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A four-planet system orbiting the old thick disk star TOI-1203*
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ABSTRACT

TOI-1203 is a bright (V =8.6) G3 V star known to host a transiting warm sub-Neptune on a 25.5-day orbit. Here we report on an intensive high-
precision radial velocity and photometric follow-up campaign carried out with the HARPS spectrograph and the CHEOPS space telescope. We
found that TOI-1203 has an effective temperature of Ty = 5737 £ 62 K, a mass of M, =0.886 +0.036 M, a radius of R, =1.179+0.011 Ry, and
an enhancement of « elements relative to iron of [a/Fe] =0.21 + 0.04. With an age of ~12.5 Gyr, TOI-1203 belongs to the old, a-element enhanced
stellar population of the galactic thick disk. We spectroscopically confirmed the planetary nature of the 25.5-day sub-Neptune TOI-1203 d, mea-
. sured its mass (Myq =7.39+0.62 Mg) and refined its radius (Ry = 2.918j8:gig Rs). We discovered the presence of an additional transiting super-Earth

on a 4.2-day orbit (TOI-1203 b) with a mass of M}, =3.51*)33 M, and a radius of R, = 1.520*0:° Re. We also revealed the presence of two addi-

tional low-mass planets at 13.1 d and 204.6 d (TOI-1203 ¢ and ¢), with minimum masses of M. sini. =5.46*03) Mg and M. sini, =42.10*33 M,
LO We found that the outer planet TOI-1203 e lies on an eccentric orbit with e, =0.152 + 0.029. We performed a stability analysis of the system
CN confirming that there are configurations consistent with the observed parameters that are dynamically stable over billion-year timescales. While
analyzing the HARPS time series, we discovered that the full width at half maximum of the HARPS cross-correlation function shows a significant
« == long-period signal (~615 d) that has no counterpart in the radial velocity data or in the remaining HARPS ancillary time series. We significantly
detected the same signal in the full width at half maximum of the Th-Ar calibration lines used to compute the nightly wavelength solution, and
a attributed this systematic effect to a long-term variation of the HARPS instrumental profile.
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1. Introduction

The Transiting Exoplanet Survey Satellite (TESS, Ricker et al.
2015)) has ushered in a new era of investigations of the composi-

* Based on observations performed with the 3.6m telescope at
the European Southern Observatory (La Silla, Chile) under programs
1102.C-0923, 106.21TJ.001, and 60.A-9709. This study uses CHEOPS
data observed as part of the Guaranteed Time Observervation (GTO)
programs CH_PR00024, CH_PR00031, and CH_PR00045.

** Corresponding author: |davide.gandolfi @unito.it.
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Table 1. Main identifiers, equatorial coordinates, distance, systemic ra-
dial velocity, optical and near-infrared magnitudes, and fundamental pa-
rameters of the star TOI-1203.

Parameter Value Source
Main identifiers

HD 97507 ExoFOP*
TOI 1203 ExoFOP
TIC 23434737 TIC v8P
TYC 7209-1497-1 ExoFOP
2MASS J11125403-3424242 ExoFOP
Gaia DR3 5402390257832925952 Gaia DR3¢
Equatorial coordinates, distance, and radial velocity

R.A. (J2000.0) 117 12™ 54.05° Gaia DR3
Dec. (J2000.0) —34°24'24.28" Gaia DR3
Distance (pc) 64.96 + 0.07 Gaia DR3
Radial Velocity (kms™!)  72.657 + 0.003 This work
Optical and near-infrared photometry

TESS 8.000 + 0.006 TIC v8
B 9.210 + 0.030 UBYV Phot. Cat.¢
Vv 8.590 + 0.030 TIC v8
J 7.411 +0.021 TIC v8
H 7.102 + 0.038 TIC v8
Ks 6.997 + 0.021 TIC v8
w1 6.905 + 0.057 AlNIWISE®
w2 7.025 +0.020 ANIWISE
w3 7.036 + 0.017 ANWISE
w4 7.006 = 0.094 ANIWISE
Fundamental parameters

Terr (K) 5737 £ 62 This work
log g, (cgs; spec) 4.34+0.10 This work
log g, (cgs; Gaia) 4.26 +£0.03 This work
[Fe/H] -0.39 £ 0.04 This work
[Mg/H] -0.15+0.05 This work
[Si/H] -0.22 +0.03 This work
[Ti/H] -0.16 + 0.03 This work
[a/Fe] 0.21 +0.04 This work
[M/H] -0.23 £ 0.05 This work
Viic (kms™1) 1.02 +£0.03 This work
vsini, (kms™) 1.4+0.5 This work
M, (Mg) 0.886 = 0.036 This work
R, (Ro) 1.179 £ 0.011 This work
log Ry, -4.998 + 0.001 This work®
tx (Gyr) 12573 This work
Spectral Type G3V This work®

4 https://exofop.ipac.caltech.edu/tess.

b|Stassun et al.| (2018).

¢|Gaia Collaboration et al.|(2023)).

d Derived using the color index B — V =0.620, as reported in
Mermilliod| (1987)).

¢ Wright et al.[(2010).

f Median value extracted from Table

£ Based on the spectral type vs. effective temperature calibra-
tion table available at https://www.pas.rochester.edu/
~emama jek/EEM_dwarf_UBVIJHK_colors_Teff.txt.
(Pecaut et al.[2012} Pecaut & Mamajek|[2013]).
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tion and internal structure of super-Earths (1 < R, < 2 Rg) and
sub-Neptunes (2 < R, < 4 Rg) in an unprecedented manner.
While searching the whole sky for planets orbiting bright stars
(V < 11), TESS is discovering thousands of transiting candidates
amenable to mass determination via high-precision Doppler ob-
servations (Guerrero et al.|2021). Intensive radial velocity (RV)
follow-up observations of TESS candidates have confirmed the
planetary nature of transit signals detected by TESS and pro-
vided masses for hundreds of small planets (R, <4Rq, €.g.,
Gandolfi et al.|[2018}; Nielsen et al.|[2020; |Van Eylen et al.| 2021}
Barragan et al.| 2022} |Georgieva et al.| 2023} (Goffo et al.| 2024}
Mantovan et al.|2024a). The Doppler follow-up carried out by
the community to characterize TESS targets has often led to the
serendipitous discovery of additional planets (Demangeon et al.
20215 Hatzes et al.| 2022; |Serrano et al.| 2022 |Lillo-Box et al.
2023; |(Cabrera et al.| 2023} |Goffo et al.| 2023; [Knudstrup et al.
2023[; |Osborne et al.|[2024)), with a handful of RV planets later
found to transit their host star by searching the TESS light curves
for signals whose significance is below the multiple-event statis-
tic (MES; Jenkins|2002) detection threshold of 7.1 adopted by
the TESS team (see, e.g.,|Carleo et al.[2020).

TOI-1203 is a bright (V = 8.6) solar-type star (Table[I)) found
to host a 25.5-day sub-Neptune transiting candidate by the TESS
team (TOI-1203.01; |Guerrero et al.|[2021)). The candidate was
later validated by (Giacalone et al.| (2021)). As part of our follow-
up effort of TESS transiting planets, we intensively monitored
the system with the HARPS spectrograph to spectroscopically
confirm the 25.5-day planet (TOI-1203 d), determine its mass,
and reveal the possible presence of additional orbiting compan-
ions. Thanks to the ~3.4-year baseline of our HARPS follow-up,
we discovered three Doppler signals associated with the pres-
ence of three additional low-mass planets with periods of 4.2,
13.1, and 204.6 d (TOI-1203 b, c, and e, respectively). Prompted
by the HARPS results, we searched the TESS light curve for ad-
ditional transit signals and identified a possible signal at 4.2 d.
To confirm the photometric detection of the 4.2-day planet and
precisely measure the radius of the two transiting companions
(TOI-1203 b and d), we performed high-precision photometric
follow-up with the CHEOPS space telescope (Benz et al.[|2021}
Fortier et al.|[2024), as part of our guaranteed time observing
(GTO) program.

The present paper is organized as follows. We report on the
TESS and HARPS observations in Sects. 2] and [3] We present
our search for the transit signal of TOI-1203 b in the TESS light
curve, its photometric confirmation with CHEOPS, and the high-
resolution SOAR imaging in Sects.[5}[6] and[7] respectively. The
determination of the stellar fundamental parameters is described
in Sect. E} The joint analysis of the TESS, CHEOPS, and HARPS
data is presented in Sect.[9] We describe our dynamical study of
the planetary system in Sect. [I0] Our internal structure analy-
sis of the two transiting planets TOI-1203 b and d is given in
Sect.[IT} We summarize the properties of the four-planet system
and conclude in Sect.[T2]

2. TESS observations

NASA'’s TESS space telescope observed TOI-1203 (also known
as TIC 23434737 and HD 97507; Table[I) in Sectors 9 and 10,
during the first year of its nominal mission, from 28 February
to 25 March 2019 (UTC; Sector 9), and from 26 March to 22
April 2019 (UTC; Sector 10). The star was reobserved by TESS
in Sector 36, during the first year of its extended mission, from
7 March to 1 April 2021 (UTC), and two years later in Sector
63, during the first year of its second extended mission, from 10
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Table 2. Log of the TESS observations of TOI-1203.

et al.: A four-planet system orbiting the old thick disk star TOI-1203

Sector Start date (UTC) End date (UTC) Camera CCD Ty (8)
9 2019-02-28T17:09:35.06 2019-03-25T23:23:34.17 2 3 120

10 2019-03-26T22:19:34.14  2019-04-22T04:19:33.17 2 4 120

36 2021-03-07T09:45:30.68 2021-04-01T11:49:50.31 2 3 202

63  2023-03-10T20:55:09.25 2023-04-06T09:41:17.95 2 3 202

90 2025-03-12T15:54:03.49  2025-04-09T13:56:02.51 2 4 202

Notes. *To increase the signal-to-noise (S/N) ratio of Sector 36, 63, and 90 photometric data points, we used the 120 s cadence light curves

available at the MAST archive (https://mast.stsci.edu).

TESS Sector 9 PDC-SAP data
—— Out-of-transit Model
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March through 6 April 2023 (UTC). More recently, while this
paper was in the review stage, TESS reobserved TOI-1203 in
Sector 90 during the third year of its second extended mission,
from 12 March to 9 April 2025 (UTC). A log of the observations
is reported in Table[2] The photometric data have a 120 s cadence
for Sectors 9 and 10, and a 20 s cadence for Sectors 36, 63,
and 90. We note that TOI-1203 will be reobserved by TESS in
Sectors 99 and 100 from 5 January to 2 March 2026, 2025E|
The TESS target pixel files were processed and calibrated by
the Science Processing Operations Center (SPOC;
at the NASA Ames Research Center. For each sector,
the light curve was extracted using simple aperture photom-
etry (SAP; [Twicken et al| 2010; [Morris et al] [2020) and pro-
cessed using the Presearch Data Conditioning (PDC) algorithm,
which uses a Bayesian maximum a posteriori approach to re-
move the majority of instrumental artifacts and systematic trends

TESS Sector 36 PDC-SAP data
—— Out-of-transit Model

*  TESS Sector 36 PDC-SAP detrended data
v TOI-1203b

v TOI-1203d
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TESS Sector 90 PDC-SAP data
—— Out-of-transit Model

60750

*  TESS Sector 90 PDC-SAP detrended data
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Fig. 1. TESS Sector 9 (upper panel), Sector 10 (second panel), Sector
36 (third panel), Sector 63 (fourth panel), and Sector 90 (lower panel)
PDC-SAP light curves of TOI-1203. The 120-second data points are
displayed as light gray circles, along with the out-of-transit Gaussian
process model overplotted in red. The resulting detrended light curves
are depicted as blue circles. The transit mid-times of TOI-1203 b and d
are marked with green and red triangles, respectively.

