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1. Introduction

Everything on Earth has a cosmic origin. The oxygen we breathe, the hydro-
gen in water, the carbon in living matter, the iron in our blood, and even the
copper in our electrical wires and the silver and gold in our jewellery, were
formed in astrophysical environments long before the Solar System formed.
This idea is captured by Carl Sagan’s popular quote that we are “made of star-
stuff”, and it is more than just a poetic metaphor: chemical elements are pro-
duced by well-defined nucleosynthesis processes operating in the early Uni-
verse, in stars, and stellar explosions.

The Big Bang created the lightest nuclei, while stellar fusion built up heav-
ier and heavier elements until iron, after which fusion reactions became en-
ergetically unfavourable. The production of elements beyond iron therefore
requires other mechanisms. In particular, many of the heaviest species are
formed through a process called neutron-capture nucleosynthesis, in which
nuclei grow by capturing neutrons and subsequently undergoing radioactive
decays. Neutron-capture processes can proceed in different regimes and in
different astrophysical sites: for example within massive stars and asymptotic
giant branch stars, and in explosive events such as core-collapse supernovae
and neutron star mergers. Each site ejects matter with a characteristic chemi-
cal composition. Over time, these events enrich the interstellar medium, from
which new generations of stars form. This cumulative evolution, called galac-
tic chemical evolution, is imprinted in the atmosphere of stars, which act as
fossil records of the Galaxy’s nucleosynthetic history.

From this perspective, stellar abundances become a powerful way to ad-
dress a set of fundamental questions:

* Where does neutron-capture nucleosynthesis occur?

* Which processes dominate the production of heavy elements?

* How do different enrichment channels combine to produce the abun-
dance patterns observed in stars and in the Galaxy?

Answering these questions requires multidisciplinary efforts. Astrophysical
modelling and observations connect abundance patterns to stellar populations
and Galactic history; nuclear physics provides the reaction rates and decay
properties needed for the synthesis of elements; and atomic physics supplies
the energy structures and spectral characteristics of elements.

The chemical composition of stellar atmospheres is derived by comparing
observed spectra to synthetic spectra, and abundances are adjusted until the
model reproduces the observed spectral lines. With advances in instruments
and techniques, stellar spectroscopy has evolved towards high-resolution spec-
tra, revealing detailed information about various chemical species. However,
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observational improvements alone are not sufficient. Accurate elemental abun-
dances also depend heavily on the correctness of synthetic stellar spectra gen-
erated using atmospheric models, which, in turn, rely on the underlying physi-
cal assumptions. While modern modelling incorporates improved equations of
state, opacities, and radiative transfer descriptions, much of the literature still
relies on the simplifying assumptions of one-dimensional (1D) atmospheres
and local thermodynamic equilibrium (LTE), which is an intrinsically non-
realistic treatment of stellar atmospheres. Moving beyond LTE to non-LTE
line formation, and from 1D to 3D atmospheres, is a key step towards accurate
abundances and can significantly alter the inferred abundance trends.

Non-LTE modelling is, however, more demanding than LTE. Departures
from LTE arise when radiative and collisional processes couple different at-
mospheric layers and compete to set the populations of atomic energy levels.
As a result, non-LTE calculations require a more intricate description of the
level structure and radiative and collisional transitions connecting those lev-
els for the species under investigation compared to LTE. Non-LTE analyses
are still unavailable for many heavier elements, largely because the required
atomic data are incomplete. Laboratory measurements are often scarce, mak-
ing theoretical calculations essential. Consequently, the reliability of non-LTE
abundances is ultimately limited by the quality of the input atomic data.

This thesis highlights the interconnected nature of atomic physics and as-
trophysical interpretation. The projects in this thesis have aimed to improve
atomic data and non-LTE modelling for heavy elements, and show how these
refined stellar abundance patterns, in turn, sharpen our interpretation of nucle-
osynthetic origins and Galactic chemical evolution. As case studies, I focus
on the copper-group elements gold, copper, and silver. These homologous el-
ements share similar atomic structure and serve as a fil rouge—a connecting
thread— throughout the thesis.

The thesis is structured as follows. Chapter 2 introduces the big-picture
astrophysical motivation: the origin of neutron-capture elements and the ba-
sic framework of Galactic chemical evolution, with illustrative examples from
copper and silver abundance trends. Chapter 3 presents the essential concepts
of stellar radiative transfer and spectral line formation, and introduces the
modelling assumptions behind 1D/3D and LTE/non-LTE. Chapter 4 focuses
on the atomic-physics aspect of non-LTE modelling, outlining the key atomic
data needs for model atoms and the methods used to obtain them, including
atomic-structure calculations and estimates of radiative and collisional pro-
cesses. Finally, Chapter 5 summarises the main results of the papers included
in this thesis.
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2. Origin of neutron-capture elements

2.1 Neutron-capture nucleosynthesis

Among the most fundamental questions in astrophysics are those of the origin
of different elements as well as the timescale of the different nucleosynthe-
sis processes responsible for their production. Today, we know that after the
Big Bang, only the lightest elements, i.e. hydrogen, helium, lithium and some
trace amount of beryllium and boron were available. Through fusion in stellar
cores, heavier elements were created, such as the o elements (i.e. those ele-
ments formed primarily by successive ¢-captures; e.g. oxygen, magnesium,
silicon, and so on) and other intermediate elements. However, after iron, the
creation of heavier elements through fusion nucleosynthesis no longer releases
energy. Therefore, the so-called “iron-peak”, which is a local maximum in the
vicinity of iron on the graph of the abundances of the chemical elements in
the solar system (see Figure 2.1), marks the end of fusion nucleosynthesis.
Some of the heavier elements close to iron, such as cobalt, nickel and copper,
can still be produced through oxygen and silicon fusion in supernova explo-
sions. For elements beyond iron, the fusion of two positively charged nuclei
is endothermic, due to the Coulomb barrier being higher than the energy re-
leased through fusion. As such, the capture of neutrons by atomic nuclei is
needed. Let us go through how and where these neutron-capture elements are
produced.

To better understand the neutron-capture process, we can look at the nuclear
chart in Figure 2.2. When a nucleus captures a neutron, we move to the right
in the nuclear chart, which creates a heavier isotope. If this new nucleus is sta-
ble, it can remain as is or continue capturing more neutrons. If it is unstable,
on the other hand, it can either beta-decay immediately, where a neutron trans-
forms into a proton, electron and neutrino, creating a new element with Z+1,
or continue capturing more neutrons until it beta-decays. This way, the nu-
clear chart becomes populated with increasingly heavier isotopes, both stable
and less stable.

Based on the amount of available neutrons, i.e. on the competition between
neutron capture and beta-decay rates, there are two main modes of neutron
capture: the s-process, for slow neutron-capture process, and the r-process,
or rapid neutron-capture process. In Figure 2.3, we can see through which
process the elements were created. It should be noted that when we commonly
use the terms “s- or r-process element”’, we actually mean the production path
for the dominant isotope, while in reality different isotopes may have distinct
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origins. As can be seen from Figure 2.3, whilst some isotopes can be produced
by both s- and r-process, some can only be produced by one process (e.g. the
isotopes of gold and europium). There is also the so-called “p-process” (for
proton-capture) that contributes to a smaller extent to the production of some
of the stable isotopes that are blocked by the s- and r-process paths, but we
will not describe it in this work. Let us explore the mechanisms and cosmic
sites of the s- and r-processes more closely.

Figure 2.1. Figure from Arcones & Thielemann (2023) where they show solar system
abundances based on Lodders (2021) as a function of mass number A, normalized to
Si at 10°.

The s-process

The s-process occurs when the neutron density is relatively low, typically
around 10'" neutrons/cm® (Busso et al., 1999). Consequently, when an ele-
ment from the iron-peak captures neutrons, the beta-decay of these resulting
unstable isotopes is faster than the capture of new neutrons. Beta-decay in-
volves the conversion of a neutron into a proton through the emission of an
electron and a neutrino. Thus, new stable elements are formed along the sta-
bility valley (indicated by black squares in Figure 2.2). This is a slow process,
with timescales of around thousands of years.

The s-process is characterised by three abundance peaks as a function of
the atomic number Z or the mass number A: a first peak around the elements
Sr, Y, and Zr (Z = 38-40), a second peak spanning from the elements Ba to
Nd (Z = 56-60), and a third one for Pb and Bi (Z = 82-83), marking the end
of the s-process as they are the heaviest still-stable elements (see Figure 2.1).
These correspond to the magic numbers, which are the number of neutrons N
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Figure 2.2. The nuclear chart from Thielemann (2023). The major nucleosynthesis
processes are indicated by coloured lines. Stable nuclei are indicated by black squares,
experimentally known 3" -unstable nuclei by red squares, 8~ -unstable nuclei by blue
squares, alpha-unstable nuclei by yellow squares. The area of B-unstable nuclei which
are still stable against neutron or proton emission, as predicted by nuclear mass mod-
els, appears in a light green shade. Horizontal or vertical lines stand for neutron or
proton shell closures.

leading to a complete nuclear shell and thus to highly stable nuclei, at N = 50,
82 and 126.

The s-process is commonly divided into three components—weak, main, and
strong—classified by the astrophysical sites in which they operate and by the
nuclear reactions that supply the neutrons. I will focus on the first two com-
ponents, as they are the most relevant to the work presented in this thesis.

The main s-process occurs in relatively low mass asymptotic giant branch
(AGB) stars (up to ~ 3 M). The primary source of neutrons in AGB stars
is 13C. When an AGB star enters the thermally pulsing phase, the inert core
of oxygen and carbon is surrounded by a helium-burning shell where carbon
is produced, itself enveloped by a hydrogen-burning shell, which in turn is
surrounded by a hydrogen-rich convective envelope. During the convective
mixing of this envelope with the helium layer (known as “dredge-up”), 12C can
react with a proton to produce '*C, which, in turn, generates neutrons through
the reaction 3C(a,n) —!%0 + & + n. The s-process happens inside these “!3C-
pockets”, where heavy nuclei already present in the star can interact with the
generated neutrons.

The weak s-process happens in more massive and hotter stars (typically >
13 M), and to some extent in more massive AGB stars (> 4 M). In massive
stars, it occurs during the late, pre-supernova stage, when the star develops
an onion-like shell structure and proceeds through a sequence of hydrostatic
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Figure 2.3. Figure from Prantzos et al. (2020) where they show the contribution of
the s-, r-, and p-process to the isotopic and elemental pre-solar composition. The
contribution of each process is proportional to the coloured area of the corresponding
box.

burning stages. The dominant neutron source for the weak component is in-
stead the 2?Ne (o, n) 2> Mg reaction. This reaction becomes efficient at the high
temperatures reached during core helium burning (and can also operate dur-
ing subsequent burning phases), providing short but intense bursts of neutrons.
As aresult, the weak s-process mainly synthesizes the lighter s-process nuclei,
producing isotopes up to about A < 90 (e.g. Pignatari et al., 2010).

These multimodal neutron exposures are reflected in the three-peak struc-
ture of the overall s-process abundance pattern. Although this framework cap-
tures the broad features of the distribution, important uncertainties remain.
For example, for several elements, it can be difficult to disentangle the relative
contributions from the weak and main components, which complicates the in-
terpretation of the observed abundance trends in terms of specific production
sites.

One of the challenges is understanding the role of rotation-induced mix-
ing in massive stars, which can substantially modify weak s-process stellar
yields (e.g. Prantzos et al., 2018). In non-rotating models, the available 22Ne,
and therefore the neutron budget depends strongly on the star’s initial metal-
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licity, making the weak s-process relatively inefficient at low metal content.
Rotation changes this picture by driving mixing between stellar layers: hy-
drogen from the envelope can be transported into the helium-burning core,
enabling additional production of '*N through the CNO cycle (via reactions
such as '2C(p,y) BN(B*)*C(p,y) "*N). The resulting '*N can then be con-
verted into 2>Ne during helium burning, increasing the neutron supply through
22Ne(a,n)»Mg and thereby enhancing the efficiency of the weak s-process.
Additionally, rotation increases mass-loss from the massive stars, and there-
fore the stellar yields.

The r-process

The r-process, on the other hand, explains the origin of elements heavier than
iron that are neutron-rich. In contrast to the s-process, it requires a much
higher flux of neutrons (neutron densities between 10%* and 10%® neutrons/cm?,
Kratz et al. 2007), such that the target nucleus is bombarded with neutrons at
a high speed until the formed isotope is far from the stability valley and thus
prone to beta-decay. The decay creates a new nucleus, which, in turn, can
capture more neutrons, leading to the formation of isotopes to the right of the
stability valley, including radioactive elements such as uranium and thorium
(see Figure 2.2). The production of r-process elements is very rapid, taking
place in timescales of around a second.

As Figure 2.1 indicates, the abundance distribution of elements formed by
the r-process also exhibits three peaks, like for the s-process, but with a shift of
the peaks towards smaller mass numbers, creating this double-peak structure.
The first r-process abundance peak occurs at Z = 34-36 (Se, Br, Kr), the second
at Z = 52-54 (Te, 1, Xe), and the third at Z = 76-78 (Os, Ir, Pt). These peaks
are also produced by the closed neutron shells of nuclei (at the magic neutron
numbers), but related to smaller proton numbers and therefore different mass
numbers than for the s-process.

The r-process has also been proposed to operate through two distinct chan-
nels, largely determined by the neutron density in the production site. Under
extremely neutron-rich conditions, nucleosynthesis proceeds via a “main” r-
process component, whereas at more moderate neutron densities (of order 102
cm™3, Kratz et al. 2007) a so-called weak r-process is expected to occur. This
weaker component primarily produces the lighter r-process nuclei, roughly in
the range 34 < Z < 56.

Indeed, observationally, many r-process-enhanced stars exhibit remarkably
similar relative abundance patterns among the heavier r-process elements, and
these patterns closely match the solar-system r-process residuals. This con-
sistency points to a robust production mechanism operating over much of
the Galaxy’s history, referred to as the “universality” of the r-process (e.g.
Frebel, 2018; Cowan et al., 2021). For the lighter r-process elements, however,
this universality appears to break down: their abundances show larger star-to-
star variations and do not track the heavier r-process elements as tightly (e.g.
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Honda et al., 2006; Francois et al., 2007; Sneden et al., 2008; Roederer et al.,
2010). Taken together, these trends suggest that reproducing the full r-process
abundance pattern requires at least two distinct nucleosynthetic contributions
(e.g. Wanajo & Ishimaru, 2006; Ott & Kratz, 2008; Kratz et al., 2007; Montes
et al., 2007; Farougqi et al., 2009; Hansen et al., 2012).

