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ABSTRACT

We report the detection and characterization of the transiting sub-Neptune TOI-1759 b, using photometric time series from the
Transiting Exoplanet Survey Satellite (TESS) and near-infrared spectropolarimetric data from the Spectro-Polarimètre Infra Rouge
(SPIRou) on the Canada-France-Hawaii Telescope. TOI-1759 b orbits a moderately active M0V star with an orbital period of
18.849975 ± 0.000006 days, and we measured a planetary radius and mass of 3.06 ± 0.22 R⊕ and 6.8 ± 2.0 M⊕. Radial velocities
were extracted from the SPIRou spectra using both the cross-correlation function and the line-by-line methods, optimizing the velocity
measurements in the near-infrared domain. We analyzed the broadband spectral energy distribution of the star and the high-resolution
SPIRou spectra to constrain the stellar parameters and thus improve the accuracy of the derived planet parameters. A least squares
deconvolution analysis of the SPIRou Stokes V polarized spectra detects Zeeman signatures in TOI-1759. We modeled the rotational
modulation of the magnetic stellar activity using a Gaussian process regression with a quasi-periodic covariance function and find a
rotation period of 35.65+0.17

−0.15 days. We reconstructed the large-scale surface magnetic field of the star using Zeeman-Doppler imag-
ing, which gives a predominantly poloidal field with a mean strength of 18 ± 4 G. Finally, we performed a joint Bayesian Markov
chain Monte Carlo analysis of the TESS photometry and SPIRou radial velocities to optimally constrain the system parameters. At
0.1176± 0.0013 au from the star, the planet receives 6.4 times the bolometric flux incident on Earth, and its equilibrium temperature is
estimated at 433± 14 K. TOI-1759 b is a likely gas-dominated sub-Neptune with an expected high rate of photoevaporation. Therefore,
it is an interesting target to search for neutral hydrogen escape, which may provide important constraints on the planetary formation
mechanisms responsible for the observed sub-Neptune radius desert.

Key words. planetary systems – stars: individual: TOI-1759 – techniques: photometric – techniques: radial velocities –
stars: magnetic field

1. Introduction

The characterization of transiting planets in the 2–4 R⊕ regime
provides important constraints on the formation and evolution
processes responsible for the observed scarcity of planets with
radii between 1.7 and 2.0 R⊕, also known as the radius gap
(Fulton & Petigura 2018). This gap separates two classes of plan-
ets, the rocky super-Earths and the lower density sub-Neptunes,

⋆ Tables F.1–F.3 are also available at the CDS via anonymous ftp
to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.

⋆⋆ Based on observations obtained at the Canada–France–Hawaii
Telescope (CFHT), which is operated from the summit of Maunakea by
the National Research Council of Canada, the Institut National des Sci-
ences de l’Univers of the Centre National de la Recherche Scientifique
of France, and the University of Hawaii. Based on observations obtained
with SPIRou, an international project led by Institut de Recherche en
Astrophysique et Planétologie, Toulouse, France.

whose bulk compositions can be primarily composed of rocky
cores enveloped in H/He gas (Owen & Wu 2017; Rogers & Owen
2021) or rocky cores plus a comparable mass of water ice (Zeng
et al. 2019; Venturini et al. 2020). This bimodality of planet
compositions around Sun-like stars is likely explained by ther-
mally driven mass loss via either photoevaporation (Lecavelier
Des Etangs 2007; Owen & Wu 2013; Lopez & Fortney 2013) or
the luminosity of the cooling core (Ginzburg et al. 2018; Gupta
& Schlichting 2021). However, around the lower mass M dwarfs,
the dependence of the radius gap on insolation suggests that
the gap may be a direct outcome of the planet formation pro-
cess without the need to invoke a subsequent mass loss process
(Cloutier & Menou 2020). The dominant physics that sculpts the
radius gap around M dwarfs remains unknown and requires the
detailed characterization of more planets that span the radius gap
across a range of host stellar masses. Loyd et al. (2020) estimated
that confirming or ruling out photoevaporation as the primary
cause of the exoplanet radius gap requires roughly doubling the
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Table 1. Log of TESS observations.

TSTART (UTC) TSTOP (UTC) Duration (days) Sector Camera CCD SPOC version

2019-09-12T03:40:24.448 2019-10-06T19:42:46.276 25.0 16 2 4 4.0.28-20200407
2019-10-08T04:26:46.051 2019-11-02T04:42:30.214 24.7 17 3 4 4.0.28-20200407
2020-04-16T06:59:59.027 2020-05-12T18:40:29.338 26.5 24 4 2 4.0.36-20200520

current sample of well-characterized <4 R⊕ planets. Finding
additional transiting planets in this size regime and character-
izing those planets and their host stars is therefore crucial for
understanding the planetary formation process.

Here we present the detection and characterization of TOI-
1759 b, a new sub-Neptune orbiting the high proper motion
M0V star TOI-1759 (TIC 408636441, TYC 4266-736-1). TOI-
1759 was first identified as a TESS object of interest (TOI) by
the Transiting Exoplanet Survey Satellite (TESS, Ricker et al.
2015), which detected recurrent transit-like events in its light
curve (Jenkins 2002; Jenkins et al. 2010). The transit signa-
ture was fitted with an initial limb-darkened transit model (Li
et al. 2019) and subjected to a suite of diagnostic tests (Twicken
et al. 2018), all of which it passed. The TESS Science Office
reviewed the data validation (DV) reports and issued an alert
of a possible planet candidate (Guerrero et al. 2021). We sub-
sequently followed up TOI-1759 within the SPIRou Legacy
Survey - Follow-up of Transiting Exoplanets (SLS-WP2, Donati
et al. 2020) with the Spectro-Polarimètre Infra Rouge (SPIRou)
instrument coupled to the 3.6 m Canada–France–Hawaii Tele-
scope (CFHT). The TESS photometry constrains the planet size,
orbital inclination, and period, while the high-resolution near-
infrared polarimetric spectra of SPIRou establish its planetary
nature and constrain its mass, orbital eccentricity, and mean den-
sity. They also constrain the properties of the host star, showing
that it has a low mass and moderate levels of magnetic activity.

This paper is organized as follows. Section 2 describes
the observations. Section 3 describes the data analysis meth-
ods employed to obtain the high-resolution template spectrum
of TOI-1759, spectropolarimetry, and precise velocimetry with
SPIRou. Section 4 presents the derivation of the stellar param-
eters and the characterization of the stellar magnetic field.
Section 5 constrains the planet parameters through a simulta-
neous Bayesian Markov chain Monte Carlo (MCMC) analysis of
the photometry and radial velocity (RV). Section 6 discusses the
insolation and the atmospheric properties of this new planet, and
Sect. 7 concludes.

2. Observations

2.1. TESS photometry

TESS observed TOI-1759 with a cadence of 2 min in Sectors 16
and 17 (September–November 2019) and in Sector 24 (April–
May 2020), as detailed in Table 1. Our analysis uses TESS
data products obtained from the Mikulski Archive for Space
Telescopes (MAST)1. We used the Presearch Data Condition-
ing (PDC) flux time series (Smith et al. 2012; Stumpe et al.
2012, 2014) processed by the TESS Science Processing Opera-
tions Center (SPOC) pipeline (Jenkins et al. 2016; Caldwell et al.
2020) versions listed in Table 1. The SPOC pipeline provides

1 mast.stsci.edu

a DV report2 for assessment of the detected transit events. The
DV reports for TOI-1759 in sectors 16–24 show the detection
of three transit events with depth of 0.27 ± 0.01% and a period
of 37.696 ± 0.002 days. Half period (18.850 d) was also pos-
sible from the TESS data alone, and finally turned to be the
correct period (see Sect. 2.2). Figure 1 shows the three TESS
transit light curves. The DV reports also include a difference
imaging centroid test that locates the origin of transits to within
2 ± 5 arcsec; all stars in the TESS Input Catalog (TIC) within
the confusion radius for this test are fainter than Tmag > 17,
which is too faint for an eclipsing binary to explain the tran-
sit signature. We employed the statistical validation method of
Giacalone et al. (2021) to calculate the false positive probabil-
ity (FPP) that the transits of TOI-1759 observed by TESS are
of planetary nature. We used the tool TRICERATOPS3, where we
obtained an FPP of 0.31%. TRICERATOPS also considers the flux
contribution to the photometry of all sources within a radius of
∼200 arcsec surrounding the target to estimate the blended sce-
nario as the origin of the transit events. We obtained an almost
null value (6 × 10−88) for the nearby false positive probabil-
ity (NFPP). According to the validation criteria of Giacalone
et al. (2021), these values of FPP and NFPP place the candi-
date planet TOI-1759 b in the “VALIDATED PLANET” regime
where FPP< 1.5% and NFPP< 0.1%.

2.2. Ground-based photometry

We obtained ground-based photometric observations of a single
transit of TOI-1759 b on May 20, 2020, using three different tele-
scopes: the 0.3 m OMontcabrer (r band), the 0.4 m RCO (i′ band)
and the 0.4 m OAAlbanya-0m4 (band Ic). The last observed a
full transit showing a good agreement with the transit model
evidenced mainly during the egress, as illustrated in Fig. 2.
These observations are also reported on The Exoplanet Follow-
up Observing Program for TESS (ExoFOP-TESS) website4 by
Guerra and Girardin from the TFOP Working Group. Although
we detected the transit of TOI-1759 b, we did not included these
data in our analysis. However, they are valuable in establishing
that the orbital period of TOI-1759 b is 19 days rather than 38
days, which was also compatible with the TESS data alone.

2.3. High-constrast imaging

High-angular-resolution observations can probe close compan-
ions within ∼1.2 arcsec that would create a false positive transit
signal (if that companion is an eclipsing binary) and which
dilute the transit signal and thus yield underestimated planet
radii (Ciardi et al. 2015). TOI-1759 was observed on June 13,
2020, by the ‘Alopeke dual-channel speckle imaging instrument

2 https://outerspace.stsci.edu/display/TESS/2.0+-+Data+
Product+Overview
3 https://github.com/stevengiacalone/triceratops
4 https://exofop.ipac.caltech.edu/tess/target.php?id=
408636441
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E. Martioli et al.: Detection and characterization of TOI-1759 b

Fig. 1. Transits of TOI-1759 b observed by TESS. The blue points show
the TESS photometry data around the three transits of TOI-1759 b. The
bottom panel shows all data, with the times relative to the central time
of each transit. The red lines show the best-fit transit model, and the
green points show the residuals.

on Gemini-N (PI: Crossfield) with a pixel scale of 0.01 arc-
sec/pixel and a full width at half maximum (FWHM) resolution
of 0.02 arcsec. ‘Alopeke provided simultaneous speckle imag-
ing at 562 and 832 nm. Five sets of 1000 × 0.06 s exposures
were taken and processed with the speckle pipeline (Howell et al.
2011), which yielded the 5-sigma sensitivity curves and recon-
structed images shown in Fig. 3. These observations provide
a contrast at an angular separation of 0.5 arcsec of 4.67 mag
at 562 nm and 6.58 mag at 832 nm (Fig. 3). The ExoFOP-
TESS website also reports that TOI-1759 was observed with the
NIRC2 NIR camera and the adaptive optics system of the 10-
m Keck II telescope on September 9, 2020 (PI: Gonzales) with
a pixel scale of 0.01 arcsec/pixel and a point spread function
FWHM of 0.05 arcsec, providing a contrast at 0.5 arcsec separa-
tion of 6.77 mag in Brγ. We included the 832 nm contrast curve
in the TRICERATOPS calculation to further constrain the FPP,

Fig. 2. Ground-based Ic-band differential photometry time series of a
transit of TOI-1759 b obtained by the 0.4 m OAAlbanya observatory on
May 20, 2020. The light blue points show relative fluxes of TOI-1759,
and the dark blue points show weighted average bins with bin sizes of
0.01 days. The gray and green points show the relative fluxes for the
comparison stars that we used in the differential photometry. The red
line shows the best-fit transit model obtained from our analysis of the
TESS data alone, as presented in Sect. 5.

Fig. 3. Contrast ratio of TOI-1759 as a function of angular separa-
tion at 562 nm (blue line) and at 832 nm (red line) obtained from the
‘Alopeke/Gemini speckle imaging observations.

which now gives a value of FPP< 0.03%. Therefore, these high-
contrast imaging observations set strong upper limits against any
close companion or close-by field star that could significantly
contribute to the observed flux of TOI-1759.

2.4. SPIRou spectropolarimetry

TOI-1759 was observed by SPIRou5 under the large program
SLS-WP26 (id P42, PI: Jean-François Donati). SPIRou is a sta-
bilized high-resolution NIR spectropolarimeter (Donati et al.
2020) mounted on the 3.6 m CFHT atop Maunakea, Hawaii. It
is designed for high-precision velocimetry to detect and char-
acterize exoplanets and it provides a full coverage of the NIR

5 http://spirou.irap.omp.eu and https://www.cfht.hawaii.
edu/Instruments/SPIRou/
6 http://spirou.irap.omp.eu/Observations/The-SPIRou-
Legacy-Survey
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spectrum from 950 nm to 2500 nm at a spectral resolving power
of λ/∆λ ∼ 70 000.

A total of 218 spectra of TOI-1759 were obtained on
54 different epochs/nights, spanning 447 days from 2020-06-
05T13:16:41 to 2021-08-26T08:51:39. Table F.1 presents the log
of our SPIRou observations. These observations were carried out
in the circular polarization mode (Stokes V), where each set of
four exposures provides a polarimetric spectrum. Each exposure
in the sequence corresponds to a different position of the two
rotating Fresnel rhombs, where the sequence number of each
exposure is also presented in Table F.1. On a few occasions, one
exposure needed to be repeated due to passing clouds, implying
more than four exposures per sequence. Under these circum-
stances, we select the set of four exposures with the highest
signal-to-noise ratio (S/N). These observations were obtained at
an average air mass of 1.47 with a dispersion of 0.12, and with an
S/N per spectral element measured at 1670 nm ranging from 43
to 210, with a median of 184. The fourth exposure of one polari-
metric sequence on 2021-06-19 has a low S/N, and could not be
repeated due to degrading weather conditions. We therefore do
not consider this sequence for polarimetry, but do use its three
good exposures for spectroscopy.

A set of baseline calibration (flats, darks, comparison, and
aligns) is obtained in the afternoon and in the morning of each
night of observation with SPIRou. In addition, hot stars (A type)
are observed nightly as telluric absorption standards. A set of
bright inactive cool stars are also regularly observed as constant
RV standards. We make use of these data to calibrate the mea-
surements we extract from the SPIRou spectra, as discussed in
more detail in Sect. 3.

3. SPIRou data reduction and analysis

3.1. APERO reduction

Our SPIRou data were reduced with the software A PipelinE
to Reduce Observations (APERO7 v0.6.132; Cook et al., in
prep.). APERO first performs some initial processing of the
4096×4096 pixel images of the HAWAII 4RGTM (H4RG), apply-
ing a series of procedures to correct detector effects, remove
background thermal noise, and identify bad pixels and cosmic
ray impacts.

