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ABSTRACT

Aims. Understanding the origin and evolution of carbon-enhanced metal-poor (CEMP) stars is key to tracing the early chemical
enrichment of the Galaxy. In this work we investigate how physically realistic 3D radiation-hydrodynamic (RHD) carbon-enhanced
model atmospheres affect the inferred carbon abundances in CEMP stars, and assess the implications for their classification and for
Galactic chemical evolution (GCE). We pay particular attention to the systematic biases introduced by traditional 1D hydrostatic
equilibrium (HE) models.

Methods. We used the M3DIS code to compute 3D RHD model atmospheres for main-sequence and sub-giant stars spanning a wide
range of metallicities and carbon enhancements. Synthetic spectra of the CH G band were calculated using full 3D radiative transfer and
compared to spectra from classical 1D HE MARCS models. We derived abundance corrections and applied 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.

Results. Our new 3D CEMP models predict significantly cooler upper atmospheric layers than 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 atmosphere
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 abundance corrections. Applying these corrections lowers the CEMP fraction by up to 20% below
[Fe/H] = -3, and furthermore alters the relative contribution of CEMP sub-classes. In particular, the fraction of stars classified as
CEMP-no increases and that of CEMP-1/s stars 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 realistic model atmospheres are thus essential for a reliable reconstruction of the early chemical

enrichment history of the Galaxy.
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1. Introduction

Carbon-enhanced metal-poor (CEMP) stars are of major interest
in modern astrophysics. Chemical abundances measured in the
spectra of these stars are relevant for understanding the prop-
erties of type II supernova (SN) events in the early Galaxy,
nucleosynthesis, the 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).

* All M3DIS 3D RHD CEMP models are available under https://
nlte.mpia.de
** Corresponding author: eitner@mpia.de

Carbon-enhanced metal-poor stars are defined based on the
amount of carbon (C) compared to iron (Fe) relative to the
solar composition present in their atmospheres. Originally, the
limit for CEMP classification was placed at [C/Fe] > 1.0 (Beers
& Christlieb 2005), which was later slightly adjusted to the
presently applied criterion of [C/Fe] > 0.7 (Aoki et al. 2007).
It is furthermore common to subclassify CEMP stars based
on the presence of elements synthesised in the slow or rapid
neutron capture processes (s- and r-processes; Hirschi et al.
2006). The categories include stars with enhancements in one
of the two channels (CEMP-s and CEMP-r), in both (CEMP-
1/s), or in neither (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
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by a post-asymptotic giant branch companion in a binary sys-
tem (McClure & Woodsworth 1990; Lucatello et al. 2005;
Starkenburg et al. 2013; Hansen et al. 2016a), 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 comprise a larger enhancement of r-process elements, such
as Eu (Sneden et al. 2003), and are thought to form from matter
that became chemically polluted by a core-collapse supernova
(CCSN; electron-capture or magneto-rotating), a neutron star—
neutron star merger, or a neutron star—black hole merger (Frebel
& Norris 2015; Coté et al. 2017; Hansen et al. 2018; Kobayashi
et al. 2020).

The formation history of CEMP-1/s and CEMP-no stars is
less clear. Regarding CEMP-1/s, there is evidence of an r-process
contribution (Aoki et al. 2006) from a SN II. Alternative expla-
nations include s-process enrichment by a thermally pulsating
asymptotic giant branch companion (Masseron et al. 2006) and
neutrino-driven winds from the accretion-induced collapse of
an O-Ne-Mg white dwarf (Cohen et al. 2003; Jonsell et al.
2006; Kobayashi et al. 2020). CEMP-no stars are among the
most metal-poor stars observed (Christlieb et al. 2002; Hansen
et al. 2016b) and show no significant enrichment in either the
r- or s-process (Spite et al. 2013). This can be interpreted in
the framework of different scenarios, including nucleosynthe-
sis in faint low-energy SNe (Umeda et al. 2005; Tominaga et al.
2007; Nomoto et al. 2013; Kobayashi et al. 2020), 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-asymptotic
giant branch stars (Masseron et al. 2010, and references therein).

The analysis of C abundances in the atmospheres of CEMP
stars primarily rests upon 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 to the temperature gradient in stellar
atmospheres. The G band has been extensively studied using 1D
local thermodynamic equilibrium (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 references therein), but recent
analyses have also explored the formation of the G band in 3D
radiation-hydrodynamics (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 study we investigated the effect of carbon enhance-
ment on the structure of stellar atmospheres in realistic 3D RHD
simulations introduced in our previous work (Eitner et al. 2024).
We further studied and quantified the impact of 3D convection
on the diagnostics of C abundances from stellar spectra. We
then analysed the results with respect to CEMP statistics in the
Galaxy and discuss implications for the formation and evolution
of CEMP stars.

The paper is organised as follows. In Sect. 2 we briefly
introduce the stellar observations used in this work, followed
by a description of the M3DIS code and model parameters. In
Sect. 3 we present our new 3D RHD model atmosphere calcula-
tions, including a comparison with 1D hydrostatic equilibrium
(HE) MARCS models, the spectrum synthesis of the CH G
band between 4297 and 4303 /0%, and the analysis of CEMP
abundances in 3D, along with a discussion of their implica-
tions for Galactic CEMP populations. Finally, in Sect. 4 we
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summarise our findings and discuss their implications for the
study of CEMP stars and Galactic chemical evolution (GCE).

2. Methods
2.1. Stellar observations

In this study we relied on stellar C abundances provided in the
Stellar Abundances for Galactic Archaeology (SAGA) database'
(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 are based on published, peer-reviewed sources and it has
a particular focus on homogeneity of measurements, such that
abundances are derived from 1D LTE synthetic spectra (Suda
et al. 2008).

The focus of this study was main-sequence (MS) and sub-
giant stars. Hence, we did not include stars with a surface gravity
log(g) < 2.7. For each star, we extracted stellar parameters (the
effective temperature and log g), as well as [Fe/H] and [C/Fe].
Since Eu and Ba abundances are available for a very limited
number of stars, further classification into CEMP-no, s and r/s
is not straightforward. However, as shown by Yoon et al. (2018),
classification into group I, II and III is still possible based on
[C/Fe] and [Fe/H] alone, which then allows an approximate
separation of CEMP-no stars from those that are enhanced in
n-capture elements.

In total, our sample contains 3192 stars with sub-solar metal-
licities, [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). The references to
individual datasets along with stellar parameters and abun-
dances (original and 3D — corrected values) are provided as
supplementary material via the CDS.

2.2. Model atmospheres

In this work we relied 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 FEitner et al. (2024). In
short: M3DIS solves the equations of hydrodynamics together
with the radiative transfer (RT) equation to compute the radia-
tive 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 RT in two u (polar) and four ¢ (azimuthal)
angles, plus upward and downward vertical rays, assembled in a
Gauss-Radau quadrature. The main features of the models can
be found in Table 1.

The RT is solved in the multi-group approximation
(Nordlund 1982; Ludwig et al. 1990), such that the monochro-
matic 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 generic k-means clustering approach.
Monochromatic opacities are computed together with the inter-
nal energy and gas pressure, i.e. the equation of state (EoS),
on a grid of 151 x 151 logp — log T points using the updated
version of MULTI3D (Leenaarts & Carlsson 2009), also within
the DISPATCH framework. Scattering due to free electrons and

! http://sagadatabase.jp/
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Table 1. M3DIS RHD 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 logg; any
metallicity

Opacity sources 92 elements; electron and

Rayleigh scattering; molecules
Top: open, in-/outflows, expo-
nential p drop, constant e/m;
Bottom: open, outflows free,
inflows maintain entropy (via
ghost zones)

Explicit; local time
step based on the
Courant—Friedrichs-Lewy
(CFL) condition from gas
velocity, radiative heating and
radiative diffusion

Boundary conditions

Time integration

Grid type Eulerian; uniform in all
directions

Hydrodynamics HLLC Riemann solver

solver (Fromang et al. 2006)

Short-characteristics; conserva-
tive on staggered mesh; 8 fre-
quency bins; 4 ¢, 2 u angles,
plus disk-centre rays

Radiative transfer

Rayleigh scattering (H I, H, and He 1) is treated as true absorp-
tion 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) calcu-
lations. 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 B.

