
ARENBERG DOCTORAL SCHOOL

Faculty of Science

Developing a self-consistent
AGB wind model

Jels Boulangier

July 2019

ARENBERG DOCTORAL SCHOOL

Faculty of Science

Fundamental atomic data deduced using
stellar spectroscopy

Mike Laverick
September 2019





September 2019

Examination committee:
Prof. Dr. H. Sana, chair
Prof. Dr. H. Van Winckel, supervisor
Dr. P. Royer, supervisor
Dr. A. Lobel, supervisor
(Royal Observatory of Belgium)

Prof. Dr. L. Decin
Prof. Dr. C. Waelkens
Prof. Dr. H. Hartman
(Malmö University, Sweden)

Dissertation presented in partial ful-
filment of the requirements for the
degree of Doctor of Science (PhD):
Astronomy and Astrophysics

Mike LAVERICK

Fundamental atomic data deduced using stellar
spectra



Acknowledgements
The research for the present results has been subsidised by the Belgian Federal Science policy Office under
contract No. BR/143/A2/BRASS.
This work is based on observations made with the Mercator Telescope, operated on the island of La Palma by the
Flemish Community, at the Spanish Observatorio del Roque de los Muchachos of the Instituto de Astrofísica de
Canarias. This work is also based on observations obtained with the HERMES spectrograph, which is supported
by the Research Foundation - Flanders (FWO), Belgium, the Research Council of KU Leuven, Belgium, the
Fonds National de la Recherche Scientifique (F.R.S.-FNRS), Belgium, the Royal Observatory of Belgium, the
Observatoire de Genève, Switzerland and the Thüringer Landessternwarte Tautenburg, Germany.
This work has made use of the VALD database, operated at Uppsala University, the Institute of Astronomy
RAS in Moscow, and the University of Vienna. We also thank all other atomic data producers and providers
for their invaluable work towards improving the accuracy of stellar spectroscopy and the ease at which vast
quantities of data can be retrieved.

© 2019 KU Leuven – Faculty of Science
Uitgegeven in eigen beheer, Mike Laverick, Celestijnenlaan 200D box 2401, B-3001 Leuven (Belgium)

Alle rechten voorbehouden. Niets uit deze uitgave mag worden vermenigvuldigd en/of openbaar gemaakt worden
door middel van druk, fotokopie, microfilm, elektronisch of op welke andere wijze ook zonder voorafgaande
schriftelijke toestemming van de uitgever.

All rights reserved. No part of the publication may be reproduced in any form by print, photoprint, microfilm,
electronic or any other means without written permission from the publisher.

Cover design and artwork by Mike Laverick



“I was terrible in English. I couldn’t stand the subject.”
- Richard P. Feynman

It has been remarked on a number of occasions that I do not enjoy writing.1 2 3

In fact, one of the driving forces for my foray into science was my belief that I
would never again be subject to the tyranny of transcribing things. As is often
the case in science, the initial hypothesis was eventually proven false.

And so I find myself, after four years of postgraduate study, four years of
undergraduate study, and many years of school, writing the last few words
of my PhD thesis. What to say about my experience? Well, simply put, it’s
been a blast! Travelling to far-flung exotic locations, spending night after night
under the stars operating millions of pounds worth of equipment4, exploring
the workings of the universe at the forefront of research, and of course meeting
many amazing people throughout my journey!

So I’d like to say a few words of thank you to the people who’ve helped me
along the way:

1primarily by me.
2since the age of six onwards.
3peaking in occurrence over the last year and a half of paper and thesis writing.
4for the purposes of this evocation we’ll say £1 ≈ €1 ≈ $1 without showing proof...



ii

To my supervisors Pierre, Alex, and Hans: Pierre - thank you for teaching
me how to be a critical-thinking and thorough scientist, for playing the devil’s
advocate so darn well, and for all the help and guidance over the years; Alex -
thank you for teaching me all about quantitative stellar spectroscopy and
introducing me to the atomic community; Hans - thank you for all the PhD
guidance, especially in the final year, and for the help with all things HERMES-
related. To my jury: thank you for the comments, questions, and suggestions
that helped shape and improve my thesis.

Thanks to all the friends and colleagues at the IvS, ROB, and abroad. To my
office mates: Eshan, Yannis, Tom, and Swaraj. Thank you for all the chats
and laughs over the past four years. The students who came before: Valentina,
Alejandra, Jonas, Robin, Timothy, Bram, Marie, and Rajeev. Thank you for
showing me the tips and tricks to surviving a PhD degree. The students who
came during: Jels, Ana, Cole, Shreeya, Dylan, Glenn, Michael, Julia, and
May. Late nights in the Oude Markt, smoke machines in Café Cuvée, hammer-
involving escapades in the place of many trees, and selfies under the Northern
Lights! Thank you all for the adventures, support, journeys, and memories...5
I couldn’t have done it without you all! To the students (and post-docs) who
came after: Calum, (Dom), (Dylan), Emily, Florian, Gareth, Joey, JP, Karan,
Luka, Mathias, Nico, Robin, Robin, and Siemen. Don’t forget to have fun along
the way!

To Lewis, Martyn, the physics house, Lodge Farm, and the YUCC: Thanks
for all the great memories and antics throughout the first half of my academic
journey. To Mr. Newell and Dr. Wright: thank you for kick-starting it all off
years ago. To Harry: thanks for being tall a good friend all this time.

Mum, Dad, Hannah, Keon, Grandma and Grandad: I can’t thank you all
enough for all your support, belief, love, and encouragement throughout my
life. I certainly wouldn’t have made it this far without it, thank you so much.
Finally, Chloë: none of this would be possible without you, thank you from the
bottom of my heart.

Enjoy the thesis!

Mike Laverick
25th August 2019

(Exactly four years since the start)

5and, of course, the nights we couldn’t remember!



Abstract

Accurate atomic transition data are crucial input parameters for the modelling
of stars. The fundamental atomic data, such as oscillator strengths and rest
wavelengths, governs our very understanding and interpretation of the internal
structures, atmospheres, and evolution of stars and stellar environments. As
such, any errors and uncertainties in the adopted atomic data run the risk of
systematically propagating throughout the entire field of astronomy.

Reproducing stellar environments in the laboratory is an exceptionally
difficult task, and substantial work is required to obtain large quantities of
accurate atomic transition and collisional data. Theoretical calculations of
atomic transitions are often required to supplement the missing experimental
data, however such calculations can be susceptible to systematic errors and
simplifications. A small number of databases offer compilations of such
experimental and theoretical atomic data, often containing data that are
complementary to one another. Unfortunately despite the tremendous ongoing
efforts of atomic data producers and atomic data providers very little information
is available on the accuracy of the data, complicating the interpretation of results
for astrophysics and other disciplines.

The PhD thesis forms an important part of the “Belgian Repository of
fundamental Atomic data and Stellar Spectra” project (the BRASS project)
which seeks to take the first crucial steps towards removing systematic errors in
the input atomic data required for quantitative stellar spectroscopy.

The main science goal of the PhD, and of the BRASS project, is to provide
accurate and quality-assessed atomic transitions to the community via a new
online repository. In addition to the atomic data, we shall also provide
many stellar spectra, of high-resolution and high signal-noise ratio, to the
community. The atomic data and stellar spectra will be presented together
interactively via the repository alongside all assessment results and meta-data
associated with both the spectra and transitions. The repository promises to

iii
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be an important reference for stellar spectroscopy for years to come, providing
thorough, extensive, and high-quality work in a clear and accessible manner to
the community.

We perform a large retrieval and cross-matches of atomic transitions available
in several astrophysically relevant atomic repositories and compare their
fundamental atomic parameters to find differences in log(gf) values of up
to 2 dex or more.

A large-scale homogeneous selection of atomic lines was performed by
synthesising theoretical spectra of literature atomic lines for FGK-type stars
including the Sun. The result was a selection of 1091 theoretically deep and
unblended lines in the wavelength range 4200-6800 Å, which were potentially
suitable for quality assessment. Astrophysical log(gf) values were determined for
the 1091 transitions using two commonly employed methods, and the agreement
of these log(gf) values were used to select 845 well-behaved spectral lines
suitable for quality assessment.

It was found that around 53% of the quality-assessed lines had at least one
literature log(gf) value in agreement with our derived values, though the
remaining values could disagree by as much as 0.5 dex. Only ∼38% of Fe i lines
were found to have sufficiently accurate log(gf) values, increasing to ∼70-75%
for the remaining Fe-group lines.

We finish by comparing our log(gf) values against a number of astrophysical,
experimental, and theoretical literature works, and report on a number of
fruitful avenues for atomic data production, and further directions in which this
work can be applied and extended.



Abbreviations

Databases

BRASS - Belgian Repository of fundamental Atomic data and Stellar Spectra
NIST - National Institute of Standards and Technology
VALD - Vienna Atomic Line Database
VAMDC - Virtual Atomic and Molecular Data Centre
TIPbase - The Iron Project database
TOPbase - The Opacity Project database
TIPTOP - refering to TIPbase and TOPbase simultaneously

Observations

HERMES - High Efficiency and Resolution Mercator Echelle Spectrograph
FTS - Fourier Transform Spectrograph
KPNO - Kitt Peak National Solar Observatory
S/N - Signal to Noise ratio
FWHM - Full-Width Half-Maximum

Physical

LTE - Local Thermal Equilibrium
Non-LTE - Non Local Thermal Equilibrium
HFS - Hyperfine splitting
LS - Russell Saunders coupling

methodology

grid - (grid-based) detailed iterative modelling method
cog - curve of growth method
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“It is at this point that normal language gives up, and
goes and has a drink.”

- Sir Terry Pratchett, The Colour of Magic



Chapter 1

Introduction

The following chapter attempts to paint the picture of modern-day atomic
stellar spectroscopy by describing the basic, yet fundamental, physics that is
required to interpret the light we see from stars. We explore concepts such as:
the properties of atoms - responsible for the production of the very photons we
wish to interpret; radiative transfer - governing the journey that the photons
take from their origin down to our telescopes, and the impact it has upon them;
the structure of stellar atmospheres - the most important media through which
photons travel before they reach our telescopes; and how the combination of
all three of these concepts, forming the basis of stellar spectroscopy, can be
used to help interpret the stars we see around us. Finally, we briefly discuss
the applications and limitations of modern day stellar spectroscopy, and set the
stage for the rest of the thesis: constraining the fundamental atomic properties
of over a thousand spectral lines.

1.1 A brief history of stellar spectroscopy

As early as the beginning of the 19th century astronomers, chemists, and
physicists alike began to investigate the very light from our sun, revealing that
what was once thought to be a continuous spectrum of colour was actually
interspersed with numerous dark features.

The work of William Hyde Wollaston, and later that of Joseph von Fraunhofer,
revealed over 570 individual dark lines in the solar spectrum: known as
the Fraunhofer lines (Wollaston 1802; Fraunhofer 1817). These were later

3
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Figure 1.1: A high-resolution solar spectrum, spanning 4000-7000 Å, taken
using the Fourier Transform Spectrograph (FTS) at the Kitt Peak National
Solar Observatory (KPNO). The strips are arranged in wavelength order, from
the longest in red to the shortest in blue, where each strip shows a 60 Å chunk
of the total spectrum. Numerous absorption lines of varying width and intensity
can be seen throughout the spectrum, especially so towards bluer wavelengths.
Source: N.A.Sharp, NOAO/NSO/Kitt Peak FTS/AURA/NSF.

discovered to match the wavelengths of emission lines from various heated
elements measured in the laboratory, and the efforts of Gustav Kirchhoff and
Robert Bunsen correctly deduced that the Fraunhofer lines were absorption lines
originating from hot gas, made of these constituent elements, surrounding a much
hotter object (Kirchhoff 1860). This was arguably the first ever application of
stellar spectroscopy: deducing the presence of elements in the solar atmosphere.
It wasn’t long before solar spectroscopy yielded a breakthrough in return. The
astronomers Jules Janssen and Norman Lockyer observed an emission line caused
by a solar prominence, which they attributed to an, as of then, undiscovered
element: helium (Lockyer 1869).

To date many thousands of spectral lines have been found and identified in
the solar spectrum, an example of which can be seen in Figure 1.1, and stellar
spectroscopy has become a powerful and important way in which astronomers
can interpret the universe around us. With it, astronomers are able to deduce
the physical conditions of stars such as their temperature, surface gravity,
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Figure 1.2: A comparison between a theoretically calculated spectrum of the Sun
and the solar FTS spectrum taken at the KPNO. A number of the theoretical
spectral features, such as the Cr i line at 5785.0 Å and the Mg i/Fe i/Cr i
blended complex around 5785.7 Å are in good agreement with the observed solar
spectrum, however there is still disagreement between theory and observations
in many places.

composition, and even the properties of surrounding matter such as gaseous
disks, shells, and even planets that may orbit the star.

The spectra of stars can take many varied forms, and astronomers to this day
still use these spectra to classify stars into groups with similar spectral features,
arising from similar physical conditions. Historically there have been a number
of different systems for classifying stars, notably the pioneering efforts of Angelo
Secchi (Secchi 1866), however modern day classifications have settled on the
nomenclature of Morgan & Keenan (1973) which, broadly speaking, uses a star’s
surface temperature and luminosity to distinguish spectral types. Nowadays,
after decades of theoretical developments and a steady increase in computational
power, it is possible to compare observations against theoretical predictions, i.e.
synthetic spectra, in order to infer the conditions, parameters and workings of
astrophysical sources. Even more recent advances in machine learning allow us to
use synthetic spectra in conjunction with statistical approaches to derive stellar
parameters for many thousands of stars simultaneously, helping push stellar
spectroscopy to previously unfathomable scales (Casey et al. 2016; Strassmeier
et al. 2018; Leung & Bovy 2019).

There are many different types of astrophysical objects, each with their own
chemistry and composition, that are studied through spectroscopy: cool stars
whose spectra are dominated by a multitude of dense molecular bands; hot stars
whose spectra contain only a handful of broad spectral lines originating from
highly ionised elements; gaseous nebulae whose conditions produce bright and
narrow emission lines; galaxies, studied through integrated spectroscopy, which
are composed of millions of individual stars; and many more exotic objects such
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as pulsars and quasars, studied in over the entire electromagnetic spectrum.
The field of astronomical spectroscopy is wide and diverse area of research,
but in the context of this thesis we shall focus on but one key area of stellar
spectroscopy: atomic transitions arising from the optical region of solar-like
stars.

Figure 1.2 shows an example of a synthetic spectrum of the Sun compared against
an extremely high-quality solar atlas. The two spectra are quite comparable,
but upon detailed inspection it is clear that the theoretical spectrum does
not always accurately reproduce the observed Solar spectrum. The level of
agreement between the two spectra varies on a line-by-line basis: there are
a number of lines that adequately reproduce the observed spectrum, such as
the Fe i line at 5780.6 Å the Cr i line at 5785.0 Å and the blended complexes
around 5785.5− 5786.3 Å however there are clear examples where the spectra
do not match, such as the strength of the Fe i/Cu i blend at 5782.1 Å the
wavelengths of the Cr i lines at ∼5781.8 Å and ∼5783.9 Å and disagreement
over the existence of the Cr i line at 5783.1 Å.

There are many ingredients that go into creating a synthetic stellar spectrum,
and before outlining modern stellar spectroscopy, its current limitations, and
how this thesis attempts to tackle one of these limiting uncertainties, it is
important to discuss atomic data, radiative transfer, stellar atmospheres, and
how the combination of all three topics allows us to interpret spectral lines and
infer stellar parameters.

1.2 Atoms: fundamental properties and transitions

1.2.1 Orbitals and quantum numbers

When discussing atoms people often visualise, as shown in Figure 1.3, the
Bohr model of atoms: a dense nucleus of positive-charged and neutral particles
surrounded by negatively-charged electrons in a series of increasingly wide orbits,
with the absorption or emission of photons responsible for the movement of the
electrons between the orbitals (Bohr 1913).

While the semi-classical model easily conveys a number of key concepts regarding
atomic transitions, such as the discreteness of electronic states and the change in
state due to photon interaction, it was unable to reproduce the spectra of many
heavier elements due to a number of shortcomings: the model does not properly
account for multi-electron interactions and so could only model hydrogen-like
species; the model fails to predict the true ground state angular momentum
(a value of L = ~ rather than the true value of L = 0, where L is defined
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+Ze

n = 1

n = 2

n = 3

ΔE = hν

Figure 1.3: The Bohr model of a hydrogen-like atom. The central blue circle
represents the atomic nucleus, with a charge of +Ze, surrounded by concurrent
black circles that represent the stable electron orbitals. The straight black
arrow shows the de-excitation of an electron from the n = 3 to n = 2 orbital,
producing a photon with energy equal to the separation of the orbitals.

in subsection 1.2.1); and the model cannot explain line splitting phenomena
such as fine structure, hyperfine structure, and the Zeeman effect. To better
explain the spectra we see from most elements we must adopt a fully quantum
mechanical approach (Heisenberg 1925; Schrödinger 1926).

The following subsection discusses the basic quantum mechanical knowledge
required to understand atomic orbitals and transitions in an astrophysical
context. Readers who are interested in atomic physics are referred to the books
of Cowan (1981) and Johnson (2007) where further derivations and information
on atomic structure can be found. A more astronomy-based approach to the
subject is provided by Allen’s Astrophysical Quantities (Cox 2000).

Atomic orbitals are mathematical functions, describing the wave-like behaviour
of electrons, that are used to calculate the probability of finding an electron
in a given physical space around an atomic nucleus. They can be uniquely
defined using a set of three quantum numbers: the principle quantum number n,
the azimuthal quantum number l, and the magnetic quantum number ml. By
invoking a fourth quantum number called the spin projection quantum number
ms one can also uniquely describe each electron orbiting an atom.
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l = 0

l = 1

l = 3

l = 2

n = 1              n = 2             n = 3             n = 4Example:

lml

Figure 1.4: The structure of the 1s oribital (red), the 2p orbitals (yellow), the
3d orbitals (blue), and the 4f orbitals (green). the l designation is shown at the
bottom of each orbital, along with the ml value. (Source: chem.libretexts.org)

The principle quantum number n describes what is known as the electron shell.
This concept is derived from the n values used in the Bohr atom (see Figure 1.3),
with the quantum number varying, in increasing integer steps n = 1, 2, 3 and
so on, as a function of the mean radial distance r from the nucleus.

The azimuthal quantum number l, also known as the orbital angular momentum
quantum number, describes the shape of the atomic orbital an electron resides
in. These shapes are referred to as subshells. The azimuthal quantum number
can take any integer value from l = 0 to l = n− 1. Historically the subshells
are denoted as follows: l = 0 is a s subshell, l = 1 is a p subshell, l = 2 is a
d subshell, l = 3 is a f subshell, and higher l values are denoted in alphabetical
order, from g onwards, beyond this. The shape of the innermost subshells are
shown on each row in Figure 1.4.

The magnetic quantum number ml determines the number of unique orbitals
that are present per subshell, and in combination with n and l defines all the
orbitals of an atom. The values that ml can take range from −l to +l, including
zero, thus the s subshell has one orbital, the p subshell has 3 orbitals, and so
on. This can be seen by the increasing number of configurations with respect
to rows shown in Figure 1.4.

The final quantum number is known as the spin projection quantum number, or
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1s

2s  2p

3s  3p  3d

4s  4p  4d  4f

5s  5p  5d  5f …

6s  6p  6d  … … …  

Direction of increasing n+l value

Figure 1.5: The Aufbau principle states the order in which electron subshells are
filled. The green arrows denote the order of filling, starting from the top arrow
and working downwards. There exist exceptions to this rule such as chromium
which takes the form 3d54s1 instead of 3d44s2, and copper which takes the form
3d104s1 instead of 3d94s2.

simply the spin quantum number, and describes the intrinsic angular momentum
of an electron. The spin quantum number of an electron can only take the
values ms = ±1/2 i.e. spin-up and spin-down. Due to the Pauli exclusion
principle this means that only two electrons can occupy a given orbital at the
same time, with opposite spins to each other.

As we progress in atomic number additional electrons occupy orbitals in order
of lowest energy subshell to highest energy subshell, known as the Aufbau
principle and shown in Figure 1.5. We can write the electronic configuration
of an element by denoting the sequence of subshells, including the number of
electrons per subshell, for the given atom. For example the configuration of
fluorine would be written as 1s22s22p5, and that of manganese would be written
as 1s22s22p63s23p64s23d5. For simplicity, long configurations are written in
terms of lighter noble gases i.e. manganese can also be written as [Ar]4s23d5 or
even just 4s23d5.

Before we move on it is worth discussing that both the orbital angular momentum
and intrinsic angular momentum of an electron can be visualised in terms of a
vector model where these momenta can be considered to be precessing about a
direction in space. The l and s angular momenta quantum numbers correspond
to the magnitude of angular momenta vectors, ~l and ~s respectively, as follows:

|~l| = ~
√
l(l + 1) |~s| = ~

√
s(s+ 1)
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where ~l is the orbital angular momentum of the electron, ~s is the intrinsic
angular momentum of the electron, and ~ = h/2π where h is the Planck’s
constant.

In the case of many-electron atoms, which is the case for all investigated spectral
lines in this work, the ~l and ~s of the multiple electrons can couple in a number
of different ways, with two main effects to consider: The first is the interaction
between ~l and ~s of an electron, for each electron which can be summated to
produce a total angular momentum for a given electron ~j (by convention, and for
convenience, the vector quantities are usually interchanged with the associated
quantum numbers, which shall be the case for subsection 1.2.2 and beyond):

~j = ~l + ~s or j = l + s

The second is the angular part of the electrostatic interactions between the
electrons, for which we can define a total orbital angular momentum quantum
number ~L and total spin quantum number ~S by taking the summation of all
orbital and spin momenta as follows:

~L =
∑
i

~li ~S =
∑
i

~si

We can also define a total angular momentum quantum number J , and
corresponding momentum ~J . How we determine ~J depends on how the ~li
and ~si vectors couple together, which depends on the two aforementioned
phenomena: spin-orbit interaction of an electron; and electrostatic interaction
between the electrons. Solving the Schr odinger equation in the case of a
multi-electron system becomes very difficult as the large inter-electron repulsion
cannot be treated as a perturbation. Without providing rigorous and lengthy
discussion, for their exist many useful resources which cover this subject in
greater depth (such as Cowan 1981), the Hamiltonian of the system can be
described as follows:

H = HCF +Hres +HSO (1.1)

where H is the total Hamiltonian of the system, HCF is known as the central
field Hamiltonian, Hres is known as the residual Hamiltonian, and HSO is
known as the spin-orbit Hamiltonian. The central field Hamiltonian HCF ,
stemming from the central field approximation, contains the kinetic energy of
all electrons, the Coulomb attraction between each electron and the nucleus,
spherical-average Coulomb repulsion between all electrons. This leaves the
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Figure 1.6: Diagram of the vector coupling for a) LS coupling and b) jj coupling.
Due to the nature of perturbation theory, the order in which the vectors couples
becomes important, leading to the distinction between LS and jj coupling.

residual Hamiltonian Hres, containing the non-spherical repulsion between
electrons i.e. the momenta coupling between different electrons, which is small
enough to be treated as a perturbation. The final component of the total
Hamiltonian is the relativistic interaction between an electron’s spin and orbital
motion, the spin-orbit interaction HSO.

The total Hamiltonian cannot be solved analytically, and requires the use of
perturbation theory (Sakurai & Napolitano 2011), meaning that the order in
which the Hamiltonian is solved, and thus the order in which the momenta
are coupled, becomes important. It is always true that HCF � Hres and
HCF � HSO, but how we determine ~J depends on whether Hres � HSO or
Hres � HSO.

In the case where electron interaction is stronger than the spin-orbit interaction,
Hres � HSO, then ~L and ~S couple to give ~J = ~L + ~S. This is known as
Russell-Saunders coupling, or often simply referred to as LS coupling, and
will be discussed later in subsection 1.2.2 and section 6.2. In the case where
Hres � HSO we have what is known as jj-coupling. If Hres ≈ HSO then there
is no simple coupling scheme. Figure 1.6 shows a visual example of the vector
coupling between two outer electrons for the two different coupling schemes, LS
and jj coupling. LS-coupling is generally valid for lighter elements with Z ≤ 30,
with jj-coupling needed for heavier elements. Henceforth, we drop the vector
notation and refer to the momenta and quantum numbers interchangeably.
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Figure 1.7: A schematic of fine structure splitting and hyperfine structure
splitting of energy levels. The fine structure arises from coupling between the L
and S values. In this example we only consider one unpaired electron, resulting
in a S value of S = 1/2. The hyperfine structure arises from coupling between
the fine structure J values and the nuclear spin of the nucleus I.

1.2.2 Transitions and their parameters

The electrons bound to an atomic sub-shell, governed by the corresponding L
and S quantum numbers, have a corresponding energy value associated with
the sub-shell. The corresponding energy is referred to as the energy level of the
associated sub-shell. We can write the sub-shell as follows, using what is known
as the term symbol:

2S+1L

where L is written as the capitalisation of the corresponding sub-shell type
(i.e. L=0 corresponds to S, L=1 to P, etc), and 2S + 1 is known as the spin
multiplicity of the term. For example, a term with S = 1 and L = 2 would be
written as 3D.

Fine structure

The coupling of L and S causes the energy level to split into further energy
levels, pertaining to the unique J values produced via the various possible
momenta couplings, in a phenomena referred to as fine structure splitting. The
possible fine structure energy levels can be uniquely described using the quantum
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numbers L, S, and J , in what is known as the level symbol, taking the following
form:

2S+1LJ

For example, a level with S = 1 and L = 2 would be written as 3D3. When
written without the J value we get the term symbol, which corresponds to all
fine structure energy levels within a given subshell. The splitting of a term
into different energy levels using J-values is known as fine structure splitting,
and can be seen in Figure 1.7. Transitions, defined shortly, that occur between
the same upper and lower levels but pertain to different level symbols, i.e.
transitions that would otherwise be indistinguishable without fine structure
splitting, are referred to as multiplet transitions.

Hyperfine structure

There remains a final form of intrinsic energy level splitting, known as hyperfine
structure splitting, that can occur due to coupling between the momenta of the
electron cloud and the momenta of the nucleus of the atom. If the nucleus
has a non-zero nuclear spin I 6= 0, i.e. it does not have an even number of
protons and an even number of neutrons, then this non-zero nuclear spin will
couple with J to produce further splitting, described by the F quantum number
F = I + J , as shown in Figure 1.7. This splitting can be exacerbated by the
presence of an external magnetic field (see Gray 2005, for further discussion).

Energy levels and allowed transitions

An atomic transition occurs when an electron gains or loses enough energy,
typically via photon absorption or emission, to change energy levels (fine
structure and hyperfine structure included). The energy of the photon, and
thus its frequency ν and wavelength λ, is equal to the energy separation of the
two energy levels:

∆E = hν = hc

λ
= Eu − El (1.2)

where Eu and El are the upper and lower energy levels respectively, h is the
Planck constant, and c is the vacuum speed of light.

Whether a transition is physically allowed to occur, and what type of multipole
radiation is involved, depends on the quantum numbers of the upper and lower
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energy levels of the transition (Jackson 1998). The most common type of
transition involves electric-dipole (or E1) radiation, which is referred to as a
permitted transition. Transitions that involve other radiation types, such as
magnetic dipoles (M1) and electric quadrupoles (E2), are known as forbidden
transitions, which despite their namesake does not mean they cannot occur, but
rather that they have a much lower probability of occurrence than permitted
transitions. The type of radiation involved in a transition depends on the
difference between the quantum numbers of the upper and lower energy levels,
i.e. ∆L, ∆S, ∆J , ∆ms, and ∆ml values; and the parity π of the upper and
lower energy levels1.

Table 1.1 details the changes in various quantum numbers that are required to
produce the different types of radiation that occur. These changes are known
as the selection rules. There are strict selection rules that all transitions must
obey, denoted as rules (1) - (3) in Table 1.1, however there are also less rigorous
selection rules that govern whether a transition obeys certain coupling regimes,
such as LS-coupling, or intermediate couplings. Table 1.1 shows both the strict
selection rules, and the LS coupling selection rules, for E1, M1, E2, and M2
transitions. The types of possible radiation continue upwards to electric and
magnetic octupoles, and even further, however these rare transitions are not
the focus of this thesis. Likewise, there exist different selection rules for other
types of momenta coupling, such as jj coupling, but once again these are not
the focus of this thesis. Here we only cover the case of LS coupling, which is
discussed later in this thesis in subsection 1.2.3 and section 6.2.

Transitions probabilities and line strengths

There are three processes, shown in Figure 1.8, that form atomic spectral lines:
spontaneous emission, stimulated emission, and absorption. If we consider
the upper and lower level populations of the two energy levels, Nu and Nl
respectively, we can write the rate of change of these populations due to photon
interaction for spontaneous emission, stimulated emission, and absorption:

1Parity refers to the spatial inversion of the wave functions associated with the electron of
the transition. Wave functions that remain unchanged by spatial inversion are said to be of
even parity, while those that change sign due to spatial inversion are said to be of odd parity.
We refer to Cowan (1981) for further explanation.
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Allowed transitions Electric dipole (E1) Magnetic dipole (M1) Electric quadrupole (E2) Magnetic quadrupole (M2)

Strict rules
(1) ∆J = 0,±1 ∆J = 0,±1,±2

(J 6= 0↔ 0) (J 6= 0↔ 0, 1; 1
2 ↔

1
2 )

(2) ∆(ml +ms) = 0,±1 ∆(ml +ms) = 0,±1,±2
(3) πf = −πi πf = πi πf = −πi

LS coupling

(4) ∆L = ±1 ∆L = 0,∆n = 0 ∆L = 0,±2 ∆L = ±1

(5)
if ∆S = 0 if ∆S = 0 if ∆S = 0

∆L = 0,±1 ∆L = 0 ∆L = 0,±1,±2
(L 6= 0↔ 0) (L 6= 0↔ 0, 1)

Table 1.1: Selection rules for different types of allowed transitions. The strict rules (1), (2), and (3) must be obeyed by all transitions,
whereas less rigorous selection rules can be invoked to describe transitions that obey certain momenta coupling schemes, such as
LS coupling. πf = −πi indicates that a change of parity is required between the upper and lower wave functions associated with the
transitions, i.e. from odd to even parity, whereas πf = πi indicates that no change in parity should occur.
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Figure 1.8: Transition diagrams for a) the case of absorption, b) the case of
spontaneous emission, and c) the case of stimulated emission.

(dNl
dt

)
spont

= AulNu (1.3)

(dNl
dt

)
stim

= BulNuρ(ν) (1.4)

(dNl
dt

)
abs

= −BluNlρ(ν) (1.5)

where Aul, Bul, and Blu are the Einstein A and B coefficients, and ρ(ν) is the
spectral energy density of the incoming radiation. Under the assumption of
thermal equilibrium we can invoke the principle of detailed balance which states
that the rate of change in population of a level is equal to zero:

(dNl
dt

)
=
(dNl

dt

)
spont

+
(dNl

dt

)
stim

+
(dNl

dt

)
abs

= 0 (1.6)

Thus:

ρ(ν) = Aul
Nl
Nu
Blu −Bul

(1.7)

By substitution of both the Maxwell-Boltzmann distribution (Equation 1.8)
and Planck’s law of black body radiation (Equation 1.9) into Equation 1.7 we
can re-write Equation 1.6 as follows:

(Maxwell− Boltzmann) Nu
Nl

= gu
gl
e−hν/kT (1.8)
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(Planck) ρ(ν) = J(ν) = 2hν3

c2(ehν/kT − 1)
(1.9)

Aulgu(ehν/kT − 1) + 2hν3

c2
Bulgu = 2hν3

c2
Blugl(ehν/kT − 1) (1.10)

where g is the multiplicity of the given level g = 2J + 1, k is the Boltzmann
constant, and c is the speed of light. Assuming that the radiation obeys the
Planck blackbody distribution, glBlu must equal guBul, meaning that the three
Einstein coefficients are interrelated as follows2:

Aul
Bul

= 2hν3

c2
Bul
Blu

= gl
gu

(1.11)

Finally, we can define what is known as the oscillator strength flu of an atomic
transition, which we write here with respect to the Einstein A coefficient:

Aul = gl
gu

e2ν2

2ε0mec2
flu (1.12)

where me is the electron mass, e is the elementary charge, and ε0 is the
permittivity of free space. As we shall see in subsection 1.4.2, the oscillator
strength is an important parameter for astronomers as it is directly correlated
with the observable known as equivalent width, discussed later in subsection 1.4.2.
The oscillator strength flu is adopted when dealing with absorption lines, thus
the main choice for stellar spectroscopy, whereas the Einstein A coefficient is
adopted for emission lines, most often occuring in laboratory measurements.

The last atomic data relationship required for our discussions throughout the
thesis is the relationship between the oscillator strength, flu, and the line
strength, S, which is yet another transition strength parameter. Unlike both flu
and Aul values, the line strength S is not dependent on transition frequency,
making it the typical choice of strength parameter adopted in theoretical
calculations (Cox 2000). Physically it represents the summation of the square
of all, for the case of E1 transitions, electric dipole moments belonging to the
transition in question (an excellent explanation of the relationships between
the fik, Aik, and S parameters, in addition to the quantum mechanical wave

2The relationship between Aul and Bul is often presented differently depending on the
derivation and units used. The relationship presented here is presented in terms of radiation
density per unit frequency interval, and a factor of 4π has been extracted into the definition
of specific intensity. Further details can be found in Hilborn (2002).
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function representation of a transition, can be found in Axner et al. 2004). The
relationship, for a permitted transition is as follows:

glflu = 8π2mec

3he2λ
S (1.13)

where λ is the transition wavelength, me is the electron mass, c is the speed of
light, h is the Planck constant, and e is the charge of the electron.

1.2.3 Relative line strengths under LS-coupling

Under the assumption of LS-coupling, it is possible to calculate the relative
line strengths of the components of a multiplet, i.e. transitions belonging to
the same upper and lower terms, using only the theory of angular momentum
vector coupling (Axner et al. 2004). We can calculate the relative line strength
of a fine structure transition Xfrac, denoted as a number between 0 and 100
representing a fraction of the summated line strength of the entire multiplet
(i.e. a value of Xfrac = 12.6 corresponds to an individual line strength that is
12.6% of the total line strength of the multiplet) as follows:

Xfrac = (2J + 1)(2J ′ + 1)
{
L S J
J ′ 1 L′

}2
(1.14)

where S, L, and J are the quantum numbers of the lower energy level, L′, and
J ′ are the quantum numbers of the upper level. The bracketed term is known
as a Wigner 6-j symbol, a sum over the products of four Wigner 3-j symbols,
written as follows:

{
j1 j2 j3
j4 j5 j6

}
=

∑
m1,...m6

(−1)
∑6

k=1
(jk−mk) W1 W2 W3 W4 (1.15)

where the four Wigner 3-j symbols, W1, W2, W3, and W4 are written as:

W1 =
(

j1 j2 j3
−m1 −m2 −m3

)
; W2 =

(
j1 j5 j6
m1 −m5 m6

)

W3 =
(
j4 j2 j6
m4 m2 −m6

)
; W4 =

(
j4 j5 j3
−m4 m5 m3

)
and a Wigner 3-j symbol takes the form:(

j1 j2 j3
m1 m2 m3

)
= (−1)j1−j2−m3

√
2j3 + 1 〈j1m1j2m2|j3(−m3)〉 (1.16)
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where j1 to j6 represent represent angular momentum quantum numbers,
and m1 to m6 represent the corresponding angular momentum projections
on the z axis of precession. It is worth noting that the relative line strength
calculation presented in Equation 1.14 is perhaps the simplest approximation for
deriving relative line strengths within a multiplet. To determine absolute line
strengths requires far more advanced quantum mechanical calculations, such
as Multiconfiguration Hartree-Fock and Multiconfiguration Dirac-Hartree-Fock
calculations, the details of which can be found in Cowan (1981); Fischer (2000);
Grant (2007).

The following qualitative rules describing the intensities, or strengths, of the
multiplet components, and are detailed further in Cox (2000):

The strongest transition components, known as the principal lines, are those
for which both the quantum numbers L and J change in the same manner
i.e. L → L+ 1 and J → J + 1. The strongest of the principal lines, denoted
as x1, is that which has the largest J value of the multiplet, which is thus
denoted as Jm. The remaining principal lines decrease in strength in order of
decreasing J value, and follow the notation x1, x2, x3... and so on. The principal
lines are sometimes referred to as the diagonal lines, arising from the fact that
they lie on the diagonal of Table 1.2 and Table 1.3. The two tables show the
J values, in terms of Jm, for the upper and lower energy levels of the multiplet,
represented by the columns and rows in the two tables. Table 1.2 shows the
case for multiplets where ∆L = 1, known as normal multiplets, which mandates
that the strongest transition, x1, belongs to Jm → Jm − 1. Table 1.2 shows the
remaining case where ∆L = 0, mandating that the x1 line belongs to Jm → Jm.

Lines that do not fall on the diagonal of Table 1.2 and Table 1.3 are known
as satellite lines. These lines are typically weaker than the principal lines but
also further decrease in strength with decreasing J values. In both symmetrical
and normal multiplets these lines bear the notation y1, y2, y3..., however in
normal multiplets a second series of satellite lines exist, taking the notation
z1, z2, z3... and so on. We end this introduction to the atomic data by repeating
the statement on LS-coupling line strengths of Cox (2000), which will be
investigated towards the end of the thesis in section 6.2: “We remark that in a
breakdown of LS coupling, the weaker lines typically deviate more strongly from
the LS intensities, so that a calculation in LS coupling may yield reasonable
results for a line on the main diagonal, but could be badly off for a satellite”.
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Table 1.2: Normal multiplets: S→P, P→D, D→F, etc

Jm Jm − 1 Jm − 2 Jm − 3 Jm − 4
Jm − 1 x1 y1 z1
Jm − 2 x2 y2 z2
Jm − 3 x3 y3 z3
Jm − 4 x4 y4

Table 1.3: Symmetrical multiplets: P→P, D→D, etc

Jm Jm − 1 Jm − 2 Jm − 3
Jm x1 y1

Jm − 1 y1 x2 y2
Jm − 2 y2 x3 y3
Jm − 3 y3 x4

1.3 Radiative transfer through stellar atmospheres

In the following section we explain the basic concepts that describe how the
light emitted from atoms inside the star travels through the stellar atmosphere.
We start by defining the terminology and relations associated with radiative
transfer, coupling it with transition atomic data in the process, before moving
on to describe the basic assumptions and description of stellar atmospheres,
and exploring the resultant formation theory of spectral lines. We finish by
summarising how spectral lines can be used to derive the fundamental properties
of stars. For further reading see the textbook of Gray (2005).

1.3.1 Intro to radiative transfer

Specific intensity Iν is the rate of energy transfer dE/dt, from a given area dA,
in a given direction ~s at an angle θ relative to the normal of dA, at a given
frequency ν, through a solid angle dΩ, as shown in Figure 1.9. Specific intensity,
often simply written as intensity, can be defined as follows, when taking all
variables to the infinitesimally small case:

Iν = dEν
cos θ dA dΩ dtdν [Jm−2s−1Hz−1sr−1] (1.17)
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n
s

dA(r)
θ dΩ

Figure 1.9: Radiation propagating from the surface dA, at an angle of θ from
the normal of dA, in the direction of ~s, over the solid angle dΩ.

dx dx

dIν
dIν

ρ ρ

jνκν

Absorption                  Emission 

Figure 1.10: Left: the case of pure absorption of incident radiation dIν by a
slab of material with a thickness of dx, density ρ, and absorption coefficient κν .
Right: the same slab of material but this time for the case of pure emission
where jν is the emission coefficient of the material, and dIν is the emitted
intensity.
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As photons travel through a slab of material they will interact with the atoms
or molecules that constitute the slab, potentially altering the incidental specific
intensity. The first case to consider is that where monochromatic radiation
shines onto a slab of material which is too cool to appreciably emit its own
radiation at the given frequency. The specific intensity may be diminished if the
travelling photons are either: scattered out of the solid angle due to interactions
with the slab particles, or if they are absorbed by the particles and their energy
being thermalised. The change in intensity dIν due to absorption from an
infinitesimal homogeneous slab, as shown in Figure 1.10, can be given by:

dIν = −κνρIν dx (1.18)

where ρ is the density of the slab, dx is the length of the slab along the line of
sight, and κν is the absorption coefficient representing both the scattering and
absorption of the photons, in units of [m2 kg−1]. κν is commonly referred to as
the opacity of the medium. We now define the term optical thickness τν , which
can be thought of as the transparency of the medium, as follows:

τν =
∫ L

0
κνρdx (1.19)

where L is the path length of the travelling radiation, and τν is unitless.

The second case to consider is that where the slab itself radiates photons. As
before, the slab is of length dx and has a density of ρ. In a similar manner to
before, the specific intensity may be bolstered by either: the creation of photons
via real emission, or by the scattering (read: re-emission of absorbed photons)
into the solid angle. This can be written as:

dIν = jνρdx (1.20)

where jν is the emission coefficient in units of [Jm−2s−1Hz−1sr−1]. Finally
we define what is known as the source function Sν , which describes the net
emission of photons along the beam of radiation:

Sν = jν
κν

(1.21)

which has the same units as Iν .

At this point it is worth placing the absorption and emission coefficients in the
context of atomic physics: coupling the fundamental transition parameters to
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the radiative transfer. In the case of spontaneous emission, we can consider
a transition from an upper level u down to a lower level l, with an energy
separation of hν. This can be related to Equation 1.20 using the following
relation:

jνρ = NuAulhν (1.22)

where Nu is the number of excited atoms per unit volume, Aul is the Einstein A
coefficient, and h is the Planck constant. In the case of stimulated emission and
absorption, both Einstein B coefficients are governed by the incoming radiation
in addition to the upper level u, lower level l, and the energy separation of hν.
In a similar manner to Equation 1.22, we couple the Einstein B coefficients to
Equation 1.18 as follows:

κlineν ρ = NlBluhν −NuBulhν (1.23)

where Nl is the number of atoms in the lower level state per unit volume, and
Blu and Bul are the Einstein B coefficients. The opacity shown in Equation 1.23
is known as the line opacity and only accounts for bound-bound transitions, i.e.
when an electron changes energy level. The remaining form of opacity is known
as continuous opacity and is caused by bound-free transitions, i.e. ionisation
processes, and by free-free transitions, i.e. the interaction of passing charged
particles. Typically line opacity and continuous opacity are treated separately
in radiative transfer calculations, with continuous opacity being determined by
pre-calculated tables and line opacity being calculated on the fly using atomic
transition parameters.

As one can imagine, nature rarely allows either absorption or emission to appear
in isolation, and thus we must combine both absorption and emission to derive
a general transfer equation in differential forms. The change in intensity at any
given point is simply the summation of all absorption and emission contributions,
thus by combining Equation 1.18 and Equation 1.20:

dIν = −κνρIν dx+ jνρdx (1.24)

and then dividing by κνρdx and substituting in Equation 1.19 and Equation 1.21,
we arrive at the differential form of the transfer equation:

dIν
dτν

= −Iν + jν
κν
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Figure 1.11: Coordinate conversion from along-ray to spherical geometry. The
x axis points towards the observer.

dIν
dτν

= −Iν + Sν (1.25)

Equation 1.25 covers the simple case of radiative transfer along a ray, however
for the case of stellar atmospheres we change our geometry into spherical
coordinates. To convert dx into spherical coordinates we use the following
relationship:

dIν
dx = ∂Iν

∂r

dr
dx + ∂Iν

∂θ

dθ
dx

(1.26)

where we assume that Iν has no dependence on φ, r and θ are the standard
radial and angular coordinates of spherical geometry, schematically shown
in Figure 1.11, and we choose the x axis to be towards the observer. From
Figure 1.11 we can see that:

dr = cos θ dx r dθ = − sin θ dx

which can be substituted into Equation 1.24 and Equation 1.25 to provide:

∂Iν
∂r

cos θ
κνρ

− ∂Iν
∂θ

sin θ
κνρr

= −Iν + Sν (1.27)

Using the simplification of the plane-parallel approximation, which assumes
that the stellar atmosphere is thin enough and the radius is large enough (i.e.
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r → ∞) to neglect the effects of curvature, the second term of the left-hand
part of Equation 1.27 becomes zero, which simplifies to:

cos θ dIν
κνρdr = −Iν + Sν (1.28)

Finally, at this point it is more useful for astronomers to define and measure
optical depth radially inwards by defining dx = −dr, remembering that dτν =
κνρdx, which allows us to arrive at the following equation:

cos θdIν
dτν

= Iν − Sν (1.29)

which is the equation of radiative transfer in plane-parallel stellar atmospheres.
The optical depth defined in this way is measured along the x-axis, i.e. from
the surface of the star normally inwards, rather than the observers line-of-sight
at angle θ, which amounts to replacing τν in Equation 1.25 with −τν sec θ.

1.3.2 Intro to stellar atmospheric structure

A stellar atmosphere represents the outer region of a star through which radiation
escapes into the universe. The stellar atmosphere of a typical solar-like star can
be split into three general regions: the photosphere which forms the apparent
surface of the star and causes absorption lines to appear in stellar spectra; the
chromosphere, an intermediate layer of hotter temperature than the photosphere,
which is responsible for a number of, albeit usually faint, emission lines in stellar
spectra; and the corona which is a thin, but extremely hot, outer shell of
plasma with temperatures in excess of one million kelvin and typically only
observable in extreme ultra-violet wavelengths or shorter. For our purposes we
are only concerned with the stellar photosphere, and from now on we refer to
the photosphere as the stellar atmosphere.

There is much that can be said about the modelling of stellar atmospheres,
and there are many different atmospheric modelling codes used throughout
the community, so here we shall only discuss some of the key concepts and
assumptions pertaining to the atmospheric models used in this work: namely
the ATLAS9 models (Kurucz 1992). We refer to Gray (2005) for more in depth
and detailed discussions on stellar atmospheric modelling.

Typical model atmospheres, such as the ATLAS9 models, consist of a number of
parallel slab layers that represent an otherwise continuous function of physical
parameters of the stellar atmospheres such as temperature, pressure, and opacity.
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Table 1.4: Excerpt of a ATLAS9 stellar atmosphere of EpsEri, with the following
stellar parameters: Teff = 5136 K, log g = 4.71, [M/H] = -0.03 dex, and
ξµ = 0.90 kms−1.

τν Tkinetic Pgas ne κross
[K] [dyn cm−2] cm−3 [cm2g−1]

... ... ... ... ...
0.8980 5018.7 1.025× 105 1.791× 1013 0.4493
1.1921 5171.5 1.174× 105 2.227× 1013 0.5209
1.5756 5349.3 1.345× 105 2.785× 1013 0.6007
2.0925 5557.1 1.543× 105 3.527× 1013 0.6954
... ... ... ... ...

By using discrete steps in the atmospheric structure we are able to numerically
solve the radiative transfer equation by iteratively evaluating the outgoing
radiation at each slab layer, until the radiation escapes. Such atmospheric
models are often represented as tables of data, with each row corresponding to
a different optical depth, or slab, in the model atmosphere, and each column
describing the physical parameters of the layers such as gas temperature, gas
pressure, electron pressure, and mean opacity3.

Table 1.4 shows the first few lines of a typical ATLAS9 model, and Figure 1.12
shows the structure of the model for a variety of atmospheric parameters: gas
temperature, gas pressure, electron pressure, and Rosseland mean opacity.

Some of the key assumptions of the ATLAS9 models are:

• One dimensional: the stellar atmosphere is radially symmetric in all
directions, meaning the structure can be represented using a single sight
line.

• Plane-parallel: the atmosphere is thin enough that the radiation angle of
incidence is the approximately the same at all slab layers.

• Hydrostatic equilibrium: the inward gravitational forces of the star
are balanced with the outward pressure of the gas, electrons, and
radiation meaning that the photosphere is not subject to any appreciable
accelerations.

3as κν is frequency-dependant it is more convenient to define a single flux-weighted average
opacity as a function of atmospheric depth. Under the assumption of LTE, we can use a
Planck black body flux to weight the opacity, which provides what is known as the Rosseland
mean opacity κross.
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• Local Thermal Equilibrium (LTE): The average collisional energy of
particles is the same as the average photon energy, and the particle
excitation, ionisation, and velocity are described well by a Boltzmann,
Saha, and Maxwellian distribution respectively.

• chemically homogeneous: the elemental distribution is the same at all
levels of the atmosphere, i.e. no elemental stratification.

• depth-independent microturbulence: the microturbulence, described
shortly, is one fixed value at all depths in the atmosphere

There still remain a number of additional assumptions and treatments that we
shall not delve into, such as time invariance, the prescription of convection, and
how the opacity is calculated and tabulated, but discussions on these subjects
can be found in Kurucz (1992); Gustafsson et al. (2008); Magic et al. (2013)
and references therein.

It is convenient to define a stellar atmosphere in terms of a handful of values
known as the stellar atmospheric parameters. The two most important stellar
parameters are the effective temperature Teff and the surface gravity log g, which
help govern both the temperature and density structure of the model atmosphere.
Another important stellar parameter is the metallicity [M/H], which is linked to
the opacity of the atmosphere through the extra absorption contribution from
additional metallic elements. Additional stellar parameters include the alpha
enhancement [α/Fe], which is the abundance of apha-elements (such as C, O,
Ne, Mg, Si, Ca) relative to the iron abundance, and the microturbulence ξµ,
which parameterises the turbulent motion of small-scale gas cells in the stellar
atmosphere. Detailed descriptions of these parameters are given in Gray (2005).
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Figure 1.12: Atmospheric structure, plotted in terms of optical depth, of an ATLAS9 model of 51 Peg calculated with
the following stellar parameters: Teff = 5080 K, log g = 4.42, [M/H] = 0.20 dex, and ξµ = 1.10 kms−1.
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1.4 Spectral line profiles

1.4.1 Broadening mechanisms and line profile shapes

While atomic line transitions are described using a single wavelength value,
the absorption (and emission) lines that we see in spectra are far from a
single δ-function. In fact, transitions can produce a variety of shapes that
depend on the conditions of the medium that the radiation travels through, as
well as the properties of the emitting/absorbing atoms. There are a number
of different broadening mechanisms, often several at once, that affect stellar
spectral lines. These broadening mechanisms can be broken into four distinct
groups: those that originate from the intrinsic nature of the atom; those that
act on microscopic scales; those that act on macroscopic scales; and finally,
instrumental broadening. We begin with the intrinsic atomic broadening cases.

Atomic broadening

Even in the absence of any other perturbations a spectral line still does not result
in a δ-function. This is due to natural broadening caused by the uncertainty
principle:

∆E∆t ≥ ~
2

(1.30)

that is to say, the finite lifetime of the upper and lower level results in slight shifts
in the energy of the emitted photon, smearing the otherwise single frequency
into a Lorentzian distribution of frequencies centred around the transition
frequency ν0. The smaller the lifetime of the levels, the larger the uncertainty
in energy and the larger the natural broadening of the transition. Equation 1.31
shows the profile shape φ(ν) resulting from natural broadening:

φ(ν) = γ/4π
(ν − ν0)2 + (γ/4π)2 (1.31)

where the profile width γ is dependent on the upper and lower level widths
γ = γu + γl. The width γu is governed by the lifetime of the upper level u, and
n represents all possible levels that u can de-excite down to:

γu = 4π
∑
n<u

Aun (1.32)
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Figure 1.13: A schematic of the natural broadening of an upper and lower
energy level. α denotes the probability of the transition occurring at a given
energy, and W denotes the characteristic width of the energy level. The energy
difference between the two levels is typically much larger than the natural
broadening of the lines.

The width γl takes the same form as Equation 1.32. In the context of stellar
spectra, natural broadening is often negligible compared to the other forms
of broadening, though it becomes more important when dealing with cold
interstellar matter.

There are two more potential forms of broadening intrinsic to atomic spectral
lines: line splitting due to hyperfine structure, introduced in subsection 1.2.2;
and isotopic structure. The exact line profile shape that is produced depends
on the atomic species and lines being investigated, but it can be an important
factor when analysing certain species such as: vanadium, manganese, and cobalt,
which are subject to hyperfine splitting (HFS); and barium, lanthanum, and
cerium, for which clear isotopic shifts in their line profiles have been detected
in stellar spectra (Magain & Zhao 1993).

Microscopic broadening

The first form of microscopic broadening we shall cover is known as thermal
broadening. Thermal broadening is a result of Doppler shifting due to the
small-scale thermal motions of the absorbing atoms. These thermal motions
follow the usual Maxwell-Boltzmann temperature distribution, causing the line
profile to take the shape of a Gaussian profile:
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φ(ν) = 1
∆νD

√
π
e(ν−ν0)2/(∆νD)2

(1.33)

where:

∆νD = ν0

c

√
2kT
m

(1.34)

At this point it is worth noting that there is another form of microscopic
broadening known as microturbulence, which is denoted by ξ. Microturbulence
is used to describe the gas cell motions in a stellar atmosphere that occur
on a scale similar to that of the photon mean free path, producing velocity
shifts that are indistinguishable from thermal broadening. We can thus modify
Equation 1.34 to account for both thermal and microturbulent broadening:

∆νD = ν0

c

√
2kT
m

+ ξ2 (1.35)

The remaining microscopic broadening mechanism we shall cover is known
as pressure broadening. This is an all-encompassing term for the collisional
interactions between the absorbing atom and other particles in the atmosphere.
The perturbing particle may be neutral or charged, but either way the particle
interaction causes a perturbation in the transition energy levels, resulting in
further Lorentzian broadening to the spectral line profile. Using the impact
approximation (see Lorentz (1906); Weisskopf (1932); Petit Bois (1961)), the
profile shape is governed by the mean time between particle collisions ∆t0:

φ(ν) = γn/4π
(ν − ν0)2 + (γn/4π)2 (1.36)

where:

γn = 2
∆t0

(1.37)

As ∆t0 is dependent on the temperature and pressure of the atmosphere, γn
must be evaluated as a function of stellar atmospheric depth. Significant work
has gone into the calculation of such broadening parameters, both neutral
and ionised collisions, and especially so for hydrogen. For a more in-depth
overview into pressure broadening, and the associated γn damping coefficients,
we recommend the textbook of Gray (2005).
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Figure 1.14: Scaled examples of the Gaussian, Lorentzian, and Voigt profiles
denoted by the green, blue, and black line profiles respectively. Note that the
Gaussian profile tends to have a broader core than the Lorentzian profile, which
has stronger wing components. The Voigt profile exhibits both the broader core
region of the Gaussian, and the stronger wings of the Lorentzian profile.

The combination of the natural and microscopic broadening mechanisms means
that in order to model a stellar spectral line properly we must account for both
Gaussian and Lorentzian distributions simultaneously, requiring a convolution
of the two types of line profile shape. The resultant profile is known as a
Voigt profile; having the properties of a Gaussian line core and Lorentzian line
wings. In the same way that the Doppler broadening and microturbulence
were combined into one Gaussian width coefficient in Equation 1.35, we can
also combine the natural broadening and pressure broadening into a single
Lorentzian coefficient i.e. γtot = γ + γn.

The resultant Voigt profile can be written as:

φ(ν) =
[ 1

∆νD
√
π
e(ν−ν0)2/(∆νD)2

]
∗
[ γtot/4π

(ν − ν0)2 + (γtot/4π)2

]
(1.38)

where * denotes a convolution of the Gaussian and Lorentzian profiles.

Macroscopic broadening

On the macroscopic scale we highlight two forms of broadening: macroturbulence
and rotational broadening. Macroturbulence follows the same physical
mechanism as microturbulence, however in this scenario the gas cells are
far bigger, significantly larger than the photon mean free path, meaning
the propagating photon is Doppler shifted by the velocity of the macro-cell.
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Almost all stellar spectra are disc-integrated spectra, i.e. they view many
macro-cells simultaneously, and so the spectral line becomes smeared out by
the various Doppler shifts induced by the gas cell motions. One common
simplifying assumption is that the macroturbulence is isotropic and follows
a Gaussian distribution, meaning that one can include macroturbulence into
spectral calculations by simply convolving the disc-integrated synthetic spectrum
with a Gaussian profile, rather than including it into the disc-integration step.

Rotational broadening, which is caused by the motion of a star as it revolves
around its rotational axis, also induces Doppler shifts into the outgoing radiation
due to the varying velocity-field across the rotating stellar atmosphere. By
assuming that a star is a rigid-body spherical rotator one can specify a projected
equatorial velocity, written as v sin i, that describes the maximum Doppler shift
induced into the line profile. Assuming that the spectral line profile is the
same over the entire surface of the star, one can simply convolve the spectral
line with a rotational profile. For more detailed discussions and derivations of
macroturbulence and rotational broadening we refer readers to Gray (2005).

Instrumental broadening

One final form of broadening that observational astronomers must deal with,
independent of the stellar scenario, is the spectral resolution of our instruments.
This typically produces a Gaussian broadening that is applied to all spectra
obtained by the telescope, though some instrumental profiles may take more
complicated forms. Fortunately this kind of broadening is easy enough to
account for as the resolution of a spectrograph is typically well constrained
through measurements of calibration lamps.

1.4.2 Equivalent width and the curve of growth

We have defined the specific intensity I(ν) and the mechanisms that redistribute
an atomic transition over multiple frequencies, but how can we actually use
these line profiles to interpret the stellar spectrum we observe? To do so we
introduce the concept of equivalent width Wν (or Wλ, our preference going
forth). The equivalent width of a line represents the total flux absorbed Fλ (or
emitted) by the spectral line over the whole profile. In the case of an absorption
line the width is defined relative to a flux continuum level Fc:

Wλ =
∫
Fc − Fλ
Fc

dλ (1.39)
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Figure 1.15: A re-scaling of the flux absorption of the line profile, into a rectangle
of height unity (hatched area), relative to the normalised continuum, and width
of Wλ.

For convenience the Wλ of a line is considered to be a rectangle of depth zero
relative to the continuum, i.e. a height of unity, resulting in a width of Wλ,
allowing us to easily compare the strengths of different spectral lines, and hence
the term equivalent width. This definition is explained visually by Figure 1.15.

The flux absorbed by a spectral line is governed by the number of absorbing
particles available, which in turn is governed by the physical conditions of the
surrounding media and the radiation field, thus both the line profile shape φ(λ)
and Wλ can be used to probe the conditions of a stellar atmosphere. It can
be shown that Wλ is proportional to number of available absorbers per unit
volume N :

Wλ = const.
πe2

mc

λ2

c

N

κcontν

f (1.40)

where f is the oscillator strength of the transition, κcontν is the continuum opacity,
e is the elementary charge, and c is the vacuum speed of light. The number of
available absorbers depends on: the atomic species abundance A = NE/NH ,
where NE is the number of atoms of element E per unit volume and NH is the
number of hydrogen atoms per unit volume; the atoms being in the correct
ionisation state, governed by the Saha distribution Nj/NE , where Nj is the
number of atoms of element E in the jth ionisation stage; and the correct energy
level governed by the Maxwell-Boltzmann distribution (Equation 1.8). As such
N can be written as follows:

N = A
Nj
NE

NH
g

u(T )e
−χ/kT (1.41)
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Figure 1.16: Left panel: a curve of growth for a generic spectral line, built by
varying the log(gf) of the spectral line. The curve of growth colour links the
Wλ to its corresponding spectral line profile in the right panel.

where g is the statistical weight of the lower level, u(T ) is the partition function4,
and χ is the excitation energy, i.e. the lower energy level, of the transition.
Bringing Equation 1.40 and Equation 1.41 together we arrive at the underlying
relationship between Wλ and the physical parameters of interest:

log
(Wλ

λ

)
= log

[
const.

πe2

mc2
Nj/NE
u(T ) NH

]
+ logA+ log gfλ− θexχ− log κcontν

= logC + logA+ log gfλ− θexχ− log κcontν

(1.42)

where θex = 5040/Te, κcontν is the continuum opacity, and C is a constant for
a given star and a given ionisation stage of element E. Equation 1.42 gives
the scaling relation that produces the so-called curve of growth, an example of

4the partition function u(T ) =
∑

gie
−χi/kT is the total population of a particular species,

summated over all i levels of the species. In practice, the summation is often truncated to
omit the highest levels. An in-depth discussion of u(T ) can be found in Gray (2005).
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which can be seen in Figure 1.16 for a given spectral line, side-by-side with the
corresponding line profiles of each Wλ value. By knowing, or fixing, variables
in the relationship it is possible to determine other parameters using only the
Wλ of a line. Gray (2005) details many examples of how the curves of growth
vary as a function of stellar parameters, but the one of most relevance in this
thesis is the behaviour of the curve of growth with respect to the elemental
abundance of a given line. It is clear from Equation 1.42 that any changes in
logA are equivalent to any changes in the remaining parameters: log gfλ, θexχ,
or log κν ; and vice versa.

1.5 Modern day stellar spectroscopy

With the advent of more advanced spectrographs, larger telescopes, and
improved analysis methods, high-quality large-scale spectroscopic surveys have
quickly become a powerful way used to investigate a wide range of areas of
research in astrophysics such as: magnetism in massive stars (Wade et al. 2015);
the evolution of our galaxy (Majewski et al. 2017); exoplanet hunting around
M-type stars (Reiners et al. 2018); and constraining the properties of the ISM
(Cox et al. 2017) to name just a few. In fact, stellar spectroscopy has become an
invaluable way for most astronomers to obtain high precision stellar parameters,
be it for a single star or tens of thousands of stars.

Perhaps one of the most useful advantages of stellar spectroscopy over other
analysis methods, such as photometry, is that spectroscopy can provide detailed
information on the chemical composition of investigated objects. The chemical
composition of the sun, used as a reference throughout almost all of stellar
astrophysics, has been subject to numerous spectroscopic studies over past
decade alone due to the far-reaching consequences these abundances have
(Grevesse & Sauval 1998; Caffau et al. 2008; Asplund et al. 2009; Scott et al.
2015a,b; Grevesse et al. 2015). Knowing the chemical composition of stars allows
astronomers to make numerous predictions about the history and workings of
our universe.

For instance, elemental composition is intrinsically linked with nucleosynthesis
and hence the evolution of a star over time, thus by knowing a star’s
current composition, alongside other information such as nuclear burning rates,
inferences can be made into a star’s age and formation history (Paxton et al.
2011). The result is that by analysing a single snapshot in time, it is possible
to make predictions about the past, present, and future of a star. Chemical
composition is also one of the only stellar properties that can be passed on
between generations of stars and as such elemental abundances can be used not
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only to infer the history of a star, but the history of the entire galaxy it belongs
to (De Silva et al. 2015).

