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ABSTRACT

It is well known that small-scale magnetism dominates the surface magnetic field topologies of active late-type stars. However, little
information is available on the spatial distribution of this key magnetic field component. Here, we take advantage of the recently
developed magnetic field diagnostic procedure relying on the magnetic intensification of iron atomic lines in the optical. We extend
this methodology from measuring a single average field strength value to simultaneous Doppler imaging reconstruction of the two-
dimensional maps of temperature and magnetic field strength. We applied this novel surface mapping approach to two spectroscopic
data sets of the young active Sun-like star LQ Hya. For both epochs, we found a fairly uniform field strength distribution, apart from
a latitudinal trend of the field strength increasing from 1.5–2.0 kG at low latitudes to 3.0–3.5 kG, close to the rotational poles. This
distribution of the small-scale field does not display a clear correlation with the locations of temperature spots or the global magnetic
field structure reconstructed for the same epochs.
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1. Introduction

The surface magnetic fields generated by dynamos in late-
type stars are fundamentally multi-scale, with structures span-
ning the entire range of sizes from the stellar radius to pho-
ton mean-free path and atmospheric pressure scale height.
This is evident both from direct full-disk and local magnetic
observations of the Sun (e.g. Vidotto 2016; Kochukhov et al.
2017; Bellot Rubio & Orozco Suárez 2019) and from theoreti-
cal works on numerical simulations of dynamo processes (e.g.
Yadav et al. 2015; Viviani et al. 2018; Lehmann et al. 2019). For
unresolved stars other than the Sun, this geometrical complex-
ity of the surface magnetic fields is manifested in the discor-
dant results of magnetic field characterisation using different
magnetic field diagnostic methods (Donati & Landstreet 2009;
Reiners 2012; Kochukhov 2021). On the one hand, spectropo-
larimetric observations, predominantly using high-resolution cir-
cular polarised (Stokes V) spectral line profiles, are employed
to reconstruct detailed maps of global vector magnetic fields
with the help of the Zeeman Doppler imaging (ZDI; Kochukhov
2016) tomographic inversion procedure (e.g. Rosén et al. 2015,
2016; Hackman et al. 2016; Lehtinen et al. 2022). Notwithstand-
ing rich information provided by these studies, ZDI analyses
miss most of the magnetic flux due to cancellation of oppo-
site field polarities on smaller scales and, as a result, retrieve a
grossly underestimated mean magnetic field strength. The for-
mer limitation may be one of the reasons why ZDI studies
have so far been unable to uncover a systematic spatial rela-
? Based on observations collected at the ESO La Silla and Paranal

observatories (programmes 086.D-0240, 0100.D-0176, 0102.D-0185).

tionship between magnetic field and temperature spots, as one
would expect from the solar analogy. On the other hand, we can
also detect and measure magnetic field by observing Zeeman
broadening or intensification of magnetically sensitive spectral
lines in the intensity (Stokes I) spectra (e.g. Robinson 1980;
Shulyak et al. 2017; Lavail et al. 2019; Kochukhov et al. 2020).
This approach allows us to determine the total mean magnetic
field strength and, in some cases, constrain fractional area cov-
erage (filling factors) of different field strength components,
but provides essentially no information on the field geometry.
Importantly, due to sensitivity of Zeeman splitting to the abso-
lute value of magnetic field vector, derivation of magnetic infor-
mation from the intensity spectra is not affected by cancellation
of opposite polarities.

The average magnetic field resulting from applications of
the ZDI and Zeeman broadening diagnostic methods is occa-
sionally compared in the literature (Reiners & Basri 2009;
Vidotto et al. 2014; See et al. 2019; Kochukhov et al. 2020;
Kochukhov 2021), with the mean field strength derived from the
intensity spectra being invariably found much stronger than the
average global field calculated from ZDI maps. The interpreta-
tion of this discrepancy in terms of the dominant contribution
of small-scale fields is undisputed. However, the consequences
of this multi-scale nature of stellar magnetic fields for different
empirical magnetic diagnostic techniques and contrasting pre-
dictions of theoretical dynamo models with observations is yet
to be fully understood. For example, it is unclear how the addi-
tional broadening of polarised spectra by small-scale field may
influence their interpretation with ZDI. It is also unknown if the
small-scale magnetic field component exhibits a non-uniform
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distribution on larger scales, for example, spatially correlating
with starspots or global field structures. Furthermore, the impact
of line strength and profile variation associated with a sizeable
small-scale field on the standard temperature Doppler imaging
(DI), which is usually carried out ignoring any magnetic field
effects, has not been explored. The goal of this study is to test a
new Doppler mapping approach capable of addressing some of
these problems.

