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ABSTRACT
We present the results of an analysis aimed at probing the small-scale magnetic fields of M dwarfs observed with SPIRou, the
nIR high-resolution spectro-polarimeter installed at the Canada-France-Hawaii Telescope, in the context of the SPIRou Legacy
Survey. Our analysis relies on high-resolution median spectra built from several tens of spectra recorded between 2019 and 2022,
and on synthetic spectra computed with the ZeeTurbo code for various combination of atmospheric parameters and magnetic
field strengths. We pursue the efforts undertaken in a previous study and focus on 44 weakly to moderately active M dwarfs.
We derive average magnetic field strengths (<𝐵>) ranging from 0.05 to 1.15 kG, in good agreement with activity estimates and
rotation periods. We found that including magnetic fields in our models has virtually no impact on our derived atmospheric
parameters, and that a priori assumptions on the stellar surface gravity can affect our estimated <𝐵>. Our results suggest that
small-scale magnetic fields account for more than 70 % of the overall average magnetic field for most targets whose large-scale
fields were previously measured. We derived low magnetic fluxes for several targets in our sample, and found no clear evidence
that <𝐵> decreases with increasing Rossby number in the unsaturated dynamo regime. We even identified counterexamples
(GJ 1289 and GJ 1286) where the small-scale field is unusually strong despite the long rotation period. Along with similar results
on the large-scale fields, our findings further suggest that dynamo processes may operate in a non-conventional mode in these
strongly magnetic, slowly-rotating stars.
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1 INTRODUCTION

Magnetic fields are believed to play an essential role in stellar for-
mation and evolution (e.g., Donati & Landstreet 2009). They can
trigger star-planet interactions (e.g., Vidotto et al. 2018) and may
also explain inflated radii of cools stars (Feiden & Chaboyer 2012,
2014). Magnetic fields are also responsible for activity phenomena
hampering planet detection and characterization (e.g., Hébrard et al.
2016; Dumusque et al. 2021; Bellotti et al. 2022). M dwarfs are none
the less prime targets for finding out and characterizing nearby plan-
etary systems, and in particular planets located in the habitable zone
of their host star (e.g., Bonfils et al. 2013; Dressing & Charbonneau
2015; Gaidos et al. 2016). The study of the small-scale magnetic
fields of M dwarfs thereby attracted increasing attention, not only for
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better understanding their origin (e.g., Saar & Linsky 1985; Johns-
Krull & Valenti 1996; Shulyak et al. 2014; Kochukhov 2021; Reiners
et al. 2022), but also to investigate how they impact radial velocity
(RV) variations (e.g., Haywood et al. 2022)

Among the most popular techniques to study magnetic fields,
Zeeman-Doppler-Imaging (Donati & Brown 1997; Donati et al.
2006) extracts information from polarized spectra to provide con-
straints on the large-scale magnetic field topologies of stars. Another
approach consists in measuring the Zeeman broadening of line pro-
files in unpolarized spectra, allowing one to probe magnetic fields
on smaller spatial scales at the surface of the star (e.g., Kochukhov
2021).

The presence of magnetic fields in M dwarfs can impact stellar at-
mospheric characterization, and conversely, erroneous estimates on
the properties of M dwarfs may bias magnetic diagnostics. In recent
years, studies aimed at modelling spectra of M dwarfs took advantage
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of the new generation of high-resolution near-infrared (nIR) spec-
trometers, such as CRIRES+ (Dorn et al. 2023), CARMENES (Quir-
renbach et al. 2014) or SPIRou (Donati et al. 2020), and yielded
new constraints on the atmospheric properties of tens to hundreds
of stars (e.g., Rajpurohit et al. 2018; Passegger et al. 2019; Marfil
et al. 2021; Sarmento et al. 2021). High-resolution spectroscopy also
provides the means to refine magnetic diagnostics by accurately mod-
elling the shape of spectral features affected by magnetic fields, in-
cluding both Zeeman broadening and intensification of well selected
lines (e.g., Kochukhov & Reiners 2020; Petit et al. 2021; Hahlin
et al. 2023). Because the splitting of the energy levels due to the
Zeeman effect depends on the considered transition, this approach
is particularly useful to disentangle spectral line broadening due to
the presence of magnetic fields from rotation or macroturbulence.
The detection of Zeeman signatures, however, remains difficult for
weakly magnetized stars whose spectral lines may be dominantly
broadened by rotation or macroturbulence.

Magnetic activity in low-mass stars is known to correlate with
stellar rotation periods, and even better with the Rossby number Ro,
defined as the rotation period normalized to the convective turnover
time (e.g., Mangeney & Praderie 1984; Noyes et al. 1984; Wright
et al. 2011, 2018; Reiners et al. 2014). Measurements of small- and
large-scale magnetic fields and their dependence with stellar parame-
ters are therefore essential to further characterize such relations, and
to refine models of the dynamo processes that generate such fields.
Both large- and small-scale magnetic fields strongly correlate with
Ro, with field intensities increasing with decreasing Ro until they
saturate for fast rotators with Ro<0.1 (e.g., Vidotto et al. 2014; See
et al. 2016; Reiners et al. 2022). For the slowest rotators with Ro>1,
however, uncertainties on fields measurements are larger, making it
more difficult to assess whether this relation still holds.

With this paper, we pursue the work initiated in Cristofari et al.
(2023) that focused on rapidly rotating, extremely active targets. We
now aim at characterizing the small-scale magnetic fields of weakly
or moderately active M dwarfs from high-resolution nIR spectra
collected with SPIRou in the framework of the SPIRou legacy Sur-
vey (SLS) at the Canada-France-Hawaii-Telescope (CFHT) where
SPIRou is installed. We rely on models computed with our newly im-
plemented code, ZeeTurbo, and on the process described in Cristo-
fari et al. (2023) to constrain atmospheric parameters and magnetic
fields of 44 targets. This sample is the same as in Cristofari et al.
(2022b), which relied on non-magnetic models to characterize the
main atmospheric properties of all sample stars, i.e., the effective
temperature (𝑇eff), surface gravity (log 𝑔), metallicity ([M/H]), and
𝛼-enhancement ([𝛼/Fe]), the latter scaling the abundances of O, Ne,
Mg, Si, S, Ar, Ca, and Ti with respect to Fe.

