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ABSTRACT

Aims. We aim to characterise the small-scale magnetic fields of a sample of 16 Sun-like stars and investigate the capabilities of the
newly upgraded near-infrared (NIR) instrument CRIRES™ at the Very Large Telescope in the context of small-scale magnetic field
studies. Our targets also had their magnetic fields studied with optical spectra, which allowed us to compare magnetic field properties
at different spatial scales on the stellar surface and to contrast small-scale magnetic field measurements at different wavelengths.
Methods. We analysed the Zeeman broadening signature for six magnetically sensitive and insensitive FeI lines in the H-band
to measure small-scale magnetic fields on the stellar surfaces of our sample. We used polarised radiative transfer modelling and
non-local thermodynamic equilibrium departure coefficients in combination with Markov chain Monte Carlo sampling to determine
magnetic field characteristics and non-magnetic stellar parameters. We used two different approaches to describe the small-scale
magnetic fields. The first is a two-component model with a single magnetic region and a free magnetic field strength. The second
model contains multiple magnetic components with fixed magnetic field strengths.

Results. We found average magnetic field strengths ranging from ~0.4kG down to <0.1kG. The results align closely with other
results from high-resolution NIR spectrographs, such as SPIRou. It appears that the typical magnetic field strength in the magnetic
region is slightly stronger than 1.3 kG, and for most stars in our sample, this strength is between 1 and 2 kG. We also found that the
small-scale fields correlate with the large-scale fields and that the small-scale fields are at least ten times stronger than the large-scale
fields inferred with Zeeman Doppler imaging. The two- and multi-component models produce systematically different results, as the
strong fields from the multi-component model increase the obtained mean magnetic field strength. When comparing our results with
the optical measurements of small-scale fields, we found a systematic offset two to three times stronger than fields in the optical
results. This discrepancy cannot be explained by uncertainties in stellar parameters. Care should therefore be taken when comparing

results obtained at different wavelengths until a clear cause can be established.

Key words. stars: magnetic field — stars: solar-type — techniques: spectroscopic

1. Introduction

The study of stellar magnetic fields involves the analysis
of magnetic structures at multiple spatial scales with one
of the most powerful magnetic diagnostic techniques known,
Zeeman Doppler Imaging (ZDI; Donati & Landstreet 2009),
which utilises the time series of circularly polarised spec-
tra. However, ZDI is sensitive only to large-scale magnetic
field structures. Other methods that rely on unpolarised spec-
tra, such as Zeeman broadening or intensification, are sensi-
tive to smaller spatial scales. When comparing the two scales,
one finds that the large-scale field strengths are only about
10% of the total field strength on the surface of stars (e.g.,
Reiners 2012; See et al. 2019; Kochukhov et al. 2020), which
suggests that the latter is dominated by the small-scale com-

ponent. Due to this large difference, magnetic analysis based
only on a single spatial scale might miss important informa-
tion and cause inaccurate conclusions to be drawn. Large-scale
fields are generally understood to reach out beyond the stellar
surface and into the surrounding environment, thereby govern-
ing processes such as star-planet interactions (e.g., Vidotto et al.
2018; Alvarado-Gomez et al. 2022) and the rotational spin-down
of stars due to magnetised stellar wind (e.g., Kawaler 1988;
Barnes 2003). On the other hand, when studying stellar evolu-
tion, predictions of the surface magnetic field strengths required
to sufficiently inflate a star made by Feiden & Chaboyer (2013)
have been found to better align with small-scale field measure-
ments (Kochukhov & Shulyak 2019; Hahlin et al. 2021), show-
ing that the stronger small-scale fields are more relevant for
stellar structure and evolution. While the different spatial scales
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dominate different processes, they are intimately connected. One
such example is from Reiners et al. (2022), who found a relation-
ship between the small-scale magnetic fields and rotation rate.
This shows that as the star slows down due to the large-scale
field interacting with the stellar wind, the generation of mag-
netic fields on all spatial scales are affected. As the two spatial
scales play a role in different processes in and around stars, it is
therefore important to be mindful of all spatial scales in order to
fully describe the magnetic properties of the star.

In the past, most cool star magnetic field studies focused
on singular spatial scales, and the primary reason for this is
that most ZDI results were obtained with optical spectrographs.
The magnetic splitting caused by the Zeeman effect is strongly
wavelength dependent, which makes studies of Zeeman broad-
ening using optical spectra quite challenging for most active
stars. While Zeeman intensification (e.g., Basrietal. 1992;
Kochukhov et al. 2020) has been used successfully to study mag-
netic fields with optical spectra, the method introduces a large
number of systematic uncertainties, as the change in equivalent
width is degenerate with several other stellar parameters. For this
reason, it is beneficial to study active stars in the near-infrared
(NIR), as it increases the broadening signal significantly, owing
to the A2 dependence of the Zeeman effect. Recently, several
high-resolution spectrographs covering the NIR wavelengths,
such as SPIRou (Donati et al. 2020) and CRIRES* (Dorn et al.
2023), have begun operation. These spectrographs also have the
capability to perform polarimetric observations and are there-
fore well suited for the investigation of stellar magnetic fields.
With the upgraded CRIRES* being the most recently commis-
sioned and the highest-resolution NIR spectrometer, it offers an
excellent opportunity to reach new levels of precision in detect-
ing and measuring small-scale fields on moderately active cool
stars. This study is the first to test the capabilities of CRIRES*
for stellar magnetic field diagnostics.

In this paper, we aim to describe the analysis of small-scale
magnetic fields for a sample of 16 Sun-like stars. These stars
have had their magnetic fields investigated in the past, which
allows for comparison with previous results. For most stars
included in our sample, large-scale fields were determined with
ZDI. Some also had their small-scale fields measured with the
Zeeman intensification using optical spectra (Kochukhov et al.
2020) and, more recently, with NIR SPIRou data (Petit et al.
2021). The goal of this study is to investigate if the small-
scale magnetic fields measured using CRIRES* spectra agree
with those measured with optical spectra as well as seeing if
the strength of the large- and small-scale fields behave in a
similar way.

The rest of this paper is organised as follows. In Sect. 2, the
observations and targets analysed in this study are introduced.
This section also describes the data reduction process that was
performed to obtain the final spectra. In Sect. 3, we discuss
the impact of departures from local thermodynamic equilibrium
(LTE) for Sun-like stars in the H-band as well as the selection
of suitable lines for a magnetic field investigation. The magnetic
field inference is presented in Sect. 4, and the results are dis-
cussed in Sect. 5, including assessment of various systematic
effects and biases that could potentially impact magnetic field
diagnostics.

2. Observations

Observational data analysed in this study were taken from the
ESO’s observing period 108 between October 2021 and March
2022. The observations were carried out using CRIRES™, the
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recently upgraded NIR spectrograph at the 8-m UT3 Very Large
Telescope. The CRIRES* instrument is a cross-dispersed echelle
spectrometer and spectropolarimeter operating in conjunction
with the MACAO adaptive optics system. The spectrometer is
able to reach a spectral resolving power of 100000 and obtain
observations in the Y, J, H, K, L, and M bands using a mosaic of
three 2Kx2K detectors. The CRIRES™ instrument is also capa-
ble of polarimetric observations in the Y, J, H, and K bands.

For the magnetic field investigation of Sun-like stars, we
focused on unpolarised spectra in the H-band, which are known
to have several magnetically sensitive spectral lines that have
been used in previous studies on both the Sun and other stars
(e.g., Valenti et al. 1995; Lavail et al. 2017; Petit et al. 2021).
Observations with CRIRES* typically have gaps in the spectral
coverage due to both the separation between each detector but
also between each echelle order. We opted to use the H1567 set-
ting of CRIRES™, as it contains both magnetically sensitive and
insensitive spectral lines (see Sect. 3.2).

2.1. Target stars

The list of targets selected for this study can be seen in Table 1.
These are Sun-like stars with known magnetic activity and large-
scale fields that were studied in the past (see Table 1 for obtained
values and references). We focused on Sun-like stars of spec-
tral types spanning from late-F to early-K and with a variety
of ages and activity levels. Several of the stars in this sam-
ple are also known or candidate exoplanet hosts: HD 3651
(e.g., Fischer et al. 2003), HD 22049 (e.g., Hatzes et al. 2000),
HD 73256 (e.g., Udry et al. 2003), HD 75732 (e.g., Butler et al.
1997), HD 102195 (e.g., Melo et al. 2007), HD 130322 (e.g.,
Udry et al. 2000), and HD 179949 (e.g., Tinney et al. 2001). The
characterisation of stellar magnetic fields is particularly interest-
ing and consequential in these cases, as magnetic activity shapes
the space environments of exoplanet systems and causes addi-
tional noise (activity jitter) that can hide or distort planetary sig-
nals during both transit and radial velocity measurements (see
e.g., Yuet al. 2017; Salz et al. 2018, respectively).