The extreme neutron density conditions required for the r-process being un-
likely to be satisfied during the quiet phases of stellar evolution, the r-process
occurs under explosive conditions. Thus, the most likely astrophysical site
for the r-process was thought to be the ejecta from core-collapse supernova
(CC SN), particularly neutrino-driven winds. This wind contains a large num-
ber of neutrons per target nucleus, facilitating the efficient formation of r-
process elements. However, recent supernova simulations suggested that this
site does not satisfy the necessary conditions for sufficiently effective r-process
element production, and would only lead to a weak r-process (see Farouqi et al.
2022 and references therein).

Therefore, alternative sites for the r-process were considered, such as com-
pact binary mergers. Neutron star mergers (NSMs) were first proposed as
a main r-process site by Symbalisty & Schramm (1982), and the confirma-
tion of their existence came in 2017 with the gravitational-wave detection of
GW170817 and its associated kilonova AT2017gfo (Abbott et al., 2017). The
kilonova emission evolved from blue at early times to red within days, peaking
in the near-infrared, consistent with predictions for r-process-rich ejecta (e.g.
Kasen et al., 2017; Drout et al., 2017; Tanaka et al., 2017). In addition, the in-
ferred r-process yield from GW170817 further suggests that NSMs are major
contributors (Kasen et al., 2017). Taken together, NSMs remain the only site
with direct observational evidence for r-process production, although whether
NSMs alone can reproduce the observed Galactic r-process abundance trends
remains debated. Magneto-rotational supernovae (MR SNe), a rare subclass
of CC SNe, are another strong candidate (e.g. Coté et al., 2019; Siegel, 2022),
but the r-process production sites remain an open question.

In order to understand the formation and distribution of heavy elements, we
should examine their abundances in stars of all metallicities within our galaxy.
These observed abundances can then give us clues about their nucleosynthetic
origin when compared with chemical evolution models.

2.2 Galactic evolution of neutron-capture elements

We can measure elemental abundances in individual objects, but we can also
take a more integrated view: how successive enrichment events alter the com-
position of the interstellar medium (ISM), from which new generations of
stars form. This global perspective is described by galactic chemical evolu-
tion (GCE). In general terms, GCE studies how the abundances of chemical
elements in a galaxy’s ISM change with time and space within the galaxy.
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Stars become progressively enriched in heavier elements over successive
generations of star formation and stellar explosions. As a result, the chemical
compositions of stars from different Galactic generations contain valuable in-
formation about the Galaxy’s cumulative nucleosynthetic history. In this con-
text, stellar metallicity is often used as a rough proxy for the passage of time,
and observed abundance ratios are commonly examined as functions of metal-
licity. Because stars of different masses return their nucleosynthetic products
to the ISM on different timescales, enrichment channels also imprint their sig-
natures at different epochs. This interpretation is known as the time-delay
model (Cescutti, 2007).

The most massive stars have the shortest lifetimes and therefore contribute
their yields first, through explosive events such as CC SNe. CC SNe are the
main producers of the ¢t-elements (O, Ne, Mg, Si, S, Ar, Ca, Ti, Ni) and they
also contribute to the iron-peak. In contrast, the influence of Type Ia super-
novae appears later in chemical-evolution trends: as they become an important
source of Fe, the [a/Fe] ratios decrease, producing the characteristic “down-
turn” at higher [Fe/H], with a “knee” at [Fe/H] ~ —1 in the Milky Way. This
contribution is considered delayed for two reasons: (a) Type la progenitors
originate from low- and intermediate-mass stars that evolve more slowly into
white dwarfs, and (b) an additional delay is introduced by binary evolution
before mass transfer, accretion, or merger triggers the explosion (Arcones &
Thielemann, 2023).

Galactic chemical evolution models

GCE models depend on many parameters, often referred to as ingredients. In
a simplified picture, the evolution of the mass M of a given element i in the
ISM can be expressed as a balance between sources and sinks (e.g. Spitoni
et al., 2019):

dM;(r,t . . . .
71( ) = Mi,in(r7t) +Mi-,ret(r7t) - Ml\,*(rJ) - Ml'>011t(r7t) : 2.
dr —_—— —— N—— ~—————

gas accretion  stellar returns  star formation  outflows / winds

In practice, implementing this seemingly “simple” equation requires many
modelling choices, often grouped under the model’s nucleosynthetic prescrip-
tion. Key ingredients include the star formation rate (which sets how effi-
ciently gas is converted into stars), the initial mass function (the distribution
of stellar masses at birth), and stellar yields, i.e. the total mass of each ele-
ment returned to the ISM over a star’s lifetime and at its death. Significant
uncertainties in stellar yields remain, driven by uncertainties in nuclear reac-
tion rates and by modelling assumptions such as the treatment of convection,
and more. Additional parameters such as describing gas infall and galactic
winds are also important (e.g. Cescutti, 2007).
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Different models with different assumptions, advantages and limitations,
are used, such as the homogeneous/one-zone models, where we assume that
the ISM is instantaneously and perfectly mixed, or the stochastic (inhomo-
geneous) models that relax this perfect-mixing assumption and instead treat
enrichment as discrete events that pollute finite gas reservoirs with finite mix-
ing timescales, offering a more realistic view. There are also chemodynami-
cal simulations, that can incorporate N-body and hydrodynamical simulations,
where galaxies form “in real time”, starting from initial conditions at early-
universe (cosmological simulations), taking into account the hierarchical as-
sembly history of the Galaxy, allowing to interpret the chemical signatures
of accreted satellites. Star formation/enrichment of the galaxy is generated
self-consistently, without the “GCE inputs” being free parameters (Matteucci,
2021).

Chemical evolution of the s- and r-process elements

In Section 2.1, we discussed the different formation channels and sites for the
s- and r-process. We can now focus on how the different s- and r-process
production sites shape the GCE of the neutron-capture elements. For the s-
process, a key point is the time delay associated with its dominant production
channel: low- and intermediate-mass stars spend a longer time on the main
sequence (as compared to more massive stars) and only release their s-process
yields once they reach the AGB phase. This means that the main s-process
contribution enters the ISM relatively late compared to the prompt enrichment
from massive stars. Therefore, a “fast” s-process contribution arises from ro-
tating massive stars, whereas the delayed contribution is primarily associated
with AGB stars (Molero et al., 2023).

For the r-process, the relevant delay-time distribution is set by a combi-
nation of the evolutionary lifetime of the progenitor system and the time re-
quired for the compact binary to merge through gravitational-wave radiation.
If NSMs occur predominantly on long timescales, they struggle to explain the
presence of solar r-process enrichment already at very low metallicity. So,
either NSMs happen at short timescales, or they cannot be the major pro-
duction sites of main r-process elements like europium (e.g. Matteucci et al.,
2014; Cescutti et al., 2015; Simonetti et al., 2019; Kobayashi et al., 2020;
Molero et al., 2021; Van der Swaelmen et al., 2023), which is considered a
tracer for the main r-process as an almost pure r-process element (95%, Prant-
zos et al. 2020). In addition, uncertainties in the NSM event rate persist, and
some estimates suggest that the rate may be too low to fully account for the
observed Galactic inventory of r-process material (Coté et al., 2019; Siegel,
2022). Overall, this motivates the need for more than one r-process channel
contribution with different delay-times: a source active at early times, such as
MR SNe and CC SNe, and NSMs that may contribute over longer timescales
(Molero et al., 2023).
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The relative impact of the s-process and r-process can also be discussed
as a function of metallicity. Since the dominant main s-process contribution
originates in low- and intermediate-mass AGB stars with long evolutionary
lifetimes, it becomes important later in the Galactic chemical enrichment.
Therefore, if a mainly s-process-dominated element is observed at metallic-
ities where AGB enrichment is not yet expected to be significant, this implies
the presence of at least one additional production channel operating at early
times. Depending on the element, such a channel could include an r-process
contribution or a weak s-process contribution from massive stars.

Interpreting abundance patterns is further complicated by the fact that our
Galaxy has not evolved as a closed system. Merger and accretion events
throughout the history of the Galaxy can introduce stellar populations with
distinct star formation histories, nucleosynthetic contributions, and chemical-
evolution timescales. For example, a series of studies by Nissen & Schuster
(2010, 2011) and Nissen et al. (2024) report that Galactic halo stars sepa-
rate into two distinct populations: a high-[a/Fe] population likely formed in
situ, and a low-[ a/Fe] population associated with accreted material. They find
that the abundance trends of several iron-peak elements such as Sc, V, Co,
and Cu differ between these populations, highlighting the need to interpret
neutron-capture element trends within a broader framework that accounts for
the Galaxy’s hierarchical formation.

Overall, understanding the chemical evolution of elements is an iterative
process: nucleosynthesis prescriptions provide yields that feed into GCE mod-
els, and comparisons between model predictions and observed stellar abun-
dances then help refine the nucleosynthesis prescriptions. In the following
paragraphs, I focus on the observed abundance trends of two neutron-capture
elements: copper and silver, which are discussed in Paper II and Paper III in
this thesis, respectively.

Observed stellar abundance trends: examples of copper and silver
We have discussed how stellar abundances can act as tracers of when, and
through which channels, different nucleosynthetic contributions enter the chem-
ical evolution of the Galaxy. Of course, this approach relies on measuring the
elements of interest in a large and diverse sample of stars, spanning dwarfs
and giants, and covering a wide range of metallicities, as well as using high-
quality spectroscopic data and reliable abundance analyses. In practice, this is
not always straightforward.

A useful approach is to search for correlations between different elements.
If two elements share the same dominant nucleosynthetic origin and enter
the ISM on similar timescales, their abundance ratio tends to remain approx-
imately constant, producing a flat (horizontal) trend when one ratio is plotted
against another variable such as metallicity. By contrast, a trend with a nega-
tive slope (an anti-correlation) suggests that the two elements predominantly
originate from different processes or sites. A positive slope typically indicates
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that the production of one element increases relative to the other, for exam-
ple because an additional, delayed source begins to contribute, or because the
yield is metallicity dependent.

One of the most commonly used diagnostics is the abundance of an ele-
ment relative to iron, i.e. the [X/Fe] vs. [Fe/H] relation, where X denotes a
neutron-capture element in the present discussion. It is an important diagnos-
tic because it shows the history of enrichment as an easily interpretable plane:
as mentioned above, [Fe/H] serves as an empirical proxy for time and cumula-
tive metal production, shaped by the balance between core-collapse and Type
Ia supernovae, while [X/Fe] traces how efficiently element X is produced rela-
tive to iron and on what timescale it is released. For neutron-capture elements,
whose production may involve multiple processes operating in distinct astro-
physical sites with different delay times, the shape of the [X/Fe] vs. [Fe/H]
trend can therefore constrain event rates, yield prescriptions, and the inho-
mogeneities due to accretion events in the early galaxy. Moreover, abundance
ratios are often comparatively robust to systematic uncertainties (e.g. in stellar
parameters or atmospheric models), and iron can be measured across a wide
range of metallicities and stellar types, enabling practical comparisons across
many stars.

Copper (Z=29) lies at the high-mass end of the iron-peak region, close to
the transition toward the neutron-capture elements, and its dominant produc-
tion channels remain debated. In the upper panel of Figure 2.4, the [Cu/Fe]
vs. [Fe/H] trend shows the commonly discussed “S-shape” or “stair-like”
behaviour (e.g. Mishenina et al., 2002; Bihain et al., 2004; Bisterzo et al.,
2005). At the lowest metallicities, [Cu/Fe] appears to exhibit an approximately
constant plateau, which has been interpreted as evidence for a metallicity-
independent (“primary”’) production channel, often associated with CC SNe.
At higher metallicities, [Cu/Fe] increases quasi-linearly with [Fe/H], which
is commonly attributed to a metallicity-dependent (“‘secondary’) contribution,
frequently linked to the weak s-process in massive stars. Other contributions,
such as Type Ia supernovae and the main s-process in AGB stars, have also
been explored. For example, Nissen et al. (2024) found no significant contri-
bution from Type Ia supernovae, and Bisterzo et al. (2005) estimated a negligi-
ble (~ 5%) contribution from the main s-process. This observed S-shape has
been reproduced by the GCE model from Kobayashi et al. (2020), although
the relative importance of the proposed channels remains an active topic of
discussion.

Silver, on the other hand, has historically been less well studied due to ob-
servational limitations: only two Ag I lines are typically accessible, and both
lie in the near-UV, which has meant that silver abundances were often derived
for individual stars rather than for large, homogeneous samples. Nevertheless,
silver is particularly interesting because it is generally classified as a primarily
r-process element (nearly 80% of the solar-system silver, Goriely 1999; Sne-
den et al. 2008; Prantzos et al. 2020) and has been discussed as a potential
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Figure 2.4. The [Cu/Fe] vs. [Fe/H] trend for a sample of stars from the literature
(Yan et al., 2016; Delgado Mena et al., 2017; Korotin et al., 2018; Sneden et al., 2023;
Caffau et al., 2023). The upper panel shows the Cu abundances in 1D LTE from
the literature, while the lower panel shows the 1D non-LTE Cu abundances. A GCE
model from Kobayashi et al. (2020) is overplotted.

23



tracer of the weak r-process. Hansen & Primas (2011), Hansen et al. (2012),
Wu et al. (2015) and Huang et al. (2025) expanded the number of stars with
measured silver abundances and examined [Ag/Fe] as a function of [Fe/H].
They claim an approximately flat trend with metallicity, which suggests that
silver enrichment closely tracks iron, and is therefore consistent with a com-
mon origin such as CC SNe (or another early-time channel).

It is also common to compare elements that are close to one another in
the periodic table, under the expectation that neighbouring species may share
production pathways and therefore display similar abundance behaviour. For
example, silver and palladium are neighbours (Z=47 and Z=46, respectively).
The studies cited above investigated palladium alongside silver and state a
similarly flat trend for [Pd/Fe] with metallicity. In addition, the [Ag/Pd] vs.
[Pd/H] relation exhibits a flat trend (with [Ag/Pd]~ 0), and [Ag/H] versus
[Pd/H] follows a one-to-one relation. This indicates that palladium increases
at nearly the same rate as silver across the sampled metallicity range, strongly
supporting a common dominant origin for the two elements.

However, neighbouring elements do not necessarily behave similarly. Cop-
per and zinc (Z=30), for instance, are adjacent and are often discussed together
(e.g. Mishenina et al., 2002; Bihain et al., 2004; Bisterzo et al., 2005; Roederer
& Barklem, 2018; Caffau et al., 2023), yet they show quite different metallicity
trends. While [Zn/Fe] often remains approximately flat over a wide metallicity
range, copper increases with metallicity. This difference reflects the fact that
zinc production is more complex and may involve multiple sites and channels
(e.g. Hirai et al., 2018). Several zinc isotopes are stable (°*Zn, %Zn, 67Zn,
687n, 79Zn), and different nucleosynthetic pathways have been proposed to
contribute to their synthesis.