We describe the data used for our analysis in Section 2, and recall
the main steps of our method in Section 3. We present our results in
Section 4 before assessing the impact of atmospheric characterization
on magnetic field estimation in Sec 5.

2 OBSERVATIONS AND REDUCTION

The spectra analyzed in this paper were obtained in the context of
the SLS between 2019 and 2022. We focus on 44 targets known
to be no more than moderately active (Fouqué et al. 2018; Schöfer
et al. 2019) and for which more than 25 visits were carried out. Data
were processed with the SPIRou reduction pipeline, APERO (version
0.7.254, Cook et al. 2022). The telluric correction is performed by
APERO, and takes advantage of the large number of observations ob-
tained at various Barycentric Earth Radial Velocities (BERV) and

Table 1. Number of visits, median SNR and SNR range for the targets studied
in this paper.

Star Nb. visits Med. SNR [SNR Range]
Gl 338B 57 450 [330–590]
Gl 846 189 310 [120–560]
Gl 410 128 260 [160–370]
Gl 205 151 600 [250–680]
Gl 514 161 310 [170–2710]
Gl 880 164 410 [260–500]
Gl 382 121 310 [160–440]

Gl 412A 177 360 [150–3040]
Gl 15A 187 540 [190–3980]
Gl 411 174 740 [420–910]

Gl 752A 123 350 [120–510]
Gl 48 184 260 [130–400]

Gl 617B 144 240 [50–300]
Gl 436 80 300 [190–920]
Gl 480 108 220 [170–260]
Gl 849 189 230 [130–280]
Gl 408 169 280 [80–340]
Gl 687 208 410 [210–540]

Gl 725A 207 440 [230–510]
Gl 317 74 210 [150–250]
Gl 251 167 280 [110–330]

GJ 4063 211 200 [140–330]
Gl 581 28 240 [130–300]

PM J09553−2715 76 220 [140–340]
GJ 4333 180 200 [110–260]
GJ 1012 145 200 [120–240]
Gl 876 87 310 [280–550]

Gl 725B 205 320 [150–390]
GJ 1148 102 200 [120–300]

PM J08402+3127 138 200 [90–220]
Gl 445 93 220 [70–300]

GJ 3378 175 210 [60–320]
GJ 1105 165 200 [80–300]

Gl 169.1A 168 210 [80–270]
Gl 15B 178 200 [110–240]

PM J21463+3813 177 200 [70–240]
Gl 699 240 410 [110–600]

GJ 1289 201 200 [100–290]
Gl 447 57 260 [130–330]

GJ 1151 156 200 [120–230]
GJ 1103 65 200 [90–230]
Gl 905 213 240 [110–420]

GJ 1286 113 200 [50–230]
GJ 1002 145 200 [80–270]

a large spectral library of observations of telluric standard stars ob-
served since 2018. The telluric correction is performed through a
hybrid method adjusting a simple telluric absorption model from
TAPAS (Bertaux et al. 2014) and with a higher-order correction
from residuals measured in a sample of hot-star observations. The
results are comparable in accuracy to those obtained with a PCA-
based approach (Artigau et al. 2014) used in earlier versions of APERO
but has the merit of being more robust. For each observation night,
we average the telluric-corrected spectra to obtain a spectrum with
higher signal-to-noise-ratio (SNR). We then compute the median of
all spectra for each star in the barycentric frame to create a very high
SNR spectrum for each target. We refer to this high-resolution and
high-SNR median spectrum as ‘SPIRou template’ in the rest of the
paper. Our analysis is ultimately performed on the SPIRou templates,
whose SNR per 2 km s−1pixel can reach up to 2000 in the 𝐻 band.
Table 1 summarizes the typical SNR and number of visits for each
of the 44 targets studied in this paper.
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The magnetic fields of slow rotators with ZeeTurbo 3

In this work, we focus on the analysis of Stokes 𝐼 spectra, and do
not use the polarized data also recorded for our targets. The sample
of stars is strictly the same as that of Cristofari et al. (2022b), and
includes stars ranging from about 3000 to 4000 K in𝑇eff . Table 2 lists
luminosity and magnitude estimates for the 44 targets in our sample.

3 ZEEMAN BROADENING ANALYSIS

In this section, we briefly summarize the analysis described
in Cristofari et al. (2023). Our process relies on synthetic spec-
tra computed from MARCS model atmospheres (Gustafsson et al.
2008) with ZeeTurbo (Cristofari et al. 2023), a tool built from
the Turbospectrum (Alvarez & Plez 1998; Plez 2012) and
Zeeman (Landstreet 1988; Wade et al. 2001; Folsom et al. 2016)
codes. We compute models for various magnetic field strengths,
assuming a radial magnetic field everywhere in the photosphere.
Synthetic spectra were computed assuming a microturbulence of
1 km s−1 and local thermodynamic equilibrium (LTE), generally
considered valid for M dwarfs (see e.g., Hauschildt et al. 1999;
Husser et al. 2013; Hahlin et al. 2023). All SPIRou templates are
modeled with a linear combination of spectra computed for various
magnetic field strengths, ranging from 0 to 10 kG by steps of 2 kG.
The model spectrum S can thus be written 𝑆 =