2.2. Data reduction

Most of the observations were obtained in the adaptive optics
mode using the 0.2” slit. In all cases, nodding was employed to
allow accurate background removal. The observing log is sum-
marised in Table A.1, which gives the observing date, the total
exposure time for each setting, and the resulting signal-to-noise
ratio per pixel.

The data were reduced using the CRIRES pipeline!. The
reduction process included the standard steps of obtaining mas-
ter dark and flat field images, deriving order positions and wave-
length calibration with U-Ne and Fabry-Perot etalon exposures,
and optimally extracting the stellar spectra at the two nodding
positions. The resulting spectra were then co-added and divided
by the blaze function (derived from the master flat field) for
each wavelength setting. Then, line-free regions in the observed
spectra were fitted with a linear function to normalise to the
continuum.

In the NIR, there is significant absorption by the Earth’s
atmosphere, resulting in numerous telluric lines. These tellurics
were removed using the Molecfit tool (Smette et al. 2015).
This tool uses recorded weather data from the location of the

! http://www.eso.org/sci/software/pipelines/cr2res/
cr2res-pipe-recipes.html
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Table 1. Stellar parameters for the stars employed in this study, including previously obtained average large-scale magnetic field strength from

Stokes V, if available.

Star T (K) logg(cms™) &g wvsini(kms™')  (B)y(G)  References
HD 1835 5837 4.47 -4.29 6.3 19 1,2
HD 3651 5284 4.53 -4.38 1.1 3.58 3,4
HD 9986 5805 4.45 -4.46 2.6 0.605 1,4
HD 10476 5181 4.54 -4.58 0.1 33 1,5
HD 20630 5742 4.49 —-4.42 4.7 26.3 1,4
HD 22049 5146 4.57 -4.57 2.4 10-20 1,6,7
HD 59967 5848 4.54 -4.57 4.0 - 8,9
HD 73256 5532 4.49 -4.28 3.2 2.7 3,10
HD 73350 5802 4.48 —-4.42 3.2 11 1,4
HD 75732 5235 4.45 —-4.23 2.5 34 1,11
HD 76151 5790 4.55 —-4.43 0.0 2.99 1,4
HD 102195 5330 4.37 —-4.44 2.9 10.7 10,12
HD 130322 5308 441 -4.53 1.6 2.34 1,10
HD 131156 A 5570 4.65 -4.58 4.9 222 -61.8 1,4
HD 179949 6168 4.34 -4.40 7.0 2.6-3.7 10
HD 206860 5974 4.47 -4.56 10.1 11-24 1,2

Notes. 1: Valenti & Fischer (2005), 2: Rosén et al. (2016), 3: Bonfanti et al. (2015), 4: See et al. (2019), 5: Marsden et al. (2014), 6: Jeffers et al.
(2014), 7: Petit et al. (2021), 8: Yana Galarza et al. (2019), 9: Lorenzo-Oliveira et al. (2019), 10: Fares et al. (2013), 11: Folsom & Fionnagdin

(2020), 12: Ge et al. (2006). Fe abundance is defined as 1og(Nge /Niota1)-

telescope to model a synthetic spectra of the Earth’s atmosphere
with prominent molecules (such as H,O, CO,, etc.) by fitting
the synthetic atmosphere spectrum to an observed spectrum.
Molecfit has been shown by Smette et al. (2015) to be able to
fit unsaturated telluric absorption features to within 2% of the
continuum. Since Molecfit only models the telluric contribu-
tions to the spectra, it might misinterpret stellar spectral lines
as atmospheric absorption. This issue manifests in two differ-
ent ways. First, a stellar spectral line that is blended with a tel-
luric line will cause Molecfit to interpret the reduced flux as
a stronger telluric contribution to the spectra, effectively result-
ing in an overestimation of the telluric contamination. Secondly,
stellar lines that are not blended with any tellurics will instead
be interpreted as a reduced continuum flux, as Molecfit has
no information about the presence of stellar features. To miti-
gate these issues, we produced a mask using a synthetic spec-
trum generated with SYNMAST (Kochukhov et al. 2007, 2010),
line data from the Vienna Atomic Line Database (VALD;
Ryabchikova et al. 2015), and plane-parallel MARCS model atmo-
spheres (Gustafsson et al. 2008). By identifying the regions with
stellar absorption, we could remove as many stellar features as
possible from the telluric removal procedure by masking out any
wavelengths with significant absorption in the synthetic stellar
spectra shifted to the stellar rest frame. To minimise the risk
of continuum mismatch and improve repeatability, we applied
our own linear continuum normalisation separately to each order
instead of relying on Molecfit’s built-in continuum fitting func-
tionality.

Once the spectra were prepared, the telluric removal was
performed using an iterative approach where the first iteration
generated a first guess for the telluric model. Using the initial
telluric model, the continuum normalisation could be improved
by finding the regions in the observed spectra not affected by
either telluric or stellar absorption. This was particularly bene-
ficial in the regions heavily contaminated by tellurics but that
also contained the most information about the telluric influence
on the observed spectrum. With this improved continuum nor-
malisation, the second iteration produced the telluric-corrected

spectrum that would be used for the magnetic field inference in
Sect. 4. To mitigate any non-linear deviations from the blaze
function that were not modelled by the linear adjustment of
the continuum, we further refined the continuum of the orders
containing magnetically interesting lines (see Sect. 3.2) using a
third-order polynomial.

3. Non-local thermodynamic equilibrium effects and
line selection

Investigations of small-scale magnetic fields usually focus on a
small selection of lines that have suitable magnetic sensitivities.
In order to obtain reliable estimates of the magnetic field, accu-
rate line parameters are required. This section goes through the
process of selecting suitable lines as well as determining more
accurate parameters for them. Another aspect that is explored is
the impact of non-local thermodynamic equilibrium (NLTE) in
the NIR. While investigations of M dwarfs have revealed that
FeTl lines in the H-band are not significantly affected by NLTE
effects (e.g., Olander et al. 2021), Lind et al. (2012) showed that
the impact of NLTE for FeI increases with temperature. It is
therefore worthwhile to assess what the impact of NLTE is for
the temperature range of our stellar sample, especially since
magnetic field studies often assume LTE.

3.1. Impact of non-local thermodynamic equilibrium

To investigate the possible effects of NLTE, we calculated syn-
thetic spectra of the H-band containing lines that have previ-
ously been used for the study of small-scale magnetic fields. We
chose stellar parameters corresponding to the Sun and HD 22049
(e Eri) with effective temperatures of 5780 and 5146 K
(Valenti & Fischer 2005), respectively, and used Spectroscopy
Made Easy (SME; Valenti & Piskunov 1996; Piskunov & Valenti
2017) to generate synthetic spectra. We adopted solar metal-
licities from Asplund et al. (2009). This spectrum synthesis
code allows one to take NLTE effects into account by using
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Fig. 1. Investigation of the influence of NLTE effects in spectra of stars with different stellar parameters in the H-band. Left: synthetic spectra for
solar parameters. Right: calculations for parameters of HD 22049, one of the coolest stars in our sample. The top panels show synthetic spectra for
LTE (solid black line) and NLTE (dashed red line), while the bottom panels show the difference between the NLTE and LTE synthetic spectra.

pre-calculated tables of NLTE departure coefficients from the
work of Amarsi et al. (2022). The two chosen stars are close to
the upper and lower boundaries of the temperature range of stars
in our study and thus give a good indication of the range of the
sensitivity to NLTE effects in our stellar sample. We calculated
spectra both with and without NLTE departure coefficients and
compared the resulting synthetic spectra. Both calculations cor-
responded to stellar flux spectra with a macroturbulent velocity
of 3kms™! and a vsini of 1.9kms™!. This comparison can be
seen in Fig. 1. For HD 22049, the effect of NLTE on the syn-
thetic spectra is small, with the difference between two calcu-
lations exceeding ~0.5% of the continuum in only a few lines.
For the solar spectrum, the situation is quite different. We found
that many lines show NLTE effects at the level of a few percent-
age points of the continuum. Furthermore, NLTE also changed
line shape: The line cores in the LTE spectrum were underesti-
mated, while the wings appeared deeper compared to the NLTE
spectrum. This change in line shape could possibly impact the
Zeeman broadening analysis, as that effect also causes a change
in line shape. For this reason, we elected to use NLTE departure
coefficients for FeT lines in the remaining analysis in this work.
The polarised radiative transfer code SYNMAST that was used for
the magnetic spectrum synthesis in this work is capable of using
pre-calculated departure coefficients to account for NLTE effects
similar to their treatment by SME.

