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Zusammenfassung

Prézise Messungen stellarer Elementhiufigkeiten sind ein fundamentales Werkzeug der galaktischen Archéolo-
gie und entscheidend fiir das Verstindnis der Geschichte der Milchstralde. Traditionelle Modellierungstech-
niken basieren auf eindimensionalen (1D), hydrostatischen Sternatmosphéren und lokalen thermodynamis-
chen Gleichgewicht (LTE) bei der Spektralsynthese, was sich zunehmend als unzureichend erwiesen hat. In
dieser Dissertation untersuche ich, wie sich der Verzicht auf 3D Strahlungshydrodynamik (RHD) und non-LTE
(NLTE) Strahlungstransfer auf unser Verstdndnis der galaktischen Entwicklung auswirkt. Anhand von NLTE-
Haufigkeiten von Ni und Fe stelle ich fest, dass LTE-Trends félschlicherweise auf eine Dominanz klassischer Typ-
Ia-Supernovae (SNe Ia) hindeuten, wihrend in NLTE die Entwicklung von [Ni/Fe] am besten durch ~ 80%
sub-Chandrasekhar SNe Ia beschrieben wird. Um diese Modellierungseinschrankungen zu iiberwinden, stelle
ich M3DIS vor - einen neuen, hoch effizienten und flexiblen Code zur Berechnung 3D-RHD-basierter Sternat-
mosphiarenmodelle. M3DIS kann Atmosphéren vom FGK-Typ in weniger als 5000 CPU-h relaxieren, was auf
mittelgroen Computerclustern innerhalb von 24 h realisierbar ist. Mit diesen neu entwickelten Werkzeugen
richte ich den Fokus auf die metalldrmsten Sterne der Galaxie, die hiufig eine deutliche Kohlenstoffanre-
icherung aufweisen (CEMP Sterne), und finde starke 3D-Effekte (bis zu —0.7 dex) auf die Kohlenstoffhiu-
figkeiten. Je nach Metallizitdt reduziert dies den Anteil an CEMP-Sternen um bis zu ~ 30%, was auf einen
um 20 % geringeren Beitrag schwacher Supernovae in der frithen Galaxie hinweist. Diese Dissertation unter-
streicht die Notwendigkeit von 3D NLTE in der galaktischen Archéologie und liefert die Werkzeuge, um diese

zum neuen Standard der Astronomie zu machen.

Abstract

Precise measurements of stellar chemical abundances are the fundamental tool in Galactic Archaeology, and
key to unraveling the formation and evolutionary history of the Milky Way Galaxy. Traditional modeling
techniques assume 1D hydrostatic stellar atmospheres and local thermodynamic equilibrium (LTE) in the
spectrum synthesis, which is increasingly shown to be inadequate. In this thesis, I investigate how the neglect
of 3D radiation hydrodynamics (RHD) and non-LTE (NLTE) radiative transfer influences our understanding
of Galactic evolution. By deriving NLTE abundances of Ni and Fe for a large stellar sample, I find that LTE
trends wrongfully suggest the dominance of classical type Ia supernovae (SNe Ia), while in NLTE, the [Ni/Fe]
evolution is best reproduced by ~ 80 % sub-Chandrasekhar-mass SNe Ia. To overcome these limitations of the
current modeling, I present M3DIS, a new, highly efficient, and flexible code for constructing 3D RHD models
of stellar atmospheres. M3DIS can relax FGK-type atmospheres in under 5000 CPU-h, achievable within 24h
on intermediate-size clusters. Using these newly developed tools, I shift the focus towards the most metal-poor
stars, which are found to be carbon-enhanced (CEMP stars) in large quantities, and find large 3D effects (up
to —0.7dex) on C abundances. Depending on the metallicity, this reduces the overall CEMP fraction by up
to ~ 30%, which suggest a 20 % lower contribution from faint supernovae in the early Galaxy. This thesis
underlines the need for 3D NLTE modeling in Galactic Archaeology, and provides the tools to make them the

new standard in astronomy.
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Personal Motivation

It has always fascinated me that the tiny points of light scattered across the night sky are, in
truth, enormous balls of gas, unimaginably large, massive, and hot, held together by gravity
and situated at distances that stretch the limits of human understanding. Yet, despite all
that, they are not beyond our reach. Each photon they send is essentially like a page out
of their diary — containing information about themselves, the life of their ancestors, the
environment they reside in, and how they will eventually perish — written in a language that
we do not understand. It is through the tools of astrophysics — and in particular, through
methods of spectroscopy and a deeper physical understanding about the interior of stars —

that we are able to translate their message step-by-step.

In recent years, large-scale spectroscopic surveys such as APOGEE, GALAH, LAMOST, and
Gaia-ESO have significantly increased the availability of high-resolution spectroscopic data.
These efforts have produced vast data sets, containing millions of stellar spectra across
various stellar types and Galactic environments, rich with physical and chemical data that
await interpretation. Despite significant advancements in stellar atmosphere models and
spectral analysis — evolving from basic one-dimensional (1D) hydrostatic models in local
thermodynamic equilibrium (LTE) to comprehensive three-dimensional (3D) simulations of
sub-surface convection and the photosphere — they still fall short due to numerical complex-
ity and cannot yet process the vast influx of spectral data. Therefore, only simplified models
are applied to interpret the spectra from these millions of stars, which may in the end result

in misconceptions about the environment they reside in and what their progenitors are.

In this thesis, I show that the use of classical models leads to a distorted understanding
of how most white dwarfs exploded in the history of the galaxy and how the first stars
ended their lives. I furthermore aim to bridge the gap between models and observations by
developing a new 3D radiation-hydrodynamics code that will make on-the-fly 3D non-LTE
spectra fitting possible for the upcoming PLATO and 4MOST surveys and will finally allow

us to understand better what stars were telling us all along.
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“Our telescopes may probe farther and farther into the depths of space; but (...) what
appliance can pierce through the outer layers of a star and test the conditions within? (...)
We learn what we do learn by awaiting and interpreting the messages dispatched to us by the
objects of nature.” — Sir Arthur S. Eddington (1926)



1 Introduction

The starlight that reaches us contains vast information about cosmic history, star formation,
and galaxy evolution. The dispersion of this light into spectra reveals the physical state, ef-
fective temperature, surface gravity, and chemical composition of these stars. The chemical
composition in particular serves as a record of the stellar history, shedding light on their
origins and evolution. Accurately measuring these elemental abundances in different stars
— with vastly different masses, lifetimes, and ages — across the entire Galaxy allows for the

reconstruction of the history of the Milky Way and is thus of major interest across astronomy.

1.1 Stellar Spectroscopy

The quantitative study of stellar spectra began with the discovery of dark lines in the solar
spectrum by Joseph von Fraunhofer in 1814. However, the significance of these findings
became evident only 45 years later when Gustav Kirchhoff and Robert Bunsen identified
that these dark lines matched the emission lines observed in their newly developed “flame
spectroscopy” in specific elements. This discovery led them to deduce the presence of these
elements in the outer layers of the Sun, since they absorb light at these specific wavelengths
(Kirchhoff 1860). Subsequent analyses of stellar spectra resulted in the development of the
O, B, A, E G, K, M classification system, still used today, and led to the conclusion that stars
are essentially hot planets containing the same metals as found on Earth.

In 1925, Cecilia Payne-Gaposchkin was the first to apply the newly developed Saha equa-
tion, which connects element ionization stages to surrounding temperatures, demonstrating
that the spectral class sequence can be explained by varying ionization equilibria in stars of
different temperatures, not diverse chemical compositions (Payne-Gaposchkin 1925). She
discovered that stars possess metal abundances similar to Earth, but contain far more hy-
drogen and helium. Her work revealed that hydrogen and helium are the primary elements
in stars and the universe, establishing the foundations for stellar physics and chemical evo-

lution.

To determine information about stars from observations of their spectra, models of the outer

stellar layers are crucial, as these regions have low enough densities to allow radiation to



1.1 STELLAR SPECTROSCOPY

escape. These model atmospheres, which describe the physical conditions in these layers, are
essential to predict the spectral line shapes for specific stellar parameters and abundances,
allowing for a comparison with observations (Gray 1992). Historically, quantitative stellar
spectroscopy relied on one-dimensional (1D) models in hydrostatic equilibrium (HE), as-
suming local thermodynamic equilibrium (LTE) with the radiation field. The first grids of
these models computed by Gustafsson et al. (1975) and Kurucz (1979) enabled the efficient
modeling of spectral features and derivatives of them are still the base-line for stellar diag-
nostics today when analyzing spectra from millions of stars in large spectroscopic surveys
(e.g. Gilmore et al. 2012; Jonsson et al. 2020; Xiang et al. 2019; Buder et al. 2024).

However, as observational techniques and computational resources improve, the limitations
of 1D HE models become more and more apparent. It is not at least direct observations of
the Sun which reveal that the solar surface is covered with a complex, time-dependent
granular pattern, a complicated velocity field which cannot be described by a 1D gas at
rest. Parameterizations such as the Mixing-Length Theory (MLT, Prandtl 1925; Henyey et al.
1965) were adopted to — at least approximately — account for the influence of convective
motions on the atmospheric structure (Gustafsson et al. 2008), while additional ad hoc
broadening parameters such as micro- and macro-turbulence were introduced to match
observed spectral line shapes (e.g. Struve & Elvey 1934; Gray 1973). These parameters
are not emerging self-consistently from models and hence need additional calibration (e.g.
Barklem et al. 2002). Besides these inconsistencies, it is furthermore found that observed
spectral lines show asymmetries and convective shifts (e.g. Dravins et al. 1981; Balthasar
1984; Allende Prieto et al. 2002; Lohner-Bottcher et al. 2019), which are not reproduced
in the 1D HE framework (Asplund et al. 2000) and hence motivate the development of

physically more realistic models of stellar atmospheres.

Given that stellar convective motions are intrinsically three-dimensional and time-dependent,
the logical progression is transitioning from 1D HE to time-dependent, three-dimensional
radiation-hydrodynamics (3D RHD) simulations. These simulations aim to accurately model
the turbulent structure and convective velocity fields in stellar atmospheres, including the
photosphere crucial for spectral line formation. The first 3D stellar atmosphere models
were developed by Nordlund (1982), successfully simulating solar granulation. Advances
in computing infrastructure and numerical methods have since enabled the development of
improved 3D RHD models with higher spatial resolution and more precise radiation han-
dling (Ludwig et al. 1990) that span extended stellar periods. Notable examples here are
the STAGGER (e.g. Nordlund & Galsgaard 1995; Collet et al. 2007; Magic et al. 2013a; Col-
let et al. 2011), CO°BOLD (e.g. Freytag et al. 1996; Freytag & Hofner 2008; Ludwig et al.
2009a; Freytag et al. 2012; Ludwig & Steffen 2016), and MURaM (e.g. Vogler et al. 2004,
2005; Rempel 2014) codes. In the past, these codes have been successfully applied to simu-
lations of red giant (e.g. Wedemeyer et al. 2017; Klevas et al. 2017) and red supergiant stars

2
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(Chiavassa et al. 2009), small-scale dynamo magnetic fields (e.g. Rempel 2014; Witzke et al.
2023; Riva et al. 2024), coronae (e.g. Rempel 2017), and complex chromosphere radiative
transfer (Gudiksen et al. 2011; Przybylski et al. 2022).

Despite significant improvements in 3D models over time, it is mainly computational com-
plexity that prevents them from replacing classical 1D HE models for large-scale applica-
tions and limits their applicability to the detailed analysis of individual stars or small stellar
samples. Although major achievements in this context were accomplished by Ludwig et al.
(2009a) and Magic et al. (2013a); Rodriguez Diaz et al. (2024), who developed the first
grids of 3D atmospheres, CIFIST and the STAGGER grid, respectively, the existing grids of
model atmospheres are either not publicly available and/or rather sparsely sampling the
stellar parameter space (see Sec. 2.1.7). Because the creation of a single model atmosphere
with the codes in use today may require weeks of computation time (C. Lagae, priv. conv.) —
and the codes furthermore are not public — 3D RHD models at the moment are not capable

of replacing 1D HE models for large-scale applications.

The computation of 3D spectra in the post-processing is furthermore computationally de-
manding. To complicate things further, there have been a number of studies who find a
significant influence of non-local thermodynamic equilibrium (non-LTE, NLTE) effects on

abundances derived using 1D and also 3D stellar atmospheres of late-type stars.

A frequent issue identified in multiple studies is that abundances derived from lines with
different lower energy level excitation potentials — or different ions of the same species — are
inconsistent, which has been attributed to ignoring NLTE effects (e.g. Athay & Lites 1972;
Ruland et al. 1980; Feltzing & Gustafsson 1998; Bergemann & Gehren 2008; Bergemann
2011; Bergemann et al. 2012a; Sneden et al. 2016; Bergemann et al. 2019). Furthermore,
abundances determined under the LTE approximation can differ significantly from those de-
rived with NLTE methods, which has been extensively analyzed for various different species
such as, e.g. H (Mashonkina et al. 2008), Li (Asplund et al. 1999; Lind et al. 2009, 2013),
and O (Bergemann et al. 2021), Fe-peak elements (Scott et al. 2015) such as Mn (Berge-
mann & Gehren 2008; Bergemann et al. 2019), Fe (Thévenin & Idiart 1999; Bergemann
et al. 2012a; Lind et al. 2012), Ni (Bergemann et al. 2021), and Cr (Bergemann & Cescutti
2010), but also heavier elements (Mashonkina & Gehren 2000; Mashonkina et al. 2008;
Gallagher et al. 2020; Mashonkina & Romanovskaya 2022; Storm & Bergemann 2023).

It has also been shown in studies of individual stars, such as selected late-type stars, metal-
poor stars, or the Sun (e.g. Asplund et al. 1999, 2009; Ludwig et al. 2009b; Ludwig &
Steffen 2016; Bergemann et al. 2019, 2021; Lagae et al. 2023; Lind & Amarsi 2024) that the
dynamic velocity fields in combination with temperature and density variations in 3D RHD
model atmospheres directly influence the shape of spectral lines and thus stellar parameters

and abundances derived from observations. They additionally have been shown to influence

3
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the statistical equilibrium of different species and therefore may impact the departures from
LTE differently than observed in 1D studies, which means that the effects of 3D and NLTE
are intertwined and can not be studied individually. A complete 3D NLTE treatment of the
radiation field thus seems to be necessary in order to accurately derive stellar parameters,
specifically for Fe-peak elements in metal-poor and/or red giant stars (Asplund et al. 1999;

Bergemann et al. 2019).

Studies exploring 3D NLTE effects for certain species in stellar samples of a few 100 stars
exist (e.g. Storm et al. 2025), but computational restrictions often limit them to either an
average 3D (<3D>) analysis or interpolation within a grid of 3D NLTE— 1D LTE abundance
corrections. The former accurately represents the average differences between 3D and 1D
model atmospheres but fails to address temperature inhomogeneities and the full velocity
distributions (e.g. Holzreuter & Solanki 2013; Amarsi et al. 2016). The latter captures the
complete 3D atmospheric nature but depends on spectral line equivalent widths rather than
direct observation fitting, and is indirectly influenced by hyperparameters like microturbu-
lence and mixing-length used to derive 1D LTE abundances. Both methods are limited by
the sparse availability of current 3D model atmosphere grids. A robust 3D NLTE fit is the
most reliable method for determining stellar abundances, which requires the resolution of
computational issues when the objective is to apply 3D NLTE methods to millions of stars.

1.2 Galactic Archeology

It is precisely this analysis of stellar abundances across a broad, extensive population of stars
that is needed for a comprehensive understanding of the Galactic chemical evolution (GCE)
and the evolution of individual stellar populations (Matteucci 2003; Tornatore et al. 2007;
Matteucci 2014). Studies of this kind offer constraints on different nucleosynthesis sites —
such as core-collapse (CC, e.g. Woosley et al. 2002; Portinari et al. 1998; Kobayashi et al.
2006; Nomoto et al. 2006; Limongi & Chieffi 2018) and type-Ia (e.g. Fink et al. 2010; Seiten-
zahl et al. 2013a; Ruiter 2020) supernovae (SNe), asymptotic giant branch (AGB) feedback
(e.g. Marigo 2001; Karakas 2010; Karakas & Lattanzio 2014), or neutron star (NS) merg-
ers (e.g. Bauswein et al. 2013; Rosswog et al. 2014) — as well as the overall star formation
histories and their environmental characteristics (Coté et al. 2017; Coté 2018). Using GCE
models (Matteucci 2003), which simulate the chemical history of stellar populations over

time, one can derive insights by comparing them with observed abundance patterns.

Although GCE models exist with increasing complexity — from classical models (Chiappini
et al. 1997), over radial migration (Sellwood & Binney 2002; Schonrich & Binney 2009;
Grand et al. 2015), galaxy mergers (Mihos & Hernquist 1996; Springel et al. 2005), Galac-
tic winds driven by supernova feedback (Strickland & Heckman 2009; Smith et al. 2018),
or halo formation (Heger & Woosley 2002, 2010; Hartwig et al. 2018; Magg et al. 2022a;

4
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Klessen & Glover 2023; Hartwig et al. 2024), to cosmological zoom-in simulations (Grand
et al. 2017, 2024; Pinna et al. 2024) — the frequency, specific explosion mechanisms, and
yields of individual chemical production sites remain significant uncertainties when model-
ing current observables (Romano et al. 2010; Coté et al. 2016) and often require calibration
to reflect Galactic abundance trends accurately (e.g. Francois et al. 2004; Palla 2021).

GCE models are furthermore commonly used to fit observed abundance distributions to ob-
tain information about different processes in the Galaxy (e.g. Coté et al. 2017; Kobayashi
et al. 2020b) Consequently, systematic offsets in stellar abundances, including 3D and NLTE
effects, directly relate to misinterpretation and misjudgment of individual parameters, such
as e.g. nucleosynthetic production sites. An important example in this regard are SNe Ia,
which are assumed to have a uniform brightness allowing for their use as cosmological stan-
dard candles (Riess et al. 1998), although emerging evidence suggests multiple explosion
mechanisms beyond the traditional model (e.g. Hillebrandt et al. 2013; Ruiter et al. 2013;
Blondin et al. 2017; Kirby et al. 2019; Ruiter 2020; Eitner et al. 2020; de los Reyes et al.
2020; Flors et al. 2020). Because there are multiple pathways possible that lead to a SNe Ia
explosion (see Ruiter & Seitenzahl 2025, for a comprehensive overview) the signature they
imprint on the Galactic chemical distribution is key to investigate which of these indeed
appear in nature (Kobayashi et al. 2020a,b).

While SNe Ia influence the relatively metal-rich part of the Galactic distribution (Matteucci
& Greggio 1986), abundance patterns found in the oldest, most metal-poor, stars in the
Galaxy provide insights into their predecessors — the first, Population III (Pop III) stars —
and early Galactic conditions (Spite et al. 2013). Largely, these stars exhibit unusually low
levels of iron and other metals, while at the same time showing high levels of carbon, which
lead to their classification as carbon-enhanced metal-poor (CEMP) stars (Beers et al. 1985;
Christlieb et al. 2002; Beers & Christlieb 2005).

Of these, in particular, the CEMP-no subclass — which lacks s- or r-process elements — seems
common in the early Galaxy, providing a window into Pop III nucleosynthesis (Yoon et al.
2018). However, their classification and analysis are largely based on abundance measure-
ments of C from the molecular CH G-band, which potentially introduces biases from spectral
modeling assumptions. Furthermore, increasing atmospheric 3D effects in metal-poor stars
may significantly influence molecular abundances (Asplund et al. 1999; Collet et al. 2018;
Gallagher et al. 2016, 2017), which suggests that a detailed 3D analysis of their spectra is
needed.



1.3 GCE IN 3D & NLTE — THESIS OUTLINE

1.3 GCE in 3D & NLTE - Thesis Outline

In this thesis, I analyze the influence of assumptions made in the process of generating syn-
thetic stellar spectra — specifically the neglect of full 3D RHD models of stellar atmospheres
and departures from LTE when solving the radiative transfer — on the measurements of
stellar abundances and investigate to what extent they skew our understanding of the evo-
lution of the Galaxy. With this purpose in mind, I present our newly developed 3D RHD
code M3DIS within the DISPATCH framework (Nordlund et al. 2018) for generating grids
of model atmospheres — with the corresponding NLTE spectra — on much shorter timescales
than what is possible with current codes. I will show that the techniques developed in the
course of this thesis will enable to bridge the gap between the full 3D NLTE analysis of in-
dividual stars and their application to large spectroscopic surveys, bringing the quality of

stellar models in agreement with the quality of next-generation spectroscopic data sets.

The thesis is structured as follows; First, I will give an overview of the most important
concepts, summarize the physical principles involved in modeling stellar atmospheres and
spectra, and describe the theoretical background (Sec. 2). This will include a general de-
scription and numerical solution strategy for the equations of radiation-hydrodynamics, as
well as the most important ideas involved in the synthesis of the NLTE spectrum (Sec. 2.1).
In addition, I will outline the connection to the GCE and motivate why Fe-peak elements

are the key to understanding the explosion mechanism behind SNe Ia (Sec. 2.2).

Next, I will apply these concepts to the derivation of NLTE [Ni/Fe] abundances in a sample
of Galactic stars and analyze the results with respect to the role of different SNe Ia in Galac-
tic chemical enrichment (Sec. 3). I will then take the step from 1D towards full 3D and
introduce the M3DIS code (Sec. 4), describe its working principles and input physics. I will
furthermore validate the code by comparing the M3DIS solar model with models computed
using other 3D RHD codes, demonstrate its capabilities on a small sample of solar-like stars,
and further introduce the corresponding 3D spectrum synthesis code MULTI3D@DISPATCH
within the same numerical framework. Lastly, I will utilize the flexibility of M3DIS with re-
spect to the chemical composition to create a collection of CEMP stars at different metallic-
ities, from relatively metal-rich to extremely metal-poor, analyze the effects of 3D — paired
with significant C-enhancement in the model atmosphere — on the CH G-band and the C
abundances derived from it. I will again make the connection to the chemical history of the
Galaxy by investigating the implications of changes in the CEMP-no fraction on Pop III nu-
cleosynthesis (Sec. 5). I will close with a future outlook to highlight in what context M3DIS
models are anticipated to be used in the near future, specifically for the science goals of the
4MOST and PLATO missions (Sec. 6), and a final summary (Sec. 7).



2 Fundamentals &

Theoretical Background

2.1 Deciphering of Stellar Spectra

Analyzing the light from stars is crucial for understanding the formation, evolution, and
current structure of the Galaxy. Stellar spectra are particularly important since they reveal
the chemical makeup and history of their surroundings and make it accessible to present-day
observers. Extracting information about the emitting star requires theoretical insights into
its atmospheric structure, including temperature, density, and pressure in its outer layers,

as well as the fundamentals of radiation transport.

The procedure thus requires computing model atmospheres that serve as the basis for simu-
lating radiation transport, leading to the synthesis of the spectra we observe. It is crucial to
note that photons traveling through the atmosphere are constantly absorbed and emitted by
gas, affecting the energy balance and altering atmospheric structure, hence again impacting
the radiation field (Nordlund 1982). This non-linearity — combined with the inherent com-
plexity of radiative transfer calculations — renders the determination of stellar atmospheres,
and thus stellar parameters and abundances, challenging and computationally intensive. A
common method is to separate the computation of stellar model atmospheres, using a sim-
plified radiation approach, from the detailed spectrum synthesis, which is conducted on a

static atmospheric background.

The construction of models of stellar atmospheres has been a challenge since the first models
of late-type stars have been published (Carbon & Gingerich 1969) and have been contin-
uously developed to improve physical consistency (e.g. Nordlund 1982; Plez et al. 1992;
Grupp 2004; Gustafsson et al. 2008; Nordlund et al. 2009; Freytag et al. 2012; Magic et al.
2013a). Due to the numerical complexity, it is mostly 1D models, describing the atmosphere
as a function of depth only, in HE that are widely used for the derivation of stellar parameters
in the majority of large-scale stellar spectroscopic surveys, such as e.g. Gaia-ESO (Gilmore
et al. 2012), GALAH (Bland-Hawthorn et al. 2019), APOGEE (Majewski et al. 2017), or
LAMOST (Liu et al. 2020). Here, studies either interpolate between spectra synthesized for
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a precomputed sample of 1D HE model atmospheres, such as the MARCS (Gustafsson et al.
2008), ATLAS (Kurucz 1979; Castelli & Kurucz 2003; Kurucz 2013), or MAFAGS (Grupp
2004) grids, or interpolate the 1D model structures directly. Understanding how these 1D
HE models are constructed in terms of underlying principles — the physical domain in which
these models are applicable, what the shortcomings are and how they translate to stellar
observables — is of high relevance, as these models build the foundation of countless studies

in modern astronomy that make use of synthetic stellar spectra.

2.1.1 1D Hydrostatic Models of Stellar Atmospheres

A model of the stellar atmosphere essentially constitutes a description of the properties of the
gas within the outer layers of stars, as these are crucial for the emerging radiation. Specif-
ically, it is essential to accurately model the optical surface — a region where gas density
and opacity decrease so that radiation can escape — to obtain a physically realistic temper-
ature and density profile. Under the assumption that the atmospheric material is at rest,
the fundamental equation of hydrostatics may be written as (following the description by
Gustafsson et al. 2008)

GM ,
VP :_p7 t=p g(r), (2.1)

where VP, is the total pressure gradient, p the density of atmospheric gas, M the mass
enclosed within the radius r (along the unit vector t), the Newtonian constant G, and the
surface gravity g. The total pressure itself contains the contribution from the gas pressure
P,, the turbulent pressure P, and the radiation pressure P4, that is,

VP = VP, + VP, + VP 4. (2.2)

Here, P, describes the force linked to the turbulent movement of the material and may
be expressed in terms of the turbulent velocity v,, such that P, ~ pv?. It is important to
note that — because of the underlying hydrostatic assumption — the velocity field and, hence,
also the turbulent velocity can not be derived self-consistently. It is therefore a free param-
eter that has a direct consequence for the atmospheric stratification; As demonstrated by
Gustafsson et al. (2008), the influence of turbulent pressure on the model can be expressed

in terms of an effective surface gravity (g.),

1—L/Lggqer
I il 2.3
et = & (1 7 (/) (2.3)

with luminosity L, effective Eddington luminosity Lgy4 ., sound speed ¢, = 4/vP,/p, and
adiabatic index y. This implies that altering v, mimics changing surface gravity, directly
impacting the atmospheric structure as per Eq. 2.1. Additionally, Eq. 2.3 indicates a similar

effect for L, which relates to the radiative pressure — expressed by the radiative energy flux
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F.,q — via the energy balance equation.

}Qomv4_}§ad::

e (2.4)

In addition to F,,4, Eq. 2.4 also considers energy transport by the gas itself through convec-
tion, which is a relevant mechanism in the atmospheres of FGK-type stars. Regions in the
atmosphere that are unstable against convection can be identified using the Schwarzschild
criterion (e.g. as formulated by Hubeny 2013)

Vi > Vi, (2.5)

dInT dInT
Ve, = V= 2.6
R (dlnP)R’ A (dlnP)A 20

where Vy is the radiative temperature gradient, and V, is the adiabatic temperature gra-

dient. In the stellar interior, densities are high and the opacity of the material large. In
these conditions, energy transport via radiation is extremely inefficient, which causes the
material to be convective. Towards the stellar surface the pressure, and hence density, drops
(negative sign in Eq. 2.1). When the mean free path of photons becomes sufficiently large
for radiative energy transport to be effective, the material stabilizes and convection stops
(Gray 2005).

Again, it needs to be stressed that in hydrostatic equilibrium there is no derivation of the
velocity field and hence no self-consistent way to estimate the convective energy flux. A
common approximation is to resort to MLT (e.g. Prandtl 1925; Henyey et al. 1965; Joyce
& Tayar 2023), which expresses F,,, with the help of additional free parameters, the most
prominent being the mixing length parameter a,; that describes the convective mean free
path in units of pressure scale height (H,). Similarly to v,, also ayyy is directly linked to
the atmospheric structure through Eq. 2.3 and 2.1. Despite their relevance for model at-
mosphere construction, constraining these parameters from first principles is not possible,
as they require calibration based on observations of spectral lines themselves (e.g. Barklem
et al. 2002), which introduces significant inconsistency in the derivation of stellar parame-

ters.

The full system of equations is closed by an equation of state (EoS) that relates the gas
pressure and density, which ultimately allows the solution of the radiative transfer and thus
the computation of F,,4. The full set of non-linear equations is solved iteratively. For this,
an initial temperature stratification is used to solve Eq. 2.1 for gas pressure and density
(together with the EoS), which is then used to compute the frequency-dependent radiative

transfer and obtain F,,4, which initially does not obey the radiative equilibrium equation,

V-F,4 =0, (2.7)
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Figure 2.1: Example temperature against optical depth profiles of three grey, hydrostatic
model atmospheres in radiative equilibrium, derived in the Eddington approximation. Black
lines correspond to different effective temperatures.

and hence requires adjustments of the atmospheric structure until convergence (Hubeny
& Mihalas 2014). Note that in plane-parallel atmospheres the radial dependence of g and
F,,4 can furthermore be neglected, because the atmospheric contribution in overall size and
mass is assumed to be negligible compared to the remaining parts of the star. Radiative
equilibrium in this case is equivalent to F,,4 = chBT;'ff = const (with Stefan-Boltzmann
constant og) in every layer of the atmosphere. The effective temperature T, therefore,
together with surface gravity and chemical composition, is a defining input quantity of 1D

HE codes and ultimately determines the atmospheric structure.

The radiative transfer is discussed in more detail in Sec. 2.1.3, however it is useful to men-
tion an important special case: the 1D HE gray atmosphere. In the gray approximation (e.g.
Gray 2005), the opacity of the medium is assumed to be frequency independent, allowing
the atmospheric structure to be resolved on a frequency independent optical depth scale
7. Combined with the Eddington approximation, i.e. assuming a nearly isotropic radiation
field, which allows for an approximate solution by relating the radiation pressure to the
mean radiation intensity, the temperature structure can be expressed as a simple function

Of Teff and T,

T4 "3

Avisual representation of the T —7 structure for different effective temperatures can also be

THt) =T 3 (r + 2)_ (2.8)

found in Fig. 2.1. Despite its oversimplification, the Eddington solution of the atmospheric

structure in the gray approximation provides two valuable order-of-magnitude estimates,
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which are also relevant for the analysis of more complex models; the temperature at T = 2/3
matches the effective temperature (T(2/3) = T.i) reasonably well, and the temperature
drop from this depth to the surface (7 = 0) is modest, about 16% of T,.

Motivated by the slow varying temperature in the upper layers, a very instructive exam-
ple of a plane-parallel atmosphere in hydrostatic equilibrium is the isothermal, ideal gas.

Neglecting radiative and turbulent pressure components in Eq. 2.2, the ideal gas EoS,

P, =L i1, (2.9)
um,

with mean molecular weight u, atomic mass unit m, and Boltzmann constant kg, can be

substituted directly into the 1D version of Eq. 2.1 (with height coordinate 2), i.e.

dP; ks Tdp
g B

_—m P = — 2.10
dz  wum, dz ps ( )

d d
- (2.11)

Jo) H
= p = p, e/, (2.12)

The density of an ideal isothermal gas in hydrostatic equilibrium thus drops exponentially
with scale height H = ky T /gum,, which in this case is equal to H,. Due to the proportion-
ality in Eq. 2.9, the same is true for the gas pressure.

Although not entirely applicable for a realistic model of the entire stellar photosphere, es-
pecially toward the upper, radiation-dominated layers, where convective motions become
less significant and the temperature gradient is small (as in Fig. 2.1), this simple model
describes the density profile reasonably well and offers the opportunity to understand parts
of physically more realistic — and significantly more complex — atmosphere models at least
qualitatively. It specifically suggests that an exponentially dropping density at constant tem-

perature is a suitable upper boundary condition in simulations of the stellar atmosphere.

Conversely, an exponential decrease of density paired with a constant temperature can be
associated with a higher mean free path of photons, causing energy transport by radiation
to be more efficient and providing stability against convection (Eq. 2.5) and initiating the

transition from convection to radiation-dominated regimes within the photosphere.

2.1.2 3D Radiation Hydrodynamics Models of Stellar Atmospheres

Stars are not one-dimensional. Direct observations of the Sun make this clear immediately;
it can be seen in observations by e.g. the Swedish Solar Telescope (Fig. 2.2, left panel) that
the solar surface shows a rich, spatial substructure. A granular pattern can be observed,

where rising bubbles of bright hot gas with spatial extension of ~ 1000 km are surrounded
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Figure 2.2: Left: High resolution solar granulation observation taken by the Swedish 1-
m Solar Telescope (SST). Credit: Institute for Solar Physics, Sweden. Observer: Vasco
Henriques, image processing: Vasco Henriques, date: 23 May 2010. Right: Solar surface
flux expected from 1D HE models. In 1D HE, convection and hence granulation is not
included. The surface would spatially show the identical temperature everywhere.

by dark and cool inter-granular regions of downflows.

Multi-epoch observations furthermore show that this pattern is not static!; convective cells
are moving; they disappear and re-emerge as a function of time. It is clear that a 1D HE
model, which by definition is static, in radiative equilibrium, and has a single constant
effective temperature (and hence radiation flux) in space and time, is unable to reproduce

the observed diversity (Fig. 2.2, right panel shows a schematic image).

Equations & Properties

Modeling a stellar atmosphere in full 3D, with realistic velocity fields, requires the solution
of the Euler equations. Expressed as conservation of mass (continuity), momentum, and
energy, they may be written as

op+V(pv)=0 (2.13)
o(pv)+V(pvw)=—VP+pg (2.14)
e +V((e+P)v)=pvg+qra» (2.15)

with gas velocity v, energy per unit volume e, and radiative heating q,,4. To close this system
of radiation hydrodynamics (RHD), two more equations are required; the EoS, providing

P(p,e), and the radiative transfer equation to compute q,,4. More details can be found in

'https://www.isf.astro.su.se/datal/gallery/movies/2006/
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2.1.2 3D RADIATION HYDRODYNAMICS MODELS OF STELLAR ATMOSPHERES

Sec. 2.1.3 and 2.1.4. In conditions common in stellar atmospheres their solution requires
numerical methods. The momentum and energy conservation Eq. 2.14 and 2.15 further-
more, strictly speaking, require the inclusion of a viscosity term. However, as demonstrated
by Freytag et al. (2012), the intrinsic microscopic viscosity acts on scales of a few centime-
ters in the solar atmosphere, which is many orders of magnitude smaller than typical length
scales (e.g. H,), and hence numerically impossible to resolve. The numerical diffusion

associated with the grid discretizations and numerical scheme are of greater significance.

Following the description by Toro (1997b); Dullemond (2011), the Euler equations math-
ematically can be viewed as first-order, hyperbolic, non-linear partial differential equations

that advect the conserved quantities Q with the fluxes F; in every spatial dimension i,

(o) eu (v Y v )
puv

pou pu?+P puw
Q=|pv |, Kk=| pvwu |,F=|pv+P |, F,=| pw |, (2.16)
ow powu pwy pw?+ P
\ e ) \(e +P)u \(e + P)v} \(e + P)W}

with the velocity vector v.= (u,v,w)” in Cartesian coordinates x, y, and z. The Euler

equations then read as
0.Q+ oF,+oF,+J,F, =S, (2.17)

with the source term S = (0,0,0,—pg,—pwg + ¢,.4)" on the right-hand side collecting the
external gravitational force, as well as changes to the energy by radiative heating and release

of potential energy.

In the regime of FGK-type stars with surface gravities between 1 < logg < 5, Gustafsson
et al. (2008) estimate the effects of sphericity on the temperature stratification of the at-
mosphere to be smaller than 4% of the effective temperature in the optical depth regime
relevant for spectral line formation. It is therefore common to simplify the computation of
stellar atmospheres by simulating only local regions that are small compared to the size of
the star and hence can be represented as Cartesian boxes, so-called box-in-a-star simula-
tions (but see also Freytag & Hofner 2008, for star-in-a-box simulations of red supergiants),
which are characterized by constant surface gravity in the entire atmosphere, g = (0,0, —g).
A reasonable order-of-magnitude estimate for the size of the atmosphere AR with respect
to the stellar radius R may be obtained from an ideal gas in HE (Eq. 2.1) and with the
assumption that P .. =0, i.e.
AP —P —pT AR T T

ap P et AR T T 2.18
AR AR AR T PET R TRg T /g @18
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The plane-parallel assumption is a reasonable estimate in stars where the size of the atmo-
sphere is negligible compared to the radius of the star, AR < R. It is hence stars that are
massive, cold or have a high surface gravity that are reasonably well described by box-in-
a-star simulations. In the parameter space of FGK-type stars it may furthermore be noted
that effective temperatures vary between ~ 3500K and ~ 7000K, while on the other hand
the surface gravity spans multiple orders of magnitude, 1 S logg < 5, making it the crucial
factor in this regard. Nevertheless, it was found by e.g. Heiter & Eriksson (2006) that for
giant stars with log g > 1.5 the sphericity effect on Fe I abundances is < 0.1dex even for
strong lines, and 0.04 dex for Fe II (their Fig. 6), suggesting that for the majority of observed
Galactic stars plane-parallel geometry is sufficient.

Particular attention has to be paid to the size of the region in the atmosphere that is modeled.
For the physical behavior of the gas to not be influenced by the boundary conditions at the
edges of the simulation domain, it has to be ensured that a sufficient number of granular
cells, which typically have an extent comparable to H,, (Magic et al. 2013a), are continuously
evolving. Therefore, the size of the box is required to scale roughly with H, ~ T/g (Eq.
2.10). Since g generally covers multiple orders of magnitude, it can also be viewed as the

primary indicator for the size of the computation domain.

In contrast to 1D HE models, solving Eq. 2.17 yields the velocity field from first principles
and hence replaces the need for any turbulence and mixing length parameters (Eq. 2.3). In
3D RHD the stellar atmosphere naturally develops a convective zone at the bottom of the
simulation domain, and the inclusion of radiative heating initiates the transition to photo-
spheric layers without the need of hyperparameters. Since there is also no assumption of
radiative equilibrium, the final T — p stratification of the model depends only on essentially
three input parameters: The chemical composition, the surface gravity log g, and the en-
tropy at the bottom of the atmosphere. The reason why the bottom entropy is a particular
important quantity that governs the state of the entire atmosphere lies already within the
Euler equations and the first law of thermodynamics, i.e.

p
dé,, = TdS$ + —dp, (2.19)
Jo)

with the specific internal energy é;,, and the specific entropy $. By introducing the convective
derivative D, = J, + vV, one can express Eq. 2.15 in terms of the specific internal energy
é... = é —v?/2 such that

1
Dtéint = [_) (qrad —P VV) 5 (220)

which makes use of the momentum equation, D,v =—1/p VP +g, and the energy equation,
Dié =1/p (qaq — VVP — PVV) + vg, expressed in convective form. Note that the potential

energy contribution in the energy- and the gravity force term in the momentum equation
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cancel out, as they appear in both terms of D.é;,, = D,é — vD,v. Combining both Eq. 2.19
and 2.20 then implies that

T DS = quas (2.21)

Jol

which finally makes use of the continuity equation in convective form, D,p = —pVv. This
result is very instructive as it provides deep insight into the general atmospheric structure.
Toward the bottom of the computation domain, where the density is high and the energy
transport is dominated by convection, the radiative flux divergence — and hence the radia-
tive heating contribution to the overall energy balance — is small, i.e. q,,4 — 0. Eq. 2.21
implies that convective cells in these conditions rise adiabatically, D.§ = 0. Provided that the
model atmosphere covers deep enough layers, a constant bottom entropy thus defines an
isentropic upward flow of material. When q,,4 becomes significantly large, deviations from

the adiabatic structure arise (see also the description by Dullemond 2011).

Eq. 2.20 furthermore highlights the balance between radiation and the second, very im-
portant cooling mechanism: adiabatic cooling. The situation becomes even more instruc-
tive when the continuity equation is explicitly used to express the velocity divergence as

Vv =—1/p -D,p (or alternatively by inserting Eq. 2.21 back into 2.19),
1 P
De=— (qrad + —D[p) . (2.22)
P P

It becomes clear that the gas of the atmosphere can either cool by emitting photons, q,,4 < O,
or via the adiabatic cooling associated with rising fluid parcels, which expand, decrease their
density and hence also contribute to the atmospheric energy balance, D,p < 0. Note that in
hydrostatic equilibrium the velocity term in Eq. 2.20 is not included, which shows that this

mechanism is missing in 1D HE models.

Solution Method

To outline the solution strategy of the RHD equations, it is important to realize that general
advection equations in the form of Eq. 2.17 - for simplicity in 1D — can be expressed in

terms of the flux derivative with respect to the conserved quantities (Toro 1997b), i.e.

0Q+ o F=0Q+ S—ZGXQ =0, (2.23)
without the source term on the right-hand side. Here, F = F(Q(x)) does not explicitly de-
pend on x (as is the case for the hydrodynamic equations). The non-linearity is hereby
introduced by the Jacobian matrix g—g, which in general can be a function of Q itself. Math-
ematically, these equations can be solved using the characteristics method (e.g. Olver 2014;
Arendt & Urban 2023). To understand the solution qualitatively, it is furthermore useful

to look at the specific case of a scalar-valued state function Q(x, t) and flux F(Q), i.e. one
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specific out of the five Euler equations,
JoF
aQ+ %@Q =9Q+c(Q)-9Q=0, (2.24)

with advection speed c(Q). A comparison with the total differential of Q

dQ _ 2Q + i_):aXQ (2.25)

de
reveals that along the so-called characteristic curves x, with dx/dt = ¢(Q), the value of Q is
conserved, dQ/dt = 0. The solution of the partial differential advection equation therefore
reduces to the solution of an ordinary differential equation, which immediately provides the

evolution of an initial configuration Q,(x) = Q(x,0), i.e.

d*x _ de(Q) _ de(Q)dQ _ 0

ez dt  dQ dt (2.26)

= j—f = const = ¢(Q) = c(Qy(xy)) (2.27)

= x =c(Qy(xp)) - t +x, (2.28)

Qx, t) = Qolxo) = Qx —¢(Qo(x0)) - £,0). (2.29)

Eq. 2.26 shows that the characteristic curves are straight lines in the (x,t) plane; how-
ever, their slope (Eq. 2.27) in the non-linear case depends on the initial state. Different
characteristic curves hence necessarily cross at some point, after which no general analytic
solution can be found, and only weak solutions with additional conditions to handle dis-
continuities are applicable. In the special, linear case with ¢ = const, the solution is simply
Q(x,t) =Q(x —ct,0), that is, the initial profile becomes advected with the constant advec-
tion velocity c.

In the full HD system, Q and F are vector-valued functions, which means that the individ-
ual advection equations become coupled by multiplication with the Jacobian matrix. The
solution of the complete set of equations thus involves diagonalizing the Jacobian, that is,
computing eigenvalues A; and decomposing it locally into eigenvectors (Q — Q), both de-
pending on Q itself, so that it can be brought into the same form as Eq. 2.24

2,0 + diag(A4,...,1,)8,0 = 0. (2.30)

The Jacobian eigenvalues can therefore be interpreted as the characteristic velocities at
which conserved quantities Q are advected. In the case of the hydrodynamics equations as
expressed in Eq. 2.17, the characteristics (e.g. in the x-direction) turn out to be u, u — c
and u + c,, where the sound speed c, depends on pressure and density. The u characteristics

represent the motion of the fluid itself, while the u—c, and u + ¢, characteristics correspond
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to sound waves. Note that the decomposition Q cannot be done globally, because the Ja-
cobian is not constant, and thus the corresponding transformation matrix cannot be pulled
into the differential. Because the eigenvectors themselves furthermore depend on Q, the lo-
cally decomposed state does not provide a decoupling of the equations, which requires the
introduction of characteristic integral curves, along which only one state component varies

on the basis of the eigenvectors. For more details, see Toro (1997b); Dullemond (2011).

Numerical Solution Techniques

Before numerically solving the Euler equations, a decision is to be made; one may notice
that Eq. 2.13, 2.14 and 2.4 already take on an advective form, if the pressure-related terms
in the momentum and energy equations are moved from the advection on the left-hand side
to the source terms on the right-hand side. The result is that the entire system is advected
by the material velocity itself, i.e. the characteristics for all equations are equal to u, v and
w in the x, y, and z directions, respectively, which considerably simplifies the numerical
advection scheme. However, when using this method the propagation of sound waves is

entirely driven by the source term. This procedure is what is used in classical HD solvers.

On the other hand, there are multiple classes of so-called approximate Riemann solvers that
do not rely on this splitting but include the pressure term in the advection scheme and
thereby advect the conserved variables along the proper characteristics u, u — ¢, and u + ¢
(i.e. following Eq. 2.17). Because sound waves are propagated properly, Riemann solvers
typically excel at capturing shocks and discontinuities. Classical solvers, on the other hand,
have the advantage of better recognizing stable hydrostatic situations. Picking the right

solver is hence situation- and priority-dependent (Roe 1986; LeVeque 1997).

Although complex in detail, the working principle of a Riemann solver can be outlined by
investigating the basic working principle of the Harten, Lax, and van Leer approximate
Godunov-type solver that includes the contact wave (HLLC, see e.g. Toro 1997a, for a com-
prehensive overview). Starting with the x-direction of Eq. 2.17, the numerical solution
requires discretization of the Euler equations. For simplicity, one may consider the state
vector Q! in the grid cell i and the time-step n. In addition, one may assume that the size
of the grid cell is Ax and that the time-step At is locally constant. To advance Q[ by one
time-step, fluxes are required at the cell interfaces F,.,,,. The change of Q is hereby given

by the difference between the flux entering and leaving the cell i, i.e.

At

Q' =Q+ Ax (Fioij2—Fis1j2) - (2.31)

Precisely the computation of F,,, , is the duty of Riemann solvers. Each of the cell interfaces
Xi+1/2 Cconstitutes a jump between the state vectors left and right of the cell boundary, Q, and

Qg, which may be reconstructed from cell-centered variables using specific reconstruction
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algorithms.

In the original HLL solver, there are three options to determine the flux across the cell
interfaces F,.,,, depending on the locally fastest signal velocities S; and Sz, which, in the
simplest case, are given by the characteristic velocities S; = u; — ¢y, Sg = up + ¢y in the
cells left and right of the respective interface. The interface flux is then set to F; if material
is crossing the interface from the left with S; > 0 and Fy, if it is crossing from the right with
Sg < 0. In the region between, S; < 0 < Sy (also called the star region), the intermediate
state Q;1/, is computed from the integral average (across the interface) of the exact solution
by assuming constant Qg/, states, and the corresponding F;.,, using the Rankine-Hugoniot

condition (for the exact analytic expressions see Toro 1997a, their Eq. 10.13 and 10.19).

It is important to note that the domain splitting in Sy, includes the acoustic characteristics
u £ ¢, in the solution scheme, unlike in classical HD solvers. However, it does not properly
reflect the signal propagating as contact waves corresponding to characteristic u. This flaw
is removed in the HLLC Riemann solver, which extends the HLL scheme by additionally
including the contact wave S*, decomposing the cell interface flux in four states (0 < S,
S <0< 8% S <0< Sg, and 0 > Sy) of constant Q. For more details, see Toro (1997a).

The final fluxes at both cell interfaces may then be used in Eq. 2.31 advance Q" in time.

Special attention is hereby given to the time-step At, which in general can be At(x,t).
When computing the update Q?“ using cell interface fluxes, the description above is only
valid if the local gas velocity does not transport material beyond the domain of a single
spatial grid cell during the duration of this update. The consequence is that there exists an
upper bound for At, which is given by the Courant-Friedrichs-Lewy condition (CFL) for the

Courant number C,
At(x t)

Ax(x,t)

The exact value that grants stability may depend on the specific situation. Note that in

C(x,t)= u(x,t) < Chux- (2.32)

theory Ax and At may depend on the location within the computational domain. The
former is the case for adaptive mesh refinement methods with variable grid discretization,

the latter may be referred to as local time-stepping.

In the specific case of radiation hydrodynamics, where the Euler equations are coupled
with the radiative transfer equation through the q,,4 term in the energy equation, there are
additional constraints on the Courant number. Here, C furthermore needs to ensure that
photons do not diffuse across multiple cells within a single time-step. The limiting velocity in
the CFL condition therefore must not be smaller than the local radiative diffusion speed u;,
i.e. ucr = max(ugy, u). In regions around the optical surface the radiative timescale usually
is significantly shorter than the dynamic timescale, meaning that the maximum time-step
at which the simulation may evolve — and hence computational cost — is governed by the

radiation field.
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2.1.3 RADIATIVE TRANSFER

It is crucial to emphasize the significance of q,,,, in the energy equation beyond the general
solution methods of the HD equation discussed here. In fact, the non-convective, photo-
spheric layers of FGK stellar atmospheres are dominated by radiative energy transfer. Be-
yond eventually synthesizing the spectrum, it is thus essential for the temperature-density
structure to understand the key concepts of radiation transport and compute the radiative

flux as accurately as possible.

