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ABSTRACT

Context. Magnetic fields play a crucial role throughout stellar evolution, regulating angular momentum, channelling accretion, and launching jets
and outflows. While the magnetic properties of Classical T Tauri Stars (CTTS) have been extensively characterised, those of their progenitors,
Class I and Flat-Spectrum (FS) protostars, remain poorly constrained due to their embedded nature, which provides an observational challenge.
Aims. We aim to detect and characterise the large-scale magnetic fields in a sample of Class I and FS protostars. These young stars are expected
to host strong magnetic fields generated by dynamo processes in their largely convective interiors.

Methods. We have used SPIRou, a high-resolution spectropolarimeter working in the near-infrared domain, to analyse the polarised light of Class I
and FS protostars. We used the Least Squares Deconvolution (LSD) technique to perform the magnetic analysis and measure the longitudinal
magnetic fields from circularly polarised Stokes V profiles.

Results. We report new large-scale magnetic field detections in 5 FS protostars. Including the previous detection of the large-scale magnetic-field
in the V347 Aur FS-protostar, 40% of our final sample of 15 protostars is confirmed to be magnetic. These magnetic stars show clear Zeeman
signatures, with longitudinal field strengths ranging from ~80 to ~200 G in absolute value. The remaining stars exhibit no detectable Stokes V/
signature, but the estimated upper limits on a hidden dipolar field range from 500 G to more than 5 kG. For stars in which no magnetic fields are
detected, it is still conceivable that a magnetic field exists, but is either intrinsically weak, highly complex and dominated by small-scale structures,
or canceled out in integrated spectropolarimetric signals due to opposing polarities.

Conclusions. We show that Class I and FS protostars can host large-scale magnetic fields with strengths that may be weaker than in more evolved
CTTS. This supports the idea that magnetic processes are already active during the main accretion phase and may influence star-disk interactions

from the earliest stages.
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1. Introduction

Star formation occurs in dense cores within molecular clouds.
These clouds are magnetised, and the cores, called pre-stellar
cores (Ward-Thompson et al.|1994), collapse under gravity,
eventually giving birth to protostars. During this early evolu-
tion, magnetic fields are thought to play a significant role in sev-
eral processes, such as accretion, ejection, and interaction with
the circumstellar environment (Ladal[1987). Through their role
in these processes that significantly impact stellar rotation and
evolution, magnetic fields shape the close environment of the
protostar (Bouvier et al.|2007; Vaytet et al.[2018).

Regulation of angular momentum is made through magne-
tospheric accretion and ejection processes during the pre-main-
sequence (PMS) phase (Bouvier et al.|[2014}|Lee et al.|[2017). In
Classical T Tauri Stars (CTTS), the presence of large-scale mag-
netic fields is well established (Donati et al.[2011)). These fields,
typically of kilo gauss strength, are responsible for truncating the
inner disk and channelling the accreted material onto the stellar
surface (Bouvier et al.|2007; Bouvier et al.[ 2014} Hartmann et al.

* Based on observations obtained at the Canada-France-Hawaii Tele-
scope (CFHT) which is operated by the National Research Council of
Canada, the Institut National des Sciences de I’Univers of the Centre
National de la Recherche Scientifique of France, and the University of
Hawaii.

2016). The magnetic properties of CTTS (between 0.5-1.3 M)
are characterised by a dominant poloidal field, with an average
strength between 1 and 2 kG (Zaire et al.|2024).

While magnetism and its impact on the star-disk interaction
have been densely explored during the PMS phase (Romanoval
et al.[[2015)), our current knowledge on the magnetic properties,
and on the star-disk interaction in earlier phases remains limited.
During those phases, the protostar experiences intense accretion,
often through bursts, and grows in mass until it approaches its fi-
nal mass (Baraffe et al.|2009; |[Fischer et al.[2023)). Such major
internal structural changes may have a strong impact on the stel-
lar magnetic field, which in turn may influence the connection
between the star and its accretion disk (Kunitomo et al.|2017).
The progenitors of the CTTS (Class II) are the Class I proto-
stars. These objects are still embedded within their envelopes of
gas and dust (Ladal[1987). The protostars transiting from Class I
to Class II are observed as Flat-Spectrum (FS) sources (Greene
et al.||[1994). Due to their dense and obscuring environments,
direct observation of Class I protostars and detection of pho-
tospheric features is challenging (Connelley & Greene| 2010j
Doppmann et al.[2005)), making it difficult to study their surfaces
and, therefore, their magnetic fields.

For several reasons, we expect Class I protostars to be
strongly magnetised, as in CTTS. They have evolved enough to
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set off convection in their full interior (Pallal|{1998; |Barafte et al.
2017) and thus are capable of hosting strong magnetic fields gen-
erated by dynamo processes. In other types of fully convective
stars, such as the M dwarfs on the main-sequence, strong dy-
namo magnetic fields are routinely observed (Donati et al.[2008];
Morin et al.|2010; Donati et al.[2023). Signs of magnetospheric
accretion, as in the CTTS, have been detected in Class I sources
(Doppmann et al.|[2005} [Fiorellino et al.|2023), suggesting the
presence of strong large-scale magnetic fields at the surface of
the embedded star. Powerful flares have been detected in X-
ray observations of Class 0 and Class I protostars (Grosso et al.
1997, [2020; Montmerle et al.[2000), similar to those present in
the Sun or more evolved stars but much more energetic (Feigel-
son et al.|2007)). These emissions are clues of intense magnetic
activity. These studies suggest, therefore, that strong magnetic
fields may already be in place during the Class I phase and reg-
ulate mass inflow and angular momentum loss early on.

A recent study by |Flores et al.| (2024)) has investigated a sam-
ple of 42 Class I and FS protostars, and measured their total
surface magnetic field from the Zeeman broadening of spectral
lines. They found a median magnetic field strength of 1.9kG,
which is consistent with those found in Class II sources and with
earlier studies of Class I protostars (Johns-Krull et al.|2009), in-
dicating that Class I and FS sources are indeed strongly mag-
netic. However, this study cannot inform us on the large-scale
components of their magnetic fields, which interact with the disc.
To understand whether magnetospheric accretion and ejection
processes are in place at that age, and are potentially at the origin
of the jets observed in almost all Class I, we need to characterise
their large-scale magnetic field.

Furthermore, dynamo processes are not well understood, es-
pecially in fully convective stars. The imprint of the dynamo pro-
cesses in stellar evolution is still an open question (Moss|2003j
Donati et al.|2008). In particular, simulations have shown that
the initial conditions at the launch of dynamo may impact the
future properties of dynamo magnetic fields, and may explain
the bistability of magnetic fields observed in fully convective M
dwarfs (Gastine et al.|[2012] 2013} |Raynaud et al|2015). While
the magnetic energy produced by dynamo processes is an impor-
tant characteristic to constrain the models, another factor is the
ratio of poloidal to toroidal fields, which is only accessible by
measuring the magnetic geometry.

The topology and strength of the large-scale magnetic field
can be obtained with the Zeeman Doppler Imaging (ZDI) tech-
nique (Semel|1989)). This technique uses time-series of circularly
polarised and intensity spectra well sampled over the rotation pe-
riod of the star using a high spectral resolution spectropolarime-
ter. By assuming the magnetic field components can be modelled
as spherical harmonics, and by using an inversion technique, ZDI
provides us with the maps of the radial, azimuthal, and merid-
ional components of the field (Donati et al. 2006} [Kochukhov
2016). This technique has been largely employed to map the
magnetic field of various types of stars, including CTTS (e.g.
Donati & Gregory|2009; Zaire et al.|2024)).

Up to now, ZDI has never been largely performed in Class I
and FS protostars.

Recent advances in instrumentation have opened new possi-
bilities for investigating these elusive protostars. Among these
instruments is SPIRou (SPectropolarimetre InfraRouge), a spec-
tropolarimeter installed on the 3.6-meter Canada-France-Hawaii
Telescope (CFHT). SPIRou (Donati et al.|2020) operates in the
near-infrared (nIR) domain, which allows us to pierce through
their dusty envelope to probe the photosphere of Class I proto-
stars. SPIRou’s high-resolution, high-sensitivity measurements
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in the YJHK bands are particularly well suited to study Class I
protostars, which are largely inaccessible to optical spectropo-
larimeters.

To investigate the magnetic properties of Class I protostars,
and their accretion/ejection mechanisms, we have built the Pro-
tostellar Magnetism: Heritage and Evolutiorﬂ (PROMETHEE)
project. This project will determine for the first time the large-
scale magnetic properties of protostars, and the structure of their
magnetospheres, and will build unique MHD models of mag-
netic protostars from their birth to the T Tauri phase. This paper
is the first of a series that describes the first SPIRou analysis
of a sample of Class I and FS protostars. These data have also
been used to study the accretion and ejection diagnostics avail-
able in the SPIRou spectra (e.g. Hel 1083 nm, Pas or Bry emis-
sion lines, or continuum veiling). These results will be submit-
ted in an associated paper (Sousa et al., in prep.). In the mean-
time, within the PROMETHEE project, we are developing dy-
namo models adapted to young fully convective protostars, and
interacting with their disk (Guseva et al., in prep.). In order to
understand the magnetic and stellar properties at the start of the
protostellar phase, and how they can subsequently affect the dy-
namo processes, we are also developing models of molecular
cloud collapses until the development of the second Larson core
(Ahmad et al.[2025albl, , Ahmad et al., in prep.)

Before performing a monitoring for each source of our sam-
ple of Class I and FS protostars, to map their magnetic fields,
we performed a snapshot survey with SPIRou. Our aim is to first
detect their Zeeman signature in circularly polarised (Stokes V)
spectra. In future work, we will monitor with SPIRou only those
with a Zeeman detection to perform ZDI.