Finally, another informative diagnostic is to examine ratios of the form
[X/Y] vs. [Y/H], where X is the neutron-capture element of interest and Y is
an element with a comparatively well-established nucleosynthetic origin. Suit-
able choices for Y include barium, which is often assumed to be dominated
by the main s-process contribution from AGB stars (by ~ 89%; Prantzos et al.
2020), or europium, which is commonly used as a tracer of the main r-process.
For example, Hansen et al. (2012) found a strong anti-correlation between Ag
and Eu, implying that Ag cannot be produced primarily by the main r-process
and supporting the need for an additional (weak) r-process contribution.

Before closing this chapter, it is important to highlight a point that under-
pins any discussion of GCE: the reliability of the observational abundances
themselves. The afore-mentioned abundance trends for copper and silver in
the literature have been derived using the simplifying assumptions of one-
dimensional (1D) model atmospheres and local thermodynamic equilibrium
(LTE). These approximations are useful to derive stellar abundances, but they
can also introduce systematic biases that propagate directly into chemical evo-
lution interpretations.
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A detailed description of how stellar abundances are derived, and what is
meant by “1D”, “3D”, and “LTE/non-LTE”, is deferred to the next chapter
(Chapter 3), where I introduce the necessary spectroscopy background and
notation. Here, I want to point out how relaxing these assumptions can lead to
non-negligible changes in the abundances, and therefore to revised abundance
trends that may alter the inferred nucleosynthetic history. This provides a key
motivation for the more detailed discussion that follows in Chapter 3. This
effect is illustrated in Figures 2.4 and 2.6, where I show abundance trends ob-
tained under the standard 1D LTE framework, and trends derived when LTE is
relaxed (and, where available, when more realistic 3D atmospheric modelling
is adopted). In the figures, I refer to these cases as “1D non-LTE” and “3D
non-LTE”.

For copper, the lower panel of Figure 2.4 shows that adopting 1D non-LTE
abundances changes the previously accepted “S-shape” behaviour substan-
tially. In particular, relaxing the LTE assumption reveals an upturn in [Cu/Fe]
toward low metallicities ([Fe/H]< —1.7) that is absent in LTE, producing a “U-
shape”. While the GCE model from Kobayashi et al. (2020) reproduces the
1D LTE trend reasonably well, it does not agree with the 1D non-LTE abun-
dances. In contrast, the cosmological GCE model NEFERTITI (Koutsouridou
etal., 2023), computed in Paper II and shown in Figure 2.5, naturally produces
the low-metallicity upturn, when accounting for stars formed in environments
influenced by the accretion of metal-rich intergalactic gas, which contributes
with a high [Cu/Fe] ratio (see the dotted line). This demonstrates how more
accurate stellar abundances can reshape the interpretation of observed abun-
dance patterns.

Figure 2.5. GCE models simulated using the NEFERTITI code (see Paper II).
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Figure 2.6. The [Ag/Fe] vs. [Fe/H] trend for a sample of stars from Hansen et al.
(2012), showing the silver 1D LTE abundances they derived, and our 3D non-LTE
silver abundances for the dwarfs. All abundances have been scaled to the 3D non-LTE
solar silver abundance of 1.23 dex, derived in Paper III. A linear fit is overplotted for
each subset of abundances, with the extended dotted line representing the extrapolated
fit to solar metallicity.

For silver, Figure 2.6 illustrates how the inferred [Ag/Fe] vs. [Fe/H] trend
changes when the 1D LTE assumption is relaxed for silver in dwarf stars.
In earlier work, [Ag/Fe] has often been described as approximately flat with
metallicity (Hansen et al., 2012; Wu et al., 2015; Huang et al., 2025). However,
the figure shows that the interpretation is complicated by large differences be-
tween dwarfs and giants as well as by a large scatter. In particular, the 1D
LTE abundances of giants (red squares) display a large scatter and a steeper
decline with increasing [Fe/H] than the dwarfs (blue diamonds), making it
difficult to argue for a plateau across the combined sample. The 3D non-LTE
abundances for the dwarfs (grey circles) shift the dwarf sequence upward and
change its slope relative to the 1D LTE case, bringing the extrapolated dwarf
trend back to the expected solar value at solar metallicity [Fe/H]=0 (as indi-
cated by the dotted extension of the linear fit). This suggests that part of the
apparent “flat” behaviour in earlier 1D LTE analyses may reflect modelling
systematics rather than a robust nucleosynthetic signature. However, we need
to extend the 3D non-LTE analysis to the giant stars, particularly at the lowest
metallicities where the giants dominate the sample, in order to hope to estab-
lish a clearer [Ag/Fe] trend and to draw firmer conclusions about the relative
importance of early r-process channels.
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3. Non-LTE stellar spectroscopy

To derive stellar abundances, we compare an observed stellar spectrum to a
numerically computed model spectrum, referred to as a synthetic spectrum,
and adjust the assumed parameters, such as the abundances, until the synthetic
spectrum reproduces the observed one. In this chapter, I focus on how syn-
thetic spectra are computed and will not discuss observational aspects.

Synthetic spectrum calculations for abundance analyses commonly rely on
approximations such as:

* A one-dimensional (1D), hydrostatic stellar atmosphere, typically as-
sumed to be in radiative equilibrium in the outer atmospheric layers.

* The material in the star’s atmosphere is in local thermodynamic equilib-
rium (LTE).

In the sections that follow, I explain what these assumptions mean and how
we relax them by modelling stellar atmospheres in three dimensions (3D) and
solving the radiative transfer problem in non-LTE, which provides a more re-
alistic description of line formation, and how this can affect inferred elemental
abundances.

3.1 Radiative transfer in LTE vs. non-LTE

Key concepts for radiative transfer

There are thorough descriptions of stellar radiative transfer in several text-
books (e.g. Rutten, 2003; Hubeny & Mihalas, 2014; Gray, 2022). In this
section, I therefore do not attempt a full derivation of the theory. Instead, I
introduce the key concepts and definitions needed for the discussion of LTE
and non-LTE line formation that follows.

The starting point for modelling stellar spectra is the radiative transfer
equation (Eq. 3.3), which describes how the specific intensity I, changes as
radiation propagates through a medium. The specific intensity I, quantifies
the energy transported by the radiation field per unit area A, per unit time ¢,
per unit frequency Vv, and per unit solid angle @, in a given direction (often
specified by an angle 0 relative to the surface normal):

B dE,
~ drdA cosOdwdv

It is often convenient to express radiative transfer in terms of the optical
depth Ty, a dimensionless measure of how strongly radiation at frequency v

3.1)

Iy
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is attenuated by absorption (and scattering) as it passes through the material.
For an infinitesimal path element ds in a medium of mass density p, the incre-
mental optical path can be written as:

dty, = Kyp ds, 3.2)

where K, is the mass absorption coefficient, quantifying the probability of
absorbing a photon, referred to as the opacity. The optical depth can be inter-
preted as a “depth scale” for stellar atmospheres because it connects directly to
photon escape: at a given frequency (or wavelength), it indicates from which
layers photons can reach us, the observer. A useful rule of thumb is that
Ty =~ 1 marks the transition between optically thick and optically thin con-
ditions. When 7, >> 1, we cannot see too deep into the atmosphere, while for
Ty << 1 we can see through it. This will be important later when discussing
“where spectral lines form in the atmosphere”, and the non-LTE effects in
Section 3.3.

The radiative transfer equation can be written by summing the radiation
“gains” and “losses’:

dr,
iz, =Sv(ty) —Ly(1y) (3.3)

Here, Sy is the source function and is defined as:

Sy = jv/0, (3.4)

where j, is the emission coefficient (or emissivity), i.e. the energy emitted
per unit volume, time, frequency, and solid angle, and ¢, the linear extinction
coefficient. The source function thus characterises the ratio of local emission
to extinction, defining the net emitted intensity at a certain point in the atmo-
sphere.

Perhaps a more intuitive interpretation follows from the formal (integral)
solution of Eq. 3.3:

Ty
L(ty) =1,(0)e™™ + /O Sy(ty)e ™y, (3.5)

The first term describes the attenuation of incident radiation 7, (0) as it prop-
agates through the atmosphere, with an exponential factor that accounts for
extinction by absorption (and scattering, when included). The second term
represents the cumulative contribution from locally emitted radiation along
the path, weighted by the probability that photons emitted at depth ¢, can es-
cape to 7, without further extinction.

Based on Eq. 3.5, one can easily interpret the concept of spectral line forma-
tion. In the special case of a constant source function, if 7, (0) < Sy, the feature
appears in emission, and if 7,,(0) > Sy, the feature appears in absorption. In
stellar atmospheres, however, the source function varies with depth. Under
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LTE conditions, Sy is closely tied to the local temperature, which typically de-
creases outward. As a consequence, the line core comes from cooler (higher)
layers than the continuum, where the source function is smaller, leading to the
formation of absorption lines.

Spectral lines form when atoms (and ions) in the atmosphere interact with
radiation and with other particles, causing transitions between the discrete en-
ergy levels of the atom, called bound-bound transitions. There are also bound-
free transitions, where the electron is ionised or recombined, and free-free
transitions, where the electron is free before and after the interaction, con-
tributing to the continuum. For the bound-bound transitions, we can describe
the probabilities for excitation/de-excitation in terms of the Einstein coeffi-
cients. Let us consider an atom with two levels: upper («) and lower (/). The
spontaneous emission coefficient A,; gives the probability per unit time for
an excited atom to decay (¢ — /) by emitting a photon, so the rate per unit
volume is n,A,;, where n, is the population of the upper level. Then there
is the stimulated emission coefficient B,; that gives the induced decay u — [
in the presence of a radiation field, which can be defined as the line-profile
averaged mean intensity Jy, so that the rate is n,B,;Jy. Finally, the absorption
coefficient By, gives the probability per unit time and per unit radiation field
for excitation / — u, with rate n;B;,Jy .

LTE vs. non-LTE

As a first step, let us consider a two-level atom for now, with u and [ denoting
the upper and lower levels, respectively. By incorporating the Einstein co-
efficients for spontaneous emission, absorption, and stimulated emission, the
source function in Eq. 3.4 can be written as (Gray, 2005):

g — nuAMIW(V)
v n; By, ¢(V)_nuBul¢(v)7

where y(Vv) and ¢(Vv) are the frequency dependence for the spontaneous
emission, and the stimulated emission and absorption, respectively. In the
case of complete frequency redistribution, the emitted and absorbed profiles
are identical, so that y(v) = ¢(v). By rearranging the Einstein coefficients
to write everything in terms of stimulated absorption and emission, the source
function can be written as:

(3.6)

G 2hv3 1 v(v)
o (u/n)(gu/er) —1 8(v)’
where g is the statistical weight, % is the Planck constant, and c is the speed
of light. Eq. 3.7 indicates the dependence of the source function on the popu-
lation of the two levels.

At the bottom of the stellar photosphere, the high optical thickness traps
most photons, leading to repeated absorption and emission events. This creates

3.7)
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a balance between excitation and de-excitation. Under these conditions, the
material is effectively in thermodynamic equilibrium, and radiation behaves
as described by black-body laws. This localized equilibrium, characterized
by the temperature at each depth, gives rise to the concept of LTE. In LTE,
collisions dominate the excitation and de-excitation processes, ensuring that
the level populations n (and N) follow Boltzmann and Saha distributions, with
the source function given by the Planck function, B, (Gray, 2005):

ny 8u E,—E

— = Z—exp(— (3.8)

noog p( kgT )

NI+1 2 ZI+1 Eion
— - 3.9
N, s 7 P (3.9)
2hv3 1

Sy =By, = (3.10)

c? exp(hv/kgT)—1

Here, kg is the Boltzmann constant and 7 is the temperature. In Eq. 3.9,
I labels the ionisation stage, Z is the partition function, Ejy, is the ionisation
potential, n, is the electron number density, and A is the thermal de Broglie
wavelength.

However, as the temperature gradually decreases outward through the pho-
tosphere, deviations from the black-body case become more pronounced. In
the outer layers of the photosphere, the density decreases such that radiative
transition rates become comparable to or larger than collisional rates, such as
for the core of strong lines that form higher up. Beyond the thermalization
depth, the radiation field decouples from the local gas temperature, and the
level populations deviate from the Boltzmann-Saha distributions. In this case,
we need to calculate the populations for all relevant levels N (with N > 2),
by taking the radiative excitation into account. The populations are governed
by the kinetic equilibrium equations, and by assuming a steady state, we can
write the statistical equilibrium equation:

dn;
de :;”J’Pﬁ—;”il’uzoa G.11)

where the n; and n; are the level populations, and Pj; (or F;;) represents the
total transition rate. This transition rate is the sum of radiative and collisional
transition rates:

Pij:Rij—i-Cij (3.12)

I will come back to the collisional and radiative transitions in detail in Chap-
ter 4.

Under these conditions, matter-radiation interactions become important: ra-
diative processes couple different regions of the atmosphere with different
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temperatures, so that conditions at one depth can influence another. The prob-
lem therefore becomes inherently non-local. The source function and the level
populations become coupled (see Eq. 3.7), since the population of the levels
is needed to calculate the source function, but the level populations them-
selves depend on the source function, i.e. on the non-local intensity. This
coupling complicates the non-LTE radiative transfer, which now necessitates
an iterative approach to compute the level populations and the intensity. In
practice, the radiative transfer equation (Eq. 3.3) is solved iteratively together
with Eq. 3.11 until convergence is reached, typically defined by requiring that
the change in the level populations between successive iterations falls below a
specified tolerance.

In Paper II and Paper III, spectral lines were synthesized using the 3D non-
LTE radiative transfer code Balder (Amarsi et al., 2018). In these calcula-
tions, only the element (and/or ion) under consideration, given by a dedicated
model atom (defined in Chapter 4), is treated in non-LTE. All other species
are considered as “background species”. The opacity from the background
species can of course influence the statistical equilibrium of the element of in-
terest, especially when the background lines overlap with the lines of that el-
ement. However, computing opacities from billions of atomic/molecular lines
can be very expensive. As such, the companion code Blue (Amarsi et al.,
2016; Zhou et al., 2023) pre-computes the background line opacities in LTE.
These are then interpolated onto the model atmosphere by Balder on the fly.