∑
𝑓𝑖𝑆𝑖 , with 𝑆𝑖 de-

noting the spectrum associated with a magnetic strength of 𝑖 kG and
𝑓𝑖 the filling factor associated with this component (all 𝑓𝑖s verifying∑
𝑓𝑖 = 1). This approach has already been used in several stud-

ies (Shulyak et al. 2010, 2014; Kochukhov & Reiners 2020; Reiners
et al. 2022; Cristofari et al. 2023). As in Cristofari et al. (2023), we
rely on a Markov chain Monte Carlo (MCMC) process to estimate
both the atmospheric parameters and the filling factors. We rely on a
log-likelihood of the form,

lnL = −1
2

( 𝑛∑︁
𝑖=1

(𝑂𝑖 − 𝑀𝑖

𝜎𝑖

)2) − 𝑛

2
ln (2𝜋) − 1

2

𝑛∑︁
𝑖=1

ln𝜎2
𝑖 ,

with 𝑂𝑖 the observed normalized flux, 𝑀𝑖 the synthetic spectrum,
and 𝜎𝑖 the uncertainty on the observed spectrum, for pixel 𝑖. The
likelihood is closely related to the 𝜒2, and we estimate the optimal
atmospheric parameters and filling factors by averaging the walkers
whose associated 𝜒2 do not deviate by more than 1 from the minimum
𝜒2. To estimate error bars, we look at the posterior distributions, and
compare the 16th and 84th percentiles to the median of the distribu-
tions. In order to account for some of the systematic uncertainties in
the error bars, we run our process twice, enlarging the error bars on
each pixel in the second run in order to ensure that the best fit leads
to a reduced 𝜒2 of 1 (Cristofari et al. 2023). The error bars derived
from posterior distributions are referred to as ‘formal’ error bars, and
are typically 5–10 K in 𝑇eff and 0.005 to 0.020 dex in log 𝑔, [M/H]
and [𝛼/Fe]. We found that formal error bars are significantly smaller
than the dispersion due to modelling assumptions, and defined ‘em-
pirical’ error bars by quadratically adding 30 K for 𝑇eff , 0.05 dex for
log 𝑔, 0.10 dex for [M/H] and 0.04 dex for [𝛼/Fe] to our formal error
bars in order to account for some of this dispersion (Cristofari et al.
2022b). In this work, we rely on these results, and compute empirical
error bars for our derived atmospheric parameters.

Before computing the likelihood, synthetic spectra are convoled
with a Gaussian profile of full width at half maximum (FWHM)
of 4.3 km s−1 to account for the instrumental width of SPIRou,
convolved with a rectangular function representing the 2.2 km s−1

wide pixels, and resampled on a reference SPIRou wavelength grid.
The continua of both the SPIRou templates and synthetic spectra
are then brought to the same level following the procedure described
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Figure 1. Comparison between our retrieved <𝐵> and those of Reiners et al.
(2022). The color gradient illustrates the effective temperature from cold (red)
to hot (blue). The black line marks the equality.

in Cristofari et al. (2022b). The comparison is performed on a limited
number of spectral regions containing 30 identified atomic lines, 30
CO lines from one molecular band redward of 2293 nm, and 9 OH
lines. This list is the same as that presented in Cristofari et al. (2023),
and includes lines with Landé factors ranging from 0 to 2.5, allowing
us to extract information from spectral lines that are either sensitive
or insensitive to magnetic fields (see, e.g., Fig. B1).

Throughout this analysis, we neglected the effect of rotational
broadening, and rather fit a radial-tangential macroturbulence (𝜁RT).
This assumption is further motivated by the long rotation periods
measured for most objects (Fouqué et al. 2023; Donati et al. 2023b),
yielding rotational velocities at the equator smaller than 2 km s−1 for
all stars (median <0.2 km s−1).

4 SMALL-SCALE FIELD MEASUREMENTS

We apply our process to the 44 targets in our sample, and report the re-
trieved atmospheric parameters and average magnetic field strengths
(<𝐵>) in Table 3.

4.1 Deriving an average magnetic field strength

Reiners et al. (2022) reported average magnetic fields for 33 of our 44
targets. Figure 1 & E1 presents a comparison between their estimates
and ours. We find that the two sets of values are consistent with
one another, with differences up to 0.4 kG. Such differences result
from several modelling steps, such as the choice of model used, the
line list the analyses rely on, the fitting procedure and the choice
of fundamental parameters for analysed targets (see Sec. 5.2). We
also note that both our study and Reiners et al. (2022) found Gl 410,
GJ 1289 and GJ 1286 to be the most magnetic stars among the 33
included in both works. This is also consistent with other activity
diagnostics, such as the work of Schöfer et al. (2019), who measured
the H𝛼 equivalent widths of 30 targets included in our sample, and
also found Gl 410, GJ 1289 and GJ 1286 to be the most active.

For most targets, the second magnetic component (2 kG) accounts
for most of the average magnetic field (see e.g., Fig. 2) Our esti-
mated magnetic fields go as low as 0.06 kG, reaching values below

MNRAS 000, 1–12 (2015)
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Table 2. Reported properties for our sample of stars. Columns 2 to 4 list the spectral type, mass and radii from Cristofari et al. (2022b), column 5 lists 𝜏 estimates
computed from mass with the relation of Wright et al. (2018). Rotation periods from Donati et al. (2023b) and Rossby numbers are listed in columns 6 and 7.
The rotation period of Gl 447 was reported to be suspiciously short and therefore ignored in this paper (Donati et al. 2023b).