It then uses exposures of a quartz halogen lamp (flat) to
calculate the position of the 49 echelle spectral orders. It opti-
mally extracts (Horne 1986) spectra of the two science channels
(fibers A and B, fed by two orthogonal polarized beams) and the
simultaneous calibration channel (fiber C). This APERO extrac-
tion takes into account the asymmetric shape of the instrument
profile generated by the pupil slicer. Both a 2D order by order
and 1D order-merged spectrum are produced for each channel
of each scientific exposure. A blaze function is obtained from
the flat-field exposures and a master flat is used to do the flux
calibration.

The pixel-to-wavelength calibration is obtained from expo-
sures of both a UNe hollow cathode lamp and a Fabry–Pérot
etalon, as described in Hobson et al. (2021). This provides
wavelengths in the rest frame of the observatory, but APERO
also calculates the barycentric Earth radial velocity (BERV)
and the barycentric Julian date (BJD) of each exposure using
the code barycorrpy8 (Kanodia & Wright 2018; Wright &
Eastman 2014). These can then be used to reference the

7 https://github.com/njcuk9999/apero-drs
8 https://github.com/shbhuk/barycorrpy

wavelength and time to the barycentric frame of the solar
system.

APERO calculates the spectrum of the telluric transmission
using a novel technique based on a model obtained from the
collection of standard star observations carried out since the
beginning of SPIRou operations in 2018 and a fit made for each
individual observation using the principal component analysis
technique of Artigau et al. (2014). APERO also calculates the
Stokes V (and where appropriate, Q and U) spectra using the
method of Donati et al. (1997), as described in detail in Martioli
et al. (2020).

3.2. Spectropolarimetry analysis

We further analyzed the SPIRou polarized spectra using the
spirou-polarimetry9 code. The Stokes I, Stokes V, and null
polarization spectra were compressed to one line profile using
the least squares deconvolution (LSD) method of Donati et al.
(1997). The line mask used in our LSD analysis of TOI-1759
was computed using the VALD catalog (Piskunov et al. 1995)
and a MARCS model atmosphere (Gustafsson et al. 2008) with
an effective temperature of 4000 K and surface gravity of log g =
5.0 dex. We select all lines deeper than 3% and with a Landé fac-
tor of geff > 0, for a total of 2460 atomic lines. Figure 4 displays
the resulting LSD profiles at each observing epoch. Its Stokes V
panel shows a significant and time-variable Zeeman signature,
indicating the presence of magnetic field in this star, as will be
explored in more detail in Sect. 4.3. Figure 5 shows the medians
of all profiles in the time series, where the Zeeman signature is
clearly evidenced in the “S” shape of the Stokes V profile.

To check the consistency of our measurements, we also
obtained an independent polarimetric reduction and LSD anal-
ysis of our SPIRou data using the Libre-Esprit (LE) pipeline
(Donati et al. 1997, 2020). The Stokes V profiles obtained from
the APERO reduction show an RMS of 0.0039% (estimated in
the outer regions of the profile, |v− vsys| > 20 km s−1) and a semi-
amplitude of the median profile of 0.031%, and thus S/N = 8.
The LE data show an RMS of 0.0016% and a semi-amplitude of
0.0061%, and thus a S/N = 4. The difference in the amplitude
scale of these data sets is due to the different normalization fac-
tors adopted in the LSD analysis. However, the factor of two in
detection significance stems from the noise characteristics that
result from different reduction methods. A thorough comparison
between the two pipelines is beyond the scope of this paper. Nev-
ertheless, we analyzed and compared the results obtained from
the two data sets, as will be shown in Sects. 4.3 and 4.4.

3.3. Radial velocities

Obtaining precise RVs from the Doppler shift of the stellar spec-
trum in the NIR is more challenging than in the optical domain.
For instance, the NIR spectral domain of SPIRou is largely pol-
luted by telluric absorption and sky emission lines, which affect
measurements across the entire observed spectrum. The telluric
correction inevitably changes the noise pattern and introduces
more noise due to imperfect corrections. On the other hand,
SPIRou’s NIR H4RG detector has artifacts such as evolving bad
pixels, nonlinearity and persistence, which are not present in
the same proportions in charged coupled devices (CCD). The
challenges faced by high-precision velocimetry in the NIR were
noted in other instruments with characteristics similar to SPIRou
(Figueira et al. 2010; Carleo et al. 2016; Cale et al. 2019; Lafarga
et al. 2020).
9 https://github.com/edermartioli/spirou-polarimetry
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Fig. 4. Stokes I (top panel), Stokes V (middle panel), and null polariza-
tion (bottom panel) LSD profiles in the TOI-1759 SPIRou time series.

Fig. 5. Median of all LSD profiles in the TOI-1759 SPIRou time series.
The top panel shows Stokes I LSD (red points) with a Voigt profile
model fit (green line), the middle panel shows Stokes V (blue points)
and the bottom panel shows the null polarization profile (orange points).

Here, we used two different methods to measure the RVs in
the SPIRou data. First, we employed the well-established cross-
correlation function (CCF) method of Pepe et al. (2002) with
several specific data reduction procedures that are required to
minimize the aforementioned problems found in the NIR obser-
vations, as presented in more detail in Sect. 3.4. Then, we used a
line-by-line (LBL) method proposed by Dumusque (2018) and
adapted by Artigau et al. (in prep.), which is summarized in
Sect. 3.5. The LBL method seems to be more robust to the
noise introduced by the telluric correction and also to the other
artifacts of NIR observations.

3.4. CCF analysis

For the CCF analysis we use the package spirou-ccf10, which
implements the CCF method to measure the RVs of the SPIRou
spectra. The input data that we use in our analysis are the tel-
luric corrected spectra calculated by the APERO pipeline (see
Sect. 3.1). In the spirou-ccf package, several processing steps
are done to minimize the strong systematic effects found in NIR
data. Below is a summary of the procedures performed by our
CCF analysis.

First, we selected an empirical CCF mask from a repository
of masks obtained from observations of bright stars, which in
this case is Gl 846, an M0.5V star that almost corresponds to the
spectral type of TOI-1759. The mask selection is based on the
criterion of proximity to the spectral type of the star. Each mask
consists of a set of atomic and molecular lines, where the cen-
tral wavelengths are obtained from the VALD catalog (Piskunov
et al. 1995) and the line depths are obtained empirically from the
template spectra of bright stars observed by SPIRou. Then we
masked out sparsely sampled spectral ranges, which are defined
as the ranges with “holes” (data flagged as NaN due to bad pix-
els or failed telluric correction) greater than 5 km/s. We applied
a relativistic BERV correction to the wavelengths and resam-
pled each spectrum to a constant 1.8 km s−1 grid by cubic spline
interpolation. We combined all spectra into a high S/N template
spectrum as illustrated in Fig. 6. To account for flux variations,
we fit a low-order multiplicative polynomial for the flux of each
spectrum, F(λ), on an order-by-order basis, as follows:

F(λ) = c0 + c1FT(λ) + c2λ
2, (1)

where FT is the flux of the template spectrum, c0 is a con-
stant offset, c1 is a scaling factor, and c2 accounts for smooth
wavelength (λ) dependent variability. We applied a 3σ clip fil-
ter with σ being the median absolute deviation of each spectral
element in the time domain. Figure 6 illustrates the dispersion of
residuals that gives σ. We repeated this procedure of building a
template spectrum to minimize deviations between data obtained
at different times and the template spectrum.

Next, we fitted a polynomial to the continuum of
each spectral order of the template spectrum by using
an iterative sigma-clip algorithm as in the IRAF task
noao.onedspec.continuum11 and we normalized each
spectrum in the time series to the same continuum measured on
the template spectrum. Finally, we calculated the order-by-order
CCFs between the selected mask and the normalized template
spectrum. We measured the systemic velocity (vsys) and the
FWHM from a Gaussian fit to the mean CCF of the template

10 https://github.com/edermartioli/spirou-ccf
11 https://astro.uni-bonn.de/~sysstw/lfa_html/iraf/
noao.onedspec.continuum.html
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Fig. 6. Example of the reduced SPIRou spectra of TOI-1759 in the CCF analysis. Orange lines show the normalized SPIRou spectra for a small
range in the H band. The red line shows the template spectrum, and the brown points show the residuals. The green lines show the measured ±3σ
dispersion of the residuals, which are used by the sigma-clipping algorithm to reject outliers. The dashed blue lines show the central wavelengths
of the CCF lines in the star’s frame of reference, where the depth of these lines is proportional to the CCF weight.

spectrum, where we also calculated a CCF velocity range as
vsys ± n × FWHM, where we set n = 7. We updated the CCF
mask weights as w = d/σ̄2, as illustrated in Fig. 6, where σ̄ is the
mean dispersion in flux within the CCF velocity range around
the line center and d is the line depth. Finally, we calculated the
order-by-order CCF of each normalized spectrum in the time
series using the same mask and the same velocity range for all
spectra.

For each spectrum we calculated a weighted mean of the
spectral order CCFs to build a final mean CCF per expo-
sure. Figure 7 shows the weights given by Q/σ2

ccf , where Q =∫
(d f (v)/dv)2dv for f (v) being the CCF value at a given velocity
v, and σccf is the root mean square (RMS) dispersion of the CCF
time series. Then, we calculated a CCF template by the median
of the mean CCFs of all exposures as presented in Fig. 8. We
applied a polynomial fit to the continuum of each mean CCF to
match the template CCF (see Fig. 8). The continuum is defined
as the points where |v − vsys| < 1.5 × FWHM. Here, we also
applied a 4σ clip filter to remove outliers from the CCF data.
As an additional filter for outlier rejection, we excluded the CCF
data from spectral orders in which less than half of the velocity
bins are useful, that is, those with more than 50% of NaN values.
We also excluded the CCF data from spectral orders that present
a velocity shift greater than a given threshold of 3.0 km s−1. Then
we recalculated the mean CCFs and a new template CCF from
the clean CCF data. Finally, we calculated the final RV by least-
square fitting for the velocity shift that best matches the mean
CCF of an individual exposure to the template CCF.

The above procedure is applied to the spectra obtained from
the sum of the flux of the two scientific fibers ‘A + B’ of SPIRou.
For the simultaneous Fabry-Pérot spectrum obtained with the
calibration fiber “C”, we applied the same procedure described
above with the following changes: (a) we replaced the stellar
mask by a mask containing the Fabry-Pérot lines; (b) we did not
correct for the BERV; (c) we assumed a null systemic velocity;
(d) we did not remove the continuum. The RVs obtained from
the simultaneous calibration are compared to the RVs obtained

Fig. 7. CCF order weights. The top panel shows the relative weights
applied to the CCFs of the SPIRou spectra of TOI-1759 as a function of
the order number. Order numbering increases with wavelength, starting
at zero. Photometric NIR bands are also marked with different colors
and indicated at the top. The middle panel shows the Q factor that quan-
tifies the RV content, and the lower panel shows the statistical weight as
explained in the text.

for the same fiber in the Fabry–Pérot exposures taken during the
night calibration sequence. In this way, we calculated the spectral
shift (or instrumental drift) that occurred from the moment the
wavelength calibration data were taken until the scientific expo-
sure. This drift is finally used to correct the RVs obtained from
the scientific fiber. The drift-corrected RVs of our CCF analysis
are listed in the Table F.2. The RMS dispersion of uncorrected
CCF RVs is 10.6 m s−1, and the RMS of drift-corrected data
is 8.4 m s−1, showing that the drift correction accounts for an
additional noise of about 6.4 m s−1 in our CCF data, assuming
uncorrelated Gaussian noise. It should be noted that the approach
presented here was critical to achieving m s−1 precision. Other-
wise, when applying the CCF method in a more standardized
way, the SPIRou RVs are completely dominated by systematic
errors.
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Fig. 8. CCF template matching. The top panel shows the weighted
mean CCFs obtained for each spectrum of TOI-1759, where the color
code shows the first epoch in dark blue and the last epoch in dark red.
The middle panel shows the same CCFs normalized to the polynomial
fit to match the template CCF (green line). The lower panel shows the
CCFs with the template CCF subtracted.

3.5. LBL analysis

The LBL method that we used in our analysis will be exhaus-
tively presented in a forthcoming paper by Artigau et al. (in
prep.). The method uses an approach similar to that used by
Dumusque (2018) which draws on the Bouchy et al. (2001) for-
malism, in particular Eqs. (3) and (4) therein, and applies it
to individual lines rather than the entire spectrum. As for the
Bouchy et al. (2001) velocity measurement, one must have a
noiseless template to compute a per-line velocity. This template
is used to compare the residuals between the observed spectrum
and the template to the derivative of the template. In practice, we
use a high S/N combined spectrum of the star, assuming that any
remaining noise contribution will be much smaller than the noise
in the observation being considered. For TOI-1759, the template
spectrum obtained from our observations does not have an S/N
as good as in the templates of standard stars. Therefore, in this
case, we use a template of Gl846, which is a standard star of
almost the same spectral type as TOI-1759.

The LBL algorithm provides one velocity per line (typi-
cally 16 000 for an M dwarf observed with SPIRou), which
must be combined into a single RV measurement. The per-line
uncertainties vary from ∼50 m s−1 for the best lines to tens of
km s− for shallow features. In the absence of outlying points, a
weighted sum would suffice to retrieve a per-spectrum velocity.
As there are high-sigma outliers among lines, due to a number
of plausible causes (cosmic rays hitting the array, error in tel-
luric absorption correction), we opt for a finite-mixture model
approach to derive a mean spectrum velocity. Lines either belong

to a Gaussian distribution around the mean velocity with a sigma
derived from the Bouchy et al. (2001) framework, or belong to a
statistically flat distribution of outliers. In representative SPIRou
data, 0.2% of lines are consistent with being outliers.

As in the CCF method, we also calculated the LBL RVs for
the simultaneous calibration fiber to measure and correct for the
instrumental drift. The drift-corrected RVs of our LBL analysis
are also listed in the Table F.2. The RMS of uncorrected and
drift-corrected LBL RVs are 9.5 m s−1 and 5.6 m s−1, respec-
tively, showing that the instrumental drift contributed about
7.7 m s−1 to the noise in our LBL data. A comparative analysis of
the RVs and the drifts obtained by the two methods is presented
in Appendix B.

4. Stellar characterization

We carried out a study to derive the stellar properties and to char-
acterize magnetic activity in TOI-1759, as will be detailed in the
next sections. Table 2 presents a summary of the TOI-1759 stellar
parameters.

4.1. Spectral energy distribution analysis

As a first determination of the basic stellar parameters, we per-
formed an analysis of the broadband spectral energy distribution
(SED) of the star together with the Gaia Early Data Release 3
parallax (with no systematic offset applied; see, e.g., Stassun &
Torres 2021) in order to determine an empirical measurement of
the stellar radius, following the procedures described in Stassun
& Torres (2016), Stassun et al. (2017), and Stassun et al. (2018).
We retrieved the JHKS magnitudes from 2MASS, the W1–W4
magnitudes from WISE, and the GBP G GRP magnitudes from
Gaia. Together, the available photometry spans the stellar SED
over the wavelength range 0.4–22 µm (see Table 2).