The target of the present study is a well-known active star
LQ Hya (HD 82558). It is a single, rapidly rotating (Prot ≈ 1.6 d;
Jetsu 1993), young (50 Myr; Tetzlaff et al. 2011) K2 dwarf star
with parameters similar to those of the Sun at the start of its
main-sequence evolution. LQ Hya has a moderately high pro-
jected rotational velocity, ve sin i = 28 ± 1 km s−1 (Kovári et al.
2004), enabling an effective DI mapping of starspots and mag-
netic fields while, at the same time, permitting investigations of
magnetic effects on individual line profiles. Surface temperature
maps of LQ Hya have been reconstructed in numerous studies
(Strassmeier et al. 1993; Rice & Strassmeier 1998; Kovári et al.
2004; Cole et al. 2015; Flores Soriano & Strassmeier 2017;
Cole-Kodikara et al. 2019), revealing a complex, evolving distri-
bution with a mixture of high- and low-latitude spots, but lack-
ing a persistent polar feature commonly found in other active
cool stars (Strassmeier 2009). These investigations have typ-
ically used detailed radiative transfer calculations of spectral
line profiles, while neglecting magnetic effects on model atmo-
spheres and line formation.

The global magnetic field of LQ Hya was studied with
ZDI by Donati (1999), Donati et al. (2003) and, most recently,
by Lehtinen et al. (2022). These studies relied on interpreta-
tion of the mean Stokes V profiles using a simplified treat-
ment of polarised line formation and approximating the effect
of cool spots on spectral lines with a non-uniform continuum
surface brightness. The ZDI analyses of LQ Hya found complex
global field topologies with a significant toroidal contribution
and reported mean surface fields on the order of 150–250 G, with
the strongest localised features approaching 1 kG. In parallel,
other studies assessed the mean surface magnetic flux of LQ Hya
based on intensity spectra. Saar (1996) measured 2.45 kG field
using Zeeman broadening signatures in near-infrared spectra,
whereas Kochukhov et al. (2020) determined a field strength of
1.98–2.07 kG at four different epochs from magnetic intensifi-
cation of optical spectral lines. A discrepancy by one order of
magnitude between the mean global field strength obtained from
ZDI maps and the total field derived from intensity spectra rein-
forces the notion that magnetic energy is concentrated on smaller
scales not accessible to polarimetry. However, nothing is known
about distribution of this dominant field component across the
stellar surface since previous Zeeman broadening and intensifi-
cation studies used single snapshot or time-averaged spectra.

In this pilot study, we extended the Zeeman intensification
diagnostic of the small-scale magnetic fields in LQ Hya from
measuring a surface-averaged field strength value using a sin-
gle spectrum to a full spatially resolved Doppler imaging recon-
struction of the magnetic field strength map, simultaneously with
the temperature distribution using spectral time series. This is
similar to the approach proposed by Saar et al. (1992, 1994),
who attempted to infer a distribution of magnetic flux over
the surface of LQ Hya from a set of spectral lines with dif-
ferent Landé factors. However, these preliminary studies were
inconclusive, yielding inconsistent magnetic field distributions
derived from the same data and an average field strength, from
1.02 kG in Saar et al. (1992) to ≤0.7 kG in Saar et al. (1994);
this result is well below all historic and recent Zeeman broad-

ening and intensification measurements of LQ Hya from single
spectra. The authors attributed these discrepancies to a cross-talk
between magnetic and temperature maps in their inversion pro-
cedure and to the impact of a limited signal-to-noise ratio (S/N)
of their observational data. In retrospect, it is also clear that the
Fe i 6173 Å spectral line employed by Saar et al. (1992, 1994)
to extract information on the magnetic field is an inferior choice
for a rapidly rotating star compared to the set of Fe i lines with
a strong differential magnetic intensification signature identified
by Kochukhov et al. (2020).

