic Hartree-Fock (HFR) method
to obtain the relevant spectroscopic data, whose reliability was
already discussed in our previous papers based on detailed com-
parisons with available experimental and theoretical data. For
the ions considered in the present study, this was the case
for La V-VII, Ce V-VII, Pr V, Nd V, and Lu V (Carvajal
Gallego et al. 2022a,b, 2023a; Maison et al. 2022), of which
wavelengths and energy levels deduced from laboratory mea-
surements have been published. The only lanthanide ion for
which the available experimental atomic data of Meftah et al.
(2013) have not yet been compared with HFR theoretical results
is Yb V. In the present work, we carried out this comparison
through new calculations performed using the purely relativistic
Multiconfiguration Dirac—Hartree—Fock (MCDHEF) approach for
cross-checking purposes.

2. Atomic data computations

The method used for computing the atomic structures and radia-
tive parameters was the pseudo-relativistic HFR approach devel-
oped by Cowan (1981). As discussed in some of our previous
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works (Flors et al. 2023; Deprince et al. 2023), this method
is particularly well adapted to the determination of opacities
because it allows one to obtain atomic data of the same quality
for the whole set of states belonging to all the electronic config-
urations included in a physical model since each of them is opti-
mized by the variational principle, unlike some other commonly
used methods, such as those implemented in AUTOSTRUC-
TURE (Badnell 2011), HULLAC (Bar-Shalom et al. 2001), FAC
(Gu 2008), or the General Relativistic Atomic Structure Pro-
gram (GRASP; Froese Fischer et al. 2016, 2019) codes. Indeed,
although the latter theoretical approaches may lead to better
results for specific atomic states, the optimization of the cal-
culation is carried out most of the time on a restricted number
of configurations so that all the states belonging to the other
configurations, namely, those not minimized by the variational
principle, cannot be considered as spectroscopic and therefore
risk not being of quality equivalent to the optimized states. In
this case, all the levels (and therefore the radiative transitions)
used to calculate the opacities are not necessarily of the same
quality. This is unlike HFR calculations, in which all explic-
itly included configurations can be considered spectroscopic. In
addition, the HFR method used in the present work makes it
possible to include a large number of electronic configurations
and therefore a large number of atomic states in the calculations,
which can be performed in very reasonable computing times.
The ionization stages V=VII of lanthanide elements represent
45 different atomic systems. Among these 45 species, 19 have
already been investigated using the HFR method in our previ-
ous works, namely, La V-VII (Carvajal Gallego et al. 2022a);
Ce V-VII (Carvajal Gallego et al. 2022b); Pr V-VII, Nd V-
VII, and Pm V-VII (Carvajal Gallego et al. 2023a); Sm V-VII
(Carvajal Gallego et al. 2023b); and Lu V (Maison et al. 2022).
For the 26 remaining ions (i.e., Eu V-VII, Gd V-VII, Tb V-
VII, Dy V-VII, Ho V-VII, Er V-VII, Tm V-VII, Yb V-VII, Lu
VI-VII), new calculations were carried out. For each ion consid-
ered in the present study, the configurations introduced in the
HFR computations are listed in Table A.l1 In the same table,
we give the number of radiative transitions involving energy
levels below the ionization potential and for which the log gf-
values were found to be greater than —5 in our calculations. It
was indeed shown in previous studies (Carvajal Gallego et al.
2021) that this lower limit on the oscillator strengths allows for
the inclusion of the vast majority of transitions contributing to
the opacity, and the weaker lines can therefore be neglected.
When taking the ionization potentials from the NIST database
(Kramida et al. 2023), this gave a number of transitions for a
single ion varying from a few tens of thousands to a few tens
of millions. The total number of transitions reached about 800
million for the full set of ions considered in our work. We add
that in order to better represent the experimental energy struc-
ture in the lanthanide ions considered, the Slater integrals (F k
G*, R¥) were scaled down by a factor of typically 0.90 in our
HFR calculations, as suggested by Cowan (1981). However, we
previously showed in Carvajal Gallego et al. (2023a) that the
overall properties of opacities were not drastically affected by the
choice of this scaling factor and therefore by a small variation
in the eigenvector compositions. The final radiative parameters
obtained for the large amount of transitions considered in the
opacity calculations were changed by at most a few percent.
Moreover, we also showed in Deprince et al. (2023) that even
if some radial parameters, such as the configuration average
energies, are adjusted to correct the calculated energy levels in
order to better match experimental values available in the liter-
ature, thus slightly modifying the composition mixings of the
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eigenvectors, the resulting computed opacities are virtually not
affected by such a semi-empirical procedure.

From these HFR calculations, we could deduce an initial
interesting result, namely, the configuration and the spectro-
scopic designation of the ground energy level for each ion. This
information remained unclear until now, as the data available in
the NIST compilation (Kramida et al. 2023) and those published
by Kilbane & O’Sullivan (2010) and Banerjee et al. (2023) show
frequent disagreement with each other. In Table A.2, we compare
the fundamental configurations obtained from our HFR mod-
els with those published previously. We noticed that, for most
ions, we confirm the recent results of Banerjee et al. (2023), and
the only exceptions occur for Pm VII, Eu VII, Gd VII, and Tb
VII, for which our calculations give ground configurations of
the type Sp®4f*, instead of Sp°4f**! from Banerjee et al. (2023),
with k = 1, 3, 4, 5, respectively. It should be noted that for two
of these ions (Pm VII and Tb VII), the fundamental configura-
tions deduced from our calculations, namely, 5p64f and 5p64f5,
were not included in the theoretical models of Banerjee et al.
(2023), while the fundamental configurations obtained by the
latter authors were all part of the physical models considered in
our work for all ions listed in Table A.2. In addition, it is worth
mentioning that the strategy followed by Banerjee et al. (2023) to
deduce the ground configurations in lanthanide ions was based
on the use of different central potentials in their HULLAC mod-
els calculated by changing the electron distribution in 4f and 5p
orbitals and optimizing for energy levels belonging to different
sets of configurations, while in our HFR calculations, the ground
states were systematically obtained with the whole set of config-
urations included in the physical models, thus allowing all these
configurations to influence the determination of the ground state.
Furthermore, the 5s, Sp, and 4f orbitals, which are very close to
each other in the considered lanthanide ions and therefore play
a key role in determining the fundamental configuration, are dif-
ferent for each configuration in our HFR calculation, as already
mentioned above. This allowed confidence in the designation
of the ground state to be established on the basis of orbitals
that are specific to the configuration to which they belong. It
is also interesting to note that our results confirm the ground-
state configurations published by Kilbane & O’Sullivan (2010)
for nearly all ions except Sm VII and Dy VII, whereas the NIST
data disagree with our results as well as with those of Kilbane
& O’Sullivan (2010) and Banerjee et al. (2023) for many ions.
This could be expected in view of the relatively simplified the-
oretical calculations, most of which are quite old, carried out in
different approximations (Carlson et al. 1970; Sugar & Kaufman
1975; Martin et al. 1978; Rodrigues et al. 2004) and used for
the designation of the ground states in the NIST compilation for
moderately and highly ionized lanthanides. Finally, in Table A.2,
we give the LS -coupling designation of the ground level for each
ion considered in the present work. This information is provided
for the first time.

Among the 45 ions considered in our study, only ten have
experimentally measured wavelengths for electric dipole tran-
sitions, namely, La V (Epstein & Reader 1976); La VI (Gayasov
et al. 1997); La VII (Gayasov et al. 1998); Ce V (Churilov &
Joshi 2000); Ce VI (Joshi et al. 2001); Ce VII (Tauheed & Joshi
2008); Pr V (Kaufman & Sugar 1967); Nd V (Meftah et al.
2008; Delghiche et al. 2015); Yb V (Meftah et al. 2013); and
Lu V (Kaufman & Sugar 1978; Ryabtsev et al. 2015). With the
exception of Yb V, the HFR results have already been compared
with all of these experimental data in our previous papers (see
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Fig. 1. Comparison between the calculated HFR wavelengths and all the
available experimentally measured values. The open dots correspond
to HFR calculations performed in our previous studies of La V-VII
(Carvajal Gallego et al. 2022a); Ce V-VII (Carvajal Gallego et al.
2022b); Pr V, Nd V (Carvajal Gallego et al. 2023a); and Lu V (Maison
et al. 2022), while the solid dots correspond to the calculations carried
out in the present work for Yb V.