In this study, we present the analysis of our snapshot sample.
It is structured as follows. We describe the observations, data
reduction, and spectral and polarimetric analyses in Section
Our results are presented in Section[3|and discussed in Sectionf4]
We summarise our conclusions in Section

2. Observations
2.1. Sample selection

Our goal is to characterise the magnetic fields of a sample of
Class I and FS objects. To this aim, we need to detect the circu-
lar polarisation signal induced by the Zeeman effect in the pho-
tospheric lines. To build our sample, we first listed the objects
in which photospheric lines had been detected in previous sur-
veys using high-resolution optical or nIR spectrographs (White
& Hillenbrand|[2004; Doppmann et al.|[2005; |[Evans et al.|[2009;
Connelley & Greene|[2010; Rebull et al.|2010; Viana Almeidal
et al.|2012; Dunham et al.|2015). Then we first kept the sources
north to a declination of -40°, to ensure that they were observable
from the CFHT. In a second step, we selected sources brighter
than 10 magnitudes in the H band so that the total exposure time
needed to detect a typical dipolar magnetic field of ~0.5 kG is
within 1.5 h, assuming a typical veiling in the H band of about 2
(Doppmann et al.|2005). In the star-forming regions that we ex-
plored, Class I and FS sources display H band magnitudes typ-
ically ranging from 8 to 12, depending on how deeply embed-
ded they are or how inclined their bipolar cavity is with respect
to our line of sight. As a consequence, the magnitude criterion
may introduce a bias towards either the less embedded, i.e. more
evolved Class I objects, or towards low inclination. Two of our
targets have magnitudes H greater than 10. We had an opportu-

! https://promethee-anr.github.io/
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nity to obtain additional observations, so we included them in
our sample.

Our initial sample is composed of 18 Class I (6) and FS
(12) objects located in different nearby star-forming regions:
Perseus, Taurus, rho Ophiuchi, Serpens, and Corona Australis.
When known, the spectral types of the observed sources range
from G7 to M6, with the majority falling between K1 and M4.
The projected rotational velocities (v sin i), when known, range
from 5 to 52 kmy/s. These properties are representative of the
typical characteristics observed in embedded protostellar objects
(White & Hillenbrand||2004; |Doppmann et al.|2005)).

Most of the data have been obtained with PI programs al-
located over different semesters (PI: E. Alecian). We have also
included data from a few Class I sources (V347 Aur, HL Tau, the
first observation of V512 Per 2020, GY92 214 and GY92 378)
obtained during the SPIRou Legacy Survey (SLS) large program
(PI: J.-F. Donati, |Donati et al.|2020).

The complete log of the observations is provided in Table
[D.1] The data of V347 Aur, which have already been published
in|Donati et al.| (2024a)), do not appear in that table.

2.2. SPIRou observations and data reduction

The primary goal of SPIRou is to detect and characterise exo-
planets around M-dwarfs, but also to study magnetic fields in
low-mass mature and PMS (Donati et al.[[2020). SPIRou cov-
ers a spectral range from 950 nm to 2 500 nm, with a resolution
of 70000 and a velocity bin per pixel of 2.3 km s~!(Donati et al.
2020). It consists of an achromatic polarimeter, which splits light
into two beams associated with orthogonal states of the selected
polarization, transmitted via optical fibres to an ultra-stable ther-
mally controlled cryogenic spectrograph. The spectrograph dis-
perses light using an echelle grating and a double-pass cross-
dispersing prism train, recording the spectra on an H4RG detec-
tor.

The polarimeter consists of Fresnel thombs and a Wollaston
prism, enabling simultaneous measurements of both orthogonal
states of the selected polarization (circular polarization in the
present case). The operational process includes stabilising the
stellar image on the entrance aperture, injecting it into optical fi-
bres, and using calibration sources (a Fabry-Pérot interferometer,
in our case) for precise wavelength and radial velocity calibra-
tion.

The camera captures raw spectral data, with echelle orders
spread across a 4K x4K pixel detector. These data include wave-
length and light intensity information, enabling the extraction of
parameters such as radial velocities and magnetic signatures of
stars. The spectrum is divided into 49 orders, each of which re-
quires individual normalisation to maintain the uniformity and
precision of the analysed data. Each order comprises two spectra,
corresponding to left and right circular polarisations. For each
stellar observation, four sub-exposures are taken at successive
time intervals with a 90° rotation of the polariser, which helps
mitigate instrumental biases during the extraction of the polari-
sation signal.

We used V0.7.292 version of the dedicated APERCﬂ pipeline
(Cook et al.|2022)) to reduce the observations. Compared to ver-
sion V0.7.255 described in [Cook et al.| (2022), in the APERO
versions there have been changes to the background subtraction.
The thermal background spectrum is obtained by averaging the
spectra acquired from telescope dark frames (i.e. with no sky
scene injected). The thermal spectrum is then scaled to match

2 https://apero.exoplanets.ca/

the thermal emission of saturated absorption lines in the K band.
An issue was noted, as persistence structures in the J band led to
spurious subtraction, being mistaken for low-level thermal emis-
sion. Since one does not expect a measurable level of thermal
emission below 1.9 um (considering the rapid decline of a near-
room-temperature blackbody blueward of this wavelength), the
thermal emission spectrum was set to zero below 1.9 um in the
newest versions of APERO. It should be noted that, in practise,
the thermal background is only subtracted within the K band;
thus, this zeroing of the thermal emission at the blue end does
not affect the overall thermal background correction. Finally, all
individual spectra were corrected for telluric absorption (includ-
ing OH lines), as described in|Cook et al.| (2022).

2.3. Continuum normalisation of individual spectra

To analyse the magnetic signals within the photospheric lines, a
normalisation of the spectra to their continuum is needed. Auto-
matic continuum normalisation can be performed during the ex-
traction of the polarised spectra. However, the spectra of Class I
sources have several variable emission lines that need to be taken
into account on a case-by-case basis. While normalisation tools
already exist, they lack specific options we aimed to incorpo-
rate (necessary for emission line spectra such as those of Class I
sources). We developed a normalisation tool for SPIRou data
files called Fantasi(ﬂ The code aims to reproduce the prin-
ciples of the IRAF normalisation tool called "continuum". The
selection of the continuum points is performed by removing non-
continuum points using a sigma-clipping procedure over several
iterations. The normalisation is performed order by order when
a 2D SPIRou spectrum is given as input. The developed inter-
face allows users to modify normalisation parameters interac-
tively for each order, including selecting the polynomial order of
the spline and the number of spline interpolations. The sigma-
clipping parameters, such as the upper and lower thresholds, and
the number of iterations, can also be adjusted to optimise the fit.
We allow different threshold values for points above and below
the continuum to provide flexibility when both photospheric and
emission lines are present within one order. Another interactive
feature enables the removal of photospheric and emission lines
to exclude them from the fitting process by selecting the regions
to reject. This is particularly useful when dealing with spectra
containing numerous strong emission lines, as in Class I sources.
Normalisation can be performed manually by selecting parame-
ters for each order, or it can be run automatically for multiple
observations using pre-defined parameters.

We performed a manual normalisation on both A- and B-
spectra, corresponding to the two orthogonal polarisations, for
one observation of each star. We then applied the automatic nor-
malisation to all other observations of the same star, using the
same fitting parameters per order as those chosen for the fit of
the first observation. In general, the order of the spline fit ranges
from 1 to 3, as the number of knots of the spline. The sigma clip-
ping can vary from 1 to 3 sigma, and 3 iterations are used. An
example of the normalisation process is shown in Figure[T]

2.4. Computation of the polarised spectra

The spirou-polarimetry package of Martioli (2020) was
used to extract the polarised spectra from our normalised in-
dividual intensity spectra in both polarimetric channels. The
Stokes V spectrum is obtained by using the ratio method, when

3 https://github.com/Lisa2626/Fantasio
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Fig. 1. Upper panel: order 32 of the spectrum of VV CrA SW without normalisation (black full line). In blue are the data points selected to fit the
continuum using a sigma-clipping of 3 and 2 iterations. The spline fit of order 3 is plotted in red with a number of knots of 2. The two regions with
emission lines were manually removed using the interactive tool. Lower panel: the same spectrum after normalisation. The dashed red line shows

the continuum normalised to 1.

the channels A and B spectra are recombined (Martioli|2020).
The unpolarised intensity spectrum Stokes [ is obtained by
adding all channels and sub-exposure spectra. Finally, the null
polarisation spectrum (/) is obtained by combining the A and
B channels of the four sub-exposures, in a way that cancels the
input circular polarisation. It is used to diagnose potential spuri-
ous polarised signal (due to instrumental, data reduction issues,
or stellar pulsations).

The polarimetry pipeline computes the Stokes spectra by
identifying all sequences consisting of four sub-exposures, en-
suring that the polarimeter is positioned at the correct angle for
each, and calculating the corresponding polarimetric spectra for
each sequence, including their associated uncertainties, as de-
scribed in [Bagnulo et al.| (2009). The Barycentric Earth Radial
Velocity (BERV) shift is corrected before calculating the po-
larimetric spectra. This pipeline was originally developed to use
non-blazed corrected, and non-continuum normalised individual
spectra. We have therefore adapted the code to allow the use of
our normalised individual spectra. This has also impacted the
computation of the uncertainties, which needed to be divided by
the blaze and normalised by the continuum. All spectra are ex-
tracted with respect to the intensity continuum (/.), namely //1,
V/I., and N/I. In the following, we adopt the simplified writing,
1, V,and N as their normalised value.

3. Analysis and results

In this section, we present the results of our analysis performed
on the photospheric lines of the spectra, both in intensity and
polarisation, with the final objective being to detect the Zeeman
signature in the Stokes V spectra, and to determine either the
magnetic strength, or an upper limit on the dipolar magnetic field
when no magnetic field is detected. We detected photospheric
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lines in the spectra of all our sources, except for one: the FS pro-
tostar IRAS 03413+3202. Furthermore, the signal-to-noise ratio
(S/N) values obtained for two Class I sources with H magnitude
greater than 10 (GY92214 and GY92 378) are too low to con-
strain either their effective temperatures or their magnetic fields.
In the following, we will therefore exclude those three objects.
In addition, the dataset of V347 Aur has already been analysed
and published in Donati et al.[(2024a). The methods used in this
paper are similar to those we have used on our data. We have
therefore not re-done the analysis for this object, but we kept the
source in our sample for the statistical analysis we performed
and in the discussion. We present below the photospheric line
analysis we performed on the 14 remaining sources.

3.1. Effective temperature determination

We employed two complementary approaches to estimate the ef-
fective temperatures (T.g) of our targets. Our primary method
consisted of fitting the observed spectra with synthetic spec-
tra computed using the MARCS atmospheric models (Gustafs-
son et al.|[2008}; [Plez 2012) and the spectrum-synthesis code
ZeeTurbo, following the procedure described in |Cristofari et al.
(2023). We assumed solar metallicity and a fixed microturbulent
velocity of 1kms™! and broadened with a gaussian profile of
full width at half maximum (FWHM) of 4.3 kms™! to account
for the instrumental width. In our fitting process, we fixed the
macroturbulence to 0 km s~! and allowed the projected rotational
velocity (vsini) and veiling in the H and K bands to vary. First,
we also allowed the magnetic field to vary. However, the strong
veiling and limited S/N of the individual spectra do not allow us
to constrain the magnetic field strengths. We therefore choose to
perform the fit by assuming null magnetic fields. We indeed ob-
serve that the derived effective temperatures are not significantly
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affected by this choice. Appendix [B| provides an example of the
fits obtained with this procedure.