(Smith et al.| 2012} [Stumpe et al|[2012} 2014). We retrieved the
PDC-SAP TESS light curves of TOI-1203 from the Mikulski

Archive for Space Telescopeﬂ (MAST) and used them for the
analyses presented in this paper. For the Sector 36, 63, and 90
TESS time series, we downloaded the 120 s cadence data to
increase the signal-to-noise ratio (S/N) of the photometric data
points.

In order to mitigate any systematic effects that the PDC
algorithm may not have fully captured and remove possible
low-frequency photometric variability induced by stellar activ-
ity, we flattened the TESS PDC-SAP light curves using the
packageEl citlalicue. The code applies Gaussian processes
(GP) as implemented in george (Foreman-Mackey et al.|[2014;
|[Ambikasaran et al|[2015) to model out-of-transit photometric
variability. We masked out the transits from the TESS PDC-SAP
time series, binned the out-of-transit light curves using 3 h in-
tervals, and modeled the binned photometry using a Matérn 3/2
covariance function. We employed an iterative maximum likeli-
hood optimization along with a 5o clipping algorithm to find the
optimal model that describes the variability of the out-of-transit
light curves and remove possible outliers. To obtain flattened
light curves that contain only the transit signals, we divided the
PDC-SAP light curves by the inferred GP model interpolated to
the time stamps of the original data. Figure[T]displays the PDC-
SAP TESS light curves of TOI-1203 from Sectors 9, 10, 36, and
63, along with the GP models and the flattened time series.

The SPOC team searched the TESS light curves for transit-
like signals using a pipeline that iteratively performs multi-

I See https://heasarc.gsfc.nasa.gov/wsgi-scripts/TESS/
TESS-point_Web_Tool /TESS-point_Web_Tool/wtv_v2.0.py/
and https://tess.mit.edu/observations/sector-99/| and
https://tess.mit.edu/observations/sector-100/.

“ https://mast.stsci.edu.

3 Available at https://github.com/oscaribv/citlalicue,
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ple transiting planet searches and stops when it fails to find
subsequent transit-like signatures above the detection thresh-
old of MES =7.1 (Jenkins| 2002} Jenkins et al.|[2010, 2020) On
5 August 2019, SPOC performed a transit search of the light
curve from Sectors 9-10 and generated a Data Validation Re-
port (DVR; [Twicken et al.|2018; [Li et al.|2019) with the search
results. The candidate passed all the automatic validation tests
from the Threshold Crossing Events (TCEs), such as odd-even
transit depth variation and ghost diagnostic tests. The difference
image centroiding test located the host star to within 1.0 +3.0”
of the transit source, significantly decreasing the likelihood that
the signal was due to contamination by a nearby or background
eclipsing binary. The TESS vetting team at the Massachusetts
Institute of Technology (MIT) inspected the DVR to review the
Threshold Crossing Events (TCEs), and announced the detection
of a transiting planetary candidate (TOI-1203.01;|Guerrero et al.
2021) on 26 August 2019 with a period of ~25.5 d, a depth of
~500 ppm, and a duration of ~6 h.

3. HARPS high-precision Doppler observations

With the aim of spectroscopically confirming the 25.5-day tran-
sit signal detected by the TESS team (Guerrero et al.| 2021
and later validated by |Giacalone et al.| (2021)), and deriving the
mass of the planet, we carried out an intensive RV follow-
up of TOI-1203. This was accomplished using the High Ac-
curacy Radial velocity Planet Searcher (HARPS; Mayor et al.
2003) spectrograph mounted at the ESO 3.6m telescope of
La Silla observatory (Chile). We collected 190 high-resolution
(R~ 115000) HARPS spectra between 5 February 2020 and 24
May 2023 (UTC), covering a baseline of about 3.4 years, as part
of our large observing programs 1102.C-0923 and 106.21TJ.001
(PI: D.Gandolfi), which are devoted to the Doppler follow-
up of TESS small planets (see, e.g., [Esposito et al.| [2019;
Fridlund et al.| [2020; Hoyer et al.| 2021; [Persson et al.| 2022}
Bonfanti et al.| 2023} |Algasim et al.| [2024; gubjak et al.| 2025)).
Six additional spectra were acquired in March 2020, December
2020, and January 2021, during technical and calibration nights
(program 60.A-9709).

The HARPS follow-up was interrupted shortly after its start
on 23 March 2020 (UTC) due to the outbreak of the COVID-
19 pandemic and resumed nearly eight months later on 15
November 2020 (UTC). A second interruption occurred between
24 March and 23 May 2021 (UTC) due to a second wave of
COVID-19 in Chile. The exposure time was set to 900-1800 s,
depending on sky conditions and scheduling constraints, leading
to a median S/N of ~124 per pixel at 550 nm. We reduced the
HARPS data using the dedicated Data Reduction Software (DRS)
available at the telescope (Pepe et al.[2002; [Lovis & Pepe|2007)
and extracted absolute RV measurements by performing a multi-
order cross-correlation of the extracted Echelle spectra with a
G2 numerical mask (Baranne et al.|[1996)). We also used the DRS
to extract the Canm H & K lines activity indicator (log R, ), and
two profile diagnostics of the cross-correlation function (CCF),
namely the full width at half maximum (FWHM) and the bisec-
tor inverse slope (BIS).

Relative RV measurements were extracted using the
Template-Enhanced Radial velocity Re-analysis Application
(TERRA; |Anglada-Escudé & Butler|[2012), which is based on a
template matching algorithm. We conducted a preliminary fit of
both the DRS and the TERRA Doppler time series utilizing the RV
model described in Sect.[9] Our analysis revealed that the TERRA
measurements yields a lower root mean square residual, which
led us to select them for the subsequent analyses presented in this
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paper. The DRS and TERRA Doppler measurements, along with
the activity indicator and line profile diagnostics, are listed in
Table B.T] Time stamps are barycentric Julian dates in barycen-
tric dynamical time (BJDrpg; Eastman et al.|[2010).

4. Frequency analysis of the HARPS time series

We carried out a frequency analysis of the HARPS time series
to search for the Doppler reflex motion induced by the 25.5-day
warm sub-Neptune and detect possible signals indicative of other
orbiting companions. The generalized Lomb-Scargle (GLS) pe-
riodogram (Lomb||1976; [Scargle| 1982} [Zechmeister & Kiirster|
2009) of the HARPS TERRA RV measurements (Fig. [2} first
panel) shows its highest peak at f, ~0.00489 d~!, which cor-
responds to a period of ~204.6 d. To account for possible non-
Gaussian noise in the data, we estimated the false alarm prob-
ability (FAP) of the signal at f. using the bootstrap method
described in Murdoch et al.| (1993)) and [Kuerster et al.| (1997).
Briefly, we kept the time stamps fixed and created 10° mock time
series by randomly shuffling the measurements along with their
uncertainties. We defined the FAP as the fraction of instances
in which the periodogram of random data has a power higher
than the periodogram of the real time series and regarded as
significant those signals whose FAP < 0.1 %. For the signal at
£.~0.00489 d~!, we found no false positive out of 10° boot-
strap realizations, implying that its false-alarm probability is
FAP < 0.0001 %.

We searched the Doppler data for additional significant peaks
by applying the pre-whitening technique (see, e.g.,|[Hatzes et al.
2010;|Gandolfi et al|2017). We removed the dominant signal by
performing a least-squares sine-fit to the amplitude, phase, and
offset at f, ~0.00489 d~', subtracted the fit from the HARPS
TERRA RV time series, and computed the GLS periodogram of the
residuals. The process was iterated until we reached our adopted
significance threshold of FAP =0.1 %.

The GLS periodogram of the RV residuals, after subtracting
the signal at f. (Fig. 2} second panel), displays its most sig-
nificant peak at f; =0.03921 d~! (~25.5 d), i.e., the transit fre-
quency of the planet detected by TESS. By iterating the pre-
whitening technique we identified a third significant peak at
f.~0.07647 d~! (~13.1 d; Fig. [2| third panel) and a fourth one
at fi, ~0.24054 d~' (~4.2 d; Fig. 2] fourth panel). Once the four
signals are removed from the HARPS TERRA RV time series,
the GLS periodogram of the residuals displays no peaks whose
power exceeds the power at our FAP = 0.1 % significance thresh-
old (Fig.[2] fifth panel).

To investigate the sources of the four significant signals ob-
served in the HARPS TERRA RV measurements, we undertook
a frequency analysis of the HARPS ancillary time series. Stellar
rotation, magnetic cycles, stellar blends, and instrumental effects
can indeed mimic Doppler planetary signals, resulting in the er-
roneous detection of nonexistent planets. Figure [3|shows the GLS
periodogram of the activity indicator log Ry, along with those
of the BIS and FWHM of the cross-correlation functions. We
found that neither the Can H& K lines activity indicator, nor
the CCF profile diagnostics display significant peaks at f;, f.,
and fy. The lack of a counterpart at fy in the GLS periodograms
of the HARPS ancillary time series spectroscopically confirms
the planetary nature of the transit signal detected by TESS at
~25.5 d, which we hereby refer to as TOI-1203 d. Similarly, the
null detection of counterparts at f;, and f. provides strong ev-
idence that the signals at ~4.2 d and ~13.1 d are due to two
additional orbiting planets, which we henceforth indicate with
TOI-1203 b and TOI-1203 c, respectively.
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The GLS periodogram of the FWHM of the cross-correlation
functions shows a significant peak at f; ~0.00163 d~! (~613 d;
Fig. [3). As this peak has no counterpart either in the Doppler
measurements or in the remaining HARPS ancillary time se-
ries, we investigated the possibility of an instrumental origin for
the signal at fj. Our goal was to find possible changes in the
FWHM of the instrumental profile that would result in varia-
tions of the FWHM of the CCF, while having no effect on the
measurements of the BIS and RV. The FWHM of the Th-Ar cal-
ibration lines used to compute the wavelength solution of high-
resolution spectrograph is a reliable proxy of the FWHM of the
instrumental profile. For this purpose, we retrieved from the ESO
archiveE| the Th-Ar line table files, which were produced by the
HARPS DRS in the afternoons preceding the nights when we ob-
served TOI-1203. The files include both the FWHM and the in-
tensity of the Th and Ar emission lines, as measured from the

4 Available at http://archive.eso.org/wdb/wdb/eso/repro/
form,

Th-Ar spectrum taken in the afternoon before the start of obser-
vations, which is used by the HARPS DRS to compute the nightly
wavelength solution. For each observing night, we calculated the
weighted average FWHM of the Th-Ar lines by taking into ac-
count the intensity of the lines when weighting the FWHM mea-
surements.