Star Spectral Type 𝑀★/𝑀⊙ 𝑅★/𝑅⊙ 𝜏 (d) 𝑃rot (d) Ro
Gl 338B M0V 0.58 ± 0.02 0.609 ± 0.012 37 ± 23 42 ± 4 1.15 ± 0.72
Gl 846 M0.5V 0.57 ± 0.02 0.568 ± 0.009 38 ± 23 22 ± 0 0.58 ± 0.35
Gl 410 M1.0V 0.55 ± 0.02 0.543 ± 0.009 40 ± 24 14 ± 0 0.35 ± 0.21
Gl 205 M1.5V 0.58 ± 0.02 0.588 ± 0.010 37 ± 23 35 ± 0 0.94 ± 0.58
Gl 514 M1.0V 0.50 ± 0.02 0.497 ± 0.008 45 ± 27 30 ± 0 0.67 ± 0.39
Gl 880 M1.5V 0.55 ± 0.02 0.563 ± 0.009 40 ± 24 37 ± 0 0.94 ± 0.57
Gl 382 M2V 0.51 ± 0.02 0.511 ± 0.009 44 ± 26 22 ± 0 0.50 ± 0.29

Gl 412A M1.0V 0.39 ± 0.02 0.391 ± 0.007 62 ± 35 37 ± 2 0.60 ± 0.34
Gl 15A M2V 0.39 ± 0.02 0.345 ± 0.015 62 ± 35 43 ± 0 0.70 ± 0.40
Gl 411 M2V 0.39 ± 0.02 0.383 ± 0.008 62 ± 35 427 ± 34 6.89 ± 3.94

Gl 752A M3V 0.47 ± 0.02 0.469 ± 0.008 49 ± 29 45 ± 4 0.91 ± 0.54
Gl 48 M3.0V 0.46 ± 0.02 0.469 ± 0.008 51 ± 30 52 ± 2 1.03 ± 0.60

Gl 617B M3.0V 0.45 ± 0.02 0.460 ± 0.008 52 ± 30 43 ± 3 0.82 ± 0.48
Gl 436 M3V 0.42 ± 0.02 0.425 ± 0.008 57 ± 33 48 ± 13 0.84 ± 0.53
Gl 480 M3.5V 0.45 ± 0.02 0.449 ± 0.008 52 ± 30 25 ± 0 0.48 ± 0.28
Gl 849 M3.5V 0.46 ± 0.02 0.458 ± 0.008 51 ± 30 42 ± 1 0.82 ± 0.48
Gl 408 M4V 0.38 ± 0.02 0.390 ± 0.007 64 ± 36 172 ± 7 2.70 ± 1.53
Gl 687 M3.0V 0.39 ± 0.02 0.414 ± 0.007 62 ± 35 57 ± 1 0.91 ± 0.52

Gl 725A M3V 0.33 ± 0.02 0.345 ± 0.006 74 ± 41 102 ± 4 1.37 ± 0.76
Gl 317 M3.5V 0.42 ± 0.02 0.423 ± 0.008 57 ± 33 39 ± 4 0.69 ± 0.40
Gl 251 M3V 0.35 ± 0.02 0.365 ± 0.007 70 ± 39 93 ± 7 1.34 ± 0.76

GJ 4063 M4V 0.42 ± 0.02 0.422 ± 0.008 57 ± 33 41 ± 4 0.72 ± 0.41
Gl 581 M3V 0.31 ± 0.02 0.317 ± 0.006 78 ± 43 ... ± ... ... ± ...

PM J09553−2715 M3V 0.29 ± 0.02 0.302 ± 0.006 83 ± 46 73 ± 4 0.88 ± 0.48
GJ 1012 M4.0V 0.35 ± 0.02 0.367 ± 0.007 70 ± 39 ... ± ... ... ± ...
GJ 4333 M3.5V 0.37 ± 0.02 0.386 ± 0.008 66 ± 37 71 ± 2 1.08 ± 0.61
Gl 725B M3.5V 0.25 ± 0.02 0.280 ± 0.005 94 ± 51 135 ± 15 1.43 ± 0.80
Gl 876 M3.5V 0.33 ± 0.02 0.333 ± 0.006 74 ± 41 84 ± 3 1.13 ± 0.63

GJ 1148 M4.0V 0.34 ± 0.02 0.365 ± 0.007 72 ± 40 ... ± ... ... ± ...
PM J08402+3127 M3.5V 0.28 ± 0.02 0.299 ± 0.006 86 ± 47 90 ± 8 1.04 ± 0.58

Gl 445 M4.0V 0.24 ± 0.02 0.266 ± 0.005 97 ± 53 ... ± ... ... ± ...
GJ 3378 M4.0V 0.26 ± 0.02 0.279 ± 0.005 91 ± 50 95 ± 2 1.04 ± 0.57
GJ 1105 M3.5V 0.27 ± 0.02 0.283 ± 0.005 89 ± 48 ... ± ... ... ± ...

Gl 169.1A M4.0V 0.28 ± 0.02 0.292 ± 0.006 86 ± 47 92 ± 4 1.07 ± 0.59
Gl 15B M3.5V 0.16 ± 0.02 0.182 ± 0.004 125 ± 67 113 ± 4 0.90 ± 0.49

PM J21463+3813 M5V 0.18 ± 0.02 0.208 ± 0.004 118 ± 63 94 ± 3 0.80 ± 0.43
Gl 699 M4V 0.16 ± 0.02 0.185 ± 0.004 125 ± 67 136 ± 13 1.09 ± 0.59

GJ 1289 M4.5V 0.21 ± 0.02 0.233 ± 0.005 107 ± 58 74 ± 1 0.70 ± 0.38
Gl 447 M4V 0.18 ± 0.02 0.201 ± 0.004 118 ± 63 ∗24 ± 4 0.21 ± 0.11

GJ 1151 M4.5V 0.17 ± 0.02 0.193 ± 0.004 121 ± 65 176 ± 5 1.45 ± 0.78
GJ 1103 M4.5V 0.19 ± 0.02 0.224 ± 0.005 114 ± 61 143 ± 10 1.25 ± 0.68
Gl 905 M5.0V 0.15 ± 0.02 0.165 ± 0.004 129 ± 69 114 ± 3 0.88 ± 0.47

GJ 1286 M5.0V 0.12 ± 0.02 0.142 ± 0.004 143 ± 76 178 ± 15 1.25 ± 0.67
GJ 1002 M5.5V 0.12 ± 0.02 0.139 ± 0.003 143 ± 76 90 ± 3 0.63 ± 0.34

those reported by Reiners et al. (2022) for their sample of stars (see
Figs. 1 & 3). Figures C2, C4 and C3 present examples of posterior
distributions obtained for all fitted parameters.