Each spectrum was visually inspected, and only the fits ob-
tained from the highest quality data were retained. When this
method did not yield a reliable solution, due to excessive line
broadening, low S/N, or strong veiling, we adopted another
method. We have computed synthetic spectra using the MARCS at-
mospheric models and SYNTH3 radiative transfer code. We used
the Vienna Atomic Line Databaseﬂ (VALD) to compute spec-
tra over the SPIRou wavelength range. We have adopted micro-
turbulent and macroturbulent velocities of 2kms™', solar abun-
dances, and a surface gravity of log g = 3.5 (cgs). We have com-
puted a grid of models of effective temperatures between 3500
and 6000 K with a step of 250K, and of vsini values from 5
to 80 kms~! with a step of 5kms~!. For each observation we
have selected one or two spectral regions in the H band, which
gather spectral lines of enough S/N, and sensitive to the effective
temperature. We used the independently determined veiling and
radial velocity values, and then computed a y? value for each
model. The effective temperature was selected based on the y?
minimisation criterion. This method has the advantage to not fit
too many parameters that cannot be constrained with the quality
of our data, but to constrain the temperature with uncertainties
around 250 K, which is enough for the computation of the Least
Squares Deconvolution (LSD) profiles (see Section[3.2). Indeed,
a variation of +500 K of the mask does not significantly change
the LSD profile shapes, the B, values, and the corresponding un-
certainties. We emphasise that the quality of our data does not
allow us to constrain the microturbulent velocity, and we there-
fore choose to fix it to usual values for young cool stars, around
1 or 2 kms~! (Doppmann et al.[2005). As the broadening of the
spectral lines is dominated by vsini (see Table [E.T), the choice
of the microturbulent velocity value has a negligible effect on the
temperature fit. Similarly, the macroturbulent velocity cannot be
constrained with our data. Indeed, it affects only the wings of the
spectral lines, which are usually lost in the noise. Our choices of
0 to 2 kms~! for the macroturbulent velocity have a negligible
impact on the effective temperature determination.

The veiling in the H- and K- bands E] (rg and ri) has been
measured using our spectra by comparing photospheric spectral
lines with those of a cool star template of the same effective tem-
perature, which is evolved enough so that circumstellar material
is absent and cannot contaminate the spectrum any further. The
method is described in |Sousa et al.| (2023)), and the measured
veiling values are summarised in Table [E.T]

Determining the effective temperature of VV CrA SW is
challenging due to the weakness of its photospheric lines. Ac-
cording to Prato et al.|(2003)), the SW component does not differ
significantly from the NE component. However, the color-color
diagram (see Fig. 3 in|Prato et al.|[2003)) suggests a slightly lower
temperature. VV CrA SW is therefore expected to be in the range
of 3500 and 4000 K. We adopt an intermediate value of 3750 K
for the effective temperature. This choice has only a minor im-
pact on the LSD profiles and remains consistent with the pres-
ence of photospheric features observed in the LSD profiles (see
Appendix [E), indicating that the corresponding temperature is
appropriate.

Our analyses are strongly impacted by the large broadening
and strong veiling for several stars. To mitigate the impact on
our temperature estimates, we inflated the error bars to reflect the

* https://vald.astro.uu.se/
5 veiling measurements in the Y and J bands were not possible due to
noise because of dust absorption

Table 1. Effective temperatures of our sample

Source ID Test o Method
K K

V806 Tau 4000 150 | ZeeTurbo
MHO 3 3750 100 | ZeeTurbo
MHO 2 3250 50 | ZeeTurbo
IRAS 04292+2422 W | 4750 50 | ZeeTurbo
IRAS 04113+2758 N | 3500 100 | ZeeTurbo
IRAS 04369+2539 5000 250 | SYNTH3
HL Tau 4000 250 | SYNTH3
IRAS 16191-1936 4000 200 | ZeeTurbo
L1689 SNO2 3500 100 | ZeeTurbo
IRAS 03247+3001 4000 250 | SYNTH3
V512 Per 5000 250 | SYNTH3
VV CrA SW 3750 - -
VV CrA NE 4000 250 | SYNTH3
SVS20S 4000 250 | SYNTH3

Notes. Effective temperatures (Te;) and their uncertainties (o) deter-
mined using either ZeeTurbo or SYNTH3.

dispersion of the results obtained over several nights, when pos-
sible. The final temperatures were rounded to the nearest 250 K,
matching the temperature grid of the line masks used for the LSD
analysis. The adopted effective temperatures range from 3250 K
to 5000 K with a median of ~4000 K, and are summarised in
Table[Il

3.2. Least-Squares Deconvolved profiles

The LSD is a multi-line technique for computing a pseudo-
average line profile as a function of velocity, from a spectrum
(Donati et al.|/[1997). By combining the signal contained in all
the spectral lines simultaneously, this method allows us to sig-
nificantly increase the S/N of our data. The circular polarisation
induced by the Zeeman effect at the surface of protostars is ex-
pected to be of the order of a few 10 times the continuum in-
tensity, for a typical average line-of-sight magnetic strength of
a few hundred Gauss, in a moderate rotator (vsini~20kms™").
This signal cannot be detected in individual lines of spectra, even
with S/N of 100 to 200. The LSD method allows gaining a factor
of a few tens in the S/N (depending on the spectral type, and on
the level of circumstellar contamination in the spectra), enabling
the detection of stellar magnetic fields.

The fundamental principle of the LSD method is based on
the hypothesis that the observed spectrum is the result of the
convolution of an intrinsic line profile, inherent to the star, with
a mask that indicates the wavelength, depth, and magnetic sen-
sitivity of all the lines expected to form in the stellar spectrum.
The method works by essentially reversing this process, i.e. de-
convolving the observed spectrum by the line mask.

The line masks are generated using VALD (Piskunov et al.
1995), which selects the lines that can be formed in the photo-
sphere of a star for a given effective temperature, surface gravity,
microturbulence, and chemical composition. We used the effec-
tive temperatures tabulated in Table [l We assumed a log g of
3.5, expected for Class I sources (Flores et al.|2024), solar abun-
dances, and a microturbulent velocity of 2km s~ that is typical
in stars with convective envelopes (Doppmann et al.[2005).

In the following, we used the tools provided by the
SpecpolFlow package E] developed and maintained by |[Folsom

© https://github.com/folsomcp/specpol Flow
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et al.| (2025)). Before proceeding with LSD, the interactive mask
cleaning tool cleanMaskUI was used to clean and tweak the
line mask of each source. In the cleaning process, we removed
the lines from the original mask that do not comply with the LSD
assumption that all spectral lines have the same shape (e.g. emis-
sion lines or heavily damped lines like H lines). Additionally, we
removed regions strongly contaminated by emission lines, the
CO region (CO rovibrational lines from 2.29 ym and above), and
the Y and J bands because they were too noisy in our sources.
The tweaking process consists of adjusting the relative strengths
of the lines of the mask to those observed, within one order.
Careful cleaning and tweaking of the mask for each star signifi-
cantly improve the LSD profile. Finally, to compute the profiles,
we used the LSDpy package of SpecpolFlow.

Each LSD profile is computed within + 200 kms~! around
the central velocity of the individual lines, with a velocity pixel
size of 2.4kms~! to match the mean spacing of the spectral pix-
els, or 4.8 kms~! for the fastest rotators (vsini>35kms™"). For
all sources, we used a magnetic Landé factor of 1.2, an average
depth of 0.2 and a mean wavelength of 1660 nm, as normalisa-
tion factors.

The S/N of the LSD profiles is significantly higher than the
S/N of the individual spectra, with a gain ranging from 20 to 75
(see Table[D.T)). The LSD profiles for the 7, V, and N spectra are

shown in Fig.

3.3. Magnetic field detection

A Zeeman magnetic signature manifests as a coherent non-zero
signal spanning the full width of the photospheric line profile in
the circular polarisation profile (V profile) with no counterpart
in the null profile (N profile) as shown in Fig. 2} This ensures
that the detected signal results from an astrophysical magnetic
field, ruling out other phenomena that might influence the obser-
vations.

We can observe in Figure [E.] that the N profiles are consis-
tent with zero, confirming that the polarimeter and data reduction
perform as expected. If the V profile shows a significant non-
zero signal, while the N profile remains null, we are confident
that this signature is of stellar origin.

To assess the significance of the non-null Zeeman signature
in the Stokes V profile, we can derive the False Alarm Proba-
bility (FAP). It quantifies the likelihood that the observed signal
is due to random fluctuations rather than a real physical phe-
nomenon. To ensure robust results, the FAP should be as low as
possible. Following Donati et al.| (1997), the criteria for inter-
preting the FAP and evaluating magnetic detections are:

— Definite Detection: the FAP must be below 107>, indicating
a very low probability that the signal is due to noise, which
means the magnetic field is detected.

— Marginal Detection: the FAP should be between 107> and
1073, suggesting that the detection is probable but requires
further verification or more observations to confirm it.

— No Detection: the FAP must be greater than 1073, indicating
no magnetic field is detected.

We computed the FAP as in [Donati et al.| (1997) using
SpecpolFlow, by computing the reduced y* of the profile com-
pared to a null model, and applied the y? statistics to convert
them to detection probabilities (Pget). The FAP is then computed
as 1 — Py This value depends on the uncertainties of the LSD V
profile. The cleaning and tweaking of the mask are therefore im-
portant. The FAP values are calculated within the photospheric
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Fig. 2. LSD profiles of V806 Tau. Different colours are used for the
different observations. The Y-axes are I/Ic, N/Ic, and V/Ic, where Ic is
the intensity of the stellar continuum. The 7 profile represents the total
intensity. Stokes V shows a clear Zeeman signature, which corresponds
to an actual magnetic detection because the signal is significantly non-
null compared to the surrounding noise and the N profile remains flat in
the velocity domain.