The GLS periodogram of the FWHM of the instrument pro-
file is shown in Fig. ] (upper panel), along with the median sub-
tracted time series (lower panel). Our analysis revealed a signif-
icant peak (FAP <0.1 %) at 0.00159 d~! (~629 d), which, when
taking into account the ~0.0008 d~! frequency resolution of our
HARPS time seriesﬂis in agreement with the periodicity identi-
fied at f; ~0.00163 d~! (~613 d) seen in the periodogram of the
FWHM of the HARPS cross-correlation function (Fig. [3). We
conclude that the CCF FWHM signal at f; is not astrophysical

> We recall that the frequency resolution is defined as the inverse of
the time baseline. Our HARPS time series cover a baseline of ~1257 d,
implying a frequency resolution of 1/1257 ~0.0008 d~'.
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in nature, but arises from a change in the HARPS instrumental
profile.

The GLS periodogram of the FWHM also shows a signif-
icant peak at f, ~0.00435 d~' (~230 d; Fig. bottom left,
third panel), which is close to the frequency of the signal at
£.~0.00489 d~! (~204.6 d) seen in the HARPS RV measure-
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ments. Given the frequency resolution of our HARPS time series
(~0.0008 d™!), the FWHM signal at f> ~0.00435 d~! and the RV
peak at f, ~0.00489 d~! are indistinguishable and might poten-
tially arise from the same source. Yet, an inspection of the peri-
odogram of the window function reveals the presence of a peak
at 0.00272 d=! (corresponding to a period of ~1 year; Fig. [3
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signal.

red arrow), which is equal to the frequency spacing between the
two peaks at f> ~0.00435 d~! and f; ~0.00163 d~!, implying
that the former is a 1-year alias of the latter. We verified this
hypothesis by removing the signal at f; from the FWHM time
series and recalculating the GLS periodogram of the residuals.
We found that by subtracting the signal at f;, we also remove the
signal at f> (Fig.[3] bottom left, fourth panel), as expected from
alias peaks, confirming our hypothesis. We note that, on the con-
trary, the power spectrum of the HARPS TERRA RV measure-
ments (Fig. 2)) does not display any significant peaks close to fi,
implying that the Doppler signal at f, ~0.00489 d~! (~204.6 d)
is not an alias of an RV signal at lower frequencies. Moreover,
it has no counterpart in the periodograms of the log R}, activity
indicator and of the CCF BIS (Fig. 3, providing supporting evi-
dence that the signal at f; is also due to an outer orbiting planet
at ~204.6 d, hereafter referred to as TOI-1203 e.

5. Transit search of the TESS light curve

We used the Détection Spécialisée de Transits (DST) algorithm
(Cabrera et al.[2012) to independently search for transiting plan-
ets in the PDC-SAP flux time series from TESS Sectors 9, 10, 36,
63, and 90. The DST algorithm adopts a detection statistic thresh-
old of 8. We distinctly found the signal at 25.5 d (DST statistic
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of 17.7) previously detected by the TESS SPOC team. We also
identified an additional transit signal at 4.2 d, albeit with a DST
statistic falling just short of the detection threshold (DST ~7.1).
No further periodic signal was found in the data.

The SPOC pipeline measures the statistical significance
of transit signals using a multiple event statistic (MES;
Guerrero et al.|2021)). Events with MES > 7.1 that pass further
transit consistency tests would then be reported as candidates.
In the case of TOI-1203, the detection of a 25.5-day transit can-
didate with MES = 18.5 was reported from a search for transit
signals in the TESS Sector 9 and 10 light curves. The TESS
pipeline did not yield any additional transit candidates, likely be-
cause their MES value fell below the detection threshold or they
failed to meet specific consistency criteria. We note that, while
the transit of the 4.2-day candidate is visible in TESS Sectors
9, 10, 63, and 90 light curves, we did not recover it in Sector
36. There were no instrumental systematics reported near the
expected transit epochs of the candidate planet. Around a simi-
lar epoch, we recovered transit observations of the 4.2-day can-
didate using CHEOPS (Sect. [6)), suggesting that its “disappear-
ance” was not due to a change in the planet’s orbit. The transits
of the 4.2-day candidate have a low S/N. Any small changes to
the background noise in the data set could hide the transit signal
and evade detection, which we suspect may be the case for the
TESS Sector 36 time series.

Triggered by the findings of the HARPS spectroscopic
follow-up (Sect. , we carried out an intensive search for tran-
siting planets with periods around 13.1 d using injection of simu-
lated transiting planets. We concluded that we would have confi-
dently detected any transiting planets with transit depths of about
150 ppm (equivalent to ~1.5 Rg for a central transit) at the pe-
riod of TOI-1203 c. Adopting the mass-radius relation for rocky
planets (0o, >33 g cm™3) from [Otegi et al| (2020) and assuming
an orbital inclination close to 90°, TOI-1203 ¢’s minimum mass
of M. sini. =5.46*)3) Mg (Sect.|9)and Table|B.3) translates into
a predicted planetary radius of 1.68 + 0.06 Rg. We are confident
at about the 99.9 % level that the radius of TOI-1203 ¢ must be
larger than our detection threshold of ~1.5 Rg and that we would
have detected the planet in the TESS light curves if it were tran-
siting its host star.

We used the orbital period and the reference time of infe-
rior conjunction for TOI-1203 e, as determined from the HARPS
Doppler measurements (Table[B.2), to visually inspect the TESS
light curves for potential transits of the planet. From the planet’s
minimum mass (M, sin i, =42.10f%:§§ My), using Otegi et al.
(2020)’s relation for volatile-rich planets (o, < 3.3 gcm™) and
assuming i, ~ 90°, we estimated a radius of 7.33:2 Rg. After
accounting for limb-darkening effects and taking into account
the stellar radius, the predicted planetary radius translates into
a transit depth of ~3600 ppm, with the orbital period and the
scaled semimajor axis implying a duration of ~13.7 hours for
a central transit (b, =0). According to our ephemeris, a tran-
sit of TOI-1203 e was expected to be observable in TESS Sec-
tor 90 (Fig. 5). Although there is a ~4 % probability that the
transit mid-point fell in the mid-sector gap (17.2 hours) and a
6 % chance that it occurred outside of the Sector 90 time win-
dow, we can exclude a transit detection with a confidence level
of approximately 90 %, suggesting that TOI-1203 e very likely
does not transit its host star. We note that the forthcoming TESS
observations in Sectors 99 and 100, currently scheduled from 5
January to 2 March 2026 (UTC), will not yield further evidence
in this context, as they will fall between the next two potential
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of the expected transit mid-time of TOI-1203 e.

transit opportunities, which are expected to occur on 12 October
2025 and 5 May 2026 (UTC).

6. CHEOPS transit observations

In order to confirm the planetary signal at 4.2 d and re-
fine the radius of the two transiting planets TOI-1203 b and
d, we performed, between February 2021 and April 2022, a
high-precision photometric follow-up of TOI-1203 using the
CHEORPS space telescope (Benz et al.[2021; [Fortier et al.[2024)).
A log of the observations is given in Table [3] Following the
same methodology presented in Sect. [0} we derived a prelimi-
nary set of transit ephemeris for TOI-1203 b by jointly modeling
the HARPS and TESS time series that were available at the time
we started our CHEOPS follow-up in February 2021. To confirm
the planet candidate at 4.2 d and improve its ephemeris, we first

carried out a long (13 CHEOPS orbits, i.e., 21.4 h) single visilE]

centered around the expected transit of TOI-1203 b and cover-
ing the 30 confidence interval. Once we confirmed the presence
of the transit signal within the first CHEOPS visit, we updated
the ephemeris and continued to observe TOI-1203 b, collecting
9 additional shorter visits between March 2021 and April 2022.
We also performed one visit of the transiting warm sub-Neptune
TOI-1203 d in May 2021.

We extracted point spread function (PSF) photometry us-

ing the open source photometric extraction package PIP

(Brandeker et al.|2024)), resulting in a point-to-point photometric
scatter between consecutive 27 s exposures of ~230 ppm (me-
dian of absolute deviation). This is comparable and consistent
with the aperture photometry provided by the CHEOPS Data Re-
duction Pipeline (DRP; |[Hoyer et al.|2020), but reduces the con-
tamination modulation caused by nearby background stars. We
detrended the eleven CHEOPS visits with the code pycheops
(Maxted et al.|2023)), which allows one to remove instrumental

6 A visit is a sequence of successive orbits of CHEOPS around the
Earth that are dedicated to the observations of a given target. CHEOPS
revolves about Earth every ~99 minutes in a Sun-synchronous, low-
Earth orbit (~700 km altitude).

7 https://github.com/alphapsa/PIPE!
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systematics (Fortier et al.|[2024) by decorrelating the data using
the vectors that describe the short-term instrumental photometric
trends: roll angle, centroid movements, smear curve, and con-
tamination by background stars. We first applied a 30 clipping
algorithm as implemented in pycheops to remove outliers from
the CHEOPS data and analyzed each visit individually to check
if it was affected by any of the known CHEOPS instrumental
systematics. We excluded from the process the smear and con-
tamination effects, because they are already accounted for by the
PIPE extraction. We chose the detrending vectors via a Bayes
factor pre-selection method (Trotta[2007)), which routinely fits
each visit with a least mean squares method, accounting for
the transit model and one of the possible decorrelation terms.
We performed preliminary modeling of the CHEOPS transits of
TOI-1203 b and d using Markov chain Monte Carlo (MCMC)
simulations implemented in pycheops, including the effects of
both the transits and the decorrelation terms. We finally flattened
the light curves, dividing the data by the inferred model of the
instrumental systematics. Figure |/| shows the foldled CHEOPS
transit light curves of TOI-1203 b and d, as derived from the
global analysis presented in Sect. [}

7. SOAR speckle imaging observations

High angular resolution imaging is needed to search for nearby
sources that can contaminate the TESS photometry, resulting in
an underestimated planetary radius, or be the source of astro-
physical false positives, such as background eclipsing binaries.
We searched for stellar companions to TOI-1203 with speckle
imaging on the 4.1 m Southern Astrophysical Research (SOAR)
telescope (Tokovinin|2018) on 12 December 2019 UTC, observ-
ing in Cousins I-band, a visible bandpass similar to the TESS
bandpass. This observation was sensitive to a 5.1-magnitude
fainter star at an angular distance of 1" from the target. More
details of the observations within the SOARTESS survey are
available in [Ziegler et al.| (2020). The 5o detection sensitivity
and speckle auto-correlation functions from the observations are
shown in Fig.[6] No nearby stars were detected within 3" of TOI-
1203 in the SOAR observations.
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Table 3. Log of the CHEOPS observations of TOI-1203.
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Planet File key

Start date (UTC)

End date (UTC)

CH_PR110045_TG001701_V0200
CH_PR110045_TG002101_V0200
CH_PR100031_TG002401_V0200
CH_PR110045_TG002402_V0200
CH_PR110045_TG002403_V0200
CH_PR110045_TG002501_V0200
CH_PR110024_TG014301_V0200
CH_PR110024_TG014901_V0200
CH_PR110024_TG014902_V0200
CH_PR110024_TG014903_V0200
CH_PR110024_TG014904_V0200

cCoooToAacoToToToTCT

2021-02-27 10:53:27
2021-03-16 07:50:26
2021-03-28 18:29:27
2021-04-01 22:13:27
2021-04-06 02:19:27
2021-05-01 00:55:27
2021-05-08 17:13:27
2022-03-21 08:36:27
2022-04-02 19:27:08
2022-04-11 02:50:48
2022-04-19 10:14:49

2021-02-28 08:13:07
2021-03-16 17:27:26
2021-03-29 04:16:48
2021-04-02 07:53:36
2021-04-06 12:06:49
2021-05-01 10:42:49
2021-05-09 13:23:18
2022-03-21 18:07:09
2022-04-03 05:14:30
2022-04-11 11:59:26
2022-04-19 19:27:29

TIC23434737
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Fig. 6. Contrast curve computed from the high-resolution speckle ob-
servations in Cousins I-band on the 4.1 m Southern Astrophysical Re-
search telescope. The inset shows the speckle autocorrelation function
centered on the target star. No bright companions are detected within 3”
of TOI-1203 in this observation.