Two recent studies, Fouqué et al. (2023) and Donati et al. (2023b),
have provided constraints on the rotation periods for 27 and 38 stars
of our sample, respectively, relying on the detection of large-scale
magnetic fields with SPIRou. Figures 3, A2 & A5 present the 38
stars for which Donati et al. (2023b) reports rotation periods in a
<𝐵>–Rossby number (Ro) diagram.

The relatively long rotation periods of the stars of our sam-
ple (Fouqué et al. 2023; Donati et al. 2023b), as well as previous
activity estimates (Fouqué et al. 2018; Schöfer et al. 2019) and our
retrieved average magnetic fields are all fully consistent with our
targets falling in the unsaturated dynamo regime but do not clearly
follow any trend with Ro. The stars in our sample are found to
have Rossby numbers below 2, with the exception of Gl 411, whose

reported rotation period is longer than any other star in this sam-
ple (𝑃rot = 471 ± 41 d; Fouqué et al. 2023).

Through re-analyses performed by ignoring some of the magnetic
components, we found that while the contributions of the 4, 6, 8 and
10 kG fields are small, the first three are found to often significantly
contribute to the fits to our spectra and to the overall derived magnetic
field, especially in the case of the stars with strongest magnetic fields.
Similar tests carried out with finer steps in magnetic field strength
yield similar results, and we, therefore, chose to stick with steps of
2 kG.

MNRAS 000, 1–12 (2015)
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Table 3. Derived stellar parameters, average magnetic field and filling factors for the 44 targets in our sample.
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Figure 2. Distribution of the filling factors for 6 targets in our sample.
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Figure 3. <𝐵>–Ro diagram for the stars in our sample relying on the rotation
periods of Donati et al. (2023). Only the stars for which a 3 𝜎 detection of the
magnetic field was achieved are shown on the figure. The gray ‘x’ markers
show the results of Reiners et al. (2022) for several stars not included in our
sample. The plus symbols show the results of Cristofari et al. (2023) for a few
strongly magnetic targets.

5 ASSESSING THE IMPACT OF MAGNETIC FIELDS ON
STELLAR CHARACTERIZATION

The analysis of magnetic stars with non-magnetic models can bias the
estimation of atmospheric parameters (López-Valdivia et al. 2021;
Cristofari et al. 2023). In this section, we assess the extent to which
magnetic fields impact the stellar characterization of the quiet targets
included in our sample and vice-versa.

4.60 4.65 4.70 4.75 4.80 4.85 4.90 4.95

log g (dex) from non-magnetic models

4.50

4.55

4.60

4.65

4.70

4.75

4.80

4.85

4.90

lo
g
g

(d
ex

)
fr

om
m

ag
ne

ti
c

m
od

el
s

Figure 4. Comparison between our log 𝑔 estimates obtained with and without
magnetic models.

5.1 Effect on derived atmospheric parameters

We compare the results of our analysis relying on 6 magnetic compo-
nents (0 to 10 kG in steps of 2 kG) to those obtained when relying only
on non-magnetic models. Including magnetic fields in the models has
virtually no impact on the estimated 𝑇eff , [M/H] and [𝛼/Fe], with
differences comparable to our formal error bars. We find slightly
larger differences for log 𝑔, with values on average 0.03 dex lower
when using magnetic models than without (see Fig. 4). Both sur-
face gravity and magnetic fields are known to impact the width of
spectral lines, which can partly account for this correlation. The ob-
served discrepancies remain lower than our empirical error bar on
log 𝑔, estimated to be about 0.05 dex. The largest discrepancies are
observed for Gl 410, GJ 1286 and GJ 1289, also found to be the most
magnetic stars in our sample. We also retrieve similar macroturbu-
lence estimates with non-magnetic and magnetic models, with the
notable exception of Gl 410, for which 𝜁RT is 0.5 km s−1 lower with
magnetic models.

Like in our previous study (Cristofari et al. 2022b), our derived
atmospheric parameters are also found to be in good agreement with
those of Mann et al. (2015, see Figs. D1, D2 & D3). Here again we
find log 𝑔 to be among the most difficult parameter to constrain. We
also find that our retrieved 𝑇eff and [M/H] are consistent with a large
number of reported estimates (see Fig. 5). Because log 𝑔 is partic-
ularly challenging to constrain, several studies fixed its value from
other quantities or imposed stringent priors in their analyses (e.g.,
Passegger et al. 2019; Marfil et al. 2021).

5.2 The impact of log 𝑔 on magnetic field estimates

Because the inclusion of magnetic fields impacts our log 𝑔 estimates,
we performed another analysis, fixing log 𝑔 for each star. Rather than
fixing the value of log 𝑔 a priori, we computed the radius of each
star from effective temperature and luminosity relying on the Stefan-
Boltzmann law, at each step of the MCMC analysis. We derived
a mass for each target relying on the mass-magnitude-metallicity
relation of Mann et al. (2019) and computed log 𝑔 from mass and
radius. This approach allows us to ensure that log 𝑔 remains consistent
with 𝐿★/𝐿⊙ and 𝑇eff throughout the analysis. Figure 6 presents a
comparison between the log 𝑔 obtained from 𝑀★ and 𝑅★ and those
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derived in our initial analysis. The full results recovered with the
additional constraint on log 𝑔 are presented in Table 4.

