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A B S T R A C T 

We revisit the TOI-2134 planetary system with three new high-cadence TESS sectors and 98 more spectra. This new anal- 
ysis confirms the two orbiting planets by simultaneously modelling a total of eight sectors of corrected TESS photometry 
and 280 HARPS-N and SOPHIE radial velocities: an inner mini-Neptune in a near-circular 9 . 229198 ± 0 . 000003 d orbit, 
and an outer temperate sub-Saturn orbiting with a 95 . 852840 ± 0 . 000042 d period and eccentricity of 0 . 31 ± 0 . 01 . The 
masses and radii of the planets were computed to be 9 . 37 ± 0 . 54 M⊕ and 2 . 735 ± 0 . 068 R⊕ for planet b, and 58 . 3 ± 1 . 9 
M⊕ and 7 . 35 ± 0 . 18 R⊕ for planet c. The new data not only improves the detection significance and precisions on the 
planetary orbits, but also breaks the original multimodality in the eccentricity solution for the outer planet. We also detect 
a long-term trend in the radial velocity data, which we attribute to a stellar magnetic cycle. We investigate the spin-orbit 
alignment of the system via observations of the Rossiter–McLaughlin (RM) effect for TOI-2134 b with EXPRES and TOI- 
2134 c with PARAS-2. No RM effect was detected for planet b, but we find a 4.7 σ detection of a 59 ± 31◦ obliquity for planet 
c. Finally, we examine the architecture of the system, assess its completeness, investigate the planetary interior, and their 
suitability for follow-up atmospheric analysis. 

Key words: methods: data analysis – techniques: photometric – techniques: radial velocities – planets and satellites: de- 
tection – stars: activity – stars: individual: TOI-2134, TIC 75878355, G 204-45. 
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 INTRODUCTION  

f the over 6000 exoplanets discovered to date, 1 gas giants with
nner low-mass companions are among the most informative, 
et poorly understood populations. In the Solar system, our gas 
iants (Jupiter and Saturn) reside well beyond the ice line. This
s consistent with core-accretion theories, which require them 

o form in a cold, solid-rich environment (e.g. J. B. Pollack et
l. 1996 ; O. Hubickyj, P. Bodenheimer & J. J. Lissauer 2005 ).
xoplanet surveys have, however, detected gas giants spanning a 
ide range of orbital periods, with the majority of them residing
nside their system’s ice line (J. N. Winn & D. C. Fabrycky 2015 ),
utting in situ formation into question and suggesting that their 
 E-mail: f.rescigno@bham.ac.uk 
 As shown in https://exoplanet.eu , accessed on 30/03/2026 
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rbits evolved either during or after formation. Overall, detected 
as giants appear divided into three sub-categories: hot Jupiters 
 P < 10 d), warm or temperate giants (10 d < P < 100–400 d), and
old giants (orbiting outside the ice line). Each group presents 
istinct characteristics: hot Jupiters are strongly irradiated, are 
ften tidally locked to their stars, and are subject to intense atmo-
pheric escape (e.g. R. A. Murray-Clay, E. I. Chiang & N. Murray
009 ). Temperate gas giants orbit further away from their star and
re spared the majority of these extreme phenomena. Irradiation- 
riven processes do not significantly affect their atmosphere and 
omposition, allowing them to preserve their primordial char- 
cteristics for longer. The presence of either of these classes of 
lanets challenges current formation theories. The current con- 
ensus is that they must have undergone some type of migration
ithin their system via, for example, disc-driven processes or 
igh-eccentricity interactions (e.g. D. N. C. Lin, P. Bodenheimer 
 D. C. Richardson 1996 ; J. N. Winn & D. C. Fabrycky 2015 ; R.
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. Nelson 2018 ; J. Schulte et al. 2024 ). Yet, the contributions of 
ifferent types of migrations remain a topic of debate. 
Transiting gas giants are particularly valuable laboratories, es-
ecially when their masses can be measured with radial-velocity
RV) follow-ups, enabling the study of their bulk density and
omposition. Gas giants are well described by two-layer mod-
ls, with heavy metal cores and H/He-dominated envelopes.
opulation-level analysis of their metal mass fractions can be
mportant to distinguish between run-away gas accretion and
lternative pathways such as envelope accretion in gas-depleted
iscs (e.g. J. B. Pollack et al. 1996 ; O. Hubickyj et al. 2005 ; E. J.
ee & E. Chiang 2015 ; D. P. Thorngren et al. 2016 ; Y. Chachan
t al. 2025 ; L. Thomas et al. 2025 ). Their large atmospheric scale
eights also facilitate atmospheric analysis via transmission or
mission spectroscopy, providing insights into their chemical
ompositions, cloud properties, and escape mechanisms (N. Mad-
usudhan 2019 ). Analysis of the compositions and atmospheres
f transiting giants over a wide range of temperatures and or-
ital periods can thus shed some much-needed light on possible
ormation or migration theories. However, the majority of well-
haracterized transiting giants fall into the hot Jupiter category.
heir short orbital periods and large RV amplitudes make them
uch easier to detect. In fact, 49.8 per cent of all confirmed
xoplanets have P < 10 d, and only 20 per cent have P > 90 d. 2 
recious few temperate gas giants have been detected, and we
ave high-significance mass determinations for even less. Any
ew detection is thus incredibly valuable. 
Within the temperate gas giants population, Saturn- and sub-
aturn-like planets occupy a critical transitional regime between
he very common sub-Neptunian exoplanets (thought to follow
ifferent formation mechanisms, e.g. R. Helled & P. Bodenheimer
014 ; E. J. Lee 2019 ) and Jovian worlds. They are typically de-
ned to have radii between 4 and 8 R⊕ and masses within ∼15
nd 60 M⊕ (E. A. Petigura et al. 2017 ). For this sub-population,
 correlation between planet mass and stellar metallicity has
een found (E. A. Petigura et al. 2017 ; G. Nowak et al. 2020 ),
onsistent with findings suggesting that more massive planets
referentially orbit higher-metallicity stars (e.g. N. C. Santos, G.
sraelian & M. Mayor 2001 ; D. A. Fischer & J. Valenti 2005 ; L. A.
uchhave et al. 2012 ; R. Rodríguez Martínez et al. 2025 ). These
rends imply that more metal-rich discs are more likely to be able
o support the formation of massive cores able to accrete large
aseous envelopes (also seen for massive sub-Neptunes in T. G.
ilson et al. 2022 ). The relationship between the mass of the
ubstellar companions and their stars has also been investigated,
uggesting that formation by core accretion is most efficient for
lanets with masses 0 . 2 − 2 MJ (J. Maldonado et al. 2019 ). Like all
emperate gas giants, sub-Saturns were also found to span a wide
ange of eccentricities, with an overdensity in their occurrence
ates around e ∼ 0 . 3 (T. R. Fairnington et al. 2025 ), supporting
ultiple eccentricity excitation mechanisms. However, the sam-
le of temperate Saturns remains comparatively small, limiting
he relevance of any population-level studies. 
Measurements of orbital obliquity offer an additional and com-
lementary formation and evolution diagnostic. The angle be-
ween the planet’s plane of orbit and the rotational axis of the star
an be measured by observing the Rossiter–McLaughlin effect
RM effect: D. B. McLaughlin 1924 ; R. A. Rossiter 1924 ) during
ransit. A large fraction of hot Jupiters have been found to be spin-
NRAS 550, 1–29 (2026)
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rbit misaligned (S. H. Albrecht, R. I. Dawson & J. N. Winn 2022 ),
upporting migration scenarios involving dynamical excitation
nd tidal evolution. In contrast, recent studies found temperate
as planets to be preferably aligned with the stellar spin axis (M.
ice et al. 2022 ; X.-Y. Wang et al. 2024 ; J. I. Espinoza-Retamal et al.
026 ), despite orbiting too far from their star to have re-aligned via
idal dissipation, raising the possibility of the population being
rimordially aligned and having instead possibly migrated via
lanet–disc interactions (e.g. G. Mantovan et al. 2024 ). Extending
bliquity analysis to a wider mass range as well as longer orbital
eriods is thus vital to assess the validity of different migration
athways. 
Therefore, the characterization of transiting temperate gas gi-
nts is of particular relevance. With well-defined radii, masses,
nd orbital characteristics, they enable a wealth of follow-up
nalysis, from ensemble studies to atmospheric observations.
hen such giants are also found to have inner lower-mass com-
anion planets, they provide a unique opportunity to study de-
endence on multiplanetarity, as well as a chance to probe atmo-
pheric evolution across a wide irradiation range within the same
ystem. In this context, well-characterized multiplanet systems
ontaining both a close-in planet and a temperate giant com-
anion are particularly powerful laboratories for testing coupled
heories of core growth, gas accretion, dynamical sculpting, and
tmospheric mass loss. 

.1 The TOI-2134 system 

he TOI-2134 system was first analysed in F. Rescigno et al. ( 2024 ,
rom here on referred to as R24). The star, also known as G204-
5, is a bright, high-proper motion, K5V dwarf (H. L. Giclas,
. Burnham & N. G. Thomas 1979 ; K. G. Stassun et al. 2019 ).
hrough this work, we employed the stellar parameters retrieved
y R24, and reported in Table 1 . 
With five TESS sectors, three years of WASP photometry
onitoring, and 219 spectra observed with HARPS-N and SO-
HIE, R24 detected and confirmed two transiting exoplanets.
he inner TOI-2134 b was determined to be a mini-Neptune in
 9.2292005 ±0.0000063 d circular orbit, with radius and mass
qual to 2 . 69 ± 0 . 16 R⊕ and 9 . 13 ± 0 . 77 M⊕. The planet was also
ubsequently observed during transit with Keck/NIRSPEC and
MM–Newton . With these data, M. Zhang et al. ( 2023 ) detected
scaping helium for the fifth-ever time from a mini-Neptune, and
or the first time from a mature one. TOI-2134 b was found to
e particularly important as it anchors the relationship between
bserved and energy-limited mass-loss rates, as the one with the
owest value for both. 
For the outer planet, TOI-2134 c, TESS photometry was able to
apture only a mono-transit, and although an extensive follow-up
ampaign was undertaken both on the ground and in space, no
econd transit was detected due to bad luck and worse weather.
rom a joint analysis of the available mono-transit and the RVs,
he exoplanet was concluded to be a Saturn-like temperate gas
iant with an orbital period of 95+0 . 36 

−0 . 25 d. Its radius and mass
ere computed to be 7.27 ±0 . 42 R⊕ and 41.89+7 . 69 

−7 . 83 M⊕. The or-
ital configuration of TOI-2134 c was hard to pinpoint, as two
qually probable solutions were found: one with an eccentricity
f 0.45 ±0.05 and a second with a more extreme eccentricity of 
.67 ±0.05. After analysing the shape of the mono-transit and
alidating the stability of the orbit, the larger eccentricity case
as deemed more likely and was thus presented with the note
hat the planetary mass and radius agreed to 1 σ for both models.

https://exoplanet.eu
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Table 1. Stellar parameters of TOI-2134. 

Parameter Value Source 

RA [h:m:s] 18:07:44.52 Gaia Collaboration ( 2020 ) 
Dec. [d:m:s] + 39:04:22.54 Gaia Collaboration ( 2020 ) 
Spectral type K5V C. B. Stephenson ( 1986 ) 
mV [mag] 8.933 ±0.003 TESS Project∗
Parallax [mas] 44.1087 ± 0.0144 Gaia Collaboration ( 2020 ) 
Distance [pc] 22.655 ±0.007 R24 
Proper motion RA [mas yr−1 ] 54.536 ±0.016 Gaia Collaboration ( 2020 ) 
Proper motion Dec. [mas yr−1 ] −283.051 ±0.016 Gaia Collaboration ( 2020 ) 
L� [ L�] 0.192 ±0.008 R24 
Fbol [erg cm2 s−1 ] 1.198 ±0.048 R24 
Teff [K] 4580 ±50 R24 
log( g) [cm s−1 ] 4.8 ±0.3 R24 
[Fe / H] 0.12 ±0.02 R24 
Mass [M�] 0.744 ±0.027 R24 
Radius [ R�] 0.709 ±0.017 R24 
Density [ ρ�] 2.09 ±0.10 R24 
Age [Gyr] 3 . 8+5 . 5 

−2 . 7 R24 
v sin (i� ) [km s−1 ] < 2 km s −1 This work 
< log R′ 

HK > −4.87 ±0 . 41 This work 
Prot [d] 48 . 94+0 . 88 

−0 . 81 This work 

Note.∗See ExoFOP: https://exofop.ipac.caltech.edu/tess/target.php?id=75878355 
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In the years following that publication, TOI-2134 was observed 
n three additional TESS sectors with high cadence, and a new 

ransit of the outer planet was detected. Together with the long-
erm RV follow-up campaign undertaken by HARPS-N and SO- 
HIE, this new amount of data kick-started a re-analysis of the
ystem. Particular attention was paid to the eccentricity of the 
uter planet, given the two originally competing models (see sec- 
ion 6.2 of R24). In this work, we thus revisit the TOI-2134 system.
e confirm and refine the orbital parameters of both planets, 
eaching a more precise and better defined unique eccentricity 
olution for TOI-2134 c. We also investigate the orbital obliquity 
f the planets via an RM analysis. 
This publication is structured as follows. The new data are 
resented in Section 2 . In Section 3 the stellar activity signal is
e-analysed. We first fit the photometric data in Section 4 , then
e analyse the RVs in Section 5 . Section 6 covers the final joint
hotometry and RV analysis. Section 7 focuses on the study of 
he RM signals. We present the new planetary results and discuss
he characteristics of the system in Section 8 . In particular, Sec-
ion 8.1 discusses the new eccentricity solution of planet c and 
laces it in its wider context. Sections 8.2 and 8.3 focus on the
ossible formation and migration pathways of the system, also 
onsidering possible undetected outer companions. The interior 
ompositions of both planets are assessed in Section 8.4 . We also
ighlight the potential of the system for atmospheric analysis 
ollow-ups in Section 8.5 . Finally, we conclude in Section 9 . 

 DATA  

his work makes use of both archival and unpublished data. 

.1 TESS photometry 

ASA’s Transiting Exoplanet Survey Satellite ( TESS : G. R. Ricker
t al. 2014 ) is a space-based photometric telescope designed for
n all-sky survey of transiting exoplanets. It consists of four wide-
eld refracting cameras with 10 cm apertures. TESS has observed 
OI-2134 sporadically over the past 5 yr. Five sectors (Sectors 
6, 40, 52, 53, and 54) were observed with 2-min cadence only,
etween BJD 2459010 and 2459035, BJD 2459390 and 2459418, 
nd BJD 2459718 and 2459797 (2020 Jun 9 to Jul 4, 2021 Jun 24
o Jul 22, and 2022 May 18 to Aug 5). Subsequently, three sectors
Sectors 74, 79, and 80) were also observed at 20-s cadence be-
ween BJD 2460312 and 2460340, and BJD 2460452 and 2460506 
2024 Jan 2 to 30 and 2024 May 21 to Jul 14). In total there are
30 359 data points. 
The data were originally processed and calibrated using the 
ESS Science Processing Operation Centre (SPOC) pipeline 
ased at NASA Ames Research Center (J. M. Jenkins et al. 2010 ).
wo sets of planetary transits were detected: 23 transits for an
nner planet, and two transits for the outer one (contained in
he original Sector 52, and the new Sector 80). However, strong
ystematics in Sectors 40, 79, and 80 remained. To correct for
hese, we performed a second systematic correction of the SPOC 

imple Aperture Photometry (SAP) light curves (J. D. Twicken 
t al. 2010 ; R. L. Morris et al. 2020 ). We modelled the system-
tics as the sum of moments of the spacecraft quaternion time
eries, while long-term variations were described by a basis spline 
A. Vanderburg et al. 2019 ). After producing the systematics- 
orrected light curves, we flattened them by simultaneously mod- 
lling the transit and the slow variations, as described in A.
anderburg et al. ( 2016 ). These corrected data are shown in
ig. 1 , with all the planetary transits highlighted by vertical
ines. 