In addition to its computation speed, major advantages of
M3DIS are the highly flexible and consistent opacities and EoS,
which make the simulation of stars with non-solar chemical
composition relatively straightforward. To investigate the impact
of the carbon abundance on the atmospheric structure itself,
we first computed the scaled-solar [C/Fe] composition (rela-
tive to Magg et al. 2022) opacity and EoS tables at [Fe/H] =
-6, -5, -4, -3, and — 2. Second, we calculated carbon-enhanced
opacity tables, such that at [Fe/H] < —3 we additionally have
C-enhanced atmospheres with the same, constant A(C) = 6.56,
while at [Fe/H] = —2 we keep the carbon 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 expensive, previous studies mostly relied on
a single, representative set of stellar parameters (e.g. Gallagher
et al. 2017; Collet et al. 2018). To minimise uncertainties origi-
nating in the variety of stellar parameters in the data sample, we
created solar-like MS models at T.g = 5750 K, log(g) = 4.5,
and cooler sub-giants at Teg = 5250 K, log(g) = 3.0 for all

Table 2. Stellar parameters and carbon abundances of our 3D CEMP
model atmospheres.

Ter log(g) [Fe/H] [C/Fe] A(C) Resolution Size
K dex dex dex dex Ny xNyxN, Mm
5750 4.5 -6 4 6.56 240>x120 5.2
5750 4.5 -5 3 6.56 240>x120 5.2
5750 4.5 -4 2 6.56 240> x 120 5.1
5750 4.5 -3 1 6.56 240>x120 5.2
5750 4.5 -2 1 756 240> x 120 54
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 6.56 240%>x 120 140
5250 3.0 -3 1 6.56 240> x 120 150
5250 3.0 -2 1 7.56 240> x 120 160

Notes. The level of C-enhancement varies from [C/Fe] = 1 (at [Fe/H] =
—-3) to [C/Fe] = 4 (at [Fe/H] = —6). Here, N; corresponds to the number
of grid points in dimension i. In the last column, we provide the hori-
zontal extend of the corresponding model atmosphere. Note that the
vertical extend is half that number. For every CEMP model listed here,
we generated a scaled-solar ([C/Fe] = 0) counterpart. For each model,
convergence was achieved in less than 3500 CPU-h.

chemical compositions. The chosen parameters represent a com-
promise between spanning the full range of stellar parameters
and accurately reflecting the bulk of the distribution (see the
discussion in Appendix A for further information). 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
log T10ss = —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 verti-
cally. M3DIS models are so-called box-in-a-star models, focusing
only on the outermost layers of stars. Therefore, no additional
assumptions about stellar parameters are necessary. For a typical
mass of 0.8 Mg (Ruchti et al. 2013), the MS model resembles
a star with a radius of 0.83Ry and the sub-giant 4.7R. A
summary of the model parameters can be found in Table 2.

For comparison, we used the classical 1D HE, scaled-solar,
LTE model atmospheres from the MARCS grid (Gustafsson
et al. 2008). To evaluate the effect of carbon enhancement
also in 1D hydrostatic models, we furthermore obtained a
carbon-enhanced MARCS model with stellar parameters Teg =
5750 K, log(g) = 4.5, [Fe/H] = -5,and [C/Fe] = +3.0 to use
in the analysis (B. Plez, priv. conv.).

2.3. Spectrum synthesis

Synthetic spectra in 1D and 3D are computed using the updated
version of MULTI3D code (we refer to Eitner et al. 2024 for
details). The code includes extensive tables of bound-free and
free-free radiative cross-sections for 92 chemical elements and
partition functions from Irwin (1981). The occupation formal-
ism is adopted for H I, following the HBOP routine by Barklem
& Piskunov (2003). The same code is used for the calculations
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with the MARCS and with M3DIS model atmospheres, to ensure
the results are consistent.

We synthesised the CH G band in LTE between
4297 and 4303 A with a wavelength spacing of 0.001 A. In
3D, we down-sampled the full cube horizontally to a resolution
of 20 x 20 points using linear interpolation. Such a horizon-
tal down-sampling is sufficient to provide reliable profiles of
spectral lines with abundance errors within ~0.01 dex com-
pared to simulations with a much higher horizontal resolution
(Bergemann et al. 2019, 2021; Rodriguez Diaz et al. 2024; Eit-
ner et al. 2024). The vertical resolution is not down-sampled
in the spectrum synthesis, but rather up-sampled to an adap-
tive 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 20 x 20 x 180 points.

3. Results
3.1. 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.

3.1.1. 3D scaled-solar versus 1D HE

First we compared the scaled-solar 3D RHD and 1D HE model
atmospheres, computed using identical stellar parameters (Teg,
log g, and metallicity). For simplicity, and to highlight the main
physical differences, we discuss spatially averaged (on planes of
constant optical depth) temperature-density (T-p) profiles in this
section but we emphasise that all subsequent spectrum synthesis
calculations are performed in full 3D using 3D cubes. In Fig. 1
we show the T-p (top) and T-7 (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
to illustrate the typical behaviour observed across the full set of
models. All panels illustrate the respective atmosphere between
—4 and 0 in 10g T500-

Comparing the 3D structures with their 1D counterparts, the
dominant differences are apparent towards the upper layers of
the atmospheres. For the MS model (Fig. 1, panels A and C), the
mean 3D temperature structure starts to deviate from that of the
1D HE model around optical depth log 7599 ~ —2. The 3D — 1D
difference reaches values of ~ —1500 K at log7spp = —4. In
those layers, the 3D RHD model is significantly and systemat-
ically cooler than the 1D MARCS model, which is well known
and was extensively discussed in the earlier work on 3D models
of very metal-poor MS and red giant stars (Gallagher et al. 2016,
2017; Collet et al. 2018). This difference is due to the fundamen-
tal property of convection, a process that is inherent to 3D RHD
models, but is missing or parameterised by the mixing-length
theory (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 solar-like metallicity: in
such conditions, the high metallicity leads to significant radia-
tive heating (Stein & Nordlund 1998), which counteracts the
adiabatic cooling effect and implies that the average 3D struc-
ture remains nearly in radiative equilibrium (e.g. Nordlund et al.
2009; Freytag et al. 2012; Magic et al. 2013a,b).
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Fig. 1. Comparison of the mean temperature stratification between
1D scaled-solar MARCS (solid red lines), 3D scaled-solar (solid blue
lines), and 3D CEMP (blue crosses) models against mean density (top)
and optical depth at 500 nm (bottom). Left: MS model. We include a
CEMP MARCS model (provided by B. Plez, priv. conv., shown with
red crosses). Right: sub-giant model.

A very similar behaviour can be seen in the structure of
the 3D model of the sub-giant star (Fig. 1, panels B and D).
The 3D RHD model is over ~—1000 K cooler compared to its
MARCS counterpart in the layers with log 7500 < —3. Although
the effect is very large, it is slightly less than that of the MS
3D model in the uppermost layers (log 7509 ~ —4). One would
naively expect that a sub-giant 3D model, due to lower pressures,
would show larger deviations from the 1D HE model compared
to the MS case. However, there is another interesting effect. The
lower density and cooler structure of this model favours forma-
tion 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
emphasise 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.

3.1.2. 3D CEMP versus 3D scaled-solar

Comparing C-enhanced and scaled-solar 3D models directly
(Fig. 1, blue crosses and solid blue lines, respectively), we find
that for the very metal-poor MS star (panels A and C), the effect
is modest compared to the 3D — 1D differences described above.
At optical depth of log7sog > —3, there is no significant dif-
ference, while towards the upper boundary of the atmosphere,
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Fig. 2. Comparison of the mean temperature stratification between the DISPATCH 3D CEMP model and the 1D MARCS model on the optical
depth scale. Left: Tex = 5750 K, log(g) = 4.5. Right: Teg = 5250 K, log(g) = 3.0. Horizontal bars at the bottom correspond to the approximate

formation region of the G band in 1D and 3D.

the mean temperature of the CEMP model is ~400 K hotter at
log Ts09 ~ —4. In the sub-giant model (panels B and D), the same
effect of C-enhancement is noticeable already at log 7500 ~ —2,
with temperature differences of ~200-300 K throughout the
entire optically thin part of the atmosphere. Overall, the effect
on the MS model is ~ 100 K larger at around log 7509 < —4 than
on the sub-giant. Towards deeper layers, however, log 7509 > —3,
the scaled-solar sub-giant remains consistently cooler than its
CEMP counterpart, while the departures between the MS models
are already negligible.