2. Observations

The combined temperature and magnetic field mapping analysis
applied in this work requires high-resolution time series spectra
with characteristics similar to observational data employed for
the ordinary temperature DI. For LQ Hya, several useful data
sets can be found in the public archives (Lehtinen et al. 2022).
Here we use two sets of observations characterised by the best
rotational phase coverage and high S/N. These are collections
of 18 and 9 spectra acquired in February 2011 and December
2017, respectively, with the HARPSpol instrument at the ESO
3.6 m telescope. These data, originally intended for ZDI analy-
sis of the global magnetic field, comprise Stokes I and V spectra
covering the 3780–6910 Å wavelength region at the resolving
power of R = 110 000. For the purpose of our analysis, we used
only the Stokes I observations in the 5430–5510 Å interval,
which contains diagnostic lines of interest. The average S/N
of LQ Hya spectra in this region is 360 and 410 for the 2011
and 2017 data sets, respectively. The time-averaged HARPSpol
spectra from both epochs have been used by Kochukhov et al.
(2020) to estimate a mean value of the small-scale magnetic field
strength, whereas Lehtinen et al. (2022) have carried out ZDI of
the global field topology based on the time-resolved Stokes V
profiles extracted from these observations. We refer to these pub-
lications for further details of the acquisition and reduction of the
HARPSpol observations of LQ Hya.

3. Simultaneous temperature and magnetic field
mapping

3.1. Methodology

Discerning magnetic field effects on the intensity spectra of cool
active stars is a challenging task, particularly for objects with
significant rotational broadening such as LQ Hya. Traditionally,
determination of mean magnetic field strength in cool stars was
focused on the profile analysis of high Landé factor lines at
near-infrared wavelengths (e.g. Valenti et al. 1995; Saar 1996)
or relied on the statistical analysis of a large number of lines
(e.g. Robinson 1980; Lehmann et al. 2015). In both cases, appli-
cations were mostly limited to narrow-line stars and demanded
data of very high quality. In a recent development, a series of
studies demonstrated the possibility to detect and measure small-
scale magnetic fields using differential intensification of spectral
lines in the wavelength regions covered by optical spectrographs
(e.g. Kochukhov & Lavail 2017; Kochukhov & Shulyak 2019;
Kochukhov et al. 2020). In this case, the magnetic field is mea-
sured from line intensities or equivalent widths rather than from
line profile shapes, which relaxes the requirements on the spec-
troscopic data quality and rotational broadening of stellar spec-
tral lines. For this technique to give robust results, a combina-
tion of lines with a weak or zero magnetic sensitivity along with
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lines exhibiting a strong magnetic response is required, but with
a similar sensitivity to thermodynamic conditions and element
abundances. Ideally, the diagnostic lines should come from the
same multiplet, which would allow us to minimise uncertain-
ties due to inaccurate atomic data. Following these principles,
Kochukhov et al. (2020) showed that four Fe i lines (λ 5434.52,
5497.52, 5501.47, 5506.78 Å) from the multiplet 88 (Nave et al.
1994) are particularly promising for magnetic studies of G and
K-type active stars. In this group of lines, Fe i 5434.52 Å is not
affected by magnetic field, while the remaining three lines show
a large magnetic intensification due to a combination of com-
plex Zeeman splitting patterns and relatively large Landé factors.
Using these lines, Kochukhov et al. (2020) were able to mea-
sure 1.5–2.0 kG fields in several active stars with ve sin i = 15–
30 km s−1, including LQ Hya. Hahlin et al. (2021) have suc-
cessfully applied the same methodology to the components of
the eclipsing binary UV Psc, which have ve sin i values 70 and
50 km s−1.

