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ABSTRACT

We report the discovery of a planetary system orbiting TOI-763 (aka CD-397945), a V = 10.2, high
proper motion G-type dwarf star that was photometrically monitored by the TESS space mission
in Sector 10. We obtain and model the stellar spe¢trum .and find an object slightly smaller than
the Sun, and somewhat older, but with a similar metallicity. Two planet candidates were found
in the light curve to be transiting the star. Combining TFESS transit photometry with HARPS
high-precision radial velocity follow-up measurements confirm the planetary nature of these transit
signals. We determine masses, radii, and bulk densities of these two planets. A third planet candidate
was discovered serendipitously in the radial velocity data. The inner transiting planet, TOI-763 b,
has an orbital period of P, =5.6 days,»a mass of My, =9.8 + 0.8 Mg, and a radius of R, =2.37 +
0.10 Rg. The second transiting planet, TOI-763 c, has an orbital period of P. =12.3 days, a mass
of Mc =9.3+£1.0 Mg, and a radius.of R. =2.87 +£0.11 Rg. We find the outermost planet candidate to
orbit the star with a period of ~48 days. If confirmed as a planet it would have a minimum mass of
Mg =9.5+ 1.6 Mg. We inyestigated’the TESS light curve in order to search for a mono transit by
planet d without success. We discuss the importance and implications of this planetary system in
terms of the geometrical arrangements of planets orbiting G-type stars.

Key words: Planets and satellites: detection — Planets and satellites: individual:
(TOI-763, TIC 178819686)

1 INTRODUCTION

Understanding our origin is a strong driver for science. In
astrophysics,and space sciences, research in exoplanets and
of the Selar.system is one way to gain knowledge about our
place inythe Universe and eventually provide a context for
the existence of life on Earth. With the discovery of the first

* E-mail: malcolm.fridlund@chalmers.se

exoplanet in 1995 (Mayor & Queloz 1995) and the subse-
quent detection of what is now (July 2020) 4171 confirmed
exoplanets!, the expansion of this field has led to new and
fantastic discoveries that have changed the pre-1995 predic-
tions of what planetary systems look like.

In the last ~15 years, a number of space missions

! https://exoplanetarchive.ipac.caltech.edu
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(CoRoT, Baglin (2003); Baglin & CoRot Team (2016); Ke-
pler, Borucki et al. (2010); K2, Howell et al. (2014), and
TESS, Ricker et al. (2015)) have been launched with the
objective of discovering transiting exoplanets and to derive
planetary parameters with high precision. Together with the
physical parameters of the exoplanets, the architecture of
the systems (defined as the distribution of different cate-
gories of planets within their individual systems) has been
of extraordinary interest. Thus one of the most important
findings in exoplanetology, so far, is the enormous diversity
in the types of planetary systems. While not understood so
far, this diversity must reflect the conditions of formation of
the systems. In this context, the host star being the dominat-
ing body in each system is very important. Among different
stellar types, it is especially interesting to study the plane-
tary architectures of G-type host stars since the only known
habitable planet, our Earth, orbits such a star.

There are relatively few planets smaller than Neptune
for which both the size and mass has been measured. Only
70 such planets are reported orbiting G-stars in the NASA
archive as of June 2020. Most of these have large uncer-
tainties leading to errors in density of a factor of 2 or
more. This is due to the fact that hitherto the exoplane-
tary space missions have been searching relatively faint stars
where although the diameters are known with high precision,
the follow-up observations to acquire the planetary masses
have usually had large errors. It is therefore important that
thanks to the launch of the TESS mission relatively bright
stars are now being searched for exoplanets. ESA’s future
exoplanetary mission PLATO (Rauer et al. 2014) will have
planets orbiting G-stars as a primary objective when it
launches in 2027.

TOI-763 is a relatively bright G-type star (Table 1).
The detection by TESS of the possible transit of two mini-
Neptune planets with radii of 2-3 Rg, and having orbital pe-
riods of 5.6 days and 12.3 days, respectively, is therefore of
significant interest and motivates our detailed study. During
the follow-up of TOI-763 b and c, deriving masses of 98 Mg
and 9.3 Mg, respectively, we found serendipitously, in, the
radial velocity data, a signature that could be caused by a
third planet of similar mass and orbiting the host star ev-
ery ~48 days. Together with a number of recently published
systems studied by the TESS missionAe.gx Nielsen et al.,
2020; Diaz et al., 2020), TOI-763 thus/belornigs 16 a still small
but growing group of G-type stars hosting a’/compact planet
system. Such a configuration is in sharp contrast to our own
solar system, but appears to be quite common among the ex-
oplanetary systems discovered to date (Marcy et al. 2014).
Studies of such planetary systems’promise to lead to a better
understanding of their formation process.

The aim with this paper is to report the characteriza-
tion of the TOI-763 planet system including investigating
the possibility of a third planet. A secondary objective is to
place this system into the proper context. We present the
photometry,acquired by the TESS spacecraft in Sect. 2. In
Sect,3 we detail our follow-up work from the ground, Sect. 4
presents the derivation of the physical parameters of the host
star. In“Sect. 5 we describe the modelling and analysis, and
derive the parameters of the planets. This is followed by the
discussion in Sect. 6. We end the paper with our conclusions
in Sect. 7.

Table 1. Main identifiers, equatorial coordinates, proper motion,
parallax, optical and infrared magnitudes, and fundamental pa-
rameters of TOI-763.

Parameter Value Source

Main identifiers

TIC 178819686 ExoFOP
CD-39 7945 CD
2MASS J12575245-3945275 ExoFOP
UCAC4 252-056134 ExoFOP
WISE J125752.37-394528.5 ExoFOP
APASS 18487092 ExoFOP
Gaia DR2  6140553127216043648 Simbad

Equatorial coordinates, parallax, and proper motion,

R.A. (J2000.0) 12057m52.45% Gaia DR2
Dec. (J2000.0) —-39°45'27.71" GaiadDR2
7 (mas) 10.4837 £ 0.0495 Gaia DR2
He (masyr™!) -76.902 + 0.073 Gaia.DR2
s (masyr™!) —84.817 +0.055 Gata DR2
Optical and near-infrared photometry

TESS 9.528 + 0006 TIC v8
G 9.9992 +0.0002 Gaia DR2
B, 10.3832 + 0.0005 Gaia DR2
Ry 9.4791"% 0.0012 Gaia DR2
B 10.855 £0.028 APASS
v 10.156 + 0.041 APASS
g 10464 + 0.034 APASS
J 8.858 + 0.029 2MASS
H 8.554 +0.023 2MASS
Ks 8.490 + 0.021 2MASS
w1 8.422 +0.023 ANWISE
w2 8.476 +0.019 ANWISE
W3 8.423 + 0.020 ANWISE
w4 8.518 +0.211 ANWISE

2 TESS PHOTOMETRY AND TRANSIT
DETECTION

TOI-763 (TIC 178819686) was observed by TESS in Sector
10 between 26 March 2019 and 22 April 2019 (UTC), where
the target was imaged on CCD 3 of camera 2. The photo-
metric data were sampled in the 2-min cadence mode and
was processed by the science processing operations center
(SPOC; Jenkins et al. 2016) data reduction pipeline. The
SPOC pipeline produces time series light curve using simple
aperture photometry (SAP), and the presearch data condi-
tioning (PDCSAP) algorithm was used to remove common
instrumental systematics in the light curve (Smith et al.
2012; Stumpe et al. 2012).

We investigated a 3’ x 3’ digitized sky survey 2 (DSS-2,
blue filter) image centered on TOI-763. Using the Sector 10
SPOC photometric aperture and the positions of Gaia data
release 2 (DR2) sources we established a dilution of <1 % for
TOI-763 (Fig. 1). For the light curve and transit analysis of
TOI-763, we used the PDCSAP light curve publicly available
in the Mikulski Archive for Space Telescopes (MAST)?. The
top panel of Fig. 2 shows the PDCSAP light curve of TOI-
763.