2.1.3 Radiative Transfer

In the context of stellar atmospheres, radiative transfer describes the interaction between
the radiation field and the atmospheric material through the absorption and emission of
photons. Considering a beam of light with specific intensity I, per frequency v, traveling
in the direction of the unit vector n under the angle u = cos(0) in a spherical coordinate
system (r, 8, ¢), the change of I, along its path can be expressed in terms of emission
coefficients (j,) and absorption (y,) coefficients (as in Hubeny 2013)

n-vI,=j—xl,. (2.33)

It is often useful to express the Eq. 2.33 in terms of the optical depth 7,, where an optical

depth increment is defined through the increment ds along the propagation ray such that
drt,=—y,ds=—pk,ds, (2.34)

where k, is another expression for the absorption coefficient, also called opacity, that ex-
presses explicitly the density dependence of y,. The radiative transfer equation can then be

modified in such a way that
di,

dr, -

with the source function S, = j,/x,. While Eq. 2.35 appears straightforward, the real com-

I,-S§,, (2.35)

plexity lies in computing «x, and S,. The radiation intensity at frequency v in the stellar
atmosphere is influenced primarily by absorption, which weakens it, and by spontaneous or
stimulated emission, which enhances it. These interactions occur through electronic tran-
sitions within atoms or molecules, creating spectral lines (bound-bound transitions, “bb”),
ionization or recombination (bound-free transitions, “bf”), or free electrons (free-free tran-
sitions, “ff”). Additionally, photons may scatter off free electrons (Thomson scattering, “T”)
or bound electrons (Rayleigh scattering, “R”). This distinction can be appreciated by split-

ting the scattering from the “true absorption” (see e.g. Hubeny 2013; Rutten 2003).
L= (2.36)
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As the true line absorption coefficient )(‘V’b is linked directly to fundamental properties of the
atmospheric gas, it is instructive to express it in terms of Einstein coefficients for spontaneous
de-excitation (A,;), excitation (By,), and induced de-excitation (B,;), each describing the
number of transitions from the upper energy state (u) to the lower energy state (1) and vice
versa — per unit time and per particle in a given state. The coefficients B, and By, are usually

expressed per unit of specific intensity.

For each spectral line, the difference between the associated energy levels AE = E,—E;, = hv
(on average) leads to a photon of frequency v. Neglecting hyperfine and isotopic substruc-
ture and assuming isotropy, it is intuitive that the total fraction of absorbed intensity is
given by the difference between the number of photons removed by absorption and added

by emission. Following the description by Rutten (2003), this means that
hy
X:b =—- (nlBlu_nuBul): (237)
47

where n; is the number density of participles in energy state i, which is also called atomic-
or molecular level population. The Einstein coefficients are furthermore coupled by the

statistical weights g; of the corresponding energy levels,

2hv?
Ay = — By (2.38)
By = ? By, (2.39)

It is instructive to note that the Einstein coefficients are fundamentally linked to the elec-
tronic configuration, as they are directly proportional to the oscillator strength, B, o<
f1u / hv, making them specific to each individual transition and most importantly part of the
atomic data, and hence independent of the atmospheric structure (see e.g. Li et al. 2012;
Tennyson et al. 2016, for more details on the determination of these parameters). Con-
sequently, it is only the level populations in Eq. 2.37 that remain uncertain and require
further investigation. Following the same line of reasoning, the emissivity can be expressed

as a function of A such that

Jy = —ndAw (2.40)
which immediately leads to the expression for the line source function

A
bb Ml (2.41)

vy — 5 p
nlBlu - nuBul

again, highlighting that the solution to the radiative transfer problem hinges on determin-
ing the level populations. Although being more complex in detail, the same is qualitatively
true for the other opacity sources in Eq. 2.36. Generally speaking, the extinction coeffi-

cients follow the common form y! = o' - n, where o' are the so-called cross-sections of
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the respective source of opacity, and n represents the number density of participants in the
interaction. In the case of Thomson scattering for example, O'}: is given by the classical

Thomson cross-section, and n represents the number density of electrons n,.

If the stellar atmosphere is locally in thermodynamic equilibrium (LTE), the situation sim-
plifies considerably. By definition, LTE implies that locally, thermodynamic equilibrium dis-
tributions hold as a description of the matter component (Rutten 2003). According to sta-
tistical physics, this implies that energy levels are populated as dictated by the Boltzmann

distribution
My _ &e—AE/kBT

n &1

Similarly, the fraction of atoms in successive stages of ionization (N, ,/N;), separated by the

s (2.42)

ionization energy 7, is given by the Saha equation,

Niq o l 2Ui44
N ne U

T3/2 e=m/keT (2.43)

with the partition functions Uy . Particle velocities are furthermore assumed to follow the
Maxwell distribution. The combination of Eq. 2.42 and 2.43 - together with the assumption
of a fixed total chemical composition of the entire atmosphere that sets the total metal
content — the radiative transfer equation can be solved directly. By substituting Eq. 2.42,
2.38, and 2.39 into the line source function equation (Eq. 2.41), one furthermore notices
that in LTE the source function is equivalent to the Planck function B,, which (at a given

frequency) is famously only a function of temperature,

2hv? 1 2my° 1

c2 glu:l -1 c2 ehv/kBT -1
u

S = = B,(T). (2.44)
In LTE, opacity and source function are therefore closely tied to the local state of the at-
mosphere and can be determined unambiguously for a given atmospheric chemical com-
position, temperature, and density, which significantly eases the computation. However,
understanding the limitations of the LTE assumption requires considering the electronic
transitions between different particle states and their influence on the local Saha-Boltzmann

equilibrium. Two primary mechanisms cause these transitions: collisional and radiative.

Collisional transitions occur through the interaction of bound electrons with free electrons
or ions. Collisions with free electrons are generally more significant because of the depen-
dence of the mean velocity (v) ~ /T /m on the particle mass m (when Maxwell distributed),
which causes much higher collision frequencies due to the low-mass of the electron (Rutten
2003). In general, collision rates are proportional to the flux of particles that participate in
the interaction, such that the collision frequency is ~ n (v). Since velocities are in Maxwell

equilibrium, collisional transitions preserve LTE. Radiative transitions, on the other hand,
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involve interactions with photons, which means that their rate R;, per particle directly de-

pends on the mean intensity of radiation J , itself, i.e.

Ry, = nByJ, (2.45)
nuRul = nuAul + nuBuljv’ (246)

where J , is computed as angular- and frequency averaged intensity across the spectral line.
It is strongly dependent on the mean free path of photons (~ 1/y,) by how far the light
participating in the radiative transition has traveled and thus how different the atmospheric
conditions are between the emitting and the absorbing regions. The radiation field is hence

inherently non-local, which drives the system away from LTE.

The combination of all collisional and radiative rates (including bound-free transitions,
which follow very similar principles as the bound-bound transitions discussed above) leads
to a net upward or downward transition that has an immediate consequence for the re-
spective level populations. In statistical equilibrium, level populations are assumed to be
constant in time (Hubeny & Mihalas 2014), i.e.

dn;
dt - O :jz#i:njpji_ni;Pi.’ (2.47)

which implies that the number of particles leaving the energy state i (with a transition rate
of Py) is equivalent to the number of particles entering it from all other energy states j
(with transition rates of P;). When individual level populations n; start to deviate from the
predictions by the Boltzmann equation (Eq. 2.42) as a consequence of these transitions, the
condition is known as non-local thermodynamic equilibrium (NLTE). In NLTE, hence, Eq.
2.42 and 2.43 can no longer be used to determine the individual n;, which means that the
statistical equilibrium (Eq. 2.47) must be solved. To understand when departures from LTE
populations occur, it is useful to express the net radiative rate of de-exitation R, (Eq. 2.45

— 2.46, also called the net radiative bracket) for a single transition between levels u and I,

4m e
Ry =nRy—nRy = - X (s —J,), (2.48)

in terms of the so-called departure coefficients b; = n;/n}"*. For a qualitative analysis, it is

furthermore useful to investigate Eq. 2.48 in the Wien limit of high energies (hv > k;T),

where
xR~ by g T (2.49)
b
SP & F“ B,, (2.50)
1
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and thus

b, —
By m Ty, o0 1T (Bv— —IJV). (2.51)
hv b

u

The above equation is strictly speaking only valid for bound-bound transitions. However,
the corresponding bound-free net radiative recombination shows a very similar functional
dependence on the radiation field, when the upper level u is replaced with the continuum
(for more details see Rutten 2003).

From Eq. 2.51 it becomes obvious that in LTE, when b, = b,, there are no net radiative
transitions if B, = J ,, which means that the levels populations are in strict detailed balance.
Since in general B, # J ,, the equation further implies that even in LTE %, # 0. Note that
this does not necessarily mean NLTE conditions, since LTE only requires the populations to
follow the Saha-Boltzmann equation, which may still be true e.g. if net collisional rates are

dominant.

In general, it may be noted that a super-thermal radiation field, i.e. J, > B,, leadsto %t ; < 0,
which is equivalent to net over-excitation and over-population of the upper energy levels
or over-ionization in continuum transitions. If radiative rates are significant compared to
collisional rates, there can also be departures from the Saha-Boltzmann equilibrium, b; # 1.
In this case, the effect of super-thermal over-exitation and ionization is enhanced if b, > b,
i.e. the lower level of a transition is stronger affected by departures from LTE than the
upper level. The same is true for the opposite case; when J, < B, the radiation field is

sub-thermal, providing overall less photons and hence net de-excitation, %, > O.

According to Eq. 2.37 and 2.41, both opacity and source function — and ultimately the
radiation field via Eq. 2.35 — are functions of the level populations. This means to compute
J, one needs n;, which in turn depends on J, to determine R, R, Py, and finally n;. The
consequence is that solving the NLTE problem requires an iterative method that solves Eq.
2.35 and 2.47 together.

The complexity of computations raises the question in what conditions LTE may still be valid
— for spectrum synthesis and for structure calculations. In the convective layers below the
photosphere, the gas density and temperature are higher than in the surface layers. Here,
the electron flux is relatively high (n (v) ~ n4/T/m,), leading to high collisional rates and
a small photon mean-free-path due to high opacity, resulting in LTE conditions. In contrast,
density and temperature decrease considerably in the outer layers, reducing opacity and
increasing the photon mean-free-path, which affects the locality of the radiation field and
causes photon loss at the stellar surface. Lower density and temperature furthermore reduce
collisional rates, making radiative transitions more significant in the statistical equilibrium.

Consequently, deviations from LTE are more likely under these conditions.
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Departures from LTE level populations lead to differences in the connected spectral lines.
From Eq. 2.50 it can be seen that, if b, > b, then S';b > B,, and vice versa. Over-population
of the upper level and depletion of the lower level reduce the number of absorbers, which
leads to weaker spectral lines. Thus, a super-thermal source function leads to weak NLTE
absorption features. Conversely, a sub-thermal source function, b, < b, strengthens the

spectral lines compared to LTE. For more information, see Bergemann & Nordlander (2014).

A interesting implication of Eq. 2.48 especially in the context of RHD simulations of stellar
atmospheres is the connection to the radiative heating rate q,,4 (see Eq. 2.15 in Sec. 2.1.2).
The net amount of energy that is taken from the gas by a specific spectral line is simply

given by the net rate of radiative de-excitation (Rutten 2003), i.e.
q]r)fd =—hv R, =—hv(n,Ry —nRy,) (2.52)

In the case of R, > 0, there is a net transition of electrons from levels u — [, which means
that there are more photons — carrying energy hv on average — added to the radiation field
than removed from it. Consequently, this excess energy is removed from the total energy of

the gas, effectively causing net radiative cooling (g, < 0).

If there is net-excitation (R ; < 0) on the other hand, the number of particles in upper energy
states is increased, decreasing the photons in the radiation field and hence increasing the
total energy of the gas. A similar argument can be made for the connection between net
ionization or recombination and the continuum cooling. The right-hand side of Eq. 2.48
furthermore reveals that

¢ =—4my (s —7,) = —4nyt (B,-17,), (2.53)

which makes the link between the radiative transfer equation and the Euler equations ex-
plicit. According to Eq. 2.53, the gas of the atmosphere cools if the radiation field is sub-
thermal (J, < B, in LTE), i.e. the emission of Planck-source dominates the absorption of
intensity. If the radiation field is super-thermal (J, > B,) there is more absorption by the
material than there is emission of Planck source, which causes the gas to heat up q'r’;”d > 0.
Including all possible transitions, the total radiative cooling rate is given by the divergence

of the radiation flux F,,4. Following Eq. 2.53, it may furthermore be shown that

qrad:_v'F:4ﬂva(Jv_Sv) dv (254)

holds in general, where y, = k,p is the monochromatic opacity at frequency v, representing

all possible opacity sources and blends of different spectral lines.
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2.1.4 Opacities

Extending the qualitative overview given in Sec. 2.1.3 to a system with multiple species,
each having numerous energy levels linked by many spectral lines that influence opacity
at specific frequencies, reveals the complexity of the statistical equilibrium. Overlapping,
potentially asymmetric, lines require extending the equations for bound-bound opacity (Eq.
2.37) and emissivity (Eq. 2.40) with absorption and emission profiles, as these equations
represent the absorption coefficient integrated over the spectral feature (Rutten 2003). In-
troducing a profile function, which accounts for the frequency variation of the absorption
feature, ensures that the opacity summation includes all atomic transitions affecting the

opacity at a given frequency via line cores, wings, or continua.

In LTE, the opacity can be calculated based only on the chemical composition, local temper-
ature, and density, provided that atomic data is available, by using the Saha and Boltzmann
equations. This calculation of opacity does not require prior knowledge of the radiation
field, which would be influenced by the entire atmospheric structure. In 3D RHD stellar
atmospheres, this point is crucial.

As radiative heating in Eq. 2.54 includes integration over the full spectrum, consisting
of numerous overlapping spectral lines and continua, recalculating the opacity during the
time-dependent hydrodynamic problem, which involves a changing atmospheric structure,
is computationally very challenging. Therefore, it is beneficial and common practice to pre-
tabulate opacities, which reduces the complexity to simple interpolation during the simula-
tion (Ludwig 1992; Plez et al. 1992; Plez 2008).

Note that this is strictly speaking only possible in LTE, as in NLTE level populations do indeed
depend on the radiation field, which means that a specific (T, p) combination corresponds to
different opacities for different atmospheres. NLTE atmosphere models are thus much more
computationally complex, which — with the current computational infrastructure — requires
either using the 1D HE approximation (e.g. Werner et al. 2012) or significant compromises

in terms of atomic structure, model- and time resolution (Sander 2017; Sander et al. 2017).

Eq. 2.54 hides another complexity; calculating the average radiation field J, involves solving
the radiative transfer equation along multiple rays and at each frequency in the spectrum.
Given that frequency (or wavelength A = ¢/v) spans a wide range, from roughly 1000 A
in UV to approximately 1000004 in infrared, with individual spectral lines as narrow as
~ 1/100A, the number of RT solutions needed per HD update becomes prohibitively com-

putationally demanding, which is unfeasible for this work.

Given that Eq. 2.54 requires only the integrated heating, there are practical methods for ap-
proximating the integral while maintaining manageable computational costs. The leading

technique is known as opacity binning (or multi-group approximation) and involves col-
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lecting together and averaging opacities at different wavelengths. The radiative transfer
equation is then solved only for a small number of opacity bins, assuming constant opacity
within each bin (see Ludwig 1992, for a more in-depth analysis, see also Sec. 4.3.3). The

binned opacity is generally computed using a combination of the Planck mean,

fK'VB,, dv (2.55)
K anc = > *
planci va dv
and the Rosseland mean,
x1(6;B,) dv
L w1 . (2.56)

Kross = f(aer) dv

The Rosseland opacity is directly linked to the diffusion limit of the RT equation and is hence
generally a better approximation towards deeper layers of the star, where the mean free path
of photons is rather small and the radiation field is comparably isotropic. The Planck mean,
on the other hand, constitutes a weighted average in alignment with the source function (in
LTE at least) and is hence more suitable in the upper, optically thin layers of the atmosphere.

The Rosseland optical depth,

Tross — _J P Kross dzl (257)
%0

In addition, it is commonly used as a general depth scale of the atmosphere, instead of the
geometrical height z. It is instructive to consider the situation in which the monochromatic
optical depth 7, ~ 1. At this depth, the photon mean free path (1/p«) is comparable to the
thickness of the remaining material above. The result is that photons that are created (with
frequency v) at the Rosseland optical depth of 7., = 7,.(7, = 1) have a high probability
of escaping the atmosphere. 7, is hence also called the formation depth, as it expresses
the (optical) depth where a given opacity source forms, i.e. starts to contribute significantly

to the intensity of the emergent radiation.

It may be noted that this depth depends on the monochromatic opacity. For strong lines —
where the opacity is high — the depth increment photons can travel is rather small. The line
hence generally forms in the upper layers of the atmosphere. This is especially true for the
line cores, where the opacity is the highest across the line profile. The line wings successively
have a lower opacity, and hence form deeper within the atmosphere. The continuum then

forms around the optical surface, where 7, = 1.

This height dependence furthermore suggests that the grouping based on wavelength alone
is suboptimal. In fact, neighboring points in the wavelength space may have very different
opacities and thus form in vastly different regions of the atmosphere. A more robust tech-
nique is therefore a wavelength grouping based on formation depth, which has been shown
to produce integrated heating rates in satisfactory agreement with the full monochromatic
heating rate with as little as four opacity bins (Ludwig 1992; Vogler et al. 2004, 2005).
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Here, some studies rely on 12 opacity bins, which are spread over the 2D wavelength vs.
formation depth space (Freytag et al. 2012). In most cases, the bin edges are determined
in complex iterative procedures that frequently regroup opacities in the course of the 3D
simulation (Magic et al. 2013a). However, as recently shown by Perdomo Garcia et al.
(2023), there is no immediate correlation between the integrated heating error caused by
the binning approximation and the number of bins, but more so with the precise selection
of the bin limits. A balance needs to be found between the accuracy of the radiative transfer
solution and the additional computational burden. More information and more practical

considerations may be found in Sec. 4.

2.1.5 Spectrum Synthesis in 3D

In 3D, the velocity field is a function of space and time. Since different parts of the line
form in different regions of the atmosphere, photons experience a different Doppler shift
depending on their wavelength, causing line profiles to become naturally broadened and
asymmetric. In classical 1D HE models, there is usually no depth dependent velocity field
and spectral lines are assumed to be perfectly symmetric (e.g. Asplund et al. 2000). The
following section will give a brief overview of important characteristics of 3D spectra, which

are relevant for the remainder of this thesis.

Spatially Resolved Spectroscopy

Synthesizing spectra in 3D gives access to the domain of horizontal variations across the
stellar disk. To demonstrate this, Fig. 2.3 shows the spatially resolved intensity at the disk-
center of a solar 3D RHD model atmosphere in an arbitrary optical wavelength window
— a zoom-in of the 4MOST (see Sec. 2.1.7) high-resolution window between 5330A and
5619 A (HR10) in this example. Each (black) line in this figure corresponds to the spectrum

emerging from a grid point at the models surface.

Because the atmospheric structure exhibits horizontal (and vertical) gradients in velocity,
light that emerges from different parts of the stellar surface experiences convective blue- or
red-shifts. Since uprising fluid parcels cover a larger area spatially, spectral lines generally
experience net convective blue shifts on average. This is especially the case for weak lines
or the wings of strong lines — as they form close to the basis of the photosphere, where
there is still considerable convective flux — and less so for the cores of strong lines, which
form further out past the convective overturn in radiation-dominated regions (Asplund et al.
1999).

Besides shifts in wavelength, it may furthermore be noticed that the absolute intensity is
changing across the stellar disk. Through the connection between emitted radiation energy

and temperature (Stefan-Boltzmann law ~ T* for frequency integrated-, Planck law as in Eq.
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Figure 2.3: Spatially resolved disk-center (u = 1) radiation intensity I,, synthesized for
an arbitrary optical spectral window in the 4MOST HR10 (see Sec. 2.1.7 below) using a
solar 3D RHD model atmosphere. Grey lines in the background corresponds to the intensity
emerging from a different horizontal grid point. The red, solid line represents the horizon-
tally averaged spectrum. The intensity has been normalized to the maximum intensity level
of the average spectrum.

2.44 for frequency depended) these differences can directly (at least in LTE) be attributed
to atmospheric temperature variations in the line forming region. It is clear that any kind
of resolved stellar spectroscopy — spatial or temporal — requires 3D models. Note that these
horizontal variations also influence observations from distant stars, which generally are

observed as point sources, as the final spectrum constitutes the integral across the disk.

Center-to-limb Variations

A qualitatively similar effect can be observed when viewing the star from different angles
u = cos 8, where 0 is considered the angle between the normal of the stellar surface and
the direction towards the observer, such that the center and limb of the disk are given by
0 =0°, u=1and 6 = 90°, u = 0, respectively. A schematic visualization across the
observed solar surface can be found in the right panel of Fig. 2.4, where concentric rings of
constant y are shown in front of solar observations from Bridgman et al. (2021). For selected
viewing angles from limb (top) to center (bottom), the left panel of Fig. 2.4 furthermore

shows the solar spectrum in the same spectral window as in Fig. 2.3.

In both panels, the so-called limb-darkening is clearly visible; at the limb of the stellar disk,
i.e. u — 0, the star appears to be less bright. Similarly to the angle-integrated, horizontal

shifts described above, the culprit is again a combination of optical depth and the tem-
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Figure 2.4: Schematic visualization of stellar center-to-limb variations. Left: Optical spec-
trum around 5405 A at different viewing angles u (see text). Right: Corresponding surfaces
of equal u across the solar disk. The image of the sun in the background was adopted from
Bridgman et al. (2021).

perature structure. When viewing the star at an angle, optical depth of unity — i.e. the
region from which light is able to escape the atmosphere and travel towards the observer
— is reached in higher atmospheric layers, as less deep regions are penetrated due to the
increased path length required to reach the same depth at angle u (see Eq. 2.34, where
ds = dz/u in the 1D case, with height coordinate 2).

Because the atmosphere exhibits a negative temperature gradient, it is significantly cooler
and hence fainter when viewed at the limb as opposed to the disk center, where light from
deeper and thus hotter layers is received (e.g. Rutten 2003; Lind & Amarsi 2024). This
behavior manifests itself in the continuum displacement seen in the left panel of Fig. 2.4,

where at u = 0.21 the absolute intensity is a factor of ~ 2 smaller than at yu = 1.

It should be noted that limb-darkening can also be studied using 1D models, as they can
be extended horizontally with the implicit assumption that there is no horizontal variability
in the atmospheric structure. While providing useful estimates especially in the context
of transiting exoplanets, where limb-darkening has a significant impact on the predicted
light-curve and parameter uncertainties (Claret 2004; Southworth 2008), it was shown that
inconsistencies found between limb-darkening measurements and model predictions for,
e.g. a Centauri B (Bigot et al. 2006) or light-curves of exoplanet HD 209458 (Hayek et al.
2012) can mostly be attributed to the usage of 1D atmospheric models. Magic et al. (2015)
furthermore compared limb-darkening coefficients for a range of 3D model atmospheres
with 1D ATLAS models, and found that for most FGK-type stars the 3D — 1D differences are

mostly noticeable towards the limb, where generally 1D models appear to be brighter.
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Figure 2.5: Influence of horizontal resolution in 3D models on spectra. Top: temperature
at the optical surface for different number of points in the horizontal, as quoted in the
figure inset. Middle: Comparison of the resulting horizontally averaged flux in an arbitrary
optical wavelength window within the 4MOST HR10 (see Sec. 2.1.7 below). Black, solid
line corresponds to a spectrum taken at 50 x 50 resolution, but with the velocity field set to
0 in the entire atmosphere. Bottom: compared to the spectrum with resolution 50 x 50 as
a function of resolution. See text.

Self-consistent Broadening & Horizontal Downsampling

Considering all of the above, it becomes clear that the shape of spatially- and angular-
integrated spectral lines is linked to temperature and density variations imposed by the
granular pattern across the stellar atmosphere, which itself is highly non-static and vari-
able with time. Not only that; the horizontal variation on planes of constant optical depth
furthermore randomly samples the local velocity field, and hence naturally produces a line
broadening that has a similar effect than the micro-turbulence hyperparameter that is re-
quired in 1D HE models. It is important to note that a statistical representation of horizontal

fluctuations is often sufficient to describe spectral features to a satisfactory degree.

This statement is motivated by the content of Fig. 2.5, showing synthetic solar spectra,

which are derived from the same 3D atmosphere model and subsequently subjected to hor-
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izontal downsampling to 50 x 50, 20 x 20, 10 x 10, and 2 x 2 points in the post-processing.
The corresponding horizontal temperature slices at the optical surface are shown in the top
row. Although the original resolution of the solar simulation shown here is 180 x 180, all
of the substructure and granular pattern is still visible in 50 x 50 (panel A) and to a large
extent also in 20 x 20 (panel B), although their representations become more statistical.
When the resolution is further reduced to 10 x 10 (panel C), granular and inter-granular
cells become indistinguishable to the extent that they appear randomly sampled in the final

atmosphere. With only 2 x 2 points (panel D) almost no horizontal variation is noticeable.

High spatial resolution — paired with a large number of points in the frequency domain —
constitutes a severe computational challenge and significantly increases the consumption of
time and memory resources. Since vertical atmospheric gradients are larger — and hence
their resolution more important for the final spectrum — reducing the number of points in
the horizontal directions is a common technique to limit resources spent on the spectrum
synthesis, while still retaining physical accuracy. This can be seen qualitatively by comparing
spectra from high- and low-resolution atmospheres in panel E of Fig. 2.5 — for the same
spectral window as in Fig. 2.4 and 2.3 — and investigating how much they differ from each
other.

In addition to the horizontally averaged spectra corresponding to models in panel A (green,
thick, solid line), B (blue, solid line), C (red, dashed line), and D (orange, dotted line), I also
include the spectrum emerging from the same atmosphere as panel A, but with the velocity
field set to zero in the entire atmosphere (black, solid line). In addition, I show the corre-
sponding difference in the equivalent width (EW, see Eq. 2.58 in Sec. 2.1.7 below for the def-
inition) compared to the spectrum with resolution 50 x 50, i.e. AEW = EWy,y/EW;(,50—1

as a function of resolution X in panel E

In the extreme case of 2x 2, one may notice that the spectral lines generally become brighter.
Here, the normalized flux in line wings, as well as cores, is notably overestimated with
respect to high resolution, which causes a substantial difference from the high resolution
EW of ~ 20%. Increasing the resolution to 10 x 10 considerably improves the agreement
(AEW ~ 2%), with small differences still noticeable in weaker line cores. The spectrum
20 x 20 already is visually almost indistinguishable from the high resolution case (AEW ~
0.1%), indicating that the statistical representation of temperature and density stratification
at this resolution is sufficient to capture the essence of 3D structural inhomogeneities. By
comparison with the static spectrum it may furthermore be noticed that horizontal velocity
fluctuations — even when only sampled statistically — naturally cause broadening of spectral
lines. When removing velocities, the corresponding error in the EW is ~ 5%, which is
notably larger than the uncertainty associated with a rather rigorous downsampling to 10 x

10, stressing the importance of modeling the velocity field from first principles.
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Figure 2.6: Grotian diagram showing bound-bound transitions between energy levels of Ni
I (left) and Mn I (right). Highlighted in red are specific, diagnostic spectral lines that are
used for abundance studies. Image taken from Storm et al. (2025).

To what extent spatial resolution influences the inferred stellar parameters and abundances
remains to be investigated in more detail (see Sec. 4). However, it was found by Bergemann
etal. (2021) that the O I solar flux was subject to deviations smaller than 2% and abundances
smaller than 0.01 dex when relying on a horizontal resolution of 30 x 30. Nordlander et al.
(2017) furthermore found that a downsampling from 240 x 240 to 60 x 60 introduces errors
of 0.03 dex in EW, while Rodriguez Diaz et al. (2024) investigate comparably high resolution
atmospheres of 80 x 80 and find only minimal deviations in abundances (< 0.007 dex) and
normalized fluxes of (< 0.005) with respect to 240 x 240.

2.1.6 Statistical Equilibrium of Fe-peak elements

When thinking about Galactic Archaeology with the objective of studying Galactic chemical
evolution, elements that are located close to the maximum in the binding energy per nucleon
around Fe —i.e. Cr, Mn, Co, and Ni — are of special interest, as they are the end product
of many stellar nucleosynthesis sites. Among these Fe-peak species, it is mainly Fe itself,
which is commonly used as a proxy element for the overall metallicity of stars, Ni, which
is produced in large quantities by massive stars as well as SNe Ia explosions (Nomoto et al.
2013), and Mn, which is very sensitive to different SNe Ia explosion mechanisms (Seitenzahl

et al. 2013a), that are especially interesting to investigate.

In NLTE the level population number densities of a species are not governed by the Saha-
Boltzmann equation, but one rather needs to solve the statistical equilibrium equation (Eq.
2.47). This requires detailed models for each atom or molecule, capturing energy levels and
the transitions linking them. Such models include spectral lines, transition probabilities (os-

cillator strengths), line-broadening parameters, and possibly hyperfine structures or isotopic
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shifts. For bound-free transitions, photoionization cross-sections are essential; while some
employ quantum mechanical methods, such as R-matrix techniques (Burke 2011; Zatsarinny
& Bartschat 2013; Bergemann et al. 2012b), simpler hydrogenic approximations may be
sufficient for less influential levels (Bergemann et al. 2019). In addition to the inclusion
of radiative transitions, it is important to consider collisional transitions as well, as they
are of high relevance for the statistical equilibrium due to their thermalizing nature. Espe-
cially inelastic collisions with free electrons (van Regemorter 1962) and H interactions are
considered, utilizing classical methods (Drawin 1968) or quantum mechanical approaches
(Kaulakys 1991).

Avisual representation that highlights the complexity of the resulting model atoms is shown
in the so-called Grotian diagram for Mn and Ni (Fig. 2.6, adopted from Storm et al. 2025),
where all bound-bound transitions included in the model are shown in black, while the few
diagnostic transitions used for abundance analysis are highlighted in red. It is clear that the
solution of the full system of level populations can not be obtained by omitting transitions
that are not used for diagnostic purposes, as they nevertheless may influence the number
densities of particles transitioning into or from a specific energy level, even though the lines

themselves are not used to eventually derive parameters from spectra.

Model atoms are used within NLTE codes (such as e.g. the well-established MULTI code,
Carlsson 1992; Leenaarts & Carlsson 2009, for 1D and 3D, respectively), where level popu-
lations for each energy level in the model atom are computed iteratively, while simultane-
ously solving the radiative transfer to keep the radiation field up-to-date for each point in a
given stellar atmosphere. The influence of NLTE on each species then needs to be evaluated
line-by-line and for each model with different stellar parameters and atmospheric structure

separately.

The statistical equilibrium of Fe was analyzed in great detail by Bergemann et al. (2012a).
Especially for neutral Fe I, which is a minority species in late-type stellar atmospheres and
hence very sensitive to over-ionization (Bergemann & Nordlander 2014), it was found that
level populations significantly depart from their LTE values due to a super-thermal UV con-
tinuum in the stars they analyzed. According to Eq. 2.50 this leads to underpopulated lower
energy levels, b; < b,, which causes spectral lines to weaken in NLTE and hence generally

leads to positive abundance corrections for Fe 1.

The strength of NLTE corrections is furthermore very sensitive to stellar parameters and at-
mospheric models that are considered; for solar-like stars, Bergemann et al. (2012a) found
only modest corrections ~ 0.02dex. However, with decreasing metallicity they notice that
the departures increase considerably and reach values ~ 0.15 dex for weak lines, and up to
0.5dex for strong Fe I lines when using average 3D (<3D>) atmosphere models. Gener-

ally, Bergemann et al. notice that the cooler temperatures in the upper atmospheric layers
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in metal-poor <3D> models amplify corrections due to the enhanced decoupling of the
radiation field from the local temperature. They furthermore note that the situation is qual-
itatively different for the majority species Fe II, which appears to be thermalized and shows

only negligible deviations from LTE.

The statistical equilibrium of Ni was investigated in Bergemann et al. (2021) in the context
of accurately determining the solar O abundance, where the diagnostic forbidden O I line at
6300 A is blended with a Ni I line at 6300.3 A. As a species in the Fe group, they found that
Ni I also behaves like a classical minority species and, as such, is subject to over-ionization,
which consequently causes the underpopulation of lower energy levels. This again leads
to weaker spectral lines and thus generally positive NLTE corrections. Specifically for the
6300.3A line, Bergemann et al. (2021) find that the corrections may exceed +0.15 dex
(1D) and +0.2 dex (3D) already for the Sun, although they note that there is a significant

uncertainty due to the computation of collisional rates using Drawin’s recipe (Drawin 1968).

For Mn the situation is even more severe. As presented by Bergemann & Gehren (2008);
Bergemann (2008) in 1D and later by Bergemann et al. (2019) in 3D, the minority species
Mn I is again strongly influenced by super-thermal UV radiation, leading to significantly
weaker spectral features in NLTE. Due to its large photoionization cross-sections, abundance
corrections for solar-like stars are already above 0.22 dex (3D), and may climb up to ~
0.6 dex in red giants already at moderately low metallicities of [Fe/H] = —2, where the low
density in the atmosphere causes weakening of thermalization by less frequent collisional

interactions.

Bergemann et al. (2019) furthermore note that there is also an NLTE effect seen in high-
excitation Mn II lines, where at solar-metallicity dwarfs and giants the relevant energy levels
experience photon loss, which causes them to be slightly overpopulated with respect to the
upper levels, spectral lines to strengthen, and abundance corrections to be slightly negative.
In very metal-poor stars [Fe/H] = —3, Mn II lines become increasingly weak, and radiative
pumping starts to cause positive corrections again. Bergemann et al. furthermore express
the importance of the combined influence of 3D and NLTE on the statistical equilibrium,
as they find that over-ionization is significantly enhanced within granules, due to stronger
background radiation, which changes the abundance corrections between 3D NLTE and 1D
NLTE by ~ 0.2 dex in the case of the Sun.

The statistical equilibrium of Fe-peak elements underscores the need to overcome traditional
1D HE models and 1D LTE spectrum synthesis for the abundance analysis because they
may introduce significant biases in resulting abundance distributions. Given that Fe-peak
elements are key indicators of Galactic chemical evolution, it is crucial to quantify the errors

caused by these simplified models.
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The 4MIDABLE-HR survey
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Figure 2.7: Location of the 4.1 million stellar targets of the 4MOST Milky Way Disc and
Bulge High-Resolution Survey (4MIDABLE-HR) in Galactic coordinates (left) and all-sky
(right). Figure taken from Bensby et al. (2019)

2.1.7 Deriving Stellar Parameters on Large Scales

With the advent of large spectroscopic surveys, the need for on-the-fly spectrum synthe-
sis becomes increasingly pressing. The 4-metre multi-Object Spectroscopic Telescope survey
(4MOST, de Jong et al. 2019) for example is expected to provide ~ 20 million stellar spectra,
where the Milky Way Disc and Bulge High-Resolution (4MIDABLE-HR, Bensby et al. 2019,
see also Fig. 2.7 for an overview over the spatial location of selected targets in the Galaxy)
sub-survey specifically targets 4.1 million stars in the solar neighborhood, but also across
the remaining Galactic disk and towards the Galactic center, which is expected to reveal the

formation history and evolution of the Galaxy to an unprecedented degree.

Once in operation, the 4MOST optical spectroscopic instrument will be mounted on the
4-meter VISTA telescope at the Paranal Observatory, where light within a 2.5-degree field-
of-view will be collected in 2436 fibers, out of which 812 will be fed into a high-resolution
(R ~ 18000—21000) spectrograph. To reach scientific goals, 4MOST is designed to provide
radial velocities for any Gaia source (Gyey, < 20.5 mag) with a precision of 2km/s or better,
redshifts for galaxies and active galactic nuclei with r,; < 22 mag, as well as stellar param-
eters and abundances of up to 15 elements for stars with Gy, < 15.5 mag, and for selected
key elements, even Gy, < 18 mag with an accuracy better than 0.15 dex (de Jong et al.
2019). Beyond that, other high-resolution spectroscopic surveys, such as APOGEE (Majew-
ski et al. 2007), GALAH (Buder et al. 2021; Bland-Hawthorn et al. 2019; Buder et al. 2024),
Gaia-ESO (Gilmore et al. 2012), SDSS-V, Milky Way Mapper (Wilson et al. 2019; Kollmeier
et al. 2019), and WEAVE (Jin et al. 2024), also provided or will provide spectra for million

stellar samples that require efficient, while still accurate analysis.
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From Spectra to Stellar Parameters

The most intuitive strategy to determine stellar parameters and abundances from obser-
vations is the direct fitting of spectral lines. This involves using an initial guess of the
stellar parameters and elemental abundances, also known as labels, to derive the atmo-
spheric structure. The NLTE problem is then solved iteratively on the static atmospheric
background. Comparison of the synthetic spectrum with observations can be done using,
for example, the least-squares method, and stellar labels can be adjusted using a gradient
descent algorithm.

To eliminate the most time-consuming part in the stellar label determination process (also
called pipeline in the context of stellar surveys), the common solution is to compute extensive
grids of precomputed models of stellar atmospheres with varying T., log g and [Fe/H]. The
remaining chemical mixture is usually assumed to be scaled-solar, i.e. to decrease with the
overall metallicity, while still retaining the solar abundance ratio (except for a-elements,
which are usually scaled in agreement with the Galactic abundance trend, Kobayashi et al.
2006; Ruchti et al. 2011; Magic et al. 2013a). For the bulk distribution of stars observed
in Galactic surveys, this assumption is reasonable since the mean opacity is dominated by
the H™ continuum (Alexander & Ferguson 1994; Rutten 2003). Whether this is also valid
especially for the most abundant species C, N, and O — and their molecules — and what the
implications for stellar observables are remains to be investigated (Gustafsson et al. 1975;
Perdomo Garcia et al. 2023).

Based on precomputed atmosphere models, there are multiple options to obtain stellar la-
bels with reasonable computational investment. In 1D, there are popular codes, such as
TURBOSPECTRUM (Plez 2012), that are able to synthesize stellar spectra in LTE with minimal
time investment (~ seconds), which means they may be used in real time to fit observations
directly. Including NLTE for multiple species still requires additional time that significantly
influences the performance of a stellar parameter pipeline, if done from scratch for every

star.

A common procedure to overcome this issue is to pre-compute departure coefficients b; for
the energy levels of every atomic species that should be treated in NLTE, as a function of
stellar parameters and thus temperature-density structure of the corresponding 1D model
atmosphere. The departure coefficients are then interpolated for models in between grid
nodes and applied to the LTE level populations, which allows the derivation of stellar pa-
rameters in NLTE without additional time investment during the fitting procedure (Gerber
et al. 2023).

The solution of the statistical equilibrium is done by other codes, such as e.g. MULTI (Carls-
son 1992) in the case of the public NLTE version of TURBOSPECTRUM v20? (Gerber et al.

*https://github.com/bertrandplez/Turbospectrum_NLTE
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2023). Specifically for the NLTE version of TURBOSPECTRUM, Gerber et al. (2023) compute
NLTE departure grids for 13 chemical elements and further rely on 1D and <3D> model
interpolation within the MARCS and average STAGGER grids (see below). This leads to a key
advantage of TURBOSPECTRUV, as this code philosophy enables the synthesis of NLTE spec-
tra of multiple elements at the same time, which naturally allows the combined fitting of
blended features or entire spectral bands. With the public release of TURBOSPECTRUM NLTE,
the accompanying fitting tool TSFitPy is published (Gerber et al. 2023, later updated by
Storm & Bergemann 2023). TSFitPy relies on the simplex method to fit a specific set of
parameters (such as stellar parameters, specific abundance, micro- and macro-turbulence,
rotation or radial velocity shifts) by minimizing the y? between model and observed spec-
trum. Within this procedure, the speed of TURBOSPECTRUM allows for it to be called directly

for each parameter configuration during the minimization process.

When moving towards a full 3D analysis and/or samples containing millions of stellar spec-
tra across the entire Galaxy, the time investment of the direct fitting method above quickly
becomes the bottleneck. For this purpose, it may be advantageous to additionally precom-
pute stellar spectra with a variety of chemical compositions for each node in the model
atmosphere grid, such that the expensive, repeated calls of the spectrum synthesis code can

be replaced by a faster interpolation technique, at least in NLTE.

The interpolation method itself is then dependent on the specific use case; Besides sim-
ple, direct interpolation of synthetic spectra libraries, there are multiple stellar parameter
pipelines in use (or preparation) that build upon machine-learning models for either spectral
emulation or direct prediction of stellar labels. Notably, there are data-driven artificial neu-
ral networks (ANNSs) such as the Canon (Ness et al. 2015), which are trained on reference
labels and the corresponding observed spectra from a small sample of stars with known la-
bels, model-driven ANNSs such as the Payne (Ting et al. 2019), which are trained on grids of
model spectra directly, and convolutional neural networks such as the CNN (Guiglion et al.
2024), which directly predict stellar labels from spectra as input and hence skip the y2-
minimization procedure entirely. Note that Canon, as well as CNN, depend on atmosphere
models and synthetic spectra no less than Payne, despite the fact that they may be trained

on real spectra, through the derivation of reference labels.

Spectral emulators that generate spectra from labels may furthermore be included in more
complex Bayesian pipelines that complement the spectroscopic probability distribution func-
tion (PDF) with additional constraints based on, e.g., Gaia (Gaia Collaboration et al. 2016,
2018), WISE (Lang et al. 2016) or 2MASS (Skrutskie et al. 2006) photometry, distances
(Bailer-Jones et al. 2018, 2021), and asteroseismic information (e.g. Auvergne et al. 2009;
Gilliland et al. 2010). One such example is the SAPP (Gent et al. 2022) — the stellar pa-
rameter pipeline that will be used in the context of the PLAnetary Transits and Oscillations

of stars (PLATO Rauer et al. 2014) space mission — which builds its spectroscopy module
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on a derivative of the Payne (Kovalev et al. 2019) to allow efficient on-the-fly spectrum
synthesis, and furthermore makes use of stellar evolution models from GARSTEC (Weiss &
Schlattl 2008). According to Gent et al. (2022), the stellar parameter within the PLATO core
sample can be recovered with typical uncertainties of 27 K (systematic) & 37 K (statistic) for
T.g, 0.00 £0.01 dex for log g and 0.02 +0.02 dex for [Fe/H], highlighting the applicability

of the procedure for large spectroscopic surveys.

Because the SAPP is an integral part of Sec. 3, its main working principle is briefly outlined
here. In its standard operation mode, the SAPP derives stellar parameter and abundance
estimates in a multi-step procedure. First, spectra are fitted by minimizing the y? differ-
ence between model and observations. In addition to stellar labels, the placement of the
continuum is also slightly adjusted during the fitting procedure by determining coefficients
for linear combinations of the first ten Chebyshev polynomials (Kovalev et al. 2019). Radial

velocity shifts are corrected by cross-correlating templates of model spectra.

As described by Gent et al. (2022), the astrometry module estimates the likelihood of the
observed magnitudes in different filters by comparing them to predictions from stellar evo-
lution models, which are subject to parameters such as T4, logg, mass, age, metallicity,
and a-abundance. For this, apparent magnitude observations are de-reddened and con-
verted to absolute magnitudes using the distance modulus. Here, the comparably large
uncertainties of distance measurements (mostly from parallaxes) are most significant. To
avoid double-counting them in different filters, they are treated as separate measurement
and then marginalized over. The astrometric likelihood is constructed via the product of

Normal distributions for each photometric band.

To obtain the desired posterior probability for model parameters X, given the observations
Y, SAPP resorts to Bayes theorem, p(X|Y) = p(Y|X) - p(X) / p(Y), which additionally allows
for the inclusion of a prior p(X) (to account for potential limitations of the models) and
a normalization constant p(Y) (which is independent of X). To develop the probability
distribution function (PDF), the astrometric likelihood is evaluated on a parameter grid of
stellar evolution models. Additionally, SAPP computes a spectroscopic PDF on the same

grid, again employing a Normal distribution.

After normalization, both PDFs are combined, and the result is evaluated to obtain the most
likely set of parameters. Besides spectra, apparent magnitudes, and distances, SAPP also has

the capability to make use of asteroseismic information A v and v,,,,, if available. To increase

max>
the precision of effective temperature estimates, SAPP furthermore includes the InfraRed
Flux Method (IRFM, Casagrande et al. 2006, 2010, 2020). This method relies on the weak
temperature dependence of the IR-flux in the Rayleigh-Jeans limit, Fiy ;.40 ~ T /A%, and the
Stefan-Boltzmann law, i.e. og T;f = FioL.obs/ Firobs * Firmodel» t0 provide a more robust, less

model-dependent temperature estimate (Casagrande et al. 2020). Further information of
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Figure 2.8: Comparison of the MARCS 1D HE (left) and 3D RHD STAGGER (right) model
atmosphere grids in the T —log g plane. The left image shows the public, standard com-
position MARCS grid (Gustafsson et al. 2008), where different metallicities are shown in
different colours with slight vertical offsets from the respective grid node. The right image
was taken from Rodriguez Diaz et al. (2024).

about the SAPP can be found in Gent et al. (2022).

Model Atmosphere Grids

The quality of every stellar parameter retrieval pipeline however crucially depends on den-
sity and availability of the model spectra grid — and hence also on the grid of model atmo-
spheres — in the parameter space for which it is built. For the analysis of FGK-type stars, most
studies here rely either on the grid of MARCS models for a 1D analysis or on the STAGGER
grid (Magic et al. 2013a; Rodriguez Diaz et al. 2024) in 3D. A comparison between models
from both grids in the T,;—log g plane is shown in Fig. 2.8.

Especially in the region between 2500 K and 4000 K, the MARCS grid is sampled very densely
with a temperature spacing of AT.; = 100K. Also in the regime of higher temperatures
< 8000K the spacing is not larger than AT, = 250K. The models are also placed with a
surface gravity step Alog g = 0.5dex and provide for metallicities between —5 and +1 dex,
where a good chemical coverage is ensured by varying the spacing between 1dex and

0.25dex for low and intermediate-to-high metallicities, respectively.

In 3D, the availability of models is comparably poor; until recently, there was no grid of
3D models available to the public. The STAGGER grid, originally created by Magic et al.
(2013a), was released and refined by Rodriguez Diaz et al. (2024) to increase the model
sampling in the dwarf star region in the PLATO core sample. With 243 STAGGER models in
total (distributed between metallicities between —4 and +0.5 dex), the grid is significantly
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more sparse (compared to the ~ 52000 MARCS models available®) due to the increased
computational effort involved in creating these models. It may be noted that there are 77
CO°BOLD models in addition, collected in the CIFIST grid (Ludwig et al. 2009a; Bonifacio
et al. 2018; Kucinskas et al. 2018), which, however, is not publicly available.

According to tests by Kovalev et al. (2019), roughly 20000 spectra are furthermore needed
to train Payne and obtain a satisfactory spectrum emulation result, which in the case of 3D
additionally involves a serious amount of CPU hours. It is still questionable to what extent
the low T, —log g resolution of the STAGGER grid is sufficient in this context. Currently,
there is no machine learning algorithm based on a extensive grid of 3D spectra available that
may be used to derive 3D LTE (or even NLTE) stellar labels for large spectroscopic surveys.

Direct fitting in full 3D is thus currently computationally only possible for individual stars.

Abundance Corrections

One common technique to account for the error made by the modeling assumptions at
least approximately are the so-called abundance corrections. Here, for a fixed set of stellar
parameters, the abundance of a given species of interest is varied, and synthetic spectra are
created for each chemical composition. The resulting Equivalent-Width (EW) is obtained by

integrating the normalized flux Fyy across each spectral line, i.e.

EW = J (1—Fy) da, (2.58)

and then expressed as a function of to the abundance itself, which is also called Curve-
of-Growth (CoG). The CoG is then inverted to yield A = A(EW), and compared between
different model assumptions, e.g. LTE-NLTE or 1D-3D. The final abundance correction is
computed with respect to a specific reference abundance A,.;. NLTE abundance corrections

for example are then defined as
AAypre = Anpre(EWire) — Arrg refs (2.59)

where the reference abundance is set to the LTE (or 1D in the case of 3D corrections) abun-
dance for which one wishes to derive the correction. The corrected abundance is then given

by simply adding the correction to the measurement.

