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ABSTRACT

Context. Only a handful of transiting giant exoplanets with orbital periods longer than 100 days are known. These warm exoplanets are
valuable objects, as their radius and mass can be measured and lead to an in-depth characterisation of the planet’s properties. Thanks
to low levels of stellar irradiation and large orbital distances, the atmospheric properties and orbital parameters of warm exoplanets
remain relatively unaltered by their host star, giving new insights into planetary formation and evolution.

Aims. Our aim is to increase the sample of warm giant exoplanets with precise radii and masses. Our goal is to identify suitable
candidates in the Transiting Exoplanet Survey Satellite data and perform follow-up observations with ground-based instruments.
Methods. We used the Next Generation Transit Survey (NGTS) to detect additional transits of planetary candidates in order to pin-
point their orbital period. We also monitored the target with several high-resolution spectrographs to measure the planetary mass and
eccentricity. We studied the planet’s interior composition with a planetary evolution code to determine the planet’s metallicity.
Results. We report the discovery of a 106-day period Jupiter-sized planet around the G-type star TOI-2449/NGTS-36. We jointly
modelled the photometric and radial velocity data and find that the planet has a mass of 0.70f8:gi M; and a radius of 1.001 + 0.009 R;.
The planetary orbit has a semi-major axis of 0.449 au and is slightly eccentric (e = 0.098f8;8§g). We detected an additional 3-year
signal in the radial velocity data that is likely due to the stellar magnetic cycle. Based on the planetary evolution models considered
here, we find that TOI-2449 b/NGTS-36 b contains llfg M, of heavy elements and has a marginal planet-to-star metal enrichment of

3.3*%2. Assuming a Jupiter-like bond albedo, TOI-2449 b/NGTS-36b has an equilibrium temperature of 400K and is a good target for

understanding nitrogen chemistry in cooler atmospheres.

Key words. methods: data analysis — planets and satellites: detection — planets and satellites: gaseous planets —

planets and satellites: individual: TOI-2449b

1. Introduction

Gas giant exoplanets play a crucial role in the formation and evo-
lution of planetary systems. They form within the first 10 Myr,
before the gas disc dissipates (e.g. Mordasini & Burn 2024),
and contain the majority of the mass of a planetary system. Gas
giants are known to shape the architecture of planetary systems
(e.g. Levison & Agnor 2003; Kong et al. 2024), but the exact role
of giant planets and the mechanisms driving their formation and
migration remain to be understood.

*Based on observations collected at the European Southern
Observatory under ESO programmes: 105.20GX.001, 106.21ER.001,
108.22A8.001, 108.221.8.001, 109.239V.001, 110.23YQ.001.

** Corresponding author: ulmer-moll@strw.leidenuniv.nl

*** Qort Postdoctoral Fellow.

**** SNSF Postdoctoral Fellow.

The discovery of close-in giant exoplanets with orbital peri-
ods of a few days (e.g. Mayor & Queloz 1995) brought more
questions with regard to their formation and migration pathways.
Two types of models are usually considered: in situ formation
(e.g. Bodenheimer et al. 2000) and ex situ formation, in which
the gas giants must have formed at large distances from the
host stars and migrated inward in order to arrive at their current
locations (e.g. Lin et al. 1996). Several migration scenarios are
needed to explain the range of orbital periods and eccentricities
at which these giant planets are found. Generally, the two main
channels envisioned are high-eccentricity migration (e.g. Rasio
& Ford 1996) and disc migration (e.g. Goldreich & Tremaine
1980; Baruteau et al. 2014 for a review).

Studying the orbital architecture and stellar obliquities (spin-
orbit angles) of close-in giant planets in particular are key
to understanding which migration scenarios are needed to
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reproduce the observed population. Transiting exoplanets are
excellent probes to determine projected spin-orbit angles,
which are often measured with observations of the Rossiter-
McLaughlin effect.

Unfortunately, the orbital and physical parameters of hot
Jupiters, planets with orbital period shorter than 10 days, are
largely influenced by the interactions with their host star, which
can change their original properties. Hot Jupiters are subject to
strong tidal interactions with their host star, which dampens their
orbital eccentricity and could dampen stellar obliquities (e.g.
Albrecht et al. 2012, 2022). Hot Jupiters also have larger radii
than expected, as seen in interior structure modelling, due to
their proximity to the host star and the intense stellar irradiation
they receive. Dawson & Johnson (2018) review the mechanisms
leading to the inflation of hot Jupiter radii.

In contrast to hot Jupiters, warm Jupiters, usually defined
as planets with orbital periods between 10 and 200 days (e.g.
Dawson & Johnson 2018; Wang et al. 2024), are less suscepti-
ble to stellar interactions and likely retain their post formation
and migration characteristics. The sample of well characterised
warm Jupiters is still relatively small: 90 warm giant planets
have precise masses and radii (uncertainty less than 25% and
8%, respectively)'. Since its launch in December 2018, the Tran-
siting Exoplanet Survey Satellite (TESS) satellite (Ricker et al.
2015) has been conducting a near all sky survey with 27-day long
pointings. Towards the poles, the pointings overlap to provide
an uninterrupted observation of up to one year. Most transiting
warm Jupiters appear as a single transit event in a given pointing.
Villanueva et al. (2019) and Cooke et al. (2019) have pointed out
the need to identify single or duo transit events in order to dis-
cover long-period planets and published predicted yields. From
simulations including TESS Year 1 and 3 light curves, Rodel
et al. (2024) find that about 110 planets with orbital periods larger
than 100 days should be detected and that 75% of those will be
monotransits.

Long-term radial velocity campaigns have enabled mass and
eccentricity measurements for these transiting planets and have
led to well-characterised systems (e.g. Schlecker et al. 2020;
Hobson et al. 2021; Eberhardt et al. 2023; Ulmer-Moll et al.
2023; Brahm et al. 2023). Photometric follow-up campaigns
are also required to recover the orbital period of warm transit-
ing planets. Citizen scientists are involved in this effort, both
in the identification of single transit events (e.g. TOI-2180b, a
260-day planet; Dalba et al. 2022) and the photometric observa-
tions of candidates (e.g. Sgro et al. 2024). The Next Generation
Transit Survey (NGTS; Wheatley et al. 2018) has a multi-year
monitoring program of single and duo transit candidates that
has led to the discovery of several transiting warm Jupiters with
orbital periods ranging from just above 20 days to up to 100 days
(e.g. Gill et al. 2020; Ulmer-Moll et al. 2022; Battley et al.
2024).

In this context, we report the discovery of a transiting warm
Jupiter orbiting TOI-2449 characterised with TESS and NGTS
data and radial velocity data. In Sect. 2 we present the photomet-
ric data, radial velocities, and high-resolution imaging data. The
methods for the determination of the stellar and planetary param-
eters are detailed in Sect. 3. In Sect. 4 we present the results of
the joint photometric and radial velocity fit, and we determine
the heavy element mass of TOI-2449b. Finally, we discuss and
summarise our work in Sects. 5 and 6.