We are now transitioning into what is known as the Gaia era: a period in
astronomy’s history in which we now have access to the distances and 3D
velocity vectors of millions of stars in our galaxy (Gaia Collaboration et al.
2016). A number of ongoing surveys, such as GALAH and APOGEE (De Silva
et al. 2015; Majewski et al. 2017), aim to determine the chemical composition
for thousands of galactic stars so that we may truly understand and appreciate
the history of our galaxy.

However, as has become the topic of a number of recent reviews (see Przybilla
et al. 2006; Bigot & Thévenin 2008; Lobel 2011b; Rauch et al. 2015), how reliable
are the elemental abundances we derive? How much can we trust elemental
abundances?

To answer this, we must know two things: to what accuracy do we need to
determine abundances in order to realise our science? And to what accuracy
can we currently determine elemental abundances?

As discussed in the recent review of Barklem (2016) stellar spectral lines are
now routinely measured to a precision as good as 0.01 dex, however systematic
errors often dominate such interpretations with errors typically a magnitude
greater than the precision5. Such systematic uncertainties pose a limitation on
the science that can be performed by astronomers. For example, the work of
Karlsson & Gustafsson (2005) require the measurement abundances with an
accuracy of 0.05 dex or better, for many hundreds of stars, in order to discern
whether the stars were enriched by single or multiple supernova events.

The work of Lindegren & Feltzing (2013) shows the impact of uncertainty on
statistically distinguishing stellar populations by using monte-carlo simulations
to resolve two Gaussian distributions, of separation D, uncertainty σ, and
number of stars N in the two populations. They found that to statistically
distinguish two populations with σ = 0.1 dex at a separation D = 0.1 dex,
we require N = 106 stars, whereas a small improvement in uncertainty i.e.
σ = 0.09 dex reduces this value to N = 105 stars, and a value of σ = 0.05 dex
reduces this to as low as N = 103 stars. The message of their work is clear:
statistical approaches cannot compensate for lack of accuracy, and even small
improvements in accuracy can drastically reduce minimum sample sizes.

5A note on the distinction between accuracy and precision: accuracy refers to the correctness
of a measurement: i.e. how close it is to the true value, whereas precision refers to the
reproducibility of a measurement: i.e. how precisely you know the measured value. Consider
two different experiments measuring the number π. Study 1 arrives at the answer π1 = 3,
while study 2 arrives at the answer π2 = 10.1416. Here we would say that π1 is the more
accurate value, but π2 is more precisely measured.
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Figure 1.17: An overview6of the various stages of determining stellar abundances,
and the possible sources of uncertainty that may be introduced along the way.

To understand the actual accuracy to which we can determine abundances, we
must examine the ingredients required for spectral synthesis and abundance
determinations. Figure 1.17 shows the numerous stages involved and information
required when determining the chemical composition of stars: the acquisition
and data reduction of an observed spectrum, the physical description that is
adopted in the theoretical modelling of the star, the method in which both
theoretical and observed spectra are compared, and finally the input parameters,
from atomic to astronomical, that are adopted throughout the analysis. Each
stage of spectroscopic analysis has the potential to introduce systematic errors,
uncertainties, and limitations on the final derived abundances (Jofré et al. 2018).

The stage that is generally regarded as the most uncertain aspect of spectral
synthesis is that of the theoretical modelling, which relies heavily on many
assumptions and input parameters (Allende Prieto 2016). The two assumptions
that have come under the most scrutiny so far are the structure of the adopted
stellar atmosphere model, and whether the modelling has been performed under

6Figure taken from Jofré et al. (2018).
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LTE conditions.

As stated earlier, atmospheric models are usually represented as 1D non-varying
structures, where as in reality this is obviously not the case. There has been
laudable progress in creating 3D time-dependant atmospheric calculations
(Magic et al. 2013; Wedemeyer et al. 2017), with Asplund et al. (2009) claiming
such calculations to have a non-negligible impact on certain line profiles and
thus derived abundances, however such calculation of a single atmospheric
model can take months of computational time using high-performance super
computers meaning they are often prohibitively expensive, in terms of both
time and cost, for most spectroscopic investigations.

Other assumptions in atmospheric modelling are 1) the geometry used and 2)
the opacity adopted for the atmosphere. If an atmosphere is sufficiently thin,
as is the case for dwarf stars, one can use the plane-parallel approximation,
however for more giant stars one must invoke spherical geometry to correctly
describe the angle of incidence of the propagating radiation. Knowing the correct
opacity of a stellar atmosphere is complicated as, in theory, one must know the
parameters for every single transition that can physically occur. There have
been significant theoretical and experimental efforts, both past and ongoing, to
calculate opacities of astrophysical interest given their impact on the structure
of stellar atmospheres (Tripathy & Christensen-Dalsgaard 1998; Kippenhahn
et al. 2012; Basu 2018). This is an especially important factor for stellar
interiors and stellar evolution, with recent helioseismologic and spectroscopic
works in disagreement over the solar composition: what is known as the solar
abundance problem. It is believed that the inclusion of more opacity, requiring
the absorption properties of many more atomic lines to be determined, can
rectify these two fields (Christensen-Dalsgaard & Houdek 2010; Trampedach
2018).

There have also been a number of studies into the assumption of LTE when
determining the level populations of spectral lines (Asplund 2005, and references
therein). For hot OB-type stars it is clear that the stellar conditions cannot
be in LTE, and so a number of dedicated NLTE codes have been developed
to calculate such spectra. Further studies claim that the assumption of LTE
breaks down for much cooler stars, and certainly for metal-poor stars, leading to
systematic differences in iron abundance of the order ∼0.1-0.5 dex, depending on
the temperature, surface gravity, and metallicity (Lind et al. 2012; Bergemann
et al. 2012).

One aspect of spectral modelling that is widely regarded as a major source of
uncertainty is the atomic data used when modelling spectral lines (Jofré et al.
2018). Despite being considered a major source of uncertainty, few works have
attempted investigate the accuracy of the available data or to account for it
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when determining stellar parameters and abundances. Even the latest set of
solar abundances of Scott et al. (2015a), Scott et al. (2015b), and Grevesse et al.
(2015), which performed some of the most advanced 3D-LTE atomspheric and
spectral calculations even to this day, did not attempt to account for uncertainty
arising from atomic data.

It is clear from Equation 1.42 that a spectral line oscillator strength is directly
coupled with the abundance derived from that spectral line. As a consequence,
any uncertainty in that oscillator strength, be it errors associated with the value
itself or differences in which value is adopted between two different works, will
lead to an inversely proportional change, in most cases of the same magnitude,
in the derived elemental abundance using the line. To exacerbate the situation,
quality information on the accuracy of oscillator values is either scarce or often
missing from the literature itself, making the task of selecting atomic data
even more difficult than it need be. As a result, addressing this aspect of
spectroscopic uncertainty is the focus of this thesis.

1.6 Goal(s) and outline of the thesis

The work presented in this thesis contributes towards the Belgian Repository
of fundamental Atomic data and Stellar Spectra (BRASS) project, which
aims to provide the largest systematic and homogeneous quality assessment
of atomic data to date in terms of wavelength, atomic species, and stellar
parameter coverage. BRASS shall offers quality assessed data, theoretical
spectra, and observed spectra in a new interactive online database at brass.
sdf.org. This thesis details the work involved in quality-assessing the available
atomic literature.

In chapter 2 we explain our work to gather a substantial fraction of the available
literature atomic data that is currently employed by many astronomers and
atomic physicists alike, and prepare the data for a systematic quality assessment.
The gathered atomic data is first homogenised to ensure that the data, retrieved
from a number of different sources, are comparable in terms of available
parameters, units, and regimes. Afterwards we perform robust cross-matches
of all the available literature data, to find multiple literature occurrences of
the same physical transition. Once homogenised and cross-matched we then
compare the literature data values revealing that there is substantial scatter in
literature log(gf) values, justifying the goals of both the BRASS project and
the thesis.

In chapter 3 we describe our selection, observation, reduction, and modelling of
the stars adopted throughout this analysis, which were selected to minimise the

brass.sdf.org
brass.sdf.org
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introduction of possible systematic uncertainties during our analysis. We also
outline the modelling procedure adopted throughout this work.

In chapter 4 we detail our efforts to systematically select as many atomic
spectral lines as possible in preparation for quality assessment. We begin by
determining a sample of over a thousand atomic lines to investigate, selected
in a homogeneous manner according to their line depth and their degree of
line blending according to the input spectral line list, and whether the spectral
line can be measured sufficiently well in the observed spectra. We then derive
astrophysical log(gf) values, using two complementary methods: measured
equivalent widths and theoretical curves of growth, dubbed the curve of growth,
or cog, method; and via iterative detailed line profile modelling, dubbed the
grid method. We explain how both methods can be applied to the several
benchmark stars simultaneously, to produce two sets of log(gf) values and their
associated errors. We pay particular attention to the determination of accurate
log(gf) uncertainties, including the quantification, and removal where possible,
of various systematic effects typically not considered in spectral analysis.

We then use our two sets of log(gf) values and uncertainties to determine whether
a spectral line is reliable enough or not for atomic data quality assessment.
chapter 5 explains our selection criterion for spectral line quality assessment,
as well as additional constraints that can be used to minimise the impact of
spectral line blending: the one remaining systematic error in our analysis. We
perform the atomic data quality assessment on the selected atomic lines, and
report on the agreement between the literature log(gf) values and our own
values, as well as the statistics of our findings.

In chapter 6 we discuss a preliminary comparison of our results with experimental
works and basic atomic theory. We highlight the potential for our results
to help guide the efforts of experimental atomic physicists, and discuss our
comparison against the multiplet strengths predicted by LS-coupling. Finally
we conclude the thesis by summarising the work performed, explaining the
potential applications of our results with respect to atomic data production,
and outline a number of potential directions that the described methodologies
could be expanded into.



“The internet has enabled research that was previously
done over the lifetime of a large group of researchers to be
done in just a few years by a single person.”

- Steven Magee



Chapter 2

Retrieval and cross-match of
literature atomic data

The main body of this chapter is based on

The Belgian repository of fundamental atomic data and stellar
spectra (BRASS). I. Cross-matching atomic databases of
astrophysical interest

M. Laverick, A. Lobel, T. Merle, P. Royer, C. Martayan, M. David,
H. Hensberge, E. Thienpont

Astronomy & Astrophysics, 612, A60, 17 pp. (2018)

The paper has been restructured to fit within the narrative of the thesis,
and includes an expanded description of the retrieval and homogenisation
process, described in Sections 2.2 and 2.3.

Author contributions

Mike Laverick performed the retrieval of the investigated databases, with the
exception of TIPbase that was performed by Thibault Merle. Alex Lobel
provided the BRASS and SpectroWeb atomic line lists. The homogenisation of
the data was performed by Mike Laverick. Under the guidance of Alex Lobel,
Mike Laverick developed and performed the parametric and non-parametric
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cross-matching, and the duplicate transition cleaning. The TIPbase and
TOPbase cross-matching was developed and performed by Thibault Merle.
Mike Laverick and Alex Lobel investigated the agreement between the BRASS
line list and the cross-matched repositories. The remaining authors provided
useful discussion and feedback throughout the work. Emmanuel Thienpont and
Alex Lobel developed the BRASS website where the results of this work have
been incorporated.

Original abstract:

Context. Fundamental atomic parameters, such as oscillator strengths, play a
key role in modelling and understanding the chemical composition of stars in the
universe. Despite the significant work underway to produce these parameters for
many astrophysically important ions, uncertainties in these parameters remain
large and can propagate throughout the entire field of astronomy.

Aims. The Belgian repository of fundamental atomic data and stellar spectra
(BRASS) aims to provide the largest systematic and homogeneous quality
assessment of atomic data to date in terms of wavelength, atomic and stellar
parameter coverage. To prepare for it, we first compiled multiple literature
occurrences of many individual atomic transitions, from several atomic databases
of astrophysical interest, and assessed their agreement. In a second step synthetic
spectra will be compared against extremely high-quality observed spectra, for a
large number of BAFGK spectral type stars, in order to critically evaluate the
atomic data of a large number of important stellar lines.

Methods. Several atomic repositories were searched and their data retrieved and
formatted in a consistent manner. Data entries from all repositories were cross-
matched against our initial BRASS atomic line list to find multiple occurrences
of the same transition. Where possible we used a new non-parametric cross-
match depending only on electronic configurations and total angular momentum
values. We also checked for duplicate entries of the same physical transition,
within each retrieved repository, using the non-parametric cross-match.

Results. We report on the number of cross-matched transitions for each
repository and compare their fundamental atomic parameters. We find
differences in log(gf) values of up to 2 dex or more. We also find and report that
∼2% of our line list and Vienna Atomic Line Database retrievals are composed
of duplicate transitions. Finally we provide a number of examples of atomic
spectral lines with different retrieved literature log(gf) values, and discuss the
impact of these uncertain log(gf) values on quantitative spectroscopy. All cross-
matched atomic data and duplicate transition pairs are available to download
at brass.sdf.org.

brass.sdf.org
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2.1 Introduction

The compilation of accurate atomic line lists for large scale homogeneous
quality assessments such as BRASS (Lobel et al. 2017), stellar surveys such
as the European space agency Gaia survey (Gaia Collaboration et al. 2016)
and abundances of the APOGEE/Kepler sample (Hawkins et al. 2016), is an
arduous task and requires robust merging of data from multiple sources (Heiter
et al. 2015). Given the far-reaching impact of large surveys any errors in line
lists or uncertainties can easily propagate throughout the field and so it is of
the utmost importance that line lists are built as accurately as possible. In this
chapter we describe our work to retrieve the literature atomic data, homogenise
and cross-match them, and explore the agreement between the literature data.
We finish by explaining the conversion of the retrieved data into input atomic
line lists for spectral synthesis purposes, and the impact that differences in
literature data have upon the calculated stellar spectra.

2.2 Gathering atomic data from atomic repositories

In order to perform our atomic data quality assessment we have compiled an
atomic line list (henceforth referred to as the BRASS atomic line list) which
is used for all our spectral synthesis work. The BRASS atomic line list was
compiled in 2012 using NIST v4.0 and the Kurucz website (Kurucz 1999-2014),
for the wavelength range 4200 - 6800 Å using ionsisation stages neutral through
to 5+. The BRASS input atomic data contains the following information for
each transition: species; wavelength; log(gf); configurations; energies; J-values;
and the corresponding literature references.

The BRASS atomic line list has been extensively tested in synthetic spectrum
calculations against the solar Fourier transform spectrograph flux spectrum,
described by Neckel & Labs (1984), and Mercator-HERMES (Raskin et al. 2011)
spectra of various BAFGK stars, in combination with a variety of predicted
di-atomic molecular line lists, discussed in Lobel et al. (2017) and described in
chapter 3.

The BRASS atomic line list has been revised a number of times, removing
unobserved spectral lines and spurious background features, as well as the
removal of duplicated transitions discussed in subsection 2.4.4. We also have
access to the SpectroWeb (Lobel 2008) atomic line lists which were compiled
using VALD2 (Kupka et al. 2000) and NIST (v2.0 through v4.0), and extensively
tested in a similar manner as the BRASS atomic line list. The SpectroWeb
atomic line list is, in essence, the predecessor of the BRASS atomic line list and
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comparisons between the two, and with newer versions of VALD and NIST, will
allow us to track changes to the literature over time.

We gathered atomic data, in the wavelength range 4200-6800 Å and for
ionisations I through V, from the following repositories:

- the NIST atomic spectra database (NIST; Kramida et al. 2015)

- the Vienna atomic line database v3 (VALD; Ryabchikova et al. 2015)

- the Spectr-W3 database (Spectr-W3; Skobelev et al. 2016)

- the CHIANTI atomic database (CHIANTI; Landi et al. 2013)

- the iron project database (TIPbase; Hummer et al. 1993)

- the opacity project database (TOPbase; Cunto et al. 1993)

Table 2.1 shows the number of retrieved lines, retrieval origin, retrieval date
and available atomic data for each of the databases and line lists. The majority
of repositories were retrieved via the VAMDC. The efforts of the VAMDC team
to homogenise the consortium repositories deserves significant praise as this
has helped to retrieve atomic and molecular data, as well as to expedite our
own comparison and cross-match work. However it is worth noting, as shown
in Table 2.1, that the units of the different repositories are not homogeneous
and care must be taken when working with different repositories at the same
time. We now detail the retrieval process and data format for the investigated
databases and line lists.

NIST atomic spectra database

The data from the NIST atomic spectra database was retrieved via their own
website using the query form1. The database was manually queried for all
individual species (elements H to U, all available ionisations) in the wavelength
range 4200 - 6800 Å. To ensure all available data was retrieved we selected
the following options in the ’Additional Criteria’ section of the query form:
wavelength in both observed and Ritz formats; Aki; fik; Sik; log(gf); relative
intensity; both allowed and forbidden transitions; configurations; terms; energies;
J-values; and g values. In addition the ’output options’ of the query form were
adjusted in order to best retrieve the data: energy level units were changed
to eV for convenience, and the ASCII format was chosen. The output file of
each species were combined into one ASCII file pertaining to the NIST database.

1https://www.nist.gov/pml/atomic-spectra-database

https://www.nist.gov/pml/atomic-spectra-database
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Table 2.1: Number of retrieved lines, retrieval origin, retrieval date and available atomic data per repository. Wavelengths
are in ångströms and energy in electron volts, eV. i and k indexes lower and upper states, respectively.

Repository Origin No. lines Date Ion λ Aki fik log(gf) E J

BRASS - 82337 2012 b

SpectroWeb - 62181 2008 b
f

VALD3 VALD 158861 2016-05-26
NIST NIST 36123 2016-03-14 c

Spectr-W3 VAMDC 5515 2016-03-14
TIPbasea NORAD 33108 2017-02-28 g

TOPbasea VAMDC 33462 2016-05-24 e g

CHIANTI VAMDC 3587 2016-03-18 d e f

aData retrieved without wavelength restrictions and transitions are calculated without fine structure. bCompiled from
multiple sources over several months. cObserved and Ritz wavelengths. dVacuum wavelengths. eProvided as gf not

log(gf). fEnergy in cm−1. gEnergy in Ry.
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SpectroWeb

The SpectroWeb atomic line list was provided by Alex Lobel2 (Lobel 2011a).
The atomic list has been compiled over several years from many different
literature sources. The line list has been compared against 9 benchmark stars:
π Cet (B7 IV); omi Peg (A1m IV); Canopus (F0 II); Procyon (F5 IV-V); β Aqr
(G0 Ib); the Sun (G2 V); ε Eri (K2 V); Arcturus (K1.2 III); and Betelgeuse
(M2 Iab). The SpectroWeb line list has been cleaned of many unobserved lines
by careful comparison between the synthetic and benchmark spectra. The list
contains the following information for each of the transition entries in the file:
ion; wavelength; energies; log(gf); and the corresponding literature references.

VAMDC - general

The VAMDC interface provides a one-stop portal for over 30 atomic and
molecular data providers3. To retrieve atomic data we used the advanced query
interface:

’Advanced Query’ −→ ’Advanced’ −→ ’Query editor’

We requested all elements, in the wavelength range 4200 - 6800 Å, with ionisation
less than 3+, using the following SQL input:

select atoms WHERE IonCharge ≤ 3 AND RadTransWavelength ≥ 4200 AND
RadTransWavelength ≤ 6800

The VAMDC portal then queries all possible repositories and returns the results.
The query process may take a few minutes depending on the size of the query.
Unfortunately VAMDC has internal limits on how much data can be retrieved at
once per database resulting in the truncation of large queries4. For large queries,
such as ours, we must either run multiple queries or retrieve data directly
from the repositories. The following nodes all return useful data according to
our query: Spectr-W3; CHIANTI; TOPbase; VALD(atoms); VALD subset in
Moscow (obs); and TIPbase. Since our data retrieval the NIST database has
also become available via the VAMDC albeit in a very limited format compared
to the NIST database website.

2spectra.freeshell.org
3http://portal.vamdc.org/vamdc_portal
4Private communication with Marie-Lise Dubernet revealed that these retrieval limitations

are actually imposed by the queried database partners, not the VAMDC itself, meaning that
some databases are better to query via their own respective websites.

spectra.freeshell.org
http://portal.vamdc.org/vamdc_portal
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The data belonging to the Spectr-W3 and VALD subset in Moscow nodes
were truncated to around ∼30%, The VALD(atoms) and TOPbase nodes were
truncated to 1% and 3% respectively, and the CHIANTI node returns all data
without truncation. Given the truncations we decided to proceed using the
Spectr-W3, VALD(Moscow subset), CHIANTI, and TOPbase data provided by
VAMDC. The VALD data was also retrieved from their own website, which was
eventually adopted over the VAMDC-generated data. We now briefly discuss
the individual databases retrieved through the VAMDC.

Spectr-W 3

As the full Spectr-W3 query was truncated, multiple smaller queries were
performed to gather all the available data. The data was downloaded in CSV
format and compiled into one final file. The Spectr-W3 data contains the
following information for each transition: species; wavelength; Aki; f values for
a limited number of lines; energies; g values; J values; configurations; and the
transition reference.

CHIANTI

The CHIANTI data was obtained, in CSV format, using a single query of
VAMDC. Many of the CHIANTI lines are highly ionised species that we will
not assess, however it still provides some key neutral and weakly ionised lines
of interest. The CHIANTI data contains the following information for each
transition: species; wavelength; Aki; gf ; configurations; energies; g values;
parities; and J-values.

TOPbase

The TOPbase data was heavily truncated and required many queries to obtain
all the available data in the range we requested. We investigated the TOPbase
website5 but the interface was not designed for large data extraction, thus
VAMDC proved to be the easier method of retrieval. The TOPbase data
contains the following information for each transition: species; wavelength;
Aki; gf -values; energies; g-values; parities; configurations including quantum
numbers L and S; and references. The returned data provided transitions in
the form of summed-multiplets i.e. the transitions were not separated into fine
structure components.

5http://cdsweb.u-strasbg.fr/topbase/topbase.html

http://cdsweb.u-strasbg.fr/topbase/topbase.html
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VALD3

In total, there were three different retrievals possible for the VALD database:
the aforementioned VALD(atoms) and VALD subset in Moscow (obs), which
could be retrieved via the VAMDC; and via the VALD website6.

The VALD subset in Moscow (obs) data was obtained via multiple queries in
CSV format. The CSV format caused complications as the VALD format for
complicated configurations sometimes contain commas, resulting in a disjointed
data file that needed further manual fixing. Unfortunately a custom delimiter
could not be specified for the data format. The VALD subset in Moscow (obs)
data contains the following information for each transition: species; wavelength;
log(gf); configurations; energies; parities; J-values; quantum numbers L and S;
and references.

The data available at the VALD(atoms) node includes millions of transitions with
theoretically predicted energy levels, which can often have large discrepancies
with experimental energy levels. In addition, retrieving data from the
VALD(atoms) node using the VAMDC portal would require at least 100 queries
if not many more, and so we did not attempt to compile data from this source.
For clarity in the following paragraphs we now refer to the VALD subset in
Moscow (obs) as VALD-VAMDC, and the VALD retrieval through their own
website as VALD-NATIVE.

The VALD-NATIVE data was requested via their online form and provided
via an emailed ftp link. Only a few queries were required this time, as VALD-
NATIVE has a high internal limitation of 100,000 lines per query. The VALD-
NATIVE data contains the following information for each transition: species;
wavelength; log(gf); energies; J-values; and references.

It was realised, while cleaning both the VALD-VAMDC and VALD-NATIVE
retrievals of duplicate transitions, as discussed in subsection 2.4.4, that the two
retrievals did not produce the same number of duplicate transitions. Discussion
with the VALD team (Ryabchikova T., priv. comm. 2017) revealed that VALD-
VAMDC and VALD-NATIVE should be identical, and that there had been
a conversion issue with the electronic configurations when retrieving through
VAMDC, leading to a number of transitions being assigned incorrect electronic
configurations7. In light of this, we chose to progress forward only using the
VALD-NATIVE retrieval, which is now referred to as VALD for the remainder
of the thesis.

6http://vald.astro.uu.se/
7The VALD team have confirmed that this error has now been corrected.

http://vald.astro.uu.se/
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TIPbase

Unfortunately at the time of investigation the VAMDC query of TIPbase could
not query using a wavelength criterion, and any allowed queries returned timeout
warnings, preventing us from using the VAMDC for TIPbase. As was the case
for TOPbase, the TIPbase website8 did not produce the desired data. However,
we were able to retrieve TIPbase data from the Nahar-OSU-Radiative-Atomic-
Data database (NORAD)9. The retrieved data contained similar parameters to
the TOPbase data, and also for the summed-multiplet transitions.

2.3 Homogenisation of data sources

Fortunately the VALD data did not require any homogenisation prior to cross-
matching, as the BRASS line list was based on the formatting style and units
of the VALD list. Similarly, the NIST data did not require much work to
homogenise into the same format as the BRASS list, as the retrieval options
allowed for several unit conversions. Sometimes additional characters were
included in the otherwise numerical fields. These characters, such as the "*"
and "+" characters in the Ritz wavelengths, are described on the NIST website
and were cleaned from the data10.

The energy levels of SpectroWeb, Spectr-W3, and CHIANTI were converted
from cm−1 to eV using the conversion 1 cm−1 = 1.239 81× 10−4 eV. The energy
levels of TIPbase and TOPbase were converted from Ryd to eV using the
conversion of 1 Ryd = 13.605 70 eV. The f values in Spectr-W3 were only
available for the Lanthanide transitions (atomic numbers 57 through 71), so the
Aki values belonging to the remaining elements were converted into f values
using Equation 1.11 and Equation 1.12. Both the Spectr-W3 and CHIANTI
f values were then converted into log(gf) values.

Care was taken to ensure that all repository wavelength values were converted
to air wavelengths and all energies and wavelengths used the same units. We
employed the same air to vacuum wavelength conversion as VALD311. The
conversion from λvac to λair, taken from Birch & Downs (1994), applies to dry
air at 1 atm pressure and 15◦C with 0.045% CO2 by volume, and is as follows:

λair = λvac
n

(2.1)

8https://cdsweb.u-strasbg.fr/tipbase/home.html
9https://norad.astronomy.osu.edu/

10https://physics.nist.gov/PhysRefData/ASD/Html/lineshelp.html
11http://www.astro.uu.se/valdwiki/Air-to-vacuum%20conversion

https://cdsweb.u-strasbg.fr/tipbase/home.html
https://norad.astronomy.osu.edu/
https://physics.nist.gov/PhysRefData/ASD/Html/lineshelp.html
http://www.astro.uu.se/valdwiki/Air-to-vacuum%20conversion
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n = 1 + 0.0000834254 + 0.02406147
130− s2 + 0.00015998

38.9− s2 (2.2)

where the refractive index, n, is taken from Morton (2000), s = 104/λvac, and
λvac is in ångströms.

2.4 Cross-matching data sources against BRASS

In order to cross-match two different occurrences of the same physical transition
one would ideally search for transitions belonging to the same ion, with the
same upper and lower electronic state configurations, same upper and lower
total electron angular momentum J -values, and the same upper and lower total
atomic angular momentum F -values. This should uniquely identify a given
physical transition, where J -values are used to distinguish fine structure and
F -values are used to distinguish hyperfine structure. We refer to this method of
cross-matching as a non-parametric cross-match. A much simpler cross-match
method is to search for transitions belonging to the same ion, with wavelengths,
upper energies, and lower energies that all lie within a given threshold of each
other. We refer to this cross-match method as a parametric cross-match. This
method can be further improved by requiring identical upper and lower parities
between the transitions, upper and lower J -values and, if available, identical
upper and lower F -values. Fine structure information is typically available,
but hyperfine structure information is limited and yet to be included in many
repositories. Such a method relies upon the assumption that the wavelengths
and energies of two different occurrences of the same physical transition are
similar, which is not always the case.

VALD3 and NIST both report lower and upper electronic configurations and
terms in a similar and thorough manner meaning little to no manipulation,
excluding the work to homogenise the parsing of configuration nomenclature,
and thus we use the non-parametric cross-match method for these repositories.
Spectr-W3, TIPbase, TOPbase and CHIANTI all report on transition config-
urations, however they all require significant electronic state homogenisation
before cross-matching. Instead we opt to use the parametric cross-match for the
Spectr-W3 and CHIANTI repositories, and shortly we shall discuss our efforts
to cross-match TIPbase and TOPbase, which do not contain fine structure
information.

As our BRASS atomic list configurations are compiled from both VALD and
NIST, we are able to use the non-parametric cross-match for our work. While
the SpectroWeb line list is also compiled from VALD and NIST, neither the
electronic configurations nor the J -values were retained, and so we are limited
to the parametric cross-match in order to compare transitions. For the purposes
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of comparison we cross-match each of the retrieved repositories against our
BRASS list. Each transition in the BRASS list is given a unique designation
which will be used to keep track of all matched transition occurrences across
the repositories, throughout the entire thesis.

2.4.1 Non-parametric cross-match

Through manual comparison of the differences between VALD and NIST
electronic configuration nomenclature we found three major differences in the
parsing of configurations that are inconsistently reported. These are listed below
and examples of these differences are shown in Table 2.2:

(a) Closed sub-shells not always present

(b) Lower case notation within the term and term seniority

(c) Reporting the term within the configuration

BRASS is composed of older versions of NIST and Kurucz transitions, which
form the bulk of VALD transitions, so we expect that the majority of BRASS
transitions can be cross-matched against atomic transitions in more recent
versions of NIST and VALD3. For the non-parametric cross-match of BRASS
against VALD3 we successfully cross-matched ∼90% of all BRASS transitions.
While the majority of transitions in a given database kept the same configuration
nomenclature parsing, we found a number of updated lines for which the
nomenclature parsing had changed. The most notable origin of the changes
was due to updated Kurucz Fe i lines, updating from K07 to K14 (Kurucz
1999-2014), where the reporting of closed sub-shells ceased (shown by example
(a) in Table 2.2).

Table 2.3 shows the number of cross-matched transitions for BRASS’ cross-
matched against all retrieved repositories and line lists, using the parametric
and non-parametric cross-matches. While the number of matches produced
by each method are comparable, it is important to note that the parametric
method cannot accurately handle large differences in wavelength or energy
levels and can thus lead to incorrect cross-matches. On the other hand the
non-parametric cross-match depends on the consistency and accuracy of the
atomic terms, which can sometimes change over time especially for transitions
with significant configuration mixing. This is noted by VALD who opts to use
the parametric cross-match when compiling transitions from multiple sources
(Kupka et al. 2011).
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Table 2.2: Examples of cross-matched transitions for which the electronic configurations are inconsistently reported.

Ion λ (Å) Ei (eV) Ek (eV) Ji Jk Configuration: lower - upper references

(a) Fe i 4200.087 3.884 6.835 3 3 3p63d6(5D)4s4p(3P◦) z3D◦ - 3p63d7(4F)4d f3F K07 a
Fe i 4200.087 3.884 6.835 3 3 3d6(5D)4s4p(3P◦) z3D◦ - 3d7(4F)4d f3F K14 a

(b) W i 4200.028 2.037 4.988 4 4 5d46s2 a3G - ◦ CB b

W i 4200.020 2.037 4.988 4 4 5d46s2 3G - ◦ L153 c

(c) Ca ii 4206.176 7.505 10.452 1/2 1/2 3p6(1S)5p 2P◦ - 3p6(1S)8s 2S K99 a
Ca ii 4206.180 7.505 10.452 1/2 1/2 3p6 5p 2P◦ - 3p6 8s 2S L7323 d

(d) Fe i 4202.335 2.588 5.538 3 2 3p63d64s2 b3F - 3p63d6(a3F )4s4p(3P◦) v5D◦ K07 a
Fe i 4202.330 2.588 5.538 3 2 3d64s2 b3F2 - 3d6( 3F2)4s4p(3P◦) v5D◦ L11631 e

(d) shows differences in seniority of term and differences in sub-shell. aKurucz (1999-2014) bCorliss & Bozman (1962) cKramida & Shirai
(2006) dSugar & Corliss (1985) eNave & Johansson (2013)
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Table 2.3: The number of retrieved transitions, and the number of cross-matched
transitions, for BRASS cross-matched against all retrieved repositories and line
lists, using the parametric and non-parametric cross-matches. The maximum
number of possible cross-matches is 82337, equal to the number of BRASS line
list transitions.

Repository Retrieved Parametric Non-parametric

SpectroWeb 62181 36841 -
VALD3 158861 72178 69159
NIST 36123 9477 8943
Spectr-W3 5515 1221 -
TIPbase 33108 - 203 (1123) a
TOPbase 33462 - 709 (1968) a
CHIANTI 3587 244 -

aNumber of complete and incomplete multiplets. The corresponding number of lines in
BRASS is given in parenthesis.

The added accuracy and reliability of the non-parametric cross-match far
outweighs this potential drawback. By using the atomic configuration cross-
match BRASS is able to cross-match transitions regardless of the difference
between atomic parameters, which can be substantial between older atomic
calculations and newer data, and thus provide a robust and thorough compilation
of literature transitions. The accuracy of the non-parametric cross-match,
compared with the parametric cross-match, is important for such a large
homogeneous literature assessment as it ensures that the correct log(gf) values
are compared against each other. The non-parametric method is also an
accurate way to compile clean and thorough line lists from scratch, and also to
clean existing line lists of potential duplicate transitions, assuming the atomic
configuration information is retained. Finally, the non-parametric cross-match
can be used to autonomously compile and work with multiplet tables within
our line list, as is done later in the thesis in section 6.2.

2.4.2 Parametric cross-match

For our parametric cross-match work we use thresholds on λ and energies as
well as requiring cross-matched transitions to have the same upper and lower
total angular momentum J -values. While λ is inversely proportional to Ek−Ei,
it is important to note that an individual database transition may be compiled
from several sources, both experimental and theoretical, which can lead to
discrepancies for transitions with wavelengths and energy levels pertaining to
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different sources. Due to this we have chosen to treat our wavelength and
energy level thresholds independently. Using our non-parametric cross-match
we were able to determine wavelength and energy level thresholds according to
the ∆λ and ∆E distributions, as shown later in this chapter by Figure 2.5 and
Figure 2.10. According to these distributions we chose a wavelength threshold
of λ ± 0.1Å and energy thresholds of E ± 0.0005 eV. The energy thresholds
are still large compared to typical experimental uncertainty on energy levels,
however this is due to the limited precision to which the energy levels have been
reported in our retrieved atomic data.

These thresholds reproduced ∼95% of the non-parametric cross-matches for
both VALD and NIST. The parametric cross-match proves to be a useful cross-
match compromise when configuration information is lacking or difficult to
use. However it is important to re-iterate that there is still no fundamental
guarantee that two automatically matched transitions are meant to be the same
physical transition, especially in ions with complicated electronic structures
such as Fe-group elements. Table 2.4 shows an example of one correctly cross-
matched transition pair and two incorrectly matched transition pairs, using
different energy thresholds of E ± 0.1eV and E ± 0.0005 eV, respectively. The
correctly matched pair was found by both the parametric and non-parametric
cross-matches, whereas only the parametric method incorrectly matched the
remaining pairs of transitions.



CRO
SS-M

ATCH
IN
G

D
ATA

SO
URCES

AGAIN
ST

BRASS
57

Table 2.4: Examples of cross-matched transitions for which the parametric method is insufficient to accurately cross-match
transitions.

Ion λ (Å) Ei (eV) Ek (eV) Ji Jk Configuration: lower - upper references

(a) Mn ii 4639.152 10.774 13.446 3 2 3d4(5D)4s4p(3P◦) w5P◦ - 3d5(6S)7s 5S K09 a
Mn ii 4639.160 10.774 13.446 3 2 3d4(5D)4s4p(3P◦) w5P◦ - 3d5(6S)7s 5S L562 b

(b)∗ Cr i 4244.770 3.890 6.810 4 5 3d5(4F)4s a5F - 3d5(4G)5p v3H◦ K10 a
Cr i 4244.340 3.857 6.777 4 5 3d4(5D)4s4p(3P◦) z5F◦ - e5F L808 c

(c)∗∗ Fe ii 6207.273 11.051 13.048 7/2 5/2 3d6(5D)5p 6P◦ - 3d6(5D)5d 6S K13 a
Fe ii 6207.342 11.051 13.048 7/2 5/2 3d5(4P)4s4p(3P) 6P◦ - 3d6(5D)5d 6G RU d

∗Cross-matched using ∆E = ± 0.1 eV ∗∗Cross-matched using ∆E = ± 0.0005 eV aKurucz (1999-2014) bKramida & Sansonetti (2013)
cSaloman (2012) dRaassen & Uylings (1998b)
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2.4.3 TIPbase and TOPbase cross-matches

Contrary to the previous databases, which provide experimentally measured
wavelengths and a mix of experimental and theoretical oscillator strengths, the
iron project database, TIPbase (Hummer et al. 1993), and the opacity project
atomic database, TOPbase (Cunto et al. 1993), offer pure theoretical atomic
data obtained using ab initio quantum mechanical calculations. The goal of
the long-term opacity project was to provide reliable atomic data to estimate
stellar envelope opacities from photo-ionisation cross-sections and oscillator
strengths. Due to the complexity of the task that required model atoms, fine
structure was barely considered in the ab initio quantum calculations. As a
consequence, atomic lines for TIPbase and TOPbase are given as multiplets,
without fine-structure J -values, with average wavelengths and weighted average
oscillator strengths rather than components with individual wavelengths and
oscillator strengths.

We used a non-parametric approach to cross-match the TIPbase transitions with
BRASS lines, based on the identification of spectral term and seniority index.
This is normally sufficient to unequivocally identify lines in BRASS belonging to
a given TIPbase transition. No wavelength restriction has been used because the
difference between theoretical and experimental energy levels can reach several
tenths of eV, leading to differences in the wavelengths of up to thousands of
ångströms. For instance, the weighted average wavelength of the Fe i multiplet
y5F◦ – f5D reconstructed from the components in BRASS is 6134 Å whereas it
is given at 4559 Å in TIPbase, a difference of 1575 Å (equivalent to a difference
of 0.70 eV).

Transitions between two different multiplicity systems do not occur in TIPbase
data and thus the identification of the lines only occurs within a given multiplicity.
In spin-orbit coupling, multiplicities of one, three, five, and seven exist for Fe i
and of two, four, six, and eight for Fe ii. The cross-matches with BRASS
occur for lines within one, three, and five multiplicity systems for Fe i and two,
four, and six for Fe ii. We identified 121 Fe i and 74 Fe ii TIPbase multiplets
corresponding to 700 Fe i and 423 Fe ii BRASS lines. Among them 47 Fe i and
39 Fe ii TIPbase multiplets are incomplete, meaning that one or several BRASS
components are missing to complete a TIPbase multiplet s they fall outside the
wavelength range of the BRASS atomic line list. Table 2.5 shows a detailed
breakdown of the cross-match Fe multiplicity.

For TIPbase we have attempted to calculate the oscillator strengths of the
components within a TIPbase multiplet. Using the relative line strengths within
a normal multiplet, shown in Tables 4.7, 4.8 and 4.9 of the Allen’s Astrophysical
Quantitities Cox (2000), we calculated the oscillator strengths of the components
of Fe i multiplet 15 (a5F – z5D◦) from the TIPbase oscillator strength of the
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Table 2.5: Fe i and Fe ii cross-matches of TIPbase with BRASS data.

Multiplicity TIPbase BRASS
Fe i # multiplets # lines

Complete 74 404
1 20 20
3 40 248
5 14 136

Incomplete 47 296
3 31 155
5 16 141

Total 129 700

Fe ii # multiplets # lines
Complete 35 227

2 20 85
4 14 139
6 1 3

Incomplete 39 196
2 13 27
4 26 169

Total 74 423

multiplet (Table 2.6). The strongest components are the principal lines (labelled
x in the table) the weakest ones are the satellite lines (labelled y and z in the
table). The differences between TIPbase and BRASS oscillator strengths for
this multiplet are within a factor of two.

Such detailed comparisons were never previously done as "no attempt is made to
include fine structure effects in our calculated energy levels, oscillator strengths
and photoionization cross sections" (Sawey & Berrington 1992). Comparisons
were only made on the summed gf -values, that is multiplet by multiplet.
For instance, Bautista (1997) did a comparison of multiplet gf -values with
experiments from Nave et al. (1994) and Fuhr et al. (1988), as given in his
Table 5. He quoted that the differences in multiplet gf-values, when compared
with the experimental ones, can reach 40% in the worst cases. In the case of
the multiplet No.15 (a5F – z5D◦), we find a 28% difference between TIPbase
and BRASS. Corrections using the observed energy levels only decrease the
percentage to 27%.
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Table 2.6: Comparison of the estimated TIPbase log(gf) for the components of the Fe i multiplet n◦15 (a5F – z5D◦)
with the BRASS values. The relative deviations are calculated on the gf -values.

λ Ji Jk Component fraction log gfTIP log gfBRASS ∆ log gf Relative
(Å) TIP-BRASS deviation (%)

Components
5269.5370 5 4 x1 0.31428 −1.117 −1.324 0.207 38
5328.0386 4 3 x2 0.04286 −1.283 −1.466 0.183 34
5371.4893 3 2 x3 0.00114 −1.477 −1.645 0.168 32
5397.1279 4 4 y1 0.21429 −1.982 −1.991 0.008 2
5405.7746 2 1 x4 0.06000 −1.711 −1.849 0.138 27
5429.6964 3 3 y2 0.00571 −1.836 −1.879 0.043 9
5434.5235 1 0 x5 0.13714 −2.012 −2.121 0.109 22
5446.9164 2 2 y3 0.05714 −1.857 −1.914 0.057 12
5455.6091 1 1 y4 0.00571 −2.012 −2.093 0.081 17
5497.5160 1 2 z3 0.08000 −2.857 −2.845 −0.012 3
5501.4649 3 4 z1 0.04000 −3.158 −3.046 −0.112 29
5506.7787 2 3 z2 0.04000 −2.857 −2.795 −0.062 15

TIPbase multiplet
5464.2500a 17 12 1.00 −0.615 −0.760 0.145 28

aTIPbase wavelength
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For individual components, the deviations can reach up to 38%, even for the
main component. Such deviations are expected since the TIPbase oscillator
strengths were calculated in pure LS coupling. These deviations from LS
coupling are mainly due to the electronic configuration mixing processes and
possibly relativistic effects in the radial part of the dipole operator.

In the TOPbase data retrieved from VAMDC, there are entries for 18 elements12

over 3 ionization degrees. The cross-matching process has been performed
between TOPbase and BRASS, in the same manner as TIPbase, and examples
of such matches are presented in Table 2.7. For a given ion and multiplet in
TOPbase our cross-match retrieves all the associated individual fine-structure
transitions in BRASS. In the range 4200-6800 Å, we have identified 136
singlets13 and 573 multiplets14 with 1968 BRASS transitions. It is important
to re-emphasise the inaccuracy of cross-matching either TIPbase or TOPbase
transitions using a parametric cross-match. The theoretical wavelengths are
often inaccurate due to (i) differences in theoretical and experimental energy
levels and (ii) the neglect of fine structure. Examples of this case are (i) the
match for the Mg i singlet line in Table 2.7 where the TOPbase wavelength is
40 Å larger than the corresponding BRASS line; and (ii) the Ca ii multiplet
in Table 2.7 where the mean wavelength is almost 100 Å larger than the
two associated BRASS transitions. In the context of our future atomic data
quality assessment, the multiplets are first decompounded into components
using the LS intensities calculated with the Wigner 6j coefficients, as described
in subsection 1.2.3 and shown in Table 2.6, and then scaled to the database gf
multiplet.

12H, He, Li, Be, B, C, N, O, F, Ne, Na, Mg, Al, Si, S, Ar, Ca and Fe iii
13Be i, Be iii,C i, C iii, N ii, O iii, F ii, Mg i, Al ii, Si i, S i, Ca i and Fe iii
14corresponding to 32 different species
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Table 2.7: Examples of singlet - (a) and multiplet - (b) cross-matches between TOPbase and BRASS. The first transition
in each set of matches corresponds to the TOPbase singlet or multiplet transition and all subsequent transitions are fine
structure transitions present in BRASS.

Ion λ (Å) Ei (eV) Ek (eV) Ji Jk Configuration Term log gf ∆ log gf

(a) O iii 5291.416 39.156 41.508 0 1 3p - 3d 1S - 1P◦ −0.326 −0.033
O iii 5268.301 38.907 41.260 0 1 2s22p(2P◦)3p - 2s22p(2P◦)3d 1S - 1P◦ −0.359

(a) Mg i 4391.381 4.422 7.255 1 2 3p - 6d 1P◦ - 1D −0.583 0.000
Mg i 4351.906 4.346 7.194 1 2 3s3p - 3s6d 1P◦ - 1D −0.583

(a) Si i 6361.851 5.131 7.086 1 1 4s - 5p 1P◦ - 1P −2.712 0.895
Si i 6331.956 5.082 7.040 1 1 3s23p4s - 3s23p5p 1P◦ - 1P −1.817

(b) Al i 6752.439 3.110 4.952 - - 4s - 5p 2S - 2P◦ −1.396 0.003
Al i 6696.023 3.143 4.994 1/2 3/2 3s24s - 3s25p 2S - 2P◦ −1.569
Al i 6698.673 3.143 4.993 1/2 1/2 3s24s - 3s25p 2S - 2P◦ −1.870

(b) S ii 5012.721 14.012 16.494 - - 4s - 4p 4P - 4P◦ 0.614 0.007
S ii 4924.110 13.618 16.135 3/2 5/2 3s23p2(3P)4s - 3s23p2(3P)4p 4P - 4P◦ −0.059
S ii 4925.343 13.584 16.101 1/2 3/2 3s23p2(3P)4s - 3s23p2(3P)4p 4P - 4P◦ −0.235
S ii 5009.567 13.618 16.092 3/2 1/2 3s23p2(3P)4s - 3s23p2(3P)4p 4P - 4P◦ −0.094
S ii 5032.434 13.672 16.135 5/2 5/2 3s23p2(3P)4s - 3s23p2(3P)4p 4P - 4P◦ 0.282

(b) Ca ii 4300.578 7.459 10.352 - - 5p - 8s 2P◦ - 2S −1.128 −0.605
Ca ii 4206.176 7.505 10.452 1/2 1/2 3p6(1S)5p - 3p6(1S)8s 2P◦ - 2S −2.210
Ca ii 4220.071 7.515 10.452 3/2 1/2 3p6(1S)5p - 3p6(1S)8s 2P◦ - 2S −1.910
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2.4.4 Internal cross-matches to find duplicate transitions

In addition to cross-matching different line lists and repositories against each
other, the non-parametric cross-match was used to find multiple occurrences
of the same physical transition within a single repository, which we refer to as
duplicated transitions. Non-parametric cross-matches were performed for the
following line lists and repositories:

- BRASS against BRASS

- NIST against NIST

- VALD against VALD

Table 2.8 shows the number of initial potential duplicated transitions we found
using our non-parametric cross-match. We found on the order of 103 duplicates
for VALD, in the wavelength range of 4200-6800Å and for ions up to 5+, while for
NIST we found 388 duplicate transitions. All of the potential duplicated NIST
transitions contained either an empty upper or lower electronic configuration,
excluding parity information, resulting in an identical configuration string of
either odd or even parity. We therefore cannot conclusively say these transitions
are real duplicates, and thus they were retained. This, however, is not the
case for the VALD lines that do contain full upper and lower configurations.
The non-parametric cross-match did not initially distinguish between hyperfine
transitions, between isotopic transitions and between different types of forbidden
transitions. To correctly identify and flag duplicate transitions in VALD we
must account for these three issues. Unfortunately, neither VALD nor NIST
contain information on hyperfine structure, so we must manually account for this
in our cross-match. Isotopic and transition type information are present in the
databases. In the case of VALD both isotopic and transition type information
are reported within the reference information.

Using this fact that elements having an even number of protons and neutrons
have a nuclear spin of zero, and thus do not exhibit hyperfine structure, we can
easily determine a number of transitions that cannot be of hyperfine origin and
hence remain flagged as potential duplicates. For the remaining transitions,
for which we could not rule out hyperfine structure using zero nuclear spin, we
consulted the corresponding references to try and determine if the transition is
of hyperfine origin. We checked each reference, corresponding to a potentially
duplicated transition, for any mention of hyperfine structure. If a given reference
accounted for hyperfine structure in their calculations or observations then all
transitions belonging to that reference were flagged as potential hyperfine lines
and no longer considered as a duplicate entry.
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Table 2.8: Number of duplicates found in NIST and VALD-based repositories.
Initial matches are based purely on identical upper and lower configurations
and upper and lower J -values for a given ion. The literature checked matches
have been cleaned of potential hyperfine, isotopic, and forbidden E2-M1-pair
transitions.

Repository Initial matches Final matches

BRASS 3589 2982
VALD3 6351 3394
NIST 388 0 a

aAll NIST duplicates are lines with either an undesignated upper or lower
energy level and so we cannot conclude they are duplicate transitions.

VALD transitions include isotopic information in the final part of the reference
string written as Z or (A)Z, where Z denotes the element and A denotes the
isotopic mass number if applicable. Additionally VALD also employs a new
transition type flag (Stempels E., priv. comm. 2017), located in the reference
information, where:

(A) denotes an auto-ionisation transition

(B) denotes a forbidden E2 transition

(C) denotes a forbidden M1 transition

(D) denotes a transition between polarization levels (P)

We found that a number of potentially duplicated transition pairs were actually
forbidden transitions each belonging to an electric quadrupole, E2, and a
magnetic dipole, M1, type transition. According to transition selection rules it
is possible for both E2 and M1 forbidden transitions to occur between the same
energy levels so these transitions are not actually duplicates unless |Jk − Ji| = 2
. After subtracting possible hyperfine structure, isotopic, and E2-M1 forbidden
pair transitions we compile the final number of duplicated transitions shown in
Table 2.8.

Table 2.9 shows the ionic distribution of the duplicated lines for VALD. The
majority of duplicate lines are S i lines from Kurucz (1999-2014). We find that
all VALD3 duplicate transitions originate from their respective sources rather
than issues with the VALD compilation. The duplicates have been removed
of hyperfine transitions and isotopic transitions. The full tables of duplicates,
including a separate table for the S i lines, have been made available in both
pdf and machine-readable form at the BRASS website: brass.sdf.org.

brass.sdf.org
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Table 2.9: The ionic distribution of duplicated transitions present in our VALD3
(2016-05-26) retrieval. The majority of duplicated transitions are S i lines
(Kurucz 1999-2014) present in the source literature.

Ion in VALD3 Number of duplicates

Al ii 35
C iv 2
Cl ii 6
Cu i 10
F ii 35
Fe i 37
Fe ii 40
Mo i 1
Rb i 1
S i 3181
Si iii 16
Ti i 30
total duplicate lines 3394

Within the initial BRASS atomic line list we found duplicates originating from
within the source references and a few duplicates caused by compilation issues
when newer transitions were merged into the line list. While we may be able
to find duplicate transitions in BRASS, it is beyond the scope of this thesis
to determine which transition is the correct one and should be retained. For
the purposes of BRASS we have chosen to retain the weakest line, with the
smallest log(gf), in order to minimise the impact of these dubious transitions
on synthetic spectrum calculations.

2.5 Comparisons between BRASS and databases

SpectroWeb was cross-matched against BRASS using the parametric method
while NIST and VALD were cross-matched against BRASS using the non-
parametric method. TIPbase and TOPbase were also cross-matched against
BRASS using non-parametric methods and have been grouped together in
the following analysis, for simplicity, under the term TIPTOP. The BRASS,
VALD and NIST lists have all been cleaned of duplicate transitions prior to
all cross-matches. Keeping in mind that any change in the adopted log(gf)
value will have an inversely proportional impact on the derived abundance for
that stellar line, as discussed in subsection 1.4.2, Figure 2.1 through Figure 2.4



66 RETRIEVAL AND CROSS-MATCH OF LITERATURE ATOMIC DATA

show the cross-matched log(gf)Database − log(gf)BRASS values plotted against
BRASS log(gf), for SpectroWeb, NIST, VALD, and TIPTOP.

Figure 2.1 through Figure 2.4 all show a wedge-like structure where ∆ log(gf)
appears to increase with decreasing log(gf). We attribute this relationship
to the decrease in accuracy, within multiplets, going from the leading line to
subordinate transitions. In Figure 2.1 we observe a cut-off region located at the
bottom-left of the plot. This cut-off is caused by the SpectroWeb line list which
typically does not contain transitions below log(gf) = -6 and thus introduces a
lower limit on the ∆ log(gf) values as the BRASS log(gf) approaches log(gf) = -
6. We also find a small number of transitions that appear to be shifted by
roughly ∆ log(gf) = -1.5. These cross-matched lines belong to the Ni ii Kurucz
2003 lines, present in the BRASS line list, and the much older Kurucz 1995
Ni ii lines, present in the SpectroWeb line list.

Figure 2.2 and Figure 2.3 also contain similar cut-offs located at log(gf) = -10.
These cut-offs are not shown in the plots as these transitions are typically too
weak to appear in stellar spectra and cannot be assessed as part of the BRASS
project. The cut-off at log(gf) = -10 is most likely caused by imposed limits on
atomic calculations of log(gf) values as such weak transitions are not currently
considered to be of interest. At small values of ∆ log(gf) we do not observe
any systematic correlations other than precision limits of log(gf) and ∆ log(gf)
values.

We find a much larger scatter in ∆ log(gf) for the SpectroWeb cross-match,
shown in Figure 2.1, than for the NIST cross-match and VALD cross-match,
shown in Figure 2.2 and Figure 2.3, respectively. This is mainly caused
by updates to literature values between the SpectroWeb and BRASS list
compilations, but a very small number are caused by incorrectly matched
transitions due to lack of J -values when using the parametric cross-match,
which can lead to the comparison of two entirely different log(gf) values. We
also find a larger scatter for the TIPTOP cross-match that is caused by significant
updates to theoretical atomic calculations over the last two decades.
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Figure 2.1: Distribution of log(gf) vs ∆ log(gf) (SpectroWeb - BRASS) for the SpectroWeb(2008) and BRASS(2012)
parametric cross-match. For clarity and consistency a small number of transitions with |∆ log(gf)| > 2 have been
excluded. In some extreme cases these ∆ log(gf) values can be as large as ∆ log(gf) ±4 dex. Compared to the other
non-parametric cross-matches in Figure 2.2 and Figure 2.3 we see a substantial increase in scatter caused mainly by
updates to the literature, but also due to the lack of J -values to further constrain the parametric cross-match.
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Figure 2.2: Distribution of log(gf) vs ∆ log(gf) (NIST - BRASS) for the NIST(2016) and BRASS(2012) non-parametric
cross-match. For clarity and consistency a small number of transitions with |∆ log(gf)| > 2 have been excluded. In
some extreme cases these ∆ log(gf) values can be as large as ∆ log(gf) ±2 dex. When compared with Figure 2.1 and
Figure 2.3 we find that NIST is weighted more towards stronger transitions than SpectroWeb or VALD, no doubt due
to the experimental provenance of NIST transitions.
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Figure 2.3: Distribution of log(gf) vs ∆ log(gf) (VALD3 - BRASS) for the VALD3(2016) and BRASS(2012) non-
parametric cross-match. For clarity and consistency a small number of transitions with |∆ log(gf)| > 2 have been
excluded. In some extreme cases these ∆ log(gf) values can be as large as ∆ log(gf) ± 4 dex. We see a secondary peak
in ∆ log(gf) values at ∆ log(gf) = -0.1 dex. This is due to differences in Fe i lines from May et al. (1974) and Fuhr
et al. (1988): both use the log(gf) values of Bridges & Kornblith (1974a) however Fuhr et al. (1988) apply a systematic
shift to the log(gf) values of -0.1 dex.
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Figure 2.4: Distribution of log(gf) vs ∆ log(gf) (TIPTOP - BRASS) for the TIPTOP and BRASS(2012) cross-matches.
For clarity and consistency a number of transitions with |∆ log(gf)| > 2 have been excluded. In a number of cases these
∆ log(gf) values are as large as ∆ log(gf) ± 4 dex.
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A secondary peak in ∆ log(gf) is visible in Figure 2.3 for VALD3 at
∆ log(gf) = −0.1 dex. This is caused by differences in adopted log(gf) values
for a number of Fe i lines in the BRASS atomic line list and VALD. The BRASS
atomic line list contains the log(gf) values from the work of May et al. (1974)
whereas the VALD transitions contain the log(gf) values from the work of Fuhr
et al. (1988). Both works use the experimental log(gf) values of Bridges &
Kornblith (1974a), however Fuhr, Martin & Wiese normalised the Bridges &
Kornblith log(gf) values of log(gf) ≤ 0.75 by −0.1 dex, thus leading to the
secondary peak in ∆ log(gf).

For the SpectroWeb, NIST, and VALD cross-matches we see a clear peak in
∆ log(gf) = 0, and especially so for VALD. This is unsurprising as the BRASS
line list was created using NIST transitions, and using Kurucz transitions which
make up a substantial portion of the VALD lines. The result is that BRASS is
essentially an older version of both NIST and VALD combined, and so contains a
large number of identical lines, to both NIST and VALD, with ∆ log(gf) = 0 and
a number of updated lines with ∆ log(gf) 6= 0. For the TIPTOP cross-match
this peak is smaller but still present. In addition to the ∆ log(gf) = 0 we find
substantial scatter in ∆ log(gf), typically in the range of ∆ log(gf) = ± 0.5 dex,
but with a number of transitions reaching ∆ log(gf) = ± 4 dex.

In order to understand the origin of the scatter of log(gf) values it is important
to note that gf is dependent on the energy levels, Ei and Ek, and the transition
line strength Sik, as shown in Equation 1.13 for electric dipole transitions. Any
scatter in the log(gf) values must originate from either differences between the
wavelengths or the Sik values of the two cross-matched transitions.

Figure 2.5 through Figure 2.8 show that the differences in wavelength for VALD,
NIST, and SpectroWeb are very small and cannot cause the observed scatter in
log(gf) values. For TIPTOP, shown in Figure 2.9, the significant differences
in wavelength do contribute towards the large scatter in log(gf) values. The
main cause for the large changes in log(gf) values is due to the treatment of
configuration mixing when calculating Sik values. Deb & Hibbert (2014) note
that calculated line strengths are sensitive to the mixing of configuration state
functions which can lead to oscillator strength differences of up to a few orders of
magnitude when it is included in theoretical quantum mechanical calculations.
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Figure 2.5: Distribution of λVALD − λBRASS plotted against λBRASS. We find that the vast majority of compared λ
values have identical wavelengths, caused by the fact that the majority of the BRASS lines were taken from an older
version of the VALD database.
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Figure 2.6: A zoom of the distribution of λVALD − λBRASS plotted against λBRASS. We find a very small negative
correlation between ∆λ and increasing λ which is a result of differing precisions in the vacuum-air conversions of a
small number of the transitions.
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Figure 2.7: Distribution of λNIST − λBRASS plotted against λBRASS. Again, the majority of compared λ values have
almost identical wavelengths, however we do see a wider distribution of ∆λ values.
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Figure 2.8: Distribution of λSpectroWeb − λBRASS plotted against λBRASS. As in Figure 2.7, we find that the majority
of values are almost identical, including the increased spread in ∆λ values, however SpectroWeb has many more
cross-matched lines than NIST.
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Figure 2.9: Distribution of λTIPTOP − λBRASS plotted against λBRASS. The difference between λ values is substantial,
although neither the TIPbase nor TOPbase projects intended to calculated accurate wavelengths, but instead intended
to determine reasonable estimates of opacity.
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The majority of VALD transitions, and almost half of NIST transitions, rely on
theoretical oscillator strength values, and so changes in both the description of
a given configuration, and changes in the treatment of configuration mixing are
likely causes for the large ∆ log(gf) values we find in the literature updates.

Figure 2.5 shows the λ vs ∆λ for the BRASS and VALD3 non-parametric
cross-match. We found that the differences in wavelength were reasonably well
constrained. The majority of non-zero ∆λ’s are well within ±0.01Å. Such small
wavelength shifts will be unnoticeable in our benchmark spectra (Raskin et al.
2011).

Within the ±0.01Å range we observe two non-zero linear correlations between
λ and ∆λ for a small subset of lines. These correlations are caused by slight
differences in precision of conversions, of vacuum-to-air wavelength or of units,
within the source literature relative to the conversions used for the vast majority
of VALD transitions. These correlations are visible in Figure 2.6 and cause the
slightly negative skew of the histograms in Figure 2.14.

The λ vs ∆λ plots for NIST and SpectroWeb, shown in Figure 2.7 and Figure 2.8,
are distributed similarly to the VALD comparison, however we find a slight
increase in scatter for a small fraction of transitions. The SpectroWeb ∆λ values
show a reasonably constrained wavelength distribution that is well within the
0.1 Å range used for the parametric cross-match.

Figure 2.9 shows the λ vs ∆λ distribution for TIPTOP. We find that the λ values
of TIPTOP can disagree with more recent λ values by as much as 2000 Å. The
diagonal lines are a result of comparing all cross-matched fine-structure BRASS
transition wavelengths against the single mean TIPTOP multiplet wavelength.
The large wavelength differences occur for singlet, complete multiplet, and
incomplete multiplet cross-matches. As the goal of TIPTOP was to produce
opacities, where wavelength accuracy is much less important than the line
strengths and line list completeness, this is an unsurprising result.

Figure 2.10 shows the Ei vs ∆Ei for the BRASS and VALD3 cross-match. The
∆Ei values, and similarly ∆Ek values, are no larger than ±0.0005 eV with a
binning, due to the reported precision of the values, of 0.0001 eV. The NIST
and SpectroWeb cross-matches, shown in Figure 2.11 and Figure 2.12, are
also constrained to ±0.0005 eV, however these values do not display any clear
binning of ∆Ei values.



78
RETRIEVAL

AN
D

CRO
SS-M

ATCH
O
F
LITERATURE

ATO
M
IC

D
ATA

10 100 100010 20

counts

Δ
 E

   
 (

eV
)

co
un

ts

0

0.0004

1400

0.0002

700

.0
0.0006

-0.0002

-0.0004

-0.0006

lo
w

BRASS  E      (eV)low

1000030 40 50 60 700

Figure 2.10: Distribution of Ei VALD − Ei BRASS plotted against Elow BRASS. The differences in Ei values are governed
by the level of the reported precision in the VALD database.
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Figure 2.11: Distribution of Ei NIST−Ei BRASS, for all cross-matched elements, plotted against Ei BRASS. The differences
in Ei values are constrained to ±0.0005 eV, however unlike Figure 2.10 there is no visible binning of the ∆Ei values,
which is due to the differing levels of precision reported by VALD and NIST.
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Figure 2.12: Distribution of Ei SpectroWeb − Ei BRASS plotted against Ei BRASS. The differences in Ei values are
constrained to ±0.0005 eV, however unlike Figure 2.10 there is no visible binning of the ∆Ei values.