LSD profiles. We therefore used a different velocity range for
each star (see Table [3). Those ranges are defined as the regions
where the LSD profile intensity is below the continuum in Stokes
1. We have also computed the FAP in the N profiles using the
same velocity range, as a sanity check. If a detection is obtained
in N therefore the V profile is not reliable, and no conclusion
can be made. However, it is not the case in our sample. The FAP
values are listed in Table[ET]

We considered a magnetic field to be definitively detected in
a star if we have at least one definite detection in one V observa-
tion, with no detection in the associated N observation. Accord-
ing to this detection criterion, our sample contains five magnetic
stars (V806 Tau, MHO 3, MHO 2, IRAS 16191-1936, L1689
SNO2), while nine stars do not show magnetic detection. Mag-
netic field appears to be detected only in FS protostars, this point
is discussed in Sect. 4.1}

3.4. Mean longitudinal magnetic field (By)

The mean longitudinal magnetic field component (B;) represents
the projection of the magnetic field along the observer’s line of
sight, integrated over the observed stellar surface. The mean lon-
gitudinal magnetic field B, is determined, in Gauss (G), using the
equation of Wade et al.| (2000):

@vdv

By=214x 10" ——<
‘ 8 /lch[l — %V_)]dv

ey

where A is the central wavelength of the spectral line in nm, z
is the Landé factor, ¢ is the speed of light in vacuum, v is the
velocity, V and [ are the Stokes parameters, and /. is the inten-
sity of the continuum. We apply this equation to LSD profiles.
We have, therefore, used the normalisation values from the LSD
computations: 1660 nm for A and 1.2 for z. We used the same
velocity range as used for the FAP determination (Table [3). The
LSD profiles are not shifted to the stellar rest frame, resulting in
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asymmetric velocity windows. The uncertainties on B, are com-
puted by propagating the errors of the / and V profiles in Eq.[I]
The values of B, are listed in Table[E.I] They range from ~80 G
to ~200 G in absolute value for the five magnetic protostars.

4. Discussion
4.1. Study of observational bias

In our final sample, six protostars (including V347 Aur) exhibit
clear detections of large-scale magnetic fields, through Zeeman
signatures in their Stokes V profiles, confirmed with the FAP
analysis. However, no magnetic field was detected in nine tar-
gets. This could indicate that these sources host significantly
weaker magnetic fields, but it is first necessary to verify that
this result is not driven by any observational or methodologi-
cal bias. To better understand why some stars in our sample did
not show detectable magnetic fields, we therefore investigated
potential biases by comparing stars with definite magnetic de-
tection (DD) to those with no detection (ND). We analysed how
magnetic detectability correlates with various stellar and obser-
vational parameters, including the effective temperature, pro-
jected rotational velocity, veiling, signal-to-noise ratios, and the
uncertainty on the longitudinal magnetic field measurements.

For each parameter, we constructed two cumulative dis-
tribution functions (CDFs), one for the DD sample, and one
for the ND sample. We then performed a non-parametric Kol-
mogorov—Smirnov (KS) test to quantify the differences between
the two distributions. The KS statistic s represents the maximum
distance between the two CDFs, providing a measure of their
discrepancy, while the p-value quantifies the statistical signif-
icance of this difference. A p-value of p > 0.05 indicates no
significant difference, while p < 0.05 suggests a significant dif-
ference between the distributions.

For some parameters such as Teg, v sin i, and H mag, the tests
are performed per source, while for the other parameters (e.g.
veiling, o(B¢), S/N) they are performed per observation. The
source sample contains the 14 protostars analysed in Sect.[3] to
which we added V347 Aur, analysed in [Donati et al.| (2024a),
for which we used the observation of November 22nd 2022, rep-
resentative of the 80 observations obtained for that source. The
observation sample contains all observations listed in Table [D.T]
plus the V347 Aur observation. The veiling is not available for
VV CrA SW because of the weak photospheric lines. The results
of the tests are summarized in Table

On the birthline, at effective temperatures below ~4750K
(Fig. 1 in |Villebrun et al.|2019), stars are expected to be fully
convective at solar metallicity. For a given mass, as the tem-
perature (hence age) increases, the convective envelope shrinks,
possibly resulting in weaker fields, as observed in Class II stars
(Gregory et al.|[2012). Furthermore, the higher the temperature,
the lower the number of spectral lines contained in the mask.
Thus, we could, expect a lower incidence of magnetic field de-
tections in hotter stars. Nonetheless, we find that the effective
temperature does not appear to significantly influence the oc-
currence of magnetic detections in our sample. In Fig. [3] we in-
deed observe that the detected magnetic stars are spread over our
temperature range. However, this lack of correlation may not be
significant, given the small sample size and the fact that our tem-
perature range is relatively narrow.

Our sample exhibits relatively simple Zeeman signatures,
suggesting that the magnetic geometry is dominated by low or-
der large-scale magnetic field. The rotational broadening of the
spectral lines could also affect magnetic detectability. Indeed,

Table 2. Results of the KS tests between the ND and DD samples

Tested

parameter s p
Tegr 0.44 0.41
vsini 0.28 0.90
TH 0.70  0.0003
K 0.64 0.002
o(By) 0.70  0.0004
S/N;s 0.39 0.13
S/NLsp 0.28 0.47
H mag 0.22 0.99

Notes. From the top to bottom the tested parameters are the effec-
tive temperature, projected rotational velocity, veiling in the H- and
K- bands, uncertainty on B, the S/N in the spectrum and in the LSD
profiles, and the magnitude in H. The s and p values of the KS tests
are given between ND and DD. Bold fonts highlight the tests that sig-
nificantly reject the null hypothesis at a 95% confidence level (i.e.,
p < 0.05).

for a similar magnetic field, the Stokes V signature in a star with
a low vsini will have a larger amplitude than in a star with a
large v sini, as the same Zeeman signature will be spread over a
smaller velocity range in the first case compared to the second
one (presuming that the large-scale field is simple enough and
regions of opposite polarities do not cancel out their respective
signatures). If the S/N is the same in both cases, then the sig-
nal in the second case will be more diluted in the noise, and the
FAP will be higher. When v sin i is larger, the magnetic detection
probability is therefore lower.

Whatever the sample considered, we find that the null hy-
pothesis cannot be rejected. Therefore, no significant difference
is found between the DD and ND vsini distributions. Remark-
ably, we are even able to detect magnetic fields in stars with
vsini as high as ~55kms~!. At the same time, large-scale mag-
netic fields are not detected in many protostars with low v sini
(Fig. E]) Because, for almost all stars in our sample, the vsin
was unknown or poorly constrained at the time of the obser-
vations, we could not take this parameter into account in the
computation of our exposure times. Our observational strategy
appears, therefore, adequate as it allowed to avoid a potential
vsin i observational bias.

Another parameter that may influence magnetic detections
is the veiling. Veiling refers to the dilution of photospheric ab-
sorption lines due to excess continuum emission, typically in-
terpreted as a signature of active accretion in young stars (Con-
nelley & Greene|2010). If a star exhibits strong veiling, this can
affect the detectability of magnetic fields by reducing the line
contrast with respect to the intensity continuum and, therefore,
increasing the relative noise in Stokes I and V profiles (see Ap-
pendix[C). The KS tests reject the null hypothesis at a confidence
level higher than 95% when comparing the veiling distributions
of the DD and ND samples, in both H and K bands, and in both
statistical samples. In Fig. [ we indeed find that the higher the
veiling, the lower the detection rate.

This indicates that the detectability of magnetic fields in our
sample is influenced by the veiling. For some objects we have
more observations than for others. We therefore verified that the
veiling—detectability trend remains when these targets (HL Tau
and IRAS 03247+3001) are excluded. If the veiling is not known
before setting up the exposure time of the observation, and be-
cause the depths of the photospheric lines in a veiled spectrum
are shallower than in an unveiled one, the veiled photospheric
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Fig. 3. The distribution of projected rotational velocity for each star
of the sample as a function of effective temperature. Magnetic stars are
represented in red and undetected magnetic stars in black. For the mag-
netic stars, the size of the symbols are proportional to the maximum
absolute values of the longitudinal magnetic field. For the non-detected
magnetic stars, it is proportional to the minimum of the 30~ uncertainty
on By.

line profiles will be noisier than the unveiled ones, which lowers
the contrast of the Zeeman signatures and may hamper Stokes
V detections (see Appendix [C). The fact that we do not detect
magnetic fields in the most veiled observations could therefore
be an observational bias. Moreover, veiling in Class I is higher
than in Class II, which could also explain the lower detectability
in our sample of Class I and FS protostars.

Figure [] illustrates that magnetic detections are found only
for the lowest values of ry and rg. The targets with the high-
est veiling are those for which the analysis of the photospheric
lines is most challenging. A significant discrepancy between the
adopted and the true effective temperature could also affect the
derived veiling values. However, this would modify the veiling
by at most a factor of two, which does not alter our conclu-
sions, as the associated uncertainties remain smaller than the
overall veiling amplitude observed across our sample. We also
remark that magnetic detections are only observed in FS proto-
stars, while none of the Class I protostars is detected. Class I
sources are usually more veiled than FS sources, which could
explain this result.

Finally, we may also wonder whether the quality of our data
affects magnetic detection. We find no significant differences be-
tween the S/N distributions of the DD and ND samples, consid-
ering the S/N in either the spectra (S/Ns), or the LSD profiles
(S/NLsp).

Our magnetic detection rate is not affected by the S/N of
our data but is affected by veiling. This means that we should
observe a correlation between the magnetic field detections and
the uncertainties of the longitudinal field measurements (see Ap-
pendix[C). Indeed, we find that the distributions of o-(B,) for the
DD and ND samples are significantly different (Table [2). Fur-
thermore, Fig.|4{shows that the uncertainties on B, are systemat-
ically lower for the least veiled spectra. The veiling phenomenon
could therefore be the main source of difficulty for detecting
magnetic fields in Class I and FS sources.
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Fig. 4. Veiling in the K band as a function of the veiling in the H band
for all observations of the sample. The size of the symbol is proportional
to the uncertainty of the longitudinal magnetic field and each symbol
corresponds to a different target. Magnetic stars are represented in red
and stars without magnetic detections in black.

4.2. Upper limits on the dipole magnetic field

Stars in which we did not detect a magnetic field may still host
one at their surface, but it may be too weak or too complex to
be detected with our current data quality. In this section, we aim
to estimate the maximal magnetic field strength a star can have
that would still remain hidden in the noise of our data. In the
case of a complex magnetic field, this is not easy because such
fields can exhibit a large variety of topologies, and a large am-
plitude of strength, which could remain hidden within a given
noise level. On the other hand, magnetic fields observed in fully
convective stars (i.e. in CTTS or M-dwarfs) are mainly dipo-
lar (Donati et al.|2011} |Gregory et al.|[2012; [Morin et al.|2008],
2010). Furthermore, our sample mostly contains simple Zeeman
signatures, most likely produced by low-order magnetic fields.
We will therefore only consider a dipole to compute the upper
limit.