We performed a fit using NextGen stellar atmosphere mod-
els, with the effective temperature (Teff) and metallicity ([Fe/H])
as free parameters (the surface gravity, log g, has little influence
on the broadband SED). We fixed the extinction, AV, to zero due
to the proximity of the system. The resulting fit (Fig. 9) has a
reduced χ2 of 1.2, with best-fit Teff = 4075 ± 75 K and [Fe/H] =
0.0± 0.3. Integrating the model SED gives the bolometric flux at
Earth, Fbol = 1.765± 0.020× 10−9 erg s−1 cm−2. Taking the Fbol
and Teff together with the Gaia parallax, gives the stellar radius,
R⋆ = 0.60 ± 0.03 R⊙.

4.2. Spectral synthesis analysis of the SPIRou template

As a second determination, we analyzed the normalized tem-
plate SPIRou spectrum of TOI-1759 using the code iSpec12

(Blanco-Cuaresma et al. 2014; Blanco-Cuaresma 2019) and the
radiative transfer code SPECTRUM (Gray & Corbally 2014). In
this approach, a grid of synthetic spectra is computed using stel-
lar atmospheric models from MARCS (Gustafsson et al. 2008)
and a custom line list from the VALD catalog (1100–2400 nm)
(Piskunov et al. 1995). The solar abundances are from Asplund
et al. (2009). Here, we considered the range between 1100 nm
and 1250 nm, where we used a total of 44 615 lines to produce
the synthetic spectra. The best-fit synthetic spectra were obtained
by minimizing the χ2, which gives us a reliable measurement of
the fundamental parameters of TOI-1759. Figure 10 shows the
SPIRou template spectrum and the best-fit synthetic spectrum of

12 https://www.blancocuaresma.com/s/iSpec
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Table 2. Summary of the stellar parameters of TOI-1759.

Parameter Value Ref.

ID (LSPM) J2147+6245
ID (TYC) 4266-736-1
ID (TIC) 408636441
RA (hh:mm:ss.ss) 21:47:24.386 1
Dec (dd:mm:ss.ss) +62:45:13.733 1
Epoch (TCB) J2016.0 1
Proper motion in RA, µα (mas yr−1) −173.425 ± 0.012 1
Proper motion in Dec, µδ (mas yr−1) −10.654 ± 0.011 1
Parallax (mas) 24.922 ± 0.010 1
Distance (parsec) 40.12 ± 0.02 1
TESS T (mag) 9.928 ± 0.007
Gaia GBP (mag) 11.7164 ± 0.0007 1
Gaia G (mag) 10.8386 ± 0.0002 1
Gaia GRP (mag) 9.9174 ± 0.0005 1
2MASS J (mag) 8.771 ± 0.043 2
2MASS H (mag) 8.114 ± 0.059 2
2MASS K (mag) 7.930 ± 0.020 2
WISE 1 (mag) 7.83 ± 0.03 3
WISE 2 (mag) 7.89 ± 0.03 3
WISE 3 (mag) 7.8 ± 0.3 3
WISE 4 (mag) 7.64 ± 0.11 3
Effective temperature, Teff (K) 4075 ± 75 This work (4)
Effective temperature, Teff (K) 4036 ± 100 This work (5)
Effective temperature, Teff (K) 4046 ± 40 This work (6)
Effective temperature, Teff (K) 3972 ± 40 This work (7)
Fe metallicity, [Fe/H] (dex) 0.0 ± 0.3 This work (4)
Metallicity, [M/H] (dex) +0.2 ± 0.3 This work (5)
Metallicity, [M/H] (dex) +0.4 ± 0.2 This work (6)
Metallicity, [M/H] (dex) +0.1 ± 0.2 This work (7)
Surface gravity, log g (dex) 5.1 ± 0.6 This work (5)
Surface gravity,log g (dex) 4.9 ± 0.2 This work (6)
Surface gravity, log g (dex) 4.5 ± 0.2 This work (7)
Bolometric flux, Fbol (erg s−1 cm−2) 1.765 ± 0.020 × 10−9 This work (4)
Star radius, R⋆ (R⊙) 0.60 ± 0.03 This work (4)
Star radius, R⋆ (R⊙) 0.628±0.018 This work (8)
Star mass, M⋆ (M⊙) 0.61 ± 0.02 9
Luminosity, L⋆ (L⊙) 0.089±0.011 This work
Rotation period, Prot (d) 35.65+0.17

−0.15 this work (10)
rotation velocity, vrot (km s−1) 0.85 ± 0.04 this work (11)
Age (Gyr) 3–7 This work

References. (1) Gaia Collaboration (2021); (2) Cutri et al. (2003); (3) Wright et al. (2010); (4) SED analysis; (5) spectroscopic analysis from
spectral synthesis; (6) spectroscopic analysis from PHOENIX grid; (7) spectroscopic analysis from Turbospectrum+MARCS grid; (8) using the
radius-luminosity (MK) relationship (Mann et al. 2015); (9) ExoFOP (https://exofop.ipac.caltech.edu/); (10) Prot obtained from Bℓ (see
Sect. 4.3); (11) vrot = 2πR⋆/Prot.

TOI-1759 obtained by our analysis. The best-fit stellar parame-
ters are shown in Table 2. The spectroscopic parameters obtained
in this analysis are consistent with those obtained in the SED
analysis (see Sect. 4.1), although the uncertainty on Teff obtained
here is larger, mainly due to the presence of activity (e.g., do
Nascimento et al. 2016), whose complete characterization would
require a detailed analysis beyond the scope of this work.

In addition, we obtained the spectroscopic parameters of
TOI-1759 from a spectral characterization tool specifically devel-
oped to analyze SPIRou spectra of M dwarfs by Cristofari et al.
(2022), which performs a least-squares search for best-fit param-
eters in a precomputed grid of spectra using both a grid of
PHOENIX spectra from Husser et al. (2013) and a grid of spec-
tra computed with Turbospectrum (Plez 2012) from MARCS

(Gustafsson et al. 2008) model atmospheres. The PHOENIX
grid gives Teff = 4046 ± 40 K, log g = 4.9 ± 0.2 dex, and
[M/H] = +0.4 ± 0.2 dex, and the Turbospectrum+MARCS grid
gives Teff = 3972 ± 40 K, log g = 4.5 ± 0.2 dex, and [M/H] =
+0.1± 0.2 dex. These results agree with our SED fit and spectral
synthesis analyses, showing an improvement in the uncertainty
of Teff .

4.3. Magnetic activity, rotation, and age

To investigate the magnetic activity in TOI-1759, we calculated
the disk-integrated longitudinal magnetic field, Bℓ, in the LSD
profiles of SPIRou following the same prescription as in Donati
et al. (1997), Moutou et al. (2020), and Martioli et al. (2020).
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Fig. 9. SED of TOI-1759. Red symbols represent the observed photo-
metric measurements, where the horizontal bars represent the effective
width of the passband. Blue symbols are the model fluxes from the best-
fit NextGen atmosphere model (black).

Fig. 10. Spectral synthesis analysis of TOI-1759. Black points show the
normalized template SPIRou spectrum of TOI-1759, and the red line
shows the best-fit synthetic spectrum with Teff = 4036 ± 100 K, log g =
5.1± 0.6 dex, and [M/H] = +0.2± 0.3 dex. The vertical blue lines show
the positions of the lines of the main chemical species (as indicated on
the labels) considered in our analysis. Our analysis included a total of
10242 lines within the spectral range 1137–1169 nm. Solid green lines
show the residuals (observed minus synthetic).

Table F.3 presents the values of Bℓ for TOI-1759 from both
APERO and LE reductions. The Bℓ corresponds to a measure-
ment of the net magnetic field projected on the line-of-sight
direction originated from magnetic regions in the visible hemi-
sphere of the stellar photosphere. Since the spatial distribution
of these magnetized features is likely to be heterogeneous, as
later confirmed by our Zeeman-Doppler imaging (ZDI) analy-
sis (see Sect. 4.4), Bℓ is expected to be modulated by the star’s
rotation, allowing the rotation period to be derived if any peri-
odicity is detected in its time series (e.g., Borra & Landstreet
1980; Morin et al. 2008; Moutou et al. 2017; Petit et al. 2021).
Figure 11 shows the generalized Lomb–Scargle (GLS) peri-
odogram (Zechmeister & Kürster 2009) for the Bℓ data

Fig. 11. GLS periodogram analysis of the longitudinal magnetic field
(Bℓ) time series of TOI-1759. The dashed blue line shows the highest
power at a period of 35.7 days.

calculated using the astropy.timeseries13 tool. We find the
maximum power at a period of 35.7 d with a false alarm
probability (FAP) below 0.001%.

The magnetic features of this star appear to evolve rapidly,
as seen in our ZDI analysis (see Sect. 4.4), showing a change
in the magnetic properties between 2020 and 2021. Therefore,
this study required a flexible model to account for the variability
of the stellar magnetic field. We employed a Gaussian process
(GP) regression analysis (e.g., Haywood et al. 2014; Aigrain et al.
2015) using the code george14 (Ambikasaran et al. 2014), where
we assume that the rotational modulated stellar activity signal
in Bℓ is quasi-periodic (QP). Thus, we adopt a parameterized
covariance function (or kernel) as in Angus et al. (2018), which
is given by

k(τi j) = α2 exp

− τ2
i j

2l2
−

1
β2 sin2

(
πτi j

Prot

) + σ2δi j, (2)

where τi j = ti − t j is the time difference between data points i and
j, α2 is the amplitude of the covariance, l is the decay time, β is
the smoothing factor, Prot is the star rotation period, and σ is the
uncorrelated white noise, which adds a “jitter” term to the diag-
onal of the covariance matrix. This kernel combines a squared
exponential component describing the overall covariance decay
and a component that describes the periodic covariance struc-
ture, the amplitude of which is controlled by the smoothing
factor. Values of β around 1, as we find for this object, corre-
spond to a periodic variation without a strong harmonic content.
As pointed out by Angus et al. (2018) the flexibility of this model
can easily lead to overfitting of the data. Therefore, we adopted
a prior distribution for the parameters (see Table 3) that restricts
the search range to realistic values and avoids overfitting.

We use this GP framework to model the temporal variabil-
ity of the Bℓ data, where we first fit the GP model parameters
by the maximization of the likelihood function (Rasmussen &
Williams 2006; Foreman-Mackey et al. 2017) using the package
scipy.optimize, and then we sampled the posterior distribu-
tion of the free parameters using a Bayesian MCMC framework
with the package emcee (Foreman-Mackey et al. 2013). We set
the MCMC with 50 walkers, 1000 burn-in samples, and 5000

13 https://docs.astropy.org/en/stable/timeseries/
lombscargle.html
14 https://george.readthedocs.io/
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Table 3. Best-fit parameters of a QP GP model obtained in our analysis of the stellar activity in the SPIRou Bℓ data.

Quantity Priors Fit values
APERO Libre-Esprit

Mean, µ (G) U(−∞,+∞) −3 ± 6 −3 ± 3
White noise, σ (G) U(0,+∞) 0.8+0.7

−0.5 0.7 ± 0.4
Amplitude, α (G) U(0,+∞) 8+5

−3 5+3
−2

Decay time, l (days) U(50, 1000) 671+218
−243 395+271

−172

Smoothing factor, β U(0.2, 1.5) 0.9 ± 0.2 0.7+0.3
−0.2

Rotation period, Prot (days) U(2, 300) 35.65+0.17
−0.15 35.8 ± 0.3

RMS of residuals (G) 2.3 1.4
χ2 0.85 1.02

Fig. 12. GP analysis of the SPIRou Bℓ data. In the top panel, the black points show the observed Bℓ data and the orange line shows the best-fit QP
GP model. The bottom panel shows the residuals with an RMS dispersion of 2.3 G.

samples. The results of our analysis are illustrated in Fig. 12
where we present the Bℓ observed data and the best-fit GP model.
Figure A.1 shows the MCMC samples and posterior distribu-
tions of the GP parameters. Table 3 shows the priors and best-fit
parameters calculated by the medians and their 0.16 and 0.84
quantiles uncertainties. We performed the same analysis on both
APERO and LE Bℓ data, which gives consistent GP parameters
within 1σ. The APERO data are noisier, with an RMS of residu-
als of 2.3 G, while LE data give an RMS of 1.4 G. However, we
adopted the star rotation period obtained with the APERO data,
which has a posterior distribution that is more tightly constrained
than in the LE data. In Fig. 13, we present the Bℓ data phase-
folded to the best-fit star rotation period of Prot = 35.7 days,
where we highlight the different rotation cycles using different
colors.

We investigated if the periodicity found in the Bℓ data is also
present in the TESS photometry data. Here, we considered the
TESS flux data subtracted by the best-fit transit model using
the parameters in Table 6 and binned by weighted average with
a bin size of 0.1 days. Figure 14 shows the GLS periodogram
with a highest power at a period of 10.9 days and two other
smaller peaks at 6.2 days and 17.2 days. The rotation period of

Fig. 13. SPIRou Bℓ data phase-folded with the best-fit period of
35.7 days. The data are represented by a different color for each rota-
tion cycle, with the time of the zeroth cycle considered to be the time of
the first SPIRou observation, that is, 2459006.063741 BJD. The orange-
shaded region shows the best-fit GP model.

Prot = 35.7+0.17
−0.15 days obtained from Bℓ does not show a signifi-

cant peak in the TESS data, although there are significant peaks
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Fig. 14. GLS periodogram analysis of the TESS photometry data, with
the best-fit transit model subtracted and binned by weighted average
with a bin size of 0.1 days. The top panel shows the GLS periodogram,
where the maximum power at 10.9 days is marked by the dashed blue
line. The dashed red line shows the best-fit star rotation period of
35.7 days obtained in our analysis of the Bℓ data. The middle panel
shows the TESS data phase-folded with a period of 10.9 days, and
the bottom panel shows the TESS data phase-folded with a period of
35.7 days. The latter shows the data represented by a different color
for each rotation cycle (as in Fig. 13), with the time of the zeroth
cycle considered to be the time of the first SPIRou observation, that
is, 2459006.063741 BJD.

near its harmonics. However, as illustrated in the bottom panel of
Fig. 14, the TESS data phase-folded with Prot = 35.7 days show
that different rotation cycles present some agreement in their
overlapping features. This suggests that the surface of TOI-1759
has several small spots rather than large spots at some specific
longitudes that would generate a simpler oscillatory modulation
in the TESS light curve.

In Fig. 15, we present the results of our analysis of the TESS
photometry data using the same QP GP framework, where we
assumed the same priors listed in Table 3, except for the Prot,
which we assumed a prior with the value obtained from Bℓ, that

Fig. 15. GP analysis of the TESS photometry time series. The top panel
shows the TESS data obtained in Sectors 16 and 17, and the bottom
panel shows the data obtained in Sector 24. Black hollow circles show
the TESS photometry in its original sampling, and the black points show
the binned data, where each bin is calculated by the weighted mean
within windows of 0.1 day. The orange line and shaded region show the
best-fit GP model (multiplied by the transit model) and its uncertainty.

is, Prot = N(35.65, 0.17). We tried to fit the TESS data alone but
it does not place a strong constraint on the rotation period, as
we found that the best-fit GP model converges to significantly
different values of Prot with a small change in the quality of the
fit, depending strongly on the choice of the initial values of Prot.

