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ABSTRACT

Context. The current architecture of a given multi-planetary system is a key fingerprint of its past formation and dynamical evolution
history. Long-term follow-up observations are key to complete their picture.

Aims. In this paper, we focus on the confirmation and characterization of the components of the TOI-969 planetary system, where
TESS detected a Neptune-size planet candidate in a very close-in orbit around a late K-dwarf star.

Methods. We use a set of precise radial velocity observations from HARPS, PFS, and CORALIE instruments covering more than two
years in combination with the TESS photometric light curve and other ground-based follow-up observations to confirm and characterize
the components of this planetary system.

Results. We find that TOI-969 b is a transiting close-in (P, ~ 1.82 days) mini-Neptune planet (m, = 9.1’:}:(1) Mg, Ry, = 2.765f8:8§§ Ry),
placing it on the lower boundary of the hot-Neptune desert (Teq, = 941 + 31 K). The analysis of its internal structure shows that
TOI-969b is a volatile-rich planet, suggesting it underwent an inward migration. The radial velocity model also favors the presence of
a second massive body in the system, TOI-969 c, with a long period of P, = 1700‘:%28 days, a minimum mass of m, sini, = 11 .3:1):& My,
and a highly eccentric orbit of ¢, = 0.628+0033.

Conclusions. The TOI-969 planetary system is one of the few around K-dwarfs known to have this extended configuration going
from a very close-in planet to a wide-separation gaseous giant. TOI-969 b has a transmission spectroscopy metric of 93 and orbits a
moderately bright (G = 11.3 mag) star, making it an excellent target for atmospheric studies. The architecture of this planetary system
can also provide valuable information about migration and formation of planetary systems.

Key words. planets and satellites: detection — planets and satellites: fundamental parameters — planets and satellites: composition —

techniques: radial velocities — techniques: photometric — stars: individual: TOI-969

1. Introduction

So far, 860 multi-planetary systems (with two or more planets)
around stars other than the Sun have been found, hosting a
total of 2050 planets according to the NASA Exoplanet archive
(Akeson et al. 2013). In contrast to our Solar System, the
components of most of these known multi-planet systems reside
in close-in compact configurations (e.g., Gillon et al. 2016),
mainly biased by the observational techniques. This is especially

* Full Tables A.1-A.4 is only available at the CDS via anonymous
ftp to cdsarc.cds.unistra. fr (130.79.128.5) or via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/669/A109

** Based on observations collected at the European Southern Obser-
vatory (ESO) under ESO programs 1102.C-0249 (PI: Armstrong),
106.21TJ.001 (PL: Gandolfi). This paper includes data gathered with the
6.5 meter Magellan Telescopes located at Las Campanas Observatory,
Chile.

relevant in the case of late-type stars, with effective temperatures
below 4600 K, for which 90% of multi-planetary systems have
all their detected planets interior to the snow line (the distance
from the parent star within which volatiles can condense into ice
grains), and 91% of the known long-period planets are massive
and isolated (Lillo-Box et al. 2022). Only a small number of
systems in this stellar regime show components on both sides
of the snow line (e.g., WASP-107 by Anderson et al. 2017,
Piaulet et al. 2021, or GJ 1148 by Trifonov et al. 2018). This is a
clear fingerprint of the planet migration and formation history.
Therefore, finding new systems located at both sides of the snow
line is an important step towards a comprehensive understanding
of planetary histories.

Exoplanet exploration has also revealed different exoplanet
populations, including zones in the parameter space where there
is a clear dearth of extrasolar planets. One of the most intrigu-
ing is the hot-Neptune desert (Szabd & Kiss 2011; Owen & Lai
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2018), a deficit of icy to sub-Jovian planets (R, ~ 2—10 Rg) at
close-in orbits (P < 5 days). Several theories have been proposed
to explain the emptiness of this region, such as atmospheric mass
loss of low-mass gaseous giants unable to retain their atmo-
spheres due to the strong stellar irradiation suffered along their
inward migration (Lopez & Fortney 2014; Owen & Wu 2013);
the core accretion scenario forming gas giants more preferen-
tially than Neptune-like planets (e.g., Ida & Lin 2008); or a faster
migration of the lowest mass end of gas giants, preventing them
from accreting large amounts of gas (Flock et al. 2019).

Interestingly, both the Kepler (Borucki et al. 2010) and TESS
(Transiting Exoplanet Survey Satellite, Ricker et al. 2014) mis-
sions, assisted by ground-based follow-up observations, have
sparsely populated this desert with planets displaying unusual
properties. Two clear examples are TOI-849 b (Armstrong et al.
2020) and LTT9779b (Jenkins et al. 2020), two ultra-short-
period planets in the middle of the hot-Neptune desert. The
advantage of the planets detected by TESS in this regime is that
they usually orbit stars much brighter than those detected by
Kepler. This, combined with the transiting nature of these detec-
tions and the precise masses achievable due to their proximity to
their host star, opens the possibility to study their interior proper-
ties (through internal structure analysis, e.g., Delrez et al. 2021)
and composition with the James Webb Space Telescope (JWST,
Gardner et al. 20006).

In this paper, we present both confirmation and
a characterization of the planetary system TOI-969
(also known as TIC280437559, ‘TYC183-755-1, Gaia

DR3 3087206553745290624), which is composed of at
least two very distinct companions. The architecture of this
system and the properties of the individual components could
be a suitable test bench for studying theories of planet formation
and migration in the cool regime of solar-like stars. The inner
component, a short-period mini-Neptune, was detected by the
TESS mission. The outer component is an eccentric massive
body in the boundary between the planet and brown dwarf
domains, and here we report, for the first time, its orbit beyond
the snow line, finding a long orbital period. In Sect. 2, we
describe the observations from different instruments and the
techniques we used to characterize the system. In Sects. 3 and 4,
we use these observations to constrain the stellar parameters and
to unveil the properties of the planetary system, respectively. We
discuss the results of this analysis in Sect. 5, and finish in Sect. 6
by providing our final conclusions.

2. Observations
2.1. High-precision photometry
21.1. TESS

Observations of TOI-969 are available in sectors 7 (from
Cycle 1) and 34 (Cycle 3), in both cases with camera #1. In
the case of Sector 7, the cadence of the time series corresponds
to 1800s while in the case of Sector 34 a cadence of 600s is
available. We downloaded the light-curve files from the MAST
archive' corresponding to the data extraction by the TESS-SPOC
pipeline (Caldwell et al. 2020), which uses the same codebase as
the Science Processing Operations Center (SPOC; Jenkins et al.
2016). We use the Presearch Data Conditioned Simple Aperture
Photometry (PDCSAP; Stumpe et al. 2012, 2014; Smith et al.
2012) flux and remove any data points marked as outliers or
having non-numeric values.

I https://archive.stsci.edu
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Fig. 1. Target pixel file corresponding to TOI-969 observations by
the TESS mission in sectors 7 (upper panel) and 34 (lower panel). In
both panels, the sources from Gaia DR3 are shown as red circles, with
their size corresponding to the magnitude contrast against TOI-969
(marked with the label “1” and a white cross). The aperture used by the
TESS-SPOC pipeline is shown as a shaded red region in each panel.
The figures are computed using the tpfplotter algorithm by Aller
et al. (2020).

We first inspect the target pixel files (TPFs) for each sector
using the tpfplotter algorithm? (Aller et al. 2020) to check
for possible contaminant sources within the pipeline aperture. In
Fig. 1 we show the average TPF for each sector. As shown, both
sectors include three additional sources in the aperture. How-
ever, their magnitude contrasts in the Gaia passband are 6.6 mag
(source labeled as #2 in Fig. 1), 6.1 mag (source #3), and 7.6 mag
(source #4). Overall, the contamination coming from these three
sources is well below 0.1%. Consequently, we assume the flux as
originating only from TOI-969.

The photometric time series for both sectors are presented
in Fig. 2 and Table A.l, together with their corresponding
Lomb-Scargle periodograms. They show clear large photomet-
ric variations that can be attributed to the stellar activity, with

2 This code is publicly available in Github through the following URL:
https://github.com/jlillo/tpfplotter
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Fig. 2. TESS photometric time series from sectors #7 (left panels) and #34 (right panels). Upper panels display the PDCSAP flux and a simple
median filter computed trend (blue solid line). The detrended light curves are shown in the lower panels and the transits from TOI-969 b are marked

by vertical red lines at the bottom of each panel.

the main periodicities around 8 and 12 days. These might be the
harmonics of the possible rotation period at 24 days, as we see in
the spectroscopic activity indicators (see Sect. 2.3). In addition,
the light curve clearly shows the dips corresponding to the tran-
sits of the 1.8-day period planet candidate alerted by the TESS
Science Office (see vertical line marks in Fig. 2).

Based on this alert, we observed the transit of the planet
candidate from different ground-based facilities.

2.1.2. LCOGT-MuSCAT3

A full transit of TOI-969b was observed simultaneously in
Sloan ¢’, ¥/, i’, and Pan-STARRS z-short bands on UTC 2021
January 8 using the Las Cumbres Observatory Global Tele-
scope (LCOGT; Brown et al. 2013) 2 m Faulkes Telescope North
at Haleakala Observatory on Maui, Hawai’i. The telescope is
equipped with the MuSCAT3 multi-band imager (Narita et al.
2020). We used the TESS Transit Finder —a customized ver-
sion of the Tapir software package (Jensen 2013) — to schedule
our transit observations. The images were calibrated using the
standard LCOGT BANZALI pipeline, and photometric data were
extracted using AstroImage]. The images were mildly defo-
cused and have typical stellar point spread functions with a full
width at half maximum (FWHM) of ~1”6, and circular apertures
with radius 4” were used to extract the differential photometry.
The apertures exclude all of the flux from the nearest Gaia Data
Release 3 (DR3) neighbor (TIC 280437561) 9” northwest of the
target (labeled #2 in Fig. 1). The transit was detected on target
in all four filter bands. The final light curves are presented in
Table A.2.

2.1.3. MEarth

One transit of TOI-969b was observed using the MEarth-
South telescope array (Irwin et al. 2015) at Cerro Tololo Inter-
American Observatory (CTIO), Chile, on 4 February 2020. Six
telescopes were used to obtain photometry of the target star,
defocused to half flux diameter (HFD) of 6 pixels, equivalent to

5 arcsec given the pixel scale of 0.84 arcsec pix~!. Exposure
times were 60 s. One telescope was used to obtain photometry of
any contaminating fainter sources at higher angular resolution,
with the target saturated, using the same exposure time. Obser-
vations were gathered starting at evening twilight and continuing
until the target set below an airmass of 2.

