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TOI-1452 b: SPIRou and TESS reveal a super-Earth in a temperate orbit transiting an M4 dwarf
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ABSTRACT

Exploring the properties of exoplanets near or inside the radius valley provides insights on the
transition from the rocky super-Earths to the larger, hydrogen-rich atmosphere mini-Neptunes. Here,
we report the discovery of TOI-1452b, a transiting super-Earth (R, = 1.67 £0.07Rg) in an 11.1-day
temperate orbit (Teq = 326 + 7K) around the primary member (H = 10.0, Tex = 3185 £ 50K) of a
nearby visual binary M dwarf. The transits were first detected by TESS, then successfully isolated
between the two 3”2 companions with ground-based photometry from OMM and MuSCAT3. The
planetary nature of TOI-1452b was established through high-precision velocimetry with the near-
infrared SPIRou spectropolarimeter as part of the ongoing SPIRou Legacy Survey. The measured
planetary mass (4.8 & 1.3 Mg) and inferred bulk density (5.6;"%:2 g/cm?) is suggestive of a rocky core
surrounded by a volatile-rich envelope. More quantitatively, the mass and radius of TOI-1452b,
combined with the stellar abundance of refractory elements (Fe, Mg and Si) measured by SPIRou, is
consistent with a core mass fraction of 18 +6% and a water mass fraction of 22¥33%. The water world
candidate TOI-1452b is a prime target for future atmospheric characterization with JWST, featuring
a Transmission Spectroscopy Metric similar to other well-known temperate small planets such as LHS
1140 b and K2-18b. The system is located near Webb’s northern Continuous Viewing Zone, implying
that is can be followed at almost any moment of the year.

1. INTRODUCTION the Earth and Neptune (Howard et al. 2012; Fressin
et al. 2013). Population studies based on the Kepler
sample have shown that the occurrence rate distribu-
tion of close-in (P < 100days) exoplanets displays a
valley/gap near 1.5-2.0Rg (Fulton et al. 2017; Fulton
& Petigura 2018; Mayo et al. 2018; Hardegree-Ullman
et al. 2020). This radius valley most likely separates
scaled-up, rocky versions of the Earth (super-Earths)
and hydrogen-rich planets reminiscent of Neptune, but
Corresponding author: Charles Cadieux smaller (mini-Neptunes). This transition is known to be
charles.cadieux.1@umontreal.ca period-dependent (Van Eylen et al. 2018; Martinez et al.
2019) and to vary with the host star properties such

Over the past decade, it has become increasingly clear
that the typical extrasolar planetary system is quite dif-
ferent from our Solar System. Exoplanets are usually
found in a much more compact orbital configuration
(Howard et al. 2010) and the majority of systems have
at least one planet with a size intermediate between
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as metallicity (Petigura et al. 2018; Owen & Murray-
Clay 2018), mass (McDonald et al. 2019; Cloutier &
Menou 2020), and age (Berger et al. 2020; David et al.
2021). The existence of a radius valley was rapidly at-
tributed to total or partial photoevaporation of the at-
mosphere by highly energetic photons during the first
100 Myr, when the host star is more active (Owen &
Wu 2013, 2017; Lopez & Fortney 2014; Lopez & Rice
2018; Wu 2019). However, another atmospheric ero-
sion mechanism is plausible, involving mass loss caused
by the release of energy from the planet core, accumu-
lated during formation and slowly cooling down over Gyr
timescales (Ginzburg et al. 2018; Gupta & Schlichting
2019, 2020). More recently, Lee & Connors (2021) have
shown that the radius valley can be sculpted as a fea-
ture of formation, involving gas-poor accretion and sup-
porting the hypothesis of a primordial bimodal distribu-
tion, rather than the result of subsequent atmospheric
erosion. In order to identify which mechanism domi-
nates, Rogers et al. (2021) predict that the number of
well-characterized small exoplanets must reach 2 5000.
Such characterization requires the precise knowledge of
planetary radii (< 5% uncertainty) and, if possible, the
planet mass. The combination of the two measurements
leads to the mean density of the objects, a way to deter-
mine whether their internal structure is compatible with
a rocky, gaseous, or intermediate bulk composition.
Identifying new small planets transiting nearby bright
stars is the primary objective of the ongoing NASA
Transiting Exoplanet Survey Satellite (TESS) mission
(Ricker et al. 2015). In operation since 2018, TESS has
observed 85% of the celestial sphere, staring for at least
~2T7 days at over 50 sectors covered so far (24° x 96° per
sector). The TESS survey has already unveiled more
than 5000 candidate exoplanets of which more than two
hundred have been confirmed as new transiting plane-
tary systems, including small planets around M-dwarf
hosts (e.g., TOI-270, Giinther et al. 2019; LP 791-18,
Crossfield et al. 2019; L 98-59, Cloutier et al. 2019;
LTT 1445 A, Winters et al. 2019; LTT 3780, Cloutier
et al. 2020a; TOI-1235, Cloutier et al. 2020b; TOI-700,
Gilbert et al. 2020; TOI-1266, Demory et al. 2020; LP
714-47, Dreizler et al. 2020; TOI-776, Luque et al. 2021).
M dwarfs represent prime targets not only for TESS,
but in exoplanetary science in general. They are the
most abundant stars in the solar neighborhood (Reylé
et al. 2021) and host on average 2.54+0.2 planets per
M dwarf with radii 1-4 Rg (Dressing & Charbonneau
2015). Their smaller size compared to Sun-like stars
facilitate the detection and characterization of new ex-
oplanets by producing deeper transits for planets of a
given size. The larger planet-to-star mass ratio ampli-

fies the planetary radial velocity (RV) signal, allowing
easier mass determination. Lastly, their lower luminos-
ity results in a closer-in Habitable Zone (HZ), with or-
bital periods typically of one or two weeks adequately
sampled by TESS.

The James Webb Space Telescope (JWST) is poised to
revolutionize the field of exoplanet atmospheres (Bean
et al. 2018) by offering a collecting area more than 6
times larger than the Hubble Space Telescope (HST)
and spectral coverage from the visible to the mid-
infrared (0.6-28 ym). JWST will allow simultaneous
identification of many chemical species with large ab-
sorption cross section in the infrared (e.g., HoO, CHy,
CO, CO,, NH3), as well as probe the atmosphere of ter-
restrial planets with unprecedented sensitivity. One key
objective of TESS is to discover the best transiting exo-
planets amenable for atmospheric characterization with
JWST (Kempton et al. 2018).

Here, we report the discovery of a new small exoplanet
around the nearby M dwarf TOI-1452. The planet was
first detected by TESS, then characterized via follow-
up efforts including RV monitoring with the SPIRou
spectropolarimeter. The complete set of observations
is described in Section 2. The host star properties and
physical parameters are derived in Section 3. Our data
analysis and results are presented in Section 4. The im-
plications of this discovery and prospects for follow-up
characterization are discussed in Section 5, followed by
concluding remarks in Section 6.

2. OBSERVATIONS
2.1. TESS photometry

TOI-1452 (TIC 420112589) was observed by TESS in
sectors 14 through 26 (except 18), thus almost contin-
uously from July 18, 2019 to July 4, 2020, in sectors
40-41 from June 25 to August 20, 2021, and finally
in sector 47 from December 31, 2021 to January 27,
2022 (details in Table 1). TOI-1452 was sampled at the
TESS 2-minute “short” cadence, as the star is part of
the Cool Dwarf List (Muirhead et al. 2018), a specially
curated list of high-priority late-K and M dwarfs added
to the TESS Input Catalog (TIC, Stassun et al. 2018b,
2019). We used the publicly available! per-sector light
curves produced by the TESS Science Processing Op-
erations Center (SPOC, Jenkins et al. 2016) at NASA
Ames, more specifically their Presearch Data Condition-
ing Simple Aperture Photometry (PDCSAP, Smith et al.
2012; Stumpe et al. 2012, 2014). The PDCSAP light
curves are corrected for both instrumental systematic
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Table 1. TESS observations of TOI-1452

Sector Camera CCD UT Start Date UT End Date

14 3 2 2019-07-18 2019-08-14
15 3 2 2019-08-15 2019-09-10
16 2 1 2019-09-12 2019-10-06
17 4 2 2019-10-08 2019-11-02
19 4 1 2019-11-28 2019-12-23
20 4 1 2019-12-24 2019-01-20
21 4 1 2020-01-21 2020-02-18
22 4 4 2020-02-19 2020-03-17
23 4 4 2020-03-19 2020-04-15
24 3 4 2020-04-16 2020-05-12
25 3 3 2020-05-14 2020-06-08
26 3 3 2020-06-09 2020-07-04
40 3 2 2021-06-25 2021-07-23
41 3 2 2021-07-24 2021-08-20
47 4 1 2021-12-31 2022-01-27

trends seen across stars in the same sector/camera/CCD
and for flux contamination from nearby stars located
within a few TESS pixels (21”). Flux dilution reduces
the observable transit depth, resulting in an underesti-
mation of the planetary radius if not accounted for. This
was particularly important for TOI-1452 because a com-
panion star (TIC 420112587, see Sect. 3.2) is separated
by only 3”2 and has a similar magnitude in the TESS
band (AT = 0.204). A new background correction was
implemented for the TESS extended mission (starting
with sector 27). We followed the procedure outlined in
the TESS Data Release 38 notes? to correct our PDCSAP
fluxes from the primary mission (sectors 14-26), adjust-
ing the baseline level and reducing the inferred transit
depth by ~1.7%. This ensures that the primary and ex-
tended mission data produce the same estimate of the
planetary radius. Figure 1 shows a 11x11 pixels sub-
region around TOI-1452 from TESS sector 14 and the
same region of the sky observed from the ground. This
illustrates how TESS alone cannot resolve the source of
a transit between TOI-1452 and the nearby companion
TIC 420112587. The normalized PDCSAP light curve of
TOI-1452 from sectors 14 and 21 is presented in Fig-
ure 2, while the remaining sectors are shown in Fig-
ure A.1.

A search of the sectors 14-16 with an adaptive,
wavelet-based matched filter (Jenkins 2002; Jenkins

2 archive.stsci.edu/tess/tess_drn.html

et al. 2010, Jenkins et al. 2020) first identified tran-
sit signatures for TOI-1452. The Data Validation Re-
ports (DVR; Twicken et al. 2018; Li et al. 2019) fitted a
limb-darkened transit model with a signal-to-noise ratio
(SNR) of 8.0, a period of 11.06409 days, and an average
uncontaminated transit depth of 3.778 parts per thou-
sand (ppt), corresponding to a preliminary planetary ra-
dius of 1.83+0.30 Rg. This led to the announcement of
the planet candidate TOI-1452.01 (Guerrero et al. 2021)
by the TESS Science Office on October 26, 2019. Simul-
taneously, the TESS mission announced the candidate
TOI-1760.01 around the companion star TIC 420112587
sharing the same ephemeris as TOI-1452.01. Ground-
based photometry was able to isolate the transit signal,
originating from TOI-1452 (see Sect. 4.1). The latest
available DVR from sectors 14-41 includes 30 transits
and reports a period of 11.06196 days along with a ra-
dius R, = 1.60 = 0.42Rg. Our complete reanalysis of
the TESS light curve presented in Section 4 has resulted
in a more precise planetary radius, in agreement with
previous estimates. Figure 2 shows the phase-folded 32
transits from currently available sectors. We note that
TESS is expected to continue monitoring TOI-1452 dur-
ing 2022.

2.2. OMM-PESTO transit monitoring

Due to the coarse image sampling of TESS (21" per
pixel), the origin of a transit signal may be ambigu-
ous when several stars are located inside the aperture
(e.g., Fig. 1). For this reason, TESS planet candidates
are prone to false positives, occasionally attributed to a
nearby eclipsing binary (NEB) contaminating the light
curve (Sullivan et al. 2015). Ground-based follow-up
with arc-second angular resolution is therefore neces-
sary to validate on-target transit and reject the NEB
scenario. For TOI-1452; a particular challenge was to
determine the signal’s provenance between the target
and its 3”2 companion.