Here, we implemented the magnetic field diagnostic using
Zeeman intensification in a joint temperature-magnetic field DI
reconstruction procedure. For this purpose, we employed the
Invers13 ZDI code (Kochukhov et al. 2012, 2013; Rosén et al.
2015), which is capable of reconstructing maps of vector mag-
netic field and temperature from the intensity and polarisation
profiles of individual spectral lines. The code performs detailed
polarised radiative transfer calculations, employing MARCS
model atmospheres (Gustafsson et al. 2008) with different Teff

to approximate the quiet photosphere and temperature spots
on cool active stars. Since we are interested in characteris-
ing distribution of the small-scale magnetic field, which does
not contribute to polarisation spectra, we use Stokes I obser-
vations alone for the purposes of this study. The temperature
and magnetic field maps are recovered from the set of Fe i
lines described above, with information on temperature inhomo-
geneities obtained from the common distortions of line profiles
and local magnetic field strength inferred from the intensifica-
tion of magnetically sensitive lines relative to Fe i 5434.52 Å.
The Tikhonov regularisation (e.g. Piskunov & Kochukhov 2002)
is applied to both maps to ensure uniqueness of the solution.

The local line profiles are computed by Invers13 as a func-
tion of temperature and small-scale magnetic field. The latter
is treated using a radial field, which is a common approach of
the Stokes I cool-star magnetic field studies (e.g. Marcy 1982;
Shulyak et al. 2010; Kochukhov 2021), justified by the lack of
sensitivity of intensity profiles to the field orientation. In real-
ity, the local magnetic field strength reconstructed by our code
corresponds to a weighted average of multiple unresolved field
strength components. With the chosen set of optical diagnos-
tic lines, these components cannot be constrained individually
for stars with significant rotational broadening, even when we
are using the simplest two-component model (Kochukhov et al.
2020).

The atomic line parameters required for magnetic spec-
trum synthesis calculations in Invers13 were obtained from
the VALD3 database (Ryabchikova et al. 2015). These data were
complemented by a molecular line list complied by Heiter et al.
(2021), with the C2 lines being the most significant molecular
absorber in the studied wavelength region. All parameters of
the four main Fe i diagnostic lines, including the improved van
der Waals damping constants (Barklem et al. 2000), were kept
fixed, while the oscillator strengths and, in a few cases, wave-
lengths of other transitions within ±1.4 Å of the main Fe i lines
were adjusted based on comparison with the spectra of bench-
mark stars. For the latter, we simultaneously fitted the solar

Fig. 1. Distribution of magnetic field strength (upper panel) and tem-
perature (lower panel) derived from the 2011 data set. The dark grey
region shows invisible part of the stellar surface. The light grey high-
lights part of the surface with a relative visibility below 25%. The lon-
gitude increases left to right, with the central meridian corresponding to
180◦.

flux atlas (Wallace et al. 2011) and the R = 220 000 ESRESSO
spectrum of δ Eri (Adibekyan et al. 2020) using stellar param-
eters from Heiter et al. (2015). Despite these corrections and
similar to the problems reported by Kochukhov et al. (2020),
the blue wing of the Fe i 5506.78 Å line, heavily blended by
the Fe i 5505.88 Å and hyperfine-split Mn i 5505.87 Å features
in the rotationally broadened spectrum of LQ Hya, could not
be adequately described by our calculations. Consequently, the
Fe i 5506.78 Å line was omitted, leaving the two Fe i lines with
a strong magnetic response (λ 5497.52 and 5501.46 Å) and
one magnetically insensitive Fe i line (λ 5434.52 Å) for the DI
analysis.

For the DI inversion with Invers13 we adopted the same
stellar parameters (log g = 4.0, i = 65◦, ξt = 0.5 km s−1, ζt =
1.5 km s−1, [M/H] = 0.0) as frequently used by non-magnetic
DI studies of LQ Hya (e.g. Kovári et al. 2004; Cole et al. 2015).
Observations were phased with the same ephemeris as in
Lehtinen et al. (2022), who used Prot = 1.601136 d, originally
from Jetsu (1993). All inversions were initiated using a uni-
form temperature distribution with T = 5000 K and a homo-
geneous 2.0 kG radial magnetic field according to the results
by Kochukhov et al. (2020). The projected rotational velocity,
ve sin i, was determined by optimising the fit to observations of
the three Fe i lines while also keeping low-latitude axisymmetric
structures in the temperature map to a minimum. The resulting
value, 27.5 ± 0.5 km s−1, is within the 26.5–28.0 km s−1 range
obtained by previous DI studies (Donati 1999; Kovári et al.
2004).