Carvajal Gallego et al. 2022a,b, 2023a, Maison et al. 2022).
In these papers, it was not only shown that the theoretical
wavelengths were in good agreement (within a few percent) with
the observed values but also that the (small) differences AA =
Aurr — Agxp Were not systematic (i.e. there were as many positive
differences as negative). More precisely, by bringing together
the results obtained in the articles cited above for the ions La
V-VII, Ce V-VII, Pr V, Nd ,V and Lu V, it was found that the
average relative difference AA/Agy, was equal to —0.024 + 0.037
for a total of 1381 lines. This is shown in Fig. 1, where the values
of AA/Agy, are plotted as a function of Aypr for all the lines
for which experimental wavelengths were published in these
lanthanide ions. The only ion for which we have not yet made
comparisons with existing experimental data in our previous
works is Yb V. For the latter, about 1080 lines were observed and
identified by Meftah et al. (2013) from the spectrum of ionized
ytterbium produced by a sliding spark source recorded on the
10 m high-resolution vacuum ultraviolet normal-incidence
spectrograph of the Meudon Observatory. When comparing
their experimental wavelengths with those obtained in our HFR
calculations, we also found a very good agreement, with the
mean deviation Ad / Agy, being found to be equal to 0.018 +
0.044. The values of AA/Agy, obtained for all the experimentally
observed lines in Yb V are also shown in Fig. 1. We also
emphasize that, as the vast majority of the transitions observed
in the lanthanide ions considered in the present work were clas-
sified by different experimentalists with the LS spectroscopic
designations of the lower and higher levels, it was quite simple
for us to find all of these transitions in our HFR calculations,
which also classify transitions in the same LS -coupling.

With regard to Yb V, we also took the opportunity to com-
pare our HFR oscillator strengths with new results obtained
from the purely relativistic MCDHF method (Grant 2007; Froese
Fischer et al. 2016) using the latest version of the GRASP,
GRASP2018 (Froese Fischer et al. 2019). In these MCDHF
calculations, the same strategy as the one considered in our
previous works (Carvajal Gallego et al. 2022a,b, 2023a,b) was
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log gf (HFR)

5 2 » 0 i >
log gf (Meftah et al.)
Fig. 2. Comparison between the oscillator strengths (log g f) obtained in

the present work for Yb V transitions using the HFR method and those
deduced from the gA-values published by Meftah et al. (2013).

applied. More precisely, a multireference (MR) set of configura-
tions was chosen to include the Sp®4f!2, 5p4f!!6p even-parity
and the 5p®4f!!5d, 5p®4f!'!6s odd-parity configurations. The 1s—
4f orbitals were optimized on all the levels of the 5p®4f!? ground
configuration using the extended average level (EAL) option
(Grant 2007), while the 5d, 6s, and 6p orbitals were optimized
on all the levels of the MR configurations using the extended
optimal level (EOL) option but keeping all other orbitals fixed.
A valence-valence (VV) model was then built by adding single
and double (SD) excitations from 6s, 6p, 5d, 4f to all orbitals up
to 6s, 6p, 5d, 5f, 5g. For the correlation orbitals 5f and 5g, the
EOL option was used where these orbitals were optimized on
all the levels of the MR configurations. From the latter model,
core-valence (CV) interactions were considered in a relativis-
tic configuration interaction (RCI) approach (Grant 2007; Froese
Fischer et al. 2019) by adding SD excitations from the 4d core
orbital to the MR valence orbitals, namely, 6s, 6p, 5d, and 4f.
This gave rise to a total of 1924269 configuration state func-
tions when considering both parities together. The energy level
values obtained in this CV model revealed a good agreement
with the experimental data reported in the literature (Meftah
et al. 2013), and we found the mean deviation AE/Egy, (with
AE = Emcprr — Egxp) to be equal to —0.002 £ 0.040. As a
reminder, in fully relativistic MCDHF calculations, the energy
level designations are obtained in jj-coupling while, most often,
the experimentally observed levels are given in LS -coupling,
which is better suited for labeling. Fortunately, the GRASP2018
code includes the jj2lsj routine (Gaigalas et al. 2003, 2017,
Jonsson et al. 2023), which makes the task easier and allows,
if necessary, transformation of the designations of the calculated
levels from jj- to LS -coupling.

In Table A.3, we list the strongest Yb V lines taken from
Meftah et al. (2013), that is, those with observed intensities
larger than 100. For these lines, we also report the oscillator
strengths (log gf) obtained in the present work using the HFR
and MCDHF methods as well as the values deduced from the
transition probabilities (gA) calculated by Meftah et al. (2013).
From comparisons between these log g f-values, shown in Figs. 2
and 3, we found that our HFR results were in good agreement
with those obtained with the MCDHF approach results, with
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Fig. 3. Comparison between the oscillator strengths (log gf) obtained
in the present work for Yb V transitions using the HFR and the MCDHF
methods.

the mean deviation between both calculations being found to be
equal to 24%. This is quite similar to the agreement of about
30% generally observed between our HFR and MCDHF calcula-
tions carried out previously for the ions of lanthanum (Carvajal
Gallego et al. 2022a); cerium (Carvajal Gallego et al. 2022b);
praseodymium; neodymium (Carvajal Gallego et al. 2023a); and
lutetium (Maison et al. 2022), for which detailed comparisons of
oscillator strengths computed with both methods can be found in
the corresponding papers. However, it appeared that the average
difference between our HFR oscillator strengths and the values
deduced from Meftah et al. (2013) was about 5%. We note that
these comparisons were made by excluding transitions affected
by significant cancellation effects in the HFR calculations, that
is, for which the cancellation factor (CF'), as defined by Cowan
(1981), was smaller than 0.1. The transitions concerned are
those located at A = 543.205 (first line), 564.458 (second line),
571.235, 583.541, 589.608, 594.713, 802.074 (second line), and
1709.796 A. The line at 1577.883 A was also excluded from
the HFR-MCDHF comparison because a very large discrepancy
(more than a factor of two) was found between the MCDHF
g f-values obtained using the Babushkin and Coulomb gauges.

3. Expansion opacities

In view of the large and consistent set of atomic transitions cal-
culated with the HFR method, whose reliability can be assumed
thanks to the few comparisons with other experimental (wave-
lengths) and theoretical (oscillator strengths) data, as described
in Sect. 2, we used the new HFR radiative parameters to compute
the opacities corresponding to all lanthanide ions in the charge
stages from V to VII, for which the complete atomic data sets
are available from the Zenodo database!. To do this, we first
determined the expansion opacities using the expression for the
absorption coefficient for bound-bound transitions given by

1 7
= — 3 e, (1
pet leAd

I https://zenodo.org/records/10635803
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Fig. 4. Expansion opacity for lanthanide elements at 7 = 25 000 K.

where A (in A) is the central wavelength within the region of
width, A4 and A; are the wavelengths of the lines appearing
in this range, 7; represents the corresponding optical depths, ¢
is the speed of light (in centimeters per second), p is the den-
sity of the ejected gas (in grams per centimeters cubed), ¢ is
the elapsed time since ejection (in seconds), and 7; is the opti-
cal depth, which can be expressed using the Sobolev formula
(Sobolev 1960):

2

2

In the latter, e is the elementary charge (in Coulomb), m, is the
electron mass (in grams), f; is the oscillator strength (dimension-
less), and n; is the density of the lower level of the transition (in
per cubic centimeter, cm™3), which can be obtained by assuming
local thermodynamic equilibrium (LTE) by using the Boltzmann
distribution,

__n —E/kT 3
= G , 3)
where n is the ion density and U(T) is the partition function
defined by

Uy =) ge T, @)

where E; represents all the energy levels belonging to the atomic
system with respect to the ground level, g; is the corresponding
statistical weights (=2J; + 1), and kg is the Boltzmann constant.
By incorporating in these expressions all the energy levels
resulting from the configurations listed in Table A.1 and all the
radiative transitions whose number is also given in the same
table, we calculated the expansion opacities for the La—Lu V-VII
ions corresponding to kilonova conditions where these ioniza-
tion degrees are dominant, namely, ¢ = 0.1 day; p = 107'° g cm™3
as suggested by Banerjee et al. (2020); and T = 25 000-40 000 K.
This temperature range was chosen based on the fact that in our

previous studies on La, Ce, Pr, Nd, Pm, and Sm ions (Carvajal
Gallego et al. 2022a,b, 2023a,b), the latter systematically showed
maximum ionic fractions in their V-VII states for temperatures
between 25 000 and 40 000 K.