Two transit events of TOI-1452.01 were observed us-
ing the PESTO camera installed on the 1.6 m telescope
of the Observatoire du Mont-Mégantic (OMM), Québec,
Canada. PESTO features a 1024 x 1024 pixel EMCCD
detector with a pixel scale of 07466, providing a field of
view (FOV) of 7/95x 7/95. We scheduled the two observ-
ing sequences with the TESS Transit Finder (TTF),
a customized version of the Tapir software package
(Jensen 2013), and have used AstroImageJ (ALJ; Collins
et al. 2017) to perform image calibrations, including bias
subtractions and flat field corrections, and differential
aperture photometry.

A first full transit was observed on February 22, 2020
in the 4/ filter with a sequence of 30s exposure time.
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Figure 1. Upper panel: TESS Target Pixel File of TOI-1452
from sector 14 (11 x 11 pixels sub-region). The optimal aper-
ture to extract the PDCSAP photometry is delimited by a black
line. Nearby Gaia EDR3 sources are represented with blue
circles. TOI-1452 and its 3”2 companion (TIC 420112587)
are shown with a red and a cyan circle respectively. Lower
panel: Same region of the sky observed with OMM-PESTO
1.6 m on 2020-02-22 (see Sect. 2.2). The visual binary was
partially resolved.

As seen in the lower panel of Figure 1, TOI-1452 and
TIC 420112587 were partially resolved. Using a circular
aperture of 7’9 containing both stars, the transit was
detected 53 min earlier than predicted by the TTF (2.20
early), causing us to miss observing a proper pre-ingress
baseline (see Fig. 3, upper left). Additional TESS data
later confirmed that the period was slightly overesti-
mated by SPOC (sectors 14-16 only) at the time of
observations, explaining why the transit arrived “early”.
The transit timing was also later confirmed by TESS sec-
tor 22 data, which was contemporaneous to this dataset.
Even without a proper baseline, this transit was partic-
ularly valuable because it allowed us to reject the NEB
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false positive scenario and to determine, using point
spread function (PSF) fitting (see Sect. 4.1), that the
signal originated from TOI-1452.

A second full transit of TOI-1452.01 was observed on
March 4, 2021 in 7/, using a 10 s exposure time sequence.
With a combined aperture of 8’4, the transit was de-
tected on time according to the TTF. In addition to a
standard airmass linear detrending (also performed for
the first transit), we used the Width (mean of the x-
and y-direction FWHM) detrending option in ATJ. This
was necessary to account for flux loss when the seeing
was worse for certain exposures in the sequence, without
increasing the aperture radius and dealing with flux con-
tamination from a third star. This made sure that the
transit depth was consistent with the one derived from
the first PESTO observation, when the overall seeing
was better (see Table 2).

The OMM-PESTO observations are summarized in
Table 2. The resulting aperture photometry transits are
shown in Figure 3, and were included with the 32 TESS
transits in our joint analysis (transit and RV datasets)
presented in Section 4.3.

2.3. MuSCATS transit monitoring

A full transit of TOI-1452.01 was observed on Septem-
ber 8, 2021 with the multiband imager MuSCAT3
(Narita et al. 2020) on the 2m Faulkes Telescope North
(FTN) of Las Cumbres Observatory (LCO) at Haleakala
observatory, Hawaii. MuSCAT3 has four optical chan-
nels, each of which is equipped with a 2k x 2k CCD
camera with a pixel scale of (07266 pixel ™!, enabling ¢'-,
r’-, i’-, and zs-band simultaneous imaging. For tran-
sit monitoring, significant chromaticity in the transit
depths could indicate a diluted eclipsing binary. The
exposure times were set at 35, 12, 6, and 3s for the
g, v, i, and z; bands, respectively. The observations
were performed in-focus to spatially resolve the host star
from the nearby companion star at 3”2, resulting in the
FWHM of stellar point spread function of 3-8 pixels
(078-2"0) depending on the airmass and band (see Ta-
ble 2).

The obtained images were calibrated by the BANZATI
pipeline (McCully et al. 2018). We performed aper-
ture photometry on the calibrated images using a cus-
tom pipeline (Fukui et al. 2011) with aperture radii of
5 pixels, or 1”3, for all bands, which is almost free from
flux contamination from the nearby companion star. For
each band, we extracted the light curve using different
sets of comparison stars, but have found that using only
the companion (TIC 420112587) as a reference produced
the minimum point-to-point dispersion. Since both the
companion and the target stars have a similar color and
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are close to each other, the attenuation by the atmo- sphere is almost identical, so that we can safely assume
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Table 2. Summary of the ground-based transit monitoring
of TOI-1452

UT Date Camera  Filter PSF Aperture
FWHM (") Size (")
OMM 1.6m
2020-02-22  PESTO i 2.9 7.9f
2021-03-04  PESTO i 3.9 8.4f
LCO-FTN 2m
2021-09-08 MuSCAT3 ¢ 1.8 1.3
2021-09-08 MuSCAT3 ¢/ 1.3 1.3
2021-09-08 MuSCAT3 1.3 1.3
2021-09-08 MuSCAT3 2z 1.0 1.3

NoTE—'Using an aperture containing TOI-1452 and TIC
420112587

that any second-order extinction effect (airmass depen-
dent) is almost negligible. We clearly detected the tran-
sit on the target star in all bands, as shown in Figure 4,
providing further unambiguous evidence that TOI-1452
hosts a transiting object. A summary of this dataset is
provided in Table 2.

2.4. KeckII/NIRC?2 high-resolution imaging

One or more unresolved sources not in Gaiac EDR3
could still be located close to TOI-1452, whether grav-
itationally bound or not. A blended eclipsing binary
(BEB) could indicate a false positive detection, and any
other flux source would lead to underestimate the size
of the transiting object in the TESS, PESTO and MuS-
CAT3 light curves. For these reasons, we searched for
sub-arcsecond sources around TOI-1452 with the NIRC2
adaptive optics imaging camera installed on the 10m
KeckII telescope. The images were acquired on May
28, 2020 in the K band with a spatial resolution of 0701
per pixel, integration time per coadd of 1.6s, mean PSF
FWHM of 07061, and airmass of 1.69. Figure 5 shows
the 50 contrast curve of TOI-1452, revealing that no
additional companion is detected with a contrast ra-
tio AK < 5.429 for separation greater than 075. Al-
though in the K band, this contrast limit is similar to
the difference in magnitude required (AT = 5.55) for a
50% depth BEB to mimic a 3 ppt transit in the TESS
light curve. Following the procedure of Lillo-Box et al.
(2014), we calculated the probability of contamination
from a blended source due to a random alignment inside
0”5. For this, we simulated the galactic stellar popula-
tion in a region near the target with TRILEGAL (Girardi
et al. 2012), using their default bulge, halo, disk (thin
and thick) parameters and the log-normal initial mass

function of Chabrier (2001). The probability of an un-
detected source with AK < 5.55 inside 0”5 is less than
0.04%, so we can safely assume that the transit signal
is not produced by a BEB or significantly diluted by a
background star.

2.5. SPIRou velocimetry

TOI-1452 was observed at 53 epochs from June 4,
2020 to October 8, 2020 with the near-infrared (0.98—
2.5 um) SPIRou spectropolarimeter (Donati et al. 2018;
2020) mounted on the 3.6 m Canada-France-Hawalii tele-
scope (CFHT). The observations were conducted as part
of the ongoing SPIRou Legacy Survey (SLS; Donati
et al. 2020), more precisely its Transit Follow-up pro-
gram (SLS-WP2), which aims to characterize exoplan-
ets orbiting low mass stars revealed by photometric sur-
veys such as TESS. SLS-WP2 has thus far allowed the
characterization of the brown dwarf TOI-1278 B (Arti-
gau et al. 2021), the sub-Neptune TOI-1759b (Marti-
oli et al. 2022) transiting M dwarfs, and the studies of
the transiting planets HD 189733 b (Moutou et al. 2020;
Boucher et al. 2021) and AU Micb (Martioli et al. 2020).

SPIRou offers simultaneous high resolution spec-
troscopy and polarimetry, with a spectral resolving
power R ~ 70000. Each epoch measurement consisted
of four consecutive 15-min exposures, i.e., a polarimetric
sequence, with two rotating Fresnel rhombs varying po-
sitions between the exposures. During such a sequence,
the two science fibers, A and B, each receive orthogonal
polarization states, giving access to the circular polar-
ization and total intensity of the light beam (Stokes V
and I). A total of 212 spectra were collected, with SNR
per spectral element (~2.2km/s/pixel for SPTRou) be-
tween 20 and 65 (median of 55) near 1.6 ym. Four indi-
vidual spectra were rejected; one due to loss of guiding,
three others because of high extinction (clouds). A sin-
gle polarimetric sequence of four 15-min exposures was
also acquired on the 3”2 companion (TIC 420112587) on
April 22, 2021, principally to check its rotation profile
and magnetic activity level (see Section 3.5). The diam-
eter of the SPIRou fiber is 1733 and the typical seeing
during the observations of TOI-1452 was (/8. We mea-
sure no correlation between the radial velocity residuals
(Keplerian and activity models described in Sect. 4.3)
and the seeing, suggesting that any effect of contam-
ination from the companion was negligible. Per-epoch
RV measurements consisted of taking the error weighted
mean of the individual observations within a polarimet-
ric sequence. The data analysis presented in Section 4.3
was performed on the unbinned RVs, but we show the
per-epoch average to facilitate visualization.
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Figure 5. K-band 50 contrast curve of TOI-1452 from
KeckII/NIRC2 adaptive optics imaging. No close companion
is detected.

The SPIRou data were reduced with APERO v0.7.194
(Cook et al., in prep.). In brief, APERO starts by cor-
recting known H4RG infrared detector defects (Artigau
et al. 2018), then proceeds to identify bad pixels, locate
each spectral order on the image, calculate the shape of
the instrument pupil slicer (Micheau et al. 2018), and
finally determine from nightly calibration sequences the
flat and blaze corrections to apply. Once this prepro-
cessing and calibration step is completed, APERO per-
forms an optimal flux extraction (Horne 1986) in both
science channels, separately (fibers A and B) and to-
gether (AB), as well as in the simultaneous calibration
channel (fiber C). The extracted 2D images (49 orders

by 4088 pixels) are then spectral flat fielded, as well
as corrected for thermal background and for any leak-
age from the calibration channel to the science ones. A
nightly pixel-to-wavelength solution is applied using a
combination of a UNe hollow-cathode lamp and a Fabry-
Perot (FP), as described in Hobson et al. (2021). APERO
uses the simultaneous FP measurements from fiber C to
calculate drifts between individual science frames rela-
tive to the nightly wavelength solution (typically below
2m/s). Finally, a telluric absorption and night-sky emis-
sion correction is applied in a two-step process. The sci-
ence frames are first pre-cleaned with a TAPAS (Bertaux
et al. 2014) absorption model that leaves percent-level
residuals for deep (>50%) H2O and dry absorption fea-
tures (e.g., CHy, O3, CO3, NoO and Oj). Then, a tel-
luric residuals model with 3 degrees of freedom per pixel
(optical depths for the HoO and dry components and a
constant) is fitted to the pre-cleaned spectra. The grid of
telluric models was generated from a set of rapidly rotat-
ing hot stars observed with SPIRou at various airmass,
water columns, and dry absorptions, producing telluric
corrected spectra with final residuals at the level of the
PCA-based method of Artigau et al. (2014).