The reason for this additional heating in the CEMP models is
found in the increased abundance of C, which implies increased
CH, CO, and CN molecular abundances, 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 7sop ~ —2. In
cooler atmospheres with very low [Fe/H], this effect is most
noticeable. First of all, this is because already in the scaled-solar
approximation C is an order of magnitude more abundant than
Fe. In addition, the CH number densities are higher in cooler
systems, as the chemical equilibrium favours a higher CH/C for
lower T values. The re-heating of the upper atmospheric layers
induced by the C-enhancement hence produces the opposite of
the 3D — 1D effect described in Sect. 3.1.1. We furthermore note
that there is no such effect in 1D HE MARCS models. To high-
light this, we include one example CEMP MARCS model with
the same stellar parameters in panels A and C.

Because of its lower log(g), the sub-giant model overall has
a lower density at the same temperature as the MS model. A
consequence of this is that the formation height of spectral lines
generally shifts towards deeper layers in terms of optical depth.
This explains the larger departures (3D CEMP — scaled-solar
models) at optical depth log 7509 2 —3 among the sub-giant mod-
els compared to the MS models (compare the difference 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. Generally, decreasing the overall effective
temperature causes the opposite effect, as the increased molec-
ular number densities increase the opacity and hence shift the

contribution function to lower optical depth (but see also the
discussion in Appendix A).

3.1.3. 3D CEMP versus 1D HE

Combining the results from Sects. 3.1.1 and 3.1.2, we next
compared 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 sim-
plifying 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. 2. For both models, MS (left-hand side) and sub-giant
(right-hand side), we used the C-enhancement of [C/Fe] = +3.
We furthermore show in the inset a horizontal slice of the same
atmospheres, interpolated to the optical surface at log 7599 = 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 a much stronger gravity,
about 20 times smaller than that of a sub-giant simulation, the
latter exceeding 100 Mm in size. As described in the previous
sections, the difference between 3D CEMP and 1D MARCS
models is most striking in the optically thin layers of the atmo-
sphere, where 3D CEMP models are still significantly cooler,
even though the difference is reduced by the C-enhancement-
induced re-heating. The two models converge towards the optical
surface; the agreement is best in the proximity of 7 = 2/3,
indicating a very similar effective temperature of 1D and 3D
models.

Towards the bottom of Fig. 2 we furthermore include hori-
zontal bars, indicating the formation region of the G band. For
this, we selected a representative CH line, compute the contri-
bution function in its core for each model atmosphere, and used
the location of its peak as proxy for the optical depth at which
the G band typically forms. We drew the horizontal lines until
7500 = 1, which corresponds to the formation of weaker features,
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Fig. 3. Difference between 3D CEMP and 1D MARCS models as a
function of metallicity. Top: Relative temperature difference (in per-
cent). Middle: Logarithmic density differences (in dex). Bottom: CH/H
number density fraction, where n* = ncy/ny is the CH number density
relative to the hydrogen number density. Dashed blue lines correspond
to Ter = 5750 K, log(g) = 4.5 models, solid red curves to Tex =
5250 K, 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 Sect. 3.2 for more information.

line wings and the continuum. We emphasise that the computa-
tion of the G-band formation region does not affect the results
or conclusions of this studys; it is intended solely as a useful ref-
erence to aid in the analysis of model differences and to support
their physical interpretation. In Fig. 2 we see 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 den-
sity. 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 tempera-
ture 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 3D CEMP and 1D
MARCS models with metallicity can be investigated in Fig. 3.
For clarity, we refrain from showing the differences between
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the full profiles as a function of optical depth for each metal-
licity. Instead, we present a representative 3D—1D difference for
each metallicity, computed from the atmospheric regions most
relevant to G-band formation. Accordingly, the data shown in
this figure are evaluated at the G-band formation height in each
respective atmosphere, as described in the previous paragraph.

In panel A of Fig. 3 the relative temperature difference is
shown for the sub-giant models (solid red lines) and for the MS
models (dashed blue 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 varia-
tion in the 3D-1D difference. At [Fe/H] = -3 the differences
start to decline, and reach values around 5% at metallicity —2.
Besides forming in cooler parts of the atmosphere, the G band
furthermore forms in regions of lower densities (panel B), with
log p3p/p1p between —0.6 dex at [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 reflect the differences in formation height through the
exponential growth of density with depth.

Additionally, the MS models show 3D CEMP effects simi-
lar to — if not even slightly larger than — the sub-giant models,
especially when considering the temperature differences (Fig. 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 temper-
ature and density, but rather exhibits a temperature and density
dependence as dictated by the Saha equation (e.g. Carson 1992):

Nchy  ZcZyg —Dcn

o« —— T2 T | (D
ZcH

NcH

where ny is the number density of species X, zy the partition
functions and D¢y the dissociation energy of the CH molecule,
which is set to 3.47 eV (Popa et al. 2023; Storm et al. 2025,
and references therein). To highlight this non-linear dependence,
we include panel C, which shows the fraction of CH/H number
densities n3;,/nj, — where n* = ncy/ny — in the same forma-
tion region as panels A and B. Here it becomes obvious that the
number density of 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
temperature 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
Sect. 4).

Overall, with increasing [Fe/H], the differences in the struc-
ture between 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 photo-
sphere. 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
(CO5BOLD: 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
O abundance is changed, this has an impact on the number den-
sities of the CO molecule. Consequently, the amount of free C
available to form CH is decreased. Whereas generally it would
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Fig. 4. CH G band computed with M3DIS 3D and 1D MARCS model atmospheres. Solid black lines represent the CEMP 3D model, dashed
blue lines the corresponding scaled-solar 3D model. Solid red lines show the 1D MARCS model with the same stellar parameters. Top: Teg =

5750 K, log(g) = 4.5. Bottom: Ty = 5250 K, log(g) = 3.0.

be of interest to test non-solar abundances of different elements,
in this work we did not explore the dependence on the C/O
ratio. First, because there is evidence of CEMP stars with only
very modest O enhancement (Bessell et al. 2004; Iwamoto et al.
2005). Also, most diagnostic OH features that are suitable for
O abundance measurements (Asplund & Garcia Pérez 2001) are
located in the UV range, which is extremely sensitive to non-LTE
(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 explore the impact of different metal-
licities and stellar parameters on synthetic stellar spectra and C
abundance determinations in the following sections.

3.2. Spectrum synthesis of the CH G band

We synthesised the CH G band for all models listed in
Table 2, including their scaled-solar counterpart, and for

comparison, the respective 1D MARCS models with the same
stellar parameters.

In Fig. 4 we show two representative synthetic G-band
profiles for two model atmospheres, MS (top) and sub-giant (bot-
tom), at [Fe/H] = —5 and [C/Fe] = +3. Independent of stellar
parameters, it is evident that the 3D CEMP model (solid black
lines) leads to significantly stronger CH features than the 1D
model (solid red lines) at the same A(C). The 3D scaled-solar
model (dashed blue lines) on the other hand produces an even
stronger G band as the 3D CEMP model (for the same Teg,
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
the differences in the atmospheric structure. To explore this
connection in more detail, we show the average CH number
density, logncy, in the atmosphere of the sub-giant model at
[Fe/H] = -5 as a function of optical depth in Fig. 5. We addi-
tionally include the density of singly ionised carbon (C II). The
CH number density can best be understood by linking their evo-
lution with optical depth to the differences in the atmospheric
structures as presented in Fig. 1, panel D. Below log 75990 = —1
the atmosphere is dropping sharply in temperature — in 3D as
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Fig. 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 solid red
lines. For all models, CH number densities are shown as opaque lines,
while C II number densities are shown as thick, partially transparent
lines.

well as in 1D — which favours the formation of CH molecules
at the expense of C II, which is recombining with free electrons
in the 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 — as well as ng (Eq. (1)) — and hence ncy drops propor-
tional to p?. This explains why the CH number density decreases
significantly in the 1D model, despite the temperature staying
constant. The C II number density on the other hand is only lin-
early dependent on density, and additionally is affected by the
balance of H™ and C II dissociation energies, which is why the
trend is less obvious.