Finally, we can use the star’s rotation period that we obtained
from Bℓ, Prot = 35.7 days, to estimate the system’s age via empir-
ical gyrochronology relations. For example, we obtain an age of
≈2.9 Gyr via the relations of Mamajek & Hillenbrand (2008),
although the star is slightly redder than the limits of appli-
cability of those relations. Alternatively, we obtain an age of
≈3.9 Gyr with the M-dwarf relations of Engle & Guinan (2018),
although the star is slightly hotter than the limits of applicabil-
ity of those relations. A recent study of stellar clusters by Curtis
et al. (2020) discovered a stalling in the spin-down of cool stars.
Therefore, our age derivation above of 2.9–3.9 Gyr may be sig-
nificantly underestimated. According to the results presented in
Fig. 7 of Curtis et al. (2020), TOI-1759 seems to correspond
better to a 6 ± 1 Gyr field star than to the younger members
of clusters. Therefore, we conservatively estimate the empirical
gyrochronology age of TOI-1759 to be in the range 3–7 Gyr.

4.4. Magnetic imaging

We reconstruct the large-scale magnetic field at the surface of
TOI-1759 using ZDI. The algorithm models the magnetic topol-
ogy as a combination of a poloidal and a toroidal component,
which are both formulated via spherical-harmonics decompo-
sition (Donati et al. 2006). An iterative comparison between
synthetic and observed Stokes V profiles is performed until the
maximum-entropy map at a given reduced χ2 level is found (for
more details see Skilling & Bryan 1984; Donati & Brown 1997;
Folsom et al. 2018).
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Table 4. Properties of the magnetic field of TOI-1759 obtained from our ZDI analysis of the 2020 and 2021 SPIRou data sets, using both the
APERO and LE reduced data.

Quantity APERO Libre-Esprit
2020 2021 2020 2021

Mean magnetic field, Bm (G) 10 ± 2 9 ± 2 17 ± 3 18 ± 4
Dipole magnetic field, Bdip (G) −14 ± 3 −14 ± 3 −23 ± 5 −27 ± 5
Tilt of the dipole field, idip (deg) 23 ± 5 50 ± 5 22 ± 5 46 ± 5
Poloidal component 99 ± 5% 99 ± 5% 99 ± 5% 97 ± 5%
Axisymmetric component 78 ± 5% 46 ± 5% 75 ± 5% 54 ± 5%
χ2 0.4 0.9

Notes. We list the square root of the magnetic energy at the surface, the intensity and tilt of the dipole field, the fractional energy of the poloidal
component, and the fractional energy of the axisymmetric component of the poloidal field.

We produced two ZDI maps from observations collected
almost one year apart: between June 5, 2020, and December
24, 2020 (23 observations), and between the June 20, 2021, and
August 26, 2021 (25 observations). The local Stokes I profiles
are truncated at ±15 km s−1 from line center and modeled with
a Voigt function defined by a Gaussian and Lorentzian width
of 1.2 and 5.1 km s−1, respectively. As central wavelength and
Landé factor, we use the normalization values of 1750 nm and
1.2. We adopted the linear limb darkening coefficient reported
in Table 6 and let the spherical harmonics expansion reach the
fifth degree in l, as higher degrees are unnecessary given the low
value of the projected velocity (Morin et al. 2008). The observed
and modeled Stokes V profiles are shown in Fig. 16.

The two maps of surface magnetic flux are shown in Fig. 17
and the map characteristics obtained from both APERO and LE
datasets are reported in Table 4. Assuming solid body rotation,
Prot = 35.7 days, veq sin(i) = 0.84 km s−1, and stellar inclina-
tion = 80 deg (instead of 90 deg to prevent mirroring effects),
we are able to fit the Stokes V profiles down to a reduced chi-
square level of χ2 ∼ 0.9 for LE and χ2

r ∼ 0.4 for APERO. The
latter indicates that APERO overestimates the error bars of its
LSD profiles. This problem will be addressed in future works,
therefore, we adopt here the ZDI results obtained from the LE
profiles.

The magnetic topology is predominantly poloidal (99% of
the magnetic energy) with the axisymmetric component decreas-
ing from 75 ± 5% in 2020 to 54 ± 5% in 2021. We also observed
a change in the tilt of the dipole field from 22 ± 5 deg in 2020
to 46 ± 5 deg in 2021. Our data also suggest a 20% increase in
the intensity of the dipole component between 2020 and 2021;
otherwise, the intensity of the mean magnetic field remained
constant: the mean (Bm) and the dipole (Bdip) field strengths are
17 ± 3 G (2020) and 18 ± 4 G (2021), and −23 ± 5 G (2020) and
−27±5 G (2021), respectively. For comparison, the APERO data
set gives no substantial change in the field strengths between the
two seasons; however, the field strengths are about 1.5–2.0 times
lower than the LE results, with an agreement within 2σ. This
slight disagreement indicates that the different noise characteris-
tics and normalization of the LSD profiles can probably bias the
measurements of the field strengths.

To summarize, the magnetic topology of TOI-1759 is char-
acterized by a weak (<20 G) and predominantly poloidal field,
whose main axis of symmetry shows a variable inclination with
time. This agrees with previous results on similar stars, for exam-
ple Gl 205, whose spectral type, rotation periods, and magnetic
properties are very similar to those of TOI-1759 (Hébrard et al.
2016).

Fig. 16. Stokes V profiles (black lines) and their model (red lines)
obtained with Prot = 35.7 d, veq sin(i)=0.84 km s−1, and i = 80 deg. The
numbers at the right of each profile indicate the rotational cycle relative
to the first Julian date of the time series of each season. The profiles are
shifted vertically for better visualization. Left: 2020 time series. Right:
2021 time series.

Fig. 17. ZDI maps of the recovered surface magnetic flux of TOI-1759
obtained from the best fit of the SPIRou data in 2020 (top panels) and
2021 (bottom panels). We show the radial (left panels), azimuthal (mid-
dle panels), and meridional (right panels) components of the magnetic
field. The star is shown in a flattened polar projection, with the equa-
tor depicted as a bold circle and the 30◦ and 60◦ latitude parallels as
dashed lines. Ticks around the star mark the rotational phases of our
observations. The magnetic topology is predominantly poloidal, with
the axisymmetric mode at an intermediate level.
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5. Planet characterization

We modeled the TESS photometry data with a baseline GP com-
ponent to account for stellar activity as described in Sect. 4.3
multiplied by a transit model calculated using the BATMAN toolkit
by Kreidberg (2015). The SPIRou RV data are modeled by the
orbital reflex motion of the star caused by the planet, given by a
Keplerian velocity as described in the Sect. 4 of Martioli et al.
(2010). To perform a Bayesian MCMC joint analysis of the pho-
tometry and RV data sets, we build a global likelihood function
that can be evaluated at each iteration of the MCMC sampler.
Our likelihood function is given by the sum of the logarithm
of the likelihood (log-likelihood) of the prior probability on the
data and on the planet parameters plus the posterior probability
of the trial models conditioned to the data. The general form of
our likelihood function is given by

lnL = −
1
2

N∑
i=1

 (yi − µ)2

σ2
i

+ ln 2πσ2
i

, (3)

where N is the number of data points (or parameters), yi is a
given data point (or parameter) and σi is its Gaussian uncer-
tainty, and µ is the mean value. We sampled the posterior
distribution of the model parameters using the emcee package.
The chain was set with 50 walkers and 5000 MCMC steps, the
firs 1000 of which we discard. To compare different data sets
and model assumptions, we calculated the Bayesian information
criterion (BIC), given by

BIC = k ln n − 2 ln L̂, (4)

where k is the number of free parameters, n is the number of data
points, and L̂ is the likelihood for the best-fit model.

We first fit the transit model to the photometry data in the
regions around the three transits of TOI-1759 b observed by
TESS, as shown in Fig. 1. We defined the priors considering
ranges that include only realistic values and the initial values
were measured directly from the data as in Martioli et al. (2021).
Then, we performed a joint analysis of photometry and RV data,
setting the initial model with the planet parameters obtained
from the transit analysis and uniform priors for the velocity semi-
amplitude of Kp = U(0,∞) m s−1 and for the systemic velocity
of vsys = U(−∞,∞) m s−1. We note that in this first analysis
we do not include the activity model to the RV data. We first
adopted a uniform prior for the orbital eccentricity and longi-
tude of periastron, e = U(0, 1) and ω = U(0, 360) deg, and then
we repeated the analysis assuming a circular orbit (e = 0). The
best-fit eccentricities for the CCF and LBL data are 0.5± 0.2 and
0.2 ± 0.2, respectively. However, the BIC values obtained for a
circular orbit, BICCCF = 19 896 and BICLBL = 19617, are lower
than those obtained for a noncircular orbit, BICCCF = 19 917
and BICLBL = 19 645. This means that the information provided
by the data does not justify increasing the number of model
parameters, so we adopt a circular orbit from now on.

To investigate if an activity related signal modulates our
RV data, we fitted a QP GP activity component to the RV
data subtracted by the best-fit orbit model obtained above,
where we assume a prior for the rotation period of Prot =
N(35.65, 0.17) days, as obtained in Sect. 4.3, and the same priors
shown in Table 3 for the other GP parameters. Then we sub-
tract this GP model from the original RVs and perform again
a joint fit of the photometry and RV data. In Appendix C, we
present the results of this analysis, where we show the MCMC
samples and posterior distributions for the fit parameters and the

Fig. 18. TOI-1759 b orbit fit. The points in light gray show the SPIRou
CCF (upper panel) and LBL (lower panel) RVs phase-folded at an
orbital period of 18.850 days. Black points show weighted averages
within a bin size of 0.05 (∼0.95 days). The green lines and shaded
regions show the best-fit models and their uncertainties for the orbit
of TOI-1759 b. The residuals are displayed at the bottom of each
panel, giving an RMS of 7.7 m s−1 and 4.6 m s−1 for CCF and LBL,
respectively.

RV data and each component of the best-fit model. Figure 18
shows the RV data and the best-fit orbit models phase-folded to
the orbital period and with t0 being the time of transit (Tc). We
notice that both orbits are in phase with the TESS transits. The
BIC also improves with respect to the solution without a planet
for all data sets, showing a consistent preference in favor of the
orbit model. The Appendix D presents a periodogram analy-
sis for the CCF and LBL data, both showing coherent peaks
in the orbital period of P = 18.85 days. These peaks become
more relevant when subtracting the GP model. As an additional
test, we performed a joint analysis of the photometry, RV, and
Bℓ data including the transit model, the RV orbit models and
the GP activity model, simultaneously. However, since the GP
model is more flexible than the orbit model, the GP tends to
overfit the data, resulting in a less significant detection of the
RV semi-amplitude. Our bisector analysis (see Appendix E)
indicates an absence of activity-related signal in the RVs. There-
fore, the GP model may actually be related to other spurious
signals.

The Table 5 shows a comparison of the results obtained for
the CCF and LBL data, and for a model with and without the GP
component. We note that regardless of the method used (CCF or
LBL) or whether or not the GP component is included, the veloc-
ity semi-amplitude is constrained and all planet parameters have
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Table 5. Best-fit parameters obtained from our analyses using different combinations of RV data sets (CCF and LBL) and models (with and without
a GP activity component).

Parameter CCF LBL CCF+GP LBL+GP

RV semi-amplitude, Kp (m s−1) 3.4 ± 0.7 2.4 ± 0.7 3.2 ± 0.7 2.3 ± 0.7
Planet mass, Mp (M⊕) 10.2 ± 2.1 7.2 ± 2.0 9.7 ± 2.1 6.8 ± 2.0
Systemic velocity, vsys (m s−1) −61072.2 ± 0.5 −60993.2 ± 0.4 −61072.2 ± 0.5 −60993.2 ± 0.4
Orbital period, P (days) 18.849986 ± 0.000005 18.849979 ± 0.000006 18.849983 ± 0.000005 18.849975 ± 0.000006
GP mean, µv (m s−1) – – 0 ± 2 0+2

−3

GP white noise, σv (m s−1) – – 0.5+1.1
−0.8 0.1+0.5

−0.3

GP amplitude, αv (m s−1) – – 5+3
−2 3+4

−2

GP decay time, ls (days) – – 141+389
−192 195+352

−301

GP smoothing factor, βs – – 0.22+0.13
−0.06 0.3+0.5

−0.4

GP period, Prot (days) – – 36+42
−8 35+31

−21

χ2 1.23 0.75 0.74 0.55
RMS (no planet†) (m s−1) 9.4 5.6 7.7 4.8
RMS of residuals (m s−1) 9.3 5.4 7.4 4.6
∆BIC§ (no planet†) 335 43 246 6
∆BIC§ 315 35 226 0

Notes. † RMS and BIC calculated for the RV data before subtracting the orbit model of TOI-1759 b; § ∆BIC = BIC – BICmin, for BICmin = 19 582.

posterior distributions that are consistent within 1σ. The GP
activity component improves the final dispersion of the residuals
and the BIC for both data sets. Our MCMC analysis assumes flat
priors for the velocity semi-amplitude, Kp = U(0, 100) m s−1;
therefore, a null detection should result in a flat probability distri-
bution toward zero. However, as illustrated in Figs. C.1 and C.2,
Kp has a well-constrained posterior distribution at the upper and
lower bounds for both data sets, defining an important constraint
for the mass of TOI-1759 b.

With LBL+GP we obtained the lowest BIC value, with a
velocity semi-amplitude of Kp = 2.3 ± 0.7 m s−1 and a RMS
of residuals of 4.6 m s−1. Therefore, the final fit parameters we
adopt are those obtained by the LBL RVs with GP activity
model. The best-fit system parameters and derived quantities are
summarized in Table 6. With a radius of 3.06 ± 0.22 R⊕ and a
mass of 6.8 ± 2.0M⊕, TOI-1759 b is confirmed as a planet with
a mean density of 1.3 ± 0.5 g cm−3; therefore, it is likely to be a
gas-dominated sub-Neptune.

6. TOI-1759 b as a potential target for atmospheric
characterization

We considered the best-fit parameters from our analysis to calcu-
late the habitable zone for TOI-1759 using the equations and data
from Kopparapu et al. (2014), which gives an optimistic lower
limit (recent Venus) at 0.24 au, and an upper limit (early Mars)
at 0.61 au, with the runaway greenhouse limits (Mp = 1 M⊕)
ranging between 0.31 au and 0.58 au. TOI-1759 b resides at an
orbital distance of 0.1176 ± 0.0013 au and receives a flux of
6.4 times the flux incident on Earth, and therefore it is not inside
the habitable zone. We estimated the equilibrium temperature
for TOI-1759 b as in Heng & Demory (2013), assuming a uni-
form heat redistribution and an arbitrary geometric albedo of 0.1,
which gives Teq = 433 ± 14 K, showing that this sub-Neptune is
in a temperate region.