.2 Radial velocities 

e obtained a total of 315 RVs with four different instruments:
ARPS-N, SOPHIE, EXPRES, and PARAS-2. 
MNRAS 550, 1–29 (2026)
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M

Figure 1. TESS systematics-corrected light curve over eight sectors, with corrected Barycentric Julian Date on the x -axis and normalized flux on the 
y -axis. All data are plotted in blue, with error bars in light grey. Overplotted in red is the 30-min mean of the observations. The last three sectors were 
observed at a higher cadence. The 23 visible transits of TOI-2134 b are highlighted by vertical dash–dotted lines. The two transits of TOI-2134 c are shown 
with solid grey lines. 

2

O  

a  

t  

R  

s  

o  

s  

s  

r  

H  

f  

b  

w  

t  

2  

w  

a  

t  

a  

v  

f  

t  

f  

m  

r  

a  

b  

A  

p  

m  

t  

0

2

F  

p  

d  

a  

s  

e  

o  

o  

w  

2  

w
t  

O  

(  

w  

p  

v  

n  

c  

t  

r  

H  

U  

fi  

a  

f  

(  

t
8  

r  

l

2

W
2  

S  

t  

S  

U  

c  

s  

2  

D
ow

nloaded from
 academ

ic.oup.com
/m

nras/article/550/2/stag1265/8724579 by guest on 06 O
ctober 2026
.2.1 HARPS-N spectroscopy 

n top of the previously published 111 RVs, we collected 49
dditional spectra of TOI-2134 (for a total of 160 spectra) with
he pressure- and temperature-stabilized échelle High-Accuracy
adial-velocity Planet Searcher for the Northern hemisphere
pectrograph (HARPS-N: R. Cosentino et al. 2012 , 2014 ), installed
n the 3.6-m Telescopio Nazionale Galileo (TNG) at the Ob-
ervatorio de Los Muchachos on La Palma, Spain. HARPS-N’s
pectral range spans between 383 and 691 nm, and has average
esolution R = 115 000 . The spectra were collected as part of the
ARPS-N Collaboration Time for the RV follow-up campaign
or TESS planet candidates. The first 32 spectra were collected
etween BJD 2459417 and 2459515 (2021 Oct 27 to Jul 21), 79
ere collected between BJD 2459638 and 2459892 (2022 Feb 27
o Nov11), 45 of the new spectra were observed between BJD
459995 and 2460245 (2023 Feb 19 to Oct 27), while the last 4
ere collected as low-cadence follow-ups between BJD 2460445
nd 2460934 (2024 May 14 to 2025 Sep 15). The average exposure
ime was ∼15 min, with an average signal-to-noise ratio (S/N)
t 550 nm of ∼110. The spectra were reduced using the 3.0.1
ersion of the standard Data Reduction Software (DRS) adapted
rom the ESPRESSO pipeline (X. Dumusque et al. 2021 ), and
he radial velocities were extracted using the cross-correlation
unction (CCF) method computed with a K6-type numerical
ask. The DRS also outputs a series of activity indicators de-
ived from the stellar spectra (the S-index and the H α index)
nd their CCFs [the full width at half-maximum (FWHM), the
isector span BIS, and the contrast] as well as their uncertainties.
ll data are plotted in Fig. 2 . The derived RVs show a peak-to-
eak variation of 35.65 m s −1 , and a standard deviation of 7.46
 s −1 . We subtract the median RV of −20.622 km s −1 for illus-
rative purposes. The mean RV uncertainty is computed to be
.76 m s −1 . 

.2.2 SOPHIE spectroscopy 

urther follow-up spectra were also taken by the Spectrographe
our l’Observation des Phénomènes des Intérieurs stellaires et
es Exoplanètes (SOPHIE: S. Perruchot et al. 2008 ). SOPHIE is
NRAS 550, 1–29 (2026)
 stabilized échelle spectrograph mounted on the 193 cm tele-
cope at the Observatoire de Haute-Provence, France (F. Bouchy
t al. 2013 ). Similarly to HARPS-N, SOPHIE observes the entire
ptical range (387–694 nm). R24 presented 113 measurements
f TOI-2134, of which 108 passed quality assessments. For this
ork, we obtained 13 additional SOPHIE spectra between BJD
460044 and 2460391 (2023 Apr 8 to 2024 Mar 20). The data
ere acquired under the program ID 19A.PNP.HEBR. None of 
hem were found to be significantly polluted by sky background.
bservations were taken with SOPHIE’s high-resolution mode

 R = 75 000), and the fast mode of the CCD reading. The data
ere reduced as described in R24, in particular following the
rocedures presented by N. Heidari et al. ( 2024 , 2025 ). One radial
elocity observation was removed after quality cuts, yielding 12
ew spectra. The final SOPHIE data set for TOI-2134 thus in-
ludes a total of 120 measurements, and spans a longer baseline
han the HARPS-N data. Together with the corrected RVs, a se-
ies of activity indicators derived from the spectra (log R′ 

hk and
 α index) and the CCFs (FWHM and contrast) are produced.
ncertainties for the first two were derived directly from the
tting of the spectra, while uncertainties for the CCF indicators
re defined starting from uncertainties on the RV measurements
ollowing the scaling convention described in A. Santerne et al.
 2015 ). All data are plotted in Fig. 3 . The derived RVs show peak-
o-peak variations of 36.20 m s −1 , and a standard deviation of 
.46 m s −1 , both comparable to those derived from the HARPS-N
adial velocities. The average uncertainty is however three times
arger, equal to 2.28 m s −1 . 

.2.3 EXPRES spectroscopy 

e observed TOI-2134 during a transit of planet b on UT night of 
023 April 28 (circa BJD 2460062.5) using the EXtreme PREcision
pectrometer (EXPRES: C. Jurgenson et al. 2016 ) mounted on
he 4.3m Lowell Discovery Telescope (S. E. Levine et al. 2012 ;
. E. Levine & W. T. DeGroff 2016 ), located near Flagstaff, AZ,
SA. EXPRES is a stabilized high-resolution ( R ∼ 137 000 ) opti-
al (390–780 nm) spectrograph with a single measurement preci-
ion of < 32 cm s−1 in ideal circumstances (R. T. Blackman et al.
020 ). We took 21 exposures over a duration of ∼5 . 8 h cover-
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Figure 2. Left : data products of the 3.0.1 HARPS-N DRS plotted against corrected Barycentric Julian Date. In order from top to bottom: radial velocities, 
full width at half-maximum, bisector span (all in m s −1 ), contrast, S-index, and H α index. Uncertainties are plotted as error bars, but may be too small to 
be visible. The first two seasons were published in R24, and the latter two are presented for the first time in this work. Right : generalized Lomb–Scargle 
periodograms of the corresponding time series, plotted as period of the signal in days against normalized power. False alarm probabilities levels of 1 and 
0.1 per cent for each periodogram are depicted as dashed and dotted horizontal grey lines, respectively. Vertical red dashed lines highlight the orbital 
periods of the two planets in the system as computed from R24. The suspected activity signal is shown by a blue solid vertical band. 
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ng the full 3-h transit with exposure times of 900 s. The data
ere acquired as part of the Lowell Observatory Staff program. 
ue to target visibility we only acquired one pre-transit expo- 
ure. The observations were taken in moderate conditions, with 
/N ranging from 39 to 80 at 550 nm, and target S/N of 100.
he start of the observing sequence was particularly affected by 
oor seeing and high airmass. A laser frequency comb and Th-
r lamp were used for wavelength calibration throughout the 
bservations. We computed CCFs using a K2 line mask. Radial 
elocities and their uncertainties were derived from the centre 
f a Gaussian fit to the CCF. The peak-to-peak variation of the
ata was computed to be 15.8 m s −1 , and the standard devia- 
ion was found to be 3.5 m s −1 . The median value of the RVs (-
0.6m s −1 ) was subtracted from the data. We computed the mean 
ncertainty value to be 1.5 m s −1 . These uncertainties reflect the 
ombination of bad seeing and the target being observed at high
irmass. 

.2.4 PARAS-2 spectroscopy 

he PRL Advanced Radial-velocity Abu-sky Search 2 (PARAS- 
: A. Chakraborty et al. 2018 , 2024 ) is a high-resolution fibre-
ed spectrograph mounted on the 2.5 m telescope at the PRL
ount Abu Observatory, Gurushikhar, India, as the successor 
f the PARAS-1 spectrograph (A. Chakraborty, E. H. Richardson 
 S. Mahadevan 2008 ; A. Chakraborty et al. 2014 ). The spec-
rograph has been functioning since late 2022 and is able to
chieve on-sky RV dispersion of ∼2 m s −1 (S. Baliwal et al. 2024 ). 
t operates in the wavelength range of 380–690 nm at a median
esolution of ∼107 000. It uses uranium–argon hollow-cathode 
amps for simultaneous referencing and wavelength calibration 
R. Sharma & A. Chakraborty 2021 ; S. Baliwal et al. 2024 ). Given
ts unique latitudinal position, PARAS-2 proved to be the only 
igh-resolution spectrograph able to observe TOI-2134 over the 
ast few years during any of the night-time transits of planet c
o measure its RM. The selected transit fell on the UT night of 
025 April 7 ( ∼BJD 2460773.5) and was expected to last ∼5 h. We
btained 13 spectra during the transit, as well as 3 further spectra
he nights before and after to build a baseline. Unfortunately, due
o the limited available dark hours, no baseline data could be col-
ected on the night of the transit. The data were obtained as part
f the PRL Exoplanet Legacy Program. The RVs are derived by
ross-correlating the wavelength-calibrated spectra with a K5 line 
ask. A detailed description of the data reduction procedures 
nd analysis pipeline is presented in S. Baliwal et al. ( 2024 ). The
xposure time for all the spectra acquired was 900 s, except for one
pectrum, acquired the night before the transit, which was 1200 
. Although the observations span the majority of the planetary 
ransit, the weather at the site was sub-optimal, and the achieved
/N ranges between 20 and 34 (per pixel), which resulted in a
ean uncertainty of 5.5 m s −1 . The peak-to-peak variation of the 
V was computed to be 54.1 m s −1 , with a standard deviation of 
.6 m s −1 . The mean seeing during transit was approximately 1.25 
rcsec, for airmasses between 1.72 and 1.04. Two data points were
ound to be outliers by several tens of m s −1 and were excluded 
rom all analyses. The final data set used for RM analysis com-
rised 14 spectra. 
MNRAS 550, 1–29 (2026)
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M

Figure 3. Same as Fig. 2 , but for the SOPHIE data products. In order from the top: radial velocities, log R′ 
hk , H α index, FWHM and contrast of the CCF, 

with associated periodograms on the right. R24 included data from the first three seasons, while the last 12 data points have been obtained since its 
publication. Uncertainties for all time series are included, but error bars may be too small to be visible. 
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 STELLAR  ACTIVITY  SIGNAL  

e started by measuring the projected rotational velocity v sin (i� )
f TOI-2134 from the obtained spectra. In agreement with the
esults of R24, we were only able to define the higher limit of 
sin (i� ) < 2 km s −1 through spectral synthesis (M. Tsantaki et al.
014 ), which yielded a minimum stellar rotation period of ∼18 d
assuming i� = 90◦). In order to further refine this measurement
e also used a method similar to that described in M. Rainer
t al. ( 2023 ), which extracts the projected rotational velocity using
he FWHM of the spectral CCFs. We computed the v sin (i� ) to be
 . 32 ± 0 . 32 km s −1 . 
The mean S-index of the observations was computed to be
.520 ±0.001, equivalent to a mean log R′ 

hk of −4.87 ±0.41 using
he R. W. Noyes et al. ( 1984 ) relations (compared to the Sun’s
ean of circa −5.02, e.g. D. Lubin, D. Tytler & D. Kirkman 2012 ).
We computed the Spearman correlation coefficient between
oth RV data sets and their corresponding activity indicators. 3 
he correlation plots are shown in Fig. A1 . Weak but non-
ero correlations were only found between a subsection of the
ARPS-N activity indicators with their RVs. In order of signif-
cance: the contrast showed a correlation coefficient of −0.26,
NRAS 550, 1–29 (2026)

 A significant caveat to this analysis is that the RVs are dominated by the 
ignal of the outer planet, which will inherently weaken the correlation 
ith activity indicators. 

s  

p  

n  

p  

s  
ollowed by the FWHM with 0.25, the S-index with 0.24, the BIS
ith 0.14, and finally the H α index with 0.05. The first three
roxies also presented a clear temporal dependency, hinting at
he presence of a long-period stellar signal. SOPHIE RVs showed
lose to no correlation with any of their indicators, with Spear-
an correlation coefficients of 0.11, 0.07, 0.04, and 0.02 for the
 α index, FWHM, log (R′ 

hk ) , and contrast, respectively. Overall,
o strong correlation was thus found. Part of this behaviour is ex-
ected, as R24 showed that the amplitude of the stellar variability
ignal is comparable to the semi-amplitude of TOI-2134 c. 
To begin assessing the impact of stellar variability as well as

o isolate the rotation period of TOI-2134, we computed gener-
lized Lomb–Scargle periodograms (GLS: M. Zechmeister & M.
ürster 2009 ) of the radial velocities and their proxies, plotted
ext to their respective time series in Figs 2 and 3 for HARPS-N
nd SOPHIE, respectively. In all cases, we included false alarm
robabilities (FAPs) of 1 per cent and 0.1 per cent. Starting from
he HARPS-N radial velocities, the strongest signal is found at
95 d, the orbital period of TOI-2134 c extracted in R24. No strong
eak is found at the period of the other known planet at 9.2 d.
he second most significant peak, and the only other peak to
urpass the 0.1 per cent FAP level is instead found at ∼48 d, the
ostulated stellar rotational period. However, it is important to
ote that 48 d is almost exactly half of the period of the strongest
eak at 95 d. This result made distinguishing between planetary
ignals and stellar activity contributions difficult. In fact, finding
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eaks at harmonics for planets and activity will significantly bias 
imple periodogram whitening analysis, especially in cases where 
ccentricity is non-negligible. We proved this by simulating a Ke- 
lerian signal with a period of 95 d with significant eccentricity, 
ubtracting a sinusoid of the same period, and taking the peri-
dogram of this remaining signal, which showed a statistically 
ignificant peak at around 48 d. This coupled behaviour created 
he original difficulties in determining the eccentricity of planet 
, as the signal of an eccentric Keplerian can also be modelled
y two sinusoids with periods of P and P/ 2 . Nonetheless, we
ould ascertain the presence of a stellar periodic signal from the
nalysis of the periodograms of the activity indicators. This ∼48 
 period in fact also corresponds to the most significant peak 
nder 100 d for the FWHM, the contrast, and especially in S-
ndex, where the peak exceeds FAP of 0.01 per cent. Most proxies
lso show power in the periodogram at long periods, indicative 
f a long-term trend (as a visual inspection of the time series also
ighlights). This trend is very consistent between S-index and 
WHM, and strongly anticorrelated with the contrast. This signal 
s most likely an unresolved stellar magnetic cycle with a period
onger than 3.3 yr. 
SOPHIE radial velocities also present their most significant 
eak at the orbital period of the outer planet, with a second
elevant signal found at the period of the inner planet. No other
ignificant peaks are found. The activity indicators also do not 
how strong signs of activity, with no significant periodic signal 
etectable. 
We also investigated the presence of activity-induced signals in 

he available photometry. We found no signs of rotational modu- 
ation or significant contamination by flare events. 