The expansion opacities are plotted in Figs. 4-7 for the
four selected temperatures of 7 = 25000, 30 000, 35000, and
40000 K, respectively. An initial observation that can be made
by examining these figures is that the overall opacity increases
with temperature, the latter being almost one order of magni-
tude higher at 40000 K compared to 25000 K. Indeed, if the
maximum opacity varies from about 10? to 1072 cm? g™ at T =
25000 K for increasing wavelengths between 500 and 10 000 A,
it varies from 103 to 107" cm? g~! at 40 000 K. We also note that
the different lanthanide elements do not contribute in the same
way to the opacity as a function of temperature. Thus, for exam-
ple, if one looks at the spectral range beyond 2000 A, one can
notice that the Pr, Sm, and Eu ions have the greatest expansion
opacities at 7 =25 000 K, whereas the La and Ce ions contribute
the most at 7 = 40000 K.

4. Planck mean opacities

The expansion opacities depend on the wavelength of the light
being considered. A commonly used wavelength-independent
parameter is the Planck mean opacity defined by the expression

B I B, T) k() dA

Kp = )
J; B@,T)da
where B(A,T) is the Planck black-body function given by
2hc? 1
BA.T) = B ohl T _ " (6)

The Planck mean opacity makes it possible to average the
expansion opacities over the entire spectral range as a function of
temperature. When calculating xp with the «”’-values obtained
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Fig. 6. Expansion opacity for lanthanide elements at 7 = 35 000 K.

in Sect. 3, we deduced the relative contributions of the different
lanthanide elements to the kilonova opacity between 25 000 and
40000 K. This is illustrated in Fig. 8, where the Planck mean
opacity is plotted as a function of temperature for each of the
elements considered in the present work. When looking at this
figure, we noticed that the opacity is dominated by Eu, Gd, Tb,
Sm, and Dy at 25000 K, while the predominant elements at
40000 K are Dy, Tb, Gd, Ho, and Eu. Conversely, some lan-
thanide elements, such as Ce, La, Pr, Lu, Pm, Nd, contribute
very little to the mean opacity over the entire temperature range,
with «p-values one order of magnitude (for 7 = 40000 K) to
two to three orders of magnitude (for 7 = 25 000 K) lower than
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those corresponding to the predominant elements cited above.
This trend is confirmed in Fig. 9, where the Planck mean opacity
is plotted against the atomic number, Z, for all lanthanide ele-
ments at 7 = 25000 K and 7T = 40000 K. These findings are in
good overall agreement with the results presented by Banerjee
et al. (2023).

However, it is worth noting that if the maximum value of
the Planck mean opacity calculated in our work at 25000 K
agrees well with that deduced from Fig. 5 of Banerjee et al.
(2023), the maximum opacity obtained by Banerjee et al. (2023)
at 40000 K is approximately three times greater than the result
deduced from our study. This could be due not only to the
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differences in the physical models considered in the respective
atomic calculations but also to the differences in the partition
function calculations used for the estimation of expansion opac-
ities. In one of our recent papers (Carvajal Gallego et al. 2023c¢),
we indeed showed that the use of realistic partition functions
in kilonova opacity calculations leads to a significant deviation

Fig. 9. Behavior of the Planck mean opacity with the atomic number, Z,
for lanthanide elements at 7' = 25 000 and 40 000 K.

from the crude approximation based on a ground-level statistical
weight, as commonly assumed in many previous works.

5. Conclusions

A new, consistent set of energy levels, wavelengths, and oscilla-
tor strengths was obtained for all lanthanide ions between charge
states V and VII. To do this, we carried out large-scale calcula-
tions using the pseudo-relativistic HFR method, allowing for the
determination of radiative parameters for about 800 million tran-
sitions in the 45 ions considered in this study. In this work, we
complemented the calculations that had already been performed
in our previous studies for 19 of these 45 ions, that is, for La V-
VII (Carvajal Gallego et al. 2022a); Ce V-VII (Carvajal Gallego
et al. 2022b); Pr V-VII, Nd V-VII, Pm V-VII (Carvajal Gallego
et al. 2023a); Sm V-VII (Carvajal Gallego et al. 2023b); and Lu
V (Maison et al. 2022), with new calculations for the 26 remain-
ing ions, namely, Eu V-VII, Gd V-VII, Tb V-VII, Dy V-VII,
Ho V-VII, Er V-VII, Tm V-VII, Yb V-VII, Lu VI-VIIL. All
of these atomic data were then used to estimate the expansion
opacities and the Planck mean opacities for early kilonova condi-
tions, that is, a few hours after the NS merger, in the temperature
range between 25000 and 40 000 K. We found that the opacity
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is dominated by Eu, Gd, Tb, Sm, and Dy at 25000 K, while the
predominant elements at 40 000 K are Dy, Tb, Gd, Ho, and Eu.

As additional results deduced from these calculations, we
report the electronic configurations and the spectroscopic desig-
nations of the ground states characterizing all the lanthanide ions
La—Lu V-VII, which were unclear until now. Moreover, we also
provide a detailed comparison between the HFR results and the
new fully relativistic MCDHF computations for the specific case
of the Yb V ion, as the available experimental atomic parameters
had not been compared with the theoretical data in our previous
works. For this specific ion, we explicitly report the new atomic
results for the first time.
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Table A.1. Configurations included in HFR calculations for lanthanide ions between the V and VII charge stages.

Ton

Configurations

Number of lines

LaV

La VI

La VII

CeV

Ce VI

Ce VII

Prv

Pr VI

Pr VIl

5s25p°, 5s25p*np (n = 6 — 8), 5s25p*nf (n = 4 — 8), 5s*5p’4f2, 5s%5p35d2,
5525p36s2, 5s25p>5d6s, 5s5p>nd (n = 5 — 8), 5s5p°ns (n = 6 — 8), 5s5p*4fnd
(n =5 —8), 5s5p*4fns (n = 6 — 8), 5p*4f®, 5p°4f2, Sp®4f, 5s?5p*ns (n = 6 - 8),
5s25p*nd (n = 5 — 8), 5s25p*ng (n = 5 — 8), 5s?5p34f5d, 5s25p34f6s, 5s5p°,
5s5p°np (n = 6 — 8), 5s5p°nf (n = 4 — 8), 5s5p*4f2, 5s5p*4fap (n = 6 — 8),
5p°5d, Sp*4f25d, Spo4f5d

5s25p*, 5s25pnp (n = 6 — 8), 5525p°nf (n = 4 — 8), 5s*5p?4f2, 55%5p>5d?,
5525p®6s?, 5s25p25d6s, 5s5p*nd (n = 5 - 8), 5s5p*ns (n = 6 — 8), 5s5p>4fnd
(n =5 - 8), 5s5p°4fns (n = 6 — 8), 5p°, 5p*4f2, 5p°4f, 5s*5p’ns (n = 6 — 8),
5525p3nd (n = 5 - 8), 5s%5p’ng (n = 5 — 8), 5s25p?4f5d, 5s>5p>4f6s, 5s5p°,
5s5p*np (n = 6 — 8), 5s5p*nf (n = 4 — 8), 5s5p4f%, 5s5p>4fnp (n = 6 — 8),
5p35d, Sp*4fsd

5s25p°, 5s25p’np (n = 6 — 8), 5s25p’nf (n = 4 — 8), 5s°5p4f?, 5s25p5d?,
5525p6s?, 5s25p5d6s, 5s5p°nd (n = 5 — 8), 5s5p’ns (n = 6 — 8), 5s5p>4fnd
(n = 5-28), 5s5p*4fns (n = 6 — 8), 5p°, 5p*4f3, 5p’4f?, 5p*4f, 5s*5pns (n =
6—38), 5s25p*nd (n = 5-8), 5525p>ng (n = 5 —8), 5s>5p4f5d, 5525p4£6s, 5s5p*,
5s5p°np (n = 6 — 8), 5s5pnf (n = 4 — 8), 5s5p24f2, 5s5p*4fnp (n = 6 — 8),
5p*5d, SpP4£5d, 5p24125d