To compute the upper limits on the magnetic field strength
at the pole for each of these stars, we assume an oblique rotator
(Stibbs|[1950), i.e. a star hosting a dipole of strength B, at the
pole, inclined by a magnetic obliquity S with respect to the ro-
tation axis Q, which is itself inclined by an angle i with respect
to the line of sight. For a given star with a given vsini, and a
given depth d; of the LSD [ profile, we can predict the shape of
the Stokes V profile at a given rotation phase, compare its ampli-
tude to the noise of our observations, and use the FAP method to
determine whether it would be detectable or not.

The weak field approximation is assumed to compute the lo-

cal Stokes V profiles (Landi Degl’Innocenti & Landolfi|[2004).
We can then run Monte-Carlo simulations assuming random i,
B, and rotation phase for one value of B, and count the num-
ber of detections. We repeat this process for several values of
Byo1, and trace the detection probability curve (e.g. Fig.
To be consistent with the literature, we chose the upper limit
By at a detection probability of 90%. The full description of the
methodology is detailed in|Alecian et al.|(2016)), and recalled in
Appendix [A]

We first computed the upper limits for the non-detected stars
using marginal and definite FAP criteria. The resulting values are
summarised in Table [3]| These upper limits are relatively high,
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Table 3. Velocity range and upper limits on the dipolar magnetic field
derived using the marginal (MD) and definite (DD) detection criteria for
each star

Velocity range  max(Bpq1) (G)

Source ID (kms-)  (MD) (DD)
V806 Tau -30/40 1900 3700
MHO 3 -50/60 4900 >5000
MHO 2 -16/40 3000 4300
IRAS 04292+2422 W 15/40 480 650
IRAS 04113+2758 N -6/30 1900 2300
IRAS 04369+2539 -30/60 >5000 >5000
HL Tau -40/65 4900 >5000
IRAS 16191-1936 -30/40 >5000 >5000
L1689 SNO2 -45/25 2500 4100
IRAS 03247+3001 -60/60 >5000 >5000
V512 Per -10/30 3300 4100
VV CrA SW -20/20 >5000 >5000
VV CrA NE -25/20 4700 >5000
SVS20S -70/60 >5000 >5000

Notes. The detected magnetic protostars are indicated in bold font.

ranging from approximately 500 G to more than 5 kG, suggest-
ing that relatively strong dipoles might indeed be present in these
stars, but are below the sensitivity of our observations.

To assess the reliability of these upper limit values, we also
computed them for stars with detected magnetic fields. We find
values between approximately 2 kG and more than 5 kG. We ob-
serve that the highest upper limits can be found independently
in detected and non-detected magnetic protostars. The projected
rotational velocity affects the upper limit on the dipole field
strength. A higher v sin i dilutes the Stokes V signature, implying
that stronger magnetic fields are required for a detection in stars
with large v sin i, compared to stars with low v sini. We find, in-
deed, that all sources with a limit above 5 kG have a v sin i larger
than 35 kms~!. The fact that such large limits are found in DD
and ND protostars means that large v sin i is not the main param-
eter that hampers the detection of magnetic field. This is in line
with the similar v sin i distributions that we find between the DD
and ND samples (Sect. {.1).

It is interesting to note that both ND and DD samples have
similar upper limits. This suggests that if our non-detected sam-
ple hosts dipolar magnetic fields of comparable strength to those
of the detected stars, they would likely have been detected. The
non-detected stars might then host weaker or more complex
magnetic fields, if any.

4.3. Impact of our magnetic measurements on the origin and
evolution of stellar magnetic fields

We conducted a spectropolarimetric analysis of a sample of
Class I and Flat-Spectrum protostars, aiming to investigate the
presence of large-scale magnetic fields. All young, low-mass ob-
served protostars are expected to be fully convective or to have
a large convective envelope (Pallal|1998; [Baraffe et al.[2017),
we expect all of them to host detectable magnetic fields, gen-
erated by convective dynamos, as in low-mass main-sequence
stars. However, magnetic fields were detected in only 6 out of
the 15 stars of our final sample, corresponding to 40 % of the
sample. This relatively low detection rate raises several ques-
tions regarding the magnetic origin of these young stars, their
internal processes, and their magnetospheric environments. In

particular, the absence or apparent non-detection of large-scale
magnetic fields in a substantial fraction of Class I and FS objects
challenges the assumption that such fields are ubiquitous at these
evolutionary stages.

A central question that emerges is whether large-scale mag-
netic fields, commonly observed in more evolved systems such
as CTTS, are truly universal across all largely-convective stellar
objects. Assuming that our protostars lie on the birthline, we ex-
pect them to be fully convective up to an effective temperature
of 4750 K, and have a convective envelope of mass larger than
40 % of the stellar mass up to 5250 K (Villebrun et al.2019).
Under this assumption, ~80 % of our sample is fully convective,
while the remainder has a radiative core plus a large convective
envelope. We can also estimate the range of mass probed by our
sample using the effective temperatures derived in Sect. 3.1} We
find a range of 0.2 to 2.5 M. This means that their direct de-
scendants are the CTTS of low- and intermediate-mass (Herbig
1962; |Villebrun et al.|[2019)). The magnetic properties of these
objects have been intensely characterised thanks to dense spec-
tropolarimetric monitoring, and Zeeman Doppler Imaging anal-
ysis (e.g. Hussain et al.|2009; [Donati et al.[2013} [Pouilly et al.
2020; [Nowacki et al.|2023f [Zaire et al.|2024)). Magnetic fields
are detected in fully convective stars, and almost all of them host
a strong (> 1 kG) magnetic field, dominated by a dipolar com-
ponent, and sometimes a multipolar magnetic field. When pub-
lished, the maximum absolute B, values are larger than 400 G
and can reach 900 G. Our snapshot observations do not allow us
to perform ZDI to retrieve the topology of the magnetic field we
have detected in our sample. However, we do not detect strong
magnetic fields in all of them: the maximum absolute B, value is
200 G. A single measurement of By is strongly dependent on the
rotation phase. Our phase sampling is less complete than that
of the ZDI studies, therefore we may have missed the rotation
phases when B, is maximum. However, out of the 16 observa-
tions we obtained for the 5 magnetic protostars, none are higher
than 200 G, which are at most similar, but mainly weaker than
in fully-convective CTTS (Donati et al.|[2024b|c}; [Nowacki et al.
2023)).

On one hand, Class I and FS protostars have a larger radius
than CTTS as they are less evolved. Class I and FS protostars are
younger than 1 Myr, but probably older than 0.5 Myr (Fiorellino
et al.|2023). CTTS are 1 to 3 Myr old (e.g. Zaire et al.[2024)). Ac-
cording to stellar evolutionary models (e.g. Baraffe et al.[2015),
from 0.5 Myr to 3 Myr, the radius decreases by a factor up to 2.
If we assume a constant magnetic flux as the protostars evolve
towards the pre-main-sequence, then the surface magnetic field
can increase by a factor up to 4, which could explain why the
By in our sample are in general weaker than at later stages. On
the other hand, it is not clear whether magnetic flux conserva-
tion can be invoked when magnetic fields are of dynamo origin.
Indeed, the major structural difference between Class I and fully-
convective Class II stars is the surface gravity, hence the gravity
gradient within the convection zone. Magneto-hydro-dynamical
models of convective stars of various stratifications are required
to understand the role of stratification in the efficiency of dynamo
processes. Within the PROMETHEE project, we are developing
models for different stratification levels, which will help us to
interpret this result (Guseva et al., in prep.).

Finally, it is interesting to mention that in fully convec-
tive main-sequence M dwarfs, a phenomenon known as dy-
namo bistability has been observed (Morin et al.|[2010). In this
scenario, stars with identical global properties (mass, rotation
rate, convection regime) can exhibit either strong, predominantly
dipolar magnetic fields or much weaker, complex, and multipo-
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lar fields. It is plausible that a similar mechanism is at play in
our sample, and could explain part of the non-detections.

4.4. Comparison with the total magnetic fields

A study of 32 Class I and FS protostars was conducted by |[Flo-
res et al.| (2024)), focussing on measuring the average strength
of the total magnetic field. They used K-band observations with
the high-resolution near-infrared echelle spectrograph iSHELL
on the IRTF (Hawaii), achieving a spectral resolution of 50 000.
Their targets share similar star-forming regions, magnitudes, and
spectral indices with ours. They used the radiative transfer code
Moog Stokes (Deen!|2013) to derive stellar parameters (effec-
tive temperature, surface gravity, mean magnetic field strength
<B>, and projected rotational velocity vsini), as well as stellar
masses and ages, based on magnetic stellar evolutionary models
from [Feiden| (2016)).

As their data are of similar quality to ours, and they used
a model similar to ours to fit the spectra, it is first interest-
ing to compare their results with ours. Both studies cover sim-
ilar effective temperatures, and vsini ranges (see Fig. [5). [Flo-
res et al.| (2024) reports a mean effective temperature of 3450
K and an average vsini of 26 km s~!, while our sample shows
a higher average effective temperature of 4000 K and an aver-
age vsini of 36 kms™' . The distributions of the two samples
are therefore slightly different. In proportion, we have more stars
with v sin i larger than 40 km s™!, and with effective temperatures
higher than 4000 K. In addition, we find that we have four tar-
gets in common with their sample: MHO 2, V806 Tau, L1689
SNO2, and V347 Aur, which enable a direct comparison. We
find similar projected rotational velocities, vsin i, although our
derived effective temperatures are slightly higher, but still con-
sistent within the uncertainties.

Out of their 32 sources, [Flores et al.| (2024) was able to mea-
sure non-null <B> in 27 of them, and report upper limits for
the 5 remaining sources between 0.8 and 1.2kG. Among the
27 sources with a measured magnetic field, they report an av-
erage magnetic field strength of approximately 2 kG, consis-
tent with the values typically found in more evolved Class II
sources (Johns-Krull{2007). These measurements, based on Zee-
man broadening, are sensitive to the total magnetic field, in-
cluding both large and small-scale components. In contrast, our
spectropolarimetric method is sensitive only to large-scale mag-
netic fields. These two approaches probe different components.
Indeed, while Zeeman broadening captures the cumulative sur-
face magnetic field regardless of orientation, spectropolarimetry
detects only the longitudinal component of the field. This means
that regions of opposite polarity on the stellar surface can cancel
each other out. If the stellar magnetic field is only organised on
small scales, or is a combination of large- and small-scales fields,
therefore the spectropolarimetric method leads to an underesti-
mation of the total magnetic field (See et al.[2019;|Lehmann et al.
2019).