While this proportionality is also true for the 3D model,
the behaviour in the atmosphere is entirely different. This is
because the 3D model is not in radiative equilibrium — it is domi-
nated by adiabatic cooling — which means 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 ncy increases in both 3D models and
departures between 3D and 1D become significant. Comparing
3D CEMP (blue crosses) and 3D scaled-solar (solid blue lines),
we see that there are significantly more CH molecules present
in the upper layers of the scaled-solar model, while there is only
very little C II, compared to the CEMP model. Looking again at
Fig. 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 favourable for CH formation.

3D RHD models are much, up to —1000 K, colder in atmo-
spheric layers above logtsgg < —2.5. Because of the strong
C-enhancement, the cores of strongest lines in the G band form
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in regions around log 7599 = —3.5, as indicated by the horizon-
tal lines in Fig. 2 and the ncy extrema in Fig. 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 linked to a signifi-
cant 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. 4, bottom panel), as compared to the MS
star, directly reflect the atmospheric structure distinctions dis-
cussed in Sect. 3.1.3. 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.

3.3. CEMP abundances in 3D

In order to estimate the influence of carbon-enhanced CEMP
3D RHD models on synthetic observables, we performed 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 compared the total EWs in the wavelength
range of the G band obtained in 3D with the corresponding 1D
MARCS results, computed using a micro-turbulence of 1 km/s.
By varying A(C) in the spectrum synthesis of the 3D RHD mod-
els, we sampled the full curve of growth and derived abundance
corrections by matching the EWs within the integration limit
of 4297-4303 A. We emphasise 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 pro-
cedures, such as a direct fitting of lines (Popa et al. 2023), can be
used instead.

Our results for the abundance corrections can be found in
Fig. 6. We present the final correction AA(C) = A(C)sp cemp —
A(C);p in panel A, the CEMP correction A(C)3p cpmp —
A(C)3D scaled-solar in panel B’ and the A(C)3D scaled-solar — A(C)ID
correction in panel C for the MS and sub-giant model as a func-
tion of metallicity. We note that, because we compare 3D CEMP
to the 1D scaled-solar MARCS models, in panel A the effect
of carbon enhancement on the correction is implicitly taken into
account. We opted 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. 1 indicate that the differ-
ences between the two model types are negligible, making this
distinction ultimately unimportant.

As explained in the previous section, 3D — 1D abundance
corrections are larger (in modulus, or amplitude) for the sub-
giant star. At [Fe/H] = —6 they are large and negative, and reach
up to —0.7 dex with C-enhancement in the atmosphere, and
—0.9 dex without. Corrections decrease with increasing metal-
licity and are smaller, AA(C) = —0.2 dex, 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 pos-
itive (panel B). At [Fe/H] = -2, 3D scaled-solar and 3D CEMP
G-band strengths in the sub-giant models are almost identical,
which is Why A(C)SD CEMP — A(C)SD scaled-solar S 0.05 dex. The
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differences increase with decreasing metallicity and decreas-
ing surface gravity, so that A(C)sp cemp — A(C)3D scaled-solar =
+0.2 dex for the sub-giant model with [Fe/H] = —6. As dis-
cussed in Sect. 3.1.2, the effect of C-enhancement on the hotter
MS model is overall smaller. The corrections are of the order
of < +0.1 dex, and show only a small deviation with metallic-
ity. Compared to the significant 3D effect, the C-enhancement in
hot, low metallicity MS models is hence negligible.

It is interesting to analyse the impact of 3D CEMP models
in the context of the observed CEMP distribution of Galactic
stars. We therefore applied our corrections to a sample of MS
and turnoff stars compiled from the SAGA database (Suda et al.
2008, 2011, 2017) to explore whether 3D models have an impact
on statistics of CEMP stars in different Galactic metallicity
regimes. We applied A(C)sp cemp — A(C)ip carbon abundance
corrections to the observed data, based on the closest 3D model
in terms of T.g and log(g), and we interpolated linearly in metal-
licity. We then split the stellar sample into bins of +0.5 dex in
metallicity and computed the mean and standard deviation (o) in
each of them. The result is shown in Fig. 7. As expected, the dif-
ferences 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 that the
1D data suggest. Towards [Fe/H] = -2 the differences decrease
to =0.2 dex. We note that at metallicities above —5 the lower
limit of the 1-0 interval already lies below the CEMP defin-
ing line of [C/Fe] = 0.7 (indicated by the dotted grey 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; however, 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 investigate Galactic CEMP populations further, we
present the same data in the so-called Yoon-Beers diagram
(Yoon et al. 2016), which is shown in Fig. 8. In this figure, we
show the location of CEMP subgroups I, II, and III as defined by
Yoon et al. (2016); see their Fig. 1. In 1D, the ellipses are adopted

rrrrrfrrrrrrrerrrrerr 1
~#- 1D
T —#— 3D

4 3 3 0 bl a3 a3 bl g g a3l 3 4 39

—6 -5 —4 -3 —2
[Fe/H]

Fig. 7. [C/Fe] against [Fe/H] for 3D CEMP and 1D measurements of
Galactic stars from a MS + sub-giant subsample of the SAGA database.
The dashed red line represents the mean, uncorrected 1D and the solid
blue 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 dotted grey line represents the dividing CEMP clas-
sification abundance of [C/Fe] = 0.7.

from Yoon et al. (2016), while in 3D we fitted a Gaussian mixture
model to our data. In addition to the first identification of CEMP
subgroups, Yoon et al. furthermore showed that group I is mainly
populated by CEMP-1/s stars, while groups II and III contain
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Fig. 8. Yoon-Beers (Yoon et al. 2016) diagram of A(C) against [Fe/H]
for the 3D-corrected measurements for Galactic stars from the literature.
The dotted grey line represents the dividing CEMP classification abun-
dance of [C/Fe] = 0.7. Coloured lines show the major axis of the ellipse
representing the distribution of different CEMP groups. In 1D (dashed
lines), ellipses are drawn similar to Yoon et al. (2016), their Fig. 1. In 3D
(solid lines) ellipses are obtained from fitting a Gaussian mixture model
to the data.

mainly CEMP-no stars. Yoon et al. (2016) — and subsequently
also Yoon et al. (2018); Chiaki et al. (2017) — furthermore iden-
tify 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, shifting down the A(C) plateau (indicated by
the horizontal orientation of the red line in the 1D case) signifi-
cantly. We note that, as a consequence of this plateau, the carbon
enhancement in the atmosphere, relative to iron, becomes more
significant when considering even lower metallicities. 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 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 (com-
pared to panel C) of Fig. 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
due to the time investment related to creating 3D models of
stellar atmospheres. However, this would lead to an overestima-
tion of the corrections and introduce an additional differential
effect with metallicity that causes the A(C) plateau to be arti-
ficially tilted. When properly including C-enhancement in the
atmosphere computation, this tilt is weaker, but still noticeable
mostly due to differences in stellar parameters of individual tar-
gets. In Fig. 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
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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 rela-
tively low metallicities. Around the onset of the carbon-plateau
at [Fe/H] = —4 we find that stars at higher [C/Fe] are system-
atically redistributed towards the abundance threshold, such that
close to — and below — 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. 7, specifically for [Fe/H] > —4). The consequence is that
that there is a migration of stars at the edges of groups 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.