5s25p°, 5s25p°np (n = 6 — 8), 5s25p°nf (n = 4 — 8), 5s25p*4f2, 5s25p*5d2,
5s25p*6s?, 5s25p*5d6s, 5s5p°nd (n = 5 — 8), 5s5p°ns (n = 6 — 8), 5s5p>4fnd
(n = 5-28), 5s5p°4fns (n = 6 — 8), 5p°4f>, 5p°4f?, 5s25p°ns (n = 6 — 8),
5s25p°nd (n = 5 — 8), 5s*5p°ng (n = 5 — 8), 5s25p*4f5d, 5525p*4f6s, 5s5p°np
(n = 6 —8), 5s5p°nf (n = 4 — 8), 5s5p34f2, 5s5p>4fnp (n = 6 — 8), Sp°4125d,
Spoafsd

5s25p>, 5s25p*np (n = 6 — 8), 5s25p*nf (n = 4 — 8), 5s*5p’4f2, 55%5p35d?,
5525p°6s?, 5s25p35d6s, 5s5p°nd (n = 5 — 8), 5s5p°ns (n = 6 — 8), 5s5p*dfnd
(n=5—8), 5s5p*4tns (n = 6 — 8), Sp*413, SpS412, Spoaf, 5525p*ns (n = 6 — 8),
5s25p*nd (n = 5 - 8), 5s*5p*ng (n = 5 — 8), 5s5p>4f5d, 5s>5p>4f6s, 5s5p°,
5s5p°np (n = 6 — 8), 5s5p°nf (n = 4 — 8), 5s5p*4f?, 5s5p*4fnp (n = 6 — 8),
5p65d, Sp*4f25d, Spi4f5d

5s25p*, 5s25p°np (n = 6 — 8), 55°5p°nf (n = 4 — 8), 5s5p24f2, 5s25p?5d2,
5525p26s2, 5s25p>5d6s, 5s5p*nd (n = 5 — 8), 5s5p*ns (n = 6 — 8), 5s5p>4fnd
(n =5 -18), 5s5p4fns (n = 6 — 8), 5p%, 5p*4f2, 5p°4f, 55*5p’ns (n = 6 — 8),
5s25p°nd (n = 5 — 8), 5s°5p°ng (n = 5 — 8), 5s%5p?4f5d, 5s%5p24f6s, 5s5p°,
5s5p*np (n = 6 — 8), 5s5p*nf (n = 4 — 8), 5s5p4f2, 5s5p>4fnp (n = 6 — 8),
5p35d, 5p*4fsd

5s25p%4f, 5s25p°af (n = 5 — 8), 5s25p°np (n = 6 — 8), 5s25p°4f2, 5s%5p°5d2,
5525p36s2, 5525p35d6s, 5s5p°4fnd (n = 5 — 8), 5s5p°4fns (n = 6 — 8), 5pb4f>,
5s25p°ns (n = 6 — 8), 5s25p°nd (n = 5 — 8), 5s*5p°ng (n = 5 — 8), 5s>5p°4f5d,
5525p°4£6s, 5s5p°4f2, 5s5p®4fnp (n = 6 — 8), 5pb4f25d

5s25p°, 5s25p°np (n = 6 — 8), 5s25p°nf (n = 4 — 8), 5s5p*4f?, 5s25p*5d2,
5525p*6s?, 5s25p*5d6s, 5s5p°nd (n = 5 — 8), 5s5p°ns (n = 6 — 8), 5s5p>4fnd
(n = 5-28), 5s5p°4fns (n = 6 — 8), 5p°4f3, 5pSdf?, 55%5pins (n = 6 — 8),
5s25p°nd (n = 5 — 8), 5s*5p°ng (n = 5 — 8), 5s25p*4f5d, 5525p*4£6s, 5s5p°np
(n = 6 —8), 5s5pSnf (n = 4 — 8), 5s5p°4f2, 5s5p°4fnp (n = 6 — 8), 5p>4f25d,
5pb4f5d

5s25p°, 5825p*np (n = 6 — 8), 5s25p*nf (n = 4 — 8), 5s25p’4f2, 5s%5p35d2,
5525p°6s?, 5s5p35d6s, 5s5p°nd (n = 5 - 8), 5s5p°ns (n = 6 — 8), 5s5p*dfnd
(n=5-8), 5s5p*4fns (n = 6 — 8), 5p*4df>, 5p°4f2, 5p®4f, 5s?5p*ns (n = 6 — 8),
5s25p*nd (n = 5 — 8), 5s25p*ng (n = 5 — 8), 5s?5p34f5d, 5s25p34f6s, 5s5p°,
5s5p°np (n = 6 — 8), 5s5p°nf (n = 4 — 8), 5s5p*4f?, 5s5p*4fnp (n = 6 - 8),
5p65d, Sp*4f25d, Sp4f5d

308 724

738 900

818 233

131 248

657 090

918 542

14 534

203 360

1017 797
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Table A.1. Continued.

Carvajal Gallego, H., et al.: A&A, 685, A91 (2024)

Ton

Configurations

Number of lines

NdV

Nd VI

Nd VII

PmV

Pm VI

Pm VII

SmV

Sm VI

Sm VII

5s25p®4f2, 5s25pt4fnf (n = 5 — 8)), 5s25p°4fnp (n = 6 — 8), 5s5p°5d2,
5525p%6s?, 5s25p%5dns (n = 6 — 8), 5s*5p®5dnd (n = 6 — 8), 5s5p°4f2nd (n =
5 —8), 5s5p°4fZns (n = 6 — 8), 5525°4f, 5525p®4fns (n = 6 — 8), 5s>5p°4fnd
(n = 5—38), 5825p%4fng (n = 5 — 8), 5s>5p°5dnp (n = 6 — 8), 5s*5p°5dnf
(n =5 - 8), 5s5p°4125d, 5s>5p° 4265, 5525p°5d>, 5s5p®4f2np (n = 6 — 8)

5s25p%4f, 5s25p°nf (n = 5 - 8)), 5525p°np (n = 6 — 8), 5s25p4f2, 5s25p°5d2,
5525p36s2, 55%5p35d6s, 5s5p®4fnd (n = 5 — 8), 5s5p°4fns (n = 6 — 8), 5pb4f>,
5s25p°ns (n = 6 — 8), 5525p°nd (n = 5 — 8), 5s*5p°ng (n = 5 — 8), 5s>5p°4f5d,
5525p°4£6s, 5s5p°4f2, 5s5p°4fnp (n = 6 — 8), 5p°4f25d

5s25p°, 5s%5p°np (n = 6 — 8), 55°5p°nf (n = 4 — 8), 5s25p*4f?, 5s?5p*5d2,
5s25p*6s?, 5s25p*5d6s, 5s5p°nd (n = 5 — 8), 5s5p°ns (n = 6 — 8), 5s5p>4fnd
(n = 5 - 8), 5s5pS4fns (n = 6 — 8), Sp°4f3, Spo4f2, 5625pSns (n = 6 — 8),
5s25p°nd (n = 5 — 8), 5s%5p°ng (n = 5 — 8), 5s25p*4f5d, 5525p*4£6s, 5s5p°np
(n = 6 — 8), 5s5p°nf (n = 4 — 8), 5s5p>412, 5s5p>4fnp (n = 6 — 8), 5p>4125d,
Spoafsd

5525p%4f3, 5525p%4f2nf (n = 5 — 8)), 5s>5p®4f2np (n = 6 — 8), 5s5p®4f3nd (n =
6 —8), 5s5p°4fins (n = 6 — 8), 5s25p®5d%np (n = 6 — 8), 5s*5p®5d’nf (n = 5 -
8), 5525p°5d?, 5525p°5d®nd (n = 6 — 8), 5s25p®5d%ns (n = 6 — 8), 5s25p°4f?nd
(n = 6 —8), 5825p%4f2ns (n = 6 — 8), 5s25p®4f2ng (n = 5 - 8), 5s5p°4£35d,
5525p34£36s, 5s5p°4ft, 5s5p°4f3np (n = 6 — 8)