Data were reduced using the standard MEarth processing
pipeline (e.g., Irwin et al. 2007; Berta et al. 2012) with a pho-
tometric extraction aperture of » = 10 pixels (8.4 arcsec). The
light curves contain meridian flips during transit. These were
taken into account in the data reduction by using separate magni-
tude zero points for each combination of telescope and meridian
side to remove residual flat fielding error. The final extracted
photometric time series is presented in Table A.2.

2.1.4. WASP

The field of TOI-969 was observed between 2009 and 2012 by
the WASP (Wide Angle Search for Planets) transit-search survey
(Pollacco et al. 2006). A total of 14 600 photometric data points
were obtained, observing on clear nights when the field was vis-
ible with a typical cadence of 15 min. The 200mm f/1.8 Canon
lenses were backed by 2kx2k CCDs. TOI-969 is five magnitudes
brighter than any other star in the 48arcsec extraction aperture.
Table A.3 presents the photometric time series. Following the
methods described in Maxted et al. (2011), the Lomb-Scargle
periodogram of this long-term dataset reveals a signal at a period
of 24.6 + 0.6 d, together with power at the 12.3-day first har-
monic. The modulation has an amplitude of 8 mmag and has a
false-alarm probability (FAP) of below 1073, This signal is simi-
lar to that described above in the TESS data, and its origin clearly
points to the rotational periodicity of the star (see Sect. 3 for a
detailed discussion about the stellar rotation period).

2.2. High-spatial-resolution imaging

The presence of close stellar companions to a star hosting a
planet candidate (either physically bound or chance aligned)
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Fig. 3. High-spatial-resolution contrast curves for TOI-969 from the
Zorro speckle instrument on Gemini South (blue curve for the 562 nm
band and green curve for the 832nm band), and the 3 m Shane tele-
scope in the J-band (orange) and Ks-band (red). The two dotted lines
correspond to 10% (upper) and 5% (lower) contamination levels in the
light curve. The dashed line corresponds to the maximum contrast that
a blended binary could have to mimic the transit depth of TOI-969 b.

can create false-positive exoplanet detections under specific con-
figurations (e.g., eclipsing binaries) or provide additional flux
leading to an underestimated planetary radius and incorrect exo-
planet parameters (see, e.g., Lillo-Box et al. 2012, 2014; Ciardi
et al. 2015; Furlan et al. 2017). Besides the large-separation
sources described in the previous section through the anal-
ysis of the Gaia Early Data Release (EDR3) catalog (Gaia
Collaboration 2021), we explored the close-in region (<3 arcsec)
around the candidate host star to unveil previously unresolved
companions through high-spatial-resolution images at different
wavelengths.

TOI-969 was observed on 14 January 2020 using the Zorro
speckle instrument on Gemini South (Scott et al. 2021). Zorro
provides simultaneous speckle imaging in two bands (562 nm
and 832 nm) with output data products including a reconstructed
image and robust contrast limits on companion detections
(Howell et al. 2011, 2016). The night was clear, had a slight
breeze, and good seeing (0.6-1.0 arcsec) during the observa-
tions. Figure 3 (left panel) shows our limiting magnitude contrast
curves and our 832 nm reconstructed speckle image. We find that
TOI-9609 is a single star with no companion brighter than 5 to 8
magnitudes from the diffraction limit out to 1.2 arcsec. At the
distance to TOI-969 (77 pc, see Sect. 3), these angular limits
correspond to spatial limits of 1.5 to 92 AU.

We also observed TOI-969 on 15 October 2019 using the
ShARCS camera on the Shane 3m telescope at Lick Observatory
(Kupke et al. 2012; Gavel et al. 2014; McGurk et al. 2014). Obser-
vations were taken with the Shane adaptive optics system in
natural guide star mode in order to search for nearby, unresolved
stellar companions. We collected two sequences of observations,
one with a Kg filter (19 = 2.150 um, A4 = 0.320 um) and one
with a J filter (4p = 1.238 um, A1 = 0.271 um), and reduced the
data using the publicly available SImMER pipeline (Savel et al.
2020)°. Our reduced images and corresponding contrast curves
are shown in Fig. 3 (central and right panels). We find no nearby
stellar companions within our detection limits.

3 https://github.com/arjunsavel/SImMER

A109, page 4 of 23

2.3. High-resolution spectroscopy
2.3.1. HARPS

TOI-969 was observed intensively with the HARPS spectro-
graph (Mayor et al. 2003) on the ESO 3.6 m telescope at La Silla
Observatory, Chile, from 2020 November 10 to 2021 March 24.
In total, 66 spectra were obtained under the programmes 1102.C-
0249 (PI: Armstrong), and 106.21TJ.001 (PI: Gandolfi). HARPS
is a stabilized high-resolution spectrograph with a resolving
power of R ~ 115000, capable of sub-meter-per-second RV pre-
cision. We used the instrument in high-accuracy mode with a
1 arcsec science fibre on the star and a second fibre on sky to
monitor the sky-background during exposure

Radial velocities were determined with the standard (online)
HARPS data reduction pipeline using a K5 binary mask for
the cross-correlation (Pepe et al. 2002), and a K5 template for
flux correction to match the slope of the spectra across Echelle
orders. With a typical signal-to-noise ratio (S/N) per pixel of 30,
we achieved an RV precision of 2.5 m s™!. For each epoch, the
bisector span (BIS), contrast, and FWHM of the CCF were cal-
culated, as well as the chromospheric activity indicators Call
H&K, Ha, and Na. These RVs and the activity indicators are
presented in Table A.4. We clearly detect an RV signal for
TOI-969b, as well as an additional long-term trend (see Fig. 4).
When removing the latter signal from a simple Keplerian fit (a
linear or quadratic fit is not enough to remove the long-term
variability), the Lomb-Scargle periodogram of the HARPS mea-
surements (see Fig. 5) shows three peaks at around 8, 12, and
24 days, which are compatible with those seen in the WASP pho-
tometric data (see Sect. 2.1.4 and the periodogram in the WASP
panel of Fig. 5). Indeed, these periodicities also appear in the
activity indicators corresponding to the FWHM of the CCF and
the bisector span (third and fourth panels of Fig. 5, respectively).
The signal of TOI-969 b is not statistically significant in the peri-
odogram of this dataset (FAP > 10%) alone but a clear peak at
the 1.8-day periodicity clearly stands above other signals.

2.3.2. Planet Finder Spectrograph

We observed TOI-969 with the Planet Finder Spectrograph
(PFS; Crane et al. 2006, 2008, 2010), which is mounted on the
6.5 m Magellan 11 (Clay) Telescope at Las Campanas Obser-
vatory in Chile. PFS is a slit-fed echelle spectrograph with a
wavelength coverage of 3910-7340 A. We used a 0.3” slit and
3 x 3 binning, which yields a resolving power of R =~ 110 000.
Wavelength calibration is achieved via an iodine gas cell, which
also allows characterization of the instrumental profile. We
obtained ten spectra, observed through iodine, between 27 Octo-
ber 2020 and 2 January 2021. Exposure times ranged from 20
to 30 min. We also obtained an iodine-free template observa-
tion with a 90-min exposure time. The RVs were extracted using
a custom IDL pipeline following the prescriptions of Marcy &
Butler (1992) and Butler & Marcy (1996), and achieved a mean
internal precision of 1.2 ms~'. The velocities are presented in
Table A.4 and Fig. 4.

2.3.3. CORALIE

TOI-969 was monitored by the CORALIE high-resolution
echelle spectrograph mounted on the 1.2 m Euler telescope at
La Silla Observatory (Queloz et al. 2001). We obtained 22 spec-
tra between 13 February 2021 and 15 April 2022 each with
S/N of 10-20 depending on sky-conditions and exposure time,
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which was set between 1800 and 2700 seconds. The spectrum
corresponding to the night of 16 January 2022 was discarded
due to high contamination from the Moon. Radial velocity mea-
surements were extracted by cross-correlating each spectra with
a binary G2 mask (Baranne et al. 1996) using the standard
CORALIE data-reduction pipeline. Given the relatively low S/N,
a modest RV precision of 30-50 m s~! was achieved. Line-shape
diagnostics such as bisector-span and FWHM were derived for
the cross-correlation function (CCF). The extracted RVs and
associated uncertainties as well as the corresponding activity
indicators obtained from the CCF analysis are presented in
Table A.4.

3. Stellar parameters

TOI-969 is a moderately bright (V=11.6, Hgg et al. 2000) star in
the late-K dwarf regime. Table 1 summarises the main properties
of this star. According to the Gaia (Gaia Collaboration 2016)
EDR3 data release (Gaia Collaboration 2022), this star is located
at a distance of 77.82 + 0.14 pc (corresponding to a parallax of
12.849 + 0.023 mas, Lindegren et al. 2021). Based on the Gaia
proper motions, we determine the projected galactic velocities
of TOI-969 (see Table 1) and, using the relations from Bensby
et al. (2003), we can conclude that this star likely belongs to
the Galactic thin disk (with a probability 10° times higher than
belonging to the thick disk and more than 10* times higher than
belonging to the halo).

We derived the spectroscopic stellar parameters (7eg,
logg, microturbulence, [Fe/H]) using the HARPS spectra
and ARES+MOOG code, following the same methodology
described in Sousa (2014) and Santos et al. (2013). The equiva-
lent widths (EWSs) of iron lines were measured on the combined
HARPS spectrum of TOI-969 using the ARES code* (Sousa
et al. 2007, 2015). The best set of spectroscopic parameters was

4 The last version of ARES code (ARES v2) can be downloaded at
https://github.com/sousasag/ARES

found when we reach the ionization and excitation equilibrium.
This process makes use of a grid of Kurucz model atmo-
spheres (Kurucz 1993) and the radiative transfer code MOOG
(Sneden 1973). As the star is cooler than 5200 K, we used the
appropriate iron linelist for our method presented in Tsantaki
et al. (2013). Following the same methodology as described in
Sousa et al. (2021), we used the Gaia EDR3 parallax and esti-
mated a trigonometric surface gravity of logg = 4.55 + 0.06 dex.
Stellar abundances of the elements were derived using the
classical curve-of-growth analysis method assuming local ther-
modynamic equilibrium (e.g., Adibekyan et al. 2012, 2015). The
same codes and models were used for the abundance determina-
tions. Finally, the mass, radius, and age of the star were derived
using the PARAM 1.3 web interface’ (da Silva et al. 2006) using
our spectroscopic parameters as input values. The results from
this analysis are shown in Table 2 (second column).