I NASA exoplanet archive queried on April, 15, 2025, for planets
with masses larger than 0.1 M;.
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2. Observations

TOI-2449 was observed by TESS (Sect. 2.1) and follow-up pho-
tometric observations were obtained with NGTS (Sect. 2.2).
Ground-based spectroscopic observations were carried out
with the high-resolution spectrographs CHIRON, CORALIE,
FEROS, and HARPS, which are presented in Sects. 2.4, 2.3, 2.5,
and 2.6, respectively. High-resolution imaging data and results
are detailed in Sects. 2.7 and 2.8.

2.1. TESS photometry

The Transiting Exoplanet Survey Satellite (Ricker et al. 2015) is
a photometric survey mission that scans almost the entire sky.
TOI-2449 was observed by TESS in sectors 4 and 5 (from Octo-
ber 19 to December 11, 2018) at a two-minute cadence and in
sectors 31 and 32 (from October 22 to December 16, 2020) at a
cadence of 10 minutes.

TOI-2449 b was first announced as a TESS object of interest
(TOI) on January 6, 2021, with a single transit event detected in
sector 31 by the Quick Look Pipeline (QLP) at MIT (Huang et al.
2020a,b). We obtained the light curves from the four TESS sec-
tors through the Mikulski Archive for Space Telescopes (MAST)
archive’. We downloaded the outputs of the Science Process-
ing Operation Center (SPOC; Jenkins et al. 2016) pipeline,
and we used the pre-search data conditioning simple aperture
photometry (PDCSAP; Stumpe et al. 2012; Smith et al. 2012;
Stumpe et al. 2014) in our analysis. The image data were reduced
and analysed by SPOC at the NASA Ames Research Center.
The PDCSAP light curves were corrected for dilution and for
systematic trends shared by other stars on the detector.

We checked for contaminant sources in the aperture with the
tpfplotter software package (Aller et al. 2020). No neigh-
bouring sources were found down to a G magnitude difference
of eight for the four TESS sectors. The two nearest neighboring
stars have flux ratios of 0.0032 and 0.0009 in the G band. We
include the figure of the TESS target pixel file for sector 31 in
Appendix A.

2.2. NGTS photometry

The Next Generation Transit Survey operates a set of twelve
robotic telescopes located at Cerro Paranal, Chile. Each unit is
a 20 cm telescope fitted with back-illuminated deep-depletion
CCD cameras (Wheatley et al. 2018). NGTS uses a custom filter
ranging from 520 to 890 nm. For TOI-2449, with a T-band mag-
nitude of 9.9, the expected photometric precision for a single
NGTS telescope is 400 ppm per 30 mins. At a T-band magnitude
brighter than 9.5, the 12 NGTS telescopes reach a photomet-
ric precision of 100 ppm per 30 mins (e.g. Bryant et al. 2020;
O’Brien et al. 2021).

After the release of the new transiting candidate around TOI-
2449, the target was included in the on-going NGTS program
aimed at the discovery of warm and temperate exoplanets. TOI-
2449 was monitored for a first campaign that resulted in 80
nights of observations with one NGTS camera from January 15
to April 23, 2021. No transit event was detected in this first NGTS
campaign. The second campaign consisted of 94 nights of obser-
vations with one NGTS camera from July 5 to December 3, 2021.
One partial transit matching the transit depth of the transiting
event in TESS was identified on September 14, 2021. After this
detection, the maximum possible period was 318.4 days, and five

2 mast.stsci.edu
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period aliases (all above 50 days) were still compatible with the
TESS and NGTS data. A second partial transit was observed on
November 13, 2022, with six cameras based on the radial veloc-
ity solution. This third transit reduced the set of possible orbital
periods to only two period aliases: 53.07 and 106.14 days. Dur-
ing the first transit observation, the photometric precision was
380 ppm per 30 mins. During the second transit observations,
the 30-minute photometric precision was between 530 and 680
ppm per camera. The seeing and wind speed were higher during
this second observation and probably impacted the photometric
precision. The NGTS data shows a long-term decreasing trend
that cannot be attributed to instrumental effects and is likely due
to long-term stellar activity. The nightly binned NGTS data are
presented in Fig. B.1 along with three selected nights showing
light curves with and without a transit detection.

2.3. CORALIE spectroscopy

We used the CORALIE spectrograph (Baranne et al. 1996;
Queloz et al. 2001b; Ségransan et al. 2010) to first confirm
the planetary nature of TOI-2449b and then monitor the radial
velocity of the target for two years. CORALIE is a high-
resolution fibre-fed spectrograph installed at the Swiss Euler
1.2m telescope® located in La Silla, Chile. CORALIE has a spec-
tral resolution of 60 000 with a sampling per resolution element
equal to three pixels. CORALIE is fed by two fibres. The first
fibre is used for science observation, and the second fibre is
used either to observe a Fabry—Pérot étalon for drift calibration
purposes or to observe the sky for background subtraction. We
observed TOI-2449 together with the simultaneous Fabry—Pérot
étalon.

We obtained 32 CORALIE spectra of TOI-2449 from Jan-
uary 17, 2021, to March 11, 2023, with exposure times varying
between 900 and 1800 seconds. The objectives of the radial
velocity observations are to rule out spectroscopic binaries with
the first two CORALIE measurements and then to detect the
reflex motion induced by the transiting candidate with a mon-
itoring over several months with a radial velocity precision of
about 10ms~!. The spectra were reduced with the standard data
reduction pipeline and cross-correlated with a G2-type stellar
mask to obtain the radial velocity measurements and associated
errors (e.g. Pepe et al. 2002). The radial velocities are presented
in Table 1. Along with the radial velocities, the pipeline provides
useful parameters that can be used as stellar activity indicators:
the full width half maximum (FWHM), contrast, and bisector
inverse slope (BIS; Queloz et al. 2001a) of the cross-correlation
function (CCF).

2.4. CHIRON spectroscopy

CHIRON is a fibre-fed high-resolution spectrograph installed
at the 1.5m telescope located in Cerro Tololo INter-american
Observatory, Chile (Tokovinin et al. 2013). CHIRON monitored
TOI-2449 for one year, from January 8, 2021, to January 29,
2022, collecting 72 observations with an exposure time vary-
ing between 900 and 1200 seconds, leading to a signal-to-noise
ratio per extracted pixel between 17 and 40, depending on the
atmospheric conditions and air mass. Spectral extraction and
calibration was performed via the standard CHIRON pipeline
(Paredes et al. 2021). Line profiles and radial velocities were
determined from each spectrum via a least-squares deconvo-
lution between the observed spectrum and a synthetic non-
rotating template, generated from ATLAS9 model atmospheres

3 eso.org/public/teles-instr/lasilla/swiss

Table 1. Radial velocities of TOI-2449 (extract).

