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ABSTRACT

Solar oxygen abundance measurements based on the O i near-infrared triplet have been a much-debated subject for several decades
since non-local thermodynamic equilibrium (NLTE) calculations with 3D radiation-hydrodynamics model atmospheres introduced a
large change to the 1D LTE modelling. In this work, we aim to test solar line formation across the solar disk using new observations
obtained with the SST/CRISP instrument. The observed dataset is based on a spectroscopic mosaic stretching from disk center to the
solar limb. By comparing the state-of-the-art 3D NLTE models with the data, we find that the 3D NLTE models provide an excellent
description of line formation across the disk. We obtain an abundance value of A(O) = (8.73 ± 0.03) dex, with a very small angular
dispersion across the disk. We conclude that spectroscopic mosaics are excellent probes for geometric and physical properties of
hydrodynamics models and non-LTE line formation.
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1. Introduction

Oxygen (O) is the most abundant metal in the universe, and its
abundance is an important parameter modern astrophysics and
is used widely for determining the metallicity of galaxies (e.g.
Arellano-Córdova et al. 2022), it influences stellar evolution (e.g.
VandenBerg et al. 2012), tells us about formation properties and
history of exoplanets (e.g. Line et al. 2021) and is an impor-
tant factor in stellar structure and a major contributor to stellar
opacity, and thus an important ingredient for stellar models (e.g.
Basu & Antia 2008). Proper and accurate measurements of the
O abundance are thus critical in all of these cases. Traditionally,
such methods are tested on the Sun because its disk is spatially
resolved and different parts of the atmosphere can be sampled by
studying the center-to-limb variation (CLV) of O lines (e.g. De-
lone et al. 1974; Kiselman 1993; Pereira et al. 2009; Bergemann
et al. 2021).

The formation of solar O lines has been a subject of in-
terest ever since the (believed) detection of O lines in the so-
lar spectrum (Draper 1877; Runge & Paschen 1896; Plotkin
1977). Photospheric solar abundance studies typically focus on
the O i 6300 Å and the O i near-infrared triplet. The former
can be modelled in LTE, but suffers from a Ni i blend that con-
tributes about 25 % of the equivalent width (EW) of the feature
and is sensitive to the treatment of convection (Allende Prieto
et al. 2001; Bergemann et al. 2021). The latter lines are not sig-
nificantly affected by blends, but do require to be modeled in
NLTE, as was first suggested on an empirical basis by Magain
(1988) and Spite & Spite (1991) for metal-poor Galactic stars
on the grounds of systematic positive difference between the

Fig. 1. Composite full-disk image of the Sun on 11 June 2021 in the AIA
171, 193 and 304 Å filters (Lemen et al. 2012). The yellow bar shows
25 pointings of the mosaic which spans from the solar south pole to disk
center. The red marker represents a single pointing of the telescope and
has the size and orientation of SST/CRISP.

abundances obtained from the permitted lines and the [O I] line.
Later, the NLTE sensitivity of the 777 nm triplet was confirmed
through a detailed theoretical modelling by Kiselman (1991,
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Fig. 2. Overview of the O i 7772 Å line: mosaic, starting from disk center on the left and stretching to the solar limb on the right. The black solid
lines show 10 positions from µ = 0.1 to 1.0 (cosine of the heliocentric angle) and the dashed lines show bins of ±0.02µ over which each µ position
was averaged. The mosaics spans roughly 1000′′ × 80′′.

1993) and Kiselman & Nordlund (1995) for the Sun. In recent
years, 3D NLTE modelling became the norm for the solar pho-
tospheric abundance studies. Specifically, for O, the 3D NLTE
values include e.g. (8.76 ± 0.07) dex1 by Caffau et al. (2008),
(8.76 ± 0.02) dex by Steffen et al. (2015), (8.73 ± 0.05) dex by
Caffau et al. (2015), (8.69 ± 0.03) dex by Amarsi et al. (2018),
(8.69 ± 0.04) dex by Asplund et al. (2021), (8.74 ± 0.03) dex
by Bergemann et al. (2021). Another recent study is that by
Magg et al. (2022) that employs the O and Ni NLTE model from
Bergemann et al. (2021), albeit with different spectrum synthesis
code and spatially- and temporarily-averaged 3D models simi-
lar to Bergemann et al. (2012). Also less model-dependent in-
ference methods based on 3D radiation-hydrodynamics mod-
els were used. These methods, for example, were used in Cen-
teno & Socas-Navarro (2008), Cubas Armas et al. (2017), and
Cubas Armas et al. (2020) to derive the solar O abundance of
A(O) = 8.86 ± 0.07 dex, 8.86 ± 0.04 dex, and 8.80 ± 0.03 dex,
respectively.