We use the S-index provided by the HARPS DRS and cal-
ibrated to the Mount Wilson scale (Vaughan et al. 1978) to
determine the log Ry for each of the individual spectra. We
obtain an average value of —4.381 + 0.002 dex with a disper-
sion of 0.026 dex. This dispersion is significantly larger than
the uncertainty of the individual measurements which points to
a certain level of activity. Indeed, in the periodogram of the
log R}, time series (see corresponding panel of Fig. 5), a clear
peak at 24.6 days stands out, again pointing to this periodicity
as the rotaton period of the star. We can use the average value
of the log R}y, to estimate the rotation period of the star. Given
the B — V color of this star being 1.09 + 0.33 mag, we can apply
the Noyes et al. (1984) activity-rotation relationships through the
pyrhk code (da Silva et al. 2006) and using the Middelkoop
(1982) bolometric corrections. Following this, we obtain a rota-
tion period of 9.9 + 3.2 days. If we instead use the empirical
relations from Sudrez Mascareiio et al. (2016) for K-dwarfs, we
obtain a rotation period of 9.5 + 1.0 days, which is compatible
with the previous value. Hence, the activity-rotation empirical

5 http://stev.oapd.inaf.it/cgi-bin/param_1.3
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Fig. 5. Periodogram of the radial velocity and activity indicator time
series of the HARPS dataset. Panel a corresponds to the original RV
time series, while panel b corresponds to the time series after a simple
linear detrending. In panel ¢ we include an additional linear detrend-
ing corresponding to the activity indicator most correlated with the
RVs (in this case the BIS-span). Panels d—e include the periodogram
of the FWHM of the cross-correlation function and the bisector span,
respectively. Finally, the bottom panel shows the window function cor-
responding to the HARPS sampling. The periodicity corresponding to
TOI-969 b and TOI-969 ¢ are shown as vertical dotted lines in all pan-
els. The stellar rotation period and its first two harmonics are shown as
dashed vertical lines.

relations point to a period shorter than the one measured from
the periodogram of the activity indicators (see Sect. 2.3 and pan-
els 3-5 in Fig. 5) and the photometric time series from WASP
(see Sect. 2.1.4 and panel 6 in Fig. 5). As an additional test,
we computed the vsini, of TOI-969 from the HARPS spec-
trum and obtained a value of 2.87 +/—0.37 km s~!. Assuming
an inclination of 90°, this corresponds to a rotation period for
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this star of 12.1 + 1.7 days, again compatible within the uncer-
tainties with the previous results from empirical relations. For a
rotation period of around 24 days, and assuming the same spin
axis inclination of 90°, we obtain a projected rotation velocity
of around 1.3 km s~!. We then warn that for very slow-rotating
stars (usini,< 3 km s7!), measuring accurate v sini, values is
a difficult task and our determination should be taken with care.
Consequently, the rotation period of the star is unclear from the
present data. In our analysis, we assume the rotation period is
Pror = 24.6 £ 0.6 days but we account for the power at 12.3 days
in the different indicators and empirical relations by using a
rotation kernel that also accounts for P /2.

We can now use gyrochronology to estimate the age of the
system. By applying the Angus et al. (2019) relations through
the stardate® code, we obtain an age of 2.03 + 0.17 Gyr
when assuming Py, = 24.6 £ 0.6 and the Gaia B, — R, color
of 1.42 mag Gaia Collaboration (2021). If we use the 12.3-day
rotation period obtained from the vsini,, we obtain an age of
670 = 150 Myr. Given this young age estimation in the sec-
ond case, we checked for the presence of lithium in the HARPS
spectra and found none within the sensitivity limits. However,
for this effective temperature and age it is expected that the Li
has already been depleted, and so we cannot discard this young
estimation based on the absence of lithium.

As an independent determination of the basic stellar parame-
ters, we performed an analysis of the broadband spectral energy
distribution (SED) of the star together with the Gaia EDR3 par-
allax (with no systematic offset applied; see, e.g., Stassun &
Torres 2021) in order to determine an empirical measurement of
the stellar radius, following the procedures described in Stassun
& Torres (2016) and Stassun et al. (2017, 2018). We took the By
and V7 magnitudes from Tycho-2, the JHKs magnitudes from
2MASS, the W1-W4 magnitudes from WISE, the Ggp and Ggrp
magnitudes from Gaia, and the NUV magnitude from GALEX.
Together, the available photometry spans the full stellar SED
over the wavelength range 0.2-22 pum (see Fig. 6).

We performed a fit using NExtGen stellar atmosphere mod-
els, with the free parameters being the effective temperature
(Te) and metallicity ([Fe/H]). The remaining free parameter is
the extinction Ay, which we fixed at zero due to the proximity
of the star. The resulting fit (Fig. 6) has a reduced y? of 1.1,
excluding the GALEX NUV flux which indicates a moderate
level of activity (see below). Integrating the (unreddened) model
SED gives the bolometric flux at Earth, F,o = 9.45 + 0.11 x
10710 erg s7! cm™2. We estimate the stellar radius by taking the
Fyo1 and Teg together with the Gaia parallax, and the stellar mass
using the empirical relations of Torres (2010) and Mann et al.
(2020). All these values agree with the spectroscopically derived
parameters within the uncertainties and are reported in Table 2
(third column).

4. Analysis and results

Due to the complexity of the system and the large amount of data
in hand, we first perform an analysis of the individual datasets,
namely the TESS light curve (Sect. 4.1) and the RV (Sect. 4.2).
From those independent analyses, we obtain relevant informa-
tion about the models to be tested in the final joint (light curves
and RV) analysis in Sect. 4.3, and parameter ranges to appropri-
ately set up the priors in this more complex and computationally
expensive joint model.

¢ https://github.com/RuthAngus/stardate
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Table 1. General and dynamical properties of TOI-969 obtained in this
work.

Value Ref.

TOI-969, TIC 280437559,

TYC 0183-00755-1
3087206553745290624 [1]
07:40:32.8, 02:05:54.92 [1]

Parameter
IDs

Gaia EDR3 ID
RA, Dec

Parallax [mas] 12.849 +0.023 [1]
Distance [pc] 77.82 +0.14 [1, 3]

L [masyr'] —-34.040 + 0.025 [1]

s [mas yr~!] —77.949 + 0.018 [1]

RV [kms™!] —5.789 £ 0.040 [3]

G [mag] 11.27 [1]

B, — R, [mag] 1.46 [1]

J [mag] 9.596 + 0.026 [2]

Ks [mag] 8.879 £ 0.023 [2]

U [kms™!] 20.855 [3], Sect. 3
V [kms™] -2.101 [3], Sect. 3
W [kms™!] —18.526 [3], Sect. 3
Gal. population  Thin disk [31, Sect. 3

References. [1] Gaia Collaboration (2016); [2] Cohen et al. (2003); [3]
this work; [4] Mann & von Braun (2015).

Table 2. Stellar physical properties of TOI-969.

Parameter Spec. @ SED®
Ter [K] 4435 + 80 4550 £ 75
log g [dex] 4.55 +0.06 -
[Fe/H] [dex] 0.175 +0.019 -
M, [Ms] 0.734 £ 0.014 0.730 + 0.037
R, [Ro] 0.671 +0.015 0.681 + 0.023
log Ry -4.381+£0.026 -
Age [Gyr], PARAM1.3 4.761 +4.187 -
Age [Gyr], gyro 2.03 +£0.17 -
[Mg/H] [dex] 0.17 £0.15 -
[Si/H] [dex] 0.17+0.13 -
Notes. @Parameters obtained from spectroscopic  analysis.

®Parameters obtained from analysis of the SED.

4.1. Light-curve analysis

We first inspect the photometric data through an independent
analysis of the TESS and LCOGT light curves. Our model is
composed of a transit model assuming a single planet in the sys-
tem (the one with the detected transits) defined by the period
(Pp), a time of inferior conjunction (7o), the orbital inclina-
tion (i), the planet radius (R}), and the stellar mass (M) and
radius (R,). The latter are used to check for possible phase-
curve-variation effects, such as the ellipsoidal, Doppler beaming,
and reflection effects (which in turn are all negligible in this
case). We use the limb-darkening parametrization described in
Kipping (2013) and apply the quadratic law with a pair of param-
eters per instrument and bandpass (uyj, u;j). In addition, we
assume a photometric jitter and offset for each instrument (o ;
and Fyj, respectively). Finally, in the case of the ground-based
observations, we use the pre-detrended time series and use a lin-
ear detrending with the airmass within our model by including a
slope per bandpass for the LCOGT observations (mx;).

log AF, (erg s*cm?)

1 10
A (um)

Fig. 6. Spectral energy distribution of TOI-969. Red symbols represent
the observed photometric measurements, where the horizontal bars rep-
resent the effective width of the passband. Blue symbols are the model
fluxes from the best-fit NextGen atmosphere model (black).

In order to account for the stellar variability seen in the
TESS sectors, we also include a Gaussian process (GP) with a
kernel composed of a mixture of harmonic oscillators designed
to model stellar rotation and implemented in the celerite2
(Foreman-Mackey et al. 2017, 2018) package as the term named
RotationTerm. One of the harmonic oscillators is devoted to
the rotation period and the other one to half of the rotation
period. This kernel includes five hyperparameters, namely an
amplitude (7,1¢), a periodicity (77,), a quality factor for the sec-
ond oscillator (17q,), a difference between the two quality factors
of both oscillators (7750), and a factor representing the relevance
of one oscillator as compared to that of the other (775).

Based on this model, which includes 35 parameters, we
explore the parameter space informed by the observed time
series using the Monte-Carlo Markov chain (MCMC) affine-
invariant ensemble sampler emcee (Foreman-Mackey et al.
2013). We launch our MCMC with 140 walkers (four times the
number of parameters) and a total of 100 000 steps per walker.
The priors for all parameters are detailed in Table A.5. We use
Gaussian priors for the orbital period and time of mid-transit
as published by the TESS alert and using a broad standard
deviation corresponding to five times the published uncertainty
on these values. Gaussian priors are also used for the limb-
darkening coefficients, with the mean value corresponding to the
derived value using the 1imb-darkening code by Espinoza &
Jordéan (2015) using the ATLAS models and the stellar properties
derived in Sect. 3; and a standard deviation of 0.1. The stellar
mass and radius priors are also included as Gaussian distribu-
tions with the parameters described in Sect. 3. The priors for the
remaining parameters are set to uniform distributions within the
ranges stated in Table A.5.