8. Stellar parameters
8.1. Photospheric parameters and chemical abundances

We co-added the individual HARPS spectra prior to perform-
ing the spectroscopic analysis described in the present section.
To this aim, we Doppler-shifted the individual spectra to a com-
mon reference wavelength by cross-correlating each spectrum
against the one with the highest S/N. We finally carried out an
S/N-weighted co-addition of the Doppler-shifted spectra, while
applying a 3o--clipping algorithm to remove possible cosmic ray
hits and outliers. The co-added HARPS spectrum has an S/N of
~1730 per pixel at 5500 A.

The stellar spectroscopic parameters of TOI-1203, namely
the effective temperature 7T.g, surface gravity log g,, microturbu-
lent velocity vp;ic, and iron abundance [Fe/H], were determined
from the co-added HARPS spectrum using the ARES+MOOG
methodology described in |Santos et al.| (2013)), |Sousal (2014)),
and|Sousa et al.|(2021). We utilized the latest version of the Au-
tomatic Routine for line Equivalent widths in stellar Spectreﬁ
(ARES;|Sousa et al.|2007,2015)) to measure the equivalent widths
of selected iron (Fe) lines. The list of iron lines is the same as the
one presented in |Sousa et al.| (2008). We used a ,\/2 minimiza-

8 Publicly available at https://github.com/sousasag/ARES,

tion procedure to find the ionization and excitation equilibrium
and derive the best-fitting spectroscopic parameters. This pro-
cess made use of a grid of Kurucz model atmospheres (Kurucz
1993a) and the radiative transfer code MOOG (Sneden||1973). We
derived an effective temperature of T =5737+62 K, a sur-
face gravity of log g, =4.34 £0.10 (cgs), a microturbulent ve-
locity of vy =1.02+0.03 km s~!, and an iron abundance of
[Fe/H] = —-0.39 £ 0.04 (Table E]) We also derived a more pre-
cise trigonometric log g, =4.26 +0.03 using recent DR3 Gaia
data (Gaia Collaboration et al.|[2023), following the procedure
described in|Sousa et al.[(2021)), which provided a surface grav-
ity in very good agreement with the spectroscopic one. The ef-
fective temperature and surface gravity imply that TOI-1203 is a
G3V star, based on the compilation of [Pecaut et al.| (2012) and
Pecaut & Mamajek! (2013).

The photospheric abundances of magnesium (Mg), silicon
(Si), and titanium (Ti) were also derived using the same tools
and models as for the stellar parameter determination, under the
assumption of local thermodynamic equilibrium. For the deriva-
tion of abundances, we closely followed the methods described
in |Adibekyan et al.| (2012)) and |/Adibekyan et al.| (2015). Taking
into account the mean of the abundances of Mg, Si, and Ti as
[a/H], we calculated the a-element enhancement of the star rel-
ative to iron and its metallicity [M/H] following|Yi et al.|(2001).
The derived abundances are listed in Table[Il

To ensure the validity of our findings, we also derived
the spectroscopic parameters of TOI-1203 from the combined
HARPS spectrum utilizing Spectroscopy Made Easyﬂ (SME;
Valenti & Piskunov|[1996; |Piskunov & Valenti|2017)). This spec-
tral analysis tool computes synthetic spectra and fits them to
high-resolution observed spectra via a y*> minimization proce-
dure. The analysis was conducted using the non-local thermody-
namic equilibrium (non-LTE) version 5.2.2 of SME, in conjunc-
tion with MARCS model atmospheres (Gustafsson et al.|2008)).

We assumed a microturbulence and a macroturbulence ve-
locity of viic =1.0+0.1, kms™'and vpa. =3.2+0.7 kms™!, re-
spectively, based on the empirical calibration equations for Sun-
like stars from (Bruntt et al.|[2010) and (Doyle et al.|[2014). The
effective temperature 7. was determined by fitting the wings of
the Ha and Hg lines, in addition to those of the Na I doublet at
5890 and 5896 A (see, e.g., [Fuhrmann et al.||[1993}; |Axer et al.
1994; [Fuhrmann et al.|[1994). The surface gravity log g, was
measured from the wings of the Cal 2 6102, 1 6122, 1 6162 A
triplet, and the Ca I A 6439 A line, as well as from the Mg I
A5167, 15173, 15184 A triplet. The determination of iron
abundance [Fe/H] and projected rotational velocity v sin i, was
achieved through the simultaneous fitting of unblended iron lines

9 Publicly available at https://github.com/AWehrhahn/SME.
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located in the spectral region from 5880 to 6600 A. Our SME
analysis provides an effective temperature of Ty = 5740 £ 45 K,
a surface gravity of log g, =4.39 £ 0.06 (cgs), an iron abundance
of [Fe/H]=-0.32 +0.05, and a projected rotational velocity of
vsiniy = 1.4 +0.5 kms~!, which are in good agreement with
those derived using ARES+MOOG, corroborating the robustness of
our findings.

8.2. Stellar radius, mass, and age

Using the spectroscopic parameters derived with ARES+MOOG
and the observed broadband fluxes and uncertainties retrieved
from the most recent data releases in the following band-
passes: Gaia G, Ggp, and Ggp, 2MASS J, H, and Ks, and
WISE W1 and W2 (Skrutskie et al.|[2006; Wright et al.| 2010;
Gaia Collaboration et al.| [2023)), we determined the stellar ra-
dius via an MCMC infrared flux method (Blackwell & Shallis
1977;|Schanche et al.[2020)). By constraining stellar atmospheric
models with our T, logg,, and [M/H] we produced syn-
thetic photometry in the Gaia, 2MASS, and WISE bandpasses
that are compared to the broadband photometry to obtain the
stellar angular diameter that is converted to the stellar radius
using the Gaia DR3 offset-corrected parallax (Lindegren et al.
2021)). To account for uncertainties in stellar atmospheric mod-
eling, we conducted a Bayesian modeling averaging of the pos-
terior distributions from the individual ATLAS (Kurucz|1993b;
Castelli & Kurucz|2003)) and PHOENIX (Allard|2014) catalogs to
produce a value of R, =1.179 +£0.011 R, (Table E])

Adopting T.g, [Fe/H], and R, as input parameters, we fi-
nally derived the stellar mass M, and age 7, using two dif-
ferent sets of stellar evolutionary models. The first pair of
mass and age estimates was computed via the isochrone place-
ment algorithm (Bonfanti et al.|2015} [2016), which interpolates
the input values within pre-computed grids of PARSEQ™|v1.2S
isochrones and evolutionary tracks (Marigo et al.[2017). We also
derived a second pair of mass and age values employing the
CLES (Code Liegeois d’Evolution Stellaire; Scuflaire et al.[2008])
code, which generates the best-fitting evolutionary track follow-
ing the Levenberg-Marquadt minimization scheme, as described
in Salmon et al.| (2021). After checking the consistency of the
two respective pairs of outcomes via the y>-based criterion de-
scribed in [Bonfanti et al.| (2021)), we finally merged our results
and obtained a mass of M, =0.886+0.036 M, and an age of
t, =12.5*}3 Gyr (Table[l).

8.3. Stellar rotation and activity

In an attempt to measure the rotation period of TOI-1203, we
masked out the transits of TOI-1203 b and d from the TESS
SAP light curves and searched the residuals for periodic and
quasi-periodic photometric variations induced by the presence
of photospheric active regions (spots and plages) coupled with
stellar rotation. The TESS SAP light curves of TOI-1203 are
affected by momentum dumps and thermal ramping (see, e.g.,
Feinstein et al.[2019;|Lund et al.[|2021;/Hartman et al.[2025). Af-
ter masking out the latter and modeling the former with quadratic
regressions, we found that the periodogram of the residuals
shows no significant peaks with bootstrap FAPs (see Sect. [4)
lower than ~10 %.

We also performed a periodogram analysis of ground-based
archival photometry from the Wide Angle Search for Planets

10 pPAdova and TRieste Stellar Evolutionary Code: http://stev.
oapd.inaf.it/cgi-bin/cmd.
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(WASP) project (Pollacco et al.||2006). The field of TOI-1203
was monitored by WASP in 2007 and then from 2011 to 2014.
In the years 2007 and 2011 WASP-South was equipped with
200 mm, f/1.8 lenses and a filter spanning 400-700 nm, while
from 2012 to 2014 it used 85 mm, f/1.2 lenses with an SDSS-
r filter. Observing with a typical 10-minute cadence over spans
of 160 nights in each observing season, WASP-South accumu-
lated a total of 50 000 photometric data points for TOI-1203. We
searched the accumulated data for any rotational modulation us-
ing the methods from Maxted et al.|(2011), but found no signifi-
cant periodicity. For periods from 2 d out to ~100 d we estimate
a 95 %-confidence upper limit of 2 mmag.

Based on our measurement of the stellar radius
(R =1.179£0.011Ry;) and projected rotational velocity
(vsiniy =1.4+0.5kms™"), we derived an upper limit for the
rotation period of Protmax = 43fﬁ d. Using the gyrochronology
method proposed by [Barnes| (2007)), along with the rotation—
activity—age relation proposed by Mamajek & Hillenbrand
(2008) and |Angus et al.| (2015), and based on our age deter-
mination (t, =12.573 Gyr) and the B — V=0.620+0.042
color index (Table [I)), we estimated a stellar rotation period of
Py =39+5 d. Using the log R}, —rotation period empirical
relation found by |Sudrez Mascareno et al.[(2015) for metal poor
stars (0.5 < [Fe/H] < —0.1), along with the median value of the
Canm H &K lines activity indicator log Ry, =—4.998 + 0.001

(Table , we estimated a rotation period of Py = 31f$2 d, in
agreement with the previous estimate.

We conclude that TOI-1203 is a slowly rotating, inac-
tive, old star with a low level of magnetic activity. This is
further supported by the lack of periodic and quasi-periodic
activity-induced signals in the Can H & K lines activity indica-
tor log Rj; and line profile variation diagnostics (Sect. ). This
finding is not unexpected given the low metallicity of TOI-1203
([Fe/H] =-0.39 + 0.04) and reinforces previous studies show-
ing that metal-poor stars are generally less magnetically active
(See et al.|2021) and flare less frequently (See et al.|2023)).