Radial velocity measurements were obtained from the
telluric-corrected spectra using the novel line-by-line
(LBL) method (Artigau et al. 2022). The LBL formal-
ism is based on the Bouchy et al. (2001) framework, in
which Doppler shifts are inferred for individual spectral
lines (~16000 for an M dwarf observed with SPIRou)
as opposed to a given spectral range. As in Bouchy
et al. (2001), such calculations require a noiseless tem-
plate since velocities are derived from the comparison
between the residuals (observed spectrum minus tem-
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plate) and the derivative of the template. For a given
observed star, one uses in practice a high SNR combined
spectrum as a template, so that any remaining noise is
small compared to that of an individual spectrum. For
TOI-1452, the combined spectrum produced by APERO
did not reach a SNR as high as other bright standard
stars observed in the SLS. Moreover, TOI-1452 is lo-
cated near the North ecliptic pole, meaning its yearly
Barycentric Earth Radial Velocity (BERV) variation is
small. Our observations with SPIRou covered BERV
excursions between 1.7 and 4.8 km/s, which is not ideal
to filter out tellurics lines (i.e., stellar lines do not move
a lot with respect to the telluric lines), producing a tem-
plate that still contains some telluric artefacts. For these
reasons, we used the template of Gl 699, a standard star
monitored with SPTRou for 2.5 years with a spectral type
(M4V) similar to that of TOI-1452 (M44£0.5, see Sect.
3.1) and a good BERV coverage (£26 km/s).

For each spectrum, the LBL algorithm combines thou-
sands of per-line velocities into a single RV measure-
ment, with per-line uncertainties varying from 50 m/s
for the strongest features to tens of km/s for the shal-
low ones. This is achieved using a simple mixture model:
per-line velocities either originate from a Gaussian dis-
tribution centered on the mean velocity, with a standard
deviation derived from Bouchy et al. (2001), or they
arise from another distribution, namely that of high-
sigma outliers, whose plausible causes are diverse (per-
sisting bad pixels, cosmic rays, telluric residuals, etc.).
Lastly, the LBL RVs are corrected for the instrumental
day-to-day drift measured by the FP and for a long-
term zero point obtained with a Gaussian process re-
gression using the most observed stars in the SLS. This
zero point calibration is similar to Courcol et al. (2015)
for the SOPHIE spectrograph, but will be described in
more details in a forthcoming publication (Vandal et al.,
in prep.). The comparison between the LBL and other
methods such as the cross-correlation function and tem-
plate matching is discussed in Martioli et al. (2022) and
in Artigau et al. (2022). The final SPIRou radial veloc-
ities of TOI-1452 are listed in Table D.1, with typical
precision of 8.0 m/s per exposure, or 4.0 m/s per epoch.

2.6. IRD velocimetry

Seven high-resolution spectra of TOI-1452 were ob-
tained with the InfraRed Doppler (IRD) spectrograph
on the Subaru 8.2m telescope (Tamura et al. 2012;
Kotani et al. 2018) between September 26, 2020 and
June 25, 2021. IRD covers the near-infrared wavelengths
between 970nm and 1730nm, with a spectral resolu-
tion R ~ 70000. For accurate RV measurements, stellar
spectra were obtained simultaneously with the reference

spectra of the laser-frequency comb (LFC). The integra-
tion times were set to 600-1500 sec, depending on the
available observing time slots and sky conditions. The
IRD fiber has a 0”48 diameter, so that flux contamina-
tion from the companion star is not an issue.

The raw IRD data were reduced following the stan-
dard procedure of Hirano et al. (2020). We extracted
wavelength-calibrated one-dimensional spectra for TOI-
1452, as well as for the simultaneously injected LFC.
The typical SNR of the TOI-1452 extracted spectra was
60-70 per pixel around 1000nm. To measure precise
RVs for TOI-1452, the reduced spectra were put into
the RV analysis pipeline for IRD (Hirano et al. 2020).
This pipeline fits each small spectral segment of the ob-
served spectra by the forward-modeling technique, tak-
ing into account the instantaneous variations of Earth’s
atmospheric features as well as the instrumental pro-
file of the spectrograph (which is estimated based on
each laser-comb spectrum). The seven IRD RV mea-
surements have an overall precision of 4.0m/s and are
given in Table D.1.

3. STELLAR CHARACTERIZATION
3.1. TOI-152 (TIC }20112589)

The star TOI-1452 (TIC 420112589) is a nearby M
dwarf at a distance of 30.504 £ 0.013 pc (Gaia Col-
laboration et al. 2021). This star does not belong to
any known young stellar moving groups, with a very
high probability (>99.9%) of being a field star (Gagné
et al. 2018). The presence of flares and short-period si-
nusoidal signal in the TESS PDCSAP data (see Fig. 2 and
A.1) cannot be attributed with certainty to TOI-1452,
due to flux contamination from multiple nearby objects.
An analysis of the photometric variations is presented
in Section 4.2, but we note that the polarimetric data
from SPIRou reveal no important surface magnetic field
variations (see Sect. 3.5), suggesting that TOI-1452 is
relatively quiet, with a rotation period probably much
longer than the modulation seen in the TESS light curve.

As discussed in Section 3.4, we measure an effec-
tive temperature of 3185 + 50 K for TOI-1452 using the
SPIRou combined spectrum, from which a spectral type
(SpT) between M4 and M4.5 is inferred based on Table
5 of Pecaut & Mamajek (2013). We also considered the
Gaia DR2 color to SpT relation of Kiman et al. (2019),
more specifically the G—Ggp relationship, for an inde-
pendent SpT determination. From this relationship, the
Gaia magnitudes and their respective uncertainties, we
obtain a SpT of M3.7 £+ 0.6. The same M4 spectral
type was derived through a visual comparison of the
SPIRou combined spectrum, degraded to a lower reso-
lution (R ~ 5000), with spectral type standards of the
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IRTF spectra library (Cushing et al. 2005; Rayner et al.
2009). Considering all these estimates, we adopt a SpT
of M4 + 0.5.

The mass of TOI-1452 was inferred from the Mann
et al. (2019) absolute K magnitude (M) to M, rela-
tion for M dwarfs. Taking into consideration the dis-
persion of this relation, the Ky magnitude, the dis-
tance, and their corresponding uncertainties, a mass of
0.249 4+ 0.008 M, is obtained. A similar approach was
used to measure the stellar radius, this time using the
Mg —R, relationship of Mann et al. (2015), from which
we derive R, = 0.275 + 0.009 Rg. Other physical pa-
rameters such as the surface gravity (logg), the mean
density (p,), and the luminosity (L) were determined
from the M,, R,, and Teg estimates. The stellar param-
eters of TOI-1452 are summarized in Table 3.

3.2. Bound companion (TIC 420112587)

TOI-1452 has a resolved companion (TIC 420112587)
with several comparable photometric and astromet-
ric measurements.  The two objects have similar
Gaia EDR3 magnitudes of G = 13.598 +0.003 and
G =13.830 £ 0.003 for TOI-1452 and TIC 420112587
respectively. Their Gaia EDR3 parallaxes are identical
(within the errors), 32.782+0.014 mas for TOI-1452 and
32.791 £0.014 mas for TIC 420112587, indicating a very
similar distance to these stars. Their projected angular
separation is 37182, which corresponds to a projected
physical separation of ~97 au, using a common approx-
imate distance of 30.5pc. The proper motion of TIC
420112587 is similar to that of TOI-1452, with 4 cosé
and ps within 15% for the two stars (see Tables 3 and
4). TOI-1452 and TIC 420112587 most likely form a
visual binary, i.e., a resolved gravitationally bound sys-
tem, which was previously reported in the TOI visual-
binary catalog of Mugrauer & Michel (2020), as well
as in the binary catalog based on Gaia EDR3 of El-
Badry et al. (2021). From our single visit on the com-
panion star with SPIRou, we measure an RV offset be-
tween TOI-1452 and TIC 420112587 of —6.9km/s. The
SPIRou template spectrum of TIC 420112587 combin-
ing only four individual spectra at the same epoch and
BERYV does not allow for a similar spectral analysis as
the one presented for TOI-1452 in Section 3.4.

Using the empirical relationships of Mann et al. (2015,
2019), we obtain a mass of 0.226 + 0.006 My and a
radius of 0.254 £ 0.008Rg for TIC 420112587. The
mass ratio of the binary system is close to unity (¢ =
0.91 4+ 0.04), with TOI-1452 as the primary member.
The projected physical separation and masses of the
two stars imply an orbital period of about 1400 years.
The radial velocity variation expected from such an or-

Table 3. TOI-1452 stellar properties

Parameter Value Ref.

Designations

TIC 420112589 1

TOI 1452 1

2MASS J19204172+7311434 2

UCAC4 816-023943 3

Gaia EDR3 2264839957167921024 4
Astrometry

RA (J2016.0) 19:20:41.75 4

DEC (J2016.0) +73:11:42.35 4

la cosd (mas/yr) 7.800 £+ 0.017 4

ws (mas/yr) -74.076 + 0.017 4

7 (mas) 32.7823 + 0.0140 4

Distance (pc) 30.5043 + 0.0130 4

Stellar parameters

Ter (K) 3185 + 50 5

SpT M4 £ 0.5 5

[M/H] —0.07 £ 0.02 5

M, (Mg) 0.249 + 0.008 5

R. (Ro) 0.275 £ 0.009 5

log g (dex) 4.95 £ 0.03 5

px (g/cm?) 16.8 + 1.9 5

L. (Lo) 0.0070 =+ 0.0006 5
Photometry

B 15.94 4+ 0.03 1

14 14.35 + 0.12 1

Gap 15.222 + 0.004 4

G 13.598 £ 0.003 4

Grp 12.362 £ 0.004 4

T 12.295 £ 0.007 1

g 15.580 £ 0.002 6

r 14.383 £+ 0.007 6

i 12.873"* 6

z 12.272* 6

y 11.875 £+ 0.020 6

J 10.604 £ 0.058 2

H 10.026 £ 0.058 2

K 9.740 £ 0.046 2

w1 8.938 + 0.023" 7

W2 8.760 £ 0.019" 7

W3 8.686 + 0.023" 7

W4 8.46 + 0.297 7

NoOTE—"The uncertainty was not indicated.
TWISE magnitudes include the flux from TOI-1452
and TIC 420112587.

References—(1) TIC (Stassun et al. 2019). (2)
2MASS (Skrutskie et al. 2006). (3) UCAC4
(Zacharias et al. 2013). (4) Gata EDR3 (Gaia
Collaboration et al. 2021). (5) This work. (6)
Pan-STARRS1 DR2 (Chambers et al. 2016). (7)
ANIWISE (Wright et al. 2010).
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bital motion and for a circular orbit is under ~1.5m/s
over the span of our SPIRou RV observations. Ac-
cording to Table 5 of Pecaut & Mamajek (2013) and
a Tog = 3060 £ 50 K derived from the spectral energy
distribution (see analysis below), TIC 420112587 has an
M5 spectral type. The Kiman et al. (2019) G—Ggrp re-
lationship yields a SpT of M4.0 4+ 0.6, so we adopt an
intermediate spectral type of M4.5 + 0.5. A summary
of the stellar properties of TIC 420112587 is presented
in Table 4.

3.3. Spectral energy distribution fit

As an independent determination of the basic stel-
lar parameters, as well as to estimate the contaminat-
ing flux from the nearby companion star, we performed
an analysis of the broadband spectral energy distribu-
tion (SED) of the stars together with the Gaia EDR3
parallax (with no systematic offset applied; e.g., Stas-
sun & Torres 2021), following the procedures described
in Stassun & Torres (2016) and Stassun et al. (2017,
2018a). For both stars, we pulled the JH K¢ magnitudes
from 2MASS, the W1-W4 magnitudes from WISE, and
the grizy magnitudes from Pan-STARRS. Together, the
available photometry spans the full stellar SED over the
wavelength range 0.4-10 pm (see Figure 6). We ex-
cluded the WISE photometry from the initial fitting be-
cause the two stars are blended in WISE, such that the
catalog photometry in fact represents the sum of the
fluxes of both stars.