3.2. Magnetically sensitive lines

We aimed to select a group of lines that are suitable for the deter-
mination of magnetic fields for Sun-like stars in the H-band.
Magnetic field investigations for stars in the H-band have been
performed previously (e.g., Lavail et al. 2017; Petit et al. 2021)
and give insights into magnetically sensitive and insensitive lines
that are particularly useful for such analysis. Another source for
suitable lines can be found in the studies of magnetic fields on
the surface of the Sun. Smitha & Solanki (2017) highlight two
NIR lines that are commonly used to study the solar magnetic
field and also suggest a new pair of FeTI lines that could be a
useful magnetic field indicator. Our final line selection can be
seen in Table 2 and includes six lines with effective Landé fac-
tors ranging from zero to three. As the effective Landé factor is
a measure of the magnetic sensitivity of the line, a large range of
values is useful for disentangling the magnetic broadening from
any non-magnetic sources of broadening. Lines with an effec-
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Table 2. Fe lines selected for magnetic inference.

Wavelength (A)  gegr loggf vdw

This work VALD This work VALD
15343.788 2.63 -0.662 -0.582 -7.054 -7.520
15381.960 0.00 -0.590 -0460 -6.909 -7.430
15534.245 195 -0369 -0.382 -7.061 -7.510
15542.079 1.52 -0.577 -0377 -7.062 -7.450
15648.510 3.00 -0.702 -0.599 -7.143 -7.490
15652.871 1.50 -0.080 -0.161 -6.996 -7.320

Notes. From left to right: Central wavelength of line; effective
Landé factor; loggf values, both corrected and original VALD; and
van der Waals broadening parameters given as the logarithm of the
broadening width per unit pertuber number density at 10 000 K in units
ofrad s™! em™.

tive Landé factor of zero, such as the Fel 15381.96 A line, are
particularly useful, as they provide a reference for non-magnetic
parameters.

Before these lines can be used to study magnetic fields for
our sample of stars, the key line parameters must be verified.
Both our own and previous other work (e.g., Petit et al. 2021)
find that the log g f values of NIR lines provided by VALD are
often inaccurate due to the fact that no laboratory measurements
are available for many of these lines. The line parameters of
the selected lines for this study were instead reliant on theoret-
ical calculations by Kurucz (2014). While such calculations are
useful to gain a large amount of line data, they still introduce
errors that can cause a mismatch with observations, particularly
when only a few lines are used. To obtain reliable results, other
studies have corrected these values by fitting synthetic spectra
to observations of the Sun or other benchmark stars in order to
obtain astrophysical loggf values (see e.g., Valenti et al. 1995;
Petit et al. 2021). In addition, the van der Waals broadening
parameter has also often been adjusted empirically. For exam-
ple, when Petit et al. (2021) made corrections to a large num-
ber of log gf values, they found some synthetic lines to be dis-
crepant with their observations unless the van der Waals broad-
ening parameter was fitted as well. Another approach is to use
a more sophisticated theoretical calculation of van der Waals
broadening. To this end, Quintero Noda et al. (2021) performed
calculations on some of the lines suitable for our work using the
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code from Barklem et al. (1998)>. We completed these calcula-
tions for the remaining lines using the same code. It appears that
these theoretical van der Waals damping coefficients give consis-
tently stronger broadening compared to the values provided by
VALD for all selected Fe T lines.

The inclusion of NLTE in this study has some impact on the
obtained log g f values. When comparing NLTE and LTE fitting
results, we found that the difference in loggf is ~0.01 dex. In
addition, this change is not uniform across the lines. This means
that the lines employed here have a variable sensitivity to NLTE
effects, which could possibly cause issues in accurately deter-
mining magnetic field strengths. This effect is, however, smaller
than the impact of updating the van der Waals broadening coef-
ficients, where the difference between loggf values obtained
using the VALD and our updated van der Waals broadening coef-
ficients could reach ~0.1 dex.

To find the loggf values, we used the intensity atlas of
the quiet Sun NIR spectrum observed by Livingston & Wallace
(1991)>. We used the programme BinMag6 (Kochukhov
2018)*, which interfaces with SYNMAST to find the best fit-
ting log g f value for each line using y> minimisation. We also
allowed the radial velocity for each line to be adjusted individ-
ually during this process. We used MARCS model atmospheres,
VALD linelists, and NLTE departure coefficients with the orig-
inal van der Waals coefficients as well as with those calculated
by Quintero Noda et al. (2021) and by us. We found that using
our updated van der Waals broadening parameters significantly
improves the fit, particularly in the line wings. Consequently, we
elected to use these new values. This is important because much
of the information on magnetic broadening will reside in the
wings, possibly resulting in spurious results if the van der Waals
broadening parameters are not accurate enough. The resulting
oscillator strength and van der Waals damping parameter values,
as well as the original values from VALD, are summarised in
Table 2.

The lines that we used have been shown by Smoker et al.
(2023) to overlap with diffuse interstellar bands (DIBs) that can
cause changes in the estimated equivalent width. All of our stars
are significantly closer than 100 pc, so we did not expect any
significant contribution from DIBs to the stellar spectra. We also
did not find any broadband features similar to that of the DIBs in
our observations that could affect our spectral lines from Table 2.

4. Magnetic field inference

To describe magnetic field strength distribution on the surfaces
of moderately active Sun-like stars, a two-component model
is often used (e.g., Valenti et al. 1995; Kochukhov et al. 2020).
This model consists of one spectral component corresponding to
a magnetic field with strength B that covers a fraction of the sur-
face fp. The other component has no magnetic field and covers
the rest of the stellar surface. Both B and fp are free parameters
in this model. The synthetic model spectrum is obtained by com-
bining the magnetic and non-magnetic continuum-normalised
component spectra according to

S=SB B+So(1—f3), (1)

where S 5 and S represent the continuum-normalised synthetic
spectra, S = S?/S©, calculated with and without magnetic
fields, respectively.

2 https://github.com/barklem/abo-cross
3 https://nso.edu/data/historical-archive/#ftp
4 https://www.astro.uu.se/~oleg/binmag.html

Another common approach is to use a multi-component
model with fixed magnetic field strengths but several magnetic
filling factors (e.g., Yang & Johns-Krull 2011). In this case, the
model synthetic spectrum is given by

S=ZS,~f,~.

Here, i is the index spanning different magnetic field compo-
nents, including a zero-strength component. In this model, all
filling factors f;, except the non-magnetic fj, are a free param-
eter. In principle, there is no limit to the number of mag-
netic components. Studies of very active, slowly rotating stars
for which Zeeman broadening signatures are very prominent
often used more than five components (e.g., Lavail et al. 2019;
Shulyak et al. 2019). For stars with weaker magnetic broad-
ening, it is often sufficient to use three to four components.
Using three components is roughly similar to the two-component
approach in Eq. (1), as it uses the same number of free mag-
netic field parameters for the inference. Differences are however
likely to appear if there is a significant spread of magnetic field
strengths on the stellar surface, as the two-component model
will have difficulties in reproducing the broadening pattern of
a complex field distribution. Rotation is likely to reduce the dif-
ference between the two approaches, as the magnetic broadening
becomes smeared out and less distinct.

Similar to the determination of astrophysical loggf val-
ues, we allowed for shifts of 2kms™! in the radial velocity
for individual lines in order to mitigate any uncertainties in
the line positions or wavelength calibration errors. Other non-
magnetic parameters in the model included the FeI abundance
and macroturbulent broadening vn... The projected rotational
velocity, vsini, was kept fixed according to the literature values
in Table 1. For the microturbulent broadening, vy, we assumed
a fixed value of 1 kms™! for all stars in our sample. This is close
to vmic values of Sun-like stars obtained by Jofré et al. (2015).

In contrast to similar Zeeman broadening studies of cooler
stars (e.g., Kochukhov & Shulyak 2019; Shulyak et al. 2019),
we elected not to apply continuum scaling to individual lines in
the process of finding best fit solutions. This continuum scaling
approach was meant to compensate for weak blends of molec-
ular lines missing from theoretical line lists. But our spectra in
the region around 15 500 A are relatively free from molecular
absorption, so this problem is absent for our hotter stars com-
pared to M dwarfs.

The spectral model grids were generated with SYNMAST
using MARCS model atmospheres and VALD line lists modified
by the procedure outlined in Sect. 3.2. The rotational and radial-
tangential macroturbulent broadening was implemented in the
same way as in the SME code as described by Valenti & Piskunov
(1996), that is, by applying convolution with appropriate ker-
nels to the synthetic spectra generated at seven different limb
angles. When using SYNMAST, we assumed a uniform radial mag-
netic field configuration. This assumption is commonly used
when modelling magnetic field effects in the unpolarised stel-
lar spectra. Its accuracy has been tested by Kochukhov (2021),
who showed that no significant deviations between different
assumptions of uniform field orientation can be detected for disc-
integrated stellar spectra. The synthetic spectra were then inter-
polated in T and log g to the values in Table 1.