.1 Modelling the activity indicators 

n order to better constrain the stellar rotation period, we also
odelled the activity indicators with a Gaussian process (GP) 
escribed by a quasi-periodic (QP) kernel (R. D. Haywood et al. 
014 ) with a white noise ‘jitter’ term added in quadrature. We
efine the QP kernel k following the formulation of V. Rajpaul
t al. ( 2015 ) with an added white noise term as 

(xi , xj ) = A2 exp 

( 

− sin 2 (π (xi − xj ) /Prot ) 
2 λ2 

− (xi − xj )2 

2 P2 dec 

) 

+ δi , j β, 

(1)

n which xi and xj are two data points of our time series, A
epresents the amplitude, Prot is the period of the ‘periodicity’ 
in our case the rotational period of the star), λ is the inverse
armonic complexity, Pdec is the time-scale of the evolution (often 
ied to the decay time-scale of active regions), δi , j is the Kro-
ecker Delta, and β is the amplitude of the white noise. We 
tted for the best covariance hyperparameters with an affine in- 
ariant Markov Chain Monte Carlo (MCMC: e.g. D. Foreman- 
ackey et al. 2013 ) parameter space searching algorithm. We 
sed the MAGPy-RV4 pipeline for one-dimensional GP regres- 
ion (F. Rescigno, B. Dixon & R. D. Haywood 2023 ). We chose
o only model the two activity proxy time series whose peri-
dograms showed the strongest signal at a similar period as the
Vs: the S-index and the FWHM of the HARPS-N spectra. 
 Available at: https://github.com/frescigno/magpy rv

5
6
7

We defined similar priors for both data sets. The period was
ound by a Gaussian prior centred on 48 d, with a width of 10 d,
ased on the results of the periodogram analysis. The time-scale 
f the quasiperiodicity was required to be larger than the period to
nsure the interpretability of the results. All other variables were 
ound by wide uninformative positive uniform priors. 
We simultaneously evolved 200 chains for 50 000 steps each, 
iscarding a burn-in of 10 000 steps. The models for both time
eries converged for all hyperparameters defined by a Gelman- 
ubin statistic being less than 1.01. The S-index was best fit by a
eriod of 50 . 5+2 . 2 

−2 . 6 d, while the FWHM was best described with a
eriod of 48 . 3 ± 1 . 6 d. In both cases, the derived stellar rotations
gree within 1 σ with the rotation period extracted from the RVs
n R24, and with each other. 

 TRANSIT  PHOTOMETRY  

o refine the orbital characteristics of the system, we under- 
ent a full re-analysis of all the available data. We started with
he photometry. We modelled the TESS data using K. Mandel 
 E. Agol ( 2002 ) transit models, implemented in the package
atman 

5 (L. Kreidberg 2015 ). In this formulation, we fit three
arameters for the host star: its density, ρ� , and its linear and
uadratic limb-darkening terms, q1 and q2 , parametrized follow- 
ng D. M. Kipping ( 2013 ). The two transiting planets are described
y six parameters each: their orbital period P , time of inferior
onjunction t0 , orbital inclination i , the logarithm of the ratio
f the radii of planet and star log (R� /Rpl ), and eccentricity and 
rgument of periastron e and ω, parametrized to Sk =

√ 

e sin (ω) 
nd Ck =

√ 

e cos (ω) (J. Eastman, B. S. Gaudi & E. Agol 2013 ). 
We imposed a series of informative priors: we first bound the
tellar density with a Gaussian prior centred on the known stellar
ensity value and with a width defined by its computed uncer-
ainties. The period of planet b was bound by a uniform prior
etween 9 and 9.4 d, and its time of inferior conjunction was
llowed to vary only between BJD 2459010 and 2459019, based 
n visual inspection of the time series and on the results of the
eriodogram analysis. Similarly, the period and time of inferior 
onjunction of planet c were bound by uniform priors between 
0 and 110 d and BJD 2459700 and 2459790. We restricted the
mpact parameter of both planets to be greater than 0 to allow for
 visible transit, and their Sk and Ck values to be between −1 and
 1, as per definition. The limb-darkening parameters were both 
nly allowed to vary between 0 and 1, following D. M. Kipping
 2013 ). All other parameters were allowed to explore the entire
pace. 

.1 Photometry results 

his analysis was undertaken using Version 10.11 of the PyOrbit 
ramework 6 (L. Malavolta et al. 2016 ; L. Malavolta et al. 2018 ),
hich allows for parameter fitting using dynamic nested sam- 
ling techniques ( dynesty 7 : J. S. Speagle 2020 ; S. Koposov et al.
024 ). We evolved 5000 live points until convergence ( � log ˆ Zi <
0−2 ). All model comparisons were conducted via the logarithmic 
ayes factor � log B (calculated as the difference in logarithmic 
MNRAS 550, 1–29 (2026)

 Available at: https://github.com/lkreidberg/batman 
 Available at: https://github.com/LucaMalavolta/PyORBIT/ 
 Available at: https://github.com/joshspeagle/dynesty

https://github.com/frescigno/magpy rv
https://github.com/lkreidberg/batman
https://github.com/LucaMalavolta/PyORBIT/
https://github.com/joshspeagle/dynesty
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Figure 4. Observed minus calculated diagram of the transit times of 
planet b. The data set includes 22 transits spread across eight TESS sectors 
(26–80). Data are 120-s cadence for Sectors 26–54, and 20-s cadence for 
Sectors 74, 79, and 80. This explains the lower error bars on the last transit 
times. 
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ayesian evidence of the two considered models). A � log B > 5
efines a significant statistical preference. 
In this first analysis, the eccentricity of the outer planet was
onfirmed to be significant, and TOI-2134 b was found to have
 near-circular orbit. We thus chose to test whether a simpler
orced-circular model would be preferred. For this run we kept all
he same priors, fixed eccentricity and argument of periastron of 
he inner planet to 0 and 90◦, respectively, and evolved the same
umber of live points for a nested sampling analysis. This simpler
odel was actually strongly disfavoured ( � log B = 36), and the
ore complex model was reconfirmed as the preferred solution
o the photometry-only analysis. 
The radius ratios between the planets and the star were derived

o be 0 . 03580 ± 0 . 00043 for TOI-2134 b and 0 . 09374+0 . 00097 
−0 . 00079 for

OI-2134 c (83 σ and 107 σ detections, respectively). We thus com-
uted their radii as 2 . 770 ± 0 . 075 R⊕ for planet b, and 7 . 26 ± 0 . 19
⊕ for planet c. The stellar radius uncertainties were the lead
ontribution to the error associated with the derived planetary
adii, capping their precision at 35 σ , highlighting the need for
ery precise stellar characterization. We not only precisely re-
onfirmed the orbital period for TOI-2134 b as 9 . 2291966+0 . 0000036 

−0 . 0000029 
, but were also able to measure the orbital period of TOI-2134
 to be 95 . 852851 ± 0 . 000039 d from the two transits available.
he times of inferior conjunction were also very precisely deter-
ined to be BJD 2459010 . 68941 ± 0 . 00048 and 2459718 . 96923 ±
 . 00031 d for the inner and outer planets, respectively. While the
ccentricity of the outer planet was measured to be statistically
ignificant, it could not be strongly constrained ( ec = 0 . 41+0 . 13 

−0 . 10 ). 

.2 Transit timing variations 

e performed a second photometric analysis of the TESS data,
n a model where the individual transit times of planet b are
ncluded as free parameters. We employed a custom light curve
xtraction following the process described in M. Stalport et al.
 2025a ), and confirmed visually that the linear ephemerides pro-
ide a good estimate of the transit timings until the last Sector
0. Therefore, to ease the analysis, we defined new light curves
hat contain only the transits of planet b and 0.3 d (i.e. 7.2 h)
f timespan before and after the transit centres as baseline. As
 consequence, the two transits of planet c were masked as well,
nd we used a one-planet model focusing on planet b. For each
ransit timing, we employed wide normal priors around the linear
phemerides, with a standard deviation of 0.1 d. We did not in-
lude the period P and time of inferior conjunction T0 , since they
re computed a posteriori from the individual transit times. We
et wide uniform priors on the other planet parameters ( Rb /R� ,
b , eb , ωb ). We set a Gaussian prior on the stellar density from our
tellar characterization analysis, and on the limb darkening coef-
cients q1 , q2 provided by the posterior of the linear ephemerides
t (Table A1 ). We use a single set of TESS instrumental parame-
ers for the entire data set ( q1 , q2 , offset, and jitter). To account
or leftover red noise, we also include in the model a GP re-
ression with a Matern kernel, as implemented in celerite
D. Foreman-Mackey et al. 2017 ). We place wide uninformative
riors on the two GP hyperparameters: the GP amplitude and
ime-scale have log-uniform priors in [10−4 , 103 ]% relative flux
nd [0.1,103 ] d, respectively. 
In total, 22 transits of planet b were fitted individually. We

an this photometric analysis with Juliet (N. Espinoza, D. Kos-
akowski & R. Brahm 2019 ). The parameter space was explored
ith the nested sampler dynesty (J. S. Speagle 2020 ), with a
NRAS 550, 1–29 (2026)
umber of live points given by N2 (with N the number of free
arameters, 33 in total including 22 transit times). The result of 
ur fit is presented in Fig. 4 . Unambiguously, no measurable TTVs
ere detected within the current data set. We note a possible cor-
elation in the observed minus calculated diagram. To establish
ts robustness, we repeated the analysis with an independent set
f instrument-specific parameters per sector ( q1 , q2 , offset, and
itter). In addition, we relaxed the priors on the stellar density and
imb-darkening coefficients. To fasten the analysis, we split the
ata set into four pairs of sectors and carry out independent fits
n each pair, following the approach of M. Stalport et al. ( 2025a ).
he resulting timings display a similar behaviour to Fig. 4 . The
entative correlation in the residual observed minus calculated
iagram might therefore reflect a very low amplitude TTV signal,
hich remains currently out of reach. Forthcoming TESS sectors
18 and 119 (2027 June–July) will be helpful in investigating this
spect. 
We compared this result with dynamical simulations using
TVFast (K. M. Deck et al. 2014 ). The absence of measurable
TVs on planet b is in agreement with an orbital eccentricity
f planet c around 0.4, as estimated in Section 4.1 . However,
he high-eccentricity model favoured in R24 clashes with this
hotometric analysis: for ec as high as 0.67, the dynamical sim-
lations show significant TTVs with amplitudes up to 1 h. This
hotometric analysis of the TESS data, as such, prioritizes the
ower eccentricity model presented in R24. 

 RADIAL  VELOCITY  ANALYSIS  

e also undertook a series of analyses to better define the system
haracteristics using the radial-velocity data available. For these
nalyses we did not consider the EXPRES and PARAS-2 data:
iven their very short baseline and larger uncertainties, they
ould not significantly improve the analysis and only add more
egrees of freedom. We describe the signals in the RVs with a
eries of models: Keplerians, polynomial trends, and two types of 
aussian processes. We also re-derived the radial velocities with
wo new extraction and stellar activity correction methods. All
he analyses were compared against each other when possible. 

.1 Defining the number of planets in the system 

hile the photometric analysis confirmed the presence of two
rbiting bodies in the system, it cannot ascertain whether these
ignals can in fact be detected in the radial velocities, or whether
ther non-transiting planets could be present. Our first analy-
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is thus attempted to describe all signals in the radial velocities 
ith increasing numbers of Keplerians. Each Keplerian model 
epended on five parameters each: the orbital period P , the RV
emi-amplitude K, the time of inferior conjunction t0 , and the ec- 
entricity and argument of periastron (reparametrized as Sk and 
k as before). Both RV data sets are also described by a different
onstant offset, as well as a white-noise jitter term β. In all runs,
he semi-amplitudes of any Keplerian were bound with a uniform 

rior spanning 0 and 50 m s −1 , the upper limit of which was 
efined to be comparable to the maximum scatter of the data. Sk 
nd Ck were allowed to uniformly vary between −1 and 1, as per
heir definition. All other parameters were allowed to explore the 
ntire parameter space, unless explicitly stated. We used PyOrbit 
ith dynesty nested sampling for all modelling in this section. 
We started with one Keplerian aimed at describing the signal 
ith the leading power in both the RV time series at 95 d, tied to
he two deep photometric transits. We imposed a uniform prior 
n P spanning between 0 and 150 d. This fit yielded a log ˆ Zi of 
892. This analysis recovered a Keplerian with a 95 . 74 ± 0 . 19
 orbital period, a semi-amplitude of 9 . 92 ± 0 . 51 m s −1 , and
ccentricity 0 . 382 ± 0 . 037 . The best-fitting jitter parameters for
oth RV time series are ∼5m s −1 , most likely due to the presence
f significant not modelled signals. 
In the next step, we modelled the RVs with two Keplerians, as

he transit analysis detected. For this run, we imposed informa- 
ive Gaussian priors on both periods and times of transit, based 
n results of the photometric fit. The log ˆ Zi of this two-Keplerian 
odel was −860 , yielding an overwhelming statistical preference 
gainst the one-Keplerian option ( � log B0 = 32) and confirming 
hat the RVs were able to detect both signals present in the pho-
ometry. The two recovered Keplerian signals had amplitudes of 
 . 03 ± 0 . 38 and 10 . 00 ± 0 . 44 m s −1 for the inner and the outer
lanet, respectively (8 σ and 23 σ detections). Masses were derived 
o be 8 . 1 ± 1 . 0 M⊕for TOI-2134 b and 55 . 1 ± 2 . 7 M⊕ for TOI-2134
. With this extended observing baseline of the higher-precision 
ARPS-N data, now covering twice the number of orbits of the
uter planet as before, the phase space of TOI-2134 c was much
ore uniformly populated. This led to not only a drastically im-
roved detection (from a mass significance of 5.4 σ in R24, to one
f 20 σ with this simplest model), but also to a unimodal distribu-
ion of the eccentricity of TOI-2134 c, centred at 0 . 347 ± 0 . 022 .
o model, in this or next sections, prefers a different range of 
ccentricities. We were thus able to reject the high-eccentricity 
odel proposed in the previous publication, which was slightly 
referred by the original single transit in the photometry. These 
esults highlight the importance of proper RV phase coverage 
or the accurate characterization of planetary systems (more in 
ection 8.1 ). 
We then chose to assess the presence of any non-transiting 
odies. We began by fitting the RVs with three Keplerians, once 
gain using PyOrbit with dynesty . We allowed the period of 
his third Keplerian to explore the entire parameter space, and 
ound all other parameters as described for the previous fit. This
odel converged for a third Keplerian of period 5,842+15 

−55 d (or 
6.0 ± 0.2 yr) and semi-amplitude of 8 . 65+6 . 2 

−0 . 4 m s −1 . If confirmed
s a planet, it would be a 191+124 

−11 M⊕ (or 0 . 60 ± 0 . 4 MJ ) body orbit-
ng at 5 . 743 ± 0 . 078 AU. This Keplerian modelled the long-term
ownward trend present in the data. Comparing this model to 
he two-Keplerian one led to a significant preference for the more
omplex three-Keplerian model ( � log B0 = 40 ). We also tested 
 four-Keplerian model, which also converged to a solution. Be- 
ides the two known planets, the third Keplerian still attempted 
o explain the long-term trend, with period 2248+103 
−81 d and ampli- 

ude 3 . 53+0 . 22 
−0 . 28 m s −1 . The fourth Keplerian preferred a period of 

9 . 25+0 . 23 
−0 . 59 d, and semi-amplitude of 0 . 332

+0 . 093 
−0 . 086 m s −1 , very high

ccentricity of 0 . 79+0 . 05 
−0 . 23 . If a planet, its minimum mass would

e 0 . 72+0 . 19 
−0 . 26 M⊕. However, we could easily disfavour this model

ith respect to the three-Keplerian one ( � log B0 = 10). The four-
eplerian model is preferred to the two-Keplerian model, but the 
riving force of this preference was simply the better modelling 
f the long-term trend. 
Overall, we found that the purely Keplerian model that best 
escribed the signals present in the RVs was the three-planet 
odel, where the final Keplerian mapped an unresolved long- 
erm trend. However, the activity indicators also presented an 
nresolved long-term trend comparable to that in the radial ve- 
ocities; we thus needed to better consider the effects of stellar
ariability on the RV data sets. 