As already mentioned, our snapshot sample cannot be used
to determine the topology and strength of the large scale mag-
netic field, and therefore estimate its contribution to the total
magnetic field measured through Zeeman broadening. However,
if we assume that our magnetic sample contains only dipo-
lar fields, then we can use the statistical relationship between
the cumulative longitudinal magnetic field (<By>y) of a mag-
netic sample, and its average total magnetic strength <B>,,.
Kochukhov| (2024) determined a statistical relationship between
the two parameters by running many simulations of dipoles at
the surface of an AQ main-sequence star for random magnetic
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obliquities and inclinations, and of a linear limb-darkening pa-
rameter of 0.5. The average value of limb-darkening parameter
of our sample is 0.4 (Claret & Bloemen|2011). When correcting
for our different limb-darkening value, the relationship can be
written as:

(BYay = 404:1)% (B¢)rms (2)

where (By)ms is the root-mean-square of our measurements
of By in our magnetic sample.

Based on Eq.[2] the mean surface field modulus for our mag-
netic sample would be approximately 450 + 200 G, assuming it
hosts only dipolar fields.

This value is well below the average value obtained from
Zeeman broadening by [Flores et al.[(2024), as in most low-mass
stars, i.e. consistent with dynamo fields. This suggests that a
significant portion of the magnetic energy in these protostars is
stored in small-scale magnetic structures, likely concentrated in
active regions or spots, rather than in a globally organised dipole.

Complementary observations, including the monitoring of
some targets, will allow us to better measure and characterise
the full magnetic topology through ZDI. This method will pro-
vide a more detailed view of the large-scale field and a more
complete picture of the magnetic environments in Class I and FS
protostars.

When they are strong enough, large-scale fields are respon-
sible for funnelling accretion flows, generating hot spots, and
regulating angular momentum transport through magnetospheric
interaction (Bouvier et al.|2014; Romanova & Owocki|2015)).
Meanwhile, small-scale magnetic activity contributes to coronal
heating, X-ray emission, and potentially to disk ionisation and
chemistry, impacting planet formation conditions from the earli-
est evolutionary stage of solar-type stars (Grosso et al.[[2020).
Therefore, characterising both the small and large-scale mag-
netic fields is essential to build a coherent picture of the magnetic
environment in protostars. Such an analysis will be presented for
a few stars in a following paper.
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Fig. 5. Projected rotational velocities vsini, as a function of effective
temperatures measured in this work (blue), and in the work of |Flores
et al.| (2024) (red). The connected points with the dashed-line indicate
the common stars in both samples.

5. Conclusions

We have carried out a detailed analysis of 14 Class I and FS
protostars using SPIRou, aiming at characterising their stellar
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and large-scale magnetic properties. When including V347 Aur,
the final statistical sample comprises 15 objects. When possible,
we derived effective temperatures, and using LSD profiles, we
measured the detection probability of a Zeeman signature in the
Stokes V profiles, the longitudinal magnetic fields, the projected
rotational velocities, and the radial velocities. Our results can be
summarized as follows:

1. We detect large-scale magnetic fields in 6 out of 15 proto-
stars, with absolute longitudinal field strengths ranging from
approximately 80 G to 200 G. In contrast, nine objects show
no clear magnetic signature.

2. Effective temperatures for our sample of Class I and FS
sources range from 3250 K to 5000 K, with a median value
of approximately 4000 K.

3. We find no significant correlation between magnetic field de-
tection and stellar parameters, such as effective temperature
or projected rotational velocity.

4. We find a correlation between magnetic field detection and
veiling, suggesting that veiling influences the detectability of
magnetic fields by diluting the signal in the Stokes V profile.

5. We derive upper limits on the dipolar field strength, with a
median value below 3 kG, indicating that strong magnetic
fields may still be present but are below our detection thresh-
old when no magnetic field is detected.

6. The longitudinal magnetic field values of our magnetic sam-
ple do not seem to reach the higher levels observed in their
evolutionary descendants, i.e. the fully convective CTTS.

7. Our statistical estimate of the average total field strength
of our magnetic sample is significantly lower than those
obtained via Zeeman broadening studies (e.g. |[Flores et al.
2024). This may suggest that a significant portion of the
magnetic energy in these protostars is stored in small-scale
magnetic structures, likely concentrated in active regions or
spots, rather than in a globally organised dipole.

Our analysis highlights the challenges of detecting large-
scale magnetic fields in Class I and FS protostars, especially
when the fields are weak, complex, or below our detection
thresholds. This naturally raises the question of how early in the
stellar formation process magnetic fields become detectable and
dynamically important.

In CTTS, the magnetic star—disk interaction is well docu-
mented (Bouvier et al.|2007; Hartmann et al.|2016). The strong
dipolar component of the stellar magnetic field truncates the in-
ner disk at a few stellar radii, and funnels accreting material
along magnetic field lines, forming accretion columns. In a fol-
lowing paper, we will investigate whether there is any correlation
between magnetic field detections and the equivalent widths of
Bry and Paf emission lines, which are commonly used as ac-
cretion tracers in embedded protostars (Antoniucci et al.| 2008}
Fiorellino et al.|2021). We cannot rule out that magnetospheric
accretion processes are at play in all sources that we observed.
If magnetospheric accretion occurs in Class I and FS objects,
strong kG large-scale magnetic fields are likely required, given
the higher mass accretion rates of such objects compared to
Class II (Fiorellino et al.|[2023)).

The comparison with Zeeman broadening measurements,
which are sensitive to the total surface magnetic field, suggests
that a significant fraction of the magnetic energy in these young
stars may reside in small-scale field structures, undetectable
through circular polarisation due to spatial cancellation, or that
the magnetic topologies may vary widely, possibly due to dy-
namo bistability, as seen in fully convective M dwarfs (Morin

et al.|2010). This underlines the importance of combining differ-
ent observational diagnostics to obtain a comprehensive view of
stellar magnetism.

Importantly, recent studies have pushed the observational
frontier to even earlier stages. Although Class O protostars are
even more deeply embedded and challenging to observe, re-
cent studies have begun to detect photospheric absorption lines
in these objects (Greene et al.|[2018; [Le Gouellec et al.|[2025).
These detections open promising prospects for future spectropo-
larimetric studies of Class O sources, offering the potential to
provide critical constraints on the initial conditions of dynamo
generation and accretion physics, and trace magnetic field evo-
lution from the very first stages of stellar formation. Class O ob-
jects have similar accretion diagnostics as in the more evolved
Class I and II protostars (Laos et al.|[2021; [Le Gouellec et al.
2024), maybe suggesting that strong and organised stellar mag-
netic fields are present.

This study demonstrates the capabilities of SPIRou to probe
the large-scale magnetic fields of embedded protostars, making
it a powerful tool to characterise magnetism in the early stages of
star formation. The next step is to perform ZDI on our magnetic
sample. This will permit to unveil the topology of the magnetic
field in Class I and FS objects, which has never been done to this
date. These topologies will be a key element in understanding
the evolution of magnetic fields in protostars and of the star-disk
interactions.
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Appendix A: The dipole strength upper limit
method

We implemented a method to derive the projected rotational ve-
locity, line depth, and radial velocity from observed stellar ab-
sorption line profiles by fitting synthetic profiles computed from
a physical stellar model. The model computes spectral line pro-
files based on the three key parameters. These parameters are
iteratively updated in a configuration file before each model run.
The synthetic profiles are compared to observed data by com-
puting the total y? statistic, accounting for measurement uncer-
tainties. A Nelder—Mead simplex algorithm is employed to min-
imise y? by adjusting the parameters simultaneously, searching
best-fit values for line depth, vsini and v,4. Confidence inter-
vals for each parameter are derived through one-dimensional
x? scans. For each parameter, values around the optimum are
scanned while re-optimising the others, and uncertainties corre-
spond to Ay? = 1, representing 68 percent confidence intervals.

The Nelder-Mead algorithm is particularly well-suited for
minimising functions that are difficult to differentiate, such as
a x? function. To better constrain the initial parameters, we es-
timated them with a Gaussian fit, which provides a reliable esti-
mate of the most probable initial values. To estimate the uncer-
tainties associated with the optimised parameters, we performed
a detailed y? analysis. Starting from the optimal parameter val-
ues, each parameter was varied individually by 20% around its
best-fit value while keeping the other parameters fixed. For each
parameter, the y? function was evaluated at 20 evenly spaced
points within this range. The minimum total ¥ value is com-
puted, the upper and lower bounds of the parameter were found
by locating the points where y? = Xﬁlin + 1. These bounds de-
fine the asymmetric uncertainties (o— and o) for each param-
eter, reflecting the sensitivity of the y? function to changes in
the parameter values. To further validate the reliability of the un-
certainties, we compared the results with other methods, such
as Monte Carlo simulations and Probability Density Function
analysis. Additionally to the one-dimensional analysis, we per-
formed a two-dimensional y? analysis to examine correlations
between pairs of parameters. In this case, the criterion for the
68% confidence region corresponds to Ay? = 2.4, as there
are two free parameters. These complementary approaches con-
firmed the robustness of the uncertainty estimates, ensuring that
the reported confidence intervals are both accurate and reliable.

The detection limit of the magnetic field, denoted By, rep-
resents the value below which the magnetic field signal can re-
main below the noise level (Alecian et al.|2009, [2016)). To esti-
mate the maximum strength, we use the oblique rotator model
(Stibbs|[1950). We assume a dipolar configuration, which is the
simplest magnetic model (see Fig. 9 in|Alecian et al.|2016)), and
fit the corresponding local profiles to our LSD I observations.
The three free parameters in the fitting procedure are the / line
depth, the vsini, and the radial velocity. We fitted each obser-
vation independently, which results in slightly different values
of these parameters for different observations of the same star.
However, the measurements remain consistent within the error
bars. The variations observed in vsini can be explained by line
profile variability in the Stokes / profiles (see Fig[E.T).