CO
M
PARISO

N
S
BETW

EEN
BRASS

AN
D

D
ATABASES

81

BRASS E
low

 (eV) 

 Δ
E

lo
w
 (

T
IP

T
O

P
 -

 B
R

A
SS

) 
(e
V

) 

Count

C
ou

nt

Figure 2.13: Distribution of Ei TIPTOP −Ei BRASS plotted against Ei BRASS. Unlike the other databases, the TIPTOP
Elow values show substantial differences with the modern day literature.
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The majority of transitions also have a lower energy level of Ei between 0 - 20 eV,
otherwise we do not find any obvious systematic differences or effects other than
the precision of the energy levels. Figure 2.13 shows the Ei vs ∆Ei distribution
for TIPTOP. We find that the energy levels can vary by as much as 1 eV.
These differences are due to significant energy level revisions and calculation
improvements over the past decade. We find a slight positive difference in the
histogram of ∆Ei, however the distribution of Ei values is consistent with the
other database cross-matches.

Figure 2.14 shows ∆ log(gf) vs ∆λ for the BRASS and VALD3 cross-match.
We do not find any obvious systematics between ∆ log(gf) and ∆λ other than
the expected ∆ log(gf) and ∆λ distributions shown in Figure 2.3 and Figure 2.5.
Figure 2.15 shows the ∆ log(gf) vs ∆λ for the BRASS and TIPTOP cross-
match. We find a similar distribution for the BRASS and TIPTOP cross-match,
however we find three additional systematic trends in the TIPTOP cross-match:
1) A roughly vertical offset of points at around − 450 Å caused by C i. 2)
A cluster of points located around 1000 Å caused by the two lower energy
levels, 4p 3P◦ and 4p 3D◦, in Ca i. 3) A weak linear dependence between ∆λ
and ∆ log gf for C iii and O iii, shown in Figure 2.16. This correlation points
towards issues with the line calculations for C iii and O iii.

Figure 2.17 shows ∆λ vs ∆Ei for the TIPTOP cross-match. We find an overall
positive correlation between ∆λ and ∆Ei, in addition to many horizontal
structures caused by the distribution of lower energy levels amongst the species
of TIPTOP. The thick horizontal line, centred at roughly 1000 Å, is caused by
the two Ca i 4p 3P◦ and 4p 3D◦ lower energy levels. The ∆λ vs ∆Ei figures for
other databases do not reveal any correlations, due to the extremely constrained
Ei values.



CO
M
PARISO

N
S
BETW

EEN
BRASS

AN
D

D
ATABASES

85

0.00

  1000

 10

co
un

ts

   1

0.25

0.50

0.75

1.00

-0.50

-0.75

-1.00
-2000 -1500 -1000 500 1000 1500 2000 1 10 100 1000

0.000

  100

  10
co

un
ts

1

0.025

0.050

0.075

0.100

-0.025

-0.050

-0.075

-600 -400 -200 0 200 400 600 1 10 100-0.100
-500

 100

0

-0.25

Figure 2.16: Smaller-scale correlations between ∆λ vs ∆ log(gf) for TIPTOP minus BRASS atomic parameters, shown
on a larger scale in Figure 2.9.
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Figure 2.17: ∆λ vs ∆Ei for TIPTOP minus BRASS transition parameters.
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2.6 Context: line list impact on stellar spectra

2.6.1 Impact of differing log(gf) values on spectra

Having completed the literature atomic transition cross-match we are now able
to synthesise and inspect the impact of the literature scatter in log(gf) values
that we observe in Figure 2.1, Figure 2.2, and Figure 2.3. Figure 2.18 shows
a number of examples where the literature log(gf) values show non-negligible
differences. Adopting a certain log(gf) value can lead to systematic differences
in log(gf), and thus line depth and abundances, which would remain hidden
unless the atomic data are reported properly and compared against other
literature work and values. Figure 2.18 compares the solar Kitt Peak FTS flux
spectrum of the Sun, described by Neckel & Labs (1984), against synthetic
spectral calculations using cross-matched atomic data. The spectra have been
synthesised as described in section 3.2.

Panels a) and b) of Figure 2.18 show examples of a Ni i line and a Fe i line, at
6772.32 Å and 5905.67 Å respectively, for which the majority of log(gf) values
are in agreement with each other and the solar spectrum. However each line also
has a literature log(gf) value that disagrees with all other occurrences by as
much as 0.2 dex. We find that for the Ni i line this outlying value overestimates
the observed line depth, whereas the Fe i outlier underestimates the line depth.
In these cases a careful review of the available atomic data would lead one to
omit the outlying value. Unfortunately there are many examples where the
majority of literature values disagree with each other making it hard to select
an appropriate log(gf) value.

Panels c) and d) show two such cases. The Si ii and Si i lines, at 6371.37 Å and
6721.85 Å respectively, show examples where the literature log(gf) values
disagree with each other to a larger extent than previously discussed. For the
Si ii line we find a maximum ∆ log(gf) of 0.15 dex, and for the Si i line we find
a much larger ∆ log(gf) of nearly 0.5 dex. Such differences in log(gf) values
can have systematic consequences for abundance determinations, especially for
species such as Si ii with few clean lines in the visible spectrum, as differences in
adopted log(gf) values are inversely proportional to individual line abundance
determinations for non-saturated spectral lines. For both these Si lines we
also find slight offsets in wavelength between the theoretical and observed line
profiles, stemming from rest wavelength values.

To choose an appropriate log(gf) value one must either be familiar with the
origin of the atomic data, or have access to quality assessments of atomic data,
such as those presented later in this thesis.
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The third set of spectra, Panels e) and f), show two common problems with stellar
atomic line list compilations, the so-called missing lines and the unobserved
lines. Missing lines are observed stellar lines or features that do not yet have
known, measured, nor predicted atomic data. Unobserved lines are the inverse
of this scenario, where the atomic data in question produce spurious features
not observed in stellar spectra.

The Fe i line at 6787.155 Å is considered an unobserved line, and the feature at
5693.62 Å is considered a missing line. Unobserved lines originate from atomic
calculations and thus their disagreement with observations could be due to
either inaccurate wavelengths, predicted energy levels, or inaccurate log(gf)
values. Typically, such lines are manually removed from line list compilations,
but it is important that such cases are reported, so that they may be addressed
in future atomic physics research.

According to our current BRASS line list the missing feature at 5693.62 Å could
actually be a Fe i line with poorly fitting literature log(gf) values. To correctly
fit this observed feature using the Fe i line would require a significant increase in
log(gf) value on the order of a few dex. To make such an identification would
require a systematic assessment of the feature using multiple spectral types
before one could correctly identify the feature as a transition belonging to a
given atomic species. While such identifications are not part of the goals of this
thesis and the BRASS project, the data products available through BRASS,
namely the extremely high-quality benchmark spectra, will certainly be a great
boon for such research.

Panels g) and h) show a number of examples of varying levels of agreement
in literature log(gf) values for spectral lines. The Cr i and Ti i lines, at
6330.091 Å and 6091.171 Å respectively, show further examples of reasonably
well-fitted lines as long as the correct log(gf) value is adopted. The three Fe i and
Si i lines, at 6330.848 Å, 6093.643 Å, 6094.373 Å, and 6091.919 Å respectively,
show examples of log(gf) values that all systematically underestimate the line
depth of the spectral lines.

It is important to constrain such log(gf) differences against benchmark spectra,
such as the Sun, so that more lines can be included in spectral synthesis
calculations and future large-scale surveys. The Si i line at 6331.956 Å is an
important example where the literature log(gf) values disagree by as much as
2 dex. Such a large difference has a significant impact on spectrum modelling
if atomic data are used blindly. The two Fe i lines in Panel h) both belong
to the same atomic multiplet allowing us to further explore their line quality
assessment in terms of fundamental atomic physics, as is done in section 6.2.
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e) f)

g) h)
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Figure 2.18: Examples of different synthesised lines, using cross-matched log(gf) and
wavelength values, compared against the observed Kitts Peak FTS solar flux spectrum (black).
a) & b) the majority of literature log(gf) values provide good fits to these observed line
profiles. c) a similar example but for Si ii, a species with few usable clean lines in the visible
spectrum. The central rest wavelength does not match the observed spectrum. d) the
literature log(gf) value differences can reach as high as ∆ log(gf) ≈ ±0.5 dex. Slight offset
between observed and theoretical rest wavelengths. e) & f) examples of the so-called missing
and unobserved lines. g) & h) lines with inaccurate log(gf) values when compared with stellar
spectra. References can be found in Figure 2.19.
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a) b)

c) d)

Ti I Fe IIlog(gf)0.389 [15]0.440 [16]0.479 [3]
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Figure 2.19: As in Figure 2.18 but compared against the BRASS benchmark
spectrum of 51 Peg (G2.5IV), observed using the Mercator-HERMES
spectrograph (black). a) Multiple literature log(gf) values that all provide
a good fit to the observed line profile. b) Only one literature log(gf) value out
of four fits the observed line profile well. c) and d) show a number of Fe i line
log(gf) values with varying qualities of fitting to the observed profiles ranging
from excellent fit to poor fit.

References: [1]Kostyk (1982a) [2]Fuhr et al. (1988) [3]Lobel (2011a) [5]May
et al. (1974) [7]Landi et al. (2013) [8]Garz (1973) [9]Nahar (1993a) [10]Wiese et al.
(1969) [12]Martin et al. (1988) [13]Kostyk (1981) [14]Wallace & Hinkle (2009)
[15]Blackwell et al. (1986b) [16]Lawler et al. (2013) [4,6,11,17]Kurucz (1999-2014)
[18]Raassen & Uylings (1998b) [19]Same reference as [18] but reported by NIST
to a limited precision. The log(gf) uncertainty is ≥50% and calculated by
NIST in the same manner as Kramida & Sansonetti (2013) [20]Blackwell et al.
(1980b).
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The uncertainty on literature log(gf) values is a problem encountered in the
spectroscopic analysis of all stars, not only the Sun. Figure 2.19 compares the
retrieved and synthesised atomic data against a BRASS benchmark spectrum
of 51 Peg (G2.5IV).

Panel a) of Figure 2.19 shows a Ti i line with multiple literature log(gf) values
that are in good agreement with each other and the observed line profile. While
there are a number of well fitting literature values, often used for diagnostic
lines to determine atmospheric parameters, there are still a large number of
observed lines with poor or uncertain literature data.

Panel b) shows a Fe ii line with many literature occurrences but only one log(gf)
value that reproduces the observed profile well. Ionic species tend to have fewer
experimental atomic data values than neutral species due to the difficulty of
producing such ionic species in the laboratory, which are generally more reliable
and accurate than theoretical predictions.

Panels c) and d) show a number of Fe i lines in 51 Peg. The Fe i lines can
vary significantly in quality of fit to the observed spectrum, with some log(gf)
values fitting exceptionally well and others fitting rather poorly. The origin
of such poor fits to the observed spectrum cannot be due to stellar parameter
determination, and must instead be due to shortcomings in the atomic data.

2.6.2 Impact of duplicated spectral lines on spectra

Figure 2.20 shows the synthesised duplicate lines, alongside the hydrogen lines,
for five BRASS benchmark stars of B-, A-, F-, G-, and K- spectral type. Only
a small number of duplicate lines are visible in our synthesis, typically Fe lines,
and their impact on our stellar spectral synthesis is small when compared with
other atomic and molecular contributions, as shown in Figure 2.21 for the four
strongest duplicate pairs. We find that for all benchmark stars the line depth of
the strongest line in a duplicate pair does not exceed a value of F/FCont = 0.9.
The strongest duplicate of each pair produces either an unobserved feature,
suggesting that the atomic data of the line is wrong, or is heavily blended with
other features making it difficult to assess the accuracy of the line.

Almost all of the duplicated S i lines are auto-ionisation transitions, according to
the VALD transition type flags, which are not computed by the TurboSpectrum
code. The few remaining S i transitions are too weak to meaningfully impact our
spectral synthesis calculations. Fortunately it appears that the duplicates present
in the source literature are of negligible consequence for our spectral synthesis
calculations, however they could still impact metal-rich stellar spectroscopy as
well as atomic calculations. It is important that the duplicates are addressed.
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Figure 2.20: Synthetic spectra of only hydrogen lines (black) and duplicate
transitions (green) synthesised for five BRASS benchmark stars: HR 7512
(B8 III), 68 Tau (A2 IV-Vs), Procyon (F5 IV-V), 51 Peg (G2.5 IV), and
Arcturus (K1.2 III). Most duplicate lines produce a maximum depth, for the
given spectral parameters, of less than 1% of the continuum in this work. A
small number of Fe duplicates produce maximum depths, at cooler stellar
parameters, of at most 10% of the continuum.

A small number of duplicates, present in the BRASS atomic line list, originate
from the line list compilation of multiple sources, as opposed to being present
in the source literature.Such compilation mistakes can have a significant impact
on spectral synthesis and the non-parametric cross-match proves to be a useful
tool for ensuring accuracy when compiling line lists.

Figure 2.22 shows a Cr i duplicate pair within our BRASS atomic line list and
synthesised for the Sun. We find in this case that the inclusion of the Cr i line
at 4371.23 Å (dashed line), leads to an incorrect modelling of the solar FTS
spectrum. Care must be taken to compile line lists as accurately and robustly
as possible to prevent systematic errors from propagating through to future
atomic quality assessment work. In this case the line-blending investigations,
described in section 4.2, would classify the Cr i line as a heavily blended feature at
λ = 4371.25 Å and would be rejected from further quality assessment of available
atomic data values. With the 4371.23 Å Cr i line removed, the remaining Cr i
line can be used in quantitative spectroscopy.
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Figure 2.21: Comparison of the four strongest duplicate pairs present in the source literature. Duplicate line profiles are shown in
green, the duplicate-free BRASS spectrum is shown in blue, and the solar FTS flux spectrum, described by Neckel & Labs (1984), is
shown in black. The rest wavelengths of the four duplicate pairs, shown by dashed lines, are as follows: (top) 4446.275Å & 4449.424Å,
(middle, dashed) 4524.883Å & 4528.144Å, (middle, dotted) 4525.944Å & 4529.206Å, and (bottom) 4600.595Å & 4603.966Å.
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Figure 2.22: Two Cr i duplicate transitions, introduced during the initial BRASS
atomic line list compilation, synthesised for the Sun. The wavelength of the Cr i
line shown in dashed green is 4371.23 Å, and the wavelength of the Cr i line in
solid green is 4371.28 Å. Shown in black is the FTS solar spectrum described
by Neckel & Labs (1984) and shown in blue is a synthetic solar spectrum using
the initial BRASS synthesis list including both Cr i lines.

2.7 Summary

Input atomic data remains one of the main sources of uncertainty for spectral
synthesis calculations, and it is vital that these uncertainties are constrained as
quickly as possible. As a first step in this work we have retrieved over 400 000
repository transition entries from VALD3, NIST ASD, SpectrW3, TIPbase,
TOPbase, CHIANTI and the SpectroWeb line lists. Atomic transitions were
retrieved for neutral species and ions up to 5+ in the wavelength range of
4200-6800 Å.

All retrieved database transitions were homogenised and cross-matched against
the BRASS atomic line list, composed of Kurucz and NIST v4.0 transitions,
using two different methods: a parametric cross-match using constraints on
wavelength and energies to match similar transitions for a given ion, and a non-
parametric cross-match that uses electronic configurations to match transitions
of the same physical origin for a given ion. All cross-matches accounted for fine
structure, isotopic information, and transition type, but not hyperfine structure
due to lack of hyperfine structure information.
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The inhomogeneities of electronic configuration nomenclature both between and
within VALD and NIST are presented. Using our non-parametric cross-match
we explore the differences between multiple occurrences of the same physical
transitions across the literature. For literature distributions of λ vs ∆λ’s,
E vs ∆E’s, ∆λ vs ∆E’s, and ∆λ vs ∆ log(gf) values we find an absence of
large-scale systematic correlations and the presence of small-scale conversion
precision differences.

We find significant scatter in cross-matched log(gf) values of up to 2 dex or
more. This scatter has significant implications for spectroscopic analysis. All
cross-matched atomic data, including the BRASS atomic line list, have been
made available for download at brass.sdf.org. In addition, further log(gf)
vs ∆ log(gf) plots for individual elements and databases are available online.

We used our non-parametric cross-match method to investigate the issue of
duplicate transitions in the retrieved repositories. After accounting for hyperfine
transitions, isotopic transitions, and E2-M1 forbidden transitions, we found a
significant number of duplicated transitions, up to 2% of our retrieved lines, in
VALD3 and Kurucz lines. No duplicated transitions were conclusively found in
our subset of NIST. We found that the duplicate transitions could be sourced
back to the original work in 99% of cases, meaning they were not produced by
the repositories. The full tables can be found online at brass.sdf.org.

A number of examples are provided where correctly fitting log(gf) values must
be carefully selected, assuming that there are any correctly fitting values at all,
in order to reduce the risk of introducing systematic errors into spectral analysis.
We provide examples showing disagreement in literature log(gf) of up to 2 dex,
lines that are not present in observations, and lines that remain missing from
theoretical calculations and line list compilations. The work presented in this
chapter demonstrates a clear need for a systematic quality assessment of the
atomic literature in the context of stellar spectra, justifying the goals of this
thesis, and readies the atomic data and line lists for the rest of our analysis.

brass.sdf.org
brass.sdf.org


“A philosopher once asked: ’Are we human because we
gaze at the stars, or do we gaze at them because we are
human?’ Pointless really... ’Do the stars gaze back?’ Now,
that’s a question!”

- Neil Gaiman, Stardust



Chapter 3

Benchmark stars: modelling
and observations

The main body of this chapter is based on section 2 of the work:

The Belgian repository of fundamental atomic data and stellar
spectra (BRASS). II. Quality assessment of atomic data for
unblended lines in FGK stars

M. Laverick, A. Lobel, P. Royer, T. Merle, C. Martayan, P.A.M van
Hoof, M. Van der Swaelmen, M. David, H. Hensberge, and E. Thienpont,

Astronomy & Astrophysics, 624, A60, 51 pp. (2019)

Section 2 of the paper has been restructured and expanded to fit within
the narrative of the thesis, including a number of additional figures.

Author contributions

The selection, reduction, normalisation, preliminary modelling, and parameter
determination of the seven FGK benchmarks stars was performed by Alex Lobel.
Subsequent modelling of spectral lines present in the benchmark stellar spectra,
as discussed in later chapters, was performed by Mike Laverick.
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Original abstract:

Context. Fundamental atomic transition parameters, such as oscillator strengths
and rest wavelengths, play a key role in modelling and understanding the
chemical composition of stars in the universe. Despite the significant work
under way to produce these parameters for many astrophysically important
ions, uncertainties in these parameters remain large and can limit the accuracy
of chemical abundance determinations.

Aims. The Belgian repository of fundamental atomic data and stellar spectra
(BRASS) aims to provide a large systematic and homogeneous quality assessment
of the atomic data available for quantitative spectroscopy. BRASS shall compare
synthetic spectra against extremely high quality observed spectra, at a resolution
of ∼85 000 and signal-noise ratios of ∼1000, for around 20 bright BAFGK
spectral type stars, in order to critically evaluate the atomic data available for
over a thousand potentially useful spectral lines.

Methods. A large-scale homogeneous selection of atomic lines is performed
by synthesising theoretical spectra of literature atomic lines, for FGK-type
stars including the Sun, resulting in a selection of 1091 theoretically deep and
unblended lines, in the wavelength range 4200-6800 Å, which may be suitable
for quality assessment. Astrophysical log(gf) values are determined for the 1091
transitions using two commonly employed methods. The agreement of these
log(gf) values are used to select well-behaving lines for quality assessment.

Results. 845 atomic lines were found to be suitable for quality assessment,
of which 408 were found to be robust against systematic differences between
analysis methods. Around ∼53% of the quality-assessed lines were found to
have at least one literature log(gf) value in agreement with our derived values,
though the remaining values can disagree by as much as 0.5 dex. Only ∼38%
of Fe i lines were found to have sufficiently accurate log(gf) values, increasing
to ∼70-75% for the remaining Fe-group lines.
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3.1 Selection of benchmark stars

Naturally, the stars against which we benchmark the atomic data play a
crucial role in our analysis, and thus the stars warrant a small chapter unto
themselves. Both the atomic data and the stellar parameters govern the
properties of the atomic line profiles we observe, and to infer either atomic
data or stellar parameters requires some knowledge about the other. We have
already established that any inaccuracies in atomic data will lead to differences
in the derived stellar parameters, but the inverse of this is also true, that is to
say any inaccuracies in the adopted stellar parameters could lead to differences
in the derived atomic parameters such as log(gf) values. Likewise, inaccuracies
in modelling assumptions could also lead to errors in derived log(gf) values,
and thus the stars we use in this analysis, and modelling procedure, must be
selected carefully to prevent the addition of needless systematic errors into our
own analysis.

To minimise the likelihood of introducing systematic uncertainties, we imposed
the following criteria on our benchmark star selection: The stars must

(1) fall within the temperature range of roughly 5000-6000 K;

(2) have solar-like abundances i.e. not metal-poor or chemically peculiar;

(3) have a compact atmosphere i.e. must belong to the main sequence;

(4) not belong to any known stellar variability classes;

(5) not belong to a known binary or multiple star system;

(6) have low v sin i-values i.e. narrow spectral lines;

(7) have a declination greater than δ = −30◦;

(8) be brighter than seventh magnitude in the V -band.

Criteria (1), (2), and (3) are all required to ensure that the assumption of LTE
remains valid for our spectral modelling. As explored in the works of Bergemann
et al. (2012) and Lind et al. (2012), Non-LTE effects, often described in the form
of a departure from LTE coefficient1, become important for hotter, lower surface
gravity, and metal-poor stars. Criterion (2) is especially important given the
direct coupling between line abundances and line log(gf) values. Criterion (3)
is also required to ensure that the assumption of plane-parallel geometry, one

1the difference between abundance determinations when derived in LTE vs non-LTE, in
the usual units of decimal exponent, or dex for short.
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of the assumptions in our adopted modelling codes discussed in section 3.2,
remains valid.

Criterion (4) helps validate the steady-state and time-independent assumptions
of our modelling, as pulsations and shocks cause localised, time-dependent
differences in the model atmosphere structure that can interfere with parameter
determination and line profile modelling.

Criterion (5) has a two-fold importance: the presence of additional stars in a
stellar spectrum can lead to significant line blending, making it very difficult
to accurately model the star of interest, and so spectroscopic binaries must be
avoided; additionally interactions between gravitationally-bound objects can
lead to changes in a stars abundance patterns, in the form of enhancements and
depletions of certain elements, which violates our second criterion.

Criterion (6) is used to minimise spectral line blending, caused by rotational
broadening, avoiding the need for simultaneous analysis of multiple spectral
lines, a far more difficult and degenerate problem than for unblended lines.

Finally, criteria (7) and (8) are enforced for practical reasons more so than
modelling issues: to achieve extremely high signal-noise, high resolution spectra
we require bright stars that are visible by the spectrograph and telescope we
wish to use: the HERMES echelle spectrograph mounted on the Mercator 1.2 m
telescope at the Roche de los Muchachos Observatory, La Palma, Spain (Raskin
et al. 2011).

Using these criteria the following stars were chosen: ε Eri, 70 Oph A, 70 Vir,
51 Peg, 10 Tau, β Com, and the Sun. There stellar parameters, determined in
Lobel et al. (2017), are shown in Table 3.1.

3.2 Modelling the benchmark spectra

The thesis synthesis work is performed using the BRASS atomic line list
detailed in chapter 2 (Laverick et al. 2018), and 1D hydrostatic, plane-parallel
atmospheric models computed using the publicly available ATLAS9 code
(Kurucz 1992). The synthesis work also includes a number of molecular linelists,
obtained prior to the thesis via the ExoMol database (Tennyson et al. 2016),
including molecular species such as TiO, ZrO, MgH, and several carbon-bearing
molecules. The atmospheric models adopt the updated opacity distribution
functions (ODFs) calculated by Castelli & Kurucz (2003), use the "mixing
length" approximation detailed by Castelli et al. (1997) in conjunction with a
mixing length of L/Hρ = 1.25, and with the ATLAS9 "approximate treatment
of overshooting" turned off as recommended by Bonifacio et al. (2012).
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Table 3.1: Stellar parameters of the FGK benchmark stars with effective temperatures in the range 5000 ≤ Teff ≤ 6000 K.
The associated stellar parameter errors are Teff ± 50 K, log g ± 0.20 dex, [M/H] ± 0.01 dex, ζµ ± 0.10 kms−1, and
v sin i ± 1.00 kms−1.

Object Right ascension Declination Teff log g [M/H] ζµ v sin i
(hr:min:sec) (deg:min:sec) (K) (dex) (dex) (kms−1) (kms−1)

ε Eri 03:32:55.845 -09:27:29.731 5136 4.71 -0.03 0.90 3.40
70 Oph A 18:05:27.371 +02:29:59.317 5354 4.60 0.07 0.96 3.15
70 Vir 13:28:25.809 +13:46:43.637 5500 3.94 -0.11 1.05 3.60
Sun - - 5777 4.44 0.00 1.10 2.50
51 Peg 22:57:27.980 +20:46:07.782 5804 4.42 0.20 1.10 4.00
10 Tau 03:36:52.145 +00:23:58.534 5912 3.90 -0.11 1.27 5.25
β Com 13:11:52.394 +27:52:41.454 6010 4.35 0.06 1.14 5.70
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The model grid of Castelli et al. (1997), calculated with the updated ODFs, was
used as a starting point to calculate a much finer grid of stellar models in order to
derive stellar parameters for the benchmark spectra, detailed later in section 3.4.
The calculated models used the same mixing length and overshooting treatment
as Castelli, but adopt the solar abundances of Grevesse et al. (2007) to be
consistent with the transfer calculations.

All synthetic spectra are computed in local thermal equilibrium (LTE), using
the publicly available radiative transfer code TurboSpectrum V12.1.1 (Alvarez
& Plez 1998; Plez 2012). The synthetic spectra are computed using the solar
abundances of Grevesse et al. (2007). We assume all benchmark stars to have
the same elemental abundance distribution as the Sun, but scaled according
to the metallicity of the given benchmark star. The spectra are rotationally
broadened to the v sin i of the given star, and instrumentally broadened to the
spectral resolution of HERMES (or the FTS for the solar spectrum). Finally,
the SpectRes Python resampling tool was used when comparing synthetic and
observed spectra (Carnall 2017).

The choice of synthesis code and stellar models was governed by the aim of
the BRASS project, namely to constrain the atomic data of many lines, as
homogeneously as possible, for stars of B-, A-, F-, G-, and K-spectral types.
subsection 4.5.2 provides a brief discussion of some of the uncertainties in the
adopted modelling procedure in the context of their impact on our log(gf)
derivations and quality assessment.

3.3 Observed benchmark spectra

As mentioned earlier, the benchmark spectra were obtained using the HERMES
echelle spectrograph mounted on the Mercator 1.2 m telescope, which is able to
observe the complete wavelength range 3800 - 9000 Å in a single exposure at a
resolution of R∼85 000 (Raskin et al. 2011).

Each of the seven benchmark stars were observed 10-50 times, with total
exposure times ranging from two to six hours depending on their respective
V mag, in succession throughout a single night. The exposures were taken on a
single night to avoid any line smearing due to telluric lines or, though unlikely
due to our sample choice, any potential small-scale wavelength variations.
Additional flat-fields were also taken during the night to avoid introducing
systematic noise in the reduction process.

The resultant exposures were reduced using the dedicated HERMES pipeline
(release V6.0) and co-added to produce a single stacked spectrum per object with
a S/N of ∼800-1200. As part of the HERMES pipeline the stars were corrected
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for barycentric velocity, and in a separate step the spectra were corrected for
their radial velocity shifts. The solar spectrum was obtained from Neckel &
Labs (1984), taken using the NSO/KPNO Fourier Transform Spectrograph
(FTS) with a spectral resolution of R∼350 000 and a S/N of ∼2500. The
wavelength range in this work is limited to 4200 - 6800 Å to avoid heavily
blended features in shorter wavelengths, and to avoid telluric contamination in
the longer wavelengths.

3.4 Normalisation and parameter determination

The grid of atmospheric models covered the stellar parameter ranges of: 4000 <
Teff < 15000 K, in step size of 50 K; 0.0 < log g < 5.0 dex, in step size of 0.1
dex; −5.0 < [M/H] < 1.0 dex, in step size of 0.2 dex; and 0 < ζµ < 20 kms−1,
in step size of 0.5 kms−1.

For consistency the spectral parameters of the six benchmark stars observed by
HERMES, initially outlined in Lobel et al. (2017), were determined as follows,
taking account of the spectral modelling details discussed in section 3.2. The
stellar parameters are initially estimated using a limited number of diagnostic
Balmer, Fe, and Mg absorption lines. The method then iterates over Teff , log g,
[M/H], and ζµ until the best fit is found to the detailed shapes of a more
extensive set of ∼30 diagnostic Fe i and Fe ii photospheric lines. The fit method
iterates until the best fit to the continuum-normalised Fe-line profiles has been
accomplished using χ2 minimisation. The iterations over the ζµ proceed until
the iron abundance value determined from the Fe i lines is in agreement with the
iron abundance value determined from the Fe ii lines. The iteration procedure
assumes the ζµ stays constant with depth in the line formation regions of
these medium-strong Fe lines. The v sin i value, that is, the convolution of the
projected rotational velocity and macro-broadening, is also iterated in steps of
1 kms−1 while obtaining the best fit to the detailed Fe line profiles. During each
iteration, the spectrum is continuum-flux normalised using a semi-automatic
spectral-template normalisation procedure described as follows:

The normalisation routine searches for a series of wavelength points over
sufficiently continuous flux regions close to the stellar continuum level in the
theoretical spectra between 4000 Å and 6800 Å. The selected wavelength regions
are then used as continuum anchor points for a polynomial fit to normalise
the observed spectrum. We opt to use an automatic template normalisation
procedure to remove the ‘human-factor’ from the spectrum normalisation,
leading to repeatable and consistent global continuum flux normalisations. The
final results are scrutinised to ensure they behave as expected and that there are
no obvious issues in the continuum placement of the automatically normalised
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spectra. Figure 3.1 shows the 4200 - 6800 Å wavelength range for the seven
normalised benchmark spectra that are used throughout the thesis work, with
no obvious normalisation issues visible in the spectra. The spectra can be
viewed in greater detail at brass.sdf.org.

The final stellar parameter errors are: Teff ± 50 K, log g ± 0.20 dex,
[M/H] ± 0.01 dex, ζµ ± 0.10 kms−1, and v sin i ± 1.00 kms−1. The standard
solar parameters of Teff = 5777 K and log g = 4.44 dex were adopted, with
the remaining parameters determined in these works, as described above. The
FTS solar spectrum normalisation is described by Neckel & Labs (1984). The
stellar parameters of the benchmark stars are listed in Table 3.1, and are found
to be in good agreement with other literature surveys deriving astrophysical
parameters for these stellar objects (i.e. da Silva et al. 2015; Brewer et al. 2016).

In chapter 3 we retrieved, cross-matched, and compiled literature atomic data,
of almost half a million transitions, from several major databases. Here we
have described the observations, reduction, spectral modelling procedure, and
stellar parameter determination for our seven adopted benchmark stars. In the
following chapters we will address the main topic of the thesis: selecting and
quality assessing the atomic data of stellar spectral lines.

brass.sdf.org
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Figure 3.1: Overview of the normalised observed spectra belonging to the seven benchmark stars.
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*the solar spectrum was obtained and normalised by Neckel & Labs (1984).



“We demand rigidly-defined areas of doubt and uncertainty!”

- Douglas Adams, The Hitchhiker’s Guide to the Galaxy



Chapter 4

Selecting suitable spectral
lines for astrophysical log(gf)
determination

The main body of this chapter is based on section 3 and section 4 of the work:

The Belgian repository of fundamental atomic data and stellar
spectra (BRASS). II. Quality assessment of atomic data for
unblended lines in FGK stars

M. Laverick, A. Lobel, P. Royer, T. Merle, C. Martayan, P.A.M van
Hoof, M. Van der Swaelmen, M. David, H. Hensberge, and E. Thienpont,

Astronomy & Astrophysics, 624, A60, 51 pp. (2019)

Section 3 and section 4 of the paper have been restructured to fit within the
narrative of the thesis, with an expanded discussion on theoretical line blending,
and the curve of growth and iterative modelling methods, including additional
figures.

Author contributions

The selection criteria and procedure for determining theoretically unblended
spectral lines were determined and developed by Mike Laverick, with guidance
and input from Pierre Royer and Alex Lobel. The measurements and selection
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of observed line profiles was performed by Alex Lobel. The curve of growth, with
input from Alex Lobel, and the iterative modelling log(gf) determination codes
were developed and executed by Mike Laverick. The uncertainties associated
with the methodologies were investigated by Mike Laverick. The remaining
co-authors provided useful feedback and discussions throughout the various
stages of the work and preparation of the manuscript.
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4.1 Introduction

It is an understatement to say there are many atomic transitions that exist in
nature. For iron alone there are over half a million unique predicted transitions
pertaining to the various ionisation stages of the element, and over 850 million
transitions calculated to date for elements H through Zn, plus various sub-shells
of elements Sr through Pd (Kurucz 2018). However not all of these elements
can be observed in stellar spectra. In fact, even in some of the busiest, line-rich
stellar spectra we can only observe the line profiles of thousands of lines, rather
than the millions of possible transitions that nature can produce.

In order to quality assess atomic data using stellar spectra we must first:
determine which spectral lines we have atomic data for; for which of those we
observe spectral line profiles; and how accurately we can quality-assess the
log(gf) value of the line i.e. to what accuracy we can determine a log(gf) value
for the line. In this chapter we outline our selection procedure for choosing
theoretically unblended spectral lines, how we decide whether the line profile
can be accurately measured in the stellar spectra, and our efforts to determine
log(gf) values for these spectral lines and their associated uncertainties. We
begin by selecting theoretically clean and deep lines from our initial BRASS
atomic line list.

4.2 Selection of theoretically unblended lines

4.2.1 Definition of ’unblended’ spectral lines

We define the theoretical core blending, Ωcore, of a given line as follows:

Ωcore = 1−
∫ λ0+x
λ0−x

(
1− F (λ) linenorm

)
dλ∫ λ0+x

λ0−x
(
1− F (λ) totnorm

)
dλ

(4.1)

where
x = 1

2
W line
λ

d
(4.2)

where W line
λ is the equivalent width of the given line, d is the central depth of

the line relative to the normalised continuum, λ0 is the rest wavelength of the
line, F (λ) linenorm is the normalised flux of the line, and F (λ) totnorm is the normalised
flux of the total spectrum, including all other spectral features. A line with
d = 0 does not appear in the spectrum, whereas a line with d = 1 absorbs
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Zr II
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Figure 4.1: The left-hand panel shows an unblended Fe i line which we deem
suitable for further investigation, and the right-hand panel shows a candidate
Ti i line that we consider too blended for further investigation. The black line
depicts the total theoretical spectrum synthesised using all atomic and molecular
lines in our line lists. The blue shaded areas depict the line profiles of interest,
and the green shaded areas depict the background lines i.e. the remaining flux
after subtracting out the line of interest.

all available flux at λ0. A line with Ωcore = 0 (or 0%) is considered completely
unblended in its core wavelength region λ0 − x to λ0 + x, whereas a line with
Ωcore ≈ 1 (or ∼100%) is completely blended with other spectral features.

Figure 4.1 shows two examples of investigated lines. The left-hand panel shows
a Fe i line which has almost negligible background contribution to the total
equivalent width in the core wavelength region, thus the Fe i line can be selected
for further analysis. Note that there is a small blend in the wing of the Fe i
line, arising from a Zr ii line at λ4222.4, that we do not take into account in
our theoretical blending investigations, however blending features outside of
the core wavelength range should be distinguishable in the observed spectra
and thus we expect them to be flagged in our observed spectra measurements,
discussed in section 4.3.

The right-hand panel of Figure 4.1 shows a candidate Ti i line. In this case the
Ti i line of interest is heavily blended with a Mn i line in the core wavelength
region, and thus we reject the spectral line from further investigation as it is
clear that we would need to simultaneously quality assess both spectral lines.

Of course, the obvious issue with this kind of selection is that we have no
guarantee that the theoretical blending values we find are actually close to
those blending values in reality. If the theoretical blending components are
not accurate, then we may include a theoretically-clean line that is actually
blended in reality, or exclude theoretically-blended lines that are otherwise
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well-constrained and well-behaving features in the stellar spectra. Either way,
to properly account for blended features would require a significant expansion of
the methodology presented here, as briefly mentioned in Section 7.2.5 discussing
potential avenues of future research. Instead we choose to minimise the impact
of blending on our analysis through the use of constraints according to our
derived log(gf) values, that are described in detail later in section 5.1, and by
Ωcore cut-offs that we now explain.

4.2.2 Blending versus depth distributions

The core blending, Ωcore, was calculated for all 82 337 lines in the input atomic
line list, for the spectra of the Sun and 51 Peg at the resolutions of R∼350 000
and R∼85 000, respectively. The top panels of Figure 4.2 shows the Ωcore as a
percentage, plotted against the normalised central line depth, d, for the Sun and
51 Peg. Both the Sun and 51 Peg exhibit the same distributions: a substantial
number of shallow, heavily-blended background lines, in addition to a number
of relatively unblended lines. To reduce the impact of blending on the quality
assessment a cut-off of Ωcore ≤ 10% is imposed, marked by the blue vertical
lines in Figure 4.2. This cut-off was selected as a balance between Ωcore and
the number of investigated lines, and therefore it encompasses the full peak in
unblended lines for 51 Peg. An additional cut-off on central line depth d ≥ 0.02
is imposed to help ensure that observed line profiles are actually measurable
with a sufficient accuracy in the observed spectra.

Also shown in Figure 4.2 is the Ωcore versus line depth d for Arcturus (K1.5III)
and 68 Tau (A2IV-V). Unlike the G-type stars, neither Arcturus or 68 Tau
exhibit the same clear peak in unblended spectral lines below Ωcore ≤ 10%. In
the case of cool stars molecular lines begin to dominate the stellar spectrum
dramatically reducing the number of unblended atomic lines. In the case
of hotter stars rotational broadening simultaneously reduces line depth and
increases line blending, reducing the number of usable spectral lines. Given
that there is no clear peak in unblended lines, it follows that aforementioned
cut-off of Ωcore ≤ 10% is inappropriate for hotter and cooler stars, with the
additional line depth cut-off of d ≥ 0.02 also failing for hotter objects. Likely
the biggest issue in line selection for these too-hot or too-cool stars is the issue
of line blending.

Using the constraints of Ωcore ≤ 10% and d ≥ 0.02, 1515 atomic lines are
retained for 51 Peg, and 1954 lines in the Sun. All 1515 lines are present in both
51 Peg and the Sun, the difference in quantity being attributed to the differing
resolutions of the two spectra. Given that the majority of the benchmark
spectra are taken with HERMES, the 1515 spectral lines were selected for
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Figure 4.2: Spectral line depth, d, plotted against theoretical core-blending,
Ωcore, (defined in Eqs. 1 and 2) for all 82 337 lines of the input atomic line list
for the Sun (G2V), 51 Peg (G2V), Arcturus (K1.5III) and 68 Tau (A2IV-V).
Solid blue lines show the selected cut-offs for the 5000-6000 K benchmark stars
of d ≥ 0.02 and Ωcore ≤ 10%. It is clear that these cut-offs are inappropriate
for hotter and cooler stars as there is no peak for them to encapsulate, thus
their analysis will likely need different cut-offs or a different approach to the
treatment of blended spectral lines.
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measurements, and are henceforth described as ‘unblended’ lines. No limits
have been placed on the investigated species, other than mandating that they
must fall in the investigated wavelength range, and must be deep and relatively
unblended according to the theoretical line list.

4.3 Evaluating against observable line profiles

The 1515 unblended lines were automatically measured in each of the seven
observed benchmark spectra using a single Gaussian profile fit to determine if
the feature exists and to determine its equivalent width, Wλ.

The Gaussian fit is optimised using Gauss-Newton non-linear regression, or
a Nelder-Mead minimisation in the case of slow convergence, as described by
Lobel et al. (2018). The best fit to the observed line flux is limited to the
wavelength interval between the two local flux maxima at either side of λ0 that
exceed 2% of the normalised continuum flux level.A goodness-of-fit value of
χ2 ≥ 0.95, in addition to manual inspection, was used to filter out poorly fitted,
non-existent, heavily blended, or telluric-contaminated features.

After measurements, 1091 spectral lines were found to be suitable for
astrophysical log(gf) determination. A small number of these spectral lines
cannot be assessed in all seven benchmark stars due to poor fitting in only some
of the profiles, however the line can still be investigated at the cost of increased
statistical uncertainty, discussed in subsection 4.5.8. Additionally, the adoption
of a Gaussian fit in place of a Voigt profile fit is discussed in subsection 4.5.5.
Figure 4.3 shows the distribution of the 1091 selected lines of the 4200 - 6800 Å
wavelength range.
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Figure 4.3: Distribution of the 1091 investigated lines (denoted by blue vertical lines) over the wavelength range 4200 - 6800 Å for
the Solar spectrum.
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4.4 Determining astrophysical log(gf) values

There are two commonly employed methods to determine astrophysical log(gf)
values: measuring a line equivalent width, Wλ, and converting it into a log(gf)
value via the curve of growth (e.g. Sousa et al. 2007; Önehag et al. 2012;
Andreasen et al. 2016); or by varying the log(gf) values in detailed transfer
calculations to determine a best-fitting value (e.g. Boeche & Grebel 2016;
Tsantaki et al. 2018).

In practice there are a number of potential differences between log(gf)
values derived using the curve of growth and log(gf) values derived using
detailed modelling, as both methodologies are subject to a number of different
assumptions and systematics that need to be accounted for. In the following
section we explore both of these methodologies, their associated systematic
issues and uncertainties, and how we can either account for, or even exploit
these differences in our log(gf) derivations and quality assessment work.

4.4.1 Using the curve of growth method

The measured Wλ value of a spectral line can be converted into a log(gf) value,
on a star-by-star basis, using the Equation 1.42 curve of growth relationship,
written in the following manner:

log
(
Wλ

λ

)
= log(gfλ) + log(A)− 5040

Te
χ+ log(C) (4.3)

where, as before, Wλ is the equivalent width, λ is the transition wavelength, A
is the elemental abundance of the species, Te is the excitation temperature, χ
is the lower energy level of the transition, and C now contains the continuum
opacity, as well as the physical constants and the Saha population factor.

Historically curves of growth have been built empirically by plotting the two
sides of Equation 4.3 against each other, requiring an input log(gf) value, for
as many lines of the same multiplet as possible. To increase the number of
points building the empirical curves, multiplets of the same species can be
collapsed onto the same abscissa by correctly accounting for the Elow of each
multiplet. One could then propose astrophysical log(gf) values based upon
the mean trend of the empirically built curve of growth, determined using a
polynomial fit through the points.

Instead we opt for a more modern approach: building theoretical curves of
growth using our radiative transfer calculations, and using it to convert the
measuredWλ into an astrophysical log(gf) value. By doing so we can determine
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Figure 4.4: Example of the curve of growth creation process for the λ4208.6
Fe i line. The left hand panel shows the resultant curve of growth produced
by varying the log(gf) value of the Fe i line and measuring the corresponding
equivalent widths. The blue points denote log(gf) values of [-4, -3, -2, -1], which
correspond to the four line profiles shown in the right hand panel.

an individual curve of growth for each line of interest, without having to
rely on the potentially inaccurate input log(gf) values of all spectral lines of
interest. Additionally, we can investigate species for which we only have a
handful of spectral lines, that we would otherwise be unable to build empirical
curves of growth for. A final benefit to this approach is that it bears the
same systematic uncertainties, i.e. the modelling assumptions, as the detailed
modelling approach, meaning the two methods can be more easily compared.

Theoretical curves of growth are built on a line-by-line, star-by-star basis
by synthesising the line of interest for a range of log(gf) values spanning
−6.0 < log(gf) < 4.0 dex in steps of 0.1 dex, and then calculating the equivalent
widths of the resultant line profiles by direct integration of the resultant line
profiles. Using the log(gf) steps and resultant Wλ values, a curve can be built
for the line. Each of the line profiles are synthesised individually, without any
other atomic or molecular lines, using the rest-wavelength and energy levels
of the selected line, and Figure 4.4 shows an example of the curve of growth
creation process for the λ4208.6 Fe i line. Each of the 1091 selected lines are
synthesised for each of the seven benchmark stars, resulting in a total of 7658
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Figure 4.5: Conversion of observed Cr ii line equivalent width values into log(gf)
values using theoretical curves of growth for a given star. Blue lines represent
theoretical curves of growth for different Cr ii lines, with the separation in
x-axis caused by differing Elow values. Black circles are measured equivalent
width values plotted using the log(gf)input values, while black crosses represent
the intersect of the equivalent width value with its respective curve of growth,
allowing us to determine a corresponding log(gf)cog value from the abscissa.

individual curves of growth, which required a factor of ∼50-100 more synthetic
line profiles.

As with the aforementioned empirical curves of growth, we choose to fit a
polynomial through each of the theoretical curves of growth for easy conversion
of measured Wλ values into astrophysical log(gf) values. We find that in order
to guarantee the polynomial conversion to an accuracy of 0.005 dex, required to
constrain log(gf) values to a precision of 0.01 dex, we require polynomials with
orders as high as N = 10. We find that using polynomial degrees as low as N = 4
can introduce significant systematic errors as large as ∆ log(gf) = 0.05 dex for
typical medium-strong spectral lines.

The measuredWλ values are converted into log(gf) values using their respective
curve of growth per line per star. This is shown in Figure 4.5 for several
different Cr ii lines, each with their own curve of growth, for a single benchmark
star. These individual log(gf)cog values per star are then averaged over the
seven benchmark stars to produce a final mean log(gf)cog value and associated
uncertainty, as discussed in subsection 4.5.8.
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4.4.2 Using the detailed iterative modelling method

Unlike the curve of growth line profiles the iterative modelling method,
(henceforth referred to as the grid method), computes a grid of spectra of
the line of interest, including all other nearby spectral lines present in the input
atomic and molecular line lists.

The grid of synthetic spectra is computed for each of the 1091 selected lines
per benchmark star, with a wavelength window of ±1 Å centred on the rest
wavelength of the line. The grid method uses the literature rest-wavelength
and the previously determined log(gf)cog values of the selected line as a central
grid point, and covers the parameter ranges of -0.05 < λinput < +0.05 Å (in
steps of 0.01 Å) and -0.5 < log(gf) < +0.5 dex (in steps of 0.05 dex), resulting
in a total of 231 spectra per line per star. An example of the calculated grid
line profiles is shown in Figure 4.6 for the central and extrema wavelength grid
values.

The millions of line profile calculations were performed using the institute’s
computation cluster, employing roughly a hundred cores at a given time, and
required a number of optimisations to reduce the computational wall-time down
to two weeks for all lines across the seven benchmark stars. The optimisations
were made on the python wrapper functions that allocate grids for synthesis,
generate line lists, execute TurboSpectrum, and on the general data-handling
and data layout of the files.

The most notable optimisation was that of locality, that is to say that all file
reading and writing had to occur on the local machine in the cluster that ran
the particular set of calculations, rather than reading and writing over the
network system. The particular set up of the cluster and workload manager
made for an interesting challenge while attempting to achieve this optimisation
which, while not properly benchmarked, produced a computational speed up of
at least 20%.1

The observed benchmark spectra and calculated line profiles are used to
calculate a corresponding grid of χ2

red values, which are interpolated in steps of
∆λ = 0.005 Å and ∆ log(gf) = 0.01 dex using a bivariate cubic spline fit. The
smallest χ2

red value of the interpolated grid provides the final set of wavelength
and log(gf)grid values for the given line, for a given star, and confidence

1The locality optimisation was performed at the same time as a) the log(gf) grid step
was reduced by a factor of 5 and b) molecular line lists were included in the synthesis. It is
unknown how exactly much of a slowdown was introduced by including the molecular line lists
into to the synthesis, though it is certainly substantial, thus the locality optimisation is no
doubt far greater than 20%. For lighter users of the cluster it is unclear if the computational
speed up of locality is worth the initial set up time cost.
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Figure 4.6: An example of the iterative detailed modelling of the λ6750.2 Fe i line in 51 Peg. The observed line profile is
shown in black with solid markers, and the line profiles synthesised with varying input atomic parameters are shown in
coloured lines (corresponding to different log(gf) values). The panels show three of the synthesised wavelength values:
λinput -0.05 Å (left), λinput (middle), and λinput +0.05 Å (right). Each panel shows the full -0.5 dex < log(gf) < +0.5 dex
grid (in steps of 0.05 dex).
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Figure 4.7: log(gf)grid values and χ2
red distributions for the λ5682.2 Ni i line. Top left panel: Individual log(gf)grid

values per star, including 68.3% confidence-limit error bars, plotted against benchmark Teff . The solid black line denotes
the weighted log(gf)grid and the hatched region denotes the standard deviation estimation, discussed in subsection 4.5.8.
Remaining panels: χ2

red distributions of the synthesised grid of λ and log(gf) values for the seven benchmark stars.
Calculated grid points are denoted by black dots, the individual log(gf)grid values are denoted by black crosses, and
the 68.3% confidence limits are shown with black contours. Each plot has a normalised χ2

red colour-scale, where yellow
represents the χ2

red minima, and dark blue represents the χ2
red maximum.
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intervals at a 68.3% confidence limit are calculated for the pair of parameters
to produce upper and lower error estimates on the parameters.

These individual wavelengths, log(gf)grid values, and errors per star can be
combined to produce a final mean wavelength, mean log(gf)grid value, and
errors for the line, as shown in subsection 4.5.8. Figure 4.7 shows the χ2

red grids
calculated for the λ5682.2 Ni i line in the seven benchmark stars, in addition
to the λgrid and log(gf)grid values corresponding to the χ2 minimum per star,
68.3% confidence limit error bars, and the log(gf)grid value of the line.

4.5 Uncertainties associated with the astrophysical
log(gf) values

4.5.1 Uncertainties due to S/N

Cayrel (1988) provides a formula for estimating the statistical uncertainty in
measuring the Wλ of an observed profile using a Gaussian fit. Using Eq. (7) of
their work:

〈δW 2
λ〉

1
2 ' 1.6(wδx) 1

2 ε (4.4)

where w is the FWHM of the spectrograph, δx is the pixel size, and ε is one
over the S/N ratio. Using the HERMES FWHM of w ≈ 0.065 Å, a pixel size
of δx ≈ 0.026 Å, and a typical S/N for our spectra of at least S/N ≈ 800,
we calculate a statistical uncertainty of ≈ 0.08 mÅ for our equivalent width
measurements. In terms of log(gf) values this only yields a statistical uncertainty
on the order of the fourth decimal place in dex, and so is negligible compared
to the other sources of uncertainty discussed below.

4.5.2 Uncertainties due to modelling assumptions

We do not attempt an exhaustive investigation into all aspects of spectral
modelling, such as adopting different model atmospheres and transfer codes,
however we have adopted stellar objects for which the modelling uncertainties
should be minimal. For discussions on the potential differences that may arise
due to different model atmospheres and different transfer codes, we recommend
the works of Blanco-Cuaresma et al. (2016, 2017); Jofré et al. (2017); Blanco-
Cuaresma (2019) and references within.
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The plane-parallel atmospheric models of ATLAS9 were adopted, rather than
the public MARCS models, as the MARCS model opacities do not contain
enough ionised species to accurately model early-F stars and hotter (Plez 2011),
which is required for the future plans of BRASS to extend the analysis to
hotter stars and more ionised lines. The benchmark star selection mandated
dwarf-like objects so that the plane-parallel assumption of ATLAS9 is valid. In
the context of cool stars, Gustafsson et al. (2008) show that the differences in
temperature structures between ATLAS9 and MARCS are negligible for G-type
dwarf stars of solar metallicity. Differences between ATLAS9, which uses ODFs,
and ATLAS12, using opacity sampling, are shown to be extremely small when
computed with the same chemical composition and line data (Plez 2011).

As shown in Lind et al. (2012), the magnitude of non-LTE effects on unsaturated,
high-excitation Fe i lines for stars with stellar parameters of 5000 ≤ Teff ≤
6000 K, 4.0 ≤ log g ≤ 4.5, and [M/H] ≈ [M/H]� are between 0.00 and 0.02 dex
at most, and therefore the majority of investigated lines should be free of
non-LTE effects. We do however expect the adopted stellar model atmospheres
to begin to suffer from shortcomings for the hottest A-type benchmark stars,
and the resultant non-LTE effects will lead to systematic errors in astrophysical
log(gf) values. It is hard to predict the exact magnitudes of non-LTE effects
for individual spectral lines, but lines of lower excitation energies belonging to
easily ionised species are more likely to exhibit non-LTE effects. As discussed
later in section 5.2, we do not find any obvious evidence of non-LTE effects for
the majority of our astrophysical log(gf) values, except for transitions belonging
to the lowest energy levels of Elow ≤ 0.25 eV.

4.5.3 Uncertainties due to stellar parameters

Differences between the physical stellar parameters and the adopted stellar
parameters will impact the derived log(gf) values, as any difference in number
densities will be attributed to the derived log(gf) values. We also assume that
the benchmark stars have the same elemental abundance distribution as the
Sun, but scaled with metallicity. This means that any changes to the relative
abundance ratios of an individual element, for a given benchmark star, will
manifest as ∆ log(gf) values for all lines belonging to that element.

Due to the highly degenerate relationships between the stellar parameters,
individual elemental abundances, and their dependence on the adopted atomic
data, we do not propagate the stellar parameter errors into our log(gf)
derivations or attempt to determine individual abundances. An accurate
determination of these uncertainties warrants its own extensive investigation,
beyond the scope of this thesis. Instead we adopt the position that the stellar



UNCERTAINTIES ASSOCIATED WITH THE ASTROPHYSICAL LOG(GF ) VALUES 123

parameters and metallicity scaled solar abundance ratios are correct, and that
using multiple benchmark stars in the log(gf) derivations makes the final log(gf)
values less susceptible to an erroneous set of stellar parameters or changes in
abundance ratios. The standard deviation associated with the log(gf) value of
a line will reflect the uncertainties of any of the sets of stellar parameters or
abundance ratios. We note that in subsection 5.4.1 we do not find any obvious
correlations between our ∆ log(gf) values and stellar parameters.

4.5.4 Uncertainties due to normalisation

The benchmark spectra are normalised using an automatic template normalisa-
tion in order to prevent the introduction of ‘human factors’ into the individual
stellar spectra. The result should be a more consistent normalisation across
the spectra, leading to a decrease in scatter, or random error, in the derived
log(gf) values of a given line. To account for any deviations from unity in local
continuum placement, the Gaussian Wλ measurements used in the curve of
growth method are performed with a flat continuum offset term. In practice,
this offset term allows the single Gaussian fit to mitigate the influence of nearby
broad-winged lines. The iterative fitting performed by the grid method does
not, however, attempt to measure any deviations in local continuum placement.
Thus if there are any local deviations in the benchmark continuum, as can
sometimes be the case in spline-fitting, the agreement between the two different
methods can be used to exclude lines that are subject to uncertain or inaccurate
normalisations.

4.5.5 Impact of Gaussian profile for Wλ measurements

Spectral lines are often approximated as Gaussian profiles rather than Voigt
profiles, however this assumption breaks down as lines become saturated and
the profile wings begin to grow. Fitting a line with a Gaussian profile will lead
to an underestimation of the line Wλ as a function of increasing Wλ. This
issue is discussed by Luck (2017), in addition to the difficulties of performing
physically accurate Voigt profile fits automatically for many lines.

In order to theoretically quantify this underestimation, Gaussian fits are
performed on all synthetic line profiles of the curves of growth calculated in
subsection 4.4.1. Figure 4.8 shows the difference in Wλ between the theoretical
Voigt profiles and the Gaussian fits to them as a function of Wλ, computed
for the 1091 lines in the Solar spectrum. The Wλ difference was calculated on
a line-by-line, star-by-star basis and applied to each of the corresponding Wλ

measurements discussed in section 4.3. Figure 4.9 shows the difference between
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the log(gf)cog values, measured using a Gaussian profile fit, and log(gf)grid
values, calculated using the full radiative-transfer broadening, before and after
the correction to theWλ values. After correction there is a distinct improvement
in the observed negative trend between ∆log(gf)cog−grid and Wλ, with the
remaining positive scatter caused by differences in the treatment of theoretical
blending between the two methods, as discussed in subsection 4.5.7.

4.5.6 Uncertainties due to line blending in observed spectra

Observable blends, that is, those that exhibit clear asymmetries or multiple
peaks, are manually flagged and excluded on a line-by-line, star-by-star basis,
to mitigate their impact on the log(gf) derivations. Hidden blends, that is,
those that do not cause measurable asymmetries or additional peaks in the
line profile of interest, will cause an overestimation of the derived log(gf) value
unless there is prior theoretical knowledge of this blend (see subsection 4.5.7).
If the two blending lines behave differently with temperature then it is expected
that the benchmark stars will produce systematic differences in the derived
log(gf) value. As such, the standard deviation of either methods log(gf) values,
for a given line, can be used as an indicator as to whether or not a line may
be affected by hidden blends, and thus whether or not it is reliable to use as a
single unblended line in our analysis and quality assessment.

4.5.7 Uncertainties due to theoretical line blending

The curve of growth approach assumes that a measured spectral feature is
completely unblended, attributing the measured Wλ to a single spectral line,
whereas the iterative modelling approach may contain some knowledge of
potential blending components in the input line list. This difference will lead
the curve of growth approach to overestimate the log(gf)cog of the line of
interest relative to the iterative modelling approach, assuming that the blending
component is actually present in the observed spectrum.

Figure 4.10 shows log(gf)cog − log(gf)grid plotted against the theoretical Wλ

of the Sun, for intervals of Ωcore that have been recalculated using the new
log(gf)grid values. Figure 4.11 shows the mean ∆log(gf)cog−grid plotted as a
function of Ωcore, as well as the standard deviation of the log(gf)cog−grid values
and σgrid values plotted as functions of Ωcore. The mean ∆log(gf) is 0.00 dex
when Ωcore � 1%, and increases steadily with Ωcore, confirming that
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Figure 4.8: Predicted ∆Wλ between Gaussian fits and transfer-calculation Voigt
profiles plotted as a function of calculated Wλ shown for the 1091 investigated
lines in the Sun (black lines). Blue crosses denote the proposed ∆Wλ corrections
for the 1091 spectral lines.
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Figure 4.9: Left: ∆log(gf)cog−grid plotted against the calculated Wλ prior to
the corrections to the Gaussian profiles. Right: As in the left-hand panel but
after corrections are applied on a line-per-line, star-by-star basis. The colour
scale corresponds to the mean Ωcore (in percentage) of the line in question,
recalculated using the new log(gf)cog values. The stratification of the Ωcore is
explained in subsection 4.5.7.
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Figure 4.10: ∆log(gf)cog−grid plotted against theoretical Wλ values for the Sun, shown for different steps of Ωcore (left
to right, top to bottom). The mean difference of the ∆log(gf)cog−grid values is shown by the dashed blue lines, and the
standard deviation is denoted by the hatched area.
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Figure 4.11: Top panel: The mean ∆log(gf)cog−grid values plotted against Ωcore.
Black error bars show the standard deviation σ of the ∆log(gf)cog−grid values,
and green error bars show the mean of the σgrid values. Lower panel: σ and
σgrid values plotted as a function of Ωcore. The mean of the ∆log(gf)cog−grid
values is shown to increase as Ωcore increases. The σ also increases with Ωcore,
however the σgrid exhibits a flatter trend. At Ωcore ≤ 5%, σ is almost constant
suggesting that the intrinsic scatter between the two methods is σ = 0.04 dex.

the systematic difference between the methods is due to theoretical blending.
The standard deviation similarly increases with Ωcore, but levels out at roughly
Ωcore ≤ 3% at a value of 1σ = ±0.04 dex, which therefore seems to represent
the intrinsic scatter between the two methods.

Properly correcting for this difference in methods is difficult as one must know
how the background line presence would affect the single Gaussian fit, and rely
on the assumption that the background line atomic data are accurate. Given
that properly rectifying this difference would require one to simultaneously
quality assess two or more blended lines, we instead recommend using the
intrinsic scatter value of 0.04 dex as a constraint on line selection, in order to
reduce the impact of this systematic difference on the quality assessment results
(see section 5.1).
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4.5.8 Final log(gf) values and uncertainties

The log(gf)cog values are calculated by taking the mean of the n individually
derived stellar log(gf)cog values, after individual corrections for the Gaussian
approximation discussed in subsection 4.5.5. The standard deviation of the
log(gf)cog values, σcog, are calculated as shown in Equation 4.5:

σcog =

√√√√ 1
n− 1

n∑
i=1

(
log(gf)i − log(gf)cog

)2
(4.5)

The log(gf)grid values are calculated by using a weighted mean of the n
individually derived stellar log(gf)grid values, shown by Equation 4.6, and
the corresponding standard deviation estimations are shown by Equation 4.7
and Equation 4.8, where the weights per star are equal to the inverse square of
the log(gf)grid uncertainty estimates:

log(gf)grid =
∑n
i=1
(
log(gf)i/σ2

i

)∑n
i=1 1/σ2

i

(4.6)

and

σgrid =

√√√√∑n
i=1

(
log(gf)i − log(gf)grid

)2
/σ2

i

V1 − (V2/V1)
(4.7)

where V1 and V2 are defined as follows:

V1 =
n∑
i=1

1/σ2
i V2 =

n∑
i=1

(
1/σ2

i

)2
(4.8)

In the case that all the weights are equal, Equation 4.7 and Equation 4.8 simplify
to take the same form as the standard deviation shown in Equation 4.5.

We now have two log(gf) values for each of the 1091 spectral lines, and in the
following chapter we shall explain how we can use these two sets of log(gf)
values, along with their uncertainties, to determine lines that are suitable for
quality assessment, and how we can actually quality assess the spectral lines.





“If you thought that science was certain - well, that is just
an error on your part.”