2 https://archive.stsci.edu/tess/.
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Figure 1. 3'x3 DSS2 (blue filter) image with the Sec-
tors 10 SPOC photometric aperture outlined in blue. Col-
ored circles denote the positions of Gaia DR2 sources within
2" of TOI-763; the red circle inside the aperture is TOI-763
(6140553127216043648), the red circle outside the aperture is a
galaxy (6140553157278886400), the orange circles are potentially
diluting sources, and other sources are in green. We establish a
dilution of <1 % for TOI-763 based on the flux contributions of
all sources.

Transit searches by the SPOC pipeline (Jenkins 2002)
revealed the presence of two signals at 5.61 d and 12.28 d
in the data validation reports (Twicken et al. 2018; Li et al.
2019). The detections were announced as planetary candi-
dates via the TOI releases portalS. We iteratively searched
the PDCSAP light curve for transit signals using the détec-
tion spécialisée de transits (DST) algorithm (Cabreraset al
2012). The algorithm first applies the Savitzky-Golay,
method (Savitzky & Golay 1964; Press et al. 2002) to filter
variability in the light curve, then uses a parabolic transit
model for transit searches. A 12.27 + 0.01_d tramsit signal
was first detected, which has a transit depthof 813 +67 ppm
and a duration of 4.07 + 0.18 h. After filtering'the 12.27 d
signal, a second transit signal at 5.60 d,was detected where
transits have a depth of 620+ 54 ppm and a transit duration
of 2.66 +0.13 h. Our detection”algorithm recovered the tran-
sit signals of both TOIs and no further significant periodic
transit signal was detected (Fig3).

Shallow transits that,_are close to the noise limit of the
light curve may be‘filterediout by the detection algorithms.
We incrementally, varied the window size of the Savitzky-
Golay filter and visually inspected the light curve of TOI-763
in order to search for further single transit events. No signifi-
cant events were-found. The Transit Least Square algorithm
(TLSyHippkey& Heller 2019) was also implemented to search
for single;shallow transit events by fixing the maximum trial
period to'the observed time baseline of TESS sector 10. This

3 https://tess.mit.edu/toi-releases/.
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independently confirmed that no single transit event is found
above the noise level of the light curve.

3 GROUND-BASED FOLLOW-UP
OBSERVATIONS

3.1 HARPS radial velocity observations

We acquired 74 high-resolution (R~115000) spectra of
TOI-763 using the HARPS fibre-fed Echelle spectrograph
(Mayor et al. 2003) mounted at the ESO 3.6-m telescope
of La Silla observatory (Chile). The observations were per-
formed between 21 June and 01 September 2019 (UTE),
as part of our HARPS follow-up program of TESS transit-
ing planets (program ID: 1102.C-0923; PI: D. Ganddlfi), We
used the second fibre of the spectrograph to mionitor, the
sky-background and set the exposure time to1600+2400 s
depending on sky conditions and schedule ‘constraints. We
reduced the HARPS data using the dedicated datareduction
software (DRS) and extracted the radial velocity (RV) mea-
surements by cross-correlating the extracted”Echelle spectra
with a G2 numerical mask (Baranne et al. 1996; Pepe et al.
2002; Lovis & Pepe 2007). Following, the method described
in Malavolta et al. (2017),"we cerrécted 27 HARPS mea-
surements for scatteredgmoonlight contamination. We also
used the DRS to extract the Call H& K lines activity indi-
cator (log Ry ), and ‘three profile diagnostics of the cross-
correlation funetion (CCF), namely, the contrast, the full
width at half maximum (FWHM), and the bisector inverse
slope (BIS).\We, finally used the spectrum radial velocity
analyser_(SERVAL Zechmeister et al. 2018) to extract four
additional activity diagnostics, namely, the chromatic RV
index%(Crx), differential line width (dLW), and the Na D
and»He line indexes.

The DRS HARPS RV measurements and their uncer-
tainties, alongside the barycentric Julian date in barycen-
tric dynamical time (BJDrtpg), the exposure time (Texp),
the signal-to-noise (S/N) ratio per pixel at 5500 A, and the
eight activity diagnostics (BIS, FWHM, contrast, dLW, Crx,
Na D, He, and log R{j ) are listed in Tables Al and A2.

3.2 Frequency analysis of the HARPS
measurements

We performed a frequency analysis of the DRS RV measure-
ments and DRS/SERVAL activity indicators to look for the
Doppler reflex motion induced by the two planets transit-
ing TOI-763 and unveil the presence of potential additional
signals in the time series.

The generalized Lomb-Scargle (GLS) periodogram
(Zechmeister & Kiirster 2009) of the HARPS measurements
(Fig. 4, upper panel) shows a significant peak at the orbital
frequency of TOI-763 b (f, =0.178d™!). We derived its false
alarm probability (FAP) following the bootstrap randomiza-
tion method described in Murdoch et al. (1993). Briefly, we
created 10° random shuffles of the RV data, while keeping
the time stamps fixed, and found that over the frequency
range 0-0.50 d~! there were only 14 instances where “ran-
dom” data had power in the periodogram greater than the
peak seen at fy. The FAP is thus 14/10%=1.4x 107.

The GLS periodogram of the HARPS RV residuals
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Figure 2. Upper panel: TESS Sector 10 PDCSAP light curve with GP model over-plotted in blue. Lower panel: the “flattened” light
curve resulting from removing the GP model; the red and orange triangles indicate the transits ‘of\planets’b and c, respectively.
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Figure 3. Flattened \PESS photometry (black) folded on the best-fitting orbital periods of the two transiting planets, with transit

models overplotted in blue (Sect. 5).

(Fig."4;"second panel) — following the subtraction of the
Dopplersignal induced by the inner planet — displays a sig-
nificant peak almost at the orbital frequency of TOI-763 ¢
(f¢=0.081d71). We applied the same procedure to estimate
its FAP and found that none of the periodograms computed

from the 10° random shuffles of the RV residuals has a power
greater than the peak at fo. The FAP is thus < 107 over the
frequency range 0-0.50d ™!

The two Doppler signals at fi, and f. have no counterpart
in the periodograms of the eight activity indicators (Fig. 4),
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Figure 4. From top to bottom: GLS periodogram of: the HARPS
RV measurements (upper panel); the RV residuals following the
subtraction of the signal of TOI-7637b (second panel); the RV
residuals following the subtraction of the signals of TOI-763 b
and c¢ (third panel); the dLW\ (fourth panel); the CCF’s con-
trast (fifth panel); the"CE€E’s FWHM (sixth panel); the CCF’s
BIS (seventh panel); the He line index (eighth panel); the Na
D lines index (ninthipanel); the CantH& K lines activity indi-
cator (tenth/panel)jthe Crx index (bottom panel). The dashed
vertical red lines mark the orbital frequencies of TOI-763 b and
¢ (f,=0:178days ! and f.=0.081 days™!, respectively), and of the
addifional signal found in the HARPS RVs (0.021days™"). The
dashed'green line is the frequency of the dLW peak (fourth panel
from ‘the top). The horizontal dashed blue lines mark the false
alarm/ probability of FAP=0.1 %, determined using the bootstrap
randomization method described in Sect. 3.2.
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confirming the planetary nature of the two transit signals
detected in the TESS light curve.

Following the subtraction of the Doppler reflex motion
induced by the two transiting planets, the periodogram of
the HARPS RV residuals shows an additional peak at about
48 d (0.021d71), whose FAP is equal to 5.1x 107 (Fig. 4,
third panel, leftmost red dashed line). This signal has no
counterpart in the periodograms of the BIS, FWHM, Crx,
log RﬁK’ Ha, and Na D lines. However, we found that the pe-
riodogram of the dLW shows a significant peak at 0.026d~!,
corresponding to a period of about 38.4 days (green dashed
line in Fig. 4). The CCF contrast shows also a peak at
0.026d~!, although it is not significant (FAP ~0.1%). The
difference between the two frequencies (0.005d7!) is about
three times smaller than the spectral resolution® of 6ur RV
time-series (0.014d™"). This implies that the two peaks at
38.4 and 48 d remain unresolved in our data-set.andywe ¢an-
not assess whether they arise from the same{source or not.
If the two peaks have a common origin, then they are likely
associated to the presence of active regions carried around
by stellar rotation. Alternatively, the peak at 48 d might
be due the presence of an additienals6uter planet, whereas
the peak detected in the periodogram ef'the dLW might be
associated to magnetic activity ecoupled with stellar rotation.