8.4. Binarity

Analysis of stellar proper motions by Gaia DR2 shows that TOI-
1203 is likely a visual binary star system (Mugrauer & Michel
2020). In fact, the primary star has a very faint (AG =-11.45)
co-moving M-dwarf companion. The companion is located
at an angular separation of 11.74” from the primary, which
translates into a projected binary separation of ~765 au
(Mugrauer & Michel|[2020). The effective temperature and mass
of the secondary star are estimated to be ~2500 K and 0.08 +
0.01 Mg, respectively (Mugrauer & Michel|2020)).

8.5. Membership probability to galactic dynamical
populations

We investigated the membership probability of TOI-1203
to the various galactic dynamical populations. Using Gaia
DR3 coordinates, proper motions, and parallax, along with
our measured stellar absolute RV (Table [I), we computed
the galactic U, V, and W velocities in the local stan-
dard of rest (LSR). Adopting the LRS determination of
Schonrich et al.|(2010), we found: Upgg = 106.54 +0.10 kms™!,
Visr =—33.49+0.10 kms™' and Wigg =59.96+0.07 kms™'.
Using the method given by Reddy et al.|(2006)), we computed the
membership probabilities of TOI-1203 in the galactic thin disk,
thick disk, and halo as: Py, =5.6 £0.1 %, Ppick =93.2+0.5 %,
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Fig. 7. Folded transit light curves of TOI-1203 b (left panel) and TOI-1203 d (right panel). The TESS (top) and CHEOPS (bottom) data points are
plotted with gray circles. The 20-minute binned photometry is displayed as green and red circles for TESS and CHEOPS, respectively. The thick
black lines mark the transit models derived from the medians of the marginalized posterior distributions of the transit parameters (Table[B.2).

and Ppyo =1.182+0.003 %. When we combine this kinematic
classification of the star with our abundance determinations of
[Fe/H] = —0.39 + 0.04 and [a/Fe] =0.21 = 0.04, and with our de-
rived stellar age of ~12.5 Gyr, we can convincingly classify TOI-
1203 as a member of the old a-element enhanced galactic thick
disk stellar population.

9. Joint analysis

We performed a joint analysis of the TESS and CHEOPS
transit light curves (Sect. [2] and Sect. [6) and HARPS TERRA
RV measurements (Sect. E]) using the software suite pyaneti
(Barragan et al.| 2019} [2021), which allows one to determine
the model parameters from posterior distributions derived using
MCMC methods. To speed up the computation process, for the
TESS transit photometry, we extracted ~6 and 18 hours of seg-
ments from the flattened, 120-second cadence, TESS PDC-SAP
light curves (Sect. E]), with each segment centered around the
transits of TOI-1203 b and d, respectively. Due to the lack of a
detectable transit signal for planet b in TESS Sector 36 (Sect.[3)),
we opted to exclude the transit photometry of TOI-1203 b col-
lected during this sector. The total number of modeled transits of
TOI-1203 b is 32, with 22 transits observed by TESS (Sector 9,
10, 63, and 90) and 10 by CHEOPS. For TOI-1203 d, we mod-
eled 6 transits, of which 5 were observed by TESS (Sectors 9,
10, 36, 63, and 90) and 1 by CHEOPS. The transit photometry
covers a baseline of about 6 years.

The RV model includes four Keplerians, to account for the
Doppler reflex motion induced by TOI-1203 b, ¢, d, and e. Any
instrumental noise not included in the nominal RV uncertain-
ties was accounted for by adding an RV jitter term. We mod-
eled the TESS and CHEOPS transit light curves using the limb-
darkened quadratic law of Mandel & Agol (2002) and adopted
the parametrization proposed by |Kipping| (2013) for the lin-
ear and quadratic limb-darkening coefficients u; and u,. We set
Gaussian priors on the Kipping| (2013)’s parameters g; and g»

using the u; and u, theoretical values derived by |Claret (2017)
and Claret| (2021)) for the TESS and CHEOPS bandpasses, and
imposed conservative error bars of 0.1 for both ¢; and ¢».
For the eccentricity (e) and the argument of periastron of the
stellar orbit (w4) we adopted the parametrization proposed by
Anderson et al.| (2011), i.e., Vesinw, and vecosw,. A pre-
liminary analysis showed that the transit light curve poorly con-
strains the scaled semimajor axis (a/R,). We therefore sampled
the stellar density p, setting a Gaussian prior on the mass and
radius of the star (Table , and recovered the scaled semimajor
axis a/R, via Kepler’s third law (Winn/2010). We imposed uni-
form priors for the remaining model parameters. Details of the
modeled parameters and adopted priors are given in Table[B.2]

We used 500 independent Markov chains initialized ran-
domly inside the prior ranges. Once all chains converged, we
used the last 500 iterations and saved the chain states every 10
iterations. This approach generates a posterior distribution of
250 000 points for each model parameter. We initially performed
a preliminary analysis with 100 Markov chains to estimate the
orbital periods and times of inferior conjunction (along with
their uncertainties) for the four planets, while adopting wide uni-
form priors for the two model parameters. We then centered the
priors around the estimated values, narrowed the ranges to ~30—
600 to speed up convergence, and conducted the final analy-
sis using 500 Markow chains. Upon completion of the MCMC
modeling, we verified that none of the final posterior distribu-
tions was truncated. Tables and B3] list the values and their
uncertainties of the model and the derived planetary parameters,
respectively. They are defined as the median and 68.3 % region
of the credible interval of the marginalized posterior distribu-
tions for each inferred parameter. The transit and RV curves are
shown in Fig. [7]and Fig. 8] along with the models derived from
the medians of the marginalized posterior distributions of the in-
ferred parameters (Table [B.2).

1" Mid-times of reference transit for TOI-1203 b and d.

Article number, page 11


https://orcid.org/0000-0001-8627-9628

A&A proofs: manuscript no. aa54631-25

1 ¢ HARPS +
5_" J | ‘r |
1 '_" !‘ | | |
B |
£ ' . f \
-5 \ | |
‘ I i
-10
58800 "59000° "59200° "59400° "59600° "50800° "60000° "60200°
BJDrpg — 2400000 (days)
® HARPS I & HARPS
4 # + [
% 2++t + -‘E' [ '
\ Il
I O m q + |"I . "' + .l + l'
; !. fﬂ iy i I +
x —2f ! ) FII + +
[ L
E 3.5 E 35
2 00BAd M 1&.‘ g 00
3-3.5 3-3.5
378070102 03 04 05 06 07 08 09 10 & 780 01 02 03 04 05 06 07 08 09 1.0
Orbital phase Orbital phase
¢® HARPS ® HARPS
5 5
T T
7)) b (] !
E O E Of
> >
o o
-5 -5
E 3.5f £ 350
2 0.0 2 0.0
3-3.5 3-3.5
2780701 02 03 04 05 06 07 08 09 1.0 &7780701 02 03 04 05 06 07 08 09 10

Orbital phase

Orbital phase
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(bottom left), and e (bottom right) and Keplerian model (thick black line). The error bars include the RV jitter contribution in gray.

10. Dynamical analysis

The planetary system orbiting TOI-1203 is notably com-
pact, particularly with respect to the three innermost planets
(namely, TOI-1203 b, c, and d), which display period ratios of
P./Py,~3.14 and P4/P.~ 1.95 suggesting the existence of po-
tential resonant interactions between the planets. Furthermore,
the period ratio P./Pg4 ~ 8.02 further suggests an 8:1 commen-
surability between the outermost planets d and e. This complex
configuration raises several interesting questions regarding the
dynamics of the system, such as whether the observed system
is stable over long timescales, if the planets are locked in two-
body or three-body mean motion resonances (MMRs), and how
the uncertainties of the orbital elements, such as orbital periods,
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eccentricities, and inclinations, impact the overall stability. To
address these questions, we performed a detailed analysis of the
dynamics and stability of the system based on the orbital param-
eters listed in Tables and

10.1. Stability analysis

To analyze the stability of the system, we performed a global
frequency analysis (Laskar [1990, [1993) in the vicinity of the
inferred solution (Tables [B.2] and [B.3)), using the methodology
described in [Correia et al.| (2003) and |Correia et al.| (2010). The
system was integrated on a regular 2D mesh of initial conditions,
varying the orbital period and eccentricity of each planet indi-
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Fig. 9. Stability analysis of the TOI-1203 system in the orbital period-eccentricity domain: planet b (top left), ¢ (top right), d (bottom left), and
e (bottom right). For fixed initial conditions, the phase space of the system is explored by varying the orbital period P; and eccentricity e; of
each planet independently. For each initial condition, the system is integrated over 40 kyr, and a stability criterion is derived with the frequency
analysis of the mean longitude. The chaotic diffusion is measured by the variation in the frequencies and the color scale corresponds to the decimal
logarithm of the stability index D. The red zone corresponds to highly unstable orbits, while the dark blue region can be assumed to be stable
on a billion-year timescale. The current positions of the planets are marked with circles in each plot, and error bars represent the observational
uncertainties (Tables [B-2]and [B3). The white dashed vertical lines correspond to the main MMRs in the system.

vidually, while keeping all other orbital elements fixed at their
nominal values. For the non-transiting planets ¢ and e, we fixed
their orbital inclinations at 90° relative to the plane of the sky.
Although TESS light curves rule out with high confidence lev-
els an exact 90° inclination for TOI-1203 c and e — since this
would produce observable transits (Sect. [5)) — this assumption is
areasonable choice for a primary dynamical study, as we expect
the true inclinations to be close to 90°. Moreover, this value pro-
vides minimum values for the true masses for the planets and
corresponds to weaker planet-planet interactions, likely result-
ing in more stable (or “optimistic”) stability maps for the sys-
tem. The integrations were carried out using the symplectic in-
tegrator SABA1064 of [Farrés et al| (2013), with a time step of
5 x 1073 years, and included general relativity corrections. Each
initial condition was integrated over 40 kyr, and a stability indi-
cator was derived using the frequency analysis of the mean lon-
gitude. The stability indicator is defined as D = |ni - n; | where
n; and n; represent the mean motions of the planets (in degrees
per year) calculated over the first and second halves of the inte-
gration interval, respectively (see Couetdic et al.[2010, for more
details). For regular motion, there is no significant variation in
the mean motion along the trajectory, while it can vary signifi-
cantly for chaotic trajectories.

Figure [9] shows our results in the orbital period-eccentricity
domain for the four planets, where the red area marks strongly
chaotic orbits, while the dark blue one represents configura-
tions typically considered extremely stable over a billion-year
timescale. The maps show many “islands” of MMRs, appearing
as long V-shaped structures, several of which are unstable. None
of the planets orbiting TOI-1203 lies within these resonances.
Instead, they are located in more stable regions (dark blue areas)
either between, or near resonant zones. We hence conclude that
the planetary system TOI-1203 is dynamically stable. In partic-
ular, the pair b-c is close to a 3:1 MMR, c-d near a 2:1 MMR,
and d-e near an 8:1 MMR. We also note that the inner pair b-c
is on the correct side of the resonance predicted by tidal evolu-
tion models (Delisle et al.|2012| 2014). The close proximity of
TOI-1203 b and c to their host star results in significant tidal in-
teractions between the planets and the star, causing the period
ratio to exceed the exact resonance value (Lissauer et al|201T}

Delisle & Laskar|2014).