3.4. Galactic CEMP fraction in 3D

To quantify the consequences for Galactic fractions of CEMP-
r/s and CEMP-no subgroups, 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 measure-
ments 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-
1/s classification and 93% for CEMP-no stars. In their method,
stars are associated with the CEMP-r/s group, if a high abso-
lute 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 paper. We empha-
sise that their CEMP subgroup association is empirical, which
means the systematic offsets presented here will either lead to a
re-classification of CEMP stars in the same system, if the separa-
tion 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 utilise their method to classify our sam-
ple twice, in 1D and after the 3D CEMP abundance corrections
have been applied. The resulting cumulative fractions can be
found in Fig. 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% of CEMP-
r/s stars across all metallicities; below [Fe/H] = —4 we find
~30% of all stars in our sample are CEMP-r/s stars. The frac-
tion of CEMP-no stars has a strong metallicity dependence.
Below [Fe/H] = —5 all stars in the sample are CEMP stars,
with a share of 70% CEMP-no and 30% CEMP-r/s. Increas-
ing metallicity decreases the contribution from CEMP-no stars,
until [Fe/H] < —2, where the two 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. Furthermore, the fraction of CEMP-1/s stars
is significantly lower, which is due to the increasingly nega-
tive (with decreasing [Fe/H]) 3D abundance corrections and the
resulting re-distribution of group I and III stars — where most of
the CEMP-1/s stars reside — to the CEMP-no dominated group
II. CEMP-1/s stars are preferentially found at higher metallici-
ties than CEMP-no stars, where the C-enhancement in [C/Fe] is
less severe than at low metallicities; A large number of CEMP-
1/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-1/s stars in reality
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Fig. 9. Cumulative fraction of CEMP-no (solid lines with squares) and
CEMP-1/s (dashed lines with circles) stars in 1D (red, left panel) and 3D
(blue, right panel). The dotted line with crosses shows the total cumula-
tive fraction of CEMP stars in 1D (left) and 3D (right).

have a lower C-abundance, implying their identity as CEMP-
no stars. The contribution from CEMP-no stars hence increases
with respect 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 subgroup classification is
still meaningful in 3D. Because the abundance corrections them-
selves depend on metallicity, it is not straightforward to assume
that a separation based on a gap in the 1D A(C) will still be
present in 3D.

Integrating CEMP-1/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%.

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. Table A.l lists the fraction
of CEMP stars using the same binning as in Fig. 7. In total, we
find that ~30% of the CEMP stars in the range —4.5 < [Fe/H] <
—3.5 are not carbon-enhanced enough to qualify as such. In the
ranges —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 reduces the observed CEMP frac-
tion by ~20% in the metallicity regime below [Fe/H] = —3.0. At
the same time, the relative contribution of CEMP-no stars with
respect to CEMP-1/s stars increases. Below [Fe/H] ~ —4 we find
that, in 3D, more than 80% of CEMP stars are CEMP-no stars.

3.5. Comparison with the literature

The total CEMP fractions derived using 3D models are in good
agreement with 1D-model based CEMP fractions reported in
Placco et al. (2014), but are somewhat lower in our distribu-
tions. Placco et al. (2014) find a fraction of 81% CEMP stars
at metallicities below [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] distribu-
tions 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 cal-
culations for CH by Collet et al. (2007), they estimate that
negative 3D corrections, in giants with log(g) < 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 atmo-
sphere itself was not taken into account by Collet et al. (2007)
and, hence, 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 thus can have a more signifi-
cant 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,
a question arises: what are the implications of lower CEMP
occurrence rates in the early Galaxy? Hartwig et al. (2018) inves-
tigated the formation of the first generation of stars using a
semi-analytical model® based on dark matter halo merger trees
that yield Milky Way-like halos. They probed the influence of
various input parameters to their simulations on the observed
CEMP occurrence rate as a function of [Fe/H] and compared
their predictions to 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 spanning the same mass range as nor-
mal CCSNe, produce little *°Ni because of low explosion energy
and/or effects of geometry in the explosion (Tominaga et al.
2007). Faint Pop III SNe generally produce a higher [C/Fe] ratio,
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 predicted CEMP fractions for a model that includes
significantly fewer faint SNe (only 20% instead of 40%). A com-
parison of specifically those two models with the data presented
in this work can be found in Fig. 10. We note that Hartwig
et al. do not account for r-process and s-process enrichment in
their model and hence only provide predictions for the fraction
of CEMP-no stars. As mentioned in Sect. 3.4, the CEMP-1/s
or CEMP-no classification without s- and r-process abundance
measurements is a relatively uncertain endeavour. At low metal-
licities, the rigid A(C) cut especially can result in a bias by
wrongfully assigning high [C/Fe] group III stars as CEMP-1/s
(see Fig. 8), even though group III predominantly consists of

2 An early version of the A-SLOTH model; see Hartwig et al. (2022,
2024).
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Fig. 10. Cumulative CEMP-no fraction predictions from Hartwig et al.
(2018) compared to our data. Below [Fe/H] < —3.75, all CEMP stars
in our sample are shown (circles). 3D CEMP data are shown in blue
(right panel) and 1D data in red (left panel). The red line in the left
panel corresponds to the fiducial model of Hartwig et al. (2018), which
comprises 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 CCSN model.

CEMP-no stars (e.g. Yoon et al. 2016). Motivated by Fig. 8§,
we chose to include all CEMP stars below [Fe/H] < —3.75 —
corresponding 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. 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 mainly focusing on the
shift between 3D CEMP and 1D and the metallicity region
above —3.5. For a more detailed investigation, s- and r-process
abundance measurements are essential.

Remarkably, their model with a 20% faint SN fraction (solid
blue line) is in excellent agreement with our 3D-corrected CEMP
fractions (blue crosses + circles), while their fiducial model is
in good agreement with our 1D data (in red). We additionally
note that the systematic offset between 3D CEMP and 1D data at
metallicities above —3 resembles the systematic offset between
the fiducial and 20% faint SN Hartwig et al. models very well.
At intermediate to low metallicities the CEMP-r/s — CEMP-no
classification becomes less precise due to the mixing of different
CEMP groups. Nevertheless, because of the higher CEMP-no
contribution in 3D, the agreement between model and obser-
vations is excellent also below [Fe/H] = —3.75, regardless of
whether the assumption of nearly 100% CEMP-no stars in group
IIT holds. In 1D, this is not the case; only after including all
CEMP group III stars is the agreement restored, indicating that
the CEMP-no classification is the culprit here. However, inde-
pendent of the agreement at low metallicity in 1D, Fig. 10 shows
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clearly 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
SN model produces the approximately same metallicity distri-
bution function for the halo as their fiducial model, and hence
remains in good agreement with observations. An overestima-
tion 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 chemical elements and hence
large robust 3D NLTE abundance samples from next-generation
facilities, like 4MOST (Bensby et al. 2019), will be in position to
constrain the contribution of faint SNe to the GCE.

4. 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 they have a
direct impact on our understanding of nucleosynthesis and the
GCE.

We explore the effects of 3D convection on the critical diag-
nostic G band in spectra of MS and sub-giant stars. The G band
arises due to absorption by the CH molecule and provides the
strongest observational constraint on C abundances and [C/Fe]
ratios in metal-poor stars. To compute 3D RHD simulations of
stellar sub-surface convection, we used our new code, M3DIS,
which was presented in Eitner et al. (2024). The uppermost parts
of these models were used to calculate detailed 3D spectrum syn-
thesis around the G band and to derive a grid of 3D abundance
corrections to [C/Fe] for the entire range of metallicities relevant
for studies of GCE, —6 < [Fe/H] < —2. The 3D models were
computed for the first time using C-enhancements in line with
low-metallicity observations. We compared the 3D synthetic
spectra in the G band with the equivalent simulations computed
using classical 1D HE models and quantified 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 carbon abundance estimates. This effect arises due
to cooler outer structures of 3D RHD models compared to 1D
HE structures. The formation of molecules is much more effi-
cient 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 abundances in 3D mod-
els 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 a higher radiative opacity
in the models and leads to slightly hotter 3D models compared
to their scaled-solar counterparts. The 3D CEMP A(C) correc-
tions for MS stars can exceed A(C)sp cemp — A(C)1p = —0.6 dex
at [Fe/H] = —5. For sub-giants, the 3D CEMP effects are of
the order of ~ —0.7 dex, in good agreement with previous esti-
mates 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 applied 3D CEMP A(C) abundance corrections to a sam-
ple 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 are no
longer classified as C-enhanced. In the range —4.5 < [Fe/H] <
—3.5 we find ~30% fewer CEMP stars after applying the 3D
abundance corrections, and in the range —3.5 < [Fe/H] < -2.5
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the number is reduced by 15%. We furthermore 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 tilted by 10°. When
considering the CEMP-no and CEMP-r/s subgroups based on
A(C) (Yoon et al. 2016), we find a reduction in the CEMP-1/s
sample size in 3D, as a significant number of stars are shifted
either below the CEMP limit of [C/Fe] = 0.7 or below the
CEMP-1/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, which are sensitive to faint SN contributions.