Time RV RV error Instrument
BJD [kms™'] [kms™']
245922261066 -4.823 0022  CHIRON
2459223.61061 -4.864 0022  CHIRON
245922561142 -4815 0023  CHIRON
2460294.61190 -3.404 0010  CORALIE
2460330.64524 3433 0017  CORALIE
2460359.54308 -3.448 0008  CORALIE

Notes. The full version of this table is available at the CDS.

(Castelli & Kurucz 2003). Radial and line broadening veloc-
ities are determined by modelling the line profiles with an
analytic broadening kernel that encompasses the effects of rota-
tional, macroturbulence, and instrumental broadening, as per
Gray (2005). The radial velocity measurements are reported in
Table 1.

2.5. FERQOS spectroscopy

TOI-2449 was also monitored by the Fiber-fed Extended Range
Optical Spectrograph (FEROS), located at the 2.2 m telescope
in La Silla, Chile. FEROS has a resolution of 48 000 and covers
the optical range from 360 to 920 nm (Kaufer et al. 1999). TOI-
2449 was observed over two years, comprising 17 observations
under the programs 0106.A-9014, 0107.A-9003, 0108.A-9003,
and 0109.A-9003. The observations were done using the simul-
taneous wavelength calibration mode with an average exposure
time of 300 seconds, leading to spectra with a typical signal-to-
noise ratio per resolution element between 60 and 90. The data
were reduced with the CERES pipeline (Brahm et al. 2017), which
provides the radial velocity measurement and associated error
as well as the FWHM and BIS of the CCF. The radial velocity
measurements are listed in Table 1.

2.6. HARPS spectroscopy

HARPS is a high-resolution fibre-fed spectrograph installed at
the European Southern Observatory (ESO) 3.6 m telescope at
La Silla, Chile (Mayor et al. 2003). Given that CORALIE,
CHIRON, and FEROS observations hinted at the detection of a
planet around TOI-2449, additional observations were acquired
with HARPS in order to refine the orbital solution and planetary
parameters with a radial velocity precision at the meter per sec-
ond level. During two years, we used the HARPS spectrograph
to monitor TOI-2449 with the high-accuracy mode and expo-
sure times varying between 900 and 1200 seconds, depending on
the weather conditions. TOI-2449 was observed for a total of 55
observations under several programs aiming to confirm transit-
ing warm Jupiters: 105.20GX.001, 106.21ER.001, 108.221.8.001,
108.22A8.001, 109.239V.001, and 110.23YQ.001. The HARPS
data were reduced with the standard data reduction pipeline,
and the radial velocities were obtained with the cross-correlation
technique using a G2 mask. The radial velocity measurements
are reported in Table 1. The HARPS spectra were co-added and
then used to perform the stellar analysis in Sect. 3.1.

2.7. Zorro imaging

High-resolution imaging is one of the critical assets required
as part of the validation and confirmation process for a
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transiting exoplanet observation. The presence of a close com-
panion star, whether truly bound or along the line of sight, causes
additional light contamination of the observed transit, leading to
derived properties for the exoplanet and host star that are incor-
rect (Ciardi et al. 2015; Furlan & Howell 2017, 2020). Given
that nearly one-half of FGK stars are in binary or multiple star
systems (Matson et al. 2018), high-resolution imaging yields cru-
cial information towards our understanding of each discovered
exoplanet as well as more global information on exoplanetary
formation, dynamics, and evolution (Howell et al. 2021).

TOI-2449 was observed on September 22, 2021, using the
Zorro speckle instrument on Gemini South (Scott et al. 2021).
Zorro provides simultaneous speckle imaging in two bands
(562 nm and 832 nm), and its output data products include a
reconstructed image and robust contrast limits on companion
detections (Howell et al. 2011). Seven sets of 1000 x 0.06 sec
exposures were collected and subjected to Fourier analysis using
the Zorro standard data reduction pipeline. Figure C.1 shows
the resulting 5 o~ contrast curves and the 832 nm reconstructed
speckle image. We find that TOI-2449 is a single star with no
close companion brighter than five to seven magnitudes from
the diffraction limit ( 20 mas) out to 1.2j. At the distance of
TOI-2449, these angular limits correspond to spatial limits of
3-188 au.

2.8. SOAR imaging

We also searched for stellar companions of TOI-2449 with
speckle imaging on the 4.1-m Southern Astrophysical Research
(SOAR) telescope (Tokovinin 2018) on February 27, 2021,
observing in the Cousins I-band, an overlapping visible band-
pass similar to TESS. This observation was sensitive to a
5.8-magnitude fainter star at an angular distance of 1 arcsec
from the target. More details of the observation are available in
Ziegler et al. (2020). The 5 o detection sensitivity and speckle
auto-correlation functions from the observations are shown in
Fig. C.2. No nearby stars were detected within 3" of TOI-2449
in the SOAR observations.

3. Methods
3.1. Stellar parameter determination

We used the ARES+MOOG method described by Sousa et al.
2021; Sousa 2014; Santos et al. 2013 to obtain the stellar spec-
troscopic parameters (7T.g, log g, microturbulence, [Fe/H]). The
equivalent widths were measured using the ARES code* (Sousa
et al. 2007, 2015). For this spectral analysis, we used a com-
bined HARPS spectrum of TOI-2449 (S/N = 250) to measure
the equivalent widths for the list of lines presented in Sousa
et al. (2008). The best set of spectroscopic parameters for each
spectrum was found by using a minimisation process to find
the ionisation and excitation equilibrium. This process makes
use of a grid of Kurucz model atmospheres (Kurucz 1993)
and the latest version of the radiative transfer code MOOG
(Sneden 1973). We also derived a more accurate trigonomet-
ric surface gravity (adopted value) using recent Gaia data. We
matched the star with the Gaia ID in DR3 using their coordi-
nates and the VizieR catalogues (I/355/gaiadr3, Gaia Collabo-
ration 2023). We followed the same procedure as described in

4 The last version, ARES v2, can be downloaded athttps://github.
com/sousasag/ARES
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Sousa et al. (2021), which provided a consistent value when
compared with the spectroscopic surface gravity.

To determine the stellar radius of TOI-2449, we utilised
a Markov chain Monte Carlo modified infrared flux method
(IRFM - Blackwell & Shallis 1977; Schanche et al. 2020).
Within this approach we computed synthetic photometry from
constructed spectral energy distributions built from two atmo-
spheric model catalogues (Kurucz 1993; Castelli & Kurucz
2003) that were constrained using our stellar spectral results.
These synthetic fluxes were compared to broadband observa-
tions in the passbands Gaia G, Ggp, and Grp; 2MASS J, H, and
K; and WISE W1 and W2 (Skrutskie et al. 2006; Wright et al.
2010; Gaia Collaboration 2023) to derive the stellar bolomet-
ric flux. From this we obtained the stellar effective temperature
and angular diameter that was converted into the stellar radius
using the offset-corrected Gaia parallax (Lindegren et al. 2021).
We conducted a Bayesian model averaging of the radius poste-
rior distribution from the individual atmospheric catalogues to
account for model uncertainties.