3.3 Ground based Phoetometry

WASP-South, the southern station of the WASP project
(Pollacco et al. 12006)} consists of an array of 8 cam-
eras. From42006 \to;2012 the cameras used 200-mm, f/1.8
lenses with anfilter spanning 400-700 nm. From 2012 to
2016 theyyused 85-mm, f/1.2 lenses with an SDSS-r filter
(Smith & WASP Consortium 2014). On clear nights, avail-
able fields were rastered with a typical 10-min cadence.
WASP=South observed the field of TOI-763 over typically
120 nights per year, accumulating 24 000 data points with
the 200-mm lenses and then 43 000 datapoints with the 85-
mm lenses. We searched the accumulated data on TOI-763
for a rotational modulation, using the methods presented
in Maxted et al. (2011), but find no significant periodicities.
For periods from 2 days up to ~ 100 days we find an upper
limit of 1 mmag for any rotational modulation.

4 HOST STAR FUNDAMENTAL
PARAMETERS

4.1 Analysis of the optical spectrum

The fundamental parameters of the host star are important
for deriving precise values for the planetary masses, radii
and thus bulk densities. Most important in this analysis
is the effective temperature of the star, T.¢, and, lacking
an interferometrically determined diameter of TOI-763, we
derived Tef from the optical HARPS data. Co-adding the
74 individual high resolution HARPS spectra resulted in a
very high signal-to-noise spectrum (about 300 per pixel at
550()‘&). We then compared the co-added HARPS spectrum

4 The spectral resolution is defined as the inverse of the baseline.
For our HARPS follow-up the baseline is ~73 d, which translates
into a resolution of about 0.014d"!.
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with modeled synthetic spectra. For this we used the Spec-
troscopy Made Easy (SME) package (Valenti & Piskunov
1996; Piskunov & Valenti 2017) version 5.22, with atomic
parameters from the VALD database (Piskunov et al. 1995).
SME calculates synthetic spectra based on a number of stel-
lar parameters using a grid of stellar atmospheric models.
The grid we used in this case is based on the Atlas-12 models
(Kurucz 2013). The calculated spectrum was then compared
to the observed spectrum and an iterative y2 minimization
procedure was followed until no improvement was achieved.
We refer to recent papers, e.g., Persson et al. (2018) and
Fridlund et al. (2017) for details about the method. In or-
der to limit the number of free parameters we used empir-
ical calibrations for the Vi and Vipae turbulence velocities
(Bruntt et al. 2010; Doyle et al. 2014). The value of T.g¢ was
determined from fitting the Balmer Ha line wings. We then
used the derived T, to fit a large sample of Fe 1, MgI and
Cal lines, all with well established atomic parameters in or-
der to derive the abundance, [Fe/H], and the log g. We found
the star to be slowly rotating, vsiniy =1.7 + 0.4 kms™!.
This is consistent with the low activity as detailed in Sec-
tion 3.2 and 3.3. The star is somewhat cooler than our Sun,
with an effective temperature as derived from the Ha line
wings of Teg = 5450+60 K. Using this value for T.g we found
the [Fe/H] to be 0.01 + 0.05 and the surface gravity log g to
be 4.45 £ 0.05 (Table 2).

As a sanity check we also analysed the same co-added
spectrum using the package SpecMatch-Emp (Yee et al.
2017). This is a public software that matches a large
part of the spectrum to a library of stellar spectra
with well-established fundamental parameters. We refer to
Hirano et al. (2018) to describe the special procedure we
used in order to match our data to the format used as input
in the SpecMatch-Emp code. The library used in this code
was created, using stars that are either eclipsing binaries or
that have radii determined through interferometry. We ob-
tained a stellar radius of Ry = 1.126 + 0.18 Rg, an effective
temperature of Tog = 5444 + 110 K, and an iron abundange
of [Fe/H] = —0.09 £ 0.09. The latter two values are indagree-
ment with the results from the SME analysis. Because of the
higher precision in the SME analysis, the final adopted value
of Tog for TOI-763 is 5450 + 60 K. The error is\the internal
errors in the synthesising of the spectra andrdees.not include
the inherent errors of the model grid itself, as well as those
errors caused by using 1-D models.<Finally, TOI-763 is in
the TESS-Gaia catalogue of Carrillo et'al. (2020) where the
DR2 Gaia astrometry is used to compute the membership
probabilities in the galactic thin disk,/thick disk and halo to
be 0.95490, 0.04509 and 0.00001 respectively, consistent with
the solar like metallicity derived from the spectral analysis.

4.2 Stellar radius\via spectral energy distribution

We performed an¢analysis of the broadband Spectral En-
ergy Distribution/ (SED) together with the Gaia DR2
parallax im, order to determine an empirical measure-
ment, of the stellar radius, following the procedures de-
scribedyin Stassun & Torres (2016), Stassun et al. (2017),
and Stassun et al. (2018). We pulled the BVgri magnitudes
from/APASS, the JHKg magnitudes from 2MASS, the W1-
W4 magnitudes from WISE, and the G, Ggp and Grp magni-
tudes from Gaia (Table 1). Together, the available photom-

Table 2. Stellar parameters of the TOI-763 system. Values from
spectral synthesis (SME) and the analysis of the SED.

Parameter  Unit Star Source
Tt (K) 5450 + 60 4.1
logg (cgs) 4.45£0.050 4.1

[Fe/H] (dex) 0.01 £0.05 4.1
[Ca/H] (dex) 0.05 £ 0.05 4.1
[Mg/H)] (dex) 0.12 £ 0.05 4.1
Ay mag 0.02 +£0.02 4.2
Prot/sini (days) 27+x16 4.4
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Figure 5. Spectral energy distribution. Red symbols represent
the”observed photometric measurements, where the horizontal
bars represent the effective width of the passband. Blue symbols
are theymodel fluxes from the best-fit Kurucz atmosphere model
(blagk).

etry spans the full stellar SED over the wavelength range
0.4-22 pum (Fig. 5).

We performed a fit using Kurucz stellar atmosphere
models, with the priors on T, logg, and [Fe/H] from the
spectroscopic analysis (Table 2). The remaining free pa-
rameter is the extinction (Ay), which we limited to the
maximum permitted for the star’s line of sight from the
Schlegel et al. (1998) dust maps. The resulting fit is very
good (Fig. 5) with a reduced x? of 1.4 and Ay = 0.02 =+
0.02. Integrating the model SED gives the bolometric flux
at Earth of Fug = 2.345 £0.055 x 10~ erg s~! cm™2. Tak-
ing the Fyo and T.g together with the Gaia parallax, ad-
justed by +0.08 mas to account for the systematic offset re-
ported by Stassun & Torres (2018), gives the stellar radius
as Ry =0.910 + 0.020 Rp (See Table 3).

4.3 Stellar mass via radius and surface gravity

The empirical stellar radius determined above affords an
opportunity to estimate the stellar mass empirically as
well, via the spectroscopically determined surface gravity
(logg =4.50 £ 0.05), which gives My = 0.95 + 0.12 Mo.
This is consistent with that estimated via the eclipsing-
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Figure 6. H-R diagram representing the observed T.s and logg
(red symbol) in relation to a stellar evolution model from the
Yonsei-Yale grid for the star’s inferred mass and observed [Fe/H];
the gray swathe corresponds to the uncertainty in the inferred
mass. Model ages in Gyr are represented as blue symbols.

binary based relations of Torres et al. (2010), which gives
My =0.95 + 0.06 Mg (See Table 3).

4.4 Stellar age via activity and rotation

We used our HARPS observations to estimate the stellar
age from its chromospheric activity, as measured by the Ca
RI’{K index, which we determined to be —4.98 + 0.03. Using
the activity-age relations of Mamajek & Hillenbrand (2008),
we obtained from R, and the star’s B —V color, an age of
7 =6.2+0.6 Gyr. This is consistent with the age implied by
the star’s position in the H-R diagram in comparison to the
Yonsei-Yale stellar evolution models (Fig. 6).