The departures from LTE of the level populations are referred to as ‘“non-
LTE (NLTE) effects”. We will discuss them further in Section 3.3. But before,
it can be useful to define the departure coefficients b, which give the ratio of
the number densities in non-LTE versus in LTE for a given level. This can
be interpreted as a factor that quantifies the departure of the level populations
from their LTE value:

bi =y F /i T (3.13)

3.2 Model atmosphere

A model atmosphere describes the physical structure of the stellar layers from
which light escapes, such as the temperature, density, and pressure stratifica-
tion. In practice, model atmospheres typically cover the photosphere and the
layers where most lines form, while neglecting the chromosphere and corona,
often not required for photospheric abundance analyses. Because abundance
determinations rely on matching synthetic spectra to observed spectra, assign-
ing a model atmosphere to a star effectively means adopting values for the
stellar parameters, i.e. the effective temperature T¢¢, surface gravity log g, and
metallicity [Fe/H], that yield the best agreement with the observed spectrum.
In practice, widely used atmosphere grids are pre-computed using simplified
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is a 1D version of the STAGGER model, calculated using the Atmo code (see Appendix
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N

radiative transfer and equilibrium assumptions, enabling efficient interpolation
across parameter space.

Late-type stars, like the Sun, exhibit surface granulation: convection op-
erating just below the visible surface drives hot gas upward in broad granu-
lar upflows, while cooler material returns downward in narrow intergranular
lanes. The result is a three-dimensional, time-dependent, hydrodynamical at-
mosphere with strong correlations between temperature, density, and velocity.
Granulation affects spectral lines both kinematically, through Doppler shifts,
asymmetries, and broadening, and thermodynamically, because temperature
inhomogeneities and fluctuations affect the depths and conditions under which
lines form.

Despite this intrinsically 3D nature, the most commonly used atmospheres
in stellar spectroscopy are still 1D models. These models are built on a set of
simplifying assumptions, including (Gray, 2022):

* Plane-parallel geometry, so that physical quantities depend only on depth
(see, for example, the temperature stratification in Figure 3.1).

» Hydrostatic equilibrium, in which the vertical pressure gradient balances
gravity, so that the atmosphere is treated as static on average.
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* A parametrised treatment of convection, rather than explicit convective
flows. Convection is commonly represented using mixing-length theory
(Bohm-Vitense, 1958), while missing velocity fields are approximated
through free parameters such as microturbulence and macroturbulence.

Because of these assumptions, 1D models cannot reproduce several obser-
vational diagnostics of granulation, such as line asymmetries, convective line
shifts, and the detailed centre-to-limb variation of spectral lines. Neverthe-
less, they remain widely used because of their low computational cost and the
availability of extensive model grids. Common 1D model atmosphere grids
include MARCS (Gustafsson et al., 1975, 2008), ATLAS (Kurucz, 1979; Castelli
& Kurucz, 2003), and PHOENIX (Hauschildt et al., 1997).

By contrast, 3D model atmospheres provide a more realistic description
of stellar surfaces by explicitly modelling convection and its interaction with
radiation. Over the past ~30-40 years, 3D atmospheres have become increas-
ingly accessible (Nordlund, 1982; Nordlund & Stein, 1990; Stein & Nordlund,
1998). 3D model atmospheres refer to 3D radiation hydrodynamic (RHD)
simulations, in which the time-dependent equations of mass, momentum, and
energy conservation are solved on a numerical grid, coupled to a non-grey
treatment of radiative transfer. The 3D models used in Paper III are from the
STAGGER code (Collet et al., 2018; Stein et al., 2024), although other widely
used 3D codes include CO°BOLD (Freytag et al., 2012) and MURaM (Vogler et al.,
2005). STAGGER simulations are computed in a small Cartesian domain, of-
ten described as “box-in-a-star” simulations, that spans the upper convection
zone, the superadiabatic region, the photosphere, and the upper atmospheric
layers. A grid of such models covering a range of Ti¢, logg, and metallicity
has also been produced (Magic et al., 2013; Rodriguez Diaz et al., 2024). For
a comprehensive description of how the 3D model atmospheres are computed
starting from the Navier-Stokes equations, I refer the reader to Magic et al.
(2013).

In some applications it is useful to work with mean 3D atmospheres, here-
after (3D) models, like the ones in Paper III. These are constructed by averag-
ing full 3D simulations over surfaces of equal Rosseland mean optical depth
and over time, by calculating the mean of the logarithmic gas density and the
gas temperature to the fourth power (see description in Amarsi et al. 2018).
The resulting (3D) atmospheres capture the mean thermal stratification of 3D
simulations at much lower computational cost than full 3D line formation.
However, they do not retain the 3D inhomogeneities and velocity fields, and
therefore share the same limitations as the 1D models.

When solving the non-LTE radiative transfer problem for abundance deter-
minations, additional approximations are usually adopted because the radia-
tive transfer is, in principle, coupled to the atmosphere models. The first is the
trace-element approximation: changes in the abundance of the element under
study are assumed to have a negligible effect on the atmospheric temperature
and pressure structure, so that the background model atmosphere can be kept
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fixed while varying the abundance in the spectral synthesis. The second is
the restricted non-LTE approximation (Hummer & Rybicki, 1971), which as-
sumes that non-LTE changes in the level populations of the element of interest
do not significantly modify the structure of the atmosphere. Under this as-
sumption, the input model atmosphere can be kept fixed during the non-LTE
iterations, and we can compute non-LTE line formation using an atmosphere
that was itself constructed under LTE.

Finally, a practical compromise between accuracy and computational cost
in 3D non-LTE spectrum synthesis concerns the number of snapshots used.
Because the granulation and the Ti¢ of the simulations, calculated via integra-
tion of the emergent flux, fluctuate with time, to obtain representative synthetic
spectra, we need to compute line formation for several snapshots sampling the
simulation in time (Lind & Amarsi, 2024). The required number of snapshots
depends on the chosen diagnostic. To obtain accurate line strengths and con-
duct analyses based on equivalent widths, only a small number of snapshots is
needed: of the order of two to five snapshots can yield a precision of ~ 0.01
dex (Nordlander et al., 2017; Rodriguez Diaz et al., 2024). Profile-based anal-
yses are generally more demanding, although recent work indicates that 10
snapshots is sufficient to recover spectral line shapes (Rodriguez Diaz et al.,
2024).

3.3 3D and non-LTE effects

As we briefly introduced in Section 3.1, the problem of non-LTE line forma-
tion in a multi-level atom is highly coupled and non-linear, where the solution
depends on a large number of atomic parameters. Therefore, it is almost im-
possible to generalise the nature of the non-LTE effects for different atomic
systems. However, one can see the non-LTE effects as a superposition of
several competing elementary processes. In this section, we will attempt to
describe the physical interpretation behind non-LTE effects.

Three-level atom case
This section follows the treatment in Hubeny & Mihalas (2014). The depar-
ture coefficients of energy levels, defined in Eq. 3.13, provide a compact way
to diagnose and interpret non-LTE effects. To help our understanding of the
effect of lines on departure coefficients, it is useful to consider a “toy atom”
with only three energy levels, labelled 1, 2, and 3. The behaviour of this sys-
tem depends on the relative energy gaps between these levels, and we consider
two specific cases.
1. Two upper levels close in energy: Ej ~ E3
In this scenario, collisional transitions between levels 2 and 3 dominate
over other transitions involving level 3. So the statistical equilibrium
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equation for level 3 is:

ans _ n2Cy3 —n3C3 =0, (3.14)

dt
where Cr3 and Czy are the collisional transition rates between levels 2
and 3. This leads to npCy3 = n3C3>. The same relation applies to the
LTE populations due to detailed balance, resulting in b, ~ b3. Assum-
ing that the two close-lying levels have the same departure coefficients is
convenient since it allows the three-level system to be treated effectively
as a two-level atom. This forms the basis for the common practice of
treating the entire multiplet as one level when dealing with multi-level
atoms. In the literature, we also refer to levels that share the same de-
parture coefficients as in “relative LTE”.
. Similar energy differences between the three levels: AE>| ~ AE3)
Here, the energy gaps between levels 1 and 2 (AE5;) and between levels
2 and 3 (AE3p) are comparable. This case can be further divided into two
sub-cases based on the magnitude of these energy differences relative to
the thermal energy (kT). When AE,|,AE3, < kT, i.e. the energy differ-
ences are small compared to the thermal energy, collisional transitions
dominate over radiative transitions. Consequently, the non-LTE effect
on the lines is weak, and the departure coefficients of all three levels
remain close to unity (by,by,b3 ~ 1).
If on the other hand AE;|,AE3; > kT, i.e. the energy differences are
large, the ground level (1) becomes significantly overpopulated relative
to the excited levels (2 and 3) due to Boltzmann statistics: n; >> np,n3.
This means that the lines involving the ground level, i.e. the resonance
lines, have higher opacity than the 2 — 3 line. If we now consider the
optical depth where the lines form, the core of the resonance lines must
form higher up than the 2 — 3 line. At the bottom of the atmosphere, the
populations follow LTE. Moving upwards, we reach the region where the
2 — 3 line forms. Since the medium is now optically thin, photon loss
occurs, and we move away from radiative balance. This causes an un-
derpopulation of the higher level 3 with respect to LTE (so b3 < 1) and
an overpopulation of level 2 (so b > 1). In even higher layers, the reso-
nance lines begin to also affect the populations, causing an even greater
underpopulation of level 3, and a decrease of the level 2 population that
eventually becomes underpopulated as well.

Non-LTE effects

We can look at how the radiative transitions cause the departures from LTE.
For simplicity, we again consider a two-level case (upper u and lower /). We
can write the statistical equilibrium for this case as:

n; (Cru+Riy) = ny(Rys +Cup). (3.15)
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Figure 3.2. Departure coefficients of the upper and lower levels of the Ag I 338 nm
line in the Sun, computed using a 1D solar model atmosphere.

By expressing the radiative rates using the Einstein coefficients, we get:
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ny (Clu +Bluj) =Ny (Bulj+Aul + Cul)- (316)

When the radiation field J is weaker than thermal, i.e. J, < By, there are
fewer photons to absorb, so R,; dominates over R;,. Consequently, in non-
LTE, the lower level is overpopulated (b; > 1), and the upper level is under-
populated (b, < 1), making the / — u absorption line stronger in non-LTE. In
the literature, this effect is commonly referred to as “photon losses” or “over-
de-excitation”. The analogous effect for the continuum processes is referred
to as overrecombination.

When, on the other hand, J, > By, then the radiative rates on the left-hand
side of Eq. 3.16 dominate, and n, increases while n; decreases relative to LTE,
making the absorption line weaker in non-LTE. This effect is referred to as
“photon pumping” or “over-excitation”, and overionisation for the continuum
processes (Asplund, 2005).

In paper III, we discuss the non-LTE effects for neutral silver in the Sun,
by looking at the level populations of the levels involved in two Ag I UV res-
onance lines at 328 and 338 nm. This is a good example of overexcitation. In
Figure 3.2, we can see the departure coefficients of the upper (Sp2P, /2 lower
panel) and lower (5525, /25 upper panel) levels for one of these two lines in the
Sun, as a function of the Rosseland optical depth. As we go higher up in the
atmosphere and reach the region where the resonance line forms, the departure
coefficients depart from LTE (b = 1), and the lower level becomes underpop-
ulated with respect to LTE, while the upper level is slightly overpopulated.

So far, we based the discussion on non-LTE effects on two- or three-level
atoms. In reality, tens to hundreds of energy levels need to be considered, as
well as all the transitions connecting these levels, when studying atoms/ions
in non-LTE, with each of them influencing one and other in intricate ways.

Coupling of the 3D effects and non-LTE effects

The 3D structure and non-LTE effects are often coupled, and treating them
separately can underestimate (or misrepresent) the true line formation be-
haviour. In 3D atmospheres, horizontal temperature inhomogeneities can en-
hance the non-local radiation field, leading to more photon pumping and thus
more severe non-LTE effects compared to 1D (or (3D)) models. This be-
haviour was found for neutral silver in Paper III. The mean thermal stratifica-
tion of 3D models can also affect the non-LTE solution: in metal-poor stars,
3D models generally exhibit steeper temperature gradients than 1D or (3D) at-
mospheres, which tends to weaken line absorption. A weaker line absorption
can enhance the photon pumping effect, as seen for e.g. Fe I lines. Because
of this coupling, it is not uncommon that 1D non-LTE abundances lie closer
to full 3D non-LTE results than do 3D LTE abundances for species with large
departures from LTE.
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Figure 3.3. Line-integrated contribution function to the line depression in the disk-
centre intensity in non-LTE, in a vertical slice of a snapshot of the 3D solar model
atmosphere, for the 328 nm Ag I line. It is normalised to the maximum of the contri-
bution function in the entire slice. Contours of equal optical depths are shown in grey.

Figure 3.3 illustrates how granulation affects non-LTE line formation by
showing the 3D contribution function of the 328 nm Ag I line in a vertical
slice through a snapshot of the solar 3D model atmosphere. The contribu-
tion function to the line depression identifies where in the atmosphere the line
contributes to the depression in the normalized intensity, and is therefore a
useful diagnostic for visualising line formation in the atmosphere. The quan-
tity plotted in Figure 3.3 corresponds to the contribution function integrated
over frequency and solid angle (following the formalism in Amarsi 2015):

C(r) = / / oy (r; ) S (r; 0) ™) dw dv, (3.17)

where oy is the (linear) extinction coefficient, » denotes position in the 3D
box, and ¢ is the effective source function:

1
o
seff — OTV (15-5,), (3.18)

1%

with [ and ¢ referring to the line and continuum components, respectively.

38



From the figure, we can see that the strongest contributions (light regions)
occur in an extended band around the photospheric layers, but with pronounced
horizontal variations that track the underlying convective pattern, even along
the same optical-depth surface. In other words, the line does not form in a
single “layer”, but in a spatially structured region whose importance depends
on the non-local radiation field.

3.4 1D and 3D non-LTE abundance corrections

Once synthetic spectra have been computed, the abundance of the element
of interest can be inferred by comparing the line strength from the synthetic
spectrum to the corresponding measurement from the observed spectrum. In
Paper II and Paper 111, line strengths were quantified using equivalent widths
W, computed from the synthetic line profiles produced with Balder. For a
continuum-normalised absorption line, the equivalent width is defined as the
area of the line profile expressed as the width of a rectangle at the continuum
level:

F), —F;,
Fe
where Fj, is the emergent flux of the line and F;, is the local continuum flux.
In practice, line strengths are often expressed using the reduced equivalent
width, defined as W) /A, which is dimensionless and provides a convenient
scale for comparing lines at different wavelengths.

To determine an abundance, synthetic spectra are computed for a set of trial
abundances A(X), and an equivalent width is measured for each case. This
produces a curve of growth, i.e. the relation between W) and abundance. For
weak lines on the linear part of the curve of growth, W, increases approxi-
mately linearly with abundance, while for stronger lines saturation causes the
relation to become non-linear. In practice, because spectra are computed only
for a finite number of abundance points, the discrete A(X), W), values are fit-
ted with an interpolating function, which is then used as a continuous mapping
between abundance and line strength.