We compare the results obtained while fixing log 𝑔 from 𝑀★ and
𝑅★ to those derived while fitting log 𝑔 as a free parameter. The
additional constraints on log 𝑔 leads to larger 𝑇eff values for the
coolest stars in our sample (see Fig. 7), with differences reaching
up to 150 K. Fixing the value of log 𝑔 also impacts the estimation
of [M/H], with a RMS on the residuals of 0.07 dex, lower than
our empirical error bars on this parameter, but larger than our formal
error bars. [𝛼/Fe] estimates are also found to be about 0.03 dex larger
with the additional constraint on log 𝑔. Similar effects were reported
in Cristofari et al. (2022b) when fixing the log 𝑔 for our targets with
non-magnetic models.

Fixing log 𝑔 also leads to lower estimates of the average magnetic
field, <𝐵> (see Fig. 8) with estimates lower than those reported
by Reiners et al. (2022) for most stars common to both samples (see
Fig. A1). These discrepancies are most visible for some of the most
magnetic targets of our sample, reaching up to 0.75 kG, and illustrate

how assumptions on atmospheric parameters can impact magnetic
diagnostics. Fixing log 𝑔 from 𝑀★ and 𝑅★ also leads to significantly
smaller derived 𝜁RT, particularly for the coolest stars of our sample
(see Fig. 9).

5.3 The 𝜁RT–𝑇eff relation

Throughout our analysis, we chose to neglect rotational broadening,
and only include a radial-tangential macroturbulence to fit our models
to SPIRou templates. Figures 10 and E3 present our retrieved 𝜁RT
as a function of 𝑇eff . Our estimates of 𝜁RT tend to decrease with
increasing 𝑇eff . An opposite trend is typically reported by previous
studies (Doyle et al. 2014; Brewer et al. 2016) although reliable
constraints are difficult to obtain for cool M dwarfs. We reprocessed
our data fixing 𝜁RT = 2.5 km s−1, and found the impact on our
derived atmospheric parameters to be quite small, except for the two
coolest stars in our sample, GJ 1286 and GJ 1002, for which 𝑇eff
increased by 50 K and log 𝑔 by 0.1 dex. The impact on <𝐵> was
negligible, with differences of less than 0.05 kG. Thus, the choice of
𝜁RT does not appear to impact or magnetic field estimates, although
the 𝜁RT estimates should be taken with caution, in particular for the
coolest stars in our sample, as systematics in the models could bias
its derivation.

6 DISCUSSION AND CONCLUSIONS

In this paper, we describe a revised analysis of targets previously stud-
ied in Cristofari et al. (2022b), with the tools introduced in Cristofari
et al. (2023). Relying on spectra computed with ZeeTurbo from
MARCS model atmospheres we investigate the small-scale mag-
netic fields of 44 moderately to weakly active M dwarfs monitored
in the context of the SPIRou Legacy Survey.

Our approach consists in inferring 𝑇eff , log 𝑔, [M/H], [𝛼/Fe] and
the magnetic filling factors at once, allowing us to improve our fits to
the data, to derive the magnetic parameters of our sample stars, and
to assess the impact of magnetic fields on stellar characterization.
We rely on a line list containing about 30 atomic lines, 10 OH
lines and 30 CO lines. This list contains transitions with different
Landé factors ranging from 0 to 2.5. This allows us to disentangle
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Table 4. Same as Table 3 but with log 𝑔 estimated from 𝑇eff and 𝐿★/𝐿⊙ at each step of the MCMC process, for all stars in our sample but GJ 4063.
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Figure 7. The top panel presents the comparison between our retrieved 𝑇eff with and without fitting log 𝑔 as a free parameter (black and red, respectively). The
bottom panel shows the residuals, with a median of −22 K (green dashed line), and the zero difference line (black solid line).
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Figure 8. Same as Fig. 7 for <𝐵>. On the bottom panel, the dashed green line marks the median residual (of 0.1 kG).

the effect of magnetic fields from those of atmospheric parameter
and macroturbulence, by matching the shapes of lines affected in
different ways by Zeeman broadening and intensification. Our tools
and method were successfully applied to a few strongly magnetic
stars observed with SPIRou (Cristofari et al. 2023).

We assessed the impact of several modeling assumptions on our
results, including the effect of varying atmospheric parameters. In
particular, we found our log 𝑔 estimates are lower than those ex-
pected from 𝑇eff and 𝐿★/𝐿⊙ using empirical relations, and show
that fixing the value of log 𝑔 leads to significant differences in the
retrieved <𝐵>, reaching up to 0.75 kG for GJ 1286. Fixing log 𝑔 also
leads to increased 𝑇eff and [M/H] for the coolest stars in our sam-
ple, such as GJ 1286 and GJ 1002. In this case, the average magnetic
field of GJ 1286 is no longer among the highest in our sample, and
drops below that of Gl 725B and Gl 752A. Fixing log 𝑔 also impact
our <𝐵> estimates for most stars also, that move further down in
the <𝐵>–Ro diagram (see Fig. A4), below the estimates of Reiners

et al. (2022). We note that GJ 1286 was reported to be among the
most active (Fouqué et al. 2018; Schöfer et al. 2019) and most mag-
netic (Reiners et al. 2022) stars in our sample, but its rotation period
was estimated to be among the longest (203±21 and 178±15 days
from Fouqué et al. 2023 and Donati et al. 2023b, respectively). Fur-
ther improvements in the models of M dwarfs spectra are needed in
order to improve the magnetic characterization of such stars. Deriv-
ing accurate constraints on atmospheric parameters remains a chal-
lenge, particularly for cool stars, with larger dispersions observed
in literature estimates (see Fig. 5). The surface gravity is known to
be particularly challenging to constrain from high-resolution spec-
tra (Cristofari et al. 2022a,b), and several studies tend to fix its value
from prior knowledge (Passegger et al. 2019; Marfil et al. 2021). None
the less, we derived atmospheric parameters consistent with previous
studies, and found that our initial process with unconstrained log 𝑔
would rather lead to over-estimates rather than under-estimates on
<𝐵>.