3.2. Results for 2011 and 2017 data sets

The results of simultaneous mapping of magnetic field and tem-
perature spots on the surface of LQ Hya are presented in Fig. 1
for the 2011 data set. The corresponding comparison of the
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Fig. 2. Comparison of the observed (black symbols) and best-fitting
model profiles (orange solid lines) for the Fe i 5434, 5497, and 5501 Å
lines in the 2011 data set. The blue dashed lines correspond to the syn-
thetic spectrum computed with the same temperature distribution but
without magnetic field. The spectra for consecutive phases are shifted
vertically, with phases indicated to the right of each profile.

Fig. 3. Same as Fig. 1 but for the 2017 data set.

observed and calculated Fe i line profiles is shown in Fig. 2. Fur-
thermore, Figs. 3 and 4 contain the same information for the DI
reconstruction applied to the 2017 data set.

The outcome of our analysis for both epochs points to a low-
contrast, nearly featureless distribution of the small-scale mag-
netic field strength. The only departure from this homogeneity
is an increase of the field strength towards rotational poles. We
have verified that this latitudinal trend is required by the data

Fig. 4. Same as Fig. 2 but for the 2017 data set.

since replacing it with a single field strength value adjusted to
obtain the optimal fit quality results in a significantly higher χ2

(up to 40% increase for the magnetically sensitive lines). The
obtained field strength distribution is clearly distinct from tem-
perature maps, for which we derive a lower contrast structure
with a single low-latitude feature in 2011 and three higher con-
trast equatorial cool spots in 2017.

The line profile fits presented in Figs. 2 and 4 confirm
that a strong, multi-kG magnetic field is required to reproduce
the observed intensification of the Fe i 5497.52 and 5501.46 Å
lines relative to the magnetically insensitive Fe i 5434.52 Å line.
Moreover, this intensification does not appear to change with
rotational phase, which is consistent with the lack of non-
axisymmetric structures in the magnetic field map.

3.3. Reconstruction from simulated data

To assess the reliability of the DI reconstruction of temperature
and magnetic field distributions using Invers13, we carried out
a numerical experiment based on simulated observations. The
temperature map reconstructed for the first epoch was combined
with a simple field distribution comprising a 3 kG circular fea-
ture, centred at the latitude +30◦, superimposed onto a 1 kG field
background (Fig. A.1a). We calculated the Stokes I profiles of
the three Fe i lines for the same set of rotational phases as in the
observations from 2011 and added a random Gaussian noise with
the standard deviation matching that of individual observations.
We then recovered T and B maps with the same initial guesses
and regularisation as applied in the analysis of real observations.

The resulting maps are shown in Fig. A.1b with the corre-
sponding line profile fits in Fig. A.1c. This test demonstrates
that a magnetic field structure with a large contrast can be suc-
cessfully reconstructed with our technique without a significant
cross-talk with the temperature map. Both the latitudinal and
longitudinal positions of the magnetic spot are correctly repro-
duced, although the spot is somewhat smeared in the latitudi-
nal direction. The input and reconstructed temperature maps are
very similar. Quantifying the difference between the maps in
Figs. A.1a and b, we find a standard deviation of 78 K and 332 G
for temperature and magnetic field, respectively.

In a further series of tests (not shown here), we explored
reconstruction of the small-scale field strength for situations
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Fig. 5. Latitudinal dependence of the small-scale magnetic field strength
for 2011 (left) and 2017 (right) epochs. The solid curves correspond to
the longitudinally-averaged field strength value, the grey background
indicates one standard deviation. The dashed lines on the blue back-
ground show the similar average for the global field according to ZDI
results by Lehtinen et al. (2022). The red horizontal lines show the spa-
tially unresolved mean field strength (solid line) and associated uncer-
tainties (dotted lines) derived by Kochukhov et al. (2020).

when magnetic concentrations overlap with cool spots. In that
case, the magnetic enhancement can still be detected, but
the recovered field strength is significantly underestimated,
illustrating the common difficulty (e.g. Rosén & Kochukhov
2012) of probing starspot interiors with optical atomic spectral
lines.