We perform a first burn-in phase with the previously men-
tioned setup. Subsequently, we use the maximum a posteriori set
of parameters from this first phase to start a second chain ini-
tialized at those values and running for half the number of steps
as in the first phase (i.e., 50000 steps per walker). The poste-
rior distributions are computed using the full chains from the
second phase. The median and 68.7% credible interval for each
parameter are shown in Table A.5. The phase-folded light curves
showing the median transit models from this analysis are shown
in Fig. 7.

4.2. Radial velocity

We now use the radial velocity dataset described in Sect. 2.3 as
well as the input information from the previous TESS analysis
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Fig. 7. Phase-folded light curves from TOI-969 after removing the GP for the TESS data and the linear dependency for the LCOGT dataset. Left
panels show the individual phase-folded light curves per instrument and the corresponding joint model. Black symbols correspond to 9-min bins.

Right panels show the residuals from the joint model.

to scrutinize the Doppler information. To this end, we first build
our model, which is composed of N Keplerians, each of them
potentially including an orbital period (P;), a time of inferior
conjunction (7 ;), a radial velocity semi-amplitude (K;), and, in
the case of noncircular orbit models, we also add eccentricity (e;)
and the corresponding argument of the periastron (w;). Addition-
ally, our models can include a slope (m) to account for possible
linear trends (when this slope is assumed zero, we include an “F”
(for “flat”) in the model labels) and a quadratic trend (when this
is added, a “Q” is added to the model label). We also include a
radial velocity offset per instrument (y;) and a jitter per instru-
ment to account for all systematic errors not taken into account
in the model (o). In our analysis, we test models that aim to
account for the radial-velocity variations caused by the stellar
activity (potentially relevant as seen in the previous section in the
TESS light curve) through GP informed by an activity indicator.
Based on the radial velocity periodogram presented in Sect. 2.3,
the bisector span seems to match the radial velocity variations
in a similar manner, showing strong periodicities at similar fre-
quencies. This does not happen with the FWHM, which does
not show significant variations other than a long-term period-
icity. Hence, we use the BIS-span indicator to inform the GP
about the activity-induced component of the radial velocity. Cor-
respondingly, for each instrument, we add an offset (ypis;j) and a
jitter (O—BIS,j)-

We include a GP for the RVs and a GP for the BIS-span, both
sharing all parameters except the amplitude of the kernel. We use
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the celerite2 (Foreman-Mackey et al. 2017, 2018) implemen-
tation to build the GPs and we choose the RotationTerm kernel
(see Sect. 4.1) to account for the stellar activity. All hyperparam-
eters but the amplitude one (77,-) are shared between the RV and
BIS-span GPs.

The prior distributions used in this analysis are summarised
in Table A.6. Uninformative priors were generally used in most
of the parameters involved in our model, except in some cases.
We used Gaussian priors for the orbital period and mid-transit
time for TOI-969 b centered at the values coming from the transit
analysis from the previous section. This is because the precision
in those parameters achievable with the transit method is higher
than with RVs. We used log-uniform priors for the orbital period
of the long-period candidate and the RV and BIS jitter, as well as
for the amplitude hyperparameters of the GP (17, pwam and 7).
Finally, given the discussion presented in Sect. 3, we opted for
a Gaussian prior on the hyperparameter related to the rotation
period of the star.

The parameter space is explored by using emcee. We use
a number of walker equal to four times the amount of free
parameters and 100000 steps per walkers in a first burnout
phase. The maximum a posteriori model from this first phase
is selected as the initial guess for the final production, which
now contains 100000 steps and the same number of walkers
as the initial phase. The convergence of the chains is checked
by estimating the autocorrelation time and the corresponding
chain length, with the latest being at least 20 times longer
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Fig. 8. Comparison of the logarithm of the Bayesian evidence (8 = In ) for the different tested models (labeled in the X axis) in the case of the
RV-only analysis (Sect. 4.2). The labels for the models correspond to Xp[P;c][Z], where X is the number of planets assumed in the system, P;c
are the identifiers of the planets with assumed circular orbits, and Z indicates whether we are using a flat (F) slope (i.e., assuming slope = 0) or a
quadratic (Q) trend. The gray-shaded region displays the region of AZ = —6 from the larger evidence model showing its strength against simpler

models.

than the autocorrelation time to consider convergence. We then
use 15% of the final flattened chain (typically composed of
10°—10° elements) to estimate the Bayesian evidence of each
model (InZ;) and its corresponding uncertainty through the
perrakis implementation’ (Diaz et al. 2016).

The preliminary analysis of the data already revealed the
presence of different signals (see Sect. 2.3). Consequently, we
test models with different numbers of planets, each potentially
having either circular (fixed values for ¢; = 0 and w; = 90°)
or eccentric orbits. We also tested different types of trends,
from the simplest linear trend (including a slope parameter) to
a quadratic one (including a quadratic term) for the cases of
zero-planet (labelled “Op*”) and one-planet (“1p*”) models. In
total, 21 models with different levels of complexity are tested
(from O to 3 planets). The labelling for the models follows the
nomenclature Xp[P;c][Z], where X is the total number of planets
assumed in the system, P;c are the identifiers of the planets with
assumed circular orbits (e.g., “2plc2c” if both planets “1” and
“2” are assumed in circular orbits; or “2plc” if only planet “1” is
assumed in circular orbit), and the latter letter (“[Z]”) indicates
whether we are using a flat (“F”) slope (i.e., assuming slope = 0)
or a quadratic (“Q”) trend.

The Bayesian evidence is then used to select the simplest
model that best represents our data. This is done by sorting the
models by complexity and selecting the one with the highest evi-
dence, assuming that a difference of 6 in logarithmic space (i.e.,
B = AlnZ > 6, Trotta 2008) corresponds to strong evidence
in favor of the more complex model. Figure 8 shows this log-
evidence for each of the 21 models. From this, we see that the
model with a flat slope and two components in eccentric orbits
(‘“2pF”) has the largest evidence. However, the odds against
the simpler model with the inner component in a circular orbit
“2plcF” are still not significant and we choose the latter as the
preferred model informed by the current dataset. The evidence of
this model against the no-planet model and the one-planet model

7 https://github.com/exord/bayev. A python implementation
by R. Diaz of the formalism explained in Perrakis et al. (2014).

is signiﬁcantly larger (Z2plcF - ZOp* > +46 and ZZplcF - le* >
+33), thus supporting the existence of another Keplerian signal
in the system other than the transiting planet. On the other side,
the “2p1cF” model also has significantly larger evidence than the
more complex three-planet models (Zapicr — Z3ps > +31). The
phase-folded radial velocity curves of both components for the
preferred model “2p1cF” are shown in Fig. 9. The posterior dis-
tributions of all parameters involved in this analysis are presented
in Table A.6.

4.3. Joint analysis

We use the previous individual analysis of the light curve and
radial velocity datasets as exploratory studies of the parameter
space and for model comparison purposes. Based on the results
obtained in these preliminary analyses, we now run a joint model
including both the radial velocity and photometric light curves,
from which we obtain the final parameters of the system. In this
case, the planetary and orbital parameters are parameterized to
include the shared information between both techniques. That
is, the Keplerians are modeled by a planet period, time of mid-
transit, planet mass (m;) and radius (R;), orbital inclination (i;),
eccentricity, and argument of periastron. In addition, as detailed
in Sects. 4.1 and 4.2, we use the RotationTerm kernel with
shared hyperparameters (except for the amplitude) for the TESS
light curves, radial velocity, and BIS-span time series.

We proceed in a similar fashion as explained in Sect. 4.2
to explore the parameter space of this joint analysis. We reach
convergence of the chains under this strategy and confirm the
planetary nature of the inner component and place the second
component in the planet-to-brown-dwarf transition. Unfortu-
nately, the TESS observations do not cover the conjunction time
of TOI-969 c and consequently we cannot come to a conclusion
as to its transiting nature. The final set of parameters (includ-
ing the absolute mass for TOI-969 b) are presented in Table A.7
and a summary of the main properties of the two components is
presented in Table 3.
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Fig. 9. Phase-folded radial velocity data from TOI-969b (left) and TOI-969 ¢ (right) after removing the signal from the other component in the
system and the GP noise for the selected model (labeled “2p1cF”) from the radial velocity analysis (see Sect. 4.2). For TOI-969 b, we only include
HARPS and PFS data, while removing CORALIE for improved clarity given the larger uncertainties for that dataset. The gray-shaded regions
correspond to the region covered by models within 68.7% (dark gray) and 95% (light gray) of the confidence interval.

4.4. Transit-timing variations for TOI-969 b

Given the relatively large number of transits of TOI-969b in
our photometric dataset, we can study the presence of addi-
tional planets in the system based on the gravitational pull on
this planet. We estimate the central times of individual transit
events of TOI-969b based on deviations from a single-planet
model. To this end, we use the results of the joint modeling of
Sect. 4.3 (Table A.7) as priors in this analysis. As in the global
analysis, we also use GPs to detrend the TESS light curves. On
the contrary, we use the already detrended LCOGT/MusCat light
curves to estimate a single transit mid-time out of the simultane-
ous modeling of the four-filter light curves. We use the juliet
package® (Espinoza et al. 2019) to perform this analysis. By
doing this, we estimate the central times of the 25 TESS tran-
sits and 1 of the LCOGT light curves (Table 4). We compare
these observed times with the ephemeris reported in Table A.7.
The resulting observed minus calculated (O—C) diagram of the
transit times of TOI-969 b are shown in Fig. 10. The RMS of the
O-C points is 7.1 min with a maximum deviation of 14.13 min.
We note that the amplitude of the timing deviations are larger
in the transits observed in the last TESS sector (bottom panel of
Fig. 10). However, it is unlikely that these deviations are related
to the stellar activity; as can be seen in Fig. 2, the stellar activity
is lower in this TESS sector.

Based on the constraints of these transit-timing results, we
explore the limits that can be placed on the mass of a potential
unseen companion to TOI-969 b. For this purpose, we used the
TTV2Fast2Furious code’ (Hadden et al. 2019). The resulting
upper limits on the companion are not very constraining, ruling

8 juliet core tools used in this analysis are: batman (Kreidberg

2015), starry (Luger et al. 2019), dynesty (Speagle 2020), and Gaus-
sian Processes with george (Ambikasaran et al. 2015) and celeritel
(Foreman-Mackey et al. 2017).