There are several areas where caution has to be taken when applying abundance corrections.
Higher abundances increase the opacity and hence formation height of lines, causing the
departures from LTE and thus abundance corrections to depend on the abundance itself
(e.g. Eitner et al. 2019; Popa et al. 2023). The NLTE effects furthermore depend on the

electronic configuration of energy levels and characteristics of transitions between them,

Shttps://marcs.astro.uu.se/
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which means that abundance corrections also vary between spectral lines.

Depending on the line, there are furthermore regions in abundance space where the line
becomes saturated. If this is the case, a step in abundance is associated with small changes
in EW, which can cause asymptotes in the inversion EW(A) — A(EW) (Rutten 2003). Since
abundance corrections are often provided as averages over different spectral lines and for
a single reference abundance, their blind application constitutes an additional source of
uncertainty. Since in the case of 1D corrections the CoG is constructed from 1D spectra, it is
furthermore important to realize that the abundance corrections are inherently dependent
on all hyperparameters included in 1D spectrum synthesis, i.e. mixing length parameters
and micro-turbulence. Nevertheless, while this method is generally inferior to the actual
fitting of observations, it is a very useful tool to estimate the potential impact of modeling
assumptions, especially for large stellar samples.
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2.2 Galactic Archeology

Modeling assumptions are inherent to the procedures involved in the deciphering of stellar
spectra and hence directly influence measured stellar parameters and especially chemical
abundances. These abundance measurements — often done in 1D LTE when analyzing large
stellar samples — are then considered the ground trough when they are further used to
understand the formation and evolution history of the environment they reside in. The
interpretation of the measured Galactic abundance trends is done with the help of so-call
Galactic Chemical Evolution (GCE) models, which describe the evolution of the Galactic gas
content and formation of metals, from a primordial composition to the present-day chemical

diversity.

2.2.1 Galactic Chemical Evolution Models

There are countless variations of GCE models, with vastly different complexity involved
in the detailed treatment of metal production sites, the dynamics of stars and gas in the
gravitational potential of the Galaxy, and the interaction with the intergalactic medium or
other near-by galaxies. Following the description by Matteucci (2001, 2003, 2016), the
fundamental idea behind a GCE model is to understand how the mass of the Galactic gas
M(t) changes as time t passes. Generally speaking, there are two main processes that
cause the gas mass to change: star formation and Galactic inflows and outflows of material.
Considering the Galaxy as a single box of perfectly mixed gas (a so-called one zone model),
the amount of gas that is removed from the Galactic gas mass reservoir to form stars per unit
time is described by the star formation rate (SFR) 1(t). A common assumption in various
GCE models is the validity of the Kennicutt-Schmidt law (Schmidt 1959; Kennicutt 1998),
which imposes a proportionality between the SFR and the gas mass M, that is,

(o)== M(), (2.60)

with parameterization through the proportionality constants of the dimensionless star for-

mation efficiency €, and the star formation timescale 7.

Stars have a finite lifespan ¢, that is generally influenced by their initial mass m. Con-
sequently, the gas mass at time t is reduced by currently forming stars but increased by
stars that formed t,, time-units ago, returning some of their material to the Galactic reser-
voir. Using the initial mass function (IMF) ¢ (m)dm, which represents the stellar distribu-
tion per mass unit, the number of stars with masses between m and m + dm that will end
their life — and thus return their mass to the Galactic gas at time t — can be described as
Y(t —t,,)¢p(m)dm, under the assumption that the IMF is constant in time. Different stellar

evolution paths are possible on the basis of initial mass, leading to remnants such as white
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dwarfs (WD), neutron stars (NS), or black holes (BH). Therefore, an additional factor f(m)
is necessary to specify the mass returned to the Galaxy upon the death of stars, excluding the
mass locked in remnants and removed from the gas reservoir. Often, f(m) can be defined
as m— M .nane- COMbining the creation and destruction of stars, the fundamental equation

of GCE may be written as the time derivative of the gas mass d,M,
d.M(t) =—1/)(t)+J f(m) P(t —ty,)¢p(m) dm, (2.61)
my

where the integration needs to be executed from a lower mass limit m,;, below which stars
are assumed to live longer than the age of the galaxy (typically ~ 0.8 M) and hence do not
contribute to the chemical enrichment, to a upper limit m,, above which stars are assumed to
leave behind nothing but a black hole (typically ~ 30 M,, for disk models, see e.g. Matteucci
2001, 2003; Nomoto et al. 2013; Coté et al. 2019).

Neglecting the stellar lifetimes entirely, one may notice that the SFR can be moved in front
of the integral in Eq. 2.61. In this instantaneous recycling approximation, the remaining
equation can be solved analytically by an exponentially decaying gas density. Eq. 2.61 fur-
thermore lacks completeness regarding the mass entering or exiting the simulation domain,
hence it is known as the closed box approximation. To modify this, inflow and outflow rates
can be incorporated on the right-hand side. A prominent example of such a GCE model is
the two-infall-model, which characterizes the formation of the Galaxy through two intervals
of primordial gas inflow, each enhancing the SFR as per Eq. 2.60. The initial inflow, which
forms the halo and bulge, occurs rapidly, whereas the second inflow that forms the Galactic
disk(s) takes place over a longer period (Chiappini et al. 1997; Chiappini 2001; Francois
et al. 2004). Outflows are generally considered to result from stellar feedback, proportional
to the SFR, such that the outflow rate is given by 7 v (t), where the proportionality constant

1, known as the mass-loading factor, is a variable parameter (Coté et al. 2017).

Although the evolution of the gas mass is noteworthy, it is even more intriguing to realize
that the gas returned by stars differs chemically from the gas they originated from. Thus,
analyzing the evolution of the metal fraction X;(t) for each species i is of particular interest.

Following Eq. 2.61, it is clear that
d. (MX;) = M d,(X;) + X; di(M) = —X; + f film, t) Y(t —t,)p(m) dm,  (2.62)
my

where the freed mass of species i is given by the amount of metals that are freshly produced
by the star, plus those that are merely ejected and hence remain present in the abundance

they had when the star was created, i.e.

film, t) = y;,(m, t) + X;(t — t,)f (m). (2.63)
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The crucial part in this equation is y;(m, t)/m, the stellar yield of species i, which in general
may be a function of overall metallicity and hence Galactic time. Much of the complexity
in GCE modeling revolves around the determination of yields for the different chemical

production sites for stars of different mass.

2.2.2 Formation of Elements: Early Universe

Throughout the formation and evolution of the Galaxy, various sites for element production
emerge, affecting the chemical makeup of the Galactic gas to different extents. Due to the
distinct physical environments where nucleosynthesis occurs, the chemical composition of
the ejecta — and hence the overall metal content of the Galaxy — experiences continuous
change. Interestingly, low-mass stars have lifespans comparable to the age of the Galaxy
(e.g. Kippenhahn & Weigert 1990; Matteucci 2001; Kippenhahn et al. 2012), allowing one
to deduce early universe conditions from their chemical abundances. Initially, before stel-
lar feedback enriches metals, Big Bang Nucleosynthesis (BBN) determines the baseline gas

metallicity.

In the classical Friedmann-Lemaitre—-Robertson-Walker ACDM cosmological picture, the
BBN is confined to the first minutes of the universe, where temperatures are high enough
for the formation of *He, but also already low enough such that deuterium (*H) is not
immediately photo-disintegrated. Small fractions of *He are further processed to °Li and
Li. In general, the net composition of the gas after BBN is completely dominated by H
(75%) and *He (~ 25%), with only trace amounts of 2H/H ~ 2x 10™>, *He/H ~ 107°, "Li/H
~ 5x 1071° and °Li/H ~ 107!, The synthesis of heavier, further nuclei is prohibited by
the lack of stable isotopes with mass numbers of 5 or 8, and the increasingly high Coulomb
barrier that needs to be overcome in a rapidly expanding and cooling universe (e.g. Wagoner
et al. 1967; Yang et al. 1984; Cyburt et al. 2016).

It is interesting to note that present-day measurements of abundances from various astro-
physical sites may be used to test the predicted composition and hence the understanding
of the early universe directly. In particular, the observation of primordial high redshift gas
clouds — which are illuminated by the light of distant quasars — may be used to measure
2H/H, which in turn is closely related to the baryonic fraction during BBN. Through this
connection, it has been shown (see e.g Cooke et al. 2018) that the measured *H abun-
dances, and the subsequent BBN prediction of the baryonic fraction, are in excellent agree-
ment with estimates obtained from Planck observations of the Cosmic Microwave Background
(CMB, Planck Collaboration et al. 2016). Investigating He I emission lines emerging from
metal-poor extragalactic H II regions furthermore allows the determination of the primor-
dial helium abundance. Also, here, there is generally good agreement between observations,

BBN predictions, and CMB measurements (e.g. Aver et al. 2013; Izotov et al. 2014).
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Despite the success of ACDM cosmology, there are still a number of open questions that
challenge the cosmological standard model (Perivolaropoulos & Skara 2022; Abdalla et al.
2022). One major discrepancy is found in metal-poor Galactic halo stars; Multiple stellar
observations of the “Li abundance (e.g. Spite & Spite 1982a,b; Sbordone et al. 2010) have
found values that are significantly lower than the BBN prediction. Although, to this day,
there is no definitive answer to this cosmological lithium problem, explanations involving
nuclear physics, physics beyond the Standard Model, as well as astrophysical solutions —
such as a depletion of “Li in the upper layers of stars due to atomic diffusion, stellar rotation,

and convection — have been proposed (see Abdalla et al. 2022, and references therein).

Another disagreement is the so-called Hubble-tension, which concerns the current expansion
rate Hy. The Hubble tension arises because the H, values predicted from CMB observations —
when interpreted through the standard ACDM cosmological model — are significantly lower
than the H, values obtained from direct measurements in the local universe; SNe Ia in
particular are central to this issue, as they function as standard candles, i.e. they are used
as distance indicators. H, values derived using SNe Ia are consistently higher (~ 40) than
those predicted from the CMB data (Riess et al. 2021b).

To resolve this tension, several theoretical considerations are discussed (Perivolaropoulos
& Skara 2022). One possible solution is altering the sound horizon r, i.e. the maximum
distance sound waves could have traveled in the early universe, whose predicted size directly
influences the H,, calculation from CMB data. Another approach is a modification of the
Hubble expansion rate H(z) as a function of redshift z, suggesting that the rate of cosmic

expansion in the recent cosmic history might differ from what the standard model assumes.

Lastly, Perivolaropoulos & Skara (2022) also consider a transition or recalibration of the
SNe Ia absolute luminosity itself, i.e. the intrinsic brightness of SNe Ia might not be con-
stant over cosmic time. Potentially, it could have changed because of evolving fundamental
physical laws, such as a variation of the gravitational constant. Additionally, there is un-
certainty in the metallicity measurements of Cepheid stars — which are crucial for calibrat-
ing SNe Ia distances via their Period-Luminosity (PL) relationship (Riess et al. 2018) — as
metal-rich Cepheids seem inherently brighter (Gieren et al. 2018). However, the question to
what degree SNe Ia are suitable standard candles in the first place remains to be answered
(Taubenberger 2017).

2.2.3 Formation of Elements: Supernovae

Supernovae of Type Ia

In general, SNe Ia are understood as the thermonuclear disruption of a WD, which accretes

material (from a giant companion in a binary system) until it reaches the Chandrasekhar
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mass (Mq, ~ 1.4M,) and explodes (Ruiter 2020). Due to this uniformity in their mass,
SNe Ia are assumed to produce consistent amounts of *°Ni, which is radioactive. Because
photons emitted in the process of its decay to >°Fe produce the observed light-curve, it is
expected that all SNe Ia exhibit the same intrinsic brightness, which makes them a powerful

cosmological standard candle to derive distances (Riess et al. 1995).

However, it was already realized by Phillips (1993) and Perlmutter et al. (1997) that there
is an unexpected diversity in the absolute peak brightness of observed events at low red-
shift, where independent distance measurements are available to check this assumption.
Despite their apparent diversity, it was found that there is a correlation between the abso-
lute magnitude at the peak of their light-curve and the rate at which it declines, i.e. the
light-curves of brighter SNe Ia are wider. The resulting so-called Phillips relation (Phillips
1993) is found empirically and may then be used to calibrate target light-curves from high
redshift observations such that a measurement of their decline rate and peak apparent mag-
nitude provides the distance modulus directly. The physical reason for this observed variety
of SNe Ia (Benetti et al. 2004, 2005) however is still not fully understood (Sim 2007; Hille-
brandt et al. 2013). This standardization procedure furthermore rests on the assumption,
that the Phillips relation is universally true — i.e. also at high redshift — which may in fact

not be true for some observed peculiar SNe Ia (Taubenberger 2017).

Current theoretical SNe Ia modeling frameworks explore two distinct pathways for the mass
of the primary exploding WD; those that reach the Chandrasekhar mass (M, models) and
those that explode at a lower mass (sub-M, models). Within these categories, the nature
of the mass-donating companion star — either another WD in a double-degenerate system or
a non-degenerate star in a single-degenerate system — introduces further variety of possible
explosion scenarios. The leading mechanism for M, and sub-M;, SNe Ia are discussed in
detail in Sec. 3.

In general, SNe Ia ejecta are rich in Fe-peak elements, since the temperatures in the core
region of the exploding C-O white dwarfs are high enough for nuclear statistical equilibrium
(NSE) to hold, preferentially causing the formation of the most stable nuclei by burning
complete C and O up to *°Ni, which eventually decays to *®Co and *°Fe (Matteucci 2001,
2003; Seitenzahl et al. 2013a). When it comes to the nucleosynthetic differences between
Mg, and sub-M, expositions, variations in the chemical mixture of the ejecta SNe Ia arise
mainly due to differences in the core density and temperature of the primary WD. One very
interesting species in this context is Mn; its production chain may be easily followed as it
has only one stable isotope, >>Mn. Its parent nucleus >>Co — which is unstable and decays to
>>Fe with a half-life of ~ 17 h, and then eventually to >>Mn - is synthesized in NSE during
the initial phases of the explosion. Its abundance, as the material rapidly expands and cools,
is tightly linked to the abundance of Mn in the final ejecta (Seitenzahl et al. 2013b).

46



2.2.3 FORMATION OF ELEMENTS: SUPERNOVAE

In M, SNe Ia, initial burning occurs at higher temperatures and is more efficient, resulting
in fewer a-particles when NSE reactions stop. Consequently, significant amounts of >>Co
and therefore >>Mn persist. Conversely, in sub-M, explosions, the initial burning is less
complete, leaving more a-particles at freeze-out. As a result, >>Co is more likely to be
destroyed, and SNe Ia generate significantly less Mn overall (Seitenzahl et al. 2013b; Lach
et al. 2020; Sanders et al. 2021), which is why Mn abundances of Galactic stars provide
insight into the role of sub-M, explosions in the chemical evolution of the Galaxy.

Although Ni production is generally more complicated, since there are multiple pathways
for the formation of different isotopes, the differences between sub-M, and M, are qualita-
tively comparable. More details are provided in Sec. 3. Ni is not only produced in different
SNe Ia, but it is also synthesized in CC-SNe in large quantities. Besides the radiative isotope
>°Ni, which is the end product of Si-burning due to its high binding energy per nucleon and
its favorable location in the a-chain (*?Fe+*He—>°Ni, Matteucci 2001), the most abundant
stable isotopes are *®Ni, which is mainly produced in NSE during a SNe Ia (Seitenzahl et al.
2013a) and in explosive Si-burning in the deepest layers ejected from CC-SNe (Jerkstrand
et al. 2015; Perego et al. 2015), and ®°Ni, which additionally has contributions from neutron

capture during He burning or later burning stages (Woosley & Weaver 1995).

Independent of the formation channels, the explosion of SNe Ia requires a binary system
with at least one WD present. As WDs are remnants of low to intermediate mass stars with
M < 8M,, the earliest occurrence of SNe Ia in the Galactic evolution is determined by
the lifetime of 8 M, stars (~ 30 Myr, Matteucci 2014). Moreover, if the system is single-
degenerate the secondary star is required to be significantly less evolved as it still has to
have a H- or He-rich envelop for the companion to accrete. The time-delay associated with
these events is thus even longer (~ 0.5 — 1Gyr) because the secondary star must have a

lower mass than the primary < 8 M.

The rate at which SNe Ia events occur over time is characterized by the Delay-Time Distribu-
tion (DTD). The DTD for a specific SNe Ia pathway is determined by several factors, such as
the mass range of possible progenitors of the respective SNe Ia channel, the binary fraction,
and the IMF (Matteucci et al. 2006; Ruiter & Seitenzahl 2025). However, in general this
means SNe Ia are not responsible for the chemical composition of older stars in the Galaxy,

such as those residing in thick disk or halo.

Core-Collapse Supernovae

Before SNe Ia begin to appear, the chemical evolution of galaxies is mainly influenced by
massive stars with M 2 8 M, exploding. These stars produce heavier elements up to >°Fe
as they evolve, starting with He in their cores through either p-p-chain or CNO processes,

followed by triple-a He-burning and progressing through the a-chain, i.e. 0, *Ne, ?*Mg,
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Figure 2.9: Schematic overview of Galactic chemical evolution model predictions for Fe-
peak and a-elements. Top: LTE abundances of [Mn/Fe] (left) and [O/Fe] (right) against
[Fe/H] from observations, over-plotted with GCE model predictions from Kobayashi et al.
(2011) and Kobayashi et al. (2020b). Both figures are taken from Kobayashi et al. (2020b).
Bottom: Illustration of the expected pattern of a-element abundances for a self-enriching,
well-mixed star-forming system. Figure taken from Wyse (2016).

285i, 325, and *°Ca, via C, Ne, O, and Si burning processes (Nomoto et al. 2013; Matteucci
2014). Their explosive ends as CC-SNe make them the main producers of a-, and also sub-
stantial Fe-peak elements. The yields of different Fe-peak elements relative to Fe is strongly
dependent on the electron fraction Y, in explosive Si-burning layers. If Y, is small there is
an increased neutron-excess, which means the yields for neutron-rich isotopes such as *®Ni,
>Co, and %Cu are higher. At the same time, the production of **Ni — and thus *°Fe — is
smaller, which means [(Ni, Co, Cu)/Fe] increase, while [Cr/Fe] stays constant. The same is

true for [Mn/Fe], although it is produced in incomplete Si-burning (Nomoto et al. 2013).

Prompt enrichment by CC-SNe is fundamental in explaining the elemental abundance pat-
terns observed in stellar populations of different ages and metallicities. To illustrate this
quantitatively, Fig. 2.9 shows the comparison between predictions from the widely adopted
GCE models by Kobayashi et al. (2011) and Kobayashi et al. (2020b), with a collection of
Galactic LTE observations (top panels, both adopted from Kobayashi et al. 2020b). The de-

tailed assumptions and differences between the models are not significant, as they serve to

48



2.2.4 THE FIRST STARS

highlight the qualitative GCE in this context here.

Early in the evolution of the Galaxy, when the first stars form, the Galactic gas has minimal
metallicity since primordial gas enrichment via stellar feedback was not yet significant. As
more stars form and the gas gets recycled, the metallicity rises, making [Fe/H] an age indi-
cator (Matteucci 2003). This correlation is not entirely accurate, as it depends e.g. on the
local star-formation history (Bergemann et al. 2014), but it suffices to understand the Galac-
tic trend. The [(a, Mn)/Fe] ratio in these old, metal-poor stars directly reflects massive star
explosion yields (Nomoto et al. 2006). As time progresses, and [Fe/H] rises, SNe Ia start
to imprint their signature on the Galactic average composition by producing substantial Fe-
peak elements, which lead to a notable increase of [ Mn/Fe] and decrease of [ O/Fe] for stars
with higher metallicity around [Fe/H] ~ 1 up to the solar value. The distributions observed
in the upper panels of Fig. 2.9 are hence the consequence of the time-delay between CC
and type-Ila supernovae (Matteucci & Greggio 1986).

The location of this a-knee in the metallicity space is furthermore characteristic for the
environment these stars formed in. This is illustrated by the image in the bottom row of
Fig. 2.9 (adopted from Wyse 2016), where a schematic [a/Fe] trend is shown for different
self-enriching and well mixed stellar systems. In systems, where the overall gas density (and
hence SFR) is low — such as dwarf galaxies, small satellites or irregular galaxies — there is
only very little Fe build-up in the overall metal-budget. After the time-delay of SNe Ia has
passed, the mean [Fe/H] is hence still low compared to the Galaxy. As a consequence, the
a-knee is shifted towards lower metallicities. The opposite is true in regions of violent star
formation with a high SFR or star formation efficiency, where the a-knee is shifted to higher
metallicities because of the fast enrichment from CC-SNe. The IMF itself also has an effect
on the [a/Fe] trend, as the value of the low metallicity plateau is determined by the fraction
of high-mass stars. Increasing their relative number in a top-heavy IMF also increases the
yields of [a/Fe] due to the dependence of the CC-SNe yields on the progenitor mass (Wyse
2016).

2.2.4 The First Stars

The first (Pop III) stars, likely formed from the collapse of nearly metal-free gas in dark
matter mini-halos post-BBN and generally are thought to be more massive than the present-
day IMF suggests (Bromm et al. 2002; Frebel et al. 2007, but see also Klessen & Glover 2023
suggesting a broader, while still top-heavy distribution). The nucleosynthetic contributions
from Pop III stars are diverse and dictated primarily by their initial mass and the nature
of their explosion (e.g. Heger & Woosley 2002; Nomoto et al. 2013). Stars with initial
masses 10M, S M S 40 M, typically end as CC-SNe, ejecting a-elements alongside Fe-peak

elements; the precise yields are sensitive to explosion energy and the material fallback onto
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the remnant NS or BH. Faint supernovae within this category experience significant fallback
and are thus expected to have expelled C-rich but Fe-poor ejecta due to their onion-like
structure — a consequence from high-mass stellar nucleosynthesis — and the resulting Fe-core.
More energetic hypernovae from Pop III progenitors produce distinct elemental signatures,
including enhanced ratios of [(Zn,Co,V,Ti)/Fe] and small [(Mn,Cr)/Fe] (Nomoto et al.
2006; Tominaga et al. 2007).

In contrast, very massive Pop III stars, with initial masses 140M, < M < 260 M, potentially
explode as pair-instability supernovae (PISNe), which completely disintegrated the star, leav-
ing no remnant behind and hence ejecting vast quantities of elements such as O, Si, and sig-
nificant amounts of *®Ni, while showing a strong odd-even effect with a depletion of odd-Z
elements (Heger & Woosley 2002). Intermediate Pop III mass ranges, 40M, S M < 140 M,
as well as extremely high-mass stars above ~ 260 M, likely result in direct collapse to BHs
and thus contribute minimally to the chemical enrichment of the early universe (Heger &
Woosley 2002; Ohkubo et al. 2006).

To this day, there has been no detection of true Pop III stars without any metals other than
primordial traces of Li. However, it was first discovered by Beers et al. (1985) that the most
metal-poor stars found in the Galactic halo show a peculiar chemical pattern. Beers et al.
(1985, 1992) systematically detect stars within their HK-survey — targeted at the search and
identification of stars with weak Ca II H & K lines, which indicates low metallicity — that
display unusually strong lines associated with the CH molecule (the CH G-band in particu-
lar) in their spectra, which suggests unusual high C abundances. Spectroscopic follow-ups
of these metal-poor candidates found that a significant fraction indeed shows strong C fea-

tures, leading to their classification as carbon-enhanced metal-poor (CEMP) stars.

The Hamburg/ESO Survey (HES, Reimers 1990; Wisotzki et al. 2000; Christlieb et al. 2001,
2002) here also played an important role. As described by Christlieb et al. (2008), the HES
utilizes approximately 12 million spectra from 379 photographic plates, captured with the
1 m ESO Schmidt telescope, covering 6726 square degrees. HES spectra range from 3200 A
to 5300 A with a resolution of AA ~ 10A at 3934 A. Using this instrumental setup, Christlieb
et al. (2008) compile a catalog of about 20 000 metal-poor candidate stars based on criteria
like the KP color index — centered on the Ca Il K line — as a function of the de-reddened B—V
and J—K 2MASS (Skrutskie et al. 2006) magnitude, as well as a non-detection of the Ca II
K line in emission or absorption. Medium- and high-resolution follow-ups of HK and HES
targets (e.g. Frebel et al. 2006; Placco et al. 2010; Sbordone et al. 2010; Masseron et al.
2012; Roederer et al. 2014; Hansen et al. 2015) have later led to the detection of some of the
most metal-poor stars known, such as HE 0107-5240 (Christlieb et al. 2002), HE 1327-2326
(Frebel et al. 2005), and HE 0557-4840 (Norris et al. 2007). Furthermore, HES assesses the
strength of the CH G-band using the GP color index, which allows Christlieb et al. (2008)
to estimate [C/Fe], helping to identify CEMP candidates. Large-scale spectroscopic surveys
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like SEGUE (Yanny et al. 2009), LAMOST (Deng et al. 2012), and RAVE (Steinmetz et al.
2020; Shank et al. 2022), along with photometric surveys such as SkyMapper (Keller et al.
2007) and Pristine (Starkenburg et al. 2017), follow the work of HK and HES surveys and

expand the search for metal-poor stars, offering additional data for analysis.

It was found by e.g. Placco et al. (2014); Yoon et al. (2018) that below a certain metallicity
([Fe/H] ~ —4.5) all stars observed seem to be enhanced in C significantly enough to qualify
as CEMP This is in general agreement with theoretical considerations by Frebel et al. (2007),
who note that the first low-mass stars at these metallicities require enhancement in either O
or C in order to be sufficiently enriched to exhibit efficient atomic fine-structure cooling (al-
though see potential Si-dust cooling Ji et al. 2014, and Ji et al. in prep.). The formal CEMP
defining criteria of [C/Fe] > 1.0 was established by Beers & Christlieb (2005), who also
noticed that some CEMP stars show hints of s- and/or r-process elements in their spectra,
while others do not, which leads to a further sub-division into CEMP-s, CEMP-r, CEMP-r/s,
and CEMP-no stars. Beers & Christlieb (2005) based the s- and r-process classifications on Ba
and Eu abundances, respectively, and defined CEMP-r stars as having [Eu/Fe] > 1.0, CEMP-s
as [Ba/Fe] > 1.0 in combination with [Ba/Eu] > 0.5, CEMP-r/s as 0.5 < [Ba/Eu] < 1.0,
and CEMP-no stars [Ba/Fe] < 0. Based on new Subaru HDS spectral data for 26 metal-poor
stars — selected from HK and HES - that showed strong CH G-bands and [Fe/H] < 2, the
CEMP definition was later revised by Aoki et al. (2007) to [C/Fe] > 0.7.

Out of these different CEMP categories, it is especially CEMP-no stars that are generally
found to be the most metal-poor stars in the Galaxy, making the chemical makeup of these
second-generation stars the ideal laboratory for understanding Pop III nucleosynthesis. Due
to their high [C/Fe] yield, it is especially the class of faint CC-SNe that are considered pre-
decessors of CEMP-no stars, while the r- and s-process contribution visible in CEMP-r and -s
stars may already indicate pollution by another generation of stars, before the CEMP-r and
-s stars were created out of their remains (Yoon et al. 2016, 2019). Besides faint SNe, other
potential progenitors of CEMP-no stars are the so-called spinstars, which are rapidly rotating
massive stars that enrich their surroundings with C, N, and O through strong stellar winds
(Meynet et al. 2006).

CEMP-s stars, on the other hand, are thought to obtain their super-solar [C/Fe] and [Ba/Fe]
ratios from a low to intermediate mass companion, which synthesizes these elements during
the AGB phase and transfers the material to their companion (e.g. Suda et al. 2004; Herwig
2005; Starkenburg et al. 2014, see also Yoon et al. 2016, and references therein).

The origin of CEMP-r/s stars, which are enriched in both s- and r-process elements, poses
an additional challenge as these processes require neutron densities that differ by multiple
orders of magnitude, which is why they are thought to occur in entirely different nucle-

osynthetic production sites (Hampel et al. 2016). The most plausible explanations for the
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observed abundance pattern of these stars include binary mass transfer of C and s-process
enriched material onto a primary star, which was born from a gas cloud enriched in r-process
elements (e.g. Jonsell et al. 2006; Gull et al. 2018) either from jet-like explosions of mag-
netorotational CC-SNe (e.g. Nishimura et al. 2015) or neutron star mergers (e.g. Ji et al.
2016; Gull et al. 2018). Alternatively, the entirely different neutron capture pathway of
the i-process is considered, which happens at neutron densities in between s- and r-process
(conditions which are potentially met within AGB stars or rapidly accreting WDs) and yet
produces enhanced [X/Fe] ratios of elements that are produced by both (such as Ba and Eu,

Mashonkina et al. 2023, and references therein).

By analyzing the morphology of CEMP stars in the C abundance A(C)* against [Fe/H] space
(also called Yoon-Beers diagram) it was found that CEMP-s and CEMP-r/s stars generally
occupy a different region than CEMP-no stars. This originally lead to the separation of
the sample in high-C and low-C bands (Spite et al. 2013), where only stars in the high-C
band show hints of s- and r-process elements. This picture was later adjusted by Yoon et al.
(2016), who find a rich substructure and introduce a splitting of the sample in CEMP Groups
I, I, and III, where Group III occupies the region in between the original bands. Each of
the different groups was later associated with a different formation history by Yoon et al.
(2019), who identify Group III CEMP-no stars as direct descendants of Pop III stars — forming
out of gas enriched by a single faint SNe — while Group II stars are formed from gas enriched
by multiple normal CC-SNe of Pop II stars (their table 1).

It is important to note that the decision whether or not a star is classified as CEMP depends
on the measured [C/Fe] and hence is again subject to assumptions made when creating
model atmospheres and synthesizing their spectra. It is thus possible to mistake a star as
C-enhanced only because of approximations made when the observed spectra were inter-
preted, which then translates to a wrong astrophysical interpretation of the early stages of
the Galactic evolution when done for many stars. This again underlines the importance of
analyzing (and removing) these potential biases, which is precisely what is the objective of
this thesis.

YA(X) = log(Ny/Ny) + 12
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3 NLTE Abundances of Galactic Stars:
Sub-Chandrasekhar SNe Ia in the Chem-

ical Evolution of the Galaxy

As elaborated in Sec. 2.2, understanding the Galactic history largely relies on the interpreta-
tion of chemical abundance patterns observed in the spectra of stars in large Galactic stellar
samples. One of the biggest open questions is hereby the explosion mechanism behind SNe
Ia (Ruiter & Seitenzahl 2025). Despite that they are of very high significance in the cosmo-
logical context, due to their integration as standard candles in the cosmic distance latter,
their origin is not fully understood. Major interest here lies in the mass of the primary WD
upon explosion, which in the classical picture is always assumed to disrupt at the same mass
— the Chandrasekhar mass M, — which leads to the identical intrinsic brightness in every

occurrence and hence allows a measure of distance (see Sec. 2.2.3).

Doubts about this assumption have increased, driven by substantial evidence that a signif-
icant fraction of sub-M,SNe Ia contribute to Galactic chemical enrichment (see Sec. 3.7
below for a discussion). Nevertheless, it was until recently that especially the Galactic abun-
dance of [Mn/Fe] provided compelling evidence for a significant contribution from classical
Mg, SNe Ia, as observations of extremely metal-poor Galactic dwarf and giants stars (e.g.
Bonifacio et al. 2009; Mishenina et al. 2015) suggest a very low [Mn/Fe] abundance ratio,
which requires a large number of M, SNe Ia over-producing Mn significantly after they
start to contribute beyond [Fe/H] ~ —1 (e.g. Kobayashi et al. 2006, 2020b). However, sig-
nificant departures from LTE were noted due to a strong ionization imbalance observed, i.e.
abundance differences obtained from the investigation of Mn II and I lines (Bergemann &
Gehren 2008; Bergemann 2008; Spite et al. 2013), as well as abundance differences seen

in turn-off and red giants stars of the same population (Bonifacio et al. 2009).

Later, Eitner et al. (2020) investigated how departures from LTE affect the overall Galactic
[Mn/Fe] trend and consequently re-evaluated the fraction of sub-M;, SNe Ia that is consis-
tent with this updated abundance distribution. An overview of their findings is shown in

Fig. 3.1. By compiling a broad sample of stars between —4 < [Fe/H] < 0 and computing
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Figure 3.1: Top: Comparison of LTE (left) and NLTE (right) [Mn/Fe] abundances as a
function of [Fe/H] of Galactic stars and Extragalactic clusters with GCE models from Cescutti
et al. (2008), including variable contribution from sub-M, SNe Ia. Bottom: Ionization
imbalance between abundances derived from Mn I and II lines in LTE and NLTE. All three
images taken from Eitner et al. (2020).

NLTE abundance corrections based on the EW of individual Mn lines (building upon results
by Bergemann et al. 2019), Eitner et al. (2020) found that in NLTE the ionization imbalance
between Mn I and II lines is reduced significantly (Fig. 3.1, bottom panel).

They then proceed to compare the two-infall chemical evolution model of Cescutti et al.
(2008) with their sample of LTE (Fig. 3.1, top left panel) and NLTE corrected abundances
(top right panel), where a strong differential effect with metallicity is noticeable; While at
solar metallicity, only marginal departures between LTE and NLTE were found, the correc-
tions increase significantly up to ~ 4+0.5 dex at [Fe/H] ~ —4. As expected, Eitner et al.
(2020) find - similar to what was concluded by Kobayashi et al. (2006) — that the LTE data
are in prefect agreement with a GCE that includes yields from classical M, SNe Ia alone.
However, in NLTE the low metallicity tail of the distribution is shifted towards much higher,
almost solar, Mn abundances, which results is a flat [Mn/Fe] evolution with [Fe/H]. These

findings contradict a large contribution from M, SNe Ia, as the characteristic upturn at
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3.1 ABSTRACT

[Fe/H] ~ —1 is no more visible in the data. Eitner et al. rather find that 75% sub-M, SNe
Ia are capable of reproducing the NLTE abundances instead, adding yet another piece of

evidence hinting towards the dominance of non-classical SNe Ia explosion mechanisms.

Motivated by these findings, we expand the analysis by Eitner et al. (2020) qualitatively
and quantitatively by carefully investigating yet another Fe-peak element, Ni, which — simi-
lar to Mn — is produced in SNe Ia in large quantities and shows a high sensitivity to different
SNe Ia channels. We furthermore include a more diverse set of possible SNe Ia explosion
scenarios and explicitly respect their different delay-times in the chemical enrichment. In
addition, we employ a more sophisticated, Markov chain Monte Carlo (MCMC) based algo-
rithm to sample the posterior probability distribution of different SNe Ia channels — given
the agreement of corresponding GCE [Ni/Fe] vs. [Fe/H] tracks with observations — in order
to estimate the most likely fraction of sub-M, in the Galactic history and thereby determine

the bias associated with improper modelling of stellar spectra.

The content of the remaining chapter has been published in Eitner et al. (2023) under the
title “Observational constraints on the origin of the elements. V. NLTE abundance ratios
of [Ni/Fe] in Galactic stars and enrichment by sub-Chandrasekhar mass supernovae”.
Minor modifications to format and text have been made in the context of this thesis. As the

work presented here is a collaborative effort, I use the plural pronoun “we” instead of “I”.

* Title: Observational constraints on the origin of the elements. V. NLTE abundance ratios

of [Ni/Fe] in Galactic stars and enrichment by sub-Chandrasekhar mass supernovae

* Authors: Eitner, P ; Bergemann, M. ; Ruiter, A. J. ; Avril, O. ; Seitenzahl, I. R. ; Gent,
M. R. ; Coté, B.

* Publication: Astronomy & Astrophysics, Volume 677, id.A151, 10 pp.

* Publication Date: September 2023

DOI: 10.1051,/0004-6361 /202244286

The main scientific work of this paper was carried out by me, with invaluable contributions
from all co-authors. Stellar parameters and Ni abundances were derived in close collaboration
with O. Avril and E. Magg. The outcome of the StarTrack simulation was provided by A.

Ruiter.

3.1 Abstract

We constrain the role of different SNe Ia channels in the chemical enrichment of the Galaxy
by studying the abundances of Ni in Galactic stars. We investigate four different SNe Ia

sub-classes, including the classical single-degenerate M, SNe Ia, the fainter SN Iax systems
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3.2 INTRODUCTION

associated with He accretion from the companion, as well as two sub-M;, SNe Ia channels.
The latter include the double-detonation of a white dwarf accreting helium-rich matter and

violent white dwarf mergers.

The chemical abundances in Galactic stars are determined using Gaia eDR3 astrometry and
photometry and high-resolution optical spectra. NLTE models of Fe and Ni are used in
the abundance analysis. We include new DTDs arising from the different SNe Ia channels
in models of the Galactic chemical evolution, as well as recent yields for CC-SNe and AGB
stars. The data-model comparison is performed using a Markov chain Monte Carlo (MCMC)
framework that allows us to explore the entire parameter space spanned by the diversity of
explosion mechanisms and the Galactic SN Ia rate, taking the uncertainties of the observed

data into account.

We show that NLTE effects have a non-negligible impact on the observed [Ni/Fe] ratios in the
Galactic stars. The NLTE corrections for Ni abundances are moderate, but strictly positive,
lifting the [Ni/Fe] ratios by ~ +0.15dex at [Fe/H] —2. We find that the distributions of
[Ni/Fe] in LTE and in NLTE are very tight, with a scatter of < 0.1dex at all metallicities.
This supports earlier work. In LTE, most stars have scaled solar Ni abundances, [Ni/Fe] ~ 0,
with a slight tendency for sub-solar [Ni/Fe] ratios at lower [Fe/H]. In NLTE, however, we
find a mild anti-correlation between [Ni/Fe] and metallicity, and slightly elevated [Ni/Fe]
ratios at [Fe/H] < —1.0. The NLTE data can be explained by models of the Galactic chemical
evolution that are calculated with a substantial fraction, ~ 80 %, of sub-M, SN Ia.

3.2 Introduction

SNe Ia systems are of critical significance in modern astrophysics because they play a key role
in extragalactic distance measurements (e.g. Phillips 1993; Riess et al. 1998, 2021a), they
contribute to chemical enrichment of stellar populations with Fe-peak elements (e.g. Timmes
et al. 1995; Kobayashi et al. 2020b), and they are sources of kinetic energy in galaxies.
Recent studies (see e.g. Taubenberger 2017; Ruiter 2020) uncovered a great diversity of
SNe Ia types, associated with different explosions and progenitors of WDs (Iben et al. 1987).
These include canonical single-degenerate M, explosions caused by mass transfer onto a
WD in a binary system, double-degenerate explosions associated with a violent merger of
two WDs resulting in a prompt detonation (e.g. Pakmor et al. 2012), and scenarios in which
He mass transfer from the companion leads to a surface He detonation triggering detonation
in the C-O core (e.g. Livne 1990; Fink et al. 2010; Shen et al. 2018; Goldstein & Kasen
2018). Additionally, head-on collisions in triples through the Lidov-Kozai mechanism are

being explored (e.g. Antognini & Thompson 2016; Toonen et al. 2018).

However, constraining the progenitor and explosion types by direct observations is difficult
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3.3.1 MAIN STELLAR SAMPLE

because their spectroscopic and photometric properties are similar (Branch 1998; Hille-
brandt et al. 2013). Independent constraints can be obtained through studies of the inte-
grated chemical enrichment of stellar populations that probe a range of ages and metal-
licities, that is, by combining observed abundances and models of GCE (e.g. Timmes et al.
1995; Kobayashi et al. 2020b). This approach is particularly valuable in the studies of the
properties of sub-M, explosions (Seitenzahl et al. 2013b) because their associated inte-
grated yields for Ni, Co, and Mn (e.g. Gronow et al. 2021; Boos et al. 2021) and delay-times
are in stark contrast to those of the classical M,-SNe Ia models (e.g. Ruiter et al. 2011;
Goldstein & Kasen 2018). Recent studies of sub-M, SNe fractions in the chemical evolu-
tion of the Milky Way and dwarf galaxies include Seitenzahl et al. (2013b), McWilliam et al.
(2018), Kirby et al. (2019), Kobayashi et al. (2020b), Eitner et al. (2020), de los Reyes et al.
(2020), Lach et al. (2020), and Sanders et al. (2021). Except for Eitner et al. (2020) and
McWilliam et al. (2018), most other studies rely either on LTE calculations of stellar pho-
tospheric abundances or on mixed LTE and NLTE estimates. They combine, for instance,
NLTE measurements of Fe abundances with LTE estimates of Ni abundances (as in Sanders
et al. 2021).

In this work, we use a new data sets for [Ni/Fe] to study the role of sub-M, SNe Ia channels
in the chemical enrichment of the Galaxy. The Ni abundances are derived in NLTE for the
first time for these Galactic stars. Starting with a summary of the observational sample in
Sec. 3.3, we provide details on the methods for deriving and modeling explosion channels
as well as abundance tracks in Sec. 3.4. The results are then presented in Sec. 3.5 and
discussed in the light of similar studies in Sec. 3.6. We close with conclusions and a future

outlook in Sec. 3.7.

3.3 Observations and Stellar Parameters

3.3.1 Main Stellar Sample

We use public spectra obtained from within the Gaia-ESO' survey data (Gilmore et al. 2022;
Randich et al. 2022). One of the biggest science goals of the Gaia-ESO collaboration is to
understand the Galactic structure and evolution, which is why it is designed to comprehen-
sively cover stars in the Galactic disk, halo, and stellar clusters. The survey was executed
on the Very Large Telescope (VLT) from 2013 to 2018. In this work, we rely on the high-
resolution R~ 47 000 spectra taken in the UVES 580 setting (A ~ 480 to 680nm), and limit
the analysis to data with a high signal-to-noise ratio (S/N) with S/N > 60 for stars in the
metallicity range above —0.7, which offers a reasonable trade-off between the number of

stars over a representative metallicity range and the quality of the spectra.

http://archive.eso.org/programmatic/#TAP
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Figure 3.2: Best-fit line profiles for two diagnostic lines of Ni for three representative stars
at metallicities [Fe/H] = —0.34, —0.55, and —1.05.
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Figure 3.3: Ni NLTE corrections as a function of metallicity for three representative stellar
model atmospheres averaged over diagnostic lines of Ni I in the optical wavelength range.

The analysis of stellar parameters is carried out using the SAPP pipeline (Gent et al. 2022),
which combines different types of observational information, including photometry, spectra,
and parallaxes in the full Bayesian framework to provide estimates of T4, log g, and [Fe/H]
(see Sec. 2.1.7 for a brief description). The photometric magnitudes are adopted from the
third data release (eDR3) of the Gaia catalog (Gaia Collaboration et al. 2020, 2021). The
characteristic photometric errors range from 0.3 mmag to 6 mmag. Distances are adopted
from the Bailer-Jones et al. (2021) catalog. As recommended by these authors, we use their

photo-geometric data set.

To improve the quality of abundance diagnostics, Ni abundances are derived by a line-by-
line analysis using the NLTE spectrum synthesis code TURBOSPECTRUM within the fitting
framework TSFitPy (Gerber et al. 2023, see also Sec. 2.1.7), along with grids of NLTE
departure coefficients calculated with the MULTI2.3 code (Carlsson 1992) using updated
NLTE atomic models of Fe (Semenova et al. 2020) and Ni (Bergemann et al. 2021; Magg
et al. 2022b). We note that in the latter model, the transition rates associated with charge-
exchange reactions Ni+H are calculated using new quantum-mechanical data from Voronov
et al. (2022). Fig. 3.2 shows some examples of the observed spectra and the best fits for
Ni I 6086A and 6175A. Our final high-quality stellar sample consists of 264 stars with Ni
abundances.
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Figure 3.4: Trends of [Ni/Fe] against metallicity [Fe/H], calculated in LTE (left) and NLTE
(right).

3.3.2 Additional Samples

For comparison, we also include additional data sets. Specifically, we add the abundances
from Bensby et al. (2014), who employ high-quality optical spectra taken from different
facilities and with a resolving power in the range from R ~ 47000 to ~ 110000. Fe abun-
dances are corrected for NLTE effects based on the model atom and corrections from Berge-
mann et al. (2012a) and Lind et al. (2012). The LTE Ni abundances of stars in this sample
are furthermore NLTE corrected (see also Magg 2023) using the direct line-to-line abun-

dances kindly provided to us by T. Bensby (priv. comm.).

As guidance, we present the NLTE Ni I corrections for three models with representative
stellar parameters in Fig. 3.3. The NLTE effect on Ni abundances is rather modest but
non-negligible at solar metallicity. However, especially at metallicities [Fe/H] S —2, NLTE
corrections for Ni increase and may reach +0.3 dex depending on the evolutionary stage
of the star, which implies that NLTE abundances of Ni have to be used for reliable chemi-
cal evolution modeling. The Galactic [Fe/H] vs. [Ni/Fe] distributions from the combined
sample are shown in Fig. 3.4. Our NLTE [Ni/Fe] results are higher than those of the LTE
measurements, especially at low metallicity. This is fully expected given the NLTE effects in
diagnostic lines, which are primarily associated with over-excitation and over-ionization in
NiI (Bergemann & Nordlander 2014; Bergemann et al. 2021; Magg et al. 2022b, see also

Sec. 2.1.6 for an overview).
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3.4.2 ASYMPTOTIC GIANT BRANCH AND CORE-COLLAPSE EXPLOSIONS

3.4 Methods

3.4.1 Chemical Evolution Model

We use the two-zone GCE model OMEGA+? (Coté et al. 2017; Coté & Ritter 2018), which
was chosen for its high flexibility regarding the treatment of chemical enrichment sources.
The model is conceptually similar to other widely used analytical GCE models (e.g. Tinsley
1980; Matteucci & Greggio 1986; Matteucci 2004; Chiappini et al. 1997; Kobayashi et al.
2000; Gibson et al. 2003; Prantzos 2008; Yates et al. 2013; Rybizki et al. 2017; Weinberg
et al. 2017). In what follows, we provide a compact summary of the basic ingredients of
the model.

At the core of OMEGA+ lies an “inner region”, representing the galaxy at the center of a dark
matter halo, modeled using the one-zone GCE code OMEGA (Coté et al. 2017). Additionally,
OMEGA+ includes in- and outflows from a halo gas reservoir encompassing the well-mixed
core. The initial mass function is assumed to follow the Kroupa (2001) prescription, and
the SFR is obtained via the Kennicutt-Schmidt law (Kennicutt 1998, see also Eq. 2.60). The
version of the GCE model we adopt in this work uses Heger & Woosley (2010) yields for Pop
III stars, in combination with yields from AGB and massive stars presented in Sec. 3.4.2,
and SNe Ia yields described in detail in Sec. 3.4.3.

We model gas exchange with the circumgalactic medium using the two-infall model (Chi-
appini et al. 1997), featuring two phases of exponential gas inflow. Initially, a starburst
occurs over about 0.7 Gyr, forming the Galactic thick disk. Subsequently, a 7 Gyr long, thin
disk forming period of inflow begins after 1 Gyr, as recommended by Coté et al. (2019). In
addition, we select all other free parameters of the GCE model in line with the best-fit Milky
Way model from Coté et al. (2019), which they find to reproduce the observed, present-day
Galactic metallicity, SFR, and gas mass.

The influence of model parameters was investigated in previous studies and is not repeated
here. Specifically, SFR, mass loading factor, inflows, and outflows were discussed and ex-
plored in Coté et al. (2017) and Coté et al. (2018). In the former study, this was done against
observational constraints and in the latter using hydrodynamical simulations of galaxy for-

mation.

3.4.2 Asymptotic Giant Branch and Core-collapse Explosions

We consider two sets of CC-SN yields that are commonly used in the literature, Nomoto
et al. (2013) and Limongi & Chieffi (2018). We also investigate two widely used sets of
AGB yields from Karakas (2010) and Cristallo et al. (2015).

2Publicly available at https://github.com/becot85/JINAPyCEE
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3.4.3 SUPERNOVA TA SCENARIOS

The tables in Nomoto et al. (2013) comprise yield data from Nomoto et al. (2006), Kobayashi
et al. (2006), Kobayashi et al. (2011), and Tominaga et al. (2007), who examined masses
between 13 and 40 M, and metallicities Z from 0.001 to 0.05. These models use the mixing
and fallback approach by Umeda & Nomoto (2002). The yields were aligned with the ob-
served spectra and light curves of CC-SNe based on progenitor mass, explosion energy, and
6Ni production. Hypernovae are excluded from this work because their role in the Galactic
chemical evolution is still debated (see the discussion in Eitner et al. 2020). The massive
star yields from Nomoto et al. (2013) are augmented by the AGB yields of Cristallo et al.
(2015).