- Richard P. Feynman



Chapter 5

Quality assessment of
spectral lines

The main body of this chapter is based on section 5 of the work:

The Belgian repository of fundamental atomic data and stellar
spectra (BRASS). II. Quality assessment of atomic data for
unblended lines in FGK stars

M. Laverick, A. Lobel, P. Royer, T. Merle, C. Martayan, P.A.M van
Hoof, M. Van der Swaelmen, M. David, H. Hensberge, and E. Thienpont,

Astronomy & Astrophysics, 624, A60, 51 pp. (2019)

Section 5 of the paper has been restructured to fit within the narrative
of the thesis, and now includes an extra section detailing the internal
consistency checks performed on stellar parameters, equivalent widths, and
log(gf) values.

Author contributions

Mike Laverick decided on the quality assessment selection criteria, with guidance
and input from Alex Lobel and Pierre Royer. The investigation into λ and
log(gf) distributions was performed by Mike Laverick. The internal consistency
checks were performed by Mike Laverick, using external Wλ and log(gf) data
provided by Alex Lobel.
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5.1 Selection of lines for quality assessment

We consider a line to be quality-assessable if both the curve of growth and
iterative methods derive log(gf) values with overlapping errors, otherwise the
line is deemed too difficult to accurately work with, be it due to measuring,
modelling, or blending issues. We also impose an additional constraint, requiring
the ∆log(gf) of the two methods to be ≤ 0.04 dex, to increase the likelihood
that the selected lines are free of systematic differences in analysis methods due
to theoretical blending. We refer to lines that fulfil this criterion as analysis-
independent lines. Moving forward we investigate both the quality-assessable
and analysis-independent lines together, with the knowledge that the extra lines
in the quality-assessable sample could be subject to systematic overestimates
due to line blending.

Figure 5.1, Figure 5.2, and Figure 5.3 show the synthesised line profiles of the
log(gf)grid and log(gf)cog values, including line profile error bars, alongside
the observed line profiles in the seven observed benchmark stars. Figure 5.1
shows an example where the log(gf)grid and log(gf)cog values do not agree
within error of each other, and thus the spectral line is not suitable for quality
assessment. Figure 5.2 shows an example where the log(gf)grid and log(gf)cog
values do agree within error of each other, making the line suitable for quality
assessment. Figure 5.3 shows a quality assessable line where the log(gf)grid and
log(gf)cog values agree within 0.04 dex of each other, indicating the line is free
of systematic issues due to the treatment of line blending by the two methods.
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Figure 5.1: log(gf) determinations for the λ5708.1 Fe i line, which is deemed unsuitable for quality assessment due to
the disagreement between the log(gf)cog and log(gf)grid values. Observed line profiles are shown in black dots, line
profiles calculated using the log(gf)input values are shown in dashed grey, line profiles calculated using the log(gf)cog
values are shown in green, line profiles calculated using the log(gf)grid values are shown in blue, and errors are shown
as green and blue shaded areas, respectively. Vertical blue and dashed grey lines denote the λgrid and λinput values
respectively. The disagreement in this case is likely caused by the presence of a nearby spectral line affecting the single
Gaussian fit of the curve of growth method.
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Figure 5.2: log(gf) determinations for the λ5435.8 Ni i line which is deemed to be quality-assessable. Observed line
profiles are shown in black dots, line profiles calculated using the log(gf)input values are shown in dashed grey, line
profiles calculated using the log(gf)cog values are shown in green, line profiles calculated using the log(gf)grid values
are shown in blue, and errors are shown as green and blue shaded areas, respectively. Vertical blue and dashed grey
lines denote the λgrid and λinput values, respectively.
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Figure 5.3: log(gf) determinations for the λ5292.6 Fe i line deemed suitable for quality assessment and deemed to be
robust against adopted analysis method. Observed line profiles are shown in black dots, line profiles calculated using
the log(gf)input values are shown in dashed grey, line profiles calculated using the log(gf)cog values are shown in green,
line profiles calculated using the log(gf)grid values are shown in blue, and errors are shown as green and blue shaded
areas, respectively. Vertical blue and dashed grey lines denote the λgrid and λinput values, respectively. This line also
shows a measurable ∆λ correction of ∼0.02 Å to the input wavelength.
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Figure 5.4: ∆λgrid−input vs. λinput for the 1091 investigated lines. 1σ error
bars are shown in blue. A slight negative offset is present, however this is
within the uncertainty in the HERMES spectrograph wavelength calibration.
A small fraction of transitions have wavelength offsets that are attributed to
inaccuracies in the atomic rest wavelength data.

5.2 Distribution of derived λ and log(gf) values

Figure 5.4 shows the ∆λgrid−input plotted against λinput for the 1091
investigated lines. For most lines there is excellent agreement between the
literature wavelengths and those derived via the iterative modelling. A small
fraction of transitions have significant offsets of up to |∆λ| ≤ 0.06 Å, which
are caused by slight inaccuracies in the atomic data. There is a slight
negative offset in ∆λgrid−input, however this is well within the uncertainties
of the HERMES spectrograph wavelength calibration. Figure 5.5 shows the
∆log(gf)grid−input and ∆log(gf)cog−input plotted against log(gf)input for the
408 analysis-independent lines. We find that for a number of transitions
both methods show significant revisions of the log(gf)input values as large
as ±0.50 dex or more. We do not find any obvious trends between the log(gf)
and log(gf)input values resulting from the two methods, nor is there a correlation
between the uncertainties and either (a) either of the ∆ log(gf)grid−input or
∆ log(gf)cog−input values or (b) the log(gf)input values.
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Figure 5.5: ∆log(gf)grid−input (in blue) and ∆log(gf)cog−input (in black) plotted against log(gf)input for the 408
analysis-independent lines discussed in section 5.3. There are no clear trends in either the ∆log(gf)grid−input values or
∆log(gf)cog−input values with respect to log(gf)input, however there are a significant number of transitions for which
both methods, which agree within 0.04 dex of each other, find sizeable offsets compared to the log(gf)input. Some
transitions even show differences between log(gf)input and our log(gf) values of ±0.50 dex or more. The zoomed subplot
shows transitions that have significantly smaller differences between the derived and input log(gf) values, however a
number of them still do not agree within the derived uncertainties.
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Figure 5.6: ∆log(gf)grid−input vs. log(gf)input for the 1091 investigated lines. Bottom panel: As above panel, but for
∆log(gf)cog−grid. The 408 analysis-independent lines are shown in light green, the remainder of the 845 quality-assessable
lines are shown in dark green, and the remainder of the 1091 investigated lines are shown in black. There are no obvious
trends in either ∆log(gf)grid−input or ∆log(gf)cog−grid with respect to log(gf)input. There are a number of transitions
for which both methods, agreeing with each other within errors, find significant upward revisions of the log(gf)input
values as large as ∆ log(gf) = 1.5 dex.
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Figure 5.7: As in Figure 5.5, but plotted as a function of Elow. There is a slight upward inflection of log(gf) values at
excitation energies of Elow ≤ 0.25 eV, the cause of which is unclear. Between 3.5 ≤ Elow ≤ 5.0 eV we find an increase
in scatter of log(gf) values, often belonging to higher excitation Fe i transitions. The zoomed subplot shows that a
significant number of analysis-independent transitions belong to the same multiplet (i.e. have the same Elow value, and
that the log(gf) values of these multiplets can show significant scatter.
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Figure 5.8: As in Figure 5.6, but plotted as a function of Elow. The large downward revisions pertain to Fe i transitions
originating from higher excitation energies. The upward trend towards Elow = 0 eV is still visible, however to a lesser
degree than the distribution of solely the analysis-independent lines.
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Figure 5.6 shows the ∆log(gf)grid−input plotted against log(gf)input for the 1091
investigated lines, in addition to the log(gf)cog−grid plotted against log(gf)input.
Both the 845 quality-assessable lines and the 1091 investigated lines contain a
number of transitions for which we find a significant downward log(gf) revision
of up to 1.50 dex. We do note that in the bottom panel of Figure 5.6 and
Figure 5.8 we can see the overestimation of the log(gf)cog values compared to
the log(gf)grid values, that arises due to the differences in theoretical blending
treatment discussed in subsection 4.5.7.

Figure 5.7 shows the ∆log(gf)grid−input and ∆log(gf)cog−input plotted against
log(gf)input for the 408 analysis-independent lines. We find an increase in
scatter of the derived log(gf) values for higher excitation transitions. This
increase in scatter is uncorrelated with the uncertainties of the derived log(gf)
values, and is emphasised even more by the quality-assessable lines shown in
Figure 5.8. We also find a positive offset for transitions belonging to the lowest
excitation energies, the cause of which is unclear.

Figure 5.8 shows the ∆log(gf)grid−input plotted against Elow for the 1091
investigated lines. The increase in scatter of ∆log(gf)grid−input with increasing
Elow is present for the species Fe i and Si i, with the vast majority of the
log(gf)input values originating from the theoretical Kurucz 2007 line lists
(Kurucz 1999-2014). The likely cause for this apparent relationship is transitions
with a high degree of atomic configuration mixing, for which log(gf) values are
difficult to calculate.

5.3 Quality-assessing the literature log(gf) values

Of the 1091 atomic lines investigated, 845 are found to be quality-assessable and
408 of them are found to be analysis-independent lines. The ionic distribution
of these lines is listed in Table 5.1. Approximately half of the investigated and
quality-assessable lines belong to Fe i, and another ∼10% of the lines belong to
singly ionised species.

A literature log(gf) value belonging to a quality-assessable line is considered in
agreement with our work, and therefore we can be recommend the value for use,
if it agrees within the errors of the derived log(gf)grid and σgrid values. We do
not make use of any literature errors as these are only available in a handful
of the retrieved databases, however for a fairer evaluation and comparison
literature errors should be taken into account in future works. The log(gf)grid
value is adopted as the benchmark value as in almost all cases, admittedly by
design, it produces smaller χ2

red values than the log(gf)cog value. In addition,
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Table 5.1: Elemental and ionic distribution of the investigated, quality-assessable,
and analysis-independent lines. In brackets are the number of lines with atomic
data within σgrid of the log(gf)grid values. It is worth noting that isotopic and
hyperfine lines did not receive special treatment throughout the analysis, which
may have lead to their under-representation in the line sets.

Species number of quality analysis
investigated lines assessable independent

C i 1 1 (1) -
Na i 3 3 (1) 2 (0)
Mg i 5 5 (2) 2 (0)
Al i 2 2 (0) 1 (0)
Si i 56 42 (19) 14 (7)
Si ii 2 2 (2) -
S i 1 1 (1) -
Ca i 21 21 (9) 10 (4)
Ca ii 1 - -
Sc i 1 1 (1) -
Sc ii 19 17 (12) 3 (2)
Ti i 90 80 (60) 47 (32)
Ti ii 36 28 (21) 10 (9)
V i 15 14 (12) 6 (4)
V ii 1 1 (1) -
Cr i 82 61 (44) 36 (24)
Cr ii 12 7 (3) 3 (1)
Mn i 13 9 (7) 1 (1)
Fe i 543 401 (146) 231 (92)
Fe ii 30 15 (11) 4 (4)
Co i 15 9 (6) -
Ni i 126 112 (86) 38 (30)
Zn i 2 2 (0) -
Sr i 1 1 (0) -
Y ii 9 8 (5) -
Ba ii 1 - -
La ii 2 1 (1) -
Ce ii 1 1 (0) -
Total: 1091 845 (451) 408 (210)
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the log(gf)cog value relies upon theoretical corrections to the adopted line profile
shape when measuring Wλ values.

Of the 845 quality-assessable lines, 451 lines are found to have literature atomic
data in agreement with the ∆log(gf)grid values, corresponding to ∼53% of
the quality-assessable lines. This fraction is also representative of the analysis-
independent lines, where 210 lines have sufficiently accurate atomic data. The
majority of Fe-group species (Sc ii, Ti i-ii, V i, Cr i, Mn i, Fe ii, Co i, Ni i) have a
reasonable number of lines with accurate atomic data, typically 70-75% of lines,
however the Fe i lines only have ∼38% of lines with accurate atomic data.

Table A.1 (found in Appendix A) provides the detailed break down of the findings
for the 1091 investigated lines. In an effort to help ascertain the quality of the
log(gf) value of a given spectral line, interested readers can find interactive
online plots of all 1091 investigated spectral lines, for all seven benchmark
spectra, as hyperlinks in Table A.1 of Appendix A. The hyperlinks display
all cross-matched atomic data for the line in question, including additional
information such as level configurations and terms, in addition to interactive
plots of the observed line profiles and synthetic line profiles using all log(gf)
values derived here and found in the literature, and their respective equivalent
widths per log(gf) value, per star.

To better visualise the quality assessment process, Figure 5.9, Figure 5.10,
and Figure 5.11 show the observed lines profiles of three transitions in the
seven benchmark spectra, including synthetic line profiles calculated using the
log(gf)grid and available literature values. The three transitions show examples
of the three quality-assessment outcomes: an example for which all available
literature is within the errors of the log(gf)grid value (Figure 5.9); an example
for which only some of the available literature values are within the errors
of the log(gf)grid value (Figure 5.10); and an example for which none of the
available literature values are within the errors of the derived log(gf)grid value
(Figure 5.11). It is clear that the log(gf)grid values reproduce the several line
profiles extremely well, and that in some cases the available literature data are
insufficient to reproduce the observed line profiles.
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Figure 5.9: Quality assessment for the λ4555.5 Ti i line. The style follows that of Figure 5.1 through Figure 5.3, minus
the log(gf)cog line profiles, and with several additional line profiles corresponding to the available literature log(gf)
values of the transition. In this case all literature log(gf) values are within error of the log(gf)grid value and can be
recommended for use.
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Figure 5.10: Quality assessment for the λ6456.4 Fe ii line. The style follows that of Figure 5.1 through Figure 5.3, minus
the log(gf)cog line profiles, and with several additional line profiles corresponding to the available literature log(gf)
values of the transition. In this case only one literature log(gf) value is within error of the log(gf)grid value, and thus
only this value is recommended for use.
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Figure 5.11: Quality assessment for the λ6786.8 Fe i line. The style follows that of Figure 5.1 through Figure 5.3,
minus the log(gf)cog line profiles, and with several additional line profiles corresponding to the available literature
log(gf) values of the transition. In this case none of the literature log(gf) values can accurately reproduce the observed
profile, with ∆ log(gf) values ranging between 0.1-0.25 dex, thus we would propose our log(gf)grid as a more accurate
alternative.
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It is worth mentioning important limitations of this work. The astrophysical
log(gf) values derived in this work were determined using the solar abundance
values of Grevesse et al. (2007), and any updates to these elemental abundances
would require a correction to the log(gf) values of lines belonging to updated
species. Fortunately, the majority of the lines investigated here would only
require directly inverse corrections, that is, if an abundance is revised by
∆[X/H] = 0.01 dex, then all lines of element X will require a simple update of
∆ log(gf) = -0.01 dex. This means that the astrophysical log(gf) values should
remain useful, especially in the context of differential abundance analysis, for
years to come.

Blended lines, even accurately known ones, have been avoided here due to
the complexity of simultaneous quality assessment of multiple components.
Hyperfine and isotopically split lines have not received any special treatment
throughout this analysis. In the case of isotopic lines we find a clear under-
representation of s-process elements in the investigated lines. This is because
the multiple components are often represented as individual entries in a line list,
and so the section 4.2 selection method treats the components as individual
lines, leading to their rejection from analysis due to their high Ωcore values.

The hyperfine splitting of lines has not been addressed here, as while hyperfine
splitting information is becoming more abundant in the literature, it was not
included in the investigated atomic databases at the time of retrieval1. Unlike
the s-process elements, lines that require hyperfine splitting may be present
in the quality assessment results, though inaccuracies in their derived log(gf)
values heavily depend on the observed profile shape. Isotopic and hyperfine
lines may benefit from an additional dedicated investigation, where the methods
described in this paper are expanded to account for the multiple components of
such transitions.

1We note that in the time since our atomic data retrievals, VALD3 has expanded their
database so that they can now provide HFS data for a large number of atomic species
(Pakhomov et al. 2017).
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5.4 Internal checks and validations

5.4.1 Stellar parameters

Figure 5.12 shows the median of both the 408 analysis-independent and the 845
quality-assessable ∆log(gf)method−input values, for both the curve of growth and
iterative modelling methods, plotted against the benchmark stellar parameters.
We observe the offsets between the curve of growth and iterative modelling
methods, which are caused by the different treatments of line blending, as
discussed in subsection 4.5.7. Otherwise there are no clear trends between the
median ∆log(gf)method−input values and any of the stellar parameters, with the
median ∆log(gf)grid−input values centred roughly around 0.00 dex, suggesting
that the analysis is not subject to significant systematic modelling issues with
respect to the stellar parameters.

The only clear exception to this is V i, as shown in Figure 5.13, which shows
that there is a negative trend with respect to increasing effective temperature
and microturbulence for the six analysis-independent lines. The trend can
also be seen in the 15 quality-assessable lines, though the mean σgrid values
are slightly larger. The cause of this is not clear, and could be linked to a
number of possibilities: hyperfine splitting, which can easily be seen in the
profile shapes of the λ4379.2 V i line (shown in Figure 5.21); potential non-LTE
effects, as V i is an easily ionised species and several of the V i lines originate
from low-lying energy levels; or even differences in the [V/Fe] ratio between the
different benchmark stars. Given that the same trend appears in multiple V i
lines we believe the trend is less likely to be caused by line blending issues.

A similar but slightly weaker trend is exhibited in both the Ti i analysis-
independent and quality-assessable lines as shown in Figure 5.14. Chromium also
appears to exhibit a slightly negative correlation between ∆log(gf)method−input
and effective temperature, as shown in Figure 5.15, however this is well within
the mean σgrid values of the benchmark stars. It is worth noting that this trend
is not present for the Ti ii lines shown in Figure 5.16, reducing the likelihood
that the trend is linked with differing stellar abundance ratios. Neither 48

22Ti
or 52

24Cr can exhibit hyperfine splitting thus this cannot be the cause of this
trend for these elements. Neither silicon, Sc ii, iron, or Ni i show any clear
correlations between stellar parameters and the ∆log(gf)method−input values
(see Figure 5.17 through Figure 5.20). We do note there is a slight positive
offset in ∆log(gf)method−input for the Fe ii values, though the cause is unclear.
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Figure 5.12: Median of the 408 analysis-independent ∆log(gf)method−input
values (top panels in blue) and the 845 quality-assessable lines (bottom panels
in green), for both the curve of growth (black circles) and iterative modelling
(coloured circles) methods, are plotted against the stellar parameters of the seven
benchmark stars. The median of the σgrid values are denoted by the coloured
error bars. The overestimation of the log(gf)cog relative to the log(gf)grid
values can be seen. We do not observe any clear trend between our stellar
parameters and our overall log(gf) derivations.
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Figure 5.13: As in Figure 5.12, but for the six analysis-independent V i lines
(top four panels) and the 15 quality-assessable vanadium lines (bottom four
panels). We find a negative trend between ∆log(gf)method−input and effective
temperature, especially so for the analysis-independent lines. The cause of
this is not clear, and potential causes are discussed in subsection 5.4.1, though
it is important to note that four of the six analysis-independent lines belong
to very low lying energy levels. The line profiles associated with one of the
analysis-independent spectral lines is shown in Figure 5.21 which clearly exhibit
hyperfine splitting.
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Figure 5.14: As in Figure 5.12, but for the 47 analysis-independent Ti i lines
(top four panels) and the 80 quality-assessable Ti i lines (bottom four panels).
Ti i also shows a negative trend with effective temperature, however this trend
is within the mean of the σgrid values per star and so cannot be confirmed. It
is worth noting that 48

22Ti is not subject to hyperfine splitting, nor is a similar
trend observed for Ti ii, shown in Figure 5.16.
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Figure 5.15: As in Figure 5.12, but for the 39 analysis-independent chromium
lines (top four panels) and the 68 quality-assessable chromium lines (bottom
four panels). Chromium could also possibly show a slight negative trend with
effective temperature, though this is well within the mean of the σgrid values
per star. It is worth noting that 52

24Cr is not subject to hyperfine splitting.
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Figure 5.16: As in Figure 5.12, but for the 10 analysis-independent Ti ii lines
(top four panels) and the 28 quality-assessable Ti ii lines (bottom four panels).
Ti ii does not show any clear trends with respect to the stellar parameters.
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Figure 5.17: As in Figure 5.12, but for the 14 analysis-independent Si i lines
(top four panels) and the 44 quality-assessable silicon lines (bottom four panels).
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Figure 5.18: As in Figure 5.12, but for the 18 analysis-independent Sc ii lines
(top four panels) and the 15 analysis-independent Fe ii lines (bottom four
panels). There are no obvious trends with respect to stellar parameters for
either Sc ii or Fe ii, however Fe ii appears to have a slight positive offset of
∆log(gf)method−input = 0.05 dex.
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Figure 5.19: As in Figure 5.12, but for the 235 analysis-independent iron lines
(top four panels) and the 401 quality-asessable Fe i lines (bottom four panels).
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Figure 5.20: As in Figure 5.12, but for the 38 analysis-independent Ni i lines
(top four panels) and the 112 quality-assessable Ni i lines (bottom four panels).
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Figure 5.21: The observed and calculated line profiles for the λ4379.2 V i line. The style follows that of Figure 5.1
through Figure 5.3, minus the log(gf)cog line profiles, and with several additional line profiles corresponding to the
available literature log(gf) values of the transition. The cooler stars display broader line profile shapes that typically
indicate the line is composed of hyperfine components.
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Figure 5.22: Comparison between the Wλ values of our work and those of
Kovtyukh & Andrievsky (1999). We find good agreement between the two sets
of values.

5.4.2 Wλ values

As a consistency check we compared our solar equivalent width measurements
against those measured by the Odessa state observatory (Kovtyukh &
Andrievsky 1999), as shown in Figure 5.22. We find a good agreement between
our solar equivalent width measurements, including Voigt profile corrections,
and those of Kovtyukh & Andrievsky (1999) which leads us to believe that our
measurements are accurate.

We also compared our solar equivalent width measurements against the
measurements of Moore et al. (1966), which they measured using their Solar
atlas that often used in the literature. We find that for the majority of lines
the solar Wλ values are in reasonable agreement, although we note that our
Wλ values show systematically larger values with increasing Wλ. This trend
is also found in the equivalent width comparison between Meylan et al. (1993)
and Moore et al. (1966), and in both cases the trend is attributed to the use of
a Voigt profile, in our work through the theoretical corrections and in Meylan
et al. (1993) by direct Voigt profile measurements, as opposed to the manual
measurements performed by Moore et al. (1966). This trend is especially evident
for strong lines, where it can be difficult to accurately measure the line wings
due to line blending.
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Figure 5.23: Comparison between theWλ values of our work and those of Moore
et al. (1966). We note the same trend is shown in the comparison between
Meylan et al. (1993) and Moore et al. (1966).

5.4.3 log(gf) values

We also compared our log(gf) values against the astrophysical log(gf) values
derived by Kovtyukh & Andrievsky (1999). We find that the log(gf) values are
in reasonable agreement, with the majority of lines agreeing to within ± 0.2 dex
of each other, as shown in the panels of Figure 5.24. Notably, we do not see
any lines with large log(gf) differences such as those that are found in the
literature comparisons of Figure 5.5 and Figure 5.6 where ∆ log(gf) can be
as large as 0.5 dex. The agreement with the Odessa log(gf) values is likely
because both works are based on astrophysical spectra, as demonstrated by the
good agreement in Wλ values.

We do, however, find a systematic offset between our Ti i which is shown by
the top panel of Figure 5.24, and in Table 5.2. Without knowing the exact
methodology of the Odessa group it is difficult to pinpoint the exact difference in
methodologies, however one easily traceable difference are the solar abundances
adopted by the two works.

Table 5.3 details the solar abundances adopted in our work, i.e. the work of
Grevesse et al. (2007), and those adopted by Kovtyukh & Andrievsky (1999),
i.e. the work of Grevesse & Sauval (1998). For the elements Cr, Fe, and Ni we
find that our adopted abundances are between 0.02 - 0.05 dex smaller than those
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Figure 5.24: Comparisons between our log(gf)method values and the
astrophysical log(gf) values of Kovtyukh & Andrievsky (1999), where method
denotes either the grid or curve of growth method discussed earlier. log(gf)grid
values are shown in blue, and the log(gf)cog values shown in black. The top
panel shows the ∆ log(gf) values before corrections for adopted abundances,
and the bottom panel shows the ∆ log(gf) values post-abundance corrections.
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Figure 5.25: As in Figure 5.24, but only for Ti i lines. We find a mean offset of
∼ ∆ log(gf) = 0.16 dex between our values and those of Kovtyukh & Andrievsky
(1999), shown in the top panel. After correcting for differences in titanium
abundances the agreement is substantially better.
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Table 5.2: The mean difference in between our log(gf) values and the Odessa
log(gf) values, for both the curve of growth and iterative modelling approaches,
before and after correcting for differences in adopted abundances. Correcting
for abundance differences substantially improves the agreement between the
Ti i log(gf) values.

Species Pre-correction ∆ log(gf) Post-correction ∆ log(gf)
grid cog grid cog

all 0.02±0.09 0.03±0.09 -0.03±0.08 -0.02±0.08
Ti i 0.16±0.06 0.17±0.05 0.04±0.06 0.05±0.05
Ti ii 0.07±0.04 0.09±0.04 -0.05±0.04 -0.03±0.04
Cr i -0.01±0.05 0.00±0.05 -0.04±0.05 -0.03±0.05
Fe i -0.01±0.07 0.00±0.07 -0.06±0.07 -0.05±0.07
Ni i -0.02±0.05 0.00±0.05 -0.04±0.05 -0.02±0.05

adopted by Kovtyukh & Andrievsky (1999), but for Ti we find a much larger
difference of 0.12 dex. When we correct for these differences in abundances,
as shown in Table 5.2, we find that our log(gf) values for both Ti i and Ti ii
lines are in better agreement with the Odessa values, the former of which are
shown in the bottom panel of Figure 5.25. Overall, the corrections for different
abundances means that our log(gf) values end up slightly smaller than the
Odessa log(gf) values, as shown in the bottom panel of Figure 5.24, with the
exception of Ti i which still remains larger than those of the Odessa group.
Without knowing the exact details of their work, which is not described in
the work of Kovtyukh & Andrievsky (1999), it is difficult to say why the Ti i
abundances do not behave the same as other species.

To try and understand the cause of the large revision of the titanium abundance,
and the smaller revisions of the other abundances, we traced down the origin of
the input atomic data used by Grevesse et al. (2007) and Grevesse & Sauval
(1998). Table 5.3 details the provenance of the atomic data of the two works,
for the species Ti, Cr, Fe, and Ni. It was surprising to note that the Grevesse
et al. (2007) abundances are actually a compilation of abundances collected
from various different works.

Indeed, Asplund et al. (2005) note that the compilation is a heterogeneous
one, where different abundances have been derived using different modelling
codes, atomic data, and methodologies. For the listed elements of interest, iron
has been determined using 3D model atmospheres whereas the remainder were
determined using 1D atmospheric models by Reddy et al. (2003). The situation
becomes even murkier when the work of Reddy et al. (2003) states that the Ni
atomic data is actually astrophysical, as opposed to the experimental Ti i data
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Table 5.3: Elemental abundances adopted in this work and by Kovtyukh &
Andrievsky (1999). With the exception of the Grevesse et al. (2007) chromium
abundance, the adopted log(gf) values of Grevesse et al. (2007) and Grevesse
& Sauval (1998) were traced back to their origins and summarised here.

Species Abundance Abundance origin

This work
Ti 4.90±0.06 (1D) GAS07 → AGS05 → R03 → OXF87a
Cr 5.64±0.10 (1D) GAS07 → AGS05 → ?
Fe 7.45±0.05 (3D) GAS07 → AGS05 → ANTS00b
Ni 6.23±0.04 (1D) GAS07 → AGS05 → R03c

Kovtyukh & Andrievsky (1999)
Ti 5.02±0.06 (1D) GS98 → GNS96 → AG89 → GBP89
Cr 5.67±0.03 (1D) GS98 → GNS96 → AG89 → OXF87
Fe 7.50±0.05 (1D) GS98 → GNS96d
Ni 6.25±0.04 (1D) GS98 → GNS96 → AG89 → G84{a,b}

References: GAS07 (Grevesse et al. 2007); AGS05 (Asplund et al. 2005); R03 (Reddy et al.
2003); OXF87 (Blackwell et al. 1987); ANTS00 (Asplund et al. 2000); GS98 (Grevesse &
Sauval 1998); GNS96 (Grevesse et al. 1996); AG89 (Anders & Grevesse 1989); GBP89

(Grevesse et al. 1989); G84{a,b} (Grevesse 1984a,b)
aReddy et al. (2003) referred to ’Blackwell et al. (1995) and references therein’ as the origin
of their Ti abundances, however this appears to be incorrect as there is no discussion or

associated references for Ti within this work. Likely they meant to refer to Blackwell et al.
(1987) which summarises the Oxford groups work on titanium. b Asplund et al. (2000) details
the seven sources used for iron log(gf) values. cAstrophysical log(gf) values determined by
Reddy et al. (2003) d Grevesse et al. (1996) details several works that derived the presented

iron abundance.

of Blackwell et al. (1987) that Reddy et al. (2003) adopted for their titanium
derivation. Following the literature back through time for the Grevesse & Sauval
(1998) abundances, we find that they adopted the titanium log(gf) values of
Grevesse et al. (1989).

The work of Grevesse et al. (1989) actually use the log(gf) values of Blackwell
et al. (1987), however they re-normalise those values using updated lifetime
measurements resulting in a correction to the Blackwell et al. (1987) values
of +0.05 dex. Correcting for this difference in adopted atomic data in the
abundance works, means that Reddy et al. (2003) should derive a smaller
titanium abundance of A(Ti) = 4.85, which would put the two works even
further out of agreement. Given that Reddy et al. (2003) used smaller log(gf)
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values and derived a smaller titanium abundance, and that Anders & Grevesse
(1989) used larger log(gf) values and derived a larger titanium abundance, it is
clear that there must also be additional systematic differences between their
work arising from things such as modelling methods, line selection, adopted
parameters, and more. All of this goes to demonstrate the importance of fully
documenting methodologies and working in a homogeneous manner.



“At the present time it is of course quite customary for
physicists to trespass on chemical ground, for mathemati-
cians to do excellent work in physics, and for physicists
to develop new mathematical procedures... Trespassing is
one of the most successful techniques in science!”

- Wolfgang Köhler



Chapter 6

Feedback of results into
atomic physics

This chapter aims to highlight the potential feedback for atomic physics that can
be deduced by careful and detailed comparisons between the results of this work
and other works of theoretical, experimental, and even astrophysical provenance.
This chapter is by no means a complete and definitive comparison with the
whole literature, but hopes to provide a glimpse into the wealth of information
that can be gleaned from such extensive comparisons. In section 6.1 we explore
the agreement between our log(gf) determinations and the log(gf) values of the
retrieved atomic literature to try and determine which atomic data production
methods may provide the most accurate atomic data. In section 6.2 we then
test the assumption of LS-coupling for as many quality-assessable multiplets as
possible within our sample.

6.1 Comparisons with literature works

In section 5.2 and section 5.4 we examined the agreement between the
log(gf)input values and our log(gf)grid values, however we can also perform
similar comparisons against any other literature source, such as those we that we
retrieved in chapter 2. Table 6.1 shows a summary of the log(gf) comparisons
for which we have five or more of the 845 quality-assessable lines in common
with the available literature works. To quantify the level of agreement between
our work and each literature work we calculate the median of the absolute
difference of log(gf)grid − log(gf)lit, of all atomic lines in common.

167
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Table 6.1: Comparison between our log(gf)grid values and literature values that have five or more quality-assessable
lines. Literature sources are sorted in ascending order of Median |∆ log(gf)| i.e. in order of best agreement to worst.
Sources that have been re-scaled are represented in the following manner: Bard et al. (1991) || Den Hartog et al. (2014),
meaning that, for example, Bard et al. (1991) has been re-scaled using Den Hartog et al. (2014). Pairs of original and
re-scaled literature sources are highlighted in the same colour.

Median Median Standard Source
Reference Species N ∆ log(gf) |∆ log(gf)| deviation type

Blackwell et al. (1980b)a Fe ii 7 -0.010 0.010 0.024 A
Bard et al. (1991) || Den Hartog et al. (2014) Fe i 5 0.000 0.010 0.140 ER
Sobeck et al. (2007) Cr i 29 -0.010 0.020 0.050 E
Lawler et al. (2014) V i 6 0.015 0.030 0.181 E
Bridges (1976, priv. comm. with NIST) Cr i 15 -0.020 0.030 0.044 ?
Kostyk (1982b)b Ti i 11 0.030 0.030 0.034 A
Garz (1973) || O’Brian & Lawler (1991)c Si i, Si ii 11 0.030 0.030 0.052 ER
Blackwell et al. (1982b) || O’Brian et al. (1991) Fe i 5 0.030 0.030 0.023 ER
Bard & Kock (1994) Fe i 14 -0.020 0.035 0.045 E
Lawler & Dakin (1989) Sc i, Sc ii 15 0.010 0.040 0.087 E
Lawler et al. (2013) Ti i 53 0.030 0.040 0.064 E
Kostyk (1982a)d Ni i 59 0.010 0.040 0.040 A
Blackwell et al. (1982b) Fe i 11 0.040 0.040 0.035 E
Tozzi et al. (1985) Cr i 7 0.010 0.040 0.065 E
Den Hartog et al. (2014)e Fe i 22 -0.040 0.050 0.087 E
Whaling et al. (1985) V i 7 0.020 0.050 0.138 E
Nitz et al. (1998) Ti i 8 0.055 0.055 0.055 E
Kostyk & Orlova (1983)f Cr ii, Ti ii 6 0.020 0.060 0.057 A
Kostyk (1981)g Cr i 12 0.060 0.060 0.020 A
Ruffoni et al. (2014)h Fe i 24 0.015 0.065 0.095 E
Smith & Raggett (1981) Ca i 16 0.035 0.065 0.196 E
Blackwell et al. (1979a) Fe i 6 0.070 0.070 0.064 E
Martin et al. (1988) * 52 0.050 0.070 0.124 E+T
Booth et al. (1984) Mn i 7 -0.050 0.070 0.074 E
Wood et al. (2014) Ni i 37 -0.030 0.070 0.102 E



CO
M
PARISO

N
S
W
ITH

LITERATURE
W
O
RK

S
169

Table 6.1: Continued.

Median Median Standard Source
Reference Species N ∆ log(gf) |∆ log(gf)| deviation type

Hannaford et al. (1982) Y ii 7 -0.020 0.070 0.098 E
Wickliffe & Lawler (1997) Ni i 8 -0.075 0.075 0.057 E
Wood et al. (2013) Ti ii 19 0.080 0.080 0.048 E
Raassen & Uylings (1998a) Cr ii 8 0.080 0.080 0.066 T
Fuhr et al. (1988) Co i, Ni i, Fe i 208 0.080 0.090 0.109 E+T?
O’Brian et al. (1991) Fe i 57 0.000 0.090 0.150 E
Renormalised values of May et al. (1974) Fe i 122 0.080 0.090 0.110 E
Blackwell et al. (1982a) Ti i 9 0.090 0.090 0.041 E
Pickering et al. (2002) Ti ii 13 0.040 0.090 0.115 E+T
Blackwell et al. (1986c) Ti i 19 0.090 0.090 0.054 E
Wiese & Martin (1980) * 73 0.010 0.100 0.164 E+T
Garz (1973)i Si i 9 0.100 0.100 0.042 E
Lobel (2011a) * 806 0.090 0.120 0.261 A+E+T
Ralchenko et al. (2010) Mg i, Na i, C i 7 0.120 0.120 0.075 E+T?
Raassen & Uylings (1998b) Fe ii 10 0.125 0.125 0.138 E
Wiese et al. (1969) Ca i, Si i, Al i 9 -0.110 0.130 0.145 E+T
Biémont et al. (2011) Y ii 8 -0.150 0.150 0.079 E
Kurucz (1999-2014)j * 252 -0.070 0.170 0.409 T
Blackwell et al. (1983) Ti i 5 0.170 0.170 0.024 E
Doerr & Kock (1985) Ni i 11 -0.070 0.180 0.200 E
Nicholls (1964) Ca i 10 -0.145 0.195 0.230 ?
Cunto et al. (1993) * 33 0.070 0.200 0.480 T
Roberts et al. (1973) Ti ii 5 0.210 0.210 0.072 E
Hummer et al. (1993) Fe i, Fe ii 92 0.340 0.510 1.244 T

Source type flags: A - astrophysical; E - experimental; ER - experimental (re-scaled); T - theoretical; ? - provenance uncertain.
Species flags: * - reference pertains to several different species. Figure flags: aFigure 6.1; bFigure 6.2; cFigure 6.10;
dFigure 6.4; eFigure 6.7; fFigure 6.3, Figure 6.6; gFigure 6.5; hFigure 6.8; iFigure 6.11; jFigure 6.15+Figure 6.16+Figure 6.17
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We take the median of these absolute log(gf) differences, as opposed to the
mean, so that our agreement quantification is less affected by one or two large
outliers that would otherwise bias the mean of small samples. Perfect agreement
between the two works would result in a median |∆ log(gf)| = 0.00 dex, with
the value increasing as agreement decreases, thus Table 6.1 is sorted in order
of increasing median |∆ log(gf)| values. We can also use the median the non-
absolute log(gf)grid − log(gf)lit values to recover the sign of the ∆ log(gf)
distribution i.e whether the distribution is centred around ∆ log(gf) = 0.00 dex
or whether one source has larger log(gf) values than the other. The standard
deviation of the ∆ log(gf) values can be used to measure the spread of the
distribution which, in conjunction with the median values, can be used to
determine if there are clear offsets between the works.

6.1.1 Astrophysical works

In general we find that literature sources of astrophysical provenance are
in very good agreement with our values, a result that is not particularly
surprising given our astrophysical methodology, but still reassuring nonetheless.
Figure 6.1 through Figure 6.6 show the ∆ log(gf) distributions for the following
astrophysical works: Figure 6.1 shows the values of Blackwell et al. (1980b);
Figure 6.2 shows those of Kostyk (1982b); Figure 6.3 shows the Ti ii values of
Kostyk & Orlova (1983); Figure 6.4 shows those of Kostyk (1982a); Figure 6.5
shows those of Kostyk (1981); and finally Figure 6.6 shows the Cr ii lines of
Kostyk & Orlova (1983).

In the case of Figure 6.1 we find that both the analysis-independent lines
and the quality-assessable lines are in excellent agreement with the Blackwell
et al. (1980b) values. We find that for the remaining lines that could not
be quality assessed, the log(gf)grid values are in poor agreement with the
Blackwell et al. (1980b) values, however the log(gf)cog values are actually
in good agreement with the Blackwell et al. (1980b) values, which is due to
Blackwell et al. (1980b) using equivalent widths to determine their log(gf)
values. While we expect the relative log(gf) distributions of both astrophysical
works to follow the same pattern, it is surprising that we do not find a meaningful
median offset between the two works: In our work we adopt the ATLAS9 model
atmospheres, an abundance of A(Fe) = 7.45 dex, and a microturbulence of
ζ = 1.1 kms−1; whereas Blackwell et al. (1980b) use the Holweger & Mueller
(1974) solar atmospheric model (henceforth HM model), an abundance of
A(Fe) = 7.69 dex, and ζ = 0.95 kms−1. Given the differences between our
methodologies, we speculate that the systematic differences in model, abundance,
and microturbulence cancel out resulting in the agreement in absolute log(gf)
values.
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Fe II : Blackwell et al. 1980
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Figure 6.1: The distribution of ∆ log(gf) values for the Fe ii lines of Blackwell et al. (1980b). The left-hand panels show
the analysis-independent lines, the middle panels show the quality-assessable lines, and the right-hand panels show the
remaining investigated lines. Black points show the log(gf)cog − log(gf)lit values, and the coloured points show the
log(gf)grid − log(gf)lit values.
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Figure 6.2: As in Figure 6.1, but for the Ti i lines of Kostyk (1982b).
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Figure 6.3: As in Figure 6.1, but for the Ti ii lines of Kostyk & Orlova (1983).
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Figure 6.4: As in Figure 6.1, but for the Ni i lines of Kostyk (1982a).
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Figure 6.5: As in Figure 6.1, but for the Cr i lines of Kostyk (1981). Note the offset between the two works, likely
caused by differences in the adopted chromium abundance.
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Figure 6.6: As in Figure 6.1, but for the Cr ii lines of Kostyk & Orlova (1983). Note the offset between the two works,
likely caused by differences in the adopted chromium abundance.
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Figure 6.2 and Figure 6.3 show the ∆ log(gf) distributions for Ti i lines (Kostyk
1982b) and for Ti ii lines (Kostyk & Orlova 1983). Once again, we find very
good agreement between the two works, both in terms of relative log(gf)
distributions and the absolute log(gf) values, despite differences in the modelling
approaches: In this case we adopt the abundance A(Ti) = 4.90 dex, and
previously described atmospheric model and microturbulence; whereas the
works of Kostyk (1982b) and Kostyk & Orlova (1983) use the HM model, an
abundance of A(Ti) = 4.85 dex, and a microturbulence of ζ = 0.80 kms−1. As
before, we speculate that these systematic differences must cancel each other
out, leading to the absence of any clear offsets between the works. Similarly,
the numerous Ni i lines of Kostyk (1982a), shown in Figure 6.4, show very good
agreement with our values.

In spite of the seemingly coincidental agreement between our absolute log(gf)
values and those of Kostyk (1982a,b); Kostyk & Orlova (1983), we do find
a systematic offset between our log(gf)grid values and the chromium log(gf)
values of Kostyk (1981); Kostyk & Orlova (1983), which can clearly be seen
in Figure 6.5 and Figure 6.6. The offset of ∆ log(gf)grid−lit ≈ 0.06 dex, which
is roughly three times the standard deviation of the Cr i lines, can be seen in
both the Cr i and Cr ii lines, indicating the difference is most likely due to a
difference in adopted chromium abundance which was not fully compensated
for by the adopted atmospheric model and microturbulence differences. Despite
the difference in absolute scale, the relative distributions of the log(gf) values
follow the same pattern, as indicated by the very small standard deviation,
meaning the two works are at least reconcilable.

6.1.2 Experimental works

The agreement between our astrophysical log(gf) values and those of
experimental origin can vary quite significantly depending on the experimental
source: we find sources that are in very good agreement with our own work
across a significant number of lines, such as the 29 Cr i lines of Sobeck et al.
(2007) and the 53 Ti i lines of Lawler et al. (2013); sources in reasonable overall
agreement but higher scatter on a line-by-line basis, such as the Fe i lines of
Den Hartog et al. (2014) and Ruffoni et al. (2014), and the Ni i lines of Wood
et al. (2014); and a number of sources in poorer agreement and large standard
deviations, such as the Fe i lines of O’Brian et al. (1991) and Ni i lines of Doerr
& Kock (1985).

As discussed in section 5.3, the fraction of Fe i lines with reliable literature
log(gf) values is far smaller than any other species investigated, owing to the
fact that Fe i has many transitions arising from its complex electronic structure.
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Fe I : Den Hartog et al. 2014
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Figure 6.7: As in Figure 6.1, but for the Fe i lines of Den Hartog et al. (2014). The stellar line profiles of the circled
analysis-independent line, corresponding to line 1086 in Table A.1 (viewable online), are shown in Figure 6.9.

http://brass.sdf.org/G_type_htmls/gra1086/index.html
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Figure 6.8: As in Figure 6.1, but for the Fe i lines of Ruffoni et al. (2014).



180
FEED

BACK
O
F
RESULTS

IN
TO

ATO
M
IC

PH
YSICS

5200 5400 5600 5800 6000
Teff (K)

1.6

1.5

1.4

1.3

1.2

lo
g(

gf
)

Stellar log(gf) values

6733.0 6733.2 6733.4

Wavelength (Å)

0.70

0.75

0.80

0.85

0.90

0.95

1.00

Fl
ux

EpsEri

6733.0 6733.2 6733.4

Wavelength (Å)

0.65

0.70

0.75

0.80

0.85

0.90

0.95

1.00

Fl
ux

70 Oph

6733.0 6733.2 6733.4

Wavelength (Å)

0.75

0.80

0.85

0.90

0.95

1.00

Fl
ux

70 Vir

6733.0 6733.2 6733.4

Wavelength (Å)

0.70

0.75

0.80

0.85

0.90

0.95

1.00

Fl
ux

Sun

6733.0 6733.2 6733.4

Wavelength (Å)

0.70

0.75

0.80

0.85

0.90

0.95

1.00

Fl
ux

51 Peg

6733.0 6733.2 6733.4

Wavelength (Å)

0.84

0.86

0.88

0.90

0.92

0.94

0.96

0.98

1.00

Fl
ux

10 Tau

6733.0 6733.2 6733.4

Wavelength (Å)

0.825

0.850

0.875

0.900

0.925

0.950

0.975

1.000

Fl
ux

BetCom

Figure 6.9: The stellar line profiles of the Fe i line highlighted in Figure 6.7. The observed line profiles are shown in
black, and synthetic line profiles are shown in: solid blue for the corresponding log(gf)grid value; solid magenta for the
corresponding Den Hartog et al. (2014) log(gf) value; and dashed grey for the input SpectroWeb log(gf) value. In this
case it is clear that neither literature value can properly synthesise the line profile accurately.
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The works of Den Hartog et al. (2014) and Ruffoni et al. (2014) aimed to improve
this situation, through two dedicated experimental efforts, by increasing the
number of reliable Fe i spectral lines that could be used as part of the GAIA-ESO
survey line list (Heiter et al. 2015). As such it is interesting to investigate the
agreement between our results and these recent studies on Fe i.

Figure 6.7 and Figure 6.8 show the ∆ log(gf) distributions for Ruffoni et al.
(2014) and Den Hartog et al. (2014), respectively. These values are in reasonable
agreement with our own, and a far better agreement than the theoretical
alternative values which we shall see in subsection 6.1.3, but there are a number
of outliers that cannot be reconciled by any simple re-scaling, for example a
change in adopted abundance in our work. Figure 6.9 shows the stellar line
profiles corresponding to the largest analysis-independent |∆ log(gf)| value,
where it is clear that the literature log(gf) value is too small to accurately
reproduce the line profiles. This is one of a number of clear examples that there
are still many Fe i lines that are poorly constrained by experiments, but for
which we can use astrophysical spectra to help determine their log(gf) values.

One trend that Table 6.1 does reveal, even more so when Table 6.1 is expanded to
include sources with only three quality-assessable lines, is that the re-normalised
experimental sources are in very good agreement with our work. As an example
we shall look at the Si i lines of Garz (1973). We find that the 9 Si i lines of
Garz (1973), shown in Figure 6.10, have a sizable median ∆ log(gf) and median
|∆ log(gf)| of ∆ log(gf) = 0.10 dex. The lines do however have a much smaller
standard deviation of ∼0.04 dex which, as we saw for the chromium lines of
Kostyk (1981) and Kostyk & Orlova (1983), suggests there is an offset present
between the two works. The work of O’Brian & Lawler (1991) reported updated
lifetime measurements for over 40 upper energy levels in Si i, which can be used
to re-scale the relative transition probabilities that were determined through
branching fractions. Upon re-scaling the 9 Si i lines of Garz (1973) we find that
the log(gf) values are actually increased by∆ log(gf) = 0.10 dex, bringing them
into excellent agreement with our own results as shown for Figure 6.11.

We find that other works that have been re-scaled, such as the Bard et al. (1991)
lines (re-scaled using Den Hartog et al. (2014)), tend to produce log(gf) values
that are in better agreement with our work than the original works. This is
a beneficial result for not only our work, but also experimental works, as it
helps mutually validate our own accuracy as well as justify the experimental
re-normalisations.
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Figure 6.10: As in Figure 6.1, but for the Si i lines of Garz (1973). Note the offset between our log(gf) values and those
of Garz (1973).
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Figure 6.11: As in Figure 6.1, but for the Si i lines of Garz (1973), re-normalised using the updated lifetime measurement
of O’Brian & Lawler (1991). The magnitude of the re-scaling, in terms of log(gf), is ∆ log(gf) = 0.10 dex, which brings
the Garz (1973) values into very good agreement with our values.
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The fact that we were able to identify and validate the re-scaling procedure via
updated lifetime measurements leads us to an interesting conclusion: it may be
possible to use our astrophysical log(gf) values to identify further experimental
works that may benefit from new lifetime measurements. As we have seen, any
literature work with a significant median ∆ log(gf) relative to the standard
deviation of the ∆ log(gf) values may be subject to such offsets and can be
identified through this simple comparison. An important caveat to remember
though is that a simple offset may not always be caused by the absolute scale
of the experiment, but potentially be caused by the absolute scale of our own
work, i.e. the solar abundances, which is entirely dependent on the adopted
atomic data in the first place.

Despite the very good agreement between our log(gf)grid values and those
of Lawler et al. (2013), we find that the differences between our log(gf)
values appear to be correlated with both log(gf)lit (see Figure 6.12) and
wavelength (see Figure 6.13), however not with Elow (see Figure 6.12). The
origin of this correlation is not clear, however Lawler et al. (2013) do find
wavelength-dependant discrepancies between their work and the works of
Blackwell-Whitehead et al. (2006), which they attribute to potential issues
in radiometric calibrations, which determine the wavelength dependency of the
response function of the experimental setup, in either one or both of the works
(Lawler et al. 2013).

It is worth noting that we do not see such wavelength, or log(gf), dependant
trends with the Ti i lines of Kostyk (1982b) (see Figure 6.2), however we do
see a similar trend for the experimental values of Blackwell et al. (1986c) (see
Figure 6.14), suggesting that the difference is not just an issue between our
work and that of Lawler et al. (2013), but rather an issue between astrophysical
versus experimental methodologies. Given that this wavelength-dependency is
only really observed in Ti i, rather than other species, suggests that it may be
an issue with these experimental works, such as their radiometric calibrations,
however the true origin of such trends is still unclear (Priv. comm. Lawler
2019).
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Figure 6.12: As in Figure 6.1, but for the Ti i lines of Lawler et al. (2013). There appears to be a correlation between
∆ log(gf)method−lit and log(gf)lit, however there does not appear to be a clear trend between ∆ log(gf)method−lit and
Elow.
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Figure 6.13: As in Figure 6.12, but with ∆ log(gf)method−lit plotted as a function of wavelength. We find that
the ∆ log(gf)method−lit values appear to be negatively correlated with log(gf) values and positively correlated with
wavelength.
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Ti I : Blackwell et al. 1986
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Figure 6.14: As in Figure 6.13, but for the Blackwell et al. (1986c) values. We observe a similar ∆ log(gf)method−lit
trend as in Figure 6.13, however the Blackwell et al. (1986c) ∆ log(gf) values are slightly larger on average than the
Lawler et al. (2013) ∆ log(gf) values.
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6.1.3 Theoretical works

Sources of a theoretical nature, either compilations containing theoretical
data or purely theoretical works, are generally in worse agreement with our
log(gf) values, as shown by their lower position in Table 6.1, than the purely
experimental or astrophysical sources. It is worth highlighting a potential
selection bias in the retrieved atomic databases, and thus also our findings, due
to the fact that many authors and databases choose to adopt experimental data
over theoretical data.

Experimental works typically covers the stronger, cleaner, more easily
measurable, and thus more frequently used spectral lines, whereas theoretical
works tend to calculate both the aforementioned transitions and the weaker, less
usable transitions at the same time. With experimental data being preferred
over theoretical data, coupled with the fact that databases typically only offer a
single set of atomic data per transition, it stands to reason that the theoretical
data are under-represented in terms of coverage of strong, well-defined spectral
lines, for which their values may be in excellent agreement with other literature
works. Given this, it is plausible that our reported level of agreement is slightly
worse than it would be had we compared our work against all values of the
theoretical source.

Despite this potential selection bias, it is clear that the theoretical log(gf)
values we have retrieved are often in large disagreement with our own values,
as reflected by the high median |∆ log(gf)| values and very high standard
deviations. Figure 6.15, Figure 6.16, and Figure 6.17 show the ∆ log(gf) values
of Kurucz (1999-2014) for the species Si i, Fe i, and Ni i respectively.
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Si I : Kurucz 1999-2014
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Figure 6.15: As in Figure 6.1, but for the Si i lines of Kurucz (1999-2014).



190
FEED

BACK
O
F
RESULTS

IN
TO

ATO
M
IC

PH
YSICS

5 4 3 2 1 0
log(gf)lit

1.5

1.0

0.5

0.0

0.5

1.0
lo
g
(g
f)
m
e
th
o
d

lo
g
(g
f)
lit

5 4 3 2 1 0
log(gf)lit

1.5

1.0

0.5

0.0

0.5

1.0

lo
g
(g
f)
m
e
th
o
d

lo
g
(g
f)
lit

Fe I : Kurucz 1999-2014
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Figure 6.16: As in Figure 6.1, but for the Fe i lines of Kurucz (1999-2014).
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Ni I : Kurucz 1999-2014
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Figure 6.17: As in Figure 6.1, but for the Ni i lines of Kurucz (1999-2014).
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We find substantial, seemingly uncorrelated scatter between our values and
those of Kurucz (1999-2014), with some values disagreeing by over 0.50 dex.
Given the thoroughness of our previously described benchmark star selection,
systematic line selection, and quality-assessment criteria, it seems clear that the
stark disagreement must be a result of the atomic data calculations, rather than
a result of systematics in our astrophysical analysis. Despite the disagreement
in results, we emphasise that the theoretical works of Kurucz (1999-2014)
are often the only atomic data values available for many ionised species, and
that theoretical calculations have proved invaluable in advancing the state of
astrophysical modelling over the past few of decades.

The data of TIPbase and TOPbase, falling at the bottom of Table 6.1, were
expanded into fine-structure transitions in Laverick et al. (2018) under the
assumption of LS-coupling. In the following section we take a closer look at
the quality-assessable atomic multiplets in our sample, and see whether we can
use our results to glean any information about the accuracy of the LS-coupling
assumption.

6.2 Comparisons with LS-coupling predictions

Within our 845 quality assessable lines we find 138 unique multiplets, consisting
of 382 atomic lines, across the atomic species Ti i, Cr i, Fe i, and Ni i, for which
we have at least two quality assessable lines within said multiplets. We also
include any lines of the 82337 BRASS input list that belong to these multiplets,
which corresponds to a further 902 lines across these species. For each of these
multiplets we can calculate the predicted relative line strength ratios under the
assumption of LS-coupling, described in subsection 1.2.2, so long as the lines of
the multiplet obey the LS-coupling selection rules detailed in Table 1.1. After
excluding transitions according to the strict selection rules, we are left with 259
quality-assessable lines belonging to 89 unique LS multiplets, plus an additional
432 from the BRASS input lines. This is summarised in Table 6.2

In order to compare our results against the LS-coupling predictions, we must
place the relative line strengths of the LS-coupling calculations on an absolute
scale. To do this in a purely theoretical manner requires far more complex
calculations than are discussed in subsection 1.2.3, and introduce far more
method-dependent complications which would detract from the LS-coupling
investigation (interested readers are referred to the work of Cowan (1981), which
describes more complex atomic calculations in further depth).

Instead, we choose to normalise the multiplet line strengths by scaling the
calculated log(gf)LS of strongest available principal line, typically x1 or x2, to
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Table 6.2: Summary of the number of multiplets, quality assessable lines, and
other BRASS input lines, which we can investigate. The numbers in brackets
denote the values that can be calculated under LS coupling.

Species # Multiplets (LS) # QA lines (LS) # all BRASS lines (LS)

Ti i 18 (17) 58 (48) 115 (67)
Cr i 12 (11) 36 (34) 94 (58)
Fe i 79 (51) 224 (152) 614 (264)
Ni i 29 (10) 64 (25) 79 (43)

either 1) our log(gf)grid value, or 2) the BRASS input literature log(gf) value,
depending on whether the strongest multiplet line is quality-assessable or not.
Once placed on an absolute scale, we can compare the relative distributions of
the log(gf) values to see if the LS-coupling predictions match our log(gf) values,
and also if they match the literature log(gf) values. Figure 6.18, Figure 6.19,
and Figure 6.20 show examples of 6 different quality-assessable multiplets,
each with varying degrees of agreement between our log(gf)grid values and
LS-coupling predictions, and between the BRASS input literature log(gf) values
and LS-coupling predictions.

Figure 6.18 shows the 5P → 5D and 5D → 5F multiplets for Ti i. For these
multiplets we find very good agreement between the log(gf)LS values and both
the log(gf)grid and log(gf)lit values. These literature Ti i log(gf)lit values
are experimental values originating from the Lawler et al. (2013), rather than
any theoretical calculations, and so the agreement really does suggest that
these multiplets are well described by LS-coupling. What’s more, we find that
our log(gf)grid values are also in agreement with the LS-coupling values, even
though the absolute scalings are done using the non-quality assessed literature
data, as opposed to our quality assessed values.

Figure 6.19 shows the Fe i 5P → 5D multiplet and the Fe i 3D → 3F multiplet.
For the 5P → 5D multiplet we find that the overall distribution of the LS-
coupling log(gf) values and both the literature and grid log(gf) values are
similar, but in slightly worse agreement than the multiplets shown in Figure 6.18.
For the 3D → 3F multiplet we find that the pattern of the log(gf) values are
similar, however the quality-assessable lines disagree by ∼0.1-0.3 dex, whereas
the literature values are in substantial disagreement on the order of 1.0 dex.
Despite this multiplet being placed on an absolute scale using our log(gf)grid
values, we find that our other quality-assessable lines are still in disagreement.
LS-coupling seems to be a reasonable approximation for the Ti i 5P → 5D but
not so much for the Fe i 3D → 3F multiplet.
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Figure 6.18: Top panel: the Ti i 5P → 5D multiplet. Bottom panel: the Ti i
5D → 5F multiplet. Lines are labelled according to the Table 1.2 and Table 1.3
designations. Black circles, including error bars, show the log(gf)grid values
and associated error of any quality-assessable components of the multiplet.
Blue circles denote the log(gf)lit values for atomic lines that were either not
quality-assessable or not investigated. The black crosses show the calculated
log(gf)LS values scaled to the strongest principal line, be it quality-assessable
or not. For these multiplets we find extremely good agreement between both
the log(gf)grid and log(gf)LS values, and the log(gf)lit and log(gf)LS values.
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Figure 6.19: As in Figure 6.18 but for the Fe i 5P → 5D multiplet (top panel),
and the Fe i 3D → 3F multiplet (bottom panel). For these multiplets we
find that the LS-coupling predictions are less accurate than those shown in
Figure 6.18, however the shape of the distribution of the log(gf)LS values and
both the log(gf)grid and log(gf)lit values are similar.
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Figure 6.20: As in Figure 6.18 but for the Fe i 5F → 5F multiplet (top panel),
and the Fe i 5D → 5P multiplet (bottom panel). In both cases the relative
distributions of the LS-coupling log(gf) values are very different from both
the log(gf)lit and log(gf)grid distributions. In the case of the top panel it
is possible to adjust the absolute scale of the LS-coupling values in order to
improve the agreement for both the quality-assessable lines, however it does
not seem that a simple re-scaling can consolidate the log(gf)grid and log(gf)LS
values of the bottom panel.
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For Figure 6.20, which shows the Fe i 5F → 5F and 5D → 5P multiplets,
we find a stark disagreement between the relative log(gf) distributions of
the log(gf)LS values, and both the log(gf)grid and log(gf)lit values. The
majority of the multiplet Fe i values originate from Kurucz (1999-2014) which,
while they are theoretical in nature, are calculated with empirically-adjusted
configuration-mixing parameters, meaning that the theoretical log(gf) values are
not calculated in pure LS-coupling. While the log(gf)lit values of the 5F → 5F
multiplet disagree with the log(gf)LS distribution, it appears that the log(gf)LS
values could be brought into agreement with our quality-assessable log(gf)grid
values if the absolute scaling is increased. This does not appear to be the case
for the 5D → 5P multiplet.

We find that for both Ti i and Cr i the majority of investigated multiplets, in
terms of both the literature log(gf) values and the quality-assessable lines,
appear to be described reasonably well using the assumption of LS-coupling,
with a number of the multiplets displaying similar agreement as those shown in
Figure 6.18. In general this is not the case for the Fe i multiplets, which tend
to have poorer agreement between our log(gf)grid and log(gf)LS values, and
between the log(gf)lit and log(gf)LS values.

A possible explanation for the good agreement with LS-coupling predictions
for some multiplets yet the poor agreement for other multiplets is the issue
of configuration interaction (Cowan 1981). In LS-coupling energy levels are
assumed to be well described using a single electronic state configuration and
one Wigner-6j symbol (Equation 1.15). In reality, if multiple energy levels lie
sufficiently close to one another, they may actually be better described using a
multi-configuration, that is, the associated wavefunctions of the levels should
be written as linearly-weighted combinations of single electronic configurations
of the closely lying levels. Changes in the weightings applied to these single
configurations, known as mixing coefficients, can drastically alter the resultant
wave function and thus substantially alter the resultant log(gf) of the transition
depending on the various contributions from the single states.

Using the NIST ASD1 to produce Grotrian diagrams, we find that both the
y5D and x5F multiplet energy levels have level components that lie extremely
close in energy to other energy levels. For instance, the y5D (J = 1) level at
4.217 eV falls next to another energy level at 4.220 eV corresponding to the
y5F (J = 5) level. Additionally, the x5F (J = 2) level at 5.085 eV lies near a
z5S (J = 2) line at 5.070 eV. The proximity of other nearby energy levels for
these multiplet lower levels likely results in significant configuration interaction
between the levels, meaning that the LS-coupling is unable to accurately predict
these line strengths using a single electronic configuration.