The observed equivalent width is then interpolated onto the synthetic curve
of growth to infer the abundance under a given modelling assumption (e.g.
1D LTE, 1D non-LTE, or 3D non-LTE). This procedure is illustrated in Fig-
ure 3.4, which shows curves of growth for an Ag I line computed in 1D LTE
(black open circles) and 3D non-LTE (blue filled circles). For a fixed observed
equivalent width Wy (horizontal dashed line), the intersections with the two
curves occur at different abundances. The horizontal separation between these
two inferred abundances is the abundance correction. In this example, the 3D
non-LTE curve lies below the 1D LTE curve for the same A(Ag), meaning
that at a fixed abundance, the line is predicted to be weaker in 3D non-LTE.

W, = aa, (3.19)
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Consequently, reproducing the same observed line strength requires a higher
abundance in 3D non-LTE than in 1D LTE, i.e. a positive abundance correc-
tion.

Abundance corrections are defined as differences between abundances in-
ferred under two sets of assumptions, such as A(3N — 1L) in this example, or
analogously A(IN — 1L) for 1D non-LTE relative to 1D LTE, etc. The mag-
nitude of this correction provides a measure of how strong the 3D/non-LTE
effects are for a given line in a given star.

When abundances are needed for large stellar samples, a common approach
is to construct an abundance correction grid spanning the relevant stellar-
parameter space: T, logg, [Fe/H], microturbulence (for 1D calculations),
and the abundance of the element itself, using a consistent set of models and
atomic data (as done for copper in Paper II). Corrections tabulated as functions
of stellar parameters are straightforward for other authors to apply: one can de-
rive a 1D LTE abundance from standard 1D LTE radiative transfer codes and
then interpolate within the grid to obtain the corresponding 1D or 3D non-LTE
corrected abundance.

Figure 3.4. Curve of growth for Ag I 328 nm line in the Sun. The equivalent widths
are determined based on the solar disk-centre intensity.
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4. Key atomic data needs for model atoms

Non-LTE radiative transfer calculations require a “model atom”, i.e. a descrip-
tion of the atomic structure and the radiative and collisional processes that
couple the energy levels of the element of interest. Together, these data pro-
vide the input needed to solve the statistical equilibrium equations (Eq. 3.11)
and thus to compute non-LTE level populations and line formation. The model
atom, like the model atmosphere, is an input to the non-LTE spectrum synthe-
sis code and specifies which species are treated explicitly in non-LTE.

As discussed in Section 3.1, the total transition rate between two levels
i and j can be written as the sum of radiative and collisional contributions
(Eq. 3.12). The radiative rates (R;;) include bound-bound transitions (through
Einstein coefficients or oscillator strengths) and bound-free processes (through
photoionisation cross-sections). The collisional rates (C;;) include inelastic
collisions with electrons and with neutral hydrogen atoms, which can both
contribute to excitation and ionisation.

At the foundation of any model atom are the energy levels, which define the
infrastructure onto which all transitions are connected. For reliable non-LTE
calculations, the level structure must be sufficiently complete for the species
under investigation, and it must also include at least the ground state (and,
where important, low-lying excited states) of neighbouring ionisation stages
to correctly represent ionisation balance. The accuracy of the energy levels,
both their absolute values and their ordering, is therefore crucial, because it de-
termines the transition wavelengths, influences the radiative rates, and controls
the coupling between levels. Whenever available, experimental energy levels
are preferred, as their accuracy always exceeds that of theoretical predictions
(except for hydrogen, Kramida 2010).

The next key ingredients are the bound-bound radiative transition probabil-
ities, i.e. oscillator strengths (or Einstein coefficients) for the diagnostic lines
and for other transitions that affect the population flows through the atom.
In practice, experimental measurements are often incomplete, particularly for
heavier elements. We therefore rely on theoretical calculations, which become
increasingly challenging for complex atoms with many electrons. In Paper I,
we investigated these challenges and explored methods to improve the accu-
racy of theoretical energy levels and transition rates for heavy elements. This
is discussed further in Section 4.1.

Collisional processes introduce additional uncertainties. The collisional
rates depend both on the number densities of the perturbers and on the colli-
sional rate coefficients. In late-type stellar atmospheres, electrons are efficient
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collision partners because of their low mass and therefore high thermal veloc-
ities. Hydrogen atoms move more slowly, but they are much more abundant in
the photospheres of late-type stars. In the upper solar photosphere, a typical
ratio is ny /n,- ~ 10%, and it is even larger in cooler and more metal-poor stars.
As a result, inelastic collisions with neutral hydrogen can strongly influence
the statistical equilibrium, yet the associated rate coefficients are often poorly
known and remain one of the major sources of uncertainty in non-LTE mod-
elling of late-type stars (Barklem, 2016a). In Paper II and Paper III, inelastic
hydrogen collision data were computed for copper and silver, respectively, and
the sensitivity of the non-LTE solutions to these collisions was investigated.
The relevant methods are described in more detail in Section 4.2.

Finally, bound-free processes and electron collisions are also needed for
the ionisation balance and the overall coupling of the atom to the radiation
field. Methods for computing photoionisation cross-sections and electron-
impact excitation/ionisation data are briefly introduced in Section 4.3.

4.1 Energy levels and bound-bound radiative transitions

As mentioned above, constructing a reliable model atom requires a sufficiently
complete set of energy levels and the corresponding bound-bound radiative
transitions that connect them. A practical first step is to compile all available
experimental data. The NIST Atomic Spectra Database (ASD; Kramida et al.
2022) contains a critically evaluated compilation of experimental and theoret-
ical atomic data, often including accuracy ratings for transition probabilities.
The VALD repository is another widely used resource, offering an extensive
collection of atomic and molecular line data assembled from many literature
sources and formatted for stellar spectroscopy applications. Laboratory data
are typically complemented with semi-empirical or fully theoretical calcula-
tions, for example from the Kurucz database (Kurucz, 2018), as well as from
dedicated calculations published in the literature.

The requirement is that the adopted theoretical data are sufficiently accu-
rate for the intended application. This motivates the use of modern ab initio
approaches with demonstrably good performance, such as the multiconfigu-
rational Dirac-Hartree-Fock (MCDHF) approach, which is based on a rela-
tivistic description of atomic structure and can provide reliable energies and
transition probabilities. In paper I, we carried out atomic structure calcula-
tions to compute energy levels and transition probabilities for neutral gold.
The calculations were performed with the GRASP code (the GRASP2018 pack-
age; Jonsson et al. 2023), which implements the MCDHF method together
with the configuration interaction (CI). In the following, I briefly outline the
main concepts of atomic theory needed for these methods.
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Theoretical background of atomic structure calculations

Except where indicated otherwise, the information in this chapter is based on
Froese Fischer (2019). Although the calculations in Paper I and those alluded
to in Paper III are fully relativistic, this introduction to theory is based mainly
on the non-relativistic formalism for simplicity.

In atomic structure calculations, we are generally interested in many-electron
systems, for which the exact eigenfunctions to the Schrodinger equation are
not known. A first approximation (called the central-field approximation) is to
express the Hamiltonian (H) as the sum of the one-electron Hamiltonian and
many-electron Hamiltonian:

N N N 1 ) 7 N 1
HzH0:Zhi+Zhij:Z(—§Vi——')—i—zf 4.1
i=1 i<j i=1 re it

for an N-electron system. The two-electron operator is represented by a Cou-
lomb interaction between the two electrons i and j.

In order to obtain more accurate theoretical predictions, it is important to
include relativistic effects, especially for heavy systems. In the relativistic
regime, the Dirac equation must be solved. We can therefore define relativis-
tic effects as the difference between the Dirac and Schrodinger equation for a
given system.

The wavefunctions can be expressed as a combination of an angular and
radial wavefunction. While the angular part of the wavefunction can be de-
rived analytically, this is not possible for the radial part. Therefore, as a first
approximation, we construct the N-electron wavefunction from one-electron
functions (spin-orbitals) ¢1, ¢, ..., ¢n. Because electrons are fermions, the to-
tal electronic wavefunction must be antisymmetric under exchange of any two
electrons. Starting from the simple product of spin-orbitals, antisymmetry is
enforced by applying the antisymmetrization operator A:

N
®(q1,.--,qv) = AL [ 9ia), (4.2)
i1

where g; denotes the occupation number.
This antisymmetrised product yields the compact determinant form known
as the Slater determinant:

o(q1) ¢i1(q2) - ¢i(gn)
1 [902(q1) ¢2(q2) - ¢2(gn)

CI)(CIla'-'qu):\/ﬁ E E .‘. E
on(q1) on(q2) -+ on(an)
The electron configuration, which is the distribution of electrons with re-

spect to the spin-orbitals, defines what product of spin-orbitals to form within
the Slater determinant.

4.3)
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Alternatively, we can form functions by a linear combination of determi-
nants with the same set of principal quantum number n and angular momen-
tum quantum /. These functions are referred to as configuration state func-
tions (CSFs), and they have the benefit of being coupled to the total angular
momentum quantum number J and M;. The CSFs can be constructed by cou-
pling the electrons using different coupling schemes such as the LSJ-coupling
in the case of the non-relativistic formalism or jj-coupling in the case of the
relativistic formalism.

Even though the CSFs are good approximations of the exact eigenfunctions
of the Hamiltonian, we know that considering the electrons independent of
each other is an inherently flawed assumption. So, to take electron correlation
into account and reach a better approximation of the wavefunction, we use
a linear combination of CSFs (®) with the same parity (P) and J, known as
atomic state functions (ASFs or W):

Ncsr

W(y.PJ, M) =Y ci®(yi,P.J. M) (4.4
i=1

where c; are the mixing coefficients and 7; specifies the occupied subshells
of the CSF.

This ASF notation forms the basis of the multiconfigurational Dirac-Hartree-
Fock (MCDHF) method. The state is generally labelled by the dominant CSF
in the expansion. However, labelling can become difficult for complex sys-
tems when there is high mixing between states and no dominant CSF in any
of the common coupling schemes (j j- and LS-coupling). The label is denoted
by an LSJ term that can be written in spectroscopic notation as:

25+1 L 4.5)

Where S is the total spin (with 25 + 1 denoting the multiplicity) and L is the
total angular momentum.

When performing MCDHEF calculations with GRASP, the first step is to de-
fine a basis of CSFs. This is done by specifying the reference physical states
to be targeted in the calculation, often referred to as the spectroscopic states.
To account for electron correlation, additional configurations are then included
alongside the spectroscopic configurations, forming a so-called multi-reference
expansion. The construction of an adequate CSF basis is one of the central
challenges in MCDHF work, since it largely determines both the achievable
accuracy and the computational cost; I return to this point below.

The MCDHF method consists of an iterative non-linear procedure during
which the radial Dirac orbitals used to construct the CSFs are adjusted by
solving a set of one-electron equations until self-consistence is achieved in
both the mixing coefficients and the radial orbitals. The idea is to apply the
variational principle to an energy functional formed by the Hamiltonian matrix
elements and Lagrange multipliers that ensure radial orthonormality between
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the Dirac orbitals and thus between the CSFs. The variational principle re-
quires the eigenenergy to be stationary with respect to variations of the ASF,
and more specifically to the variations of the mixing coefficients and radial
functions.

This is done in two parts. First, for a given initial estimate of radial func-
tions, we require the energy to be stationary with respect to variations of mix-
ing coefficients, where we solve the secular equation:

(H—EI)c=0. (4.6)

Where H is the Hamiltonian matrix, E is the eigenvalue corresponding to the
energy, / is the identity matrix, and c is the eigenvector corresponding to the
mixing coefficients. This step can be called the configuration interaction (CI)
step (Jonsson et al., 2022).

Then, for a given set of mixing coefficients, we apply the stationary condi-
tion of energy with respect to variations of the radial functions. This leads to
the MCDHF equations that are solved to determine the orbitals. The secular
equation and the MCDHEF equations need to be solved simultaneously in an
iterative self-consistent field procedure until convergence in the radial orbitals
and mixing coefficients is reached.

Challenges and strategies in atomic structure calculations for heavy
atoms

Neutral gold (Au I) provides a useful case study for illustrating the main chal-
lenges of atomic-structure calculations for complex heavy atoms. Compared
to, for example, the lanthanides, Au I has a relatively “simpler” spectrum: it
is a nominal one-electron atom, with a ground state that is made of a closed
5d-shell and a 6s electron, yet it retains many of the difficulties that make ac-
curate calculations demanding. Below, I highlight two sources of inaccuracy
that affect atomic structure calculations of complex heavy atoms, using Au I
as an illustrative example.

The first challenge is complex level structure and configuration interaction.
Au I has 5d4'%11 °L Rydberg series, but it also has many excited states belong-
ing to configurations of the form 54°6sns and 5d°6s6p. These 5d° configu-
rations can interact strongly with the 54' states and thereby perturb the spec-
trum. Due to this mixing between 54'° and 54° states, it becomes challenging
to obtain a correct level structure with the right ordering and the correct de-
gree of configuration mixing, both of which are essential for reliable transition
probabilities.

The second source of inaccuracy is configuration-dependent orbital shapes
and non-orthonormality effects. As noted above, gold exhibits both 5d4'%nl
configurations and configurations with a 5d hole, such as 5d°6s> and 5d°6s6p.
When the 5d and valence orbitals (6s or 6p) are optimised separately for dif-
ferent configurations, their shape varies from 54'° and 54° configurations,
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especially for the valence orbitals 6s and 6p, appearing more extended for the
5d'Y configurations. A physical interpretation is that the additional 5d electron
in the 54'° configurations increases screening of the nuclear charge, pushing
the outer orbitals outward compared to the 5d° case. As a result, the over-
lap integrals between orbitals optimised from different configurations deviate
from unity, meaning that the orbitals are effectively “non-orthonormal” across
configuration sets. It is important to take these non-orthonormalities into ac-
count, since an accurate representation of the valence orbitals is crucial for
computed properties such as transition matrix elements.

Achieving the accuracy required for model atom construction often de-
mands extensive atomic calculations. In principle, one can improve the de-
scription of correlation and configuration mixing by systematically enlarging
the CSF expansion. However, for complex atoms the number of CSFs can
grow very rapidly, making calculations computationally unfeasible in terms of
both memory and runtime. In practice, one therefore has to balance accuracy
against feasibility by seeking compact wavefunction expansions.

One way to achieve this balance is to analyse the electronic structure of the
target system and carefully design a calculation that effectively captures the
most important corrections. As pointed out, one source of inaccuracy arises
from orbital non-orthonormality between configurations. However, widely
used atomic structure codes, such as GRASP, typically assume a single or-
thonormal orbital set. In Paper I, we therefore explored a strategy to miti-
gate the errors introduced by configuration-dependent orbital shape while still
working with an orthonormal orbital set in GRASP2018, by optimising the or-
bitals on targeted eigenstates in a configuration space consisting of the spec-
troscopic configurations and so-called correction configurations. The details
of this targeted optimisation method are described in Paper 1.