For each star, we performed a fit using NextGen stel-
lar atmosphere models (Hauschildt et al. 1999), with the
free parameters being the effective temperature (Teog)
and metallicity ([Fe/H]). The remaining free parameter
is the extinction Ay, which we fixed at zero due to the
stars’ proximity. The resulting fit for TOI-1452 (Fig-
ure 6) has a reduced x? of 1.8 with Tog = 3100 £ 50 K
and [Fe/H] = 0.04+0.5. Integrating the model SED gives
the bolometric flux at Earth, Fyo; = 2.34£0.11 x 10~ 11
erg s~' cm~2. Taking the Fi,o and T.g together with
the Gaia parallax, gives the stellar radius, R, = 0.286 £
0.011 R. This independent radius measurement is con-
sistent, although slightly less precise, with the one de-
rived using Mann et al. 2015 (R, = 0.275 4+ 0.009 Rg).

Similarly, the resulting parameters for the companion
star from the SED fit are Teg = 3060 £ 50K, [Fe/H] =
0.0 £ 0.5, and R, = 0.263 £ 0.010 Rg. This radius es-
timate is again fully consistent with the value derived
from empirical relation (R, = 0.254 + 0.008 Rg). The
sum of the two stellar models is compared to the com-
bined WISE fluxes in Figure 6, showing good agreement.
Integrating the companion SED within the TESS band-
pass yields a flux ratio (companion relative to TOI-1452)

Table 4. TIC 420112587 stellar properties

Parameter Value Ref.

Designations

TIC 420112587 1

TOI 1760 1

2MASS J192041724-7311467 2

Gaia EDR3 2264839952875245696 3
Astrometry

RA (J2016.0) 19:20:41.76 3

DEC (J2016.0) +73:11:45.53 3

la cosd (mas/yr) 6.845 + 0.017 3

ws (mas/yr) -82.216 + 0.017 3

m (mas) 32.7913 £+ 0.0141 3

Distance (pc) 30.4959 + 0.0131 3

Stellar parameters

Terr (K) 3060 £ 50 4

SpT M4.5 £ 0.5 4

M, (Mg) 0.226 £ 0.006 4

R. (Ro) 0.254 + 0.008 4

log g (dex) 4.98 £ 0.03 4

p« (g/cm?) 19.5 £ 1.8 4

L, (Lo) 0.0051 £ 0.0005 4
Photometry

B 15.76 £+ 0.17 1

%4 13.99 4+ 0.2 1

Ggp 15.512 £+ 0.005 3

G 13.830 £ 0.003 3

Grp 12.576 4+ 0.004 3

T 12.499 £+ 0.008 1

g 15.890 £ 0.002 5

r 14.659 £+ 0.003 5

i 13.153 £+ 0.002 5

z 12.456 + 0.021 5

y 12.111 £+ 0.007 5

J 10.795 £+ 0.027 2

H 10.257 £+ 0.031 2

K 9.944 + 0.023 2

References—(1) TIC (Stassun et al. 2019). (2)
2MASS (Skrutskie et al. 2006). (3) Gaia EDR3
(Gaia Collaboration et al. 2021). (4) This work.
(5) Pan-STARRS1 DR2 (Chambers et al. 2016).

of 0.77 £ 0.03. Note that the flux ratio derived strictly
from the T" magnitudes from the TIC is 0.829 + 0.002.
In the event that the PDCSAP overestimated the dilution
correction for TIC 420112587, this difference in flux ra-



TOI-1452b 11

log AF, (erg s cm?)

LA L B
e

A G b b b

1 10
A (um)

Figure 6. Spectral Energy Distributions (SED) of TOI-
1452 and TIC 420112587 fitted with a NextGen atmospheric
model, respectively depicted with a black and a cyan line.
Photometric measurements are represented with red (TOI-
1452) and blue (TIC 420112587) error bars, where the hori-
zontal bars represent the effective widths of the bandpasses
and the small blue dots represent the model fluxes of TOI-
1452 for comparison to the red symbols. The WISE measure-
ments (3.4, 4.6, 12, and 22 pm), excluded from this analysis
for including both star fluxes, agree with the sum of the two
SED (green).

tio would imply a ~1.7% overestimation of the planetary
radius.

3.4. Stellar parameters from SPIRou spectra

The high-resolution combined spectrum of TOI-1452
from SPIRou lets us determine T, and the abundance
of several elements with relatively good accuracy. This
work follows the methodology of Jahandar et al. (in
prep.), which we briefly summarize here. Because mod-
els and observations can often show significant discrep-
ancies (e.g., continuum mismatch in the Y and J bands),
we only select for the fitting analysis a subset of rela-
tively strong lines that are matching the models. The
selected lines are then divided into several groups of
15 lines, each analyzed independently through a chi-
squared fitting routine to infer both Tog and [M/H] for
all groups. The spectrum is compared with a grid of
ACES models (Allard et al. 2012a; Husser et al. 2013).
The advantage of this method is that it yields several
(typically 15) independent measurements that can be
used to characterize the inherent uncertainties associ-
ated with the fitting procedure. This analysis applied
to the TOI-1452 spectrum yields Teg = 3185+ 50K and
[M/H]=-0.07+0.02, in good agreement with the param-
eters derived from the SED fitting analysis. The quoted
uncertainty for Teg is internal to our fitting method-

ology and ignore potential systematic differences with
bolometric Tog estimates based on interferometric mea-
surements. While our T.g estimates have yet to be cal-
ibrated with bolometric Teg, it is empirically demon-
strated that 50-60 K is a typical uncertainty derived
from atmosphere models (e.g., Mann et al. 2013; 2015).
We thus adopt 50K for our Teg uncertainty, a conserva-
tive value given that the temperature derived from the
SPIRou spectrum is inferred from several independent
measurements. An illustration of the temperature and
abundance sensitivity for an Al I line (at 1675.514nm)
is shown in Figure 7. In practice, several tens of lines
are used to derive Teg.

Once Tox is determined, one can then proceed,
through a similar procedure, to determine the abun-
dance of all individual lines of a given element. The
high-resolution near-infrared spectrum of an M dwarf
is characterized by several hundreds of relatively strong
OH lines. By selecting only those that are well isolated,
i.e., with no known spectral features within a few pix-
els using the PHOENIX/BT-Settl (Allard et al. 2012b;
2013) and NIST (Ralchenko et al. 2010) line lists, we
find 72 OH lines, whose individual abundance can be
used to quantify the inherent, per-line uncertainty of this
method. This uncertainty obviously does not consider
any possible systematic errors associated with the ACES
atmosphere models. The 72 independent OH abundance
measurements are presented in Figure 8, showing a good
match with a Gaussian distribution with standard devi-
ation 0.13dex. For all elements and molecules detected
in TOI-1452, we list the average abundance of all lines
in Table 5 (see also Figure 9). For chemical species with
only one line, we adopt an uncertainty of 0.13 dex from
the OH distribution. We report abundances for Fe, Mg
and Si that constitute the bulk material of an exoplanet
core and mantle. The overall metallicity ([M/H]) and
its corresponding error are determined by averaging the
final abundance of each element in Table 5, assuming a
common uncertainty for all elements taken as the me-
dian of all individual uncertainties. This approach is
chosen to avoid putting too much weight on the oxygen
abundance characterized by a small uncertainty.

3.5. Spectropolarimetry with SPIRou

The combination of the four exposures within a po-
larimetric sequence obtained with SPIRou yields the
circular polarization profile at the surface of the star
(Donati et al. 2020). The intensity (Stokes I), circular
(Stokes V), and null polarization spectra were generated
in APERQ following the spirou-polarimetry code®. We

3 github.com/edermartioli/spirou-polarimetry
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errors of the stellar atmosphere models.

applied the Least-Square Deconvolution (LSD) method
of Donati et al. (1997), also outlined in Martioli et al.
(2020), to compute the average I and V profiles. We
used the VALD database (Piskunov et al. 1995) and
a MARCS atmosphere model (Gustafsson et al. 2008)
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Figure 9. Chemical abundances of 12 different elements
via line-by-line spectroscopy of 151 spectral features. The
dashed line represents the average metallicity of the star cor-
responding to the average of all elements.

Table 5. Stellar abundance of TOI-
1452 for various chemical species mea-
sured by SPIRou

Element [X/H] o  # of lines
Fe I —0.07 0.03 38
AlT 0.07 0.11
Mgl 002 0.07 5
Sil 0.11  0.13
Til —0.31 0.06 10
Cal 0.01 0.12 2
Crl 0.04 0.06
KI 0.03 0.13 1
or —-0.24 0.02 72
ClI —-0.17 0.05 11
NI —-0.12 0.13
Nal —-0.22 0.06 2
<>' —0.07 0.02 -

NOTE—"The oxygen abundance is in-
ferred from OH lines.
f Average abundance of all elements.

with Tog = 3000K and log ¢ = 5.0dex to search for
valid atomic features. Lines deeper than 3% and with a
known Landé factor were selected to produce a line mask
of 955 atomic lines, used in this LSD analysis of TOI-
1452. An estimate of the longitudinal magnetic field
(By) at the stellar surface can then be obtained using
Equation 5 of Donati et al. (1997), combining the Stokes
T'and V LSD profiles, the mean Landé factor of 1.24, and
the mean wavelength of 1604.59 nm. By doing this over
multiple epochs, one can monitor the large-scale surface
magnetic field, expected to vary with the rotation of the
star. The polarimetric capabilities of SPTRou can thus
serve as a useful activity tracer simultaneous to the RV
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measurements, as demonstrated in Martioli et al. (2022),
where the rotation period of the moderately active MO
star TOI-1759 (Pror = 35.657017 days) was determined
from the By time series. We obtained independent and
consistent values for the By of TOI-1452 using the Libre-
Esprit pipeline (Donati et al. 1997, Donati et al. 2020),
but present below the values from the APERO pipeline.

The By time series of TOI-1452 is presented in Fig-
ure 10. A simple Lomb-Scargle periodogram analysis
shows no obvious periodicity. The B, data do not fa-
vor a sinusoidal model, which could be associated with
stellar rotation, over a constant magnetic field (mean
By = —3.8 £ 1.8 G). The small variation of B, suggests
that the field is intrinsically weak (quiet star), or that it
is strongly axisymmetric with respect to the rotation
axis. Alternatively, the rotation period of TOI-1452
could be longer than the 4-month span of our obser-
vations, but this is close to the largest known period for
M dwarfs (Newton et al. 2018).

This LSD analysis was also applied on the compan-
ion star TIC 420112587 using the single polarimetric se-
quence acquired with SPTRou. We report a polarimetric
signal and a By consistent with a null value, indicating
that the companion is also probably inactive.
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Figure 10. Top panel: Monitoring of the longitudinal mag-
netic field (Bg) of TOI-1452 with SPIRou. Bottom panel:
Lomb-Scargle periodogram of the B, time series. No clear
periodic signal is detected, suggesting a relatively quiet star.

4. DATA ANALYSIS & RESULTS

4.1. Determining the transit origin with PSF
photometry

The objective of the first OMM-PESTO transit follow-
up was to establish the origin of the TESS signal, partic-
ularly between the target (TOI-1452) and its companion
(TIC 420112587). Standard aperture photometry ruled
out any NEB in the FOV, but was unable to isolate
the transit between the two stars, as they were only
partially resolved. We therefore had to rely on a dif-
ferent method using point spread function (PSF) fitting
to extract the relative flux of both stars. We used the
photutils (Bradley et al. 2020) package to perform the
DAOPHOT (Stetson 1987) PSF photometry algorithm.
This was achieved by fitting the PSFs with an effective
PSF model (ePSF) generated in photutils using the 6
stars with the highest SNR in the FOV (excluding our
targets), then integrating the best-fit models over pixels
containing the stars’ signal.