1https://physics.nist.gov/PhysRefData/ASD/lines_form.html

https://physics.nist.gov/PhysRefData/ASD/lines_form.html
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Figure 6.21: log(gf)LS− log(gf)grid plotted for the principal x1−x5 series, and
the y1−y5 and z1−z3 satellite series. Top panel: ∆ log(gf) values for the robust
Ti i multiplet lines. Bottom panel: ∆ log(gf) values for the quality-assessable
Ti i multiplet lines, which includes the robust lines. Error bars are the σgrid
values belonging to the log(gf)grid values. The quality-assessable principal lines
appear to show a correlation between ∆ log(gf) and the line series, however low
numbers of x4 and x5 lines prevent us from fully confirming this.
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Figure 6.22: As in Figure 6.22, but for the Cr i multiplets.
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Figure 6.23: As in Figure 6.22, but for the Fe i multiplets. The Fe i multiplets
show much greater deviations from LS-coupling than either the Ti i or Cr i
multiplets. We do not see any clear correlation between ∆ log(gf) and
descending line series.
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As discussed in subsection 1.2.3, the assumption of LS-coupling is believed to
break down as one descends both down, and away from, the principal diagonal
in Table 1.2 and Table 1.3. Figure 6.21, Figure 6.22, and Figure 6.23 show the
∆ log(gf) between the log(gf)LS and log(gf)grid values plotted against the LS
multiplet line designations of Table 1.2 and Table 1.3, for the Ti i, Cr i, and Fe i
multiplets. For the principal line series of the quality-assessable Ti i and Cr i
we find that the disagreement between our values and LS-coupling appears to
increase as one descends down the series in terms of strength. We note that
there are very few x4 and x5 lines, making it difficult to confirm that this trend
does indeed extend down to the weakest principal lines. For the Fe i principal
lines we do not find a clear trend in LS-coupling departure with respect to the
principal line series.

It is worth reminding readers that the x1 principal line is always used as the
scaling value when possible, meaning that all x1 lines are forced to have a
∆ log(gf) = 0.00 dex. Likely we would find scatter in these values if we scale
the LS-values using a different line, however the number of weaker principal
lines, and number of satellite lines, is far fewer than the strong principal lines,
meaning there are few multiplets for which we can methodically re-scale using
the weaker lines.

When we investigate both the y and z satellite series of lines, we do not observe
any real correlation between departure from LS-coupling and descending series
and line strength. We do note that for all three investigated multiplet species,
the satellite lines appear to have larger offsets than the principal lines. The
departure from LS-coupling does not appear to be correlated to whether the
multiplet is considered normal or symmetric, nor do we find any clear correlation
between the LS-coupling agreement and given n and l quantum numbers. We
do find that the satellite lines are generally in worse LS-coupling agreement
than the principal lines, although we note this may be subject to the method
in which we place the log(gf)LS values on an absolute scale, but we do not
clearly see a departure from LS-coupling when descending downwards in either
principal or satellite line series.

As a quick final check to investigate the cause of the scatter in our log(gf)grid
values with respect to Elow, shown in Figure 5.7 and Figure 5.8, we compare our
quality-assessable log(gf)grid values against the LS-coupling predictions for Ti i,
Cr i, Fe i, and Ni i in the top panels of Figure 6.24 through Figure 6.27. In the
bottom panels of Figure 6.24 through Figure 6.27 we plot log(gf)LS−log(gf)grid
against the input log(gf) values of the BRASS line list.

For Ti i we do not find any clear trend between log(gf)LS − log(gf)grid and
Elow, however the scatter appears to increase slightly as a function of decreasing
log(gf)input values. For Cr i there appears to be a positive linear correlation
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Figure 6.24: log(gf)LS−log(gf)grid plotted against Elow (top panel) and against
log(gf)input (bottom panel) for the quality assessable Ti i multiplet lines. We
do not observe any clear departure from LS-coupling with respect to increasing
Elow, however for we do find an increase in scatter for log(gf)LS − log(gf)grid
as a function of decreasing log(gf)input.
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Figure 6.25: As in Figure 6.24, but for the Cr i multiplet lines. We find a linear
correlation between log(gf)LS − log(gf)grid and Elow, in addition to a slight
linear correlation between log(gf)LS − log(gf)grid and log(gf)input. The cause
of these apparent trends is unknown.
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Figure 6.26: As in Figure 6.24, but for the Fe i multiplet lines. We find a
substantial increase in scatter of log(gf)LS − log(gf)grid at Elow ≈ 4.3 eV, and
as a function of decreasing log(gf)input. These trends are similar to those seen
in Figure 5.6 and Figure 5.8, although not identical on a line-by-line basis.
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Figure 6.27: As in Figure 6.24, but for the Ni i multiplet lines. We do not
find any clear correlations between log(gf)LS − log(gf)grid and either Elow or
log(gf)input.
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between ∆ log(gf)LS−grid and Elow, and a very slight linear correlation between
∆ log(gf)LS−grid and log(gf)input, however the cause of these trends is unknown.
For Fe i we find a substantial scatter in log(gf)LS−log(gf)grid at around Elow ≈
4.3 eV, similar to the increase in scatter seen Figure 5.8. We also find an increase
in scatter in log(gf)LS − log(gf)grid with decreasing log(gf)input, again similar
to the earlier figure of Figure 5.6. It is worth noting that Figure 6.31 shows
the scatter of log(gf)LS − log(gf)grid plotted against the scatter of log(gf)lit−
log(gf)grid (i.e. the scatter observed in Figure 5.5 through Figure 5.8), which
do not appear to be in agreement (i.e. we do not observe a x=y trend in the
plotted values).

Figure 6.28 and Figure 6.29 shows the 845 quality-assessable spectral lines of
Figure 5.6 and Figure 5.8 (i.e. without the non-quality assessable lines previously
shown in black), but this time separated into input transitions originating from
Kurucz (1999-2014) and those originating from any other source. What is clear
to see, for both the log(gf)input plot and the Elow plot, is that the theoretical
transitions of Kurucz (1999-2014) are the cause of the largest scatter between
log(gf)grid and log(gf)input values. Of noteworthy interest is the fact that the
scatter in ∆ log(gf) appears largest around 4− 5 eV, which corresponds with
the largest departure from LS-coupling in Figure 6.26 for Fe i. The scatter
between log(gf)grid, log(gf)lit, and log(gf)LS values at these energies is likely a
result of inaccurate log(gf) calculations due to poorly constrained configuration
mixing coefficients, which is completely absent from LS-coupling calculations,
arising due to the large number of tightly packed energy levels in this region of
Fe i (Cowan 1981).

Figure 6.30 and Figure 6.31 show log(gf)LS − log(gf)grid plotted against
log(gf)lit − log(gf)grid in an attempt to correlate the observed trends of
Figure 5.6 through Figure 5.8 with departure from LS-coupling. There does
not appear to be any clear correlations between log(gf)LS − log(gf)grid and
log(gf)lit − log(gf)grid, though perhaps this is not surprising given that the
majority of the input literature consists of either a) experimental measurements
and b) Kurucz transitions that are calculated using the more advanced
theoretical calculations of the Cowan code (Cowan 1981), including semi-
empirical configuration interaction, rather than simple LS-coupling calculations.

This final section of the thesis helps to highlight the potential information that
can be gleaned from in-depth comparisons between our results and literature
atomic data works. We close the thesis in the following section by summarising
the work presented here, and briefly discussing a number of potential avenues
for further investigation, and exploitation of our results.
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Figure 6.28: As in Figure 5.6 but only for the 845 quality assessable spectral lines.
The top panel shows the ∆ log(gf)grid−∆ log(gf)input versus ∆ log(gf)input for
all input references excluding any Kurucz (1999-2014) lines, while the bottom
panel shows the ∆ log(gf)grid − ∆ log(gf)input versus ∆ log(gf)input for the
Kurucz (1999-2014) lines. The log(gf) values of Kurucz (1999-2014) appear to
be the cause of substantial scatter in comparisons with literature data.
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Figure 6.29: As in Figure 6.28 but for ∆ log(gf)grid − ∆ log(gf)input versus
Elow. Top panel: all input references excluding any Kurucz (1999-2014) lines.
Bottom panel : the input Kurucz (1999-2014) lines.



COMPARISONS WITH LS-COUPLING PREDICTIONS 209

0.20 0.15 0.10 0.05 0.00 0.05
log(gf)lit - log(gf)grid

0.3

0.2

0.1

0.0

0.1

0.2

0.3

0.4

lo
g
(g
f)
LS

 -
 l
o
g

(g
f)
g
ri
d

Ti I lines

x1

x2

x3

x4

x5

y1

y2

y3

y4

z1

z2

z3

0.15 0.10 0.05 0.00 0.05 0.10 0.15 0.20 0.25
log(gf)lit - log(gf)grid

0.3

0.2

0.1

0.0

0.1

0.2

0.3

0.4

lo
g
(g
f)
LS

 -
 l
o
g

(g
f)
g
ri
d

Cr I lines

x1

x2

x3

x4

x5

y1

y2

y3

y4

z1

z2

z3

Figure 6.30: log(gf)LS − log(gf)grid plotted against log(gf)lit − log(gf)grid for
Ti i lines (top panel) and for Cr i lines (bottom panel). We do not find any clear
correlations between log(gf)LS− log(gf)grid and against log(gf)lit− log(gf)grid
for either of the investigated species.
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Figure 6.31: As in Figure 6.30 but for Fe i lines (top panel) and Ni i lines (bottom
panel). We do not find any clear correlations between log(gf)LS − log(gf)grid
and against log(gf)lit − log(gf)grid for either of the investigated species.





“One is always a long way from solving a problem until
one actually has the answer.”

- Stephen W. Hawking



Chapter 7

Summary and future
prospects

7.1 Summary

In this thesis we have investigated the quality of atomic data available for a
substantial number of atomic spectral lines that are of astrophysical interest
for optical stellar spectroscopy. The work represents an important, but by no
means final, step towards reducing systematic errors that permeate modern-day
modelling and the interpretation of stellar spectra.

In chapter 2 we retrieved a large quantity of atomic data, for transitions in the
wavelength 4200 - 6800 Å and belonging to all elements from ionisations I to V,
from a wide range of atomic databases often employed by astronomers. While
such a retrieval does not provide an exhaustive compilation of all literature
work, it does provide a compilation of data that is actively being used and
recommended by astronomers and atomic physicists alike, making the quality
assessment of such data especially valuable.

We homogenised the retrieved databases in order to standardise: the units of the
various quantities such as wavelength and energies; the wavelengths to ensure
they were given in terms of λair rather than λvac; the oscillator strengths so
that they took the form of log(gf) rather than fik or Aki; and the J-values,
terms, and configurations to ensure that they were in a similar format. The
retrieved data was then cross-matched against the initial BRASS atomic line list
in order to find multiple literature occurrences of the same physical transition.
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Due to differences in the data entries available per database two cross-matching
methods were devised: a parametric cross-match relying on similar wavelengths
and energies, and a non-parametric cross-match that relies on identical J-values
and configurations. Of the ∼450000 retrieved entries, ∼150000 were cross-
matched to the 82337 BRASS atomic lines. The non-parametric method was
also used to clean the individual databases from duplicate entries of the same
transition, independent of significant differences in wavelength and energies.
From our cross-matching we found that while the literature wavelengths and
energy levels typically agreed to better than 0.01 Å and 0.001 eV, the literature
log(gf) values could differ by up to 2 dex for the newer data and as much as
4 dex for older data. Such large discrepancies are the difference between the
absence or presence of a spectral line, further justifying the need for such an
atomic data quality assessment.

To investigate the quality of atomic data requires exceptionally high-quality
stellar spectra which must be modelled homogeneously to prevent the
introduction of systematic errors. As detailed in chapter 3, a careful selection
of FGK-type benchmark stars was made, making sure to minimise spectral
modelling complications arising from multiplicity, variability, peculiar elemental
composition, and extended atmospheres, while ensuring the targets were bright
enough to obtain the extremely high-quality spectra required. Spectra of the
targets were acquired by stacking tens of high S/N spectra together, taken
using the Mercator-HERMES spectrograph, to produce a final spectrum of each
target with S/N ratios of ∼800-1000 at resolutions of R∼85000. The spectra
were normalised using a template-normalisation procedure before determining
stellar parameters for each target, found to be in very good agreement with
previous literature derivations.

Spectral lines appearing in FGK-type spectra were selected for investigation by
ensuring that they were 1) theoretically unblended according to the input line
lists, and 2) present in the observed spectra and visibly unblended. Oscillator
strengths, to be used as benchmark values against which the literature log(gf)
values can be compared, were determined using two complimentary methods:
using curves of growth in conjunction with equivalent widths, and via detailed
iterative modelling. Both methods were performed for over 1000 investigated
spectral lines in each benchmark star resulting in several log(gf) values per
method per spectral line. The mean of the several log(gf) values per method
were determined for the 1091 lines, resulting in a log(gf)cog and log(gf)grid value
per line, including uncertainty values from the scatter across the benchmark
stars.

The agreement between the log(gf)cog and log(gf)grid values was used as a
criterion to select whether a line was suitable for quality assessment or whether
it was deemed too unreliable. Care was taken to address and remove as many
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systematic effects from the two methods as possible: a correction to observed
Wλ values to account for the use of Gaussian profiles rather than Voigt profiles;
and an additional constraint, mandating the log(gf)cog and log(gf)grid values
agree within 0.04 dex, to minimise the impact of any background lines on the
analysis.

It was found that 845 of the 1091 investigated lines were sufficiently reliable
to quality assess, and 408 of the quality-assessable lines were robust against
background blending systematics. Around 90% of these lines belonged to neutral
species, with the remainder belong to singly ionised elements, a not-unexpected
result considering the FGK-type stars investigated. For each of the quality-
assessable lines the available literature log(gf) values were compared against
the log(gf)grid value, and if they were within error of the log(gf)grid value
the literature was deemed an accurate and reliable log(gf) value that could
be recommended for use. We found that ∼53% of the lines had at least one
literature log(gf) value in agreement with ours, with the fraction being similar
for both the quality-assessable lines and the analysis-independent subset. We
found that for the majority of iron-group ions, including Fe ii, roughly 70-75%
of the lines had accurate atomic data, whereas this value dropped to ∼38% for
Fe i which makes up a substantial fraction of the investigated lines.

By comparing the literature log(gf) values with those of this work we were able
to glean information on potentially useful methodologies that could be employed
by experimental atomic physicists. We found that older experimental works
that were re-normalised using updated lifetime measurements were in better
agreement with our values than the original experimental work. Additionally,
we found that astrophysical works tend to be in good agreement with each
other, providing one can account for potential systematic offsets arising from
modelling assumptions. We also investigated the assumption of LS-coupling
for multiplets within our quality-assessable lines, and found that the largest
departures from LS-coupling appear to arise in high-lying energy levels of Fe i,
which are likely subject to significant configuration mixing that has yet to be
accurately constrained by theoretical works.

The results of the thesis are of significant interest to both astronomers and
atomic physicists alike, with the potential for improving the accuracy of stellar
spectroscopic works and helping to provide target log(gf) values for atomic
calculations and experiments. A number of interesting avenues, with the promise
of even more beneficial results, remain to be explored, which I shall now outline
in the closing remarks of the thesis.
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7.2 Future prospects

There are a number of different directions in which the research presented here
could be applied and extended, some of which are quick, trivial, yet informative,
whereas others are far more complex and time-consuming. Here we briefly
outline a wide range of potential avenues of investigation, in descending order
of easiest to achieve to the hardest.

7.2.1 Results compared with existing and future data

By far, one of the easiest tasks, and also one of the most beneficial, is to simply
compare our derived log(gf) values against other literature data that was not
included within this work. This can be applied to existing values that did not
make it into our retrieval efforts, and can even be applied to newly-produced and
future log(gf) values. Quick comparisons between these new values and ours
will help to provide quality information for astronomers and atomic physicists
alike, with only a minor time investment to do so. It is also worth emphasising
that the homogeneous nature of our work will hopefully help trivialise any
future updates or discrepancies between our works and the future of stellar
spectroscopy, the main example being update to the solar abundances, for which
one can simply re-scale our existing log(gf) values to recover their usefulness.

7.2.2 Results compared with complete data sets

An extension to subsection 7.2.1, one can compare entire literature works against
our results to maximise the quality information that can be extracted from
our work. The investigations presented in chapter 6 can be greatly enhanced
if one can compare our work against an entire source, helping to truely reveal
systematic differences between the works. An additional benefit of this avenue,
especially so for theoretical work, is that it allows atomic data producers
to compare the impact of different assumptions, inputs, methodologies, and
parameters in a systematic manner by using our results as benchmark log(gf)
values.

7.2.3 Expand the wavelength coverage

While requiring slightly more work, it is possible to extend our wavelength
coverage and maximise the potential of the observed HERMES benchmark
spectra. Using the same tools, codes, and methodologies as presented earlier,
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one can investigate shorter wavelengths down to ∼3800Å at the cost of increased
blending and slightly poorer S/N ratios. At the other end of the spectrum, one
could extend our analysis to wavelengths of up to 9000Å previously omitted to
the presence of large telluric bands and comparatively lower line numbers than
our investigate wavelengths. The difficulties of this extension come in the form
of fully accounting for a large number of telluric lines as accurately as possible,
however it could help constrain the small number of lines that are present in
the GAIA RVS window. Another option is to expand the investigation into
other wavelength domains, such as the infrared and UV regimes, where there
are many more transitions in need of quality assessment. Such an expansion is a
logical direction to take future investigations, with the main technical difficulty
being that one must gather additional extremely high-quality observations in
the wavelength domains.

7.2.4 Expand method to investigate HFS and isotopic split-
ting

Increasing the complexity of our analysis, one could attempt to account for both
hyperfine and isotopic splitting when selecting and quality-assessing spectral
lines. The inclusion of HFS requires further atomic data and thus further
retrievals, in order to accurately model the individual hyperfine components.
In terms of line selection, one would need to adapt the theoretical blending
determinations so that line components are no longer treated as separate lines.
Measuring equivalent widths becomes more difficult depending on how the line
splitting affects the line profile shape, potentially requiring different measurement
kernels than simply a Gaussian fit. The grid method would also increase in
complexity due to degeneracies in wavelength and log(gf) combinations of the
various components. One saving grace is that isotopic line strength ratios are
constrained by relative isotopic ratios, which somewhat reduces this aspect of
the complexity.

7.2.5 Expand method to tackle blended features

A very rewarding investment, but certainly a lengthy and challenging task, is
to expand the current methodology to try and address blended features. Our
work covered ∼1000 unblended spectral lines, however by removing the blending
constraint in line selection in section 4.2 we can expand the number of lines to
on the order of ∼5000 spectral lines in our wavelength window. The issue of
blending that was discussed at length in section 4.5 clearly has a substantial
impact on spectral line analysis, even in our relatively unblended sample of lines.
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If one can, however, constrain and quality-assess the atomic data of blended
lines, then this could potentially allow astronomers to work with many more
previously unusable spectral features.

One immediate complication is the determination of equivalent widths of blended
line components. Two potential solutions are: multi-profile fits using two or
more line profiles; measuring the equivalent width of the entire blended feature.
In the first case, if one can derive the individual equivalent widths then one can
use the curves of growth in the same manner as discussed earlier, and simply
convert them into individual corresponding log(gf) values. In the case of a
single equivalent width measurement for the entire feature, one could attribute a
fraction of the equivalent width to each line, and then determine corresponding
log(gf) values.

For the grid method the main issue becomes a problem of dimensional and
computational cost. Doubling the number of parameters that need to be
minimised will square the parameter-space that needs to be modelled, which
will require greater computational resources, potential optimisations, and maybe
a random-sampling or monte-carlo approach.

Regardless of the method, the potential degenerate solutions when disentangling
blends poses the largest difficulty. Employing a large number of benchmark stars,
covering a range of effective temperatures, could potentially lift degeneracies
by exploiting the line behaviours with respect to temperature, providing the
spectral lines have different temperature relationships i.e. they belong to
different multiplets and species.

7.2.6 Expand method to wider range of spectral types

This seems like one of the most obvious and immediately useful ways to expand
the presented work, however it is also, unfortunately, the most difficult to
realise. Expanding our sample to cover cooler stars will dramatically increase
the number of spectral lines, both atomic and molecular, that are present in
the stellar spectra resulting in significantly more line blending. This means that
subsection 7.2.5 will likely need to be implemented first in order to accurately
analyse cool stars.

Expanding to hotter stars runs into the complications of non-LTE modelling.
The main issue with such work is that the level populations of spectral lines can
no longer be determined separately from each other, meaning that any changes
to a spectral line properties, such as log(gf) values, can have an impact on
the line strength of other lines. This presents a nasty complication for log(gf)
determinations, as any changes to the atomic data may induce changes in other
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values, and one could potentially have to simultaneously determine the log(gf)
value of tens of lines at once. Given the sheer number of calculations required
to perform this work in LTE, it will certainly be challenging to expand it to
non-LTE without significant revision of the methodology.



“Fancy a drink tonight?”

- Jels Boulangier



Appendix A

Quality assessment results

Table A.1 presents both the line selection and quality assessment results for
the full 1091 spectral lines investigated in this work. The table is available in
digital format via the CDS and at brass.sdf.org.
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http://brass.sdf.org
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Table A.1: Table of results for the 1091 investigated lines in FGK stars, belonging to 28 different ionic species. Lines are listed in elemental and ionic
order (from lightest to heaviest, beginning with the neutral species of each element). Each transition shows: 1) the corresponding line number, #, of the
transition used to identify the 1091 investigated lines in the various digital tables belonging to this work 2) the input wavelength 3) the derived λgrid
including 1σ error 4) the lower energy Elow of the transition 5) the log(gf)cog and log(gf)grid values derived in this work including 1σ errors 6)

whether a transition is considered quality-assessable (QA) and independent of adopted analysis methods (analysis-independent, or AI) 7) the available
literature log(gf) values for a transition taken from Paper 1 including references, where the following columns represent the database of origin for the
given literature value: a) Paper 1 input list b) NIST c) SpectroWeb d) VALD3 e) Spectr-W3 f) CHIANTI g) TIPbase h) TOPbase 8) which literature
references, if any, reproduce the log(gf)grid values within the σgrid errors and can thus be recommended for use. If a line cannot be quality-assessed then
the ’recommended literature’ column will display an ’X’, and if the line can be quality-assessed but has no recommended literature values it displays a ’-’.
Each line number, #, is hyperlinked to a corresponding web-page where interested readers can find interactive line profile plots of all the log(gf) values
in each benchmark star (in a similar manner to Figure 5.1 and Figure 5.9). Additional atomic information, such as configurations, terms, J-values, and
equivalent widths, can be found via these links, or via brass.sdf.org.

# Wavelength (Å) Elow (eV) log(gf) this work Flags Literature log(gf) values Recommended
Input ∆λ grid cog grid QA? AI? a) b) c) d) e) f) g) h) literature

C i
409 5052.144 0.002 ±0.006 7.685 -1.12 ±0.11 -1.29 ±0.12 X -1.30 1 -1.30 1 -1.30 2 -1.30 3 -1.27 4 - - -1.45 5 1, 2, 3, 4

Na i
358 4982.814 0.004 ±0.002 2.104 -0.76 ±0.08 -0.86 ±0.11 X -0.92 6 - -0.96 2 - - - - - 2, 6

901 6154.225 -0.006 ±0.002 2.102 -1.42 ±0.06 -1.45 ±0.04 -1.55 6 -1.55 7 -1.56 2 -1.55 3 - - - -1.55 5 -

905 6160.747 -0.004 ±0.002 2.104 -1.12 ±0.07 -1.12 ±0.08 -1.25 6 -1.25 7 -1.26 2 -1.25 3 - - - -1.25 5 -

Mg i
125 4571.096 -0.008 ±0.003 0.000 -5.46 ±0.09 -5.57 ±0.09 X -5.62 3 -5.62 8 -5.69 2 -5.62 3 - - - - 3, 8

227 4730.029 0.001 ±0.003 4.346 -2.17 ±0.10 -2.23 ±0.08 X -2.35 3 -2.35 9 -2.32 2 -2.35 3 - - - -2.34 5 -

760 5785.313 -0.039 ±0.002 5.108 -1.83 ±0.07 -1.77 ±0.06 X -2.11 10 - − -1.71 2 -2.11 10 - - - -2.59 5 2

978 6318.717 -0.011 ±0.009 5.108 -1.83 ±0.08 -1.87 ±0.07 -2.10 11 -2.10 11 - -2.10 3 - - - -2.10 5 -

979 6319.237 -0.003 ±0.011 5.108 -2.07 ±0.05 -2.10 ±0.04 -2.32 11 -2.32 11 - -2.32 3 - - - -2.33 5 -

Al i
1056 6696.023 -0.006 ±0.002 3.143 -1.40 ±0.08 -1.45 ±0.07 X -1.57 12 -1.57 12 -2.85 2 -1.35 13 -1.04 4 - - -1.57 5 -

1057 6698.673 -0.007 ±0.003 3.143 -1.74 ±0.07 -1.76 ±0.04 -1.87 12 -1.87 12 -2.65 2 -1.65 13 -1.64 4 - - -1.87 5 -

Si i
340 4947.607 -0.009 ±0.002 5.082 -2.16 ±0.05 -2.18 ±0.05 -1.76 14 - -2.20 2 -1.76 14 -2.29 4 - - - 2
415 5070.950 -0.026 ±0.016 5.082 -2.81 ±0.22 -3.22 ±0.10 X X -2.25 14 - -4.00 2 -2.25 14 - - - - X

571 5421.168 -0.007 ±0.004 5.619 -1.21 ±0.06 -1.28 ±0.05 X -2.01 14 - -1.35 2 -2.01 14 - - - - -

594 5488.983 -0.015 ±0.003 5.614 -1.68 ±0.06 -1.75 ±0.06 X -2.30 14 - -1.90 2 -2.31 14 - - - - -

610 5517.533 0.000 ±0.003 5.082 -2.38 ±0.05 -2.42 ±0.05 -2.61 14 - -2.61 2 -2.61 14 - - - - -

http://brass.sdf.org
http://brass.sdf.org/G_type_htmls/gra409/index.html
http://brass.sdf.org/G_type_htmls/gra358/index.html
http://brass.sdf.org/G_type_htmls/gra901/index.html
http://brass.sdf.org/G_type_htmls/gra905/index.html
http://brass.sdf.org/G_type_htmls/gra125/index.html
http://brass.sdf.org/G_type_htmls/gra227/index.html
http://brass.sdf.org/G_type_htmls/gra760/index.html
http://brass.sdf.org/G_type_htmls/gra978/index.html
http://brass.sdf.org/G_type_htmls/gra979/index.html
http://brass.sdf.org/G_type_htmls/gra1056/index.html
http://brass.sdf.org/G_type_htmls/gra1057/index.html
http://brass.sdf.org/G_type_htmls/gra340/index.html
http://brass.sdf.org/G_type_htmls/gra415/index.html
http://brass.sdf.org/G_type_htmls/gra571/index.html
http://brass.sdf.org/G_type_htmls/gra594/index.html
http://brass.sdf.org/G_type_htmls/gra610/index.html
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Table A.1: (QA) Quality-assessable (AI) Analysis-independent line a) Paper 1 input list b) NIST c) SpectroWeb d) VALD3 e) Spectr-W3
f) CHIANTI g) TIPbase h) TOPbase

# Wavelength (Å) Elow (eV) log(gf) this work Flags Literature log(gf) values Recommended
Input ∆λ grid cog grid QA? AI? a) b) c) d) e) f) g) h) literature

647 5622.220 0.014 ±0.009 4.930 -2.87 ±0.07 -3.07 ±0.06 X X -2.61 14 -1.64 15 -3.06 2 -2.61 14 -1.64 4 - - -2.00 5 X

665 5645.613 -0.013 ±0.004 4.930 -1.98 ±0.03 -2.06 ±0.05 X -2.04 16 -1.63 15 -2.14 2 -2.14 17 - - - -1.73 5 16
675 5654.919 0.001 ±0.006 5.614 -1.52 ±0.04 -1.60 ±0.03 X X -1.89 14 - -1.73 2 -1.89 14 - - - - X
683 5665.555 -0.016 ±0.002 4.920 -1.91 ±0.04 -2.06 ±0.05 X X -1.94 16 -2.04 17 -2.04 2 -2.04 17 - - - -1.82 5 X
684 5666.677 0.001 ±0.002 5.616 -1.50 ±0.05 -1.60 ±0.04 X X -1.80 14 - -1.65 2 -1.80 14 - - - - X

693 5684.484 -0.005 ±0.001 4.954 -1.55 ±0.04 -1.58 ±0.04 -1.55 16 -1.42 15 -1.65 2 -1.65 17 - - - -1.78 5 16

697 5690.425 -0.006 ±0.002 4.930 -1.74 ±0.04 -1.78 ±0.04 -1.77 16 -1.87 17 -1.87 2 -1.87 17 -1.76 4 - - -1.95 5 4, 16

704 5701.104 -0.007 ±0.003 4.930 -1.94 ±0.03 -1.96 ±0.03 -1.95 16 -2.05 17 -2.05 2 -2.05 17 - - - -1.82 5 16

711 5708.400 -0.009 ±0.002 4.954 -1.29 ±0.05 -1.37 ±0.04 X -1.37 16 -1.47 17 -1.47 2 -1.47 17 -1.47 4 - - -1.25 5 16

735 5747.667 -0.003 ±0.003 5.614 -1.30 ±0.05 -1.40 ±0.05 X -1.54 14 - -1.48 2 -1.54 14 - - - - -

741 5753.623 0.011 ±0.003 5.616 -1.15 ±0.04 -1.22 ±0.04 X -1.75 14 - -1.33 2 -1.75 14 - - - - -

751 5772.146 -0.008 ±0.004 5.082 -1.57 ±0.05 -1.59 ±0.04 -1.65 16 -1.75 17 -1.75 2 -1.75 17 -2.22 4 - - -1.54 5 -

764 5793.073 -0.008 ±0.003 4.930 -1.85 ±0.05 -1.93 ±0.05 X -1.96 16 -2.02 18 -2.06 2 -2.06 17 - - - -2.01 5 16
768 5797.856 -0.002 ±0.005 4.954 -1.80 ±0.03 -1.88 ±0.04 X X -1.95 16 -2.05 17 -2.05 2 -2.05 17 - - - -1.74 5 X

777 5810.768 0.024 ±0.007 5.863 -1.91 ±0.08 -1.93 ±0.06 -1.42 14 - - -1.42 14 - - - - -

799 5859.201 0.031 ±0.009 4.954 -2.89 ±0.11 -3.30 ±0.08 X X -2.41 14 -2.50 18 -3.10 2 -2.41 14 - - - -2.49 5 X

829 5948.541 -0.007 ±0.003 5.082 -1.09 ±0.05 -1.10 ±0.04 -1.13 16 -1.23 17 -1.23 2 -1.23 17 -1.01 4 - - -1.00 5 16

830 5950.092 -0.016 ±0.035 5.863 -2.26 ±0.08 -2.23 ±0.09 -2.03 14 - -3.82 2 -2.03 14 - - - - -
853 6022.229 -0.004 ±0.018 5.863 -2.12 ±0.10 -2.35 ±0.10 X X -1.97 14 - -4.03 2 -1.97 14 - - - - X

864 6076.925 -0.042 ±0.006 5.964 -1.47 ±0.06 -1.57 ±0.06 X -2.01 14 - - -2.01 14 - - - -2.54 5 -

872 6091.919 -0.007 ±0.006 5.871 -1.18 ±0.06 -1.23 ±0.04 X -1.47 14 - -1.40 2 -1.46 14 - - - - -
883 6112.928 -0.007 ±0.004 5.616 -1.99 ±0.05 -2.13 ±0.05 X X -1.96 14 - -1.75 2 -1.96 14 - - - - X

885 6125.021 -0.006 ±0.002 5.614 -1.44 ±0.04 -1.49 ±0.05 X -1.46 14 - -1.53 2 -1.47 14 - - - - 2, 14
889 6131.573 -0.008 ±0.003 5.616 -1.57 ±0.03 -1.65 ±0.04 X X -1.56 14 - -1.70 2 -1.56 14 - - - - X

890 6131.852 -0.001 ±0.004 5.616 -1.56 ±0.04 -1.63 ±0.04 X -1.62 14 - -1.74 2 -1.62 14 - - - - 14

891 6133.212 -0.011 ±0.017 5.863 -2.22 ±0.09 -2.32 ±0.07 X -2.11 14 - -4.55 2 -2.11 14 - - - - -

895 6142.483 0.001 ±0.002 5.619 -1.39 ±0.04 -1.45 ±0.05 X -1.29 14 - -1.52 2 -1.30 14 - - - - -

896 6145.016 -0.004 ±0.002 5.616 -1.33 ±0.05 -1.35 ±0.04 -1.31 14 - -1.42 2 -1.31 14 - - - - 14

900 6152.292 0.007 ±0.007 5.964 -2.12 ±0.06 -2.19 ±0.04 X -1.36 14 - -2.12 2 -1.36 14 - - - -1.48 5 -

902 6155.134 0.005 ±0.004 5.619 -0.68 ±0.08 -0.73 ±0.06 X -0.75 14 - -0.80 2 -0.76 14 - - - - 14

923 6194.416 -0.013 ±0.006 5.871 -1.53 ±0.05 -1.61 ±0.06 X -2.08 14 - -1.90 2 -2.08 14 - - - - -

924 6194.884 -0.029 ±0.006 5.871 -2.27 ±0.25 -2.35 ±0.27 X -2.19 14 - -2.40 2 -2.19 14 - - - - 2, 14

http://brass.sdf.org/G_type_htmls/gra647/index.html
http://brass.sdf.org/G_type_htmls/gra665/index.html
http://brass.sdf.org/G_type_htmls/gra675/index.html
http://brass.sdf.org/G_type_htmls/gra683/index.html
http://brass.sdf.org/G_type_htmls/gra684/index.html
http://brass.sdf.org/G_type_htmls/gra693/index.html
http://brass.sdf.org/G_type_htmls/gra697/index.html
http://brass.sdf.org/G_type_htmls/gra704/index.html
http://brass.sdf.org/G_type_htmls/gra711/index.html
http://brass.sdf.org/G_type_htmls/gra735/index.html
http://brass.sdf.org/G_type_htmls/gra741/index.html
http://brass.sdf.org/G_type_htmls/gra751/index.html
http://brass.sdf.org/G_type_htmls/gra764/index.html
http://brass.sdf.org/G_type_htmls/gra768/index.html
http://brass.sdf.org/G_type_htmls/gra777/index.html
http://brass.sdf.org/G_type_htmls/gra799/index.html
http://brass.sdf.org/G_type_htmls/gra829/index.html
http://brass.sdf.org/G_type_htmls/gra830/index.html
http://brass.sdf.org/G_type_htmls/gra853/index.html
http://brass.sdf.org/G_type_htmls/gra864/index.html
http://brass.sdf.org/G_type_htmls/gra872/index.html
http://brass.sdf.org/G_type_htmls/gra883/index.html
http://brass.sdf.org/G_type_htmls/gra885/index.html
http://brass.sdf.org/G_type_htmls/gra889/index.html
http://brass.sdf.org/G_type_htmls/gra890/index.html
http://brass.sdf.org/G_type_htmls/gra891/index.html
http://brass.sdf.org/G_type_htmls/gra895/index.html
http://brass.sdf.org/G_type_htmls/gra896/index.html
http://brass.sdf.org/G_type_htmls/gra900/index.html
http://brass.sdf.org/G_type_htmls/gra902/index.html
http://brass.sdf.org/G_type_htmls/gra923/index.html
http://brass.sdf.org/G_type_htmls/gra924/index.html
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Table A.1: (QA) Quality-assessable (AI) Analysis-independent line a) Paper 1 input list b) NIST c) SpectroWeb d) VALD3 e) Spectr-W3
f) CHIANTI g) TIPbase h) TOPbase

# Wavelength (Å) Elow (eV) log(gf) this work Flags Literature log(gf) values Recommended
Input ∆λ grid cog grid QA? AI? a) b) c) d) e) f) g) h) literature

925 6195.433 0.016 ±0.003 5.871 -1.52 ±0.06 -1.59 ±0.06 X -1.49 14 - -1.80 2 -1.57 14 - - - - 14

930 6208.541 0.018 ±0.006 5.984 -1.88 ±0.08 -1.96 ±0.06 X -1.47 14 - -2.68 2 -1.47 14 - - - - -

934 6220.211 0.004 ±0.009 5.863 -1.69 ±0.04 -1.75 ±0.04 X -2.05 14 - -1.83 2 -2.04 14 - - - -1.41 5 -

943 6237.319 0.001 ±0.003 5.614 -0.97 ±0.07 -1.03 ±0.06 X -0.98 14 - -2.33 2 -0.97 14 - - - - 14

947 6243.815 -0.003 ±0.003 5.616 -1.18 ±0.05 -1.19 ±0.03 -1.24 14 - -1.77 2 -1.24 14 - - - - -

948 6244.466 0.001 ±0.002 5.616 -1.20 ±0.05 -1.23 ±0.04 -1.09 14 - -1.69 2 -1.09 14 - - - - -

963 6279.343 -0.029 ±0.017 5.863 -1.52 ±0.05 -1.21 ±0.26 X -2.43 14 - -2.01 2 -2.43 14 - - - - -

970 6299.599 -0.030 ±0.019 5.984 -1.04 ±0.03 -1.10 ±0.10 X -1.12 19 - -1.50 2 -1.66 14 - - - -1.12 5 5, 19

973 6308.825 -0.014 ±0.007 5.863 -2.02 ±0.07 -2.06 ±0.03 -1.79 14 - -2.95 2 -1.79 14 - - - - -
986 6331.956 -0.005 ±0.004 5.082 -2.36 ±0.07 -2.50 ±0.05 X X -1.82 14 -3.74 13 -2.80 2 -1.82 14 - - - -2.71 5 X

1001 6394.235 -0.012 ±0.008 5.871 -1.83 ±0.14 -2.02 ±0.06 X -1.84 14 - - -1.84 14 - - - - -
1004 6408.671 -0.009 ±0.005 5.984 -1.66 ±0.06 -1.78 ±0.04 X X -1.55 14 - -3.09 2 -1.55 14 - - - - X

1006 6414.980 -0.001 ±0.004 5.871 -0.97 ±0.05 -1.01 ±0.04 -1.03 14 - -1.05 2 -1.04 14 - - - - 2, 14

1013 6452.296 -0.004 ±0.016 5.619 -2.22 ±0.04 -2.55 ±0.08 X X -1.43 14 - -2.48 2 -1.43 14 - - - - X
1029 6527.202 -0.003 ±0.005 5.871 -1.05 ±0.03 -1.14 ±0.03 X X -1.08 14 - -1.16 2 -1.07 14 - - - - X

1045 6635.687 -0.001 ±0.004 5.863 -1.73 ±0.05 -1.78 ±0.04 X -1.65 14 - -1.93 2 -1.65 14 - - - - -

1069 6721.848 -0.009 ±0.004 5.863 -1.02 ±0.04 -1.07 ±0.04 X -1.06 19 -0.94 13 - -1.53 14 - - - - 19

1078 6741.628 0.000 ±0.009 5.984 -1.47 ±0.09 -1.54 ±0.04 X -1.65 16 - -3.25 2 -1.75 17 - - - - -

1091 6795.788 0.003 ±0.008 5.964 -1.75 ±0.06 -1.86 ±0.10 X -1.82 14 - -1.98 2 -1.82 14 - - - - 14

Si ii
990 6347.109 -0.017 ±0.004 8.121 0.37 ±0.04 0.31 ±0.04 X 0.17 16 - 0.35 2 - 0.53 4 0.18 20 - - 2

997 6371.371 -0.016 ±0.003 8.121 0.07 ±0.04 -0.01 ±0.05 X -0.04 16 - -0.20 2 - -0.08 4 -0.12 20 - - 16

S i
1085 6757.150 0.012 ±0.016 7.870 -0.15 ±0.05 -0.23 ±0.06 X -0.24 21 - -0.31 2 -0.24 22 - - - - 21, 22

Ca i
15 4283.011 -0.004 ±0.005 1.886 -0.38 ±0.12 -0.50 ±0.17 X -0.14 14 -0.22 13 -0.04 2 -0.14 14 -0.00 4 - - -0.12 5 -

20 4318.652 0.002 ±0.004 1.899 -0.42 ±0.09 -0.47 ±0.14 X -0.14 14 -0.21 13 -0.21 2 -0.14 14 - - - -0.12 5 -

40 4425.437 -0.005 ±0.001 1.879 -0.42 ±0.09 -0.50 ±0.07 X -0.36 23 -0.36 24 -0.36 2 -0.36 23 - - - -0.57 5 5

87 4512.268 -0.014 ±0.005 2.526 -1.85 ±0.05 -1.91 ±0.08 X -1.90 25 - -1.89 2 -1.90 25 - - - -0.14 5 2, 25

99 4526.928 -0.008 ±0.003 2.709 -0.60 ±0.06 -0.68 ±0.08 X -0.55 25 - -0.51 2 -0.55 25 -0.64 4 - - - 4

131 4578.551 -0.001 ±0.002 2.521 -0.81 ±0.09 -0.77 ±0.09 -0.70 25 -0.56 13 -0.56 2 -0.70 25 -0.34 4 - - -0.34 5 25

http://brass.sdf.org/G_type_htmls/gra925/index.html
http://brass.sdf.org/G_type_htmls/gra930/index.html
http://brass.sdf.org/G_type_htmls/gra934/index.html
http://brass.sdf.org/G_type_htmls/gra943/index.html
http://brass.sdf.org/G_type_htmls/gra947/index.html
http://brass.sdf.org/G_type_htmls/gra948/index.html
http://brass.sdf.org/G_type_htmls/gra963/index.html
http://brass.sdf.org/G_type_htmls/gra970/index.html
http://brass.sdf.org/G_type_htmls/gra973/index.html
http://brass.sdf.org/G_type_htmls/gra986/index.html
http://brass.sdf.org/G_type_htmls/gra1001/index.html
http://brass.sdf.org/G_type_htmls/gra1004/index.html
http://brass.sdf.org/G_type_htmls/gra1006/index.html
http://brass.sdf.org/G_type_htmls/gra1013/index.html
http://brass.sdf.org/G_type_htmls/gra1029/index.html
http://brass.sdf.org/G_type_htmls/gra1045/index.html
http://brass.sdf.org/G_type_htmls/gra1069/index.html
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Table A.1: (QA) Quality-assessable (AI) Analysis-independent line a) Paper 1 input list b) NIST c) SpectroWeb d) VALD3 e) Spectr-W3
f) CHIANTI g) TIPbase h) TOPbase

# Wavelength (Å) Elow (eV) log(gf) this work Flags Literature log(gf) values Recommended
Input ∆λ grid cog grid QA? AI? a) b) c) d) e) f) g) h) literature

206 4685.268 -0.010 ±0.001 2.933 -0.81 ±0.06 -0.87 ±0.04 X -0.88 26 -0.88 13 -0.88 2 -0.88 26 -0.66 4 - - -0.47 5 2, 13, 26

497 5260.387 -0.006 ±0.002 2.521 -1.68 ±0.03 -1.70 ±0.05 -1.72 25 -1.90 27 -1.72 2 -1.72 25 - - - -2.02 5 2, 25

500 5265.556 -0.011 ±0.002 2.523 -0.65 ±1.28 -0.83 ±0.01 X -0.11 25 -0.26 27 -0.11 2 -0.11 25 -0.48 4 - - -0.37 5 -

550 5349.465 -0.005 ±0.001 2.709 -0.50 ±0.11 -0.44 ±0.09 X -0.31 25 - -0.28 2 -0.31 25 - - - -0.73 5 -

631 5581.965 0.004 ±0.002 2.523 -0.48 ±0.05 -0.53 ±0.04 X -0.56 25 -0.71 27 -0.56 2 -0.56 25 -0.56 4 - - -0.57 5 2, 4, 5, 25

636 5590.114 -0.004 ±0.002 2.521 -0.55 ±0.05 -0.51 ±0.04 -0.57 25 -0.71 27 -0.57 2 -0.57 25 -0.49 4 - - -0.58 5 4

804 5867.562 -0.009 ±0.002 2.933 -1.52 ±0.04 -1.51 ±0.03 -1.57 26 - -1.60 2 -1.57 26 - - - -2.40 5 -

906 6161.297 -0.009 ±0.002 2.523 -1.16 ±0.04 -1.23 ±0.04 X -1.27 25 -1.03 27 -1.29 2 -1.27 25 -1.03 4 - - - 25

907 6163.755 -0.010 ±0.001 2.521 -1.14 ±0.05 -1.23 ±0.04 X -1.29 25 -1.02 27 -1.30 2 -1.29 25 -1.02 4 - - - -

909 6166.439 -0.009 ±0.002 2.521 -1.11 ±0.05 -1.09 ±0.04 -1.14 25 -0.90 27 -1.16 2 -1.14 25 -1.38 4 - - - -

910 6169.042 -0.009 ±0.002 2.523 -0.75 ±0.06 -0.72 ±0.04 -0.80 25 -0.54 27 -0.80 2 -0.80 25 -0.76 4 - - - 4

1012 6449.808 0.000 ±0.001 2.521 -0.42 ±0.06 -0.38 ±0.05 -0.50 25 -0.55 13 -0.50 2 -0.50 25 -0.33 4 - - - 4

1014 6455.598 -0.001 ±0.002 2.523 -1.27 ±0.04 -1.28 ±0.04 -1.29 25 -1.36 13 -1.35 2 -1.34 26 - - - - 25

1018 6471.662 -0.005 ±0.001 2.526 -0.61 ±0.05 -0.57 ±0.04 -0.69 25 -0.59 27 -0.68 2 -0.69 25 -0.59 4 - - - 4, 27

1024 6499.650 -0.006 ±0.002 2.523 -0.72 ±0.05 -0.70 ±0.04 -0.82 25 -0.59 27 -0.65 2 -0.82 25 -0.59 4 - - - -

Ca ii
1016 6456.875 0.002 ±0.010 8.438 0.65 ±0.06 0.52 ±0.05 X X 0.41 28 - -0.28 2 - - - - - X

Sc i
238 4743.830 -0.008 ±0.006 1.448 0.34 ±0.06 0.28 ±0.07 X 0.42 29 0.42 29 0.24 2 0.42 29 - - - - 2

Sc ii
9 4246.822 0.009 ±0.002 0.315 0.08 ±0.08 0.05 ±0.09 0.24 29 0.24 29 - 0.24 29 0.31 4 - - - -

18 4314.083 -0.005 ±0.001 0.618 0.08 ±0.15 -0.12 ±0.08 X -0.10 29 -0.10 29 -0.10 2 -0.10 29 -0.21 4 - - - 2, 29

21 4320.732 0.006 ±0.002 0.605 -0.21 ±0.11 -0.28 ±0.08 X -0.25 29 -0.25 29 -0.10 2 -0.25 29 - - - - 29

30 4400.389 0.000 ±0.001 0.605 -0.45 ±0.09 -0.52 ±0.09 X -0.54 29 -0.54 29 -0.48 2 -0.54 29 - - - - 2, 29

37 4420.669 -0.006 ±0.003 0.618 -2.19 ±0.06 -2.30 ±0.08 X -2.27 29 -2.27 29 -2.15 2 -2.27 29 - - - - 29

198 4670.407 -0.012 ±0.003 1.357 -0.46 ±0.09 -0.71 ±0.08 X X -0.58 29 -0.58 29 -0.52 2 -0.58 29 -0.24 4 - - - X

397 5031.021 -0.007 ±0.003 1.357 -0.35 ±0.05 -0.44 ±0.07 X -0.40 29 -0.40 29 -0.40 2 -0.40 29 -0.48 4 - - - 2, 4, 29

481 5239.813 0.004 ±0.002 1.455 -0.65 ±0.08 -0.75 ±0.06 X -0.76 29 -0.77 29 -0.77 2 -0.77 29 -0.29 4 - - - 2, 29

552 5357.199 -0.001 ±0.012 1.507 -2.03 ±0.11 -2.15 ±0.09 X -2.11 29 -2.11 29 -2.14 2 -2.11 29 - - - - 2, 29

614 5526.790 0.019 ±0.002 1.768 0.04 ±0.08 0.05 ±0.06 0.02 29 0.02 29 0.06 2 0.02 29 0.02 4 - - - 2, 4, 29

http://brass.sdf.org/G_type_htmls/gra206/index.html
http://brass.sdf.org/G_type_htmls/gra497/index.html
http://brass.sdf.org/G_type_htmls/gra500/index.html
http://brass.sdf.org/G_type_htmls/gra550/index.html
http://brass.sdf.org/G_type_htmls/gra631/index.html
http://brass.sdf.org/G_type_htmls/gra636/index.html
http://brass.sdf.org/G_type_htmls/gra804/index.html
http://brass.sdf.org/G_type_htmls/gra906/index.html
http://brass.sdf.org/G_type_htmls/gra907/index.html
http://brass.sdf.org/G_type_htmls/gra909/index.html
http://brass.sdf.org/G_type_htmls/gra910/index.html
http://brass.sdf.org/G_type_htmls/gra1012/index.html
http://brass.sdf.org/G_type_htmls/gra1014/index.html
http://brass.sdf.org/G_type_htmls/gra1018/index.html
http://brass.sdf.org/G_type_htmls/gra1024/index.html
http://brass.sdf.org/G_type_htmls/gra1016/index.html
http://brass.sdf.org/G_type_htmls/gra238/index.html
http://brass.sdf.org/G_type_htmls/gra9/index.html
http://brass.sdf.org/G_type_htmls/gra18/index.html
http://brass.sdf.org/G_type_htmls/gra21/index.html
http://brass.sdf.org/G_type_htmls/gra30/index.html
http://brass.sdf.org/G_type_htmls/gra37/index.html
http://brass.sdf.org/G_type_htmls/gra198/index.html
http://brass.sdf.org/G_type_htmls/gra397/index.html
http://brass.sdf.org/G_type_htmls/gra481/index.html
http://brass.sdf.org/G_type_htmls/gra552/index.html
http://brass.sdf.org/G_type_htmls/gra614/index.html


226
Q
UALITY

ASSESSM
EN

T
RESULTS

Table A.1: (QA) Quality-assessable (AI) Analysis-independent line a) Paper 1 input list b) NIST c) SpectroWeb d) VALD3 e) Spectr-W3
f) CHIANTI g) TIPbase h) TOPbase

# Wavelength (Å) Elow (eV) log(gf) this work Flags Literature log(gf) values Recommended
Input ∆λ grid cog grid QA? AI? a) b) c) d) e) f) g) h) literature

659 5641.001 -0.026 ±0.002 1.500 -0.87 ±0.09 -1.01 ±0.06 X -1.13 29 -1.13 29 -0.99 2 -1.13 29 - - - - 2

677 5657.896 -0.030 ±0.001 1.507 -0.40 ±0.09 -0.52 ±0.06 X -0.60 29 -0.60 29 -0.49 2 -0.60 29 -0.51 4 - - - 2, 4

685 5667.149 -0.017 ±0.003 1.500 -1.07 ±0.07 -1.16 ±0.06 X -1.31 29 -1.31 29 -1.19 2 -1.31 29 - - - - 2

686 5669.042 -0.012 ±0.004 1.500 -1.04 ±0.07 -1.13 ±0.05 X -1.20 29 -1.20 29 -1.07 2 -1.20 29 - - - - -

692 5684.202 -0.015 ±0.001 1.507 -0.98 ±0.06 -1.02 ±0.06 -1.07 29 -1.07 29 -1.00 2 -1.07 29 - - - - 2, 29

949 6245.637 -0.025 ±0.001 1.507 -1.07 ±0.06 -1.13 ±0.07 X -1.02 14 - − -1.03 2 -1.02 14 - - - - -

964 6279.753 -0.011 ±0.024 1.500 -1.15 ±0.02 -0.98 ±0.17 X -1.25 14 - − -1.26 2 -1.25 14 - - - - -
971 6300.698 -0.021 ±0.004 1.507 -1.93 ±0.07 -2.06 ±0.05 X X -1.90 14 - − -1.89 2 -1.90 14 - - - - X

980 6320.851 -0.014 ±0.002 1.500 -1.85 ±0.06 -1.90 ±0.05 X -1.82 14 - − -1.82 2 -1.82 14 - - - - -

Ti i
14 4281.367 -0.001 ±0.002 0.813 -1.21 ±0.10 -1.23 ±0.07 -1.26 30 -1.36 31 -1.36 2 -1.26 30 - - - - 30

16 4287.403 -0.001 ±0.002 0.836 -0.24 ±0.09 -0.37 ±0.08 X -0.37 30 -0.44 31 -0.44 2 -0.37 30 - - - - 2, 30, 31

50 4449.142 0.001 ±0.002 1.887 0.56 ±0.05 0.45 ±0.06 X 0.47 30 - 0.43 2 0.47 30 0.50 4 - - - 2, 4, 30
53 4450.894 -0.003 ±0.003 1.879 0.54 ±0.11 0.32 ±0.07 X X 0.32 30 0.41 32 0.24 2 0.32 30 - - - - X

57 4453.699 -0.001 ±0.002 1.873 0.19 ±0.07 0.10 ±0.07 X 0.10 30 -0.01 32 0.11 2 0.10 30 - - - - 2, 30

88 4512.734 -0.002 ±0.003 0.836 -0.37 ±0.06 -0.37 ±0.08 -0.40 30 - -0.41 2 -0.40 30 - - - - 2, 30

92 4518.022 -0.001 ±0.002 0.826 -0.25 ±0.07 -0.29 ±0.08 -0.25 30 -0.32 31 -0.25 2 -0.25 30 - - - - 2, 30, 31
96 4522.797 0.000 ±0.003 0.818 0.06 ±0.17 -0.31 ±0.07 X X -0.27 30 -0.39 32 -0.27 2 -0.27 30 - - - - X

101 4534.776 -0.001 ±0.002 0.836 0.33 ±0.03 0.37 ±0.04 0.35 30 0.28 31 0.38 2 0.35 30 - - - - 2, 30

110 4548.764 -0.001 ±0.002 0.826 -0.25 ±0.07 -0.25 ±0.09 -0.28 30 -0.35 31 -0.27 2 -0.28 30 - - - - 2, 30

113 4555.483 0.000 ±0.001 0.848 -0.40 ±0.06 -0.43 ±0.07 -0.40 30 -0.49 31 -0.42 2 -0.40 30 - - - - 2, 30, 31

119 4562.628 -0.007 ±0.004 0.021 -2.51 ±0.05 -2.48 ±0.07 -2.66 33 -2.59 34 -2.54 2 -2.66 33 - - - - 2
179 4639.363 -0.006 ±0.002 1.739 0.10 ±0.07 -0.05 ±0.06 X X -0.05 30 - − -0.02 2 -0.05 30 - - - - X

180 4639.939 -0.002 ±0.003 1.734 -0.12 ±0.06 -0.17 ±0.07 X -0.16 30 -0.19 35 -0.19 2 -0.16 30 - - - - 2, 30, 35

182 4645.188 -0.006 ±0.002 1.734 -0.40 ±0.07 -0.49 ±0.07 X -0.51 30 -0.56 35 -0.48 2 -0.51 30 - - - - 2, 30, 35

186 4656.468 -0.001 ±0.002 0.000 -1.09 ±0.06 -1.20 ±0.09 X -1.29 36 - -1.34 2 -1.29 36 -1.15 4 - - - 4, 36

204 4681.909 -0.001 ±0.002 0.048 -0.87 ±0.06 -0.95 ±0.08 X -1.03 36 - -1.13 2 -1.03 36 -0.96 4 - - - 4, 36

229 4731.164 -0.034 ±0.021 2.175 -0.30 ±0.04 -0.33 ±0.08 -0.43 30 - − -0.60 2 -0.43 30 - - - - -

237 4742.789 -0.001 ±0.003 2.236 0.23 ±0.04 0.20 ±0.06 0.21 30 0.21 37 0.21 2 0.21 30 - - - - 2, 30, 37

248 4758.118 -0.001 ±0.002 2.249 0.46 ±0.04 0.46 ±0.05 0.51 30 0.42 35 0.42 2 0.51 30 - - - - 2, 30, 35

249 4759.270 -0.005 ±0.001 2.256 0.53 ±0.05 0.54 ±0.05 0.59 30 0.51 35 0.51 2 0.59 30 - - - - 2, 30, 35
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Table A.1: (QA) Quality-assessable (AI) Analysis-independent line a) Paper 1 input list b) NIST c) SpectroWeb d) VALD3 e) Spectr-W3
f) CHIANTI g) TIPbase h) TOPbase

# Wavelength (Å) Elow (eV) log(gf) this work Flags Literature log(gf) values Recommended
Input ∆λ grid cog grid QA? AI? a) b) c) d) e) f) g) h) literature

286 4820.409 -0.001 ±0.002 1.503 -0.26 ±0.08 -0.36 ±0.07 X -0.38 30 - -0.44 2 -0.38 30 - - - - 30
294 4840.874 -0.007 ±0.003 0.900 -0.34 ±0.08 -0.58 ±0.10 X X -0.43 30 - -0.51 2 -0.43 30 - - - - X

299 4885.079 -0.002 ±0.003 1.887 0.64 ±0.09 0.45 ±0.10 X 0.41 30 0.36 35 0.36 2 0.41 30 - - - - 2, 30, 35
308 4899.909 -0.004 ±0.002 1.879 0.43 ±0.11 0.22 ±0.06 X X 0.31 30 - − 0.35 2 0.31 30 - - - - X

322 4913.613 0.000 ±0.001 1.873 0.25 ±0.07 0.19 ±0.06 X 0.22 30 0.16 35 0.16 2 0.22 30 - - - - 2, 30, 35

324 4915.229 -0.003 ±0.003 1.887 -0.85 ±0.07 -0.85 ±0.09 -0.91 30 -1.02 35 -0.94 2 -0.91 30 - - - - 2, 30

330 4926.148 -0.003 ±0.003 0.818 -2.02 ±0.08 -2.02 ±0.12 -2.09 30 -2.17 38 -2.27 2 -2.09 30 - - - - 30

346 4964.720 -0.006 ±0.003 1.969 -0.74 ±0.05 -0.75 ±0.07 -0.82 39 -0.82 40 -0.99 2 -0.82 40 - - - - 39, 40
355 4978.188 -0.023 ±0.006 1.969 0.05 ±0.08 -0.12 ±0.06 X X -0.30 14 - − -0.45 2 -0.30 14 - - - - X

371 4997.097 -0.004 ±0.002 0.000 -1.98 ±0.08 -2.00 ±0.09 -2.07 30 - -2.12 2 -2.07 30 - - - - 30

379 5009.645 -0.003 ±0.003 0.021 -2.06 ±0.11 -2.12 ±0.09 X -2.20 30 - -2.26 2 -2.20 30 - - - - 30

384 5016.161 -0.002 ±0.003 0.848 -0.42 ±0.09 -0.46 ±0.10 -0.48 30 - -0.51 2 -0.48 30 - - - - 2, 30
386 5020.026 -0.003 ±0.003 0.836 -0.07 ±0.09 -0.31 ±0.07 X X -0.33 30 -0.41 31 -0.35 2 -0.33 30 - - - - X

390 5024.844 0.001 ±0.002 0.818 -0.37 ±0.07 -0.54 ±0.10 X -0.53 30 -0.60 31 -0.60 2 -0.53 30 -0.55 4 - - - 2, 4, 30, 31

393 5025.570 -0.014 ±0.002 2.041 0.46 ±0.07 0.38 ±0.08 X 0.25 40 0.25 40 0.07 2 0.25 40 - - - - -

400 5036.464 -0.007 ±0.004 1.443 0.33 ±0.11 0.27 ±0.14 X 0.14 30 0.13 35 0.13 2 0.14 30 - - - - 2, 30, 35
401 5038.398 -0.012 ±0.003 1.430 0.20 ±0.06 -0.07 ±0.07 X X 0.02 30 0.01 35 0.01 2 0.02 30 - - - - X

402 5039.957 -0.001 ±0.002 0.021 -1.00 ±0.06 -1.05 ±0.07 X -1.08 30 - -1.13 2 -1.08 30 -1.31 4 - - - 30

404 5043.584 -0.008 ±0.004 0.836 -1.47 ±0.05 -1.55 ±0.06 X -1.59 30 - -1.73 2 -1.59 30 - - - - 30

413 5064.653 -0.005 ±0.001 0.048 -0.71 ±0.09 -0.93 ±0.09 X X -0.94 30 - -0.99 2 -0.94 30 -1.05 4 - - - X

436 5113.440 -0.001 ±0.002 1.443 -0.66 ±0.08 -0.72 ±0.07 X -0.70 30 -0.78 35 -0.78 2 -0.70 30 - - - - 2, 30, 35

449 5147.478 -0.003 ±0.003 0.000 -1.81 ±0.11 -1.91 ±0.09 X -1.94 30 - -2.01 2 -1.94 30 - - - - 30

452 5152.184 -0.001 ±0.002 0.021 -1.85 ±0.11 -1.92 ±0.09 X -1.95 30 - -1.95 2 -1.95 30 - - - - 2, 30

459 5192.969 -0.001 ±0.002 0.021 -0.83 ±0.11 -0.94 ±0.09 X -0.95 30 - -0.85 2 -0.95 30 -1.04 4 - - - 2, 30

464 5210.384 -0.001 ±0.002 0.048 -0.64 ±0.18 -0.84 ±0.08 X -0.82 30 - -0.73 2 -0.82 30 -0.90 4 - - - 4, 30

467 5219.702 -0.004 ±0.002 0.021 -2.09 ±0.08 -2.12 ±0.08 -2.22 30 - -2.29 2 -2.22 30 - - - - -

473 5223.620 -0.015 ±0.008 2.092 -0.34 ±0.05 -0.40 ±0.05 X -0.49 40 - -0.49 2 -0.49 40 - - - - -

489 5247.290 -0.006 ±0.002 2.103 -0.60 ±0.08 -0.66 ±0.07 X -0.64 40 -0.64 40 -0.86 2 -0.64 40 - - - - 40

496 5259.972 -0.001 ±0.006 2.738 -0.17 ±0.07 -0.21 ±0.09 -0.18 33 -0.18 37 -0.32 2 -0.18 33 - - - - 33, 37

518 5295.776 0.003 ±0.006 1.067 -1.48 ±0.05 -1.51 ±0.07 -1.59 30 -1.63 38 -1.63 2 -1.59 30 - - - - -

551 5351.068 -0.014 ±0.007 2.778 0.11 ±0.04 0.04 ±0.03 X -0.07 14 0.01 37 -0.21 2 0.01 33 - - - - 33, 37

580 5460.499 -0.025 ±0.020 0.048 -2.55 ±0.05 -2.55 ±0.06 -2.75 41 -2.74 34 -2.80 2 -2.80 33 - - - - -
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Table A.1: (QA) Quality-assessable (AI) Analysis-independent line a) Paper 1 input list b) NIST c) SpectroWeb d) VALD3 e) Spectr-W3
f) CHIANTI g) TIPbase h) TOPbase

# Wavelength (Å) Elow (eV) log(gf) this work Flags Literature log(gf) values Recommended
Input ∆λ grid cog grid QA? AI? a) b) c) d) e) f) g) h) literature