Next, a Monte-Carlo method is used to simulate a grid of
1000 synthetic V profiles for each observation, where random
values are assigned to the model parameters. Each model uses
a random inclination angle i, obliquity angle 5, and rotational
phase Q, with various values of the polar magnetic fields By
using the same mean Landé factor (1.2) and wavelength (1660
nm). The local line profiles are computed using an instrumen-
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Fig. A.1. Example of dipolar magnetic detection probability curve as a
function of the dipole strength. The colour curves represent the proba-
bility for each individual observation, while the black curve represents
the combined probability for all observations. The 90 percent threshold
is used to determine the field strength upper limit.

tal broadening corresponding to a resolving power of 70 000 and
a macroturbulent velocity of 5 kms~!. Indeed, the shapes of the
wings of the LSD [ profiles are not compatible with a null macro-
turbulent velocity. Furthermore, if we let it be free in the fit, we
obtain values that are unphysical. We, therefore, made a com-
promise and chose to fix it to a value that reproduces well the
wings of the LSD profiles, but is not too high. We should cau-
tion that the computation of the LSD profiles themselves may
produce artificially broadened wings because of, e.g. line blend-
ing, or depressed continuum. It, therefore, can be higher than

Article number, page 13 of 20



A&A proofs: manuscript no. aa58258-25

the value needed to fit the individual spectral lines for the tem-
perature determination in Sect. @ This value should, therefore,
be interpreted with caution. The surface integration of the lo-
cal profiles is done using a linear limb-darkening coefficient.
These values have been extracted from the |Claret & Bloemen
(2011} database for the corresponding effective temperatures of
our stars (Sect. [3.1)), assuming a surface gravity of 3.5, and so-
lar abundances. Because our LSD masks are dominated by H-
band lines, we choose the coefficients computed in this band,
and we used the mean values of both methods (Least-Squares or
Flux Conservation) used by [Claret & Bloemen| (2011) to com-
pute them.

Gaussian noise is added to each profile. This process is re-
peated for all the observations, with the 1000 models of V pro-
files enabling the calculation of the detection probability for a
range of magnetic field strengths. For each set of models, the
probability of detecting a magnetic field in each simulated V pro-
file is computed. This allows us to determine whether a magnetic
field is detected or not, using the False Alarm Probability. We en-
sured that the FAP does not exceed a prescribed value, using FAP
=103 for marginal detection (Donati et al.[1997)). We chose the
marginal criterion to be consistent with previous publications,
and be able to compare with other samples. We also compute the
upper limit using definite criterion. However, the choice of this
criterion is arbitrary, as all values will be affected in a similar
way. For each value of the field strength, we calculated the num-
ber of detections across several models for each observation and
plotted the detection rates as a function of field strength. A de-
tection rate of 90 percent is required to statistically consider that
the field would be detected in one observation. This enables us to
determine the upper limit of the field strength, below which we
are unable to detect it in our observations. Assuming the obser-
vations are all independent, we can compute the combined prob-
ability following the method outlined by Neiner et al.| (2015),
for various polar field strengths, and apply the 90 percent detec-
tion threshold to derive the upper limit. By analysing this curve,
we can determine a value of By,. This corresponds either to a
profile containing only noise or one in which the signature of a
weak magnetic field is hidden within the spectral noise in Stokes

V (see Fig[A.T).

Appendix B: Fitting example with ZeeTurbo

The best fit for one observation of IRAS 04113+2758 N, show-
ing all the lines used in the temperature fitting.

Appendix C: The effect of veiling on the
uncertainties of By

As our sources can be strongly affected by veiling, i.e. a con-
tinuum excess that adds to the stellar continuum, we explore its
effect on the uncertainties on the B, measurement. We can re-
write Eq.(T) as:

X Vv
B, = a)—/ where X = f I(V) vdy

Y:f[l—l(v)}dv
I

and @ = -2.14 x 10" /(1zc¢) ~ -358 Gkm™' s when using the
normalisation values of A and z of our LSD profiles. The numer-
ical computation of X and Y, and of their uncertainties ox and
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oy can be written:

X = 2 (%), VilAv;

1

Y = zN;[1 - (Iic)] Avi oy = \ i [(?) Av,-r

where o; and oy are the uncertainties on the unnormalised / and
V spectra, and N is the number of pixels within the photospheric
profile. The uncertainty on B, is therefore:

5=+ (F)

B, VX Y

Let’s consider a star that we observe twice. During the first
observation the star is not affected by veiling, and emits a spec-
trum /,(v) = Iy(v) with a continuum /,. = I,. During the second
observation the star is contaminated with an additional excess
continuum I (v) = rl,(v), where r is defined as the veiling pa-
rameter. We will assume that r does not depend on the wave-
length, and that the region emitting the veiling does not emit
circular polarisation. During the second observations we there-
fore record the spectrum I,(v) = lp(v) + Ix(v), with a continuum
I, = I + Ix. Both polarised spectra are assumed identical, and
an associated polarised spectrum V,(v) = Vi(v) = V(v). X and Y
for both observations are therefore:

NV
Xo= _— ,‘A,‘
2 ;(1*+Iex)iv g
I+ Iy
Vo= > [1— (=5 Ay
=2

As the continuum in the LSD profiles is not dependent on v,
when dividing X by Y in both observations, the numerators can-
cel,and X;/Y;, = X,/ Y>, hence:

B¢ = B, = By

To explore how veiling affects the computation of the uncer-
tainties, let’s assume first that both observations were obtained in
identical weather conditions, with the same exposure time. The
noise is therefore identical in both observations: o1 = o, = 07,

and oy, =0y =0y
0"/
(1 I ) ; l]
* ex /i

0 (v RS )
03 v R (e

When dividing ox by X and oy by Y, the denominators of X and
Y cancel, and therefore:

9B _ 0B _ 0B
By Bp By

‘We note that in that case, in the second observation the received
signal is higher than in the first observation. Its S/N is therefore
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Fig. B.1. ZeeTurbo fitting process for the first observation of IRAS 04113+2758 N. The observed spectrum is shown in black, and the best fit
model in red. Blue boxes indicate the regions used for parameter fitting, and the corresponding absorption lines are labelled.

higher than that of the first one: (S/N), = (S/N); V1 + r. How-
ever, because we received the same flux from the star itself, it is
normal that the uncertainty on By is not affected.

Let’s now assume a second case where we observe two iden-
tical stars of the same magnitude. One is veiled, and the other one
is not. However, before scheduling the observation, we do not
know that the second star is veiled. We therefore observe them
with the same exposure time, in the same weather conditions.
Because the magnitudes are the same, the recorded fluxes for
both stars are the same, and therefore (S /N), = (S/N);. The un-
certainties on the flux from the stars, however, are not the same:

op =07 1+}", Oy = 0Oyl 1+r.

Substituting these expressions into the definitions of oy and oy
give:

ox1= —_—
H I\ i=1 L+ \ L
_ Ox1
VI+r
i Vitr (o), T
Jyl1= Ty)= _ ;
Yl Y2 : A+n\1, ; %

Hence, for the veiled observation we obtain:

gx2 X1 Ty2 Tyl

X_2 = 1+ rX—l, Tz = 1+ rTl’
and,

L. 1+r@.

By, By

Therefore, the uncertainty on B, increases by a factor V1 + r
compared to the unveiled case.

In summary, when we know the unveiled magnitude of a star,
we can set up the exposure time to get sensitive measurements of
the magnetic field, and in that case, the uncertainty on By is unaf-
fected by veiling if we don’t change the exposure time, whatever
is the flux magnitude during the observation. On the contrary,
if the H- or K-band magnitudes of a veiled star are used to set
up the exposure time, then the uncertainty on B, is multiplied
by a factor V1 + r compared to the unveiled star. Anyhow, the
measured values of B, remain unchanged in both cases.

Appendix D: Log of observations

Table. [D.T] summaries the log of observations obtained with
SPIRou spectropolarimeter.

Appendix E: LSD Profiles and parameter values

The LSD profiles of each star are shown in Fig. [E.T] Table. [E.T]
summaries for each observation, the corresponding values for
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Table D.1. Log of the SPIRou observations

Source ID RA DEC SFR H Date BJD Exp. S/N S/N
(hh:mm:ss)  (deg:mm:ss) (mag) -2400000 Time (s) @1.67um LSD
V806 Tau* 04:32:15.42 +24:28:59.6 Taurus 9.3  2022-11-16  59900.12063 1850 174 7257
2022-11-17  59901.12629 1850 180 6783
2022-12-01  59915.02084 1850 198 7575
MHO 3* 04:14:30.55  +28:05:14.6 Taurus 9.2 2022-11-16  59900.09753 1738 106 4450
2022-12-01  59914.97152 1738 130 6230
2022-12-04  59918.01608 1738 158 7735
2023-01-01  59945.96152 1738 126 5986
MHO 2* 04:14:26.40  +28:05:59.6 Taurus 9.4  2022-12-04 59918.04028 2050 182 7054
2023-01-02  59946.87428 2050 164 6948
2023-01-03  59947.85486 2050 170 6687
IRAS 04292+2422 W 04:32:13.27  +24:29:10.8 Taurus 9.9  2023-01-02 59946.90951 3209 164 6299
2023-01-02  59947.89613 3209 162 6703
2023-01-03  59952.97509 3209 168 5635
IRAS 04113+2758 N*  04:14:26.30  +28:06:03.3 Taurus 9.9  2023-01-04 59948.93997 3120 156 7372
2023-01-09  59953.85844 3120 148 8150
2023-01-10  59954.83884 3120 152 7622
IRAS 04369+2539* 04:39:55.75  +25:45:01.9 Taurus 8.1 2022-11-19 59903.13177 602 150 5407
2022-11-21  59905.05519 602 118 4956
2022-12-01  59915.06549 602 158 5798
HL Tau 04:31:38.45  +18:13:57.2 Taurus 9.2  2018-09-22 58384.11335 2407 126 6876
2018-09-23  58385.09837 2407 126 5983
2018-09-25 58387.08102 2407 108 5644
2019-01-16  58499.80432 2407 124 7167
2019-01-17  58500.79189 2407 132 6048
2020-09-18  59111.08910 3610 170 8873
2020-09-22  59115.05352 3610 196 10014
IRAS 16191-1936* 16:22:04.35 -19:43:26.7 Ophiuchus 9.7 2024-03-18 60388.10393 3209 102 3509
2024-05-02  60433.02290 3209 106 3978
2024-06-26  60487.76569 3209 118 5145
L1689 SNO2* 16:31:52.12 -24:56:15.7 Ophiuchus 9.8 2019-05-14 58618.10070 1404 92 4780
2024-07-18  60509.89855 3499 168 7536
2024-07-26  60517.85402 3499 158 6886
GY92 214 16:27:09.40 -24:37:18.8 Ophiuchus 11.5 2019-05-14 58618.01656 1203 21 2432
2019-05-14  58618.03393 1203 22 2765
GY92 378 16:27:51.80 -24:31:45.5 Ophiuchus 12.5 2019-05-14 58618.07152 3611 54 2752
IRAS 03247+3001* 03:27:47.68  +30:12:04.5 Perseus 9.4  2023-01-02 59946.84774 2095 96 3149
2023-01-03  59947.81412 2095 94 2836
2023-01-04  59948.84853 2095 100 3199
2023-01-09  59953.90247 4012 148 3892
2023-01-10  59954.88269 4012 130 3570
2023-01-11  59955.89845 4012 148 4934
IRAS 03413+3202* 03:44:32.00  +32:11:43.9 Perseus 9.4  2022-12-03  59943.90751 2095 124 4257
2022-12-30  59948.95959 2095 122 4324
V512 Per 03:29:03.76  +31:16:04.0 Perseus 9.7 2020-08-28  59090.03171 4814 98 1947
2023-01-04  59948.87769 2541 62 3264
VV CrA SW 19:03:06.7 -37:12:49.6 Corona Australis 8.4 2024-04-01 60402.15170 980 164 7771
2024-04-24  60425.12513 980 132 6698
2024-06-22  60484.02208 980 112 6099
2024-06-23  60484.96903 980 108 5868
VV CrA NE* 19:03:06.6 -37:12:49.7 Corona Australis 9.7  2024-04-25 60426.07900 3164 119 5730
2024-06-23  60484.99885 3164 116 6713
2024-06-24  60485.98446 3164 97 4196
SVS 20 S* 18:29:57.7 +01:14:05.7 Serpens 9.2 2024-04-20 60430.99864 2652 126 7825
2024-06-26  60487.99729 3165 164 12068
2024-06-27 60488.91144 3165 178 11276
2024-06-28  60489.91152 3165 132 9392