9 https://github.com/shadden/TTV2Fast2Furious
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out planets with masses above >100 Mg, for periods larger than
twice the orbital period of TOI-969b. Better constraints can
be placed with an extended timing monitoring of additional
TOI-969 b transits.

5. Discussion
5.1. TOI-969 b: a new hot-Neptune in the desert

The derived properties of planet TOI-969b shown in the pre-
vious sections place this planet in the so-called mini-Neptune
regime in terms of mass (m, = 9.1f}j(1) Myg) and radius (R, =
2.765* 0088 R); see Fig. 11. Its relatively short period also places
it in the boundary of the hot-Neptune desert (Mazeh et al. 2016)
and suggests that it possesses similar properties to the iconic
GJ 1214 b (Charbonneau et al. 2009).

As for most Neptune-like planets, for a planet of the mass
and radius of TOI-969 b and a H/He-dominated atmosphere, the
atmospheric loss by blowoff is energy limited (Owen & Alvarez
2016). In this case, the atmospheric mass-loss rate is (Erkaev
et al. 2007; Owen & Wu 2013):

nF XUVRS
P
GM,

, ey

where Fxyy is the XUV flux received by the planet, G the
gravitational constant, and € is an efficiency parameter. We
approximate the XUV luminosity by the analytical fit obtained
by Sanz-Forcada et al. (2011), and we estimate € ~ 0.07 from
Owen & Jackson (2012). This yields a present-day mass-loss rate
of 0.03 Mg Gyr~!, assuming the age of the star is 2.03 Gyr. Fol-
lowing the approach of Aguichine et al. (2021), the total mass
lost by the planet can be estimated by integrating 7z over time
assuming that only the XUV luminosity changes, and that the
planet properties have remained roughly constant during its evo-
lution. In this case, we find that TOI-969 b would have lost
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Table 3. Summary of the posterior distributions of the main physi-
cal and orbital properties of TOI-969b and TOI-969 ¢ from the joint
analysis (Sect. 4.3).

TOI-969 b
Orbital period, Py [days] 1.8237305* 90000020
Time of mid-transit, Ty, [days] 2 459 248.37709+) 9003
Planet mass, M), [Mg] 9-1528
Orbital inclination, i, [deg] 86.75703%
Planet radius, Ry, [Rg] 2-765f818§§
Planet density, p, [gcm™] 2.34703)
Transit depth, Ay [ppt] 1.4355008
Orbit semi-major axis, a, [AU] 0.02636%0. 00017
Relative orbital separation, ay/R, ~ 8.47*32)
Transit duration, T4y [h] 1-519f8:8i§
Planet surface gravity, g, [m s72] 11-6t{ﬁg
Impact parameter, by, /R 0.480*004]
Incident flux, Fincp [Finceol 18832
Equilibrium temperature, Teqyp, [K]  94173)
TOI-969 ¢

Orbital period, P, [days] 1700239
Time of mid-transit, Ty [days] 2460640*550
Minimum mass, mg sinic [Myyp] 113404

. . 0.043
Orbital eccentricity, e, 0-6283),036
Arg. periastron, w, [deg] 208.5%78
Orbit semi-major axis, a. [AU] 2.52+021
Relative orbital separation, a./R. 8061’3%
Incident flux, Fincc [Fincol 0-02084:8:8822
Equilibrium temperature, Teqc [K] ~ 96.4788

Notes. For a full description of all parameters involved and their priors,
see Table A.7.

~0.42 Mg of H/He during its evolution. The possibility that
TOI-969 b formed with a H/He envelope of mass greater than
~0.42 Mg (~ 4% by mass) cannot be excluded. It is therefore
possible that TOI-969 b is still subject to atmospheric escape,
and could be entirely stripped of its H/He envelope. However,
the presence of an atmosphere made of heavier volatiles, such as
He, O,, H,0, and others (see Hu et al. 2015; Bolmont et al. 2017,
Aguichine et al. 2021; Ito & Ikoma 2021, respectively), provides
a more natural explanation as to how TOI-969 b retained its
volatile envelope, as these molecules have smaller escape rates
(Owen & Jackson 2012; Ito & Tkoma 2021).

TOI-969b is therefore another excellent target for testing
theories of atmospheric evaporation (Lecavelier Des Etangs
2007; Owen & Adams 2019). Interestingly, its transmission spec-
troscopy metric (TSM, Kempton et al. 2018) corresponds to
TSM = 93 + 18, making it one of the best targets in this regime
for atmospheric purposes, especially with the JWST.

5.2. Internal structure of TOI-969 b

With the precise mass and radius determinations for TOI-969 b,
we can study its internal structure. We performed an MCMC
Bayesian analysis (Dorn et al. 2015) of its internal composition

Table 4. Transit times of TOI-969b estimated from the TESS and
LCOGT light curves.

Transit T. 0-C Instrument
number BJD-2450000 [min]

0 8493.34879 *00037 528  TESS_S07
1 8495.17679 *0.9046  0.87  TESS_S07
2 8496.99771 0003 318  TESS_S07
3 8498.82093 *0.9031 392  TESS_S07
4 8500.64652 *0902 123 TESS_S07
5 8502.46819 *00053  —4.20  TESS_S07
6 8506.12828 *0.902>  13.98  TESS_S07
7 8507.94152 09017 —1.12  TESS_S07
8 8509.76667 3003 091  TESS_S07
9 8511.58719 *09020 370 ~ TESS_S07
10 8513.41908 30019 8.04  TESS_S07
1 8515.23953 *0.0038 332 TESS_S07
12 9230.13869 09023 _162  TESS_S07
400 9222.84466 *000042 034  LCOGT
404 9231.96062 9022 422  TESS_S34
405 9233.77852 00048 _12.62 TESS_S34
406 9235.60299 *0.9042  —11.55 TESS_S34
407 9237.44362 0003 1279  TESS_S34
408 9239.26829 *0003% 1413  TESS_S34
409 9242.90031 20035 810 TESS_S34
411 924473353 *09030 556  TESS_S34
413 9246.56198 F0:904 1235  TESS_S34
414 9248.37592 30029 —1.74  TESS_S34
415 9250.20452 30025 527 TESS_S34
416 9252.02489 09020 0.43  TESS_S34
417 9253.84740 *09028 133  TESS_S34

Notes. The values of the O—C column correspond to the points shown in
Fig. 10, which were obtained using the ephemeris reported in Table A.7
and described in Sect. 4.4.

using the interior structure model introduced in Mousis et al.
(2020) and Brugger et al. (2017), which comprises three layers:
a Fe-rich core, a silicate-rich mantle, and a water layer. With
an irradiance temperature'® of the order of 10° K, TOI-969b
can present vapor and supercritical phases if water is found at
its surface. Water is the second-most abundant volatile after
H/He. The supercritical phase can be reached for planets that
are highly irradiated and present a volatile envelope that reaches
high temperatures (around 10° K) at the bottom of this layer,
which corresponds to high pressures of approximately 300 bar
(see its phase diagram in, e.g., Fig. 1 in Mousis et al. 2020).
Therefore, we couple an atmosphere—interior model that
calculates the surface conditions and the contribution of the
atmosphere to the total radius, which in the case of low-density,
warm planets is significant, as shown by Acufa et al. (2021).
We consider two scenarios to obtain the interior structure of
TOI-969 b: scenario 1, where only the mass and radius of the

10 Trradiance temperature is the term used in atmospheric physics to
name the equilibrium temperature at zero albedo.
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Fig. 10. Observed—calculated diagram of the transit times of TOI-969 b.

LCOGT transit corresponds to transit number #400. The gray regions
represent the 10~ uncertainties of the ephemeris reported in Table A.7.

planet (from Table A.7) are considered as inputs to the MCMC
analysis; and scenario 2, where the planetary mass and radius,
and the stellar Fe/Si mole ratios (see Table 2) are the input data'!.
To compute the Fe/Si and Mg/Si mole ratios with the stellar
abundances, we follow the approach described in Brugger et al.
(2017) and Sotin et al. (2007), and obtain Fe/Si = 0.77+0.23 and
Mg/Si = 1.01+0.44. The outputs of the MCMC analysis are the
posterior distribution functions (PDF) of the core mass fraction
(CMF), the water mass fraction (WMF), and the atmospheric
parameters, which are the temperature at 300 bar, the plane-
tary albedo, and the atmospheric thickness from transit pressure
(20 mbar, see Mousis et al. 2020; Grimm et al. 2018) to 300 bar'2.
We assume a water-rich atmosphere. Table 5 (upper part) shows
the 1D, 1o confidence intervals of the MCMC output parameters
and Fig. 12 presents the ternary diagram and the 1o confidence
region for the internal structure of TOI-969 b. Under the assump-
tion of the absence of an H/He layer, TOI-969 b is a volatile-rich
planet that could have up to 60% of its mass in a water-rich
volatile layer in both scenarios. The CMF is compatible with an
Earth-like value in scenario 1, whereas in scenario 2 the CMF is
lower due to a lower Fe/Si mole ratio of the host star compared
to the solar value (Fe/Sig = 0.96).

H/He and water are the most abundant volatiles. In inte-
rior modeling, when including a volatile layer, it is widely
acknowledged to assume that the main component of the enve-
lope is either hydrogen, which is representative of a primordial
atmosphere, or water, whose density better represents that of a
secondary atmosphere. The interior structure model described
above presents the implementation of a water layer. However,
as we describe in Sect. 5.1 the presence of H/He in the cur-
rent atmosphere of TOI-969b cannot be discarded based on
atmospheric loss. Moreover, the water layer model described

I Adibekyan et al. (2021) recently found a relation between the compo-
sition of low-mass planets and their host stars, but the relation was not
one-to-one.

12 The critical point of water is located at 220 bar, this is the pressure
at which water transitions from vapor to supercritical. 300 bar is close
enough to the pressure of the critical point to prevent the atmospheric
model from taking over pressures where the opacity is very high.
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above yields a maximum WMF of almost 60% within lo
(WMF = 50 + 9%). This is less than the maximum WMF found
in Solar System bodies (i.e., comets), which is 70-80% (McKay
et al. 2019). However, it is still a high WMF compared to other
low-mass exoplanets. Hence, we also explore the possibility of a
H/He atmosphere instead of a water-dominated volatile layer.