586 5471.192 0.001 ±0.002 1.443 -1.36 ±0.06 -1.36 ±0.07 -1.42 30 -1.39 37 -1.40 2 -1.42 30 - - - - 2, 30, 37

590 5474.223 0.000 ±0.003 1.460 -1.15 ±0.05 -1.18 ±0.07 -1.23 30 -1.23 37 -1.23 2 -1.23 30 - - - - 2, 30, 37

595 5490.148 -0.001 ±0.002 1.460 -0.83 ±0.05 -0.81 ±0.06 -0.84 30 -0.93 35 -0.93 2 -0.84 30 - - - - 30

604 5503.895 -0.006 ±0.002 2.578 0.05 ±0.04 -0.03 ±0.06 X -0.05 30 0.03 37 0.02 2 -0.05 30 - - - - 2, 30, 37

606 5514.343 0.000 ±0.003 1.430 -0.41 ±0.09 -0.53 ±0.06 X -0.66 30 - − -0.55 2 -0.66 30 - - - - 2

607 5514.533 -0.002 ±0.003 1.443 -0.33 ±0.10 -0.41 ±0.06 X -0.50 30 - − -0.41 2 -0.50 30 - - - - 2

668 5648.565 -0.004 ±0.002 2.495 -0.23 ±0.06 -0.20 ±0.07 -0.16 14 -0.25 37 -0.27 2 -0.26 33 - - - - 2, 14, 33, 37

680 5662.150 -0.005 ±0.001 2.318 0.02 ±0.04 -0.04 ±0.06 X 0.01 40 - -0.18 2 0.01 40 - - - - 40

690 5679.916 -0.006 ±0.002 2.472 -0.56 ±0.06 -0.53 ±0.05 -0.57 33 -0.57 37 -0.62 2 -0.57 33 - - - - 33, 37

696 5689.460 -0.001 ±0.003 2.297 -0.29 ±0.05 -0.31 ±0.05 -0.36 40 -0.36 40 -0.36 2 -0.36 40 - - - - 2, 40

706 5702.660 -0.001 ±0.007 2.292 -0.56 ±0.06 -0.58 ±0.06 -0.59 40 -0.60 40 -0.78 2 -0.59 40 - - - - 40

715 5713.880 0.018 ±0.025 2.289 -0.82 ±0.07 -0.82 ±0.07 -0.94 14 - − -1.07 2 -0.94 14 - - - - -

717 5716.450 -0.008 ±0.003 2.297 -0.63 ±0.05 -0.66 ±0.06 -0.72 40 -0.72 40 -0.91 2 -0.72 40 - - - - 40

730 5739.469 -0.001 ±0.002 2.249 -0.60 ±0.06 -0.57 ±0.06 -0.61 30 -0.60 37 -0.75 2 -0.61 30 - - - - 30, 37

748 5766.359 -0.034 ±0.004 3.294 0.51 ±0.03 0.43 ±0.05 X 0.29 14 - − 0.25 2 0.29 14 - - - - -

771 5804.259 0.001 ±0.003 3.337 0.81 ±0.05 0.77 ±0.04 0.71 33 - 0.71 2 0.71 33 - - - - -

803 5866.451 -0.002 ±0.003 1.067 -0.68 ±0.10 -0.71 ±0.10 -0.79 30 -0.84 31 -0.84 2 -0.79 30 -0.63 4 - - - 4, 30

811 5880.270 0.000 ±0.004 1.053 -1.81 ±0.04 -1.83 ±0.05 -2.00 30 - -2.00 2 -2.00 30 - - - - -

814 5899.294 0.004 ±0.010 1.053 -0.92 ±0.08 -0.98 ±0.09 X -1.10 30 -1.15 31 -1.19 2 -1.10 30 -0.87 4 - - - -

816 5903.315 0.009 ±0.021 1.067 -1.90 ±0.07 -1.89 ±0.06 -2.09 41 - -2.19 2 -2.15 33 - - - - -

819 5922.110 -0.001 ±0.005 1.046 -1.30 ±0.05 -1.30 ±0.07 -1.38 30 -1.47 38 -1.50 2 -1.38 30 - - - - -

825 5937.809 -0.004 ±0.006 1.067 -1.75 ±0.07 -1.76 ±0.07 -1.94 30 -1.89 42 -1.89 2 -1.94 30 - - - - -

827 5941.752 -0.003 ±0.012 1.053 -1.36 ±0.11 -1.34 ±0.12 -1.51 30 -1.52 43 -1.65 2 -1.51 30 - - - - -

832 5953.160 -0.009 ±0.004 1.887 -0.15 ±0.05 -0.20 ±0.05 X -0.27 39 -0.33 35 -0.33 2 -0.33 33 - - - - -

837 5965.828 -0.007 ±0.004 1.879 -0.29 ±0.04 -0.36 ±0.08 X -0.35 39 -0.41 35 -0.47 2 -0.41 33 - - - - 33, 35, 39

840 5978.541 -0.001 ±0.002 1.873 -0.40 ±0.05 -0.41 ±0.06 -0.44 39 -0.50 35 -0.56 2 -0.50 33 - - - - 39

863 6064.626 -0.002 ±0.003 1.046 -1.72 ±0.05 -1.75 ±0.06 -1.89 41 -1.94 38 -1.94 2 -1.94 33 - - - - -

871 6091.171 -0.001 ±0.003 2.267 -0.28 ±0.04 -0.29 ±0.06 -0.32 30 -0.42 35 -0.39 2 -0.32 30 - - - - 30

873 6092.792 -0.009 ±0.014 1.887 -1.21 ±0.04 -1.19 ±0.07 -1.38 30 -1.38 35 -1.59 2 -1.38 30 - - - - -

879 6098.658 -0.004 ±0.002 3.062 0.02 ±0.10 0.02 ±0.05 -0.01 14 -0.01 37 -0.20 2 -0.01 33 - - - - 14, 33, 37
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Table A.1: (QA) Quality-assessable (AI) Analysis-independent line a) Paper 1 input list b) NIST c) SpectroWeb d) VALD3 e) Spectr-W3
f) CHIANTI g) TIPbase h) TOPbase

# Wavelength (Å) Elow (eV) log(gf) this work Flags Literature log(gf) values Recommended
Input ∆λ grid cog grid QA? AI? a) b) c) d) e) f) g) h) literature

886 6126.216 -0.001 ±0.002 1.067 -1.26 ±0.05 -1.25 ±0.05 -1.37 41 -1.42 38 -1.27 2 -1.43 33 - - - - 2

935 6220.474 -0.007 ±0.009 2.677 -0.07 ±0.05 -0.10 ±0.04 -0.15 14 -0.14 37 -0.25 2 -0.14 33 - - - - 33, 37

953 6258.102 -0.001 ±0.002 1.443 -0.30 ±0.05 -0.33 ±0.05 -0.39 30 -0.35 35 -0.34 2 -0.39 30 -0.21 4 - - - 2, 35
954 6258.707 -0.001 ±0.004 1.460 0.10 ±0.15 -0.24 ±0.06 X X -0.28 30 -0.24 44 -0.09 2 -0.28 30 - - - - X

956 6261.099 -0.002 ±0.003 1.430 -0.34 ±0.08 -0.39 ±0.08 X -0.53 30 -0.48 35 -0.45 2 -0.53 30 - - - - 2

975 6312.236 -0.002 ±0.003 1.460 -1.39 ±0.06 -1.36 ±0.06 -1.55 30 -1.55 35 -1.55 2 -1.55 30 - - - - -

1079 6745.544 -0.005 ±0.014 2.236 -1.03 ±0.06 -1.06 ±0.11 -1.23 30 - − -1.75 2 -1.23 30 - - - - -

Ti ii
19 4316.794 -0.003 ±0.003 2.048 -1.35 ±0.07 -1.47 ±0.06 X -1.62 45 -1.58 46 -1.58 2 -1.62 45 - - - - -
22 4320.950 -0.005 ±0.001 1.165 -1.53 ±0.08 -1.72 ±0.08 X X -1.88 45 -1.80 46 -1.69 2 -1.88 45 - - - - X

29 4395.839 -0.001 ±0.002 1.243 -1.82 ±0.06 -1.87 ±0.07 X -1.93 45 -1.93 46 -1.65 2 -1.93 45 - - - - 45, 46

31 4409.518 -0.001 ±0.002 1.231 -2.40 ±0.04 -2.46 ±0.05 X -2.53 45 -2.37 46 -2.55 2 -2.53 45 - - - - -

36 4417.714 -0.001 ±0.002 1.165 -1.03 ±0.07 -1.10 ±0.07 X -1.19 46 -1.43 47 -1.19 2 -1.19 46 - - - - -

52 4450.482 -0.001 ±0.002 1.084 -1.44 ±0.09 -1.48 ±0.06 -1.52 45 -1.52 46 -1.52 2 -1.52 45 - - - - 2, 45, 46

62 4468.493 -0.001 ±0.002 1.131 -0.70 ±0.07 -0.67 ±0.05 -0.63 45 -0.62 48 -0.27 2 -0.63 45 - - - - 45, 48

64 4470.853 -0.006 ±0.002 1.165 -1.92 ±0.06 -2.01 ±0.05 X -2.02 46 -2.28 47 -2.02 2 -2.02 46 - - - - 2, 46
69 4488.324 -0.001 ±0.002 3.124 -0.28 ±0.04 -0.44 ±0.06 X X -0.50 45 -0.51 46 -0.50 2 -0.50 45 - - - - X

76 4493.522 -0.001 ±0.002 1.080 -2.70 ±0.05 -2.76 ±0.05 X -2.78 45 -2.74 49 -2.77 2 -2.78 45 - - - - 2, 45, 49

93 4518.332 -0.001 ±0.002 1.080 -2.21 ±0.13 -2.47 ±0.07 X X -2.56 45 - − -2.56 2 -2.56 45 - - - - X

100 4533.960 0.000 ±0.001 1.237 -0.64 ±0.06 -0.62 ±0.08 -0.53 46 -0.77 47 -0.61 2 -0.53 46 - - - - 2

108 4545.133 -0.003 ±0.003 1.131 -2.22 ±0.07 -2.35 ±0.06 X -2.45 45 - − -2.29 2 -2.45 45 - - - - 2
120 4563.757 -0.005 ±0.001 1.221 -0.61 ±0.04 -0.75 ±0.04 X X -0.69 46 -0.96 47 -0.80 2 -0.69 46 - - - - X

123 4568.314 0.010 ±0.004 1.224 -2.62 ±0.08 -2.70 ±0.06 X -3.03 50 - -2.75 2 -3.03 50 - - - - 2

126 4571.971 0.000 ±0.001 1.572 -0.30 ±0.06 -0.30 ±0.06 -0.31 45 -0.32 46 -0.21 2 -0.31 45 - - - - 45, 46

136 4583.409 -0.004 ±0.002 1.165 -2.73 ±0.06 -2.73 ±0.06 -2.84 45 -2.72 49 -2.68 2 -2.84 45 - - - - 2, 49

142 4589.958 -0.015 ±0.001 1.237 -1.47 ±0.09 -1.57 ±0.06 X -1.62 50 -1.78 47 -1.67 2 -1.62 50 - - - - 50

162 4609.265 0.010 ±0.013 1.180 -3.12 ±0.07 -3.21 ±0.07 X -3.32 45 -3.26 49 -3.37 2 -3.32 45 - - - - 49

188 4657.201 -0.005 ±0.001 1.243 -2.20 ±0.05 -2.23 ±0.05 -2.29 45 -2.15 49 -2.24 2 -2.29 45 - - - - 2

219 4708.663 -0.004 ±0.002 1.237 -2.25 ±0.05 -2.27 ±0.05 -2.35 45 -2.34 46 -2.21 2 -2.35 45 - - - - -

222 4719.511 -0.007 ±0.003 1.243 -3.10 ±0.05 -3.18 ±0.06 X -3.32 45 - − -3.42 2 -3.32 45 - - - - -
251 4762.778 0.001 ±0.003 1.084 -2.71 ±0.06 -2.84 ±0.06 X X -2.89 45 -2.74 46 -2.87 2 -2.89 45 - - - - X
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Table A.1: (QA) Quality-assessable (AI) Analysis-independent line a) Paper 1 input list b) NIST c) SpectroWeb d) VALD3 e) Spectr-W3
f) CHIANTI g) TIPbase h) TOPbase

# Wavelength (Å) Elow (eV) log(gf) this work Flags Literature log(gf) values Recommended
Input ∆λ grid cog grid QA? AI? a) b) c) d) e) f) g) h) literature

253 4764.525 -0.002 ±0.003 1.237 -2.52 ±0.06 -2.60 ±0.06 X -2.69 45 - − -2.77 2 -2.69 45 - - - - -

259 4779.985 -0.009 ±0.002 2.048 -1.14 ±0.04 -1.23 ±0.07 X -1.25 14 -1.37 47 -1.37 2 -1.26 50 - - - - 14, 50

271 4798.531 -0.001 ±0.002 1.080 -2.51 ±0.05 -2.57 ±0.05 X -2.66 45 -2.68 46 -2.62 2 -2.66 45 - - - - 2

318 4911.194 -0.003 ±0.003 3.124 -0.39 ±0.06 -0.49 ±0.04 X -0.64 45 -0.61 46 -0.53 2 -0.64 45 - - - - 2
440 5129.156 -0.001 ±0.002 1.892 -0.92 ±0.09 -1.20 ±0.06 X X -1.34 45 -1.24 46 -1.25 2 -1.34 45 - - - - X
458 5185.902 0.003 ±0.005 1.893 -1.04 ±0.20 -1.40 ±0.06 X X -1.41 45 -1.49 46 -1.35 2 -1.41 45 - - - - X

465 5211.530 -0.001 ±0.004 2.590 -1.36 ±0.05 -1.38 ±0.04 -1.41 45 -1.17 46 -1.36 2 -1.41 45 - - - - 2, 45

546 5336.786 -0.001 ±0.002 1.582 -1.54 ±0.06 -1.53 ±0.04 -1.60 45 - -1.50 2 -1.60 45 - - - - 2
555 5381.022 -0.006 ±0.002 1.566 -1.78 ±0.05 -1.89 ±0.04 X X -1.97 45 - -1.85 2 -1.97 45 - - - - X

570 5418.768 -0.003 ±0.003 1.582 -2.01 ±0.05 -2.03 ±0.05 -2.13 45 - -2.00 2 -2.13 45 - - - - 2

596 5490.693 -0.001 ±0.002 1.566 -2.61 ±0.05 -2.66 ±0.04 X -2.43 46 - -2.65 2 -2.66 14 - - - - 2, 14

598 5492.862 0.017 ±0.003 1.582 -2.91 ±0.08 -3.00 ±0.04 X -3.31 51 - -2.96 2 -3.31 51 - - - - 2

932 6214.600 0.047 ±0.006 2.048 -2.64 ±0.23 -2.87 ±0.14 X -2.03 51 - -3.05 2 -2.03 51 - - - - -

V i
26 4379.230 -0.003 ±0.003 0.301 1.06 ±0.14 1.07 ±0.10 0.58 33 0.58 52 0.60 2 0.58 53 - - - - -

43 4437.834 -0.005 ±0.001 0.287 -0.54 ±0.22 -0.67 ±0.22 X -0.66 33 -0.66 52 -0.74 2 - - - - - 2, 33, 52

55 4452.006 -0.006 ±0.002 1.868 0.77 ±0.12 0.58 ±0.12 X 0.64 33 0.64 54 0.58 2 0.59 53 0.64 4 - - - 2, 4, 33, 53, 54

130 4577.174 0.001 ±0.002 0.000 -0.95 ±0.14 -1.11 ±0.15 X -1.05 33 -1.05 55 -1.14 2 -1.08 53 - - - - 2, 33, 53, 55

146 4594.124 -0.011 ±0.002 0.069 -0.28 ±0.36 -0.28 ±0.40 -0.67 33 -0.67 55 -0.75 2 - - - - - 33, 55

287 4827.458 0.015 ±0.031 0.040 -1.18 ±0.23 -1.39 ±0.19 X -1.48 33 -1.48 55 -1.68 2 - - - - - 33, 55
651 5626.017 -0.015 ±0.020 1.043 -1.01 ±0.06 -1.21 ±0.06 X X -1.24 33 -1.24 55 -1.28 2 -1.26 53 - - - - X

721 5725.641 -0.008 ±0.009 2.365 -0.12 ±0.03 -0.16 ±0.03 0.01 33 - -0.35 2 - 0.04 4 - - - -

727 5733.999 0.031 ±0.009 2.359 -0.07 ±0.08 -0.16 ±0.05 X -0.17 14 - -1.11 2 -0.17 14 - - - - 14

733 5743.447 -0.022 ±0.010 1.081 -0.86 ±0.07 -0.95 ±0.07 X -0.97 33 -0.97 55 -1.16 2 - - - - - 33, 55

784 5830.675 -0.014 ±0.008 3.113 0.66 ±0.08 0.56 ±0.09 X 0.68 14 - 0.56 2 0.68 14 - - - - 2

867 6081.441 -0.001 ±0.002 1.051 -0.60 ±0.05 -0.58 ±0.07 -0.58 55 -0.58 55 -0.60 2 -0.61 53 - - - - 2, 53, 55

893 6135.361 0.009 ±0.009 1.051 -0.73 ±0.07 -0.76 ±0.09 -0.75 55 -0.75 55 -0.95 2 -0.76 53 - - - - 53, 55

938 6224.529 -0.027 ±0.004 0.287 -1.77 ±0.08 -1.77 ±0.09 -2.01 33 -2.01 54 -1.85 2 -2.01 33 - - - - 2

968 6296.487 -0.012 ±0.010 0.301 -1.48 ±0.07 -1.54 ±0.06 X -1.59 33 -1.59 55 -1.54 2 -1.61 53 - - - - 2, 33, 55

V ii
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Table A.1: (QA) Quality-assessable (AI) Analysis-independent line a) Paper 1 input list b) NIST c) SpectroWeb d) VALD3 e) Spectr-W3
f) CHIANTI g) TIPbase h) TOPbase

# Wavelength (Å) Elow (eV) log(gf) this work Flags Literature log(gf) values Recommended
Input ∆λ grid cog grid QA? AI? a) b) c) d) e) f) g) h) literature

821 5928.852 0.012 ±0.010 2.522 -1.60 ±0.06 -1.67 ±0.03 X -1.68 14 - -1.60 2 -1.68 14 - - - - 14

Cr i
70 4489.463 0.007 ±0.005 3.556 -0.41 ±0.02 -0.46 ±0.04 X -0.16 14 - − -0.20 2 -0.16 14 - - - - -

74 4492.306 -0.009 ±0.002 3.375 -0.37 ±0.04 -0.43 ±0.05 X -0.39 33 -0.39 56 -0.39 2 -0.39 33 - - - - 2, 33, 56
86 4511.891 -0.001 ±0.002 3.087 -0.27 ±0.05 -0.42 ±0.05 X X -0.34 33 -0.34 56 -0.43 2 -0.34 33 -0.45 4 - - - X

102 4535.136 -0.001 ±0.002 2.544 -0.96 ±0.05 -1.04 ±0.05 X -1.02 57 - -1.02 2 -1.02 57 - - - - 2, 57

105 4541.061 0.000 ±0.003 2.545 -1.07 ±0.05 -1.14 ±0.06 X -1.15 57 - -1.08 2 -1.15 57 - - - - 2, 57

109 4545.953 -0.001 ±0.002 0.941 -1.29 ±0.05 -1.37 ±0.04 X -1.37 57 -1.38 58 -1.04 2 -1.37 57 - - - - 57, 58

129 4575.107 -0.005 ±0.001 3.369 -0.84 ±0.02 -0.88 ±0.04 -0.97 33 - -1.26 2 -0.97 33 - - - - -
133 4580.048 -0.002 ±0.003 0.941 -1.19 ±0.11 -1.49 ±0.08 X X -1.66 57 -1.64 58 -1.30 2 -1.66 57 - - - - X

154 4600.749 -0.002 ±0.003 1.004 -1.20 ±0.06 -1.27 ±0.04 X -1.25 57 - -1.30 2 -1.25 57 - - - - 2, 57

165 4616.124 -0.005 ±0.001 0.983 -1.17 ±0.04 -1.22 ±0.03 X -1.19 57 -1.18 58 -1.23 2 -1.19 57 - - - - 2, 57

167 4619.533 -0.002 ±0.003 2.987 -0.43 ±0.03 -0.53 ±0.04 X X -0.59 33 -0.59 59 -0.60 2 -0.59 33 - - - - X
169 4621.960 -0.050 ±0.001 2.545 -0.54 ±0.12 -1.06 ±0.05 X X -0.45 14 - -0.97 2 -0.45 14 - - - - X

172 4626.174 -0.002 ±0.003 0.968 -1.35 ±0.02 -1.32 ±0.04 -1.33 57 - -1.35 2 -1.33 57 - - - - 2, 57

174 4633.255 -0.001 ±0.003 3.125 -1.09 ±0.03 -1.15 ±0.05 X -1.11 57 -1.24 60 -1.32 2 -1.11 57 - - - - 57

183 4646.162 -0.001 ±0.002 1.030 -0.81 ±0.06 -0.71 ±0.06 X -0.74 57 -0.71 58 -0.70 2 -0.74 57 -0.81 4 - - - 2, 57, 58

185 4651.284 -0.001 ±0.002 0.983 -1.41 ±0.04 -1.46 ±0.05 X -1.46 57 -1.46 58 -1.46 2 -1.46 57 - - - - 2, 57, 58

209 4689.356 0.010 ±0.013 3.125 -0.23 ±0.05 -0.30 ±0.04 X -0.40 57 -0.42 33 -0.42 2 -0.40 57 -0.57 4 - - - -
212 4693.938 -0.005 ±0.001 2.983 -0.75 ±0.04 -0.86 ±0.05 X X -0.80 57 -0.91 60 -0.85 2 -0.80 57 - - - - X

213 4700.610 -0.003 ±0.003 2.710 -1.35 ±0.09 -1.35 ±0.10 -1.25 33 - -1.25 2 -1.25 33 - - - - 2, 33

218 4708.013 -0.005 ±0.001 3.168 0.02 ±0.04 -0.02 ±0.05 0.07 57 0.11 56 0.11 2 0.07 57 -0.04 4 - - - 4

221 4718.419 -0.002 ±0.003 3.195 0.25 ±0.04 0.17 ±0.03 X X 0.24 57 0.10 60 0.40 2 0.24 57 0.12 4 - - - X

228 4730.710 -0.001 ±0.002 3.079 -0.18 ±0.07 -0.25 ±0.06 X -0.19 33 -0.19 56 -0.19 2 -0.19 33 -0.47 4 - - - 2, 33, 56
235 4737.348 -0.003 ±0.003 3.087 0.03 ±0.03 -0.15 ±0.05 X X -0.10 33 -0.10 56 -0.10 2 -0.10 33 -0.36 4 - - - X

239 4745.307 -0.005 ±0.001 2.708 -1.34 ±0.02 -1.40 ±0.05 X -1.38 57 - -1.22 2 -1.38 57 - - - - 57

245 4756.112 -0.002 ±0.003 3.104 0.19 ±0.04 0.18 ±0.04 0.09 33 0.09 60 0.09 2 0.09 33 - - - - -

250 4759.910 0.019 ±0.011 3.113 -1.56 ±0.11 -1.70 ±0.06 X -1.29 14 - − -1.44 2 -1.29 14 - - - - -

252 4764.293 -0.001 ±0.002 3.551 -0.22 ±0.05 -0.24 ±0.05 -0.20 14 - -0.28 2 -0.20 14 - - - - 2, 14

254 4767.855 -0.004 ±0.002 3.556 -0.49 ±0.05 -0.50 ±0.06 -0.88 14 -0.54 60 -0.54 2 -0.53 33 - - - - 2, 33, 60
267 4789.335 -0.011 ±0.002 2.544 -0.34 ±0.04 -0.60 ±0.07 X X -0.33 57 -0.36 56 -0.36 2 -0.33 57 -0.61 4 - - - X
268 4790.333 -0.004 ±0.002 2.545 -1.49 ±0.02 -1.60 ±0.03 X X -1.48 57 - − -1.56 2 -1.48 57 - - - - X
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Table A.1: (QA) Quality-assessable (AI) Analysis-independent line a) Paper 1 input list b) NIST c) SpectroWeb d) VALD3 e) Spectr-W3
f) CHIANTI g) TIPbase h) TOPbase

# Wavelength (Å) Elow (eV) log(gf) this work Flags Literature log(gf) values Recommended
Input ∆λ grid cog grid QA? AI? a) b) c) d) e) f) g) h) literature

276 4801.025 -0.002 ±0.003 3.122 -0.13 ±0.03 -0.15 ±0.04 -0.13 33 -0.13 56 -0.13 2 -0.13 33 -0.36 4 - - - 2, 33, 56
284 4810.730 0.001 ±0.007 3.079 -1.16 ±0.05 -1.28 ±0.01 X X -0.64 14 - -1.30 2 -0.64 14 - - - - X
292 4836.852 -0.001 ±0.005 3.104 -0.87 ±0.06 -1.06 ±0.06 X X -0.60 14 - -1.14 2 -0.60 14 - - - - X

301 4885.770 -0.004 ±0.002 2.544 -0.99 ±0.06 -1.10 ±0.07 X -1.05 33 - -1.05 2 -4.54 14 - - - - 2, 33

335 4936.335 -0.002 ±0.003 3.113 -0.21 ±0.06 -0.26 ±0.05 X -0.25 57 -0.34 33 -0.15 2 -0.25 57 -0.23 4 - - - 4, 57

344 4954.806 -0.020 ±0.015 3.122 0.00 ±0.06 -0.13 ±0.03 X X -0.17 57 -0.31 33 -0.12 2 -0.17 57 -0.23 4 - - - X

347 4964.927 -0.001 ±0.002 0.941 -2.47 ±0.06 -2.48 ±0.06 -2.53 61 -2.53 61 -2.53 2 -2.53 33 - - - - 2, 33, 61

408 5051.897 0.001 ±0.003 0.941 -2.76 ±0.16 -2.94 ±0.05 X -2.56 14 - -2.98 2 -2.56 14 - - - - 2

418 5072.926 -0.001 ±0.002 0.941 -2.55 ±0.12 -2.70 ±0.05 X -2.36 14 - -2.73 2 -2.36 14 - - - - 2
428 5091.883 -0.010 ±0.003 1.004 -3.06 ±0.05 -3.28 ±0.04 X X -2.65 14 - − -3.34 2 -2.65 14 - - - - X

470 5221.751 -0.001 ±0.002 3.375 -0.46 ±0.04 -0.49 ±0.03 -0.35 14 - -0.87 2 -0.35 14 - - - - -

479 5237.833 0.011 ±0.006 3.648 -1.08 ±0.04 -1.17 ±0.05 X -0.93 14 - -1.03 2 -0.93 14 - - - - -

480 5238.961 -0.001 ±0.002 2.709 -1.34 ±0.03 -1.34 ±0.04 -1.27 57 -1.30 56 -1.36 2 -1.27 57 - - - - 2, 56

482 5240.473 -0.029 ±0.008 3.668 -0.53 ±0.02 -0.57 ±0.03 -0.71 14 - − -0.70 2 -0.71 14 - - - - -

483 5241.458 0.001 ±0.005 2.710 -1.99 ±0.09 -2.04 ±0.09 X -1.92 57 -2.08 60 -2.24 2 -1.92 57 - - - - 60

485 5243.354 -0.010 ±0.009 3.395 -0.39 ±0.12 -0.55 ±0.02 X X -0.58 57 - -0.74 2 -0.54 14 -0.83 4 - - - X

490 5247.565 0.000 ±0.001 0.961 -1.56 ±0.05 -1.56 ±0.08 -1.59 57 -1.63 58 -1.64 2 -1.59 57 - - - - 2, 57, 58

502 5272.000 -0.004 ±0.002 3.449 -0.37 ±0.06 -0.45 ±0.04 X -0.42 57 -0.42 56 -0.40 2 -0.42 57 -0.28 4 - - - 56, 57
505 5275.747 0.004 ±0.002 2.889 0.06 ±0.08 -0.10 ±0.03 X X -0.02 14 - − -0.05 2 -0.02 14 - - - - X

512 5287.178 -0.001 ±0.002 3.438 -0.83 ±0.04 -0.89 ±0.03 X -0.87 57 -0.91 56 -0.91 2 -0.87 57 -0.49 4 - - - 2, 56, 57

519 5296.691 0.000 ±0.001 0.983 -1.31 ±0.04 -1.28 ±0.04 -1.36 57 -1.41 58 -1.40 2 -1.36 57 - - - - -
520 5298.271 0.006 ±0.002 0.983 -0.96 ±0.08 -1.25 ±0.07 X X -1.14 57 -1.16 58 -1.15 2 -1.14 57 - - - - X

522 5300.745 -0.001 ±0.002 0.983 -2.04 ±0.06 -2.10 ±0.07 X -2.00 57 - -2.11 2 -2.02 14 - - - - 2

523 5304.180 -0.003 ±0.003 3.464 -0.66 ±0.03 -0.66 ±0.04 -0.67 57 -0.69 56 -0.69 2 -0.67 57 -0.60 4 - - - 2, 56, 57

530 5312.856 -0.004 ±0.002 3.449 -0.53 ±0.01 -0.53 ±0.03 -0.55 57 -0.56 56 -0.56 2 -0.55 57 -0.49 4 - - - 2, 56, 57

534 5318.771 -0.004 ±0.002 3.438 -0.67 ±0.03 -0.67 ±0.05 -0.67 57 -0.69 56 -0.69 2 -0.67 57 -0.56 4 - - - 2, 56, 57
542 5329.138 0.001 ±0.003 2.914 0.04 ±0.06 -0.07 ±0.03 X X -0.06 33 - -0.06 2 -0.01 14 - - - - X

543 5329.784 0.001 ±0.002 2.914 -0.81 ±0.52 -0.78 ±0.04 -0.80 33 -0.80 56 -0.80 2 -0.80 33 - - - - 2, 33, 56

548 5344.756 -0.001 ±0.003 3.449 -0.96 ±0.02 -1.00 ±0.03 -0.99 57 -1.06 60 -1.06 2 -0.99 57 - - - - 57

549 5348.314 0.004 ±0.002 1.004 -1.17 ±0.04 -1.15 ±0.04 -1.21 57 -1.29 58 -1.29 2 -1.21 57 - - - - -

653 5628.642 -0.005 ±0.001 3.422 -0.76 ±0.06 -0.76 ±0.06 -0.74 57 -0.77 56 -0.76 2 -0.74 57 - - - - 2, 56, 57

662 5642.359 0.006 ±0.004 3.857 -0.75 ±0.05 -0.79 ±0.03 -0.90 14 -0.84 60 -0.83 2 -0.83 33 - - - - -
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Table A.1: (QA) Quality-assessable (AI) Analysis-independent line a) Paper 1 input list b) NIST c) SpectroWeb d) VALD3 e) Spectr-W3
f) CHIANTI g) TIPbase h) TOPbase

# Wavelength (Å) Elow (eV) log(gf) this work Flags Literature log(gf) values Recommended
Input ∆λ grid cog grid QA? AI? a) b) c) d) e) f) g) h) literature

667 5648.261 -0.004 ±0.004 3.826 -0.89 ±0.03 -0.94 ±0.03 X -0.90 14 -1.00 60 -1.02 2 -1.00 33 - - - - -

669 5649.386 -0.006 ±0.002 3.839 -0.66 ±0.03 -0.70 ±0.04 -0.77 33 -0.77 60 -1.16 2 -0.77 33 - - - - -

682 5664.581 -0.012 ±0.004 3.826 -0.83 ±0.08 -0.87 ±0.07 -0.63 14 - − -0.79 2 -0.63 14 - - - - -

699 5694.740 -0.005 ±0.003 3.857 -0.19 ±0.02 -0.24 ±0.03 X -0.24 14 - -0.27 2 -0.24 14 - - - - 2, 14
714 5712.771 -0.016 ±0.010 3.011 -1.01 ±0.04 -1.11 ±0.03 X X -1.05 14 - − -1.30 2 -1.05 14 - - - - X

719 5719.815 -0.004 ±0.004 3.013 -1.62 ±0.08 -1.64 ±0.07 -1.58 57 -1.66 56 -1.74 2 -1.58 57 - - - - 56, 57

723 5729.206 -0.012 ±0.008 3.845 -1.11 ±0.08 -1.07 ±0.10 -1.05 14 - -1.06 2 -1.05 14 - - - - 2, 14

729 5738.530 0.000 ±0.003 3.551 -1.33 ±0.09 -1.36 ±0.06 -1.37 14 - − -1.47 2 -1.37 14 - - - - 14

755 5781.751 -0.001 ±0.005 3.323 -0.61 ±0.06 -0.70 ±0.02 X X -0.73 14 - − -0.64 2 -0.73 14 - - - - X

756 5783.065 -0.005 ±0.001 3.323 -0.41 ±0.02 -0.42 ±0.02 -0.38 14 -0.50 60 -1.82 2 -0.50 33 - - - - -
757 5783.850 0.001 ±0.002 3.322 -0.16 ±0.04 -0.24 ±0.03 X X -0.29 33 -0.29 56 -0.18 2 -0.29 33 - - - - X

759 5784.969 -0.003 ±0.003 3.321 -0.38 ±0.02 -0.40 ±0.02 -0.38 33 -0.38 56 -0.37 2 -0.38 33 - - - - 33, 56

761 5787.919 -0.006 ±0.002 3.322 -0.14 ±0.03 -0.15 ±0.02 -0.08 33 -0.08 56 -0.13 2 -0.08 33 - - - - 2

762 5788.381 -0.004 ±0.007 3.013 -1.45 ±0.01 -1.47 ±0.02 -1.49 57 - − -1.83 2 -1.49 57 - - - - 57

789 5844.595 -0.002 ±0.005 3.013 -1.66 ±0.04 -1.70 ±0.06 -1.77 57 -1.76 60 -1.76 2 -1.77 57 - - - - 2, 60

984 6330.091 -0.001 ±0.002 0.941 -2.85 ±0.05 -2.87 ±0.05 -2.79 14 -2.91 60 -2.92 2 -2.92 33 - - - - 2, 33, 60

1040 6630.010 -0.001 ±0.003 1.030 -3.44 ±0.03 -3.46 ±0.05 -3.56 33 -3.56 60 -3.86 2 -3.56 33 - - - - -

1048 6661.075 -0.006 ±0.002 4.193 -0.08 ±0.05 -0.12 ±0.04 -0.11 14 - -0.19 2 -0.11 14 - - - - 14

1053 6669.281 -0.003 ±0.004 4.175 -0.40 ±0.04 -0.48 ±0.03 X X -0.56 14 - -0.56 2 -0.56 14 - - - - X

1072 6729.734 -0.011 ±0.007 4.389 -0.55 ±0.04 -0.57 ±0.05 -0.56 14 - − -0.71 2 -0.56 14 - - - - 14

Cr ii
140 4588.199 -0.005 ±0.001 4.071 -0.64 ±0.05 -0.63 ±0.04 -0.63 62 - -0.59 2 -0.63 62 - - - - 2, 62
144 4592.049 0.000 ±0.001 4.074 -1.14 ±0.04 -1.36 ±0.08 X X -1.22 62 - -1.19 2 -1.22 62 - - - - X
175 4634.070 -0.001 ±0.004 4.072 -0.80 ±0.08 -0.96 ±0.04 X X -0.99 63 - -0.98 2 -0.99 63 - - - - X
478 5237.328 -0.008 ±0.003 4.073 -1.07 ±0.06 -1.19 ±0.01 X X -1.14 14 -1.16 49 -1.16 2 -1.35 64 - - - - X

487 5246.768 0.004 ±0.002 3.714 -2.34 ±0.06 -2.42 ±0.02 X -2.47 62 - -2.44 2 -2.47 62 - - - - 2

504 5274.964 0.039 ±0.012 4.071 -0.86 ±0.14 -1.02 ±0.09 X -1.56 64 - − -1.29 2 -1.56 64 - - - - -
508 5279.876 -0.003 ±0.003 4.073 -1.89 ±0.03 -1.97 ±0.03 X X -1.94 14 -2.10 49 -1.91 2 -2.11 64 - - - - X

524 5305.853 0.009 ±0.002 3.827 -1.98 ±0.03 -2.02 ±0.02 -2.36 14 - -2.16 2 -2.16 64 - - - - -

528 5310.686 0.004 ±0.006 4.072 -2.12 ±0.09 -2.19 ±0.06 X -2.20 14 -2.27 49 -2.14 2 -2.28 33 - - - - 2, 14

531 5313.563 0.015 ±0.003 4.074 -1.54 ±0.04 -1.58 ±0.02 -1.53 14 -1.65 49 -1.65 2 -1.78 64 - - - - -

603 5502.067 0.012 ±0.004 4.168 -1.81 ±0.06 -1.91 ±0.01 X X -2.09 14 -1.99 49 -1.99 2 -2.12 64 - - - - X
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Table A.1: (QA) Quality-assessable (AI) Analysis-independent line a) Paper 1 input list b) NIST c) SpectroWeb d) VALD3 e) Spectr-W3
f) CHIANTI g) TIPbase h) TOPbase

# Wavelength (Å) Elow (eV) log(gf) this work Flags Literature log(gf) values Recommended
Input ∆λ grid cog grid QA? AI? a) b) c) d) e) f) g) h) literature

858 6053.466 0.025 ±0.022 4.745 -1.82 ±0.18 -2.01 ±0.06 X -2.23 62 - -2.20 2 -2.23 62 - - - - -

Mn i
11 4257.654 -0.001 ±0.002 2.953 -0.36 ±0.10 -0.45 ±0.10 X -0.70 33 -0.70 33 -0.47 2 -0.70 33 -0.70 4 - - - 2

12 4265.918 -0.001 ±0.002 2.941 -0.36 ±0.05 -0.40 ±0.07 -0.27 33 -0.27 65 -0.27 2 -0.27 33 -0.42 4 - - - 4

54 4451.581 0.001 ±0.004 2.888 0.40 ±0.08 0.35 ±0.07 X 0.28 33 0.28 65 0.28 2 0.28 33 0.23 4 - - - 2, 33, 65

56 4452.999 -0.004 ±0.002 2.941 -0.46 ±0.10 -0.54 ±0.09 X -0.49 33 -0.49 65 -0.49 2 -0.49 33 - - - - 2, 33, 65

58 4457.034 -0.004 ±0.002 3.073 -0.55 ±0.08 -0.69 ±0.06 X -0.56 33 -0.56 65 -0.56 2 -0.56 33 -0.80 4 - - - -

59 4458.248 -0.001 ±0.002 3.073 0.10 ±0.08 -0.12 ±0.09 X X 0.04 33 0.04 65 0.04 2 0.04 33 -0.05 4 - - - X
78 4498.891 -0.001 ±0.002 2.941 -0.39 ±0.04 -0.49 ±0.04 X X -0.34 33 -0.34 65 -0.34 2 -0.34 33 -0.52 4 - - - X

79 4502.213 -0.004 ±0.002 2.920 -0.37 ±0.05 -0.44 ±0.06 X -0.34 33 -0.34 65 -0.50 2 -0.34 33 -0.60 4 - - - 2
199 4671.670 -0.001 ±0.003 2.888 -1.53 ±0.04 -1.64 ±0.05 X X -1.67 66 -1.67 33 -1.67 2 -1.68 66 - - - - X

220 4709.710 -0.005 ±0.001 2.888 -0.24 ±0.10 -0.31 ±0.11 X -0.49 66 -0.34 65 -0.33 2 -0.49 66 -0.69 4 - - - 2, 65

236 4739.090 0.010 ±0.001 2.941 -0.39 ±0.10 -0.49 ±0.11 X -0.61 66 -0.49 65 -0.49 2 -0.61 66 - - - - 2, 65
526 5308.922 0.001 ±0.011 5.405 0.35 ±0.04 0.20 ±0.07 X X 0.26 14 - 0.30 2 0.26 14 - - - - X

561 5399.475 -0.001 ±0.002 3.853 -0.07 ±0.09 -0.20 ±0.07 X -0.34 14 - -0.29 2 -0.34 14 - - - - -

Fe i
1 4207.127 -0.003 ±0.003 2.832 -1.54 ±0.11 -1.52 ±0.10 -1.46 67 - -1.46 2 - - - -2.51 68 - 2, 67

2 4208.604 -0.007 ±0.004 3.397 -1.04 ±0.12 -0.99 ±0.14 X -1.36 14 - - - - - - - -

3 4217.546 -0.006 ±0.003 3.430 -0.57 ±0.13 -0.78 ±0.20 X -0.48 69 - -0.51 2 - -0.27 4 - - - -

4 4220.341 -0.004 ±0.002 3.071 -1.25 ±0.11 -1.37 ±0.10 X -1.31 69 -1.31 69 -1.37 2 -1.31 69 - - -1.17 68 - 2, 69

5 4222.213 -0.004 ±0.002 2.450 -1.09 ±0.05 -1.11 ±0.06 -0.97 67 - -0.97 2 - -0.93 4 - - - -

6 4232.726 -0.003 ±0.003 0.110 -4.67 ±0.08 -4.88 ±0.08 X X -4.93 67 -4.93 70 -5.13 2 -4.93 67 - - - - X

7 4241.114 0.003 ±0.004 2.832 -2.35 ±0.15 -2.52 ±0.06 X -2.51 67 - -2.51 2 -2.51 67 - - - - 2, 67

8 4243.816 -0.004 ±0.002 3.884 -1.39 ±0.07 -1.44 ±0.09 X -1.50 67 -1.48 71 -1.50 2 -1.50 67 - - - - 2, 67, 71

10 4256.805 -0.004 ±0.002 4.256 -1.43 ±0.04 -1.45 ±0.05 -1.56 67 - -1.57 2 - - - - - -
13 4266.964 -0.001 ±0.003 2.728 -1.36 ±0.12 -1.75 ±0.14 X X -1.81 69 -1.81 69 -1.78 2 -1.81 69 - - -2.49 68 - X

17 4291.463 -0.001 ±0.002 0.052 -3.91 ±0.05 -3.95 ±0.07 -4.08 69 -4.08 69 -4.80 2 -4.08 69 - - - - -

23 4365.896 -0.001 ±0.002 2.990 -2.27 ±0.06 -2.25 ±0.07 -2.25 69 -2.25 69 -2.25 2 -2.25 69 - - - - 2, 69

24 4367.903 -0.001 ±0.002 1.608 -2.76 ±0.05 -2.83 ±0.06 X -2.89 69 -2.89 69 -2.65 2 -2.89 69 - - - - 69
25 4373.561 -0.002 ±0.003 3.018 -1.75 ±0.10 -1.98 ±0.08 X X -1.83 69 - -2.29 2 - - - -2.25 68 - X

27 4387.891 -0.001 ±0.002 3.071 -1.42 ±0.03 -1.48 ±0.05 X -1.52 69 -1.52 69 -1.52 2 -1.52 69 - - -1.02 68 - 2, 69

28 4389.244 -0.001 ±0.002 0.052 -4.48 ±0.07 -4.50 ±0.09 -4.58 67 -4.58 70 -4.58 2 -4.58 67 - - - - 2, 67, 70
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Table A.1: (QA) Quality-assessable (AI) Analysis-independent line a) Paper 1 input list b) NIST c) SpectroWeb d) VALD3 e) Spectr-W3
f) CHIANTI g) TIPbase h) TOPbase

# Wavelength (Å) Elow (eV) log(gf) this work Flags Literature log(gf) values Recommended
Input ∆λ grid cog grid QA? AI? a) b) c) d) e) f) g) h) literature

33 4412.426 0.025 ±0.027 2.176 -4.26 ±0.10 -4.58 ±0.01 X X -3.21 14 - -4.50 2 -3.21 14 - - - - X
34 4413.396 -0.033 ±0.010 4.076 -2.33 ±0.08 -2.78 ±0.05 X X -1.53 67 - -3.50 2 - - - - - X

38 4422.568 -0.025 ±0.005 2.845 -0.92 ±0.77 -1.34 ±0.22 X -1.12 69 - -1.67 2 - - - -1.75 68 - 69

39 4423.841 -0.005 ±0.001 3.654 -1.60 ±0.04 -1.61 ±0.06 -1.61 72 - -1.76 2 -1.61 67 - - - - 67, 72

41 4432.568 -0.003 ±0.003 3.573 -1.68 ±0.04 -1.72 ±0.06 -1.60 67 -1.56 71 -1.85 2 -1.60 67 - - - - -

44 4438.343 -0.006 ±0.002 3.686 -1.56 ±0.04 -1.65 ±0.06 X -1.58 73 - -1.79 2 - - - - - -

45 4439.634 -0.005 ±0.001 3.047 -2.94 ±0.04 -2.92 ±0.04 -2.84 67 - -3.06 2 - - - - - -

46 4439.881 -0.001 ±0.002 2.279 -2.96 ±0.05 -2.94 ±0.05 -3.00 67 - -3.00 2 -3.00 67 - - - - -
47 4442.339 0.006 ±0.002 2.198 -1.09 ±0.04 -1.27 ±0.05 X X -1.25 67 -1.25 74 -1.25 2 -1.25 67 - - -1.31 68 - X

48 4442.831 -0.004 ±0.002 2.176 -2.56 ±0.08 -2.69 ±0.09 X -2.79 67 -2.79 74 -2.79 2 -2.79 67 - - - - -
49 4447.130 -0.011 ±0.002 2.198 -2.55 ±0.05 -2.76 ±0.08 X X -2.73 69 -2.73 69 -2.84 2 -2.73 69 - - - - X
51 4450.316 -0.005 ±0.001 3.111 -1.64 ±0.17 -2.03 ±0.04 X X -1.99 69 -1.99 69 -2.10 2 -1.99 69 - - -1.50 68 - X

60 4461.653 -0.001 ±0.002 0.087 -3.17 ±0.04 -3.25 ±0.04 X -3.21 67 -3.21 70 -3.21 2 -3.21 67 - - - - 2, 67, 70
61 4466.551 0.002 ±0.003 2.832 -0.42 ±0.07 -0.57 ±0.04 X X -0.60 69 - -0.96 2 - -0.42 4 - -1.00 68 - X

65 4479.962 -0.005 ±0.001 3.984 -1.31 ±0.04 -1.45 ±0.06 X X -1.52 67 - − -1.55 2 -1.52 67 - - - - X

66 4481.609 -0.006 ±0.002 3.686 -1.50 ±0.03 -1.59 ±0.06 X -1.53 72 - -1.74 2 - - - - - 72

67 4484.220 -0.001 ±0.002 3.603 -0.82 ±0.06 -0.82 ±0.07 -0.67 73 - -0.86 2 - - - - - 2

68 4485.970 -0.005 ±0.001 3.654 -2.36 ±0.03 -2.40 ±0.04 -2.35 67 - -2.52 2 - - - - - -

71 4489.739 -0.001 ±0.002 0.121 -3.89 ±0.05 -3.91 ±0.06 -3.97 67 -3.97 70 -3.97 2 -3.97 67 - - - - 2, 67, 70

72 4490.084 -0.004 ±0.002 3.017 -1.43 ±0.04 -1.59 ±0.08 X X -1.58 67 - -1.51 2 - - - - - X
75 4492.678 0.000 ±0.003 3.984 -1.60 ±0.04 -1.71 ±0.05 X X -1.65 67 -1.63 71 -1.83 2 -1.65 67 - - - - X
77 4495.953 -0.005 ±0.001 3.654 -1.62 ±0.03 -1.72 ±0.05 X X -1.69 73 - -1.87 2 - - - - - X

80 4502.591 -0.006 ±0.002 3.573 -2.20 ±0.03 -2.21 ±0.03 -2.35 67 -2.31 71 -2.27 2 -2.35 67 - - - - -

81 4504.210 0.006 ±0.008 3.960 -3.16 ±0.05 -3.22 ±0.04 X -3.06 14 - -4.20 2 -3.09 14 - - - - -

82 4504.831 -0.014 ±0.002 3.266 -1.99 ±0.10 -2.13 ±0.04 X -2.27 67 -2.22 71 -2.28 2 -2.27 67 - - - - -

84 4508.685 -0.004 ±0.004 4.283 -1.87 ±0.03 -1.94 ±0.04 X -2.05 14 - - - - - - - -

85 4509.735 -0.006 ±0.002 4.220 -1.40 ±0.05 -1.37 ±0.04 -1.29 14 - - - - - - - -
90 4514.184 -0.004 ±0.002 3.047 -1.99 ±0.03 -2.09 ±0.05 X X -2.05 67 - -2.04 2 - - - - - X

97 4523.399 -0.004 ±0.002 3.654 -1.86 ±0.04 -1.86 ±0.04 -1.99 67 - -2.09 2 - - - - - -

98 4525.864 0.001 ±0.003 2.882 -3.04 ±0.04 -3.11 ±0.04 X -3.20 67 - -3.34 2 - - - - - -

104 4537.671 -0.001 ±0.002 3.267 -2.84 ±0.03 -2.89 ±0.04 X -2.88 67 -2.98 71 -2.88 2 -2.88 67 - - - - 2, 67

107 4543.221 -0.019 ±0.006 3.640 -3.03 ±0.03 -3.08 ±0.03 X -3.33 14 - -5.74 2 - - - - - -

111 4551.647 -0.001 ±0.002 3.943 -1.92 ±0.04 -1.93 ±0.05 -2.06 67 -2.03 71 -1.92 2 -2.06 67 - - - - 2
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Table A.1: (QA) Quality-assessable (AI) Analysis-independent line a) Paper 1 input list b) NIST c) SpectroWeb d) VALD3 e) Spectr-W3
f) CHIANTI g) TIPbase h) TOPbase

# Wavelength (Å) Elow (eV) log(gf) this work Flags Literature log(gf) values Recommended
Input ∆λ grid cog grid QA? AI? a) b) c) d) e) f) g) h) literature

115 4556.924 -0.004 ±0.002 3.252 -2.60 ±0.03 -2.65 ±0.04 X -2.71 67 - -2.69 2 - - - - - 2

116 4560.088 -0.001 ±0.002 3.603 -1.73 ±0.05 -1.85 ±0.06 X X -1.92 67 - -1.92 2 - - - - - X
117 4561.198 -0.017 ±0.005 4.320 -2.20 ±0.06 -2.47 ±0.07 X X -1.28 14 - - - - - - - X

121 4566.515 -0.005 ±0.001 3.301 -2.09 ±0.04 -2.17 ±0.05 X -2.38 69 - -2.17 2 -2.38 69 - - - - 2
122 4566.865 -0.012 ±0.006 4.313 -1.08 ±0.10 -1.30 ±0.07 X X -0.93 14 - - - - - - - X

127 4574.216 -0.003 ±0.003 3.211 -2.33 ±0.04 -2.34 ±0.04 -2.38 73 -2.45 71 -2.47 2 -2.50 67 - - - - 73

128 4574.718 -0.002 ±0.003 2.279 -2.81 ±0.05 -2.82 ±0.04 -2.97 67 - -2.92 2 - - - - - -
132 4579.820 0.000 ±0.007 3.071 -2.68 ±0.04 -2.83 ±0.03 X X -2.83 67 - -3.12 2 -2.83 67 - - - - X

135 4583.128 0.000 ±0.008 4.371 -1.93 ±0.07 -2.04 ±0.10 X -1.76 14 - - - - - - - -

137 4585.339 -0.004 ±0.002 4.608 -1.52 ±0.02 -1.57 ±0.04 X -1.08 14 - - - - - - - -

138 4587.127 -0.001 ±0.002 3.573 -1.57 ±0.06 -1.68 ±0.05 X -1.74 69 - -1.69 2 - - - -1.17 68 - 2

139 4587.720 -0.016 ±0.008 3.984 -2.07 ±0.05 -2.20 ±0.03 X X -2.15 67 - -2.36 2 -2.15 67 - - - - X

143 4590.789 -0.006 ±0.002 4.387 -1.36 ±0.06 -1.44 ±0.04 X -1.77 14 - -1.77 2 - - - - - -

145 4593.525 0.004 ±0.007 3.943 -1.91 ±0.05 -1.98 ±0.07 X -2.06 67 -2.03 71 -2.18 2 -2.06 67 - - - - 71
148 4597.250 0.000 ±0.013 4.387 -1.51 ±0.05 -1.68 ±0.02 X X -1.12 14 - - - - - - - X

149 4598.117 -0.002 ±0.003 3.283 -1.48 ±0.05 -1.50 ±0.07 -1.57 67 - − -1.71 2 -1.57 67 - - - - 67

150 4598.324 0.030 ±0.003 0.958 -4.80 ±0.06 -5.25 ±0.09 X X -4.71 14 - -5.36 2 -4.78 14 - - - - X

151 4598.740 -0.006 ±0.002 3.654 -2.50 ±0.03 -2.56 ±0.04 X -2.66 67 - -2.88 2 -2.66 67 - - - - -

152 4599.841 -0.010 ±0.001 4.313 -0.85 ±0.04 -0.88 ±0.03 -1.24 14 - -2.33 2 -1.23 14 - - - - -

155 4602.001 -0.003 ±0.003 1.608 -3.15 ±0.05 -3.13 ±0.05 -3.13 69 -3.15 75 -3.13 2 -3.15 67 - - - - 2, 67, 69, 75

156 4602.941 -0.001 ±0.002 1.485 -2.23 ±0.04 -2.21 ±0.03 -2.21 69 -2.22 75 -2.31 2 -2.21 69 - - - - 69, 75

157 4603.342 -0.006 ±0.002 2.845 -3.16 ±0.08 -3.26 ±0.04 X -3.04 71 - -3.44 2 -3.14 67 - - - - -

158 4604.557 -0.007 ±0.003 4.473 -1.05 ±0.03 -1.11 ±0.04 X -1.06 14 - -2.83 2 -1.06 14 - - - - -

160 4605.588 -0.012 ±0.003 4.320 -1.04 ±0.07 -1.11 ±0.03 X -1.16 14 - -1.66 2 - - - - - -
163 4614.205 -0.006 ±0.002 3.301 -2.36 ±0.06 -2.49 ±0.04 X X -2.52 71 - -2.62 2 - - - - - X

164 4615.565 -0.007 ±0.003 4.580 -1.19 ±0.07 -1.25 ±0.04 X -1.31 14 - -1.32 2 - - - - - -

166 4619.288 -0.002 ±0.003 3.603 -1.07 ±0.07 -1.05 ±0.04 -1.07 73 - -1.01 2 - - - -4.57 68 - 2, 73

170 4623.578 -0.001 ±0.003 4.415 -1.74 ±0.04 -1.81 ±0.03 X -1.86 14 - - - - - - - -

171 4625.045 -0.005 ±0.001 3.241 -1.27 ±0.05 -1.30 ±0.03 -1.30 73 - − -1.35 2 -1.34 67 - - - - 73

173 4630.120 -0.003 ±0.003 2.279 -2.49 ±0.04 -2.49 ±0.04 -2.59 69 - -2.73 2 - - - - - -

177 4635.846 -0.005 ±0.001 2.845 -2.35 ±0.04 -2.33 ±0.04 -2.36 69 -2.36 69 -2.41 2 -2.36 69 - - - - 69

178 4637.503 -0.004 ±0.002 3.283 -1.29 ±0.06 -1.32 ±0.07 -1.29 73 -1.34 71 -1.39 2 -1.39 67 - - - - 2, 67, 71, 73
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Table A.1: (QA) Quality-assessable (AI) Analysis-independent line a) Paper 1 input list b) NIST c) SpectroWeb d) VALD3 e) Spectr-W3
f) CHIANTI g) TIPbase h) TOPbase

# Wavelength (Å) Elow (eV) log(gf) this work Flags Literature log(gf) values Recommended
Input ∆λ grid cog grid QA? AI? a) b) c) d) e) f) g) h) literature

181 4643.463 -0.002 ±0.003 3.654 -1.23 ±0.07 -1.20 ±0.05 -1.15 69 - -1.29 2 - - - - - 69

189 4657.585 -0.004 ±0.002 2.845 -2.85 ±0.04 -2.89 ±0.05 -2.80 71 - -3.14 2 - - - - - -

190 4660.426 -0.007 ±0.003 4.435 -1.64 ±0.04 -1.68 ±0.04 -1.71 14 - - -1.46 14 - - - - 14

191 4660.887 0.011 ±0.002 4.473 -1.51 ±0.04 -1.56 ±0.03 X -1.75 14 - - -1.77 14 - - - - -

192 4661.534 -0.005 ±0.001 4.559 -1.18 ±0.05 -1.18 ±0.04 -1.17 71 - -1.27 2 -1.27 67 - - - - 71
193 4661.970 0.004 ±0.002 2.990 -2.28 ±0.09 -2.46 ±0.05 X X -2.50 69 - -2.63 2 - - - - - X

194 4665.255 -0.050 ±0.001 4.387 -1.95 ±0.12 -2.18 ±0.11 X -1.28 14 - - -1.35 14 - - - - -

196 4669.171 -0.006 ±0.002 3.654 -1.12 ±0.09 -1.20 ±0.06 X -1.24 73 - -1.26 2 -1.21 69 - - - - 2, 69, 73

200 4672.830 -0.002 ±0.003 1.608 -3.99 ±0.12 -4.16 ±0.14 X -4.24 67 - − -4.24 2 -4.24 67 - - - - 2, 67

201 4678.846 -0.005 ±0.001 3.603 -0.76 ±0.08 -0.75 ±0.07 -0.70 73 - -0.66 2 - - - -3.14 68 - 73

203 4681.473 -0.014 ±0.004 4.607 -1.23 ±0.04 -1.26 ±0.04 -1.35 14 - - - - - - - -

205 4683.560 -0.005 ±0.001 2.832 -2.32 ±0.05 -2.38 ±0.04 X -2.32 69 - -2.53 2 - - - - - -

208 4688.176 -0.004 ±0.002 4.607 -0.95 ±0.05 -0.95 ±0.03 -1.54 14 - -1.54 2 - - - - - -

210 4690.138 -0.005 ±0.001 3.686 -1.55 ±0.06 -1.56 ±0.05 -1.64 69 - -1.68 2 - - - - - -

217 4704.948 -0.004 ±0.002 3.686 -1.42 ±0.06 -1.46 ±0.07 -1.32 73 - -1.57 2 - - - -4.09 68 - -

224 4726.137 -0.001 ±0.002 2.998 -3.04 ±0.03 -3.06 ±0.04 -2.90 73 - -3.24 2 - - - - - -

225 4728.546 -0.005 ±0.001 3.654 -1.08 ±0.07 -1.11 ±0.05 -1.17 69 - -1.14 2 - - - - - 2

226 4729.019 -0.004 ±0.002 4.076 -1.52 ±0.06 -1.57 ±0.06 X -1.61 69 - -1.66 2 -1.61 69 - - - - 69
233 4733.591 -0.004 ±0.002 1.485 -2.93 ±0.05 -3.05 ±0.05 X X -2.99 69 -2.99 75 -2.92 2 -2.99 69 - - - - X

234 4735.843 0.002 ±0.005 4.076 -1.09 ±0.09 -1.19 ±0.08 X -1.33 69 -1.32 69 -1.23 2 -1.32 69 - - - - 2

240 4745.800 -0.005 ±0.001 3.654 -1.18 ±0.07 -1.23 ±0.05 X -1.34 73 - -1.19 2 - - - -3.42 68 - 2
242 4749.948 -0.006 ±0.002 4.559 -1.15 ±0.03 -1.22 ±0.03 X X -1.24 71 - -1.35 2 - - - - - X

247 4757.578 -0.004 ±0.002 3.274 -1.97 ±0.06 -2.03 ±0.07 X -2.04 14 - -2.02 2 - - - - - 2, 14

257 4776.067 -0.004 ±0.002 3.301 -2.52 ±0.04 -2.58 ±0.02 X -2.60 71 - -2.71 2 - - - - - 71

258 4779.439 -0.002 ±0.003 3.415 -2.07 ±0.08 -2.15 ±0.04 X -2.02 69 -2.02 69 -2.02 2 -2.02 69 - - - - -

261 4785.957 -0.005 ±0.001 4.143 -1.75 ±0.03 -1.76 ±0.03 -1.83 71 - -1.93 2 -1.93 67 - - - - -
264 4786.807 -0.004 ±0.002 3.017 -1.38 ±0.04 -1.50 ±0.03 X X -1.61 69 - -1.74 2 - - - -2.22 68 - X
265 4787.827 0.000 ±0.003 2.998 -2.51 ±0.03 -2.59 ±0.03 X X -2.60 73 - -2.77 2 - - - - - X

266 4788.757 -0.005 ±0.001 3.237 -1.67 ±0.03 -1.74 ±0.04 X -1.76 69 -1.76 69 -1.80 2 -1.76 69 - - -0.75 68 - 69

269 4794.354 0.000 ±0.003 2.424 -3.83 ±0.03 -3.87 ±0.03 -3.95 71 - -4.05 2 - - - - - -

270 4798.265 -0.002 ±0.003 4.186 -1.39 ±0.05 -1.40 ±0.04 -1.17 69 - -1.54 2 - - - - - -
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Table A.1: (QA) Quality-assessable (AI) Analysis-independent line a) Paper 1 input list b) NIST c) SpectroWeb d) VALD3 e) Spectr-W3
f) CHIANTI g) TIPbase h) TOPbase

# Wavelength (Å) Elow (eV) log(gf) this work Flags Literature log(gf) values Recommended
Input ∆λ grid cog grid QA? AI? a) b) c) d) e) f) g) h) literature

272 4798.731 -0.002 ±0.003 1.608 -4.04 ±0.03 -4.10 ±0.05 X -4.15 71 - -4.24 2 - - - - - 71

273 4799.406 -0.004 ±0.002 3.640 -2.04 ±0.03 -2.10 ±0.05 X -2.13 71 -2.19 71 -2.23 2 -2.23 67 - - -2.75 68 - 71
274 4800.128 -0.004 ±0.002 3.039 -3.05 ±0.02 -3.12 ±0.04 X X -2.64 71 - -3.29 2 - - - - - X

275 4800.649 -0.008 ±0.003 4.143 -0.88 ±0.08 -1.13 ±0.05 X X -1.03 69 -1.03 69 -1.25 2 -1.03 69 - - - - X

277 4802.880 -0.003 ±0.003 3.642 -1.59 ±0.10 -1.67 ±0.09 X -1.51 69 -1.51 69 -1.67 2 -1.51 69 - - -2.01 68 - 2
278 4804.517 0.000 ±0.003 3.573 -2.30 ±0.04 -2.43 ±0.03 X X -2.59 67 - − -2.59 2 -2.59 67 - - - - X