When generating the synthetic grid for the magnetic field
descriptions presented in Eqgs. (1) and (2), different considera-
tions need to be taken into account when selecting the magnetic
field grid step. For the two-component model, the goal is to rep-
resent the magnetic field as a single value. For this reason, the

(@)
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grid step needs to be sufficiently small as to allow the interpola-
tion to produce a profile as close as possible to a profile gener-
ated from a single field strength. We elected to use a grid step of
0.1 kG for the two-component spectral grid, the same step size
that was used by Kochukhov et al. (2020). In the case of a multi-
component model, we aimed to represent the magnetic field as
several distinct regions on the stellar surface. If the step size is
too small, the inference will have difficulty distinguishing them,
resulting in a significant degeneracy between the filling factors
of different magnetic components. If, instead, the step size is too
large, then the synthetic profile will contain distinct distortions
that originate from the Zeeman components. In order to mitigate
this, an intermediate step size should be selected. The typical
value for previous multi-component studies has been 2 kG steps
(e.g., Shulyak et al. 2019; Hahlin & Kochukhov 2022). These
studies, however, use data obtained at shorter wavelengths (and
lower spectral resolutions) than the H-band, reducing the sen-
sitivity to the Zeeman splitting. Many targets in these studies
are also more rapidly rotating compared to our sample, which
smears out the Zeeman components due to Doppler broadening.
For our targets, Zeeman splitting is often the dominant contribu-
tor to the line broadening, particularly in the wings of magneti-
cally sensitive lines such as the Fe1 15648.51 A line, meaning
that a step size of 2kG produces distinct bumps in the spec-
tral profile. To address this issue, Reiners et al. (2022) elected
to apply a threshold of 5kms™' for when to shift from a step
size of 1 to 2kG, and while we do have three stars where this
criterion is satisfied, we still elected to apply a 1 kG step size
for all stars in order to better quantify the systematic differences
between the two- and multi-component models for different stel-
lar parameters.

We carried out Markov chain Monte Carlo (MCMC) sam-
pling with the modified SoBAT library (Anfinogentov et al.
2021)° to determine the optimal magnetic field parameters. We
used flat priors between zero and one for filling factors and
implemented an additional constraint on their sum such that

in order to ensure a physically realistic solution. We utilised
SoBAT’s functionality of including an observational error as a
free parameter. This allowed us to account for potential system-
atic errors that often dominate high S/N studies and that make
accurate uncertainties difficult to determine from just observa-
tional errors.

We let our sampler walk until the effective sample size (ESS;
Sharma 2017) reached 1000. This was done by allowing the sam-
pler to take 10000 steps before calculating the ESS from the
auto-correlation time and comparing it to the threshold. For the
multi-component model, we selected the number of filling fac-
tors with the help of the Bayesian information criterion (BIC;
Sharma 2017)

BIC = —21In p(Y|d) + dInn. 3)

The BIC weights the quality of the fit In p(Y|d) given observa-
tions ¥ and parameters 6 with the number of parameters d scaled
by the number of data points n. This places a limit on adding
additional free magnetic parameters to the model, namely, when
the addition of a parameter can no longer be justified because no
significant fit improvement would be obtained.

The obtained median magnetic field parameters as well as
their 68% confidence regions are reported in Table 3. The median

5 https://github.com/Sergey-Anfinogentov/SoBAT
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average magnetic field strengths (B), in Table 3 were determined
by calculating the average magnetic field strength of every point
in the sampling from Egs. (1) and (2), not by using the median
magnetic field parameters presented in Table 3. For this reason,
the product of the median B and fz might deviate slightly from
the reported (B);. Also included are the nuisance parameters of
iron abundance &g, and vy,.. We observed that the vy, obtained
from the two-component model is systematically larger than
the multi-component result. This is likely due to the stronger
magnetic fields reducing the need for non-magnetic broadening.
Our abundances agree well between the two approaches even if
there is a small shift towards lower abundances for the multi-
component model. The obtained abundances also agree reason-
ably well with those reported from other works (see Table 1
and references therein). This shows that accounting for magnetic
fields can produce a reasonable abundance estimate even from
magnetically sensitive lines. Still, care should be taken, as only
six lines were used, meaning that the results are subject to small
number statistics. The radial velocity scatter for each line is not
included, but it does not exceed 0.5kms™!, which corresponds
to a wavelength shift of ~0.03 A.

Comparison between running the inference with and with-
out fixed observational errors revealed that the median values
of fitted parameters do not change significantly, but their uncer-
tainties decrease by about 10-15% when using prescribed obser-
vational errors. Therefore, we did not expect our approach to
treating observational uncertainties to create any systematic dif-
ferences in the analysis. At the same time, using errors as a free
parameter provides somewhat higher, more conservative errors,
likely including additional sources of errors beyond the random
observational noise.

An example of the fit to the CRIRES* spectrum is presented
for HD 20630 in Fig. 2. The posterior distributions of the param-
eters corresponding to this inference are illustrated in Fig. 3
(see Fig. 4 for multi component results). This figure also shows
the posterior distribution for the average magnetic field strength.
Similar illustrations of the spectral fits to observations of other
stars together with the corresponding posterior distributions can
be found in Appendix B.

5. Discussion

As the magnetic fields of the stars in this study have been repeat-
edly studied in the past, we were able to compare the capabili-
ties of CRIRES* with the measurements by other instruments.
Additionally, evaluating the ability of polarimetric large-scale
magnetic field studies to recover the total stellar magnetic field
strength for these stars was also of interest. Since many previous
studies have been performed using optical spectra, we could also
compare results of the magnetic measurements at the same spa-
tial scale but at different wavelengths. This can give an indication
of the systematic differences that occur when using spectral lines
at different wavelengths and different analysis methods.

5.1. Sensitivity to Zeeman broadening

The results reported in Table 3 can give some indication as
to the requirement for a detectable Zeeman broadening signa-
ture. This information can be obtained by considering the stars
with the weakest magnetic field signal detected in this study.
The weakest field value obtained was for HD 9986. This target
does, however, have a posterior distribution that does not show
a strong preference to a particular field strength (posterior dis-
tributions are available Fig. B.3). In fact, this posterior shows


https://github.com/Sergey-Anfinogentov/SoBAT

Hahlin, A, et al.: A&A 675, A91 (2023)

Table 3. Results from the magnetic field inference including both the two- and multi-component models.