Notes. The columns indicate from the left to the right: the identification (ID) of the source (when two components were resolved by the telescope,
we indicate the pointed target using its cardinal direction with respect to its companion), barycentric right ascension (RA), and declination (DEC)
in the ICRS (Ep=2016.0) reference system given by|Gaia Collaboration|(2022), star forming region (SFR), H-band magnitude, date of observation,
Barycentric Julian Date (BJD), total exposure time for one V sequence, peak S/N in spectral pixels in the order 34 (1.67 um), and S/N in the LSD
profiles. Sources with an * symbol are Flat-Spectrum targets.

the depth 1, vsini, vg , Br , and if the magnetic field is detected

or not.
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Fig. E.1. LSD profiles for each star. Different colours are used for the different observations. The Y-axes are I/Ic, N/Ic, and V/Ic, where Ic is the
intensity of the stellar continuum. The / profile represents the total intensity, the Stokes V profile corresponds to the circular polarisation, and the
Stokes N profile corresponds to the null spectra. Pixel size of 4.8 instead of 2.4 is applied for stars with vsini > 35 km s7!.
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Table E.1. LSD Stokes [ fitting results, veiling values, and longitudinal magnetic field detection and measurements

ID BID Depth 1 vsin i Viad FAP B rH K B,
-2400 000 x1074 (kms™) (kms™) detection G)
V806 Tau* 59900.12063 2101 274 +£0.5 12.7+0.3 7.1%x10°° DD 0.7+0.1 2+0.1 80+18
59901.12629 160 = 1 25.7+0.6 109 +04 5.5x 107 DD 1.2+0.1 33+0.2 77 +21
59915.02084 140 £ 1 25.6 £0.8 12.7+0.5 1.9%x 1073 ND 1.6+0.1 — 100 =25
MHO 3* 59900.09753 100+ 1 56.1 £0.8 13.1+£0.6 1.2x 107! ND 1+0.1 2+0.1 -92 +50
59914.97152 100 = 1 53.9+0.7 13.5+04 1.9 % 107! ND 0.5+0.1 1.8+0.1 -142+£42
59918.01608 60+ 1 50.5+1.2 129 +09 9.1 x 107! ND - - -85+ 67
59945.96152 100 £ 1 554 +0.7 142 +04 7.9 %107 DD 0.4+0.1 1.3+0.1 -144 + 45
MHO 2* 59918.04028 100+ 1 304 1.1 13.5+0.7 7.7 x 107! ND 0.3+0.1 0.6 +0.1 -69 +29

59946.87428 200 + 1 305+09 13.9x05 25x10710 DD 03+0.1 06+0.1 -97+17
59947.85486 160 + 1 31.5+£1.0  127+0.6 2.8x107° MD 05+01 06+0.1 26+ 19

IRAS 0429242422 W 59946.90951 900 + 20 79+0.2 28.1+0.3 2.2x 107! ND 01+0.1 02+0.1 24+£28
59947.89613 1010+20 7.8+0.3 28.1+0.3 9.6 x 107! ND 02+0.1 02+0.1 -1.4+£27
59952.97509 900 + 30 79+02 28.1+0.3 3.5x 107! ND 02+01 02+£0.1 -3.1+3.1
IRAS 0411342758 N*  59948.93997 160+10 17.9+0.8 12.7+0.4 1.2x 107! ND 1.1£0.1  24+0.1 11+£10
59953.85844  140+10 172+1.0 124+05 1.6 x 1072 ND 2+0.1 3.1+0.1 -4+12
59954.83884  140+10 183 +12 124+0.6 4.7x 107! ND 1.6+0.1 2.6+0.1 1112
IRAS 04369+2539* 59903.13177 80+1 40.6+05 13.8+03 6.4 x 107! ND 1.6+0.1 47x06 9+52
59905.05519 90+1 40.7+06 145+04 8.1x 107! ND 14+0.1 52+08 -10+62
59915.06549 90 + 1 419+0.7 127+05 49x 107! ND 1.5+£0.1 23+02 42 +44
HL Tau 58384.11335 60+ 1 525+25 119+25 9.1 x 107! ND 12+01 45+02 31+71
58385.09837 70+ 1 519+1.7 128+12 1.5x 107! ND 1.1+£01 64+03 -92 +£69
58387.08102 70+ 1 494+16 134=+1.1 1.5x 107! ND 14+01 86+04 -125+79
58499.80432 60 + 1 57.7+3.7 129+29 44x107! ND 1.5+£0.1 88+04 -25+78
58500.79189 60+1 542+2.0 137+15 7.5x 107! ND 1.5+£02  12+06 -58 £ 69
59111.08910 60+1 511+16 121+12 1.2 x 107! ND 1.7£0.1 69+03 -13+60
59115.05352 60 +1 529+2.1 148 +1.5 5.4x 107! ND 1.8+£0.1 97+05 54+58
IRAS 16191-1936* 60388.10393 80+ 1 595+07 -52+04 53x107! ND 09+01 29+02 38+56

60433.02290 100+ 1 539+0.5 -7.7+09 48x1071 DD 04+0.1 1.7+0.1 204 =46
60487.76569 80+ 1 53.0+03 -9.1+09 9.1x107? DD 06+0.1 23+0.1 151+44

L1689 SNO2* 58618.10070 150 + 1 241+07 -76+04 1.4x 107! ND 06+0.1 21x0.1 56 +44
60509.89855 170 + 1 233+05 -81x03 4.1x107% DD 06+01 19+01 -130+21
60517.85402 160 + 1 234+£05 -7.0+03 <1071 DD 06+0.1 22+0.1 -180+24
IRAS 03247+3001* 59946.84774 90 + 1 672+12 120+0.8 4.1x 107! ND 07+0.1 25+£0.1 -260+133
59947.81412 100 + 1 67.4+1.9 11.8+14 9.9x 107! ND 1+£02 38+02 22+123
59948.84853 120+ 1 682+27 —64+14 9.0x10! ND 14+£03 3+0.2 142 +99
59953.90247 100 £ 1 635+13 -08+13 5.4 x 107! ND 07+0.1 2.6+02 -12+72
59954.88269 110+ 1 669+15 -25+13 7.4x 107! ND 09+0.1 31+02 82+83
59955.89845 90 +1 769 +4.1 17.3+3.0 8.3x 107! ND 09+0.1 29+02 -42 +83
V512 Per 59090.03171  140+10 23.8+2.7 139+1.1 9.6 x 107! ND 09+01 08+02 55+37
59948.87769  140+10 224+29 146=+1.8 9.6 x 107! ND 21+01 28+03 28 +£55
VV CrA SW 60402.15170 90 +1 36.8+£2.2 46+12 3.6 x 1072 ND - - 141 +56
60425.12513 90+1 315+13 23+0.6 9.6 x 1072 ND - - -107 74
60484.02208 40+1 43.6+3.2 41+15 3.1x 107! ND - - 199 + 159
60484.96903 40+ 1 31.8+1.7 72+1.6 3.1x 107! ND - - -18 £ 157
VV CrA NE* 60426.07900 80+ 1 13.8+25 -04+05 6.3 x 107! ND - - 17+72
60484.99885 110+ 1 152+1.4 -31+02 45x10"! ND 46+03 88+04 87+49
60485.98446 110+ 1 166+23 -62+06 7.2x107! ND 79+04 11.6+0.5 169 +74
SVS 20 S* 60430.99864 30+1 61.6+22 -106+13 7.5x107! ND 2+0.2 10.9+0.5 57+104

60487.99729 30+1 59.7+10 -98+0.8 1.2x 1072 ND 1.8+0.1 18+0.9 120 +£ 68
60488.91144 301 586+1.1 -109+0.7 23x107? ND 22+02 92x06 -49 £ 61
60489.91152 30+1 595+12 -95+08 7.5x107" ND 1.8+£02 152+0.8 170 +£ 82

Notes. The depth, the projected rotational velocity (vsini), the radial velocity (vr.q), computed with a physical stellar model (see Appendix [A).
The veiling values in H and K band, the longitudinal magnetic field values, their corresponding uncertainties, the false alarm probability, and the
magnetic detection status (defined as DD for definite detection, MD for marginal detection, and ND for no detection) are also presented. The stars
indicated in bold are detected magnetic stars (at least one DD in the different observations). Sources with an * symbol are Flat-Spectrum targets.
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