280 4807.708 -0.005 ±0.001 3.368 -1.95 ±0.04 -2.01 ±0.04 X -2.15 72 -2.15 71 -2.21 2 -2.20 67 - - - - -

281 4808.148 -0.005 ±0.001 3.252 -2.57 ±0.04 -2.59 ±0.04 -2.69 71 - -2.80 2 - - - -2.40 68 - -

283 4809.137 0.011 ±0.006 3.695 -2.39 ±0.05 -2.51 ±0.02 X X -2.23 14 - -2.77 2 - - - -2.54 68 - X

285 4813.113 -0.011 ±0.005 3.274 -2.61 ±0.05 -2.67 ±0.03 X -2.79 71 - -2.92 2 -2.89 67 - - - - -

289 4833.375 -0.001 ±0.026 4.559 -2.28 ±0.30 -2.56 ±0.14 X -1.47 14 - - - - - - - -
290 4834.507 0.007 ±0.005 2.424 -3.03 ±0.09 -3.22 ±0.05 X X -3.31 71 - -3.41 2 - - - - - X

291 4835.868 -0.004 ±0.002 4.103 -1.29 ±0.05 -1.33 ±0.05 -1.40 71 -1.47 71 -1.50 2 -1.50 67 - - - - -

293 4839.544 -0.001 ±0.002 3.267 -1.68 ±0.07 -1.77 ±0.07 X -1.82 69 -1.82 69 -1.82 2 -1.82 69 - - -0.84 68 - 2, 69

295 4843.143 -0.004 ±0.002 3.397 -1.52 ±0.08 -1.65 ±0.08 X -1.65 73 -1.79 71 -1.84 2 -1.84 67 - - - - 73

297 4875.877 -0.001 ±0.002 3.332 -1.75 ±0.05 -1.84 ±0.07 X -1.90 72 -1.97 71 -2.02 2 -2.02 67 - - - - 72

300 4885.430 -0.003 ±0.003 3.882 -1.01 ±0.06 -1.02 ±0.05 -0.97 72 - -1.09 2 - - - - - 72

302 4886.332 -0.005 ±0.001 4.154 -0.75 ±0.07 -0.74 ±0.05 -0.61 14 - − -0.56 2 - - - -1.50 68 - -

303 4888.166 -0.009 ±0.002 4.559 -2.04 ±0.11 -2.32 ±0.19 X -1.01 14 - - -1.77 14 - - - - -

304 4892.859 -0.005 ±0.001 4.218 -1.16 ±0.05 -1.18 ±0.06 -1.29 67 - − -1.29 2 -1.29 67 - - - - -

305 4894.562 -0.012 ±0.003 4.143 -2.24 ±0.04 -2.30 ±0.05 X -2.00 14 - -2.51 2 -2.28 14 - - - - 14
306 4896.439 0.000 ±0.003 3.884 -1.74 ±0.06 -1.87 ±0.05 X X -1.89 73 - -2.05 2 - - - - - X
310 4902.233 0.004 ±0.025 4.559 -1.62 ±0.05 -1.82 ±0.02 X X -1.38 14 - - - - - - - X

311 4903.310 -0.002 ±0.003 2.882 -1.42 ±1.15 -1.00 ±0.06 X -0.90 76 - -1.07 2 - -0.79 4 - - - -
313 4905.133 -0.009 ±0.002 3.929 -1.77 ±0.02 -1.90 ±0.04 X X -1.73 72 - -2.05 2 - - - - - X

314 4907.320 -0.006 ±0.011 4.143 -3.08 ±0.27 -3.44 ±0.20 X -1.89 14 - - -1.59 14 - - - - -

315 4907.732 -0.003 ±0.003 3.430 -1.71 ±0.04 -1.75 ±0.05 -1.70 73 - − -1.84 2 -1.84 67 - - - - 73

316 4909.383 -0.003 ±0.003 3.929 -1.17 ±0.05 -1.20 ±0.04 -1.23 14 - -1.27 2 - - - - - 14

317 4910.325 -0.005 ±0.001 4.191 -0.76 ±0.10 -0.83 ±0.10 X -0.46 14 - − -0.76 2 -0.46 14 - - - - 2

319 4911.529 -0.001 ±0.002 4.256 -1.65 ±0.04 -1.71 ±0.04 X -1.84 72 - -1.88 2 -2.24 67 - - - - -

320 4911.779 -0.005 ±0.001 3.929 -1.58 ±0.04 -1.63 ±0.04 X -1.79 72 - -1.79 2 - - - - - -
325 4915.850 -0.010 ±0.010 4.143 -2.33 ±0.12 -2.70 ±0.11 X X -2.02 14 - -2.80 2 - - - - - X
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Table A.1: (QA) Quality-assessable (AI) Analysis-independent line a) Paper 1 input list b) NIST c) SpectroWeb d) VALD3 e) Spectr-W3
f) CHIANTI g) TIPbase h) TOPbase

# Wavelength (Å) Elow (eV) log(gf) this work Flags Literature log(gf) values Recommended
Input ∆λ grid cog grid QA? AI? a) b) c) d) e) f) g) h) literature

326 4917.230 -0.003 ±0.003 4.191 -0.96 ±0.07 -0.99 ±0.05 -1.08 71 -1.16 71 -1.18 2 -1.18 67 - - -1.55 68 - -

327 4918.012 -0.001 ±0.002 4.231 -1.13 ±0.04 -1.21 ±0.07 X -1.26 71 -1.34 71 -1.36 2 -1.36 67 - - - - 71
331 4926.816 -0.031 ±0.023 3.634 -2.72 ±0.12 -3.15 ±0.04 X X -2.17 14 - -3.32 2 -2.18 14 - - - - X
332 4930.315 -0.014 ±0.002 3.960 -0.79 ±0.07 -1.08 ±0.07 X X -1.20 77 - -1.35 2 - - - - - X

336 4939.687 -0.001 ±0.002 0.859 -3.21 ±0.05 -3.26 ±0.04 X -3.34 78 -3.34 78 -3.34 2 -3.34 67 - - -3.15 68 - -
338 4945.636 -0.002 ±0.004 4.209 -1.30 ±0.03 -1.39 ±0.03 X X -1.41 71 -1.49 71 -1.51 2 -1.51 67 - - - - X

341 4950.105 -0.007 ±0.006 3.417 -1.46 ±0.05 -1.54 ±0.07 X -1.49 73 - − -1.67 2 -1.67 67 - - - - 73

345 4962.572 -0.004 ±0.002 4.178 -1.21 ±0.06 -1.18 ±0.03 -1.18 69 -1.18 69 -1.23 2 -1.18 69 - - - - 69

349 4969.917 -0.002 ±0.003 4.218 -0.74 ±0.05 -0.71 ±0.03 -0.71 79 - − -0.62 2 -0.71 67 - - -2.40 68 - 67, 79
350 4970.496 -0.004 ±0.002 3.635 -1.41 ±0.16 -1.62 ±0.04 X X -1.74 69 -1.74 69 -1.69 2 -1.74 69 - - -1.78 68 - X
352 4973.102 -0.004 ±0.002 3.960 -0.65 ±0.05 -0.78 ±0.03 X X -0.73 72 - -0.95 2 - -0.87 4 - - - X

356 4980.540 0.000 ±0.004 4.186 -2.29 ±0.07 -2.53 ±0.08 X X -2.00 14 - -2.82 2 -2.56 14 - - - - X

357 4982.499 -0.001 ±0.002 4.103 -0.18 ±0.07 -0.13 ±0.05 X 0.16 14 - − 0.14 2 0.16 14 - - - - -

359 4983.853 -0.005 ±0.001 4.103 -0.24 ±0.10 -0.29 ±0.11 X -0.01 14 - − -0.07 2 -0.01 14 - - -0.92 68 - -

360 4985.547 -0.001 ±0.002 2.865 -1.43 ±0.05 -1.48 ±0.04 X -1.33 69 - -1.51 2 - - - - - 2

361 4986.223 -0.003 ±0.003 4.218 -1.24 ±0.03 -1.27 ±0.03 -1.29 71 -1.37 71 -1.39 2 -1.39 67 - - - - 71

362 4987.620 -0.003 ±0.003 4.178 -2.65 ±0.09 -2.74 ±0.05 X -2.09 14 - -2.72 2 -2.72 67 - - - - 2, 67
363 4988.352 0.011 ±0.010 4.638 -2.02 ±0.12 -2.29 ±0.10 X X -1.24 14 - - - - - - - X

364 4988.950 -0.004 ±0.002 4.154 -0.58 ±0.07 -0.62 ±0.06 -0.89 67 -0.86 80 -0.89 2 - -0.82 4 - -1.25 68 - -

365 4992.785 -0.001 ±0.002 4.260 -2.15 ±0.05 -2.20 ±0.03 X -2.35 67 - − -2.34 2 -2.35 67 - - - - -
367 4993.680 0.016 ±0.003 4.209 -1.01 ±0.10 -1.19 ±0.06 X X -1.37 71 -1.45 71 -1.47 2 - - - - - X

368 4995.408 -0.004 ±0.002 4.260 -1.94 ±0.04 -2.00 ±0.03 X -1.79 71 -1.87 71 -2.22 2 - - - - - -

370 4995.871 0.043 ±0.016 4.231 -2.71 ±0.07 -2.76 ±0.14 X -2.41 14 - -2.82 2 -2.41 14 - - -1.80 68 - 2
373 4999.112 -0.009 ±0.005 4.186 -1.56 ±0.04 -1.68 ±0.05 X X -1.64 71 - -1.74 2 - - - - - X
374 5002.583 -0.004 ±0.003 4.186 -1.59 ±0.16 -1.98 ±0.01 X X -1.14 14 - -2.45 2 - - - - - X

375 5002.792 0.004 ±0.005 3.397 -1.38 ±0.05 -1.48 ±0.05 X -1.46 72 -1.53 71 -1.58 2 -1.58 67 - - - - 71, 72

377 5004.044 -0.004 ±0.002 4.209 -1.20 ±0.04 -1.26 ±0.04 X -1.30 71 -1.38 71 -1.40 2 -1.40 67 - - - - 71

378 5008.642 -0.008 ±0.003 4.559 -1.69 ±0.06 -1.71 ±0.05 -1.51 14 - - - - - - - -
382 5012.695 -0.002 ±0.003 4.283 -1.30 ±0.02 -1.41 ±0.03 X X -1.69 71 - -1.79 2 - - - - - X
383 5015.315 -0.019 ±0.013 4.076 -1.93 ±0.20 -2.41 ±0.04 X X -1.74 14 - - -2.29 14 - - - - X

385 5016.477 -0.007 ±0.003 4.256 -1.51 ±0.05 -1.53 ±0.05 -1.37 14 - − -1.68 2 - - - -1.85 68 - -

387 5020.494 -0.007 ±0.005 4.607 -1.74 ±0.13 -1.92 ±0.11 X -1.33 14 - - - - - - - -

388 5023.186 -0.003 ±0.003 4.283 -1.40 ±0.03 -1.41 ±0.03 -1.50 71 -1.58 71 -1.60 2 -1.60 67 - - - - -
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Table A.1: (QA) Quality-assessable (AI) Analysis-independent line a) Paper 1 input list b) NIST c) SpectroWeb d) VALD3 e) Spectr-W3
f) CHIANTI g) TIPbase h) TOPbase

# Wavelength (Å) Elow (eV) log(gf) this work Flags Literature log(gf) values Recommended
Input ∆λ grid cog grid QA? AI? a) b) c) d) e) f) g) h) literature

389 5023.498 -0.001 ±0.002 4.313 -1.49 ±0.04 -1.54 ±0.03 X -1.67 72 -1.69 71 -1.71 2 -1.71 67 - - - - -
391 5025.081 -0.005 ±0.003 4.260 -1.77 ±0.03 -1.84 ±0.03 X X -1.99 67 - − -1.99 2 - - - - - X

392 5025.303 0.001 ±0.003 4.284 -1.84 ±0.03 -1.87 ±0.02 -2.00 14 - -2.04 2 -2.04 67 - - - - -

394 5027.757 -0.005 ±0.001 4.209 -0.94 ±0.07 -1.10 ±0.03 X X -1.15 71 -1.23 71 -1.25 2 - - - - - X

395 5028.126 -0.001 ±0.002 3.573 -1.15 ±0.08 -1.20 ±0.06 X -1.04 76 -1.12 69 -1.12 2 -1.12 69 - - -1.00 68 - -

396 5029.618 -0.004 ±0.002 3.415 -1.91 ±0.03 -1.97 ±0.03 X -1.95 71 - -2.05 2 - - - - - 71
398 5031.914 -0.010 ±0.006 4.371 -1.50 ±0.06 -1.60 ±0.02 X X -1.57 71 -1.65 71 -1.87 2 -1.67 67 - - - - X

405 5047.698 0.022 ±0.031 3.695 -3.14 ±0.11 -3.29 ±0.15 X -2.68 14 - -3.85 2 - - - - - -

406 5048.436 -0.002 ±0.003 3.960 -1.00 ±0.07 -1.07 ±0.05 X -1.00 73 - -1.26 2 - - - - - -

407 5051.277 -0.002 ±0.006 4.220 -2.48 ±0.10 -2.53 ±0.01 X -1.11 14 - -3.63 2 - - - -1.83 68 - -
410 5054.642 -0.003 ±0.003 3.640 -1.92 ±0.06 -2.05 ±0.04 X X -1.92 69 - -2.14 2 - - - - - X

411 5057.481 -0.001 ±0.002 4.191 -1.87 ±0.04 -1.94 ±0.04 X -1.58 14 - − -2.14 2 -1.59 14 - - - - -

412 5058.496 -0.004 ±0.002 3.642 -2.65 ±0.09 -2.68 ±0.06 -2.83 67 - -2.83 2 - - - - - -

414 5067.150 -0.001 ±0.004 4.220 -0.81 ±0.05 -0.81 ±0.06 -0.97 67 - − -0.97 2 -0.97 67 - - - - -

416 5072.078 -0.004 ±0.002 4.283 -0.55 ±0.08 -0.60 ±0.09 X -0.68 14 - − -0.38 2 - - - -1.63 68 - 14

417 5072.672 -0.004 ±0.002 4.220 -0.93 ±0.04 -1.02 ±0.07 X -0.84 14 - − -0.88 2 -0.83 14 - - - - -
419 5079.223 0.000 ±0.003 2.198 -1.92 ±0.05 -2.04 ±0.03 X X -2.07 74 -2.07 74 -2.07 2 -2.07 67 - - -1.93 68 - X
420 5079.740 -0.002 ±0.003 0.990 -3.07 ±0.09 -3.22 ±0.05 X X -3.22 78 -3.22 78 -3.22 2 -3.22 67 - - -3.20 68 - X

423 5083.338 0.000 ±0.001 0.958 -2.96 ±0.04 -2.98 ±0.05 -2.94 78 -2.96 78 -2.96 2 -2.96 67 - - -2.60 68 - 2, 67, 78
426 5088.153 -0.001 ±0.002 4.154 -1.48 ±0.06 -1.61 ±0.03 X X -1.68 71 -1.75 71 -1.77 2 -1.78 67 - - -1.62 68 - X
432 5104.030 0.001 ±0.005 3.017 -2.57 ±0.12 -2.80 ±0.05 X X -2.77 71 - -2.87 2 - - - - - X
433 5104.190 0.000 ±0.004 4.178 -1.59 ±0.05 -1.74 ±0.04 X X -1.87 71 -1.94 71 -1.97 2 -1.97 67 - - - - X

434 5104.438 -0.004 ±0.002 4.283 -1.41 ±0.07 -1.50 ±0.04 X -1.59 71 -1.67 71 -1.70 2 -1.69 67 - - -3.12 68 - -

435 5109.652 -0.006 ±0.002 4.301 -0.64 ±0.05 -0.67 ±0.05 -0.98 67 - − -0.98 2 - - - -2.02 68 - -
438 5123.720 0.001 ±0.002 1.011 -2.94 ±0.06 -3.09 ±0.06 X X -3.07 78 -3.07 78 -3.07 2 -3.07 67 - - -2.90 68 - X
439 5127.359 -0.001 ±0.002 0.915 -3.25 ±0.05 -3.40 ±0.05 X X -3.31 78 -3.31 78 -3.31 2 -3.31 67 - - -3.15 68 - X
442 5131.468 -0.003 ±0.003 2.223 -2.29 ±0.08 -2.44 ±0.04 X X -2.52 69 -2.52 69 -2.56 2 -2.52 69 - - -2.40 68 - X

445 5137.382 0.000 ±0.003 4.178 -0.29 ±0.09 -0.23 ±0.07 X -0.40 67 -0.43 80 -0.41 2 -0.40 67 -0.49 4 - -2.53 68 - -

446 5143.723 -0.004 ±0.002 2.198 -3.64 ±0.11 -3.79 ±0.06 X -3.69 71 -3.69 71 -3.99 2 -3.79 67 - - - - 67

447 5145.094 0.000 ±0.003 2.198 -3.00 ±0.12 -3.17 ±0.05 X -2.88 69 - -3.23 2 -2.88 69 - - - - -

450 5148.229 -0.002 ±0.003 4.256 -0.33 ±1.34 -0.56 ±0.09 X -0.24 14 - − -0.27 2 -0.24 14 - - - - -
451 5151.911 -0.001 ±0.002 1.011 -3.05 ±0.10 -3.30 ±0.04 X X -3.32 78 -3.32 78 -3.22 2 -3.32 67 - - -3.20 68 - X

456 5159.058 -0.004 ±0.004 4.283 -0.77 ±0.07 -0.76 ±0.05 -0.82 67 - − -0.82 2 -0.82 67 - - - - -
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Table A.1: (QA) Quality-assessable (AI) Analysis-independent line a) Paper 1 input list b) NIST c) SpectroWeb d) VALD3 e) Spectr-W3
f) CHIANTI g) TIPbase h) TOPbase

# Wavelength (Å) Elow (eV) log(gf) this work Flags Literature log(gf) values Recommended
Input ∆λ grid cog grid QA? AI? a) b) c) d) e) f) g) h) literature

460 5196.059 -0.001 ±0.002 4.256 -0.77 ±0.03 -0.82 ±0.05 X -0.49 14 - − -0.49 2 -0.49 14 - - - - -

462 5197.936 -0.003 ±0.003 4.301 -1.43 ±0.03 -1.44 ±0.03 -1.54 71 -1.62 71 -1.64 2 -1.64 67 - - - - -

466 5217.919 -0.016 ±0.003 3.640 -1.80 ±0.06 -1.89 ±0.05 X -1.72 69 -1.72 69 -2.10 2 -1.72 69 - - -1.99 68 - -
469 5221.036 -0.003 ±0.003 4.294 -1.72 ±0.04 -1.82 ±0.02 X X -1.58 14 - - - - - - - X
471 5222.395 0.001 ±0.003 2.279 -3.66 ±0.04 -3.80 ±0.03 X X -3.83 14 - -3.98 2 - - - - - X

472 5223.183 -0.001 ±0.002 3.635 -2.20 ±0.03 -2.21 ±0.03 -1.78 69 -1.78 69 -2.39 2 -1.78 69 - - -2.34 68 - -

474 5225.526 -0.001 ±0.002 0.110 -4.64 ±0.10 -4.68 ±0.09 -4.79 70 -4.79 70 -4.79 2 -4.79 67 - - - - -

475 5228.376 -0.003 ±0.003 4.220 -1.00 ±0.04 -1.04 ±0.04 -1.19 71 -1.26 71 -1.29 2 -1.29 67 - - - - -

477 5236.202 -0.006 ±0.002 4.186 -1.58 ±0.04 -1.63 ±0.04 X -1.50 69 - -1.73 2 - - - -2.80 68 - -

484 5242.491 -0.001 ±0.002 3.634 -0.96 ±0.06 -0.93 ±0.04 -0.97 69 -0.97 69 -0.96 2 -0.97 69 -0.91 4 - -1.12 68 - 2, 4, 69

486 5243.776 -0.004 ±0.002 4.256 -0.99 ±0.05 -1.01 ±0.04 -1.05 71 -1.12 71 -1.15 2 - - - -1.83 68 - 71

488 5247.050 -0.001 ±0.002 0.087 -4.88 ±0.06 -4.90 ±0.07 -4.95 70 -4.95 70 -4.95 2 -4.95 67 - - - - 2, 67, 70
492 5249.105 -0.014 ±0.002 4.473 -1.20 ±0.07 -1.32 ±0.02 X X -1.38 71 -1.46 71 -1.59 2 -1.48 67 - - -2.13 68 - X

493 5250.209 -0.001 ±0.002 0.121 -4.77 ±0.09 -4.76 ±0.10 -4.93 70 -4.94 70 -4.94 2 -4.94 67 - - - - -

494 5250.646 -0.001 ±0.002 2.198 -2.05 ±0.05 -2.05 ±0.02 -2.18 69 -2.18 69 -2.05 2 -2.18 69 - - -1.91 68 - 2

495 5253.021 -0.001 ±0.002 2.279 -3.79 ±0.03 -3.80 ±0.03 -3.84 71 - -3.94 2 - - - - - -
498 5262.881 0.000 ±0.003 3.252 -2.75 ±0.07 -2.89 ±0.04 X X -2.56 71 - -3.17 2 - - - -3.78 68 - X
501 5267.269 -0.001 ±0.002 4.371 -1.45 ±0.11 -1.62 ±0.04 X X -1.60 77 -1.60 77 -1.77 2 -1.60 77 - - - - X
503 5272.268 -0.006 ±0.009 5.033 -1.06 ±0.05 -1.21 ±0.03 X X -1.04 14 - - - - - - - X

506 5277.306 0.002 ±0.005 4.415 -2.12 ±0.03 -2.18 ±0.03 X -1.05 14 - -3.50 2 -1.05 14 - - - - -

507 5279.650 0.003 ±0.008 3.301 -3.41 ±0.03 -3.50 ±0.06 X -3.34 71 - -3.50 2 -3.44 67 - - - - 2, 67

510 5284.609 -0.003 ±0.003 4.186 -1.82 ±0.19 -1.83 ±0.03 -2.01 71 - -2.11 2 - - - -3.54 68 - -

511 5285.127 -0.001 ±0.002 4.435 -1.44 ±0.04 -1.50 ±0.03 X -1.66 72 -1.62 71 -1.64 2 -1.64 67 - - -2.13 68 - -

513 5288.525 0.003 ±0.003 3.695 -1.53 ±0.05 -1.60 ±0.03 X -1.49 76 - -1.75 2 - - - -2.25 68 - -

515 5292.597 -0.019 ±0.002 4.991 -0.83 ±0.03 -0.86 ±0.02 -0.59 14 - -0.59 2 - - - - - -

516 5294.547 -0.003 ±0.003 3.640 -2.58 ±0.02 -2.62 ±0.03 -2.76 71 -2.81 71 -2.86 2 -2.86 67 - - - - -

517 5295.312 -0.003 ±0.003 4.415 -1.49 ±0.04 -1.49 ±0.03 -1.59 71 -1.67 71 -1.69 2 -1.69 67 - - - - -
521 5300.403 -0.007 ±0.005 4.593 -2.19 ±0.03 -2.38 ±0.05 X X -1.65 71 - -4.15 2 -1.75 67 - - - - X

525 5308.679 -0.006 ±0.003 4.256 -2.30 ±0.05 -2.36 ±0.02 X -1.99 14 - -2.50 2 -2.50 67 - - - - -

527 5310.463 0.004 ±0.005 5.086 -1.63 ±0.07 -1.70 ±0.06 X -1.69 14 - - - - - - - 14

532 5315.070 -0.011 ±0.005 4.371 -1.40 ±0.04 -1.46 ±0.02 X -1.65 71 - -1.55 2 -1.55 67 - - - - -
533 5315.775 0.004 ±0.005 3.640 -3.03 ±0.04 -3.11 ±0.02 X X -2.84 14 - -3.90 2 - - - - - X
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Table A.1: (QA) Quality-assessable (AI) Analysis-independent line a) Paper 1 input list b) NIST c) SpectroWeb d) VALD3 e) Spectr-W3
f) CHIANTI g) TIPbase h) TOPbase

# Wavelength (Å) Elow (eV) log(gf) this work Flags Literature log(gf) values Recommended
Input ∆λ grid cog grid QA? AI? a) b) c) d) e) f) g) h) literature

535 5319.035 -0.014 ±0.007 4.835 -1.75 ±0.02 -1.85 ±0.06 X X -1.82 14 - - -1.81 14 - - - - X

536 5320.036 0.011 ±0.013 3.642 -2.44 ±0.03 -2.48 ±0.07 -2.44 71 - -2.54 2 - - - - - 2, 71

537 5321.108 -0.001 ±0.002 4.435 -1.22 ±0.03 -1.23 ±0.03 -1.09 69 -1.09 69 -1.44 2 -0.95 69 - - - - -

538 5322.041 0.000 ±0.003 2.279 -2.85 ±0.04 -2.90 ±0.05 X -2.80 69 - -3.04 2 - - - - - -

540 5326.142 0.000 ±0.003 3.573 -2.11 ±0.04 -2.20 ±0.06 X -2.07 77 -2.07 77 -2.30 2 -2.07 77 - - - - -

541 5326.790 0.021 ±0.002 4.415 -1.77 ±0.15 -1.95 ±0.04 X -1.32 14 - -2.10 2 -2.10 67 - - - - -

544 5329.989 -0.002 ±0.003 4.076 -1.15 ±0.04 -1.22 ±0.04 X -1.20 81 - -1.29 2 -1.19 77 - - - - 77, 81

545 5332.900 -0.001 ±0.002 1.557 -2.81 ±0.05 -2.79 ±0.03 -2.78 69 -2.78 69 -2.94 2 -2.78 69 - - -2.95 68 - 69

547 5339.929 0.000 ±0.001 3.266 -0.72 ±0.04 -0.65 ±0.02 X X -0.63 73 - -0.68 2 - -0.53 4 - - - X

553 5373.709 -0.003 ±0.003 4.473 -0.77 ±0.03 -0.76 ±0.05 -0.71 72 -0.84 71 -0.86 2 -0.86 67 - - -3.93 68 - 72

554 5379.574 -0.002 ±0.003 3.695 -1.47 ±0.05 -1.48 ±0.04 -1.51 69 - -1.52 2 - - - -1.38 68 - 2, 69

556 5385.575 0.006 ±0.004 3.695 -3.01 ±0.03 -3.07 ±0.03 X -2.87 71 - -3.20 2 - - - - - -

557 5386.333 -0.004 ±0.002 4.154 -1.67 ±0.03 -1.67 ±0.03 -1.67 71 - -1.77 2 - - - -1.42 68 - 71

559 5395.217 -0.001 ±0.002 4.446 -1.63 ±0.04 -1.67 ±0.02 -2.07 71 -2.15 71 -1.87 2 -2.17 67 - - -1.88 68 - -

560 5398.279 0.000 ±0.003 4.446 -0.62 ±0.05 -0.63 ±0.05 -0.63 71 -0.71 71 -0.67 2 - - - - - 2, 71

562 5401.266 -0.003 ±0.003 4.320 -1.63 ±0.04 -1.70 ±0.03 X -1.82 71 -1.89 71 -1.92 2 -1.92 67 - - - - -

564 5406.775 -0.001 ±0.002 4.371 -1.35 ±0.04 -1.40 ±0.03 X -1.62 71 - − -1.52 2 -1.72 67 - - - - -
565 5409.133 -0.002 ±0.003 4.371 -0.98 ±0.03 -1.08 ±0.03 X X -1.20 71 -1.27 71 -1.12 2 -1.30 67 - - - - X

566 5410.910 -0.001 ±0.002 4.473 0.13 ±0.07 0.23 ±0.04 X 0.40 69 0.40 69 0.28 2 0.40 69 0.40 4 - - - -
567 5412.784 -0.006 ±0.002 4.435 -1.68 ±0.03 -1.77 ±0.05 X X -1.72 77 -1.72 77 -1.88 2 -1.72 77 - - - - X

569 5417.033 0.000 ±0.001 4.415 -1.38 ±0.03 -1.43 ±0.03 X -1.58 71 - -1.68 2 -1.68 67 - - - - -

572 5421.850 -0.014 ±0.004 4.549 -1.75 ±0.05 -1.87 ±0.07 X -1.68 71 - -2.08 2 -1.78 67 - - - - -
574 5432.948 -0.011 ±0.002 4.446 -0.65 ±0.09 -0.82 ±0.06 X X -0.94 71 -1.02 71 -1.04 2 - - - -2.43 68 - X

576 5436.295 -0.001 ±0.002 4.387 -1.27 ±0.03 -1.30 ±0.03 -1.44 71 -1.51 71 -1.54 2 -1.54 67 - - - - -

577 5436.588 -0.004 ±0.002 2.279 -3.20 ±0.05 -3.27 ±0.04 X -2.96 69 - -3.39 2 - - - - - -

578 5441.339 -0.002 ±0.003 4.313 -1.52 ±0.03 -1.58 ±0.03 X -1.63 71 - -1.73 2 - - - - - -

581 5461.550 -0.005 ±0.001 4.446 -1.51 ±0.04 -1.56 ±0.03 X -1.80 71 -1.88 71 -1.80 2 -1.90 67 - - - - -

583 5462.960 -0.005 ±0.001 4.473 -0.29 ±0.10 -0.29 ±0.08 -0.05 14 - − -0.16 2 -0.13 14 - - - - -

584 5464.280 -0.004 ±0.002 4.143 -1.55 ±0.04 -1.57 ±0.03 -1.40 69 -1.40 69 -1.72 2 -1.40 69 - - - - -

585 5466.396 -0.004 ±0.002 4.371 -0.58 ±0.05 -0.57 ±0.04 -0.63 67 - − -0.63 2 - - - - - -
587 5473.163 0.001 ±0.003 4.191 -1.94 ±0.02 -2.00 ±0.03 X X -2.04 71 - -2.14 2 - - - -1.63 68 - X

589 5473.900 -0.005 ±0.001 4.154 -0.72 ±0.05 -0.71 ±0.02 -0.72 72 - -0.76 2 - -0.75 4 - - - 72
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Table A.1: (QA) Quality-assessable (AI) Analysis-independent line a) Paper 1 input list b) NIST c) SpectroWeb d) VALD3 e) Spectr-W3
f) CHIANTI g) TIPbase h) TOPbase

# Wavelength (Å) Elow (eV) log(gf) this work Flags Literature log(gf) values Recommended
Input ∆λ grid cog grid QA? AI? a) b) c) d) e) f) g) h) literature

591 5483.099 -0.004 ±0.002 4.154 -1.37 ±0.04 -1.38 ±0.03 -1.39 73 - -1.57 2 - - - - - 73

592 5487.145 -0.009 ±0.002 4.415 -1.31 ±0.02 -1.39 ±0.03 X X -1.43 71 -1.51 71 -1.53 2 - - - -2.27 68 - X
593 5487.745 -0.004 ±0.002 4.320 -0.48 ±0.11 -1.05 ±0.09 X X -0.32 14 - − -0.36 2 -0.32 14 - - -1.35 68 - X

597 5491.832 -0.004 ±0.002 4.186 -2.16 ±0.03 -2.20 ±0.03 -2.19 77 -2.19 77 -2.38 2 -2.19 77 - - -5.06 68 - 77
599 5493.499 0.014 ±0.010 4.103 -1.54 ±0.02 -1.73 ±0.06 X X -1.48 72 - -1.84 2 - - - - - X

600 5494.463 -0.001 ±0.002 4.076 -1.84 ±0.02 -1.89 ±0.03 X -1.99 71 - -2.10 2 -2.09 67 - - - - -

602 5497.516 0.004 ±0.004 1.011 -2.67 ±0.09 -2.95 ±0.08 X X -2.84 78 -2.85 78 -2.85 2 -2.85 67 - - -2.86 68 - X
605 5512.257 -0.012 ±0.004 4.371 -1.15 ±0.08 -1.37 ±0.04 X X -1.32 71 -1.39 71 -1.42 2 - - - -2.26 68 - X

608 5516.482 -0.001 ±0.004 3.547 -3.20 ±0.08 -3.32 ±0.05 X -3.04 14 - -3.40 2 - - - - - -

609 5517.065 -0.002 ±0.003 4.209 -1.96 ±0.02 -1.99 ±0.03 -2.27 71 - -2.16 2 - - - - - -
611 5521.280 0.016 ±0.007 4.435 -2.14 ±0.04 -2.40 ±0.08 X X -0.81 14 - -2.39 2 -2.39 67 - - - - X

612 5522.446 -0.004 ±0.002 4.209 -1.39 ±0.03 -1.41 ±0.03 -1.45 71 - -1.56 2 - - - - - -
613 5523.980 -0.008 ±0.004 4.559 -1.88 ±0.04 -2.29 ±0.07 X X -1.35 14 - - - - - - - X

616 5535.418 0.026 ±0.010 4.186 -0.47 ±0.20 -0.69 ±0.08 X -1.16 69 -1.16 69 -1.15 2 -1.16 69 - - -1.49 68 - -

617 5538.516 -0.005 ±0.001 4.218 -1.49 ±0.03 -1.52 ±0.03 -1.54 72 - -1.67 2 - - - -2.22 68 - 72
618 5539.280 -0.002 ±0.003 3.642 -2.49 ±0.03 -2.57 ±0.03 X X -2.56 71 - -2.66 2 - - - - - X

619 5543.147 0.035 ±0.001 3.695 -1.40 ±0.05 -1.50 ±0.03 X X -1.47 71 - -1.57 2 - - - - - X

620 5543.936 -0.004 ±0.002 4.218 -1.02 ±0.04 -1.04 ±0.03 -1.04 71 - -0.92 2 - - - - - 71

622 5546.506 -0.001 ±0.002 4.371 -1.08 ±0.03 -1.09 ±0.03 -1.21 71 -1.28 71 -1.31 2 -1.31 67 - - - - -

623 5549.949 -0.005 ±0.003 3.695 -2.73 ±0.03 -2.78 ±0.03 X -2.81 71 - -3.01 2 - - - - - 71

624 5552.692 -0.006 ±0.002 4.956 -1.69 ±0.03 -1.72 ±0.03 -1.89 71 - -1.99 2 - - - - - -

625 5559.893 -0.017 ±0.009 4.638 -2.17 ±0.06 -2.46 ±0.11 X X -1.66 14 - - - - - - - X

626 5560.212 -0.005 ±0.001 4.435 -1.04 ±0.05 -1.02 ±0.03 -1.09 71 -1.16 71 -1.19 2 -1.19 67 - - - - -
627 5561.243 -0.005 ±0.005 4.607 -1.87 ±0.02 -1.95 ±0.02 X X -1.21 14 - - - - - - - X

628 5562.706 -0.001 ±0.002 4.435 -0.87 ±0.06 -0.91 ±0.06 -0.64 14 - − -0.96 2 -0.64 14 - - - - 2

629 5577.025 -0.005 ±0.001 5.033 -1.41 ±0.03 -1.44 ±0.03 -1.54 14 - -1.55 2 - - - - - -

632 5584.765 0.003 ±0.003 3.573 -2.07 ±0.05 -2.21 ±0.03 X X -2.22 71 -2.27 71 -2.33 2 -2.32 67 - - - - X
633 5587.574 -0.001 ±0.002 4.143 -1.54 ±0.02 -1.64 ±0.04 X X -1.75 71 - -1.84 2 - - - - - X

637 5592.645 -0.004 ±0.003 4.294 -2.41 ±0.05 -2.50 ±0.05 X -2.00 14 - -2.74 2 - - - - - -
640 5608.972 -0.002 ±0.003 4.209 -2.19 ±0.03 -2.30 ±0.03 X X -1.49 14 - -2.58 2 - - - - - X

641 5611.672 -0.025 ±0.005 5.070 -1.90 ±0.07 -2.02 ±0.05 X -1.11 14 - -2.79 2 - - - - - -

643 5618.632 -0.003 ±0.003 4.209 -1.25 ±0.03 -1.25 ±0.02 -1.25 73 - -1.28 2 - - - - - 73
644 5619.225 0.008 ±0.008 3.695 -3.02 ±0.02 -3.12 ±0.01 X X -2.64 14 - -3.34 2 - - - - - X
645 5619.595 -0.003 ±0.003 4.387 -1.39 ±0.03 -1.46 ±0.02 X X -1.60 71 -1.67 71 -1.70 2 -1.70 67 - - - - X
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Table A.1: (QA) Quality-assessable (AI) Analysis-independent line a) Paper 1 input list b) NIST c) SpectroWeb d) VALD3 e) Spectr-W3
f) CHIANTI g) TIPbase h) TOPbase

# Wavelength (Å) Elow (eV) log(gf) this work Flags Literature log(gf) values Recommended
Input ∆λ grid cog grid QA? AI? a) b) c) d) e) f) g) h) literature

646 5620.027 -0.001 ±0.006 4.143 -2.44 ±0.04 -2.49 ±0.03 X -2.31 14 - -2.72 2 - - - - - -

648 5624.022 -0.003 ±0.003 4.387 -1.07 ±0.03 -1.13 ±0.03 X -1.38 71 -1.45 71 -1.48 2 -1.48 67 - - - - -

649 5624.542 0.000 ±0.001 3.417 -0.77 ±0.04 -0.74 ±0.03 -0.77 82 - -0.79 2 - -0.83 4 - - - 82

654 5633.946 -0.005 ±0.001 4.991 -0.18 ±0.03 -0.22 ±0.02 -0.23 71 - -0.27 2 - - - - - 71

655 5635.822 -0.005 ±0.001 4.256 -1.53 ±0.03 -1.54 ±0.03 -1.79 71 - -1.69 2 - - - - - -

656 5636.696 -0.004 ±0.002 3.640 -2.47 ±0.04 -2.47 ±0.03 -2.51 71 - -2.67 2 - - - -3.23 68 - -

657 5638.262 -0.004 ±0.002 4.220 -0.74 ±0.04 -0.78 ±0.03 -0.72 72 - -0.82 2 - - - - - -

658 5640.307 -0.018 ±0.007 4.638 -1.49 ±0.07 -1.57 ±0.05 X -1.37 14 - - - - - - - -

660 5641.434 -0.001 ±0.002 4.256 -0.92 ±0.05 -1.00 ±0.03 X -1.08 71 - -1.18 2 - - - - - -
663 5642.751 -0.004 ±0.002 4.608 -1.83 ±0.03 -1.91 ±0.03 X X -2.02 71 -2.10 71 -2.18 2 -2.12 67 - - - - X
666 5645.833 -0.007 ±0.004 4.607 -1.75 ±0.02 -1.83 ±0.03 X X -0.96 14 - - - - - - - X

670 5649.987 -0.005 ±0.001 5.100 -0.70 ±0.03 -0.72 ±0.02 -0.82 71 - -0.63 2 - - - - - -

671 5650.705 -0.022 ±0.003 5.086 -0.70 ±0.04 -0.73 ±0.03 -0.86 71 - -0.91 2 - - - - - -

672 5651.469 -0.004 ±0.002 4.473 -1.71 ±0.02 -1.72 ±0.02 -1.90 71 - − -1.95 2 -2.00 67 - - - - -

673 5652.318 -0.005 ±0.001 4.260 -1.71 ±0.02 -1.72 ±0.02 -1.85 71 - -1.90 2 - - - - - -

674 5653.865 -0.001 ±0.002 4.387 -1.33 ±0.03 -1.33 ±0.02 -1.54 71 -1.61 71 -1.64 2 -1.64 67 - - - - -

676 5655.176 -0.005 ±0.001 5.064 -0.47 ±0.06 -0.47 ±0.03 -0.60 71 - -0.65 2 - - - - - -

678 5661.021 -0.010 ±0.009 4.580 -2.25 ±0.03 -2.34 ±0.04 X X -1.96 14 - − -2.53 2 -2.43 67 - - - - X

679 5661.345 -0.004 ±0.002 4.284 -1.78 ±0.02 -1.81 ±0.02 -1.76 77 - -2.04 2 - - - - - -

681 5662.516 -0.003 ±0.003 4.178 -0.71 ±0.09 -0.66 ±0.08 X -0.45 73 - -0.54 2 - - - - - -

688 5677.684 -0.001 ±0.004 4.103 -2.56 ±0.03 -2.57 ±0.04 -2.34 14 - -2.83 2 - - - - - -

689 5679.023 -0.005 ±0.001 4.652 -0.71 ±0.04 -0.72 ±0.02 -0.82 71 - -0.93 2 -0.92 67 - - - - -

694 5686.120 0.055 ±0.001 3.635 -2.26 ±0.09 -2.44 ±0.12 X -2.93 14 - -2.75 2 - - - -4.02 68 - -

695 5686.530 -0.006 ±0.002 4.549 -0.60 ±0.09 -0.54 ±0.06 X -0.44 69 -0.45 69 -0.66 2 -0.45 69 - - - - -

698 5691.497 -0.005 ±0.001 4.301 -1.36 ±0.04 -1.39 ±0.03 -1.45 73 - -1.54 2 - - - - - -

701 5696.089 -0.001 ±0.002 4.549 -1.81 ±0.04 -1.82 ±0.02 -1.72 77 -1.72 77 -2.17 2 -1.72 77 - - - - -

702 5698.020 -0.011 ±0.007 3.640 -2.57 ±0.04 -2.64 ±0.04 X -2.58 71 - -2.84 2 - - - -3.54 68 - -

703 5699.409 -0.014 ±0.016 4.956 -1.80 ±0.04 -1.88 ±0.06 X -2.06 14 - - -2.06 14 - - - - -
705 5701.544 0.002 ±0.003 2.559 -2.13 ±0.03 -2.20 ±0.03 X X -2.19 83 - -2.37 2 - - - -2.65 68 - X

707 5704.733 -0.005 ±0.001 5.033 -1.16 ±0.03 -1.15 ±0.02 -1.41 14 - - - - - - - -

708 5705.464 -0.003 ±0.003 4.301 -1.40 ±0.02 -1.41 ±0.02 -1.36 77 - -1.58 2 - - - - - -
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Table A.1: (QA) Quality-assessable (AI) Analysis-independent line a) Paper 1 input list b) NIST c) SpectroWeb d) VALD3 e) Spectr-W3
f) CHIANTI g) TIPbase h) TOPbase

# Wavelength (Å) Elow (eV) log(gf) this work Flags Literature log(gf) values Recommended
Input ∆λ grid cog grid QA? AI? a) b) c) d) e) f) g) h) literature

709 5705.992 0.016 ±0.004 4.608 -0.14 ±0.10 -0.29 ±0.06 X -0.46 72 - -0.77 2 - - - - - -

710 5708.094 -0.001 ±0.002 4.435 -1.17 ±0.07 -1.33 ±0.02 X X -1.47 71 -1.54 71 -1.59 2 -1.57 67 - - - - X

712 5709.378 0.001 ±0.003 3.368 -1.89 ±1.07 -1.36 ±0.01 X -1.02 82 - -1.09 2 - - - - - -

713 5712.131 -0.003 ±0.003 3.417 -1.95 ±0.03 -2.00 ±0.03 X -1.99 82 - -2.05 2 - - - - - 82

716 5714.551 -0.009 ±0.002 5.086 -1.65 ±0.02 -1.69 ±0.03 -1.71 14 - - - - - - - 14

718 5717.833 -0.005 ±0.001 4.284 -0.97 ±0.05 -0.97 ±0.02 -0.99 72 - -1.18 2 - - - - - 72

720 5721.707 -0.005 ±0.004 4.154 -2.59 ±0.04 -2.70 ±0.04 X X -2.53 14 - -3.05 2 - - - - - X

724 5730.854 -0.006 ±0.003 4.913 -1.74 ±0.03 -1.78 ±0.02 -1.45 14 - - - - - - - -

725 5731.762 -0.005 ±0.001 4.256 -1.08 ±0.03 -1.08 ±0.02 -1.20 71 - -1.17 2 - - - - - -
726 5732.296 -0.001 ±0.004 4.991 -1.32 ±0.01 -1.37 ±0.02 X X -1.46 71 - -1.59 2 - - - - - X
728 5734.564 -0.006 ±0.004 4.956 -1.73 ±0.01 -1.77 ±0.02 X X -1.57 14 - - - - - - - X

731 5741.848 -0.004 ±0.002 4.256 -1.59 ±0.03 -1.60 ±0.02 -1.67 69 - -1.67 2 - - - - - -

732 5742.960 0.001 ±0.005 4.178 -2.22 ±0.02 -2.24 ±0.02 -2.41 71 - -3.75 2 -2.51 67 - - - - -

734 5743.933 -0.017 ±0.005 5.067 -1.83 ±0.08 -1.93 ±0.06 X -1.25 14 - - - - - - - -
736 5747.954 -0.011 ±0.002 4.608 -1.12 ±0.05 -1.25 ±0.01 X X -1.33 71 -1.41 71 -1.50 2 -1.43 67 - - - - X

738 5750.030 0.018 ±0.006 5.010 -2.08 ±0.13 -2.12 ±0.08 -2.25 14 - - -2.27 14 - - - - -

739 5752.032 -0.004 ±0.002 4.549 -0.92 ±0.06 -0.89 ±0.04 -1.18 14 - − -1.07 2 -1.17 14 - - - - -

740 5753.122 -0.003 ±0.003 4.260 -0.70 ±0.05 -0.67 ±0.03 -0.62 73 - -0.69 2 - -0.53 4 - - - 2

743 5755.347 -0.009 ±0.011 3.640 -3.50 ±0.16 -3.51 ±0.10 -2.76 14 - -3.61 2 - - - -4.02 68 - 2

744 5760.344 0.004 ±0.008 3.642 -2.38 ±0.02 -2.41 ±0.03 -2.39 71 - -2.54 2 - - - -3.27 68 - 71
746 5762.413 -0.004 ±0.002 3.642 -2.08 ±0.05 -2.25 ±0.03 X X -2.18 71 -2.23 71 -2.42 2 -2.28 67 - - - - X

747 5762.992 -0.009 ±0.002 4.209 -0.18 ±0.14 -0.24 ±0.06 X -0.36 72 - -0.37 2 - - - - - -

749 5769.323 0.004 ±0.008 4.608 -1.96 ±0.04 -2.01 ±0.03 X -2.26 14 - − -2.28 2 -2.25 14 - - - - -
750 5769.674 -0.015 ±0.007 4.103 -2.93 ±0.07 -3.10 ±0.07 X X -2.90 14 - -3.21 2 - - - -0.29 68 - X

752 5775.081 -0.005 ±0.001 4.220 -1.18 ±0.07 -1.16 ±0.05 -1.13 73 - -1.30 2 - - - - - 73

753 5776.224 0.001 ±0.003 3.695 -3.47 ±0.08 -3.48 ±0.07 -3.37 14 - -3.69 2 - - - - - -

754 5778.453 -0.002 ±0.003 2.588 -3.44 ±0.03 -3.44 ±0.03 -3.43 77 - -3.43 2 - - - -3.72 68 - 2, 77

758 5784.658 -0.001 ±0.002 3.397 -2.52 ±0.02 -2.55 ±0.03 -2.55 82 - -2.64 2 - - - - - 82
763 5791.524 -0.001 ±0.003 4.584 -1.91 ±0.01 -1.96 ±0.02 X X -1.88 14 - − -2.23 2 -1.89 14 - - - - X

765 5793.915 -0.004 ±0.002 4.220 -1.58 ±0.03 -1.59 ±0.02 -1.60 71 - -1.83 2 - - - - - 71

767 5796.431 -0.009 ±0.010 4.607 -2.55 ±0.11 -2.63 ±0.07 X -2.48 14 - -3.29 2 - - - - - -

769 5798.171 -0.003 ±0.003 3.929 -1.67 ±0.03 -1.77 ±0.02 X X -1.79 71 -1.84 71 -2.02 2 -1.89 67 - - - - X
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Table A.1: (QA) Quality-assessable (AI) Analysis-independent line a) Paper 1 input list b) NIST c) SpectroWeb d) VALD3 e) Spectr-W3
f) CHIANTI g) TIPbase h) TOPbase

# Wavelength (Å) Elow (eV) log(gf) this work Flags Literature log(gf) values Recommended
Input ∆λ grid cog grid QA? AI? a) b) c) d) e) f) g) h) literature

770 5804.034 -0.001 ±0.002 3.882 -2.08 ±0.03 -2.18 ±0.02 X X -2.19 71 -2.24 71 -2.29 2 -2.29 67 - - - - X

773 5806.725 -0.004 ±0.002 4.608 -0.84 ±0.05 -0.88 ±0.03 -0.95 71 -1.03 71 -1.05 2 -1.05 67 - - - - -
774 5807.783 -0.001 ±0.002 3.292 -3.20 ±0.01 -3.28 ±0.02 X X -3.41 67 - -3.53 2 - - - - - X

775 5807.975 -0.006 ±0.003 4.608 -2.26 ±0.04 -2.35 ±0.05 X -2.47 67 - -2.62 2 - - - - - -

776 5809.217 -0.002 ±0.003 3.884 -1.60 ±0.03 -1.67 ±0.01 X X -1.74 71 -1.79 71 -1.95 2 -1.84 67 - - - - X

778 5811.914 -0.002 ±0.003 4.143 -2.30 ±0.04 -2.32 ±0.03 -2.33 71 - -2.52 2 - - - - - 71

779 5814.807 -0.005 ±0.001 4.283 -1.77 ±0.03 -1.78 ±0.02 -1.87 71 - -1.97 2 - - - - - -

780 5815.626 -0.011 ±0.006 4.956 -1.95 ±0.06 -2.03 ±0.05 X -1.51 14 - - - - - - - -
781 5821.888 -0.023 ±0.004 4.988 -1.66 ±0.04 -1.75 ±0.03 X X -1.62 14 - - - - - - - X

782 5827.454 -0.029 ±0.004 4.956 -1.63 ±0.06 -1.76 ±0.05 X X -1.34 14 - - - - - - - X

783 5827.877 -0.005 ±0.001 3.283 -3.08 ±0.02 -3.10 ±0.02 -3.31 71 - -3.33 2 - - - - - -

786 5835.100 -0.004 ±0.002 4.256 -2.05 ±0.02 -2.06 ±0.02 -2.27 71 - -2.36 2 - - - - - -

787 5837.701 -0.001 ±0.002 4.294 -2.17 ±0.03 -2.22 ±0.02 X -2.24 71 - -2.52 2 - - - -2.93 68 - 71

788 5838.372 -0.006 ±0.002 3.943 -2.18 ±0.02 -2.21 ±0.03 -2.24 71 -2.29 71 -2.46 2 -2.34 67 - - - - 71

790 5844.918 0.001 ±0.002 4.154 -2.74 ±0.03 -2.80 ±0.04 X -3.05 14 - -2.94 2 - - - - - -

792 5849.683 -0.002 ±0.003 3.695 -2.89 ±0.04 -2.90 ±0.03 -2.89 71 - -3.19 2 - - - - - 71

793 5851.204 -0.006 ±0.007 4.956 -1.88 ±0.05 -1.94 ±0.05 X -2.12 14 - - - - - - - -

794 5852.219 -0.005 ±0.001 4.549 -1.14 ±0.03 -1.18 ±0.03 -1.23 71 -1.30 71 -1.36 2 -1.33 67 - - - - -

795 5853.148 -0.002 ±0.003 1.485 -5.03 ±0.03 -5.09 ±0.03 X -5.18 71 - − -5.29 2 -5.28 67 - - - - -

796 5855.076 -0.001 ±0.002 4.608 -1.49 ±0.02 -1.49 ±0.02 -1.48 77 -1.48 77 -1.48 2 -1.48 77 - - - - 2, 77

797 5856.088 -0.005 ±0.001 4.294 -1.51 ±0.02 -1.52 ±0.02 -1.33 69 - -1.68 2 - - - -1.37 68 - -
798 5858.778 0.003 ±0.004 4.220 -2.12 ±0.02 -2.20 ±0.03 X X -2.16 71 - -2.26 2 -2.26 67 - - - - X

800 5859.586 -0.005 ±0.001 4.549 -0.62 ±0.08 -0.61 ±0.07 -0.42 14 - − -0.42 2 -0.42 14 - - - - -

801 5861.109 -0.004 ±0.003 4.283 -2.28 ±0.03 -2.32 ±0.02 -2.30 14 - -2.45 2 - - - - - 14

802 5864.244 0.001 ±0.003 4.301 -2.32 ±0.05 -2.39 ±0.03 X -2.52 67 - -2.52 2 - - - - - -

805 5871.304 -0.015 ±0.014 4.154 -2.68 ±0.03 -2.74 ±0.06 X -2.67 14 - -2.99 2 - - - -0.62 68 - -
806 5873.212 -0.015 ±0.003 4.256 -1.87 ±0.03 -1.94 ±0.02 X X -2.04 71 - -2.14 2 - - - - - X

807 5876.276 -0.007 ±0.013 4.301 -2.31 ±0.07 -2.37 ±0.05 X -2.65 67 - -3.11 2 - - - - - -

808 5877.788 -0.004 ±0.002 4.178 -2.05 ±0.03 -2.10 ±0.03 X -2.13 71 - -2.39 2 -2.23 67 - - - - 71

809 5879.487 0.004 ±0.008 4.607 -1.79 ±0.07 -1.85 ±0.04 X -2.04 71 -2.12 71 -2.12 2 -2.14 67 - - - - -

810 5880.027 -0.001 ±0.004 4.559 -1.82 ±0.04 -1.86 ±0.03 -1.84 71 - -2.13 2 - - - - - 71

812 5883.816 -0.001 ±0.002 3.960 -1.19 ±0.08 -1.18 ±0.04 -1.26 71 -1.31 71 -1.36 2 -1.36 67 - - - - -
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Table A.1: (QA) Quality-assessable (AI) Analysis-independent line a) Paper 1 input list b) NIST c) SpectroWeb d) VALD3 e) Spectr-W3
f) CHIANTI g) TIPbase h) TOPbase

# Wavelength (Å) Elow (eV) log(gf) this work Flags Literature log(gf) values Recommended
Input ∆λ grid cog grid QA? AI? a) b) c) d) e) f) g) h) literature

813 5885.054 -0.005 ±0.006 4.988 -1.75 ±0.06 -1.84 ±0.07 X -1.46 14 - - -1.48 14 - - - - -

815 5902.473 -0.003 ±0.003 4.593 -1.73 ±0.03 -1.77 ±0.03 -1.71 71 - − -1.98 2 -1.81 67 - - - - -

817 5905.671 -0.004 ±0.002 4.652 -0.74 ±0.04 -0.73 ±0.02 -0.69 71 -0.77 71 -0.92 2 -0.73 67 - - - - 67

818 5916.247 -0.002 ±0.003 2.453 -2.85 ±0.03 -2.87 ±0.04 -2.99 74 -2.99 74 -2.99 2 -2.99 67 - - - - -

820 5927.789 0.001 ±0.004 4.652 -1.03 ±0.04 -1.09 ±0.03 X -0.99 71 -1.07 71 -1.21 2 -1.09 67 - - - - 67, 71

822 5929.676 -0.004 ±0.002 4.549 -1.15 ±0.03 -1.17 ±0.02 -1.31 71 -1.38 71 -1.41 2 - - - - - -

823 5930.180 -0.001 ±0.002 4.652 -0.25 ±0.07 -0.21 ±0.04 -0.23 67 - -0.23 2 -0.23 67 - - - - 2, 67

824 5934.654 -0.002 ±0.003 3.929 -1.11 ±0.04 -1.10 ±0.02 -1.07 71 -1.12 71 -1.19 2 -1.17 67 - - - - 71

826 5940.991 -0.004 ±0.022 4.178 -1.93 ±0.05 -1.86 ±0.08 X -2.05 71 - -2.19 2 - - - - - -
828 5943.578 0.000 ±0.005 2.198 -4.18 ±0.04 -4.26 ±0.02 X X -4.18 14 - − -4.52 2 -4.19 14 - - - - X

831 5952.718 -0.004 ±0.002 3.984 -1.34 ±0.04 -1.35 ±0.02 -1.34 71 -1.39 71 -1.44 2 -1.44 67 - - - - 71

833 5956.694 -0.004 ±0.002 0.859 -4.53 ±0.05 -4.54 ±0.05 -4.60 84 -4.61 85 -4.61 2 -4.61 67 - - - - -

834 5958.333 -0.033 ±0.013 2.176 -3.81 ±0.19 -4.05 ±0.05 X -4.16 14 - − -4.49 2 -4.18 14 - - - - -

835 5959.915 -0.015 ±0.022 4.143 -2.80 ±0.11 -2.78 ±0.10 -2.49 14 - − -3.05 2 -2.50 14 - - - - -

836 5963.239 -0.012 ±0.006 2.223 -4.69 ±0.04 -4.76 ±0.04 X -4.59 14 - − -4.86 2 -4.59 14 - - - - -
838 5976.439 0.022 ±0.009 4.178 -2.21 ±0.07 -2.38 ±0.09 X X -2.33 14 - -2.75 2 - - - -0.48 68 - X

839 5976.777 -0.004 ±0.002 3.943 -1.24 ±0.06 -1.22 ±0.04 -1.24 14 - − -1.31 2 -1.24 14 - - - - 14

841 5982.310 -0.016 ±0.004 4.913 -2.04 ±0.05 -2.11 ±0.06 X -1.47 14 - - - - - - - -

842 5983.680 -0.003 ±0.003 4.549 -0.68 ±0.06 -0.65 ±0.04 -1.47 14 - − -0.78 2 - - - - - -

843 5984.815 -0.001 ±0.002 4.733 -0.32 ±0.07 -0.29 ±0.04 -0.20 14 - − -0.34 2 -0.20 14 - - - - -

844 5987.065 -0.004 ±0.002 4.796 -0.48 ±0.05 -0.46 ±0.04 -0.43 14 - − -0.56 2 -0.43 14 - - - - 14

847 5999.171 0.033 ±0.003 4.220 -2.40 ±0.06 -2.47 ±0.05 X -2.25 14 - - - - - - - -

848 6003.011 -0.001 ±0.002 3.882 -1.03 ±0.03 -1.01 ±0.02 -1.10 72 - − -1.15 2 -1.12 67 - - - - -

850 6007.960 -0.003 ±0.003 4.652 -0.72 ±0.06 -0.71 ±0.03 -0.60 14 - − -0.97 2 -0.60 14 - - - - -

851 6008.556 -0.001 ±0.002 3.884 -1.00 ±0.04 -0.97 ±0.03 -0.98 72 - − -1.08 2 -0.98 14 - - - - 14, 72
852 6020.169 -0.039 ±0.015 4.608 -0.21 ±0.10 0.03 ±0.01 X X -0.27 67 - − -0.28 2 -0.27 67 - - - - X

855 6027.051 -0.004 ±0.002 4.076 -1.20 ±0.09 -1.18 ±0.07 -1.09 69 -1.09 69 -1.23 2 -1.09 69 - - - - 2

856 6034.035 -0.005 ±0.003 4.313 -2.24 ±0.03 -2.28 ±0.02 -2.31 14 - -2.48 2 - - - - - -

857 6035.337 -0.004 ±0.002 4.294 -2.40 ±0.03 -2.44 ±0.03 -2.40 14 - -3.02 2 - - - - - -
860 6055.402 0.003 ±0.006 4.956 -2.00 ±0.04 -2.16 ±0.06 X X -1.52 14 - - - - - - - X

861 6056.005 -0.005 ±0.001 4.733 -0.43 ±0.06 -0.41 ±0.04 -0.32 72 - − -0.33 2 -0.46 67 - - -0.20 68 - -
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Table A.1: (QA) Quality-assessable (AI) Analysis-independent line a) Paper 1 input list b) NIST c) SpectroWeb d) VALD3 e) Spectr-W3
f) CHIANTI g) TIPbase h) TOPbase

# Wavelength (Å) Elow (eV) log(gf) this work Flags Literature log(gf) values Recommended
Input ∆λ grid cog grid QA? AI? a) b) c) d) e) f) g) h) literature

862 6057.253 -0.010 ±0.006 4.991 -1.67 ±0.05 -1.79 ±0.04 X X -1.28 14 - - - - - - - X

865 6078.491 -0.004 ±0.002 4.796 -0.35 ±0.07 -0.34 ±0.04 -0.32 14 - − -0.42 2 -0.32 14 - - -0.36 68 - 14, 68

866 6079.008 -0.004 ±0.002 4.652 -0.95 ±0.03 -0.96 ±0.03 -1.02 71 -1.10 71 -1.13 2 - - - - - -

868 6082.710 -0.004 ±0.002 2.223 -3.51 ±0.02 -3.53 ±0.03 -3.58 83 -3.57 74 -3.65 2 -3.57 67 - - - - -

874 6093.643 -0.004 ±0.002 4.608 -1.30 ±0.03 -1.31 ±0.01 -1.40 71 -1.47 71 -1.50 2 -1.50 67 - - - - -

875 6094.373 -0.004 ±0.002 4.652 -1.53 ±0.03 -1.56 ±0.01 -1.84 71 -1.92 71 -1.76 2 -1.94 67 - - - - -

876 6096.664 -0.005 ±0.003 3.984 -1.75 ±0.02 -1.82 ±0.03 X X -1.83 71 -1.88 71 -2.00 2 -1.93 67 - - - - X

877 6097.081 0.002 ±0.010 2.176 -4.76 ±0.07 -4.84 ±0.05 X -4.65 14 - − -4.85 2 -4.75 14 - - - - 2

878 6098.244 -0.002 ±0.003 4.559 -1.70 ±0.02 -1.74 ±0.02 -1.86 14 - − -1.99 2 -1.88 67 - - - - -

880 6102.171 0.002 ±0.003 4.835 -0.28 ±0.06 -0.27 ±0.04 -0.52 14 - − -0.63 2 -0.52 14 - - -0.53 68 - -

887 6127.906 -0.004 ±0.002 4.143 -1.41 ±0.06 -1.39 ±0.03 -1.40 69 -1.40 69 -1.52 2 -1.40 69 - - - - 69

894 6136.994 -0.001 ±0.002 2.198 -2.82 ±0.06 -2.93 ±0.02 X X -2.95 74 -2.95 74 -3.21 2 -2.95 67 - - -3.26 68 - X
897 6145.410 -0.012 ±0.011 3.368 -3.56 ±0.03 -3.66 ±0.04 X X -2.78 14 - -3.90 2 - - - - - X

899 6151.617 -0.003 ±0.003 2.176 -3.27 ±0.03 -3.27 ±0.03 -3.29 83 -3.30 74 -3.30 2 -3.30 67 - - -3.61 68 - 2, 67, 74, 83