.2 An unresolved long-term trend: Keplerian or activity? 

hen considering years-long trends, one must always be careful 
o differentiate between the signals generated by outer massive 
lanets and the effects of stellar magnetic cycles. It can be tricky
o prove or exclude the presence of long-term planets, especially 
n the cases where their period is comparable to the period of 
he magnetic cycle of their host star (P. Robertson et al. 2013 ; M.
inamonti et al. 2023 ). In the case of TOI-2134, given the shared
ehaviour with the activity indicators, it was unlikely that this 
ong signal was wholly of planetary origin. To further assess how
his signal was most optimally modelled, we compared the three 
eplerians with a set of models comprising two Keplerians and 
olynomial trends. On top of the two confirmed exoplanets, we 
tted three polynomial models, allowing for a linear, a quadratic, 
nd a cubic trend. The computed � log ˆ Zi were, in order, −809 ,
823 , and −1534 . The models with linear and quadratic polyno-
ials were strongly preferred to the simple two-Keplerian model 

 � log B0 = 51 and 36). A linear trend was also significantly pre-
erred to the three-Keplerian model ( � log B0 = 11), but the latter
as marginally preferred against the quadratic trend ( � log B0 = 

). The cubic trend was strongly disfavoured. Between the polyno- 
ial models, the first-order linear trend was statistically preferred 

 � log B0 = 14 and 725). 
We have then shown that when the long-term trend was de-
cribed by simpler models, the two-Keplerian system structure 
eturned to be preferred. This is partly expected for a signal not
esolved in phase due to the lower number of degrees of free-
om. The good match of the shape of the trend between RVs
nd activity indicators within the available baseline proved that 
t least part of this long-term behaviour must be stellar in na-
ure, most likely the result of the star’s magnetic cycle. We thus
nvestigated the best way to model the effects of stellar variability.
iven the strong peak shown at the stellar rotation period in
he HARPS-N RVs, we chose to describe the RVs as the sum of 
wo Keplerians and a GP with a QP kernel to describe the stel-
ar variability (as defined in equation 1 ), implemented using the
inygp package 8 (D. Foreman-Mackey et al. 2024 ) in PyOrbit .
e once again employed dynamic nested sampling as the pa- 
ameter search algorithm. The Keplerian parameters were bound 
ith the same priors described in Section 5.1 . We required the
mplitude A of the GP to be between 0 and 50m s −1 , and we
MNRAS 550, 1–29 (2026)

https://github.com/dfm/tinygp
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ound the rotational period Prot with a Gaussian prior centred on
8 d with a width of 2.5 d, from the activity indicator fit done in
ection 3.1 . 
This model yielded an � log ˆ Zi = −765 , making it the pre-

erred method to model the RVs ( � log B0 = 44 and 59 with the
inear and the quadratic polynomial models, respectively). The
P was simultaneously modelling the long-term trend and the
V variations modulated by the stellar rotation. This highlights
he flexibility of GPs, but it is also a reminder of the dangers
f this flexibility if not properly harnessed. Prot was found to be
6 . 73 ± 0 . 52 d, comparable within 1 σ with the value extracted
n R24, and with the one extracted from the FWHM of the
ARPS-N data. It was not, however, compatible with the pe-
iod derived from the HARPS -N S -index within 1 σ . In general,
he stellar variability in the RVs was best modelled by a smaller
otation period than that extracted from fitting the activity in-
icators (although comparable within 2 σ based on the larger
ncertainties of the activity fits). The two Keplerians were well-
efined with periods of 9 . 2291975 ± 0 . 0000036 and 95 . 825851 ±
 . 000039 d (meaning that the posteriors were fully defined by
he assigned priors from photometry), and semi-amplitudes of 
 . 37 ± 0 . 24 and 9 . 81 ± 0 . 38 m s −1 for the inner and the outer
lanet, respectively. The eccentricity of TOI-2134 c was found to
e 0 . 304 ± 0 . 023 . Once again, the longer baseline of the observa-
ions allowed for more Gaussian-shaped posterior distributions
f Sk and Ck , yielding a unimodal eccentricity distribution and
e-confirming the statistically significant eccentricity of the outer
lanet. 

.3 yarara analysis 

o further assess the number of planets in the system, and fur-
her differentiate between Doppler shifts caused by the presence
f planets and distortions in the line profiles generated by stel-
ar variability, we applied the yarara correction to the spectra.
arara (M. Cretignier et al. 2021 , 2023 ) is a post-processing
ethod for high-resolution spectra that aims to address instru-
ental systematics, tellurics and stellar variability at the spectral
evel. The code requires as inputs continuum-normalized (done
ith rassine , M. Cretignier et al. 2020 ) one-dimensional order-
erged spectra. yarara generates residual spectra time series
tarting from a master spectrum computed by co-adding all avail-
ble data. Most flux variations are corrected at this level with
 multilinear regression in either the stellar or the terrestrial
rame, depending on the type of signal. In order to minimize
he absorption of planetary signals, we shifted the spectra based
n the preliminary Keplerian solution derived in Section 5.1 .
he radial velocities of these corrected spectra were extracted
sing a line-by-line method (X. Dumusque 2018 ). These RVs are
alled the yarara V1 RVs (YV1). Since all spectral corrections
re done separately, yarara can also re-inject specific effects
ack into the spectra. It can thus produce another set of RVs,
alled yarara Activity RVs (YVA), which include the effects of 
tellar variability. A second layer of RV corrections is obtained by
ecorrelating the yarara V1 RVs in a multilinear model using
he shell time-series coefficients (M. Cretignier, X. Dumusque
 F. Pepe 2022 ) and Principal Component Analysis (PCA; for
ore information, refer to M. Cretignier et al. 2023 ). The RVs
erived with this time-domain method are called yarara V2 RVs
YV2). yarara requires very high signal-to-noise ratio spectra
o be applied successfully, which makes it only applicable to the
ARPS-N high S/N spectra. The HARPS-N YV1 and YV2 radial
NRAS 550, 1–29 (2026)
elocities are plotted at the top two rows of Fig. 5 , alongside their
LS periodograms. Both these time series still presented a peak
n their periodograms at ∼48 d. This was primarily driven by the
ccentricity of TOI-2134 c, rather than strong leftover stellar vari-
bility signals. However, this behaviour was once again symbolic
f the difficulties of disentangling the effects of stellar activity
nd Keplerian signals when the rotation period of the star is close
o the orbital period of the planet or to any of its harmonics. In
n attempt to isolate the expected stellar activity component, the
hird row of Fig. 5 shows the subtraction between the YVA and
he YV1 signals. As a reminder, the YVA timeseries only includes
he correction for instrumental effects, and retains both stellar
nd planetary signals. On a simplistic level, the output of this
ubtraction should comprise the activity component of the RV
ignal. The long-term trend is isolated to this ‘stellar-only’ data,
trengthening the hypothesis that it is a product of the stellar
agnetic cycle. 
As briefly described, YV1 and YV2 were both corrected for

tellar activity, and thus they should be successfully modelled
ust by a simple sum of Keplerians. We thus repeated the same
nalysis undergone in Section 5.1 , modelling both yarara -
xtracted HARPS-N RVs as the sum of one, two, three and four
eplerians. We bound the period and time of inferior conjunc-
ion of two known planets as before starting from information
rom photometry. All eccentricities and angles of periastron were
eparametrized as Sk and Ck and only allowed to vary between
1 and 1, as per definition. All other parameters were bound
y wide uniform priors. We perform parameter exploration us-
ng dynesty implemented via PyOrbit , as for all previous
nalyses. 
Starting with the YV1 RVs, we could not find a significant pref-
rence between the two- and three-Keplerian models ( � log B0 
 0.5), but both were preferred to the one- ( � log B0 = 72 and
2.5) and the four-Keplerian models ( � log B0 = 3, and 3.5). All
our models however agree within one sigma on the parameters
f the two confirmed planets. The semi-amplitude of TOI-2134 b
as 3 . 29 ± 0 . 26 m s −1 . TOI-2134 c was modelled to have a semi-
mplitude of 10 . 43 ± 0 . 32 m s −1 and eccentricity of 0 . 332 ±
 . 013 . The three-Keplerian model converged to a third signal with
eriod ∼16 d and amplitude ∼1 m s −1 . The four-Keplerian model
ound the same third signal, but included a long-period ( > 1000
) signal with very small amplitude, hinting at possible residual
ower of the long-term trend or another long-period signal. For
ll models, the derived white noise amplitude was larger than
xpected in the case of perfect activity correction. The white noise
erm should include all variability not encoded in the model,
hich in stellar activity cases would include the red noise from
onvecting flows and photon noise. When modelling the data
ith two Keplerians β was fit as 2 . 10 ± 0 . 13 m s −1 , and it was
qual to 1 . 99 ± 0 . 16 m s −1 for the three-Keplerian model. Both
alues were significantly larger than the mean RV uncertainties,
onfirming that either yarara was not able to successfully re-
ove all non-planetary signals or a more complex analysis may
e needed. 
When fitting the YV2 RVs, the two-Keplerian model is once
gain the statistically preferred one, with � log B0 = 66 against
he one-Keplerian model, � log B0 = 11 against the three-
eplerian model, and � log B0 = 8 against the four-Keplerian
odel. It yielded semi-amplitudes for TOI-2134 b and c of 3 . 23 ±
 . 24 m s −1 and 10 . 51 ± 0 . 29 m s −1 , respectively. The eccentricity
c was modelled to be 0 . 330 ± 0 . 012 . The jitter term was still large,
t 1 . 93 ± 0 . 12 m s −1 . 
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Figure 5. RVs derived from specially corrected HARPS-N spectra plotted against corrected Barycentric Julian Date. yarara -derived RVs are plotted 
in the first three rows: YV1 is corrected mostly at the spectral level, while YV2 includes corrections in the time domain. In the third row we plot in 
blue an approximation of the yarara -computed stellar activity contribution, calculated as the difference between YVA (which includes planets and 
activity) and YV1 (which should include planets only). scalpels -corrected RVs take over the final three rows, with in order the input raw RVs, the pure 
Doppler-shift RVs, and the shape RVs, the latter of which is plotted in blue to indicate that it represents the stellar activity contribution only. All RVs are 
expressed in m s −1 , with uncertainties plotted as error bars (in cases too small to be visible). On the right of each time series, we plot their respective 
GLS periodograms, with the same conventions as for Fig. 2 : The horizontal dashed and dotted lines are the 1 and 0.1 per cent FAP levels, the vertical red 
dashed lines represent the orbital period of the known planets, and the blue solid band the expected stellar rotation period. 
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.4 tweaks analysis 

e also independently examined the HARPS-N RVs using 
weaks (A. A. Anna John, A. Collier Cameron & T. G. Wil-
on 2022 ; A. Anna John et al. 2023 ), a pipeline for planetary
nd stellar activity signals differentiation. In the wavelength do- 
ain, tweaks uses scalpels (A. Collier Cameron et al. 2021 ) 
o separate RV variations arising from activity-induced CCF line- 
hape changes (shape signal) from true Doppler-shifts (shift sig- 
al) associated with planetary motion. The time-domain coun- 
erpart then applies the trans-dimensional nested sampler kima 
J. P. Faria et al. 2018 ) to the original RVs extracted from the
CFs, while simultaneously decorrelating them against the time- 
omain coefficients of the leading principal components of the 
calpels shape signal. This approach is necessary to guard 
gainst the risk of inadvertently suppressing genuine Doppler 
ignatures, since the scalpels shape vectors are not necessarily 
rthogonal to any planetary signals present in the data. By fitting
riginal RV measurements using linear combinations of Keple- 
ian models and the scalpels shape vectors, tweaks provides 
 rigorous framework for recovering planetary signals without 
ttenuating them. 
Our use of tweaks is motivated by three key objectives: 

1) to obtain independent mass measurements for the Keple- 
ian signals, (2) to remove correlations with stellar activity- 
nduced CCF line-shape variations, and (3) to marginalize 
ver any additional low-amplitude Keplerian signals using 
f
he nested sampler, thereby accounting for correlated noise 
ontributions. 
A set of basis vectors describing the dominant spectral-line- 
hape variations was obtained by performing PCA on the CCF au-
ocorrelation function with scalpels (A. Collier Cameron et al. 
021 ). These vectors were subsequently implemented in kima (J. 
. Faria et al. 2018 ) for stellar-activity decorrelation, following the
rocedure outlined in A. A. Anna John et al. ( 2022 ). 
The separated scalpels time series are shown in the bottom 

hree rows of Fig. 5 , where the activity-driven shape component
last row) clearly traces the long-term stellar activity signal. To 
ccount for potential leakage of shift-like activity signals through 
calpels separation, we modelled the remaining rotationally 
odulated RV variations with a simple one-dimensional Gaus- 
ian process regression. The GP was described by the same QP
ernel form given in equation ( 1 ). For the hyperparameters, we
mposed log-uniform priors on the active-region evolution time- 
cale between 20 < λ < 100 d, and on the amplitude between
m s −1 < A < 4m s −1 . The stellar rotation period was assigned 
 uniform prior between 20 < Prot < 60 d, based on the esti-
ated rotational velocity (see Section 3 ) and previous analyses. 
o limit the harmonic complexity, we adopted a uniform prior of 
1 < ln(

√ 

2 Pdec ) < 0. A white noise term β was also included in
he GP regression. It was bound with a uniform prior between
.5 < ln( β) < 50, with the upper bound chosen to encompass
he full range of RV observations. This term was incorporated 
ollowing the same prescription as in equation ( 1 ). 
MNRAS 550, 1–29 (2026)
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Figure 6. Transit fit results for planet b and planet c (top and bottom of 
the first figure, respectively) plotted as relative flux against hours from the 
centre of transit. The TESS data are shown in light blue with uncertainties 
in grey, and the averaged values over a 15-min window are plotted as 
larger dark purple dots. The best-fitting transit models are shown in red. 
The transit of TOI-2134 c is artificially offset in relative flux by −0.007 for 
better readability. Underneath we also include the residuals between the 
TESS data and the predicted models for planet b (middle plot) and planet 
c (bottom plot). 
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In short, tweaks fitted the raw-RVs with a model containing
 GP and up to five Keplerian components (the number of which
as treated as a free parameter), alongside simultaneous stellar
ctivity decorrelation using the scalpels basis vectors. 
A two-Keplerian model was preferred by kima ’s analysis, and

he stellar rotation period was constrained to Prot = 46 . 39+1 . 84 
−1 . 58 d.

his rotation period agreed within 1 σ with the one derived in Sec-
ion 5.1 , as well as with the period derived from activity indicators
ue to the larger uncertainties. The joint posteriors showed clear
etection of a Keplerian signal at orbital period 9 . 225 ± 0 . 005 d
ith a semi-amplitude of 3 . 05 ± 0 . 25 m s −1 . A second Keplerian
as detected with orbital period of 95 . 96 ± 0 . 20 d, and semi-
mplitude of 10 . 24 ± 0 . 40 m s −1 . The outer planet’s posteriors
uggest it to be on an eccentric orbit with e = 0 . 33 ± 0 . 04 . 

.5 Multidimensional GP analysis 

iven the partial discrepancy between the Prot measured by fitting
he radial velocities and the one from the activity indicators, we
lso modelled the stellar variability with a multidimensional GP
ramework (V. Rajpaul et al. 2015 ; V. M. Rajpaul et al. 2021 ). We
sed the same quasi-periodic covariance form as described in the
revious sections. After some initial testing to define the most
seful combination of activity indicators, we chose to simulta-
eously model the S-index, the bisector span of the CCF, and
he RVs following the methods described in O. Barragán et al.
 2022 ): 

�RVs = Vc G (t ) + Vr Ġ (t ) 
BIS = Bc G (t ) + Br Ġ (t ) 

 − index = Sc G (t ) , (2) 

n which G (t ) represents the Gaussian process, and Ġ (t ) its first
erivative. V , B , and S are amplitudes affecting the strength of the
P terms. They can be divided between convective ones (e.g. Vc ),
elated to the GP itself, and rotational ones (e.g. Vr ), related to its
rst derivative. We once again used nested sampling as a param-
ter searching algorithm, implemented in PyOrbit . We bound
he two Keplerians, and the hyperparameters of the covariance
ith the same priors as the previous sections. Vc was required
o be positive, but all other amplitude hyperparameters were
llowed to explore the entire parameter space. We fit both RV
ata sets simultaneously, including in the explored parameters
n offset for each. The amplitudes of the GP components are also
t uniquely to each RV data set, in order to account for the differ-
nce in spectral range, line selection and radial velocity extraction
ethods. 
With this new model, we extracted a rotation period of the star
f 48 . 69+0 . 97 

−0 . 86 d. This value did not always agree within 1 σ with
he Prot computed in previous analyses, but was in full agree-
ent with the stellar rotation periods derived from the activity
ndicators only. It is possible that the previous stellar rotation
stimates may have been biased by the lack of the first deriva-
ive term in the GP, which we found to be significant in this
nalysis. Using this model, TOI-2134 b was computed to be in a
 . 2291975 ± 0 . 0000036 d orbit, with a semi-amplitude of 3 . 22 ±
 . 14 m s −1 . The period and semi-amplitude of the outer planet
ere derived to be 95 . 825851 ± 0 . 000039 d and 10 . 40 ± 0 . 21 
 s −1 , respectively, with an orbital eccentricity of 0 . 33 ± 0 . 01 .
his model could not be directly compared to all the previous
odels, as it used a different set of data, but its planetary results
ere overall in agreement, and the stellar variability was effec-
NRAS 550, 1–29 (2026)
ively mitigated. This more complex modelling technique led to
 noticeable improvement in the planet detection relevance and
n the measurement of the stellar rotation period. Ultimately, we
referred the multidimensional GP model to the RV-only GP one,
s it is the most physically motivated solution and in the hope of 
est separating between the stellar activity signals modulated by
otation and the eccentricity of the outer planet. 