Two-component model

Multi-component model

Star Night  (B)i (kG) B (kG) /s ere  Umae (kms™)) (B) (kG)  fi f 5 ere  Umae (kms™')
HD 1835 21-10-30 0279(17)  1.517(61) 0.184(13) -4350(2)  4.28(20)  0.330(20) 0.170(20) 0.080(10) -  —4381(2)  4.06(20)
HD 3651 21-10-30 0.092(06)  1.547(70) 0.059(05) -4.413(1) ~ 147(8)  0.121(07) 0.059(08) 0.031(03) -  -44192) 1.15(12)
HD 9986 21-10-30 0.04370050 0.2671399 0.15709] —4.479(3)  2.84(12)  0.049(09) 0.014(09) 0.017(05) - -4477(2)  0.83(12)
HD 10476 ~ 21-10-30 0.065(10) 0.870(86) 0.075(15) —4.569(2)  1.85(12)  0.060(09) 0.060(09) - - 45732 1.90(10)
HD20630  22-02-07 0.277(13) 1.965700%3 0.141(08) —-4.460(3)  3.95(13)  0.382(20) 0.103(18) 0.087(11) 0.035(07) —4.463(3)  3.35(18)
HD22049  22-02-09 0.209(07) 1.646(34) 0.127(05) —4.569(1)  2.07(9)  0.316(11) 0.124(09) 0.060(05) 0.024(04) —4.572(2)  1.12(20)
HD59967  21-10-30 0.250(15) 1.712(59) 0.146(10) —-4.536(2) ~ 3.72(15)  0.306(18) 0.102(18) 0.102(08) -  —4.542(2)  3.40(18)
HD59967  22-02-09 0.375(13) 1.94042) 0.193(08) —4.524(2)  3.47(14)  0.498(22) 0.115(19) 0.132(11) 0.040(07) —4.530(3)  2.65(25)
HD59967  22-03-23 0.316(14) 1.949(57) 0.162(09) -4.534(3)  3.50(15)  0.431(24) 0.108(20) 0.109(11) 0.035(06) —4.540(3)  2.76(25)
HD59967  22-03-24 0.339(14) 2.145(59) 0.158(08) —4.517(3) 3.87(13)  0.474(23) 0.101(22) 0.100(11) 0.057(07) —4.524(3)  3.00(22)
HD59967  22-03-30 0.336(14) 1.969709%5 0.171(09) -4.521(2)  3.79(14)  0.440(23) 0.096(21) 0.122(11) 0.033(08) -4.528(3)  3.15(22)
HD73256  21-10-08 0.279(11) 1.611(51) 0.174(09) —4.2903)  3.79(11)  0359(15) 0.153(15) 0.103(07) -  -43002)  3.33(15)
HD73256  21-10-30 0.255(12) 1.556(49) 0.164(10) —4.299(3) 331(13)  0.322(15) 0.144(15) 0.089(07) -  -4308(3) 2.90(14)
HD73256  22-02-07 0.264(09) 1.513(31) 0.174(07) -4.3102)  2.81(10)  0336(12) 0.162(11) 0.087(05) -  -43182) 2.29(14)
HD73256  22-03-30 0.262(10) 1.544(30) 0.170(08) —4316(2)  2.76(11)  0.344(13) 0.160(11) 0.092(05) -  -4326(2) 2.08(17)
HD73350  22-02-09 0.157(12) 1.585(77) 0.099(10) —4.432(2)  3.66(11)  0.210(15) 0.090(14) 0.060(06) -  -4.4382)  3.39(13)
HD73350  22-03-10 0.152(12) 1.359(55) 0.112(11) —4.4552) 351(11)  0.190(16) 0.112(14) 0.039(06) -  -44592) 3.37(13)
HD73350  22-03-30 0.137(14) 1.412(73) 0.097(11) -4.452(2) 3.68(11)  0.176(16) 0.094(15) 0.041(06) -  -4457(2) 3.53(14)
HD75732  22-03-23 0.052(08) 0.927(91) 0.056(11) —-4.331(2)  1.56(10) ~ 0.050(07) 0.050(07) - - -433812)  1.57(10)
HD76151  22-02-07 0.111(10) 1.160(66) 0.096(11) —4.451(2)  2.76(9)  0.135(12) 0.101(12) 0.017(05) -  -4456(2)  2.65(10)
HD76151  22-03-30 0.096(10) 1.133(66) 0.084(11) -4.460(2)  2.67(9)  0.115(12) 0.087(11) 0.014(05) -  -4464(2) 2.58(10)
HD 102195  22-03-11 0.226(08) 1.562+0933 0.145(07) —-4.416(2)  233(10)  0.335(13) 0.143(10) 0.061(07) 0.023(05) —4.421(2)  1.56(16)
HD 130322  22-03-23 0.081(10) 127322 0.064(11) -4522(2) 238(10)  0.107(12) 0.064(11) 0.02105) -  —4.526(2)  2.26(10)
HD I31156A 22-03-23 0.299(13) 1.692(46) 0.177(10) —4.582(2)  2.87(17)  0.361(13) 0.126(18) 0.118(06) -  —4.590(2)  2.28(25)
HD 179949  21-10-08 0.188(21)  1.89(14) 0.100(13) —4380(3)  3.72(24)  0.209(23) 0.049(28) 0.080(13) -  -4388(3)  3.59(25)
HD206860  21-10-28 0.270(29)  1.88(24) 0.144(29) —4.527(4)  3.95(14)  0.302(35) 0.102(60) 0.09927) -  —4.5354) 4.58(35)

Notes. From left to right: HD number, date at the start of the observing night (yy-mm-dd), the average field strength, field strength of the magnetic
component of the synthetic model, the filling factor, the Fe abundance in 10g(Nge/Nioa1) units, and macroturbulent velocity. For multi-component
models, the columns give the average field strength and filling factor values for the 1, 2, and 3 kG magnetic components. Filling factors marked
with ‘-~ did not significantly improve the fit, according to the BIC given by Eq. (3). Uncertainties derived from asymmetric posterior distributions
(see Appendix B) are indicated with +; in other cases, the error in the last significant digits is provided in brackets.
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Fig. 2. Two-component model fit to the spectrum of HD 20630. The observed spectra are shown with the black line, the best fit synthetic model
with the red line, and the synthetic model with the same stellar parameters but without magnetic field with the blue dashed line. The continuum is

indicated with the yellow dotted line.

multiple peaks, which indicates that different lines prefer differ-
ent magnetic field strengths. This means that the magnetic field is
poorly constrained for this star, and assumptions on both line and
stellar atmosphere parameters could have a large effect on the
obtained magnetic field value. The other stars with particularly
weak fields are HD 10476 and HD 75732. In both cases, there is
a clear peak in the field strength distribution, at 0.87 and 0.93 kG,
respectively. This is an indication of the broadening sensitivity

that is obtained using CRIRES*, and it should be possible to
detect the average magnetic field strengths >50 G, provided that
the strength of the magnetic field regions approaches 1 kG. The
magnetic regions only need to cover <10% of the stellar surface
to become detectable.

As long as the strength of the magnetic field is sufficient,
the covering fraction our method is sensitive to can be rather
small, as average field strengths of about 100G should be
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Fig. 3. Result of the MCMC sampling. Top: posterior distributions of
the parameters in the sampling of HD 20630 using the two-component
model. Bottom: posterior distribution of the average magnetic field
strength (B); given by Bfp.

0.30 0.32

reliably detectable. Larger S/N should be able to increase the
sensitivity of our method when either performing longer obser-
vations or combining multiple observations, as was done in
Kochukhov et al. (2020) and Petit et al. (2021), for example. The
second method synergises well with ZDI studies, as such tech-
niques already require an extended sequence of observations that
can then be combined in order to study the average properties of
the small-scale field at a significantly improved S/N.

5.1.1. Temperature sensitivity

In this study, we assumed a fixed stellar temperature and did not
allow any variations of T during the inference. This is com-
monly done in magnetic field studies due to the limited num-
ber of studied lines making it difficult to fit multiple parame-
ters that affect the line depth. Any systematic variation in depth
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Fig. 4. Same as Fig. 3 but for the multi-component model applied to
HD 20630.
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is already accounted for by the element abundance parame-
ter. However, there can be second-order effects, such as dif-
ferential line strength changes of lines with different tempera-
ture sensitivity. Therefore, it is still worthwhile to assess how
a change in temperature modifies our results. For this test, we
selected a sub-sample of stars spanning our temperature range as
well as measured magnetic field strength: HD 1835, HD 9986,
HD 22049, and HD 75732. We then modified the adopted effec-
tive temperature of these stars by +50 K, which is around the
level of commonly reported observational errors of T.s (e.g.,
Valenti & Fischer 2005).

The difference in magnetic field measurements (B); as well
as the change in Fe abundance caused by shifting 7.z by S0K
can be seen in Table 4. Based on the table, it appeared that there
were some differences in the sensitivity of the magnetic infer-
ence results to temperature errors, depending on the tempera-
tures of the stars. The magnetic field of HD 22049, which is the
coolest star in our sample, has a stronger response than the field
of one of the hottest stars, HD 1835. This could either be due to
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Table 4. Changes of the mean magnetic field and Fe abundance inferred in the two-component modelling caused by temperature variations.

Star T (K) Change in Teg Magnetic spots
AT (K) A(B) (G)  Agpe ATy (K)  A(B) (G)  Acgpe
HD 1835 5837 +50 -0.29 0.023 +200 8.52 0.016
=50 0.77 -0.023 -200 -11.56  -0.019
HD 9986 5805 +50 20.53 0.021 +200 -7.64 0.006
-50 -7.42 -0.021 -200 41.15 0.041
HD 22049 5146 +50 8.46 0.015 +200 -1.76 0.008
=50 -7.66 -0.014 =200 -1.02  -0.006
HD 75732 5235 +50 0.50 0.016 +200 -24.60 0.070
=50 -1.13 -0.016 =200 -13.90 0.000

Notes. The left half of the table corresponds to a change in T by +50 K. The right half shows the impact of the assumption that the magnetically
active regions correlate with temperature inhomogeneities on the stellar surface by considering a different temperature in the magnetic and non-

magnetic areas.

the fact that the studied lines become more temperature sensitive
at lower temperatures or due to the increased strength of spec-
tral lines at lower temperatures causing increased blends in the
wings of the studied lines, which impacts interpretation of the
Zeeman broadening signal. The temperature when this occurs is
likely a fairly sharp threshold, as HD 75732, which is slightly
hotter than HD 22049, also shows a weak response to variations
in Teg. The weakly active star HD 9986 shows a larger change
for (B); compared to the other stars, and this illustrates larger
uncertainties of the magnetic inference for these objects when
the magnetic signal is very weak. Even if there is a large varia-
tion in sensitivity to T.g, the differences do not exceed the 68%
credence regions shown in Table 3, except for HD 22049. Over-
all, this analysis shows that temperature errors can modify the
measured mean field strength by up to 50% for weakly active
stars with (B); < 100 G but only by a few percentage points for
more active stars with several hundred Gauss mean fields.