4. Discussion

A prominent latitudinal variation of the small-scale field strength
uncovered by our analysis is illustrated in Fig. 5. This plot
also shows the unresolved field strength derived from the aver-
age spectra (Kochukhov et al. 2020) and the latitudinal depen-
dence of the global field strength from ZDI maps (Lehtinen et al.
2022). Both the present study and the spatially-unresolved anal-
ysis by Kochukhov et al. (2020) indicate that in 2017 the field
on LQ Hya was slightly weaker compared to 2011. The aver-
age values from our DI field strength maps, 2.18 and 2.06 kG
for the 2011 and 2017 data sets respectively, correspond to inter-
mediate latitudes. The field drops to less than 2 kG around the
equator and reaches nearly 3.5 kG at the visible rotational pole.
We do not confirm the suggestion by Saar et al. (1992, 1994)
that the small-scale field distribution on LQ Hya exhibits a sig-
nificant non-axisymmetric component. Unlike these preliminary
studies, our DI analysis yields a surface-averaged field inten-
sity broadly in agreement with all previous studies, including
the K-band measurement by Saar (1996) obtained with a com-
pletely different set of observational data and diagnostic lines.
This suggests that our investigation provides the first reliable
map of the small-scale magnetic field on an active late-type
star.

The global magnetic field maps of LQ Hya were recon-
structed by Lehtinen et al. (2022), who applied ZDI to mean cir-
cular polarisation profiles derived from the same observations as
analysed here. There is little correspondence between the global
and small-scale field structures, apart from the tendency of both
to strengthen towards the visible rotational pole in the 2011 data
set. The average global field strength of LQ Hya is 169 and 157 G
for the 2011 and 2017 epochs, respectively. Thus, the large-scale

field is about 13 times weaker than the total field. Interestingly,
both field components appear slightly weaker in the later set of
observations.

The temperature maps of LQ Hya reconstructed in this study
are qualitatively similar to the distributions recovered in other
DI analyses which relied on interpretation of individual spectral
lines (Flores Soriano & Strassmeier 2017; Cole-Kodikara et al.
2019). Similar to those studies, we did not find a persis-
tent cool polar cap. This contrasts our findings with those by
Lehtinen et al. (2022), who recovered a dark polar cap in the
inversions based on mean (least-squares deconvolved) line pro-
files derived from the same HARSPpol spectra as studied here.
A detailed discussion of this discrepancy is beyond the scope of
this Letter but it can be connected to simplifying line formation
approximations employed in the DI modelling based on mean
profiles.

One caveat of our work is that the Fe i lines employed
for simultaneous magnetic and starspot mapping are relatively
strong, resulting in an increased impact of systematic errors
and reduced sensitivity to temperature inhomogeneities. Ideally,
the Fe i lines studied here should be combined with weaker
temperature-sensitive lines to improve reliability of starspot
mapping. These limitations notwithstanding, the absence of spa-
tial correlation between small-scale magnetic field and cool
spots is noteworthy. This result suggests that cool spots on
LQ Hya are either not associated with a particularly strong field
or that this strong-field component cannot be resolved using opti-
cal data.

The uniformity of our small-scale magnetic field distribution
suggests that this magnetic field component is unlikely to distort
the reconstruction of spot geometries in non-magnetic DI. On
the other hand, the total magnetic field of LQ Hya induces sub-
stantial line-dependent intensification that cannot be accounted
for by non-magnetic inversions relying exclusively on theoret-
ical or astrophysical line parameters validated using spectra of
inactive stars. Empirical oscillator strength corrections might be
necessary in the conventional DI of very active stars such as
LQ Hya.

A qualitative picture of the overall surface magnetic mor-
phology of LQ Hya is that of a highly-structured, intermittent
magnetic field. A smoothed unsigned version of this magnetic
topology corresponds to the field strength distribution derived
here, whereas the vector averaging (affected by a massive bias
due to cancellation of opposite polarities) results in much weaker
global field maps inferred by ZDI studies. A joint self-consistent
approach to modelling both spatial components of this multi-
scale stellar magnetic field configuration is yet to be developed.
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Appendix A: Test of DI using simulated
observations

Fig. A.1. Comparison of the input (a) and reconstructed (b) magnetic field and temperature distribution, together with the corresponding line
profile fit (c) for the inversion test described in Sect. 3.3.
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