Limongi & Chieffi (2018) investigate how rotational mixing affects the evolution and ex-
plosion physics of massive stars. They provide yield estimates for stars with masses from
13—120M, and metallicities [Fe/H] = 0,—1,—2,—3. The mixing-fallback is included only
for stars under 25M,. In their proposed model, stellar winds alone are suggested to en-
rich the environment chemically beyond this mass range due to full BH collapse. We utilize
their models calculated with metallicity-dependent average rotation velocities from Prantzos
et al. (2018). Increased rotation enhances continuous mixing during central He-burning,
which boosts neutron sources and facilitates the production of heavy elements, thereby in-
creasing Ni and Mn abundances at low metallicities. Yields from these massive stars are

supplemented by AGB star contributions from Karakas (2010).

In Figure 3.5 we compare the average yields from Nomoto et al. (2013) (N13) and Limongi
& Chieffi (2018) (LC18) as a function of mass (left panel) and metallicity (right panel). The
LC18 yields show significantly more Ni than Fe throughout the entire metallicity and mass
range compared to the N13 yields, except for solar and super-solar metallicities, where they
are comparably large. Especially at low metallicities, the differences between the yields of
LC18 and N13 are the most striking, where LC18 predict ~ 0.6 dex higher [Ni/Fe] ratios.

N13 yields, on the other hand, experience a strong metallicity gradient, increasing from
~ —0.6dex at [Fe/H] = —3 to +0.1 dex above [Fe/H] = 0, while LC18 shows no notable
variation. Both sets show a similar mass dependence in the metallicity-averaged yields,
however, also here there is a systematic offset of about 0.4 dex visible. This difference has
strong implications for the Galactic evolution of [Ni/Fe], which is explored in detail in Sec.
3.5.2.

3.4.3 Supernova Ia Scenarios

In this work, we include four of the most common SNe Ia scenarios that are discussed in
the literature. Of these, two resemble explosions in which the primary WD explodes when
reaching M, and two in which the disruption occurs below this limit, as described in detail

below. Different explosion mechanisms were assumed for different scenarios. For each of
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Figure 3.5: Comparison of the integrated yields from CC SNe from Limongi & Chieffi (2018)
and Nomoto et al. (2013). Left: Yields as a function of stellar mass, averaged over metal-
licity. Right: Mass-averaged yields as a function of metallicity.

these models, the yield tables were adopted from the Heidelberg Supernova Model Archive
(HESMA?, Kromer et al. 2017).

Yields

First, we consider the standard model of a single-degenerate WD, in which the primary WD
possesses a mass approaching M. For this analysis, we use the three-dimensional M,
SNe Ia delayed-detonation N100 model as developed by Seitenzahl et al. (2013a). In this
model, hydrogen-rich material from a non-degenerate donor companion is transferred to the
primary WD through Roche-lobe overflow (Khokhlov 1991). According to the description
in Ropke et al. (2012), this simulation initiates the explosive event through a deflagration
process, which is activated by 100 ignition sparks that partially overlap, being randomly
positioned within a radius of 150km from the core. The transition from deflagration to
detonation occurs in regions where the density ranges between 6 x 10° and 7 x 10° g/cm?®.
The progression of this theoretical model was traced until 100s following the detonation

event.

Shttps://hesma.h-its.org
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Figure 3.6: Comparison of yields from CC SNe and SNe Ia. The mean, maximum, and
minimum yields are shown for the N13 and LC18 models.

The initial C-O WD is assumed to be in HE, with a central density of ~ 2.9 x 10°g/cm?.
According to Ropke et al. (2012), this causes significant parts of the nucleosynthesis to takes
place at peak densities exceeding ~ 2 x 108g/cm?, which influences neutronization due to
electron-capture processes and causes comparably large abundances of Fe-peak isotopes
such as >*Fe, >®Fe, *Ni. However, Seitenzahl et al. (2013a) note that the yields for slightly
neutron-rich isotopes — such as *®Ni and >>Mn — depend only weakly on the central density
among different SNe Ia models of the same category, as long as it is not much higher. Because
of these high core-densities, NSE reactions in classical M, delayed-detonation models are
efficient, which causes the material to be “normal” — as opposed to a-rich — during their
freeze-out. This generally favors the synthesis of e.g. >>Mn due to the decreased destruction
probability of >>Co (Bravo & Martinez-Pinedo 2012).

The second near-M¢;, channel investigated in this work represents the fainter SN type known
as Iax (e.g. Foley et al. 2013; Jha 2017). The mechanism responsible for these systems is
not yet fully understood. Jordan et al. (2012) and Kromer et al. (2013a) propose a failed
detonation, near-Mg, C-O WD event as the primary mechanism to form SN Iax. In this work,
we rely on the def 2015 N5def model from Kromer et al. (2013b) and Fink et al. (2014),
which is characterized by five asymmetric ignition sites, leading to a weak deflagration flame
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that lacks the energy to unbind the remnant fully. This results in faint SNe with synthetic
observables that match typical Ia SN 2002cx-like events, particularly SN 2005hk (Kromer
et al. 2013b).

For sub-M;, SNe Ia, we consider two different binary star configurations. The first sub-M,
scenario is the double-detonation (hereafter, double-det.) of a C-O WD with a mass below
Mg, but above ~ 0.8 M, (Sim et al. 2010). As suggested by their name, these events are

characterized by the disruption of the primary WD in a secondary detonation.

In these events, the final explosion is proceeded by an initial detonation in the He-rich
shell that is accreted through stable Roche-lobe overflow from a He-rich companion, which
can be either another WD (double-degenerate) or a star in a different evolutionary state
(single-degenerate). The outer shell of the companion star is, furthermore, not required
to be He-rich upon accretion by the primary, as H-rich material is burned to He and thus
likewise results in the accumulation of a massive He-shell around the WD (Sim et al. 2010).
In their hydrodynamical simulation of double-det. WDs Gronow et al. (2020) investigate the
influence of core-shell mixing during the accretion phase and different ignition mechanisms.
They note that their model M2a produces a near-maximum spectrum — and especially blue-
wavelength absorption from intermediate-mass elements — in reasonable agreement with
SN 2016jhr (Jiang et al. 2017), which is why we adopt it in this work.

Finally, we include a violent merger sub-M, SNe Ia channel using the yields from Pak-
mor et al. (2012). Specifically, we use the model merger_2012_11+409, which is a three-
dimensional simulation of a WD merger with a rather massive (Z 1M,) primary, that in-
cludes nucleosynthesis contributions from NSE. In their simulation, the explosion of the
primary WD is triggered by a qualitatively similar mechanism as described by Sim et al.
(2010) for double-detonations; By evolving the binary system of C-O WDs with masses of
1.1M,, (primary) and 0.9 M, (secondary), Pakmor et al. (2012) find that after ~ 600s and
15 orbits the secondary star gets unstable and disrupts on the timescales of one orbit. Its
material then becomes violently accreted by the primary, which causes the more massive
WD to compress and thus finally triggers the SNe Ia explosion. Pakmor et al. note that the
mass of the primary WD is the decisive quantity that determines the brightness of the event,
while secondary mass and metallicity of both objects is of secondary importance. They fur-
thermore find that their WD merger models reproduces observational data of normal SNe

Ia reasonably well.

Figure 3.6 shows the [Ni/Fe] yield ratios from different SN Ia channels compared to the
massive star yields described in Sec. 3.4.2. Overall, the sub-M;, channels produce less Ni
relative to Fe compared to M, channels. Especially the double-det. SNe Ia events yield
[Ni/Fe] ~ —0.5. Hydrogen and helium donor M, SNe, on the other hand, produce super-

solar amounts of Ni above the observed mean [Ni/Fe] abundance at low and high [Fe/H].
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The reason for the large differences in Ni yields between M, and sub-M,;, explosion is the
higher density of the M, WDs upon explosion and the resulting electron fraction Y,. The
electron capture in M, WDs during NSE is significantly more frequent than in sub-M, WDs,
which leads to a decrease in Y, and hence the preferential synthesis of stable, neutron-rich Ni
isotopes. The timescale of the following freeze-out is shorter and the a abundance is lower
(normal freeze-out) for the more massive WDs, which causes the Ni abundances to stay
close to their NSE values. For sub-My, WDs, and hence lower peak densities, on the other
hand, the freeze-out is a-rich and slower, which can cause the yields to diverge significantly
from NSE. During freeze-out, Y, stays constant, which means that sub-M;, synthesis occurs
at rather high Y., which corresponds to low production rates of the main stable isotope *®Ni
(see Blondin et al. 2022).

Delay-time Distributions

Each of the considered SNe Ia channels is associated with a different evolutionary path and
mass configuration of the progenitor binary system. Accordingly, each explosion scenario is
subject to a different delay-time, and hence obeys a different DTD. We use this parameter
to describe the number of SNe Ia events per year and per solar mass as a function of time.
A DTD thus contains information about the time interval between formation and explosion,
which is associated with the evolution of the individual binary components. It also contains
information about the temporal distribution of all considered plausible candidates. For each
SNe Ia scenario that may be associated with the individual yields introduced in Sec. 3.4.3,
we construct the corresponding DTDs as described below. The resulting distributions, i.e.
the normalized number of events in each channel as a function of delay-time, are shown in

Fig. 3.7 and are briefly discussed below.

To study the DTDs, we use the StarTrack population synthesis code (e.g., Belczynski et al.
2008; Ruiter et al. 2009, 2014), which simulates a stellar population starting from the zero-
age main sequence (ZAMS) and tracks potential SNe Ia events through different channels.
From this population, converting about 4 - 10’ M, of gas into stars, we observe a ~ 1%
occurrence of SNe Iax compared to 99 % classical SNe Ia among M, explosion, as well as
~ 72% of sub-M, in double-detonation and ~ 28 % in double-degenerate mergers. For WD
mergers, we consider all binary C-O WDs merging within a Hubble time, excluding those
with primary WDs under 0.9 M, as these are thought to merge without supernovae (see
also Pakmor et al. 2021).

For the single-degenerate scenario with H-rich donors (Fig. 3.7, panel A), the donor star
is typically in the Hertzsprung gap or is a red giant star. The evolutionary timescale of
the donor is most important in setting the lower limit for the DTD. The ZAMS masses for
these progenitors are generally rather low, ~ 1.7 — 2.6 M. This sets the timescale for the

corresponding DTD because systems that have higher donor masses in our model would
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Figure 3.7: DTDs for four different types of SNe Ia as obtained from StarTrack.
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drop out of this progenitor channel and evolve into something else, with the shortest delay-
time occurring after ~ 400 Myr. In our binary population synthesis models, this only occurs
in a rather narrow region of the M, — M, parameter space, although we allow for steady
H-burning. It is therefore rather difficult to build up toward the M, mass limit for a large
number of accreting WDs (Ruiter et al. 2009).

The He-rich donor systems involving M, mass WD exploders (Fig. 3.7, panel B) have
short delay-times and arise from H-stripped He-burning stars that are relatively massive
(~4—6M,) on the ZAMS. They form SNe Ia progenitors rather quickly after star formation
(see Kromer et al. 2015, for details concerning the binary evolution calculations and delay-
times). In general, these systems are currently a favored scenario for explaining SN Iax
events (Jha 2017).

The evolution of binary systems leading to sub-M, double-det. events (Fig. 3.7, panel
C) differs from that of C-O WD binaries that lead to violent mergers. In the former, two
common envelope events occur frequently (note the steeper power-law distribution; Ruiter
etal. 2011), and the final mass transfer RLOF phase is dynamically stable. For these systems,
which are assumed to undergo a double-det. SNe Ia, donors are He-rich WDs (either He
or hybrid He-C-O WDs), or H-stripped He-burning stars with masses < 1M,. Binaries with
WD donors typically have rather low ZAMS masses for the secondary star (< 2M,), and so
the progenitor configuration is not realized until > 500 Myr after star formation, leading to

the second peak seen in panel C.

The first peak is attributed to double-det. occurring in binaries with He-burning stars, which
generally derive from more massive progenitors in terms of the secondary star. The amount
of He-rich material that is allowed to accumulate on the surface of the C-O white dwarf
before the He-shell detonation is dependent on the white dwarf mass but is usually on the
order of a few hundredths of a solar mass. Details are described in Ruiter et al. (2014)
(model P-MDS). The timescale associated with stable mass transfer is minuscule compared
to the evolutionary timescale of the binary. When RLOF starts, the explosion will occur
within < 10 Myr.

Violent mergers of two C-O WDs (Fig. 3.7, panel D) have a DTD that roughly follows a
power law o< t1, which is to be expected because the main physical mechanism leading to
decreasing orbital size in double WD mergers is set by emission of gravitational waves (see
Ruiter et al. 2009, for details). A merging WD system is assumed to produce a SNe Ia if (i)
both WDs are of C-O type and (ii) at least one of the WDs is above some mass threshold,
in this case 0.9M,, because lower masses will not produce enough *°Ni to produce an ex-
plosion whose light curve reflects that of a typical SNe Ia, including sub-luminous 91bg-like
SNe Ia (Ruiter et al. 2013; Shen et al. 2018; Pakmor et al. 2022, see figures 4, 14 and 5,

respectively).

68



3.4.4 MODEL-DATA COMPARISON

The criteria that determine the stability of mass transfer, that is, whether a WD pair will
merge or undergo stable mass transfer when one of the WDs fills its Roche lobe, are defined
by the properties of the individual binary. We refer to Belczynski et al. (2008). On aver-
age, we find that most mergers undergo only one common envelope event, each of which
drastically decreases the orbital separation by up to ~ 2 orders of magnitude. However, one
particular formation scenario of double WD mergers leads to mergers occurring 100 Myr, or
less, after star formation. These are the so-called ultra-prompt mergers (Ruiter et al. 2013).
In these mergers, the same star loses its envelope twice; once while it is a regular giant-like
star, and later when it is a He giant-like star. These merger progenitors, with their unique

evolutionary channel, do not follow the canonical power-law distribution.

3.4.4 Model-data Comparison

We compare the generated model GCE curves with the observed data by calculating a
goodness-of-fit statistic. This is done using the quadratic distance of each observation to the
model track, weighted by the combined, projected uncertainties in [Ni/Fe] and metallicity.
The fitting process utilizes the emcee ensemble sampler (Foreman-Mackey et al. 2013), a
Markov chain Monte Carlo (MCMC) framework that efficiently explores the input parameter
space with the help of walkers. The primary parameter relevant for this study is N;, which
represents the total number of SNe Ia events that occur in channel i per solar mass formed
in the GCE simulation. A flat prior is applied to constrain N; between 10® and 107 in each

channel, allowing variability across the full relevant parameter space.

To ensure that the chemical evolution model is physically realistic, we furthermore require
that it reaches solar metallicity around the birth time of the Sun, which effectively limits
the total number of SNe from all channels combined and ensures a present-day [Fe/H] in
agreement with expectations within the solar neighborhood. To enforce this constraint we
include it in the evaluation of the likelihood, which is possible because the OMEGA+ GCE
model predicts the Galactic chemical mixture as a function of time directly. We find that
a Normal distribution of the model solar metallicity — linear interpolated to the birth time
of the sun ~ 4.6 Gyr ago — around [Fe/H] = 0 produces a satisfactory agreement with the
observed metallicity distribution and effectively disregards corner cases in the sampled SNe

Ia parameter space that lead to un-physical models.

Following the same strategy, we furthermore apply an additional observational requirement,
which enforces that the present-day SNe Ia rate is consistent with observations. By again
applying a Normal distribution, we impose a rate within 0.4 - 1072 £0.2-102yr ! (e.g.
Prantzos et al. 2011). Initially, the walkers were evenly distributed within the bounds set

by their prior to ensure that no bias was introduced by pre-selection.

The sampling is then executed for 10000 burn-in iterations, followed by 40000 regular
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iterations from which the final chains are constructed. We include a pool of in total 700
walkers, which means that the GCE model was evaluated 7000000 times during burn-in
and 28000000 times during sampling. We ensure that the chosen number of walkers, as
well as burn-in and sampling iterations, has no significant influence on the results because

we obtain identical results for significantly longer chains.

In the context of this work, it is sufficient to estimate the ratio of all sub-M, type explosions
relative to the M, models, because the actual contribution of each type of progenitor is not
known. Moreover, there is evidence that binary evolution population synthesis studies of the
rates of SNe Ia characteristically under-predict the SNe Ia rate, in particular when compared
against extra-galactic rates of SNe Ia (Ruiter et al. 2011, Fig. 1). We therefore refrain from
restricting ourselves to the StarTrack binary population synthesis model rate output alone.
Nevertheless, we utilize the population synthesis predictions to reduce the dimensionality
of the parameter space by only fitting M,-H-donor, sub-M;, double-det. events, as well as
sub-M;, mergers to the data, whereas the M;,-He donor systems were modeled by requiring

the inter-channel ratios obtained at the end of the StarTrack simulations®.

We recall that our methodological approach assumes that the four specific formation chan-
nels used for our binary population synthesis model (and the associated DTDs) correspond
to specific nucleosynthetic yields obtained for a set of four explosion models, as discussed
in Sec. 3.4.3. The explosion models used are chosen to feasibly match a scenario that can
be obtained naturally from binary evolution. We acknowledge that other plausible SNe Ia
formation scenarios and DTDs might also contribute, but for this study, we only paired a
set of four models (explosion model and binary evolution model) that we consider to be
well-matched.

The likelihood of the GCE model track [ Ni/Fe] against [ Fe/H] is only evaluated in the metal-
licity range [Fe/H] 2 —2.0dex. Stars with metallicities lower than the limit have a negligible
constraining power for all considered SNe Ia channels (see the next section for a detailed
analysis). We furthermore bin the stars in metallicity. The uncertainties in each bin were
calculated from the individual abundance errors and the standard deviation. We note that
this binning causes the MCMC sampling process to yield more robust posterior distributions,
as the influence of the large scatter in observations is reduced. The simple, two-zone GCE
model applied in this work can not be expected to reproduce small scale variations seen in
the Galactic abundance trend, which is why we prefer to evaluate its likelihood only based

on the binned Galactic average.

*During the fitting process, we hence assume that log Nyge_gon = 10 Npy_gon — 2.053.
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3.5 Results

3.5.1 Galactic Chemical Evolution Tracks

The predictions of OMEGA+ for a range of different SNe Ia channel weights are presented
in Fig. 3.8. Here we show the models calculated with CC-SNe yields from the set LC18
(Limongi & Chieffi 2018), but we note that the behavior of the distributions is very similar
in the N13 set. In each panel, N; is varied from 10° to 10° (while the other channels are
kept fixed), and the fraction relative to the total number of SNe is shown as color. The
main common attribute independent of the weight of each SNe Ia channel is that there is
no contribution at very low metallicities below ~ —2, which simply reflects the time delay
imposed by their DTDs. However, each of the four SNe Ia channels clearly has a unique

signature in the [Ni/Fe] ratios.

The classical M, channel (panel A) sets in rather late, at [Fe/H]~ —1 dex, in the metallicity
range corresponding to the transition between thick and thin disk stars (e.g. Feltzing et al.
2003; Ruchti et al. 2011; Bensby et al. 2014; Bergemann & Nordlander 2014). Decreasing
the fraction of such events causes a stronger (more negative) slope towards solar [Ni/Fe]
because the production of Fe is increased compared to Ni as the relative contribution from
sub-M;, channels increases. The second M, channel (panel B), representing M;,-He-donor
type SNe Ia (SN Iax), sets in very early (mainly —3 < [Fe/H] < —0.5). Even though the
M, He-donor type explosions produce a high [Ni/Fe] ratio, the absolute yield is too low to
influence the Galactic trend significantly enough compared to the other SNe Ia channels.

The strongest effect is seen for the double-detonation sub-M, channel (panel C). Because of
their more extended DTDs, they contribute earlier, which is reflected in the lower metallicity
departure from the CC plateau. With increasing double-detonation sub-M, fraction, the
ratio of [Ni/Fe] at a given metallicity decreases. The same trend is seen for the sub-Mg,
merger scenario (panel D). Similarly to SNe Iax, WD mergers contribute at lower metallicity,
—2 < [Fe/H] < —0.5, where they act to decrease the [Ni/Fe] ratio. Hence, the contribution

from WD mergers is especially interesting for the study of very low-metallicity stars.

The differences between the double-det. and merger model tracks primarily lie in the min-
imum predicted Ni abundance. Due to their lower [Ni/Fe] yields, numerous double-det.
SNe Ia combined with the CC yields of LC18 lead to a Galactic [Ni/Fe] ratio drop to about
~ —0.3 dex at [Fe/H] = 0. The merger models in this study, associated with slightly higher
[Ni/Fe] yields, cause a smaller drop of about ~ —0.1 dex at solar metallicity. The extent to
which the Galactic abundance trend aligns more closely with the steeper double-det. SNe
Ia slope — beginning slightly later in Galactic history — or an earlier, more gradual slope,
crucially depends on the [Ni/Fe] of the most metal-poor stars, which builds the base line

from which the decline begins.
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Figure 3.8: Effects of different numbers of SNe Ia on the synthetic abundance curves of
[Ni/Fe]. In each panel, N; is varied from 10° to 10° for the respective channel, while the
contributions from the remaining three channels are kept fixed.
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Figure 3.9: Observed distributions of [Ni/Fe] in LTE and NLTE against [Fe/H] compared to
the best-fit GCE models. The solid gray lines correspond to mean GALAH abundances. See
text.

3.5.2 Supernova la Fractions

Following the procedure outlined in Sec. 3.4.4, we determine the sub-M, SNe Ia fractions
from the posterior probability distribution constructed by fitting the observed [Ni/Fe] trend
against [Fe/H] with a series of GCE models. In the procedure, we account for the individual

abundance uncertainties of stars in the sample.

The best-fit GCE models are compared with observations in Fig. 3.9. In addition to our own
data, we here also include the average trends based on the LTE [Ni/Fe] values from the
GALAH survey”® (Buder et al. 2021) in order to aid the statistics at low metallicity. Clearly,
assuming LTE or NLTE has a strong influence on the best-fit models and consequently on

the resulting sub-M,;, SNe Ia fractions.

In LTE (Fig. 3.9, left panel), the observations can only be described by the GCE model calcu-
lated using the CC yields from Nomoto et al. (2013). This GCE model predicts a systemat-
ically decreasing [Ni/Fe] ratio with decreasing metallicity, which is qualitatively consistent
with the LTE data. However, the models produce less [Ni/Fe] compared to what we see
in our data at [Fe/H] < —0.5. The mean pattern observed in the GALAH data (indicated
in gray, including the standard deviation) aligns well with our data. In particular, when
accounting for the scatter in the low metallicity GALAH data, GCE model predictions fall

within one standard deviation, although consistently below their average trend as well.

In order to reach solar [Ni/Fe] ratios, a significant contribution from classical M, SNe Ia is

required, and as a result, the best-fit fraction of sub-M;,, SNe Ia (relative to the total number

>This survey did not provide NLTE abundances of Ni.
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of SNe Ia) we derive for this data set does not exceed ~ 21 £+ 3%. This is consistent with
previous studies, in which the LTE abundances of Ni were used to interpret the enrichment
due to different SNe Ia channels, specifically in Kobayashi et al. (2020b).

Interestingly, the NLTE abundance ratios of [Ni/Fe] as a function of [Fe/H] (Fig. 3.9, right
panel) investigated in this work can only be explained by the GCE models that are based
on the CC models of Limongi & Chieffi (2018). The slightly elevated [Ni/Fe] fraction in the
low-metallicity regime, as well as the mildly decreasing [Ni/Fe] trend around [Fe/H] ~ —1,
agrees excellently with the NLTE abundance measurements. As emphasized in Sec. 3.4 and
3.5.1, the slight over-production of Ni (compared to Fe) at low [Fe/H] can be balanced by
sub-solar [Ni/Fe] fractions in sub-M, SN Ia channels.

Consequently, a very substantial fraction, 80 £ 3 %, of sub-M, SNe Ia is needed to account
for the NLTE [Ni/Fe] distribution. Conversely, large fractions of M, SNe Ia would fail to
describe the [Ni/Fe] abundance in solar-like stars, as it would require the average observed
[Ni/Fe] ratios to be ~ 0.2 dex higher, according to Fig. 3.8.

We note that the flatness of [Ni/Fe] with metallicity has been firmly established in other ob-
servational studies of the Galactic disc (Nissen & Schuster 1997; Chen et al. 2000; Adibekyan
et al. 2012; Bensby et al. 2014; Hawkins et al. 2016; Jonsson et al. 2020). These studies
report a tight zero-slope [Ni/Fe] trend in the disc, with a dispersion of < 0.1dex that is
fully consistent with our present findings based on the Gaia-ESO UVES spectra. However,
as we show in this work, the NLTE corrections to Ni, although not large, are strictly positive
at all metallicities. Hence, taking the NLTE effects into account would also lead to mildly
super-solar [Ni/Fe] ratios in other observational data sets, as we show here using the data
from Bensby et al. (2014), as well as our own LTE and NLTE analysis of [Ni/Fe] abundance
ratios in stellar populations of the Milky Way.

3.6 Discussion

Our analysis of the chemical enrichment of the Galaxy suggests that a significant fraction of
sub-M¢;, SNe Ia, ~ 80%, is needed to explain the evolution of [Ni/Fe] abundance ratios in
the Milky Way. This fraction is fully consistent with our earlier results (Eitner et al. 2020,
75 %), although the GCE model is different and we used a more comprehensive set of yields

and delay-time distributions in this work.

Our study supports the conclusions presented by Palla (2021), who indicate that a signif-
icant contribution (Z 50%) sub-M;, SNe Ia provides the most accurate description of the
Galactic [Ni/Fe] evolution. Moreover, they emphasize that such a substantial fraction is in
agreement with [Mn/Fe] ratios when NLTE corrections are applied. Additionally, we confirm

the findings of Kobayashi et al. (2020b). By using the yields from massive stars as presented
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in Nomoto et al. (2013), which closely resemble those reported by Kobayashi et al. (2011),
together with LTE abundances for Fe-group elements, it appears there is minimal demand
for sub-M;, SNe Ia. This is because the combination of extremely low yields from CC events
and traditional H-donor SNe Ia can sufficiently account for the Galactic evolution of LTE

[Ni/Fe] and [Mn/Fe] ratios across varying metallicities.

Evidence supporting a key role of sub-M;, SNe Ia in the chemical enrichment of galaxies has
also been presented through studies of extragalactic stellar populations. de los Reyes et al.
(2020) determine the Mn yield of SNe Ia in the Sculptor dwarf galaxy and, by comparing it
with theoretical models, conclude that approximately 80% of the observed chemical pattern
is due to sub-M, SNe Ia. They also highlight environmental factors, noting that dwarf
spheroidals with prolonged star formation histories often exhibit elevated [Mn/Fe] with
varying [Fe/H]. This agrees with Childress et al. (2014), who find a notable SNe Ia-age

correlation with host-galaxy mass.

In their study, Sanders et al. (2021) explore systems with a varying metallicity distribution
and star formation histories, such as the MW Bulge and the Magellanic Clouds. They con-
clude that — to account for Fe-peak abundances — metallicity-dependent SNe Ia yields are
essential. Notably, only substantial contributions from sub-M;, SNe can achieve this depen-
dency, as [Mn/Fe] production from incomplete Si-burning is more metallicity-sensitive than
synthesis in M, models via normal freeze-out from NSE (Sanders et al. 2021; Gronow
et al. 2021). Furthermore, Sanders et al. (2021) argue that low [Ni/Fe] SNe Ia yields
(approximately —0.3 dex) are required to explain the high metallicity abundance pattern
([Fe/H] ~ —1.4) observed in the Gaia Sausage, suggesting a dominant sub-M, SNe Ia
contribution of 60-100 %.

Recent investigations of metal-poor extragalactic globular clusters by Larsen et al. (2022)
further underscore the relevance of sub-M;, SNe Ia. Larsen et al. examine metallicities from
—1 to —3dex in globular clusters within the Local Group, revealing super-solar [Ni/Fe]
ratios (Z +0.2 dex) after applying integrated-light NLTE corrections (Eitner et al. 2019),
consistent with our Galactic star findings. Additionally, they report substantially elevated
[Mn/Fe] ratios (~ —0.2 dex) at the lowest metallicities, further indicating a substantial

sub-M;, SNe Ia contribution.

Direct studies of SN light curves and spectra also offer insights into SNe Ia progenitors.
Goldstein & Kasen (2018) conducted simulations of time-dependent radiation transport,
demonstrating that the variation in observed width-luminosity relations of SNe Ia is con-
sistently explained by sub-M, models, while traditional M, explosions only account for
brighter events. Moreover, Shen et al. (2021b) used multidimensional radiative transfer
computations to derive light curves and spectra for double-det. WDs, presenting evidence

that most observed SNe Ia occur below M.
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Cikota et al. (2019) conduct an analysis of the polarization and line velocities of the Si II
6355A line using multi-epoch spectra. They discover a polarization dichotomy between
sub-M, and M, SNe, revealing many supernovae with distinct sub-M, signatures. Their
findings align with the peak polarization predictions of the M, model by Seitenzahl et al.
(2013b) and the sub-M;, double-detonation model by Fink et al. (2010).

Theoretical studies by Ruiter et al. (2009) furthermore indicate that sub-M;, pathways of
double-degenerate systems align more closely with observed SN rates. Additionally, the
expected X-ray emissions from WDs accreting material prior to a M, explosion appear to be
insufficiently observed (Gilfanov & Bogdéan 2010). Conversely, direct observational evidence
exists for sub-M, SNe Ia, as for example the early-time light curve of certain SNe aligns
more closely with sub-M;, explosion models (Shappee et al. 2013). Further support comes
from the analysis of the late-time nebular phase of these explosions, where Kuuttila et al.
(2019) searched for nebulae ionized by the progenitor in SNe Ia remnants, which they claim
should be visible up to 105 years post-explosion. Their findings of no such nebulae imply
further evidence against the traditional SNe Ia model. Seitenzahl et al. (2019) examined
the spatially resolved Fe XIV 5303 A emission from three young SNe Ia, identifying one
as an M, event and another as an energetic sub-M, explosion. Sub-M, explosions are
also supported by late-type SNe spectra studies. For instance, Flors et al. (2020) conducted
optical and near-IR spectroscopy on large SNe Ia samples, revealing [ Ni/Fe] ratios that align

with 85% sub-M;, explosions, and only about 11% can be attributed to M, models.

3.7 Conclusions

Our objective is to assess the significance of varying M, and sub-M¢, SNe Ia channels by
aligning Galactic chemical evolution models with newly obtained NLTE [Ni/Fe] abundance
ratios in Galactic stars. Using an atomic model for Ni (Bergemann et al. 2021; Magg et al.
2022b), which incorporates quantum-mechanical Ni+H collision data from Voronov et al.
(2022), we calculate the NLTE Ni abundances for 264 stars with high-resolution optical
spectra (R=47000) from the Gaia-ESO survey. The GCE models are based on current yield
data from AGB stars, core-collapse SNe, SNe Ia, and up-to-date delay-time distributions. We
specifically examine four M, and sub-M;, SNe Ia scenarios; the standard single-degenerate
Mg, SNe Ia, SN Iax, sub-M, double-det., and double-degenerate violent mergers of C-O
WDs.

First, we find that the [Ni/Fe] abundance ratios in our stellar sample show a very tight
dispersion, both in LTE and in NLTE. In LTE, the trend of [Ni/Fe] is very close to solar at
all metallicities probed by this work (—2.5 Z [Fe/H] Z 0.5). In NLTE, the [Ni/Fe] ratios
are mildly super-solar at low metallicity, but the trend flattens to zero at [Fe/H] ~ —1. Our

LTE results are fully consistent with the Galactic [Ni/Fe] measurements in earlier studies
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(e.g. Nissen & Schuster 1997; Chen et al. 2000; Adibekyan et al. 2012; Bensby et al. 2014;
Hawkins et al. 2016; Jonsson et al. 2020). However, our work is the first attempt to explore
the effects of NLTE on the [Ni/Fe] over the entire metallicity range probed by the disk.

Comparing the predictions of GCE models with our LTE and NLTE data, we find that the
GCE models based on the massive star yields from Limongi & Chieffi (2018) agree well
with the NLTE [Ni/Fe] pattern. These models predict slightly super-solar [Ni/Fe] at low
[Fe/H] and a mild decline toward the solar metallicity, as observed in the NLTE abundance
ratios. The corresponding sub-M, SNe Ia fraction is 80 %, which is consistent with our
earlier constraints (Eitner et al. 2020). The GCE models based on the massive stars yields
from Nomoto et al. (2013) do not yield a fully satisfactory agreement with Ni abundance

patterns. Their [Ni/Fe] ratios are significantly lower than in LTE and NLTE data.

We emphasize that there are other SNe Ia models in the literature that are not included
in this study (e.g. hybrid-disruption models for sub-M, SNe Ia that produce explosions at
low WD masses Perets et al. 2019). The exploration of the other scenarios is interesting
and would merit a detailed investigation in future work. Detecting pairs of WD binaries not
transferring matter is often difficult in the electromagnetic spectrum, and determining their
physical properties poses additional challenges. The upcoming Laser Interferometer Space
Antenna (LISA) is expected to identify numerous detached WD binaries in our Galaxy (Nele-
mans et al. 2001; Ruiter et al. 2010), including potential SNe Ia progenitors via the double
WD merger channel discussed here. While observing a nearby double WD merging event
from the start would be remarkable, it would require luck. However, future collaborations
between LISA surveys like Gaia and the LSST will provide an unprecedented understanding
of the properties of WD binary systems before they merge (Korol et al. 2017). This will be
an important future step toward constraining SNe Ia progenitor models.
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4 M3DIS - 3D RHD Stellar Atmospheres:
Procedure, Validation & The Sun

The 1D NLTE analysis of Ni in Sec. 3 made abundantly clear that the improper modeling
of stellar spectra can lead to significant biases when trying to understand the formation
and evolution of astrophysical systems. In Sec. 2.1 and Sec. 2.2 it was highlighted that, in
addition to the statistical equilibrium of trace elements, there is also major uncertainty asso-
ciated with the assumption that stellar atmospheres are 1D and in HE when deriving stellar
abundances. Ignoring 3D RHD, like neglecting NLTE, may result in the misinterpretation of
Galactic abundance trends, if done so for stars across the entire distribution. However, it
was furthermore noted that the significant computation time of 3D RHD atmosphere mod-
els and the following high-resolution spectrum synthesis make spectral fitting in 3D NLTE
currently infeasible, which shows the need for large, extended, and dense grids of model

atmospheres and synthetic spectra (Sec. 2.1.7).

The computation of these grids is, besides the physical and numerical challenge, obstructed
by the fact that the computer codes developed for this task are not publicly available and
slow — i.e. not optimized for mass production — resulting in a realistic computation time
of weeks for a single MS model atmosphere. Furthermore, there are multiple codes and
a significant amount of human interaction involved when considering the entire pipeline,
starting from generating opacity and EoS tables, over opacity binning, the RHD simula-
tion, the solution of the NLTE problem in 3D, and finally the 3D spectrum synthesis. This

considerably slows down the process of generating grids.

Motivated by this, we decided to develop our own machinery that is specifically tailored to
the computation of large grids of 3D stellar spectra — with flexible chemical composition —
by minimizing the computation and human effort involved in the entire procedure. For this
purpose, we develop the two main building blocks of this pipeline — a code that is capable
of computing 3D RHD models of stellar atmospheres and a code that solves the statistical
equilibrium, before it also synthesizes the resulting spectrum — within the high-performance
computation framework for astrophysical applications DISPATCH (Nordlund et al. 2018).
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4.1 ABSTRACT

The content of the remaining chapter has been published in Eitner et al. (2024) under the title
“M3DIS - A grid of 3D radiation-hydrodynamics stellar atmosphere models for stellar
surveys. I. Procedure, Validation & The Sun”. Equations that are already mentioned in
“Fundamentals & Theoretical Background” (Sec. 2) are replaced by the appropriate references.
Minor modifications to format and text have been made in the context of this thesis. As the

work presented here is a collaborative effort, I use the plural pronoun “we” instead of “I”.

Title: M3DIS — A grid of 3D radiation-hydrodynamics stellar atmosphere models for

stellar surveys. I. Procedure, Validation & The Sun
* Authors: Eitner, P ; Bergemann, M. ; Hoppe, R. ; Nordlund, A ; Plez, B. ; Klevas, J.
* Publication: Astronomy & Astrophysics, Volume 688, id.A52, 20 pp.

* Publication Date: August 2024

DOI: 10.1051,/0004-6361 /202348448

The main scientific work was conducted by myself, with the invaluable contribution of all co-
authors. The development of the M3DIS radiation-hydrodynamic code for stellar atmospheres
within DISPATCH was led by me and executed in close collaboration with A. Nordlund, R.
Hoppe, and A. Popovas. In addition, I contributed to the development of the MULTI3D @DIS-
PATCH NLTE spectrum synthesis code in the same framework, which was led by R. Hoppe and
used to generate the spectra presented in this work. This study greatly benefited from the
spectrum synthesis expertise of M. Bergemann and R. Hoppe. All M3DIS model atmospheres
presented in this work — including the corresponding opacity and EoS tables in collaboration

with B. Plez — were computed by myself.

4.1 Abstract

Large-scale stellar surveys, such as SDSS-V, 4MOST, WEAVE, and PLATO, require accurate
atmospheric models and synthetic spectra of stars for accurate analyses of fundamental
stellar parameters and chemical abundances. The primary goal of our work is to develop a
new approach to solving 3D RHD and to generate model stellar spectra in a self-consistent
and highly efficient framework.

We build upon the Copenhagen legacy RHD code, the MULTI3D NLTE code, and the DISPATCH
high-performance framework. The new approach allows us to calculate 3D RHD models of
stellar atmospheres on timescales of a few thousand CPU hours and to perform subsequent
spectrum synthesis in LTE or NLTE for the desired physical conditions within the parameter
space of FGK-type stars.

We compare the 3D RHD solar model with other available models and validate its perfor-
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4.2 INTRODUCTION

mance against solar observations, including the center-to-limb variation of intensities and
key solar diagnostic lines of H and Fe. We show that the performance of the new code
allows us to overcome the main bottleneck in 3D NLTE spectroscopy and enables calcula-
tions of multi-dimensional grids of synthetic stellar observables for comparison with modern
astronomical observations.

4.2 Introduction

Energy transfer below the optical surface of atmospheres of late A- and FGKM-type stars is
dominated by convection (Chandrasekhar 1939; Schwarzschild 1958). Convection defines
the inner properties of stars, but it also has a direct coupling to the physical structure and
dynamical evolution of their atmospheric layers, thereby having a major impact on observ-
able electromagnetic spectra, their photometric magnitudes, and light curves, thus setting
a fundamental scale for the characterization of the surface and interior structure of stars
via spectroscopy, photometry, and asteroseismology techniques (e.g. Nordlund et al. 2009;
Ludwig & Steffen 2016; Bonifacio et al. 2018; Mosumgaard et al. 2020; Lind & Amarsi
2024).

Most studies of stellar atmospheres have traditionally been carried out using one-dimensional
models in HE and LTE (e.g. Kurucz 1979; Grupp 2004; Gustafsson et al. 2008). These strong
approximations allow for rather simple and computationally affordable models, yet at the
expense of physical accuracy. Convection is an inherently three-dimensional phenomenon
and is therefore highly approximate in such models, as convective flux is represented by pa-
rameters based on the MLT or its variants (Bohm-Vitense 1958; Canuto & Mazzitelli 1991)
and motions on small and large scales by ad hoc parameters of micro- and macro-turbulence

(Gray 1992), respectively.

Codes for 3D RHD calculations exist, for example STAGGER (Nordlund 1982; Nordlund &
Galsgaard 1995; Collet et al. 2011), MURaM (Vogler et al. 2004, 2005) and CO°BOLD (Freytag
et al. 2012). However, 1D HE models have a tremendous computational advantage over
3D RHD-based models. In comparison with the former models that can be computed on
timescales of approximately a few CPU minutes on a laptop, the latter need of the order
1000 (low spatial resolution) to 10000 (high resolution) CPU hours to achieve a robust
relaxed local model of the solar outer layers, whereby realistic local models of metal-poor
red giants may require up to a few 100 000 CPU hours (priv. comm. H.-G. Ludwig, C. Lagae)
or more, around 1000000 CPU hours, for global models of AGB stars or red supergiants
(priv. comm. B. Freytag, S. Hofner). Furthermore, the total number of CPU hours depends
highly on different properties, such as the number and distribution of opacity bins, geometric
extent of the box and step size, number of rays for the angular resolution of the radiation,

desired precision of the output parameters (such as T,¢) and the length of the time series.
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In NLTE, other complexities arise also, including the convergence criteria, completeness of
atomic models, and energy discretizations of all radiative quantities in the equations (Berge-
mann & Hoppe in prep). Although the physical aspects of the problem can be addressed
with codes like MULTI3D (Leenaarts & Carlsson 2009) and NLTE3D (Sbordone et al. 2010),
only studies of the chemical composition of the Sun (e.g. Asplund et al. 2009; Caffau et al.
2011a; Bergemann et al. 2021) and of a handful of individual stars (e.g. Caffau et al. 2011b;
Nordlander et al. 2017; Lagae et al. 2023) were carried out in the 3D NLTE framework. Sim-
ply put, to compute a 3D NLTE grid of model spectra with similar properties to those that
are presently employed in surveys, as for APOGEE (Mészaros et al. 2012), one would need
approximately 10" CPU hours, to be compared to 10° CPU hours for a 1D HE model grid
(which is doable on a medium-size cluster within a month), which explains why 1D LTE
models are still widely and exclusively used in the analysis of million star datasets from

large-scale stellar surveys.

In this work, we attempt to overcome one of the main bottlenecks that has limited progress
in this area. Specifically we focus on developing a set of codes, within the scope of the
DISPATCH high-performance computing framework (Nordlund et al. 2018), in order to en-
able fast and efficient 3D simulations of stellar atmospheres and subsequent physical mod-
eling of high-resolution stellar spectra within the same consistent approach, flexible as to
handling of chemical mixture, opacities, resolution, but also resulting synthetic observables
as required by modern spectral analysis methods, both classic (Schénrich & Bergemann
2014) and machine learning based (e.g. Gent et al. 2022).

Two grids of 3D RHD atmospheric models were computed by other groups (Ludwig et al.
2009a; Magic et al. 2013a). However, these grids are currently not publicly available and
therefore cannot be readily used by the community for testing and scientific exploitation. In
addition, the grids were computed with given assumptions on microphysics. For example,
the range of chemical composition in the CIFIST grid (Ludwig et al. 2009a) is limited to
four metallicity values, the STAGGER grid to seven (Magic et al. 2013a). Our approach, as
outlined in this paper, is flexible and potentially allows the development of a robust diag-
nostic approach for large-scale stellar analyses as required by next-generation spectroscopic
surveys, particularly 4MOST and high-resolution spectroscopic survey of the Galactic disc
& bulge stars, which we are co-leading (Bensby et al. 2019) and which provides a strong

incentive for the effort presented here.

The work is structured as follows. Sec. 4.3 presents the RHD problem, covering micro-
physics, opacities, the binning scheme, and initial conditions, and provides an overview of
the synthetic spectra calculation method. In Sec. 4.4, we describe the simulations of solar
sub-surface convection and include validation tests on numerical resolution, abundances,
and opacities. Finally, Sec. 4.5 discusses synthetic observables and model sensitivity, con-

cluding with a summary and future directions.
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4.3 Methods

4.3.1 Radiation-hydrodynamics

The 3D model atmospheres in this work are calculated within the high-performance simula-
tion framework DISPATCH (Nordlund et al. 2018). DISPATCH incorporates existing solvers
for RHD problems and significantly increases their speed with its efficient task-based par-
allelization scheme that provides vectorization, local time-stepping, and unlimited scaling
with OpenMP and MPI.

The detailed physics and numerical methods of RHD problems have been described in many
previous studies (e.g. Stein & Nordlund 1998; Fromang et al. 2006; Freytag et al. 2012). In
the following, we will briefly summarize the main aspects that are relevant to this work. The
set of equations that are solved to advance the simulation in time includes the continuity
(Eq. 2.13), momentum (Eq. 2.14) and energy conservation equations (Eq. 2.15). The
latter is coupled to radiation through the radiative heating term, which itself requires the

solution of the radiative transfer (RT).

In practice, the fluxes occurring inside the right-hand-side divergence terms are evaluated
with a Riemann solver, analogous to the one used in the RAMSES code (Fromang et al. 2006)
or, alternatively, with solvers analogous to the ones used in the STAGGER and BIFROST
(Gudiksen et al. 2011) codes. The radiative heating q,,4 is defined in Eq. 2.54, which may

be expressed in terms of wavelength A,

Qrad = 47TPJ K,(Jp—S3) dA, (4.1)

i.e. the monochromatic absorption coefficient ,-weighted difference between the mean
intensity J, and the source function S;. Under the assumption of LTE, the source function
is given by the Planck function B,, so S, = B,. In the following, all opacities are given per
unit mass of material. The models presented in this work do not include magnetic fields,
but several MHD solvers are available in DISPATCH, such as RAMSES/HLLD, STAGGER, and
BIFROST, with a separate module allowing for non-ideal MHD corrections (Nordlund et al.
2018).

The solution of the RHD equations is performed by the DISPATCH implementation of the
RAMSES Riemann-HLLC solver (Fromang et al. 2006, see also the more general solution
strategy outline in Sec. 2.1.2), which itself is an extension of the MUSCL-Hancock scheme
(e.g.van Leer 1977). In short: An update of the hydrodynamic (HD) variables in this scheme
consists of several steps. First, the cell-centered, volume-averaged primitive variables are
advanced a half time-step in a non-conservative way using a Taylor expansion of the Euler

system and slope-limited finite-difference spatial derivatives. The slopes are furthermore
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used to construct the cell-interface values of the primitive variables, which are then fed
into the Riemann solver to compute the cell-interface fluxes. These fluxes are then used to

advance the volume-averaged quantities in time.

A similar Riemann solver is also used in the CO°BOLD code (with multiple options for the time
integration scheme, Freytag et al. 2012). Other RHD codes, such as STAGGER, BIFROST and
MURaM, rely on explicit finite-difference schemes for spatial derivatives and a Runge-Kutta

method (Williamson 1980) as temporal scheme.

The main difference between a Riemann solver and a classical non-Riemann solver is the
treatment of the pressure term in Eq. 2.14. In the classical case, the pressure gradient is
included as a source term on the right-hand side, which means sound waves are not prop-
agated using advection and the system evolves entirely with the gas velocity. In Riemann
solvers this is not the case. Here, all characteristics of the system are advected consistently

by including the pressure gradient in the to-be-advected system.

In practice, this enables typical Riemann solvers to excel at capturing shocks and disconti-
nuities and provide a better conservation of physical quantities. At the same time, Riemann
solvers generally are less capable of handling smooth, semi-static regions. In these situa-
tions gravity and pressure forces cancel numerically down to machine-precision in classical
solvers, because they are both treated identically as external sources. This is very different
from the strategy followed by Riemann solvers, where pressure terms are included in the
advection, while gravity remains an external force (e.g. Roe 1986; LeVeque 1997; Dulle-
mond 2011; Freytag et al. 2012). Whether one or the other is more appropriate depends

on their specific implementation and the problem at hand.

The main advantage of DISPATCH over previous codes for simulating stellar spectra is its
parallelization scheme and numerical design. In short, one of the main reasons for the im-
proved performance is the use of local time-steps. Previous hydrodynamical codes for stellar
atmospheres relied on synchronized advancement of time. The rate in stellar atmospheres
is dominated by the radiative time-step. For a relaxed model atmosphere it is usually at the
boundary of the optical surface, but for a relaxing model atmosphere it can be anywhere.
The core and unique ability of DISPATCH is to automatically devote additional resources to
such areas to advance them at a lower time-step, while the rest of the model atmosphere

can advance further in time using less resources.

In practice, to do so, DISPATCH divides the simulation domain in so-called patches that
contain the local values of hydrodynamic or radiation variables based on their position in
the atmosphere. Updating those variables by advancing them in time constitutes a task,
which is executed by a task scheduler based on available computational resources and its
status relative to its neighboring patches. For example: A task that solves the RT under a

certain angle is required to wait for its upwind neighbors to reach the same (or a later) time
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Figure 4.1: Temperature structure for our reference solar 3D RHD model. Black arrows
indicate the local velocity field. The corresponding animation of the time evolution of the
RHD simulation is available as supplementary material to the online version of the paper.

as the task itself, but not for tasks that are assigned to regions downwind. Likewise, the HD
task is required to wait for the RT task to provide the current heating rate. A task hence
only needs to check the time of its immediate neighbors before it can be queued for the next
update, which then can be executed once a CPU thread is available. DISPATCH works best
if there is an over-subscription of tasks compared to CPU threads, so that the CPU utilization
is near 100 % at all times, thereby allowing a highly efficient use of available computational

resources.