The stellar effective temperature, metallicity, and radius con-
stitute the basic input set we used to derive the stellar mass,
M, and age, t,, with two different stellar evolutionary codes.
We first used the isochrone placement algorithm (Bonfanti et al.
2015, 2016) and its capability of interpolating the input param-
eters within pre-computed grids of PARSEC® v1.2S (Marigo
et al. 2017) isochrone and tracks. As detailed in Bonfanti et al.
(2016), to enhance convergence we further input vsini, as a
proxy for the stellar rotation period and benefited from the syn-
ergy between the isochrone fitting and the gyrochronological
relation from Barnes (2010) to get an initial pair of mass and age
estimates. A second pair of estimates were derived by the CLES
(Code Liegeois d’Evolution Stellaire; Scuflaire et al. 2008) code,
which generates the best-fit stellar evolutionary track follow-
ing a Levenberg—Marquadt minimisation scheme constrained by
the basic set of input parameters (see Salmon et al. 2021). The
two stellar evolutionary codes led to stellar masses of M, =
1.065 + 0.049 M with PARSEC and M, = 1.091 + 0.041 M,
with CLES, and stellar ages of #, = 2.8 + 1.3 Gyr with PAR-
SEC and ¢, = 2.1 + 1.5 Gyr with CLES. After checking the
mutual consistency of the two respective pairs of outcomes with
the y>-based criterion outlined in Bonfanti et al. (2021), we
combined the two mass and age distributions, and we obtained
M, = 1.079709 M and t, = 2.5*]¢ Gyr (see Bonfanti et al.
2021, for further details). The results are presented in Table 2.

3.2. Radial velocity analysis
3.2.1. Search for periodic signals

As described in Sect. 2, following the announcement of tran-
siting candidate TOI-2449 b, the host star was observed by four
high-resolution spectrographs covering a time span of 1136 days.
The radial velocity data were first analysed to search for the
signal of the transiting planet and potential additional plan-
ets. The full dataset of radial velocities and the generalised
Lomb-Scargle periodogram are presented in Fig. 1. This first
periodogram shows a clear detection of a periodic signal with
a wide peak around 106 days. This periodicity is in line with
the period alias at 106.14 days of the transiting candidate found
in the TESS and NGTS data. There is no significant periodic
signal around the other period alias at 53 days, so we assigned

5 PAdova and TRieste Stellar Evolutionary Code: http://stev.
oapd.inaf.it/cgi-bin/cmd
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Table 2. Stellar properties and stellar parameters.

TOI-2449

Other Names

2MASS J04315623-3427189 2MASS
Gaia 4870809920906672384 Gaia
TYC 7041-01581-1 Tycho
TESS TIC 170729775 TESS
TOI TOI-2449 TESS
Astrometric properties

RA (epoch 2015.5) 04h31™m56° .25 TESS
Dec (epoch 2015.5) —34°27'19” .92 TESS
URA (masyr~') 10.076 £ 0.013 Gaia DR3
uDec (mas yr~!) -58.496 + 0.016 Gaia DR3
Parallax (mas) 6.451 £ 0.013 Gaia DR3
Distance (pc) 155.01 £ 0.31 Gaia DR3
Photometric properties

V (mag) 10.416 + 0.005 Tycho
B (mag) 11.003 = 0.077 Tycho
G (mag) 10.2924 + 0.0003 Gaia

T (mag) 9.899 + 0.006 TESS

J (mag) 9.407 + 0.026 2MASS
H (mag) 9.149 £ 0.027 2MASS
Ks(mag) 9.073 £0.025 2MASS
Bulk properties

Terr (K) 6021 + 62 Sect. 3.1
log g (cms™2) 4.40 +0.02 Sect. 3.1
V, micro (kms™!) 1.13+0.02 Sect. 3.1
[Fe/H] (dex) -0.03 £0.04 Sect. 3.1
vsini (kms™) 53+0.5 Sect. 3.1
Age (Gyr) 2.5f}"5t Sect. 3.1
Radius (Ro) 1.065 + 0.007 Sect. 3.1
Mass (M) 10799042 Sect. 3.1
Notes. 2MASS  Skrutskie et al. (2006); GAIA EDR3

Gaia Collaboration (2021); Tycho (Hgg et al. 2000).
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Fig. 1. Radial velocities of TOI-2449. Top: radial velocity data spanning
1136 days (CHIRON, blue; CORALIE, green; FEROS, grey; HARPS,
orange). Bottom: generalised Lomb—Scargle periodogram of the radial
velocities. The black line marks the 1% false alarm probability.
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Fig. 2. Generalised Lomb—Scargle periodogram of the radial velocities,
the radial velocity residuals after joint modelling (see Sect. 3.3), FWHM
of the CCF, and H, indicator. Vertical lines highlight the relevant peri-
ods (red: stellar rotation; green: significant signals). The grey line marks
the 1% false alarm probability.

the photometric detection and this radial velocity signal to the
same object: a transiting planet at 106 days. To search for addi-
tional signals, we subtracted the best-fit sinusoid with the period
corresponding to the highest power (106 days) from the radial
velocity data. We then re-computed the periodogram and
selected the next-highest peak that exceeds the 1% false alarm
probability. We repeated this procedure until no peak was
detected above the 1% false alarm probability. We found a sec-
ond significant signal at around 1100 days, which is similar to the
time span of the data, and a third significant signal at 34 days.
Figure 2 displays the periodogram in period space of the whole
radial velocity dataset, the activity indicators and the periods
mentioned previously are highlighted. The activity indicators
were computed from the CORALIE, FEROS, and HARPS spec-
tra only. We note that the signal-to-noise of some spectra are too
low to compute reliable values.

We ran a radial velocity only analysis to determine if a model
with three planetary signals would be the preferred model. We
used kima (Faria et al. 2018), a software package that allows one
to fit for the number of planets as a free parameter, along with all
the parameters describing the Keplerian orbits and instrument
offsets and jitters. We used a uniform prior on the number of
planets from zero to three planets. The priors for the other param-
eters are detailed in Table D.1, and in particular we note that we
set a LogUniform prior for the orbital period ranging from 1 to
3000 days (slightly more than 2.5 times the span of the radial
velocity data). After running our model with kima, we obtained
an effective sample size (ESS) of 22 790, with no samples for the
no-planet nor the one-planet model.