To do this, we combine our interior structure model (only
the Fe-rich core and the mantle) with the mass—radius relations
of Zeng et al. (2019). We obtain the atmospheric thickness by
subtracting the mass—radius relationship of an Earth-like bulk
with a H/He envelope minus that of a bare Earth-like core, both
as provided by Zeng et al. (2019)!3. This allows us to express
the atmospheric thickness as a function of the surface gravity,
go = M/R?, and the H/He mass fraction, Zym = Zum(g0,XH/He)-
The boundary surface conditions for our interior model are Ty,
= 2000 K and Py, = 1 bar, because Zeng et al. (2019) consider
a maximum irradiation temperature of 2000 K and an isother-
mal profile in the atmosphere. Table 5 (bottom part) shows the
observables and the compositional parameters retrieved from
this second analysis assuming a H/He atmosphere. We observe
that the H/He volatile mass fraction is four orders of magni-
tude lower that the water mass fraction obtained in the previous
analysis, which is expected because water at high pressures is
significantly more dense than H and He. The 1o confidence
intervals of the H/He volatile mass fractions are situated between
0.1 and 0.3%, as expected from the position of TOI-969b in
the mass—radius diagram in Fig. 13. To reproduce the density of
TOI-969 b, the H/He case does not need a volatile layer as mas-
sive as that of the water case because a H/He atmosphere is more
expanded than a secondary atmosphere for a similar atmospheric
mass. This results in a larger portion of the total mass being
constituted by the Fe-rich core when we consider a H/He atmo-
sphere, yielding higher CMFs in both scenarios. In scenario 2,
we can observe that the CMF is compatible within uncertainties
with the Earth value (CMFg = 0.32).

Finally, we applied the stoichiometric model of Santos et al.
(2017) to determine the iron-mass fraction (which can be trans-
lated into core-mass fraction) of the planet building blocks in
the protoplanetary disks of TOI-969. This model is based on the
chemical abundances of this star listed in Table 2, and assuming
that C and O abundances for the two stars scale with metallic-
ity. We find an iron mass fraction of the planet building blocks
of 33.1 £ 5.2%. This value is compatible with that predicted by
this model for the Solar System planet-building blocks (33.2%,
Santos et al. 2015).

5.3. Prospects for atmospheric studies with JWST

We simulated synthetic spectra for a range of atmospheric
scenarios and instrumental setups. We adopted Tau-REx III (Al-
Refaie et al. 2021) to compute the model-atmosphere spectra,
using the stellar parameters from Table 2 (arithmetic aver-
age) and the planetary parameters from Table A.7. Our test-
bench models assume atmospheric chemical equilibrium (ACE,
Agindez et al. 2012) with an isothermal profile at the equi-
librium temperature, scaled (1x and 100x) solar abundances,
collisionally induced absorption (CIA) by H,-H, and H,-He
(Abel et al. 2011, 2012; Fletcher et al. 2018), and Rayleigh
scattering. We show two cloud-free models with different metal-
licities, and a third model with solar metallicity and an optically
thick cloud deck with top pressure of 100 Pa. The cloud-free

3 https://lweb.cfa.harvard.edu/~lzeng/planetmodels.
html


https://lweb.cfa.harvard.edu/~lzeng/planetmodels.html
https://lweb.cfa.harvard.edu/~lzeng/planetmodels.html

J. Lillo-Box et al.: TOI-969

4.5 7 7
—— 100% iron // 7
= Earth-like 27 el
] L, 7 u
40 1 — 500 water WS g N
—— 100% water PO
@3.5 1 3
[ =4 Q...
% 3.0 e s S5
(9] . T
= 2 5 LTT 9779 b 8° o °0 Fw ¢ e ©
.PD g [ o g ® 000'”.-0‘ 0,08 ©
2 >’ - VR %6 o o 8% P
o ] 1-989b Q- 2
g 2 WS o aRa 0%
& 2.0 | s ° °w"’ﬂ%§%@o S °°§3<§%
= e 2 ®"g0 0% o Eo
D o = 20 g6 3P0 FRo
1.5 o " ¥ilor 8 & § 0P gg,0 % © 9
o o% e
o 8 0o Q
1.0 ° o *% 0 o9 &
' - L A0 () 9) 1) a od:)
0.5 2 5 0.2 0.5 2 5 20 50

Planet mass (Mg)

Orbital period (days)

Fig. 11. Comparative properties of TOI-969b. Left: mass—radius diagram of known exoplanets with measured mass precisions better than 30%
(gray symbols) and the location of TOI-969 b. The bulk density lines corresponding to different compositions from Zeng et al. (2019) are shown
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3. Right: period—radius diagram of known exoplanets (gray

crosses) highlighting those with measured masses (open black circles). The light-gray-shaded region represents the mean boundaries of the hot-
Neptune desert derived by Mazeh et al. (2016) and the dark-grey-shaded region corresponds to the interior envelope of the 1o~ boundaries. The
location of TOI-969 b is marked in red, as are the locations two other planets in the hot-Neptune desert, namely TOI-849 b (Armstrong et al. 2020)

and LTT 9779 b (Jenkins et al. 2020).

Table 5. Median and lo confidence intervals of the interior and

atmosphere modeling.

Parameter

Scenario 19 Scenario 2

Water as volatile only

Core mass fraction, CMF
Water mass fraction, WMF

0.19+0.16 0.12+0.04
0.50 £0.09 0.47 +0.09

Fe-to-Si mole ratio, Fe/Si 0.55%)97  0.71 £0.26
Temp. at 300 bar, T3 [K] 4500
Thickness at 300 bar [km] 1179 + 109 972 + 95
Albedo, a, 0.20 = 0.01

Core+Mantle radius, [R)]

048 £0.07 0.52 +0.05

H/He atmosphere

Core mass fraction, CMF 0.70 £ 0.30 0.28f§:gg
H/He mass fraction, xg/me [x107%] 3.8 2.0 1.4’:%%
Fe-to-Si mole ratio, Fe/Si l7.0f%§:g 0.76f0§é
Thickness, Zym [km] 8185 fﬂgo 5844 f7gg

Notes. MCMC output parameters (see Sect. 5.2). The results are shown
for the two different compositional scenarios and for the two models
considered (water as the only volatile — upper part — and a H/He atmo-
sphere — bottom part). Only the mass and radius of the planet are
considered as inputs. In addition to the planetary mass and radius, the
stellar Fe/Si mole ratios (see Table 2) are also included as input data.

spectra present molecular absorption features of 100-300 ppm,
which are slightly smaller by a factor of about 2 in the case with
enhanced metallicity. The cloudy model also presents smaller
absorption features due to the suppression of contributions from
deeper atmospheric layers. A flat spectrum due to higher altitude
(lower top pressure) clouds cannot be excluded for TOI-969 b.
We used ExoTETHyS' (Morello et al. 2021) to compute bin-
averaged spectra, taking into account the spectral response of the
JWST instruments, noise scatter, and error bars. We simulated

4 https://github.com/ucl-exoplanets/ExoTETHyS
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Fig. 12. Ternary diagram with the 1o~ confidence region of TOI-969 b
in scenario 1 (black), where only the mass and the radius are considered
as input data, and in scenario 2 (red), where the stellar abundances are
also included as input data in the MCMC interior structure analysis. The
mantle mass fraction (MMF) is defined as MMF = 1 - CMF - WMF. The
green dot and red square indicate the position of Earth and Mercury in
the ternary diagram, respectively.

JWST spectra for the NIRISS-SOSS (0.6-2.8 um), NIRSpec-
G395M (2.88-5.20 um), and MIRI-LRS (5-12 um) instrumental
modes. The wavelength bins were specifically determined so as
to have similar counts, leading to nearly uniform error bars per
spectral point. In particular, we set a median resolving power of
R ~ 50 for the NIRISS-SOSS and NIRSpec-G395M modes, and
bin sizes of ~0.1-0.2um for the MIRI-LRS. The error bars have
been calculated for a single visit of twice the transit duration in
each instrumental mode, scaled by the inverse of the observing
efficiency estimated with the Exoplanet Characterization Toolkit
(ExoCTK'3, Bourque et al. 2021), and a factor 1.2 to account for
correlated noise. We obtained error bars of 35-50 ppm per spec-
tral point for the NIRISS-SOSS and NIRSpec-G395M modes,
and 110-114 for the MIRI-LRS bins. These numbers suggest that

5 https://exoctk.stsci.edu
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Fig. 13. Mass—radius relationships for supercritical water (SW) planets
(Acuiia et al. 2021; Mousis et al. 2020), planets with Earth-like cores
and H/He atmospheres (Zeng et al. 2019), and dry planets with different
Fe contents (Brugger et al. 2017). We assume high chemical equilib-
rium temperatures for supercritical and H/He volatile layers of 1200 K
and 2000 K, respectively. The position of TOI-969 b is indicated as a
magenta star.

a single transit observation is sufficient to sample the molecu-
lar absorption features in case of a clear atmosphere, even with
100x solar metallicity. A single NIRSpec-G395M observation
could also be sufficient to detect the absorption features in a
cloudy scenario, if the top pressure is higher than 100 Pa (see
Fig. 14).

5.4. TOI-969 c: a massive eccentric cold component in the
planetary-to-brown-dwarf transition

Our RV analysis strongly favors the presence of an outer com-
panion at 2.4 AU in a high eccentric orbit that we call TOI-969 c.
With a minimum mass of 11.3%)) My, and a derived eccen-

9
tricity of e, = 0.628%0:93, our analysis presents this planetary
system as an ideal case for dynamical studies of planet migra-
tion and formation. Figure 15 displays the orbital shape of the
system. These high eccentricities are expected for massive plan-
ets as demonstrated in Adibekyan et al. (2013) and previously
predicted by numerical simulations (e.g., Papaloizou et al. 2001;
Bitsch et al. 2013). In particular, one of the main scenarios to
explain the current population of eccentric cold giant planets
is that of planet—disk interactions during the planet formation
phase (Papaloizou et al. 2001; Kley & Dirksen 2006; Bitsch et al.
2013). As discussed in Bitsch et al. (2020), in the case of very
massive gas giants with more than 5 Mj,,, the gaps opened by
these massive bodies are so deep that they prevent the Lindblad
resonances that allow the damping of high eccentricities. This
is one possibility to explain the large eccentricity of TOI-969 ¢
in the absence of additional massive bodies in the system. The
alternative scenario consists of planet—planet scattering. This has
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been tested by different authors using different approaches and
configurations of the forming planetary system (e.g., Juri¢ &
Tremaine 2008; Raymond et al. 2009; Bitsch et al. 2020), lead-
ing to the conclusion that planetary systems including a massive
eccentric giant should not harbor any inner super-Earths. By con-
trast, Zhu & Wu (2018) and Bryan et al. (2019) found that there is
a positive correlation between the presence of hot super-Earths
and cold Jupiters in the same system. This is therefore still an
open question.