 JOINT  PHOTOMETRIC  AND  SPECTROSCOPIC  

NALYSIS  

inally, we performed a last analysis jointly modelling the TESS
hotometry, both the DRS RV time series, and the activity indi-
ators. We modelled the transit as described in Section 4 , and
he RVs as described in Section 5.5 . We again used PyOrbit and
pplied the same priors used in Sections 4 and 5.5 . 
We derived the radii ratios of the two planets to be 0 . 03534 ±

 . 00020 (186 σ detection) and 0 . 09504 ± 0 . 00061 (153 σ detec-
ion), respectively. The best-fitting transit models are shown in
ig. 6 as red lines, plotted against all the phase-folded data in
lue, and the 15-min averages in purple. From the spectroscopy
t we derived a stellar rotational period of 48.78+0 . 65 

−0 . 60 d (in agree-
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Table 2. System parameters for the TOI-2134 system. The transit and 
radial-velocity parameters are computed in Section 6 . Derived parameters 
are addressed in Section 8 and its subsections alongside the necessary 
assumptions. 

Parameter Value 

TOI-2134 b 
Transit and radial-velocity parameters 

Orbital period Pb [d] 9 . 229198 ± 0 . 000003 
Time of transit t0 , b [BJD] 2459010 . 68937 ± 0 . 00038 
Radius ratio (Rb /R� ) 0 . 0353 ± 0 . 00020 
Transit impact parameter bb 0 . 13 ±0.11 
RV amplitude Kb [m s −1 ] 3 . 49 ± 0 . 18 
Eccentricity eb 0 . 067 ± 0 . 022 
Argument of periastron ωp , b [deg] 163 ± 18 

Derived parameters 

Orbital inclination ib [deg] 89 . 69 ± 0 . 24 
Radius Rb [R⊕] 2 . 735 ± 0 . 068 
Mass Mb [M⊕] 9 . 37 ± 0 . 54 
Density ρb [g cm−3 ] 2 . 52 ± 0 . 47 
Density ρb [ ρ⊕] 0 . 456 ± 0 . 085 
Semimajor axis ab [AU] 0 . 07803 ± 0 . 00095 
Incident flux Finc , b [ Finc ,⊕] 32 ± 8 
Equilibrium temperature Teq , b [K] 660 ± 41 
Transmission Spectroscopy Metric 159 

TOI-2134 c 
Transit and radial-velocity parameters 

Orbital period Pc [d] 95 . 852840 ± 0 . 000041 
Time of transit t0 , c [BJD] 2459718 . 96933 ± 0 . 00027 
Radius ratio (Rc /R� ) 0 . 09504 ± 0 . 00061 
Transit impact parameter bc 0 . 511 ± 0 . 023 
RV amplitude Kc [m s −1 ] 10 . 45 ± 0 . 24 
Eccentricity ec 0 . 3125 ± 0 . 01 
Argument of periastron ωp , c [deg] 160 ± 2 . 8 

Derived parameters 

Orbital inclination ic [deg] 89 . 688 ± 0 . 014 
Radius Rc [R⊕] 7 . 35 ± 0 . 18 
Mass Mc [M⊕] 58 . 3 ± 1 . 9 
Density ρc [g cm−3 ] 0 . 81 ± 0 . 15 
Density ρc [ ρ⊕] 0 . 146 ± 0 . 026 
Semimajor axis ac [AU] 0 . 3715 ± 0 . 0045 
Incident flux Finc , c [ Finc ,⊕] 1 . 4 ± 0 . 4 
Equilibrium temperature Teq , c [K] 302 ± 19 
Transmission Spectroscopy Metric 208 
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Figure 7. Phase-folded RVs (HARPS-N plotted as purple dots, and SO- 
PHIE as orange squares) along the best-fitting Keplerian models (shown 
as green lines). Uncertainties are plotted as error bars, but may be too 
small to be visible. TOI-2134 b is on the top, and the eccentric planet c is 
on the bottom. The residuals of both phase-folded models are included 
underneath each plot. 
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9 Available at: https://github.com/andres-jordan/PyARoME 
10 Available at: https://emcee.readthedocs.io/en/stable/ 

D
ow

nloaded from
 academ

ic.oup.com
/m

nras/article/550/2/stag1265/8724579 by guest on 06 O
ctober 2026
ent with the one derived from the activity indicators). Planet b 
as found to have a semi-amplitude of 3.49 ±0 . 18 m s −1 (19 σ
etection), while we computed the semi-amplitude of planet c 
o be 10.45 ±0 . 24 m s −1 (44 σ detection). The eccentricity of the
uter planet was found to be 0 . 31 ± 0 . 01 , while the mini-Neptune
rbits the star in a near-circular orbit with eb = 0 . 067 ± 0 . 022 .
he time of inferior conjunction and periods for both TOI-2134 
 and c are in perfect agreement with those derived from pho-
ometry only. All results are included in Table 2 . The best-fitting
odels and the RV residuals are shown in Fig. A2 . The phase-
olded Keplerians and the spectroscopic data are plotted in Fig. 7 .
e highlight the added HARPS-N phase coverage with respect to 
24, for which we had no constraints on periastron passage, or
he peak of the phase curve. 
 ROSSITER–MCLAUGHLIN  EFFECT  

e modelled the radial velocities from EXPRES and PARAS- 
 during the transits of planets b and c, respectively, using the
RoME software (G. Boué et al. 2013 ) with the python wrapper
yARoME . 9 The software produces analytical RM effect models 
or CCF-derived RVs. We adopted the orbital solution from the 
oint analysis in Table 2 using Gaussian priors on the transit times
0 , orbital periods P , orbital inclinations i , scaled semimajor axes
/R� , radius ratios r/R� , eccentricities e and periastron angles 
. The projected rotation v sin (i� ) was shared between the two 
ata sets and was left as a free parameter with a uniform prior
n [0 , 10] km s−1 . The projected obliquity of the star relative to
he orbital planes of the two planets, λb and λc , respectively, 
as further bound with uniform priors in [ −180◦, 180◦] . Each
ata set was also fitted with a slope m and an additional white-
oise term β, while the systemic velocity was calculated as the
eighted average of out-of-transit data. We explored the param- 
ter space around the maximum likelihood solution using an 
CMC, specifically emcee 10 (D. Foreman-Mackey et al. 2013 ), to 
pproximate the posterior distribution of our parameters. Before 
tarting the analysis, we removed two PARAS-2 outliers from the 
ransit night whose RVs differed by > 20 m s−1 from the mean. 
e used 300 walkers over 100 000 steps, discarding the first 3000
MNRAS 550, 1–29 (2026)
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M

Figure 8. Rossiter–McLaughlin observations and fits to the data. The error bars shown are the quadrature sum of the photon noise uncertainties and 
fitted white noise terms. The solid lines and shaded regions are the mean and 1 σ standard deviations derived from the posterior of the model fits. The 
best-fitting Keplerian models from the previous analyses are overplotted in grey. Left: EXPRES observations of a transit of TOI-2134 b on the local night 
of 2023 April 27. The best model is plotted, but no significant detection could be made. Right: PARAS-2 observations of a transit of TOI-2134 c on the 
local night of 2025 April 7. The inset axis is zoomed in on the transit night observations. 
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teps due to burn-in. We also thinned the chains by a factor of 225
ue to autocorrelation. Convergence was confirmed by calculat-
ng the integrated autocorrelation time for each parameter for a
umber of steps up to 100 000. The best-fitting median models
ith 1 σ uncertainty regions are visualized in Fig. 8 . 
For the transit of TOI-2134 b observed with EXPRES we did not
etect any RM effect. The peak-to-peak amplitude of the ratio of 
he mean RM model to its uncertainty was only 1 σ , and therefore
ompatible with no detection within the observed uncertainties.
he solutions of λb compatible with the data spanned the full
rior range, with a preference for polar and retrograde solutions.
he latter effect in particular can be produced by fitting RM
odels to random noise (S. Albrecht et al. 2011 ). For reasonable
alues of v sin (i� ) , a priori we might have expected an amplitude
f 1−2 m s−1 . Since the formal radial velocity uncertainties were
n the same range, a detection might have been possible; how-
ver, our analysis showed that given our model assumptions the
ncertainties are underestimated by 2 . 5 ± 0 . 6 m s−1 due to scatter
rom unknown origin. This extra noise was most likely caused by
ariable observing conditions, as the S/N changes by a factor of 2
hroughout the observing sequence. 
For the transit of TOI-2134 c observed with PARAS-2 we

ound a potential detection, with v sin (i� ) = 2 . 7 ± 0 . 8 km s−1 ,
c = 59◦ ± 31◦, at a detection significance of 4.7 σ (peak-to-peak
mplitude of the mean model relative to the model posterior
ncertainty). The white noise term for the quadratic model fit was
ound to be equal to 5 ± 3 m s−1 . 
The RM signal was superimposed on the signal of the Keple-

ian orbit of the planet, but in both cases the fitted slopes did not
atch the Keplerian model, pointing to a different origin. Active
egions on the surface of the star can change the RV slope and
ven introduce curvature within the observing span of a transit
e.g. B. T. Montet et al. 2020 ; E. Palle et al. 2020 ; V. Kunovac et al.
025 ). However, it was unlikely for the activity level for this star to
e large enough to introduce these signals. Instead, the likely ori-
in are the sub-standard observing conditions. While the FWHM
NRAS 550, 1–29 (2026)

t  
f the PARAS-2 CCFs were relatively stable, the contrasts varied
y more than a factor 2 between some exposures, ranging from
15 to 30 per cent relative line depths. Regardless of the cause
f these line profile changes (e.g. clouds, seeing, variable fibre
llumination, etc.), the S/N variation could introduce additional
oise in the data that was not accounted for by the photon noise
ssumption of the individual exposures. 
The v sin (i� ) measurement of 2 . 7 ± 0 . 8 km s−1 from the fit to

he PARAS-2 data was somewhat at odds ( 2 . 5 σ ) with the esti-
ated rotation period from the analysis of the other RV data.
ith Prot = 48 . 3 ± 1 . 5 d, R� = 0 . 709 ± 0 . 017 R� and assuming a
tellar inclination of 90◦ the equatorial velocity would be 0 . 74 ±
 . 03 km s−1 . When we included this prior in the analysis, the
est-fitting RM signal amplitude was consistent with no detec-
ion. Previously reported upper limits on v sin (i� ) derived from
pectroscopic broadening are 2 km s−1 which would be in 1 . 5 σ
greement with the v sin (i� ) the RM result. 
We conclude that we found a potential detection of an RM
ffect from the (partial) transit of TOI-2134 c at a modest signif-
cance of 4.7 σ . If real, the data would be most compatible with
sin (i� ) = 2 . 8 ± 0 . 8 km s−1 and a stellar obliquity with respect
o its orbit of λc = 59◦ ± 31◦. Given the model and the data, the
robability that the orbit was prograde ( λc < 90◦) was 84 per cent.

 RESULTS  AND  DISCUSSION  

e have undertaken extensive model testing to find the best way
o model the available RVs and best define the system character-
stics. We found that a two-Keplerian model with a GP described
y a quasi-periodic kernel to model the stellar variability yielded
he best � log B when focusing on the RVs only. However, the
light disagreement between the extracted stellar rotation period
y this model and the one derived using the activity indicators
rompted us to undergo a multidimensional GP analysis, which
odelled the S-index and the bisector span at the same time as
he RVs. The results from all the different analyses were all in
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Figure 9. Comparison between the results of the previous publication 
(R24) and the main model types tested in Sections 5 and 6 . We consider 
seven RV models in this comparison: a simple two-Keplerian model with 
no accounting for stellar variability beyond white noise, a two-Keplerian 
+ GP model, the preferred two-Keplerian model on the activity-corrected 
YV1 and YV2 RVs, the tweaks combined model, the two-Keplerian 
model with simultaneous fitting of activity indicators, and a joint TESS 
+ multidimensional GP RV fit. From the top, we plot the semi-amplitude 
of planet b, the semi-amplitude of planet c, and its eccentricity. Each 
posterior is assumed to be Gaussian (confirmed by visual inspection), and 
its mean is plotted with its uncertainties as error bars. The uncertainty- 
weighted mean value of each set is indicated by a dashed line, and the 
standard deviation by a shaded region. In the bottom plot, the eccentricity 
results of both the high-eccentricity and the medium-eccentricity models 
of R24 are shown. 
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eneral agreement, as shown in Fig. 9 . All of the methods of this

ork agree within uncertainties on all parameters. In particular, 
he eccentricities of the outer planet all agreed within 1 σ , as the
ast panel of the figure highlights. Ultimately, we selected the 
esults from the joint fit with batman transit models for the TESS
ata, and a multidimensional GP approach with a QP kernel for
he RVs as the final results. They are summarized in Table 2 ,
ncluding all other derived parameters. The best-fitting hyperpa- 
ameters are included with all the remaining fitted parameters in 
able A1 . 
The selection of the most complex model was driven by the
eed to properly account for the rotationally modulated stellar 
ignals, which have periodicity almost perfectly equal to half 
he orbital period of the outer planet, making deriving the ec- 
entricity and the semi-amplitude of TOI-2134 c particularly 
ricky. The one-dimensional GP fit yielded the smallest RV resid- 
als RMS (0.77 m s −1 , compared to the one derived from the 
ultidimensional GP analysis of 1.51 m s −1 ), but the quality 
f a fit should not be judged only based on RMS reduction
n order to avoid overfitting. Simultaneously fitting the activ- 
ty indicators and RVs is a common and physically motivated 
ethod to minimize this possibility. In all cases, the derived β
alue for the HARPS-N data was slightly larger than usually 
xpected, with it reaching 0 . 9972+0 . 0021 

−0 . 0047 m s −1 for the joint fit 
more than 50 σ away from the mean data uncertainties), un- 
erlying the imperfect activity modelling. Part of this leftover 
white’ noise can be attributed to convective flows (granulation 
nd supergranulation) and other non-rotationally modulated 
ffects. 
Nonetheless, we were able to confirm the presence of two 
lanets in the system: TOI-2134 b and c. The longer baseline
or both the HARPS-N and SOPHIE data sets allowed not only
or a more precise determination of the orbital parameters of 
he outer planet, but also was able to break the multimodality
f its eccentricity solutions. Both exoplanets are shown in the 
ontext of all confirmed exoplanets in Fig. 10 . We include a
oom-in for the lower mass regime, showing the composition 
ines developed by L. Zeng et al. ( 2016 ), which places TOI-2134
 above the 100 per cent water line. TOI-2134 c resides in a
ess populated area of the mass–radius diagram, roughly follow- 
ng the mass–radius relation extracted by J. Chen & D. Kipping
 2017 ). 
The system is also presented on its plane of orbit in Fig. 11 .
he star is placed in the middle, and the best-fitting orbits for the
wo planets are depicted in blue and red. The plot also shows the
mpirical habitable zone as a light green shaded region (an op-
imistic estimate based on observations of Mars and Venus), and 
he narrow habitable zone in darker green (a more pessimistic
ange defined by one-dimensional climate models; R. K. Koppa- 
apu et al. 2014 ). Due to its eccentricity, TOI-2134 c spends about
alf of its orbit within the empirical habitable zone of its system,
hich has implications for potentially habitable exomoons in the 
ystem. 
As a summary, planet b was derived to be orbiting the star with