The Mamajek & Hillenbrand (2008) relations alsé give
a predicted rotation period for the star, based again on the
R{ ik activity and B~V color. The derived rotation periodyof
Prot = 32.1 £ 1.3 days is consistent with value“inferred from
the stellar radius and the spectroscopic v sinix, which gives
Prot/sini = 27 + 16 days. Moreover, the GLS"periodogram of
the differential line width activity indicatorshows a peak at
~38.4d (FAP <0.1%), which could beyassociated to stellar
rotation, in agreement with the previous estimates. Alto-
gether, all of the evidence is consistentywith a slowly rotating
star that is a bit older than,the Sun’

4.5 Stellar parameters from isochrones

We used the Python isechrones (Morton 2015) interface to
the MIST stellar evolution models (Choi et al. 2016) to infer
a uniform set of stellar parameters. We performed a fit to
2MASS, JHK photometry (Skrutskie et al. 2006) and Gaia
DR2,parallax (Gaia Collaboration et al. 2016, 2018) using
MULTINEST (Feroz et al. 2013) to sample the joint poste-
rior. We placed priors on T, and [Fe/H] based on the spec-
troscopic results from SME, using a T.¢ uncertainty of 100 K
to account for systematic errors. We obtained the following

parameter estimates: Teg = 5571 + 68 K, logg = 4.505f8'8§§7
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Table 3. Stellar mass and radius of TOI-763 as derived from
different methods.

Origin Ry (Ro) My (Mg) Note
ExoFOP 0.9068 +0.047  0.97+0.1146  TICv8
Specmatch 1.126 £0.18 - 4.1
SED 0.910 £ 0.02 0.95+0.12 4.2,
Isochrones! 0.896 + 0.013 0.936 +0.031 4.5
RV /transit 0.899 +0.013 0.915 +0.028 5.2
Num. Model? 0.96 +0.031 0.96 +0.07 4.2, 4.3
1 Adopted for the modelling
12 According to Torres et al. (2010)

Table 4. RV model comparison (see Section 5.1).
Model AICc BIC Niee  Ngaa ~ RMS? In £¥
3c 315.06 336.14 11 74 1.70 ~135.96
lc2e 322.28 348.56 15 74 1.62 -133.55
2elc 323.59 349.87 15 74 1.64 -134.25
3e 327.31 355.55 17 74 160 -132.78
2cGP 334.28 356.81 12 74 1.69 -147.14
2c 341.21 357.43 8 74 2.15 -143.54
2eGP 342.91 370.23 16 74 1.62 -145.24
2e 346.73 369.26 12 74 2.04 -140.85

4 Root mean square of the data minus the model.
b Log-likelihood of the data given the model.

[Fe/H] = 0.01 + 0.05_dex,"M4 = 0.936 + 0.031 Mg, Ry =
0.896 +0.013 Ro, ages= 3.8%3-% Gyr, distance= 95.48+0.98 pc,
and AV:0.08J_'8:(1)(5) magy in good agreement with the values
above.

5 'RVJAND TRANSIT ANALYSIS
5.1/ Preliminary RV analysis

Using the results of our frequency analysis we fit the HARPS
RV data using RadVel’ (Fulton et al. 2018), enabling us to
perform RV model selection and estimate system param-
eters. We tested eight different models: two circular orbits
(“2¢”); two eccentric orbits (“2e”); three circular orbits (“3¢”);
three eccentric orbits (“3e”); two circular orbits with a Gaus-
sian Process (GP) noise model (“2cGP”); two eccentric orbits
with a GP noise model (“2eGP”); two eccentric orbits (inner
planets) and one circular orbit (outer planet); one circular
orbit (inner planet) and one eccentric orbit (outer planet).
We used a quasi-periodic GP kernel (e.g. Haywood et al.
2014; Grunblatt et al. 2015; Dai et al. 2017) with a Gaussian
prior on the period hyper-parameter based on the stellar ro-
tation period estimated in Section 4, Pro = 27 + 16 days and
assuming zero obliquity. We present the model comparison in
Table 4, including both the commonly used Bayesian Infor-
mation Criterion (BIC) and the Akaike Information Crite-
rion (AICc; corrected for small sample sizes). The “3¢” model
(3 circular orbits) is strongly favored over the other models
by both the BIC and the AIC, suggesting that eccentricity
in the system is low. The MCMC parameter estimates from
this model are presented in Table 5.

5 https://github.com/California-Planet-Search/radvel
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Table 5. MCMC posteriors from the “3¢” RV model (see
Sect. 5.1).

Parameter Cred. Interval Max. Likelihood Units
Free
P 5.60501 + 0.00094 5.605 days
T conjy, 1572.1029+0-0029 1572.1029  BTJD
Ky, 3.79 +0.31 379 ms!
P 12.2752j§-0"4 12.2752 days
Tconj, 1572968800031 1572.9687 BTJD
Ke 2.78 +0.31 277 ms”!
Py 47.711-% 47.7 days
Tconjy 154546t7-% 1545.6  BTJD
+0.3 -1
Kq 1.8240-3 1.84 ms
YHARPS -0.37+0.21 -0.37
OHARPS 1.18%0-24 1.06
Derived
My sini 10.02+9-8¢ 10.37 Mg
M, sini 9.5+1.1 9.5 Mg
M g sini 9.8+1.7 8.1 Mg

5.2 Joint RV and transit analysis

We jointly fit the HARPS RVs and TESS light curve
using exoplanet® (Foreman-Mackey et al. 2019), Starry
(Luger et al. 2019)7, and PyMC3® (Salvatier et al. 2016). We
first used a GP model with a Matérn-3/2 kernel to fit the
out-of-transit variability in the TESS light curve (Fig. 2).
To achieve this in an accurate and efficient manner, we first
masked out the transits and then binned the data by a fac-
tor of 100 (~3.3 hour bins). We then conducted a joint fit to
the RVs and the “flattened” light curve resulting from the
removal of the best-fit GP signal, including mean flux ((f))
and white noise (orgss) parameters for the photometry. For
efficient sampling we used quadratic limb darkening coeffi-
cients (uy, up) under the transformation of Kipping (2013).
We used minimally informative priors for all parameters ex-
cept for the host star mass and radius, which were Gaussian
and based on our results in Section 4. To reduce the pos-
sibility of underestimated uncertainties, we allowed the ec-
centricity of the two transiting planets to float, and.dncluded
jitter (ogarps) and mean velocity (ygarps) parameters for
the RV data.

We used the gradient-based BEGS “algorithm
(Nocedal & Wright 2006) implementedAn scipy.optimize
to find initial maximum a posteriori (MAP) parameter
estimates. We used these estimates to,initialize an explo-
ration of parameter space via “no U-turn sampling” (NUTS,
Hoffman & Gelman 2014), “an, efficient gradient-based
Hamiltonian Monte Carloy (HMGC) sampler implemented
in PyMC3. After sampling, /the” Gelman-Rubin statistic
(Gelman & Rubin 1992)\was|<1.001 and the sampling error
was <1% for all parameters, indicating the sampler was
well-mixed and“yielded a sufficient number of independent
samples. We”presenty the resulting parameter estimates in
Table 6, and thé data and posterior constraints from the
model in“Figw7« There are no significant changes in the
derived semisamplitudes of the planets from using DRS or
serval extracted RVs.

S.https://docs.exoplanet.codes/en/stable/.
7 https://rodluger.github.io/starry/v1.0.0/.
8 https://docs.pymc.io/.

As a sanity check, we also performed a joint analy-
sis of the TESS and HARPS time series using pyaneti
(Barragédn et al. 2019). The pyaneti code utilizes Bayesian
approaches coupled with Markov chain Monte Carlo sam-
pling to perform multi-planet radial velocity and transit
data fitting. We fitted the HARPS RVs using two Keple-
rians for the two transiting planets discovered by TESS,
and one sine-curve for the additional Doppler signal found
in the HARPS RVs. We modelled the transiting light curves
using the limb-darkened quadratic model by Mandel & Agol
(2002). We adopted uniform priors for all the fitted param-
eters but the limb darkening coefficients, for which we used
Gaussian priors based on Claret (2017)’s TESS coefficients:
The results agree well with those previously obtained: In
particular, the masses and radii agree within 1 o, et less,
indicating the parameter estimates are robust.