5s25p%4f2, 5s25pt4fnf (n = 5 — 8)), 5s25p°4fnp (n = 6 — 8), 5s5p°5d2,
5525p%6s?, 5s5p%5dns (n = 6 — 8), 5s*5p®5dnd (n = 6 — 8), 5s5p®4f2nd (n =
5 —8), 5s5p°4fZns (n = 6 — 8), 5525°4f, 5525p®4fns (n = 6 — 8), 5s>5p°4fnd
(n = 5-38), 5825p%4fng (n = 5 — 8), 5s>5p°5dnp (n = 6 — 8), 5s*5p°5dnf
(n =5 - 8), 5s5p°4f25d, 5s>5p> 4265, 5525p°5d>,5s5p°4f?np (n = 6 — 8)

5s25p%4f, 5s25p°nf (n = 5 — 8)), 5s25p°np (n = 6 — 8), 5s25p4f2, 5s25p°5d2,
5525p36s?, 55%5p35d6s, 5s5p®4fnd (n = 5 — 8), 5s5p°4fns (n = 6 — 8), 5pb4f>,
5s25p°ns (n = 6 — 8), 5525p°nd (n = 5 — 8), 5s*5p°ng (n = 5 — 8), 5s25p°4f5d,
5525p°4f6s, 5s5p®4f2, 5s5p°4fnp (n = 6 — 8), 5p°4f25d

5525p%4ft, 5s25p 46>, 5525p04f25d?,5525p0412652,5525p°4f26p?, 5525p°4£25d6s,
5s25p%4f3nf (n = 5 - 8), 5s*5p%4f3np (n = 6 — 8), 5s5p64find (n = 5 - 8),
5s5p64fins (n = 6 — 8), 5525p®5d®np (n = 6 — 8), 5525p®5d3nf (n = 5 - 8),
5s25p®5d3nf (n = 6 — 8), 5s25p°5d3nd (n = 5 — 8), 5s25p°5ding (n = 5 - 8),
5s25p°4f*5d, 5s25p°4f*6s, 5s5p°4f*np (n = 6 — 8), 5525p®4f25d6ps

5525p%4£3, 5525p%4f2nf (n = 5 — 8)), 5s>5p®4f2np (n = 6 — 8), 5s5p®4f3nd (n =
6 — 8), 5s5p°4f3ns (n = 6 — 8), 5525p®5d2np (n = 6 — 8), 5s*5p°5d°nf (n = 5 —
8), 5s25p°4f*, 5525p°,4f26p, 5525p®5d3, 5s25p°4f35d, 5525p°4f3ns (n = 6 - 8),
5525p®5d%nd (n = 6 — 8), 5s25p°5d®ns (n = 6 — 8), 5s25p®4f2nd (n = 5 - 8),
5s25p®4f2ns (n = 6 — 8), 5525p®4f2ng (n = 5 — 8), 5s5p®4f*, 5s5p°4f3np (n =
6-28)

5s25p°4f3, 5525p04f?, 5s25ptafnf (n = 5 — 8), 5s25p®4f2, 5525pdfnp (n = 6 —
8), 5s25p®4f?, 5525p*4f36p, 5s25p*4f36p, 5525p°5d?, 5525p®5dnd (n = 6 — 8),
5525p®6s?, 5s25p°5dns (n = 6 — 8), 5s5p°4f?ns (n = 6 — 8), 5s5p°4f?nd (n =
5-28), 5s25p*4f35d, 5525p*4fns (n = 6 —8), 5525p°4fns (n = 6 —8), 5s>5p°4fnd
(n =5 -18), 5s*5p%4fng (n = 5 - 8), 5525p®5dnp (n = 6 — 8), 5s25p®5dnf (n =
5 - 8), 5525p54125d, 5525p 41265, 5525p° 5, Ss5pOat3, SsSpSdfinp (n = 6 — 8)

211 796

22 151

497 534

1152223

275 006

30527

17 267 783

5426 148

10 245 968
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Table A.1. Continued.

Carvajal Gallego, H., et al.: A&A, 685, A91 (2024)

Ton

Configurations

Number of lines

EuV

Eu VI

Eu VII

GdV

Gd VI

Gd VII

TbV

Tb VI

Tb VII

DyV

Dy VI

Dy VII

Ho V

Ho VI

Ho VII

5525p%4f>, Sp 4f°, 5p°4f35d2,5p°4fi6s?, 5pafinf (n = 5 — 8), 5p°4ftnp (n =
6-8), 5p°4fins (n = 6—8), Sp°4f*nd (n = 5—8), 5p°4fing (n = 5—8),5p"455d

5525p%4ft, 5s25p°4f, 5525p°4£25d2, 5s25p°4f26s2,5525pC4f26p?, 5525p°4£25d6s,
5525p%4finf (n = 5 — 8), 5525p®4f3np (n = 6 — 8), 5s5p64find (n = 5 - 8),
5s5p64fins (n = 6 — 8), 5s?5p®5d3np (n = 6 — 8), 5525p°5d3nd (n = 5 — 8),
5s25p®5d3nf (n = 6 — 8), 5525p°5dins (n = 6 — 8), 5s*5p%4f3ns (n = 6 — 8),
5525p%4find (n = 5 - 8), 5525p®4f3ng (n = 5 — 8), 5s25p°4f*5d, 5s25p°4f*ns
(n=6-17), 5s5p%f*np (n = 6 — 8), 5s*5p°4f>5d6p

5$25p0413, 5525p04L2nf (n = 5 — 8)), 525p°42np (n = 6 — 8), 5s5p°4fnd (n =
6 — 8), 5s5p°4f3ns (n = 6 — 8), 5525p°5d?np (n = 6 — 8), 5s*5p°5d°nf (n = 5 -
8), 5s25p°4f*, 5525p°,4f36p, 5525p°5d3, 5s25p°4f35d, 5s25p°4fins (n = 6 — 8),
5525p°5d?nd (n = 6 — 8), 5525p°5d%ns (n = 6 — 8), 5s25p®4f’nd (n = 5 - 8),
5s25p%4fins (n = 6 — 8), 5525p°4f2ng (n = 5 — 8), 5s5p®4f*, 555p°4f3np (n =
6-28)

5s25p®4£0, 5pP4t’, Spo4f>5f, 5p°4fo6p, SpbafiSg, Spt4f 5d, SpP4fesd

5s25p%4f>, 5p 4f, 5pS4f35d2,5p04£36s2, Splafinf (n = 5 - 8), 5p®4ftnp (n =
6—8), 5p®4f*ns (n = 6-8), 5p®4ftnd (n = 5-8), 5p®4fing (n = 5-8), 5p°435d

5525p0aft, 5s25p°4f, Splaft6p, 5s25pS4f?5d?, 5s25pt4f26s?,5s25pS4fZ6p?,
5525p®4£25d6s, 5s25p°4f3nf (n = 5 — 8), 5s25p®4f3np (n = 6 — 8), 5s5p64find
(n = 5—8), 5s5p6dtins (n = 6 — 8), 5525p55dnp (n = 6 — 8), 5525p°5dnd
(n = 5—8), 5s25p%5d3nf (n = 6 — 8), 5s25p®5d3ns (n = 6 — 8), 5s*5p%4fins
(n = 6—8), 55?5p°4fnd (n = 5 — 8), 5s*5p°4f3ng (n = 5 — 8), 5s?5p°4f*5d,
5s25p°4f*ns (n = 6 — 7), 5s5p®4ftnp (n = 6 — 8), 5s>5p®4f25d6p

5525p04f7, 5525p 418, 5525p°4f05f, 5s25p°4fo6p, 5525p°4£05d, 5s25p°4f75d

5s25p%4f®, 5s25p34f7, 5s25pS4fi5f, 5s25pS4f36p, 5s25pS4fisg, 5s%5pS4fisd,
5s25p°4f°5d

5525p%4f>, 5s25p34fS, 5s25p4f35d?, 5s25pt4f36s?, 5s25pt4ftnf (n = 5 - 8),
5s25p%4ftnp (n = 6 — 8), 5s25p®4ftns (n = 6 — 8), 5s°5p®4ftnd (n = 5 - 8),
5s25p%4ftng (n = 5 — 8), 5s25p°4f5d

5525p04f8, 5525p 417, 5525p°4t” 5F, 5s25p°4f’6p, 5525s25p®4f75d, Sp 4fi5d
5525p%4f7, 5525p 418, 5525p®4f05f, 5525p®4f06p, 5525p°4f05d, 5525p°4f75d

5s25p°4f7, 5s25p®4fS, 5s25pt4f35f, 5s525pt4f36p, 5s25pS4fi5g, 5s25pt4f5d,
5525p34£°5d

5525p%4f°, 5s25pSafiep, 5s25pS4fiTp, 5s25pC4fisf, 5s25pS4fl0, 5s25pS4fies,
5525p%4f87s, 5s?5p°4f85d, 5s25pS4fted, 5s25p 4f°5d

5525p®4f8, 5525p 417, 5525p°4f”5f, 5s25p°4f’6p, 5525p°4f75d, 5s25p°4f85d

5525p04f7, 5s25p%4f8, 5s25p°4fe5t, 5525pt4fo6p, 5s25p°4aftsd, 5s25p 4f75d

39 109 459

37939 936

5 885552

17 429 441

43 285559

36 848 045

19 732 305

22760 992

44 951 913

17 446 583

28 090 364

25958 076

25 784 469

25463 893

32 588 602
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Table A.1. Continued.