Data availability

A table with references, stellar parameters, and [C/Fe] abun-
dances is available at the CDS via https://cdsarc.cds.
unistra.fr/viz-bin/cat/J/A+A/703/A199

Acknowledgements. M.B. is supported through the Lise Meitner grant from the
Max Planck Society. P.E. is supported through the IMPRS fellowship of the
Max Planck Society. A.P. work is supported by the Research Council of Nor-
way through its Centres of Excellence scheme, project number 262622, as well
as through the Synergy Grant number 810218 (ERC-2018-SyG) of the Euro-
pean Research Council. R.S.K. acknowledges financial support from the ERC
via Synergy Grant “ECOGAL” (project ID 855130), from the German Excellence
Strategy via the Heidelberg Cluster “STRUCTURES” (EXC 2181 - 390900948),
and from the German Ministry for Economic Affairs and Climate Action in
project “MAINN” (funding ID 50002206). R.S.K. also thanks the 2024/25
Class of Radcliffe Fellows for highly interesting and stimulating discussions.
Computations were performed on the HPC system Raven at the Max Planck
Computing and Data Facility.

References

Aoki, W., Bisterzo, S., Gallino, R., et al. 2006, ApJ, 650, L127

Aoki, W., Beers, T. C., Christlieb, N., et al. 2007, ApJ, 655, 492

Asplund, M., & Garcia Pérez, A. E. 2001, A&A, 372, 601

Barklem, P. S., & Piskunov, N. 2003, IAU Symp., Vol. 210, E28

Beers, T. C., & Christlieb, N. 2005, ARA&A, 43, 531

Bensby, T., Bergemann, M., Rybizki, J., et al. 2019, The Messenger, 175, 35

Bergemann, M., & Nordlander, T. 2014, in Determination of Atmospheric Param-
eters of B, eds. E. Niemczura, B. Smalley, & W. Pych (Berlin: Springer),
169

Bergemann, M., Gallagher, A. J., Eitner, P., et al. 2019, A&A, 631, A80

Bergemann, M., Hoppe, R., Semenova, E., et al. 2021, MNRAS, 508, 2236

Bessell, M. S., Christlieb, N., & Gustafsson, B. 2004, ApJ, 612, L61

Bonifacio, P., Caffau, E., Ludwig, H. G., et al. 2013, Mem. Soc. Astron. It. Suppl.,
24,138

Carson, T. R. 1992, Rev. Mexicana Astron. Astrofis., 23, 151

Chiaki, G., Tominaga, N., & Nozawa, T. 2017, MNRAS, 472, L115

Choplin, A. 2017, in SF2A-2017: Proceedings of the Annual meeting of the
French Society of Astronomy and Astrophysics, ed. C. Reylé, P. Di Matteo,
F. Herpin, E. Lagadec, A. Lancon, Z. Meliani, & F. Royer, Di

Christlieb, N., Bessell, M. S., Beers, T. C., et al. 2002, Nature, 419, 904

Cohen, J. G., Christlieb, N., Qian, Y.-Z., & Wasserburg, G. J. 2003, ApJ, 588,
1082

Collet, R., Asplund, M., & Trampedach, R. 2007, A&A, 469, 687

Collet, R., Magic, Z., & Asplund, M. 2011, J. Phys. Conf. Ser., 328, 012003

Collet, R., Nordlund, A Asplund, M., Hayek, W., & Trampedach, R. 2018,
MNRAS, 475, 3369

Coté, B., Belczynski, K., Fryer, C. L., et al. 2017, ApJ, 836, 230

Eitner, P, Bergemann, M., Hoppe, R., et al. 2024, A&A, 688, A52

Francois, P., Caffau, E., Bonifacio, P, et al. 2018, A&A, 620, A187

Frebel, A., & Norris, J. E. 2015, ARA&A, 53, 631

Freytag, B., Steffen, M., Ludwig, H. G., et al. 2012, J. Comput. Phys., 231, 919

Fromang, S., Hennebelle, P., & Teyssier, R. 2006, A&A, 457, 371

Gallagher, A. J., Caffau, E., Bonifacio, P, et al. 2016, A&A, 593, A48

Gallagher, A. J., Caffau, E., Bonifacio, P, et al. 2017, A&A, 598, L10

Gerber, J. M., Magg, E., Plez, B., et al. 2023, A&A, 669, A43

Gustafsson, B., Edvardsson, B., Eriksson, K., et al. 2008, A&A, 486, 951

Hansen, C. J., Nordstrom, B., Hansen, T. T., et al. 2016a, A&A, 588, A37

Hansen, T. T., Andersen, J., Nordstrom, B., et al. 2016b, A&A, 586, A160

Hansen, T. T., Holmbeck, E. M., Beers, T. C., et al. 2018, ApJ, 858, 92

Hartwig, T., Yoshida, N., Magg, M., et al. 2018, MNRAS, 478, 1795

Hartwig, T., Magg, M., Chen, L.-H., et al. 2022, ApJ, 936, 45

Hartwig, T., Lipatova, V., Glover, S. C. O., & Klessen, R. S. 2024, MNRAS, 535,
516

Heger, A., & Woosley, S. E. 2002, ApJ, 567, 532

Hirschi, R., Frohlich, C., Liebendorfer, M., & Thielemann, F.-K. 2006, Rev. Mod.
Astron., 19, 101

Trwin, A. W. 1981, ApJS, 45, 621

Ishigaki, M. N., Tominaga, N., Kobayashi, C., & Nomoto, K. 2014, AplJ, 792,
L32

Iwamoto, N., Umeda, H., Tominaga, N., Nomoto, K., & Maeda, K. 2005,
Science, 309, 451

Jacobson, H. R., Keller, S., Frebel, A., et al. 2015, ApJ, 807, 171

Jonsell, K., Barklem, P. S., Gustafsson, B., et al. 2006, A&A, 451, 651

Klessen, R. S., & Glover, S. C. O. 2023, ARA&A, 61, 65

Kobayashi, C., Karakas, A. I., & Lugaro, M. 2020, ApJ, 900, 179

Lai, D. K., Johnson, J. A., Bolte, M., & Lucatello, S. 2007, ApJ, 667, 1185

Lee, Y. S., Beers, T. C., Masseron, T., et al. 2013, Al, 146, 132

Leenaarts, J., & Carlsson, M. 2009, ASP Conf. Ser., 415, 87

Limongi, M., Chieffi, A., & Bonifacio, P. 2003, ApJ, 594, L123

Lind, K., & Amarsi, A. M. 2024, arXiv e-prints [arXiv:2401.00697]

Lucatello, S., Tsangarides, S., Beers, T. C., et al. 2005, ApJ, 625, 825

Ludwig, H. G., Steffen, M., & Rauch, T. 1990, Astron. Gesellschaft Abs. Ser., 5,
38