We found that a two-planet model is largely favoured over
all the other models by comparing the probabilities. The Bayes
factor of the two-planet versus the one-planet model is larger
than the ESS of 22790, which is largely above the usual thresh-
old of 150 cited for a decisive detection (e.g. Feroz et al. 2011).
The Bayes factor of the three-planet model versus the two-planet
model is only of 0.14, demonstrating that there is not enough
evidence to claim the detection of a third signal.

Only two signals were confidently detected when modelled
as Keplerian functions with kima. The posterior distribution of
the orbital periods is shown in Fig. 3, displaying two peaks close
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Fig. 3. Posterior distribution of the orbital period for a model with up
to three planets (blue histogram). The prior on the orbital period is
identical for the three planets and shown in grey. The ESS is equal to
22790 samples.

to 106 and 1140 days. In the periodogram search, the 34-day sig-
nal has a relatively high probability (about 1%) of being a false
alarm when compared to the first two signals detected: The false
alarm probabilities are 1072 and 107'® for the 106 and 1100-day
signals, respectively. Hence the 34-day signal is less significant
and could be due to the sensitivity of the periodogram to the
choice of noise model (e.g. Delisle et al. 2020). It is also worth
mentioning that in the kima analysis, the orbital period priors
are wide (see Table D.1), which may result in conservative Bayes
factor values when comparing the two- and three-planet models.

We note that the 34-day signal originally found in the peri-
odogram search could be explained as an alias of the stellar
rotation period. Using the log R, , we estimated the stellar rota-
tion to be 16 + 3 days (Egs. (3) and (4) from Noyes et al. 1984).
We computed the periodogram of the NGTS data, and we found
hints of a 16-day periodic signal in the second season of the
data but not in the first one. For the first signal, we retrieved
an orbital period of 106.0670-3% days, which is in agreement with
one period alias of the transiting object (106.143 days) within
1 0. We independently detected the reflex motion of the transit-
ing candidate, thus confirming the detection of a 106-day planet
around TOI-2449. For the second signal, the posterior distribu-
tion of the orbital period is less constrained and results in an
orbital period of 1140*75% days. While the origin of the first sig-
nal is clear and in line with the transiting candidate detected
in the photometric data, the origin of the second signal with a
period of about 3 years remains to be determined.

3.2.2. Possible origin of the 3-year signal

We investigated if the signal at 1140*3%% days could be asso-
ciated with the stellar magnetic cycle. Sudrez Mascarefio et al.
(2016) report in their combined study of 150 stars the statistics
on the length of known magnetic cycles. Based on 55 G-type
stars, the authors find that the distribution of cycle length peaks
between 2 and 4 years and then slowly decrease until 12 years.
They also report that the median length of a cycle is 6 + 3.6 years.
Regarding the stellar rotation period, the G stars in their sample
have a median rotation period of 18.4 + 11.1 days. These values
are well in agreement with what we measured for TOI-2449: a
GO0/G1-type star with a stellar rotation period of 16 =+ 3 days and

a potential magnetic cycle of 3.1’:(1]:2 years.
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Isaacson et al. (2024) report on the search for activity cycles
in 285 stars from the California Legacy Survey. The authors
detected activity cycles for 138 stars in their sample. For the
29 G-stars with detected activity cycles, they find that the periods
of the activity cycle range from 3.9 to 23 years, and the stellar
rotation periods range from 14 to 34 days. Interestingly, they find
tightly constrained cycle periods for stars with log(R},,. ) between
—4.7 and —4.9. For the more active G-stars, the cycle periods are
equal to or less than 5 years, while less active G-stars have cycle
periods ranging from 5 to 23 years. With a log(R{; ) of 4.9, an
activity cycle of about 3 years for TOI-2449 is coherent with this
recent study.

The hypothesis of a 3-year magnetic cycle is supported by
the study of the stellar activity indicators derived from the
high-resolution spectra of TOI-2449. In Fig. 2, looking first at
the FWHM of the CCF, we found no significant periodicity at
106 days, and there is no significant signal close to 1100 days.
One indicator has a significant peak close to 1140 days: H, with
a periodicity around 1200 days. Through their work on the Sun
as a star, Livingston et al. (2007) reported that Call K tracks very
well the solar magnetic cycle and that other chrosmospheric lines
such as H, trace the same variations as Ca II K. For FGK stars,
Ca II and H, have also been shown to trace long-term activity
cycles as well as short-term signals (e.g. Gomes da Silva et al.
2022). Hence, we propose that this 3-year signal is likely emerg-
ing from stellar activity and can be attributed to the magnetic
cycle of TOI-2449.

3.2.3. Stellar activity modelling

We aimed at choosing the best model for the 3-year signal in the
radial velocity data. Using kima, we first modelled our dataset
with only the transiting planet TOI-2449b, setting the prior
on the orbital period to a normal distribution around the value
obtained from a preliminary fit of the photometric data. Then, we
built a second model with the transiting planet and a parametrisa-
tion of the 3-year signal as a cubic or a sinusoidal function. We
find that a model that accounts for the 3-year signal is largely
favoured with a Bayes factor larger than 200. Comparing the
cubic versus the sinusoid model, we find that the latter is slightly
favoured with a Bayes factor of five.

Finally, we looked at the potential modelling of the activity
induced by the stellar rotation period at 16 days, which could pro-
duce the third signal at 34 days seen in the periodogram analysis.
To do so, we used our previous model containing the transiting
planet and a sinusoid function, and we added a Gaussian pro-
cess (GP) with a quasi-periodic kernel. The maximum likelihood
solution is shown in Appendix E.1. We find that this last model
leads to a marginal improvement, compared to a model without
a GP, with a Bayes factor of only 2.8. We verified that the plan-
etary parameters obtained are consistent with the model without
a GP. In particular, the planetary mass is consistent well within
1 o between the models. Hence, we chose to move forward with
a model without a GP, which only accounts for the transiting
planet along with the 3-year signal.

3.3. Photometry and radial velocity analysis

We used the software package juliet (Espinoza et al. 2019)
to model the photometric and radial velocity data of TOI-2449.
Using a Bayesian framework, Juliet allows one to model
multi-planet systems with a given number of transiting and
non-transiting objects. The planetary transits are modelled with
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batman (Kreidberg 2015), and the Keplerian signals are mod-
elled with RadVel (Fulton et al. 2018). The stellar activity
signals and instrument systematics can be taken into account
with parametric functions or Gaussian processes (e.g. Gibson
2014).

We chose to only include TESS sector 31 in our analysis
since this sector is the one displaying a transit event. Similarly for
the NGTS data, we included in the joint analysis only the nights
that display a partial transit event. We specified for the TESS and
NGTS photometric filters two sets of quadratic limb-darkening
parameters (Kipping 2013). The priors on the limb-darkening
parameters were obtained with the LDCU® code. LDCU is a mod-
ified version of the python routine implemented by Espinoza &
Jordén (2015) that computes the limb-darkening coefficients and
their corresponding uncertainties using a set of stellar intensity
profiles accounting for the uncertainties on the stellar param-
eters. The stellar intensity profiles are generated based on two
libraries of synthetic stellar spectra: ATLAS (Kurucz 1979) and
PHOENIX (Husser et al. 2013). We used the most conserva-
tive estimate from LDCU, which is the merged version of all the
results.