The stellar spectroscopic parameters are consistent with
a very low level of activity. We also detect no rotationalmod-
ulation in either the HARPS activity indieators (Sect. 3.2),
or in the WASP light curve (Sect. 3.3)./Given this, we con-
clude that TOI-763 was about as aetivejas our own Sun is
in the quiet part of the 11-year solar.€ycle at the time our
observations were carried out. This is also consistent with
the projected rotational velocity.of v sinix = 1.7 kms™!, thus
indicating a mature G-type star (Sect. 4.5). Together with
the indications of a rotation"period of around 30d from the
v sin i and He index, these circumstances make it highly
unlikely that the modulatien found in the HARPS Doppler
time-series with a period of 47.8 days (Table 6) and an RV
semi-amplitude of ~1.8 m s~ (Table 5) is caused by activity
modulated by, rotation.

5.8 System architecture and dynamical stability

The ratio of the orbital period of TOI-763b and TOI-763c is
2.189; lies exterior to the 2:1 period commensurability. Plan-
ets in resonance are a sign that the planets migrated to their
current observed location. Moreover, if the planets formed
in the same location in a protoplanetary disc, it would be
expected that they would have formed out of similar disc ma-
terial and in this manner have comparable densities. Since
the adjacent planets b and c¢ have different densities this
gives in addition hints that the planets formed in different
locations in the protoplanetary disc and migrated inwards
as e.g. in the Kepler-36 systems (Carter et al. 2012).

The density of the outer serendipitously detected third
planet candidate, d, close to a 4:1 period commensuability
with TOI-763 c, is unknown since TESS did not observe
a transit of this planet, and we therefore measured only a
lower mass limit for it. If we define a transit as an event
with impact parameter < 1 (that is, we ignore very grazing
transits), we get 89.05 degrees as an inclination limit for the
outer planet to transit.

We carried out a set of dynamical simulations in or-
der to study the long-term stability of the system. Here we
assumed all the signals to be of planetary origin, and we
wanted to investigate if any of the parameters, in particu-
lar for the tentative planet ”d” could be refined. The outer
planet has no upper mass constraint and only a lower mass
limit derived from the RVs of My sin i = 9.54+1.59Mg, as-
suming a circular orbit. We take the parameters reported
in Table 6 and draw 60,000 samples from the parameters

020z Jaquiaidag /0 uo Jesn AlsiaAiun aje8y Aq | 0Yr68S/20SZBRIS/SRIUW/SE0L "0 | /I0P/3]01B-80UBAPE/SEIUW/WOD dNo"0IWapeo.//:sdny Wol) papeojumo(



TOI-763 9

1660 1670 1680 1690 1700 1710 1720
BJD—2457000

Radial velocity [m/s]

Planet b Planet ¢

Planet d

-2 0 2 -5

0 5 -20 0 20

Orbital phase [days]

Figure 7. HARPS data (blue) and posterior constraints with 1 o~ credible region (black). Upper panel: fullorbital solution with individual
components shown as dotted lines. Lower panel: HARPS data folded on the orbital period of each, planet, after subtracting the signals
of the other planets. The measured error bars are in black, and the error bars taking into acgeunt thejitter (ogarps) are in gray.

Table 6. DRS Joint RV and transit modeling results. Note that the values for the planet, candidate d are tentative.

Parameter Unit Star
M,y Mo 0.917 +0.028
R, Ro 0.897 +0.013
uy 0.78 £0.37
u e -0.0870-3
) ppm -17+13
OTESS ppm 811+9
YHARPS ms~! -0.38+0.21
OHARPS ms~! 013865
Parameter Unit Planet'b Planet ¢ Planet candidate d
T BTJD  1572.1020 + 0.0031 1572.9661j8:§§ﬁ 1593.1680 + 5.4930
P days 576057 + 0.0013 12.2737+9-0053 47.7991 +2.7399
b 0.51£0.35 0.51+0.35 -
0.04 0.04 =
e e 0.04;97_03 0.04;7 o =0
w deg. 4273, 627153 =0
Rp Ry 0.023 + 0.001 0.027 +0.001
Rp Re 2.28£0.11 2.63 £0.12 -
Mp My 9.79 £ 0.78 9.32+1.02 9.54 + 1.59!
op gcem™3 4.51f8:2§ 2.82t8:2‘7‘ e
a au 0.0600 +0.0006  0.1011 +0.0010 0.2504+9-0093
Teq K 1038 + 16 800 = 12 509 +12
U msini

posteriors as initial parameters for the dynamical simula-
tion\Each_parameter set was integrated for 10° orbits of
thevinner, planet orbital period, covering the secular inter-
action timescale for the outer planet, using the Stability of
the Planetary Orbital Configurations Klassifier (SPOCK)
(Tamayo et al. 2020). It was found that the system is dy-

namically stable for the whole parameter posterior space.
The parameter space for the outer planet was studied in
more detail whereby the true planetary mass is drawn from
the reported msini in Table 6 and allowing for inclination
between 30°and 90°and with eccentricities up to 0.6. It is
then found that stable systems can exist up to eccentricities
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0.5 and for all tested inclination values. Therefore, additional
observations are required to further confirm and constrain
the parameters for the outer planet.

6 DISCUSSION

Data from Kepler have shown that G- and K-stars tend to
have at least one planet in an orbit with a period < 100 days
and that most such planets seem to be small. The most
common types of planets so far tend to have masses of ~
2—-10 Mg and have radii with Rp ~ 2—4 Rg (mini-Neptunes)
or with radii of Rp ~ 1 -2 Rg (super-Earths), the latter thus
having densities higher than those of the mini-Neptunes and
potentially being rocky (Marcy et al. 2014; Petigura et al.
2017). When several planets are detected in such systems
they are often found to be in very compact arrangements
where the ratio of two subsequent planet periods can often
be below two.

TOI-763 can be classified as a G-type star from its colors
(Table 1). This is also confirmed by our spectral analysis in
Section 4. While generally, solar type stars are considered
to be quite common, stars more massive than about G5 are
rarer (Adams 2010). Taken together with the fact that our
own Sun belongs to this class of stars makes the study of
planet-hosting G-type objects quite worthwhile.

The planetary system accompanying TOI-763 is, how-
ever, very different from our own. It consists of two con-
firmed planets with masses of Mp(b) = 9.79 Mg, Mp(c)
= 9.32 Mg and a possible planetary candidate consistent
with a minimum mass of Mp(d)/sin(i) = 9.54 Mg in a very
compact configuration, and with almost circular orbits with
ap =0.06 AU, ac =0.1 AU, and a4 = 0.25 AU corresponding
to orbital periods of 5.6 days, 12.3 days and 47.8 days. The
densities of the b and ¢ planets are then 4.51 and 2.82 g cm ™3,
respectively (Table 6). This means that even the outermost
planet in the TOI-763 system would be inside the orbit of the
innermost planet, Mercury, in our own planet system, The
orbital period ratio of planet b and c is 2.2 which is&imilar
to the Kepler compact systems, whereas the orbital period
ratio of planet ¢ and d is almost twice as high. ©The TOI-
763 planets are also much more massive than the innermost
(rocky) planets in our solar system. Withimasses»between
9 Mg and 10 Mg, they could all qualify as‘super-Earths with
respect to mass. Being larger than twice the Earth’s radii,
both planets b and ¢ have densities thaticotld classify them
as gaseous mini-Neptunes. This§ demonstrates that both ac-
curate mass and radius are crucial in/order to classify plan-
ets correctly, and ultimately*will improve only with astero-
seismology carried out‘fromy¢space (Garcia & Ballot 2019).
Since planet d has only a\lower mass limit, it can either be
a gaseous mini-Néptune or a rocky super Earth.

In Fig. 8.we plot a’density-radius diagram of exoplan-
ets orbiting/solartype stars, here defined as having T be-
tween 5300'K and 6000 K. Since G-stars as host stars of
exoplanetstend not to be selected for dedicated studies
we «¢hogse to include only G-type stars in order to deter-
mine if\they conform to the general patterns emerging in
exoplanetology. To be able to determine trends in the dia-
gram’ as precisely as the current data allows, and to have the
same impact on density, we chose planets with a precision
in mass and radius better than 15 % and 5 %, respectively.