Carvajal Gallego, H., et al.: A&A, 685, A91 (2024)

Ton

Configurations

Number of lines

Erv

Er VI

Er VII

TmV

Tm VI

Tm VII

YbV

Yb VI

Yb VII

LuV

Lu VI

Lu VII

5s25p®4f10, 5s25pt4f26p, 5525p°4f Tp, 5s25p°4f°Sf, 5s25p°4f’6f, 5525p 4f!!,
5525p34f105d,  5s25pf4f°6s,  5s25p4f>T7s,  5s25p®4f°8s,  5s%5p°4fdsd,
5525p®4£26d, 5s25p°4£°7d, 5525p°4f5g

5525p%4f®, 5525p°4f86p, 5s5p°4afiTp, 5s25pP4f8Sf, 5s25p4f!0, 5525pS4fdes,
5525p®4£37s, 5s25p04f85d, 5s25p°4tted, 5s25p°4f75d

5525p04f®, 5525p°4f°, 5525p°4f75f, 5525p°4f76p, 5525p°4t75d, 5s25p°4f85d

SS25p04fil, 5625p54f10p (n = 6 — 8), 5525pSAfOnf (n = 5 — 8), 5s25p 412,
5s25p4f115F, 5525pS4f!6p, 5525p°4fions (n = 6 — 8), 5525p°4f1%nd (n = 5 - 8),
5525p®4f'%ng (n = 5 — 8), 5s25p°4f!'nd (n = 5 - 6), 5s>5p°4f!' 65

5525p%4f10, 5525p%4f26p, 5s25pS4f2Tp, 5s25p°4afsf, 5s25pS4fP6f, 5s25p 4f!!,
5s25p°4f'05d,  5s25pf4f°6s,  5s25pf4f’7s,  5s25pf4f®8s,  5s25pf4f®sd,
5s25p®4f26d, 5s25p°4f°7d, 5525p°4f5¢

5525p%4f°, 5s25p°4fi6p, 5s25p°4fiTp, 5s25pC4fisf, 5s25p°4fl0, 5525pS4fies,
5525p®4f37s, 5s25p04f85d, 5s25p4tt6d, 5s25p°4f°5d

5s25p%4f'2, 5s25pf4f'lnp (n = 6 — 8), 5s%5pb4fl05d?, 5s25pS4flO6s?,
SS25poafiosdes, S5s25pSAflinf (n = 5 — 8), S5s2SpSAf3, Ss25pAfI2St,
5525p%4f12np (n = 6 — 8), 5525p%4fiins (n = 6 — 8), 5s25pS4f!nd (n = 5 — 8),
5s25p%4f'lng (n = 5 — 8), 5s25p®4f'05d6p, 5s25p°4f!®6s6p, 5s25p 4f'’ns
(n=6-28),525p°4f"%nd (n = 5 - 8)

5po4f!, 5525p%4f'%p (n = 6 — 8), 5525p°4f'%xf (n = 5 - 8), 5s25p°4f'2,
5s25p 4f'15¢, 5p 4f'l6p, 5525p%4fions (n = 6 — 8), 5525p%4f'%nd (n = 5 - 8),
5525p%4f'0ng (n = 5 — 8), 5s25p°4f!'nd (n = 5 — 6), 5s>5p°4f!16s

5s25p%4f!10, 5s25p04f26p, 5s25p°4f2Tp, 5s25p4af®sf, 5s25pSaf6f, 5s25pi4f!!,
5525p34f105d,  5s25pf4f°6s,  5s25p4f®T7s,  5s25p®4f°8s,  5s%5pS4fdsd,
5s25p®4f26d, 5s25p°4£°7d, 5525p°4f5g

5s25p%4f!?, 5s25p%4f'?np (n = 6 — 8), 5s25p4f'!5d?, 5s%5pS4flles?,
5s25p%4f'15d6s, S5s25pt4f?nf (n = 5 — 8), 5s25p4fl*,  5s25p 4f'35f,
5$25p%4f13np (n = 6 — 8), 5525p%4f12ns (n = 6 — 8), 5525p%4f12nd (n = 5 — 8),
58%5p%4f'?ng (n = 5 — 8), 5s25p®4f!15d6p, S5s25p°4f!l6s6p, S5s25p 4f'ins
(n=6-28),5s25p°4f3nd (n = 5 - 8)

5525p%4f12, 5525p%4f! np (n = 6 —8), 5525p®4f105d2, 5525p®4f1°6s2,5p04f105d6s,
5s25p%4f!inf (n = 5 — 8), 5s25p°4f!3, 5525p 4f!25f, 5525p°4f'2np (n = 6 — 8),
5525p%4filng (n = 6 — 8), 5525p54fnd (n = 5 — 8), 5525p%4f'ing (n = 5 — 8),
5525p%4f195d6p, 5s25p°4f1°6s6p, 5525p°4f!2ns (n = 6 — 8), 5s5p>4f'%nd (n =
5-38)

5525pS4f!, 5pbaflonp (n = 6 — 8), 5p°4f'%xf (n = 5 — 8), 5p°4f'2, 5p 4f!15f,
5p 4t 6p, 5pbafions (n = 6 — 8), 5p°4f'°nd (n = 5 — 8), 5p®4f'Png (n = 5 - 8),
Sp3afiind (n = 5 - 6), Sp*4fil6s

22 183 496

27 351 536

30 066 847

36 367 389

23 160 749

27 994 638

26 053 560

37 034 149

15209 723

3310355

30 620 917

33 862 758
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Table A.2. Ground configurations and energy levels of La—Lu V-VII ions.