The implementation in OpenMP and MPI allows this scheduler to use all available threads on
multiple nodes effectively by relying on shared memory within MPI ranks and virtual tasks
in the transition region between different ranks for streamlined inter-node communication
when needed. This design also incorporates local time-stepping naturally through the local
time of each patch, which causes significant speed and stability improvements. The rate
at which the stellar atmosphere is evolving in time is dominated by the radiative time-step,

which in turn depends on the local hydrodynamic properties and radiation intensity through
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the radiative Courant condition. Because of its design, DISPATCH is able to devote more
computation resources to regions where the time-step is small, and hence minimize CPU
idle times that would otherwise arise from non-synchronised time-steps. (Nordlund et al.
2018)

For illustration, in Fig. 4.1 we show the 3D distribution of temperature in the resulting solar
simulation, which will be discussed in detail in Sec. 4.4. The full 3D animation cube can

also be retrieved as supplementary material to the online version of the article.

4.3.2 Microphysics

To close the system of RHD equations, an EoS is required. In DISPATCH the EoS is provided
in tabular form. It provides the gas pressure (P,), electron density (N,), and temperature
(T) as a function of internal energy (e;,) and density. The internal energy is hereby linked

to Eq. 2.15 though the subtraction of the kinetic energy,
et =€— = P VV. (4.2)

At a given density value, the internal energy depends on the temperature, chemical composi-
tion, as well as the ionization and molecular equilibrium. To avoid potential inconsistencies
with opacities, it is hence advisable to compute the EoS and opacity tables simultaneously.
The opacities themselves depend on the atomic and molecular level populations, which in
LTE are functions of T and p only, and thus can be tabulated on the same grid as the EoS.
Opacities are of utmost importance for the photospheric structure of stellar models; how-
ever, their accurate treatment is one of the major computational complexities involved. A
dense sampling of an extended wavelength grid from the UV to the IR is needed to cap-
ture most spectral features. Depending on the resolution of the T — p grid, this requires

significant computation time.

The monochromatic opacities and EoS are computed using the MARCS (Gustafsson et al.
2008) as well as the TURBOSPECTRUM (TS) (Plez 2012; Gerber et al. 2023) codes. They
include the same routines for the calculation of the chemical equilibrium and of continuum
opacities. For line opacities, TS uses linelists, while MARCS interpolates in opacity sampling
tables generated for a set of temperatures and pressures on a fixed wavelength set. They
otherwise strictly use the same physical input data, for example partition functions, ioniza-
tion potentials, and dissociation energies. The version of the chemical equilibrium we use
includes 92 atoms and their first two or three ions, as well as more than 600 molecular
species. A full description of the species included in the opacity package for continuum,
atomic, and molecular lines is given in Gustafsson et al. (2008). Line opacities are com-
puted assuming LTE. The opacities are provided at the wavelengths used by MARCS, with a
resolution of R =A/AA = 20000.
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We sample a parameter space of 159 x 159 T — p points, equally spaced in natural log-
arithm, where T ranges between 1100K and 550000K, and p between 107> gem™ and

3. These limits are motivated by the typical temperature and density extend of so-

103 gem™
lar metallicity FGK-type stars; however, they are extended towards the low-density regime.

This is necessary because of fluctuations, especially in the early phases of the simulation.

The internal energy is constructed from the temperature by the assumption of an ideal
gas, 3/2kgT, and is reduced by the properly weighted energy released by the formation of
molecules and the recombination of ions. Following the procedure of MARCS (Gustafsson
et al. 1975, 2008), only molecules containing H4+, H2 and H2+ are considered for the

summation of e;,.

The resulting table is then interpolated into a grid e;,, — p, which is chosen to be equally
spaced in the natural logarithm. This final change of grids is necessary because of the ap-
pearance of the energy rather than the temperature in Eq. 2.15, which means that as the
simulation advances energy and density in time, the temperature is a dependent variable
and needs to be provided by the EoS rather than being an input parameter. We note, how-
ever, that due to non-linearities introduced by molecule formation and destruction, as well
as ionization edges, the sampling of this final e; ,— p table needs to be significantly higher to
resolve step transitions in the e;,, — T relation. We found that, specifically towards the sur-
face layers of the Sun (T < 7000K), the difference between opacities obtained from tables
on the e;,, and T grids reach values beyond 20 %. We avoid this issue by up-sampling the
table to a resolution of 1024 points in e;,, which results in a deviation of < 1%. Because
interpolation in the EoS table does not contribute significantly to the overall computation

time, this up-sampling has negligible impact on performance.

4.3.3 Opacity Binning
Procedure

Because monochromatic radiative transfer is a computationally expensive task, we follow
the well-established strategy of opacity binning. Following the procedure presented in Nord-
lund (1982), which has been adopted as a basis for different RHD calculations (e.g. Magic
et al. 2013a; Vogler et al. 2004), we sort a set of monochromatic opacities into bins the

selection of which is described in more detail in the following section.

In each bin i we compute the mean opacity k; using a weighted transition from the Rosseland
mean K, ; (Eq. 2.56) in the interior to the Planck mean x j,n; (Eq. 2.55) in the optically
thin layers (Nordlund 1982). We then interpolate between the two limits using the optical
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thickness wy,;4 of the corresponding point in the table, i.e.

Wipi = 1 — €2 Trossi, (4.3)

Ki = K.planck,i (1 - Wthick) + K'ross,i Wihick - (44)

This formulation is similar to the expression used in Magic et al. (2013a), however, differs
by using the Planck mean opacity instead of the intensity mean. The expression is also
equivalent to the one developed in Ludwig (1992, their Eq. 3.51), defined as

i —Ti

Ki= Zprlaan’i + (1 - 2%) Kross,i > (45)

with 7,,, defined as the turnover depth where Planck and Rosseland mean opacity are
weighted equally. Whether one or the other is more relevant depends on whether absorption
(of intensity) or emission (of Planck source) is the more important effect. But in practice it
may make little difference, and the Planck mean is more convenient to compute. To com-
pute the Rosseland optical depth 7,,; in Eq. 4.3 for each point in the table we follow the
approximation from Ludwig (1992), that is

p
Tross,i — Kross,i * E P (4.6)

which originates from the equation of hydrostatic balance (Eq. 2.1).

The radiative heating as given in Eq. 4.1 furthermore requires knowledge of the source
function S,, which in LTE is given by the Planck function B, and hence depends only on the
local temperature and frequency v = c¢/A, where c is the speed of light. The integral in Eq.

4.1 can be divided into contributions from each bin as
qrad = 4anf Ky (JA_S)L) d)(' . (47)
i Ai)

In the approximation of opacity binning, the mean opacity of each bin is assumed for the
whole set of wavelength points belonging to this bin and hence can be extracted from the
integrand in Eq. 4.7 such that

Qrad = 47Tp Z K; (JA - SA) dA (48)
i A(i)

=47mp > K, U KA dA—J E dx) . (4.9)
i AD) AD)

The calculation of the mean intensity requires the solution of equations of the following
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form, depending on the angle u = cos(0),
I,= f S.e ™ dr, /u, (4.10)

where J, = 1/(4m) Ln I, dw is the intensity I, averaged over the solid angle w and dt, =

pk,dz is the optical depth increment at frequency v and geometrical depth increment dz.

In this work, we rely on four ¢ (azimuthal) and two u (polar) angles, and two additional
angles with u = £1, so in total ten different angles chosen in a Gauss-Radau quadrature.
The selection of angles is equivalent to the STAGGER approach. In CO°BOLD usually a higher
number of angles is used (see e.g. Beeck et al. 2012), but it depends on the particular

application of the code.

In the binning approximation the optical depth is computed from the binned opacity, and
hence independent of A, which means the optical depth terms in Eq. 4.10 can be pulled out
of the A integral in Eq. 4.9 such that

f Jy dA ~ J Uf Se " dr,/u dw) dA (4.11)
() ()
~ “ e "M dr,/u de S, dA. (4.12)
A3)

The integration over wavelength points corresponding to bin i can hence be executed before

the solution of the radiative transfer. The resulting binned source function

S, = f S, dA, (4.13)
230

can thus be pre-computed, included in the opacity table, and used together with the binned
opacity to obtain the radiative heating during the simulation, which reduces the computa-

tional burden significantly.

Note that the monochromatic source function in NLTE would depend on the radiation field,
which strictly speaking would require knowledge of the model atmosphere prior to its sim-
ulation. However, NLTE calculations for multiple species are extremely computationally
expensive, especially in 3D, which is why all 3D RHD codes, including STAGGER, MURaM,

and CO°BOLD generally adopt the LTE approximation for structure calculations.

The effect of NLTE on the physical structure of models was investigated in other studies (e.g
Short & Hauschildt 2005; Haberreiter et al. 2008; Young & Short 2014), based on 1D HE
modeling. These studies showed that the effect is very small, in particular for the Sun not
exceeding 50 to 100K in the atmospheric layers —3 < log 759 < +0.5 (Short & Hauschildt
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2005), whereas outside these layers the presence of the chromosphere or convection is much
more important. Including NLTE in structure computations would introduce additional di-
mensions to the opacity table and increase the complexity, which is why we for simplicity
work in the LTE approximation. The spectrum synthesis in the relaxed 3D model atmosphere

(see Sec. 4.3.7) however can be done in NLTE regardless.

Selection of opacity bins

Although there is no consensus among related studies on the exact number and positioning
of opacity bins, there is a general understanding of the need to distribute bins to try to cover
the regions most important for the energy balance. The STAGGER grid (Magic et al. 2013a)
is computed using 12 opacity bins, which were defined depending on their wavelength and
formation height on the Rosseland optical depth scale (7,,), that is, the Rosseland optical
depth where their monochromatic optical depth equals unity. The computation of these
optical depth scales requires some initial knowledge of the average atmospheric structure
of the 3D model that is intended to be simulated.

For the STAGGER grid, an iterative procedure is involved at this stage, which adjusts the bin
dimensions repeatedly as the simulation evolves in time. As a metric for the goodness of the
binning, they furthermore compute the monochromatic heating rates and compare them to
those of the binned result. They report typical differences of max |¢"% — g’ d| / max |q;1a d| ~
3% for their solar model. However, they are able to improve this difference by further fine-
tuning (Magic et al. 2013a). It remains to be tested how this translates to uncertainties
of the 3D structure of the final model, and especially on the observables, for example, the
stellar spectrum. In the case of our solar model, our binning method, as described in the

following, achieves 2.8 % in the same metric.

A very similar binning is applied in the CO°BOLD (e.g. Freytag et al. 2012; Ludwig et al.
2023) simulations, where, however, the bin selection involves less fine-tuning as they are
placed in regular optical depth and wavelength intervals (Beeck et al. 2012). The MURaM
solar model (Vogler et al. 2005) goes one step further and relies on only four opacity bins,
which are wavelength independent and chosen based only on the monochromatic optical

depth (as in Nordlund 1982). There is no further optimization procedure involved.

Despite their drastic differences in bin selection, it has been shown in Beeck et al. (2012) that
the relaxed simulations of the solar photosphere are remarkably similar in terms of mean
temperature and density stratification. The thermal structure of the solar models presented
in Beeck et al. furthermore shows a good resemblance on the optical depth scale (see their
Fig. 10, 11) with mean differences below 100K in the regions relevant for spectral line
formation, which suggests a rather small influence of the opacity binning procedure on the

stellar spectrum.
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Figure 4.2: Formation height as a function of wavelength for monochromatic MARCS opac-
ities, computed for an average 3D STAGGER solar snapshot.
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4.3.3 OPACITY BINNING

In this work, we apply a simple, automatic binning procedure and do not alter the binning in
the course of the simulation. We select seven opacity bins, which are distributed similarly to
the bin distribution used by Magic et al. (2013a). The number of bins has been chosen as a
compromise between accuracy and computational efficiency. In our simulations between 60
and 80 % of the entire computation time is spent solving the RT, a reduction of the opacity

bins therefore has a very significant effect.

We first separate the strong lines at shorter wavelengths from the redder part of the spec-
trum. In the blue part, we furthermore specify an upper limit on formation height, beyond
which we collect all wavelength points in a single, high-opacity bin in order to assure suffi-
cient sampling in the regime closer to the continuum.

The formation height edges of the remaining blue bins are then automatically selected using
a generic k-means clustering approach (e.g. Hartigan & Wong 1979). The red wavelength
points are binned accordingly. Following this procedure, we split the most relevant opacity
sources below the Rosseland formation depth of —4.5 in the blue part of the opacity table
into four bins, leaving two bins for the red part of the spectrum and one bin collecting the

remaining strong lines.

This procedure is deliberately designed to be as generic as possible, while at the same time
producing consistent results for a variety of different stars without human intervention. It
can be executed automatically prior to the simulation by using an initial 1D model (for
example, a 1D HE model) and does not involve an iterative procedure. However, it captures
the location of opacity nodes in the log A —log 7, diagram through clustering, and hence
provides more bins where a higher resolution is required.

We have tested the approach by exploring the differences in the monochromatic heating
rate with the heating calculated using four, five, seven, eight, and 12 bins with parameters
similar to those chosen by other authors. We find that for all these combinations the dif-
ferences relative to the cooling peak are at a sub-percent level. Therefore, we consider our
chosen scheme as appropriate within the context of our work, as a compromise between
very expensive fine-tuning (STAGGER, Magic et al. 2013a) and wavelength-independent
(MURaM, Vogler et al. 2004, 2005) approaches.

For the solar model presented in this work, we bin tabulated opacities generated by the
MARCS code using the chemical composition presented in Magg et al. (2022b). The for-
mation height of each wavelength point in this table is computed using the average solar
STAGGER model. The corresponding binning is presented in Fig. 4.2, where we show the

formation height as a function of wavelength and indicate the bin assignment with colors.
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4.3.4 INITIAL & BOUNDARY CONDITIONS

4.3.4 Initial & Boundary Conditions

Every model simulated in this works relies on only three numbers that will determine its
final state; the temperature and density at a single point within the atmosphere, as well as
the surface gravity, log(g). This initial seed can be placed at any height z,, which should be
chosen such that the zero-point of the resulting z scale roughly coincides with the optical
surface. From here, an initial 1D HE model is constructed by adiabatically integrating the

initial seed upward and downward with a constant step in Iln p.

Considering a fluid parcel of constant mass, the change of its internal energy per unit mass

e is given by the first law of thermodynamics (see also Eq. 2.19)

de,, = TdS—pdV = TdS—pVdInV = Tds+ L dInp, (4.14)
I

where S is the entropy per unit mass and V the volume of the fluid parcel. If the system is
adiabatic, with dS = 0, then the above equation links a change in log density directly to a
change in internal energy per unit mass, through a pre-factor p/p that behaves similarly to

the temperature T.

For a given step in In p the internal energy per unit of mass can thus be computed iteratively,
with a procedure that converges rapidly. The z-scale is constructed from hydrostatic balance
(see also Eq. 2.1)

dz = -2 dinp. (4.15)
g

Toward the surface, the adiabatic structure is terminated once a certain minimal energy is
reached, which is kept fixed for the remaining integration. The resulting 1D structure is then
interpolated onto the coordinate grid of the 3D simulation domain, assuming no variations

in horizontal directions.

The velocity field at the start of the simulation is initialized as a Gaussian drop-off with
distance from z = 0, including a random factor to kick-start convective motions. The entropy
at the bottom of the atmosphere is kept fixed during the remaining parts of the simulation

and serves as a bottom-boundary condition.

Alternatively, it is also possible to skip the adiabatic initialization and start directly from any
1D model atmosphere (either a 1D HE or a horizontally averaged 3D model), where the
internal energy is computed consistently with the EoS that will be used in the simulation.
This procedure is especially useful when a specific bottom boundary condition is required,
for example, if a comparison with other simulations is desired. All models generated in this
work are initialized using an average 3D (i.e. 1D) STAGGER model atmosphere to make
the comparison more straightforward. We note, however, that also in this case only three

numbers, density and temperature at the bottom of the initial model and surface gravity,
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determine the ultimately emerging 3D structure.

The fixed entropy is enforced by requiring inflows to be isentropic while keeping outflows
unchanged. At the top of the atmosphere, the energy per unit mass is kept constant, while
the density is assumed to drop off exponentially with pressure scale height. The horizontal
velocity field is furthermore decaying with the same factor, equivalent to a non-shear bound-
ary, while the vertical velocity is dropped off on half a scale height. The radiation boundary,
that is, the surface heating term, is estimated from the optical depth in the vertical, and zero
in the horizontal. The surface gravity is furthermore kept fixed and is the same throughout
the simulation domain.

4.3.5 Relaxation

The relaxation procedure consists of three stages, which are mainly characterized by the
cooling sources and the presence of damping terms. The first phase starts from the initial
model described in the previous section. In order to start convective motions quickly and
reliably, the only source of cooling at this early stage of the simulation is the strong, artificial,
so-called Newton cooling. It effectively removes (or adds) heat to the system so that its
internal energy reaches a given value e, on a given time-scale 6ty at a given position s, on

a scale of s;. The resulting heating per unit volume qy is given as

f

1) 56 e

qn = (eo—e)

(4.17)

There is no radiative cooling at this stage. The average vertical component of the velocity
field v, is furthermore damped on the timescale 6t; via the addition of a friction term of
magnitude p v,/dt; to damp out artificial radial p-mode oscillations — excited by the rapidly

changing thermal structure — that would otherwise survive for a long time.

Because of approximate conservation of wave mode energy, even weak wave modes initiated
near the bottom boundary can grow in amplitude when traveling towards the surface and
can ultimately even become disruptive. This initial procedure has emerged from countless
tests and provides a reliable and fast pathway from the initial adiabatic cube to the first semi-
realistic 3D model atmosphere that can evolve further in time in the following phases (e.g.
Freytag et al. 2012). This intermediate model already has developed convective motions

and displays a granular pattern towards the surface layers.

We note that the initial Newton cooling phase is strictly speaking not required, as the ra-
diative transfer itself is capable of providing the relevant cooling to develop the radiative
surface. However, the advantage of an initial Newton cooling phase is that (i) its strength

is a hyperparameter that can be optimized to achieve a more realistic velocity field in a
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shorter time, and (ii) it does not require the solution of the radiative transfer equation,
which is expensive in terms of computation time and potentially unstable on an initially

chaotic atmospheric background.

The particular choice of additional hyperparameters is irrelevant for the final structure of
the model, but the numerical stability is enhanced if the cooling surface at e, lies close to the
true optical surface that will emerge from the actual radiation field. However, the correct
surface will emerge in the second phase regardless of the exact decision. We choose the
hyperparameters e, sy, s; and Oty based on the 1D HE model that is used for initializing
the 3D cube. After using the opacity table to compute the Rosseland optical depth scale of
the initial 1D HE model, we place the upper boundary at log 7,,,, ~ —5.5. From here we
pick the physical height, density, and temperature and use the EoS to compute the internal

energy at this point in the atmosphere. This directly provides estimates for e, and s,.

A qualitative investigation has shown that a scale of s; = 0.1 Mm and a timescale of 6ty =
10s produce adequate results in the solar case. For stars other than the Sun we scale those
parameters according to changes in the physical dimensions of the star and the strength of

their velocity field using the Courant condition.

This early atmosphere is advanced in time until a granular pattern has emerged. For the
solar model, the duration of the first phase corresponds to roughly 30 — 40 stellar minutes.
After this, in the second phase, Newton cooling is gradually reduced and replaced by radia-
tive cooling. Newton cooling is reduced by decreasing the cooling rate exponentially, with a
decay time scale of two stellar minutes, until it reaches 1% of its original value. After this,

it is turned off entirely.

The switching of the cooling source is accompanied by additional, destabilizing oscillations,
which is why the friction term remains present during this phase. We hence wait an addi-
tional ~ 20 stellar minutes (until 50 stellar minutes total simulation time) before we start
to fade out the friction term in the same manner as described above, but with a longer

characteristic time scale of 15 minutes.

DISPATCH uses local time-stepping, where the local time-step is derived according to the
local CFL condition (Courant et al. 1967). During radiative transfer, this usually results in
a time-step between 0.1s and 0.4s. The radiative heating rate is included in the Courant

condition directly through the velocity u = q,,4/p - ds, with grid spacing ds.

4.3.6 Averaging of 3D RHD Cubes

For better visualization and comparison purposes we average the full 3D data cubes to aver-
aged 1D vertical profiles. Since the absolute height scale in Cartesian coordinates bares no

physical meaning, especially in the context of spectrum synthesis, the averaging of the data
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Figure 4.3: Model spectral energy distribution (SED) of the Sun computed using
MULTI3D@DISPATCH and the solar M3DIS snapshot. Left and right panels show the SEDs
computed with the old and our new updated background bound-free opacities. The oc-
cupation probability formalism (Dappen et al. 1987) is used in the updated opacities for
H I bound-free transitions. The black line shows the result of running H lines in LTE on
top of the LTE background bound-free opacities. The blue line shows the model flux when
tabulated LTE opacities of bound-bound radiative transitions are included.

cubes is made on the Rosseland optical depth scale 7,,. For this, we proceed as follows.

First, the Rosseland opacity for every point in the 3D cube is looked up in the EoS table.
From this, 7, is computed by column-wise integration. The entire cube is then interpolated
to an optical depth scale equidistant in natural logarithm, again column-wise. The result
is a 3D cube, where each horizontal plane corresponds to a common optical depth. The

averaging of different quantities is then done per plane.

In order to be entirely consistent and avoid controversy originating from different opacities
and integration limits of the Rosseland opacity, we also apply the same procedure to the
reference models. This means that all models present in this work are on the same Rosseland
height scale and consequently averaged in the same way. The average models are used for
the sole purpose of comparisons and for gaining an intuitive understanding of the physical
structure of models. We do not rely on averaged models for the calculations of synthetic

observables.

4.3.7 Spectrum Synthesis

Calculations of high-resolution synthetic spectra presented in this work are carried out us-
ing the MULTI3D code (Leenaarts & Carlsson 2009), which we have also ported into the
DISPATCH framework. For details of the code, we refer to Leenaarts & Carlsson and minor
updates described in Gallagher et al. (2020) and Bergemann et al. (2019).
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In summary, the code employs the method of short characteristics and accelerated lambda
iteration (Rybicki & Hummer 1992) to solve the equations of radiation transfer and statis-
tical equilibrium. After completing the final NLTE iteration, the outgoing flux is calculated
with the method of long characteristics and the Lobatto quadrature. To enable detailed 3D
spectrum synthesis, we have updated the code to include an extensive collection of tabu-
lated bound-free and free-free cross-sections and partition functions for 92 elements. The
partition functions are taken from Irwin (1981), while the sources of the continuous opaci-
ties are listed in Tab. 4.1. The occupation formalism is adopted for H I only, following the
HBOP routine by Barklem & Piskunov (2003). This update ensures that the opacity sources
of MULTI3D match those used in TURBOSPECTRUM (Plez 2012; Gerber et al. 2023).

As a result, MULTI3D can now incorporate bound-bound radiative opacities from compre-
hensive linelists provided in the TURBOSPECTRUM format. Alternatively, users can include
pre-computed opacity tables to account for line blanketing. This allows for the use of fully
self-consistent line opacities in both the 3D RHD modeling and the spectrum synthesis. A de-
tailed description of all updates will be discussed in an upcoming paper (Hoppe, Bergemann

in prep.).

In addition, we include the detailed linelist assembled by the Gaia-ESO Collaboration, as it
provides carefully assessed atomic data for the diagnostic lines of the majority of chemical
elements, including the transition probabilities and damping (Heiter et al. 2021). For H line
profiles, we follow the HLINOP routine by Barklem & Piskunov (2003) which includes Stark
broadening, natural broadening, and fine-structure splitting. Self-broadening is treated us-
ing the BPO theory in the case of the Balmer lines (Barklem et al. 2000) and using the
theory of Ali & Griem (1965) in all other cases. In order to ensure backward compatibil-
ity with TURBOSPECTRUM we have implemented the same treatment of elastic H collisions
(with four different options) as in the latter (see Gerber et al. 2023, and documentation to
TURBOSPECTRUM v201).

Fig. 4.3 shows the impact of the new (right panel) versus old (left panel) tabulated bound-
free opacities, as well as the use of the occupation probability formalism. The latter explains
the smooth transition in the flux continuum around 4000 A, where there was a clear cut
when classical Debye shielding was used instead. The updated continuous opacities are re-
sponsible for the depression in the UV where the flux has decreased noticeably. The slope of
the continuum towards the infra-red has mostly been affected with the updated H™ opacities
from McLaughlin et al. (2017).

Fig. 4.4 shows the center-to-limb variation (CLV) of one solar M3DIS snapshot compared
to the observations by Neckel & Labs (1994). There is excellent agreement between the
synthetic data and the observations at 611, 812 and 1099 nm, while slight differences are

!Publicly available at https://github.com/bertrandplez/Turbospectrum_NLTE
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4.4.1 INFLUENCE OF SPATTIAL RESOLUTION ON ATMOSPHERIC STRUCTURE

Table 4.1: Updated bound-free and free-free opacities and their respective sources. A sub-
set of the MARCS and Turbospectrum opacities (Gustafsson et al. 2008; Plez 2012; Gerber
et al. 2023).

Species Type Source

H bf, ff Karzas & Latter (1961)

H™ bf McLaughlin et al. (2017)

He, C, N, O, Mg bf TOPbase (Seaton et al. 1994)
Al, Si, Ca, Fe bf TOPbase (Seaton et al. 1994)
CH, OH bf Kurucz et al. (1987)

H™ ff Bell & Berrington (1987)

He, C, Mg, Si ff Peach (1970)

He™ ff John (1994)

H,, 0", CO~, H,0™ ff John (1975a,b)

HI+HI ff Doyle (1968)

H; ff Mihalas (1965)

seen in the blue 402nm. The same offset is seen in an alternative 3D RHD solar model
from STAGGER which was also used in Bergemann et al. (2012a), hence it is unlikely due to
the intrinsic properties of the 3D RHD models. Offsets of a very similar amplitude are also
seen in 400 nm in other 3D RHD models, such as MURaM (Beeck et al. 2012, for a detailed

comparison).

Compared with Pereira et al. (2013, their Fig. 3), we find that their 3D RHD models show
very small yet discernible discrepancies around 402 nm, especially at larger angles u = 0.5
and 0.3, and, similarly to our results, the intensity ratios predicted by the 3D model are
systematically higher compared to those of the observed data. This may indicate limitations
of the observed data in the blue or the effects of a magnetic field and a chromosphere that

are not included in standard 3D RHD simulations (Carlsson et al. 2019).

4.4 Results

4.4.1 Influence of Spatial Resolution on Atmospheric Structure

To allow the atmospheric models to converge towards a realistic thermodynamic structure
the spatial resolution of the simulation domain, and especially the vertical resolution around
the optical surface, are of utmost importance. In particular, the resolution adopted for the
radiative solver is crucial to properly sample the cooling peak around the optical surface.
We note that in this section the discussion will refer only to spatial resolution.

In order to investigate this effect, we compile a comparison between three models origi-
nating from identical initial conditions, but with varying spatial resolution. The HD grid

spacing adopted is 25.6 km for the low- and intermediate-resolution models, and 15.4km
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Figure 4.4: Angle dependent center-to-limb intensity variation of solar M3DIS snapshot at 4
discrete wavelengths. The solar spatially-resolved intensity data from Neckel & Labs (1994)
are shown with crosses. We note that in the latter paper, only polynomial fits are available,
here for didactic reasons we present them as discretized points.

for the high-resolution models. The vertical grid for the RT solver is denser by a factor 2 for
intermediate and high-resolution models, with a spacing of 12.8 and 7.7 km, respectively.
The low-resolution model has the same number of points in HD and RT. We summarize the

different resolutions in Tab. 4.2.

Due to the modular nature of DISPATCH, it is straightforward to solve the radiative transfer
on a grid different from the grid on which the underlying hydrodynamic solver operates.
Tasks that are commissioned with solving Eq. 4.1 receive the necessary information about
the current structure of the atmosphere, p and e;,, via linear interpolation from tasks that
are responsible for solving Eq. 2.13-2.15. The final radiative heating rate q,,4 is then inter-
polated back to the initial HD grid and added to the energy balance for the next update of

variables.

The comparison between the resulting average profiles is shown in Fig. 4.5. The statistics
is made on planes of constant Rosseland optical depth, as described in Sec. 4.3.6 and then

averaged over nine snapshots to obtain a robust comparison. Snapshots are taken every
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Figure 4.5: Average temperature (top) and density (middle) profiles, as well as rms vertical
velocity (bottom) for models of different resolution. In each panel the difference to the
highest resolution model (Az = 7.7 km) is shown. Shading corresponds to the standard
deviation between 9 different snapshots of the high resolution model. In the top panel we
include the average geometrical depth scale of models A, B and D (from bottom to top) as
vertical grey bars.
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Table 4.2: Resolution overview of M3DIS solar models.

N xN,xN, (HD) N, RD) Az (RT) Neru

km hours
A low 180 x 180 x 90 90 25.6 226
B interm. 180 x 180 x 90 180 12.8 576
C very high* 390 x 390 x 195 390 5.9 15206
D high (ref.) 300 x 300 x 150 300 7.7 5242

Notes. * Due to the high resolution of this model, the stellar time it evolved within 24h wall-clock
time is reduced compared to models A, B, and D.

For all models, the number of grid points in each dimension (N,, Ny, N,), as well as the vertical grid
spacing (Az) and required CPU time (N¢py), is shown. The physical size of the box in all simulations
is 4.6 x 4.6 x 2.3 Mm?®. The (x, y) resolution of the radiative transfer (RT) solver is the same as that
for the hydrodynamic (HD) solver and is not shown here to avoid redundancy. See text.

200s in time. Our time sequence thus covers at least one convective turnover time, which,
at the bottom of our simulation, amounts roughly to ~ 5 to 7 minutes. We note that the
convective turnover time can be estimated locally using 1D HE models (kindly provided to

us by H.-G. Ludwig) yielding estimates very similar to the ones above.

Each panel shows the difference A = av, —av, between two average structures av, and av,.
Relative temperature differences in the upper panel are computed as A = (av, —av,)/av,.
The shaded regions correspond to one standard deviation (std) between different snapshots
of the highest resolution model, that is av; — (av, * std,) for the upper and lower limit. In
case of relative differences, (av, — (av, % std,))/(av, * std,) are the limits of the shaded
region. By exploring the differences in the average temperature (top panel) and density
profiles (middle panel), the effect of resolution becomes apparent mainly at the optical
surface around log 7, & 0 and towards the upper boundary of the star. In general, models
with lower resolution are hotter and have a lower density in the upper layers. This behavior
is expected and directly related to the poor sampling of the cooling peak. In the relevant
layers, temperature and density change rapidly as a result of a sudden decrease in opacity.
However, this transition region is spatially confined in the simulation domain and hence is

only covered by a small number of grid points.

As a consequence, the linear interpolation on this sparse grid overestimates the heating rate,
resulting in a shallower temperature decline and overall hotter upper atmosphere with lower
densities. To illustrate optical depth sampling around the optical surface, we include the
average optical depth derived from snapshots on the geometrical scale in the top panel of
Fig. 4.5. Around logt,,, ~ O the step for low, intermediate, and high resolution models
A, B, and D is 0.248, 0.113 and 0.062 dex, respectively. For comparison, the optical depth
step in the MARCS models ranges between 0.1 and 0.2, depending on the location in the
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Figure 4.6: Differences in average 3D temperature (top), density (middle) and rms verti-
cal velocity (bottom) structure as a function of Rosseland optical depth for our best solar
model (M3DIS), STAGGER, CO°BOLD and MARCS. We include the MARCS models, because
they are among the most widely-used 1D hydrostatic model atmospheres for FGKM type
stars analyses. The average M3DIS structure and the grey shading correspond to mean and
standard deviation between 9 different snapshots of the high resolution model, respectively.
For CO°BOLD, the mean of 20 different snapshots was used. We also include the standard
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atmosphere (Plez, priv. conv.).

Between A (Az = 26km) and D (Az = 7.7 km) we estimate that the magnitude of this effect
is of the order of 2.5 % on the average temperature stratification and between 0.02 dex and
0.06dex for density. We furthermore note that the root-mean-square (rms) of the vertical
velocity in the low-resolution case on average is higher in the interior compared to the high-
resolution models. At the surface, the effect becomes minimal. We investigate in Sec. 4.4.4
how these differences in the atmospheric structure translate into observable quantities in

the spectrum of the Sun.

For each resolution, we furthermore include the computation time necessary to compute the
model in the last column of Tab. 4.2. Because solving radiative transfer is computationally
expensive, the size of the RT grid has a significant impact on the overall computation time.
However, due to the unique speed provided by DISPATCH all models presented here are
obtained within 24h? from start to end, using only 1D HE models as initial conditions,
as outlined in Sect. 4.3.4. We emphasize that the comparisons performed here are made
with fixed bottom boundary conditions, and as a consequence the temperature differences
illustrated in Fig. 4.5 would also result in changes of the actual (as opposed to the “label”)
effective temperature. In a grid-of-models context, one would interpolate in the grid to the
exact label effective temperature before computing synthetic spectra, which would most
likely reduce the influence of resolution even further, since the changes shown in Fig. 4.5
do not vary much in the optically thin layers. It is thus likely that, in a grid context, the cost
of modeling per grid point could be further reduced, relative to the results reported here. A
summary of model properties and input physics is given in Tab. 4.3. Here we compute the

effective temperature by using the binned opacity table presented in Sect. 4.3.3.

4.4.2 Solar Atmospheric Structure

In Fig. 4.6, we compare our reference 3D RHD solar model with models created by other
groups. Specifically, we compare the mean vertical stratification of our best solar model
with the solar STAGGER (Bergemann et al. 2012a; Magic et al. 2013a), CO°BOLD (Freytag
et al. 2012; Magg et al. 2022b), and the public version of the solar MARCS 1D hydrostatic
model®. The averaging of all 3D cubes is performed on the Rosseland optical depth scale. In
the case of CO°BOLD average 3D models are used, and hence rms velocities are omitted. For

STAGGER only the snapshot resembling the solar effective temperature closest was used.

Overall, the agreement between STAGGER, CO°BOLD and our model is very good. The mean
temperature structures (top panel) agree within 4%. Throughout the optical depth range

relevant to radiative energy transport (Grupp 2004), the structure of our model agrees

2Computations were performed on the HPC system Raven and Cobra at the Max Planck Computing and
Data Facility
Shttps://marcs.astro.uu.se
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4.4.2 SOLAR ATMOSPHERIC STRUCTURE

to ~ 2% with STAGGER model, and below ~ 1% with the average CO°BOLD model. The
difference with CO°BOLD reaches its maximum below the optical surface at log 7, ~ 1 and

falls in the sub-percent regime at log 7,,,, ~ —4-

In general, the STAGGER model is hotter across all optical depths, while the MARCS model
transitions from cooler outer layers to a hotter optical surface and a cooler interior. No sys-
tematics can be identified for the CO°BOLD model. As outlined in Sect. 4.4.1, the structural
differences can primarily be attributed to the resolution of the cooling peak in the region of

the steep temperature gradient.

In the inner layers, conditions closer to the diffusion approximation impose a rather narrow
range of solutions, and hence the structures from different codes converge to similar values.
However, in photospheric layers dominated by radiation loss, differences in the underlying
treatment of microphysics, such as opacity data, abundances, EoS, and binning, can cause
systematic differences in the average stratification. Specifically, the slight deviation in the
outer temperature structure with the STAGGER model could be caused by differences in
the line blanketing and specifically in the procedure used for the optimization of the group
opacity bins.

In terms of density, the systematic difference of all 3D models with MARCS is the natural
consequence of hydrodynamics. Convection provides additional turbulent pressure sup-
port to the atmosphere that implies, at a given temperature, lower pressures and densities
compared to 1D hydrostatic models (Fig. 4.15 in Appendix), for a detailed discussion and
analysis, see Stein & Nordlund (1998) and Rosenthal et al. (1999, their Fig. 7), which are
also the mechanisms that change the properties of the resonant cavity of solar oscillations
yielding systematic differences in the properties of oscillation frequencies compared to 1D
hydrostatic models (see also e.g. Stein & Nordlund 2001; Samadi et al. 2003; Houdek et al.
2017).

The average density stratification, as well as the root-mean-square (rms) velocity distribu-
tion, are also in good agreement with STAGGER. On average, the density of our model is
0.02 dex lower, which corresponds to ~ 5%. Especially on the surface, this is in line with
the differences in the chemical composition between Magg et al. (2022b) and Asplund et al.
(2009), of which the former predicts a higher bulk metallicity but also higher abundances
of Fe, Mg, and Si, which are important electron donors under conditions of FGK-type at-
mospheres. Towards the deeper layers the resolution of the atmosphere again becomes
more relevant. The MARCS model shows the same trend; however, the differences are more

significant and exceed 0.1 dex below the surface.

Considering that the differences between the RHD models are relatively small, we decide
that no further refinement, neither of the physical simulation domain nor in the opacity

binning, is needed to obtain a realistic atmospheric model on reasonable time-scales. We
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Figure 4.7: Vertical component of the velocity field (top) and temperature (bottom) at the
optical surface for 3 selected solar-like simulations including our M3DIS solar model (D).

will further justify this decision in Sect. 4.4.4, where we test the validity of our solar model

by producing observables that can be directly compared to solar observations.

4.4.3 Main Sequence Models

We compute several MS 3D RHD models with the same resolution as the solar model D.
Specifically, we highlight models with T, = 5500 and 6500K, log g = 4.5, and solar metal-
licity. In Fig. 4.7 we show horizontal slices of the vertical velocity component (top panels)
and temperature (bottom panels) on the optical surface (logt,, = 0) in order to illus-
trate the properties of the granulation pattern and its dependence on stellar parameters,
specifically on T, We also include the solar model for comparison.

The size of the simulation domain is inspired by the corresponding STAGGER model and is set
to 4.2, 4.6, and 4.8Mm in x and y and 2.1, 2.3, and 2.4 Mm in the z direction, respectively.
A representative horizontal extent of the box is important to simulate a sufficiently large
number of granules, in order to establish realistic horizontal flows. In other words, the
material in each granule must have enough room to spread sideways and sink back toward
the interior when it reaches the optical surface. If it crosses the periodic border too quickly,
the convective pattern can not be established without being significantly influenced by the
boundary conditions. Magic et al. (2013a) typically choose approximately ten granules as a
satisfactory condition, which is comparable to our results and suggests that the simulations

shown in Fig. 4.7 are sufficiently large.
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Figure 4.8: Full 3D temperature structure (blue contours) for 3 selected solar-like star sim-
ulations including our M3DIS solar model (D). Black solid lines correspond the the average
temperature profile, dotted lines show the corresponding MARCS model.

For all models, we further show the full 3D temperature distribution as a function of log 7,
in Fig. 4.8. We also include the T(7) relationships of their respective horizontal averages
and of the corresponding MARCS models with the same stellar parameters. We recall that the
MARCS models are in HE, and convective flux transport is represented by the MLT (Henyey
et al. 1965) with the mixing-length parameter a set to 1.5 (Gustafsson et al. 2008). A

summary of the latter models is also provided in Gerber et al. (2023).

What has been established in Sect. 4.4.2 can also be observed when investigating 3D RHD
models of different T.4. The agreement with 1D hydrostatic MARCS models is satisfactory
towards the outer (optically thin) regions of the stellar atmospheres. This is simply because
in these layers the structure of solar-metallicity models is close to the radiative equilibrium.
We remark that this is not true for metal-poor model atmospheres, because of the prevalence
of adiabatic cooling over radiative heating, as extensively discussed in the literature (e.g.
Collet et al. 2007; Bergemann et al. 2012a).

Moving inwards, around log 7., ~ —2 to —1, the MARCS models are slightly cooler than
the average 3D model, and this behavior inverts in the deeper optically thick layers around
log 7, = +1. At the bottom boundary, the MARCS models are always cooler than their
3D RHD counterparts. For the hottest models in our sample, T.; = 6500K, the difference
between the 3D RHD model and the MARCS model amounts to ~ 500 K, however, we remark
that this difference can be reduced or amplified in principle using a different mixing-length
parameter (e.g. Fuhrmann et al. 1993; Ludwig et al. 2009b). It is also interesting to point out
that the extent of temperature inhomogeneities (at a given optical depth) varies significantly
with T of the 3D RHD model. As such, the cooler MS model with T4 = 5500K shows a
reduced temperature spread at any log 7, compared to the hotter (T = 6500K) model,

which is due to a more vigorous convection and consequently significantly larger velocity
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amplitudes in the latter (see also Fig. 4.7).

Complementary to Fig. 4.7, we show vertical slices of the velocity field in Fig. 4.9 over-
laid with colored contours of iso-temperature (top panels) and iso-optical depth (bottom
panels). The direction of the flow is indicated with black streamlines; their width is propor-
tional to the amplitude of velocity. For comparison, we show the exact structure and vertical
extent of the equivalent 1D MARCS model to the left of each panel. Levels of temperature
and log 7., as well as the vertical black line showing the extent of the 1D HE models, are

placed at their respective geometrical height in comparison to the 3D model.

Firstly, it should be noted that the 1D HE models are much shallower than 3D RHD models
that simulate convection and turbulent motions from first principle. Secondly, as already
seen in 2D projections (Fig. 4.8), while the average structures are not too inconsistent
between 1D HE and 3D RHD, the crucial difference between the two types of model atmo-
spheres is in the presence of substantial horizontal inhomogeneities in all thermodynamic
quantities (T, p, Py, 10g 7,0, €tc.) associated with horizontal and vertical mass motions. In
all 3D models, multiple regions of pronounced downward motions are observed, with some
extending across the entire vertical simulation domain. In between these regions, there are
upflows of smaller vertical amplitude, however, typically much greater horizontal extent.
These upflows pivot near the optical surface, which leads to the familiar granular pattern
observed at the surface (e.g. Stein & Nordlund 1998; Nordlund et al. 2009).

Fig. 4.9 clearly shows that the flow pattern disrupts the iso-T and log 7, surfaces from
the simple linear stratification seen in hydrostatic models, and these undulations in T and
opacity are highly correlated. The curvature is especially pronounced in the hotter models
(bottom panels in Fig. 4.9). The updrafts pull the hotter material along, bringing it closer
to the surface, while the downdrafts mix cooler surface material deeper within the star.

This has significant implications for the opacity and consequently for the optical depth.
Specifically, in the inter-granular lane the same optical depth is achieved at much larger
geometric depths in the atmosphere, compared to the granule itself. In other words, one
can see deeper into the inter-granular lanes than into the granules. For the 6500K model,
the (vertical) geometric extent of the iso-log 7, surface may exceed 400km. By anal-
ogy, the vertical location of the isothermal surface changes by the same amount depending
on the horizontal position. In the optically thin layers, also a very large difference is ob-
served between the temperature of the granules and of the inter-granular lanes, leading to
an approximately 1 000K difference between these two main morphological components
of the velocity field. In general, the inter-granular velocity field, its downward extent, and
influence on atmospheric structure become more significant with increasing effective tem-

perature and/or decreasing the surface gravity of the models (Magic et al. 2013a).
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Figure 4.9: Vertical slice through the 3D RHD simulation domain for two selected MS stars
(see Tab. 4.2) with solar metallicity, log g = 4.5, and T, = 5500K and 6500 K. Note the dif-
ferences in the vertical sizes of the boxes. Coloured contours corresponds to iso-temperature
(left) and iso-log 7. surfaces (right). To the left of each panel, the geometric extension
and respective profile of the corresponding 1D HE MARCS model, computed using the same
stellar parameters (T, log g, [Fe/H], and micro-turbulence of 1kms™') is shown.

4.4.4 Solar Spectrum: Validation and Examples

The main aim of our work is to develop a self-consistent framework to compute model
atmospheres and spectrum synthesis with detailed line formation in NLTE, with as far as
possible consistent micro-physics. In this section, we present an analysis of synthetic line
profiles for the Sun, computed using two approaches. In one approach, we test the influence
of spatial resolution in 3D RHD simulations (Sec. 4.4.1) on the properties of spectral lines.
This has already been explored earlier in the context of atmospheric structure.

In the second approach, we test the influence of the spatial resolution in the post-processing
spectrum synthesis, which is carried out as described in Sec. 4.3.7. Two tests are performed
to assess the needs in terms of precision of the thermodynamic structure of the M3DIS 3D
RHD model, as well as in terms of spatial resolution in the post-processing spectrum synthe-
sis calculations. The latter aspect was also addressed in Bergemann et al. (2019) for Mn I
and in Bergemann et al. (2021) for O I lines. We use LTE line formation because it provides
a more stringent test of the sensitivity of line formation to the local underlying atmospheric

structure. In all cases presented here, the radiation transfer is computed in full 3D.

In Fig. 4.10 we show a simplified diagram of line formation in inhomogeneous atmospheres.
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Figure 4.10: Simplified diagram of line formation in inhomogeneous atmospheres. Left
panels: Temperature (top) and vertical velocity (bottom) slices at the optical surface. Right
panels: Fe I 5432 A line intensity emerging from different locations on the stellar surface.

This diagram helps to visualize the connection between the structural properties of 3D
models, specifically, temperature, density, and convective velocity fields, and the observed
quantities, that is, the emergent spectrum. We illustrate how the Fe I line at 5432 A vary
throughout the simulation cube and graphically identify the main features that follow from
the complex temperature distribution and form the complex velocity structure within the
granules and inter-granular lanes.

Linelist

For these two tests, we use the hydrogen Balmer H, line and a set of diagnostic Fe I lines.
The Fe I lines were carefully chosen from the atomic data compilations published by the
University of Wisconsin group®, the VALD database®, and the Gaia-ESO linelist (Heiter et al.
2021). The line selection procedure was iterative and involved manual inspection of the line
profiles in the observed solar spectra (to avoid blended features), lines with reliable log g f

values (as, for example, given by the Y flag in the Gaia-ESO compilation) and relevance for

*https://github.com/vmplacco/linemake/tree/master/mooglists
*http://vald.astro.uu.se
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Figure 4.11: Comparison of H, and Fe I line profiles computed with M3DIS, but with dif-
ferent spatial resolutions used in 3D RHD model calculations (left column) and in the post-
processing spectrum synthesis (right column). For the results presented on the left-hand
side, we adopt models C and D from Tab. 4.2, respectively, where D (Ny x Ny x N,) =
(300,300, 150) is our reference. For the results presented on the right-hand side, we use
3 characteristic spatial resolutions that differ only in horizontal resolution of (N, x N;) =
(10,10) (low—res.), (30,30) (med.—res.), and (80,80) (high —res.). For Fe I, we also
show for comparison the profile computed a very high horizontal resolution of (150, 150)
in spectral synthesis. See text.

diagnostics of the Sun (based on Magg et al. 2022b) and for metal-poor stars as gauged by
the availability in the University of Wisconsin compilation. We also aim to sample a range
of strengths, excitation potentials, and wavelengths from 5000 to 9000 A, the range that is
used for optical spectroscopic surveys. With all these selection criteria, our final list includes

22 Fe I lines. Their parameters are provided in Table 4.4.

Influence of 3D RHD Model Resolution

In the left panels of Fig. 4.11 we compare the H, and Fe I line profiles calculated using our
reference M3DIS solar model D (Tab 4.2) with the profiles computed using the model with
the highest vertical resolution of 5 km (C) which corresponds to (x,y)= (390,390, 390). We
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stress that in this test (in contrast to the second test performed below), the model struc-
ture is different, whereas the resolution of spectrum synthesis is unchanged. The profiles
correspond to the averages over four snapshots taken at time intervals of 100s. The agree-
ment of the line profiles is very good, especially for H,, which has been traditionally used
(e.g. Barklem et al. 2002; Mashonkina et al. 2008; Ruchti et al. 2013) as a diagnostic of
the atmospheric structure of FGK-type stars and consequently represents an important T,

indicator.