We also specified three sets of offset and jitter terms for
TESS sector 31 and the two nights of NGTS data because the
NGTS data were taken more than one year apart. We did not
include a dilution factor for either instrument, as the TESS and
NGTS apertures are not contaminated by other sources. To cor-
rectly evaluate the baseline of the in-transit data in the TESS
photometry, we chose to model the photometric variability with
a GP using a Matérn 3/2 kernel. We tested using a SHO kernel
with broad log-uniform priors on the scale amplitude, angu-
lar frequency, and quality factor. There was no improvement
in the fit as measured by the evidence value, and the planetary
parameters were all consistent within 1 o

We modelled the planetary signal with the following param-
eters: orbital period, planet-to-star radius ratio, mid-transit time,
impact parameter, argument of periastron, eccentricity, and
radial velocity semi-amplitude. We chose to model the eccen-
tricity and argument of periastron with the +ecos(w)—vesin(w)
parametrization (Eastman et al. 2013). On top of the reflex
motion induced by the transiting planet, the radial velocity data
show a long-term signal with a periodicity close to 3 years.
This signal is probably induced by the magnetic activity cycle
(see Sect. 3.2.2 for more details), and we modelled it with a
circular orbit. The data from the four spectrographs CHIRON,
CORALIE, FEROS, and HARPS were modelled by specifying
an independent set of offset and jitter per instrument. More-
over, we chose to model the stellar density with a normal prior
derived from the stellar analysis performed in Sect. 3.1. The pri-
ors on all fitted parameters are detailed in Table F.1. We used the
nested sampling method dynesty (Speagle 2019) implemented
in juliet with 2000 live points and stopped sampling once the
uncertainty on the log-evidence was smaller than 0.1.

4. Results
4.1. Planetary and orbital parameters of TOI-2449 b

We jointly modelled the photometric and radial velocity data
of TOI-2449, and we found that this GO-star hosts a transiting
planet on a 106-day orbit. The planet TOI-2449b has the fol-
lowing characteristics: a mass of 0.70709> M; and a radius of

-0.04
1.001 + 0.009 R;. The planetary orbit has a semi-major axis of

6 https://github.com/delinea/LDCU
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Fig. 4. Top: TESS and NGTS detrended photometric observations of
TOI-2449 (TESS in green, NGTS in orange and blue) with the com-
mon transit model (solid lines). NGTS data are binned at a 10-minute
cadence to match the TESS cadence. Bottom: residuals between the
transit model and the respective light curve.

0.449*201% au and a small eccentricity of 0.098*0038. The total
transit duration is 8.26 + 0.06 hours. The full transit of TOI-
2449b observed with TESS at a 10-min cadence and the two
partial transits observed with NGTS (one camera in 2021 and six
cameras in 2022) binned to a 10-min cadence are presented in
Fig. 4. In Fig. G.1, we show the full TESS light curve of sec-
tor 31. After subtraction of the median model, the light curves
are without structures, and the residuals of the TESS data have a
standard deviation of 408 ppm. We verified that the residuals fol-
low a normal distribution by using a Kolmogorov-Smirnov test.
We measured the standard deviation of the residuals as a func-
tion of the time bins (ranging from 3-hour to 10-minute binning),
and we confirmed that the residuals follow the same decreasing
trend as samples taken from a normal distribution. The residuals
of the first NGTS observation, done with one camera and binned
to 10 minutes, has a standard deviation of 460 ppm. The residu-
als of the second NGTS observation, binned to 10 minutes, has
a standard deviation that ranges from 980 to 1280 ppm for each
camera. Once the data from the six cameras are combined, the
standard deviation is 450 ppm.

The radial velocity semi-amplitude induced by TOI-2449b
is 28.8f}'§ ms~!. We present the radial velocity time series with
the median model and the associated residuals in Fig. 5 and the
phase-folded plot in Fig. 6. The standard deviation of the residu-
als with respect to that median model are 24, 13, 8, and 17 m s7!
for CHIRON, CORALIE, HARPS, and FEROS, respectively. In
comparison, the average radial velocity errors are 27, 17, 4, and
10 for these instruments. The HARPS residuals are larger than
the typical radial velocity error of 4 ms~!. This discrepancy is
probably due to the additional 34-day signal, which is not mod-
elled in our final analysis. For the CORALIE, CHIRON, and
FEROS residuals, the HARPS data dominates the radial velocity
part of the fit, leading to a better fit for the data from other spec-
trographs. Finally, we find that the long-term signal in the radial
velocities has an periodicity of 1137*3) days.

We report the final parameters and their uncertainties for the
planetary system around TOI-2449 and the instrumental parame-
ters in Table 3. In Fig. H.1, we present the posterior distributions
for the parameters of the planet, the stellar density, and the stellar
activity cycle.
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Fig. 5. Radial velocity time series with the median model (top panel)
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Fig. 6. Phase-folded radial velocity plot of TOI-2449 b.

4.2. Interior modelling of TOI-2449 b

TOI-2449b is part of the growing sample of transiting warm
Jupiters. Assuming a Jupiter-like bond albedo (A=0.343) and
full heat redistribution, TOI-2449b has an equilibrium temper-
ature of 400f‘7‘8 K. The upper and lower bounds were calcu-
lated with A=0 and A=0.686, respectively. At this equilibrium
temperature, the atmosphere of this planet is not expected to
be inflated. Indeed TOI-2449b receives an insolation flux of
1.107 erg s~ em™2, which is lower than the usual threshold for
inflation of 2.10%ergs™' cm=2 observed by Miller & Fortney
(2011) and Demory & Seager (2011). This insolation threshold
corresponds to an equilibrium temperature of about 1000 K.

In contrast to transiting hot Jupiters, transiting warm Jupiters
are ideal for the study of their internal composition. The link
between the interior composition and the planetary size is more
straightforward because these planets are not subject to inflation
mechanisms. The heavy element content is one parameter that
can be well constrained by the interior modelling of gas giant
planets. For gas giant planets, the majority of the mass is made of
hydrogen and helium, and only a small fraction is made of other
elements, which we refer to as heavy elements or simply metals.
Heavy elements have a large impact on the planetary radius, and
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Table 3. Fitted and derived parameters of TOI-2449b.