With a J magnitude of 8.7 for TOI-1759, the transits of TOI-
1759 b can potentially be searched for atmospheric signatures.
To characterize the potential for the detection of atmospheric
absorption lines, we can evaluate the ratio between the atmo-
spheric absorption depth and noise in the transit light curve.
However, since the noise level will depend on the telescope,
instrument, spectral range, etc., and the atmospheric absorption
depth will depend on the species, abundances, number and oscil-
lator strength of the searched lines, etc., at this point one can only
calculate a relative S/N of detection to be compared with other
planets and observed with the same instrument.

Here, we made the calculation in the J band, which is cur-
rently available with space and ground based facilities, and
which includes the H2O bands observed in many studies of exo-
planet atmospheres (e.g., Fraine et al. 2014; Benneke et al. 2019;
Tsiaras et al. 2019; Mikal-Evans et al. 2021). The atmospheric
absorption depth, which is the fraction of the stellar flux that is
absorbed by the atmosphere during transit, is proportional to the
area of the absorbing layer, which is given by the scale height of
the atmosphere (H) times 2πRp, for Rp being the planet radius,
and inversely proportional to the area of the stellar disk (πR2

star).
The noise is simply assumed to be proportional to the square
root of the stellar flux given by FJ ∝ 10−0.4mJ , where mJ is the J
magnitude of the star. The atmospheric scale height is given by
kT/µg, where k is the Boltzmann constant, T is the atmosphere
temperature, µ is the mean molar molecular mass, and g the
planet gravity in the atmosphere. Finally, with g ∝ Mp/R2

p, where
Mp is the planet mass, we have an S/N of S/N ∝ HRp/R2

star
√

FJ,
in agreement with the transmission spectroscopic metric defined
by Kempton et al. (2018) (see also, Cointepas et al. 2021).

We calculated the S/N expected for all known exoplanets
transiting an M-type star, and normalized them to a value of
100 for the best case of AU Mic b. We used the catalog of exo-
planets given by the Exoplanets Encyclopedia on August 1, 2021
(Schneider et al. 2011). For the J magnitudes, we used the tabu-
lated values when available, or calculated theoretical values from
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Table 6. Summary of the final fit parameters of TOI-1759 from the joint MCMC analysis of the TESS photometry and LBL SPIRou RVs.

Parameter Unit Fit value

Time of conjunction, Tc BJD 2458745.4661 ± 0.0010
Orbital period, P days 18.849975 ± 0.000006
Normalized semimajor axis, a/R⋆ – 36 ± 5
Semimajor axis, ap

(†) au 0.1176 ± 0.0013
Transit duration, tdur h 3.7 ± 0.9
Orbital inclination, ip deg 89.2 ± 0.5
Impact parameter, b – 0.5 ± 0.3
Eccentricity, e § – 0
Planet-to-star radius ratio, Rp/R⋆ – 0.049 ± 0.003
Planet radius, Rp RJup 0.279 ± 0.020
Planet radius, Rp RNep 0.79 ± 0.06
Planet radius, Rp R⊕ 3.06 ± 0.22
Velocity semi-amplitude, Kp m s−1 2.3 ± 0.7
Planet mass, Mp MJup 0.021 ± 0.006
Planet mass, Mp MNep 0.40 ± 0.12
Planet mass, Mp M⊕ 6.8 ± 2.0
Planet density, ρp g cm−3 1.3 ± 0.5
Equilibrium temperature, Teq

(††) K 433 ± 14
Linear limb dark. coef., u0 – 0.4+0.5

−0.7
Quadratic limb dark. coef., u1 – 0.5 ± 1.0
RMS of RV residuals m s−1 4.6
RMS of flux residuals ppm 1093

Notes. (†)semi-major axis derived from the fit period and the Kepler’s law; (§)assuming a circular orbit, that is, the eccentricity is fixed to zero;
(††)assuming a uniform heat redistribution and an arbitrary geometric albedo of 0.1.

Fig. 19. S/N of the atmospheric signatures in the J band as a function
of the planetary mass for exoplanets orbiting M-type stars with masses
between 8 and 14 Earth mass. The S/Ns have been normalized to a refer-
ence S/N of 100 for the planet AU Mic b. In the considered mass range,
the best S/Ns are obtained for the exoplanets GJ1214 b and GJ3470 b,
with S/Ns of about half the one of AU Mic b.

the V magnitudes and the stars effective temperatures assuming
a black-body spectrum. A star is considered to be an M-type if
it is cataloged as such or if its effective temperature is between
2200 K and 4100 K. The result is shown in Fig. 19 where we
plotted the S/N of the atmospheric signatures in the J band as a
function of the planetary mass for known exoplanets orbiting M-
type stars with masses between 4 and 14 M⊕. In this mass range,
TOI-1759 b is the fourth best S/N after GJ3470 b, TOI-270 c, and
TOI-270 d with an S/N about one-fourth that of GJ3470 b and
half that of TOI-270 c.

In addition to the characterization of the deep atmosphere,
TOI-1759 b provides interesting prospect in the search for
evaporation signature. This planet shares many similar proper-
ties with GJ3470 b (planetary radius, equilibrium temperature,
stellar type and effective temperature). GJ3470 b has shown a
deep signature of an escaping atmosphere in Lyman-α (Bourrier
et al. 2018). The main difference is that with a semimajor axis of
0.036 au, GJ3470 b is about three times closer to its star. There-
fore, TOI-1759 b is farther to the evaporation limit (Lecavelier
Des Etangs 2007).

To calculate the evaporation rate of TOI-1759 b, we used
the hydrodynamic escape model from Allan & Vidotto (2019).
This model calculates the optical depth for the XUV photons
of the star – that is, the X-ray plus the energetic ultra-violet
(EUV) radiation – which penetrate in the upper atmosphere of
the planet. For simplicity, we assumed that the EUV photon
energy is concentrated at 20 eV. These photons can then locally
ionize neutral hydrogen atoms and the excess energy above the
ionization threshold (i.e., >13.6 eV) is then used to heat the
atmosphere, which expands and more easily evaporates. This
bulk atmospheric outflow can potentially be detected in Lyman-α
transit observations. One of the key inputs for the photoevapora-
tion model is the high-energy XUV flux from the star incident on
the planet. Given that the XUV flux is unknown for TOI-1759, we
used empirical relations between magnetism and X-ray flux from
Vidotto et al. (2014) to first estimate the X-ray flux of this star.
Using the average magnetic fields reported in Table 2 and Fig. 6
from Vidotto et al. (2014), we estimated the X-ray flux of TOI-
1759 to be ∼6 × 105 and ∼1.5 × 106 erg cm−2 s−1, if we consider
an average field of 10 or 18 G, respectively. With these X-ray
fluxes, we then used the empirical relations from (Johnstone
et al. 2021, see their Eqs. (19) and (21)) to estimate the EUV
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flux of this star to be ∼1.1 × 106 and ∼2.1 × 106 erg cm−2 s−1,
which results in a total XUV flux of ∼1.7 × 106 and ∼3.6 ×
106 erg cm−2 s−1 at the stellar surface. We note here that our
values should be regarded as estimates, as the spread in empirical
relations can be significant (see Vidotto et al. 2014).

Given the model dependence on the XUV stellar flux, it is
worth comparing our estimated values with that from GJ3470.
Using values from Bourrier et al. (2018), we find an XUV surface
flux for GJ3470 of 7.7 × 105 erg cm−2 s−1, which is comparable
to that of TOI-1759, albeit a factor of few lower. Naively, we
would expect that the faster rotation of GJ3470 (about a 20-day
period) and its likely younger age (∼2 Gyr; Bourrier et al. 2018)
would have implied in a larger XUV surface flux of GJ3470,
compared to that of TOI-1759, in contrast to what we found. This
discrepancy could be due to the scatter in the relations we used
here (see previous paragraph).

Using the lower-bound XUV flux value we found (∼1.7 ×
106 erg s−1 cm−2), at the orbit of TOI-1759 b the incident stellar
flux is 940 erg s−1 cm−2, which we adopted in our atmospheric
escape model for TOI-1759 b. Assuming the planet has a hydro-
gen atmosphere, we find an escape rate of 1.4 × 1010 g s−1,
which is remarkably similar to the rate derived for GJ3470 b
(Bourrier et al. 2018). Given these similarities with GJ3470 b,
TOI-1759 b might be an interesting target to observe neutral
hydrogen escape.

In conclusion, the discovery of TOI-1759 b provides an inter-
esting target with prospects for the observation of the deep
atmosphere. However, given the possible high XUV flux, it is
a potentially extremely interesting target in a search for escap-
ing upper atmosphere in Lyman-α similar to GJ3470 b. Even
the detection of the deep atmosphere will be in the capabilities
of forthcoming facilities, which will aim at observing dozens of
exoplanets atmospheres like the ESA space mission Ariel. In the
sub-Neptune mass domain, it will be an interesting planet to be
included in the first priority targets list.

7. Conclusions

We have presented a detection of the transiting exoplanet TOI-
1759 b and the characterization of the TOI-1759 system using
TESS photometry and SPIRou/CFHT spectropolarimetry obser-
vations. The planet has a radius of 3.06 ± 0.22 R⊕ and a mass
of 6.8 ± 2.0 M⊕ and therefore belongs in the sub-Neptune class,
with a mean density of 1.3 ± 0.5 g cm−3. It orbits at a distance
of 0.1176 ± 0.0013 au from a moderately active cool dwarf star,
and its equilibrium temperature is 433 ± 14 K.

We measured the Doppler velocity shift of the star to a few
m s−1 from our high-resolution NIR SPIRou spectra through both
the CCF and LBL methods. These observations constrain the
velocity semi-amplitude of the planet’s orbit to within 3 σ. In
a joint Bayesian MCMC analysis of the TESS photometry and
SPIRou RVs, we fitted a Keplerian model of the planet’s RV orbit
and a transit model to constrain the system’s parameters.

In addition, the SPIRou circularly polarized spectra detect
the Zeeman signature of the photospheric magnetic field of TOI-
1759, which allowed us to characterize the magnetic properties
of this star. We found that the longitudinal magnetic field is
modulated by the star rotation, providing a star rotation period
of 35.65+0.17

−0.15 days. We reconstructed the magnetic map of the
star with the ZDI technique, finding a predominantly poloidal
field with an intermediate axisymmetry level. The mean mag-
netic field remained constant between 2020 and 2021, with a
strength of Bmean = 18 ± 4 G. However, we detected a change in

the axisymmetric component from 75±5% in 2020 to 54±5% in
2021, and a change in the tilt and strength of the dipole field from
22 ± 5 deg and −23 ± 5 G in 2020 to 46 ± 5 deg and −27 ± 5 G
in 2021.

Finally, we used our measurements of the stellar magnetic
field and the system’s properties to estimate the photoevapora-
tion rate in TOI-1759 b, which gives >1.4 × 1010 g s−1. This
makes it a promising exoplanet to search for escaping upper
atmosphere in Lyman-α transit observations and a potential
target for the observation of the deep atmosphere. Therefore,
TOI-1759 b is an important exoplanet for the understanding of
the mechanisms that underlie the observed sub-Neptune radius
desert.
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Appendix A: Bℓ GP posteriors

In this appendix we present the MCMC samples and posterior
probability distributions of the QP GP activity model param-
eters, as defined in Section 4.3, obtained for the longitudinal
magnetic field (Bℓ) time series. Figure A.1 illustrates these
results.

Appendix B: Comparison between CCF and LBL
RVs

We use two independent methods to calculate RVs, the CCF
and the LBL. In this appendix we present a comparison between
these two methods to verify the consistency between their results
and if there is any residual systematics.

First, we compare the SPIRou instrumental drift measured
from the simultaneous Fabry-Pérot spectrum in the calibration
fiber“‘C”. Figure B.1 shows the drifts measured by the CCF
method versus the drifts measured by the LBL method. We
notice that there is a significant correlation of 0.96 between the
drifts calculated by the two methods, with a median offset of
−5.4 ± 1.9 m s−1 of the LBL with respect to the CCF drifts.
These measurements show that SPIRou has an absolute drift
that varies within a typical range of ±4 m s−1 (80th percentile),
having much larger values (∼ 30 − 40 m s−1) on some occasions
due to sporadic jumps of the instrument. The RMS dispersion
of 1.9 m s−1 for the differences between the two measurements
is in good agreement with the expected internal uncertainties,
which is on the order of 1 m s−1. The CCF drifts have a median
error of 1.85 m s−1and the LBL drift errors are not computed in
the current version.

Now we compare the RV measurements of TOI-1759 per-
formed by both methods. Figure B.2 shows the time series of the
difference between LBL and CCF RVs, where we did not detect
any obvious systematics. The two methods provide RVs with a
median offset of 79 m s−1 and a RMS dispersion of 6 m s−1.
The latter is also in agreement with the expected dispersion of
7 m s−1, derived from the final RMS of 5.4 m s−1 and 4.6 m s−1,
assuming uncorrelated errors.

Appendix C: Fit models for CCF and LBL RVs

In this appendix we present the final results of our joint analysis
of TESS photometry and SPIRou RV data, where we included a
QP GP component to account for stellar activity in each data set
as described in Section 5. Figures C.1 and C.2 show the MCMC
samples and posterior distributions of the transit and RV model
parameters, and Figures C.3 and C.4 show the fit models for the
CCF and LBL RV data, respectively.

Appendix D: Periodogram analysis of SPIRou RVs

In this appendix we present a periodogram analysis of the
SPIRou RV data to inspect the significance of detection of
the orbital RV signal of TOI-1759 b. Figure D.1 shows the
conventional GLS periodogram, where we calculated the GLS
periodogram for an increasing number of data points in a sub-
set of our time series, starting at one-third, then two-thirds and
then all data points. Both the CCF and LBL RVs show a peak at
18.85 d after removing the GP model, but a less significant peak
when considering the data without subtracting the GP model.
This low power reflects the marginal detection of the velocity
semi-amplitude that we obtained in our analysis.

To further inspect the statistical significance of this faint sig-
nal, we employed the stacked Bayesian general Lomb-Scargle

periodogram (SBGLSP) analysis of Mortier & Collier Cameron
(2017). The result is illustrated in Figure D.2, where it shows that
our RV data indeed presents a faint but coherent signal at 18.85 d,
showing an increasing power with the number of observations.
The signal becomes stronger and more evident after removing
the GP model from both the CCF and LBL RVs. Finally, we
calculated the S/N of the 18.85 d peak in the SBGLSP as a func-
tion of the number of observations. Figure D.3 shows that both
data sets (CCF and LBL), with and without removing the GP
model, present a monotonic increase in the S/N with the number
of observations, which confirms the coherence of the detected
signal.

Those analyses show that we detect the planet in the SPIRou
data. The significance remains low, with detection of the RV
semi-amplitude Kp between 3 and 5σ according the values
reported in Table 5. Still, the coherence of that signal and its
agreement with both the period and the phase predicted from the
TESS photometry allow us to conclude we significantly detect
the planet.