903 6157.728 -0.004 ±0.002 4.076 -1.23 ±0.08 -1.22 ±0.06 -1.16 71 -1.22 71 -1.27 2 -1.26 67 - - -5.65 68 - 2, 67, 71
904 6159.374 -0.009 ±0.002 4.608 -1.79 ±0.03 -1.89 ±0.03 X X -0.55 14 - − -2.09 2 - - - - - X

908 6165.360 -0.004 ±0.002 4.143 -1.49 ±0.06 -1.48 ±0.05 -1.47 69 -1.47 69 -1.67 2 -1.47 69 - - - - 69
911 6170.506 -0.004 ±0.002 4.796 -0.21 ±0.04 -0.37 ±0.02 X X -0.44 67 - − -0.65 2 -0.44 67 - - - - X

912 6173.334 -0.001 ±0.002 2.223 -2.83 ±0.03 -2.85 ±0.03 -2.88 74 -2.88 74 -2.88 2 -2.88 67 - - -3.14 68 - 2, 67, 74

916 6180.203 -0.001 ±0.002 2.728 -2.61 ±0.03 -2.65 ±0.03 -2.59 81 -2.65 69 -2.62 2 -2.59 77 - - - - 2, 69
917 6183.558 0.028 ±0.004 5.033 -1.28 ±0.02 -1.39 ±0.02 X X -1.26 14 - - - - - - - X

919 6187.398 -0.008 ±0.004 2.832 -4.00 ±0.04 -4.02 ±0.04 -4.15 14 - -4.34 2 -4.16 14 - - -4.63 68 - -

920 6187.989 -0.002 ±0.003 3.943 -1.61 ±0.02 -1.63 ±0.02 -1.62 71 -1.67 71 -1.92 2 -1.72 67 - - - - 71
921 6190.399 -0.011 ±0.005 5.273 -1.70 ±0.05 -1.94 ±0.10 X X -1.52 14 - - - - - - - X

926 6199.506 -0.001 ±0.004 2.559 -4.24 ±0.06 -4.30 ±0.03 X -4.43 14 - -4.60 2 - - - - - -

927 6200.312 0.000 ±0.001 2.609 -2.35 ±0.03 -2.36 ±0.03 -2.43 74 - -2.44 2 - - - -2.79 68 - -

929 6208.212 -0.018 ±0.015 5.100 -1.89 ±0.08 -2.12 ±0.06 X X -1.14 14 - - - - - - - X

931 6213.429 -0.001 ±0.002 2.223 -2.52 ±0.03 -2.54 ±0.03 -2.48 69 -2.48 69 -2.73 2 -2.48 69 - - -2.78 68 - -
933 6217.683 -0.019 ±0.007 5.033 -1.88 ±0.04 -1.97 ±0.04 X X -1.67 14 - - - - - - - X

936 6220.780 -0.002 ±0.003 3.882 -2.25 ±0.02 -2.29 ±0.02 -2.06 14 - − -2.54 2 -2.46 67 - - - - -

939 6226.734 -0.001 ±0.002 3.884 -2.03 ±0.03 -2.06 ±0.02 -2.12 71 - − -2.22 2 -2.22 67 - - - - -

940 6229.226 -0.002 ±0.003 2.845 -2.83 ±0.04 -2.90 ±0.03 X -2.81 86 -2.81 86 -2.81 2 -2.81 86 - - -3.45 68 - -
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Table A.1: (QA) Quality-assessable (AI) Analysis-independent line a) Paper 1 input list b) NIST c) SpectroWeb d) VALD3 e) Spectr-W3
f) CHIANTI g) TIPbase h) TOPbase

# Wavelength (Å) Elow (eV) log(gf) this work Flags Literature log(gf) values Recommended
Input ∆λ grid cog grid QA? AI? a) b) c) d) e) f) g) h) literature

942 6232.640 -0.001 ±0.002 3.654 -1.26 ±0.03 -1.26 ±0.02 -1.24 87 - -1.75 2 - - - - - 87

945 6240.310 -0.007 ±0.004 4.143 -2.10 ±0.03 -2.13 ±0.02 -2.08 14 - − -2.37 2 -1.92 14 - - -6.83 68 - -

946 6240.646 -0.002 ±0.003 2.223 -3.25 ±0.03 -3.26 ±0.03 -3.23 88 -3.17 69 -3.17 2 -3.23 86 - - - - 86, 88
951 6253.828 0.004 ±0.007 4.733 -1.43 ±0.02 -1.52 ±0.02 X X -1.30 14 - − -1.66 2 -1.66 67 - - - - X

952 6256.361 -0.005 ±0.001 2.453 -2.13 ±0.08 -2.27 ±0.06 X -2.41 69 -2.41 69 -2.92 2 -2.41 69 - - -2.78 68 - -

957 6265.132 -0.002 ±0.003 2.176 -2.52 ±0.03 -2.55 ±0.02 -2.55 74 -2.55 74 -2.55 2 -2.55 67 - - -2.77 68 - 2, 67, 74

959 6270.223 -0.002 ±0.003 2.858 -2.57 ±0.03 -2.58 ±0.03 -2.47 88 -2.61 69 -2.46 2 -2.46 86 - - -3.33 68 - 69

960 6271.278 -0.001 ±0.002 3.332 -2.68 ±0.02 -2.70 ±0.03 -2.70 77 - -3.04 2 - - - - - 77

965 6280.617 -0.009 ±0.007 0.859 -4.26 ±0.06 -4.25 ±0.21 -4.39 84 -4.39 85 -4.39 2 -4.39 67 - - - - 2, 67, 84, 85

966 6290.965 0.015 ±0.009 4.733 -0.56 ±0.05 -0.70 ±0.04 X X -0.77 14 - − -0.77 2 -0.77 14 - - - - X

967 6293.924 -0.001 ±0.004 4.835 -1.53 ±0.04 -1.59 ±0.02 X -1.72 14 - − -1.91 2 -1.72 14 - - - - -

969 6297.793 -0.001 ±0.002 2.223 -2.72 ±0.02 -2.71 ±0.03 -2.74 83 -2.74 74 -2.87 2 -2.74 67 - - -2.89 68 - 67, 74, 83

972 6302.493 0.001 ±0.005 3.686 -1.23 ±0.05 -1.09 ±0.13 X -0.97 14 - -1.20 2 - - - - - 2, 14

974 6311.499 -0.003 ±0.003 2.832 -3.07 ±0.02 -3.10 ±0.03 -3.14 77 -3.14 77 -3.39 2 -3.14 77 - - -3.45 68 - -

976 6315.811 -0.002 ±0.003 4.076 -1.63 ±0.05 -1.65 ±0.04 -1.63 72 -1.66 71 -1.68 2 -1.71 67 - - - - 2, 71, 72

982 6322.685 0.001 ±0.002 2.588 -2.34 ±0.03 -2.36 ±0.02 -2.43 74 - -2.78 2 - - - -2.79 68 - -

985 6330.848 -0.004 ±0.002 4.733 -1.13 ±0.03 -1.13 ±0.02 -1.64 71 -1.72 71 -1.36 2 - - - - - -

987 6338.876 -0.004 ±0.002 4.796 -0.87 ±0.05 -0.90 ±0.02 -0.96 71 -1.04 71 -1.12 2 -1.06 67 - - - - -
989 6344.148 -0.001 ±0.002 2.433 -2.72 ±0.04 -2.82 ±0.04 X X -2.92 74 -2.92 74 -3.09 2 -2.92 67 - - -2.78 68 - X

992 6355.028 0.010 ±0.005 2.845 -2.07 ±0.11 -2.23 ±0.04 X X -2.34 81 -2.29 69 -2.35 2 -2.35 77 - - -2.97 68 - X

993 6364.364 -0.004 ±0.002 4.796 -1.15 ±0.03 -1.20 ±0.02 X -1.33 71 -1.41 71 -1.43 2 -1.43 67 - - - - -
994 6364.695 0.000 ±0.003 4.584 -1.74 ±0.04 -1.87 ±0.03 X X -1.49 14 - -1.77 2 - - - - - X

999 6380.743 -0.004 ±0.002 4.186 -1.33 ±0.07 -1.32 ±0.03 -1.38 69 -1.38 69 -1.42 2 -1.38 69 - - -5.93 68 - -

1000 6385.718 -0.002 ±0.003 4.733 -1.74 ±0.03 -1.76 ±0.03 -0.98 14 - − -2.01 2 - - - - - -

1002 6400.317 -0.001 ±0.002 0.915 -4.06 ±0.28 -4.39 ±0.03 X X -4.32 69 -4.32 69 -4.32 2 -4.32 69 - - - - X

1003 6408.017 -0.001 ±0.002 3.686 -1.05 ±0.04 -1.00 ±0.02 X -1.01 82 - -1.23 2 - - - - - 82

1007 6419.949 -0.005 ±0.001 4.733 -0.24 ±0.05 -0.25 ±0.03 -0.20 71 -0.27 71 -0.44 2 -0.24 67 - - - - 67, 71

1010 6436.406 0.000 ±0.003 4.186 -2.32 ±0.03 -2.35 ±0.03 -2.58 14 - -2.73 2 - - - - - -
1017 6469.192 -0.004 ±0.002 4.835 -0.59 ±0.04 -0.69 ±0.03 X X -0.73 71 -0.81 71 -0.89 2 -0.77 67 - - - - X

1019 6475.624 0.000 ±0.006 2.559 -2.72 ±0.07 -2.72 ±0.07 -2.94 69 - -2.94 2 - - - -7.66 68 - -

1021 6481.870 -0.001 ±0.002 2.279 -2.90 ±0.03 -2.90 ±0.03 -2.98 83 - -3.08 2 - - - - - -

1023 6496.466 -0.005 ±0.001 4.796 -0.52 ±0.04 -0.58 ±0.03 X -0.53 71 -0.61 71 -0.78 2 -0.57 67 - - - - 67, 71
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Table A.1: (QA) Quality-assessable (AI) Analysis-independent line a) Paper 1 input list b) NIST c) SpectroWeb d) VALD3 e) Spectr-W3
f) CHIANTI g) TIPbase h) TOPbase

# Wavelength (Å) Elow (eV) log(gf) this work Flags Literature log(gf) values Recommended
Input ∆λ grid cog grid QA? AI? a) b) c) d) e) f) g) h) literature

1025 6504.182 -0.023 ±0.010 4.733 -1.56 ±0.08 -1.82 ±0.07 X X -0.12 14 - − -1.91 2 - - - - - X

1026 6509.615 -0.006 ±0.002 4.076 -2.85 ±0.06 -2.89 ±0.05 -2.49 14 - − -3.21 2 -2.97 67 - - - - -

1028 6518.366 0.001 ±0.005 2.832 -2.49 ±0.03 -2.54 ±0.03 X -2.44 81 -2.30 69 -2.68 2 -2.46 77 - - -2.70 68 - -

1031 6533.928 -0.004 ±0.005 4.559 -1.15 ±0.07 -1.20 ±0.04 X -1.36 71 - -1.46 2 - - - -1.26 68 - -

1033 6593.869 0.004 ±0.002 2.433 -2.30 ±0.03 -2.33 ±0.03 -2.42 74 -2.42 74 -2.42 2 -2.42 67 - - - - -

1034 6597.559 -0.004 ±0.002 4.796 -0.87 ±0.03 -0.91 ±0.03 -0.97 71 -1.05 71 -2.07 2 - - - - - -

1036 6608.025 -0.002 ±0.003 2.279 -3.89 ±0.03 -3.91 ±0.03 -3.93 71 - -4.16 2 - - - - - 71

1037 6609.110 0.001 ±0.002 2.559 -2.59 ±0.04 -2.66 ±0.03 X -2.69 74 - -2.91 2 - - - -5.86 68 - 74

1038 6625.021 -0.004 ±0.002 1.011 -5.22 ±0.03 -5.24 ±0.05 -5.34 35 -5.34 85 -5.21 2 -5.35 67 - - - - 2

1039 6627.544 -0.003 ±0.003 4.549 -1.42 ±0.02 -1.45 ±0.02 -1.59 72 - -1.61 2 - - - - - -
1041 6633.412 -0.002 ±0.004 4.835 -1.13 ±0.03 -1.20 ±0.02 X X -1.39 71 - − -1.41 2 -1.49 67 - - - - X

1042 6633.749 -0.004 ±0.002 4.559 -0.70 ±0.05 -0.70 ±0.03 -0.80 69 - -0.88 2 - - - -0.96 68 - -

1043 6634.106 0.001 ±0.004 4.796 -1.03 ±0.07 -1.13 ±0.05 X -1.33 71 - − -1.40 2 -1.43 67 - - - - -

1047 6653.851 -0.002 ±0.004 4.154 -2.30 ±0.05 -2.37 ±0.03 X -2.21 14 - − -2.72 2 -2.52 67 - - - - -
1050 6663.231 -0.002 ±0.003 4.559 -1.17 ±0.05 -1.34 ±0.02 X X -1.20 72 - -1.62 2 - - - - - X
1051 6663.441 0.000 ±0.003 2.424 -2.34 ±0.09 -2.49 ±0.03 X X -2.47 83 - -2.55 2 - - - -2.26 68 - X

1052 6667.418 -0.001 ±0.006 2.453 -4.21 ±0.07 -4.28 ±0.03 X -4.18 14 - − -4.55 2 -4.40 67 - - - - -

1054 6687.491 -0.007 ±0.009 4.143 -2.68 ±0.08 -2.82 ±0.06 X -2.53 14 - -3.22 2 - - - - - -

1055 6692.271 -0.021 ±0.013 4.076 -2.91 ±0.06 -3.00 ±0.06 X -2.36 14 - -2.95 2 - - - -3.05 68 - 2, 68
1058 6699.141 -0.002 ±0.003 4.593 -2.00 ±0.07 -2.12 ±0.04 X X -2.10 77 -2.10 77 -2.28 2 -2.10 77 - - - - X

1059 6703.566 -0.001 ±0.002 2.759 -2.98 ±0.02 -2.98 ±0.03 -3.06 71 -3.06 71 -3.16 2 -3.16 67 - - -3.06 68 - -

1060 6704.480 -0.002 ±0.005 4.218 -2.49 ±0.05 -2.56 ±0.03 X -2.38 14 - − - -2.66 67 - - - - -

1061 6705.101 -0.004 ±0.002 4.607 -1.02 ±0.02 -1.05 ±0.02 -0.87 72 - -1.65 2 - - - -2.01 68 - -
1062 6707.431 0.014 ±0.028 4.608 -2.03 ±0.03 -2.18 ±0.01 X X -2.20 2 - - - - - - - X

1063 6710.318 -0.001 ±0.003 1.485 -4.75 ±0.02 -4.79 ±0.02 -4.76 14 - − -5.05 2 -4.88 67 - - - - -
1064 6711.820 0.007 ±0.009 4.956 -2.01 ±0.06 -2.18 ±0.07 X X -0.88 14 - - - - - - - X
1065 6713.046 0.006 ±0.006 4.607 -1.26 ±0.09 -1.42 ±0.02 X X -1.48 71 - -1.66 2 - - - - - X

1066 6713.743 -0.006 ±0.002 4.796 -1.37 ±0.02 -1.38 ±0.02 -1.50 71 - − -1.59 2 -1.60 67 - - - - -
1067 6715.382 -0.005 ±0.003 4.608 -1.39 ±0.03 -1.47 ±0.02 X X -1.54 71 - -1.66 2 - - - - - X
1068 6716.236 -0.001 ±0.002 4.580 -1.69 ±0.04 -1.80 ±0.03 X X -1.84 14 - − -2.05 2 -1.92 67 - - - - X

1070 6725.356 -0.006 ±0.002 4.103 -2.14 ±0.02 -2.17 ±0.03 -2.10 72 - − -2.30 2 -2.30 67 - - - - -

1071 6726.666 -0.001 ±0.002 4.607 -1.01 ±0.02 -1.02 ±0.01 -1.13 14 - -1.21 2 - - - -1.28 68 - -
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Table A.1: (QA) Quality-assessable (AI) Analysis-independent line a) Paper 1 input list b) NIST c) SpectroWeb d) VALD3 e) Spectr-W3
f) CHIANTI g) TIPbase h) TOPbase

# Wavelength (Å) Elow (eV) log(gf) this work Flags Literature log(gf) values Recommended
Input ∆λ grid cog grid QA? AI? a) b) c) d) e) f) g) h) literature

1073 6730.291 -0.006 ±0.005 4.913 -2.01 ±0.12 -1.99 ±0.08 -0.62 14 - - - - - - - -

1074 6732.065 -0.006 ±0.004 4.584 -2.05 ±0.05 -2.12 ±0.04 X -2.02 14 - − -2.31 2 -2.21 67 - - - - -

1075 6733.150 0.000 ±0.003 4.638 -1.38 ±0.03 -1.40 ±0.02 -1.15 73 - -1.59 2 - - - - - -

1076 6737.985 -0.001 ±0.005 4.559 -1.54 ±0.04 -1.58 ±0.02 -2.05 14 - -1.91 2 - - - - - -

1077 6739.520 -0.001 ±0.002 1.557 -4.82 ±0.07 -4.86 ±0.03 -4.79 86 -4.79 86 -4.79 2 -4.79 86 - - - - -

1080 6745.956 0.000 ±0.006 4.076 -2.56 ±0.12 -2.65 ±0.05 X -2.50 14 - − -2.77 2 -2.77 67 - - - - -

1081 6746.953 0.002 ±0.004 2.609 -4.29 ±0.11 -4.27 ±0.06 -4.30 14 - -4.46 2 - - - - - 14

1082 6750.151 -0.001 ±0.002 2.424 -2.58 ±0.04 -2.60 ±0.03 -2.62 83 - -2.72 2 - - - -2.38 68 - 83

1083 6752.707 -0.002 ±0.003 4.638 -1.19 ±0.02 -1.21 ±0.02 -1.20 77 - -1.26 2 - - - - - 77

1084 6753.464 -0.004 ±0.005 4.559 -2.15 ±0.06 -2.17 ±0.04 -1.78 14 - -3.23 2 - - - - - -

1088 6786.425 -0.024 ±0.015 3.241 -3.50 ±0.07 -3.58 ±0.09 X -3.77 14 - -3.70 2 -3.76 14 - - - - -

1089 6786.858 -0.005 ±0.003 4.191 -1.85 ±0.02 -1.87 ±0.02 -1.97 71 -2.02 71 -2.09 2 -2.07 67 - - - - -

1090 6793.258 -0.005 ±0.003 4.076 -2.30 ±0.02 -2.32 ±0.03 -2.33 77 -2.33 77 -2.61 2 -2.33 77 - - - - 77

Fe ii
35 4416.819 -0.005 ±0.001 2.778 -2.34 ±0.09 -2.61 ±0.04 X X -2.41 89 -2.60 90 -2.61 2 -2.41 89 - - -4.27 68 - X

73 4491.397 0.006 ±0.004 2.856 -2.55 ±0.04 -2.61 ±0.04 X -2.70 91 -2.64 92 -2.70 2 -2.70 91 - - -2.73 68 - 92

83 4508.280 -0.001 ±0.002 2.856 -2.40 ±0.05 -2.34 ±0.03 X -2.25 93 -2.30 90 -2.31 2 -2.25 93 - - -3.09 68 - 2
106 4541.516 -0.009 ±0.004 2.856 -2.77 ±0.06 -2.98 ±0.02 X X -2.79 89 -3.00 90 -2.85 2 -2.79 89 - - -3.48 68 - X
114 4555.887 -0.004 ±0.002 2.828 -2.26 ±0.05 -2.57 ±0.07 X X -2.16 89 -2.25 92 -2.28 2 -2.16 89 - - -2.44 68 - X

134 4582.830 -0.016 ±0.004 2.844 -3.08 ±0.07 -3.37 ±0.08 X X -3.09 93 -3.06 92 -3.09 2 -3.09 93 - - -3.20 68 - X
168 4620.513 0.002 ±0.004 2.828 -3.23 ±0.04 -3.40 ±0.04 X X -3.24 93 -3.19 92 -3.29 2 -3.24 93 - - -3.48 68 - X
176 4635.317 -0.001 ±0.008 5.956 -1.31 ±0.05 -1.43 ±0.04 X X -1.65 67 - -1.65 2 -1.65 67 - - -1.57 68 - X

187 4656.976 -0.003 ±0.003 2.891 -3.58 ±0.04 -3.62 ±0.03 -3.61 93 -3.57 92 -3.75 2 -3.61 93 - - - - 93
197 4670.170 -0.004 ±0.002 2.583 -3.95 ±0.05 -4.11 ±0.04 X X -4.06 93 -4.10 90 -4.30 2 -4.06 93 - - - - X

230 4731.448 0.003 ±0.006 2.891 -2.47 ±0.17 -2.91 ±0.17 X X -3.00 94 -3.10 90 -2.75 2 -3.00 94 - - - - X

366 4993.350 -0.001 ±0.003 2.807 -3.53 ±0.17 -3.68 ±0.02 X -3.68 64 -3.70 90 -3.85 2 -3.64 93 - - - - 64, 90

461 5197.568 0.001 ±0.002 3.230 -2.24 ±0.05 -2.30 ±0.06 X -2.22 95 -2.05 92 -2.35 2 -2.10 91 - - -2.36 68 - 2, 68

499 5264.802 -0.001 ±0.002 3.230 -3.00 ±0.07 -3.07 ±0.03 X -3.13 95 -3.23 92 -3.30 2 -3.12 93 - - - - -
509 5284.103 0.000 ±0.001 2.891 -2.92 ±0.11 -3.13 ±0.03 X X -3.19 64 -3.20 90 -3.30 2 -2.99 89 - - - - X

539 5325.552 -0.001 ±0.002 3.221 -3.08 ±0.08 -3.18 ±0.02 X -3.16 95 -3.26 96 -3.22 2 -3.12 89 - - -3.04 68 - 95
568 5414.070 -0.002 ±0.003 3.221 -3.48 ±0.04 -3.56 ±0.02 X X -3.58 95 -3.48 92 -3.79 2 -3.54 93 - - - - X
573 5425.248 -0.001 ±0.003 3.199 -3.18 ±0.04 -3.25 ±0.02 X X -3.22 95 -3.40 90 -3.37 2 -3.16 89 - - -3.15 68 - X
615 5534.838 0.001 ±0.002 3.245 -2.72 ±0.03 -2.83 ±0.02 X X -2.87 64 -2.90 90 -3.00 2 -2.73 89 - - - - X
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Table A.1: (QA) Quality-assessable (AI) Analysis-independent line a) Paper 1 input list b) NIST c) SpectroWeb d) VALD3 e) Spectr-W3
f) CHIANTI g) TIPbase h) TOPbase

# Wavelength (Å) Elow (eV) log(gf) this work Flags Literature log(gf) values Recommended
Input ∆λ grid cog grid QA? AI? a) b) c) d) e) f) g) h) literature

845 5991.371 -0.002 ±0.003 3.153 -3.49 ±0.03 -3.57 ±0.02 X X -3.65 64 -3.60 90 -3.76 2 -3.54 89 - - - - X

869 6084.102 -0.001 ±0.002 3.199 -3.74 ±0.02 -3.77 ±0.03 -3.88 64 -3.90 90 -4.01 2 -3.78 89 - - - - 89

898 6149.246 -0.005 ±0.001 3.889 -2.69 ±0.02 -2.73 ±0.03 -2.84 64 -2.80 90 -2.92 2 -2.72 89 - - -2.99 68 - 89

944 6239.943 -0.008 ±0.006 3.889 -3.35 ±0.04 -3.41 ±0.02 X -3.57 64 -3.60 90 -3.70 2 -3.57 64 - - -3.69 68 - -

950 6247.557 -0.001 ±0.002 3.892 -2.30 ±0.03 -2.35 ±0.02 X -2.43 64 -2.40 90 -2.44 2 -2.31 89 - - -2.58 68 - -

958 6269.959 0.001 ±0.004 3.245 -4.27 ±0.07 -4.36 ±0.03 X -4.50 64 - -4.62 2 -4.50 64 - - - - -

996 6369.459 -0.002 ±0.004 2.891 -4.09 ±0.03 -4.15 ±0.03 X -4.11 95 -4.29 96 -4.32 2 -4.16 89 - - - - 89
1009 6432.676 0.002 ±0.003 2.891 -3.53 ±0.03 -3.60 ±0.03 X X -3.57 95 -3.50 92 -3.78 2 -3.52 93 - - - - X

1011 6446.407 -0.016 ±0.005 6.223 -1.89 ±0.09 -1.96 ±0.05 X -1.96 89 -2.08 90 -2.11 2 -1.96 89 - -1.99 20 -2.27 68 - 20, 89

1015 6456.380 -0.001 ±0.002 3.903 -2.08 ±0.03 -2.11 ±0.03 -2.18 64 -2.20 90 -2.38 2 -2.10 89 - - -2.31 68 - 89
1027 6516.077 0.001 ±0.005 2.891 -3.21 ±0.05 -3.31 ±0.04 X X -3.31 95 -3.37 92 -3.61 2 -3.32 93 - - - - X

Co i
91 4517.094 0.040 ±0.001 3.128 -0.07 ±0.05 -0.15 ±0.03 X -0.74 14 - -0.10 2 -0.74 14 - - - - -

124 4570.024 -0.021 ±0.005 3.632 -0.46 ±0.06 -0.59 ±0.06 X X -0.40 14 - -0.42 2 -0.40 14 - - - - X

141 4588.729 -0.043 ±0.005 0.432 -3.24 ±0.10 -3.33 ±0.12 X -3.82 14 - -3.28 2 -3.82 14 - - - - 2

147 4594.632 -0.004 ±0.002 3.632 -0.23 ±0.09 -0.35 ±0.10 X -0.04 14 - -0.38 2 -0.04 14 - - - - 2
211 4693.188 -0.001 ±0.002 3.231 -0.28 ±0.05 -0.47 ±0.05 X X -0.50 14 - -0.55 2 -0.50 14 - - - - X

255 4768.075 -0.001 ±0.004 3.191 -0.63 ±0.13 -0.77 ±0.07 X -0.59 14 - -0.67 2 -0.59 14 - - - - -

256 4771.083 0.008 ±0.013 3.133 -0.30 ±0.15 -0.49 ±0.09 X -0.43 14 - -0.50 2 -0.43 14 - - - - 2, 14
260 4781.428 -0.006 ±0.003 1.883 -2.03 ±0.07 -2.26 ±0.07 X X -2.15 67 -2.16 67 -2.35 2 -2.15 67 - - - - X

307 4899.514 -0.008 ±0.003 2.042 -1.78 ±0.12 -1.98 ±0.10 X -1.60 14 - -1.96 2 -1.60 14 - - - - 2
476 5235.183 -0.007 ±0.006 2.137 -1.23 ±0.07 -1.45 ±0.07 X X -1.47 67 -1.46 67 -1.45 2 -1.47 67 - - - - X

491 5247.920 -0.002 ±0.003 1.785 -1.87 ±0.08 -1.97 ±0.07 X -2.07 67 -2.08 67 -2.01 2 -2.07 67 - - - - 2

529 5312.648 0.001 ±0.006 4.209 0.08 ±0.03 0.01 ±0.04 X -0.19 14 - -0.84 2 -0.19 14 - - - - -
579 5454.570 0.003 ±0.003 4.072 0.24 ±0.06 0.11 ±0.05 X X 0.24 14 - 0.14 2 0.24 14 - - - - X
991 6347.842 -0.009 ±0.002 4.395 -0.01 ±0.05 -0.19 ±0.07 X X -0.06 14 - -0.12 2 -0.06 14 - - - - X

1020 6477.860 -0.006 ±0.006 3.775 -0.70 ±0.10 -0.76 ±0.06 X -0.61 14 - -0.71 2 -0.61 14 - - - - 2

Ni i
32 4410.518 0.001 ±0.002 3.306 -0.99 ±0.08 -1.13 ±0.08 X -1.08 67 -1.08 97 -1.08 2 -1.08 67 - - - - 2, 67, 97

42 4437.566 -0.006 ±0.002 3.679 -1.10 ±0.07 -1.21 ±0.05 X -1.24 67 - -1.19 2 -1.24 67 - - - - 2, 67

63 4470.472 0.004 ±0.002 3.399 -0.32 ±0.05 -0.39 ±0.06 X -0.31 98 - -0.31 2 -0.30 99 - - - - -

89 4512.990 -0.004 ±0.002 3.706 -1.40 ±0.06 -1.42 ±0.06 -1.47 67 -1.47 97 -1.55 2 -1.47 67 - - - - 67, 97
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Table A.1: (QA) Quality-assessable (AI) Analysis-independent line a) Paper 1 input list b) NIST c) SpectroWeb d) VALD3 e) Spectr-W3
f) CHIANTI g) TIPbase h) TOPbase

# Wavelength (Å) Elow (eV) log(gf) this work Flags Literature log(gf) values Recommended
Input ∆λ grid cog grid QA? AI? a) b) c) d) e) f) g) h) literature

94 4519.983 0.002 ±0.004 1.676 -2.90 ±0.04 -2.95 ±0.06 X -2.88 67 -2.88 100 -2.88 2 -3.08 99 - - - - -

103 4537.411 -0.012 ±0.006 4.089 -1.77 ±0.05 -1.76 ±0.05 -1.93 14 - - -1.93 14 - - - - -

153 4600.359 -0.002 ±0.003 3.597 -0.49 ±0.13 -0.65 ±0.06 X -0.61 67 -0.61 97 -0.61 2 -0.61 67 - - - - 2, 67, 97
159 4604.982 -0.008 ±0.003 3.480 -0.18 ±0.07 -0.49 ±0.07 X X -0.25 98 - -0.24 2 -0.24 99 - - - - X

184 4648.646 0.004 ±0.002 3.420 -0.22 ±0.05 -0.25 ±0.08 -0.10 98 - -0.15 2 -0.09 99 - - - - -
195 4667.759 0.000 ±0.003 3.706 -0.76 ±0.05 -0.97 ±0.06 X X -0.85 14 - -1.01 2 -0.85 14 - - - - X

207 4686.207 0.004 ±0.002 3.597 -0.55 ±0.07 -0.71 ±0.06 X X -0.58 98 - -0.63 2 -0.59 99 - - - - X

214 4701.352 -0.004 ±0.002 3.480 -1.09 ±0.05 -1.21 ±0.07 X -1.22 67 -1.22 97 -1.22 2 -1.22 67 - - - - 2, 67, 97

215 4701.530 -0.005 ±0.001 4.088 -0.34 ±0.07 -0.43 ±0.08 X -0.39 67 -0.38 97 -0.38 2 -0.39 67 - - - - 2, 67, 97

216 4703.807 -0.004 ±0.002 3.658 -0.56 ±0.06 -0.72 ±0.11 X -0.52 14 - -0.73 2 -0.52 14 - - - - 2

231 4731.798 0.004 ±0.005 3.833 -0.79 ±0.07 -0.94 ±0.09 X -0.85 67 -0.85 97 -0.85 2 -0.85 67 - - - - 2, 67, 97

232 4732.457 -0.001 ±0.002 4.105 -0.53 ±0.05 -0.57 ±0.06 -0.55 67 -0.55 97 -0.55 2 -0.55 67 - - - - 2, 67, 97

243 4752.420 0.002 ±0.003 3.658 -0.56 ±0.07 -0.65 ±0.06 X -0.70 67 -0.69 97 -0.69 2 -0.70 67 - - - - 2, 67, 97

244 4754.756 -0.005 ±0.001 3.635 -0.84 ±0.07 -0.94 ±0.06 X -0.97 98 - -0.94 2 -0.98 99 - - - - 2, 98, 99

246 4756.510 0.000 ±0.001 3.480 -0.35 ±0.06 -0.30 ±0.05 X -0.27 98 - -0.30 2 -0.27 99 - - - - 2, 98, 99
262 4786.281 -0.001 ±0.002 1.676 -2.91 ±0.04 -3.02 ±0.05 X X -3.12 67 -3.12 100 -3.12 2 -3.14 99 - - - - X

263 4786.531 0.001 ±0.002 3.420 -0.13 ±0.08 -0.23 ±0.05 X -0.16 98 - -0.24 2 -0.18 99 -0.17 4 - - - 2, 99

279 4806.987 -0.001 ±0.002 3.679 -0.56 ±0.06 -0.61 ±0.06 X -1.02 14 - -0.64 2 -0.64 67 - - - - 2, 67

282 4808.874 -0.011 ±0.006 3.706 -1.28 ±0.06 -1.36 ±0.05 X -1.41 67 -1.41 97 -1.41 2 -1.41 67 - - - - 2, 67, 97

288 4829.023 -0.004 ±0.002 3.542 -0.34 ±0.09 -0.32 ±0.08 -0.14 14 -0.33 97 -0.21 2 -0.33 67 - - - - 67, 97

296 4873.438 0.001 ±0.002 3.699 -0.45 ±0.12 -0.56 ±0.09 X -0.38 99 - -0.47 2 -0.38 99 - - - - 2

312 4904.412 -0.001 ±0.002 3.542 -0.17 ±0.04 -0.19 ±0.06 -0.02 14 -0.17 97 -0.12 2 -0.17 67 - - - - 67, 97

321 4912.018 -0.004 ±0.002 3.768 -0.71 ±0.07 -0.83 ±0.06 X -0.54 14 -0.79 97 -0.79 2 -0.80 67 - - - - 2, 67, 97

323 4913.973 -0.002 ±0.003 3.743 -0.61 ±0.07 -0.63 ±0.06 -0.50 14 -0.62 97 -0.59 2 -0.63 67 - - - - 2, 67, 97
328 4918.364 -0.002 ±0.003 3.841 -0.11 ±0.06 -0.26 ±0.07 X X -0.08 14 -0.23 97 -0.11 2 -0.24 67 - - - - X
329 4925.559 0.004 ±0.002 3.655 -0.50 ±0.09 -0.73 ±0.06 X X -0.77 98 - -0.82 2 -0.78 99 - - - - X

333 4930.802 -0.004 ±0.002 3.847 -1.22 ±0.04 -1.30 ±0.06 X -1.56 14 - -1.36 2 -1.56 14 - - - - 2

334 4935.831 -0.002 ±0.003 3.941 -0.34 ±0.06 -0.37 ±0.06 -0.21 14 -0.36 97 -0.24 2 -0.35 67 - - - - 67, 97

337 4945.444 -0.004 ±0.002 3.796 -0.72 ±0.06 -0.76 ±0.04 -0.82 67 -0.82 97 -0.82 2 -0.82 67 - - - - -

339 4946.032 -0.004 ±0.002 3.796 -1.15 ±0.07 -1.23 ±0.06 X -1.15 14 -1.29 97 -1.29 2 -1.29 67 - - - - 2, 67, 97

342 4952.280 -0.004 ±0.002 3.606 -1.23 ±0.05 -1.27 ±0.04 -1.66 14 - -1.22 2 -1.69 14 - - - - -
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Table A.1: (QA) Quality-assessable (AI) Analysis-independent line a) Paper 1 input list b) NIST c) SpectroWeb d) VALD3 e) Spectr-W3
f) CHIANTI g) TIPbase h) TOPbase

# Wavelength (Å) Elow (eV) log(gf) this work Flags Literature log(gf) values Recommended
Input ∆λ grid cog grid QA? AI? a) b) c) d) e) f) g) h) literature

343 4953.200 0.009 ±0.004 3.740 -0.62 ±0.05 -0.70 ±0.07 X -0.58 99 - -0.66 2 -0.58 99 - - - - 2

348 4965.167 -0.004 ±0.002 3.796 -1.14 ±0.05 -1.21 ±0.05 X -1.21 14 - -1.14 2 -1.21 14 - - - - 14

351 4971.345 -0.002 ±0.003 3.658 -0.66 ±0.05 -0.73 ±0.06 X -0.55 14 - - -0.55 14 - - - - -

353 4976.130 0.001 ±0.002 3.606 -1.23 ±0.04 -1.29 ±0.05 X -1.26 99 - -1.36 2 -1.26 99 - - - - 99

354 4976.325 -0.001 ±0.002 1.676 -2.91 ±0.04 -2.97 ±0.06 X -3.00 99 -3.10 100 -3.10 2 -3.00 99 - - - - 99

369 4995.650 -0.001 ±0.002 3.635 -1.49 ±0.02 -1.51 ±0.03 -1.12 14 -1.58 97 -1.58 2 -1.58 67 - - - - -

372 4998.218 0.006 ±0.002 3.606 -0.75 ±0.05 -0.83 ±0.06 X -0.69 98 - -0.78 2 -0.70 99 - - - - 2

376 5003.741 -0.001 ±0.002 1.676 -2.95 ±0.09 -3.01 ±0.07 X -3.07 99 -2.80 100 -3.00 2 -3.07 99 - - - - 2, 99

380 5010.022 -0.002 ±0.003 3.768 -0.99 ±0.03 -1.05 ±0.05 X -0.98 98 - -1.04 2 -0.98 99 - - - - 2

381 5010.938 -0.003 ±0.003 3.635 -0.87 ±0.05 -0.86 ±0.05 -0.68 14 -0.87 97 -0.72 2 -0.87 67 - - - - 67, 97

399 5032.727 -0.004 ±0.009 3.898 -1.08 ±0.11 -1.20 ±0.04 X -1.40 14 -1.27 97 -1.27 2 -1.27 67 - - - - -

403 5042.186 -0.002 ±0.003 3.658 -0.57 ±0.05 -0.64 ±0.08 X -0.58 67 -0.57 97 -0.50 2 -0.58 67 - - - - 67, 97

421 5080.528 0.004 ±0.002 3.655 0.31 ±0.09 0.20 ±0.07 X 0.33 98 - 0.43 2 0.32 99 0.22 4 - - - 4

422 5082.344 -0.002 ±0.003 3.658 -0.51 ±0.06 -0.56 ±0.06 X -0.44 14 -0.54 97 -0.52 2 -0.54 67 - - - - 2, 67, 97

424 5084.096 -0.001 ±0.002 3.679 -0.02 ±0.10 0.02 ±0.08 -0.08 14 - 0.10 2 0.03 67 - - - - 2, 67

427 5088.538 -0.002 ±0.004 3.847 -0.87 ±0.25 -1.09 ±0.05 X -0.91 14 - -0.98 2 -0.91 14 - - - - -

429 5094.411 -0.001 ±0.004 3.833 -1.05 ±0.05 -1.07 ±0.05 -1.00 14 -1.08 97 -1.08 2 -1.08 67 - - - - 2, 67, 97

430 5099.930 -0.002 ±0.003 3.679 -0.07 ±0.10 -0.17 ±0.09 X -0.10 67 - -0.10 2 -0.10 67 - - - - 2, 67

431 5102.966 -0.004 ±0.002 1.676 -2.70 ±0.10 -2.80 ±0.06 X -2.62 67 -2.62 100 -2.62 2 -2.87 99 - - - - -

437 5115.392 -0.001 ±0.002 3.834 -0.14 ±0.07 -0.13 ±0.05 -0.11 67 -0.11 97 -0.04 2 -0.11 67 - - - - 67, 97

441 5129.371 -0.004 ±0.002 3.679 -0.37 ±0.08 -0.58 ±0.05 X X -0.63 67 - -0.63 2 -0.63 67 -0.77 4 - - - X

443 5131.768 -0.004 ±0.002 3.699 -0.77 ±0.10 -0.94 ±0.07 X -0.74 14 - -0.81 2 -0.74 14 - - - - -

444 5137.074 -0.004 ±0.002 1.676 -1.64 ±0.07 -1.70 ±0.08 X -1.94 99 -1.99 100 -1.93 2 -1.94 99 - - - - -

448 5146.482 -0.001 ±0.002 3.706 -0.04 ±0.04 -0.10 ±0.07 X 0.06 14 - -0.06 2 0.06 14 - - - - 2

453 5155.126 -0.001 ±0.003 3.898 -0.53 ±0.08 -0.66 ±0.06 X -0.56 14 -0.66 97 -0.58 2 -0.65 67 - - - - 67, 97

454 5155.764 -0.002 ±0.003 3.898 -0.04 ±0.05 -0.13 ±0.07 X 0.07 14 -0.09 97 0.01 2 0.07 14 - - - - 97

455 5157.976 0.003 ±0.003 3.606 -1.53 ±0.06 -1.58 ±0.06 X -1.51 99 - -1.51 2 -1.51 99 - - - - -

457 5176.560 -0.001 ±0.003 3.898 -0.38 ±0.06 -0.48 ±0.05 X -0.30 14 -0.44 97 -0.44 2 -0.44 67 - - - - 2, 67, 97

468 5220.291 -0.003 ±0.003 3.740 -1.19 ±0.04 -1.26 ±0.04 X -1.31 67 -1.31 97 -1.31 2 -1.31 67 - - - - -

558 5392.331 -0.004 ±0.002 4.154 -1.22 ±0.08 -1.30 ±0.06 X -1.32 14 -1.32 97 -1.26 2 -1.32 67 - - - - 2, 14, 67, 97
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Table A.1: (QA) Quality-assessable (AI) Analysis-independent line a) Paper 1 input list b) NIST c) SpectroWeb d) VALD3 e) Spectr-W3
f) CHIANTI g) TIPbase h) TOPbase

# Wavelength (Å) Elow (eV) log(gf) this work Flags Literature log(gf) values Recommended
Input ∆λ grid cog grid QA? AI? a) b) c) d) e) f) g) h) literature

575 5435.858 -0.002 ±0.003 1.986 -2.39 ±0.06 -2.45 ±0.05 X -2.58 99 -2.60 100 -2.40 2 -2.58 99 - - - - 2

582 5462.493 -0.003 ±0.003 3.847 -0.80 ±0.05 -0.90 ±0.05 X -0.82 14 -0.93 97 -0.93 2 -0.93 67 - - - - 2, 67, 97

601 5494.880 -0.006 ±0.002 4.105 -1.06 ±0.04 -1.12 ±0.04 X -1.16 67 -1.16 97 -1.16 2 -1.16 67 - - - - 2, 67, 97

630 5578.718 -0.001 ±0.002 1.676 -2.63 ±0.09 -2.71 ±0.07 X -2.83 99 -2.64 100 -2.64 2 -2.83 99 - - - - 2, 100

634 5587.858 -0.002 ±0.003 1.935 -2.33 ±0.05 -2.42 ±0.05 X -2.39 99 -2.14 100 -2.14 2 -2.39 99 - - - - 99

635 5589.358 -0.001 ±0.002 3.898 -1.07 ±0.05 -1.16 ±0.05 X -0.94 14 -1.14 97 -1.14 2 -1.14 67 - - - - 2, 67, 97

638 5593.735 -0.002 ±0.003 3.898 -0.78 ±0.06 -0.84 ±0.04 X -0.68 14 -0.84 97 -0.84 2 -0.84 67 - - - - 2, 67, 97
639 5606.998 -0.013 ±0.009 3.898 -2.04 ±0.04 -2.16 ±0.04 X X -1.70 14 - -2.10 2 -1.70 14 - - - - X
642 5614.773 -0.002 ±0.003 4.154 -0.51 ±0.03 -0.62 ±0.04 X X -0.57 14 - -0.51 2 -0.57 14 - - - - X

650 5625.317 -0.001 ±0.002 4.089 -0.65 ±0.04 -0.69 ±0.04 -0.55 14 -0.70 97 -0.60 2 -0.70 67 - - - - 67, 97

652 5628.342 -0.004 ±0.002 4.089 -1.27 ±0.06 -1.29 ±0.05 -1.74 14 - -1.34 2 -1.74 14 - - - - 2

661 5641.881 -0.001 ±0.002 4.105 -0.97 ±0.05 -1.02 ±0.05 X -1.05 14 -1.08 97 -1.00 2 -1.07 67 - - - - 2, 14, 67

664 5643.078 -0.003 ±0.003 4.165 -1.20 ±0.05 -1.24 ±0.05 -1.10 14 -1.25 97 -1.24 2 -1.24 67 - - - - 2, 67, 97

687 5669.943 -0.006 ±0.002 4.266 -0.99 ±0.05 -1.04 ±0.04 X -1.00 14 - -1.06 2 -1.00 14 - - - - 2, 14

691 5682.199 -0.003 ±0.003 4.105 -0.40 ±0.06 -0.43 ±0.05 -0.34 14 -0.47 97 -0.47 2 -0.47 67 - - - - 2, 67, 97

700 5694.983 -0.003 ±0.003 4.089 -0.60 ±0.05 -0.62 ±0.05 -0.47 14 -0.61 97 -0.61 2 -0.61 67 - - - - 2, 67, 97

737 5748.351 -0.003 ±0.003 1.676 -3.23 ±0.05 -3.27 ±0.05 -3.24 99 -3.26 97 -3.32 2 -3.24 99 - - - - 2, 97, 99

742 5754.656 -0.005 ±0.001 1.935 -1.96 ±0.09 -2.02 ±0.07 X -2.33 67 -2.34 100 -2.28 2 -2.22 99 - - - - -

745 5760.830 -0.001 ±0.002 4.105 -0.73 ±0.04 -0.76 ±0.04 -0.88 14 -0.80 97 -0.77 2 -0.80 67 - - - - 2, 67, 97

766 5796.079 -0.001 ±0.005 1.951 -3.57 ±0.04 -3.62 ±0.03 X -3.82 14 - -3.94 2 -3.82 14 - - - - -

772 5805.217 -0.004 ±0.002 4.167 -0.57 ±0.05 -0.60 ±0.04 -0.58 14 -0.64 97 -0.64 2 -0.64 67 - - - - 2, 14, 67, 97

785 5831.596 -0.005 ±0.001 4.167 -0.90 ±0.05 -0.95 ±0.04 X -0.94 14 - -1.08 2 -0.94 14 - - - - 14

791 5846.993 -0.004 ±0.002 1.676 -3.36 ±0.05 -3.40 ±0.04 -3.46 99 -3.21 100 -3.41 2 -3.46 99 - - - - 2

846 5996.730 -0.001 ±0.002 4.236 -0.96 ±0.04 -1.01 ±0.04 X -1.04 14 -1.06 97 -1.06 2 -1.06 67 - - - - 14

849 6007.310 -0.003 ±0.003 1.676 -3.33 ±0.04 -3.34 ±0.04 -3.40 99 -3.34 97 -3.30 2 -3.40 99 - - - - 2, 97

854 6025.754 -0.004 ±0.002 4.236 -1.65 ±0.04 -1.72 ±0.04 X -1.53 14 -1.76 97 -1.78 2 -1.76 67 - - - - 67, 97

859 6053.685 -0.009 ±0.002 4.236 -0.95 ±0.04 -0.99 ±0.04 -1.16 14 -1.07 97 -1.07 2 -1.07 67 - - - - -

870 6086.282 -0.004 ±0.002 4.266 -0.45 ±0.05 -0.47 ±0.04 -0.41 14 -0.51 97 -0.42 2 -0.53 67 - - - - 97

881 6108.116 -0.001 ±0.002 1.676 -2.50 ±0.08 -2.58 ±0.06 X -2.60 99 -2.44 100 -2.69 2 -2.60 99 - - - - 99

882 6111.070 0.000 ±0.003 4.088 -0.79 ±0.05 -0.81 ±0.04 -0.87 14 -0.87 97 -1.09 2 -0.87 67 - - - - -
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Table A.1: (QA) Quality-assessable (AI) Analysis-independent line a) Paper 1 input list b) NIST c) SpectroWeb d) VALD3 e) Spectr-W3
f) CHIANTI g) TIPbase h) TOPbase

# Wavelength (Å) Elow (eV) log(gf) this work Flags Literature log(gf) values Recommended
Input ∆λ grid cog grid QA? AI? a) b) c) d) e) f) g) h) literature

884 6116.180 0.020 ±0.006 4.089 -0.19 ±0.08 -0.43 ±0.07 X X -0.53 14 - -0.68 2 -0.53 14 - - - - X

888 6130.135 -0.004 ±0.002 4.266 -0.91 ±0.04 -0.93 ±0.04 -0.74 14 -0.96 97 -1.39 2 -0.96 67 - - - - 67, 97

892 6133.963 -0.003 ±0.005 4.088 -1.75 ±0.07 -1.80 ±0.04 X -1.92 14 -1.84 97 -2.10 2 -1.83 67 - - - - 67, 97

913 6175.367 -0.004 ±0.002 4.089 -0.52 ±0.05 -0.53 ±0.03 -0.39 14 -0.54 97 -0.56 2 -0.53 67 - - - - 2, 67, 97

914 6176.807 0.000 ±0.001 4.088 -0.25 ±0.07 -0.25 ±0.06 -0.26 99 - -0.26 2 -0.26 99 -0.44 4 - - - 2, 99

915 6177.242 -0.003 ±0.003 1.826 -3.50 ±0.03 -3.54 ±0.03 -3.46 99 -3.51 97 -3.50 2 -3.46 99 - - - - 97

918 6186.711 -0.004 ±0.002 4.105 -0.84 ±0.05 -0.88 ±0.04 -0.88 14 -0.96 97 -0.95 2 -0.96 67 - - - - 14

922 6191.178 -0.003 ±0.003 1.676 -2.24 ±0.08 -2.36 ±0.07 X -2.47 99 - -2.35 2 -2.47 99 - - - - 2

928 6204.600 -0.012 ±0.008 4.088 -1.07 ±0.04 -1.16 ±0.05 X -1.08 99 - -1.10 2 -1.08 99 - - - - -

937 6223.981 -0.001 ±0.002 4.105 -0.92 ±0.05 -0.96 ±0.04 -0.91 99 - -0.98 2 -0.91 99 - - - - 2

941 6230.089 -0.003 ±0.003 4.105 -1.05 ±0.05 -1.13 ±0.04 X -1.26 101 -1.26 101 -1.32 2 -1.26 67 - - - - -
955 6259.595 -0.002 ±0.008 4.089 -1.11 ±0.04 -1.25 ±0.03 X X -1.24 14 - -1.40 2 -1.24 14 - - - - X
961 6271.768 -0.003 ±0.005 3.306 -2.44 ±0.02 -2.57 ±0.04 X X -2.62 67 -2.62 97 -2.75 2 -2.62 67 - - - - X
962 6272.616 -0.004 ±0.017 4.266 -1.58 ±0.02 -1.70 ±0.04 X X -1.73 98 - -1.98 2 -1.78 99 - - - - X

977 6316.574 -0.009 ±0.013 4.154 -1.71 ±0.13 -1.81 ±0.08 X -1.90 67 -1.90 97 -2.75 2 -1.90 67 - - - - -

981 6322.166 -0.004 ±0.005 4.154 -1.11 ±0.04 -1.16 ±0.03 X -1.12 14 -1.17 97 -1.31 2 -1.17 67 - - - - 67, 97

983 6327.599 -0.001 ±0.002 1.676 -3.04 ±0.06 -3.06 ±0.05 -3.17 99 -3.15 102 -3.15 2 -3.17 99 - - - - -
988 6339.113 -0.004 ±0.002 4.154 -0.50 ±0.05 -0.61 ±0.05 X X -0.53 14 - -0.63 2 -0.53 14 - - - - X

995 6366.480 -0.004 ±0.004 4.167 -0.85 ±0.07 -0.95 ±0.05 X -0.87 14 - -1.06 2 -0.87 14 - - - - -

998 6378.247 0.001 ±0.002 4.154 -0.79 ±0.04 -0.82 ±0.03 -0.82 99 - -0.83 2 -0.82 99 - - - - 2, 99

1005 6414.581 0.006 ±0.002 4.154 -1.13 ±0.04 -1.20 ±0.03 X -1.16 99 - -1.18 2 -1.16 99 - - - - 2

1008 6424.851 -0.001 ±0.002 4.167 -1.33 ±0.04 -1.39 ±0.05 X -1.36 14 - -1.58 2 -1.35 14 - - - - 14

1022 6482.798 0.001 ±0.007 1.935 -2.75 ±0.05 -2.80 ±0.05 X -2.63 101 -2.63 102 -2.93 2 -2.63 67 - - - - -

1030 6532.873 -0.001 ±0.004 1.935 -3.34 ±0.07 -3.39 ±0.08 X -3.35 99 -3.39 97 -3.42 2 -3.35 99 - - - - 2, 97, 99

1032 6586.310 -0.004 ±0.002 1.951 -2.67 ±0.06 -2.79 ±0.06 X -2.78 99 -2.81 97 -2.75 2 -2.78 99 - - - - 2, 97, 99

1035 6598.598 -0.001 ±0.002 4.236 -0.86 ±0.04 -0.93 ±0.06 X -0.82 14 -0.98 97 -1.10 2 -0.98 67 - - - - 67, 97

1044 6635.122 -0.001 ±0.002 4.419 -0.70 ±0.04 -0.77 ±0.04 X -0.76 14 -0.83 97 -0.82 2 -0.82 67 - - - - 14

1046 6643.630 -0.004 ±0.002 1.676 -1.95 ±0.08 -2.00 ±0.06 X -2.22 99 -2.30 102 -2.30 2 -2.22 99 - - - - -

1049 6661.324 -0.004 ±0.005 4.236 -1.45 ±0.04 -1.52 ±0.03 X -1.49 14 -1.59 97 -1.78 2 -1.57 67 - - - - 14

1086 6767.772 0.000 ±0.001 1.826 -2.19 ±0.07 -2.18 ±0.05 -2.14 99 -2.17 102 -2.17 2 -2.14 99 -1.69 4 - - - 2, 99, 102

1087 6772.315 -0.001 ±0.002 3.658 -0.95 ±0.05 -0.98 ±0.04 -0.80 14 -0.99 97 -0.93 2 -0.98 67 - - - - 67, 97
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Table A.1: (QA) Quality-assessable (AI) Analysis-independent line a) Paper 1 input list b) NIST c) SpectroWeb d) VALD3 e) Spectr-W3
f) CHIANTI g) TIPbase h) TOPbase

# Wavelength (Å) Elow (eV) log(gf) this work Flags Literature log(gf) values Recommended
Input ∆λ grid cog grid QA? AI? a) b) c) d) e) f) g) h) literature

Zn i
202 4680.134 -0.004 ±0.002 4.006 -0.74 ±0.14 -0.97 ±0.10 X -0.81 103 - -0.81 2 -0.81 103 -0.38 104 - - - -

223 4722.153 0.001 ±0.002 4.030 -0.38 ±0.08 -0.48 ±0.08 X -0.34 103 - -0.34 2 -0.34 103 -0.38 104 - - - -

Sr i
161 4607.331 -0.006 ±0.002 0.000 0.13 ±0.09 0.02 ±0.07 X 0.28 105 0.28 105 0.28 2 0.28 105 - - - - -

Y ii
298 4883.682 -0.001 ±0.002 1.084 0.07 ±0.06 -0.00 ±0.08 X 0.19 106 - 0.07 2 0.07 107 - - - - 2, 107
309 4900.119 -0.001 ±0.002 1.033 -0.03 ±0.06 -0.15 ±0.05 X X 0.03 106 - -0.09 2 -0.09 107 - - - - X

425 5087.416 0.004 ±0.002 1.084 -0.25 ±0.05 -0.31 ±0.04 X -0.16 106 - -0.17 2 -0.17 107 - - - - -

463 5200.406 0.004 ±0.002 0.992 -0.56 ±0.10 -0.64 ±0.08 X -0.47 106 - -0.57 2 -0.57 107 - - - - 2, 107

514 5289.815 0.004 ±0.002 1.033 -1.78 ±0.05 -1.83 ±0.04 X -1.68 106 - -1.85 2 -1.85 107 - - - - 2, 107

563 5402.774 -0.003 ±0.003 1.839 -0.50 ±0.07 -0.60 ±0.04 X -0.31 106 - -0.51 2 -0.63 108 - - - - 108

588 5473.385 -0.006 ±0.003 1.738 -0.74 ±0.14 -0.89 ±0.08 X -0.78 106 - -1.02 2 -1.02 107 - - - - -

621 5544.611 -0.006 ±0.002 1.738 -0.81 ±0.15 -0.95 ±0.10 X -0.83 106 - -1.09 2 -1.09 107 - - - - -

722 5728.886 -0.001 ±0.005 1.839 -1.08 ±0.08 -1.14 ±0.06 X -1.15 106 - -1.12 2 -1.12 107 - - - - 2, 106, 107

Ba ii
112 4554.029 0.000 ±0.001 0.000 0.31 ±0.10 0.43 ±0.01 X X 0.17 109 0.14 110 0.17 2 - 0.46 4 - - - X

La ii
95 4522.370 0.060 ±0.001 0.000 -0.82 ±0.07 -1.17 ±0.11 X X -0.20 111 - -1.70 2 -0.20 111 - - - - X

241 4748.730 -0.005 ±0.003 0.927 -0.36 ±0.15 -0.42 ±0.12 X -0.54 112 - -0.86 2 -0.54 112 - - - - 112

Ce ii
118 4562.359 0.006 ±0.004 0.478 0.25 ±0.09 0.12 ±0.08 X 0.21 113 - 0.38 2 0.21 113 - - - - -

References: 1 Hibbert et al. (1993); 2 Lobel (2011a); 3 Ralchenko et al. (2010); 4 Wiese & Martin (1980); 5 calculated in non-relativistic LS-coupling
by Laverick et al. (2018) using Cunto et al. (1993) data; 6 Froese Fischer & Tachiev (2012); 7 Froese Fischer (2002); 8 Tachiev & Froese Fischer (2003);
9 Chang & Tang (1990); 10 Doerr & Kock (1985); 11 Butler et al. (1993); 12 Mendoza et al. (1995); 13 Wiese et al. (1969); 14 Kurucz (1999-2014); 15 Nahar
& Pradhan (1993); 16 Garz (1973) rescaled using O’Brian & Lawler (1991); 17 Garz (1973); 18 Kelleher & Podobedova (2008); 19 Nahar (1993b); 20 Landi
et al. (2013); 21 Zatsarinny & Bartschat (2006); 22 Biémont et al. (1993); 23 Smith & O’Neill (1975); 24 Fuhr & Wiese (1998); 25 Smith & Raggett (1981);
26 Smith (1988); 27 Nicholls (1964); 28 Saraph & Storey (2012); 29 Lawler & Dakin (1989); 30 Lawler et al. (2013); 31 Blackwell et al. (1982a); 32 Lotrian
et al. (1975); 33 Martin et al. (1988); 34 Morton (2003); 35 Blackwell et al. (1986c); 36 Blackwell-Whitehead et al. (2006); 37 Kostyk (1982b); 38 Blackwell

http://brass.sdf.org/G_type_htmls/gra202/index.html
http://brass.sdf.org/G_type_htmls/gra223/index.html
http://brass.sdf.org/G_type_htmls/gra161/index.html
http://brass.sdf.org/G_type_htmls/gra298/index.html
http://brass.sdf.org/G_type_htmls/gra309/index.html
http://brass.sdf.org/G_type_htmls/gra425/index.html
http://brass.sdf.org/G_type_htmls/gra463/index.html
http://brass.sdf.org/G_type_htmls/gra514/index.html
http://brass.sdf.org/G_type_htmls/gra563/index.html
http://brass.sdf.org/G_type_htmls/gra588/index.html
http://brass.sdf.org/G_type_htmls/gra621/index.html
http://brass.sdf.org/G_type_htmls/gra722/index.html
http://brass.sdf.org/G_type_htmls/gra112/index.html
http://brass.sdf.org/G_type_htmls/gra95/index.html
http://brass.sdf.org/G_type_htmls/gra241/index.html
http://brass.sdf.org/G_type_htmls/gra118/index.html
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et al. (1983); 39 Blackwell et al. (1986c) rescaled using Grevesse et al. (1989); 40 Nitz et al. (1998); 41 Blackwell et al. (1983) rescaled using Grevesse et al.
(1989); 42 Kuehne et al. (1978); 43 Whaling et al. (1977); 44 Holys & Fuhr (1980); 45 Wood et al. (2013); 46 Pickering et al. (2002); 47 Roberts et al. (1973);
48 Danzmann & Kock (1980); 49 Kostyk & Orlova (1983); 50 Ryabchikova et al. (1994); 51 Bizzarri et al. (1993); 52 Ostrovskii & Penkin (1958); 53 Lawler
et al. (2014); 54 King (1947); 55 Whaling et al. (1985); 56 Bridges (priv. comm. with NIST, 1976); 57 Sobeck et al. (2007); 58 Tozzi et al. (1985); 59 Wujec
& Weniger (1981); 60 Kostyk (1981); 61 Blackwell et al. (1984); 62 Pinnington et al. (1993); 63 Sigut & Landstreet (1990); 64 Raassen & Uylings (1998a);
65 Booth et al. (1984); 66 Den Hartog et al. (2011); 67 Fuhr et al. (1988); 68 calculated in non-relativistic LS-coupling by Laverick et al. (2018) using
Hummer et al. (1993) data; 69 O’Brian et al. (1991); 70 Blackwell et al. (1979a); 71 re-normalised values of May et al. (1974); 72 Ruffoni et al. (2014); 73 Den
Hartog et al. (2014); 74 Blackwell et al. (1982b); 75 Blackwell et al. (1980a); 76 O’Brian et al. (1991) rescaled using Ruffoni et al. (2014); 77 Bard & Kock
(1994); 78 Blackwell et al. (1979b); 79 Garz & Kock (1969); 80 Bridges & Kornblith (1974b); 81 Bard & Kock (1994) rescaled using O’Brian et al. (1991);
82 Bard et al. (1991) rescaled using Den Hartog et al. (2014); 83 Blackwell et al. (1982b) rescaled using O’Brian et al. (1991); 84 Blackwell et al. (1986a)
rescaled using O’Brian et al. (1991); 85 Blackwell et al. (1986a); 86 Bard et al. (1991); 87 Bard & Kock (1994) rescaled using Den Hartog et al. (2014);
88 Bard et al. (1991) rescaled using O’Brian et al. (1991); 89 Blackwell et al. (1980b); 90 Raassen & Uylings (1998b); 91 Kroll & Kock (1987); 92 Schnabel
et al. (2004); 93 Ryabchikova et al. (1999); 94 Baschek et al. (1970); 95 Meléndez & Barbuy (2009); 96 Moity (1983); 97 Kostyk (1982a); 98 Wickliffe &
Lawler (1997); 99 Wood et al. (2014); 100 Doerr & Kock (1985); 101 Lennard et al. (1975); 102 re-normalised values of Lennard et al. (1975); 103 Warner
(1968); 104 Komarovskiy & Shabanova (priv. comm with Spectr-W3, 1992); 105 Parkinson et al. (1976); 106 Biémont et al. (2011); 107 Hannaford et al.
(1982); 108 Pitts & Newsom (1986); 109 Miles & Wiese (1969); 110 Davidson et al. (1992); 111 Corliss & Bozman (1962); 112 Lawler et al. (2001); 113 Lawler
et al. (2009)
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