We follow Persson et al. (2019) and Hatzes & Rauer (2015)
and include transiting brown dwarfs with measured masses
(cf. Table 6 in Carmichael et al. 2020) in Fig. 8. We also
include well determined eclipsing M-dwarfs (Persson et al.
2019) which sets the upper mass of exoplanets. The planets
are colour-coded with the logarithm of the planet equilib-
rium temperature assuming an albedo of zero. The planet
data are downloaded from the NASA exoplanet archive.
We follow Otegi et al. (2020) when assessing the best avail-
able measured parameters in the archive. We plot theoreti-
cal density-radius curves from iron to hydrogen (Zeng et al.
2016), and the H-He model from Baraffe et al. (2003, 2008).
The two star symbols mark the locations of TOI-763 b and
c. We note that the planets b and c lie on opposite sides
of the theoretical water ice line in Fig. 8, with c havifg, the
lower density. The solar system planets (except Mereury)
are also included as black squares.

As immediately visible in Fig. 8, planets fall intorthree
separate areas of the diagram. Rocky planetsican be seen
in the upper left falling nicely close to the theoretical mod-
els. The ice-planets distribution follows)closely a straight
line from the rocky planets to the'gas giants in the lower
right where a turnoff is visible at a density of approximately
0.3 gem™3. The gas giants; including the brown dwarfs,
follow an almost vertical branch™towards higher densities
with almost a constant radii**This is caused by the inte-
rior electron degeneracy pressure which increase with mass
until the point when| thésmass is sufficient to ignite hydro-
gen burning, causing a sharp turnoff at densities of approx-
imately 200.g cm{> (eorresponding to 75 — 80 Mj). As noted
in Persson et\al:%(2019), the gas giants with high Teq have
larger radii and'thus lower densities than predicted by mod-
els and falls off towards the lower right.

We, fit a linear polynomial to the ice planets marked
with red circles located between the theoretical water and
hydrégen model lines and with an equilibrium temperature
of Teq < 1000 K. We find this polynomial to be described
by log p = —1.775 x log(R) + 1.118. This line would intersect
the model tracks of the region between the 100 % H and
H-He models at densities of 0.2 — 0.3 g cm™> and radii of
8 — 10 Rg. This corresponds to a planet the size of Saturn,
but with a density lower by more than a factor of two as
clearly seen in Fig. 8. It is especially interesting to find that
even though Uranus and Neptune, as well as TOI-763 b, are
excluded from the fit, they fall almost perfectly on the “ice-
track”. This suggests that the solar system icy planets are
similar to those found outside of the solar system as far as
bulk density is concerned. What is interesting in terms of
diversity is also that almost all exoplanets along the “ice-
track” in our figure, have orbital periods less than 23 days
(one planet, Kepler-396 c, has an orbital period of 88.5 days).
This is in stark contrast to Uranus and Neptune with orbital
periods of 84 years and 165 years, respectively.

Having a mass roughly a factor of 1.5-2 lower than Nep-
tune and Uranus, TOI-763 b and ¢ may have a different
internal structure, since they are found on opposite sides
of the water model in Fig. 8. Based on the two-layer sili-
cate and water models of Zeng & Sasselov (2014) and the
Zeng et al. (2016) models plotted in Fig. 8, we can estimate
that planet b consists of a minimum of ~ 40 % water and a
maximum of ~ 60 % silicates, while planet ¢ has a density
lower than the 100 % water models at the corresponding
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location in the diagram. This is, however, neglecting the
possible existence of a thick gaseous H-He atmosphere that
would thus increase the radius and lower the bulk density.
Both planets could then have significant rocky cores sur-
rounded by a gaseous envelope, the diameter of which, would
depend on the history of energetic radiation and their re-
spective location. These differences between planets b and
¢ may indicate their formation in parts of the protostellar
disk containing different types of material. The differences
noted here, would clearly benefit from the possible carrying
out of transmission spectroscopy of objects like TOI-763 b
and c, using the JWST/NIRISS (Doyon et al. 2012).

7 CONCLUSIONS

In this paper we have confirmed the planets, TOI-763 b and
¢, found in the TESS light curves to be transiting TOI-
763, and we have further been able, through extensive ra-
dial velocity measurements, to characterize them in terms
of mass and radius. We find that both TOI-763 b and c
should contain large amounts of water, but demonstrate sig-
nificant differences between them. We have also discovered
a radial velocity signal that could be interpreted as one ad-
ditional planet, which we tentatively indicate as TOI-763 d.
If confirmed by later work, we have found that it should
have a similar (minimum) mass as planet b and c, and an
orbital period of 47.8 days. Planet d is not detected in the
TESS photometric data.

Utilising the high-quality data for the planetary param-
eters, we have compared the data for planet b and ¢, where
we have determined high precision bulk densities, with nine
other planets with equally high precision and that are also
orbiting G-type main-sequence stars. We find that these
planets all belong in the density regime of “ice-planets” and
that their density versus radii distribution can be described
by a first-degree polynomial with a very small scatter. All
the planets, including TOI-763 b and c, that fall along the
“ice-track” and orbiting stars similar to our Sun, arefound
in the compact arrangement with short orbital periodsjsim-
ilar to what has been discovered so far for smaller planets
orbiting low-mass stars in general.

8 DATA AVAILABILITY

The data underlying this article are available in the article
and in its online supplementary, material.
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Figure 8. Density-radius diagram of planets orbiting G-type host stars with masses determined, with at least 15% and radii with better
than 5% accuracy. The two star symbols represent TOI-763 b and c. The black squares are-the solar system planets, and the bright
yellow star symbols at radii between 12 and 50 Rg are red dwarf stars from Persson et, al®(2018). The theoretical mass-radius curves are
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Table Al. TOI-763’s HARPS RVs, CCF’s bisector inverse slope (BIS), CCF’s full-width at half maximum (FWHM), CCF’s contrast,
and Ca 11 H & K line activity indicator (log Ry ) as extracted using the HARPS data reduction software (DRS). The exposure time and

S/N ratio per pixel at 5500 A are listed in the last two columns.