Another form of potential temperature sensitivity comes
from the possibility that the magnetic field is correlated with
temperature inhomogeneities on the stellar surface. While partic-
ularly strong magnetic fields are believed to coincide with cool
star spots, it is also possible that the weaker background fields
affect the photospheric temperature as well, albeit with a smaller
effect. This could result in an over- or underestimation of the
covering fraction of the stellar surface, as hotter regions will con-
tribute more to the overall flux. In order to test this possibility,
we used the same approach of magnetic modelling as described
in Sect. 4 except that when combining spectra corresponding to
different temperatures, we could not use continuum-normalised
spectra as done in Eq. (1). Instead, we combined the synthetic
line and continuum flux spectra from the magnetic and non-
magnetic regions to obtain multi-component normalised spec-
trum,

SOt S fa)
SO L+ - fa)

In the equation, S represents the synthetic flux profiles, and
S(© represents the corresponding continuum level. In this case,
we tested the outcome of a magnetic region temperature differ-
ence of +200K for the same stars studied in the test of uniform
temperature variation. The results can be seen in the rightmost
columns of Table 4. The magnetic field variation appeared to be
stronger when introducing temperature inhomogeneities rather
than shifting T.s. The only exception was HD 22049, as the mag-
netic variation seemed to be on a lower level. The star HD 9986

“

had the strongest change in magnetic field strength, 41.15G,
which corresponds to a field strength about a factor of two larger
compared to its measured strength. While still within the uncer-
tainties of the measurement, it further shows the sensitivity of
the magnetic field measurement to assumed parameters of the
weakly active stars.

The abundance changes are more varied in the latter experi-
ment than in the uniform 7. variation case, but the abundance
response does comparatively appear to be systematically weaker
for the spot model. It also seems that for a colder star (e.g.,
HD 75732), the response is stronger for increasing temperature,
while for a hotter star (e.g., HD 9986), the response is strongest
towards decreasing temperature. An explanation for this could be
that weak blends in the wings of the lines start to become more
prominent at temperatures below 5250 K. Shifting the spot tem-
perature towards this threshold could play a role in this change.
For the more active stars in our test sample, the more rapidly
rotating star, HD 1835, shows a similar abundance shift as in the
Tes case, while the more slowly rotating HD 22049 exhibits a
smaller change in abundance. When comparing the changes in
abundance to the uncertainties of our inference (see Table 3), the
abundance changes significantly exceed the uncertainties. This
is due to the fact that temperature and abundance both affect the
depth of lines, as changing one will inevitably force the other to
change as well. In any case, since our work only considers six
lines — fewer than is typical for stellar abundance analysis — we
treat abundance as a nuisance parameter rather than using it for
meaningful insight into stellar chemistry.

While a uniform 7.¢ change and temperature inhomo-
geneities do introduce variations that are comparable or lower to
the uncertainty of the magnetic parameters in the inference for
the stars in our sample, they do not significantly change the mag-
netic properties derived for the more active stars. When consider-
ing the impact on the continuum flux for different temperatures,
we saw that a change of 200 K modifies the continuum level
by about 4% in the H-band. This means that inhomogeneities
in temperature, where the continuum level will affect the rel-
ative contribution of different regions, should not play a sig-
nificant role in measuring strong magnetic field signals. More
care should be taken for the weakly active part of our sample.
For example, HD 75732 and HD 9986 show (B); changes of
above 20 G, which corresponds to 50% or more of their average
magnetic field strengths. For our weakly active targets, this indi-
cates that the derived mean magnetic field estimates are likely
affected by a significant amount of systematic uncertainties, such
as uncertainties in temperature and other parameters.

A91, page 9 of 29



Hahlin, A, et al.: A&A 675, A91 (2023)

5.1.2. Impact of different modelling approaches

Both the large- and small-scale magnetic field of HD 22049 was
recently investigated by Petit et al. (2021) using SPIRou NIR
spectra. While using a similar set of FeT lines as in our study,
they made different assumptions in the modelling of the mag-
netic fields in stellar spectra. They did not consider potential
NLTE effects and used the standard van der Waals broadening
coefficients from VALD for the lines used for their magnetic
study. Their astrophysical log g f values also differed from ours.
Even with these differences in assumptions, the magnetic field
strengths for HD 22049 obtained by the studies are consistent
(209 = 7 and 237 + 36 G from this work and Petit et al. 2021,
respectively). While we showed that NLTE effects would play
a minimal role in stars with temperatures similar to HD 22049,
the similarity between our results and the work by Petit et al.
(2021) also shows that the Zeeman broadening signal is not par-
ticularly sensitive to the other assumptions in the spectroscopic
modelling, including the selection of FeI lines used for the infer-
ence.

This was further supported when performing the magnetic
field inference assuming LTE, as it yielded no significant change
in the results for HD 22049. The difference for stars with sim-
ilar parameters to the Sun is also negligible, although this is
likely because correcting log gf values under LTE or NLTE to
solar observations cancels out most effects at these tempera-
tures. For the hottest star in our sample, HD 179949, the dif-
ference between LTE and NLTE results appears larger at ~15 G,
although it is still within the reported uncertainties. This differ-
ence is higher than the variation caused by changing the effective
temperature for the more active stars in our sample. The differ-
ence is also larger than the uncertainties of many of our other
results. This suggests that NLTE could become significant for
more slowly rotating late-F stars. We also note that the discrep-
ancy in measured magnetic field strengths increases if log g f val-
ues determined under NLTE are used for LTE spectrum synthesis
and vice versa. In this case, the results for HD 179949 deviate
significantly, which indicates that while loggf corrections can
somewhat mimic NLTE effects, consistent treatment of NLTE is
important.

Another aspect that affects the magnetic inference results is
the parameterisation of the magnetic field strength distribution
adopted in the model. Since we used both the two- and multi-
component descriptions to determine mean magnetic fields,
comparing the different approaches is possible. The relationship
between the two models can be seen in Fig. 5. We found a lin-
ear trend with a slope of ~1.34, indicating a systematic differ-
ence between the two model approaches. The multi-component
approach gives a systematically higher magnetic field strength
compared to the two-component model. It also appears that
including more magnetic components increases this discrepancy.
For example, HD 22049 and HD 102195 have moderate mag-
netic field strengths but benefit from having a third component
added, and they both lie above the trend in Fig. 5 (marked as
F and L). It also appears that the more rapidly rotating stars
in our sample, such as HD 179949 and HD 206860 (O and P),
have smaller deviations between the two models. This indicates
that the difficulty of describing the magnetic field as a single
value becomes less acute for more rapidly rotating stars, as the
Zeeman broadening signal becomes hidden in the rotational
Doppler broadening.

The resulting change of (B); exceeds both the uncertainties
as well as any temperature variations discussed in Sect. 5.1.1 for
all but the most weakly active stars in our sample. This highlights
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Fig. 5. Comparison between the magnetic field values obtained using
different model prescriptions of Egs. (1) and (2). The solid blue line
represents a linear fit to the data.

the importance of selecting a magnetic field parameterisation
that can describe the entire range of the magnetic field strength
on the stellar surface. At the same time, one has to be careful
when including strong fields that do not significantly improve
the model fit since a small fraction of strong fields can cause a
major contribution to the average magnetic field strength.

5.2. Magnetic fields at different spatial scales

The large-scale magnetic fields reconstructed from polarimetry
and the small-scale fields measured from unpolarised spectra are
known to be vastly different in strength (see e.g., See et al. 2019;
Kochukhov et al. 2020). For Sun-like stars in particular, the aver-
age large-scale field strengths recovered by ZDI are generally
only about 10% or less of the small-scale magnetic field strength.
We find this to hold for the stars in our sample when comparing
our NIR magnetic measurements with the optical ZDI studies
(see Table 1 for references). This comparison is shown in Fig. 6.
Despite different field strengths measured by the two techniques,
there seems to be a loose correlation between our results and
mean ZDI global field strength. This suggests a certain degree
of relative consistency between the magnetic fields measured at
different spatial scales, as a star with a stronger global field is
more likely to exhibit a stronger small-scale field as well. While
we observed a significant spread in the relationship between
small- and large-scale fields, the results support the discovery
from Vidotto et al. (2014), who found similar trends between
both small- and large-scale fields with the rotation period and
Rossby number, indicating a coupling between the two spatial
scales.