The presence of the hot mini-Neptune TOI-969b at such a
close-in orbit is therefore intriguing in this regard, as it seems to
be an exception to the planet—planet scattering scenario, which
should have destabilized the inner planet and removed it from
the system. The alternative would then be that TOI-969 b formed
inner to the cold giant and subsequently migrated toward its cur-
rent location through type-I migration. However, the expected
location of the snow line for the protoplanetary disk of this
late-K dwarf star is at around 1 AU, which is too close to the
current location of TOI-969 ¢ to have had enough dynamical
room to form a Neptune-like planet such as TOI-969b. Con-
sequently, the formation of this system and its evolution until
reaching its present configuration remain unclear, and a com-
plete re-arrangement of the initial planetary configuration cannot
be discarded.

6. Conclusions

In this paper, we confirm the planetary nature of TOI-969 b,
a planet candidate detected by the TESS mission through the
transit technique. Additional transits of TOI-969b were also
observed from the ground using LCOGT and MEarth telescopes.
We used high-spatial resolution images to discard possible con-
taminant sources within the TESS aperture as well as an intense
RV monitoring with different instruments (namely HARPS, PFS
and CORALIE). These RV time series reveal the presence of a
long-term signal compatible with a new planet in the system.

We analyzed this large dataset and conclude that TOI-969 b
is a hot (P, ~ 1.82 days) mini-Neptune with a radius of
2.765f8:8g§ Rg and a mass of 9.1’:}:(1) My, These properties place
this planet within the lower boundary of the hot-Neptune desert.
The internal structure analysis also suggests a core mass fraction
of 12 + 4% and a large fraction of its mass contained in a poten-
tial atmospheric layer. The simulations we performed suggest
this atmosphere could be characterized with JWST in a single
visit, thus putting this target in the priority list for sub-Neptune
planets. The transit times of this planet also display some devia-
tions from a strictly periodic signal at the 10-min level. However,
the precision from the TESS data is not sufficient to properly
assess a TTV analysis. These data therefore cannot offer further
insight into the possible presence of additional planets beyond
that provided by the RV data.

The long time-span radial velocity time series indicate the
presence of a second component in the system (TOI-969 c) in
a long-period orbit with P, = 1700f§gg days. Our two-planet
model is here favored against a simpler one-planet model plus
a quadratic trend. This second body has a minimum mass of
11.3”_’(1)15 My, (in the transition between the planetary and brown-

dwarf domain) and a large eccentricity of e, = 0.628%09%,
constituting a relevant piece of the system in terms of dynamical
stability, and placing it as a key actor of TOI-969 in mold-

ing the current architecture of the planetary system. TOI-969
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Fig. 15. Schematic view of the planetary system TOI-969, with the
Earth direction toward the bottom of the panel. A total of 500 ran-
domly selected orbits from the posterior distribution of the joint model
(see Sect. 4.3) are drawn for TOI-969 b (orange) and TOI-969 ¢ (blue).
The orbit corresponding to the median solution for each parameter is
displayed as a thicker solid line of the corresponding color for each
planet.

thus becomes a test bench for planet migration theories and in
particular for planet—planet scattering studies.
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Appendix A: Additional tables
Table A.1. TESS light curves of TOI-969 (see Sect. 2.1.1).

BID Flux (PDCSAP) O flux Flux det. (norm) O fluxdet. Sector
2458491.6829294283 1.001832 0.000371 0.999953 0.000371  TESS07
2458491.7037631846 1.002146 0.000369 1.000287 0.000369 TESS07

2458491.72459694 1.00138 0.000367 0.999544 0.000367 TESS07
2458491.745430695 1.002189 0.000365 1.000375 0.000365 TESS07
2458491.766264449 1.001059 0.000364 0.99927 0.000364 TESS07
2458491.7870982024 1.001779 0.000363 1.000014 0.000363 TESS07
2458491.8079319545 1.001815 0.000361 1.000076 0.000361 TESSO07
2458491.828765706 1.001416 0.00036 0.999704 0.00036  TESS07
2458491.849599457 1.002108 0.000358 1.000425 0.000358 TESS07
2458491.870433206 1.001584 0.000357 0.999932 0.000357 TESS07

Notes. The detrended light curve in the fourth column corresponds to the detrending applied using the parameters from the joint analysis in
Sect. 4.3. Only the first ten values are shown. The complete table is available through CDS (see link in the main title caption).

Table A.2. Ground-based photometric time series of TOI-969 from the LCOGT and MEarth facilities (see Sects. 2.1.2 and 2.1.3).

BID Flux (PDCSAP) O flux Flux det. (norm) O fluxdet. Airmass Instrument
2459222.785142 1.005212 0.000751 1.000958 0.000751 2.293 LCOHAL_gp
2459222.785448 1.002452 0.000748 0.99822 0.000748 2.285 LCOHAL_gp
2459222785755 1.003435 0.000751 0.999246 0.000751 2.277 LCOHAL_gp

2459222.7861 1.00383 0.000745 0.999685 0.000745 2.267 LCOHAL_gp
2459222.786406 1.002546 0.000739 0.99843 0.000739 2.259 LCOHAL_gp
2459222.786714 1.004676 0.000736 1.000609 0.000736 2.251 LCOHAL_gp
2459222787021 1.002964 0.000733 0.998924 0.000733 2.243 LCOHAL_gp
2459222.787373 1.002637 0.000736 0.998636 0.000736 2.234 LCOHAL_gp
2459222.787683 1.004611 0.000736 1.000657 0.000736 2.226 LCOHAL_gp

245922278799 1.004979 0.000748 1.001062 0.000748 2218 LCOHAL _gp

Notes. The detrended light curve in the fourth column corresponds to the linear detrending with airmass applied using the parameters from the
joint analysis in Sect. 4.3. Only the first ten values are shown. The complete table is available through CDS (see link in the main title caption).

Table A.3. Photometric time series from WASP (see Sect. 2.1.4).

BID Flux O flux
2455155.610718  0.97743  0.00976
2455155.611157 0.98893  0.00993
2455155.617477  0.98432  0.01116
2455155.617905  0.9859  0.01024
2455155.624259 0.98289 0.00923
2455155.624699 0.98068 0.00956
2455155.630949 0.98545 0.01378
2455155.631389  0.98309 0.01471
2455155.63662 0.9821  0.01492
2455155.637083 0.96412  0.01586

Notes. Only the first ten values are shown. The complete table is available through CDS (see link in the main title caption).

Table A.7. Inferred and derived parameters from the joint radial velocity and light-curves analysis (Sect. 4.3) for the preferred model.

Parameter Priors Posteriors
Planet b

Orbital period, P, [days] G(1.8237371,0.0001) 1.8237305f8:8§888§‘1’
Time of mid-transit, Ty, — 2400000 [days]  G(59248.377773,0.1) 59248.37709“_’0188838

Continued on next page
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Parameter Priors Posteriors
Planet mass, M), [Mg] 1(0,5000) 9.1*19
Orbital inclination, i, [deg.] 1(40,90) 86.75t8'38
Planet radius, Ry, [Rg] U(0,20) 2.765f°'6g§
Planet density, pj, [g - cm™3] (derived) 2.341’8:%}
Transit depth, A, [ppt] (derived) 1.435f%%%§
Orbit semi-major axis, a;, [AU] (derived) 0.02636f8'808%;
Relative orbital separation, a,/R, (derived) 8.47+021
Transit duration, T4} [hours] (derived) 1.519%?}3
Planet surface gravity, gy, [m - 5] (derived) 11.6+1°
Impact parameter, b, /Ry (derived) O.480f(}:8‘5“11
Incident flux, Finep [Finc.ol (derived) 188’:%)
Equilibrium temperature, Teqp [K] (derived) 941’:?
Planet ¢

Orbital period, P, [days] LU(100,5000) 1700f§g§
Time of mid-transit, Ty — 2400000 [days] U(57200,62900) 606403?8
Minimum mass, . sinic [Myyp] U(0,30) 11.3*L
Orbital eccentricity, e, UQ,1) 0.628f§§§g
Arg. periastron, w, [deg.] U(0,360) 208.5’:7;?
Orbit semi-major axis, a. [AU] (derived) 2.52702
Relative orbital separation, a./R (derived) 806’:%;
Incident flux, Fincc [Fincol (derived) 0.0ZOng:éggg
Equilibrium temperature, Teqc [K] (derived) 96.4f2'8
Stellar parameters

Stellar radius, Ry [Ro] 7(0.671,0.015,0.1,1.2) O.669j°:015
Stellar mass, M, [M] 77(0.734,0.014,0.1,1.2) 0.735f8'8{g
Stellar luminosity, Ly [Lo] (derived) O.368f838}g
Limb-darkening u;, LCOHAL_gp 77(0.592,0.05,0,1) O.602f8:8§8
Limb-darkening u,, LCOHAL_gp 77(0.141,0.05,0,1) 0.142f§f§§§
Limb-darkening u;, LCOHAL_ip 77(0.539,0.05,0,1) 0.534+0.05

Limb-darkening u,, LCOHAL_ip 7(0.155,0.05,0,1) N
Limb-darkening #;, LCOHAL _rp 77(0.7,0.05,0,1) O.728f8:8§(f
Limb-darkening u,, LCOHAL _rp 77(0.078,0.05,0,1) 0.102f§f§3§
Limb-darkening u;, LCOHAL_zs 7(0.416,0.05,0,1) 0.411* : g
Limb-darkening u,, LCOHAL _zs 77(0.195,0.05,0,1) 0.189f8:848
Limb-darkening u;, MEarth 7(0.416,0.1,0,1) 0.465f§:§§i
Limb-darkening u,, MEarth 77(0.195,0.1,0,1) 0.217f0'09§
Instrument-dependent parameters