In an earlier study Bergemann et al. (2021), the 3D NLTE
oxygen abundance was based on a spectrum with the highest
spectral resolution so far, i.e. the solar intensity atlas (Reiners
et al. 2016) with R ≈ 700, 000 provided by the Institut für Astro-
physik Göttingen (IAG). An updated atlas including CLV is cur-
rently being prepared for public release (Ellwarth et al. 2023).
However, it is of an interest to investigate the variation of the
solar profile of the O i lines at a higher spatial resolution across
the spectrum because of limited angular sampling of previous
spatially-resolved investigations. The aim of this work is to test
the consistency of spectral line diagnostics with new SST data
and available physical models, and hence help to provide more
robust uncertainties on the resulting analysis of photospheric
oxygen lines.

We use a new dataset obtained with the CRisp Imaging Spec-
troPolarimeter (CRISP, Scharmer et al. 2008) at the Swedish 1-
meter Solar Telescope (SST, Scharmer et al. 2003) as presented
in Pietrow et al. (2023). We analyse the CLV of the 7772 Å line
data published by Pietrow et al. (2023) using 1D LTE, 1D NLTE,
and 3D NLTE models from Bergemann et al. (2021) and discuss
the implications for the solar O abundance.

2. Observations and data processing

The present data were taken as part of a multi-line CLV study
(Pietrow et al. 2023). We summarize the relevant information
below but refer the reader to this paper for a full overview.

The data consist of a mosaic spanning one solar radius, taken
between 10:41 and 11:01 UT on 19 June 2021 with SST/CRISP.
The data is reduced using a modified version of the SSTRED

1 We adopt the traditional astronomical logarithmic abundance scale
A(ε) = 12 + log10(nε/nH), which expresses abundance of element ‘ε’ on
a logarithmic scale relative to nH = 1012 hydrogen atoms.

pipeline (de la Cruz Rodríguez et al. 2015; Löfdahl et al. 2021),
which has been designed to process the data from the SST. It
not only includes dark and flat-field correction, but typically it
also performs image restoration, removing optical aberrations
caused by turbulence in the atmosphere (and partially corrected
for by the SST adaptive optics) using Multi-Object Multi-Frame
Blind Deconvolution (MOMFBD, Löfdahl 2002; van Noort et al.
2005). We omitted this last step, as the reconstruction can fail un-
der poor seeing conditions (Fried-parameter r0 of 5 cm or lower).

The roughly 60′′ × 1000′′ mosaic was taken from the solar
south pole towards the center (Fig. 1), with roughly 30% overlap
between each consecutive pointing (Fig. 2). The line has been
sampled at ±980, ±735, ±392, ±343, ±294, ±245, ±196, ±147,
±98, ±49, and 0 mÅ at R ≈ 160 000. We re-calibrate the pixel
scale to 0.0584′′ pixel−1 by aligning both ends of the mosaic to
SDO/HMI (Scherrer et al. 2012) observations, which allows us
to assign a µ value at each pixel in the mosaic. The data are then
binned into 50 average profiles that are spaced equidistantly in µ
by steps of 0.02. Finally, smoothing the data removes the effects
from p-modes.

To test the impact of limited resolving power, the data
were compared to observations obtained with the Fourier Trans-
form Spectrograph (FTS) at the IAG Vacuum Vertical Telescope
(VTT), hereafter referred to as IAG FTS CLV Atlas. The result-
ing spectra have a resolution of 0.024 cm−1 or R ≈ 700 000 at
λ = 6000 Å) (see Reiners et al. 2016; Schäfer et al. 2020; Berge-
mann et al. 2021). Afterwards, the HITRAN (Rothman 2021)
database was used to identify and mask out telluric lines from
H2O and O2.