As shown in Sect. 5.1.2, the multi-component model pro-
duces stronger fields for all but the most weakly active stars in
our sample. As a result, the trend between small- and large-scale
magnetic fields becomes less steep for the multi-component
approach, as can be seen in Fig. 6.

5.3. Small-scale magnetic fields at different wavelengths

With the Zeeman broadening becoming a less readily observ-
able signature to detect the presence of magnetic fields at shorter
wavelengths, some studies using optical spectra relied on the
Zeeman intensification of spectral lines. While this provides cer-
tain advantages, such as a reduced sensitivity to rotation and
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Fig. 7. Relationship between the small-scale magnetic field strength
measured at different wavelengths. The y-axis corresponds to the aver-
age magnetic field strength obtained in this study, while the x-axis
shows the optical measurements taken from Kochukhov et al. (2020).
The black dotted lines represent fractions between the two results. Stel-
lar labels are the same as in Figs. 5 and 6.

the possibility to observe small-scale magnetic fields at shorter
wavelengths, it also causes the magnetic signal to be more
degenerate with other stellar parameters, such as chemical abun-
dance. It is therefore worthwhile to compare results obtained in
the two different wavelength ranges to find any systematic differ-
ences. Figure 7 shows the overlapping sample between this study
and the optical study by Kochukhov et al. (2020). What can be
seen from these results is that the observations at NIR wave-
lengths produce systematically lower magnetic field strengths
compared to the optical results, typically by a factor of approxi-
mately two to three.

Our investigation into the possible impact of effective tem-
perature errors and temperature inhomogeneities described in
Sect. 5.1.1 showed that these effects do not produce a suffi-
cient variation in the average magnetic field strength to account
for the discrepancy. The change in continuum flux at optical

wavelengths due to a temperature variation of +50K is, how-
ever, larger in comparison to the less than 5% change in the
H-band. Specifically, around 5500 A the change in the contin-
uum flux is about 12%. While this indicates that the magnetic
field measurements are more sensitive to temperature at shorter
wavelengths, this effect is unlikely to be sufficient to explain
the factor of three difference in the magnetic field strength
inferred for some of the stars. Other aspects, such as varia-
tion in microturbulence can also influence the results but do not
seem to change the magnetic field strength by much more than
approximately 10%, according to previous investigations (e.g.,
Kochukhov et al. 2020; Hahlin & Kochukhov 2022). What can
be seen from Kochukhov et al. (2020) is that the magnetic field
strength B is significantly higher than in the present study, while
the filling factors fp appear to be more similar. For stars present
in both samples, the optical filling factors are larger by about
1.7 compared to the NIR measurements. At the same time, the
magnetic field strength measured in optical spectral lines reaches
to over 3kG for most stars, twice the strength compared to the
~1.5kG typical of our NIR results.

Lacking additional information on the line profile shape dis-
tortion caused by the Zeeman effect, it is possible that the opti-
cal results based on Zeeman intensification systematically over-
estimate magnetic field strength. This issue might be particu-
larly significant for stars with a lower activity, as the effect of
the magnetic field on stellar spectra is quite small, even for the
very Zeeman-sensitive lines. None of the more active stars from
the sample studied by Kochukhov et al. (2020) were included
in the NIR sample observed with CRIRES*. Observations of
these more active stars in the NIR would be useful to investi-
gate if this systematic difference persists towards stronger mag-
netic fields or is only present for weakly active stars. However,
more active stars tend to be fast rotators, and the technique used
here would be more difficult to apply to stars with a vsin i signifi-
cantly exceeding ~10 km s, as the Zeeman splitting is typically
on the order of a few kms™! in the H-band for moderately active
stars.

A possible temporal evolution of the magnetic field in the
course of stellar activity cycles might give rise to the observed
discrepancies. We did see some variation in our sample, and
Kochukhov et al. (2020) also reported trends over time for some
of the stars. It is however highly unlikely that this would cause a
systematic reduction in the measured magnetic field strength for
all stars in our sample. If time evolution played a major role, we
would expect at least a few stars in our sample to show magnetic
fields on a similar level or above the measured optical magnetic
field strengths.

Interestingly, observations of the Sun aiming to characterise
magnetism of the quiet photosphere have encountered a similar
issue with discrepant fields found at different wavelengths (see
review by Bellot Rubio & Orozco Sudrez 2019). It appears that
when observing the quiet Sun in the NIR, the fields are weaker.
For example, approximately 100G fields are observed com-
pared to ~1kG fields when observing at optical wavelengths.
One interpretation of this discrepancy is that the quadratic wave-
length dependence of the Zeeman splitting makes the NIR lines
much more sensitive to weak fields compared to the optical lines,
which are primarily sensitive to strong fields. While the tech-
nique used in these solar studies relies on circular polarisation, it
is possible that similar effects are causing the discrepancy in the
analyses of unpolarised spectra.

We investigated the sensitivity of the optical and NIR spec-
tra to a multi-component magnetic field strength distribution by
calculating synthetic spectra and examining the resulting line
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Fig. 8. Impact of a magnetic field distribution with multiple compo-
nents on the theoretical profiles of the magnetically sensitive lines Fel
15648.5 A (this study) and Fe15497.5 A (Kochukhov et al. 2020) for a
star with solar parameters rotating with a vsini of Skms~'. In this case,
the magnetic field distribution is composed of 0, 1, and 3 kG fields cov-
ering 75%, 20%, and 5% of the stellar surface, respectively. Top: non-
magnetic spectra (blue dashed line) and combined magnetic spectra (red
line). Bottom: difference between the magnetic and non-magnetic spec-
tra (red line). The contribution to this difference by the 1 and 3 kG field
is shown with the blue dashed line and black dashed line, respectively.

profile change relative to the non-magnetic model. This was
done for the most magnetically sensitive line Fel 5497.5 A
employed by Kochukhov et al. (2020) and for the Fe115648.5 A
line used in this work. An example of our calculations can be
seen in Fig. 8, where spectral contributions of different field
strength components are shown. What can be seen from the plot
in the figure is that the stronger field components are well sepa-
rated from the line centre for the NIR line, which is not the case
for the optical line. This complicates our analysis of NIR lines, as
the magnetic signal becomes more spread out in the line profile
compared to their shorter wavelength counterparts. Apart from
highlighting the importance of including lines with different sen-
sitivities, as less sensitive NIR lines would be less affected by
this issue, the separation of magnetic components also demon-
strates a limitation of the two-component model approach if
magnetic field strength on the stellar surface varies significantly.
The consequence of this is that when applied to NIR spectra, the
two-component approach might suffer from some underestima-
tion of the magnetic signal. This can be seen in Fig. 5 where the
multi-component model produces systematically stronger aver-
age fields. While the multi-component approach yields results
closer to the optical field strength measurements for all stars in
the overlapping sample, it is not sufficient to reach an agree-
ment. Therefore, the magnetic model prescription is unlikely to
be solely responsible for the optical and NIR field strength dis-
crepancy.

Finally, the fact that vastly different formation heights of
the optical and NIR diagnostic lines are, at least partially,
responsible for the observed field strength discrepancy can-
not be excluded. Calculating the depth of formation accord-
ing to Achmad et al. (1991), we found that the core of the Fe1
15648.5 A line is formed at log Tsppo ~ —1, whereas the core
of the Fel 5497.5 A line reaches to over log Tsg00 ~ —4, pri-
marily due to its much larger equivalent width. The lines will
therefore sample a different magnetic field structure due to this
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formation height difference. Solar studies (e.g., Morosin et al.
2020) have suggested that magnetic fields outside major active
regions occupy a smaller area at lower heights. Higher up, the
field lines expand, occupying a larger area and forming a canopy.
It is possible that optical lines reach into this canopy, revealing
the full range of fields present at the stellar surface. In contrast,
the stronger low filling factor fields in deeper layers of the atmo-
sphere might partially escape detection in the NIR lines due to
the difficulties mentioned above and because these fields might
be associated with much cooler regions.

6. Conclusions

We investigated the small-scale magnetic fields of 16 Sun-like
stars by measuring Zeeman broadening within six FeT lines in
the H-band of CRIRES*. The CRIRES™ instrument has great
potential for the investigation of magnetic properties of cool
stars. With this instrument, measuring the magnetic fields of
weakly active stars becomes possible. Thanks to the very high
spectral resolution reached by CRIRES* and a high sensitivity
to Zeeman broadening in the NIR, even small changes in the
line shapes can be reliably detected. When using single observa-
tions with S/N in the range of 100-300, we were able to detect
average magnetic field strengths on the order of ~100 G without
a significant sensitivity to uncertainties in stellar temperature.
This limit could likely be improved either by using higher S/N
spectra with longer observations or by taking advantage of the
intensity spectra associated with high-quality spectropolarimet-
ric observations employed to study large-scale stellar magnetic
fields.