 9 . 229198 ± 0 . 000003 d period, an inclination of 89 . 69 ± 0 . 24
, and a semimajor axis of 0 . 07803 ± 0 . 00095 AU. We computed
ts radius to be 2 . 735 ± 0 . 068 R⊕ and its mass to be 9 . 37 ± 0 . 54

⊕. TOI-2134 b is thus confirmed to be a hot sub-Neptune,
ith an equilibrium temperature of 660 ± 41 K for an incident
ux of 32 ± 8 Finc , � (assuming albedo = 0 and perfect circu-
ation). The derived parameters are in 1 σ agreement with the 
esults from R24, but we more than doubled the significance of 
he radius detection to the point of being limited by the preci-
ion on the stellar radius, and also partially improved the mass
etermination. 
TOI-2134 c was confirmed to be a sub-Saturn of mass 58 . 3 ±

 . 9 M⊕ and radius 7 . 35 ± 0 . 18 R⊕. With the new data, we were
ble to improve the mass precision by more than four times and
he radius precision by more than twice. The planet was found
o orbit TOI-2134 in a 95 . 852840 ± 0 . 000041 d orbit at the semi-
ajor axis of 0 . 3715 ± 0 . 0045 AU, with a similar inclination as
lanet b of 89 . 688 ± 0 . 014◦. Most crucially the eccentricity was
ound to be 0 . 31 ± 0 . 01 (an in-depth discussion regarding the new
referred eccentricity for planet c is included in Section 8.1 ). As
hown in Fig. 11 , planet c spends a large fraction of its orbit in the
abitable zone of the system, with the average Teq of 303 ± 19 K
or a mean incident flux of 1 . 4 ± 0 . 4 Finc ,⊕. At distance of closest
MNRAS 550, 1–29 (2026)
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Figure 10. Mass–radius diagram with zoomed-in view for sub-Neptunian planets. The two TOI-2134 planets are plotted as purple stars, with error bars 
to indicate their uncertainties (too small to be visible), and labelled by name in purple. Other confirmed exoplanets with mass detection better than or 
equal to 5 σ are shown in grey. The data are taken from the EU exoplanet archives ( https://exoplanet.eu/ ) on 2025 Jun 3. The solid blue line in the outer 
plot shows the mass–radius relation developed by J. Chen & D. Kipping ( 2017 ). Vertical black dash–dotted lines separate the three exoplanetary regimes 
of Terran ( Mpl < 2 M⊕), Neptunian (2 M⊕< Mpl < 0 . 4 MJ ) and Jovian worlds ( Mpl > 0 . 4 MJ ). The zoomed-in plot includes composition lines taken 
from L. Zeng, D. D. Sasselov & S. B. Jacobsen ( 2016 ), colour-coded as labelled. The radius valley is also shown as a blue band. Solar system planets are 
plotted for scale as orange stars and labelled. 

Figure 11. The TOI-2134 system structure. The star is placed at the 
centre as an orange star. The orbit of planet b is shown in blue, and that of 
planet c in red. The empirical habitable zone is shown as the light green 
shaded region, while the narrow habitable zone is overplotted in darker 
green. 
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pproach it orbits at 0 . 255 ± 0 . 004 AU from the star, receiving a
ux of 2 . 95 ± 0 . 74 Finc , � and with Teq = 364 . 7 ± 23 K. At the
pposite edge of the orbit, at a distance of 0 . 487 ± 0 . 006 AU, it
NRAS 550, 1–29 (2026)
eceives a flux of 0 . 81 ± 0 . 20 Finc , � and and has Teq = 264 . 0 ± 17
. The eccentricity of this planet thus yields a flux variation of 
.14 Finc , � over the orbit, or an equilibrium temperature change
f ∼100 K. This excursion could promote atmospheric circular-
zation and mixing. At transit, we would expect a Teq ≈ 340 K,
ssuming no albedo or thermal inertia. If either of those factors
ere to come into play, as is likely, this extreme temperature
ariation would be suppressed. 
We note that while the majority of orbital parameters for TOI-
134 c agree within 1 σ with the results presented in R24 (radius
ncluded), the masses do not and instead only overlap within 2 σ
ue to the large uncertainty on the original measurement and the
imodality of its posteriors. 
The assessment of the stellar obliquity was less straightfor-
ard. We analysed radial velocities taken during transit by EX-
RES for TOI-2134 b and by PARAS-2 for TOI-2134 c. While no
etection could be made for the inner planet, we computed a 59 ±
1◦ obliquity for the outer sub-Saturn. From a disc-migration per-
pective we would a priori assume a prograde and aligned system
f no mechanism was responsible for significantly tilting the disc
tself (e.g. K. Batygin 2012 ). However, we have found evidence
f multitransiting systems that are both coplanar and retrograde
e.g. M. Hjorth et al. 2021 ), and of systems with high mutual
nclinations (e.g. S. Dalal et al. 2019 ; V. Bourrier et al. 2021 ),
uggesting that this assumption may not always be true. At this
tage, since we could not detect the spin-orbit angle of planet b,
e could not confirm whether the two planets are coplanar. With
 very simple geometric model based on the orbital parameters
f this system, we found that only 2.81 per cent of all transiting

https://exoplanet.eu/
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Figure 12. Eccentricity distribution histograms of all confirmed planets 
with 3 σ mass detection, known eccentricity, stellar luminosity and or- 
bital semimajor axis, as stored by NASA’s exoplanet archive. The derived 
eccentricity of TOI-2134 c is shown as a vertical dashed line. Top: dis- 
tribution including all temperate ( Ppl > 10 d) gas giants ( Mpl > 10 M⊕). 
The entire sample is shown by the cyan solid histogram. The sample is 
further split into warmer ( Teq > 500 K) and colder planets, respectively, 
in the orange dash–dotted line and the purple dashed line. Bottom: similar 
distributions for only sub-Saturn planets (10 M⊕< Mpl < 100 M⊕). 
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odels were also coplanar within 5◦. However, this simple model 
oes not include any information tied to planet formation and 
rbital stability. For this reason, an assumption of coplanarity is 
till reasonable for this system as the simplest explanation. Our 
esults indicated that TOI-2134 c was likely in a prograde orbit,
hough with a wide range of allowed spin-orbit angles. Further 
ssessment of the likely formation and evolution pathways for the 
OI-2134 system are addressed in Section 8.3 . 

.1 The eccentricity of TOI-2134 c 

he eccentricity of the outer planet was and has remained a 
ource of questions for this system. Analyses done on a subset
f the currently available RV data in R24 could not hone in on a
ingle solution, as the posterior distribution for the eccentricity 
f planet c was inherently multimodal. The two signals at Pc and 
rot ∼ Pc / 2 generated a beating pattern hard to properly model, 
specially with the low temporal baseline in comparison with the 
rbit length. This is a known behaviour, as two resonant near-
inusoidal signals can often masquerade as one eccentric Kep- 
erian (G. Anglada-Escudé, M. López-Morales & J. E. Chambers 
010 ) and vice versa. With only the RVs available in R24 no pre-
erred model could be found, and all eccentricity options were 
ynamically viable for the system. R24 ultimately preferred the 
ighest eccentricity solution ( e ∼ 0 . 6 ) after analysing the shape
f TOI-2134 c’s monotransit in TESS . 
The analyses described in Section 5 of this work were instead
ble to better constrain the orbital parameters of the system and 
ielded a well-behaved posterior distribution preferring the inter- 
ediate eccentricity of 0 . 31 ± 0 . 01 (compatible within 3 σ with
he middle eccentricity presented in R24). This improvement was 
ossible due to two main factors: First, the second transit of 
lanet c with higher cadence allowed the photometric analysis to 
etter define the shape and period of the transit. This was able
o better constrain the likely eccentricity space allowed by the 
uration of the transit, and lost its preference for the high eccen-
ricities. The reasons for this change can be numerous, but are 
eyond the scope of this work. Secondly, after the first publication 
e undertook a dedicated campaign with HARPS-N to better fill 
he phase coverage of the outer planet. In R24, the centre of the
eplerian around phase 0 was dominated by the higher-scatter 
OPHIE data, which drove the possibility of the high-eccentricity 
ase. With one more observing season, we were able to more
niformly populate the orbital phase of TOI-2134 c with HARPS- 
 data (see the purple dots in the lower half of Fig. 7 ). This better
overage allowed us to more strongly bind the shape of the Keple-
ian around orbital phase 0.1 and led to the statistically significant
reference for a lower eccentricity. These results also agree with 
he conclusions of previous studies, finding a tendency to over- 
stimate the eccentricity value when fitting Keplerian models to 
V time series with missing or low-precision data near periastron 
Y. Shen & E. L. Turner 2008 ; N. L. Zakamska, M. Pan & E. B.
ord 2011 ). All in all, this work highlighted the importance of 
ven phase coverage for the accurate and precise determination 
f planetary eccentricity (see also J. Burt et al. 2018 ), especially
hen coupled with flexible modelling tools such as Gaussian 
rocesses. This is doubly relevant for longer period planets, for 
hich we cannot assume circular orbits. 
This analysis proved that a more moderate eccentricity is pre- 

erred for the outer planet. Nevertheless, TOI-2134 c remains a 
lanet with significant eccentricity. This fact bears a series of im-
lications for the completeness and the formation of the system 
hat we will further address in Sections 8.2 and 8.3 . The eccen-
ricity of the sub-Saturn follows an identified trend in temperate 
nd cold gas giants. To put planet c in context, the upper panel
f Fig. 12 shows the eccentricity distribution of all temperate (or-
ital period > 10 d) gas giants (minimum mass > 10 M⊕) in blue.
xoplanet data are taken from NASA’s exoplanet archive. 11 We 
emoved all exoplanets with a controversial flag, and we required 
ass (or minimum mass) and eccentricity of the planet to be
nown, as well as stellar luminosity and planetary semimajor axis 
needed for computing the equilibrium temperature of the plan- 
ts). In total this selection yielded 321 planets. The eccentricity 
f TOI-2134 c is indicated by a vertical dashed line. The sample
elected is further subdivided into hotter or colder planets, with 
he cut-off set at Teq = 500 K (A. Alqasim et al. 2025 ). We choose
quilibrium temperature as the separating parameter, as it simul- 
aneously encodes orbital period and stellar luminosity. The num-
er of planets left in each sub-sample is indicated in the legend.
everal works have noted the existence of a higher-eccentricity 
verdensity in temperate gas giants (e.g. G. J. Gilbert, E. A. Pe-
igura & P. M. Entrican 2025 ), often centred around e = 0 . 4 , and
isible in Fig. 12 , with long tails reaching very high eccentrici-
MNRAS 550, 1–29 (2026)

https://exoplanetarchive.ipac.caltech.edu


18 F. Rescigno et al.

M

t  

p  

A
t  

(  

M  

p  

a
l  

s  

t  

m  

v  

e  

t  

v  

c  

m  

m  

J  

C  

t  

t  

t  

s

8

S  

w  

fi  

n  

h  

t  

c  

k  

i  

i  

t  

p  

v  

c  

d  

c
 

b  

r  

a  

a  

s  

d  

t  

r  

i  

d  

o  

w  

d  

i

1

Figure 13. Detection limits for the TOI-2134 system. TOI-2134 b and 
c are plotted as black symbols (the triangle for TOI-2134 c indicates its 
mass lies above the plotted range). The detection limits based only on 
the information in the residual radial velocities are shown as brown dots. 
Yellow dots represent the detection limits for the system once information 
from both the residual RVs and the stability constraints is included. The 
red-shaded regions highlight the parameter space for which a possible 
planetary body can elude detection given the current data set. 
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ies. This distribution is equally driven by both hotter and colder
lanets, showing similar sub-distribution when normalized. A.
lqasim et al. ( 2025 ) analysed the eccentricity distribution of 
ransiting gas planets and found dependence on stellar metallicity
which increases the probability of higher eccentricities; see also
. Morgan, B. P. Bowler & Q. H. Tran 2026 ), planet radius, and
lanet multiplicity. By including planet radius in the analysis they
lso found two separate planet populations, one composed of 
arger, Jupiter-sized gas giants, and another of mini-giants, more
imilar to the size of our target TOI-2134 c. To further highlight
his sub-population, the bottom panel of Fig. 12 includes only
ini-giants, defined as gas giant planets with mass < 100 M⊕. Via
isual inspection, we still find a significant overdensity at higher
ccentricity for this subset, although centred around 0.3 rather
han 0.4. We however do not see the same well-populated tail for
ery high eccentricities. Also differently from the more general
ase, the eccentricity overdensity is here mainly driven by colder
ini-giants. It is postulated that although high-eccentricity in
ini-giants can be excited by the same mechanisms as for the
upiter-sized cases, scattering efficiency decreases with mass (D.
arrera, S. N. Raymond & M. B. Davies 2019 ), removing the long
ail and lowering the overdensity centre. Overall, TOI-2134 c fur-
her supported this overdensity and its eccentricity fits neatly in
he population distribution as another cold mini-giant with the
ignificant eccentricity of ∼ 0 . 3 . 

.2 Planet detection limits 

ection 5 concluded that the radial velocities for this system
ere best described by the sum of two Keplerians (the two con-
rmed planets b and c) and stellar activity with a significant mag-
etic cycle component. Nevertheless, additional planets could
ave evaded detection. To assess the completeness of this sys-
em, we computed detection limits with the publicly available
ode ardent 12 (M. Stalport et al. 2025b ). ardent derives two
inds of detection limits: the RV detection limits based on planet
njection-recovery tests, and the dynamical detection limits that
nclude the orbital stability constraint. This additional informa-
ion impacts the detection limits by further rejecting areas of the
eriod-mass space where injected planets are dynamically not
iable. To evaluate orbital stability, ardent combines analytic
riteria with short N-body simulations coupled with a chaos in-
icator. This process fastens the stability estimation compared to
lassic N-body simulations. 
We computed detection limits for planets orbiting with periods
etween 2 and 500 d. Using the residual RVs from the best-fitting
esults of Section 6 , we sampled the P –K space with 104 points
nd, for each point, performed 10 injection-recovery tests after
ssigning different orbital phases to the injected planets (evenly
pread in [0 , 2 π] ). From these tests, we derived the RV 95 per cent
etection limits, as shown in Fig. 13 (brown dots). We computed
he dynamical detection limits based on analytical stability crite-
ia and numerical integrations over 104 yr. The result is illustrated
n Fig. 13 with red-yellow dots. We also include Fig. A3 as a
ifferent representation of the detection limits, mapped instead
n the orbital plane of the system. We repeated the computation
ith integration times of 105 yr and obtained identical results,
emonstrating that 104 yr is long enough to reveal short-term
nstabilities in the system. 
NRAS 550, 1–29 (2026)