Magg, E., Bergemann, M., Serenelli, A., et al. 2022, A&A, 661, A140

Magic, Z., Collet, R., Asplund, M., et al. 2013a, A&A, 557, A26

Magic, Z., Collet, R., Hayek, W., & Asplund, M. 2013b, A&A, 560, A8

Masseron, T., van Eck, S., Famaey, B., et al. 2006, A&A, 455, 1059

Masseron, T., Johnson, J. A., Plez, B., et al. 2010, A&A, 509, A93

Masseron, T., Plez, B., Van Eck, S., et al. 2014, A&A, 571, A47

McClure, R. D., & Woodsworth, A. W. 1990, ApJ, 352, 709

Meynet, G., Ekstrom, S., & Maeder, A. 2006, A&A, 447, 623

Nomoto, K., Kobayashi, C., & Tominaga, N. 2013, ARA&A, 51, 457

Nordlund, A. 1982, A&A, 107, 1

Nordlund, A., Stein, R. F., & Asplund, M. 2009, Liv. Rev. Sol. Phys., 6, 2

Nordlund, A Ramsey, J. P, Popovas, A., & Kiiffmeier, M. 2018, MNRAS, 477,
624

Norris, J. E., & Yong, D. 2019, ApJ, 879, 37

Placco, V., & Beers, T. C. 2016, AAS Meeting Abstracts, 227, 121.02

Placco, V. M., Frebel, A., Beers, T. C., & Stancliffe, R. J. 2014, ApJ, 797, 21

Placco, V. M., Frebel, A., Beers, T. C., et al. 2016, ApJ, 833, 21

Popa, S. A., Hoppe, R., Bergemann, M., et al. 2023, A&A, 670, A25

Rodriguez Diaz, L. F., Lagae, C., Amarsi, A. M., et al. 2024, A&A, 688, A212

Roederer, 1. U., Preston, G. W., Thompson, 1. B., et al. 2014, AJ, 147, 136

Ruchti, G. R., Bergemann, M., Serenelli, A., Casagrande, L., & Lind, K. 2013,
MNRAS, 429, 126

Sneden, C., Cowan, J. J., Lawler, J. E., et al. 2003, ApJ, 591, 936

Spite, M., Caffau, E., Bonifacio, P, et al. 2013, A&A, 552, A107

Starkenburg, E., Hill, V., Tolstoy, E., et al. 2013, A&A, 549, A88

Stein, R. F., & Nordlund, A. 1998, Apl, 499, 914

Storm, N., Bergemann, M., Eitner, P, et al. 2025, MNRAS, 538, 3284

Suda, T., Katsuta, Y., Yamada, S., et al. 2008, PASJ, 60, 1159

Suda, T., Yamada, S., Katsuta, Y., et al. 2011, MNRAS, 412, 843

Suda, T., Hidaka, J., Aoki, W., et al. 2017, PAS]J, 69, 76

Tominaga, N., Umeda, H., & Nomoto, K. 2007, ApJ, 660, 516

Uitenbroek, H., & Criscuoli, S. 2011, ApJ, 736, 69

Umeda, H., Tominaga, N., Ohkubo, T., & Nomoto, K. 2005, in Origin of Mat-
ter and Evolution of Galaxies, eds. M. Terasawa, S. Kubano, T. Kishida,
T. Kajino, T. Motobayashi, & K. Nomato (Singapore: World Scientific), 163

Yoon, J., Beers, T. C., Placco, V. M., et al. 2016, ApJ, 833, 20

Yoon, J., Beers, T. C., Dietz, S., et al. 2018, Ap]J, 861, 146

A199, page 13 of 15


https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/703/A199
https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/703/A199
http://linker.aanda.org/10.1051/0004-6361/202555406/1
http://linker.aanda.org/10.1051/0004-6361/202555406/2
http://linker.aanda.org/10.1051/0004-6361/202555406/3
http://linker.aanda.org/10.1051/0004-6361/202555406/4
http://linker.aanda.org/10.1051/0004-6361/202555406/5
http://linker.aanda.org/10.1051/0004-6361/202555406/6
http://linker.aanda.org/10.1051/0004-6361/202555406/7
http://linker.aanda.org/10.1051/0004-6361/202555406/7
http://linker.aanda.org/10.1051/0004-6361/202555406/8
http://linker.aanda.org/10.1051/0004-6361/202555406/9
http://linker.aanda.org/10.1051/0004-6361/202555406/10
http://linker.aanda.org/10.1051/0004-6361/202555406/11
http://linker.aanda.org/10.1051/0004-6361/202555406/11
http://linker.aanda.org/10.1051/0004-6361/202555406/12
http://linker.aanda.org/10.1051/0004-6361/202555406/13
http://linker.aanda.org/10.1051/0004-6361/202555406/14
http://linker.aanda.org/10.1051/0004-6361/202555406/14
http://linker.aanda.org/10.1051/0004-6361/202555406/15
http://linker.aanda.org/10.1051/0004-6361/202555406/16
http://linker.aanda.org/10.1051/0004-6361/202555406/16
http://linker.aanda.org/10.1051/0004-6361/202555406/17
http://linker.aanda.org/10.1051/0004-6361/202555406/18
http://linker.aanda.org/10.1051/0004-6361/202555406/19
http://linker.aanda.org/10.1051/0004-6361/202555406/20
http://linker.aanda.org/10.1051/0004-6361/202555406/21
http://linker.aanda.org/10.1051/0004-6361/202555406/22
http://linker.aanda.org/10.1051/0004-6361/202555406/23
http://linker.aanda.org/10.1051/0004-6361/202555406/24
http://linker.aanda.org/10.1051/0004-6361/202555406/25
http://linker.aanda.org/10.1051/0004-6361/202555406/26
http://linker.aanda.org/10.1051/0004-6361/202555406/27
http://linker.aanda.org/10.1051/0004-6361/202555406/28
http://linker.aanda.org/10.1051/0004-6361/202555406/29
http://linker.aanda.org/10.1051/0004-6361/202555406/30
http://linker.aanda.org/10.1051/0004-6361/202555406/31
http://linker.aanda.org/10.1051/0004-6361/202555406/32
http://linker.aanda.org/10.1051/0004-6361/202555406/33
http://linker.aanda.org/10.1051/0004-6361/202555406/34
http://linker.aanda.org/10.1051/0004-6361/202555406/35
http://linker.aanda.org/10.1051/0004-6361/202555406/35
http://linker.aanda.org/10.1051/0004-6361/202555406/36
http://linker.aanda.org/10.1051/0004-6361/202555406/37
http://linker.aanda.org/10.1051/0004-6361/202555406/37
http://linker.aanda.org/10.1051/0004-6361/202555406/38
http://linker.aanda.org/10.1051/0004-6361/202555406/39
http://linker.aanda.org/10.1051/0004-6361/202555406/39
http://linker.aanda.org/10.1051/0004-6361/202555406/40
http://linker.aanda.org/10.1051/0004-6361/202555406/41
http://linker.aanda.org/10.1051/0004-6361/202555406/42
http://linker.aanda.org/10.1051/0004-6361/202555406/43
http://linker.aanda.org/10.1051/0004-6361/202555406/44
http://linker.aanda.org/10.1051/0004-6361/202555406/45
http://linker.aanda.org/10.1051/0004-6361/202555406/46
http://linker.aanda.org/10.1051/0004-6361/202555406/47
http://linker.aanda.org/10.1051/0004-6361/202555406/48
https://arxiv.org/abs/2401.00697
http://linker.aanda.org/10.1051/0004-6361/202555406/50
http://linker.aanda.org/10.1051/0004-6361/202555406/51
http://linker.aanda.org/10.1051/0004-6361/202555406/51
http://linker.aanda.org/10.1051/0004-6361/202555406/52
http://linker.aanda.org/10.1051/0004-6361/202555406/53
http://linker.aanda.org/10.1051/0004-6361/202555406/54
http://linker.aanda.org/10.1051/0004-6361/202555406/55
http://linker.aanda.org/10.1051/0004-6361/202555406/56
http://linker.aanda.org/10.1051/0004-6361/202555406/57
http://linker.aanda.org/10.1051/0004-6361/202555406/58
http://linker.aanda.org/10.1051/0004-6361/202555406/59
http://linker.aanda.org/10.1051/0004-6361/202555406/60
http://linker.aanda.org/10.1051/0004-6361/202555406/61
http://linker.aanda.org/10.1051/0004-6361/202555406/62
http://linker.aanda.org/10.1051/0004-6361/202555406/63
http://linker.aanda.org/10.1051/0004-6361/202555406/63
http://linker.aanda.org/10.1051/0004-6361/202555406/64
http://linker.aanda.org/10.1051/0004-6361/202555406/65
http://linker.aanda.org/10.1051/0004-6361/202555406/66
http://linker.aanda.org/10.1051/0004-6361/202555406/67
http://linker.aanda.org/10.1051/0004-6361/202555406/68
http://linker.aanda.org/10.1051/0004-6361/202555406/69
http://linker.aanda.org/10.1051/0004-6361/202555406/70
http://linker.aanda.org/10.1051/0004-6361/202555406/71
http://linker.aanda.org/10.1051/0004-6361/202555406/72
http://linker.aanda.org/10.1051/0004-6361/202555406/73
http://linker.aanda.org/10.1051/0004-6361/202555406/74
http://linker.aanda.org/10.1051/0004-6361/202555406/75
http://linker.aanda.org/10.1051/0004-6361/202555406/76
http://linker.aanda.org/10.1051/0004-6361/202555406/77
http://linker.aanda.org/10.1051/0004-6361/202555406/78
http://linker.aanda.org/10.1051/0004-6361/202555406/79
http://linker.aanda.org/10.1051/0004-6361/202555406/80
http://linker.aanda.org/10.1051/0004-6361/202555406/81
http://linker.aanda.org/10.1051/0004-6361/202555406/82
http://linker.aanda.org/10.1051/0004-6361/202555406/82
http://linker.aanda.org/10.1051/0004-6361/202555406/83
http://linker.aanda.org/10.1051/0004-6361/202555406/84