We further tested directly the stability of the system by per-
forming a numerical integration over 100 Myr, confirming that
the system remains stable with regular orbital behavior through-
out the simulation. In addition, we performed frequency analysis
of the orbital solution over 1 Myr to determine the system’s fun-
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Table 4. Fundamental frequencies, periods, and phases for the orbital
solution in Tables[B.2]and B3]

Frequency Period Phase
C/yr) (yr) ©)

Ny 316289 0.011382  -88.426
ne 10054.2 0.035806  -65.018
ng 5157.03 0.069807  125.732
Ne 642.807 0.560044  -19.980
g1 0.109694  3281.84 -175.394
g 0.255985 1406.33  -95.101
g3 0.045349  7938.39 -154.429
g4 0.001195 301170 14.578
s; -0.101517  3546.21 -179.369
sy -0.008353  43099.9 -179.868
sz -0.270741 1329.68 -174.254

Notes. ny, n¢, ng, and n, are the mean motions, g, g, g3, and g4 the
secular frequencies of the pericenters, s;, s, and s3 the secular frequen-
cies of the nodes. The conservation of angular momentum implies that
only three independent nodal frequencies of the pericenters are present
(namely, s, », and s3), with 54 =0.

damental frequencies. These include the mean motions ny, nc,
ng4, and ne, the secular precession frequencies of the pericenters
g1, &, 83, and g4, and the secular frequencies of the nodes sy,
s2, and s3 as listed in TableEl The compact configuration of the
three innermost planets results in a strong coupling within the
secular system, particularly between planets ¢ and d. The anal-
ysis shows that both planets precess with the same frequency
g». The two pericenters are thus locked and Aw = @w. — wq 0s-
cillates around 180°, with a maximum semi-amplitude of about
70° (Fig. [I0). This indicates that these planets maintained an
anti-aligned configuration throughout the system’s evolution. It
should be noted that this behavior is not a dynamical resonance
but rather results from a linear secular coupling.

To present the solution more clearly, it is useful to make a
linear change of variables into eccentricity proper modes (see
[Laskar| [1990). Due to the proximity of the planets to MMRs
and the eccentricity of the outer planet TOI-1203 e (e, =0.152 +
0.029; Table @), this transformation is obtained numerically
through frequency analysis of the solutions. Using the classical
complex notation z,, = e,,e“”ﬂ, where p = b, c, d, e, we expressed
the linear Laplace-Lagrange solution as

Zb 39316 -15612 9648 3259\ (u;

Z|Z 1076 % -1038 63564 46694 6511 ||us )
2 —6362 54107 29238 8909 ||us|

Ze 17 21 —419 15161 )\uy

The proper modes u; (with k=1, 2, 3, 4) are obtained from z,
by inverting the above linear relation. To good approximation,
we have u; ~ €@ where g and the phases ¢, are given
in Table [ From Eq.[T] one can better understand the observed
libration between the pericenters @, and @w,. Indeed, for both
planets ¢ and d, the dominant term in the decomposition is u»,
with frequency g», and thus both orbits precess with the same
rate of g, but with opposite phase.

Figure [TT] displays the evolution of the eccentricities and in-
clinations with respect to the invariant plane of the planets over
50 kyr. The inner three planets exhibit considerable variations

Article number, page 14

100
8 50
S
5 0]
|
5 —50-
—-100+— T T T T T
0 10 20 30 40 50
Time (kyr)

Fig. 10. Evolution of the angle w. —w, in the TOI-1203 system, starting
with the orbital solution listed in Tables[B.2]and B3]
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Fig. 11. Secular evolution of the eccentricities and inclinations with re-
spect to the invariant plane in the TOI-1203 system, starting with the
orbital solution from Tables[B.2]and [B3] The curves represent the dif-
ferent planets: blue (TOI-1203 b), orange (TOI-1203 c), green (TOI-
1203 d), and red (TOI-1203 e). The orientation of the invariant plane
is set by the total angular momentum vector of the system and is there-
fore strongly influenced by the orbital planes of the three outer and more
massive planets (c, d, and e). Planet d has an orbit that is nearly edge-on,
while planets c and e were initialized at an inclination of 90° relative to
the plane of the sky. As a result, the invariant plane lies close to the or-
bital planes of these three planets, i.e., close to 90° relative to the plane
of the sky.

in both eccentricity and inclination. In contrast, TOI-1203 e dis-
plays minimal variation, due to its higher mass and greater dis-
tance from the inner planets, which make it less susceptible to
their perturbations, while still influencing their evolution. Fig-
ure [T2] shows the evolution of the impact parameter b for the
transiting planets TOI-1203 b and d over the same time inter-
val. Planet b remains within the transiting regime throughout the
integration, while planet d shifts in and out of a transiting con-
figuration over secular timescales.
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Fig. 12. Secular evolution of the impact parameter b for TOI-1203 b
(blue) and TOI-1203 d (green), starting with the orbital solution listed
in Tables[B.21and [B.3

10.2. Resonant chain

A three-planet MMR occurs when there exist integers &, k», and
ks such that kyny + kany + ksns = 0, where ny, ny, and n3 are the
mean motions of the planets. The resonance is classified accord-
ing to the sum | k; + ky + k3 |, which defines the order of the reso-
nance. To investigate whether the three innermost planets could
be part of a resonant chain, we studied a different section of the
phase space in the plane defined by the period ratios Pj, = P./Py
and P,; = P./Py. Figure@explores the stability in the (P12,P23)
domain, while keeping other orbital parameters fixed at their
nominal values. In this plane, two-body MMRs appear as ver-
tical or horizontal bands, with the prominent ones correspond-
ing to the 3:1 resonance between planets b and c, and the 2:1
resonance between planets ¢ and d. Three-body MMRs, on the
other hand, are represented by thinner, oblique lines. Here, we
highlight two low-order resonances, corresponding to a Laplace
resonance (order 0) and an order 1 resonance. Higher-order res-
onances appear increasingly thin, making them harder to detect
and thus have smaller influence on the system’s dynamics. The
cross in Fig. [[3] marks the location of our system, which lies
outside any significant three-body MMRs, confirming that the
planets are not currently locked in a resonant chain.

10.3. Additional constraints

For the non-transiting planets ¢ and e, we cannot directly de-
termine their orbital inclinations i; so far, we have been assum-
ing that their inclinations relative to the plane of the sky is 90°,
which gives minimum values for the true planetary masses. Ad-
ditionally, the longitude of the ascending node (2) for all planets
remains undetermined, as astrometry would be required to estab-
lish the orientation of the projected orbit on the plane of the sky.
For simplicity, we have set all longitudes of ascending nodes to
0°, assuming a common reference direction in the plane of the
sky. Thus, for planets c and e, we can build a 2D stability map
for the two unknown parameters to determine how dynamics can
constrain their possible values.

Figure[I4]explores the stability in the (€, /) domain for plan-
ets ¢ and e, while keeping the remaining parameters fixed at
the values listed in Tables [B.2] and [B3] For planet c, the re-
sults indicate that the system remains stable only within cer-
tain ranges of (€, i.) values, specifically for 50° < i, < 130°
and | Q.| < 40°. These dynamical constraints allow us to fur-
ther limit the true mass of planet c, despite the absence of tran-
sit detection. Given the minimum mass of M, sini. =~ 5.5 Mg
and our inclination constraint of 50° < i. < 130°, we derived
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Fig. 13. Stability analysis of the TOI-1203 system in the (P2, Py3)
plane, where P, = P./P, and Py; = P./Py. For fixed initial condi-
tions, the phase space is explored by varying the period ratios of the
inner three planets, while all other parameters are kept at their nom-
inal values. As in Fig. 9] the color scale corresponds to the decimal
logarithm of the stability index D. The red zones correspond to highly
unstable orbits, while the dark blue regions can be assumed to be sta-
ble on a billion-year timescale. The dashed lines highlight the location
of two low-order three-body MMRs, corresponding to a Laplace reso-
nance (order 0) and a first-order resonance. The cross marks the location
of the system, which lies outside any identified three-body resonances.

an upper limit for the mass of TOI-1203 ¢ of M. < 7.2 Ms.
For planet e, the stability region extends over a wider inclina-
tion range, specifically between 30° and 150°. Using the mini-
mum mass of M, sini, ~ 42.1 Mg and our inclination constraint
of 30° < i, < 150°, we limited the mass of TOI-1203 e to be
M. < 84.2 Mg. In Fig. [T4] we also plot the contours of mutual
inclination between each planet and the line-of-sight, defined by
cos/ = sinicos Q. We observe that for TOI-1203 c all stable
areas correspond to I < 40°, while for TOI-1203 e, stability is
maintained for mutual inclinations up to 60°. This effectively
sets an upper bound for the inclination of each planet’s orbital
plane relative to the line-of-sight.

Finally, we tested the possibility of an additional fifth planet
in the TOI-1203 system, assuming that the dynamics of the four
known planets would not be perturbed much by the presence of
this extra planet. To investigate this, we varied its semimajor axis
and the eccentricity over a wide range, and performed a stability
analysis (Fig. [I3). The test was performed with a fixed value of
K=0.1ms™!, meaning that as we varied the semimajor axis, the
mass of the fifth planet adjusted accordingly. For example, with
this K value, an object at a distance of 1 au, would have a mass
similar to that of Earth. A similar analysis was also conducted
for a lower-mass object (K = 107> ms™') and a higher-mass ob-
ject (K = 1 ms™"), finding no significant changes in the dynam-
ics of the system. The stability map (Fig. [I3)), reveals that stable
orbits are possible beyond 1 au (outside the outermost planet’s
orbit), which corresponds to orbital periods longer than 400 d.
Additional stable zones appear around 0.3 au, corresponding to
periods between approximately 100 and 200 d, located between
planets d and e. A smaller region of stability is also evident near
0.08 au, or around 6 d, located between planets b and c. Inter-
estingly, we also observe two narrow regions of stability around
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Fig. 14. Stability analysis of the TOI-1203 system in the (€, 7) plane
for planets ¢ and e, where Q and i represent the longitude of ascend-
ing node and inclination of each planet, respectively. For each planet,
the phase space is explored by varying these two parameters, while
keeping all other orbital elements fixed at their nominal values. As in
Figs. 0] and [T3] the color scale corresponds to the decimal logarithm
of the stability index D. The red zones correspond to highly unstable
orbits, while the dark blue regions can be assumed to be stable on a
billion-year timescale. The white curves denote levels of constant mu-
tual inclination between each planet and the plane of the sky, with con-
tours labeled at 10°, 20°, 30°, and 40° for planet c, and at 20°, 40°, and
60° for planet e.

0.16 au and 0.65 au, which coincide with the orbital distances
of planets d and e respectively: they correspond to possible co-
orbital resonances with these planets.

10.4. Impact of the stellar companion on the dynamics

The star TOI-1203 hosts a co-moving stellar companion at a
projected separation of ~765 au with an estimated mass of
~0.08 M, (Mugrauer & Michel [2020). The two stars share the
same motion in the sky and are relatively close, indicating that
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Table 5. Maximum eccentricity amplitudes for the planets in the TOI-
1203 system over a 10 Myr integration, for simulations with and without
the stellar companion.