LC level TESSO7 U(-20,20) -0.71797
LC level TESS34 U(-20,20) —O.IZfE:ﬁ
LC level LCOHAL_gp U(-200,200) 5.7f8: %)Z;
LC level LCOHAL _ip U(-200,200) —0.47f0'§
LC level LCOHAL _rp U(-200,200) 0.641’859
LC level LCOHAL_zs U(-200,200) -1 .25f8' 8
LC level MEarth U(-200,200) 5 .42f0'{§
LC jitter TESSO7 [ppm] U(0,4000) 983%
LC jitter TESS34 [ppm] U(0,4000) 81:1%
LC jitter LCOHAL_gp [ppm] U (0,4000) 871* 4})
LC jitter LCOHAL_ip [ppm] U (0,4000) 1575+%2
LC jitter LCOHAL _rp [ppm] U(0,4000) 1643f§§
LC jitter LCOHAL_zs [ppm] U(0,4000) 1177f52
LC jitter MEarth [ppm] U(0,4000) 877’:;58
6HARPS [km S_l] 71(-10,10) —5478i 025
ScoraLie [kms™'] U(-10,10) —5.537j§18%§
Sprs [kms™'] U(-10,10) 0.178f°:08§
O HARPS [m/s] L(L[(OI,Z) 151i§§§
O CORALIE [m/s] LU(0.1,30) 9.972%

Continued on next page
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Table A.7 — continued from previous page

Parameter Priors Posteriors
O PES [m/s] .57/[(01,5) 40:1)%
RV and LC Gaussian process hyperparameters

n.Lc [ppm] LU(10000) 24407750
71,FWHM [m/s] .E(L[(OO]AOO) 232t§%%
n [m/s] LU(0.01,50) 11.6f1:0
n, [days] U(-8.0,10) —0.71?3-53
13 [days] G(24.1) 24.6*1:3
4 U(0.13,7.38) 1.59j§f§2
Notes:

® G(u, 0): Normal distribution with mean ¢ and width o
e U(a, b): Uniform distribution between a and b
e LU(a,b): Log-uniform distribution between a and b

e 7 (u, 0, a, b): Truncated normal distribution with mean u and width o, between a and b
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Table A.4. Radial velocity and activity indicators for all instruments.

D RV BIS-SPAN FWHM Contrast S-index logR,K Inst.
(days) (km s™1) (km s™") (kms™) (%) - dex
2459163.79166882  —5.8432 +0.0018 0.0480 = 0.0037 6.6641 +0.0037 47.5+24 1.153+0.021 -4.3718+0.0081 HARPS
2459182.75297637  —-5.7772 £ 0.0022  0.0644 + 0.0045 6.6225 +£0.0045 47.4+24 1.021 £0.027 —-4.426 +0.012 HARPS
2459183.71415593  —5.7739 + 0.0025 0.0683 + 0.0050 6.6264 +0.0050 47.0+2.3 1.032 +0.028 -4.421 +0.012 HARPS
2459183.80873437 —5.7727 +£0.0030  0.0640 = 0.0061 6.6133 £0.0061 47.1+2.4 0.993 +0.037 -4.437 +0.017 HARPS
2459184.71221205  -5.7813 £ 0.0027 0.0510 £ 0.0046  6.6229 +0.0054 47.0+2.4 1.048 +£0.031 -4.414 +0.013 HARPS
2459185.77198425  —5.7578 £0.0023  0.0531 +£0.0040 6.6249 +0.0046 47324 1.077 £0.027 -4.402 +0.011 HARPS
2459191.754039 =5.7141 £ 0.0020 0.0592 £0.0046 6.6709 +£0.0040 475+24 1.214+0.026 —4.3494+0.0094 HARPS
2459192.67584257 —-5.7268 + 0.0023  0.0592 + 0.0050 6.6572 +0.0046 47.6+2.4 1.240 +0.029 -4.340 + 0.010 HARPS
2459193.75970319  —5.7209 + 0.0025 0.0664 = 0.0037 6.6772 £0.0050 47.6+2.4 1.287 +£0.034 -4.324 £ 0.011 HARPS
2459195.70681719  =5.7156 + 0.0019  0.0669 + 0.0040  6.6480 +0.0037 47.7+2.4 1207 +£0.022 -4.3517+0.0081 HARPS

Notes. Only the first ten values are shown. The complete table is available through CDS (see link in the main title caption).
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Table A.5. Inferred and derived parameters from the light-curve analysis (Sect. 4.1) for the one-planet model.

Parameter

Priors

Posteriors

Planet modeled parameters

Orbital period, P;, [days]

G(1.8237371,0.0001)

1.8237306 + 0.0000021

Time of mid-transit, 7o — 2400000 [days] G(59248.377773,0.1) 59248.37713’:8:888;%
Orbital inclination, i, [deg.] U(40.0,90.0) 86.71+037
Planet radius, Ry [Rg] (0.0,20.0) 2.773[8:839
Transit depth, A, [ppt] (derived) 1.443f§f§%§
Orbit semi-major axis, a, [AU] (derived) 0.02636" 00017
Relative orbital separation, a;/R, (derived) 8.47j8:§8
Transit duration, T4, [hours] (derived) 1.515%0:018
Impact parameter, b, /R, (derived) O.486f§f§iz
Incident flux, Fipep [Fincol (derived) 52932
Stellar parameters

Stellar radius, R, [Ro] 7(0.671,0.015,0.1,1.2)  0.6697) ¢
Stellar mass, M, [Ms] 77(0.734,0.014,0.1,1.2) 0.7341’85812
Stellar luminosity, Ly [Lo] (derived) 0.367f8'8{7
Limb-darkening u;, LCOHAL_gp 77(0.592,0.05,0,1) 0.595f8:8£g
Limb-darkening u,, LCOHAL_gp 77(0.141,0.05,0,1) 0. 141f§f§§§
Limb-darkening u;, LCOHAL_ip 7(0.539,0.05,0,1) 0.538“:8:8%6
Limb-darkening u,, LCOHAL_ip 7(0.155,0.05,0,1) 0.154* : 22
Limb-darkening u;, LCOHAL_rp 7(0.7,0.05,0,1) 0.706%222
Limb-darkening u,, LCOHAL _rp 77(0.078,0.05,0,1) 0.0837 %6
Limb-darkening u;, LCOHAL_zs 7(0.416,0.05,0,1) 0.4141’8:82g
Limb-darkening u;, LCOHAL_zs 77(0.195,0.05,0,1) 0.193f8'8%g
Limb-darkening u;, MEarth 77(0.416,0.1,0,1) 0.465f§:§§§
Instrument-dependent parameters

LC level TESSO7 U(-20,20) —0.54’:8:?‘6‘
LC level TESS34 U(-20,20) —O.lfgjgg)
LC level LCOHAL_gp U(-20,20) 5.69j8:i)7
LC level LCOHAL _ip U(-20,20) —0.48’:9'5(9)
LC level LCOHAL _rp U(-20,20) 0.62f8:bg
LC level LCOHAL_zs U(-20,20) -1.27792%
LC level MEarth U(-200,200) 541018
LC jitter TESSO7 [ppm] U(0,4000) 90+33

LC jitter TESS34 [ppm] 14(0,4000) 93f§§

LC jitter LCOHAL_gp [ppm] 14(0,4000) 8821?1

LC jitter LCOHAL _ip [ppm] 1(0,4000) 1588+36
LC jitter LCOHAL _rp [ppm] 14(0,4000) 163 8’:18
LC jitter LCOHAL_zs [ppm] (0,4000) 1 164f§§
LC jitter MEarth [ppm] 4(0,4000) 881+23

GP parameters

Norc [ppm] LU (0.01,10000) 262Of208
19, U(-8.0,10) —0.82f0:0}}
1, [days] G(24.0,1) 23.9731):92
15Q U(0.13,7.38) 3.53%

ny Uu©,1) 0.71f0§8

Notes: G(u, 0): Normal distribution with mean y and width o. U(a, b): Uniform distribution between a and b.

LU(a, b): Log-uniform distribution between a and b. 7 (u, 0, a, b): Truncated normal distribution with mean u and width o,

between a and b.
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Table A.6. Inferred and derived parameters from the RV-only analysis (Sect. 4.2) for the preferred model (labeled "2p1cF") with the
inner planet in a circular orbit and the external component in an eccentric orbit.

Parameter

Priors

Posteriors

Planet b

Orbital period, P, [days]

G(1.8237371,0.000012)

1.823737+0'000013

Time of mid-transit, T — 2400000 [days] G(59248.377773,0.003) 59248.378%%%?%5{
RV semi-amplitude, Ky, [m/s] 4(0.0,100.0) 5757087
Planet mass, my, sin ij, [Mg] (derived) 8.89’:2:?5
Orbit semi-major axis, a, [AU] (derived) 0.02635fg:888i;
Relative orbital separation, a; /R, (derived) 8.44f0:%8
Incident flux, Fincp [Finco) (derived) 225f%9
Planet ¢

Orbital period, P, [days] LU(100.0,5000.0) 17303‘7‘0
Time of mid-transit, Ty — 2400000 [days] U/(57200.0,62900.0) (6067Of2§8
RV semi-amplitude, K, [m/s] 24(0.0,1500.0) 3193
Orbital eccentricity, e U(0.0,1.0) 0.622*00%
Arg. periastron, w, [deg.] 2(0.0,360.0) 208.4+%¢
Planet mass, m, sin i, [Myyp] (derived) 11.8%3
Orbit semi-major axis, a. [AU] (derived) 2.54f0:32
Relative orbital separation, a./R (derived) 810 + 120
Incident flux, Finec [Finc.e] (derived) 0.0243+0.9089
Instrument-dependent parameters

Ouarps [km S_l] U(-10,10) —5.479t0'0§1
Scorarie [kms™!] U(-10,10) —5.541f8:8§
Sprs [kms™'] U(-10,10) O.178ﬁ0'§£
oHares [m/s] LU0.1,2) 1.72f0;§';

O COrRALIE [M/s] L7(0.1,30) 1.20j9;7'
opgs [m/s] LU0.1,5) 3.74’:?:?3
OFWHM,HARPS [km S_]] U(-0.5,0.5) 00575i00812
et coraLe [km s~ ] U(05.05) —0.077:014
OFWHM,HARPS [m/s] LU(0.1,300) 6.4%17

O FWHM,CORALIE [m/s] LU(0.1,300) 61.71,

GP parameters

171,FWHM [m/s] LW(OOI,“-OO) 62t24

n [m/s] LU(0.01,50) 9.3{%;%

1> [days] U(-8.0,10) —2.2()1’8:35
n3 [days] G(24.0,1) 24.06f?'§57
4 U(0.13,7.38) 3924
Notes:

® G(u, 0): Normal distribution with mean ¢ and width o
e U(a, b): Uniform distribution between a and b
e LU(a,b): Log-uniform distribution between a and b
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