3. Methods, results, and discussion

The abundances of oxygen are calculated using the follow-
ing approach. For the atmosphere, we used the 3D radiation-
hydrodynamics (RHD) simulations of the solar convection from
the Stagger grid. We refer to Bergemann et al. (2012) and Magic
et al. (2013a,b) for more details on the RHD models. The NLTE
radiation transfer was carried out using the MULTI3D code
(Leenaarts & Carlsson 2009), as updated in Bergemann et al.
(2019) and Gallagher et al. (2020), and the new NLTE model
of the oxygen atom developed in Bergemann et al. (2021). The
model atom furthermore includes new oscillator strengths for the
triplet lines from Bautista et al. (2022). Radiation transfer calcu-
lations were carried out using a grid of 80 × 80 × 420 points and
corrections for the finite spatial step and the lack of an overlying
chromosphere were accounted for in the abundance analysis.

The line profile analysis follows Bergemann et al. (2021),
where the abundance was computed via the χ2 minimization be-
tween a series of 3D NLTE line profiles calculated for the cho-
sen µ values and the observed data. Interpolation between mod-
els computed with several values of abundance was applied. To
simplify the analysis, we selected 14 µ positions with a width of
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Fig. 3. Comparison of the observed IAG and SST line profiles for the
solar disc centre. The original IAG data are shown with the solid black
line. The IAG data degraded to the sampling and resolving power of the
SST data are shown with filled black circles. The SST data are shown
with filled red circles connected by a red line.

±0.02 µ from the mosaic that match the observed locations of
the IAG data. We estimate the uncertainty of the abundance to
be similar to the one given in Bergemann et al. (2021), although
the resolution of the SST data leads to a slightly larger system-
atic error. Specifically, the lower sampling of the line and lower
resolving power of the SST data makes it harder to correctly
describe the line profile (Fig.3), and the resulting abundance is
slightly under-estimated. This was tested by running the analysis
on the IAG FTS CLV Atlas degraded to the quality of SST data
that can be quantified, e.g. by calculating the line EW. Indeed,
the EW of the SST data is somewhat lower compared to the EW
of the equivalent IAG profile yielding a ∼ 0.015 dex difference
in the abundance. We note, the EW integration of the SST data is
an unreliable procedure, especially because the sampling of the
outer wings at ∼ ±0.4 Å , where two blends are clearly visible
in the original IAG data, is rather poor. A similar systematic dif-
ference is present at other angles across the disc. We account for
the systematic bias by folding it into the absolute abundance es-
timate at each angle. We see a similar offset in Fig. 8 of Pietrow
et al. (2023), where the trend matches data from Pereira et al.
(2009), but a constant shift is found between the two sets.

The resulting oxygen abundances derived from the
SST/CRISP data for 14 µ points across the solar disk are pre-
sented in Fig. 4. The average abundance obtained from the 3D
NLTE modelling is very precise and independent of the view-
ing angle, yielding A(O) = (8.73 ± 0.031) dex. For comparison,
we also show the results obtained from the 1D LTE and NLTE
modelling. Clearly, the latter models are unable to describe the
properties of observed solar radiation field and its CLV, over-
estimating the oxygen abundance by more than 0.4 dex at the
limb. This supports the previous result from (Bergemann et al.
2021) and reinforces the evidence that the 3D NLTE models are
sufficiently complete to provide a realistic description of oxygen
line formation across the disk. Hence, the abundance estimates
obtained using 3D NLTE models are to be preferred for precision
stellar spectroscopic diagnostics.

Fig. 4. Variation of oxygen abundance across the solar disk obtained
from the SST data fitted with 3D NLTE models (open circles), a 1D
LTE model (closed triangles), and a 1D NLTE model (closed squares).

4. Conclusions

By comparing the 3D NLTE oxygen models from Bergemann
et al. (2021) with our new spatially resolved SST/CRISP data,
we find that the solar oxygen abundance A(O) = (8.73 ±
0.031) dex, is fully consistent with the earlier result. Our data
do not reveal any angular dependence of abundance, reinforcing
the accuracy of the 3D NLTE modeling approach as compared
to 1D modeling. The abundance is consistent with the value
from Amarsi et al. (2018) within the respective uncertainties of
both estimates. The difference between their study and our result
is indeed rather modest, given the differences in the choice of
observations, gf-values, correction for the chromospheric back-
heating, as well different 3D NLTE codes and the NLTE model
of O. We conclude that the CLV datasets from Pietrow et al.
(2023) and those of the IAG FTS CLV Atlas complement each
other and synergistically probe the geometric and physical prop-
erties of RHD models of stellar convection and non-LTE line
formation. However, higher resolution spectral data are preferred
where possible for precision solar abundance diagnostics.
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