The intent here was not to produce a precise uncon-
taminated light curve, but rather to detect any flux
deficit (or excess) that would indicate from which star
the transit originates. We thus inspected the TOI-1452
to TIC 420112587 flux ratio as a function of time, nor-
malized to unity outside of transit. The resulting rela-
tive light curve is presented in Figure 11 and shows a flux
deficit on TOI-1452 during transit. We did not fit a tran-
sit model on this light curve, as it is less precise than the
one obtained using a combined circular aperture (Fig.
3). We nonetheless measure a mean relative flux deficit
of 2.33 + 0.43 ppt, which is an approximation of the un-
contaminated transit depth. This flux deficit is compa-
rable in amplitude to the diluted corrected TESS depth
(3.31+0.19 ppt) and was detected with a confidence level
sufficiently high (>50) to conclude that TOI-1452 was
the source of the transit and justify an RV monitoring
campaign on this star, starting with SPIRou in June
2020. Later, the MuSCAT3 photometry was able to re-
solve TOI-1452 and TIC 420112587 and unambiguously
identify that the former star hosts a transiting object.

4.2. TESS light curve analysis

The TOI-1452 PDCSAP light curve (Fig. 2 and A.1)
features stellar flares with amplitude of a few percents
and ppt-level sinusoidal variations. A strong peak at
0.93 days appears in the Lomb-Scargle periodogram of
the multi-year light curve, as well as in all individual sec-
tors. However, computing the autocorrelation function,
which is more reliable for accurate photometric rotation
period determination (McQuillan et al. 2013), would of-
ten find a period of 1.9days (2x0.93 days) depending
on the sector. Since the PDCSAP data are corrected for
systematic trends, it is unlikely that such corrections sig-
nificantly perturb those short-term flares and sinusoids.
Regardless of the origin of these signals (TOI-1452, TIC
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Figure 11. PSF photometry relative light curve (TOI-1452
to TIC 420112587 flux ratio) from OMM-PESTO on 2020-
02-22. The dotted black lines represent the ingress and egress
of the transit estimated from contemporaneous TESS sector
22 data. The light curve is normalized with the out-of-transit
median. A flux deficit during transit with a depth compara-
ble to TESS is detected on TOI-1452.

420112587, or any contaminating star), it is crucial to re-
move the periodic variations to accurately measure the
transit parameters. To accomplish this, we adopted a
sequential approach where we first correct the PDCSAP
data using a Gaussian Process (GP), then fit the 32 cor-
rected transits with a model. The details of the GP
regression are presented below, while the transit model-
ing is described in Section 4.3.

We started by masking the epochs of transit and re-
moving outliers from the PDCSAP light curve with sigma
clipping. It was determined that a 3.5¢ clipping was
robust enough to remove both obvious outliers and stel-
lar flares. This sigma clipping removed less than 0.2%
of the out-of-transit data. Parts of sectors 21 and 47
coinciding with TESS momentum dump events show
large amplitude variations; those were considered to be
non-astrophysical and were manually rejected. We also
rejected data points in sectors 40 and 41, as they are
isolated and have a median considerably different than
unity. The data not considered in this analysis are ei-
ther displayed in blue (transits) or in red (rejected) in
Figures 2 and A.1. The cleaned out-of-transit PDCSAP
dataset was too large (N = 237634) to be efficiently
modeled with a GP. We therefore binned the data and
instead used the corresponding 1-hour effective cadence
light curve (N = 7924).

The GP regression was done with celerite2
(Foreman-Mackey et al. 2017; 2018). We selected its
RotationTerm kernel because it was specifically de-
signed to model a range of quasi-periodic variability,
from stellar rotation to pulsations. This kernel is the
sum of two stochastically-driven, damped harmonic os-

cillator (SHO) terms (SHOTerm) capturing both primary
(Pgp) and secondary (Pgp/2) modes in Fourier space.
The Fourier transform of the covariance function, known
as the power spectral density (PSD), takes the following
form:

4
S(W) = g Sl wl

7 (@~ W2+ wf Q]
2 SQ w%

M PR e Iy Ta

(1)

where each SHOTerm PSD is described by their respec-
tive power S1, Sy at w = 0, their undamped angular
frequency wq, wo, and their own quality factor Q1, Q2.

Since the periods of the two oscillators are separated
by a factor of 2 (wy = 2wy ), the parametrization below
reduces by one the number of free parameters:

o1 = V/S1wi1 Q1 (2)
o2 = \/Sawa Q2 (3)

2
n= (@
2
= %2 (5)
2 4
Pgp == =— (6)
w1 wo

where 01, 09 are the standard deviations (amplitudes) of
the primary and secondary modes, 71, 75 are the damp-
ing timescales of the primary and secondary oscillations,
and Pgp is the undamped period of the primary mode.
Note that these parameters differ slightly from the de-
fault RotationTerm kernel parametrization by making
no assumptions on the relative amplitudes and quality
factors between the two modes.

Our PDCSAP GP model consisted of the five hyperpa-
rameters above, plus an excess white noise term s. We
sampled the posterior distributions of the parameters in
their logarithmic form {lnoy, Inog, In7, In7s, In Pap,
Ins} using the Markov chain Monte Carlo (MCMC)
package emcee (Foreman-Mackey et al. 2013) and a
Bayesian formalism. We employed 100 walkers and per-
formed 100000 steps with a burn-in of 10000. The
number of steps was greater than 50 times the auto-
correlation timescale for each parameter, which usually
indicates a sufficient level of convergence (Sokal 1997;
Foreman-Mackey et al. 2019). The adopted prior distri-
butions and the posteriors median, 16" and 84" per-
centiles are reported in Table 6. The resulting mean GP
prediction is shown in Figures 2 and A.1 superimposed
on the original PDCSAP cadence. Even though the sinu-
soidal variations visually appear to repeat every ~0.93
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Table 6. Prior and posterior distributions of
the quasi-periodic GP model of the TOI-1452
TESS light curve (details in Sect. 4.2)

Parameter Prior Posterior
Inoy U (-10,0) —7.570-8
In oy U (-10,0) —7.1792

In[r/days] U (—10,10) —1.427013

In[r2/days] U (-10,10) 7158
In[Pgp/days] U (—2,5) 0.624873:9902
Ins U(-15,0)  —12.771¢

NOTE—U (a, b) is the uniform distribution be-
tween value a and b.

day, our model converged to a very well constrained pri-
mary oscillation of 1.8680 £ 0.0004 days, thus indicating
significant power at the second harmonic.

It is beyond the scope of this study to assess the exact
cause of this strong and persistent signal, but we showed
earlier that the SPIRou magnetic field constraints of
TOI-1452 are inconsistent with a fast rotator and active
object. Moreover, a 1.9-day rotation period for TOI-
1452 would correspond to a vsini of ~7km/s, readily
detectable in the SPTRou combined spectrum. Instead,
the mean line profile FWHM measured from the cross-
correlation function (CCF) calculated in APERO suggests
a slow rotator (i.e., vsini < 2km/s). We repeated this
step for the companion star from the single visit with
SPIRou, and also measured a FWHM consistent with
vsiné < 2km/s. Thus, the rotation of the companion
star is also most probably not causing this photometric
signal.

4.3. Joint transit-RV fit

In order to constrain the physical and orbital param-
eters of TOI-1452b, we conducted a joint analysis of
the transits (TESS, OMM-PESTO, and MuSCAT3) and
the RV data (SPIRou and IRD). The joint fit was per-
formed using the juliet (Espinoza et al. 2019) pack-
age, which utilizes batman (Kreidberg 2015) to gener-
ate transit models and radvel (Fulton et al. 2018) to
compute Keplerian RV models. The juliet framework
implements nested sampling algorithms to sample pos-
terior distributions, while also enabling model compari-
son via evaluations of the Bayesian log-evidence (In Z).
We chose the dynesty (Speagle 2020) dynamic nested
sampling option in juliet. Standard nested sampling
(Skilling 2006) was designed to estimate evidences, not
posteriors, and thus struggles with parameter estima-
tion for complex distributions. Dynamic nested sam-

pling (Higson et al. 2019), on the other hand, adapts
the number of live points based on the structure of the
posteriors, providing parameter estimation comparable
to MCMC algorithms.

The transit and RV components of the joint fit have
four parameters in common: the orbital period P, the
time of inferior conjunction tg, the eccentricity e, and
the argument of periastron w. For the transit modeling,
we followed the parametrization from Espinoza (2018)
of the impact parameter b and the planet-to-star ra-
dius ratio p = R,/R, to efficiently sample physically
plausible values in (b, p) space. Instead of fitting the
scaled semi-major axis a/R,, we used the stellar den-
sity px parameterization available in juliet. Fitting
px takes into account any prior information on the stel-
lar mass and radius. We adopted a Gaussian prior on
px using the value and uncertainty in Table 3. Stel-
lar limb-darkening effects in TESS, OMM-PESTO, and
MuSCAT3 transits were modeled using per-instrument
and per-filter quadratic ¢; and ¢o parameters defined
in Kipping (2013). For each instrument, we included
in juliet a flux dilution factor D, a baseline flux M,
and an extra jitter term o. We set Drgss to 1 (no di-
lution), as the PDCSAP data are already corrected for
crowding effects. The OMM-PESTO light curve com-
bines the flux of TOI-1452 and TIC 420112587, which
requires an adequate DpgsTo factor to compensate for
contamination. We thus constructed a Gaussian prior
on DpgsTo with a mean value calculated with Equation
6 of Espinoza et al. (2019) and flux ratio derived from
TOI-1452 and TIC 420112587 magnitudes in the ¢ band
(see Tables 3 and 4). The adopted prior on DpgsTo was
N (0.564,0.05642), that is with a 10% standard devia-
tion to account for errors on the magnitudes and devia-
tions between 7 and /. We also explored fixing Dpgsto
to 0.564, while letting Drggg vary freely between 0 and
2. Both approaches yielded a consistent measurement
of the planetary radius (within 1-0), indicating that the
PDCSAP fluxes were in all likelihood properly corrected
for contamination. The dilution in the MuSCAT3 light
curves was a priori unknown. However, it is expected
that the ¢’ transit was more affected by dilution, as the
seeing was worse for this filter (see Table 2). We adopted
a conservative approach where a different Dypuscars is
applied for each filter, with uniform priors between 0.5
(twice the flux) and 1.

The parameters specific to the RV Keplerian compo-
nent were the semi-amplitude K, per-instrument offsets
~v and extra white noise terms 0. We explored adding
a global GP to model common stellar activity signal in
the SPIRou and IRD data. For this, we used the GP im-
plementation in juliet that runs celerite (Foreman-
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Mackey et al. 2017). We chose the Matérn-3/2 approx-
imation kernel, which takes the following form:

i (7) = Adp [(141/€) ™07 (1 - 1/e) e~ (149

(7)
where 7 = |t; — t;| is the time interval between data
points i and j, Agp is the amplitude of the GP, w =
\/gT/EGP, with fqp the timescale of the GP, and € is
set to 0.01 (when ¢ — 0, k;; converges to a Matérn-
3/2 kernel). We did not fit a per-instrument Agp and
lagp due to the limited number of RV measurements
from IRD. We also considered choosing a quasi-periodic
kernel in celerite instead (Equation 56 of Foreman-
Mackey et al. 2017). Since no clear periodicity was de-
tected in the By time series, or other activity indicators
from the LBL such as the dLW metric (Zechmeister et al.
2018) or chromatic velocity slope changes, we applied
a uniform prior on the stellar rotation period, namely
4(0.1,120) days. We found that the Matérn-3/2 ker-
nel gave equivalent results with fewer hyperparameters
needed (2 instead of 4) and that the quasi-periodic GP
did not converge to a specific rotation period, showing
no preference for a period of 0.93days (or 2x0.93 days)
as seen in TESS photometry. This is another indication
that the sinusoidal signal in the out-of-transit PDCSAP
data is probably not associated with TOI-1452 stellar
activity.