BJDTtpB RV ORV BIS FWHM Contrast log R;—[K TlogR/ Texp SNR per pix.
HK
-2450000 (d)  (kms~')  (kms7!)  (kms7!)  (kmsh) (s) @5550 A
8655.574286 -13.9795 0.0019 -0.0277 6.8118 49.046 -5.005 0.025 1800 47.5
8657.585518 -13.9857 0.0012 -0.0216 6.8193 48.978 -4.964 0.014 1800 74.5
8660.605351 -13.9818 0.0018 -0.0288 6.8142 49.065 -5.020 0.030 1800 52.8
8661.499253 -13.9813 0.0012 -0.0322 6.8216 49.053 -4.958 0.014 1800 73.8
8661.631697  -13.9812 0.0015 -0.0293 6.8157 49.056 -5.048 0.028 1800 63.5
8664.593171 -13.9844 0.0011 -0.0228 6.8287 49.027 -4.960 0.015 1800 85.4
8666.546629 -13.9784 0.0013 -0.0310 6.8271 49.038 -4.976 0.018 1800 70.0
8667.533554 -13.9784 0.0012 -0.0252 6.8165 49.039 -4.955 0.017 1800 76.9
8667.608594  -13.9799 0.0011 -0.0252 6.8171 49.056 -4.966 0.016 1800 81.0
8668.562153 -13.9783 0.0017 -0.0231 6.8288 48.991 -4.965 0.023 1800 52.7
8669.518396 -13.9798 0.0011 -0.0212 6.8221 48.966 -4.920 0.009 1800 78.3
8669.594177 -13.9798 0.0011 -0.0288 6.8187 48.947 -4.934 0.011 1800 81.7
8670.536138 -13.9782 0.0012 -0.0267 6.8167 49.020 -4.951 0.015 1800 76.5
8670.606619  -13.9786 0.0013 -0.0319 6.8250 48.997 -4.982 0.017 1800 72.0
8673.578403 -13.9841 0.0014 -0.0268 6.8163 48.964 -4.998 0.020 1800 64.9
8674.584085 -13.9872 0.0014 -0.0249 6.8324 48.908 -4.989 0.021 1800 65.9
8676.495617 -13.9777 0.0014 -0.0261 6.8243 48.996 -4.984 0.020 1800 66.3
8676.567243 -13.9795 0.0015 -0.0356 6.8266 48.967 -4.985 0.025 1800 62.7
8677.509955  -13.9752 0.0012 -0.0314 6.8231 49.009 -5.037 0.020 1800 75.0
8678.584762 -13.9797 0.0016 -0.0351 6.8174 49.041 -5.018 0.030 1800 59.4
8679.531662 -13.9801 0.0010 -0.0285 6.8210 49.006 -5.005 0.015 1800 91.0
8679.596749 -13.9812 0.0020 -0.0403 6.8162 49.030 -5.072 0.055 1800 50.8
8680.539773 -13.9784 0.0008 -0.0282 6.8238 49.016 -4.981 0.011 1800 108.4
8681.547466  -13.9777 0.0014 -0.0257 6.8198 49.005 -5.029 0.024 1800 66.0
8682.528206 -13.9745 0.0010 -0.0263 6.8223 49.020 -4.982 0.013 1800 86.5
8682.576813 -13.9726 0.0011 -0.0238 6.8221 49.004 -4.983 0.016 1800 80.2
8683.470732 -13.9776 0.0013 -0.0306 6.8303 48.968 -4.981 0.017 1800 70.5
8683.490255 -13.9793 0.0013 -0.0309 6.8131 49.034 -4.957 0:016 1800 69.1
8684.558927  -13.9866 0.0012 -0.0280 6.8276 48.949 -4.972 0,015 1800 73.7
8684.621364 -13.9833 0.0014 -0.0340 6.8268 48.995 -5.020 0.024 1800 67.7
8685.519032 -13.9856 0.0012 -0.0276 6.8247 49.023 -4.983 0.018 1800 76.4
8685.565024 -13.9854 0.0033 -0.0305 6.8062 49.075 -Bul41l 07114 1800 34.2
8689.528163  -13.9813 0.0015 -0.0230 6.8234 49.019 -4.978 0.022 1800 64.0
8689.572326 -13.9783 0.0017 -0.0301 6.8198 49.038 -5.053 0.036 1800 55.6
8690.507814 -13.9822 0.0015 -0.0319 6.8228 49.016 =5.009 0.022 1800 60.5
8690.532153 -13.9843 0.0013 -0.0278 6.8234 49.061 -4.958 0.017 1800 67.0
8691.510994 -13.9815 0.0012 -0.0298 6.8184 49:040 +5.001 0.018 2100 76.5
8692.539322  -13.9819 0.0016 -0.0299 6.8223 49.070 -5.013 0.024 1800 57.9
8693.488271 -13.9758 0.0013 -0.0309 6.8227 49.064 -4.991 0.018 1800 71.7
8694.515083 -13.9774 0.0012 -0.0274 6.8182 49.047 -4.977 0.016 1500 74.7
8694.532628 -13.9775 0.0012 -0.0240 6.8225 49.040 -4.986 0.016 1500 79.9
8695.485141 -13.9845 0.0011 -0.0304 6.8261 49.033 -4.963 0.013 1800 84.0
8697.505285  -13.9883 0.0018 -0.0292 6'8194 49.012 -4.967 0.029 1800 53.7
8697.526684 -13.9906 0.0019 -0.0298 6.8219 49.028 -5.043 0.038 1800 51.6
8698.514889 -13.9834 0.0012 -0.0290 6.8191 49.020 -4.967 0.016 1800 73.4
8698.534830 -13.9875 0.0013 -0.0271 6.8231 49.023 -4.942 0.016 1800 72.8
8699.502250 -13.9840 0.0012 ~0.0251 6.8228 49.024 -4.978 0.017 1800 79.1
8700.490814  -13.9815 0.0012 20.0245 6.8143 49.002 -4.999 0.017 1800 76.6
8700.511796 -13.9830 0.0012, -0.0196 6.8163 49.002 -4.954 0.015 1800 79.5
8701.515464 -13.9844 0.0011 -0.0290 6.8184 48.995 -4.962 0.015 1800 89.4
8702.518461 -13.9864 0.0014 -0.0270 6.8170 48.974 -5.002 0.024 1800 66.4
8703.523842 -13.9836 0.0015 -0.0332 6.8290 48.929 -4.988 0.025 2100 61.9
8704.499781 -13.9773 0.0020 -0.0286 6.8309 48.910 -5.029 0.038 2400 49.3
8705.474923 -13.9761 0.0010 -0.0282 6.8175 49.008 -4.991 0.014 1800 93.7
8706.476486 -13.9814 0.0011 -0.0266 6.8184 48.972 -4.965 0.015 1800 82.4
8707.484588 -13.9868 0.0017 -0.0295 6.8184 48.944 -4.996 0.026 2400 56.5
8708.490874  _-13.9869 0.0012 -0.0341 6.8251 48.960 -4.986 0.017 1800 77.7
8709.483806 -13:19848 0.0016 -0.0306 6.8147 49.000 -4.975 0.026 1800 60.8
8710.481089 -13°9787 0.0015 -0.0305 6.8206 49.023 -5.008 0.024 1800 63.8
8710.499999 -18.9843 0.0018 -0.0287 6.8191 48.971 -5.023 0.034 1800 53.5
8711.475294 -13.9794 0.0013 -0.0270 6.8222 48.954 -4.979 0.018 2100 75.0
8712.492704  -13.9813 0.0018 -0.0269 6.8286 48.936 -5.004 0.030 2100 54.6
8713:481667 -13.9840 0.0014 -0.0276 6.8160 48.985 -4.956 0.019 2100 68.0
8715.477396 -13.9778 0.0012 -0.0292 6.8233 48.968 -4.945 0.014 2400 79.3
8716:475018 -13.9724 0.0010 -0.0271 6.8255 48.960 -4.933 0.012 1800 92.8
8717475742 -13.9776 0.0018 -0.0282 6.8276 48.908 -4.968 0.028 1800 52.0
8718.474720  -13.9834 0.0012 -0.0229 6.8220 48.959 -4.933 0.015 1800 77.1
8719.476638 -13.9854 0.0013 -0.0261 6.8197 48.954 -5.006 0.021 1800 74.3
8721.475163 -13.9764 0.0013 -0.0260 6.8147 48.967 -4.968 0.020 1800 72.0
8722.480011 -13.9826 0.0011 -0.0296 6.8186 49.002 -4.976 0.017 1800 84.1
8724.475162 -13.9843 0.0009 -0.0288 6.8192 48.988 -4.957 0.010 1800 100.6
8725.476170  -13.9851 0.0011 -0.0250 6.8168 49.007 -4.970 0.016 1800 86.9
8727.475528 -13.9741 0.0017 -0.0340 6.8129 48.956 -5.097 0.036 1800 58.6

8728.477649 -13.9758 0.0015 -0.0330 6.8221 48.960 -5.013 0.025 2100 62.3
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Table A2. TOI-763’s HARPS differential line width (dLW), chromatic index (Crx), and Na D and He line activity indicators extracted

with the spectrum radial velocity analyser (SERVAL).