Planet No companion star ~ With companion star
TOI-1203 b 0.00043 0.00048
TOI-1203 ¢ 0.00167 0.00182
TOI-1203 d 0.00077 0.00085
TOI-1203 e 0.00044 0.00047

they could be gravitationally bound or could have been so in the
past. To investigate the potential influence of the stellar compan-
ion on the system’s stability and the observed non-zero eccen-
tricity of planet e, we performed numerical simulations of the
entire TOI-1203 system with and without the companion star.

In these simulations, the eccentricities of all planets were ini-
tially set to zero while the remaining parameters were kept fixed
at the values listed in Tables[B.2]and [B.3] The stellar companion
was placed at a projected separation of 765 au with a high orbital
eccentricity (e =0.5) and an orbital inclination of 40° relative to
the plane of the sky (corresponding to a high mutual inclination
of ~50° with respect to the planetary orbits). This configuration
was chosen to maximize potential perturbations from the com-
panion star, which could amplify the eccentricity oscillations of
the planets. The system was integrated over 10 Myr, and the evo-
lution of the eccentricities of all planets was monitored. Table 3]
presents the maximum eccentricity amplitudes recorded for each
planet in both scenarios.

The results in Table|§| show that for all planets, the maximum
amplitude of eccentricity oscillations increased only marginally
with the addition of the stellar companion. This suggests that
the stellar companion has minimal impact on the system’s dy-
namics and thus on its stability. It also cannot account for the
observed non-zero eccentricity of TOI-1203 e, which likely orig-
inates from other mechanisms, such as disk interactions during
the system’s formation, planet-planet interactions, or migration
effects.

Finally, it is reasonable to expect that in the past the stellar
companion could have been closer to the primary star. To test
the outcome of this possibility, we ran an additional simulation
with the companion star placed at a closer separation of 200 au
instead of 765 au. Even at this close distance, the companion star
exhibited no significant influence on the dynamics of the plan-
ets. This suggests that the stellar companion likely played a neg-
ligible role in shaping the system’s current architecture through
gravitational interactions with the planets, due to its relatively
low mass (~0.08 M) and wide separation (~765 au). The plan-
ets in the system likely formed farther out and then migrated
inwards due to their interactions with the primordial disk, and
it is unlikely that the stellar companion played a role in driving
this migration. During the early stages, the companion may have
slightly excited the eccentricities of the planets, but any such
excitation would have been efficiently damped by the disk. Its
potential impact on the protoplanetary disk and planetary forma-
tion processes, however, requires further dedicated studies.

11. Internal structure analysis of TOI-1203 b and d

The high precision we achieved on the masses and radii of
TOI-1203 b and d allows us to infer possible internal com-
positions and structures for the two transiting planets. To this
end, we applied the internal structure modeling framework
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Fig. 15. Possible location of an additional fifth planet in the TOI-1203 system. The stability of an Earth-size planet (K = 0.1 ms™') is analyzed for
various semimajor axes vs. eccentricity. All the angles of the additional fifth planet are set to 0°, except for the inclination (90°). As in Figs.[9} 13}
and[T4]the color scale corresponds to the decimal logarithm of the stability index D. The red zones correspond to highly unstable orbits, while the
dark blue regions can be assumed to be stable on a billion-year timescale. The stable zones where additional planets could be found are the dark

blue regions. The white crosses mark the position of the four planets.

plaNETic 2024), which uses the planetary struc-
ture model of the BICEPS code (Haldemann et al.[2024) as a for-

ward model. However, instead of applying the forward model
directly, plaNETic uses neural networks as a replacement in the
adopted full-grid accept-reject inverse scheme, thereby signif-
icantly speeding up the computation time and allowing us to
probe different prior options. In this framework, each planet is
modeled as a combination of an inner core (iron with up to 19 %
sulfur), mantle (oxidized silicon, magnesium, and iron), and a
volatile layer (water and hydrogen-helium uniformly mixed).

We ran six different models, assuming different priors. First,
we assumed a prior compatible with a high-metallicity atmo-
sphere (option A), which would, for instance, be plausible if the
planets formed outside the ice line of the system. Alternatively,
we also considered a prior compatible with a scenario where the
planets formed inside the ice line and water could only be ac-
creted through the accreted gas (option B). For both of these
cases, we used three different priors for the planetary Si/Mg/Fe
ratio, assuming it to be stellar (options Al and Bl; see, e.g.,

Thiabaud et al|[2013), iron-enriched compared to the host star

(options A2 and B2; see, e.g., |Adibekyan et al.|2021), and al-
lowing uniform sampling from a simplex with an upper limit

of 0.75 for iron (options A3 and B3). A detailed description of
plaNETic and the adopted priors can be found in [Egger et al]
(2024.

The results of our internal structure analysis are presented in
Figs. |E| andlﬂl For the water-rich case (option A), our models
predict that TOI-1203 b might possess a water-rich volatile layer
of up to a few percent of the planetary mass (Fig. [I6). Assum-
ing a water-poor composition (option B; not depicted), we found
that the high mean density of the planet implies a hydrogen-
helium mass fraction that does not exceed 1076, As a result of
photoevaporation processes, such a low-mass H and He enve-
lope would not remain stable throughout the system’s lifespan,
and TOI-1203 b would ultimately be a bare core. On the other
hand, TOI-1203 d is compatible with a wide range of possible

envelope mass fractions and envelope water mass fractions up to
~90 % (option A). For a water-poor composition (option B), we
found that the planet’s density is compatible with envelope mass
fractions of a few percent (Fig. [I7).

12. Conclusions

In the present paper, we report the discovery and characterization
of a four-planet system orbiting the old, thick disk, G-type star
TOI-1203. Our intensive Doppler follow-up conducted with the
HARPS spectrograph led to:

— The spectroscopic confirmation of the transiting warm sub-
Neptune TOI-1203 d (Po.a = 25.5 d), which was previously
identified in the TESS light curve by [Guerrero et al.| (2021
and subsequently validated by |Giacalone et al.|(2021).

— The discovery of TOI-1203 b, an inner low-mass small planet
on a ~4.2-day orbit. An independent transit search of the
TESS light curve allowed us to detect a potential transit sig-
nal at the period found by HARPS. Our high-precision pho-
tometric follow-up with the CHEOPS space telescope led to
the confirmation of the transit signal at a very high signifi-
cance level, while refining the radius of the planet.

— The discovery of a third low-mass planet (TOI-1203 c) with
an orbital period of Py~ 13.1 d and a minimum mass of
M sini. =5.46*03 Mo.

— The discovery of a fourth outer planet (TOI-1203 €) on a
long-period (Pow e = 204.6 d), eccentric (e =0.152 + 0.029)

orbit with a minimum mass of M, sini, = 42.10f}:§§ Mg.

The close-in transiting planet TOI-1203 b (Pgb» = 4.2 d) has
a mass of My =3.51*33 M (~9 % relative precision) and a ra-
dius of R, = 1.5207001 Rs (~ 3% relative precision), implying a
bulk density of py =5.48*074 gecm™(~13 % relative precision).
Figure 8] shows the position of TOI-1203 b in the mass-radius
diagram compared to the subsample of small (1 <R, <3.5Rg),
low-mass (1 < M}, <10 Mg) planets whose radii and masses are
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Fig. 17. Same as Fig. but for TOI-1203 d. The bottom panels shows models that were generated assuming a water-poor prior, consistent with

a formation inside the iceline (option B).

known with a precision better than 10% (as of July 2025).
BICEPS theoretical models (Haldemann et al.| 2024) are over-
plotted with different lines and colors. TOI-1203 b joins the rel-
atively small number of small low-mass transiting planets with
a likely rocky composition, whose masses and radii have been
precisely measured. The properties of these small rocky planets
were recently shown to depend on stellar age, with planets or-
biting older stars having a larger fraction of Mg and Si relative
to younger stars, which host more Fe-rich planets
. With an age of 12.5%}3 Gyr, TOI-1203 b is a particu-
arly old planet. According to [Weeks et al| (2023), the core of
such planets should consist mainly of Mg and Si, with only
about 20 % Fe. As illustrated in Fig. [I8] the position of TOI-
1203 b in the mass-radius diagram suggests that its composition
is close to that of a pure silicate planet, a scenario that agrees
with the posterior distributions shown in Fig. [T This is con-
sistent with the trend identified in[Weeks et al.| (2025)) that older
stars host planets with a relatively large Mg/Si fraction. With
a mass of My=7.39 + 0.62 Mg (~8 % relative precision) and
a radius of Rq=2.918"301¢ Re (~1.5 % relative precision), the
transiting warm mini-Neptune TOI-1203 d (P4 =25.5 d) has a
mean density of pg = 1.63%01¢ gcm™ (~10 % relative precision),
which suggests a structure comprising a solid core surrounded by

a volatile layer (Fig.[T8).
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Intriguingly, TOI-1203 is likely a binary star system
(Sect. [8:4) that contains two transiting S-type planets that orbit
the primary star and span the radius valley. By analyzing Kepler
Borucki et al| 2010) S-type planet candidates,
2024) have recently reported that the location of the radius val-
ley decreases compared to single stars for systems with binary
separations larger than 300 au. Hence, characterizing systems
like TOI-1203, which has a sky-projected binary separation of
~765 au, is key to confirm or disprove the trend found in Kepler
data.

TOI-1203 is an extremely interesting old benchmark
planetary system. Having an age of ~12.5 Gyr, this system
was formed very early in the history of our galaxy. With
[Fe/H =-0.39 + 0.04 and [a/Fe]=0.21 +0.04, this star was
probably among the most metal rich and a-element rich stars
at that cosmic epoch. Thus, TOI-1203 may well be one of the
earliest planetary systems to have formed in the Milky Way.
The large abundance of @ elements would have formed the
minerals for the planetary mantles. This is quite consistent
with the small core and large mantle mass fraction we found
in our interior modeling of TOI-1203 b (Fig. [I6). This type of
interior structure is probably typical for rocky planets found
around a-element rich thick disk and halo stars
2017}, [Adibekyan et al|2021). To highlight this, in Fig. [I9] we
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Fig. 18. Mass-radius diagram for small planets (1 <R, <3.5R,,
1 <M, <10 Mg) with mass and radius determinations better than 10 %,
as retrieved from the Transiting Extrasolar Planet Catalogue (TEPCat,
Southworth!| 2011} as of July 2025). TOI-1203 b and d are highlighted
with red circles. The solid and dashed curves are BICEPS theoretical
models (Haldemann et al.|2024) for planets with a Mercury-like com-
position (brown thick line); Earth-like composition (red dashed line);
100 % silicate composition (beige thick line); Earth-like composition
+ 10% H,0 with an equilibrium temperature of 7.4 = 1350 K (blue
dashed line); Earth-like composition + 1 % H/He with an equilibrium
temperature of Ty =750 K (light blue thick line); Earth-like composi-
tion + 3 % H/He with an equilibrium temperature of T,q = 750 K (green
thick line).

plot the normalized Earth-like planet density of TOI-1203 b
vs. the stellar iron fraction of TOI-1203, alongside the sample
of planetary systems presented in |Adibekyan et al.[(2021) with
the inclusion of K2-111 b (Mortier et al.|[2020). This host star
metallicity-planet composition link may also extend to watery
worlds (Adibekyan et al.| 2021) and gaseous mini-Neptunes
(Wilson et al.| |2022), and could influence the atmospheric
evolution of giant planets (Mantovan et al.[2024b). Interestingly,
combined chemical Galactic and proto-planetary simulations
hint that rocky Earth-mass planets should be more common
around a-element enhanced thick disk stars, as the low [Fe/H]
content of these disks would inhibit giant Neptune and Jupiter-
sized planet formation (Nielsen et al.|2023).