We examined the change in Bayesian log-evidence for
a suite of joint models (M), all having an identical tran-
sit component. The “zero” planet model (Mgp) has a
K fixed to 0m/s, with only the RV offsets and extra
white noise terms allowed to vary. This model tests
whether the RV dispersion can be fully explained by
white noise only, without questioning the transit detec-
tion. Single planet models can either be with circular
(Micp; € =0, w = 90°) or eccentric orbits (Myep; free
e,w). Two additional models include a global RV activ-
ity GP (Micp+ap and Micpiap). To objectively assess
the contribution from the IRD observations, we decided
to apply this framework first on the SPIRou data in-
dividually, then using the full RV dataset (SPIRou +
IRD).

For two competing models, the difference in log-
evidence (AlnZ) informs on the probability that one
model matches the data better than the other. To inter-
pret the significance of the Aln Z and select the “best”
model, we followed the empirical scale introduced in Ta-
ble 1 of Trotta (2008). A AlnZ > 5 translates into
“strong” evidence towards the model with the highest
InZ. A 25 < AlnZ < 5 corresponds to “moderate”
evidence, while Aln Z < 2.5 shows “weak” evidence at
best, i.e., neither model should be favoured in that case.
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Figure 12. Bayesian log-evidence (In Z) for different joint
transit-RV models (M) and RV datasets. The typical un-
certainty on the AlnZ is 0.7. The “zero” planet model
Mop has a fixed K = 0m/s. Single planet models Mjcp
and Mep correspond to an RV component with a circular
(e =0, w =90°) or eccentric (free e,w) orbits respectively.
Models Micp+ap and Micp+ap add a Gaussian process to
remove correlated noise in the RV data.

Figure 12 shows the Bayesian log-evidence for differ-
ent joint models and datasets. Note that the typical er-
rors on the In Z computed by dynesty were 0.5, so that
the Aln Z presented in Figure 12 have associated uncer-
tainties of 0.7. We first observe that all planetary mod-
els are strongly favoured (AlnZ > 5) compared to the
“zero” planet solution (M), providing quantitative ev-
idence that the TOI-1452b Keplerian signal is detected
in velocimetry, in phase with transit. There is also com-
pelling evidence for models with an RV activity GP
(Micptap and Miepicp), increasing In Z by approx-
imately 10 relative to M., and M;.,. However, con-
sidering only the SPIRou data yields similar or slightly
larger Aln Z for all M compared to joint fits that in-
clude the seven IRD RV measurements. This suggests
that the IRD observations do not significantly contribute
to improve the Keplerian solution for TOI-1452b. The
median RV uncertainty from IRD (4.03m/s) is nearly
identical to SPIRou (4.00m/s), but the point-to-point
scatter (RMS) is much larger: respectively 12.71m/s
for IRD and 5.76 m/s for SPIRou. The planetary mod-
els fail to capture the extra RMS in the IRD data, and
are instead converging to solutions with white noise term
comparable to the overall scatter (see Table B.1). This is
apparent in Figure 13 showing the RV component of the
joint fit (model Micptcp) using the full dataset, with
each instrument having their original error bar plotted.
The IRD radial velocities were produced using the tem-
plate spectrum of TOI-1452. As previously mentioned,
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this star has a small BERV excursion, which is not ideal
for filtering out telluric lines. This may explain the in-
creased dispersion in the resulting RVs, in this case, at
a level much larger than the Keplerian signal. For this
reason, we opted to present below the results using only
the SPTRou RVs. We nonetheless provide all the rel-
evant parameters of the RV modeling for the SPIRou
only and SPIRou+IRD datasets in Table B.1.

The eccentric model M¢p+ap produced the highest
InZ (Fig. 12), but with a Bayesian evidence indistin-
guishable from the circular model Mjcprgp (AlnZ =
0.9). We report an eccentricity of 0.12¥512, with e <
0.32 at a 95% confidence, but argue that the simpler,
circular model should be preferred at this point. The
adopted priors and resulting posteriors of the Micp1ap
fit are summarized in Table 7. The MuSCAT3 photo-
metric parameters are given in another table (Table 8)
to facilitate comparison between filters. We measure a
dilution factor D consistent with no dilution for the
transit, with moderate level of contamination (~30%)
in the ¢’ band. Even if we assume instead that the flux
dilution was exactly zero for all MuSCATS3 filters, the
uncorrected transit depths (duncorr.) presented in Table 8
show no sign of strong chromaticity. The best-fit tran-
sit models of the TESS, OMM-PESTO, and MuSCAT3
photometry are shown in Figures 2, 3, and 4 respectively.
The best circular (Micprap) and eccentric (Mieptcp)
RV orbital fits of TOI-1452b are depicted in Figure 14
in a phase-folded format.

5. DISCUSSION
5.1. Planet composition

The analysis of the transit and RV data yields a mass
of 4.82 £ 1.30 Mg and a radius of 1.672 + 0.071 Rg,
which together convert into a planetary bulk density of
5.6718¢g/cm®. A density similar to that of the Earth
(5.5g/cm?) for a planet that has more mass is indicative
of an object composed of lighter material. We placed
these measurements in a mass-radius diagram (Fig. 15),
along with various theoretical composition curves ob-
tained by the interior structure model of Valencia et al.
2007, 2013; Plotnykov & Valencia 2020. We populated
this diagram, and the figures in the discussion below,
with data from the NASA Exoplanet Archive (Akeson
et al. 2013) using the exofile tool*.

By comparing the mass and size of TOI-1452b to theo-
retical M-R curves in Figure 15, we see three possibilities
for the nature of this planet: (1) an ocean planet, (2) a
bare rock with an iron content less than that of Earth, or

4 github.com/AntoineDarveau/exofile

(3) a terrestrial planet with a thin, low molecular weight
atmosphere (e.g., H-He). The water world hypothesis is
supported by a temperate equilibrium temperature for
TOI-1452b of 298 + 6 K assuming an Earth-like Bond
albedo (Ap = 0.3), and between 226 and 326 K for ex-
treme Ap of 0.77 (Venus-like) and 0 (pure absorber).
The insolation level of TOI-1452b is about 80% higher
than the Earth (S = 1.8 £ 0.2Sg), similar to Venus

Focusing on the first two possibilities, we used an
MCMC approach (emcee, Foreman-Mackey et al. 2013)
coupled to an interior structure model (Valencia et al.
2007) to obtain the distribution of mass fractions of iron
and water that are consistent with the data. The details
of this modeling can be found in Plotnykov & Valencia
(2020). The H5O layer is described by the equation of
state from Hemley et al. 1987; Stewart & Ahrens 2005.
We report below the 16", 50", and 84" percentiles of
the posterior distributions (available in Appendix C).

From the chemical analysis of the star (Sect. 3.4), we
obtain chemical ratios relevant to the planetary interior.
Notably, TOI-1452 might have a slightly lower Fe/Mg
weight ratio compared to the Sun (see Table 9), but
in fair agreement with that of a sample of ~1000 M
dwarfs from the APOGEE (DR16) catalog (Majewski
et al. 2016; Ahumada et al. 2020) with known chemi-
cal ratios (see Fig. 16). The APOGEE abundances are
derived from high-resolution near-infrared spectroscopy
(R ~ 22000), with typical uncertainty on [Fe/H] and
[Mg/H] of 0.02dex. Obtaining the Si ratios for TOI-
1452 was difficult given the scarcity of spectral lines. In
addition, we derive a C/O weight ratio consistent with
the solar value. Our chemical abundance ratios for TOI-
1452 are summarized in Table 9.

To infer the planet’s composition for scenarios 1 and
2, we can either make no assumptions on the refractory
ratios, and thus, obtain all possible compositions that
fit the mass-radius data; or, assume that the refractory
ratios of planet and star are related, and use the star’s
ratios as priors in the Bayesian analysis. Given that the
refractory ratios of super-Earths seem to span a larger
range than that of stars (Plotnykov & Valencia 2020),
we applied both methods here. In both cases, we kept
the Mg/Si ratio in the planetary mantle the same as
the star. This assumption should not affect the results
considerably, given that the mantle minerals formed by
different Mg/Si ratios have similar equations of state
and thus, the relative content of Mg to Si is not con-
strained by planetary mass and radius data (Plotnykov
& Valencia 2020).

In the case where we make no assumptions, we obtain
a water-mass fraction (WMF) of 0.27792% and core-
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Table 7. Prior and posterior distributions of the joint transit-RV fit for model Micp+cp (details in Sect.
4.3) using only the SPIRou radial velocities

Parameter Prior® Posterior Description
Fitted parameters
px (g/cm?®) N (16.8,1.9%) 16.8719 Stellar density
P (days) U (11.0,11.1) 11.06201 + 0.00002 Orbital period
to (BJD - 2457000) U4 (1691.4,1691.6)  1691.5321 + 0.0015 Time of inferior conjunction
m U (0,1) 0.46+0.08 Parametrization® for R,/R. and b
T2 U (0,1) 0.0555 £ 0.0014 Parametrization® for R, /R, and b
K (m/s) U (0,10) 3.50 £ 0.94 RV semi-amplitude
e 0 (fixed) 0 Orbital eccentricity
w (%) 90 (fixed) 90 Argument of periastron
Acp (m/s) LU (1072,100) 45729 Amplitude of the GP
Lap (days) LU (1072,100) 11.375%° Timescale of the GP
YSPIRou (m/S) U (—33995, —33975) —33985 + 2 SPIRou RV systemic component
OSPIRou (m/s) U (0,10) 23+13 SPIRou RV extra white noise®
q1,TESS U(0,1) 0.35%027 TESS limb-darkening parameter?
g2, TESS U(0,1) 0.3779:3% TESS limb-darkening parameter?
DrEss 1.0 (fixed) 1.0 TESS dilution factor
Mress N (0,0.1%) -0.00032 =+ 0.00010 TESS baseline flux
oress (ppm) LU (1,10000) 15+79 TESS extra white noise
q1,PESTO Uu(0,1) 0.671‘8:3% PESTO limb-darkening parameter?
q2,PESTO U(0,1) 0.46f8:§§ PESTO limb-darkening parameterd
Dprsto N (0.564,0.0564°) 0.586 £ 0.040 PESTO dilution factor
Mprsto N (0,0.1%) 0.00013 = 0.00018 PESTO baseline flux

opesTo (ppm)

LU (1,10 000)

2287 £ 67

PESTO extra white noise

MuSCAT3 photometric parameters in Table 8

i(°)

Teq (K)
[As = 0]
[Ag = 0.3]
[Ag = 0.77]

S (Se)

Derived parameters
1.672 £ 0.071
4.82 £1.30
5.6%1%
0.061 £ 0.003
3.09 £ 0.16
0.19 £ 0.13
89.77 £ 0.16

326 £ 7
298 £ 6
226 £ 5
1.8 £0.2

Planetary radius
Planetary mass
Planetary bulk density
Orbital semi-major axis
Transit depth

Transit impact parameter
Orbital inclination

Equilibrium temperature

Insolation

NOTE—"U (a,b) is the uniform distribution between value a and b. LU (a,b) is the log-uniform (Jeffreys)
distribution between value a and b. N (,u, 02) is the normal distribution with mean u and variance o>.