BJDTpB dLW TdLW Crx OCrx Ha OHa Na D ONaD
-2450000 (d)  (m%s72)  (m%s2) (ms'Npl) (ms!INp!)
8655.574286 -27.3234 3.4815 -13.6056 13.3345 0.4439 0.0018 0.2781 0.0021
8657.585518 -34.9508 2.2257 -9.8812 11.1881 0.4416 0.0011 0.2719 0.0012
8660.605351  -34.1636 3.0802 -13.6919 13.9300  0.4436  0.0016  0.2781  0.0018
8661.499253 -30.3810 2.4287 -4.0789 10.7817 0.4395 0.0011 0.2774 0.0012
8661.631697 -32.4117 2.7012 17.6440 14.2956 0.4429 0.0013 0.2735 0.0014
8664.593171 -30.4048 1.9665 -10.5227 8.8589 0.4398 0.0009 0.2799 0.0011
8666.546629 -29.9505 1.9517 11.0804 11.7434 0.4410 0.0012 0.2726 0.0013
8667.533554 -30.8120 2.2702 8.4083 11.1142 0.4408 0.0010 0.2761 0.0012
8667.608594 -33.0404 2.3743 1.7582 10.8517 0.4383 0.0010 0.2727 0.0011
8668.562153 -27.1619 3.3684 -2.5544 14.7873 0.4438 0.0016 0.2765 0.0018
8669.518396 -19.2356 2.1273 -3.4056 10.8156 0.4423 0.0011 0.2752 0.0012
8669.594177  -19.1052 2.0280 -3.7332 11.8615  0.4406  0.0010  0.2813  0.0011
8670.536138 -29.0092 2.2689 -2.7832 10.5860 0.4414 0.0010 0.2801 0.0012
8670.606619 -24.9930 2.1656 -0.1078 12.1134 0.4394 0.0011 0.2785 0.0013
8673.578403 -26.6192 2.3838 2.4626 12.9057 0.4382 0.0013 0.2756 0.0014
8674.584085 -24.7986 2.9662 6.7085 11.4400 0.4401 0.0012 0.2717 0.0014
8676.495617 -28.5964 2.6941 -12.1365 11.3112 0.4375 0.0012 0.2715 0.0014
8676.567243 -26.4019 3.5562 -8.3655 13.7688 0.4384 0.0013 0.2728 0.0015
8677.509955 -22.6246 2.7620 -5.5261 9.9081 0.4424 0.0011 0.2747 0.0012
8678.584762 -17.4065 3.2822 0.0232 13.4401 0.4430 0.0013 0.2810 0.0016
8679.531662 -29.2413 2.3215 -4.0168 9.9460 0.4418 0.0009 0.2770 070010
8679.596749  -15.9057 4.5005 33.3329 16.8297  0.4435  0.0015  0.2836 _ (0.0018
8680.539773 -26.7658 1.9028 -10.6048 9.3233 0.4404 0.0007 0.2767 0.0008
8681.547466 -18.2137 3.4352 7.4320 11.0308 0.4402 0.0012 0.2787 0.0014
8682.528206 -24.8256 2.1641 -0.9159 7.0255 0.4388 0.0009 02775 0.0010
8682.576813 -28.1810 2.1110 1.8850 10.6389 0.4392 0.0010 02767 0.0011
8683.470732  -25.2732 2.7230 -4.5382 11.2486  0.4413  0.0011  0.2799  0.0013
8683.490255 -28.7430 2.5488 -2.2769 13.2397 0.4414 0.0012 0.2791 0.0013
8684.558927 -24.7389 2.5555 -5.2513 11.5722 0.4427 0.0011 0.2731 0.0012
8684.621364 -24.3193 3.1360 -0.9628 10.2176 0.4422 0.0012 0:2702 0.0013
8685.519032 -29.4160 2.6435 8.1137 9.9926 0.4414 0.0010 0.2791 0.0012
8685.565024 -32.8843 6.6776 26.1068 25.8119 0.4436 0.0024 0.2793 0.0029
8689.528163 -27.6250 2.3541 3.5240 16.1837 0.4412 0.0012 0.2746 0.0014
8689.572326 -32.6538 3.2969 -3.0382 20.6879 0.4400 0.0014 0.2744 0.0017
8690.507814 -31.3709 2.8905 5.1231 13.7563 0.4423 0.0014 0.2755 0.0016
8690.532153  -32.3343 2.8776 8.9537 126298y, 0.44%7 0.0012  0.2734  0.0014
8691.510994 -33.8941 2.6392 -12.2249 10,9119 0.4389 0.0010 0.2710 0.0012
8692.539322 -34.7286 3.1755 7.5525 12:9709 0.4382 0.0014 0.2763 0.0016
8693.488271 -32.6269 2.6853 10.5369 12.3633 0.4394 0.0011 0.2765 0.0013
8694.515083 -30.1416 2.7134 2.8462 9:0025 0.4388 0.0011 0.2784 0.0012
8694.532628  -29.5008 2.4497 0.0987 9.5962  0.4415  0.0010  0.2784  0.0011
8695.485141 -30.2703 2.2118 -2.0782 96373 0.4397 0.0010 0.2769 0.0011
8697.505285 -32.9234 3.7203 19.9173 11.3887 0.4393 0.0015 0.2829 0.0017
8697.526684 -32.4152 3.7858 14.7366 13.3673 0.4397 0.0015 0.2817 0.0018
8698.514889 -32.5441 2.5370 -5.65565 10.0501 0.4411 0.0011 0.2801 0.0012
8698.534830  -31.2862 2.6793 -0.8187 9.5557  0.4404  0.0011  0.2786  0.0012
8699.502250 -31.5803 2.3837 =7.1028 10.2506 0.4383 0.0010 0.2738 0.0011
8700.490814 -30.0590 2.4068 0.5601 9.8587 0.4404 0.0010 0.2729 0.0012
8700.511796 -32.0105 2.0274 9.6646 9.7858 0.4382 0.0010 0.2745 0.0011
8701.515464 -32.4156 2.0589 0.2134 7.9769 0.4405 0.0008 0.2706 0.0010
8702.518461  -32.8061 2.8615 -19.3266 12.4775  0.4389  0.0012  0.2723  0.0014
8703.523842 -26.9803 310420 -6.9396 13.1684 0.4396 0.0013 0.2718 0.0015
8704.499781 -24.2002 4.3921 3.4798 17.7909 0.4395 0.0016 0.2860 0.0019
8705.474923 -28.2223 147840 -1.9189 7.7832 0.4402 0.0008 0.2776 0.0010
8706.476486  -29.3501 22899 5.5727 8.8095  0.4388  0.0009  0.2710  0.0011
8707.484588 -15.5731 3.1948 -1.2679 14.0285 0.4388 0.0014 0.2744 0.0016
8708.490874 -23.6189 2.7607 1.1063 9.5419 0.4418 0.0010 0.2710 0.0012
8709.483806 -14.6217 3.6523 14.3927 12.0294 0.4420 0.0013 0.2736 0.0015
8710.481089 -23.0342 3.2025 29.8668 13.5686 0.4396 0.0012 0.2806 0.0014
8710.499999 -7.3168 4.7679 44.4273 13.5357  0.4399  0.0015  0.2775  0.0017
8711475294 -16.1286 3.1201 -4.7268 11.7724 0.4403 0.0010 0.2843 0.0012
8712.492704 -18.6837 3.4692 -1.9183 14.8572 0.4413 0.0014 0.2772 0.0017
8713.481667 -27.0469 2.8001 -5.2989 11.5990 0.4411 0.0012 0.2762 0.0014
8715.477396 -22.7484 2.3661 -6.6190 10.1799 0.4419 0.0010 0.2795 0.0011
87163475018  -25.0995 2.1692 2.4860 9.2656  0.4423  0.0008  0.2714  0.0010
8T17.475742 -21.9609 3.8755 -1.4322 17.3181 0.4410 0.0015 0.2744 0.0018
8718.474720 -23.7491 2.3748 3.2041 11.6205 0.4408 0.0010 0.2727 0.0012
8719.476638 -29.0434 2.8562 -10.6933 12.1987 0.4420 0.0010 0.2795 0.0012
8721.475163 -27.9779 2.6364 2.3398 11.0052 0.4414 0.0011 0.2722 0.0012
8722.480011  -27.7482 2.3911 -8.0116 10.3813  0.4399  0.0009  0.2801  0.0011
8724.475162 -26.6539 2.1566 1.0507 7.3636 0.4401 0.0008 0.2721 0.0009
8725.476170 -25.7527 2.2573 5.1373 8.0819 0.4395 0.0009 0.2730 0.0010
8727.475528 -18.7502 3.8639 24.3561 14.6378 0.4404 0.0013 0.2798 0.0016
8728.477649 -24.0673 3.1167 20.2222 12.1625 0.4415 0.0013 0.2803 0.0015
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