Parameters TOI-2449 b
Transiting planet

Orbital period (days) 106.14468* 0000
Time of transit Ty (days) 2459153.5934+0-0006
Radius ratio 0.0967*0-000¢
Impact parameter 0.7O4J_r8:8%g
Vecos(w) —0.02f8:82
Vesin(w) —0.31706%
Eccentricity 0.098+0.928
Argument of periastron 2661’{%

RV semi-amplitude (ms™") 28.8*14
Host star and stellar activity cycle

Stellar density (kg m™) 1258+
Period activity cycle (days) 114052
RV semi-amplitude (ms™") 20.059
Derived parameters

Planetary radius (Ry) 1002500
Planetary radius (Re) 11.24700
Planetary mass (My) 0.70* 04
Planetary mass (Mg) 222413
Inclination (degrees) 89.55*00%
Semi major axis (au) 0.450%0010
Transit duration (hours) 8.26i8:82
Equilibrium temperature (K) 400730
Instrumental parameters

TESS limb darkening q1 0.322+0.93
TESS limb darkening 2 0.248+00%
NGTS limb darkening q1 0.378+0.93
NGTS limb darkening q2 0.259+0.926
TESS offset —~0.00009*9:90008
TESS jitter (ppm) 371313
NGTS 1 offset 0.00113+0:00022
NGTS 1 jitter (ppm) 5623*13
NGTS 2 offset —0.00295*9-00008
NGTS 2 jitter (ppm) 6522° i(])é
GP amplitude TESS (relative flux) 0.00026*0-50008
GP time-scale TESS (days) 17701
CHIRON offset (ms™) —4.845+000%
CORALIE offset (ms™!) -3.4151%000]
FEROS offset (ms™) ~3.421*500
HARPS offset (ms~") —3.3942+0:0020
CHIRON jitter (ms™") 34
CORALIE jitter (ms™!) 63
FEROS jitter (ms™") 14+
HARPS jitter (ms™") 7.8%12

-1.1
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increasing the heavy element content leads to smaller radii (e.g.
Baraffe et al. 2008; Miller & Fortney 2011).

We used the planetary evolution code completo (Mordasini
et al. 2012) to build a grid of interior models for gas giant planets
orbiting FGK and M stars. The planets are modelled as a core
and an envelope coupled with a semi-grey atmospheric model.
The planets have masses ranging from 15 Mg to 13 My,, and
semi-major axes ranging from 0.1 to 10 au. The core mass can
vary from O to 10 Mg and is made of iron and silicates, with an
iron mass fraction of 33%. The H/He envelope is modelled with
the H/He equation of state from Chabrier & Debras (2021). The
heavier elements are assumed to be homogeneously mixed in
the envelope and are modelled as water according to the AQUA
equation of state (Haldemann et al. 2020). We did not consider
inflation mechanisms, as it is unlikely to affect planets on such
wide orbits (e.g. Demory & Seager 2011). The grid of evolu-
tion models was then coupled to a Bayesian inference model to
retrieve the heavy element content of TOI-2449 b.

In this framework, we used information from the photo-
metric, radial velocity joint fit and the host star analysis to set
normal priors on the planetary mass, stellar mass, and stellar age
and to fix the semi-major axis to its median value. The prior
on the metal fraction of the envelope (Z.ny) is a uniform prior
between 0 and 0.9. Given the planetary parameters, Ze,y, and
stellar age, we calculated the corresponding evolution models.
We then obtained the distribution of theoretical radii and interior
compositions compatible with TOI-2449 b.

We find that TOI-2449b has an envelope marginally
enriched in heavy elements by a fraction Zen, = 0.0370.03. The
core mass is not well constrained by our retrieval (3.13% Mpg).
By adding the mass of heavy elements in the envelope and the
core mass, we find that the total heavy element mass is M, =
1 lfg Mp. Hence, the total heavy element mass fraction (M,/M,)
is Z, = 0.043f8:8§i. We estimated the overall stellar metallic-
ity from the iron abundance as follows, Z, = 0.0142 x 10Fe/Hl
(Asplund et al. 2009; Miller & Fortney 2011), and we obtained
Z, = 0.0133 £ 0.0012. The planet metal enrichment of TOI-
2449b is Z,/Zy = 3.3f%§. Due to its relatively low planetary
mass compared to its radius, the Jupiter-sized planet TOI-2449 b
is consistent with no metal enrichment relative to its host star at
20. We note that several interior models exist to probe the com-
position of giant exoplanets (e.g. Miiller et al. 2020; Acuiia et al.
2024; Sur et al. 2024), and they may lead to differences in the
exact derived values of planet metallicity.

5. Discussion

TOI-2449b joins the small population of well-characterised
transiting planets orbiting a bright host star with a relatively
long period of 106 days. In Fig. 7, we present TOI-2449 b within
the sample of transiting exoplanets taken from the TEPCat cata-
logue’. We selected exoplanets with planetary masses larger than
0.1 My and uncertainty on their planetary mass and radius mea-
surements smaller than 8% and 20%, respectively. While there
is a growing sample of well-characterised transiting gas giant
planets with orbital periods larger than 10 days, only 23 plan-
ets have an orbital period larger than 100 days, and 10 planets
transit a bright host star (Vmag < 12). Figure 8 displays only
the warm giant planets with an equilibrium temperature below
1000 K. This temperature threshold is commonly used to define
the limit below which the planetary atmosphere is usually not

7 https://www.astro.keele.ac.uk/jkt/tepcat/
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Fig. 8. Radius-mass distribution colour-coded by the equilibrium tem-
perature for transiting warm giant exoplanets (Teq < 1000 K).

inflated. From Fig. 8, we noticed that the warm giant planets do
not have planetary radii above 1.2 R;.

We compared TOI-2449 b with the outputs of the New
Generation Planetary Population Synthesis formation and evo-
lution model (Emsenhuber et al. 2021b), which is built on the
core accretion paradigm. We used the NG76longshot population
based on Emsenhuber et al. (2021a) with a longer integration
time of 100 Myr and the inclusion of realistic water phases (see
Burn et al. 2024 for details). We observed that synthetic plan-
ets close to the mass, radius, and semi-major of TOI-2449 b
form in the outer part of the disc between 3 and 6 au. These
planets first grow to about 10 Mg at their formation location
and then migrate inward while accreting large quantities of
gas and increasing their total mass. TOI-2449 b contains about
11 Mg of metals, a value that is in agreement with the closest
synthetic planets in this population. Hence, TOI-2449 b likely
formed at a few aus from its host star, then migrated inward
while essentially accreting gas to be found at its current loca-
tion. At this stage, we cannot pinpoint the migration pathway
of TOI-2449 b. A measure of the projected spin-orbit angle of
the system would help us distinguish between possible migra-
tion mechanisms such as disc migration or high-eccentricity
migration. The expected Rossiter-McLaughlin signal is about
35 m.s™' (Eq. (40), Winn 2010). Thanks to the v.sini of the
host star, the Rossiter-McLaughlin effect is large and should
be easily detectable with high-resolution spectrographs such as
HARPS and ESPRESSO. Given the long transit duration of
TOI-2449 b, ground-based spectroscopic observations could be
performed in two separate visits covering the first and second
half of the transit. In the next three years, there are two tran-
sit opportunities from Paranal, Chile. The mid transit times

in BID are 2461382.632709%% (08.Dec.2026 03:10 UTC) and

2462125.644*09 (20.Dec.2028 03:27 UTC).
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Fig. 9. Synthetic transmission spectra of TOI-2449b from
petitRADTRANS (Molliere et al. 2019), assuming equilibrium
chemistry and an isothermal atmosphere. We used 1x, 3%, and 10x
models with a solar C/O ratio and include a grey cloud deck at
1 mbar for the cloudy model. Simulated flux measurements from
NIRISS/SOSS and NIRSpec/G395M instrument are shown as black
and pink points.