PParametrization from Espinoza (2018).
“White noise term for single exposures within polarimetric sequences.
44q1,q2} are linked to the quadratic limb-darkening coefficients {u1,us} through the transformations
outlined in Kipping (2013).
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Table 8. Prior and posterior distributions of the MuSCAT3 photometric parameters for model Micp+ap (details in
Sect. 4.3) using only the SPIRou radial velocities

Parameter Prior g 7! 3 Zs

Fitted parameters

@ U(0,1) 0.6070:28 0.22%027 0.4670:32 0247022

@ U(0,1) 0.5979:27 0.377033 0.2470:28 0.2719:33

D U(0.5,1) 0.71 + 0.12 0.8810:0% 0.9615:03 0.85 4+ 0.07

M N (0,0.1%)  -0.00141 + 0.00036 -0.00106 + 0.00016 -0.00130 = 0.00014 -0.00131 =+ 0.00013

o (ppm) LU (1,10000) 2748 4 319 461527 18371 50% 291227
Derived parameters
Suncorr. (PPt) — 2.1819-40 272102 2.94 + 0.17 2.64 + 0.20
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Figure 13. RV time series from SPIRou and IRD with the best-fit Keplerian + activity GP (orange curve), activity GP only
(red dashed curve), and Keplerian only (blue curve) models overplotted. The residuals below show an overall agreement between
the SPIRou errors and the RV dispersion, which is difficult to assess for IRD given the limited number of measurements.
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Figure 14. Phase-folded SPIRou RV curve, with systemic
velocity and activity GP removed. Binned RV measurements
(0.1 phase bin) are marked with black circles. The best-fit
Keplerian models are depicted with a solid (circular orbit)
and a dashed (eccentric orbit) blue curves. The residuals of
the circular fit are presented below. The circular solution
yields smaller residuals RMS (3.58 m/s) compared to the ec-
centric model (3.66 m/s), yet both Bayesian evidences (In Z)
are indistinguishable (see Fig. 12).

mass fraction (CMF) of 0.301575. These values trans-
late to Fe/Si = 2.975¢ and Fe/Mg = 3.4753 by weight.
The planetary refractory ratios are particularly large
primarily due to large uncertainty in planetary mass but
also the degeneracy that ensues when considering water.
The tail of the Fe/Mg distribution is long because this
case allows for little to no mantle in the planet (see Fig.
C.1). If instead, we assume the refractory ratios of the
star as priors, we obtain a lower water and core mass
fractions: WMF = 0.2270-23 CMF = 0.18£0.06, result-
ing in Fe/Si = 1.3+ 0.4 and Fe/Mg = 1.5 + 0.4. Thus,
both abundance scenarios yield a non-zero, yet poorly-
constrained, WMF. The large uncertainty on both the
CMF and WMF is rooted to the modest mass constraint
(3.70). Better mass measurements are needed to con-
firm that TOI-1452b has a significant WMF'.

A different possibility (scenario 2 discussed above) is
that this planet is a bare rock with no significant at-
mosphere, perhaps because it lost any acquired water
through atmospheric evaporation during the high inso-
lation phase of the M dwarf host star (Bolmont et al.
2017; Barnes & Heller 2013). In this case, we con-

strain the physical model solutions but make no as-
sumptions on the refractory ratios. The results show
a CMF = 0.197015, with Fe/Si = 1.0752 and Fe/Mg =
1.2:1)'_% by weight. This CMF indicates a planet not as
dense as the Earth, with refractory ratios still consistent
at the 1-0 level with those of its host star (see Table 9
and Fig. 16). However, the maximum a posteriori esti-
mate of Fe/Mg (~0.8) for this bare rock scenario is lower
than that of its host star. Forming planets that are iron
poor with respect to their host star is difficult (Scora
et al. 2020). Therefore, based on our current knowledge
of planet formation and the chemical characteristics of
the star, this scenario is less likely.

A summary of this interior modeling is presented in
Table 9 and Figure 16. The posterior distributions for
the three models (no assumptions, stellar priors and bare
rock) are shown in Appendix C.

Outside of these scenarios, our observations do not
rule out other structures with a low molecular weight
atmosphere (scenario 3) such as an Earth-like interior
surrounded by an H-He envelope at T' = 300 K contain-
ing ~0.1% of the total mass (up to 0.5% H-He at 1-0).
One way to firmly break the degeneracy in planetary
internal structures would be to characterize the atmo-
sphere of TOI-1452b.

5.2. Atmospheric characterization prospect

TOI-1452b is a prime target for follow-up transit spec-
troscopy with JWST. The system is located near Webb’s
Continuous Viewing Zone (CVZ), more precisely at a
few degrees (~10°) off the Northern CVZ, which means
that it could be observed most of the year. Moreover,
TOI-1452b is one of the few identified super-Earths in a
temperate regime (Teq between 200 and 400 K) orbiting
a relatively bright star amenable to transmission spec-
troscopy observations (see Figure 17 and Table 10). The
expected strength of the atmospheric signal is charac-
terized by the Transmission Spectroscopy Metric (TSM,
Kempton et al. 2018), which is proportional to the host
star’s J magnitude and the planet’s atmospheric scale
height. Figure 17 displays the TSM as a function of equi-
librium temperature for known small exoplanets with
available mass measurements. The sample is restricted
to systems with well-determined masses (relative uncer-
tainty < 30%) since a constraint on surface gravity is es-
sential to correctly interpret the transmission spectrum
of an exoplanet (Batalha et al. 2019). The temperate
subset of Figure 17 is detailed in Table 10. The TSM
of TOI-1452b (39.9) is similar to well-known temperate
systems such as LHS 1140b (50.0) and K2-18b (40.8),
while being 60% below the highest listed target in this
subset, 1.231-32d (TOI-270d, 104.0). All seven host
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Table 9. Chemical ratios by weight for the TOI-1452 system

Chemical TOI-1452  Sunt TOI-1452b TOI-1452b  TOI-1452b
Ratios No assumptions Stellar priors  Bare rock
Fe/Mg  1.487035  1.8340.25 3.4753 1.5%704 1.2%52
Mg/Si  0.867937  1.06+0.13 0.86 0.86* 0.86*

C/0 0.4870-1L 0.4140.07 g g g
CMF - - 0.3015:29 0.1875:98 0.1975:135
WMF - — 0.271542 0221071 -

NoTE— ' Photospheric abundance ratios from Asplund et al. (2009).

* Mg/Si ratio of the planets are fixed to the star TOI-1452 ratio.
" The interior models assume no carbon compounds.
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Figure 15. Mass—radius diagram of exoplanets (gray
points). Only planets with mass and radius known with
precision better than 30% are shown. Various theoretical
composition curves are plotted, using interior structure mod-
els from Valencia et al. 2007, 2013; Guillot & Morel 1995.
All models assume no atmosphere, except the H-He (red
dashed lines) models that correspond to Earth-like interior
surrounded by a solar composition envelope at T' = 300 K.
The mass and radius posteriors (green 1 and 2-o contours)
of TOI-1452b are consistent with either a water-rich inte-
rior with ~25% H2O by mass, a pure rock (rocky threshold
radius curve including relevant phase transitions), or a ter-
restrial planet with a thin hydrogen envelope of ~0.1% H-He
by mass.

stars in Table 10 have Ter < 4000K (or average Teg
of 3225 K), confirming the high interest of M dwarfs for
planetary atmospheric characterization. Note that the
high-value target L 98-59d (TSM above 200, Cloutier
et al. 2019; Demangeon et al. 2021) was just barely ex-
cluded from Table 10 due to its T,q (409 K) being slightly
above our 400 K cut. Our subset also excludes intriguing

2.5
—— No assumptions
_4? —— Stellar priors
% 2.0 —— Bare rock
S —— Host star
.@ M type stars
5 1.5 1
©
Qo
o
o
o) 10 T
0]
N
©
£ 05
[e)
=
0.0
0 1 2 3 4 5

Fe/Mg [w]

Figure 16. Fe/Mg distribution for TOI-1452 b according to
different model assumptions (Table 9) compared to that of
its host star (black). We used kernel density estimate to draw
the probabilities from the posteriors. We also include the M
dwarfs distribution of Fe/Mg from the APOGEE database
(gray histogram, sample size of ~1000, Majewski et al. 2016;
Ahumada et al. 2020) for comparison.

planets with plausible temperate environment, but de-
prived of mass measurement (or imprecise mass), such as
TOI-700 ¢ (TSM = 79.7, Gilbert et al. 2020), TOI-1266 ¢
(TSM = 48.8, Demory et al. 2020, and K2-3¢ (TSM =
25.5, Damasso et al. 2018). The TOI-1452 system is a
unique target to explore the atmospheric properties of
temperate planets within the radius valley. This paper
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Figure 17. Transmission spectroscopy metric (TSM, Kemp-
ton et al. 2018) as a function of planetary equilibrium
temperature for small exoplanets (R, < 4Rg) with well-
established masses (error below 30%). The green region
corresponds to an arbitrary temperate temperature interval
(200K < Teq < 400K). TOI-1452b is among the best tem-
perate targets for follow-up transit spectroscopy with JWST.

provides the first mass determination needed for the in-
terpretation of future transmission spectra.

5.3. Implications for the emergence of the M dwarf
radius valley

Planets on either side of the radius valley dif-
fer by their composition, typically ‘rocky’ for the
smaller super-Earths, and ‘gaseous’ for the larger mini-
Neptunes. This transition occurs as a consequence of
a varying envelope mass fraction: adding an H-He en-
velope up to a few percents of the total mass of a
planet essentially doubles its observable radius (Lopez
& Fortney 2014; Chen & Rogers 2016). Thermally-
driven atmospheric escape processes such as photoe-
vaporation (Owen & Wu 2013, 2017; Lopez & Fortney
2014; Lopez & Rice 2018; Wu 2019) and core-powered
mass loss (Ginzburg et al. 2018; Gupta & Schlicht-
ing 2019, 2020) have been proposed as radius valley
emergence mechanisms. In these models, super-Earths
and mini-Neptunes originate from the same population
of planets that form with an extended H-He envelope
around Earth-like core, with the population of rocky
super-Earths emerging after losing their primordial at-
mospheres to hydrodynamic escape. Another possible
scenario is to assemble rocky super-Earths at late times
after most or all of the gas has been dissipated from
the protoplanetary disk (Lee et al. 2014; Lopez & Rice
2018; Lee & Connors 2021). The two classes of plan-
ets would form on different timescales, resulting in a

bimodal distribution without relying on any subsequent
atmospheric escape.

Each of the aforementioned mechanisms predicts that
the rocky-to-gaseous transition (Ryalley) varies with pa-
rameters such as orbital period P and stellar mass M,.
Photoevaporation, core-powered mass loss, and gas-poor
accretion models predict a negative slope in R,—P space,
respectively Ryalley o¢ P7925°0-15 (Owen & Wu 2017;
Lopez & Rice 2018; Mordasini 2020), Ryailey p-o11
(Gupta & Schlichting 2019), and Ryailey P08 (Lee
& Connors 2021). Conversely, the formation of super-
Earths strictly by the merging of planetary embryos in
a gas-depleted environment, analogous to the formation
of terrestrial planets in the Solar System, would produce
a positive slope (Ryaney o¢ PO, Lopez & Rice 2018).
One way to test the proposed models is to compare these
predictions to the real population of exoplanets.

From occurrence rate calculations of small close-in
planets around Sun-like stars, Martinez et al. (2019)
measured a dlog Rvaney/dlogP = —0.11 £ 0.02, con-
sistent with thermally-driven mass loss and gas-poor
formation. Using a similar methodology but for plan-
ets around low-mass stars with T.g < 4700 K, Cloutier
& Menou (2020) obtained a dlog Ryaiey/dlogP =
0.058 £ 0.022, where the positive sign suggests that the
gas-depleted formation of super-Earths may be dom-
inant around M dwarfs. These distinct slope mea-
surements carve out regions in the R,-P parameter
space where the models make opposing predictions re-
garding the bulk composition of a planet (i.e., either
rocky or gaseous). This framework to test radius valley
emergence models around M dwarfs was introduced in
Cloutier & Menou (2020) and has since been applied to
a number of transiting planets (TOIs 776 b; Luque et al.
2021, 1235 b; Cloutier et al. 2020b, 1634 b; Cloutier et al.
2021, 1685 b; Bluhm et al. 2021).