Today, new methods aimed at enabling accurate yet compact calculations
continue to develop. For example, Li et al. (2023) introduced an approach
based on configuration state function generators, implemented in the GRASPG
extension of GRASP2018 (Si et al., 2025). The method identifies CSFs that
contribute negligibly and can be discarded, and it also reduces the compu-
tational cost of constructing Hamiltonian matrix elements, thereby lowering
both runtime and memory requirements. Such developments make large-
scale MCDHF+CI calculations increasingly accessible. A relevant example
is the recent MCDHF+CI calculation of Ag I transition rates by Jonsson et al.
(2026), which was adopted in the Ag I model atom used in Paper III.

4.2 Hydrogen collisions

The collisional transition rates ¢(7) are given by:
q(T) =ny(ov) = np/o o(v)vf(v)dv, 4.7)
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where n,, is the population density of the perturber (here, neutral hydrogen
atoms), o(v) the velocity-dependent cross-section, and (ov) denotes the rate
coefficient obtained by averaging over the distribution of relative speeds v at
temperature 7', assuming a Maxwell-Boltzmann distribution:

3/2 2
_ H 2 N
fv)=4n <27rkBT> v exp< 2kBT> , (4.8)

with 1 the reduced mass of the perturber and the target atom.

Computing reliable rate coefficients for inelastic collisions with hydrogen
atoms is challenging because it requires molecular structure calculations: as
the atoms approach one another, they form a quasi-molecule, and the relevant
dynamics depend on the molecular potential-energy surfaces and couplings as
functions of the internuclear distance. The most accurate data are provided by
full quantum (FQ) calculations, which combine ab initio quantum-chemistry
calculations of potentials and couplings (for fixed nuclei) with quantum me-
chanical scattering calculations (e.g. Croft et al., 1999; Dickinson et al., 1999;
Guitou et al., 2010). Such FQ rate coefficients are available for a limited set
of relatively simple atoms such as the low-lying levels of neutral Li (Barklem
et al., 2003), Na (Belyaev et al., 1999, 2010), and Mg (Guitou et al., 2011;
Belyaev et al., 2012), and provide the most reliable benchmarks for hydro-
gen collisions. However, these calculations are extremely labour-intensive and
quickly become unmanageable for more complex atoms.

When dedicated hydrogen-collision data are unavailable, a common fall-
back has historically been the Drawin recipe, a semi-classical approximation
based on a modified Thomson model (Drawin, 1968, 1969; Steenbock & Hol-
weger, 1984; Lambert, 1993). Comparisons with FQ calculations and labo-
ratory measurements show that the Drawin rate coefficients can be wrong by
several orders of magnitude. For sodium, for example, the Drawin formula
can overestimate rates for optically allowed transitions by up to six orders
of magnitude (Barklem et al., 2011). It is therefore common to introduce an
empirical scaling factor Sy for astrophysical calibration (Mashonkina et al.,
2023). A further limitation is that the Drawin approach does not describe
charge-transfer processes (i.e. ion-pair formation and mutual neutralisation),
which can be important for setting the ionisation balance in non-LTE.

So for heavy elements, constructing the model atom requires methods that
strike the balance between physical realism and practical applicability. This
motivates the use of asymptotic models, which can provide inelastic hydrogen-
collision data for a wide range of elements of astrophysical interest (Belyaev,
2013; Barklem, 2016b). Rather than performing full quantum-chemistry and
scattering calculations, asymptotic approaches adopt simplified (but physi-
cally motivated) descriptions of the molecular potentials and couplings in the
long-range regime where the dominant interactions are often captured reason-
ably well. Benchmark comparisons against the FQ datasets for Li, Na, and
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Mg show that asymptotic models reproduce the largest (and typically most
astrophysically important) rate coefficients for excitation and charge transfer
to within about an order of magnitude (Barklem, 2016a). In addition, labora-
tory measurements of mutual neutralisation at the DESIREE facility (Thomas
et al., 2011) indicate that asymptotic models can successfully reproduce ex-
perimental branching ratios (Barklem et al., 2021; Grumer et al., 2022, 2023).

In the following, I describe the asymptotic approach in more detail and
outline how it is used to compute hydrogen-collision data for the model atoms
developed in Paper II and Paper III.

Asymptotic LCAO approach

In Paper II and Paper III, we computed inelastic hydrogen-collision data us-
ing the asymptotic LCAO method, following the implementation described by
Barklem (2016b, 2017a). Below, I summarise the key physical ideas behind
the calculations.

Consider collisions between a target atom X and hydrogen H. The first step
is to determine the molecular potentials and couplings for the quasi-molecule
X+H as a function of internuclear distance. Within the Born-Oppenheimer ap-
proximation, one solves the electronic Schrodinger equation for fixed nuclei.
In the asymptotic model, the Hamiltonian is treated as a two-electron opera-
tor: one electron is the hydrogen electron, and the other is the “active” valence
electron of the atom X. The remaining electrons of X are represented as a
frozen ionic core, motivated by the fact that, at large separations, the domi-
nant interactions are typically governed by a single active electron. The quasi-
molecular electronic wavefunction is written as a linear combination of cova-
lent and ionic states, and the molecular structure is constructed using the linear
combination of atomic orbitals (LCAO) approach. By solving the Schrodinger
equation over a range of internuclear distances, one obtains potential-energy
curves and the corresponding couplings.

The term “asymptotic” reflects that the collision begins at infinite separa-
tion, where the two atoms are essentially non-interacting. At large internu-
clear distance, the system is in a covalent configuration, in which the electrons
remain associated with their respective nuclei. As the atoms approach one an-
other, there are internuclear separations where a covalent state becomes nearly
degenerate with an ionic configuration. When the covalent and ionic states
share the same symmetry, their potential-energy curves undergo avoided cross-
ings. At such avoided crossings, the character of the molecular wavefunction
changes from predominantly covalent at long range to predominantly ionic at
shorter range, and this produces strong couplings.

The physical interpretation is that, during the collision, the valence electron
of X can tunnel to the hydrogen atom at an avoided ionic crossing, temporarily
forming a predominantly ionic charge distribution. At a later avoided crossing,
the electron may tunnel back into a different covalent molecular state, leading
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to excitation or de-excitation of the target atom,
X(nl)4+H = X(n'l') +H, 4.9)

or, if the electron remains on hydrogen, to ion-pair production (and its inverse,
mutual neutralisation),

X+He=X"+H". (4.10)

The collision dynamics are then treated using the multi-channel Landau-
Zener (LZ) model. The LZ formalism provides a computationally efficient
estimate of transition probabilities at avoided crossings, given the local energy
splitting and coupling. By evaluating the transition probabilities over a range
of collision energies and temperatures relevant for stellar atmospheres (and
then averaging over a Maxwell-Boltzmann distribution), one obtains the cross-
sections and hence the rate coefficients in Eq. 4.7. Repeating this procedure
for many transitions yields the set of inelastic X+H rates required for non-LTE
modelling. The output rate coefficients at 6000 K from the Ag+H asymptotic
LCAO calculation in Paper III are illustrated in Figure 4.1.

A limitation of the asymptotic ionic-crossing mechanism is that it predicts
zero rate coefficients for very highly excited levels with energies within 0.754
eV of the ionisation threshold (the electron affinity of hydrogen), because the
relevant ionic channels are no longer energetically accessible. Even below this
threshold, the model tends to predict small rates for transitions dominated by
interactions at very large or very small internuclear separations, where other
interaction mechanisms can become important. However, for non-LTE mod-
elling, it is important to include collisional coupling among high-lying (Ryd-
berg) levels, because such transitions can provide efficient pathways for pop-
ulation flow between ionised and low-lying states.

For Rydberg states, the free electron model provides an appropriate comple-
mentary description. In practice, combining rate coefficients from the asymp-
totic LCAO model with those from the free electron model can yield a more
complete treatment across the full level structure. Moreover, the two ap-
proaches describe different interaction mechanisms and therefore do not double-
count the dominant contributions (Amarsi et al., 2018). This combined asymp-
totic and free electron approach was adopted in several studies (e.g. Berge-
mann et al., 2019; Canocchi et al., 2024), as well as for the Cu+H and Ag+H
collision data used in Paper II and Paper III, respectively.

Free electron model

For transitions involving Rydberg states, inelastic collisions with hydrogen
can be described using the free electron model of Kaulakys (1991). In this
approach, the collision is treated as a transfer of momentum between the per-
turber (the hydrogen atom) and the loosely bound Rydberg electron. The phys-
ical motivation is that, for large effective principal quantum number, the outer
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Figure 4.1. Ag+H (de-)excitation and charge transfer rate coefficients (in cm?® s~ 1)
matrix at 6000 K, calculated with the LCAO asymptotic model (Barklem, 2016b,
2017a).

electron is weakly bound and extended, and the collision resembles that of a
quasi-free electron.

In Paper II and Paper III, rate coefficients were evaluated with the im-
plementation provided by Barklem (2017b), which is based on the Kaulakys
free-electron formalism. The code uses analytical expressions for the cross-
sections of transitions of the form nl — n'l’ (see Egs. 6-8 in Kaulakys 1991),
derived within the impulse approximation. In this approximation, the col-
lision is treated as a short interaction in which the bound electron receives
an “impulse”, and the transition probability can be expressed in terms of
momentum-transfer cross-sections combined with the bound-state wavefunc-
tions. The original Kaulakys formulation does not explicitly treat transitions
between different spin systems. To include such effects, the Barklem im-
plementation follows the prescription of Osorio et al. (2015), which redis-
tributes the calculated cross-sections among different spin states using the
scattering-length approximation (see Eqs. 8-12 in Osorio et al. 2015). Here,
the scattering-length approximation refers to using the low-collision-energy
limit of electron-hydrogen scattering, in which the short-range interaction is
characterised by a single parameter, the scattering length. This makes it possi-
ble to simplify the expression of the cross-sections among different spin sym-
metries in terms of the corresponding scattering length values.

The free electron model is formally valid in the limit of high effective prin-
cipal quantum number, where the electron is sufficiently weakly bound. Ex-
tending it to lower-lying levels is therefore an extrapolation, but it is often
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adopted in practice because alternative theories are not available for complex
atoms. This can be astrophysically important. In Paper III, for example, we
found that the non-LTE solution for Ag I was sensitive to collisions between
the ground state and the first excited state as provided by the free electron
model. For this transition, the asymptotic LCAO model yields a zero rate
coefficient, whereas the free electron model predicts a comparatively strong
coupling, although the transition is not between Rydberg levels. This illus-
trates that combining asymptotic-model and free-electron-model rates can be
necessary to obtain a sufficiently complete collisional coupling scheme for
non-LTE modelling of heavy elements.

4.3 Additional data: photoionisation and electron
collisions

Photoionisation cross-sections
Following Rutten (2003), the photoionization rate R;. from a bound level i to
the continuum c¢ can be written as

OV
Z;CZE/ )Jvdv, 4.11)

niR;. = 4r n; /
Vo
where V) is the threshold frequency for ionisation and o;.(V) is the photoioni-
sation cross-section.

In non-LTE, photoionisation can directly influence level populations and
therefore inferred abundances. As discussed in Section 3.3, if the radiation
field exceeds the local Planck function in the relevant spectral range (Jy >
By), photoionisation rates become larger than their LTE expectations. This
drives overionisation, typically reducing the population of the neutral stage
and weakening neutral lines. For this reason, accurate photoionisation cross-
sections, at least for the ground state and the most important low-lying excited
levels, are usually a minimum requirement for detailed non-LTE modelling.

In many cases, photoionisation cross-sections must be taken from theoreti-
cal calculations. One of the most accurate approaches is the R-matrix method,
which treats coupled electron-ion-photon interactions and can be used for pro-
cesses such as photoionisation and electron-impact excitation. R-matrix calcu-
lations require substantial atomic-structure input, typically from configuration-
interaction expansions, and they naturally produce cross-sections that include
resonance structure. Such resonances arise from excitation of core electrons
and from couplings between bound and continuum channels. By accounting
for extensive correlation and channel coupling, R-matrix calculations often
capture effects that are missed by simpler approximations (e.g. Bautista et al.,
2017).

For lighter elements, R-matrix photoionisation data are available through
databases such as TOPbase from the Opacity Project and NORAD-Atomic-
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Data, and additional datasets can be found throughout the literature. For heav-
ier elements, and particularly for large numbers of excited levels, such detailed
data are often unavailable.

In those cases, it is common to adopt hydrogenic approximations, in which
the bound-free cross-section is estimated using Kramers’ formula for hydro-
gen and hydrogen-like ions (Rutten, 2003):

o =2.815%x10% gbf, (4.12)

I’leffv3
where n¢f is the effective principal quantum number of the level i from which
the atom or ion is ionised, Z is the ionic charge, and g is the bound-free
Gaunt factor (usually set to unity).

This approximation implies a simple threshold behaviour: the cross-section
is zero below vy and decays as ~ v—3 above threshold. Real atoms, however,
can deviate strongly from this behaviour. In complex species, photoionisa-
tion cross-sections can show pronounced resonances and non-hydrogenic fre-
quency dependence due to core excitations and configuration interaction. As a
result, hydrogenic estimates may carry large uncertainties, and it is important
to assess how sensitive the non-LTE solution is to the adopted photoionisation
data, a point to which I return in Section 4.4.

Electron collision rates

The R-matrix method introduced above can also provide reliable data for (de-
)excitation and ionisation processes via electron impact. Such datasets are
available for many light and astrophysically important atoms in databases such
as TIPbase/TOPbase, NORAD-Atomic-Data, CHIANTI, and Open-ADAS.
Other advanced close-coupling approaches, including the B-spline R-matrix
method (Zatsarinny, 2006; Zatsarinny & Bartschat, 2013) and the convergent
close-coupling (CCC) method (Bray & Stelbovics, 1992, 1995), often show
very good agreement with laboratory measurements for simpler atoms and
ions (Bartschat & Zatsarinny, 2015).

However, accurate data are not available for all transitions needed in non-
LTE modelling. In particular, such calculations often do not extend to Rydberg
levels, and neutral species of heavy elements are generally less well covered.
Consequently, model atoms frequently rely on more approximate recipes.

For electron impact excitation, the two widely used recipes are the semi-
empirical van Regemorter formula (van Regemorter, 1962) and the impact-
parameter method as formulated by Seaton (Seaton, 1962). Both approaches
are based on the Bethe approximation for high-energy electron collisions,
in which the short-range interaction between the perturbing electron and the
atomic electron is simplified, and the cross-sections can be expressed in terms
of radiative transition probabilities (oscillator strengths). A consequence is
that these recipes can only be applied to optically allowed transitions. The van
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Regemorter approach is based on the Born approximation, treating the incom-
ing and outgoing electron as plane waves and assuming weak coupling, with
electron exchange neglected. Seaton’s impact-parameter formulation relaxes
this approximation by treating the collision in terms of a classical trajectory
(impact parameter) and can partially account for short-range effects, which is
why it is often considered more reliable in practice.