Appendix E: Bisector analysis

To check whether the RVs are correlated with some changes in
the line profiles we use the bisector analysis as in Queloz et al.
(2001) and Boisse et al. (2009), where we calculate the bisector
span, given by Bspan = vt − vb, where vt is the velocity shift of
the bisector at the top of the CCF (55% < depth < 80%) and
vb is the velocity shift of the bisector at the bottom of the CCF
(20% < depth < 40%). Figure E.1 shows that there is no sig-
nificant correlation between Bspan and the RVs, with a global
Pearson-r coefficient of -0.10 and -0.01 and a p-value of 0.17 and
0.85, for CCF and LBL, respectively. Therefore, the RVs do not
vary significantly with the shape of the line profiles. Although
our bisector analysis indicates the absence of an activity-related
signal in the RVs of TOI-1759, further validation of this method
in active stars is yet to be done with SPIRou.

Appendix F: SPIRou log of observations, RVs, and
Bℓ data

This appendix presents the log of SPIRou observations of TOI-
1759 in Table F.1, the CCF and LBL RVs in Table F.2, and the
longitudinal magnetic field (Bℓ) data in Table F.3.
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Fig. A.1. MCMC samples and the posterior distributions of parameters in the QP GP analysis of the stellar activity in the SPIRou Bℓ data.
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Fig. B.1. Comparison between CCF and LBL RV drifts measured from the Fabry-Pérot spectra obtained by the simultaneous calibration fiber of
SPIRou observations of TOI-1759. The top panel shows the CCF drifts versus LBL drifts (black circles) as well as a linear fit to these quantities
(solid green line) and its 1σ uncertainties (dashed red lines). The linear fit (parameters presented in the legend) shows a correlation of 0.96 between
the CCF and LBL drifts. The bottom panel shows the differences between LBL and CCF drifts (black circles), the median (dashed blue line), and
the 1σ = 1.9 m s−1 dispersion (shaded blue region).
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Fig. B.2. Comparison between CCF and LBL RVs of TOI-1759. The black circles show the differences between the LBL and CCF RVs, the dashed
blue line shows the median difference, and the blue-shaded region represents the 1σ dispersion.
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Fig. C.1. Pairs plot showing the MCMC samples and posterior distributions of the free parameters in our joint analysis of the TESS photometry
and the SPIRou CCF RV data. The contours mark the 1σ, 2σ, and 3σ regions of the distribution. The blue crosses indicate the best-fit values for
each parameter and the dashed vertical lines in the projected distributions show the median values and the 1σ uncertainty (34% on each side of
the median).
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Fig. C.2. Same as Figure C.1 but for the LBL RV data.

A86, page 24 of 39

A&A 660, A86 (2022)



E. Martioli et al.: Detection and characterization of TOI-1759 b

Fig. C.3. Best-fit models for the orbit of TOI-1759 b and the QP GP model for the stellar activity obtained from our MCMC joint analysis of the
TESS photometry and the SPIRou CCF RV data. From top to bottom, panels show: (1) the orbit+GP model and the CCF RV data; (2) the GP
model and the CCF RV data minus the orbit model; (3) the orbit model and the CCF RV data minus the GP model; and (d) the residuals, that is,
the CCF RV data minus the orbit + GP model.

Fig. C.4. Same as Figure C.3 but for the LBL RV data.

A86, page 25 of 39



Fig. D.1. GLS periodogram analysis of SPIRou RVs of TOI-1759. The cyan, blue, and red lines show the GLS periodogram calculated for subsets
containing one-third, two-thirds, and the entirety of the SPIRou RV data of TOI-1759, respectively. From top to bottom, panels show this analysis
for CCF RVs, CCF RVs minus GP model, LBL RVs, and LBL RVs minus GP model. The removal of the GP model shows an improvement in the
signature of the planet, expected at a period of 18.850 d (dashed green line). The dashed orange and blue lines show the periods found by our GP
analysis of the TESS data and Bℓ data, respectively.
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E. Martioli et al.: Detection and characterization of TOI-1759 b

Fig. D.2. SBGLSP analysis of the SPIRou RVs of TOI-1759. Each panel shows a color map of the power in the SBGLSP for each RV data set.
The vertical dashed lines show the orbital period of TOI-1759 b.
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Fig. D.3. Significance of detection of the TOI-1759 b orbit RV signal at 18.85 d in the SBGLSP analysis. Each curve represents the S/N as a
function of the number of observations. The S/N is calculated as the ratio between the SBGLSP power at 18.85 d and the noise in the periodogram.
There is a monotonic increase in the S/N with the number of observations for all data sets, showing the coherent nature of the signal detected.
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E. Martioli et al.: Detection and characterization of TOI-1759 b

Fig. E.1. Bisector span versus SPIRou RVs. The top panel shows the CCF RVs, and the bottom panel shows the LBL RVs, where we verify
that there is no correlation between these quantities and the bisector span. The blue lines show a linear fit, and the legends show the Pearson-r
coefficients and their corresponding p-values.
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Table F.1. Log of SPIRou observations of TOI-1759.

Epoch UT Date BJD BERV Exp. time airmass S/N H2O Pol. seq.
(km s−1) (s) at 1670 nm rel. abs. number

1 2020-06-05T13:16:41 2459006.047578 9.9774 903 1.51 172 1.11 1
1 2020-06-05T13:32:11 2459006.058353 9.9667 903 1.48 174 1.11 2
1 2020-06-05T13:47:42 2459006.069133 9.9556 903 1.45 174 1.08 3
1 2020-06-05T14:03:13 2459006.079901 9.9441 903 1.42 171 1.05 4
2 2020-06-10T13:28:06 2459011.055684 10.4612 903 1.45 161 3.43 1
2 2020-06-10T13:43:42 2459011.066528 10.4495 903 1.42 162 3.28 2
2 2020-06-10T13:59:13 2459011.077292 10.4376 903 1.40 157 3.16 3
2 2020-06-10T14:14:44 2459011.088067 10.4254 903 1.39 164 3.23 4
3 2020-07-27T14:10:17 2459058.086711 11.1745 903 1.50 155 4.92 1
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E. Martioli et al.: Detection and characterization of TOI-1759 b

Table F.1. continued.

Epoch UT Date BJD BERV Exp. time airmass S/N H2O Pol. seq.
(km s−1) (s) at 1670 nm rel. abs. number

3 2020-07-27T14:25:47 2459058.097483 11.1628 903 1.54 150 3.30 2
3 2020-07-27T14:41:18 2459058.108256 11.1518 903 1.58 153 5.05 3
3 2020-07-27T14:56:49 2459058.119030 11.1413 903 1.63 153 4.76 4
4 2020-07-28T11:27:47 2459058.973896 11.2529 903 1.38 169 0.94 1
4 2020-07-28T11:43:12 2459058.984605 11.2388 903 1.37 168 0.93 2
4 2020-07-28T11:58:37 2459058.995313 11.2246 903 1.37 168 0.92 3
4 2020-07-28T12:14:02 2459059.006021 11.2105 903 1.37 169 0.88 4
5 2020-08-10T10:42:09 2459071.942673 10.2010 903 1.37 159 2.86 1
5 2020-08-10T10:57:34 2459071.953381 10.1865 903 1.37 172 2.85 2
5 2020-08-10T11:12:59 2459071.964091 10.1719 903 1.37 169 2.81 3
5 2020-08-10T11:28:24 2459071.974799 10.1574 903 1.37 171 2.85 4
6 2020-08-11T11:27:54 2459072.974483 10.0531 903 1.37 173 1.97 1
6 2020-08-11T11:43:20 2459072.985191 10.0387 903 1.38 171 1.95 2
6 2020-08-11T11:58:50 2459072.995964 10.0245 903 1.39 175 1.93 3
6 2020-08-11T12:14:15 2459073.006672 10.0105 903 1.41 167 1.90 4
7 2020-08-26T09:17:43 2459087.884529 8.2563 903 1.39 131 1.71 1
7 2020-08-26T09:33:08 2459087.895238 8.2414 903 1.38 129 1.70 2
7 2020-08-26T09:37:18 2459087.902075 8.2319 223 1.37 43 1.65 3
7 2020-08-26T09:53:23 2459087.909300 8.2217 903 1.37 110 1.70 3
7 2020-08-26T10:09:16 2459087.920331 8.2063 903 1.37 126 1.69 4
8 2020-08-27T09:07:22 2459088.877370 8.1172 903 1.39 156 1.26 1
8 2020-08-27T09:22:53 2459088.888143 8.1022 903 1.38 171 1.25 2
8 2020-08-27T09:38:18 2459088.898851 8.0873 903 1.37 166 1.21 3
8 2020-08-27T09:53:43 2459088.909560 8.0722 903 1.37 183 1.16 4
9 2020-08-30T09:01:30 2459091.873371 7.6626 903 1.39 184 0.53 1
9 2020-08-30T09:16:55 2459091.884080 7.6476 903 1.38 183 0.52 2
9 2020-08-30T09:32:20 2459091.894788 7.6325 903 1.37 179 0.51 3
9 2020-08-30T09:47:45 2459091.905497 7.6174 903 1.37 179 0.51 4
10 2020-09-03T11:22:04 2459095.971094 6.8851 903 1.46 186 0.63 1
10 2020-09-03T11:37:35 2459095.981867 6.8717 903 1.49 184 0.65 2
10 2020-09-03T11:53:06 2459095.992640 6.8589 903 1.53 176 0.68 3
10 2020-09-03T12:08:37 2459096.003412 6.8466 903 1.57 179 0.68 4
11 2020-09-04T10:44:36 2459096.945095 6.7531 903 1.41 187 6.94 1
11 2020-09-04T11:00:07 2459096.955868 6.7388 903 1.43 186 7.03 2
11 2020-09-04T11:15:32 2459096.966576 6.7250 903 1.46 188 6.96 3
11 2020-09-04T11:30:57 2459096.977284 6.7117 903 1.49 180 7.09 4
12 2020-09-06T09:13:57 2459098.882192 6.5029 903 1.37 185 0.80 1
12 2020-09-06T09:29:23 2459098.892901 6.4877 903 1.37 181 0.81 2
12 2020-09-06T09:44:53 2459098.903674 6.4724 903 1.37 187 0.82 3
12 2020-09-06T10:00:18 2459098.914382 6.4573 903 1.38 186 0.86 4
13 2020-09-09T08:45:31 2459101.862503 6.0088 903 1.37 192 1.20 1
13 2020-09-09T09:01:02 2459101.873276 5.9934 903 1.37 187 1.22 2
13 2020-09-09T09:16:33 2459101.884049 5.9780 903 1.37 191 1.26 3
13 2020-09-09T09:31:57 2459101.894757 5.9627 903 1.37 193 1.28 4
14 2020-09-10T08:58:34 2459102.871592 5.8178 903 1.37 190 1.11 1
14 2020-09-10T09:14:00 2459102.882301 5.8024 903 1.37 190 1.11 2
14 2020-09-10T09:29:31 2459102.893074 5.7870 903 1.37 189 1.13 3
14 2020-09-10T09:45:01 2459102.903846 5.7718 903 1.38 191 1.15 4
15 2020-09-19T07:37:59 2459111.815780 4.2113 903 1.39 111 3.87 1
15 2020-09-19T07:53:24 2459111.826488 4.1959 903 1.38 119 3.78 2
15 2020-09-19T08:08:55 2459111.837262 4.1803 903 1.37 86 3.67 3
15 2020-09-19T08:24:20 2459111.847968 4.1648 903 1.37 63 3.70 4
16 2020-09-20T07:19:45 2459112.803121 4.0337 903 1.40 173 1.05 1
16 2020-09-20T07:35:15 2459112.813894 4.0184 903 1.39 176 1.05 2
16 2020-09-20T07:50:46 2459112.824666 4.0029 903 1.38 176 1.03 3
16 2020-09-20T08:06:11 2459112.835377 3.9874 903 1.37 181 1.02 4
17 2020-09-25T08:25:19 2459117.848721 2.9731 903 1.37 191 1.00 1
17 2020-09-25T08:40:50 2459117.859493 2.9576 903 1.38 190 0.98 2
17 2020-09-25T08:56:21 2459117.870265 2.9422 903 1.39 187 0.97 3
17 2020-09-25T09:11:46 2459117.880974 2.9271 903 1.40 187 0.99 4
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Table F.1. continued.

Epoch UT Date BJD BERV Exp. time airmass S/N H2O Pol. seq.
(km s−1) (s) at 1670 nm rel. abs. number