For Hg, we find small differences in the line wings, corresponding to the difference of order
20 to 50K. Also, for the Fe I lines, the agreement between LTE profiles computed at different
resolutions in the RHD calculations is excellent. This is further illustrated in Fig. 4.12,
where we show the error incurred in the Fe abundance corresponding to the difference
in structure between the high- and very high-resolution 3D RHD models. For most Fe I
lines, the error is within 0.01 dex and there is no systematic trend with the line equivalent
width. Lines with a slightly larger (positive) error of +0.015dex are all near-IR lines with
wavelengths = 8000A, while the features with the negative error are those towards the
blue, at A ~ 5000 A. Overall, however, the impact of the resolution in RHD calculations
appears to be modest, which suggests that our standard geometric setup (corresponding to
that of model D in Tab. 4.2) can be reliably used for modeling MS FGK-type stars.

Influence of Spatial Resolution in Spectrum Synthesis

In the second test, we compare and test different spatial resolutions used in the post-
processing spectrum synthesis, while using the same underlying 3D RHD model. This test
is valuable because the motivation behind our work is the computationally expensive so-
lution of the NLTE problem. In this context, decreasing the horizontal resolution during
the calculations of departure coefficients offers a huge computational speed-up compared
to solving coupled RT and statistical equilibrium equations at each iteration. Therefore, it is
important for us to find a balance between the computational demands and the complexity
of the approach. Such a horizontal down-sampling is among the most powerful means to

achieve the speed-up, and we explore this approach in this section.

The model is re-sampled on the geometrical scale using linear interpolation. The number of
vertical points is chosen to be 299, which is exactly twice the number of grid points in our
best solar model (D), minus 1 point (see Tab. 4.2). This ensures that every second grid node
coincides with the original grid of the snapshot to minimize interpolation errors, which is
more relevant in the vertical direction. We find that the effect on spectral lines is small. In
Fig. 4.11 (right panel), we illustrate the effect for the H, line, as well as for one of the optical
Fe I lines at 6065 A. The comparison is performed for three models, each down-sampled to
an effective spatial resolution of (x,y,z) = (10,10,299), (30,30,299), and (80,80,299),

respectively. Each profile corresponds to the average of a series of nine snapshots.
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Spatial resolution in 3D RHD model calculations

\ I e B A
0.10 B
0.05 B
— : ) [ :
fli b eevenennns ... ........... : ...... .: ....................... ® .’ .................... N
Z OOOH .................................. .. ................. " ......................... 'H
< L i
.0.05 -
010 -
i | | | | | | | | | | | | | | | | | | | | | 1

0 20 40 60 80 100 120 140

Equivalent width (mA)

Figure 4.12: Error incurred in the Fe abundance as a function of equivalent line width
corresponding to the difference between the high and very-high resolution models D and
C, respectively. The horizontal lines show the 0.01 dex mark, to guide the eye. The ranges
of y-axes are chosen deliberately to illustrate the typical error in abundances caused by the
error of atomic data that, for diagnostic solar lines, ranges from 0.03 to 0.1 dex (Magg et al.
2022b).

As seen in the right panels of Fig. 4.11, for H,, the synthetic profiles remain very close
as long as the horizontal resolution in the spectrum synthesis calculations exceeds (x,y)=
(10,10). This is in agreement with our earlier studies (Bergemann et al. 2019), where we

found a very small effect on the profiles of Mn lines.

For Fe I, we also show the effect of very high horizontal resolution, thatis, (x,y) = (150, 150).
Here, we find that the profiles computed with the model at (x,y) = (10, 10) are slightly
stronger compared to the profiles computed at (x,y) = (30,30), (x,y) = (80,80), and
(x,y) = (150, 150), whereas the latter three simulations are in excellent agreement. Com-
paring other line profiles, we find that the effect of low spatial resolution in spectrum syn-
thesis slightly over-estimates the strength of line profiles and thus may under-estimate the
Fe abundance by ~ 0.02 to 0.05dex. This is a typical uncertainty that shall be accounted for
in abundances inferred through fits of LTE synthetic spectra, when low horizontal resolution

is employed.

Such tests are vastly more time-consuming and require substantially more computational re-
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Figure 4.13: Comparison of the observed solar Fe I lines from the FTS KPNO flux atlas
(Kurucz et al. 1984) with the synthetic line profiles computed using our 3D RHD Dispatch
model (3D RHD) and the MARCS solar model (1D hydrostatic). For both models, the same
iron abundance of A(Fe)= 7.50 was used. To compute the MARCS line profiles, we addition-
ally include a microturbulence of 1kms™!. Except the solar rotation, no other broadening
was applied and the synthetic lines were not fit to the observations in any way.
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sources in NLTE; however, in NLTE the effects are expected to be smaller. This is because the
effects of differences in temperature and density are usually amplified in LTE calculations,
due to the direct coupling of opacity and the source function to the local value of temper-
ature. In contrast, in NLTE line opacity and source function are strongly influenced by the
background non-local radiation field, especially in the blue and near-UV regimes, which
form deeper in the atmosphere of FGK-type stars. This decoupling effectively eliminates the

strong temperature dependence of the source function (Bergemann et al. 2012a).

While it may appear surprising at first that an under-sampling where horizontal structures
are certainly severely degraded can still produce accurate results, it should be realized that,
on the other hand, there is in some sense an over-representation of structures, with several

granules providing samples at any one time and with several (here nine) samples in time.

Finally, in Fig. 4.13 we show the final line profiles of the Fe I lines compared to the very
high-resolution solar flux observations from the KPNO FTS atlas (Kurucz et al. 1984). We
overlay the results obtained from the radiation transfer calculations with our high-resolution
reference M3DIS 3D RHD solar model (Tab. 4.2) and from the MARCS 1D HE solar model.
In both cases, we use the same Fe abundance of A(Fe) = 7.50 and apply a broadening of
1.6kms™! to account for solar rotation. In the 1D HE case, we also include the standard

1

microturbulence of 1kms™. No other velocities have been included as we want to avoid

arbitrary fine-tuning of the models.

Clearly, the 3D RHD modeling leads to a much superior description of the asymmetric shapes
of the observed line profiles compared to the 1D results. The latter, in virtue of the underly-
ing assumptions of micro- and macro-turbulence, always predict perfectly symmetric profiles
(note that this is distinct from the effects of isotopic structure or hyperfine splitting), thus
failing to explain the deeper wings and shallower line cores. In addition, the 3D models
successfully account for the characteristic blue-shifts of the lines. This reinforces the evi-
dence that 3D RT modeling is indispensable for accurate and precise stellar spectroscopy to
obtain realistic synthetic stellar fluxes and intensities, and consequently to derive accurate

fundamental stellar parameters by comparing models with observations.

4.5 Conclusions

In this work, we present a new framework to solve radiation-hydrodynamics and detailed
radiation transfer in LTE and NLTE, in order to model sub-surface stellar convection and
calculate synthetic observables for FGK-type stars. We build upon the Copenhagen legacy
RHD code, also known as the STAGGER code, the MULTI3D NLTE radiation transfer code,
and the DISPATCH high performance computing framework (Nordlund et al. 2018). Here

we outline the physical basis of the code, the key numerical properties, and updates to
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Table 4.3: Model properties of M3DIS solar models.

Model Tog log(g)[Fe/H] composition HD solver EoS Npins
M3DIS (A) 5923.5+7.7K 4.44 0.0 Magg et al. (2022b) HLLC  Gerber et al. (2023)* 7
M3DIS (B) 5858.9+14.8K 4.44 0.0 Magg et al. (2022b) HLLC Gerber et al. (2023)* 7
M3DIS (C) 5786.0+9.6 K 4.44 0.0 Magg et al. (2022b) HLLC Gerber et al. (2023)* 7
M3DIS (D)5808.2+14.8K 4.44 0.0 Magg et al. (2022b) HLLC Gerber et al. (2023)* 7
Stagger 5768.51 K 4.44 0.0 Asplund et al. (2009) Runge-Kutta Mihalas et al. (1988) 12
C0°BOLD 5781 K 4.44 0.0 Grevesse & Sauval (1998)**Roe Riemann Wolf (1983) 12

Notes. For all models presented in this table the opacities from Gustafsson et al. (2008)
were used.

* The EoS is computed using TURBOSPECTRUM v20, which is consistent with MARCS in
terms of chemical equilibrium.

** except CNO

the input microphysics, and illustrate the gain in computational performance of the code,
applying it to the simulations of sub-surface convection of the Sun and several stars on the
MS.

Specifically, we show that with the new DISPATCH framework 3D RHD models with geomet-
ric and physical properties suitable for stellar spectroscopic modeling can now be computed
— from scratch — on timescales of only a few thousand CPU hours, doable on medium-size
computer clusters. Also, very high-resolution calculations, for example with vertical resolu-
tion of up to 6 km throughout the entire simulation domain, can be carried out conveniently
with much more modest computations, compared to other available codes, permitting de-

tailed systematic analysis of physical properties of the models at much smaller length scales.

We demonstrate how the updates to the code in terms of microphysics influence the basic
observables for the Sun, specifically the bulk spectral energy distribution and the center-
to-limb variation for the continuum, by comparing the model predictions with the data
from Neckel & Labs (1994). We show that similarly to other models, such as STAGGER and
CO°BOLD, our new models reproduce well the solar observations, with a minor difference
in the blue and near-UV regimes, around A < 400nm. This difference manifests itself in
slightly steeper center-to-limb intensity variations, but is common to other 3D RHD models
(Beeck et al. 2012; Pereira et al. 2013). For the optical and near-IR, the CLV is in excellent

agreement with the solar data.

Further, we perform an analysis of the influence of geometric resolution in 3D radiation-
hydrodynamic simulations and in the post-processing spectrum synthesis. We show that
low- and medium-resolution models are hotter at the surface and have slightly lower den-
sities and velocities in the sub-photospheric layers. However, models with high- and very-
high resolution show a high degree of consistency in their bulk thermodynamic properties,
which results in very similar synthetic observables. For our purposes, which primarily aim to

develop a method for characterization of stellar observations (such as spectra and photome-
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4.5 CONCLUSIONS

Table 4.4: Diagnostic lines of Fe I adopted for tests presented in this work.

A [A] state (low) state (up) loggf
5242.491 allé z1H5* -0.830
5379.574 b1G4 z1H5* -1.514
5618.632 z3P2* e3D2 -1.250
6027.051 c3F4 v3G5* -1.089
6065.482 b3F2 y3F2* -1.529
6165.360 c3F3 v3G4* -1.473
6173.334 a5P1 y5D0* -2.880
6200.312 b3F2 y3F3* -2.433
6213.429 a5P1 ySD1* -2.481
6246.318 z5P3* e5D3 -0.770
6252.555 a3H6 z3G5* -1.699
6430.845 a5P3 y5D4* -1.950
6725.356 y5D4* e3F4 -2.100
6750.151 a3P1 z3P1* -2.618
6810.262 y5P2* e5P3 -0.986
6843.655 y3F4* e3D3 -0.730
8471.743 x5D3* g5D3 -0.910
8514.071 a5P2 z5P2* -2.200
8621.601 b3G5 z3G5* -2.320
8784.440 x5D3* g5D4 -1.140
8905.991 x5F3* e5P2 -1.220
8945.189 x5F4* g5D3 -0.230

try), the spatial resolution of (N, x N, xN,) = (300, 300, 150) (in hydrodynamics, but double
vertical resolution in radiation transfer) is appropriate to achieve the desired precision of

the 3D structure.

In atmospheric layers above log 7., < —3, the vertical resolution has a systematic effect
of decreasing surface temperature, which can impact the cores of strong lines that probe
the outermost structure, such as H,, and may bias the spectroscopic results if these are
modeled in LTE. However, we show that the corresponding effect on abundance diagnostics
does not exceed 0.01 to 0.02 dex for typical diagnostic lines with equivalent widths of 20 to
140 mA. We also find that — as a result of sampling several multi-structure snapshots in time
— a spectrum synthesis horizontal resolution of (N, x N,) = (30,30) is fully sufficient for
precision diagnostics, as the corresponding error is smaller than the standard uncertainty
of the input atomic and molecular data. We expect even lower resolutions to be suitable for

NLTE calculations and encourage further studies of this kind.

This is the first work in the series that outlines the methodology, input physics, properties of
the simulations, and presents basic validation tests. In subsequent papers, we aim to expand

the parameter space of the simulations, probing the domain of more evolved stars, but also
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4.6 APPENDIX — SUPPLEMENTARY MATERIAL

cooler stars on the MS, to capture the entire parameter space of FGKM-type stars that are
in the prime focus of upcoming large-scale stellar surveys, specifically the 4MOST high-
resolution survey of the Galactic disc and bulge (de Jong et al. 2019; Bensby et al. 2019),
the SDSS-V Milky Way Mapper (Kollmeier et al. 2017; Straumit et al. 2022), and PLATO
(Rauer et al. 2014; Gent et al. 2022). As we develop the approach and methodology, we
will put a substantial effort into developing an easily accessible and secure repository for
public access, building on our experience with 1D HE model atmospheres and departure
grids (Gerber et al. 2023) and NLTE abundance corrections®. The version of DISPATCH, on
which the present code is built, is not publicly available yet. However, there are plans to also
release the code in the near future. M3DIS stellar models will thus provide a qualitatively
new basis for accurate and precise diagnostics of fundamental stellar parameters and the

detailed chemical composition of stars.

4.6 Appendix - Supplementary Material

In Fig. 4.14, we show the horizontally averaged profiles of temperature (top), density (mid-
dle) and vertical velocity (bottom) against the Rosseland optical depth for three models of
Sun-like stars computed using our new M3DIS code. The profiles show that the hotter model
structures (corresponding to T = 6500 K) are characterized by lower densities and higher
flow velocities, compared to the lower T,; model atmospheres. This implies that the impact

of convective motions and inhomogeneities on spectral lines is larger for hotter stars.

In Fig. 4.15, we compare the gas pressure versus temperature for the spatially averaged pro-
files of 3D RHD solar model atmospheres computed with different codes (M3DIS, STAGGER,
and CO°BOLD), with the corresponding profile of the standard 1D hydrostatic MARCS model
atmosphere. The latter is characterized by systematically higher gas pressures and densi-
ties compared to the 3D models, with differences exceeding 10 % in the inner atmospheric

layers at log 7, = O.

In Fig. 4.16, we show the 3D synthetic profiles of remaining Fe I lines from Table 4.4 in

comparison with the observed solar flux data. See Fig. 4.13 for more details.

®nlte.mpia.de
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Figure 4.14: Average temperature and density profiles for three selected M3DIS models of
solar-like stars.
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Figure 4.15: Comparison of average temperature and gas pressure profiles for M3DIS,
STAGGER, CO°BOLD, and MARCS solar model atmospheres. We also show different versions
of the MARCS models, computed with and without turbulent pressure, and with different
mixing length parameters a.
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Figure 4.16: As Fig. 4.13, for the remaining Fe I lines from table 4.4.
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5 M3DIS - 3D RHD Stellar Atmospheres:
Carbon-enhanced Metal-poor Stars

There are countless applications of the newly created DISPATCH infrastructure, which was
introduced and tested in Sec. 4. One major advantage is the consistency between micro-
physics included in EoS and opacities, which are used to determine the radiative heating
during the simulation of the atmosphere and post-processing spectrum synthesis. The ability
to generate monochromatic opacity tables using MULTI3D@DISPATCH furthermore makes
the computation of chemically peculiar atmosphere models, which do not align with the
common Galactic abundance trend, straightforward. One of the most interesting groups of
stars in this context are CEMP stars, as they appear to contain highly non-solar C abundance

fractions, while being generally very metal-poor at the same time.

Because C — and specifically its most abundant molecules CH, CN, and CO - contribute to
the overall line opacity in the upper layers of FGK-type stellar atmospheres (e.g. Gustafsson
et al. 1975; Alexander & Ferguson 1994), the question arises to what extent the atmo-
spheric temperature and density stratification of CEMP stars is influenced by their highly
non-standard composition. It was furthermore noted already by Asplund et al. (1999) that
especially in metal-poor stars the atmospheric structure predicted by 1D HE models becomes
increasingly un-physical due to the oversimplified energy transport, which means that large

3D — 1D departures are expected for abundances of specific elements.

It is unfortunate that C abundance measurements of Galactic stars mostly rely on the 1D
HE synthesis of the CH G-band, where the number density of CH molecules is determined
from the molecular equilibrium, which itself is highly sensitive to the temperature of the
atmosphere (Eq. 2.43). Since it is explicitly the amount of [ C/Fe] that is the responsible for
the classification of CEMP stars, it becomes clear that — depending on the magnitude of the
3D — 1D effect — there may be a significant impact on the Galactic CEMP distribution and
hence the understanding of early Galaxy formation and evolution. In total, this means that

classical C abundance measurements of CEMP stars require urgent revision.
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5.1 ABSTRACT

The content of the remaining chapter has been submitted as Eitner et al. (2025, subm.) under
the title “M3DIS — A grid of 3D radiation-hydrodynamics stellar atmosphere models for
stellar surveys. II. Carbon-enhanced metal-poor stars”. The paper is currently still under
review. Minor modifications to format and text have been made in the context of this thesis. As

the work presented here is a collaborative effort, I use the plural pronoun “we” instead of “I”.

* Title: M3DIS — A grid of 3D radiation-hydrodynamics stellar atmosphere models for
stellar surveys. II. Carbon-enhanced metal-poor stars

* Authors: Eitner, P ; Bergemann M. ; Hoppe, R. ; Storm, N. ; Lipatova, V. ; Glover, S. C.
O. ; Klessen, R. S. ; Nordlund, A. ; Popovas, A.

* Submission to: Astronomy & Astrophysics
* Submission Date: May 2025

The main scientific work was conducted by me, with invaluable contribution of the co-authors.
All model atmospheres, as well as spectra, and the corresponding analyses were done by me.
In the process of the paper; significant updates were made to the radiative transfer solver and
the overall code stability, which were implemented in close collaboration with R. Hoppe, A.
Nordlund, and A. Popovas. The paper greatly profited from the expertise of R. Klessen on

understanding the first stars.

5.1 Abstract

Understanding the origin and evolution of CEMP stars is key to tracing the early chemical
enrichment of the Galaxy. In this work, we investigate how physically realistic 3D RHD,
carbon-enhanced model atmospheres affect the inferred carbon abundances in CEMP stars,
and assess the implications for their classification and for GCE. We pay particular attention

to the systematic biases introduced by traditional 1D HE models.

We use the M3DIS code to compute 3D RHD model atmospheres for MS and sub-giant stars
spanning a wide range of metallicities and carbon enhancements. Synthetic spectra of the
CH G-band are calculated using full 3D radiative transfer, and compared to spectra from
classical 1D HE MARCS models. We derive abundance corrections and apply them to a large
literature sample of metal-poor stars from the SAGA database to quantify systematic effects

on the carbon abundance distribution and CEMP classification.

Our new 3D CEMP models predict significantly cooler upper atmospheric layers than those
present in 1D HE models, resulting in stronger CH absorption and lower inferred carbon
abundances by up to —0.9 dex at the lowest metallicities. Carbon enhancement in the at-
mosphere itself increases molecular opacities and leads to radiative re-heating, which partly

offsets the adiabatic cooling in 3D models and reduces the magnitude of 3D — 1D abun-
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5.2 INTRODUCTION

dance corrections. Applying these corrections lowers the CEMP fraction by up to 20 % be-
low [Fe/H] = —3, and furthermore alters the relative contribution of CEMP sub-classes.
In particular, the fraction of CEMP-no stars increases while the number of stars classified
as CEMP-r/s decreases, owing to the downward revision of absolute carbon abundances.
These changes bring the Galactic carbon abundance distribution into better agreement with
GCE models that assume a contribution from faint supernovae of 20%. Physically realis-
tic model atmospheres are thus essential for reliable reconstruction of the early chemical
enrichment history of the Galaxy.

5.2 Introduction

CEMP stars are of major interest in modern astrophysics. Chemical abundances measured
in spectra of these stars are relevant for understanding the properties of type II supernovae
events (SN II) in the early Galaxy, nucleosynthesis, formation and evolution of binary stars,
the stellar initial mass function, the metallicity distribution function of the Galactic halo,
and the production sites of neutron-capture elements (Beers & Christlieb 2005; Aoki et al.
2006; Hansen et al. 2018).

It is common to distinguish CEMP stars by categories based on the presence of elements
synthesized in the slow- or rapid neutron-capture processes (s- and r-process, Hirschi et al.
2006). The categories include stars with enhancements in either of the two channels exclu-
sively (CEMP-s and CEMP-r, respectively), both (CEMP-r/s), or none (CEMP-no), and each
category is thought to probe a different formation environment (e.g. Masseron et al. 2010).
CEMP:-s stars are viewed as products of enrichment by a post-AGB companion in a binary sys-
tem (McClure & Woodsworth 1990; Lucatello et al. 2005; Starkenburg et al. 2013; Hansen
et al. 2016b), although some CEMP-s stars appear to be single, which might indicate that
they formed from the ejecta of a massive, fast rotating source star with a late mixing event
(Choplin 2017). In contrast, CEMP-r stars show strong enhancement of r-process elements,
such as Eu (Sneden et al. 2003), and are thought to form from matter that became chemi-
cally polluted by either a CC supernova (electron-capture or magnetorotating), NS-NS, or
NS-BH mergers (Frebel & Norris 2015; Coté et al. 2017; Hansen et al. 2018; Kobayashi
et al. 2020b).

The formation history of CEMP-r/s and CEMP-no stars is less clear. Regarding CEMP-r/s,
there is evidence of a contribution from the r-process (Aoki et al. 2006) from an SN II.
Alternative explanations include enrichment of the s process by a thermally pulsating AGB
companion (Masseron et al. 2006) and neutrino-driven winds from the accretion-induced
collapse of an O-Ne-Mg WD (Cohen et al. 2003; Jonsell et al. 2006; Kobayashi et al. 2020b).
CEMP-no stars are among the most metal-poor stars observed (Christlieb et al. 2002; Hansen

et al. 2016a) and show no significant enrichment in the r- or s-process (Spite et al. 2013).

123



5.2 INTRODUCTION

Table 5.1: Summary of M3DIS radiation-hydrodynamics code features.

Feature Description

Code Name M3DIS —Models in 3D @DISPATCH (Eitner et al. 2024;
Nordlund et al. 2018)

Dimensionality Full 3D

Physics Included Radiation and convection

Applications FGKM stars; any log g; any metallicity

Opacity Sources 92 elements; electron and Rayleigh scattering;
molecules

Boundary Conditions Top: Open, in-/outflows, exponential p drop, con-

stant e/m; Bottom: Open, outflows free, inflows
maintain entropy (via ghost zones)

Time Integration Explicit; local CFL time step from gas velocity, radiative
heating and radiative diffusion

Grid Type Eulerian; uniform in all directions
Hydrodynamics Solver HLLC Riemann solver (Fromang et al. 2006)

Radiative Transfer Short-characteristics; conservative on staggered mesh;
8 frequency bins; 4 ¢, 2 u angles, plus disk-center rays

This can be interpreted in the framework of different scenarios, including nucleosynthesis
in faint low-energy SNe (Umeda et al. 2005; Tominaga et al. 2007; Nomoto et al. 2013;
Kobayashi et al. 2020b), hypernovae (Heger & Woosley 2002; Limongi et al. 2003; Nomoto
et al. 2013), nucleosynthesis in C-rich winds of rotating massive stars (Hirschi et al. 2006;
Meynet et al. 2006), and early-AGB stars (Masseron et al. 2010, and references therein).

The analysis of C abundances in the atmospheres of CEMP stars is primarily based on the
spectroscopic diagnostic of the so-called G-band (e.g. Placco et al. 2016; Placco & Beers
2016; Francois et al. 2018; Norris & Yong 2019). The G-band represents the fundamental
A-X transition of the CH molecule (Masseron et al. 2014; Popa et al. 2023) and is therefore
highly sensitive to the abundance of C and the temperature gradient in stellar atmospheres.
The G-band has been extensively studied using 1D LTE models (e.g. Lai et al. 2007; Roederer
et al. 2014; Jacobson et al. 2015; Lee et al. 2013, see also Suda et al. 2008, 2017 and ref-
erences therein), but recent analyses also explored the formation of the G-band in 3D RHD
model atmospheres of metal-poor dwarfs and red giants (e.g. Collet et al. 2007; Bonifacio
et al. 2013; Gallagher et al. 2016, 2017; Collet et al. 2018).

In this work, we investigate the effect of carbon enhancement on the structure of stellar
atmospheres in realistic 3D RHD simulations introduced in our previous work (Eitner et al.
2024). We further study and quantify the impact of 3D convection on the diagnostics of C
abundances from stellar spectra. We then analyze the results with respect to CEMP statistics

in the Galaxy and discuss implications for the formation and evolution of CEMP stars.
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5.3.2 MODEL ATMOSPHERES

This section is organized as follows. In Sec. 5.3, we briefly introduce the stellar observations
used in this work, followed by a description of the M3DIS code and model parameters. In
Sec. 5.4, we present our new 3D RHD model atmosphere calculations, including a compar-
ison with 1D HE MARCS models, the spectrum synthesis of the CH G-band, and the analysis
of CEMP abundances in 3D, along with a discussion of their implications for Galactic CEMP
populations. Finally, in Sec. 5.5, we summarize our findings and discuss their implications
for the study of CEMP stars and GCE.

5.3 Methods

5.3.1 Stellar Observations

In this work, we rely on stellar C abundances provided in the Stellar Abundances for Galactic
Archaeology database! (SAGA, Suda et al. 2008, 2011, 2017). SAGA is a comprehensive
source of abundances and stellar parameters for stars in the Milky Way and its satellites,
with a particular focus on metal-poor stars. The data is based on published, peer-reviewed
sources and has a particular focus on the homogeneity of the measurements, such that the
abundances are derived from 1D LTE synthetic spectra (Suda et al. 2008).

This study concentrates on MS and sub-giant stars. We thus exclude stars with surface
gravity logg < 2.7 from the data set. We gather parameters for each star, including the
effective temperature T, log g, along with [Fe/H] and [C/Fe]. Given the limited data on Eu
and Ba abundances, we do not demand measurements for our entire sample, as this would
greatly reduce the number of targets. This makes it difficult to differentiate between CEMP-
no, CEMP-s, and CEMP-r/s stars. However, according to Yoon et al. (2018), a classification
into Groups I, II, and III based solely on [C/Fe] and [Fe/H] is feasible, enabling a rough

differentiation of CEMP-no stars from those with increased n-capture elements.

In total, our sample contains 3192 stars with sub-solar metallicities, [Fe/H] < 0, out of
which 1745 have a measured [C/Fe] abundance, with 541 exceeding [C/Fe] > 0.7 and
hence can be classified as CEMP (Yoon et al. 2018). References to individual datasets along
with stellar parameters and abundances (original and 3D — corrected values) are provided

as supplementary material via CDS.

5.3.2 Model Atmospheres

In this work, we rely on the M3DIS (Models in 3D@DISPATCH) code within the DISPATCH
framework (Nordlund et al. 2018) for generating 3D RHD stellar atmospheres, which has
been introduced and extensively tested by Eitner et al. (2024) (Sec. 4). In short: M3DISsolves

'http://sagadatabase. jp/
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Table 5.2: Stellar parameters and carbon abundances of the 3D RHD M3DIS CEMP model
atmospheres explored in this work. Here, N; corresponds to the number of grid points in
dimension i. In the last column, we quote the horizontal extend of the corresponding model
atmosphere. Note that the vertical extend is half that number. For every CEMP model below
we generated a scaled-solar ([C/Fe] = 0) counterpart. For each model, convergence was
achieved in less than 3500 CPU-h.

T log(g) [Fe/H] [C/Fe] A(QC) Resolution Size
K dex dex dex dex N, x Ny X N, Mm

5750 4.5 -6 4 6.56 240% x 120 5.2
5750 4.5 -5 3 6.56 240% x 120 5.2
5750 4.5 -4 2 6.56 2402 x 120 5.1
5750 4.5 -3 1 6.56 240% x 120 5.2
5750 4.5 -2 1 7.56 240% x 120 5.4
5250 3.0 -6 4 6.56 240% x 120 140
5250 3.0 -5 3 6.56 240% x 120 140
5250 3.0 -4 2 6.56 2402 x 120 140
5250 3.0 -3 1 6.56 2402 x 120 150
5250 3.0 -2 1 7.56 240% x 120 160

the HD equations together with the RT equation to calculate the radiative cooling, which
in turn contributes to the energy balance of the atmosphere. The code relies on a HLLC
Riemann solver for advancing the simulation in time (Fromang et al. 2006), and on short-
characteristics radiative transfer in two u (polar) and four ¢ (azimuthal) angles, plus up-
ward and downward vertical rays, assembled in a Gauss-Radau quadrature. The main fea-
tures of the models can be found in Table 5.1.

The RT is solved in the multi-group approximation (Nordlund 1982; Ludwig et al. 1990),
such that monochromatic opacities and source functions are collected into eight bins based
on wavelength and formation height within the respective atmosphere. The selection of
opacity bin edges is done automatically using a k-means clustering approach. Monochro-
matic opacities are calculated together with internal energy and gas pressure, i.e. the EoS,
on a grid of 151 x 151 log p —log T points using the updated version of MULTI3D (Leenaarts
& Carlsson 2009), also within the DISPATCH framework. Scattering due to free electrons
and Rayleigh scattering (H I, H,, He I) is treated as true absorption in the optically-thick part
of the opacity table, and it is not excluded in the optically-thin regime. This is a common
approach in 1D (Gerber et al. 2023) and 3D (Collet et al. 2011) calculations. Opacities and
source functions are computed under the assumption of LTE in the context of computing
surface cooling. For more details, see the description by Eitner et al. (2024) and Appendix
5.6.

In addition to its computation speed, the main advantages of M3DISare the highly flexi-
ble and consistent opacities and EoS, which make the simulation of stars with a non-solar

chemical composition relatively straightforward. To investigate the impact of carbon abun-
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dance on the atmospheric structure itself, we first compute scaled-solar [C/Fe] composition
(relative to Magg et al. 2022b) opacity and EoS tables at [Fe/H] = —6,—5,—4,—3, and —2.

Second, we calculate carbon-enhanced opacity tables such that at [Fe/H] < —3 we ad-
ditionally have C-enhanced atmospheres with the same constant A(C) = 6.56, while at
[Fe/H] = —2 we keep the C-enhancement fixed at [C/Fe] =1, A(C) = 7.56 (in agreement
with the Galactic CEMP abundance trend, e.g. as reported by Yoon et al. 2016, Fig. 1).

Because the computation of 3D RHD stellar atmosphere models is computationally expen-
sive, previous studies relied mainly on a single representative set of stellar parameters
(e.g. Gallagher et al. 2017; Collet et al. 2018). To minimize uncertainties originating in
the variety of stellar parameters in the data sample, we create solar-like MS models at
T.¢ = 5750K, log g = 4.5, and cooler sub-giants at T,; = 5250K, log g = 3.0 for all chem-
ical compositions. The chosen parameters represent a compromise between spanning the

full range of stellar parameters and accurately reflecting the bulk of the distribution.

To ensure a satisfactory resolution, the number of grid points has been set to 240 x 240 x 120.
The physical size of the simulation domain has been limited between the average Rosseland
optical depth of log7,,, = —6 and +6.5, which sets the geometric domain of the box.
This is done to ensure that the models are deep enough to recover the adiabaticity at the
bottom of the atmosphere and the relevant line-formation region of the CH G-band at the
top. The resulting geometric domain ranges from approximately 2.5 Mm for the MS 3D
models (vertically) to 80 Mm for the sub-giant models. Horizontally, the models are twice

as extended as vertically. A summary of the model parameters can be found in Tab. 5.2.

For comparison, we use the classical 1D HE, scaled-solar, LTE model atmospheres from the
MARCS grid (Gustafsson et al. 2008). To evaluate the effect of C-enhancement also in 1D
hydrostatic models, we furthermore obtained a carbon-enhanced MARCS model with stellar
parameters T4 = 5750K, logg = 4.5, [Fe/H] =—5, [C/Fe] = +3.0 that we can include in

the analysis (B. Plez, priv. conv.).

5.3.3 Spectrum Synthesis

Synthetic spectra in 1D and 3D are computed using the updated version of MULTI3D code
(we refer to Eitner et al. 2024 and Sec. 4 for details). The code includes extensive tables
of bound-free and free-free radiative cross-sections for 92 chemical elements and partition
functions of Irwin (1981). The occupation formalism is adopted for H I, following the HBOP
routine by Barklem & Piskunov (2003). The same code is used for calculations with MARCS

and with M3DIS model atmospheres, to ensure consistency between results.

We synthesize the CH G-band in LTE between 4297 and 4303 A with a wavelength spacing
of 0.001 A. In 3D, we down-sample the full cube horizontally to a resolution of 20 x 20 points
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Figure 5.1: Comparison of the mean temperature stratification between 1D scaled-solar
MARCS (red solid lines), 3D scaled-solar (blue solid lines), and 3D CEMP (blue crosses)
models against mean density (top) and optical depth at 500 nm (bottom). Left: MS model.
Right: sub-giant model. For the MS model in the left panels we furthermore include a CEMP
MARCS model (provided by B. Plez, priv. conv., shown with red crosses)
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using linear interpolation. This horizontal down-sampling is sufficient to provide reliable
profiles of spectral lines with abundance errors within ~ 0.01 dex compared to simulations
with a much higher horizontal resolution (Bergemann et al. 2019, 2021; Rodriguez Diaz
et al. 2024; Eitner et al. 2024, and arguments outlined in Sec. 2.1.5). The vertical resolution
is not down-sampled in the spectrum synthesis, but rather up-sampled to an adaptive grid
in the optically thin layers to better resolve regions with large opacity gradients. For more
information, see Hoppe et al. (in prep.). The final, re-sampled models have a resolution of
30 x 30 x 180 points.

5.4 Results

5.4.1 3D Model Atmospheres

We begin with a qualitative discussion of the properties of 3D scaled-solar and 3D carbon-

enhanced RHD model atmospheres in comparison to their 1D HE counterparts.

3D scaled-solar vs. 1D HE

First we compare the scaled-solar 3D RHD and 1D HE model atmospheres, computed us-
ing identical stellar parameters (T, log g, metallicity). For simplicity and to highlight the
main physical differences, we discuss the average temperature-density (T — p) profiles in
this section, but we emphasize that all subsequent spectrum synthesis calculations are per-
formed in full 3D using 3D cubes. In Fig. 5.1 we show the T — p (top) and T — v (bottom)
structures, where 7 is the optical depth of the MS (left, panels A and C) and of the sub-giant
(right, panels B and D). As a representative case, we show both models at [Fe/H] = —5 to
investigate their properties and illustrate the typical behavior observed across the full set of

models. All panels illustrate the respective atmosphere between —4 and 0 in log T

Comparing the 3D structures with their 1D counterparts, the dominant differences are ap-
parent towards the upper layers of the atmospheres. For the MS model (Fig. 5.1, panels A
and C), the mean 3D temperature structure starts to deviate from that of the 1D HE model
around optical depth log 7,, ~ —2. The 3D—1D difference reaches values of ~ —1 500K at
log 755, = —4. In those layers, the 3D RHD model is significantly and systematically cooler
than the 1D MARCS model, which is well-established and was extensively discussed in earlier
work on 3D models of very metal-poor (VMP) MS and red giant stars (Gallagher et al. 2016,
2017; Collet et al. 2018).

This difference is due to the fundamental property of convection, a process that is inherent to
3D RHD models, but is missing or parameterized by the MLT (Gustafsson et al. 2008) in 1D
HE models. In metal-poor stars, the atmospheric structure is dominated by adiabatic cooling

of rising, and hence expanding, fluid parcels of the gas. This is in stark contrast to stars with
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solar-like metallicity; in such conditions, the high metallicity leads to significant radiative
heating (Stein & Nordlund 1998), which counteracts the adiabatic cooling effect and implies
that the average 3D structure remains nearly in radiative equilibrium (e.g. Nordlund et al.
2009; Freytag et al. 2012; Magic et al. 2013a,b).

A very similar behavior can be seen in the structure of the 3D model of the sub-giant star
(Fig. 5.1, panels B and D). The 3D RHD model is over ~ —1 000K cooler compared to its
MARCS counterpart in the layers with log 75y, < —3. Although the effect is very large, it is
slightly less compared to that of the MS 3D model in the uppermost layers (log 75y, ~ —4).
One would naively expect that a sub-giant 3D model, due to lower pressure, would show
large deviations from the 1D HE model, compared to the MS case. However, there is another
interesting effect. The cooler overall structure of this model favors the formation of different
molecules, including CH, OH, and CO. Due to radiative re-heating, the temperature balance
of the 3D model hence is slightly closer to that of 1D HE MARCS model. We emphasize
that this difference is not a direct consequence of the C-enhancement - it is also present in
models with scaled-solar composition — but of the overall absence of metal absorbers in the

energy budget of the atmosphere.

3D CEMP vs. 3D scaled-solar

Comparing C-enhanced and scaled-solar 3D models directly (Fig. 5.1, blue crosses and
blue, solid lines, respectively), we find that for the VMP MS star (panels A and C), the
effect is modest compared to the 3D — 1D differences described above. At an optical depth
of log 755, > —3, there is no significant difference, while toward the upper limit of the
atmosphere, the mean temperature of the CEMP model is ~ 400K hotter at log 755, ~
—4. In the sub-giant model (panels B and D), the same effect of C-enhancement is already
noticeable at log 75y, ~ —2, with temperature differences of ~ 200 —300K throughout the
entire optically thin part of the atmosphere. Overall, the effect on the main sequence model
is ~ 100K larger around log 75,, < —4 than on the sub-giant. However, towards deeper
layers, log 75y, = —3, the scaled-solar sub-giant remains consistently cooler than its CEMP

counterpart, whereas the differences between the MS models are already negligible.

The reason for this additional heating in the CEMP models is found in the increased abun-
dance of C, which implies increased molecular abundances of CH, CO, and CN, a higher
molecular line opacity, and consequently more radiative heating of the upper atmospheric
layers. Because O — as well as N — remain at their scaled-solar values, specifically the CH
G-band is one of the main contributors to the line opacity beyond log 75,y ~ —2. In cooler
atmospheres with very low [Fe/H], this effect is most noticeable. First, this is because, al-
ready in the scaled-solar approximation, C is an order of magnitude more abundant than
Fe. Furthermore, the number densities of CH are higher in cooler systems, as chemical

equilibrium favors a higher CH/C for lower T values.
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The re-heating of the upper atmospheric layers induced by the C-enhancement hence pro-
duces the opposite of the 3D — 1D effect described in Sec. 5.4.1. We furthermore note that
there is no such effect in 1D HE MARCS models. To highlight this, we include one example
CEMP MARCS model with the same stellar parameters in panels A and C.

Due to its lower log g, the sub-giant model overall has a lower density at the same tem-
perature as the main sequence model. A consequence of this is that the formation height
of spectral lines generally shifts towards deeper layers in terms of optical depth. This ex-
plains the larger departures (3D CEMP —scaled-solar models) at optical depth log 75y, & —3
among the sub-giant models compared to the main sequence models (comparing the dif-
ference between blue lines and blue crosses in panel C with panel D) through the shift of
the molecular line heating contribution to deeper atmospheric layers. It may be noted that
decreasing the overall temperature causes the opposite effect, as the increase in molecular
number densities increases the opacity and hence generally shifts the contribution function

to a lower optical depth.

In 3D, there is an additional, interesting complexity; Increasing the effective temperature
raises the overall temperature in the upper layers. However, the presence of a considerable
temperature gradient in 3D results in layers just above the molecular-forming zones in cooler
models now being more favorable to molecule formation, as they remain sufficiently cool.
Consequently, in 3D, the molecular number densities in optically thinner layers increase,
which moves the formation height toward the stellar surface, regardless of the fact that

molecular lines overall weaken because of the higher overall temperature.

3D CEMP vs. 1D HE

Combining the results from Sec. 5.4.1 and Sec. 5.4.1, we now compare our M3DIS 3D CEMP
model atmospheres with 1D HE scaled-solar MARCS models. The difference between these
two model types is particularly important, as many studies rely on 1D scaled-solar MARCS
models for spectral synthesis and abundance analysis. This raises the question of whether

this simplifying assumption introduces systematic effects in the derived abundances.

To find the answer, we first show the full 3D temperature structure of both selected 3D CEMP
models at [Fe/H] = —5 in Fig. 5.2. For both models, MS (left-hand side) and sub-giant
(right-hand side), we used the C-enhancement of [C/Fe] = +3. The 1D MARCS models are
shown with red lines. The full 3D structure is indicated by the blue shading. We furthermore
show in the inset a horizontal slice of the same atmospheres, interpolated to the optical
surface at log 7,,., = 0. We note the very different scales and granular size between the MS
(left panel) and the sub-giant (right panel) models. The model of the MS star is, because
of much larger gravity, about 20 times smaller compared to that of a sub-giant simulation,

the latter exceeding 100 Mm in size.
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As described in the previous sections, the difference between 3D CEMP and 1D MARCS mod-
els is most striking in the optically thin layers of the atmosphere, where 3D CEMP models
are still significantly cooler, even though the difference is reduced by the C-enhancement-
induced re-heating. Both models converge towards the optical surface, the agreement is
best in proximity to T = 2/3, indicating a very similar effective temperature of the 1D and
3D models.

Toward the bottom of Fig. 5.2 we furthermore include horizontal bars, indicating the for-
mation region of the G-band. For this, we select a representative CH line, compute the
contribution function in its core for each model atmosphere, and use the location of its peak
as a proxy for the optical depth at which the G-band typically forms. We draw the horizontal
lines until 7,,,, = 1, which corresponds to the formation of weaker features, line wings, and
the continuum. We emphasize that the computation of the G-band formation region does
not affect the results or conclusions of this study; it is intended solely as a useful reference

to aid in the analysis of model differences and to support their physical interpretation.

In Fig. 5.2, it may be noted that the G-band forms slightly deeper within the atmosphere
of the sub-giant as compared to the MS model, which is a consequence of the significantly
lower surface gravity and hence overall lower density. This shift happens despite the lower
effective temperature of the 3D sub-giant model. In the 1D model the upper layers are
strongly dominated by radiative equilibrium — and hence the effective temperature — which
means the drop in temperature between the MS and sub-giant models is more significant,

the opacity rises and the formation region of the G-band shifts in the opposite direction.

The evolution of the differences between the 3D CEMP and 1D MARCS models with metal-
licity can be investigated in Fig. 5.3. For clarity, we refrain from showing the differences
between the full profiles as a function of optical depth for each metallicity. Instead, we
present a representative 3D-1D difference for each metallicity, calculated from the atmo-
spheric regions most relevant to the formation of the G-band. Accordingly, the data shown
in this figure is evaluated at the G-band formation height in each respective atmosphere, as

described in the previous paragraph.

In panel A of Fig. 5.3 the relative temperature difference is shown for the sub-giant models
(red, solid lines) and for the MS models (blue, dashed lines). We find that 3D CEMP models
are on average between 20% and 25% cooler than 1D HE models. At metallicities —6,
—5, and —4, there is no significant variation in the 3D-1D difference. At [Fe/H] = —3 the
differences begin to decrease and reach values around 5% at metallicity —2. In addition to
forming in cooler parts of the atmosphere, the G-band also forms in regions of lower density
(panel B), with log p5p/p1p between —0.6 dex in [Fe/H] = —6 and —0.3 dex at [Fe/H] = —2.
Note that this is true despite the fact that metal-poor 1D HE models generally are less dense

at the same optical depth (due to the hotter temperatures), and the data in panel B mostly
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Figure 5.3: Difference between 3D CEMP and 1D MARCS models as a function of metallicity.
Top: Relative temperature difference (percent). Middle: Logarithmic density differences
(dex). Bottom: CH/H number density fraction, where n* = ngy/ny is the CH number
density relative to the hydrogen number density. Blue, dashed lines correspond to T,¢; =
5750K, log g = 4.5 models, red, solid curves to T = 5250K, log g = 3.0. The differences
in each figure are computed at the representative formation height of the strong lines in the
G-band. See Sec. 5.4.2 for more information.
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reflects the differences in formation height through the exponential growth of density with
depth.

Additionally, it may be noted that the MS models show 3D CEMP effects similar to — if not
even slightly larger than — the sub-giant models, especially when considering the tempera-
ture differences (Fig. 5.3, panel A). However, at this stage, it is important to consider that
the molecular equilibrium, which ultimately determines the CH number densities and hence
directly influences the strength of the spectral lines in the G-band, is not a linear function
of temperature and density, but rather exhibits a temperature and density dependence as
dictated by the Saha equation (e.g. Carson 1992)
el o< Ec%n T3/2 ei’f:s_CTH s (5.1)
Ncy ZcH
where n, is the number density of species x, z, the partition functions and D the disso-
ciation energy of the CH molecule, which is set to 3.47eV (Popa et al. 2023; Storm et al.

2025, and references therein). To highlight this non-linear dependence, we include panel C

*
3

formation region as panels A and B. Here it becomes obvious that the number density of

showing the fraction of CH/H number densities n} /n7, — where n* = ncy/ny — in the same
CH/H molecules in the sub-giants deviate by a factor of ~ 1.2 more between 3D and 1D than
what is found in MS models. So, despite showing a slightly smaller 3D effect in tempera-
ture and density, the 3D effect is more prominent in the CH/H number density of sub-giants,
which will ultimately be reflected in the G-band and [C/Fe] abundance corrections (see Sec.
5.5).

Overall, it may be noticed that with increasing [Fe/H] the differences in the structure be-
tween 3D CEMP and 1D HE models decrease noticeably. The reason is that with increasing
metal content, radiative heating starts to dominate the overall energy budget of the pho-
tosphere. The consequence is that adiabatic cooling becomes less dominant in the outer
layers, which ultimately closes the gap between the average 3D structure and 1D HE MARCS

models, which do not include this cooling mechanism in the first place.

Our results are in a good agreement with work presented by Gallagher et al. (2016, 2017),
although a different code (CO°BOLD, Freytag et al. 2012) was used in that study and their
choice of stellar parameters does not fully overlap with that of our models. Gallagher et al.
(2017) furthermore note that if the abundance of O changes, this has an impact on the
number densities of the CO molecule. Consequently, the amount of free C available to form
CH is decreased. Whereas generally it would be of interest to test non-solar abundances of
different elements, in this work we do not explore the dependence on the C/O ratio. First,
because there is evidence for CEMP stars with only a very modest O enhancement (Bessell
et al. 2004; Iwamoto et al. 2005). In addition, most diagnostic OH features that are suitable

for O abundance measurements (Asplund & Garcia Pérez 2001) are located in the UV range,
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Figure 5.4: CH G-Band computed with M3DIS 3D and 1D MARCS model atmospheres. Black
solid lines represent the CEMP 3D model, blue dashed lines the corresponding scaled-solar
3D model. Red solid lines show the 1D MARCS model with the same stellar parameters. Top:
T = 5750K, log(g) = 4.5, bottom: T4 = 5250K, log(g) = 3.0.

which is extremely sensitive to NLTE effects in metal-poor stars (Bergemann & Nordlander
2014; Lind & Amarsi 2024). Furthermore, no 3D NLTE C/O ratios are available for CEMP
stars (Collet et al. 2018).

We also note that Gallagher et al. (2017) focus on a hot sub-giant with metallicity —3,
which leads to smaller differences between 1D and 3D models, partly because of the higher
metallicity, and partly because of the lower CH/C ratio in both CEMP and non-CEMP models.
We will explore the impact of different metallicities and stellar parameters on synthetic

stellar spectra and C abundance determinations in the following sections.

5.4.2 Spectrum Synthesis of the CH G-band

We synthesize the CH G-band for all models listed in Tab. 5.2, including their scaled-solar
counterpart, and for comparison, the respective 1D MARCS models with the same stellar
parameters.
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Figure 5.5: CH and C II number densities as a function of optical depth. Solid, blue lines
correspond to the 3D scaled-solar model, blue crosses to the 3D CEMP model. The 1D MARCS
model is shown with red, solid lines. For all models, CH number densities are shown as
opaque lines, while C Il number densities are shown as thick lines with higher transparency.

In Fig. 5.4 we show two representative synthetic G-band profiles for two model atmo-
spheres, MS (top) and sub-giant (bottom), at [Fe/H] = —5 and [C/Fe] = +3. Independent
of stellar parameters, it is evident that the 3D CEMP model (black, solid lines) leads to sig-
nificantly stronger CH features than the 1D model (red, solid lines) at the same A(C). The
3D scaled-solar model (blue, dashed lines) on the other hand produces an even stronger
stronger G-band as the 3D CEMP model (for the same T.g, log g, and metallicity) and hence
shows the largest departure from 1D HE. This is reflected in the equivalent width (EW).