In Paper III, when constructing the silver model atom, we used Seaton’s
expression (Eq. 37 in Seaton 1962) to calculate electron-collision rates for
transitions with known oscillator strengths. For transitions lacking oscillator-
strength data, we adopted the van Regemorter prescription (Eq. 18 in van
Regemorter 1962) using an effective oscillator strength of 0.001/g;, where g;
is the statistical weight of the lower level.

For electron-impact ionisation (and recombination), a number of approx-
imate formulae can be used, such as those of Seaton (1962) or Bely & van
Regemorter (1970). In Paper III, we adopted the empirical expression given
by Allen (1973), which depends only on the temperature and the ionisation
threshold.

4.4 Sensitivity of non-LTE abundances to atomic data

In Section 2.2, we saw that neglecting modelling assumptions such as 1D LTE
can distort both the abundances of individual stars and the chemical-evolution
trends inferred from stellar samples, potentially causing misleading conclu-
sions when comparing observations to theoretical chemical evolution models.
Similarly, the non-LTE abundances are only as reliable as the atomic data on
which they are based.

As discussed above, experimental data are often incomplete, particularly for
heavy elements and for highly excited levels, so model atoms frequently rely
on theoretical calculations. These calculations, in turn, involve approxima-
tions whose accuracy can be difficult to quantify without experimental bench-
marks. Because formal uncertainty estimates for theoretical atomic data are
rarely available (and are challenging to derive in a robust way), it becomes im-
portant to assess how sensitive the non-LTE solution is to the adopted model-
atom ingredients.

The most direct and often dominant source of uncertainty is typically the
oscillator strengths of the diagnostic lines, since they directly set the line opac-
ity and therefore influence the inferred abundances. For experimental values,
resources such as NIST ASD provide accuracy assessments; for theoretical
oscillator strength values, uncertainties are harder to judge and may instead be
diagnosed empirically, for example by comparing abundances inferred from
multiple lines of the same species and searching for systematic trends or in-
consistencies (e.g. Amarsi et al., 2025).
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Figure 4.2. Synthetic solar Ag I 338 nm line profiles computed from the mean 3D
solar model atmosphere in LTE and non-LTE. The shaded grey area brackets the non-
LTE line profiles obtained when the adopted Ag+H collisional excitation rates are
increased and decreased by a factor of ten.

A practical way to evaluate sensitivities is to perform targeted non-LTE
test calculations in which individual model-atom ingredients are varied one at
a time, and the changes in the inferred abundance (or in the predicted non-
LTE equivalent widths) are quantified for a given line and a given star (e.g.
Amarsi & Asplund (2017) for Si I; Amarsi et al. (2020) for N I; Mashonkina
& Smogorzhevskii (2025) for Pd I). We applied this approach in Paper III for
Ag Iin the Sun. Across these studies and our own tests, the largest sensitiv-
ity appears to arise from inelastic collisions with neutral hydrogen, whereas
the adopted electron-collision rates and photoionisation cross-sections have a
smaller effect, at least for the neutral species and solar-type conditions con-
sidered in these examples. To illustrate the sensitivity of the non-LTE line
profiles to hydrogen collisions, the Ag I 338 nm line is plotted in Figure 4.2,
where the Ag+H collisional excitation rates are perturbed by a factor of ten.

That said, the relative importance of different ingredients can vary, and in
other cases, photoionisation and electron collisions can be important. For ex-
ample, Mashonkina et al. (2022) compared hydrogenic photoionisation cross-
sections to R-matrix data for Si II and found that non-LTE abundances in a B-
type star were highly sensitive to the adopted photoionisation cross-sections.
Likewise, Osorio et al. (2015) compared the Seaton and van Regemorter recipes
for electron-impact excitation by modelling Mg I lines in the solar spectrum.
They found that models using Seaton rates were able to reproduce the observed
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profiles for infrared emission lines, whereas those using van Regemorter rates
could not.

The centre-to-limb variation of spectral lines in the Sun is another diagnos-
tic for testing non-LTE line formation and even inelastic hydrogen collisions
(e.g. Allende Prieto et al., 2004; Pereira et al., 2009; Steffen et al., 2015). Ob-
servations toward the limb probe higher atmospheric layers, where departures
from LTE are typically larger and where the ratio ny/n,- increases, mak-
ing limb data particularly sensitive to hydrogen collisions. When spatially
resolved intensity spectra are not available, comparing results derived from
disc-centre intensities and disc-integrated flux spectra can provide a similar
consistency check, as we did in Paper I11.

It is important to note that sensitivities also vary with line properties and
stellar parameters. Metal-poor giants, for example, are often expected to show
stronger sensitivity to hydrogen collisions than metal-poor turn-off stars be-
cause of their lower atmospheric pressures and cooler temperatures. For this
reason, it is valuable to examine how sensitivities change across the stellar
parameter space and from line to line, as done for Cu I in Paper II.

When analysing abundance trends with metallicity, the star-to-star scatter
provides another useful diagnostic. In Paper II, we found a systematic dis-
crepancy in [Cu/Fe] between dwarfs and giants at the same metallicity when
adopting hydrogen collision rates from the literature. Using the asymptotic
LCAO + free electron collision data resolved this inconsistency and recov-
ered the chemical-enrichment trend. At the same time, the line-to-line scatter,
quantified using the sample standard deviation, was reduced, supporting the
conclusion that the revised hydrogen collision data improved the internal con-
sistency of the model.

Such astrophysical consistency checks are important; however, inferring
atomic properties that are only indirectly connected to the observed spec-
tral lines is generally an ill-posed problem, and apparent “calibrations” of the
atomic data can sometimes compensate for other modelling deficiencies. Ulti-
mately, robust atomic data must be anchored in theory and experiment, while
stellar observations serve as an indirect validation of the atomic inputs.
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5. Summary of Papers

5.1 Paper I — Methods for compact atomic structure
calculations of gold

Context

As discussed in Section 4.1, accurate energy levels and transition probabilities
are essential inputs for astrophysical modelling. For heavy elements and Ryd-
berg states, however, laboratory data are often incomplete, so we need to rely
on theoretical calculations. Achieving the desired accuracy is challenging for
complex atoms, as they require very large wavefunction expansions: as more
correlation and configuration mixing are included, the number of CSFs grows
rapidly, so one must balance accuracy against computational feasibility.

A major source of uncertainty for complex atoms is the presence of mul-
tiple configurations close in energy built from similar subshells, leading to
configuration-dependent orbital shapes (see Table 2 and Figure 2 in Paper I)
and strong configuration mixing, which can produce inaccurate energies and
transition rates, as well as incorrect level ordering when perturbing configu-
rations are poorly represented. Ideally, one would allow non-orthonormal or-
bitals tailored to different configurations, but current state-of-the-art packages
such as GRASP2018 enforce a single orthonormal orbital set (within a given
parity), limiting how orbital relaxation can be represented.

Aims

In paper I we discuss a method designed to mitigate configuration-dependent
orbital-relaxation effects while keeping the wavefunctions compact, within the
constraints of GRASP2018, called “explicit targeted optimisation (TO)”.

Methods
We performed MCDHEF + relativistic CI calculations (described in Section 4.1)
for the lowest 29 levels of neutral gold (Au I) and computed transition rates
among them. To quantify the impact of the TO method, we compared several
models summarised in Table 5.1. The first three calculations were spectro-
scopic CI (SCI) models that used only spectroscopic configurations, but dif-
fered in how the orbitals were optimised: (i) on 5d° states only, (ii) on 5d 10
states only, or (iii) on the combined spectroscopic states (5d° 4 54'%).

Our preferred model (“with TO”) augments the spectroscopic configura-
tions with a small number of correction configurations, constructed by adding
higher-n orbitals of the same symmetry to allow controlled radial flexibility
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for the orbitals that should ideally be more extended. For Au I, the corrections
were 5d'°8s and 5d°6s7d (even parity) and 5d4'%7p and 5d°6p6d (odd par-
ity). The key step is that these correction orbitals are optimised selectively on
targeted eigenstates, rather than globally, to better represent the configurations
most affected by orbital relaxation.

Because the TO model contains slightly more CSFs than a pure SCI cal-
culation, we also constructed a control model (“without TO”) with the same
CSF basis as the TO calculation but instead of optimising the correction or-
bitals on selected states, we optimise them on all spectroscopic states together.
This isolates the effect of the optimisation strategy from the effect of adding
additional correlation configurations.

Finally, we benchmarked our GRASP calculations against a spectroscopic
calculation using the FAC code (Gu, 2008), which uses a central potential opti-
mised for an average configuration chosen to improve agreement with experi-
mental energies.

Models Configuration set

Opt. 5d° even: {5d'%6s, 5d°6s%, 5d'°7s, 5d'°6d}

Opt. 54'° odd: {5d'%6p, 5d°6s6p}

Opt. 5d° +5d'°

With TO even: {5d'%6s, 5d°6s%, 5d'%7s, 5d'°6d, 5d'°8s, 5d°6s7d}
Without TO odd: {5d'"%6p, 5d°6s6p, 5d'°7p, 5d°6p6d}

FAC even: {5d'%6s, 5d°6s%, 5d'°7s, 5d'°6d}

odd: {5d'%6p, 5d°6s6p}

Table 5.1. The different models tested to calculate the energies and transition rates of
Aul

Results
As predicted, the Au I energies were found to be highly sensitive to the orbital-
optimisation strategy: even with identical CSF bases, optimising on 54°, 54'°
or on both produced noticeably different level structures. In particular, the
conventional “opt. 5d° +5d'%” SCI calculation gave poor overall agreement
with experiment and an incorrect ordering among odd-parity levels of 54'%6p
and 5d°6s6p. The TO method corrected this ordering and yielded the best
overall agreement with experimental energies, as reflected by the smallest
root-mean-square deviation. Comparison to the “without TO” control model
demonstrated that the improvement is not merely a consequence of a larger
CSF expansion: the targeted optimisation itself is essential, consistent with
the interpretation that TO compensates for configuration-dependent orbital re-
laxation that cannot be represented with a single orthonormal orbital set.
Additionally, the TO energies are closer to the FAC results than to those
of the conventional GRASP SCI model. This agreement should be interpreted
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with care: in FAC the central potential can be tuned to reproduce experimental
energies more closely, whereas the GRASP calculations are strictly ab initio.

We also tested TO for transition probabilities by computing nine E1 transi-
tion rates of Au I (including lines of astrophysical interest) using the “opt.
5d° + 5d'%” | “without TO”, and TO models. Again, the TO calculation
showed the best agreement with the experimental data from NIST ASD (Ta-
ble 6 in Paper 1), although improvements in transition rates are inherently
harder to obtain than improvements in energies in such small-scale calcula-
tions, since they depend more sensitively on the converged wavefunctions and
mixing coefficients.

Contribution:

I performed all GRASP calculations, with insights and input from Author #2.
The explicit targeted optimisation method presented in this paper was devel-
oped together with Author #2. The FAC calculations described in Section 2.1.2.
of Paper I were carried out by Author #2. I led the analysis of the computed
energy levels and transition rates. I wrote the manuscript, incorporating com-
ments from both co-authors, with the exception of Section 2.1.2, for which a
first version was written by Author #2.

5.2 Paper II — Inelastic hydrogen collisions and
non-LTE galactic evolution of copper

Context

As introduced in Section 2.2, the astrophysical origin and GCE of copper
(Cu) remain debated. Early LTE studies found that the [Cu/Fe] trend in-
creases quasi-linearly with metallicity over —1.5 < [Fe/H] < —1, followed
by a plateau at [Fe/H] < —1.8 (Bihain et al., 2004; Bisterzo et al., 2005). This
“S-shape” behaviour has commonly been interpreted as evidence for primary
copper production by CC SNe at early times, with an additional secondary
(metallicity-dependent) contribution from the weak s-process in massive stars
(Romano & Matteucci, 2007; Romano et al., 2010).

Subsequent 1D non-LTE studies demonstrated that Cu I lines can be strongly
affected by departures from LTE, affecting the inferred [Cu/Fe] vs. [Fe/H]
trend (Shi et al., 2014; Yan et al., 2016; Shi et al., 2018; Andrievsky et al.,
2018). As discussed in Chapter 4, however, the reliability of non-LTE abun-
dances depends critically on the quality of the atomic data used in the model
atom, with the major source of uncertainty being the treatment of inelastic col-
lisions with hydrogen. The above cited non-LTE studies relied on the Drawin
recipe for hydrogen collisions. More recently, Xu et al. (2022) incorporated
data from the only other available asymptotic-model calculation for Cu I in
the literature, from Belyaev et al. (2021), and found that the revised non-LTE
corrections strengthened the metallicity dependence of [Cu/Fe].
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Aims

In Paper II, we computed a new set of Cu+H rate coefficients using a combined
asymptotic LCAO and free electron approach (as described in Section 4.2),
and explored how this updated hydrogen-collision data affects non-LTE cop-
per abundances and, in turn, the inferred Galactic evolution of copper.

Methods

The calculation of the Cu + H rates is described in detail in Section 2 of Paper
II. For the asymptotic LCAO model, we included the lowest 27 energy levels
of Cu I (see Table 1 in Paper II). For the free electron model, we included
all states present in the Cu I model atom, to provide collisional coupling for
Rydberg levels that are not efficiently treated by the asymptotic model.

We then constructed a Cu I model atom and performed a differential com-
parison of different hydrogen-collision prescriptions by generating several ver-
sions of the model atom that differed only in the adopted hydrogen collision
data. Our recommended model combines the asymptotic LCAO and free-
electron rates (hereafter “LCAO+Free”). To assess the relative importance
of each contribution, we also constructed a model using only the asymptotic
LCAO rates. Finally, we tested a model based solely on literature hydrogen
collision data from Belyaev et al. (2021) (“B217).

We carried out 1D non-LTE spectrum synthesis with Balder using MARCS
model atmospheres and computed a grid of 1D non-LTE abundance correc-
tions for two stellar-parameter subsets. The dwarf/subgiant grid spans Te =
5000 — 7000 K and logg = 3.5 — 5.0 dex, while the giant grid spans Teg =
4000 — 5000 K and logg = 0.5 — 2.5 dex. Both sets cover metallicities [Fe/H]
from —4.0 to +0.5. We adopted [Cu/Fe] values from —1.2 dex to 4+1.2 dex
in steps of 0.4 dex, and microturbulence values from 0 km s~! to 3 km s~ ! in
steps of 1 km s~!. The resulting corrections were then applied to published
1D LTE copper abundances from the literature (see Section 4.2 of Paper II and
references therein)

Finally, we interpreted the revised abundance trends in the context of chem-
ical evolution modelling by computing copper abundance predictions with
the cosmological GCE model NEFERTITI, adapted from Koutsouridou et al.
(2023) and adopting Population II yields from Limongi & Chieffi (2018).