18 2020-09-30T06:46:01 2459122.779804 2.0570 903 1.40 196 2.92 1
18 2020-09-30T07:01:32 2459122.790576 2.0415 903 1.38 194 3.02 2
18 2020-09-30T07:17:03 2459122.801349 2.0259 903 1.38 195 3.03 3
18 2020-09-30T07:21:35 2459122.808283 2.0158 251 1.37 94 3.10 4
18 2020-09-30T07:38:41 2459122.816379 2.0040 903 1.37 193 3.03 4
19 2020-10-01T08:48:52 2459123.865126 1.7285 903 1.40 185 1.65 1
19 2020-10-01T09:04:23 2459123.875899 1.7136 903 1.42 185 1.53 2
19 2020-10-01T09:19:54 2459123.886672 1.6990 903 1.44 184 1.51 3
19 2020-10-01T09:35:19 2459123.897379 1.6850 903 1.47 186 1.60 4
20 2020-10-06T09:43:57 2459128.903400 0.6440 903 1.53 155 3.72 1
20 2020-10-06T09:59:23 2459128.914108 0.6314 903 1.57 172 3.93 2
20 2020-10-06T10:14:48 2459128.924816 0.6193 903 1.62 175 4.03 3
20 2020-10-06T10:30:13 2459128.935525 0.6079 903 1.68 173 4.07 4
21 2020-11-01T06:28:57 2459154.767808 -4.5657 903 1.39 202 2.11 1
21 2020-11-01T06:44:27 2459154.778581 -4.5809 903 1.40 203 2.01 2
21 2020-11-01T06:59:53 2459154.789288 -4.5957 903 1.42 203 1.98 3
21 2020-11-01T07:15:18 2459154.799996 -4.6101 903 1.44 205 2.08 4
22 2020-11-04T07:38:13 2459157.815865 -5.2182 903 1.50 198 6.57 1
22 2020-11-04T07:53:44 2459157.826638 -5.2312 903 1.54 201 6.65 2
22 2020-11-04T08:09:14 2459157.837410 -5.2436 903 1.59 170 6.63 3
22 2020-11-04T08:24:40 2459157.848118 -5.2554 903 1.64 192 6.74 4
23 2020-12-24T04:48:50 2459207.696740 -11.9027 903 1.57 190 3.90 1
23 2020-12-24T05:04:21 2459207.707512 -11.9133 903 1.62 189 4.05 2
23 2020-12-24T05:19:52 2459207.718288 -11.9231 903 1.68 187 4.24 3
23 2020-12-24T05:35:17 2459207.728992 -11.9322 903 1.74 186 4.50 4
24 2020-12-29T04:41:13 2459212.691250 -12.1435 903 1.61 174 1.87 1
24 2020-12-29T04:56:44 2459212.702022 -12.1533 903 1.67 172 1.95 2
24 2020-12-29T05:12:14 2459212.712794 -12.1625 903 1.73 170 2.04 3
24 2020-12-29T05:27:40 2459212.723502 -12.1709 903 1.80 164 2.18 4
25 2021-01-03T04:53:28 2459217.699560 -12.3062 903 1.73 179 0.57 1
25 2021-01-03T05:09:05 2459217.710396 -12.3145 903 1.80 178 0.59 2
25 2021-01-03T05:24:35 2459217.721168 -12.3219 903 1.89 187 0.64 3
25 2021-01-03T05:40:01 2459217.731876 -12.3285 903 1.98 187 0.68 4
26 2021-06-19T11:47:11 2459384.985854 11.2191 903 1.60 129 3.22 1
26 2021-06-19T12:02:36 2459384.996561 11.2091 903 1.56 126 2.87 2
26 2021-06-19T12:18:02 2459385.007269 11.1986 903 1.52 114 2.66 3
26 2021-06-19T12:28:09 2459385.016155 11.1896 585 1.48 10 3.54 4
27 2021-06-20T11:32:56 2459385.975993 11.2903 903 1.64 195 1.54 1
27 2021-06-20T11:48:21 2459385.986702 11.2807 903 1.59 197 1.54 2
27 2021-06-20T12:03:47 2459385.997411 11.2706 903 1.54 196 1.48 3
27 2021-06-20T12:19:12 2459386.008120 11.2599 903 1.51 199 1.42 4
28 2021-06-21T11:20:22 2459386.967298 11.3572 903 1.67 190 2.38 1
28 2021-06-21T11:35:52 2459386.978069 11.3479 903 1.62 183 2.28 2
28 2021-06-21T11:51:23 2459386.988843 11.3379 903 1.57 177 2.23 3
28 2021-06-21T12:06:54 2459386.999615 11.3274 903 1.53 181 2.22 4
29 2021-06-23T11:17:24 2459388.965321 11.4687 903 1.65 204 4.03 1
29 2021-06-23T11:32:50 2459388.976029 11.4591 903 1.60 199 3.96 2
29 2021-06-23T11:48:15 2459388.986738 11.4490 903 1.55 197 3.83 3
29 2021-06-23T12:03:40 2459388.997446 11.4383 903 1.52 190 3.73 4
30 2021-06-24T11:00:56 2459389.953915 11.5287 903 1.70 186 2.90 1
30 2021-06-24T11:16:21 2459389.964623 11.5196 903 1.64 196 2.86 2
30 2021-06-24T11:31:46 2459389.975331 11.5099 903 1.59 188 2.64 3
30 2021-06-24T11:47:11 2459389.986039 11.4996 903 1.55 188 2.62 4
31 2021-06-25T11:22:27 2459390.968894 11.5631 903 1.61 173 1.71 1
31 2021-06-25T11:37:52 2459390.979601 11.5530 903 1.56 180 1.65 2
31 2021-06-25T11:53:22 2459390.990377 11.5422 903 1.52 179 1.62 3
31 2021-06-25T12:08:48 2459391.001083 11.5311 903 1.49 186 1.58 4
32 2021-06-26T11:16:33 2459391.964841 11.6111 903 1.61 206 1.61 1
32 2021-06-26T11:31:58 2459391.975550 11.6010 903 1.57 204 1.52 2
32 2021-06-26T11:47:23 2459391.986258 11.5904 903 1.53 204 1.51 3
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Table F.1. continued.

Epoch UT Date BJD BERV Exp. time airmass S/N H2O Pol. seq.
(km s−1) (s) at 1670 nm rel. abs. number

32 2021-06-26T12:02:49 2459391.996970 11.5793 903 1.49 205 1.49 4
33 2021-06-27T10:55:09 2459392.950018 11.6656 903 1.68 209 3.07 1
33 2021-06-27T11:10:34 2459392.960726 11.6562 903 1.62 209 2.95 2
33 2021-06-27T11:25:59 2459392.971435 11.6462 903 1.57 210 2.91 3
33 2021-06-27T11:41:25 2459392.982143 11.6356 903 1.53 208 2.97 4
34 2021-06-28T13:00:03 2459394.036796 11.6124 903 1.39 194 3.02 1
34 2021-06-28T13:15:28 2459394.047502 11.5996 903 1.38 193 2.96 2
34 2021-06-28T13:30:59 2459394.058275 11.5865 903 1.37 189 2.98 3
34 2021-06-28T13:46:24 2459394.068984 11.5735 903 1.37 195 3.01 4
35 2021-06-29T13:25:50 2459395.054740 11.6250 903 1.37 186 1.05 1
35 2021-06-29T13:41:21 2459395.065513 11.6119 903 1.37 184 1.05 2
35 2021-06-29T13:56:46 2459395.076222 11.5988 903 1.37 182 1.05 3
35 2021-06-29T14:12:11 2459395.086931 11.5857 903 1.37 184 1.08 4
36 2021-07-01T13:25:12 2459397.054380 11.6844 903 1.37 167 1.77 1
36 2021-07-01T13:40:37 2459397.065089 11.6712 903 1.37 164 1.91 2
36 2021-07-01T13:56:03 2459397.075796 11.6580 903 1.37 162 1.97 3
36 2021-07-01T14:11:28 2459397.086505 11.6450 903 1.37 169 2.05 4
37 2021-07-02T13:01:51 2459398.038204 11.7288 903 1.38 145 1.40 1
37 2021-07-02T13:17:16 2459398.048910 11.7157 903 1.37 140 1.39 2
37 2021-07-02T13:32:47 2459398.059683 11.7024 903 1.37 146 1.40 3
37 2021-07-02T13:48:12 2459398.070391 11.6892 903 1.37 152 1.43 4
38 2021-07-17T12:13:34 2459413.005251 11.7312 903 1.37 188 0.68 1
38 2021-07-17T12:28:59 2459413.015960 11.7175 903 1.37 188 0.68 2
38 2021-07-17T12:44:29 2459413.026733 11.7036 903 1.37 176 0.68 3
38 2021-07-17T12:59:55 2459413.037441 11.6899 903 1.37 174 0.69 4
39 2021-07-18T12:08:58 2459414.002104 11.7050 903 1.38 182 1.00 1
39 2021-07-18T12:24:24 2459414.012813 11.6913 903 1.37 176 0.98 2
39 2021-07-18T12:39:54 2459414.023586 11.6774 903 1.37 171 1.00 3
39 2021-07-18T12:55:19 2459414.034294 11.6637 903 1.37 176 1.02 4
40 2021-07-19T09:49:53 2459414.905548 11.7856 903 1.60 164 4.44 1
40 2021-07-19T10:05:18 2459414.916257 11.7746 903 1.56 178 4.53 2
40 2021-07-19T10:20:43 2459414.926965 11.7630 903 1.52 155 4.75 3
40 2021-07-19T10:36:08 2459414.937673 11.7510 903 1.48 142 4.67 4
41 2021-07-20T11:41:46 2459415.983295 11.6592 903 1.39 198 4.94 1
41 2021-07-20T11:57:12 2459415.994003 11.6455 903 1.38 191 4.84 2
41 2021-07-20T12:12:37 2459416.004711 11.6317 903 1.37 196 4.71 3
41 2021-07-20T12:28:02 2459416.015420 11.6178 903 1.37 196 4.73 4
42 2021-07-25T11:33:08 2459420.977489 11.4384 903 1.38 141 2.51 1
42 2021-07-25T11:48:33 2459420.988198 11.4245 903 1.37 126 2.49 2
42 2021-07-25T12:03:59 2459420.998906 11.4105 903 1.37 127 2.51 3
42 2021-07-25T12:19:24 2459421.009615 11.3965 903 1.37 134 2.54 4
43 2021-07-27T12:44:52 2459423.027380 11.2608 903 1.38 145 2.39 1
43 2021-07-27T13:00:23 2459423.038152 11.2470 903 1.39 178 2.52 2
43 2021-07-27T13:15:54 2459423.048926 11.2335 903 1.41 193 2.59 3
43 2021-07-27T13:31:19 2459423.059633 11.2204 903 1.43 186 2.49 4
44 2021-08-13T07:19:30 2459439.802032 10.0732 903 1.81 190 1.07 1
44 2021-08-13T07:34:56 2459439.812741 10.0635 903 1.74 189 1.04 2
44 2021-08-13T07:50:21 2459439.823448 10.0531 903 1.68 183 1.00 3
44 2021-08-13T08:05:46 2459439.834157 10.0420 903 1.62 190 0.98 4
45 2021-08-14T07:57:00 2459440.828101 9.9351 903 1.64 197 1.25 1
45 2021-08-14T08:12:25 2459440.838810 9.9236 903 1.59 195 1.21 2
45 2021-08-14T08:27:50 2459440.849517 9.9115 903 1.54 192 1.18 3
45 2021-08-14T08:43:15 2459440.860226 9.8989 903 1.51 196 1.16 4
46 2021-08-15T07:26:41 2459441.807078 9.8401 903 1.74 200 0.99 1
46 2021-08-15T07:42:06 2459441.817787 9.8296 903 1.68 198 0.95 2
46 2021-08-15T07:57:31 2459441.828494 9.8185 903 1.62 196 0.94 3
46 2021-08-15T08:12:56 2459441.839203 9.8068 903 1.57 197 0.92 4
47 2021-08-17T08:17:58 2459443.842764 9.5619 903 1.54 196 1.12 1
47 2021-08-17T08:33:29 2459443.853537 9.5491 903 1.50 199 1.10 2
47 2021-08-17T08:48:54 2459443.864246 9.5359 903 1.47 197 1.11 3
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Table F.1. continued.

Epoch UT Date BJD BERV Exp. time airmass S/N H2O Pol. seq.
(km s−1) (s) at 1670 nm rel. abs. number

47 2021-08-17T09:04:20 2459443.874954 9.5223 903 1.44 194 1.08 4
48 2021-08-18T11:15:05 2459444.965794 9.2739 903 1.38 190 1.88 1
48 2021-08-18T11:30:35 2459444.976560 9.2594 903 1.39 187 1.90 2
48 2021-08-18T11:46:01 2459444.987268 9.2452 903 1.41 189 1.79 3
48 2021-08-18T12:01:26 2459444.997977 9.2314 903 1.42 177 1.76 4
49 2021-08-20T08:40:37 2459446.858585 9.1616 903 1.46 141 1.74 1
49 2021-08-20T08:56:08 2459446.869358 9.1477 903 1.44 127 1.71 2
49 2021-08-20T09:11:39 2459446.880131 9.1336 903 1.42 110 1.72 3
49 2021-08-20T09:27:04 2459446.890842 9.1192 903 1.40 110 1.70 4
50 2021-08-21T09:39:12 2459447.899294 8.9753 903 1.38 181 1.71 1
50 2021-08-21T09:54:37 2459447.910002 8.9606 903 1.38 183 1.75 2
50 2021-08-21T10:10:08 2459447.920780 8.9456 903 1.37 182 1.82 3
50 2021-08-21T10:25:33 2459447.931483 8.9308 903 1.37 180 1.84 4
51 2021-08-22T09:18:38 2459448.885043 8.8600 903 1.40 145 1.37 1
51 2021-08-22T09:34:03 2459448.895751 8.8454 903 1.39 157 1.36 2
51 2021-08-22T09:49:34 2459448.906523 8.8305 903 1.38 171 1.35 3
51 2021-08-22T10:04:59 2459448.917232 8.8157 903 1.37 181 1.33 4
52 2021-08-23T08:59:05 2459449.871499 8.7411 903 1.42 191 1.63 1
52 2021-08-23T09:14:31 2459449.882208 8.7267 903 1.40 188 1.63 2
52 2021-08-23T09:30:01 2459449.892980 8.7120 903 1.39 195 1.62 3
52 2021-08-23T09:45:26 2459449.903689 8.6972 903 1.38 192 1.59 4
53 2021-08-25T08:16:06 2459451.841702 8.4989 903 1.47 187 2.12 1
53 2021-08-25T08:31:31 2459451.852410 8.4851 903 1.45 191 2.03 2
53 2021-08-25T08:47:02 2459451.863183 8.4709 903 1.42 189 1.90 3
53 2021-08-25T09:02:27 2459451.873892 8.4565 903 1.40 192 1.77 4
54 2021-08-26T08:05:17 2459452.834222 8.3643 903 1.49 200 0.73 1
54 2021-08-26T08:20:43 2459452.844930 8.3507 903 1.46 196 0.71 2
54 2021-08-26T08:36:13 2459452.855703 8.3366 903 1.43 194 0.70 3
54 2021-08-26T08:51:39 2459452.866414 8.3223 903 1.41 194 0.69 4

Table F.2. CCF and LBL SPIRou RVs minus the median velocities of -61072.6
and -60992.9 m s−1, respectively.

BJD CCF RV σCCF LBL RV σLBL
m s−1 m s−1 m s−1 m s−1

2459006.047578 -6.3 18.7 2.6 6.4
2459006.058353 0.9 19.0 3.8 6.4
2459006.069133 6.0 18.6 0.1 6.3
2459006.079901 2.2 18.5 2.1 6.2
2459011.055684 -15.1 19.3 -6.2 6.9
2459011.066528 -3.6 18.9 -1.1 6.8
2459011.077292 -18.5 17.5 -7.5 6.8
2459011.088067 -13.3 16.9 -9.6 6.7
2459058.086711 34.0 19.3 18.9 6.7
2459058.097483 18.4 8.9 9.7 6.8
2459058.108256 8.8 9.1 8.3 6.7
2459058.119030 20.7 19.1 -3.8 6.7
2459058.973896 7.8 6.0 3.8 5.9
2459058.984605 0.2 6.1 6.1 5.8
2459058.995313 -0.5 5.9 1.3 5.9
2459059.006021 -1.4 7.5 -3.4 5.9
2459071.942673 -3.1 6.3 -7.6 6.3
2459071.953381 -9.5 6.9 -11.6 6.1
2459071.964091 -7.1 5.4 -6.6 6.1
2459071.974799 0.8 6.6 -3.0 6.0
2459072.974483 -8.8 6.3 -9.0 6.1
2459072.985191 -0.1 5.9 -2.4 6.1
2459072.995964 -3.5 5.2 -4.5 6.1
2459073.006672 6.8 5.6 -0.6 6.2
2459087.884529 1.3 7.6 - -
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Table F.2. continued.