Z lon Ground configuration Ground level
NIST*  Kilbane? Banerjee¢ This work This work
57 LaV 5p° 5p° 5p° 5p° °PS),
La VI 5p* 5p* 5p* 5p* P,
La VIl 5p° 5p 5p 5p SS,
58 CeV 5p° 5p® 5p® 5p® 'Sy
CeVl 5p° 5p° 5p° 5p° °P¢),
Ce VIl 5p* 5p* 5p* 5p* P,
59 Prv 5poaf 5poaf 5poaf 5poaf 2F‘S’ 1
Prvli  5p° 5p° 5p° 5p° ISo
PrVII  5p*4f 5p° 5p° 5p° 2P‘3’ 1
60 NdV 5pb4f?  5pdaf? 5poaf? 5poaf? SH,
Nd VI 5p4f>  5pd4f 5pbaf 5pSaf ZFg n
Nd VII  5p*4f?  5p° 5p® 5p® 'S,
61 PmV 5poaf  5pd4f 5p4f3 5p4f3 15 »
Pm VI  5p%4f  5pS4f? 5pSaf? 5pSaf? SH,
Pm VII 5p*4f*  5pb4f 5paf? 5pSaf °F¢
62 SmV  5pbaft  5pbaft 5pdaft 5pdaft 3y
Sm VI  5p%4f3  5pb4f3 5pSaf’ 5poaf’ 413 n
SmVII 5p*4ft  5p04f2 5po4f3 5po4f3 >H;
63 EuV 5p4f>  5pd4fd 5po4f 5poaf SH¢ P
EuVI  5p%4f  5pSaft 5poaft 5poaft 3
Eu VII  5p*4f>  5pb4f’ Spiaft 5p4f3 4Ig ”
64 GdV 5poaf®  5po4f® 5pS4td 5pS4td "Fo
Gd VI 5p°4f  5pbaf 5pS4f 5po4f 6Hg n
Gd VII  5p*4f®  5pSaft 5pi4f 5pSaft 3
65 TbV 5pbaf’  5pSaf’ 5p4f’ 5p4f’ 5S¢ ”
Tb VI 5p4f7  5pS4f® 5po4f® 5poaf® "Fy
Tb VI  5p*4f®  5p%4fd 5p4f° 5pS4f 6H¢ n
66 DyV 5poaft  5po4fs 5poafd 5poafd "Fg
Dy VI 5p°4f8  5pSaf’ 5poaf’ Spoaf’ 889 n
Dy VII  5p*4f®  5pbaf® 5po4f’ 5po4f’ Ps
67 HoV 5pb4f®  5pSaf’ 5pd4t? 5pbat? ®HY, ”
Ho VI  5p°4f°  5pS4f® 5poafd 5poafd "Fe
Ho VII  5p*4f°  5pSaf’ 5pSaf’ 5poaf’ 839 n
68 Erv 5po4fl®  5pSafl0  5p64f10 5pS4flo g
Er VI 5p4fl®  5pS4f° 5pSaf’ 5poaf’ SHY, n
Er VII  5p*4fl®  5pS4f® 5poaft 5poafd "Fe
69 TmV 5poaftt  5pSafl! 5poafi! 5poafl! 41‘1’5/2
Tm VI 5p4f!l  5pb4f10  5p64f10 5pd4f!0 g
Tm VII  5p*af!!  5pS4f° 5pSaf’ 5pSaf’ 6H?5 n
70 YbV 5pbafi?  5pSafl2  5pbafi? 5poafi? *He
Yb VI 5p°4fi2  5pbafl! 5pdaf!! 5pbaf!! 41‘1’5/2
Yb VII  5p*4f'2  5p04fl0  5p04f10 5po4flo g
71 LuV 5poafl3  5pdaf!3 5poaft3 5pSaf!s 2F§/2
Lu VI  5pb4fl2  5pS4fl2  5pb4fl2 5poafi? SHe
Lu VII  5p*af!3  5po4f!! 5poaf!! 5poaf!! 410

4 Kramida et al. (2023)

b Kilbane & O’Sullivan (2010)

¢ Banerjee et al. (2023)
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Table A.3. Calculated oscillator strengths (log gf) for the strongest Yb V lines observed by Meftah et al. (2013).

A (A) Lower level” Upper level” Int¢ log gf
E (cm™) P J E(cm™) P J Meftah? HFR® MCDHF/

543.205 6112.03 (e) 4 19020730 (o) 4 128 -0.98 -1.29 -1.51
543.205 9579.89 (o) 5 193671.10 (o) 6 128 -0.60 -0.72 -1.83
562.617 24192.89 (e) 4 20193320 (o) 5 106 -0.41 -1.08 -0.68
564.458 6112.03 e 4 18327510 (o) 5 146 -0.66 -1.23 -1.30
564.458 1440500 (e) 4 19156440 (o) 3 146 -0.99 -1.80 -1.10
567.252 0.00 (e) 6 176288.80 (o) 6 129 -0.58 -1.44 -1.50
567.743 9579.89 (e) 5 18571570 (o) 5 102 -0.81 -0.94 -0.91
571.235 24192.89  (e) 4 19925220 (o) 3 126 -0.55 -1.60 -0.71
571.235  43119.50 (e) 2 21817780 (o) 1 126 -0.79 -1.75 -2.41
572.155 0.00 e) 6 174778.00 (o) 6 116 -0.82 -1.09 -1.03
573.374 0.00 e) 6 174405.80 (o) 5 109 -1.04 -1.29 -1.48
577.217 6112.03 (e) 4 17935690 (o) 3 113 -0.85 -0.95 -1.04
578.449 6112.03 e 4 17899140 (o) 5 138 -1.33 -1.97 -1.43
578.449 14405.00 (¢) 4 187279.70 (o) 4 138 -0.96 -1.87 -2.13
580.547 0.00 e) 6 17225110 (o) 6 109 -0.91 -0.83 -1.06
581.140 9579.89 e 5 18165520 (o) 5 112 -0.85 -1.29 -1.43
581.176 3903790 (e) 6 21110290 (o) 6 105 -0.62 -0.67 -0.29
583.541 6112.03 ey 4 17747810 (o) 3 107 -1.04 -1.38 -2.38
584.552 3903790 (e) 6 210109.50 (o) 6 135 -0.01 -0.17 -0.80
589.608 6112.03 e) 4 175716.10 (o) 3 107 -1.01 -1.28 -2.75
592170  14405.00 (e) 4 18327510 (o) 5 101 -0.88 -1.79 -1.42
594.713 9579.89 e 5 17772840 (o) 5 113 -0.86 -0.67 -1.83
600.550 6112.03 (e) 4 17262640 (o) 4 101 -1.10 -1.11 -1.29
802.074 161356.20 (o) 4 286033.82 (e) 5 167 -1.43 -1.64 -1.68
802.074 161356.20 (o) 4 28603397 () 3 167 -1.90 -1.93 -1.35
864.742 143663.60 (o) 10 259305.05 () 9 171 0.68 0.65 0.61

868.304 15336520 (o) 9 26853223 (e) 8 158 0.63 0.61 0.56
870.582 14535240 (o) 9 260218.14 (e) 8 156 0.47 0.45 0.40
872274 15908520 (o) 7 27372828 (¢) 6 115 0.12 0.26 0.20
873.216  164831.00 (o) 7 279350.06 () 6 117 0.42 0.40 0.26
873.996 154816.50 (o) 8 26923349 (e) 7 136 0.40 0.37 0.32
877.540 14679520 (o) 7 26075018 (e) 7 105 0.08 -0.09 -0.09
877.557 14535240 (o) 9 259305.05 () 9 134 0.11 0.09 0.04
877.868 164952.60 (o) 6 278864.67 (e¢) 5 116 0.01 -0.67 -1.30
878.807 15554310 (o) 6 26933395 () 6 101 0.10 0.11 0.01

879.385 154816.50 (o) 8 26853223 (e) 8 113 0.11 0.09 0.04
879.385 14679520 (o) 7 260509.01 () 6 113 -0.60 -0.79 -0.76
882.319 146880.70 (o) 8 260218.14 (e¢) 8 121 0.20 0.12 0.08
882.954 15597730 (o) 7 26923349 () T 114 0.22 0.20 0.13

893.935 17416940 (o) 3 28603397 () 3 101 -0.68 -0.64 -0.76
893.935 145484.70 (o) 6 25734877 (e) 7 101 -0.41 -0.30 -0.41
895.390 149901.50 (o) 4 26158394 (e) 5 107 0.07 0.08 0.05
896.212 14548470 (o) 6 257065.63 (e) 6 103 0.00 0.07 0.02
898.672 13661490 (o) 6 247890.51 (e) 7 162 0.38 0.36 0.35
904.534 14995396 (o) 5 26050901 () 6 160 0.08 0.10 -0.03
904.534 14679520 (o) 7 257348.77 () 7 160 -0.16 -0.01 -0.11
905.246 146880.70 (o) 8 257348.77 (¢) T 132 -0.04 0.15 0.06
908.263 137790.20 (o) 7 247890.51 (e) 7 170 0.23 0.22 0.20
913.034 158053.00 (o) 6 26757792 (e) 5 105 0.10 0.15 0.10