When compared with other recent NIR magnetic field mea-
surements, our findings are compatible with the results of the
analysis of HD 22049 (Petit et al. 2021) using SPIRou observa-
tions. This shows that the magnetic broadening signal extracted
from NIR spectra is not particularly sensitive to assumptions in
the spectroscopic modelling, as we used both NLTE and dif-
ferent van der Waals broadening parameters but still obtained
a similar average magnetic field strength. The use of NLTE is
uncommon in studies of stellar magnetic fields, and given that
NLTE can have a significant impact on FeT lines, this omission
could become problematic as NLTE becomes more common in
the analysis of stars.

We did find a significant dependence of the results on the
type of model prescription used to describe the magnetic field
strength distribution. For some stars, a multi-component model
with magnetic field strengths of 0, 1, 2, and 3 kG produced sig-
nificantly stronger mean field strengths compared to the two-
component model. This highlights a shortcoming of the two-
component model’s ability to describe magnetic field distribu-
tions with a large range of field strengths. In a realistic envi-
ronment, it is unlikely that the field strength on a stellar sur-
face would have a single homogeneous value. Particularly when
magnetic broadening is more significant, such as in the NIR,
this assumption is likely to break down. In addition, when using
the multi-component approach, it is still important to be careful
when increasing the number of filling factors, as small contri-
butions from strong fields could significantly change the aver-
age magnetic field strength without having a large impact on
the overall fit quality. As the difference between the two- and
multi-component models are significant, comparison using the
results obtained with the different models should be made with
caution if it has not been shown that the methods produce simi-
lar results for the stars in question. In general, it does seem that
the discrepancy between the two methods is reduced for more
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rapid rotation, due to the line shape information being smeared
out by the rotational broadening. This indicates that the two-
component model is indistinguishable from a multi-component
model as long as the magnetic broadening is significantly smaller
than other sources of line broadening.

When comparing with the small-scale field measurement
results obtained using optical spectra for the same stars, a
systematic difference became evident. The optical measure-
ments obtained by Kochukhov etal. (2020) using Zeeman
intensification inferred stronger magnetic fields by a factor
of approximately two to three compared to our NIR results.
This difference cannot be explained by systematic uncertain-
ties related to stellar parameters, as this typically affects the
results by <10%. Other possible sources of this discrepancy
were discussed in Sect. 5.3. The optical versus NIR field
strength discrepancy, previously discussed in the context of the
Sun (Bellot Rubio & Orozco Sudrez 2019), highlights potential
problems when trying to compare magnetic field measurements
obtained at different wavelengths. Similar comparisons should
also be carried out for more active stars in order to investigate
whether this discrepancy extends to higher field strengths or if
it is only present for weakly active stars, such as those stud-
ied here. Investigation of this aspect is important, as the persis-
tent discrepancy between Zeeman intensification and broadening
could complicate magnetic diagnostics of rapidly rotating stars
for which only intensification measurements can be done.
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Appendix A: Observation log

Table A.1. Observations used in this work.

Object Night MJD Exposure time (s) S/R
HD 1835 2021-10-30 59518.1183 40.0 270
HD 3651 2021-10-30  59518.1295 20.0 312
HD 9986 2021-10-30 59518.1562 60.0 274
HD 10476 2021-10-30 59518.1414 10.0 296
HD 20630 2022-02-07 59618.0550 20.0 298
HD 22049 2022-02-09  59620.0208 4.0 336
HD 59967 2021-10-30 59518.2675 60.0 293
HD 59967 2022-02-09  59620.0412 60.0 278
HD 59967 2022-03-23  59662.0063 60.0 278
HD 59967 2022-03-24  59662.9939 60.0 272
HD 59967 2022-03-30 59668.9914 60.0 287
HD 73256 2021-10-08 59496.3658 90.0 155
HD 73256 2021-10-30  59518.3290 90.0 149
HD 73256 2022-02-07 59618.0678 90.0 250
HD 73256 2022-03-30  59669.0666 90.0 243
HD 73350 2022-03-31 59669.0860 60.0 264
HD 73350 2022-02-09  59620.0543 60.0 274
HD 73350 2022-03-10  59648.9979 60.0 264
HD 75732 2022-03-23  59662.0751 30.0 285
HD 76151 2022-03-30 59669.1026 40.0 260
HD 76151 2022-02-07 59618.2143 40.0 258
HD 102195 2022-03-11 59650.2736 90.0 232
HD 130322 2022-03-23  59662.3306 90.0 223
HD 131156A 2022-03-23 59662.3453 4.0 262
HD 179949 2021-10-08 59495.9816 120.0 284
HD 206860 2021-10-28 59516.0424 30.0 271

Notes. From left to right: Target name, date at the start of the observation night (relates to magnetic field results in Table 3), modified Julian
date(MJD) in the middle of the observation, exposure times, median SNR per pixel.
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Appendix B: Model spectral fits and posterior distributions

The following section includes the best fits and resulting posterior distributions obtained from the MCMC inference described in
Sect. 4 for the remaining stars.
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Fig. B.1. Same as Fig. 2 and 3 but for HD 1835. Left: Two-component results. Right: Multi-component results.
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B.2. HD 3651
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Fig. B.2. Same as Fig. B.1 but for HD 3651.
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B.3. HD 9986
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Fig. B.3. Same as Fig. B.1 but for HD 9986.
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B.4. HD 10476
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Fig. B.4. Same as Fig. B.1 but for HD 10476.
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B.5. HD 22049
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Fig. B.5. Same as Fig. B.1 but for HD 22049.
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B.6. HD 59967

Fel115343.79 A Fe115381.96 A Fe115534.25 A

1.05

Fe115542.08 A

Fe | 15648.51 A

Fel15652.87 A

1.00

0.95 4

0.90 1

I/l

0.85 1

0.80 - b

0.75 4 b b

3 4 1 2 3 4 5
+1.534e4 +1.538e4 +1.553e4

1 2 3
+1.554e4

Wavelength (A)

B (kG) = 2.145%8:832

|

fz = 0.158+3:398

i

e = 4517133

> |
ﬂyb‘(? H
&
W

Vv
/bﬁ)

Vmac = 3.870*8133

3 b(‘e f
£
>

©

R
22w

0.08
0.07 -
0.06 1
0.05
0.04
0.03
0.02
0.011

0.00-

0.28 030 032 0.34

(B): (kG)
Fig. B.6. Same as Fig. B.1 but for HD 59967 observed on 2022 March 24.
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B.7. HD 73256
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Fig. B.8. Same as Fig. B.1 but for HD 73350 observed on 2022 March 10.
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B.9. HD 75732

Fe115343.79 A Fe115381.96 A

Fe 115542.08 A

Fe115648.51 A

Fel115652.87 A

1.0 /,r
0.9 1 1 1 1
< 0.8 1 1 1 1 1
0.7 1 1 1 1 1
0.6 E - 4 Dy i
6 7 4 5 4 5 0 1 2 4 5 6 7
+1.534e4 +1.538e4 +1.554e4 +1.565e4 +1.565e4
Wavelength (A)
B (kG) = 0.927:3 %31 fy = 0.050+3-997
I .
1 1 1
[} 1 1
| 1 1
1| 1
| 1 1
1 1
1 1 1
ILA\ P
fs = 0.05619:911 P
1 1 1
1 1 1
fH A b Lo = —4.337:8002

= +0.002
gre = —4.33120:003

Vmac = 1586t883}1

X

Vinac = 1.561%3932 g
; N\ g e
N R .‘ . | | | | . | | | /HJJ | ‘ N,} 1
/.\o) \PQ » Q.Bu Q.Q% Q'.O' b:},"’(o b:;? ?,’f)\:} \:? \:'b
B (kG) fg z e e Vmac (km/s)
0.081 0.081
0.061 0.061
0.041 0.041
0.021 0.021
0.00- 0.004

(B)i (kG)
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B.10. HD 76151
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Fig. B.10. Same as Fig. B.1 but for HD 76151 observed on 2022 February 7.
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B.11. HD 102195
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Fig. B.11. Same as Fig. B.1 but for HD 102195.
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B.12. HD 130322
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Fig. B.12. Same as Fig. B.1 but for HD 130322.
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B.13. HD 131156A
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Fig. B.13. Same as Fig. B.1 but for HD 131156A.
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B.14. HD 179949
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Fig. B.14. Same as Fig. B.1 but for HD 179949.
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B.15. HD 206860
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Fig. B.15. Same as Fig. B.1 but for HD 206860.
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