MNRAS 000, 1–12 (2015)



10 P. I. Cristofari et al.

2

3

4

5

RT
 (k

m
s

1 )
log g as free parameter log g from M * /M  and R * /R

GJ10
02
GJ12

86
GJ90

5
GJ11

03
GJ11

51
GJ44

7
GJ12

89
GJ69

9

PM
J21

46
3+

38
13
GJ15

B

GJ16
9.1

A
GJ11

05
GJ33

78
GJ44

5

PM
J08

40
2+

31
27
GJ11

48

GJ72
5B

GJ87
6
GJ10

12
GJ43

33

PM
J09

55
3

27
15
GJ58

1
GJ40

63
GJ25

1
GJ31

7

GJ72
5A

GJ68
7
GJ40

8
GJ84

9
GJ48

0
GJ43

6

GJ61
7B GJ48

GJ75
2A

GJ41
1
GJ15

A

GJ41
2A

GJ38
2
GJ88

0
GJ51

4
GJ20

5
GJ41

0
GJ84

6

GJ33
8B

0.0

0.5

1.0

1.5

RT
 (k

m
s

1 )

Figure 9. Same as Fig. 9 for 𝜁RT. On the bottom panel, the dashed green line marks the median residual (of 0.2 km s−1).
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Figure 10. Retrieved 𝜁RT as a function of 𝑇eff for the 44 targets of our sample.
The color of the points vary with 𝑇eff from coldest (red) to hottest (blue).

We further assessed the impact of 𝜁RT on our results, and found
that the best fits to our data were obtained for decreasing 𝜁RT with
increasing 𝑇eff . Fixing 𝜁RT had little impact on our derived <𝐵>,
further demonstrating that the two effects can be disentangled from
high-resolution spectra. Our approach consisted in neglecting ro-
tation, motivated by the long rotation periods implying equatorial
rotational velocities lower than 1.5 km s−1 for most stars. For the
fastest rotator in our sample, Gl 410, Cristofari et al. (2023) derived
𝜁RT = 2.7 ± 0.1 km s−1 for Gl 410, assuming 𝑣 sin 𝑖 = 1.5 km s−1,
while we obtained 3.1 ± 0.1 km s−1 in the present work, indicating
that the effect is indeed small.

Our analysis provides average magnetic fields estimates that are
consistent with previous measurements by Reiners et al. (2022) for
the 33 stars common to both samples, with a RMS difference of
0.2 kG. The differences between the two studies can be due to several
effects, such as temporal variations of magnetic fields, differences in
spectral synthesis, line selection, continuum adjustment or assumed
atmospheric parameters. For the majority of our targets, the 2 kG

component accounts for most of the average magnetic field strength,
suggesting that these stars do not host stronger large-scale magnetic
fields. The impact of the stronger field components is not negligible,
however, and relying solely on the 2 kG component leads to lower
magnetic field estimates.

Placing our targets in a <𝐵>–Ro diagram, we found that our esti-
mated magnetic fields and the reported rotation periods (Fouqué et al.
2023; Donati et al. 2023b) are consistent with our targets falling in
the unsaturated dynamo regime (see Figs. 3, A2 & A5), although
no clear trend with Ro is observed. We find that the stars whose
magnetic fields were detected at a 3𝜎 level, apart for a few outliers
hosting particularly strong fields (e.g. GJ1286, Lehmann et al., sub-
mitted), show small-scale field that somewhat match the <𝐵> – Ro
relationship found in (Reiners et al. 2022), the dispersion of our <𝐵>

estimates with respect to this relation being similar in both studies
(see Fig. 3). We note that several stars with Rossby numbers ranging
between 0.3 to 1.0 show low average magnetic fields, with values
consistent with 0 kG within 3𝜎 (see Fig. A5). The spectra of those
targets are well reproduced by non-magnetic models (Fig. B2), de-
spite their rotation periods being similar to those of more magnetic
stars.

We find that our log 𝑔 estimates are similar for almost all stars in our
sample, although empirically calibrated relations (e.g., Mann et al.
2019), photometric measurements, evolutionary models (Feiden &
Chaboyer 2012; Baraffe et al. 2015) and interferometric measure-
ments (Boyajian et al. 2012) suggest that log 𝑔 should increase with
decreasing 𝑇eff . Nonetheless, setting priors on log 𝑔 does not pro-
vide 𝑇eff or [M/H] estimates more consistent with the literature, and
leads to significant increases in 𝑇eff for the coolest stars in our sam-
ple (Fig. 7), suggesting that the effect could arise from systematic
differences between models and observations. We find that fixing
log 𝑔 from 𝑇eff and 𝐿★/𝐿⊙ leads to a larger dispersion in the <𝐵>
estimates for stars with similar Ro, with the magnetic field of several
targets passing below the 3𝜎 detection threshold (see Fig. A4).

We compared our average magnetic fields estimates to the large-
scale field measurements reported by Donati et al. (2023b). We
choose to compare our values to the square root of the quadratic
sum of the average longitudinal field (<𝐵ℓ>) and the amplitude of
the large scale field modulation with time (𝜃1, Donati et al. 2023b,
see Figs. 11 & E4). We find that the longitudinal field accounts for up
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where 𝐵ℓ is the average longitudinal field and 𝜃1 the semi-amplitude of its
modulation, see Donati et al. 2023b) and our <𝐵> estimates as a function
of 𝑀★/𝑀⊙ . Only stars for which a 3 𝜎 detection of the magnetic field was
achieved are shown on this figure.

to 10% of the total magnetic field, consistent with previous results for
low mass stars with non-axisymmetric magnetic fields (Morin et al.
2010; Kochukhov 2021). Given that the longitudinal field is typically
about 3 or 4 times smaller than the large-scale magnetic field as a
result of projection effects (e.g., Preston 1967; Kochukhov 2021; Do-
nati et al. 2023b), those results indicate that the large-scale magnetic
field of the stars in our sample amounts to less than 30 – 40% of
<𝐵>.