2 Available at: https://github.com/manustalport/ardent 
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Fig. 13 shows that any planetary body orbiting inner to planet
 with mass larger than 3 M⊕ would have been detected in the
adial velocities. Similarly for planets orbiting between b and c,
e can exclude the presence of any body with mass larger than
 M⊕. Any retained planet inner to the sub-Saturn would also
ave a large probability to transit. However, while the photometry
hows no hint of further transiting planets and is well fit with the
referred two-planet model, the small size of these planets could
till evade detection. 
Most importantly, the stability analysis allows us to confirm

hat no stable orbit for any planet could be found between periods
f ∼50 and 185 d due to the eccentricity of TOI-2134 c. Any mas-
ive gas giant outer companion would have been fully detectable
ut to periods of 400 d. 
We however want to caution that this analysis relies on the
ssumption that the stellar variability of this target is very well
escribed by the best-fitting model. The residuals produced by
he multidimensional GP analysis were well-centred around 0
 s −1 and present no statistically relevant deviation from a Gaus-
ian distribution to indicate the possibility of a significant left-
ver trend (as shown in the leftmost panel in the second row of 
ig. A2 ). As mentioned in Section 5.2 , in this work all the long-
erm trends were assigned to a magnetic cycle signal, which is
hared between RVs and activity indicators. This choice is fur-
her supported by the shared phase of the short ascending sec-
ion and longer descending parts of the long-term trend between
Vs and S-index and BIS (Section 5.5 ), and by the fact that both
he wavelength-domain and the CCF-domain stellar mitigation
ethods also independently assigned most (or all) of this trend
o their non-coherent activity components (Sections 5.3 and 5.4 ).
hese analyses proved that the 5-yr period possible planetary sig-
al found in Section 5.1 cannot exist for the fitted semi-amplitude,
ut it must at least in part be stellar activity. However, we also
ould not ultimately assert that all this trend was only activity.
Ps are excellent at absorbing unresolved signals, even when
urther bound by simultaneous fitting of activity indicators. In
act, the amplitudes of the latent GPs were simply fitted by the op-

https://github.com/manustalport/ardent
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Figure 14. Parameter space of potential TOI-2134 ds which could feasi- 
bly excite TOI-2134 c’s eccentricity to its present-day value via coplanar 
high-eccentricity migration. Solid lines delineate theoretical dynamical 
boundaries, while dashed lines delineate boundaries derived from RVs, 
stability constraints, and Gaia DR3 detection limits. Red, green, and blue 
are associated with perturbers with ed = 0 . 1 , 0 . 6 , and 0 . 8 , respectively. 
Shaded regions denote areas of parameter space where perturbers could 
have both evaded detection and sufficiently excited TOI 2134 c’s eccentric- 
ity. We see that there is no overlap for the red ed = 0 . 1 scenario; hence, 
the companion must be endowed with significant eccentricity in this 
scenario. 
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imization routine, and were not bound by strong physical priors. 
o literature could be found focusing on assessing the likelihood 
f long-period planetary signal absorption by long-term trends in 
 GP. Moreover, a temporary agreement in phase between a long-
erm signal in the RVs and the activity indicators can still hide
he presence of a planet, as it would do for our own Solar system
ith the similar amplitudes and periods of the solar magnetic 
ycle and the signal Jupiter imprints. With the current data set
o further assessment of this possible degeneracy could be done. 
n order to fully describe the system and detect any possible out-
rmost body, further observations are required. In particular, a 
ew spectra every couple of months may help identify a possible
hase separation, and a longer baseline could better refine the 
arameter space allowed to any cold giant companion. 
Finally, we also utilized the Renormalized UnitWeight Error 

RUWE) statistics from the Gaia DR3 archive (Gaia Collabo- 
ation 2020 ) to identify further detection limits for cold giant 
ompanions. To this end, we used the approach described in A. 
ozzetti ( 2023 ). In brief, we performed a Monte Carlo experiment
tting a single-star model to synthetic Gaia DR3 astrometric data 
enerated based on the values of the observing times, along- 
can parallax factors, and scan angles obtained from the GOST 
ool, 13 the nominal Gaia DR3 astrometric parameters for TOI- 
134, the effects of orbital motion produced by companions over a
ange of masses and semimajor axis, random draws from uniform 

istributions of the other orbital elements, and prescriptions for 
ransit-level Gaia measurement errors appropriate for a star with 
he G mag of TOI-2134. For each mass–separation pair, the frac-
ion of systems with RUWE > 1 . 02 was recorded (Z. Penoyre, V.
elokurov & N. W. Evans 2022 ). Through this analysis, we were
ble to exclude the presence of M > 20 MJ companions for all
rbital periods, as well as M > 2 . 5 MJ planet with semimajor axes
 3 AU. The 99 per cent confidence level boundaries are included
n Fig. 14 . 

.3 Planet formation and migration 

he architecture of the TOI-2134 system is perplexing and places 
trong constraints on its possible dynamical histories. Planets are 
aively expected to form in perfectly circular orbits due to strong
ccentricity damping from the protoplanetary disc (P. Cresswell 
t al. 2007 ). Although modest eccentricities can, in principle, be 
xcited through planet–disc interactions (P. C. Duffell & E. Chi- 
ng 2015 ), the eccentricity of TOI-2134 c is likely too large to be
roduced by this mechanism. Mechanisms such as planet–planet 
cattering (e.g. S. Chatterjee et al. 2008 ; E. B. Ford & F. A. Rasio
008 ; M. Jurić & S. Tremaine 2008 ; D. Carrera et al. 2019 ; T. Lu
t al. 2025 ), and secular interactions such as von Ziepel-Lidov-
ozai oscillations (H. Zeipel 1910 ; Y. Kozai 1962 ; M. L. Lidov
962 ; Y. Wu & N. Murray 2003 ; S. Naoz 2016 ) can more readily
enerate higher eccentricities. However, the fact that both TOI- 
134 b and TOI-2134 c transit their host star rules out most of 
hese dynamical mechanisms, as in addition to eccentricity they 
end to impart large mutual inclinations and break the copla- 
arity of the system. 
One method of generating significant eccentricity without in- 
lination is to invoke secular interactions in hierarchical sys- 
ems, an effect coined by C. Petrovich ( 2015 ) as coplanar high-
ccentricity migration. In this scenario, an exterior coplanar com- 
3 Available at: https://gaia.esac.esa.int/gost/ 
1

a

anion is required. Using equations (1) and (3) from C. Petrovich
 2015 ), we computed the parameter space of putative planet ds
hich could reasonably excite TOI-2134 c’s eccentricity from 0.1 –
he nominal reasonable maximum expected from planet–disc in- 
eractions (e.g. P. C. Duffell & E. Chiang 2015 ) – to its present-day
alue, shown as solid lines in Fig. 14 . Overplotted are also con-
traints on the parameter space from RV detection sensitivity 14 
nd orbital stability, which are discussed in depth in Section 8.2
nd extended here to large semimajor axes. We carried out a
attery of planet injection-recovery tests to find the mass limits 
elow which no RV trend could be detected. We combined these
etection limits at large orbital distances ( ad > 1 AU) with classic
eplerian detection limits at small orbital distances ( ad < 1 AU),
he latter of which are described in Section 8.2 . We investigated
rbital stability below this limit curve and excluded the unstable 
egions of the parameter space. We also included detection limits 
erived from GR3 data. The dashed curves plotted in Fig. 14 are
he result of these combined RV, GR3, and stability constraints. 
The combined constraints rule out a low eccentricity for the 
otential planet d ( ed ∼ 0 . 1 ), but show that a massive eccentric
ompanion is indeed capable of generating TOI-2134 c’s eccen- 
ricity, which we verified with N -body simulations. 
Of course, the necessity that the perturbing companion also 
e eccentric raises its own questions. One possibility is that the
MNRAS 550, 1–29 (2026)

4 At such large orbital distances, the RV detection limits are ruled by the 
bsence of an observable trend (that is not explained by stellar activity). 
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ompanion may be a brown dwarf, 15 whose mass would be con-
ucive to eccentricity growth from planet–disc interactions (P.
oldreich & R. Sari 2003 ), which would maintain the coplanarity
f the system. Indeed, there is population-level evidence of ele-
ated eccentricities in brown dwarfs (B. P. Bowler, S. C. Blunt &
. L. Nielsen 2020 ) to support this hypothesis, though we note
hat the eccentricities necessary in our scenario are higher than
he limits suggested by numerical work (J. C. B. Papaloizou, R.
. Nelson & F. Masset 2001 ). A detailed analysis of the formation
nd dynamical history of the system is warranted, but shall be
eferred to future work. Fortuitously much of the feasible pa-
ameter space will be readily detectable by the upcoming data
eleases of the Gaia mission (C. Lammers & J. N. Winn 2026 ),
hough the specific conclusion of a single eccentric giant planet
etection must be treated with caution in astrometric data (D. A.
ahalomi et al. 2026 ). 

.4 Interior composition analysis 

he calculated mean bulk density of TOI-2134 b is 2.52 ±0.47
 cm−3 , placing it between a terrestrial density (5.5 g cm−3 ) and
he lower density of a Neptune-like planet (1.64 g cm−3 ). This in-
ermediate density suggested that the planet likely comprises an
nterior with an iron-rich core, a silicate mantle, and a significant
olatile envelope. To investigate the plausible range of composi-
ions, we modelled the interior of TOI-2134 b using plaNETic (J.
. Egger et al. 2024 ), a Bayesian framework based on the forward
odel of biceps (J. Haldemann et al. 2024 ). 
The interior of the planet is modelled using a three-layer
tructure, consisting of a core of iron (Fe) and sulphur (S), a
ocky mantle containing magnesium (Mg), oxygenated silicon
Si), and Fe, and a uniformly mixed envelope of hydrogen (H), he-
ium (He), and water. This approach subsequently allows for the
erivation of mass fractions for each key planetary component:
he core (CMF), the mantle (MMF), and an envelope of water
WMF) and gas (GMF). The ratios of Mg, Si, and Fe determine
he mantle composition. We employed a free prior on these ratios,
odelling them independently of the composition of the host
tar. 
We modelled the planet twice to account for two possible dis-

inct formation pathways (accretion of water primarily as solid ice
ersus accretion in gaseous form) since it is unknown whether
OI-2134 b formed outside or inside the system’s H2 O iceline.
e refer to the solutions as water-rich and water-poor, respec-
ively. These results are presented in Fig. 15 , with the priors and
osteriors depicted by the step histograms and filled histograms,
espectively, and the vertical dashed lines denoting the median
alues. The CMF, MMF, and WMF were sampled uniformly on a
implex, which accounts for the non-uniform appearance of the
riors when visualized in this space (see J. A. Egger et al. ( 2024 )
or a more detailed explanation). 
As expected for a planet with the density of TOI-2134 b, both
odel types predicted a non-zero gaseous envelope (GMF =
 . 04 ± 0 . 01 for the water-rich pathway and GMF = 0 . 02 ± 0 . 01
NRAS 550, 1–29 (2026)

5 While our RV and stability constraints exclude perturbers more mas- 
ive than the commonly cited 13 MJ boundary between giant planets and 
rown dwarfs, this threshold should not be interpreted as a sharp physical 
imit (D. S. Spiegel, A. Burrows & J. A. Milsom 2011 ) and our constraints 
o not rule out bodies with m ∼ 10 MJ . 
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or the water-poor pathway). Additionally, the water-rich forma-
ion scenario converged to a solution with a substantial water
ass fraction (WMF = 0 . 25 ± 0 . 18 ), indicating that the planet
ould have a significant hydrosphere. However, different interior
ompositions can result in the same observed planetary mass
nd radius, especially for sub-Neptunes, meaning additional in-
ormation about the nature of the planet is needed to resolve
he degeneracy: atmospheric observations offer a viable means
f breaking it. 
The bulk density of TOI-2134 c was computed to be 0 . 81 ±

 . 15 g cm−3 . This places planet c between the densities of the
wo puffiest planets in the Solar system, Saturn and Uranus (with
ean bulk densities of 0.6871 and 1.270 g cm−3 , respectively). To
nvestigate the interior composition of this planet we used GAS
ianT modeL for Interiors ( gastli : L. Acuña et al. 2021 , 2024 ), 16 
 python package designed to model the interior structure of 
olatile-rich exoplanets. gastli describes the planet with a two-
ayer structure, composed of a core and an envelope. The core is
ssumed to be composed of a 1:1 water and rock mixture due to
he high pressures, and the envelope of a mixture of H/He and
ater. In order to assess the most likely composition of TOI-2134
, we computed the mass–radius curves for a selection of CMFs
nd metallicities, as shown in Fig. 16 . For these calculations we
ssumed an internal temperature of 100 K, consistent with the
ge of the system, and the solar C/O ratio of 0.55. Using a grid
f �CMF = 0.05 for the core mass fraction, we considered three
ossible metallicities: 1 × solar, 10 × solar, and 100 × solar. In
ig. 16 the first two are represented by dashed and solid lines,
espectively. The radius of TOI-2134 c is larger than its simu-
ated radius for a composition of 100 × solar envelope and CMF
 0 (meaning no core). This means that its density is too low
o present an atmospheric metallicity greater than 100 × solar,
hich is consistent with the mass–metallicity trend at a popula-
ion level (H. R. Wakeford et al. 2017 ; L. Welbanks et al. 2019 ). Via
his analysis, TOI-2134 c was found to be coherent with a CMF of 
.60 ±0.05 for a log(Fe/H) = 0, or with a CMF of 0.50 ±0.05 for
 log(Fe/H) = 1. The low-metallicity model yielded an envelope
ass fraction (EMF) of 0.4 with an envelope water mass fraction
f circa Zenv = 0.013 (and thus a He/H envelope mass fraction of 
.987). The total metal mass was computed to be circa 35 M⊕, or
0 per cent of the total mass. In the 10 × solar metallicity case,
e found a CMF = 0.50 and thus EMF = 0.50. This atmospheric
etallicity yielded a water mass fraction in the envelope of Zenv =
.12 (0.88 He/H mass fraction), and a total metal mass of 33 M⊕,
r 57 per cent of the total mass. 
The interior composition of TOI-2134 c is degenerate between

he two parameters, CMF and atmospheric metallicity, and fur-
her atmospheric characterization would be needed here as well
o break this degeneracy (we further investigate this avenue in
ection 8.5 ). We however note that large age uncertainties can
till prevent atmospheric metallicity measurements from solving
he CMF- Zenv degeneracy (S. Müller & R. Helled 2023 ; L. Acuña
t al. 2024 ). A better age measurement may in fact be necessary
or further analysis. 

.5 Atmospheric simulations 

e investigated the potential of planets b and c for atmospheric
haracterization by modelling their near- to mid-infrared trans-
6 Available at: https://gastli.readthedocs.io/en/latest 

https://gastli.readthedocs.io/en/latest
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Figure 15. Modelled interior composition of TOI-2134 b from plaNETic . Results for the water-rich and water-poor scenarios are shown in the top and 
bottom rows, respectively. Prior (step histograms) and posterior (filled histograms) distributions are shown for each component. The median posterior 
value (dashed vertical line) is provided in each legend. 

Figure 16. Mass–radius diagram for varying core mass fraction (CMF) 
for the sub-Saturn TOI-2134 c. Solid lines represent an assumed 10 × solar 
metallicity, while dashed lines assume 1 × solar metallicity. The planet is 
plotted as a red dot with black error bars. For all tracks we assumed an 
internal temperature of 100 K, coherent with the age of the system, and 
a solar C/O ratio of 0.55. 
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Figure 17. Mass–equilibrium temperature diagram for all confirmed 
exoplanets with better than 3 σ mass detection. The TOI-2134 planets 
are plotted as stars with red borders. Uncertainties are included but not 
visible. All other confirmed planets orbiting FGK-type stars are plotted 
as circles with grey errorbars indicating the quoted uncertainties. Data 
are colour-coded based on computed planetary transmission spectroscopy 
metric (TSM). TOI-199 b is also plotted as a square. 
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ission spectra. Fig. 17 shows the Transmission Spectroscopy 
etric (TSM: E. M. R. Kempton et al. 2018 ) of known exoplanets

n the ∼10–100 M⊕ mass range with equilibrium temperature 
etween 200 and 1500 K (assuming albedo = 0 and perfect cir-
ulation). Both TOI-2134 b and c have notable TSM values (159 
nd 208, respectively), and planet c in particular stands out as a
niquely favourable target in the < 400 K regime. In fact, both
lanets have been observed before. TOI-2134 b was followed by 
eck’s high-resolution NIRSPEC spectrograph, detecting escap- 
ng helium (M. Zhang et al. 2023 ). Planet c has been observed by
he Hubble Space Telescope WFC3 G141 (GO 17920), and will also
e followed up to look for escaping hydrogen. 
We modelled representative atmospheric spectra for these 
lanets using the Genesis atmospheric modelling code (S. 
andhi & N. Madhusudhan 2017 ; A. A. A. Piette & N. Mad-
usudhan 2020 ) coupled with the FastChem Cond equilibrium 