An important result of our study is the apparent instability
of the HARPS spectrograph. Both the FWHM of the CCF and
the line widths of Th-Ar emission lines show a periodic sig-
nal at 615-630 d (Sect. ). The most likely source is a slight
change in the instrumental profile (IP). HARPS was specifi-
cally designed to search for extrasolar planets orbiting FGKM
stars (Mayor et al.[2003)) and therefore it delivers exquisite long-
term RV stability and precision. Over its more than 20 years of
use, HARPS has proven its stability (see, e.g., Pepe et al.|2004;
Bouchy et al.| 2009; [Dumusque et al.| 2011; [Lovis et al.| 2011}
Lo Curto et al| [2013; |Anglada-Escudé et al.| 2016; Udry et al.
2019), but even the most stable spectrographs have instabilities
at some level. Fortunately, in this case the IP variations do not
seem to have a detectable effect on the measured RVs of TOI-
1203. This indicates that the changes in the IP are largely sym-
metric, since a change in the asymmetry of the IP is needed to
produce an instrumental RV shift.

For HARPS the changing IP may not influence the RV shifts
at the precision of ~1 ms™', but it might at the ~10 cms~'. The
latter is the measurement precision needed to detect an Earth-
mass planet in the habitable zone of G-type main sequence stars.
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Significant efforts have focused on improving the wavelength
calibration needed to achieve this precision in new generation
spectrographs (see, e.g., Pepe et al.|2021). It should be empha-
sized, however, that the RV measurement uncertainty that stems
from photon noise and wavelength calibration is just one com-
ponent; a changing IP can represent a significant contribution to
the error budget. Radial velocity instrumental shifts caused by
changes in the IP not only decrease the measurement precision,
but they could also mimic a planet signal. Using our case as an
example, if the changes in the HARPS IP produced an RV in-
strumental shift of 10 cms~! with a period of ~620 d, this would
be interpreted as arising from a ~1.3 Mg-mass object at ~1.42 au
from a 1 My-mass star. If these changes were also seen in the IP
then the planet hypothesis could be immediately ruled out.

Currently, the iodine method is the most extensively used
technique for measuring the IP (Valenti et al.|[{1995). Although
the HARPS spectrograph was initially equipped with an io-
dine cell to measure the IP, it unfortunately broke shortly after
HARPS was commissioned and was not replaced. This has made
it difficult to assess any changes of the HARPS IP. Alternatively,
one can use the laser peaks of the Laser Frequency Comb, as
these are unresolved by most high-resolution spectrographs and
can be treated as delta functions. They thus carry information on
the shape of the IP. In any case, it is essential for any spectro-
graph designed for ultra-precise RV measurements to have the
ability to monitor the IP to ensure that its temporal changes are
not introducing instrumental shifts. For the detection of an Earth
analog, this requires superb instrument stability over a decade,
which may be hard to achieve in practice. Thus, monitoring the
IP shape will be essential.
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Table B.1. HARPS DRS and TERRA RV measurements, full width at half maximum (FWHM) and bisector inverse slope (BIS) of the cross-
correlation function (CCF), Can H & K lines activity indicator (log Ry, ), exposure time, and S/N ratio per pixel at 550 nm.

BJDTDB RVDRS eRVDRs RVTERRA eRVTERRA CCF FWHM CCF BIS lOg R;—IK o 10g R;IK Texp S/N
—-2400000 (km s‘l) (km s‘l) (km s‘l) (km s‘l) (km s‘l) (km s‘l) (s)
58884.720544  72.6570  0.0010 0.0036 0.0011 6.7434 -0.0034  -4.9818 0.0053 1500 102.2
58886.843220 72.6527  0.0006 -0.0016 0.0007 6.7436 -0.0005  -4.9998 0.0038 1500 162.4
58887.760047 72.6513  0.0006 -0.0014 0.0006 6.7451 -0.0046  -4.9895 0.0032 1500 156.1
58888.780719  72.6540  0.0006 -0.0006 0.0007 6.7437 -0.0034  -5.0009 0.0027 1500 173.5
58889.777891 72.6544  0.0007 -0.0000 0.0008 6.7433 -0.0022  -5.0051 0.0035 1500 136.6
58890.788187 72.6553  0.0008 0.0016 0.0011 6.7509 -0.0027  -5.0001 0.0044 1500 113.2
58893.885001 72.6579  0.0006 0.0039 0.0008 6.7475 -0.0027 -5.0135 0.0044 1500 166.8
58894.794273  72.6579  0.0008 0.0037 0.0011 6.7495 -0.0003  -5.0053 0.0050 1500 114.2
58897.859783  72.6564  0.0008 0.0019 0.0009 6.7446 -0.0019  -5.0172 0.0055 1500 129.5
58898.829822  72.6576  0.0006 0.0033 0.0008 6.7425 -0.0038  -5.0096 0.0036 1500 175.2

Notes. Barycentric Julian dates are given in barycentric dynamical time (BJDrpg; |[Eastman et al.[2010).

machine-readable table at the Strasbourg astronomical Data Center (CDS).
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Table B.2. TOI-1203 model parameters.
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Parameter

Prior®

Derived value

Model parameters of TOI-1203 b
Orbital period Py, 1, (d)

U[4.1571,4.1575]

4. 1572888+0.0000050

~0.0000049
Transit epoch T » (BJDpg — 2 400 000) U[58545.8385,58545.9416] 58545.8916“_’81883
Planet-to-star radius ratio Ry, /R [0.00,0.03] 0.01182+0:00033
Impact parameter by, UI0,1.15] 0.847+000
Radial velocity semi-amplitude variation K, (ms™!) U[0,10] 1.51 £0.13
Vep sinwy b Ul-1,1] 0.16’:8:;2
\ep cos Wy 1 Ui-1,1] —O.lOtg:ig
Model parameters of TOI-1203 ¢
Orbital period P, ¢ (d) U[12.90,13.25] 13.0766’:8:88;3
Time of inferior conjunction Ty, . (BJDtpp —2 400 000) U[59193.4,59204.2] 59198.81 fg:gg
Radial velocity semi-amplitude variation K. (m s7h U[0,10] 1.62 +0.14
Vee sinwy ¢ Ul-1,1] 0.03f8:2
\eccos wy ¢ Ui-1,1] —0.20t8:f§

Model parameters of TOI-1203 d
Orbital period Pob, 4 (d)

U[25.5015,25.5040]

25 .502672+0‘000031

Transit epoch T ¢ (BJDpg — 2400 000) U[58553.02,58553.12] 58553.0711 4_(-)‘(())(?2;)5?2
Planet-to-star radius ratio Rq/R, U10.00,0.05] 0.02269 + 0.00028
Impact parameter by U[0,1.15] 0.407+00%
Radial velocity semi-amplitude variation K4 (m s7h U[0,10] 1.74 £ 0.014
Vedsinwy g Ul-1,1] —0.01jg:{$

Vea cos wy g Ur-1,1] -0.03*0-13
Model parameters of TOI-1203 e

Orbital period P, e (d) U[190.6,218.6] 204.59f8:g;
Time of inferior conjunction Ty, (BJDtpp —2 400 000) U[58871.0,58960.0] 58915.45%82
Radial velocity semi-amplitude variation K, (ms~") U[0, 10] 5.02*017

Vee sinwy e Ul-1,1] —0.066’_'8:8%
Vee cos wy e Ui-1,1] —0.379f8:8‘3‘g
Additional model parameters

Stellar mean density p, (g cm™3) N10.763,0.038] 0.767 +0.039
Parameterized limb-darkening coefficient ¢; (TESS) N[0.32,0.10] 0.27 +£0.08
Parameterized limb-darkening coefficient g, (TESS) NT0.25,0.10] 0.22*5%
Parameterized limb-darkening coefficient ¢; (CHEOPS) N[0.43,0.10] 0.45%0.08
Parameterized limb-darkening coefficient ¢, (CHEOPS) N10.30,0.10] 0.32 +£0.09
Systemic velocity y (m s7h U[-100.0, 100.0] 0.11+0.11
RV jitter term ogagrps (ms™") U[0, 10] 0.83 +0.10

Note —® U[a, b] refers to uniform priors between a and b, whereas Na, b] refers to Gaussian priors with mean a and standard

deviation b.
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Table B.3. TOI-1203 derived parameters.

Parameter

Derived value

Derived parameters of TOI-1203 b

Planet mass My, (M) 3.5170%
Planet radius Ry (Re) 1.520*504
Planet mean density py (g cm™3) 5.48f8:z)‘7t
Scaled semimajor axis ap /R 8.88 +0.15
Semi-major axis of the planetary orbit ay, (au) 0.04869i8:888g‘51
Orbit inclination #, (deg) 84.29f8:§‘2‘
Orbit eccentricity ey, 0.067f8282g
Argument of periastron of stellar orbit w,_, (deg) 125.4%851
Time of periastron passage Tper,» (BJDtpg —2400000)  58546. 16ﬁ8:7‘g
Equilibrium temperature® Teq 1, (K) 1361.2+134
Stellar insolation F,p, (Fg) 572.2+323
Total transit duration (1% to 4" contact) 14,4 (h) 1.911 + 0.027
Full transit duration (2™ to 3" contact) 73, (h) 1.758 + 0.031
Derived parameters of TOI-1203 ¢

Planet minimum mass M, sin i, (Mg) 5467030
Orbit eccentricity e, 0.092+0981
Argument of periastron of stellar orbit w.. . (deg) 172.8+8%7
Time of periastron passage Tper,c (BJDpg — 2400 000) 59201.103:33
Derived parameters of TOI-1203 d

Planet mass My (Mg) 7.39 +0.62
Planet radius Ry (Rg) 2.91 ngigjg’
Planet mean density pg (gcm™) 1.63%018
Scaled semimajor axis aq/R 29.77t8:§?
Semi-major axis of the planetary orbit a4 (au) 0.1632+0003)
Orbit inclination iy (deg) 89.22*01%
Orbit eccentricity eq 0.0Sng:ggg
Argument of periastron of stellar orbit w,_4 (deg) 186.4*913
Time of periastron passage Tper,a (BJDtpp — 2400 000) 58554.96f;:22
Equilibrium temperature® Teq 4 (K) 743.6ﬂ8§
Stellar insolation Fi g (Fo) 510737
Total transit duration (1** to 4™ contact) 7144 (h) 6.153*90%
Full transit duration (2™ to 3" contact) 73,4 (h) 5.824f8:8§2
Derived parameters of TOI-1203 e

Planet minimum mass M. sin i, (Mg) 42. IOf}:%
Orbit eccentricity e, 0.152 + 0.029
Argument of periastron of stellar orbit w. . (deg) 189.7%10%
Time of periastron passage Tper,c (BJDrpg —2400000)  58962.29*%3%

Note — @ Assuming zero albedo and uniform redistribution of heat.
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