These strong differences in the G-band strength are due to differences in the atmospheric
structure. To explore this connection in more detail, we show the average CH number
density, log nqy, in the atmosphere of the sub-giant model at [Fe/H] = —5 as a function of
the optical depth in Fig. 5.5. We also include the density of singly ionized carbon (CII). The
CH number density can best be understood by linking their evolution with optical depth to

the differences in atmospheric structures as presented in Fig. 5.1, panel D.
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Below log 7,,, = —1, the atmosphere is dropping sharply in temperature, in 3D and 1D,
which favors the formation of CH molecules at the expense of C II, which is recombining
with free electrons in a successively cooler and less dense environment. Towards the upper
boundary the temperature in the 1D HE model stays roughly constant, while the density is
dropping exponentially. In chemical equilibrium, the CH number density is proportional to
nc and ny (Eq. 5.1) and hence n¢y drops proportional to p2. This explains why the CH
number density decreases significantly in the 1D model, despite the temperature staying
constant. The C Il number density, on the other hand, is only linearly dependent on density
and is additionally affected by the balance of H™ and C II dissociation energies, which is

why the trend is less obvious.

Although this proportionality is also true for the 3D model, the behavior in the atmosphere
is entirely different. This is because the 3D model is not in radiative equilibrium - it is
dominated by adiabatic cooling — which means that the temperature drops as a function
of decreasing optical depth. In an increasingly colder environment the conditions for CH
formation improve drastically, which is why n¢; increases in both 3D models and departures

between 3D and 1D become significant.

When 3D CEMP (blue crosses) and 3D scaled-solar (blue solid lines) are compared, it may
be noted that there are significantly more CH molecules present in the upper layers of the
scaled-solar model, while there is only very little C I, compared to the CEMP model. Looking
again at Fig. 5.1 this difference can be attributed to the additional heating induced by the C-
enhancement in the CEMP atmosphere, which causes it to be hotter and hence less favorable

for CH formation.

3D RHD models are much, up to —1000K, colder in the atmospheric layers above log Ty, <
—2.5. Due to strong C-enhancement, the cores of the strongest lines in the G-band form in
regions around log 75y, = —3.5, as indicated by the horizontal lines in Fig. 5.2 and the n¢y
extrema in Fig. 5.5. Due to much lower temperatures, the formation of molecules is more
efficient, and due to larger molecular number densities, the absorption profiles are stronger
(Uitenbroek & Criscuoli 2011). The final consequence is that the presence of strong G-band
absorption in an observed spectrum is not necessarily related to a significant C-enhancement
but can, in part, be associated with strong convection, as expected at low metallicities (Collet
et al. 2011; Gallagher et al. 2017).

The larger differences seen in the synthetic spectra for the sub-giant (Fig. 5.4, bottom
panel), as compared to the MS star, directly reflect the atmospheric structure distinctions
discussed in Sec. 5.4.1. Specifically, while the 1D sub-giant model is colder (enhancing its
G-band), the interplay of the non-linear dependence of CH formation on temperature and
density, combined with the more pronounced C-enhancement-induced re-heating effect in

the 3D sub-giant atmosphere, leads to the observed spectral differences relative to 1D.
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Figure 5.6: Abundance corrections to A(C) derived from the equivalent width of the
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5.4.3 CEMP Abundances in 3D

In order to estimate the influence of carbon-enhanced CEMP 3D RHD models on synthetic
observables, we perform the analysis as presented in the previous sections for stellar model
atmospheres of different metallicities, from [Fe/H] = —2 up to [Fe/H] = —6. We compare
the total EWs in the wavelength range of the G-band obtained in 3D with the corresponding
1D MARCS results, computed using a microturbulence of 1km/s. By varying A(C) in the
spectrum synthesis of the 3D RHD models we sample the full CoG and derive abundance
corrections by matching the EWs within the integration limit of 4297 to 4303 A. We empha-
size that this EW integration of the G-band is not used to obtain abundances of observed
spectra directly but only to quantify the corresponding overall effect on carbon abundances
by comparing synthetic spectra. Other procedures, such as direct fitting of lines (Popa et al.
2023) can be used instead.

Our results for abundance corrections can be found in Fig. 5.6. We present the final
correction AA(C) = A(C)3p cgmp — A(C)1p in panel A, the CEMP correction A(C)sp cemp —
A(C)3p scaled-solar i panel B, and the A(C)sp scaled-solar — A(C)1p correction in panel C for the
MS and sub-giant model as a function of metallicity. We note that because we compare
3D CEMP to the 1D scaled-solar MARCS models, in panel A the effect of carbon enhance-
ment on the correction is implicitly taken into account. We opt to use scaled-solar rather
than C-enhanced MARCS models for our comparison, since scaled-solar models are more
commonly employed in 1D studies of CEMP stars. However, panels A and C of Fig. 5.1 indi-

cate that the differences between the two model types are negligible, making this distinction
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ultimately unimportant.

As explained in the previous section, the 3D — 1D abundance corrections are larger (in
modulus, or amplitude) for the sub-giant star. At [Fe/H] = —6 they are large and nega-
tive and reach up to —0.7 dex with C-enhancement in the atmosphere, and —0.9 dex with-
out. Corrections decrease with increasing metallicity and are smaller, AA(C) ~ —0.2dex, at
[Fe/H] = —2. The 3D CEMP — 1D corrections for the hotter MS star range from ~ —0.6 dex
at [Fe/H] = —6 to ~ —0.2 dex at [Fe/H] = —2.

In contrast, the effect of carbon enhancement in 3D models is positive (panel B). At [Fe/H]
= —2, the 3D scaled-solar and 3D CEMP G-band strengths in the sub-giant models are
almost identical, which is why A(C)sp cemp — A(C)3p scatedsolar < 0-05dex. The differences
increase with decreasing metallicity and decreasing surface gravity, so that A(C)sp cpvp —
A(C)3p scaled-solar = +0.2dex for the sub-giant model with [Fe/H] = —6. As discussed in
Sec. 5.4.1, the effect of C-enhancement on the hotter MS model is generally smaller. The
corrections are on the order of < +0.1 dex and show only a small deviation with metallicity.
Compared to the significant 3D effect, the C-enhancement in hot, low-metallicity MS models

is hence negligible.

It is interesting to analyze the impact of 3D CEMP models in the context of the observed
CEMP distribution of Galactic stars. We therefore apply our corrections to a sample of MS
and turn-off stars compiled from the SAGA database (Suda et al. 2008, 2011, 2017) to
explore if 3D models have an impact on the statistics of CEMP stars in different Galactic
metallicity regimes. We apply A(C)sp cemp — A(C);p carbon abundance corrections to the
observed data, based on the closest 3D model in terms of T, and log g, and we interpolate
linearly in metallicity. We then split the stellar sample into bins of £0.5dex in metallicity

and compute mean and standard deviation in each of them. The result is shown in Fig. 5.7.

As expected, the differences between the 3D-corrected and 1D distributions increase with
decreasing [Fe/H]. At [Fe/H] = —4 the mean [C/Fe] of CEMP stars is ~ 1.1, 0.5 dex lower
than the [C/Fe] ~ 1.6 suggested by the 1D data. Toward [Fe/H] = —2, the differences
decrease to ~ 0.2dex. We note that at metallicities above —5 the lower limit of the 1-o
interval already lies below the CEMP defining line of [C/Fe] = 0.7 (indicated by the gray
dotted line) in 3D, which implies that there is a significant impact on the overall abundance
distribution in this metallicity regime. Below [Fe/H] = —5 the corrections are larger; how-
ever, because of the overall higher [C/Fe] abundances found in these stars the impact on

the distribution of CEMP stars is expected to be small.

To further investigate Galactic CEMP populations, we present the same data in the Yoon-
Beers diagram (Yoon et al. 2016), which is shown in Fig. 5.8. In this figure, we present
the uncorrected 1D (red points, top panel) and 3D CEMP corrected (blue points, bottom
panel) data in the A(C) vs. [Fe/H] plane, and indicate the location of CEMP sub-groups I, II,
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Figure 5.7: [C/Fe] against [Fe/H] for 3D CEMP and 1D measurements of Galactic stars
from a MS and sub-giant sub-sample of the SAGA database (see text). The red, dashed line
represents the mean, uncorrected 1D and the blue, solid line the 3D CEMP-corrected data.
Shaded regions correspond to standard deviations of the observed sample in the respective
metallicity bin +0.5 dex. The grey dotted line represents the dividing CEMP classification
abundance of [C/Fe] =0.7.

and III - as defined by Yoon et al. (2016), see their Fig. 1 — as colored ellipses. In addition
to the first identification of CEMP sub-groups, Yoon et al. furthermore showed that Group
I is mostly populated by CEMP-r/s stars, while Group II and III contain mainly CEMP-no
stars. Yoon et al. (2016) — and subsequently also Yoon et al. (2018); Chiaki et al. (2017) —
furthermore identify different CEMP groups with different formation scenarios, indicating
multiple progenitors for CEMP-no stars.

At lower metallicities, differences manifest as a systematic offset of ~ 0.6 dex, moving down
the A(C) plateau (indicated by the horizontal orientation of the yellow ellipse in the 1D
case) significantly. We note that as a consequence of this plateau, the carbon enhancement
in the atmosphere, relative to iron, becomes more significant when even lower metallicities
are considered. We do not expect that — at least in CEMP stars — G-bands from 3D and

1D models diverge even further at more extreme metallicities, mainly because the carbon
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Figure 5.8: Yoon-Beers (Yoon et al. 2016) diagram, A(C) against [Fe/H] for the 3D-
corrected and 1D measurements for Galactic stars from the literature (see text). Red circles
represent uncorrected 1D, blue circles 3D CEMP-corrected data. The grey dashed line repre-
sents the dividing CEMP classification abundance of [C/Fe] = 0.7. Ellipses in 1D are drawn
similar to Yoon et al. (2016), their Fig. 1.
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enhancement itself will compensate for the loss of metals in exactly the right part of the
atmosphere, as demonstrated in the previous sections. This compensation is noticeable as a
decreasing metallicity gradient in panel A (compared to panel C) of Fig. 5.6 already between
[Fe/H] =—4 and — 5.

One may be tempted to use scaled-solar, low metallicity, non-carbon-enhanced models for
the analysis of these CEMP stars because of the time investment related to creating 3D mod-
els of stellar atmospheres. However, this would lead to an overestimation of the corrections
and introduce an additional differential effect with metallicity that causes the A(C) plateau
to be artificially tilted. When properly including C-enhancement in the atmosphere compu-
tation, this tilt is weaker, but still noticeable mostly due to differences in stellar parameters
of individual targets. In Fig. 5.8 we find that an ellipse tilted by ~ 10° with respect to the

1D case best represents our Group III sample in 3D.

Because 3D — 1D abundance corrections are negative, we find a significant number of stars
in the SAGA sample that are — following the classical definition of Aoki et al. (2006) — no
longer CEMP stars, as their [C/Fe] drops below 0.7. This is most noticeable in CEMP Group
II, as these stars are located closest to the carbon-normal division in terms of A(C), while
still experiencing a large abundance correction due to their relatively low metallicities.

Around the onset of the C-plateau at [Fe/H] = —4 we find that stars at higher [C/Fe] are
systematically redistributed towards the abundance threshold, such that close to — and be-
low — the dividing line we find significantly more stars in 3D than in 1D. Overall, there are
significantly fewer stars with extreme carbon abundances above [C/Fe] = 1.5 (see Fig. 5.7,
specifically for [Fe/H] > —4). The consequence is that there is a migration of stars at the
edges of Group I and III towards Group II, or even outside the CEMP category. In 3D, we find
that Group II is best represented by an ellipse that is shifted down by 0.4 dex with respect
to the 1D case.

5.4.4 Galactic CEMP Fraction in 3D

To quantify the consequences for Galactic fractions of CEMP-r/s and CEMP-no sub-groups,
splitting the CEMP sample based on the neutron capture abundances is necessary. However,
for a significant portion of the SAGA sample, no Ba or Eu measurements are available. This
issue has been discussed by Yoon et al. (2016), who derived an alternative classification
based on A(C) alone, for which they claim a success rate of 87 % for CEMP-r/s classifica-
tion and 93 % for CEMP-no stars. In their method, stars are associated with the CEMP-r/s
group, if a high absolute carbon abundance A(C) > 7.1 is measured, while CEMP-no stars
consequently have A(C) < 7.1.

The discussion of their approach goes beyond the boundaries of this work. We emphasize

that their CEMP subgroup association is empirical, which means the systematic offsets pre-
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Figure 5.9: Cumulative fraction of CEMP-no (solid lines with squares) and CEMP-r/s
(dashed lines with circles) stars in 1D (red, left panel) as well as 3D (blue, right panel).
The dotted line with crosses shows the total cumulative fraction of CEMP stars in 1D (left)
and 3D (right).
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sented here will either lead to a re-classification of CEMP stars in the same system if the
separation of Yoon et al. (2016) is still valid or require a change of the system through new

A(C) limits based on new C abundances.

In the following, we use their method to classify our sample twice, in 1D and after the 3D
CEMP abundance corrections have been applied. The resulting cumulative fractions can be
found in Fig. 5.9. We show the cumulative fraction for CEMP-r/s (dashed lines) and CEMP-
no (solid lines) stars separately — as well as for their sum (dotted lines) — for the 1D (red,

left panel) and 3D (blue, right panel) case.

In 1D, there is a significant fraction of over 10% CEMP-r/s stars across all metallicities;
below [Fe/H] = —4 we find ~ 30% of all stars in our sample to be CEMP-r/s stars. The
fraction of CEMP-no stars has a strong metallicity dependence. Below [Fe/H] = —5 all the
stars in the sample are CEMP stars, with a share of 70% CEMP-no and 30% CEMP-r/s.
Increasing metallicity decreases the contribution from CEMP-no stars, until [Fe/H] < —2,

where both contribute equally to the total number of CEMP stars (~ 15% each).

However, in 3D, there are overall ~ 10% fewer CEMP stars below [Fe/H] = —2. Fur-
thermore, the fraction of CEMP-r/s stars is significantly lower, which is due to the increas-
ingly negative (with decreasing [Fe/H]) 3D abundance corrections and the resulting re-
distribution of Group I and III stars — where most of the CEMP-r/s stars reside — to the
CEMP-no dominated Group II. CEMP-r/s stars are preferentially found at higher metallic-
ities than CEMP-no stars, where the C-enhancement in [C/Fe] is less severe than at low
metallicities; A large number of CEMP-r/s stars reside close to the defining boundary of
[C/Fe] = 0.7. When 3D corrections to C abundances are taken into account, many stars
originally classified as CEMP-r/s stars in reality have a lower C abundance, implying their
identity as CEMP-no stars. The contribution from CEMP-no stars hence increases with re-
spect to 1D, and climbs to above 90 % for all stars below [Fe/H] = —5, while it peaks around
70% in 1D.

We remind the reader that it must still be explored, using large self-consistent stellar samples
with 3D NLTE Ba and Eu abundances, whether or not the CEMP sub-group classification is
still meaningful in 3D. Because the abundance corrections themselves depend on metallicity,
it is not straightforward to assume that a separation based on a gap in 1D A(C) will still be

present in 3D.

Integrating CEMP-r/s and CEMP-no distributions, we find that there are overall fewer CEMP
stars in 3D. Below [Fe/H] = —4 our sample contains 95 % CEMP stars in 1D, while in 3D
this number reduces to 81 %. Between [Fe/H] = —3.5 and [Fe/H] = —3.0 we consistently
find a cumulative fraction that is ~ 20% lower in 3D than in 1D. Above [Fe/H] = —3 the
3D corrections in general are more modest, which is why we find that cumulative fractions

agree to below 10%.
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If one considers CEMP fractions in metallicity bins rather than as cumulative sum of stars
below a given metallicity, it is straightforward to estimate the misclassification of CEMP
stars around a specific metallicity. For this purpose, we include Tab. 5.3 in the Appendix,
listing the fraction of CEMP stars using the same binning as in Fig. 5.7. In total, we find
that ~ 30% of the CEMP stars between —4.5 < [Fe/H] < —3.5 are not carbon-enhanced
enough to qualify as such. Between —3.5 < [Fe/H] < —2.5 and —5.5 < [Fe/H] < —4.5 the

misclassification is still 15% and 12 %, respectively.

In summary, we conclude that taking 3D CEMP effects on the C abundances into account re-
duces the observed CEMP fraction by ~ 20 % in the metallicity regime below [Fe/H] = —3.0.
At the same time, the relative contribution of CEMP-no stars to CEMP-r/s stars increases.
Below [Fe/H] ~ —4 we find that, in 3D, more than 80 % of CEMP stars are CEMP-no stars.

5.4.5 Comparison with Literature

The total CEMP fractions derived using 3D models are in good agreement with CEMP frac-
tions based on 1D models reported in Placco et al. (2014), but are somewhat lower in our
distributions. Placco et al. (2014) find a fraction of 81 % CEMP stars with metallicities be-
low [Fe/H] = —4 and 100 % below —5, which is in good agreement with our findings. At
[Fe/H] = —3.5 and [Fe/H] = —3.0, Placco et al. (2014) report a fraction of 60 % and 43 %,
respectively. These values are based on MS, sub-giants, and giants (their Fig. 4). In our
3D-corrected [C/Fe] distributions based on MS and sub-giants, the fractions are ~ 45 % at
[Fe/H] = —3.5 and ~ 33 % at [Fe/H] = —3.0, which results in a 3D CEMP effect similar to
what we find in this study.

We note that Placco et al. also explored the impact of 3D on C abundances in giants. Using
the 3D line formation calculations for CH by Collet et al. (2007), they estimate that negative
3D corrections, in giants with logg < 3, of —0.3 for —2.5 < [Fe/H] < —2.0, —0.5 for
—3.0 < [Fe/H] < —2.5, and —0.7 for [Fe/H] = —3.0 may arise. These estimates are similar
to our results; however, our analysis confirms that departures from 1D HE are also prominent
in the CH G-band spectra of MS stars. We note that the effect of C-enhancement in the 3D
RHD atmosphere itself was not taken into account by Collet et al. (2007) and, hence, it was
not included in the 3D estimates by Placco et al. (2014). As we show in this work, 3D effects
are relevant for stars in all evolutionary phases. They therefore can have a more significant
impact on the overall distribution of CEMP stars across all metallicities than Placco et al.

anticipated.

Since we find lower CEMP fractions at all metallicities, the question arises: What are the
implications of lower CEMP occurrence rates in the early Galaxy? Hartwig et al. (2018)

investigated the formation of the first generation of stars using a semi-analytical model?

2An early version of the A-SLOTH model; see Hartwig et al. (2022, 2024).
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Figure 5.10: Cumulative CEMP-no fraction predictions from Hartwig et al. (2018), com-
pared to our data. Below [Fe/H] < —3.75, the fraction of all CEMP stars in our sample are
shown (circles). See text. 3D CEMP data is shown in blue (right panel), while 1D data is
shown in red (left panel). The red line in the left panel corresponds to the fiducial model
of Hartwig et al. (2018), which includes 40 % faint (from Ishigaki et al. 2014) and 60 %
normal CCSNe (from Nomoto et al. 2013). The blue curve in the right panel corresponds
to their 20 % faint, 80 % normal CCSNe model.
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based on dark matter halo merger trees that yield MW-like halos. They investigated the
influence of various input parameters on their simulations on the observed CEMP occurrence
rate as a function of [Fe/H] and compared their predictions with the data of Placco et al.
(2014).

Faint SNe were considered as the primary channel for the formation of CEMP-no stars (e.g.
Klessen & Glover 2023, references therein). These objects, although they span the same
mass range as normal CC-SNe, produce little >**Ni due to low explosion energy and/or effects
of geometry in the explosion (Tominaga et al. 2007). Faint Pop III SNe generally produces
a higher ratio [C/Fe], because Fe peak elements fall back onto the remnant and are not
ejected. In the fiducial model, which is tuned to reproduce the 1D CEMP data from Placco
et al. (2014), Hartwig et al. (2018) include 40 % of faint (Ishigaki et al. 2014), and 60 %
normal CCSNe (Nomoto et al. 2013).

In addition, Hartwig et al. (2018) provide CEMP fractions for a model that includes sig-
nificantly fewer faint SNe (only 20 % instead of 40%). A comparison of those two models
specifically with the data presented in this work can be found in Fig. 5.10. We note that
Hartwig et al. do not account for the r-process and s-process enrichment in their model and
hence only provide predictions for the fraction of CEMP-no stars. As mentioned in Sec. 5.4.4,
the CEMP-r/s or CEMP-no classification without s- and r-process abundance measurements
is a relatively uncertain endeavor. At low metallicities, the rigid A(C) cut can especially lead
to bias by wrongly assigning high [C/Fe] Group III stars as CEMP-r/s (see Fig. 5.8), even
though Group III predominantly consists of CEMP-no stars (e.g. Yoon et al. 2016).

Motivated by Fig. 5.8, we choose to include all CEMP stars below [Fe/H] < —3.75 — cor-
responding to the low-metallicity end of the blue Group I ellipse — and only CEMP-no stars
at higher metallicities in the comparison with Hartwig et al. (2018) shown in Fig. 5.10.
This effectively assumes that Group III is composed exclusively of CEMP-no stars. We note
that this assumption does not affect the overall conclusions, because we are focusing mainly
on the shift between 3D CEMP and 1D and the metallicity region above —3.5. For a more

detailed investigation, abundance measurements of s- and r-process elements are essential.

Remarkably, their model with a 20% faint SNe fraction (blue, solid line) is in excellent
agreement with our 3D-corrected CEMP fractions (blue crosses + circles), while their fidu-
cial model is in good agreement with our 1D data (in red). We also note that the systematic
offset between 3D CEMP and 1D data at metallicities above —3 resembles the systematic off-
set between the fiducial and 20 % faint SNe models Hartwig et al. very well. At intermediate
to low metallicities the CEMP-r/s — CEMP-no classification becomes less precise because of
the mixing of different CEMP groups. Nevertheless, because of the higher CEMP-no con-
tribution in 3D, the agreement between model and observations is excellent also below
[Fe/H] = —3.75, regardless of whether the assumption of nearly 100% CEMP-no stars in
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Group III holds.

In 1D, this is not the case; only after including all CEMP Group III stars the agreement is
restored, indicating that the CEMP-no classification is the culprit here. However, indepen-
dent of the agreement at low metallicity in 1D, Fig. 5.10 clearly shows that 3D-correction-
induced shifts in the CEMP fraction can be met with a decrease in the contribution of faint
SNe in GCE. Hartwig et al. (2018) furthermore note that the 20 % faint SNe model produces
the approximately same metallicity distribution function for the halo as their fiducial model,
and hence remains in good agreement with observations. An overestimation of the CEMP
fraction thus leads to an overestimation of the contribution from faint SNe in the evolution

of the early Galaxy.

This is very interesting, as faint SNe will also impact the chemical enrichment of other chem-
ical elements and therefore large robust 3D NLTE abundance samples from next generation
facilities, such as 4MOST (Bensby et al. 2019), will be in a position to constrain the contri-
bution of faint SNe to the GCE. It will be particularly interesting to assess the connection
to Fe-peak elements, such as Ni, Mn, and Co, as recent 3D NLTE studies show that their
abundances are severely under-predicted in 1D LTE (Storm et al. 2025), which does not
coincide with GCE predictions. A overall lower C abundance in metal-poor stars and thus
fewer faint SNe, which are heavily dominated by the fallback of heavy elements and thus
generally exhibit low Fe-peak yields (Nomoto et al. 2013), may thus qualitatively go into
the right direction and improve the agreement with 3D NLTE measurements.

5.5 Conclusions

In this work, we show that physically realistic 3D RHD models of stellar atmospheres are
crucial for the determination of accurate abundances of carbon in stars. We also show
that these have a direct impact on understanding nucleosynthesis and Galactic chemical
evolution (GCE).

We explore the effects of 3D convection on the critical diagnostic G-band in spectra of MS
and sub-giant stars. The G-band arises as a result of absorption by the CH molecule and
it provides the strongest observational constraint on C abundance and the [C/Fe] ratio in
metal-poor stars. To compute 3D radiation-hydrodynamics simulations of stellar sub-surface
convection, we use our new code M3DIS presented in Eitner et al. (2024). The uppermost
parts of these models are used to calculate detailed 3D spectrum synthesis around the G-
band and to derive a grid of 3D abundance corrections to [C/Fe] for the entire range of
metallicities, —6 < [Fe/H] < —2, relevant for studies of GCE. The 3D models are com-
puted for the first time using C-enhancement in line with low-metallicity observations. We

compare the 3D synthetic spectra in the G-band with the equivalent simulations computed
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using classical 1D HE models and quantify the amplitude of 3D effects on stellar [C/Fe]
abundances.

We find that 3D effects on the G-band are substantial and lead to lower estimates of the
carbon abundance. This effect arises due to the cooler outer temperature structures of 3D
RHD models, compared to 1D HE structures. The formation of molecules is much more
efficient in cooler 3D models, which implies that the spectral lines of CH are stronger. As
a consequence, a lower abundance of C is required to fit a given observed spectrum, and
the 3D corrections are negative. Interestingly, increasing C abundance in 3D models at the
same metallicity (set by iron) yields the opposite effect: the G-band weakens. Physically,
this is because increasing C (to levels observed in CEMP stars) implies higher radiative
opacity in the models and leads to slightly hotter 3D models, compared to their scaled-
solar counterparts. The 3D CEMP A(C) corrections for MS stars may exceed A(C)sp cpvp —
A(C),p = —0.6dex at [Fe/H] = —5. For sub-giants, the 3D CEMP effects are on the order
of ~ —0.7dex, in good agreement with previous estimates in the literature (Collet et al.
2018; Gallagher et al. 2016, 2017). The differences between 3D and 1D A(C) decrease
with increasing [Fe/H].

We apply 3D CEMP A(C) abundance corrections to a sample of metal-poor stars from the
SAGA database to investigate the impact on the Galactic CEMP population. We find a signif-
icant fraction of CEMP stars across all metallicities that no longer classify as C-enhanced. In
the range between —4.5 < [Fe/H] < —3.5 we find ~ 30 % fewer CEMP stars after applying
the 3D abundance corrections, between —3.5 < [Fe/H] < —2.5 the number is reduced by
15%. In addition, we find that the cumulative CEMP fraction below [Fe/H] = —3 is ~ 20%
lower in 3D than it appears in 1D. At lower metallicities, the distribution remains mostly
unchanged, because the same A(C) corresponds to a higher [C/Fe]. As a consequence the
A(C) plateau remains present in 3D, though it appears to be slightly tilted by 10°.

When considering the CEMP-no and CEMP-r/s sub-groups based on A(C) (Yoon et al. 2016),
we find a reduction of the CEMP-r/s sample size in 3D, as a significant number of stars
are either shifted below the CEMP limit of [C/Fe] = 0.7, or below the CEMP-r/s limit of
A(C) = 7.1. Consequently, the use of 3D-corrected C abundances leads to a higher fraction
of CEMP-no stars, as some stars previously classified as CEMP-r/s are re-classified. Despite
their generally lower metallicities, CEMP-no stars retain a high A(C), ensuring that most

remain classified as carbon-enhanced.

The fraction of CEMP stars as a function of metallicity is a tracer of the contribution of faint
SNe to the GCE (Hartwig et al. 2018; Klessen & Glover 2023). Following the models of
Hartwig et al. (2018), we find that a lower fraction (only 20%) of faint SNe in the Pop
III galaxy formation models can describe the 3D CEMP distributions. This is an interesting

result that remains to be confirmed with detailed GCE models and other chemical elements,
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Table 5.3: CEMP fractions in bins of A[Fe/H] = £0.5 dex.

[Fe/H] 1D 3D
dex % %
-6 100 100
-5 100 88
-4 83 53
-3 50 35
-2 26 19

-1 19 12

which are sensitive to the faint SNe contribution.

5.6 Appendix — Supplementary Material

We have found that the cost of computing accurate vertical temperature profiles at the sur-
face can be significantly reduced, relative to Eitner et al. (2024), by modifying the centering
of RT solutions in the short-characteristics solver. Instead of computing the radiation inten-
sities I, ,, and source functions S, at cell centers, and computing the net radiative cooling

from

qrad:ff dQ dvpKv(Sv_IQ,v)’ (5.2)

one can instead compute the radiative intensities I, at cell interfaces, and from these com-
pute the radiative fluxes F; , in each direction i, which allows the cooling to be obtained

from

Qrad = J dvv Fva (53)

where the flux divergence is computed numerically as the differences between incoming
and outgoing fluxes for each cell. This method is by construction energy conserving, in the
sense that the cooling corresponds exactly to the increase in energy of the radiation field that
leaves the cells, relative to the energy that was entering. Thus, while the previous method
“samples” the cooling point-wise, the improved method computes the actual energy loss
across cells. The improvement is illustrated in Fig. 5.11, which plots horizontally average

cooling profiles for different vertical resolutions.

151



5.6 APPENDIX — SUPPLEMENTARY MATERIAL

classical RT solver

—+r r 1 1 v v 1 v vt 1 Tt r Tt 1
N N, =450 ]
0.2 -—- N;=240 )
—o— N>=120
B _._ NZ=60
Q.0 e - s " s s s s s s s n s
el [
8 -0.2
2 [
£ [
2—0.4_
A [
o -0.6
¥ [
—o0.8f
—1.0}
[ M [ M M M [ M M M [ M M M [
—0.4 —0.2 0.0 0.2
z [Mm]

conservative RT solver
—————r—r—Tr—7—rrr

< Q,> [normalized]

L
-0.4 -0.2 0.0 0.2
z [Mm]

Figure 5.11: Comparison between the horizontally averaged radiative heating q,,4, com-
puted at different resolutions for the same model atmosphere using the old, classical RT
solver (top) and new, conservative RT solver on a staggered grid (bottom). The new solver
reproduces the cooling peak very well already at intermediate resolution, while the classi-

cal solver shows the typical under-sampling effect, which leads to artificial heating of the
model.
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6 Discussion & Future Outlook

In the previous sections we investigate the influence of 1D and LTE modeling assumptions on
abundance measurements of Galactic stars. We show that there are significant departures
between LTE and NLTE abundances of Fe-peak elements and find that in LTE specifically
Galactic [(Ni, Mn)/Fe] ratios lead to a misinterpretation of SNe Ia explosion types. We
furthermore develop an efficient 3D RHD stellar atmosphere framework, that is intended to
relax the assumption of 1D for large stellar samples. Using this new M3DIS code, we find
that there is a strong systematic bias on C abundance measurements of metal-poor stars,
leading again to a misinterpretation of physical reality by wrongly interpreting strong CH-G
band features in some stars as high [C/Fe] abundances, while it is merely a consequence of
the limitations of the atmosphere models used.

In this section, I finally extend the detailed discussions of each individual research conducted
in the context of this thesis, evaluate their combined significance, and explore promising

avenues for future work that relies on results and methods presented in this work.

6.1 3D NLTE Galactic Archaeology

Fe-peak elements in 3D NLTE

A highlight in the context of Galactic Archaeology was recently published by Storm et al.
(2025), who carefully derive line-by-line 3D NLTE abundance corrections for Fe-peak, as
well as neutron-capture elements, for a relatively large sample of 746 Galactic stars. Due
to the limited availability of densely-sampled 3D models — and hence 3D NLTE spectra —
their analysis has to rely on a rather sparse sampling in the stellar parameter space and
was limited to the technique of abundance corrections instead of employing direct fitting
algorithms.

Depending on the lines, they find that especially Ni abundances are very sensitive to 3D
effects, showing a positive correction of up to +0.3 dex in metal-poor MS stars with respect
to 1D NLTE, and close to +0.6 dex compared to 1D LTE (see their Fig. 7). They furthermore
confirm the strong positive 3D NLTE effect on Mn and, in addition, find that Co abundances
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are influenced in a similar way, with the Galactic [Co/Fe] trend resembling the chemical
evolution of [Ni/Fe].

Their findings further strengthen the conclusions drawn in Sec. 3 and in Eitner et al. (2020),
and confirm that they also hold in 3D NLTE; Large [(Mn, Co, Ni)/Fe] ratios at low metallici-
ties generally imply that there needs to be a lower production rate of these Fe-peak elements
in the majority of SNe Ia, as otherwise the Galactic gas would not be diluted towards the

solar ratio at solar metallicities.

Storm et al. (2025) conclude that these new 3D NLTE abundances reveal large discrepancies
between observations and predictions from chemical evolution models, which they attribute
to too low Fe-peak yields from CC-SNe. The authors note that especially the measured
[Co/Fe] ratio at low metallicities can not be reproduced by standard GCE models (Kobayashi
et al. 2020b) even in LTE. As possible solutions, the authors mention the fine-tuning of
classical CC-SNe models with respect to electron excess, mixing-fallback, explosion energy
(Kobayashi et al. 2006), multidimensional explosion modeling (e.g. Wang & Burrows 2024),
as well as electron-capture SNe — CC-SNe of collapsing O-Ne—Mg cores with masses between
8 and 10 M,, which do not ignite Ne burning but the explosion is triggered by electron-
capture in the degenerate core (Janka et al. 2008; Wanajo et al. 2018).

It was recently pointed out by Kobayashi et al. (2020b) that elevated [Mn/Fe] NLTE abun-
dances in metal-poor stars found by Eitner et al. (2020), and confirmed by Storm et al.
(2025), are inconsistent with the Galactic observations of [Cr/Fe] ratios. Kobayashi et al.
(2020b) base this statement on the fact that both elements are formed in incomplete Si-
burning regions, which — according to them — means that higher Mn yields would also cause

higher Cr yields.

It remains to be investigated to what extent [Cr/Fe] abundance trends are influenced by
3D NLTE. It was shown by Bergemann & Cescutti (2010) that NLTE abundance correction
for Cr I lines are large in metal-poor stars (up to +0.5dex). However, they generally find
the influence on Cr II abundances to be negligible. According to the data presented in
(Kobayashi et al. 2020b, their Fig. 25), this suggests that — in 1D at least — no significant
change is expected from the NLTE Galactic [Cr II/Fe] distribution. Nevertheless, Kobayashi
et al. (2020b) claim that the disagreement between Mn and Cr I abundances would be even
more severe (see also Kobayashi et al. 2006, their Fig. 20 and 21), which can potentially be
explained by the strong NLTE effects.

Regarding Cr I, it is interesting to consider that one of the possibilities to reconcile the yields
of [(Mn, Ni, Co)/Fe] from CC-SNe with observations is a change in the electron-excess Y, in
Si-burning layers. As mentioned in Sec. 2.2.3, it was pointed out by Nomoto et al. (2013)
that decreasing Y, is equivalent to more neutrons, which causes the over-production of Fe-

peak elements with stable neutron-rich isotopes such as Mn, Ni, Co, and Cu. At the same
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time, the amount of neutron-poor isotopes such as **Fe, which eventually decays to >Cr,
are decreased. Since [Cr II/Fe] yields and observations with current models seem to agree
in the metal-poor regime, this appears indeed contradictory. However, Nomoto et al. (2013)
further mention that decreasing Y, also decreases the yields for °°Ni, and thus *°Fe, which
means the [Cr/Fe] ratio stays roughly constant, while [ (Mn, Ni, Co, Cu)/Fe] go up. It needs
to be investigated in more detail if the magnitude of this effect is enough to bring models
and observations into agreement. However, according to Nomoto et al. (2013), it appears
that high Fe-peak abundances in metal-poor stars in combination with a steady [ Cr/Fe] ratio

are not contradictory per se.

A more comprehensive, detailed study using full 3D NLTE techniques to derive Fe-peak
abundances for a large sample of metal-poor Galactic stars — such as will be provided by
4MOST - is needed to put reliable, quantitative constraints on the occurrence and working

mechanism of these CC explosions.

On the Dominance of sub-M;, SNe Ia

Recently, there have been a number of studies published in support of the high sub-Mg,
fractions found by Eitner et al. (2020) and Sec. 3 (Eitner et al. 2023), but also a few that
challenge these findings. Trueman et al. (2025) analyze the GCE of the a-elements O, Si,
Ca, as well as the Fe-peak elements Ti, Cr, Mn, Co, and Ni using LTE and NLTE data. By
using the same chemical evolution code as in Eitner et al. (2023), but with a different
SNe Ia prescription, Trueman et al. find that their GCE model reproduces the Galactic O
and Si abundance independent of the CC-SNe yields they assume. In agreement with the
findings by Storm et al. (2025), they note that neither Co nor Ti can be reproduced by
any combination of CC-SNe and SNe Ia. Using the NLTE Ni data from Eitner et al. (2023),
they furthermore arrive at the same conclusion as I in Sec. 3.7; Using the same set of CC-
yields from Limongi & Chieffi (2018), even with a simplified SNe Ia treatment, they derive

a sub-M, fraction of 85% and thus find that sub-M, are dominating over classical SNe.

In agreement with our findings, they furthermore note that the result is sensitive to the set
of CC-yields. This can be seen by looking at their results for Ni, as well as Mn, which use CC-
yields from Nomoto et al. (2013). For both elements they find that the low metallicity part
of the sample is not reproduced by any of their models. By fitting the sub-M, contribution
regardless, they obtain fractions of only ~ 20%. Considering the [Mn/Fe] production from

the different SNe Ia channels, this result is not surprising.

To support this statement I show in Fig. 6.1 the equivalent to Fig. 3.8, which sketches
how the GCE [Ni/Fe] trend is influenced by the relative contribution of different SNe Ia,
but for [Mn/Fe] instead. For simplicity, Fig. 6.1 only shows the most important chan-

nels, i.e. the canonical M, SNe Ia (left), sub-M, double-detonations (middle), and sub-
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Figure 6.1: Contribution of different SNe Ia channels to the Galactic chemical enrichment.
Same as Fig. 3.8, but for [Mn/Fe] and without the M, He-donor channel for simplicity.
Classical M, SNe Ia (left) overproduce Mn relative Fe, while sub-M, (middle + right)
produce lower [Mn/Fe] ratios. See text.

Mg, WD-mergers (right). In agreement with what was found in Eitner et al. (2020), who
used an entirely different chemical evolution model, M, SNe Ia support strong, positive
[Mn/Fe] gradients above [Fe/H] ~ —1, while large sub-M, fractions tend to flatten the
[Mn/Fe] vs. [Fe/H] gradient.

By comparing NLTE and LTE data for Mn (Eitner et al. 2020, or Fig. 3.1, top row), one finds
that there is a substantial offset at low metallicity between predictions from all CC-yields
and the NLTE data, i.e. NLTE [Mn/Fe] abundances are higher than the models predict, the
resulting abundance trend with metallicity is flat. If one does not correct this model offset
manually (as deliberately not done by Trueman et al. 2025) the best-fitting model needs
to exhibit strong gradients in order to reach the solar value. The result is that artificially
inflated My, are obtained, which is precisely what Trueman et al. find. If the CC-SNe would
not systematically underproduce [Mn/Fe], the gradient would be flat and the trends again
better represented by the right panels in Fig. 3.1.

A similar result was recently put forward by Alexander & Vincenzo (2025), who attempt
to constrain SNe Ia progenitors from Fe-peak abundances in dwarf satellites. By using
metallicity-dependent SNe Ia models and an inhomogeneous GCE model to fit the observed
[(Mn, Ni)/Mg] abundance patterns and their spread to a sample of Sculptor and Leo I stars
in LTE and NLTE, they find that there is no need to include large contributions from sub-
Mg, SNe Ia, as their M, reproduces observations best. They furthermore find that sub-
Mg, SNe Ia in their models underproduce the [(Mn, Ni)/Mg]-[Fe/H] abundance evolu-
tion and stress the importance of accounting for inhomogeneous chemical enrichment and
metallicity-dependent SNe Ia yields.

However, judging by their Fig. 8 and 9 the models of Alexander & Vincenzo are subject to
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the same systematic offset of Mn CC-yields as described above; in NLTE their models fail
to describe the low metallicity end of the distribution in both Sculptor and Leo I. The lack
of low-metallicity targets in Leo I is unfortunate; however, in their Sculptor data (bottom
left panel in their Fig. 8) it is clearly visible. Naturally, as explained above, they arrive at
the misconception of high fractions of classical SNe Ia, because they do not correct for this
offset. By visually investigating their sub-M, model (black contours in the same figure),
it appears that after correcting for the offset the model reproduces the observations well.
In fact, abundance trend predictions from their complex inhomogeneous models do not
appear to be significantly different from what a one-zone model predicts in terms of overall
chemical evolution (Fig. 6.1), which is expected since they rely on the same stellar yield
data.

In a different study, Nissen et al. (2024) investigate abundances of Fe-peak elements in
accreted and in-situ Galactic halo stars. The authors use their sample of chemically well
separated stars to derive empirical CC-SNe and SNe Ia yields, which they then compare to
predictions from models to estimate how well they agree with their data-based estimates.
By using 3D NLTE techniques for Mg, and 1D NLTE for Mn and other elements (Ni however
in 1D LTE), Nissen et al. find that the agreement of all CC-yield sources with data is poor.

When investigating SNe Ia the authors find that their data suggests a significant contribution
from sub-M,, as classical SNe Ia predict too high [(Mn, Ni)/Fe] and too low [(Ca, Ti)/Fe],
while double-detonations provide very good agreement. One may note that Nissen et al.
arrive at this result without modifying CC-yields from models, which is expected because
they derive their empirical SNe Ia yields based on NLTE abundance differences between

their high-a and low-a sample directly.

Remarkably, Das et al. (2025) for the first time were able to identify a double-shell of highly
ionized calcium in recent observations of the reverse shocked ejecta of SNR 0509-67.5 in
the LMC. Using the MUSE optical integral-field spectrograph at VLT, they find two spatially
separated Ca shells in the peak surface brightness of Ca XV. According to Das et al. (2025),
the outer Ca shell originates from a helium detonation at the base of the progenitor WDs
envelope, while the inner shell from the detonation of the C-O core, which is expected from
theoretical HD explosion simulations of double-detonation sub-Mg, SNe Ia. The authors
interpret their findings as strong evidence for a double-detonation explosion, thus proving

that sub-M,;, explosions indeed exist in nature.

Implications for the Hubble-tension

It is not straight forward to interpret the implications of a high sub-M, SNe Ia fraction
in the context of the Hubble-tension. In the cosmic distance ladder, SNe Ia rely on being
standardizable by applying the Phillips relation (Phillips 1993). While the origin of this
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relation is not fully understood, it nevertheless allows to infer the absolute magnitude of
high-redshift SNe Ia based on measurements of their decay-rate; By observing a sample of
low-redshift SNe Ia with independent distance estimates — from e.g. Cepheid measurements
(Leavitt & Pickering 1912) or the Tully-Fisher relation (Tully & Fisher 1977) —it is found that
their brightness declines faster if they overall are less luminous, while the brightest SNe Ia
appear to become fainter on longer timescales (Phillips 1993). Under the assumption that
this connection is intrinsic to all SNe Ia and applicable at observations at all redshifts, it is
thus possible to derive their absolute brightness by fitting their observed light-curves.

It is important to emphasize that the Phillips relation is empirical and does not inherently
presume specifics about individual SNe Ia. According to Shen et al. (2021a), using NLTE
radiative transfer simulations for double-detonation sub-M, explosions, it was found that
the observed Phillips relation aligns well with their model predictions. This suggests that
variations in observed absolute brightness, which form the basis of the relation, may arise
from different WD masses at explosion, thereby supporting a significant fraction of sub-M,
SNe Ia (see their Fig. 3). Thus, only systematic deviations from the Phillips relation impact
distance estimates and H,,, and these deviations may not be solely attributed to the lower

mass of WDs upon explosion.

While there is evidence that especially the faintest SNe deviate from the Phillips relation
(Burns et al. 2014), a more detailed study of synthetic light curves of different SNe Ia
channels is needed to pin-point those that are not standardizable. Woosley et al. (2007)
investigate the influence of M, SNe Ia model parameters on the resulting light-curves and
find that different input scenarios indeed reproduce observations. However, they also note
explicitly that most of their models do not follow the Phillips relation, as even models with
the same °°Ni mass exhibit different decline rates. Woosley et al. furthermore conclude
that the observed scatter is related to the diversity of SNe Ia. It was furthermore found by
Taubenberger (2017), that there are observations of peculiar SNe Ia which do not obey the
Phillips relations, such as e.g. the faint and yet slowly declining “SN 02es-like” events.

This diversity may have implications for the Hubble-tension, if the corresponding events
appear in large numbers and especially if there is an environmental effect, i.e. a change
of SNe Ia morphology with redshift. As pointed out by Ruiter & Seitenzahl (2025), low
metallicity AGB stars are expected to produce higher mass stellar cores — and thus a heavier
WD - than solar metallicity AGB stars. Since the WD mass is an important measure of peak
brightness (Ruiter et al. 2013), this implies that more luminous SNe emerging from heavier
WD occur at higher redshift, in agreement with standardized observations of SNe Ia from

galaxies of different morphological type (Pruzhinskaya et al. 2020).

Since host environment properties are different for galaxies at different redshifts — e.g. the

binary fraction or SFR - it is not obvious to what extent frequent SNe Ia explosions in our
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neighborhood, that may or may not follow the Phillips relation, also are dominating in high
redshift galaxies, where potentially other SNe Ia with non-standard light-curves are more
frequent. There is, for example, a potential bias associated with the differences between
sub-M¢, and M, DTDs. Galaxies that are observed at high redshift in ACDM cosmology are
younger (they potentially even formed only ~ 500-700 Myr after the Big Bang in the most
extreme cases, according to JWST observations, see Labbé et al. 2023; Lépez-Corredoira
et al. 2024). Due to the longer delay-time of M, SNe Ia this potentially indicates that more
rapid WD mergers or early double-detonation SNe Ia appear in higher frequency in Galaxies
of higher redshift. However, this does not necessarily mean that there are systematic offsets

in distance measurements, as these events may still be standardizable.

This suggests that a discrimination between sub-M;, and M, SNe Ia alone might not be
enough to accurately determine the validity of the SNe Ia standardization. Ideally, chemical
signatures from specific SNe Ia sub classes — such as WD-WD mergers of different masses
— are extracted from observations of stellar abundances directly, which again stresses the

need for precise 3D NLTE abundances from large stellar samples.

6.2 Expanding Applicability of 3D Atmosphere Models

The methods developed for creating 3D atmosphere models presented in this work are ap-
plicable to the bulk distribution of FGK-type stellar spectra observed in Galactic surveys.
Nevertheless, it is interesting to explore areas where either the current approach has its
limitations, and may hence be improved, or where 3D models provide insight beyond what

is discussed in this thesis.

Magnetic Fields

One extension of the models presented is the inclusion of magnetic fields. In addition to sim-
ulation of stellar chromospheres and/or coronae (Gudiksen et al. 2011; Wedemeyer et al.
2017; Carlsson et al. 2019; Przybylski et al. 2022), it was shown that even in quiet pho-
tospheric regions outside of magnetic activity there is magnetic flux caused by turbulent
convective flows (Vogler & Schiissler 2007). These small-scale dynamo (SSD) interactions,
as well as stronger global magnetic fields, directly influence the atmospheric temperature
and density stratification, yielding overall hotter — from negligible differences below ~ 0.1 %
in high-metallicity FGK stars up to ~ 100K for lower metallicities or stronger magnetic fields
— photospheric layers and potentially weaker cores of spectral lines that form in these re-
gions (e.g. Fabbian et al. 2010; Bhatia et al. 2022; Witzke et al. 2023; Perdomo Garcia et al.
2025).

This atmospheric heating can have a non-negligible influence especially on the molecular
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equilibrium, molecular number densities, and the corresponding molecular features, such
as e.g. the CH G-band. This may be critical for the study of CEMP stars, which are pre-
dominantly very metal-poor — especially in the interesting, CEMP-no dominated Group III —
and SSD effects are expected to increase with decreasing metallicity (Witzke et al. 2023).
Because these structural differences show a large variability with optical depth, there is pos-
sibly a strong interconnection with NLTE, which motivates a comprehensive 3D SSD NLTE
study under these conditions. In the current version of M3DIS, there are no magnetic fields
considered. However, the DISPATCH framework already hosts magnetized Riemann solvers,

which makes their integration into stellar atmospheres straightforward.

Expanding the Parameter Space

It is furthermore desirable to extend the stellar parameter space of existing 3D model at-
mosphere grids, especially towards hotter A/B type stars and red giants. In the context of
stellar surveys, a very useful first step in this direction is to densely cover the parameter
space spanned by existing 1D MARCS models (Fig. 2.8) with 3D RHD M3DIS models.

A major challenge here is to estimate a suitable initial condition, which serves as the basis
of the simulation setup. Due to the numerical efficiency of M3DIS, this initial condition can
be a 1D MARCS model without significant computational time penalties. The precise initial
atmospheric structure is not relevant for the resulting simulation. However, two aspects

need to be considered; the opacity binning and the bottom boundary condition.