Our analysis will benefit from updates of line lists and model
atmospheres that recent and ongoing works aim at improving, in
particular for cool stars (e.g., Valyavin et al. 2004; Stift & Alecian
2016; Järvinen et al. 2020; Olander et al. 2021; Gerber et al. 2023).
Adding lines to our analysis, including magnetically-sensitive molec-
ular lines, will help us further improve constraints on magnetic field
measurements (Crozet et al. in prep), and on log 𝑔. Our analysis was
performed on template spectra built from several observations. A de-
tailed analysis relying on high-resolution data acquired for each night
will allow us to study the evolution of small-scale magnetic fields
over time, and in particular to search for rotational modulation of
small-scale magnetic fields of M dwarfs, similarly to what was done
for AU Mic (Donati et al. 2023a). Our tools will also allow us to
study pre-main-sequence stars, whose characterization will require
further implementation, but is of great interest to the study of planet
formation (Flores et al. 2020; López-Valdivia et al. 2021, 2023).
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APPENDIX A: ADDITIONAL FIGURES FOR <𝐵>

Figure A1 presents an additional comparison between our results
and those of Reiners et al. (2022). Figures A2 A4 present additional
Ro-<𝐵> diagrams.

APPENDIX B: FITS

Figure B1 present a comparison between our best fits and the SPIRou
templates of 6 targets.
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Figure A1. Same as Fig. 1 when fixing log 𝑔 from 𝑀★ and 𝑅★.
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APPENDIX C: CORNER PLOTS AND FILLING FACTORS

Figure C1 presents the distribution of filling factors recovered for 38
targets in our sample (see Fig. 2 for the other 6 targets). Figures C2,
C3 and C4 present the posterior distribution obtained for all the fitted
parameters for GJ 1289, Gl 699 and Gl 411, respectively.

APPENDIX D: ADDITIONAL COMPARISONS TO
LITERATURE ESTIMATES

Figures D1, D2 and D3 present a comparison between our derived
𝑇eff , log 𝑔 and [M/H] to those of Mann et al. (2015), respectively.

APPENDIX E: FIGURES WITH LABELS

Figures E1, E2, E3 and E4, present the same results as Figs 1, A1,
10 and 11 with labels indicating the names of the targets.

This paper has been typeset from a TEX/LATEX file prepared by the author.
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Figure A3. Same as Fig. 3 but with red and blue indicating stars with masses
smaller and larger than 0.35 𝑀⊙ , respectively.
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Figure A4. Same as Fig. 3 with results obtained while fixing log 𝑔 from 𝑇eff
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Figure A5. Same as Fig. 3 showing the results obtained for the 38 stars whose
rotation period were derived by Donati et al. (2023b)
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Figure B1. Comparison between the SPIRou template (black points) and the best fit (blue line) for 6 targets in our sample. The red dashed lines show the
non-magnetic model. The residuals obtained with the magnetic and non-magnetic models (blue line and red dashed line respectively) are presented for each star,
and centred on 0.4 for better readability. The Landé factor of the atomic lines is specified in parentheses.
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Figure B1 – continued
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Figure B1 – continued

MNRAS 000, 1–12 (2015)



The magnetic fields of slow rotators with ZeeTurbo 17

0.4

0.6

0.8

1.0

N
or

m
. 
fl

u
x

CO CO Ti CO COTi (1.11)

Gl 410

0.4

0.6

0.8

1.0

N
or

m
. 
fl

u
x

Gl 699

0.4

0.6

0.8

1.0

N
or

m
. 
fl

u
x

GJ 1289

0.4

0.6

0.8

1.0

N
or

m
. 
fl

u
x

GJ 1151

0.4

0.6

0.8

1.0

N
or

m
. 
fl

u
x

Gl 905

22964 22966 22968 22970 22972 22974

Wavelength (nm)

0.4

0.6

0.8

1.0

N
or

m
. 
fl

u
x

GJ 1286

Figure B1 – continued

MNRAS 000, 1–12 (2015)



18 P. I. Cristofari et al.

0.4

0.6

0.8

1.0
N

or
m

. 
fl

u
x

Mg MgMg (1.75) Mg (2.00)

Gl 410

0.4

0.6

0.8

1.0

N
or

m
. 
fl

u
x

Gl 514

0.4

0.6

0.8

1.0

N
or

m
. 
fl

u
x

Gl 205

0.4

0.6

0.8

1.0

N
or

m
. 
fl

u
x

Gl 15a

0.4

0.6

0.8

1.0

N
or

m
. 
fl

u
x

Gl 480

15040 15042 15044 15046 15048 15050 15052 15054 15056

Wavelength (nm)

0.4

0.6

0.8

1.0

N
or

m
. 
fl

u
x

Gl 849

Figure B2. Same as B1 comparing the spectra of Gl 410 to additional targets.
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Figure C1. Same as Fig. 2 for the other stars in our sample.
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Figure C2. Posterior distributions for the atmospheric parameters and filling factors of GJ 1289. The red lines mark the average position of the walkers whose
associated 𝜒2 do not deviate by more than 1 from the minimum 𝜒2.
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Figure C3. Same as Fig. C2 for Gl 699.
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Figure C4. Same as Fig. C2 for Gl 411.
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Figure E1. Same as Fig. 1 with labels indicating the names of the stars.
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