Figure 18 presents the period-radius diagram for ex-
oplanets around M-dwarf hosts (Teg < 4000K). Each
planet is color-coded by its bulk density relative to the
Earth-like structure model of Valencia et al. 2007 (see
Figure 15). TOI-1452b sits on or slightly above the
empirical valley of Cloutier & Menou (2020), while be-
ing considerably below the slope measured by Martinez
et al. (2019), scaled down to match the median stel-
lar mass of the Cloutier & Menou (2020) sample (us-
ing Equation 11 therein). The locus of TOI-1452b in
Figure 18, combined with our density estimate, are in-
compatible with the photoevaporation and core-powered
mass loss models. However, the likely intermediate na-
ture of TOI-1452 b cannot strongly support the alterna-
tive gas-depleted formation scenario either as the dom-
inant mechanism for the emergence of the M-dwarf ra-
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Table 10. Transmission Spectroscopy Metric (TSM) for a subset of well-characterized small exoplanets
in a temperate equilibrium temperature regime (200 K < T.q < 400K)
Planet P M, R, TwlAe=0] J T M, R. TSM Ref.
(days) (Mg) (Re) (X) (mag) (K) (Mo) (Ro)
1L.231-32d 11.380 4.8 2.133 388 9.10 3506 0.39 0.38 104.0 (1)

TOI-1231b 24.246 154  3.65 331 8.88 3553 048 048 976 (2)

LTT 3780c 12.252 8.6 2.30 353 9.01 3331 040 037 726 (3)

LHS 1140b 24.739 6.38 1.635 214 9.61 2988 0.19 0.21 50.0 (4)

K2-18b 32.940 8.63 2.610 279 9.76 3457 0.50 0.44 40.8 (5)

TOI-1452b 11.062 4.82 1.672 326 10.60 3185 0.25 0.28 39.9 (6)
TRAPPIST-1b  1.511 1.374 1.116 399 11.35 2566 0.09 0.12 28.6 (7)
TRAPPIST-1d 4.049 0.388 0.788 287 11.35 2566 0.09 0.12 256 (7)
TRAPPIST-1¢  2.422 1.308 1.097 341 11.35 2566 0.09 0.12 243 (7)
TRAPPIST-1e 6.101 0.692 0.920 251 11.35 2566 0.09 0.12 199 (7)

LHS 1140c¢ 3.777 1.76  1.169 400 9.61 2988 0.19 0.21 187  (4)
TRAPPIST-1f 9.208 1.039 1.045 218 11.35 2566 0.09 0.12 17.0 (7)
References—(1) Van Eylen et al. (2021). (2) Burt et al. (2021). (3) Cloutier et al. (2020a). (4)
Lillo-Box et al. (2020). (5) Benneke et al. (2019). (6) This work. (7) Agol et al. (2021).
dius valley. A volatile-rich interior for TOI-1452 b could 0.2 Iéilatlve planoe.te bulk dens(;%/ (p/pEanh'lT.eo) 12
indicate a different formation pathway, e.g., one without B
significant gas accretion during the disk lifetime. 3.5 ‘ ——r ‘

Figure 18 also highlights three other systems pre- e I,ligsgtc:z 4 down) |
senting similarities with TOI-1452 b, namely TOI-1235b 30k — cm20 ]
(Cloutier et al. 2020b), L 98-59d (Cloutier et al. 2019; [ ]
Demangeon et al. 2021) and LHS 1140 b (Dittmann et al. i
2017; Lillo-Box et al. 2020). All four planets have a ;@2'5:: ~~~~~ Qe‘r-”l‘i’LV-dr,., ]
similar size, while spanning a large interval in periods. w0 \“g'lmis.ilgf_
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1140b (P = 24.737days, R, = 1.635Rg) have densi- S S t To11235 b
ties compatible with bona fide super-Earths; their po- 15W
sition in Figure 18 indicates that they are probably ex- PR B od ’
amples of the largest terrestrial planets that can be as- 1ok ot v ]
sembled around M dwarfs without accreting a substan- [ v Y v ]
tial hydrogen envelope. On the other hand, L 98-59d 1 ‘ ‘ o ‘

Period (days)

(P = 7.451days, R, = 1.521Rg) is a likely water-
rich (~30%) planet that may be approaching, like TOI-
1452 b, the minimum size for volatile-rich objects around
a low-mass star. These four systems constitute bench-
marks for understanding the formation and evolution of
planets within the radius valley.

6. SUMMARY & CONCLUSION

This paper reports the discovery and characterization
of the transiting temperate exoplanet TOI-1452b. A
joint analysis of transit observations from TESS and
other ground-based telescopes combined with radial ve-
locity measurements from SPIRou and IRD, yields a
mass of 4.82+1.30 Mg and a radius of 1.672+0.071 Rg.

Figure 18. Period-radius diagram of exoplanets around
low-mass stars (Teg < 4000 K) with mass and radius known
with precision better than 30%. The TRAPPIST-1 (T-1)
planets are represented by triangles. Empirical valley for
low-mass stars from Cloutier & Menou 2020 (CM20), consis-
tent with gas-depleted formation, and from Martinez et al.
2019 (M19), compatible with thermally-driven atmospheric
mass loss and scaled down to represent the stellar mass popu-
lation of CM20. TOI-1452b lies below M19 and has a small
bulk density compared to a terrestrial planet of the same
mass (p/prarth-like = 0.76). This is inconsistent with photo-
evaporation and core-powered mass loss predictions.

These physical parameters are consistent with either
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a rocky world with a Fe/Mg ratio similar to the host
star (Fe/Mg = 1.2%52 by weight), a water-rich in-
terior (either 22721% H,O by weight, if stellar pri-
ors are assumed for the planetary refractory ratios, or
27730% H,0 if no assumptions are made) or a terres-
trial planet surrounded by a <1% H-He atmosphere.
Orbiting its M4 host star (Teg = 3185 + 50K) every
11.06201 4+ 0.00002 days, the planet receives about twice
as much radiation than the Earth (S = 1.8 £ 0.2Sg),
corresponding to a blackbody temperature of 326 £ 7K.
The results of our interior modeling and the fact that
the planet receives modest irradiation make TOI-1452b
a good candidate water world.

TOI-1452b is a prime target for upcoming atmo-
spheric characterization efforts with JWST, featuring
a high Transmission Spectroscopy Metric compared
to other known temperate exoplanets. Transit spec-
troscopy observations with JWST should reveal the true
nature of this intriguing exoplanet lying within the ra-
dius valley, whether this is a rocky world or one with
a volatile envelope. Being observable with JWST most
of the year, TOI-1452b is a unique system for studying
exoplanets at the transition between super-Earths and
mini-Neptunes.
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APPENDIX

A. TESS LIGHT CURVE

We present the TESS multi-sector PDCSAP light curve in Figure A.1, with the exception of sectors 14 and 21, which
were previously shown in Figure 2.

B. SUPPLEMENTARY MATERIAL REGARDING THE JOINT TRANSIT-RV FIT

In this appendix, we summarize the RV component of the joint transit-RV models introduced in Section 4.3. The
main RV parameters of the joint fits are reported in Table B.1. All models and datasets detect the planetary signal with
a coherent semi-amplitude K. Models with an activity GP (Micp+cap and Miepyap) produced the highest Bayesian
log-evidence (Fig. 12) and needed the smallest amount of additional white noise (ospirou, omrp). We ultimately
adopted the results of the SPIRou only joint fit because including the seven IRD RV measurements yields similar or
smaller Bayesian log-evidences (Fig. 12), with extra white noise term ojgp about three times the level of the planetary
signal (see Table B.1).

Table B.1. RV component of the joint transit-RV fit for dif-
ferent models (M) and datasets

Parameter lcp lcp+GP lep lep+GP
SPIRou only
K (m/s) 42409 35409 47409  3.6+0.9
e — — 0.2040.09 0.1275:12
Agp (m/s) — 45129 — 4.4119
{cp (days) — 11.373%° — 11613342
OsPIRou (M/s)  4.940.9 23+1.3 47790  22+13
SPIRou + IRD
K (m/s) 4.140.9 35409  4.740.9  3.6+0.9
e — — 0.194£0.09 0.127942
Acp (m/s) — 47723 — 46733
lap (days) —1Lahy? — 11.7+1L2
OsPIRou (M/s)  4.940.9 2.3+1.3 47799  23*12
omrp (m/s) 13.6758 115757 142757 11.9%5%

NOTE—Mcp: single circular orbit planet
Micp+ap: single circular orbit planet and activity GP
Miep: single eccentric orbit planet
Miep+ap: single eccentric orbit planet and activity GP

* Banting Fellow
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Figure A.1. Normalized PDCSAP light curve of TOI-1452 from sectors 15-26 (except 18), 40-41, and 47. Sectors 14 and 21
were previously shown in Fig. 2. The blue data points highlight the epochs of the detected transits, while the red data points
are outliers/stellar flares rejected by sigma clipping (3.50 clip) or manually (e.g., in sectors 40, 41, or 47). The gaps in the
light curve coincide with data downlink when TESS is close to perigee. The full light curve was modeled with a quasi-periodic
Gaussian Process (green curve, details in Sect. 4.2).
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C. SUMMARY OF INTERIOR PARAMETERS

We present the summary plot for the interior analysis from MCMC modeling.

M = 4.65*134

R=1.67+3%]

N 1

CMF = 0.30%929

CMF

WMF = 0.27+9329

WMF

1 Fe/Si = 2.9+33

Fe/Si

Fe/Mg = 3.4153

Fe/Mg

Figure C.1. No assumptions, corner plot summary for TOI-1452b interior parameters where core mass fraction (CMF) and
water mass fraction (WMF) are simulated quantities for a given planetary mass and radius. Chemical ratios Fe/Si and Mg/Si
are derived quantities, the red truths in Fe/Si, Fe/Mg space are the mean stellar refractory ratio and the dotted truths represent
16'" and 84'" percentiles.
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Figure C.2. Stellar prior, corner plot summary for TOI-1452b interior parameters where we assume that the planet follows
stellar refractory ratios for a given planetary mass and radius. Thus, the log-probability function is modified to include the
restriction posed by Fe/Mg ratio of the star and can be written as Fe/Mg ~ N ( Fe./Mg., ope, /Mg, ). The red and dotted truths
represent stellar ratio and 16" and 84" percentiles of the posterior respectively.
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Figure C.3. Bare-rock, corner plot summary for TOI-1452 b interior parameters where we assume only rocky composition is
possible (no water) for a given planetary mass and radius. Chemical ratios Fe/Si and Mg/Si are derived quantities, the red and
dotted truths represent stellar ratio and 16" and 84" percentiles of the posterior respectively.



TOI-1452b

D. RADIAL VELOCITY MEASUREMENTS
We present the radial velocity measurements of TOI-1452 from SPTRou and IRD in the online Table D.1.

Table D.1. SPIRou and IRD RV measurements

Instrument BJD - 2400000 RV (m/s) orv (m/s)

SPIRou 59004.995291  -33983.32 8.39
SPIRou 59005.006067  -33975.16 8.12
SPIRou 59005.016836  -33980.21 8.25
SPIRou 59005.027551  -33995.65 8.28
SPIRou 59009.008115  -33975.18 8.02
SPIRou 59009.018950  -33974.66 8.20
SPIRou 59009.029725  -33975.25 7.96
IRD 59118.766592 15.17 4.08
IRD 59122.769496 17.14 3.86
IRD 59122.787278 14.54 3.77
IRD 59156.837456 -14.4 4.86
IRD 59372.001844 -9.95 3.71
IRD 59373.904952 2.00 5.70
IRD 59390.850628 12.31 4.03

NoTE—Table D.1 is published in its entirety in the
machine-readable format. A portion is shown here for
guidance regarding its form and content.
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