Eitner, P, et al.: A&A, 703, A199 (2025)

15T T T r -
“L  temperature [K] ]
5000 6000 ]
.
2.0F.. B .
2.5} .
[ 5o sub — giant 1
30k Tefrf = 5250 K]
o -50 0 logg= 3.0 1
3 [10° km] ]
3.5 [ temperature [K]-
- 5000 6000 1
a.0fF ]
4.5Fmain — sequen 1
[ Ters = 5750K s ]
Llogg= 4.5 = [103km] .
L1 i i i i 1 i i i i 1 i i i i 1 i i i i 1 i i Pl

8000 7000 6000 5000 4000

Teff[K]

Fig. A.1. 2D histogram of the dataset used in this paper in the Teq vs
log g plane. The log g-limit of 2.7 applied in this work is shown as
a dashed black line. The solid black line represents the mean in bins
of constant log g. Red and blue crosses mark the location of the 3D
M3DIS models. The insets show the temperature distribution at the opti-
cal surface of the respective model with [Fe/H] = —5. To highlight the
different physical scales involved, the blue square in the inset shows
the size of the MS model. To estimate the dependence of 3D A(C) cor-
rections on effective temperature, additional models are created at the
locations highlighted with green crosses.

Appendix A: Model parameter selection

To justify the selection of model parameters, we show the Teg-
log g distribution of the stars in our dataset in Fig. A.1. Given the
numerical complexity of the analysis in the paper, we restricted
the number of parameters and constructed 3D M3DIS model
atmospheres for these two T.g-logg combinations only (see
Table 2), which are chosen to best represent the stellar sam-
ple. To quantify the influence of this selection on the 3D — 1D
abundance corrections, we additionally computed a range of 3D
M3DIS models in between, with a single representative chem-
ical composition of [Fe/H] = —5,[C/Fe] = 0 and logg = 4.0
(green crosses). We created these models for a range of different
effective temperatures between 5000 K and 6250K to estimate
the effect of T.g on abundance corrections, while keeping log g
fixed. The results are shown in the bottom panel of Fig. A.2.
When comparing this panel with Fig. 6, we see that the
3D scaled-solar — 1D A(C) abundance corrections overall are
very similar to the corrections computed for MS and sub-giant
models, indicating that there is no significant effect on the overall
distribution of CEMP stars that influences the conclusions drawn
in this paper. At the same Tegx = 5750 K, the difference between
the MS (logg = 4.5) and the additional model (logg = 4.0)
is negligible. Corrections for the sub-giant are slightly larger
than the results at T.x = 5250K, which is expected and can
be attributed to its significantly lower surface gravity. Stars near
log g = 4.0 align more closely with the MS model than with the
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Fig. A.2. Top: Formation height of a representative CH line in the atmo-
spheres of 3D M3DIS models at [Fe/H] = -5, logg = 4.0. Bottom: 3D
scaled-solar — 1D A(C) abundance corrections as a function of Teg,
derived from spectra using the same atmosphere models as in the top
panel and applying [C/Fe] = 3.0 as the reference abundance, as in Fig. 6

sub-giant model regarding stellar parameters, so this discrepancy
is not relevant for the final distribution.

Investigating the corrections as a function of effective tem-
perature, it becomes apparent that AA(C) increases (in absolute
values) as T.g increases. Considering that the strength of molec-
ular spectral lines weakens with increasing temperature, this
may seem counter-intuitive at first. To understand this behaviour
qualitatively, we additionally include the formation height of a
representative CH line in the G band for different T in the
upper panel of Fig. A.2, in 1D (dashed red) as well as in 3D (solid
blue). Investigating the 1D trend, we see that — as expected — the
formation height of CH lines decreases, i.e. shifts towards the
stellar interior, as the atmosphere gets hotter. However, in 3D the
opposite is the case; here the negative temperature gradient in the
upper layers of the atmosphere — which is not present in 1D mod-
els in radiative equilibrium — still provides conditions favourable
for molecule formation in cooler layers further out, even though
the overall temperature at the optical surface increases. The
formation height hence shifts in the opposite direction, which
causes the structural and spectral differences between 3D and
ID to increase. Because the hottest model we included in the
main analysis has Teg = 5750 K, we find that the A(C) correction
for stars in our sample around logg ~ 4.0, [Fe/H] ~ -5 at the
location of the mean (T ~ 6000 K) may be underestimated by
~ 0.2 dex. We thus expect that 3D effects become even more sig-
nificant when the sampling of the parameter space is increased,
which further supports the conclusions drawn in this study and
underlines the need for 3D model atmospheres for the analysis of
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Table A.1. CEMP fractions in bins of A[Fe/H] = 0.5 dex.

[Fe/H] 1D 3D
dex %o %

-6 100 100
-5 100 88
-4 83 53
-3 50 35
-2 26 19
-1 19 12

metal-poor stars. It remains to be investigated how this temper-
ature dependence behaves as a function of metallicity and with
C-enhancement included in the computation of the atmosphere
itself.

Appendix B: Updated radiative transfer solver

We have found that the cost of computing accurate vertical tem-
perature profiles at the surface can be significantly reduced,
relative to Eitner et al. (2024), by modifying the centring of RT
solutions in the short-characteristics solver. Instead of comput-
ing the radiation intensities I, and source functions (S, ) at cell
centres, and computing the net radiative heating from

Qr:ffdeVpKy(IQ,v_SV)’

one can instead compute the radiative intensities g, at cell inter-
faces, and from these compute the radiative fluxes F;, in each
direction i, which allows the heating to be obtained from

Qrz—fde'FV,

where the flux divergence is computed numerically as the differ-
ences 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 energy increase in the
radiation field leaving the cells, relative to the energy that was
entering. Thus, while the previous method ‘samples’ the cool-
ing point-wise, the improved method computes the actual energy
loss across cells.

The improvement is illustrated in Fig. B.l, which plots
horizontally average cooling profiles for different vertical
resolutions.
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Fig. B.1. Comparison of the horizontally averaged radiative heating
(Q,), computed at different resolutions for the same model atmosphere
using the old, classical RT solver (top) and the new, conservative RT
solver on a staggered grid (bottom). The new solver already reproduces
the cooling peak very well at intermediate resolution, while the clas-
sical solver shows the typical under-sampling effect, which leads to an
artificial heating of the model.
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