913.347 151021.29 (o) 6 260509.01 (e) 6 100 -0.08 -0.69 -0.80
917.234 15299754 (o) 7 262021.27 (e) 6 149 0.31 0.28 0.26
917.379 154789.62 (o) 6 26379629 () 5 162 0.25 -0.02 -0.15
917.511 139582.60 (o) 9 248573.04 (e¢) 8 197 0.52 0.51 0.50
920.884 148757.30 (o) 8 257348.77 (e) 7 150 0.31 0.13 0.20
924386 164006.60 (o) 7 272186.73 (¢) 6 107 0.17 0.28 -0.11
925770 154002.75 (o) 6 26202127 () 6 102 -0.10 -0.49 -0.33
927748 140784.80 (o) 8 248573.04 (e) 8 193 0.26 0.25 0.22
932.508 150111.23 (o) 7 25734877 (e) 7 101 -0.11 -0.34 -0.25
933.656 140784.80 (o) 8 247890.51 (e) 7 127 0.00 -0.02 -0.04
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A(A)* Lower level” Upper level” Int¢ log gf
Eem P J E(m™H P J Meftah HFR¢ MCDHF/
946.775 169918.70 (o) 6 275541.01 (e) S5 127 -2.07 -0.94 -0.81
1467956  192628.22 (o) 8 260750.18 () 7 108 0.20 0.13 0.10
1470.889  194035.09 (o) 7 26202127 (e) 6 107 0.07 -0.81 -0.56
1479.508 192628.22 (o) 8 260218.14 (e) 8 209 0.72 0.69 0.67
1484.268 208635.08 (o) S5 276008.50 (e) 4 156 0.13 0.07 0.02
1485.636  202022.73 (o) 7 26933395 (e) 6 129 0.18 0.07 0.08
1487.853  212766.00 (o) 5 279976.85 (e) 4 140 -0.04 -0.09 -0.01
1487.853  202022.73 (o) 7 26923349 (e) 7 140 0.67 0.58 0.61
1487.902  206519.78 (o) 5 27372828 (e¢) 6 119 0.33 0.21 0.16
1488.239  212766.00 (o) S5 27995930 (e) S5 152 0.06 0.11 -0.58
1489.834  212855.37 (o) 4 27997685 (e) 4 166 0.35 0.46 -0.32
1490.008  218920.29 (o) 4 28603397 () 3 116 -0.05 -0.08 -0.13
1490.008  218920.29 (o) 4 286033.82 (e) 5 116 0.71 0.49 0.55
1490.233  212855.37 (o) 4 27995930 () S5 134 -0.12 -0.87 -0.71
1490.233  206519.78 (o) 5 27362327 (e) S5 134 0.55 0.21 0.41
1492.096 20852133 (o) 4 275541.01 (e) 5 125 0.30 -1.47 -1.14
1493.144  218920.29 (o) 4 285892.87 (e¢) 4 125 0.28 -0.36 -0.15
1494.048 206796.10 (o) 6 27372828 (e) 6 132 0.57 0.52 0.48
1494.335 208635.08 (0) S 27555490 () 6 178 -3.22 -1.23 -1.58
1494.335  212855.37 (o) 4 27977470 () 3 178 0.50 0.46 0.41
1494.629 208635.08 (o) 5 275541.01 (e) S5 115 0.45 0.34 0.11
1496.400 206796.10 (o) 6 27362327 (e) 5 137 0.19 0.10 0.05
1496.875 202528.13 (o) 6 26933395 () 6 169 0.67 0.62 0.55
1498.649 21930735 (o) 3 28603397 (e) 3 131 0.36 0.32 0.26
1498.909 194035.09 (o) 7 260750.18 (e) 7 193 0.74 0.68 0.66
1499.130  202528.13 (o) 6 26923349 (e) 7 122 0.42 0.38 0.28
1499.774 19262822 (o) 8 259305.05 (e) 9 283 0.97 0.94 0.91
1501.831 21930735 (o) 3 285892.87 (e) 4 155 0.26 -0.20 -0.51
1501.859  212766.00 (o) 5 279350.06 () 6 189 0.78 0.76 0.27
1503.544  202022.73 (o) 7 26853223 (e) 8 237 0.92 0.83 0.85
1504.282 206519.78 (o) 5 272996.60 (e) 4 179 0.59 0.46 0.46
1504.350 194035.09 (o) 7 260509.01 (e) 6 223 0.66 0.68 0.63
1505.571 206796.10 (o) 6 27321625 (e) 7 218 0.86 0.80 0.79
1507.468 202528.13 (o) 6 26886441 (e) S5 273 0.64 0.63 0.51
1510.967 194035.09 (o) 7 260218.14 (e) 8 282 0.50 0.46 0.41
1512.367 21285537 (o) 4 278976.88 (e) 4 153 -0.08 0.03 0.30
1512.894  212766.00 (o) 5 278864.67 (e) S5 166 0.26 0.39 -0.11
1514.937 21285537 (o) 4 278864.67 (e) S5 136 0.11 0.26 0.19
1529.272  206796.10 (o) 6 272186.73 (e) 6 124 -0.50 -0.66 -0.28
1577.883 208635.08 (o) 5 272011.18 () 5 109 -0.93 -0.86 -2.03
1693.307 20852133 (o) 4 26757792 () S5 117 -0.96 -0.87 -0.78
1693.307 202528.13 (o) 6 26158394 (¢) S 117 -0.55 -0.57 -0.51
1709.796  202022.73 (o) 7 260509.01 (e) 6 102 -0.64 -1.22 -0.37
1717.565 20252813 (o) 6 260750.18 (e) 7 118 -0.83 -0.49 -0.75
1724.712  202528.13 (o) 6 260509.01 (e) 6 124 -0.62 -0.58 -0.68
1782.589  212766.00 (o) 5 26886441 (e) 5 131 -0.84 -1.26 -1.27
1787.473 19262822 (o) 8 248573.04 (e) 8 317 0.43 0.40 0.37
1801.748  206519.78 (o) S5 262021.27 (e) 6 393 0.41 0.38 0.37
1805.757  218920.29 (o) 4 27429883 (e) 4 185 0.22 0.22 0.16
1807.469  202022.73 (o) 7 257348.77 (e) T 295 0.33 0.21 0.24
1809.145  208521.33 (o) 4 26379629 (e) S5 266 0.42 0.41 0.38
1809.556  192628.22 (o) 8 247890.51 (e) 7 500 0.69 0.67 0.64
1810.772  206796.10 (o) 6 262021.27 (e) 6 222 0.16 0.18 0.15
1812.862 208635.08 (o) S 263796.29 (e) S5 235 0.24 0.23 -0.01
1816.071  206519.78 (o) 5 26158394 (e) 5 789 0.05 -0.10 -0.10
1816.770  202022.73 (o) 7 25706563 (e) 6 332 0.57 0.44 0.49
1817.108  212766.00 (o) 5 26779848 (e) 4 254 0.40 -0.04 -0.10
1817.226 20852133 (o) 4 26354991 (e) 4 216 0.00 -0.02 -0.06
1818.464  219307.35 (o) 3 274298.83 (e) 4 271 0.20 0.18 0.10
1820.065 21285537 (o) 4 26779848 (e) 4 138 -0.01 0.40 -0.07
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Table A.3. Continued.
1Ay Lower level” Upper level” Int¢ log gf

1852.225 206519.78 (o)
1856.819  194035.09 (o)
1861.745  206796.10 (o)

260509.01  (e)
247890.51  (e)
260509.01  (e)

203 -0.24 -1.23 -0.90
217 0.11 0.06 0.00
103 -0.46 -1.06 -1.13

Eem P J E(emYH P J Meftah HFR¢ MCDHEF/

1821.004 208635.08 (o) 5 26354991 (e) 4 217 0.38 0.38 0.16
1821.074 21892029 (o) 4 27383299 () 3 257 024 0.25 0.20
1824.134  202528.13 (o) 6 25734877 (e) 7 321 0.56 0.50 0.44
1824.420  212766.00 (o) 5 26757792 () S 192 0.2l 0.16 -0.25
1825.220 206796.10 (o) 6 26158394 () S5 383 049 0.43 0.42
1827394 21285537 (o) 4 26757792 () S5 221 0.34 0.27 0.20
1833.587 194035.09 (o) 7 248573.04 (e) 8 43I 0.62 0.61 0.56
1833.587 202528.13 (o) 6 257065.63 (e) 6 431 0.04 -0.07 -0.12
1834.001 21930735 (o) 3 27383299 (¢) 3 104  -0.8 -0.13 -0.17

5 6

7 7

6 6

4 Experimental wavelengths measured by Meftah et al. (2013)

Experimental levels as classified by Meftah et al. (2013) using their energy value, E, parity, P, and total quantum number, J.

¢ Observed lines intensities (arbitrary units) as observed by Meftah et al. (2013). Only lines with Int > 100 are listed in the table.
4" QOscillator strengths (log g f) deduced from the transition probabilities (gA) calculated by Meftah et al. (2013).

¢ Oscillator strengths (log gf) computed in the present work using the HFR method.

I Oscillator strengths (log gf) computed in the present work using the MCDHF method.
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