BJD CCF RV σCCF LBL RV σLBL
m s−1 m s−1 m s−1 m s−1

2459087.895238 12.2 6.9 - -
2459087.909300 2.5 7.8 - -
2459087.920331 -7.6 7.7 - -
2459088.877370 -5.4 7.0 -2.0 6.3
2459088.888143 8.4 6.9 4.8 6.1
2459088.898851 -1.1 6.8 2.5 6.1
2459088.909560 -0.4 8.9 -5.6 5.8
2459091.873371 1.5 5.8 -2.2 5.9
2459091.884080 6.9 5.6 8.1 5.8
2459091.894788 4.5 4.1 1.7 5.8
2459091.905497 2.9 5.4 -2.8 5.8
2459095.971094 3.1 5.7 1.8 5.9
2459095.981867 -4.1 4.3 -0.0 5.7
2459095.992640 0.9 6.7 -1.5 6.0
2459096.003412 -1.0 5.4 0.2 5.9
2459096.945095 -2.6 7.9 -7.1 6.3
2459096.955868 0.5 8.4 1.6 6.3
2459096.966576 -1.2 8.8 -6.1 6.3
2459096.977284 0.1 7.8 -2.1 6.3
2459098.882192 6.9 5.6 -5.9 6.1
2459098.892901 11.1 7.8 1.8 6.1
2459098.903674 9.4 6.1 -0.9 5.9
2459098.914382 6.6 4.5 4.5 5.8
2459101.862503 19.9 5.6 12.9 6.0
2459101.873276 11.2 4.6 -1.5 6.0
2459101.884049 9.0 4.9 6.5 5.9
2459101.894757 3.0 5.6 0.2 6.1
2459102.871592 9.6 7.2 2.6 6.0
2459102.882301 -7.3 5.7 -1.5 6.2
2459102.893074 12.5 7.2 -1.5 6.0
2459102.903846 11.7 6.3 2.7 6.0
2459111.815780 17.9 10.8 - -
2459111.826488 2.2 11.6 - -
2459111.837262 15.6 10.1 - -
2459111.847968 42.7 23.0 - -
2459112.803121 5.8 6.6 8.3 6.1
2459112.813894 10.4 6.3 4.1 6.0
2459112.824666 -7.0 5.6 -1.6 6.0
2459112.835377 9.3 7.1 2.2 5.9
2459117.848721 -3.5 7.9 -2.6 5.8
2459117.859493 -4.8 7.1 -3.5 5.8
2459117.870265 -5.9 7.6 -0.1 5.8
2459117.880974 -13.4 7.6 -4.8 5.8
2459122.779804 5.6 6.1 8.4 6.3
2459122.790576 -4.3 8.6 2.4 6.2
2459122.801349 14.0 13.5 3.4 6.2
2459122.808283 6.7 11.2 - -
2459122.816379 -3.9 6.1 2.3 6.2
2459123.865126 3.8 7.4 0.7 5.9
2459123.875899 -10.4 7.1 1.6 6.0
2459123.886672 -2.5 6.4 2.5 6.0
2459123.897379 -17.7 7.0 -8.3 5.9
2459128.903400 -17.8 9.5 2.1 6.6
2459128.914108 -4.3 8.6 9.6 6.3
2459128.924816 -8.1 8.2 6.8 6.2
2459128.935525 -4.6 14.5 1.7 6.2
2459154.767808 1.7 9.8 7.8 5.7
2459154.778581 0.7 9.6 4.7 5.7
2459154.789288 -1.8 9.6 2.2 5.7
2459154.799996 -5.4 11.7 7.7 5.7
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BJD CCF RV σCCF LBL RV σLBL
m s−1 m s−1 m s−1 m s−1

2459157.815865 7.6 10.9 13.2 6.0
2459157.826638 10.4 14.3 6.3 6.2
2459157.837410 -2.5 15.8 -2.0 6.7
2459157.848118 3.2 15.0 0.7 6.4
2459207.696740 1.0 8.9 4.4 6.4
2459207.707512 -9.1 10.7 4.1 6.4
2459207.718288 -5.5 10.5 4.2 6.4
2459207.728992 15.5 23.5 3.5 6.2
2459212.691250 20.0 9.0 3.4 6.3
2459212.702022 8.6 10.4 6.2 6.3
2459212.712794 0.5 8.1 9.7 6.3
2459212.723502 17.2 21.6 6.5 6.5
2459217.699560 -8.6 7.6 -5.5 6.0
2459217.710396 1.8 9.4 -6.4 6.0
2459217.721168 -2.5 8.9 -5.6 5.9
2459217.731876 -7.3 7.0 -6.7 5.9
2459384.985854 -20.9 8.7 - -
2459384.996561 -14.0 8.3 - -
2459385.007269 -16.6 11.8 - -
2459385.975993 -8.9 7.3 -0.2 6.0
2459385.986702 -12.6 7.5 -3.9 5.9
2459385.997411 -9.2 6.2 0.6 5.9
2459386.008120 -10.5 6.6 -5.8 5.9
2459386.967298 -1.2 7.3 -4.8 5.9
2459386.978069 -6.5 6.9 -7.1 6.0
2459386.988843 -0.0 8.9 -2.3 6.3
2459386.999615 -5.0 6.6 -8.7 6.0
2459388.965321 4.5 6.7 -1.2 6.2
2459388.976029 10.8 8.6 2.7 6.1
2459388.986738 15.7 18.9 -1.1 6.1
2459388.997446 11.3 17.3 -1.4 6.2
2459389.953915 2.6 7.3 -1.5 6.2
2459389.964623 -11.1 7.0 -8.4 6.0
2459389.975331 4.4 7.3 5.8 6.0
2459389.986039 1.3 6.2 -5.3 6.4
2459390.968894 -1.3 6.3 -4.7 6.3
2459390.979601 10.4 5.8 -3.6 6.3
2459390.990377 -13.2 5.7 -5.3 6.2
2459391.001083 8.2 5.2 0.5 6.3
2459391.964841 -1.3 4.4 -0.9 6.2
2459391.975550 -7.2 5.2 -3.5 6.1
2459391.986258 5.6 5.3 -0.1 6.1
2459391.996970 -8.6 5.0 -7.0 6.1
2459392.950018 13.8 17.3 -1.2 6.6
2459392.960726 -10.0 6.6 -1.4 6.3
2459392.971435 -6.5 7.5 -0.5 6.3
2459392.982143 2.2 6.9 -0.6 6.1
2459394.036796 8.5 14.1 5.8 6.3
2459394.047502 7.1 14.5 1.0 6.2
2459394.058275 3.0 15.2 3.6 6.1
2459394.068984 -1.4 14.1 -0.6 6.3
2459395.054740 9.0 6.3 6.1 5.7
2459395.065513 3.9 4.1 2.1 5.8
2459395.076222 9.1 6.0 3.6 5.8
2459395.086931 4.4 5.5 0.3 5.6
2459397.054380 -0.6 6.2 8.3 6.1
2459397.065089 0.0 5.0 3.5 6.2
2459397.075796 4.6 5.6 8.3 6.3
2459397.086505 -0.7 5.4 -2.6 6.2
2459398.038204 15.0 5.8 11.0 6.9
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Table F.2. continued.

BJD CCF RV σCCF LBL RV σLBL
m s−1 m s−1 m s−1 m s−1

2459398.048910 -0.8 6.3 5.8 7.2
2459398.059683 5.4 4.9 2.5 6.8
2459398.070391 -4.6 6.3 2.1 6.7
2459413.005251 -6.6 6.4 -8.3 5.6
2459413.015960 -13.2 4.6 -12.1 5.6
2459413.026733 2.8 5.7 -8.2 5.7
2459413.037441 -3.3 6.3 -4.9 5.8
2459414.002104 -2.0 5.3 3.7 5.8
2459414.012813 -6.1 6.2 4.0 5.8
2459414.023586 -10.1 6.2 2.7 6.0
2459414.034294 -0.9 4.5 0.3 5.9
2459414.905548 -10.9 7.7 -12.7 6.7
2459414.916257 -8.8 7.7 -11.5 6.3
2459414.926965 -13.3 8.0 -15.1 7.0
2459414.937673 -2.1 16.9 -18.1 7.3
2459415.983295 -2.5 8.2 -2.8 6.2
2459415.994003 12.8 17.3 -1.4 6.1
2459416.004711 1.0 18.3 -10.7 6.1
2459416.015420 -2.6 8.6 -7.3 6.1
2459420.977489 5.5 7.0 1.7 7.0
2459420.988198 -2.2 7.3 -6.3 7.7
2459420.998906 6.1 7.4 7.2 7.6
2459421.009615 -4.1 7.2 -3.3 7.3
2459423.027380 12.8 7.8 4.0 6.9
2459423.038152 6.6 4.8 -0.3 6.0
2459423.048926 5.0 5.4 1.3 5.8
2459423.059633 11.3 5.7 8.0 5.7
2459439.802032 9.8 7.1 6.3 5.9
2459439.812741 -6.3 7.5 -4.1 5.9
2459439.823448 1.7 6.2 -1.7 5.8
2459439.834157 8.4 5.7 -0.8 5.8
2459440.828101 10.4 6.7 5.3 6.2
2459440.838810 8.1 5.2 1.1 6.1
2459440.849517 9.8 5.9 4.7 6.1
2459440.860226 12.8 5.6 2.8 6.0
2459441.807078 1.2 6.9 0.0 6.1
2459441.817787 2.5 6.0 0.4 6.0
2459441.828494 3.5 5.0 4.2 6.0
2459441.839203 4.6 6.8 3.4 6.0
2459443.842764 2.5 5.8 0.7 5.8
2459443.853537 6.7 5.7 4.2 5.8
2459443.864246 -0.1 6.0 0.3 5.7
2459443.874954 7.1 6.5 0.2 5.6
2459444.965794 -1.6 7.3 0.5 5.9
2459444.976560 1.1 7.7 1.4 5.8
2459444.987268 -2.6 7.9 0.9 5.9
2459444.997977 -6.8 6.8 -0.7 5.9
2459446.858585 -4.6 7.8 -7.9 7.1
2459446.869358 -3.2 6.8 -3.9 7.6
2459446.880131 -7.1 8.0 1.2 8.6
2459446.890842 -26.7 9.2 -8.2 8.5
2459447.899294 -0.4 6.8 -3.2 5.7
2459447.910002 -3.6 5.7 -1.7 5.6
2459447.920780 -6.2 5.9 -11.4 5.7
2459447.931483 -8.8 5.9 -4.0 5.8
2459448.885043 2.8 22.8 3.7 6.5
2459448.895751 9.3 22.7 -0.4 6.1
2459448.906523 10.1 8.0 -0.8 5.8
2459448.917232 -1.1 7.4 0.7 5.6
2459449.871499 -23.4 6.5 -10.8 5.7
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BJD CCF RV σCCF LBL RV σLBL
m s−1 m s−1 m s−1 m s−1

2459449.882208 -3.6 5.9 -2.3 5.7
2459449.892980 -6.4 6.1 -5.6 5.8
2459449.903689 -9.7 10.0 -9.4 5.6
2459451.841702 -5.0 4.7 1.0 5.8
2459451.852410 2.6 5.1 0.7 5.9
2459451.863183 -8.0 6.0 -9.4 5.8
2459451.873892 -6.5 6.6 2.0 5.8
2459452.834222 -9.7 5.1 -4.7 5.7
2459452.844930 -19.1 6.2 -11.6 5.8
2459452.855703 -11.1 5.6 -9.8 5.4
2459452.866414 -10.8 5.9 -7.9 5.6

Table F.3. Longitudinal magnetic field data of TOI-1759 measured by SPIRou
calculated both from APERO and LE reduction.

epoch BJD Bℓ (APERO) Bℓ (Libre-Esprit)
G G

1 2459006.0637411 −3.7 ± 2.8 −2.5 ± 1.5
2 2459011.0718929 −8.6 ± 2.9 −5.0 ± 1.6
3 2459058.1028702 0.8 ± 3.1 −0.5 ± 1.6
4 2459058.9899588 1.2 ± 2.6 2.0 ± 1.4
5 2459071.9587360 0.1 ± 2.7 −4.0 ± 1.4
6 2459072.9905777 −5.2 ± 2.7 −2.3 ± 1.4
7 2459087.9004949 - −1.0 ± 2.1
8 2459088.8934810 4.3 ± 2.5 1.0 ± 1.4
9 2459091.8894338 10.4 ± 2.4 5.7 ± 1.3
10 2459095.9872534 −6.2 ± 2.4 −1.0 ± 1.3
11 2459096.9612056 2.5 ± 3.1 −3.4 ± 1.4
12 2459098.8982873 −6.6 ± 2.7 −5.0 ± 1.3
13 2459101.8786459 −2.2 ± 2.9 −5.1 ± 1.3
14 2459102.8877032 −4.6 ± 2.9 −3.5 ± 1.3
15 2459111.8268090 - −0.9 ± 3.5
16 2459112.8192644 −5.0 ± 2.6 −3.7 ± 1.3
17 2459117.8648631 −8.3 ± 2.5 −6.4 ± 1.2
18 2459122.7950031 1.4 ± 2.8 −4.5 ± 1.6
19 2459123.8812691 −2.3 ± 2.5 −0.9 ± 1.3
20 2459128.9194623 4.4 ± 3.1 4.3 ± 1.5
21 2459154.7839181 −7.5 ± 2.1 −3.2 ± 1.2
22 2459157.8320079 −5.4 ± 2.8 −4.1 ± 1.4
23 2459207.7128831 −5.7 ± 2.7 -
24 2459212.7073920 −3.1 ± 2.9 -
25 2459217.7157500 −5.0 ± 2.5 -
27 2459385.9920565 −4.8 ± 2.6 −2.0 ± 1.3
28 2459386.9834565 −4.4 ± 2.6 −2.7 ± 1.6
29 2459388.9813834 −8.1 ± 2.7 −5.5 ± 1.3
30 2459389.9699772 −5.3 ± 2.7 −2.8 ± 1.3
31 2459390.9849890 −7.5 ± 2.7 −7.0 ± 1.3
32 2459391.9809046 −4.0 ± 2.8 −6.2 ± 1.3
33 2459392.9660802 −12.1 ± 2.9 −8.7 ± 1.3
34 2459394.0528894 −6.6 ± 2.9 −5.5 ± 1.3
35 2459395.0708516 −7.7 ± 2.7 −8.1 ± 1.3
36 2459397.0704424 −11.4 ± 2.6 −10.4 ± 1.5
37 2459398.0542970 −10.1 ± 3.1 -
38 2459413.0213462 5.4 ± 2.4 2.3 ± 1.3
39 2459414.0181992 7.4 ± 2.6 5.1 ± 1.4
40 2459414.9216105 4.6 ± 2.8 4.5 ± 1.6
41 2459415.9993571 4.1 ± 2.6 3.9 ± 1.3
42 2459420.9935519 0.5 ± 3.3 −0.8 ± 2.0
43 2459423.0435229 −3.7 ± 2.5 −3.5 ± 1.4
44 2459439.8180944 −7.3 ± 2.4 −4.4 ± 1.3
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Table F.3. continued.

epoch BJD Bℓ (APERO) Bℓ (Libre-Esprit)
G G

45 2459440.8441636 −2.7 ± 2.2 −3.6 ± 1.3
46 2459441.8231406 −4.2 ± 2.5 −1.0 ± 1.3
47 2459443.8588750 1.4 ± 2.2 −0.4 ± 1.2
48 2459444.9818996 2.0 ± 2.8 1.9 ± 1.3
49 2459446.8747289 6.3 ± 4.0 −0.7 ± 2.1
50 2459447.9153898 7.9 ± 2.4 -
51 2459448.9011373 1.2 ± 2.8 1.0 ± 1.6
52 2459449.8875939 3.8 ± 2.6 4.0 ± 1.2
53 2459451.8577968 3.1 ± 2.6 1.6 ± 1.3
54 2459452.8503171 0.8 ± 2.4 −1.3 ± 1.2
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