hemistry solver (D. Kitzmann, J. W. Stock & A. B. C. Patzer 2024 ).
he temperature profiles for each planet were assumed to be 
sotherms at their zero-albedo, orbit-averaged equilibrium tem- 
MNRAS 550, 1–29 (2026)
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eratures (660 K and 302 K for planets b and c, respectively, in-
luded in Table 2 ). We include opacity due to H2 O (L. S. Rothman
t al. 2010 ), CH4 (S. N. Yurchenko et al. 2013 ; S. N. Yurchenko &
. Tennyson 2014 ), C2 H2 (L. S. Rothman et al. 2013 ; I. E. Gordon
t al. 2017 ), CO2 (L. S. Rothman et al. 2010 ), CO (L. S. Rothman
t al. 2010 ), HCN (G. J. Harris et al. 2006 ), NH3 (S. N. Yurchenko,
. J. Barber & J. Tennyson 2011 ), N2 (P. S. Barklem & R. Collet
016 ; C. M. Western et al. 2018 ), O2 (I. E. Gordon et al. 2017 ), and
2 S (A. A. A. Azzam et al. 2016 ; K. L. Chubb et al. 2018 ), and
ollision-induced absorption (CIA) due to H2 –H2 and H2 –He (C.
ichard et al. 2012 ). 
Fig. 18 shows the model transmission spectra for planets b and
. We show nominal atmospheric compositions corresponding
o 1 × and 10 × solar elemental abundances, following the re-
ults of the previous sections, where the molecular abundances
re calculated for each scenario according to thermochemical
quilibrium using FastChem Cond . Fig. 18 also shows the rel-
tive cross-sections of CH4 , CO2 , H2 O and NH3 to illustrate
heir contributions to these spectra. We additionally show sim-
lated James Webb Space Telescope ( JWST ) observations with
IRSpec G395M and MIRI LRS, calculated using PandExo
N. E. Batalha et al. 2017 ) and assuming one transit for each
nstrument. 
For both planets b and c, the transmission spectrum is domi-
ated by H2 O and CH4 , given their relatively low temperatures.
or the cooler planet c, NH3 opacity also becomes important,
ith a notable feature visible at ∼10–11 µm and smaller fea-
ures at 2 and 1.5 µm. In the case of a higher atmospheric
etallicity (e.g. 10 × solar elemental abundances, as shown in
ig. 18 ), CO2 features are also visible, especially at ∼4.5 µm.
he simulated JWST observations show that these spectral fea-
ures could feasibly be constrained with one or more transits per
nstrument. 
TOI-2134 c is therefore a prime candidate for probing nitrogen
hemistry in exoplanet atmospheres. To date, this has been a
hallenging task, as NH3 only becomes the dominant nitrogen
arrier in H2 -rich atmospheres below ∼500 K, above which un-
etectable N2 is instead the dominant carrier (e.g. J. I. Moses
t al. 2013 ). Exoplanets in this temperature range can be more
hallenging to characterize due to their longer orbital periods
nd smaller atmospheric scale heights. Nevertheless, NH3 was
ecently detected in the atmosphere of the transiting warm Nep-
une WASP-107 b (L. Welbanks et al. 2024 ) and in directly imaged
lanets such as GJ 504 b (M. Mâlin et al. 2025 ) and HR8799 b
J. W. Xuan et al. 2026 ). Non-detections have been reported in
maller, sub-Neptune planets (e.g. K2-18 b and TOI-270 d, N.
adhusudhan et al. 2023 ; B. Benneke et al. 2024 ; M. Holmberg
 N. Madhusudhan 2024 ), which may be a result of atmosphere-
nterior interactions. TOI-2134 c also resides in the temperature
ange in which H2 O can condense (K. Lodders & B. Fegley 2002 ),
llowing for the possible probing of Earth-like water clouds for
he first time in an exoplanet. 
The potential of planet c for atmospheric characterization with
WST is particularly compelling given recent results for the sim-
lar, temperate sub-Saturn TOI-199 b (A. Bello-Arufe et al. 2025 ),
ighlighted by a square marker in Fig. 17 . With a TSM lower
han TOI-2134 c (126 compared to 208), TOI-199 b showed strong
vidence of CH4 absorption from its atmosphere based on a single
WST /NIRSpec G395M transit. TOI-199 b’s atmospheric chem-
stry will be further refined with two upcoming transits with
IRSpec/G395M (GO 7188; PI: Acuña; Acuña-Aguirre et al., in
reparation). While the presence of NH3 and/or HCN was uncon-
NRAS 550, 1–29 (2026)
trained by the current data, both TOI-199 b and TOI-2134 c are
romising targets to uncover nitrogen chemistry in the temperate
aturn to sub-Saturn mass range. 

 SUMMARY  AND  CONCLUSIONS  

n this work, we presented the re-analysis of the orbital structure
f the TOI-2134 system comprising an inner mini-Neptune and
 temperate sub-Saturn. Following a previous publication (R24)
nd in order to better define the eccentricity of the outer planet,
e obtained 98 further spectral observations and analysed three
ew sectors of TESS data. We investigated the number of planets
n the system via a rigorous analysis of 160 HARPS-N RVs and
20 SOPHIE RVs. The statistically preferred model described the
ata as the sum of two Keplerians and a GP with a quasi-periodic
ernel. The data included an unresolved long-term trend that was
ound to be mainly derived from the magnetic activity cycle of the
tar. However, since the extracted stellar rotation period slightly
isagreed with the one extracted from a GP analysis of the stellar
ctivity indicators, we also tested a multidimensional GP frame-
ork, which simultaneously modelled the RVs from both spec-
rographs, and the S-index and the bisector span. The resulting
lanetary parameters agreed within 1 σ and the stellar rotation
eriod was better defined. We also tested the preferred models
n two other reductions of the HARPS-N spectra: yarara and
weaks . In all cases the agreed best results only included two Ke-
lerians mapping the two observed sets of transits. Final orbital
haracteristics were taken from a joint analysis of the photometry,
escribed by batman transit models, and of the RVs, modelled
ith a multidimensional GP. 
In order to study the spin-orbit alignment of the system, we
lso acquired radial velocities for both planets during transit.
e observed the 2023 April 28 transit of the inner planet with
XPRES, acquiring 21 observations, and the 2025 April 7 transit
f the outer one with PARAS-2, obtaining 13 spectra over 3 nights.
e analysed the data in order to measure the RM effect of either
lanets, but some particularly bad weather on both nights made
he modelling tricky. We were not able to detect any RM signal in
he EXPRES data for TOI-2134 b, and we only have a detection
n the PARAS-2 data for TOI-2134 c, dependent on the chosen
aseline model. 
As a result of these analyses we reached the following
onclusions: 

(i) We characterize the mini-Neptune TOI-2134 b to be in
 9 . 229198 ± 0 . 000003 d orbit. We measure its mass and radius as
 . 37 ± 0 . 54 M⊕ and 2 . 735 ± 0 . 068 R⊕. The newly derived values
ll agree within 1 σ with those of R24, but the new data signif-
cantly improved their precision and significance. We could not
easure TOI-2134 b’s orbital obliquity due to poor data quality.
ts bulk density places it between terrestrial and Neptune-like
orlds, and modelling its interior composition with plaNETic
redicted a non-zero gaseous envelope for both water-rich and
ater-poor formation pathways (GMF = 0 . 04 ± 0 . 1 and 0 . 02 ±
 . 1 , respectively). For the water-rich case, the analysis also pre-
erred a substantial water mass fraction of 0 . 25 ± 0 . 18 , pointing
o a significant hydrosphere. 
(ii) Planet c is confirmed to be a sub-Saturn in a 95 . 852840 ±

 . 000041 d orbit, with mass equal to 58 . 3 ± 1 . 9 M⊕, and radius
 . 35 ± 0 . 18 R⊕. The much improved completeness over the or-
ital phase space for this planet allowed to break the eccen-
ricity posterior multimodality, and resulted in well-converged
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Figure 18. Model atmospheric spectra for planets b (bottom) and c (top), with either a 1 × solar (darker lines) or 10 × solar (lighter lines) atmospheric 
metallicity. Shaded regions show the relative absorption cross-sections of CH4 , CO2 , H2 O and NH3 for reference. Circle/diamond markers and error bars 
show simulated NIRSpec G395M/MIRI LRS observations assuming a single transit per instrument. 
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aussian-like posteriors centred on the lower eccentricity value 
f 0 . 31 ± 0 . 01 , instead of the split results presented in R24. We
nderwent extensive model testing to avoid incorrectly deflating 
r inflating the planet’s semi-amplitude by incorrect signal at- 
ribution between this outer Keplerian and the stellar rotation 
eriod found to be at its first harmonic. This eccentricity places 
OI-2134 c squarely in the overdensity in eccentricity space typ- 
cal of gas giants with P > 10 d. A detection of an RM effect
ould be found with a significance of 4.7 σ for a 59 ± 31◦ obliquity,
lthough the result is model-dependent. Overall TOI-2134 c has 
n 84 per cent probability of being in a prograde orbit. The bulk
ensity of the planet lies between those of Saturn and Uranus.
e modelled the planet interior composition using gastli , and 
ound the planet to be consistent with core mass fractions of 
 . 60 ± 0 . 05 and 0 . 50 ± 0 . 05 for 1 ×solar and 10 ×solar metallici-
ies, respectively. The total metal mass was computed to be be- 
ween 57 and 60 per cent of the total mass. Although higher
etallicities of 100 ×solar were also considered, no compatible 
odels could be found. 
(iii) Via detection limits analysis, we could exclude the pres- 
nce of any undetected body with mass larger than 3 M⊕ orbiting
nner to planet b, and any with mass larger than 5 M⊕ orbiting
etween the two planets. In fact the stability analysis found that
o stable orbits could be found for any planet with orbital periods
etween ∼50 and 185 d due to the significant eccentricity of TOI-
134 c. Any massive companion ( M > 25 M⊕) with a period un-
er 400 d would also have been detected and can thus be excluded.
aia data further restricted the parameter space available for 
ndetected bodies: any planet with M > 20 MJ would have been 
etected, as well as any with M > 2 . 5 MJ orbiting at all semimajor
xes < 3 AU. 
(iv) The architecture of the system is peculiar, with a high- 
ccentricity outer gas giant and a surviving inner planet. The ec-
entricity of TOI-2134 c is likely too large to be excited via planet–
isc interactions, and too small for extreme high-eccentricity mi- 
ration. Other mechanisms such as planet–planet scattering are 
lso unlikely due to the coplanarity of both planets. The most
ikely method given the current data was found to be coplanar
igh-eccentricity migration, for which a third coplanar compan- 
on would be required. While an unresolved long-term trend 
s present in the radial velocities, the analyses preferably as- 
igned it to a magnetic cycle effect, and no third body could be
ound. 
(v) Finally, we investigate the potential of both planets for at- 
ospheric characterization. TOI-2134 b has a TSM of 159 and is a
ery interesting candidate in the 600–700 K equilibrium temper- 
ture regime. Previous observations confirmed escaping helium. 
ts simulated transmission spectrum is dominated by H2 O and 
H4 , and planetary metallicity is shown to have a significant 
ffect around 4.3 μm . TOI-2134 c is a uniquely favourable target
ithin the Teq < 400 K regime. It has the largest TSM of 208 and
ccupies a significantly underpopulated mass–temperature pa- 
ameter space. At these temperatures the opacity of NH3 becomes 
mportant, with a notable feature around 10.5 μm , making planet
 a prime candidate for probing nitrogen chemistry. This is par-
icularly compelling given the recent results for the sub-Saturn 
OI-199 b, which with a TSM of only 126 was found to show
vidence of CH4 absorption. Finally, planet c is also a promising 
MNRAS 550, 1–29 (2026)
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arget for the detection of water clouds for the first time in an
xoplanet. 
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PPENDIX  A:  SOME  EXTRA  FIGURES  AND  

ABLES  

ig. A1 depicts the correlation between the HARPS-N and the
OPHIE radial velocities with their available activity indicators,
s described in Section 3 . The Spearman correlation coefficients
re included as text in each plot. 
In Fig. A2 we present the full multidimensional GP RV model

rom which final results are derived in Section 6 . The SOPHIE and
ARPS-N RVs are depicted as orange squares and purple dots,
espectively, while the model is shown by the green line, with
ncertainties highlighted by shaded regions. The residuals of the
Vs are shown in the second plot, with related distributions and
eriodograms. We also include the derived models for the S-index
nd the BIS. 
In Table A1 we list all the fitted parameters for the joint pho-

ometry and multidimensional GP RV fit not already included
n Table 2 . These include the jitter values, β, for both RV data
ets, the activity indicators, and for the TESS photometry, the
ffsets for the radial velocities and the activity indicators, the GP
mplitudes of the convective and the rotational terms for the RVs
nd the activity indicators (as described in equation 2 ). The TESS
imb darkening coefficients, q1 and q2 are also present, together
ith the hyperparameters of the QP kernel: the stellar rotational
eriod, Prot , its evolution time-scale, Pdec , and its harmonic com-
lexity, λ. 
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Figure A1. Correlation plots of the RVs, shown on the y -axes, against their activity indicators, plotted on the x -axes. Top row : HARPS-N RVs against 
bisector span, contrast and FWHM of the CCF, S-index and H α index. Bottom row : SOPHIE RVs against log R′ 

hk , contrast, FWHM and H α. All data 
points are colour-coded by the date of the observation, as shown in the colour bar. For each activity indicator, the Spearman correlation coefficient is 
also included. 
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M

Figure A2. Results of the multidimensional GP analysis undertaken in Section 6 . On the first row the RVs from HARPS-N and SOPHIE are plotted with 
uncertainties as purple dots and orange squares, respectively. The two RV time series are aligned vertically with the derived best offsets. The combined 
GP and Keplerian model is shown as a green line, with the shaded green areas representing the model uncertainties. On the second row, the residuals 
between the RVs and the full model are shown. The colour scheme is the same as the plot above, with the zero value indicated by a black dashed line. 
The green shaded region around the zero-point represents the uncertainties on the full RV model. Histograms of the residuals are shown on the left. GLS 
periodograms are shown on the right, with the respective 1 and 0.1 per cent FAPs indicated in the respective colours as dashed and dotted lines. On the 
third and fourth row, we show the two activity indicators used for the multidimensional GP analysis: the S-index in red and the BIS in blue. As above, 
the GP model and its uncertainties are shown in green. We note that we only use activity proxies from the HARPS-N data. 
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Table A1. Results for the joint fit performed in Section 6 . This table 
includes all non-planetary parameters. 

Parameter Value 

SOPHIE RV β [m s −1 ] 3 . 51 ± 0 . 37 
SOPHIE RV offset [m s −1 ] −3 . 50 ± 0 . 81 
SOPHIE Vc 3 . 65 ± 0 . 76 
SOPHIE Vr 20 . 0 ± 7 . 8 
HARPS-N RV β [m s −1 ] 0 . 9972+0 . 0021 

−0 . 0047 
HARPS-N RV offset [m s −1 ] −1 . 66+0 . 77 

−0 . 71 
HARPS-N Vc 3 . 70+0 . 61 

−0 . 49 
HARPS-N Vr 19 . 4+4 . 5 

−3 . 8 
HARPS-N BIS β [m s −1 ] 0 . 82 ± 0 . 22 
HARPS-N BIS offset [m s −1 ] −17 . 25 ± 0 . 39 
HARPS-N Bc 1 . 78+0 . 33 

−0 . 27 
HARPS-N Br −17 . 5+3 . 3 

−4 . 0 
HARPS -N S -index β 14 . 5 ± 1 . 1 
HARPS -N S -index offset 499 ± 12 
HARPS-N Sc 57 . 0+9 . 0 

−7 . 6 
TESS β [ppm] 0 . 0000087+0 . 0000038 

−0 . 0000024 
q1 0 . 537 ± 0 . 071 
q2 0 . 06 ± 0 . 12 
Prot [d] 48 . 78+0 . 65 

−0 . 60 
Pdec [d] 74 . 3+8 . 3 

−7 . 9 
λ 0 . 624+0 . 69 

−0 . 59 

Figure A3. Alternative visualization of the computed detection limits 
for the TOI-2134 system mapped on the orbital plane. The star is repre- 
sented by an X, while the two confirmed planets are plotted as blue and 
orange orbits with white borders. The rest of the orbital space is colour- 
coded based on the mass of the detection limit. Black areas represent 
spaces for which no stable orbit could be found. For this plot, we used 
a higher resolution in the period sampling (100 additional period bins be- 
tween 0.5 P and 2 P of each planet). It reveals islands of stability associated 
with the 2:1, 3:2, 4:3, and 5:3 motion mean resonances. 
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Finally, Fig. A3 is an alternative representation of the results
epicted in Fig. 13 . 
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