Within the parameter space of an existing 3D grid, such as the Stagger grid, a very useful
initial condition is obtained from interpolating (e.g. via natural neighbor interpolation) the
average structures on the optical depth scale (Sec. 4), from which the geometrical depth
can be reconstructed. To explore conditions beyond these limits, an effective method is
to extrapolate the entropy at the top and bottom boundaries and construct a semi-realistic

atmospheric structure from the results.

One potential realization of such an initial condition extrapolation technique is presented
in Fig. 6.2. In panels A to D, density and temperature values at the top (panels A and B)
and bottom (C and D) of <3D> Stagger models at different metallicities are shown as a
function of log g and T, (black squares). To allow extrapolation, a functional description is
obtained by fitting a cubic regression model (Blaom et al. 2020) to the data in each panel,
which enables the approximate computation of the bottom and top entropy for arbitrary
T.¢, log g and [Fe/H] values, as demonstrated by the application of the best-fit function to

randomly selected points (red circles).

The output of the regression function is then used to construct the initial condition for the
3D simulation; an example is shown in panel E of Fig. 6.2 for a grid node of the Stagger
grid (T.; = 4500K, logg = 1.5, [Fe/H] = —3) to allow for a comparison. Starting with the
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Figure 6.2: Extrapolation method for models outside the parameter space spanned by
existing 3D models. Panels A to D: Average density and temperature in the top (pan-
els A and B) and bottom (panels C and D) layers of 3D models in the Stagger grid
(black) compared to randomly predicted values from a cubic polynomial regression fit
(red). Panel E: Example of an initial model obtained from the regression fit (red) compared
to a 1D MARCS (blue, dotted line) and <3D> Stagger (black, dashed line) models with
T. = 4500K, logg = 1.5, [Fe/H] = —3. Panel F: Demonstration of an example use-case of
the extrapolation method in the Kiel diagram. Blue squares correspond to M3DIS model at-
mospheres computed for stellar parameters along solar metallicity Dartmouth (Dotter et al.
2008) isochrones (blue lines in the background). For each point, the connected inset fig-
ures shows the temperature structure at the optical surface. Note the vastly different sizes
of different models as indicated in the axis labels (image sizes are increased for increasing
model size, however not to scale for visualization purposes). The model at the top of panel
F with the lowest surface gravity (T, = 4700K, logg = 1.1, [Fe/H] = —4.5) was obtained
from the extrapolation procedure, as it resides outside the Stagger grid (gray, dotted line
indicates the grid boundaries).

bottom density and temperature obtained from the fit, the initial condition is constructed

by integrating upward adiabatically (following the method presented in Sec. 4.3.4).

In principle, the adiabat constructed in this way may already be used as a starting approx-
imation, since the bottom entropy is the decisive quantity that determines the final atmo-
spheric stratification. However, it is crucial to also determine the size of the computation
domain and the approximate geometrical height of the optical surface. One way to estimate
the extent of the simulation is to expand from the closest known grid point, using the scal-
ing of pressure scale height with stellar parameters (Magic et al. 2013a). Another way is
to simply continue integrating the adiabat until the structure reaches the expected values

from the extrapolation at the top, which provides the corresponding geometrical extension
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of the atmosphere in hydrostatic equilibrium automatically.

Once a specific optical depth is surpassed, the true atmospheric structure is increasingly
non-adiabatic (see Eq. 2.21). Although this does not impose a relevant problem for relax-
ation in M3DIS, it potentially has an impact because the opacity binning is based on this
initial structure. To minimize the associated inconsistencies, a MARCS model - shifted in
temperature and density to match the extrapolated quantities at the top of the atmosphere

— can be used to replace the adiabat in photospheric layers.

The final result is shown as the solid red curve in Fig. 6.2, panel E. It should be noted that,
generally, this procedure is designed to yield an approximate initial condition that results in
a robust full 3D model atmosphere with similar effective temperature. Archiving a specific
value with high precision may still involve fine-tuning of the bottom entropy. However,
when constructing a grid of random models, this additional step is not necessary, making
this procedure very useful to efficiently produce models outside the domain of available
model grids, which then in turn may be used to interpolate between to obtain more precise

initial conditions when required.

Beyond the potential of this extrapolation technique for expanding 3D model grids in the
near future, it presently is applied in practice in the context of recent work by Ji et al. (in
prep.), who identify and derive the detailed chemical composition of one of the most metal-
poor red giant stars ever observed using M3DIS stellar atmosphere models. One of the model
atmospheres computed in the course of this project (with parameters T.; = 4700K, logg =
1.1, and [Fe/H] = —4.5) is shown in the top left of Fig. 6.2, panel E Specifically, I show this
red giant model in the Kiel diagram compared to other, solar metallicity M3DIS MS and sub-
giant models (see Sec. 6.4 below for more details) on top of solar-metallicity Dartmouth
(Dotter et al. 2008) isochrones.

The stellar parameters of this target place it outside the Stagger grid (outer edge indicated
by the gray dotted line), which means extrapolation methods such as those described above
are required. Due to the design of M3DIS as efficient end-to-end pipeline, input stellar
parameters — including a potential chemically peculiar composition — can be converted to
a stable red giant model in < 50000 CPU-h from scratch, without significant fine-tuning
involved. Note that the timescales for red giant models are significantly larger compared to
the models presented in Sec. 4, as the intrinsic timescales associated with the convective
turnover within red giant atmospheres increases (due to the larger pressure scale height,
see also the size difference of models in Fig. 6.2, panel F as indicated in the axis labels)
and thus are of physical nature rather than numerical. It will be very interesting to analyze
potential implications on stellar abundance diagnostics for a larger sample of stars using

M3DIS red giants models in the future.

The extrapolation method is naturally applicable to various regions of the parameter space.
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In exoplanet research, for example, there is particular interest in simulating M dwarf at-
mospheres because of their smaller mass, radius, and luminosity, which results in habitable
zones closer to the star, making planet detections through transit or radial-velocity mea-
surements more likely (Olander et al. 2021). The atmospheres of M dwarfs are expected
to exhibit significant dynamics over short periods (Wedemeyer et al. 2013), making 3D
studies interesting. However, due to their low temperatures, attention must be paid to the
molecular opacities of complex molecules such as TiO and VO, which play a crucial role in
the modeling of these stars, despite being minor in FGK-type stars (Perdomo Garcia et al.
2023).

When expanding towards the hotter end of the distribution (A-, B-, or O-type stars), the
strength of the radiation field increases significantly, which means the LTE assumption starts
to break down (Sander 2017). While a full 3D NLTE atmosphere simulation is currently
not feasible, it may be interesting to explore to what extent 1D NLTE methods may be
used to include departures at least approximately. One example for such a simplified NLTE
treatment could be realized by computing opacity and source function departures based on
a time-local <3D> snapshot as the full 3D simulation progresses, which may then be used
to correct the wavelength-dependent LTE opacity table on the fly. This is especially useful
for the H™ continuum (or H in hotter stars), but it may also be applied to line opacities
from other species. It remains to be tested to what extent this approximation constitutes an
improvement over LTE. For more extreme O-type stars, there additionally is a non-negligible
radiative acceleration term that needs to be included in the momentum equation — as well
as considerable line-driven winds — which makes the application of M3DIS to this parameter

space more challenging (see e.g. Sander et al. 2017).

Exploring the Time Domain

Due to their dynamic nature, 3D atmosphere models furthermore provide direct access to the
time dependence of stellar observables. As the model progresses in time, the atmospheric
structure is continuously adjusted. The strength of this effect depends on the specific ob-
servable. As an example, I present an overview of the time variability of different aspects

obtained from spectra of a solar M3DIS simulation in Fig. 6.3 and Fig. 6.4.

From the left image of Fig. 6.3 it becomes clear that even relaxed stellar atmospheres are not
static. To highlight this, in panel A, I show how the spatially averaged 3D temperature strat-
ification changes between snapshots of the same simulation as time passes, as a function of
optical depth. Each (blue) line here corresponds to the difference between the temperature

profile T, of a snapshot at time t and the time average < T >, i.e. AT =T,—< T >..

Because the atmosphere is not static, the temperature fluctuates, especially towards the

upper boundary. Although at optical depth log 7, ~ —6 most of the snapshots deviate
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Figure 6.3: Time variability of different properties obtained from time sequence of a solar
3D M3DIS model atmosphere. Left (A): Time evolution of the average temperature strat-
ification as a function of optical depth, relative to the time average. Left (B): Effective
temperature evolution as determined from the bolometric flux at the surface of each snap-
shot. Right: Limb-darkening as a function of time. I}, corresponds to u = cos(6) = 0.2,
Ieneer 1S the disk center at y = cos(0) = 1.

between < £100K around the time average, two randomly selected individual snapshots
may be ~ 400K apart from each other. The average difference, as well as the deviation
around the mean, decreases with increasing optical depth and becomes negligible below
the photosphere, where AT < 20K. Deeper in the atmosphere, the absolute temperature
also rises, which means that the relative deviation among snapshots becomes even smaller.

This optical depth gradient manifests itself in the time dependence of observables that are
sensitive to different atmospheric layers. An example of this is shown in panel B of Fig.
6.3, where T, is shown as a function of time for a relatively long time series of the 3D
M3DIS solar model between 5 and 55 stellar hours. In contrast to 1D HE models, it is not
constant because the bolometric flux itself is not constant. It may be seen that T, fluctuates
on average 14K around the mean, on a time scale comparable to the time spacing between
individual snapshots, i.e. individual points in this figure. Because the effective temperature
is mostly influenced by the layers close to the continuum (T (7 = 2/3) = T, in the Eddington
approximation of a gray atmosphere), the scatter observed in panel B is very similar to the

temperature fluctuations in panel A around the optical surface (at log(t =2/3) ~ —0.2).

Another example can be found in the right panel of Fig. 6.3. Here, I show the corresponding
time evolution of the limb-darkening (I};;/Icente;) @s obtained from the angle-dependent
intensity I at u = 1 (center) and yu = 0.2 (limb), integrated over the spectral window
between 3600A and 4000 A. Because every angle u probes a different atmospheric layer,
angle-dependent intensities are subject to a different time evolution, which means that the

limb-darkening changes as a function of time.
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Figure 6.4: Time variability of observables from a solar 3D M3DIS model atmosphere. Top:
Time variability of weak spectral lines and the continuum. Different snapshots are shown
in gray. Mean (blue), maximum (black) and minimum (red) flux are overplotted. Bottom:
Variability of the normalized flux in the core of the Ca Il K line. The vertical axis corresponds
to wavelength A, horizontal axis shows the stellar time. Color corresponds to the normalized
flux. Note that the Ca II K is very wide, which is why only the core region is shown here
and the color scale does not reach the continuum.

In the specific case shown here, the spectrum at y = 0.2 darkens to about 36 % (on average)
of the disk-center intensity, with a standard deviation of 0.5 % due to atmospheric dynamics.
In extreme cases the limb-darkening varies by up to 2.5 % in a time span of ~ 1 h. Note that
the time sequence investigated in this image is significantly shorter (between 40 and 55
stellar hours) than in panel A and B because the CIVs are computed with high spectral

resolution in post-processing, which is computationally expensive.

The impact of stellar variability is also visible in individual spectral lines. The top panel of
Fig. 6.4 shows the absolute solar 3D model flux in the arbitrary optical wavelength window
between 5550.5 A and 5553.0 A, where the influence on weak spectral lines is visualized by

showing different snapshots, covering the same time span as in the right panel of Fig. 6.3.
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Figure 6.5: Fourier transformation of the bolometric flux from a red giant M3DIS stellar
atmosphere model with stellar parameters T, ~ 4500K, logg = 1.1, and [Fe/H] = —4.5.
Left: normalized power spectral density as a function of oscillation frequency obtained from
surface flux in a log-log plot. Right: Zoom-in to the frequency interval where v, is ex-
pected from theoretical scaling relations (e.g. Themef3l et al. 2018; Yu et al. 2018, estimate
shown as red vertical line in both panels). To reduce granulation noise, the power spectrum
deeper in the atmosphere is shown here.

Due to their low opacity, these lines form close to the continuum, which means the vertical
shift that one may observe here is mainly reflecting the time evolution of the effective tem-
perature. When continuum-normalizing the spectrum, the time dependence thus becomes
negligible, with small effects towards the line core. For stronger lines, the situation is differ-
ent. To motivate this, I show the time evolution of the normalized Ca II K line core region
between 3931 A and 3936.5A in the lower panel of Fig. 6.4. In this image the normalized
flux is shown in color, the vertical axis corresponds to wavelength, and the horizontal axis
to time. Due to the strength of the Ca II feature — spreading from the red line core region
in the center of the image towards the blue line wings further out — the formation height
is shifted towards higher atmospheric layers, which is why brightness variations at differ-
ent wavelengths are sensitive to the stronger atmospheric temperature fluctuations at lower
optical depth and thus visible also in the normalized spectrum.

Solar-like Oscillations

Because these fluctuations stem from the intrinsic convective flow pattern in the atmosphere,
it is furthermore very interesting to investigate the periodicity of the simulated time se-

quence by translating it into Fourier space and to analyze the power spectral density as a
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function of oscillation frequency. A study of this kind is useful because so-called solar-like
oscillations — which are a powerful tool in global asteroseismology to infer stellar masses
and radii from the frequency of maximum power v, ,, and mean large frequency spacing Av
(e.g. Yu et al. 2018) — are stochastically excited by turbulent gas motions in the upper layers
of stars (Hekker et al. 2011; Chaplin & Basu 2008) and thus, in principle, are contained in

the time sequence of 3D stellar atmosphere simulations (Zhou et al. 2019).

To motivate the applicability of M3DIS models in this context, I show the power density
spectrum obtained from the time sequence of an example red giant model with parameters
T.s ~ 4500K, logg = 1.1, and [Fe/H] = —4.5 in Fig. 6.5. In the left panel of this fig-
ure, the Fourier transformation of the logarithmic outgoing, angle-integrated, horizontally
averaged, bolometric flux is shown as a function of logarithmic frequency. As expected,
lower frequency regions are dominated by stochastic background noise from e.g. granula-
tion (see Hekker et al. 2011, their Fig. 6). Toward higher frequencies, individual peaks of
high power are visible. It is interesting to note that the maximum power is found around

Vmax ~ 1.64 uHz, which — depending on the assumed solar value — coincides with the ex-

max
pected location from scaling relations (e.g. Themel3l et al. 2018; Yu et al. 2018, the v,
prediction from scaling relations is indicated as red, dashed line here). This can especially
be seen in the zoom-in around this location shown in the right panel of Fig. 6.5, where I

show the flux deeper inside the atmosphere to reduce the noise associated with granulation.

Although a detailed asteroseismic investigation of the oscillation pattern requires more work
(see e.g. the comprehensive analysis by Zhou et al. 2019) that is beyond the scope of
this thesis, the fact that M3DIS models are able to develop solar-like oscillations naturally
is reassuring and may be utilized to either predict the distribution of granular noise, or
generally even v, ,, and A v, from first principles. However, it should be noted that there is
significant additional computational complexity involved. To obtain the data shown in Fig.
6.5, the giant model has evolved for a long time sequence of 44000h ~ 5yr stellar time.
During this period ~ 800 snapshots have been stored with a spacing of ~ 55h, which means
that the frequency domain associated with time intervals smaller than that value has not

been sampled.

Longer time series are furthermore required to better constrain the low-frequency end. Note
that especially increasing the length of the time series involves significantly more computa-
tion resources, while a smaller time-separation to first order only requires more disk space.
In addition, it has to be ensured that the acoustic cavity associated with the depth of the
convective zone included in the simulation domain is covered for the modes of maximum
power, which may require the inclusion of deeper layers that are usually omitted to ensure

computational resources are spent on the photospheric layers.
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Connection to Exoplanets

Regardless of the complexity involved, a systematic study of model oscillation modes is de-
sirable, especially in exoplanetary science. Here, knowledge of planetary host parameters,
such as stellar masses and radii — which are determined from solar-like oscillations, is cru-
cial for extracting information about the planet from observations of the star-planet system
(Batalha et al. 2011; Huber et al. 2013).

In the same context, it is additionally interesting to investigate to what extent the described
limb-darkening modulations (Fig. 6.3) matter when modeling planetary transits (Klevas et
al. in prep.). It is important to point out that the physical extent of 3D box-in-a-star models
covers only a small part of the stellar surface, as they span only ~ 10 granules. In the
case of an Earth-Sun-like planet-star system, this means that upon transit the planet (radius
~ 6000km) covers a surface area comparable to the horizontal extend of the simulation
domain. If the size of the star increases, the size of granules increases (~ H, ~ T/g), which
means that for sub-giants and/or hotter stars the planet may cover only a single granule or

less.

Assuming that the entirety of the stellar surface constitutes many of these model atmosphere
boxes — distributed randomly at different points in their time evolution — the time variability
of the model can be translated to a space variability. Thus, when the star is observed as a
point source, the entire time sequence is observed in one instance and manifests itself as

scatter around the mean brightness.

The impact of time variability on the resulting transit light-curve depends on the parame-
ters of the star, the duration of the transit, and the convective pattern speed; Considering a
static planet at a random location in-transit, the convective pattern that is blocked behind
it evolves as shown in Fig. 6.3. The result is that at a certain time the planet covers darker
inter-granular lanes and at a later time brighter granules, which causes the overall dark-
ening of the observed system to fluctuate. If the underlying convective pattern changes on
timescales much shorter than the transit of the planet, this may introduce significant scatter
at a given position in the light-curve. The degree of fluctuation depends on the u-angle
and the wavelength at which the transit is observed, as different atmospheric regions are
sampled (Fig. 6.3). If the system is observed for longer, the convective pattern changes
during exposure, which means a longer time sequence is sampled and the resulting mean

brightness is less sensitive to outliers.

In the opposite extreme, where the convective timescale is longer than the transit duration,
the planet samples the time evolution by moving across a nearly static background star,
which reduces the scatter associated with individual points in the light-curve but effectively
stretches the fluctuations across the entire transit. For observed exoplanetary systems the

truth lies in between these extreme cases; nevertheless, it has been shown that — in the
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specific case of a solar-like star, where transit duration (~hours) and convective pattern
speed (~ 10min) are comparable — there is a notable influence on the parameters derived
from transit light-curves, such as the planetary radius (Chiavassa et al. 2017). Thus, a

deeper understanding of observations is only possible by using 3D models.

In addition to the time domain, 3D models are essential when modeling the average CLV
and deriving model limb-darkening coefficients, which are important when fitting observed
light-curves to estimate planetary radii (e.g. Csizmadia et al. 2013). By modeling the CLV
in the sun and comparing it with resolved observations of the solar disk, it was shown
that, depending on the spectral line, 1D models exhibit an EW-u dependence that is not in
agreement with observations, yielding an effective abundance gradient when fitting angle-
dependent spectra, while 3D NLTE synthetic spectra reproduce CLV observations to a satis-
factory degree (see e.g. Lind et al. 2017; Bergemann et al. 2021; Pietrow et al. 2023; Storm
et al. 2024, for investigations of Fe, O, Eu, and Y lines).

Canocchi et al. (2024) make the connection to planetary observations by analyzing the
resonance Na I D; and K I 7699A lines in the Sun in 3D NLTE. They find that the CLV
discrepancy between 3D and 1D models is comparable to the depth of the absorption feature
in transmission spectroscopy of a Jupiter-Sun system, which also underlines the necessity
for 3D models of stellar atmospheres in planetary science. To enable this kind of analysis for
a large number of exoplanet host stars, which will be observed by PLATO, an extensive grid

of 3D model atmospheres is needed to accurately determine limb-darkening coefficients.

6.3 The Origin of CEMP-no stars

It is interesting to revisit the 3D corrected Galactic distribution of CEMP stars presented in
Sec. 5 in the context of the Yoon-Beers diagram morphology. Specifically, I recall the shift
of CEMP groups between 3D and 1D; I find a substantial net downward shift in 3D A(C)
abundances in stars of Group III, which may be accounted for by a tilt of the ellipse in Fig.
5.8. In other words: The A(C) of CEMP-no stars in Group III is metallicity dependent in 3D.
Although this provides a good agreement with the observed distribution, the question arises
as to what extent this agrees with the proposed CEMP-no formation scenarios of Yoon et al.
(2019).

An connection between CEMP formation channels and their chemical composition was orig-
inally made by Spite et al. (2013), who compile the C abundances of CEMP MS and turn-off
stars from the literature and complement their sample with an analysis of UVES spectra
(Dekker et al. 2000) obtained from selected targets. When investigating the morphology
of their stars in the Yoon-Beers diagram, Spite et al. (2013) notice that CEMP stars appear
to exhibit a bimodal, band-like structure, where CEMP stars with [Fe/H] 2 —3.5 form a
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high-C plateau with constant A(C) ~ 8.25 close to the solar value. Stars in this region of the
parameter space furthermore show neutron-capture enhancement, which classifies them as
CEMP-s or CEMP-r/s stars. Within this high-C region, furthermore, no obvious metallicity
dependence of A(C) is visible. In contrast, Spite et al. (2013) find that at lower metallici-
ties, [Fe/H] < —3.5, CEMP stars rather reside in a low-C plateau with A(C) ~ 6.8 and are
predominantly CEMP-no stars. They conclude that stars in the high-C band obtained their C
via mass transfer from an AGB companion (i.e. an extrinsic enrichment) and CEMP-no stars
in the low-C band formed from the ejecta of massive star explosions (i.e. the enrichment is

intrinsic).

This band structure was later confirmed by (Bonifacio et al. 2015), who measure C abun-
dances from the G-band seen in X-Shooter and UVES spectra and qualitatively find the same
morphology (their Fig. 6), leading them to an interpretation of CEMP formation similar to
what was proposed by Spite et al. (2013). A similar result was also obtained by Hansen et al.
(2015) in their analysis of high-resolution UVES spectra of 39 stars with —4 < [Fe/H] < —2,
although they notice the presence of a transition region between both bands — as well as
a contamination of the high-C band with CEMP-no stars — which challenges the distinct

formation picture.

In the study by Yoon et al. (2016), who compile a sample of 305 CEMP stars with [Fe/H] <
—1 and abundance information from high-resolution spectra, a qualitatively similar behavior
is seen in the Yoon-Beers diagram, however they find a more complicated sub-structure,

which leads them to the three-group classification scheme discussed in Sec. 5.

Later, Yoon et al. (2019) investigate CEMP-no populations in the halo, as well as satellite
galaxies, and find that Group III CEMP-no stars most likely formed from a mono-enriched
gas cloud, which was polluted with [C/Fe] enhanced material ejected from a single faint SN
event of a massive Pop III star. They further theorize that CEMP-no stars from Group II have
been multi-enriched by several normal CC-SNe of Pop II stars. Yoon et al. (2019) conclude
that the strong correlation they find between A(C) (as well as A(Mg) and A(Na), see Yoon
et al. 2016, their Fig. 4) and [Fe/H] in their sample of Group II stars is evidence for their
accretion from chemically evolved, massive dSph-like systems, while the higher A(C) values
and no A(C)-metallicity dependence of Group III hint towards low-mass, chemically more
simple, UFD-like systems as their birthplace (Yoon et al. 2019, their Sec. 7).

Given our revised 3D CEMP distribution, it is necessary to examine whether the core assump-
tions for their conclusions are still valid. For this purpose I show in Fig. 6.6 the Yoon-Beers
diagram with the same abundance data as Fig. 5.8, however, this time I do not impose the
Yoon et al. CEMP grouping but rather interpret the distribution as two C-bands, as originally
done by Spite et al. (2013). In 1D (left) as well as in 3D (right) I use a generic Gaussian
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Figure 6.6: Yoon-Beers diagram of the metal-poor MS and sub-giant SAGA sample from
Sec. 5, but interpreted in the band-like picture from Spite et al. (2013). Left: 1D LTE, right:
3D LTE. In 1D LTE, there is a non-negligible set of stars in the overlapping region between
high-C (blue) and low-C (red) bands, suggesting a third group of stars in agreement with
Yoon et al. (2016, 2019). In 3D, the metallicity dependence of 3D—1D abundance correction
causes the distribution to shift in a way that substantially weakens the evidence for a third
CEMP group. See text.

Mixture Model! (GMM) to group stars into a high-C (blue) and low-C (red) band based on
their A(C) alone. The corresponding mean A(C) is shown as a dashed line in the respective
color, while the shading indicates the 1-o interval.

For the 1D data (left panel), the automatic GMM algorithm places the high-C band at A(C) =
8.13+0.40 and the low-C band A(C) = 6.81 +0.59, which is similar to the values found by
Spite et al. (2013). However, in agreement with Yoon et al. (2016) I find significant overlap
between both bands, as there appears to be a number of stars at low metallicity that reside
in between both bands and do not seem to coincide with either of the two populations.
It may especially be noticed that the bulk of stars in the low-C band lie somewhat below
the average, which would make these intermediate stars outliers of both populations. This
indicates that there is indeed evidence for a third group of stars with intermediate A(C) and
low [Fe/H], which is in-line with Yoon et al. (2016).

When investigating the 3D-corrected sample (right panel), the situation changes. The dif-
ferential A(C) 3D corrections lead to a re-distribution of low-metallicity stars in the high-C
band towards the low-C band. Not only that, the low-C band preferentially loses stars at the
low-A(C) end - because they exhibit lower metallicities and hence larger 3D corrections —

which effectively moves the mean of both bands slightly closer together. The combination

Ipublicly available at https://github.com/davidavdav/GaussianMixtures. j1
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of both effects significantly reduces the overlapping region between both bands and, hence,
causes the overall distribution to be in better agreement with the simple bimodal structure
from Spite et al. (2013) than in 1D; the former CEMP-no Group II and III stars lie within
the statistics of the low-C band, while Group I CEMP-r/s stars remain associated with the
high-C band. Even the metallicity limit agrees with what was found by Spite et al. (2013),
as in this classification there appears to be no star in the high-C band beyond metallicity
[Fe/H] $ —3.5.

A more extensive analysis is needed to judge whether this is in agreement with the premise
on which the conclusions of Yoon et al. (2019) are based. Generally, the variation of A(C)
in the low-C band in our 3D data can equally well be explained as scatter around the mean
value of A(C) = 6.62+ 0.4, which means that there is no systematic metallicity dependence
within this sub-group. Based on A(C) alone, there is therefore no need to assume a different
enrichment channel for the Group II and III stars, as they revolve around the same average
of the low-C band. Following this line of reasoning, the scenario originally proposed by Spite
et al. (2013) and (Bonifacio et al. 2015) — in which enrichment by faint SNe causes the low-
C plateau, whereas the high-C plateau is created by AGB stars — seems equally plausible.
The average A(C) values of Group II and III now coincide, which means that there is no
evidence for a different degree of A(C)-dilution by primordial gas in satellites of different

mass, as proposed by (Yoon et al. 2019).

Even if the CEMP grouping is not adjusted, i.e. Group II and III are kept separate, 3D
corrections cause an increasing A(C) gradient within Group III. This alone goes against the
proposed scenario by (Yoon et al. 2019), where the absence of this gradient is interpreted

as evidence that Group III stars form in chemically simple, UFD-like systems.

A detailed investigation of Mg and Al abundances has to be conducted in order to find out
if there is a significant difference noticeable between the former Group II and III stars. It
may be noted, however, that there is a 3D-bias in their distribution as well; especially when
looking at Fig. 3 from Yoon et al. (2016), the expectation from C-corrections alone would
be that the lower metallicity Group III stars shift towards Group II in the bottom panels,
which causes them to blend together also in this parameter space.

Note that this shift would not remove potential differences in A(Mg) as seen in the right
panels of their Fig. 4. However, it is not obvious to what extent these differences are
indeed related to a different formation environment and a potential accretion history, or
may instead reflect multi-enrichment pollution by normal CC-SNe as metallicity increases
(Hartwig et al. 2018). A larger sample of high-resolution spectra of low-metallicity stars
and the subsequent 3D NLTE analysis of CH — as well as Mg and Na — are needed to resolve
these issues. The upcoming 4MOST survey is expected to provide this data in the near

future, which will, in combination with the 3D NLTE tools developed in the course of this
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thesis, make such an analysis possible.

It is important to note that I do not discriminate between CEMP-r/s and CEMP-no here
because of the sparse availability of Ba and Eu measurements. It is thus not possible to
evaluate to what extent there is a contamination of CEMP-no stars in the high-C band and
CEMP-r/s or CEMP-s stars in the low-C band. However, I emphasize that also Yoon et al.
(2016) find that each CEMP group contains CEMP sub-classes that do not coincide with the
majority sub-class in this group. A extended 3D NLTE analysis of neutron-capture elements
in metal-poor stars is needed in order to decide if the mixing is indeed there and statistically

significant.

It has to be stressed that the results presented here are derived in LTE, for 3D and 1D models.
Currently, there is no comprehensive 3D NLTE analysis of the CH molecule in metal-poor
stars (although see Hoppe et al. subm. for the first 3D NLTE analysis of the Sun, using the
solar M3DIS model presented in this thesis). The first 1D NLTE study was carried out by
Popa et al. (2023), who use their newly developed model of the CH molecular structure
to analyze the statistical equilibrium in the atmospheres of cool red giants for a range of
different metallicities. They find that — due to its low dissociation energy — over-dissociation
is the driver of NLTE departures, which leads to a higher destruction probability of CH
molecules, a weaker G-band, and hence positive NLTE abundance corrections of ~ 0.2 dex at
[Fe/H] = —4, and ~ 0.05 dex at solar metallicity. Popa et al. (2023) furthermore investigate
the dependence of abundance corrections on the assumed C abundance in the synthesis of
the spectrum itself, and show that the effect is small and negative, decreasing the correction
by ~ 0.05dex at [C/Fe] = 3. A dedicated 3D NLTE study of a sufficiently large sample of

metal-poor stars is needed to make any quantitative statement.

6.4 On-The-Fly 3D NLTE Spectra for 4MOST & PLATO

Large spectroscopic surveys are set to uncover the Galactic history in unprecedented detail.
The quality of observational instruments and data is constantly improving, enabling high-
resolution, high signal-to-noise spectroscopic observations of millions of stars. Although 3D
NLTE methods are advancing, they are still confined to small-scale analyses. A full 3D NLTE
analysis of the entire Galaxy holds great promise; however, such an investigation is not yet

possible.

The techniques developed by Ting et al. (2019), Kovalev et al. (2019), and Gerber et al.
(2023) constitute an important advance in the right direction, as they implement interpo-
lation techniques that remove the time constraints imposed by the solution of the statistical
equilibrium, transitioning from 1D LTE to on-the-fly 1D NLTE abundance determination for

selected elements that are applied to millions of stars efficiently. This methodology po-
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Figure 6.7: Left: Location of stellar atmosphere models (in color) of the first M3DIS sub-
grid, randomly sampling the PLATO core targets (gray) in the Kiel diagram. Right: Average
temperature-density structure of models in the M3DIS PLATO sub-grid (black). Randomly
selected models are highlighted in color. Stellar parameters T, logg, [Fe/H] are shown
in the legend.

tentially extends to 3D LTE and eventually 3D NLTE spectrum synthesis. Similarly to 1D,
the initial requirement in 3D is to develop dense grids of model atmospheres. Magic et al.
(2013a) and Rodriguez Diaz et al. (2024) contributed to this by creating the first grid of 3D
STAGGER atmospheres. Although this is an essential start, Fig. 2.8 shows the rather sparse

grid resolution that limits its practical application in large surveys.

An important survey where 3D NLTE spectra are crucial is the PLATO space mission, which is
planned to be launched towards Lagrange point L2 in 2026 (Rauer et al. 2014). The PLATO
science mission revolves around the investigation of exoplanets in the habitable zone around

solar-like stars, and will for this purpose also aim to study the corresponding host stars.

Due to its target selection strategy, PLATO is expected to observe primarily MS and sub-
giant stars with stellar parameters and chemical composition similar to those of the Sun.
For accurate modeling of stellar spectra, which in the case of PLATO will be provided via
the synergy with the 4MOST survey, a grid specifically sampling the distribution of stars in
the PLATO core sample is needed. Although there were additions to the STAGGER grid that
aim to fill existing gaps in this region of the parameter space, the number of models remains

comparably low.

This is precisely where DISPATCH comes in; Due to its unprecedented speed and streamlined
pipeline — targeted at computing a large number of models and spectra in a short period of
time — it is the ideal tool to provide 3D models that may be used to derive stellar parameters
for PLATO targets. To showcase the capability of M3DIS, Fig. 6.7 summarizes the first grid

of M3DIS 3D model atmospheres that were already computed at the time of writing, mainly
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—25 0.0
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Figure 6.8: Horizontal temperature slice at the optical surface of randomly selected M3DIS
stellar atmosphere models created as part of the first M3DIS sub-grid (Fig. 6.7). The colour-
bars in each panel indicate the temperature in K. Stellar parameters T.g, log g, [Fe/H] are
shown at the top left of each panel.
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at solar metallicity, but also including models up to [Fe/H] = —1. The locations of these
models in the Kiel diagram, i.e. T.; and log g, are sampled randomly within the region of
stars in the PLATO sample (black shading in the background). The average temperature-
density structure for each of these models is shown in the right panel (black lines), where a
few models with different parameters are highlighted in color. The temperature structures

at the optical surface of these models are shown in Fig. 6.8.

It may be noted that this random parameter sampling has two advantages. When initiating
a 3D atmosphere simulation, the effective temperature is not an input, but rather an output
parameter. Targeting a specific T, hence involves a mapping from the actual inputs, i.e.
bottom entropy, log g, and chemical composition, to T, which a-priori is not known. In
practice, this results in either a trial-and-error phase — which involves human interactions —
or a more sophisticated feedback loop between the time-dependent radiation flux at the top
and the entropy at the bottom of the atmosphere, which itself slows down the relaxation
as the atmosphere needs time to adapt to structural changes. In any case, the effective
computation time per model increases considerably. A random sampling makes this step

meaningless, as the output effective temperature may be accepted at face value.

A second advantage arises when considering the end product of the pipeline, the spectra,
and how the interpolation is done. In the case of 4MOST and PLATO the spectroscopic
module that derives stellar parameters consists of an ANN (Ting et al. 2019; Kovalev et al.
2019) that emulates stellar spectra in real time and uses the predictions by the network to
find the ideal match with observations (Gent et al. 2022). The training of this ANN will
have to be done on the basis of the model atmosphere grid, which means that randomized
parameters are generally preferred to avoid imprinting artificial structures onto the network

output.

This first M3DIS sub-grid (at the time of writing) contains 167 models with [Fe/H] = 0.0,
18 models with [Fe/H] = —0.5, and 45 models at [Fe/H] = —1.0, and will steadily be ex-
tended in the near future. As the group of Maria Bergemann is heavily involved in PLATO
work-package WP122: Non-seismic parameters and model atmospheres, the plan is to com-
plement the default 1D NLTE derivation of stellar parameters with M3DIS 3D models as a
first milestone. Due to the simultaneous involvement in the 4MOST S4 Milky Way Bulge and
Disk High Resolution survey the extension to a broader parameter space — especially lower

metallicities — is also desired and achievable within reasonable time.

With M3DIS, the expansion of 3D NLTE analyses to samples that are orders of magnitude
larger than the sample by Storm et al. (2025) — and hence a much more complete represen-
tation of the Galactic abundance distribution — becomes realistic; The first PLATO sub-grid
models (Fig. 6.7 and Fig. 6.8) evolve towards realistic T — p structures and velocity fields

in significantly less than 5000 CPU-h, which is equivalent to only 24 h on two nodes of the
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intermediate-sized Raven® high-performance computing cluster at the Max Planck Com-
puting and Data Facility (MPCDF). Because of this, the first PLATO sub-grid models were
computed in less than a month in total. The up-scaling to ~ 5000 models is therefore
achievable on the time scales of a year. It remains to be investigated how many models
indeed are needed for sufficiently accurate spectra emulation.

In a related study Rézanski et al. (2025), the capability of various ANN architectures to
predict stellar spectra from input labels was examined. Their evaluation on high-resolution
spectra showed that the traditional Payne achieves a mean absolute error of about 1072
when trained on 10* 1D spectra (see Fig. 4, top right panel of their study). For the PLATO
core sample, the construction of such a grid is feasible with the methods developed in this
thesis. It is yet to be determined whether these performance results are applicable to in-
creasingly asymmetric 3D spectra, which are less characterized by effective temperature
because of the exclusion of the radiative equilibrium assumption. If prediction time is not
a limitation, Rézanski et al. also highlight that their advanced TransformerPayne can
achieve similar accuracy using ten times fewer spectra, potentially reducing the number of
required models. This alternative deserves future exploration.

*https://www.mpcdf.mpg.de/services/supercomputing/raven
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7 Summary & Conclusion

In this thesis I investigate systematic biases in deriving stellar abundances arising from the
assumption that stellar atmospheres are one-dimensional, as well as in hydrostatic- and local
thermodynamic equilibrium. I furthermore examine how these biases influence the inter-
pretation of abundance trends in the Galactic chemical evolution and present new methods
to prevent these issues when analyzing large data sets from high-resolution spectroscopic

stellar surveys in the future.

I elaborate in Sec. 3 how the [Ni/Fe] ratio in Galactic stars changes when moving away
from the assumption of LTE. My co-authors and I analyze 264 Galactic stars using high-
resolution, high signal-to-noise Gaia-ESO survey spectra, incorporating Gaia eDR3 photom-
etry and photo-geometric distances from Bailer-Jones et al. (2021), along with NLTE cor-
rected Fe and Ni abundances from Bensby et al. (2014). Our findings may be summarized

as follows:

* Niabundances determined assuming LTE are consistently lower. The NLTE—LTE offset
varies with stellar evolutionary stage, reaching up to +0.3 dex in hot, low-metallicity

MS stars or sub-giants, whereas stars of solar metallicity are less affected (~ 0.05 dex).

* Comparing NLTE and LTE [Ni/Fe] abundances as a function of [Fe/H] to predictions
from a GCE models, which we modified to include M, and sub-M,SNe Ia with the
respective DTDs, we find that in NLTE the best agreement is obtained by assuming a
sub-M, fraction of ~ 80%, while in LTE the fraction is significantly lower (~ 20%),

in agreement with our earlier work on Mn (75%, Eitner et al. 2020).

* Nomoto et al. (2013) yields from CC-SNe predict too low abundances of Ni. Limongi
& Chieffi (2018) yields show a better agreement with our 1D NLTE Ni results, however
they also generally under-predict 3D NLTE [(Mn, Co,Ni)/Fe] (Storm et al. 2025). Be-
cause of this, higher yields from SNe Ia are required to reach solar abundances, which
is why other studies (such as e.g. Kobayashi et al. 2020a,b; Trueman et al. 2025;
Alexander & Vincenzo 2025) arrive at the misconception of a high M, SNe Ia contri-
bution. Resolving the low-metallicity despondency between models and observations
is thus key to this issue. According to Nomoto et al. (2013), higher CC-yields of Fe-
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peak elements can be archived by reducing the electron-excess in Si-burning regions,
which appears to be in-line with Galactic [Cr/Fe] abundances. Further, more quanti-

tative investigations are necessary.

This result highlights the impact of improper stellar spectra modeling; Under the simplify-
ing assumption of LTE, the data leads to the conclusion that M;,-SNe Ia are dominating the
Galactic history. In NLTE the opposite is the case. Due to their varying explosion masses,
the peak brightnesses of these events are not expected to be uniform (Shen et al. 2018,
2021a). It is still an open question that needs to be answered to what extend these high oc-
curance rates of non-classical SNe Ia allows them to be trusted as standard candles. If some
large fractions of these events are found to be non-standardizable and thus not follow the
Phillips relation — and there furthermore is an environmental effect — this has implications
for distances derived from them and consequently the determination of H,,.

Having established the importance of NLTE for abundance diagnostics of Fe-peak elements
and the implications for the Galactic history, the next steps on the path towards a physically
realistic, self-consistent analysis of large samples of stellar spectra is to relax the assump-
tion that stellar atmospheres can be described by 1D models in hydrostatic-equilibrium.
To archive this goal, we present our newly developed and highly efficient 3D radiation-
hydrodynamics code M3DIS in Sec. 4. M3DIS is build upon the DISPATCH high-performance
numerical framework for astrophysical applications. It solves the equations of hydrodynam-
ics to advance an initial guess for the atmospheric structure in time, while simultaneously
solving the radiative transfer equation to take radiative heating and cooling due to inter-
actions between atmospheric gas and the radiation field into account. In the process of
validating this new code, we arrive at the following results:

* The efficient numerical infrastructure of M3DIS, in combination with local time-stepping,
enables the relaxation of 3D RHD models in < 5000 CPU-h (or < 24h on a medium-

sized computer cluster), from scratch, without additional user interaction.

¢ QOur new version of the MULTI3D code in the same framework is consistent in terms of

microphysics and allows the efficient computation of 3D NLTE spectra for our models

* We validate that this speed-up compared to other 3D RHD codes does not come at
the cost of physical realism by showing that the M3DIS solar model reproduces the
observed solar center-to-limb variation to a satisfactory degree. We find that the av-
erage temperature structure agrees within ~ 2% and densities within 0.02 dex with
STAGGER and C0°BOLD models

* To highlight the applicability of M3DIS to stars other than the sun, we compute several
MS models with different temperatures and show that their average structure agrees
well with what is expected from 1D HE MARCS models at solar metallicity.
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* Although comparing different model quantities directly with other models is interest-
ing, the true test lies in the synthetic observables they generate. Thus, we synthesize
diagnostic Fe I lines, along with H, and Hg, and compare the synthetic line profiles
with the KPNO FTS atlas. Our results show that spectra from the M3DIS model are
closely aligned with observations, particularly the Fe lines and the H, wings. More-
over, differences in model resolution result in only minor changes in Fe abundance,
about ~ 0.02, without any systematic offset. Our M3DIS solar model effectively
matches observed Fe lines without extra adjustment of hyperparameters or broad-

ening mechanisms required for 1D HE models.

* We furthermore motivate the applicability of our new code in parameter spaces not
explored in detail in this thesis. We present a simple extrapolation mechanism that
can be used to generate models outside the limits of existing 3D grids. We further
show that M3DIS is capable of generating red giant stars, which naturally reproduce
the maximum mode frequency associated with solar-like oscillations. We furthermore
show the variability of the bolometric flux — as well as for individual spectral bands —
in long time-sequences of the solar simulation and motivate how they may be used in

planetary science.

* Lastly, we present the first part of our newly created PLATO M3DIS sub-grid, which
currently contains 240 MS and sub-giant models and was created within a month of

wall-clock time.

With this, we have shown that our new M3DIS 3D RHD code —in combination with MULTI3D
O@DISPATCH - is capable of producing stellar model atmospheres with much smaller time
investment, which at the same time compare well with predictions from other 3D RHD
codes and furthermore produce synthetic observables that are in excellent agreement with
observations. In addition to the efficiency of M3DIS, its flexibility and consistency in terms
of microphysics via the synergy with MULTI3D @DISPATCH is a very important feature that
needs to be highlighted. These new codes allow us to apply the superior 3D modeling tech-
niques to one of the most compelling parameter spaces in Galactic archaeology: The most
[Fe/H]-poor stars in the Galaxy. In addition to their immediate connection to Pop III stars,
these stars are interesting because a substantial proportion of them are chemically pecu-
liar, as they are characterized by large, super-solar [C/Fe] abundances. Yet, their analysis
mostly relies on 1D HE model atmospheres even though it was already noted by Asplund
et al. (1999) that there might be non-negligible 3D effects.

To address the question to what extent the high C-abundances found are physically realistic
— or only an artifact of the modeling assumptions — and what the potential implications for
the Galactic chemical evolution are, we analyze a sample of metal-poor stars from the SAGA

database using our M3DIS stellar atmosphere models in Sec. 5. For this purpose, we create
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main-sequence (MS) and sub-giant models for a range of metallicities between [Fe/H] = —6
and [Fe/H] = —2. In addition to scaled-solar composition, we compute 3D models with
carbon enhancement included in their atmosphere, which we archive by developing the
capability to generate extensive opacity tables using MULTI3D@DISPATCH. Our findings are:

* In agreement with previous studies, we find that metal-poor 3D atmospheres are sig-
nificantly cooler (~ 1500K) in the upper layers of the atmosphere due to the neglect
of adiabatic cooling in 1D HE. We furthermore note that the increased C content leads
to a re-heating of low optical depth layers, which causes the temperature structure to

be closer to the 1D radiative equilibrium solution.

* These structural differences cause the CH G-band to be significantly stronger in 3D
compared to 1D with the same A(C). The result is that a strong, observed G-band
feature may — at least partly — be explained by the 3D nature of the atmosphere rather
than a large A(C).

* At low metallicity, we find that in 1D A(C) is overestimated by ~ 0.7 dex and ~ 0.6 dex
for sub-giant and MS stars, respectively. There furthermore is a systematic offset of
~ 0.2dex (~ 0.1dex for MS) between 3D CEMP and 3D scaled-solar models related
to the additional C-enhancement in CEMP stars. As this effect works in the opposite
direction, the overestimation would therefore be ~ 0.9 (~ 0.7 dex for MS) when using

scaled-solar 3D models.

* We apply 3D CEMP — 1D corrections to a sample of metal-poor stars from SAGA and
find that, especially at intermediate metallicities between —4.5 < [Fe/H] < —3.5,
the fraction of CEMP stars decreases by ~ 30%, between —3.5 < [Fe/H] < —2.5 by
~ 15%. CEMP populations of Group II stars are most affected by 3D, as they reside
close to the C-normal limit at lower metallicities. Group I stars exhibit smaller 3D
corrections. The most metal-poor stars in Group III experience the strongest shifts.
However, because of their extremely high [C/Fe] values, the population statistics re-

mains nearly unchanged.

* Applying approximate CEMP sub-group splitting methods based on A(C), we find that
the fraction of CEMP-no fraction is increased with respect to the CEMP-r/s stars, as
the latter are either removed from the CEMP classification at higher metallicities or
shifted in the A(C) regime of CEMP-no stars.

* Owing to the strong metallicity gradient of the 3D A(C) corrections, the initially flat
Group III in the Yoon-Beers diagram appears tilted, indicating a metallicity depen-
dence of their stars A(C) in 3D. This raises doubt on the interpretation that these stars
were accreted from chemically simple UFD systems (Yoon et al. 2019). We notice that

in 3D large parts of the former Group II and III overlap, which causes the distribution
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to also be in good agreement with the band structure originally proposed by Spite et al.
(2013), suggesting that low-C CEMP-no stars form from the [C/Fe]-rich ejecta of faint
SNe, wile high-C CEMP-r/s stars have AGB contribution. A detailed 3D NLTE analysis
of neutron-capture elements is needed to see how much mixing of CEMP sub-gropus

there is in this simpler classification scheme.

* By comparing the CEMP fraction with semi-analytical models from Hartwig et al.
(2018), we note that the 3D data suggests a 20 % lower occurrence rate of faint SNe.
We conclude that improper 1D modeling of metal-poor stellar atmospheres and spec-
tra leads to the misinterpretation of strong, observed CH G-band features as evidence
for large [C/Fe] abundances and, in turn, the overestimation of the significance of faint
SNe in the early Galaxy. We note that faint SNe generally produce small amounts of
Fe-peak elements due to extensive fallback (Nomoto et al. 2013), which means that
lower fractions of these events are qualitatively in agreement with our prediction of
higher Fe-peak NLTE abundances. A comprehensive 3D NLTE investigations of metal-

poor stars in 4MOST will be key to put further constraints on this topic.

With the work presented in this thesis, I highlight the importance of proper modeling of
stellar atmospheres and spectra in the context of Galactic archaeology. I show that the
neglect of 3D and/or NLTE effects potentially has a large impact on stellar diagnostics and
Galactic abundance distributions, which leads to a skewed picture of the Galactic history

that is — in parts — driven by modeling assumptions rather than physics.

By developing and validating the M3DIS code, which enables the mass production of 3D
stellar atmosphere models and the corresponding grids of 3D NLTE stellar spectra on their
basis, I take a significant step towards on-the-fly full 3D NLTE spectrum synthesis, when
combined with sophisticated machine learning and/or interpolation methods.

With the advent of large, high-resolution spectroscopic surveys, one can only imagine what
hidden physics will be revealed when the 1D LTE approximation has been removed from
astrophysical data sets. The objective is to implement 3D NLTE modeling as the default
technique for FGK-type spectral analysis. This advancement will ultimately eliminate the
need for 3D and/or NLTE abundance corrections and inter-dependent hyperparameters,
such as micro-turbulence and mixing-length, thereby enhancing the knowledge we can draw

from the data that future high-quality spectral observation facilities will provide us.
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