Results

We found that the [Cu/Fe] vs. [Fe/H] trend with the LCAO+Free collision
data differs significantly from the LTE trend at low metallicity. In particular,
the non-LTE results reveal an upturn in [Cu/Fe] for both dwarfs and giants at
[Fe/H] < —1.7, producing a dip around [Fe/H] = —1.7. To our knowledge,
this feature had not been identified previously in this metallicity regime: it is
absent in LTE and is not reproduced by earlier non-LTE studies (Shi et al.,
2018; Andrievsky et al., 2018). Moreover, when using the B21 model atom,
the feature is hidden by an offset and increased scatter between dwarfs and
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giants at the same metallicity; this discrepancy is solved when adopting the
LCAO+Free collision data.

We assessed the robustness of the low-metallicity upturn by examining line-
by-line abundances in the metal-poor giants from Caffau et al. (2023). The
different Cu I lines consistently indicate the same qualitative behaviour, sup-
porting the robustness of the feature. In addition, the line-to-line scatter in
the metal-poor giants, quantified via the sample standard deviation, decreases
when using the non-LTE LCAO+Free model compared to both LTE and the
non-LTE B21 model, further indicating improved internal consistency.

The newly identified dip at [Fe/H] = —1.7 may reflect additional enrichment
channels at early times. One possibility is a contribution from pair-instability
supernovae (PISNe), whose yields could imprint low [Cu/Fe] material into
the ISM around this metallicity; if confirmed, this would provide an observa-
tional clue for the existence of PISN-enriched descendants. More importantly,
comparison to our tested GCE models suggests that the dip may be linked
to the interplay between external enrichment through accretion of intergalac-
tic gas and internal enrichment from fast-rotating massive stars. If so, the
revised non-LTE copper trends offer a new constraint on chemical-evolution
modelling, with implications not only for copper yields, but also for the metal
enrichment of intergalactic gas and the role of accretion in the build-up of the
Milky Way.

Contribution:

I computed the inelastic hydrogen-collision rate coefficients. The parentage
coefficients required for the asymptotic LCAO calculations (described in Ap-
pendix A of Paper II) were provided by Author #5. An initial Cu I model atom
was supplied by Authors #3 and #7, and was subsequently modified by me
together with Author #2. The grids of abundance corrections were computed
by Author #2. The GCE modelling was carried out by Authors #4 and #7.
I led the analysis of the collision data and the interpretation of the non-LTE
results and their implications for the Galactic evolution of copper. I wrote
the manuscript, incorporating comments from the co-authors, except for a first
version of Sections 4.1 and 4.2 written by Author #2.

5.3 Paper III — Model atom and 3D non-LTE solar
abundance of silver

Context

Silver (Ag) remains a comparatively unexplored element in stars. Its observa-
tion is challenging because silver abundances in late-type stars typically rely
on only two Ag I lines in the near-UV (328 nm and 338 nm), both of which are
strongly blended. Consequently, the nucleosynthetic origin and dominant pro-
duction sites of silver are still poorly constrained, although silver is generally
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associated with the weak r-process. Indeed, as a dominantly light r-process
element, silver is a potentially valuable tracer of weak r-process nucleosynthe-
sis. Previous observations have reported an approximately flat [Ag/Fe] trend
with metallicity, but the large star-to-star scatter, and, in particular, systematic
differences between dwarfs and giants at the same metallicity, complicate the
interpretation of these trends (Hansen & Primas, 2011; Hansen et al., 2012).

Silver also exhibits a discrepancy in the solar System. Asplund et al. (2021)
reported that the recommended solar photospheric silver abundance differs
from the CI chondrite value by > 20. They also found a weak dependence of
the solar vs. meteoritic abundance differences on condensation temperature,
which may provide clues as to whether these offsets reflect real effects or
uncertainties in solar spectroscopy. Because silver is a moderately volatile
element, its solar vs. meteoritic comparison is a particularly informative point
on this trend.

However, the recommended solar photospheric silver abundance is still
based on a 3D LTE analysis by Grevesse et al. (2015), who found log e, =
0.96 £0.10, while silver abundances in metal-poor stars are derived under 1D
LTE assumptions. Prior to Paper III, no 3D non-LTE analysis of silver was
available.

Aims

In paper III, we constructed a non-LTE model atom for Ag I for the first time
by compiling the best available atomic data and computing the missing in-
gredients where necessary. We used the Sun as a benchmark for testing the
model atom by calculating 3D non-LTE abundance corrections for the Sun,
and re-evaluated the solar photospheric silver abundance.

Methods

To build the Ag I model atom, we compiled experimental energy levels and
adopted oscillator strengths that are primarily theoretical, including the new
MCDHF+CI calculations performed with the GRASPG package (an extension
of GRASP), supplemented with data from Civi§ et al. (2010). Photoionisation
cross-sections were computed using hydrogenic approximations. Electron-
impact (de-)excitation rates were estimated using the recipes of Seaton (1962)
and van Regemorter (1962), and electron-impact ionisation followed the pre-
scription of Allen (1973). Inelastic hydrogen collision rates were computed
using the combined asymptotic LCAO and free electron approach.

Synthetic spectra for the Sun were computed with Balder. The 3D LTE
and 3D non-LTE calculations used a 3D solar model atmosphere from the
STAGGER code, while 1D calculations employed the corresponding 1D atmo-
sphere computed with Atmo (see Appendix A of Magic et al. 2013). We also
performed calculations using the mean 3D solar atmosphere. Silver abun-
dances were derived from newly measured disc-centre equivalent widths of
the 328 nm and 338 nm Ag I lines. Our recommended solar abundance was
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obtained as a weighted mean of the 3D non-LTE abundances inferred from
these two diagnostic lines.

Results

We investigated the non-LTE effects by analysing departure coefficients for
the Ag I levels. The departures from LTE are driven by the resonance transi-
tions at 328 nm and 338 nm, which produce strong radiative pumping. This
leads to overexcitation and, through collisions, to overionisation of neutral
silver. The net effect is weaker Ag I lines in non-LTE and therefore a pos-
itive abundance correction. For the two diagnostic lines (line-averaged), we
found A'(IN — 1L) = 40.2 and A'(3N — 3L) = +0.27, indicating that depar-
tures from LTE are further amplified when coupled to the 3D effects.

We assessed the robustness of the modelling through targeted sensitivity
tests. The dominant sensitivities arise from the adopted inelastic hydrogen
collision rates and from the treatment of background opacity in lines overlap-
ping the Ag I diagnostic lines. Hydrogen collisions remained the dominant
modelling caveat, with an estimated impact on the derived abundance of up to
0.08 dex.

We recommend a solar photospheric silver abundance of logeag = 1.23 &
0.09 based on a weighted mean of the two lines in 3D non-LTE. This value is
0.27 dex higher than the previously adopted 3D LTE abundance. The quoted
uncertainty, taken as half the line-to-line difference, is dominated by uncer-
tainties in the equivalent width measurements due to blending. The revised
solar silver abundance resolves the photospheric vs. meteoritic discrepancy
reported by Asplund et al. (2021), in which the photospheric value appeared
significantly underestimated.

Finally, we computed a grid of 1D non-LTE departure coefficients for dwarfs
and giants across the MARCS grid of 1D model atmospheres, enabling future
applications of non-LTE silver modelling beyond the solar case.

Contribution

I constructed the Ag I model atom and computed the photoionisation cross-
sections as well as the inelastic electron and hydrogen collision rates. The
MCDHF+CI oscillator strengths were provided by Authors #3 and #5. I per-
formed the 3D non-LTE radiative transfer calculations and led the analysis,
including the determination of the solar silver abundances, with input from
Author #2. 1 also computed the grid of 1D non-LTE departure coefficients,
with insights from Author #2. The disc-centre equivalent widths of the diag-
nostic Ag I lines used for the abundance analysis were provided by Author #3.
I wrote the manuscript and incorporated comments from all co-authors, with
the exception of parts of Sections 2.2 and 2.3, which were written by Au-
thor #2.
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6. Svensk sammanfattning

Bakgrund

Allt omkring oss har ett kosmiskt ursprung. Syret vi andas, vétet i vatten, kolet
i levande materia, jarnet i vart blod och guldet i vara smycken fanns inte alltid
pé jorden. De smiddes i universums “kemiska verkstad”: forst i Big Bang,
senare inuti stjirnor och slutligen i dramatiska astronomiska héndelser som
supernovor och sammanslagningar av neutronstjirnor.

Att forsta var och hur grunddmnen bildas handlar inte bara om att identi-
fiera naturens byggstenar; det #r ocksa en nyckel till att aterskapa historien av
var galax. Nar stjarnor nar slutet av sina liv aterfor de nysyntetiserat mate-
rial till rymden. Med tiden skapar detta tyngre och tyngre grunddmnen i det
interstelldra mediet och berikar nista generationer av stjarnor.

Grunddmnen tyngre dn jiarn kan inte produceras effektivt genom vanlig
stjarnfusion. Manga av dem skapas istéllet genom neutroninfangningsnuk-
leosyntes, dir atomkérnor infangar neutroner, blir tyngre och senare omvand-
las genom radioaktivt sonderfall. Detta dr neutroninfangningselementen. Ex-
akt hur — och i vilka astrofysiska miljoer — dessa grunddmnen produceras &r
fortfarande en central fraga inom astronomisk forskning.

Ett praktiskt sitt att angripa denna fraga dr att studera stjarnors kemi. Det
gors med stjarnspektroskopi: en stjarnas ljus innehaller spektrallinjer som
uppstar nir atomer och joner interagerar med fotoner vid specifika vaglangder
1 stjdrnatmosfaren. Dessa linjer fungerar som “atomernas fingeravtryck”. Ge-
nom att jaimfora observerat ljus fran stjirnor med vara teoretiska modeller
kan vi dra slutsatser om deras kemiska sammanséttning, dvs. halterna (abun-
danserna) av olika grunddmnen. Dédrmed fungerar stjirnorna som ett arkiv
over hur Vintergatan har berikats med tiden — en process som beskrivs av
galaktisk kemisk evolution. Berikningen av var galax over tid kvantifieras av
jarnhalter, kallad “metallhalter” (metallicity), i stjirnor.

For att bestimma korrekta abundanser maste vi sékerstilla att vara mod-
eller dr realistiska. For att forenkla berdkningar bortser vi ofta fran stjdrnat-
mosfirers tredimensionella struktur och antar att materia och stralning lokalt
befinner sig i termodynamisk jimvikt — en approximation som kallas lokal
termodynamisk jimvikt (local thermal equilibrium, LTE). I manga situationer
ar dock dessa antaganden inte realistiska, och de kan inftra fel i de hirledda
abundanserna.

I denna avhandling diskuterar jag hur 6vergangen till tredimensionell mod-
ellering och att sldppa pa LTE-antagandet forbittrar abundansbestimningar
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och i slutindan var forstéelse av neutroninfangningselementens kosmiska ur-
sprung. Jag gor detta genom att visa hur hirledda abundanser av grunddmnen
som koppar och silver fordndras nédr mer realistiska modeller anvinds, och
genom att diskutera konsekvenserna for de observerade abundansménstren i
var galax.

Vara modeller innehéaller ocksa detaljerad information om hur atomer in-
teragerar med stralning och med andra partiklar genom kollisioner. Detta
kvantmekaniska underlag omfattar atomens energistrukturer och deras spek-
trala egenskaper, sammanfattade under termen “atomstruktur”. En del av mitt
arbete fokuserar darfor pa att studera atomstrukturen hos grunddmnen — till
exempel guld — for att berikna de atomdata som behovs i vara modeller.

Sammanfattningsvis syftar denna avhandling till att visa att forstéelse av
grunddmnenas kosmiska ursprung kriver ett samlat arbete 6ver flera skalor:
frén den minsta skalan, atomer, till stjarnors atmosfirer och slutligen till Vin-
tergatans kemiska evolution.

Artikel I: Atomfysik for guld

Den forsta artikeln handlar om att ta fram tillforlitliga “byggstenar” som be-
hovs for att tolka guld i stjarnspektra: atomens energinivaer och hur vil den
absorberar ljus vid olika vaglingder. For tunga atomer som guld &r detta
svart eftersom manga elektroner interagerar och ger upphov till ett mycket
komplext spektrum. Samtidigt blir berdkningar snabbt ohanterligt stora om
man forsoker inkludera “allt”. Vi utvecklade och testade en strategi som ger
mer kompakta men fortfarande noggranna berdkningar, vilket forbéttrar atom-
data utan att den berdkningsméssiga kostnaden skenar. Resultatet &r ett steg
mot mer tillforlitliga teoretiska data fér tunga grunddmnen dér laboratoriemét-
ningar inte ricker till.

Artikel II: Koppar i stjidrnor och Vintergatans tidiga kemiska historia
Den andra artikeln undersoker hur koppar miits i stjirnor och vad det sédger
om Vintergatans kemiska evolution. Tidigare studier har ofta forlitat sig pa
LTE-antagandet for koppar i stjdrnatmosférer, vilket kan ge systematiska fel.
En sérskilt osdker del dr hur kopparatomer kolliderar med vite — den van-
ligaste partikeln i stjirnatmosfirer — eftersom sadana kollisioner kan dndra
linjestyrkor. Genom att beskriva kollisionerna med véte pa ett mer fysikaliskt
motiverat sitt visade vi att detta kan foridndra den hirledda trenden for koppar
relativt jarn vid lag metallhalt, dvs. tidigt i galaxens historia. Detta ger nya
ledtradar om vilka typer av stjarnor och explosiva hindelser som bidrog till
kopparproduktionen i den tidiga galaxen, och hjilper oss knyta observationer
till modeller f6r galaxbildning och kemisk evolution.

Artikel III: Silver med 3D och icke-LTE - revidering av solens abundans
Den tredje artikeln fokuserar pa silver. Vi byggde den forsta detaljerade icke-
LTE modellen for silver och genomforde berdkningar med en mer realistisk
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tredimensionell solatmosfir samtidigt som vi sldppte pa det vanliga jamvik-
tsantagandet (alltsa nu icke-LTE). Anviandning av denna nya icke-LTE mod-
ellen ledde till att vara berdkningar kom fram till ndstan dubbelt s& mycket
silver i solen som man tidigare trott, vilket minskade en tidigare rapporterad
skillnad mellan halten av silver i solen jimfort med meteoriter.
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