Finally, atmospheric characterisation of such warm and tem-
perate planets would be useful to understanding the link between
the well-studied hot Jupiters and the gas giants of the Solar Sys-
tem. We estimated the Transmission Spectrocopy Metric (TSM;
Kempton et al. 2018) of TOI-2449b to be 38. The TSM value
is low compared to the values for hot Jupiters. However, for a
temperate giant planet, a TSM of around 30 is enough to be
considered as one of the best targets to perform transmission
spectroscopy (e.g. Kepler-16b, Hord et al. 2024). With an equi-
librium temperature of about 400 K and a mass measured with
a precision better than 10%, TOI-2449b is a suitable target for
transmission spectrocopy with JWST for the class of temperate
giant planets. In Sect. 4.2 we estimated the planetary metal mass
fraction Zp using a planetary evolution model. From this metal
mass fraction, we could infer the metal abundance ratio Z:H (by
number) following Eq. (3) from Thorngren & Fortney (2019).
We found a Z:H ratio of 6f2 x solar. This value provides an
upper limit on the atmospheric metallicity since Zp was derived
assuming that the metals in the envelope are homogeneously
mixed.

Atmospheric characterisation of temperate gas giants such
as TOI-2449b allows us to build a connected understanding of
giant planet populations across the parameter space, combin-
ing with dynamical clues such as eccentricity, obliquity, and
system architecture preserved in the orbits of these planets to
infer the planet formation and migration history (Dawson &
Johnson 2018). Particularly notable at these temperatures, CH,
and NH; are the equilibrium carriers of carbon and nitrogen
(Fortney et al. 2020), compared to CO and N, for hot Jupiters.
Notably NH; only appears in these cooler planets (<500 K), and
unlike N,, it can be detected with transmission spectroscopy.
This means that the C/N/O ratio can be uniquely measured,
which can be more precisely related to the planet’s formation
and migration history than the C/O ratio alone (e.g. Piso et al.
2016; Cridland et al. 2020). In Fig. 9, we present synthetic trans-
mission spectra for TOI-2449 b using an equilibrium chemistry
model and different metallicities within the range implied by
internal structure modelling using petitRADTRANS (Molliere
et al. 2019). Simulated observations from the NIRISS/SOSS and
NIRSpec/G395M instruments (Batalha et al. 2017) are displayed
along the simulated spectra, showing detectable variations, in
particular for the CH, features at 2.2 and 3.3 um and the NH;
feature at 1.5 and 3 pum.
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Furthermore, the atmospheres of temperate gas giants are
predicted to host diverse disequilibrium chemistry processes,
including condensation of both Sg and H,O (Gao et al. 2017,
Mang et al. 2022), photochemical destruction of NHj;, produc-
tion of HCN (Hu 2021; Ohno & Fortney 2023b), and chemical
quenching due to vertical mixing (Fortney et al. 2020; Ohno &
Fortney 2023a). These processes are dependent on many factors,
including the temperature, stellar host, metallicity, and grav-
ity, making it important to have a diverse sample of temperate
gas giants for atmospheric characterisation. TOI-2449b joins
TOI-2447b (Gill et al. 2024), NGTS-30b (Battley et al. 2024),
and TOI-2010b (Mann et al. 2023) in a cluster of 400-500 K
Jupiters around Sun-like hosts, covering a range of masses from
0.5-1.2 My and an excellent regime for understanding nitrogen
chemistry.

6. Conclusions

We report the discovery and characterisation of TOI-2449b /
NGTS-36b, a 106-day warm giant exoplanet orbiting a G-type
star. This planet was first identified as a single transit event
in the TESS data. Ground-based photometric follow-up with
NGTS and radial velocity follow-up solved the orbital period
to 106.144 days, corresponding to a semi-major axis of 0.449

au. The planet has a mass of 0.70f8:8i M; and a radius of

1.001 = 0.009 Ry and is on a slightly eccentric orbit. We detect
an additional 3-year periodic signal in the radial velocity data
that is most likely the magnetic activity cycle of the star. TOI-
2449b / NGTS-36b joins the growing sample of transiting
warm Jupiters orbiting relatively bright stars. Further observa-
tions of the Rossiter-McLaughlin effect produced by TOI-2449 b
/NGTS-36 b and atmospheric characterisation through transmis-
sion spectroscopy are achievable and will allow us to learn more
about the formation and evolution pathway of this system.

Data availability

The full version of Table 1 is available at the CDS via
https://cdsarc.cds.unistra. fr/viz-bin/cat/J/A+A/
703/A258.
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Appendix A: TESS target pixel file
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Fig. A.1. TESS target pixel file of TOI-2449 with its aperture for the sector 31 plotted with the Gaia EDR3 sources.

Appendix B: NGTS observations
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Fig. B.1. NGTS flux time series of TOI-2449. Left panel: Nightly binned NGTS data from January 2021 to November 2022 (orange dots). Right
panel: Example of NGTS observations (blue dots) during a clear night with no detection (binned to 5 minutes; top), a clear night with a transit

detection (binned to 10 minutes; middle and bottom).
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Appendix C: Imaging data

TOI2449

Ulmer-Moll, S., et al.: A&A, 703, A258 (2025)
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Fig. C.1. Speckle imaging contrast curves (5 o) in both filters as a func-
tion of the angular separation out to 1.2 arcsec from TOI-2449. The inset
shows the speckle reconstructed 832 nm image with a 1 arcsec scale bar.

Appendix E: Radial velocity fit with a GP
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Fig. C.2. Detection sensitivity (5 o) and speckle auto-correlation func-
tions from the SOAR observation of TOI-2449.

Appendix D: Radial velocity modelling priors

Table D.1. Priors for the first radial velocity fit with a maximum of three

planets.
Parameters Distribution Value
Number of planets Uniform 0, 3)
Orbital period (days) LogUniform (1, 3000)
Semi-amplitude (ms™!)  LogUniform (1, 200)
Eccentricity Kumaraswamy (0.867, 3.03)
Mean anomaly Uniform (-mt, )
Argument of periastron  Uniform (0, 2m)
Jitter (ms™") LogUniform (1, 200)
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Fig. E.1. Top: Radial velocity phase-folded plot of TOI-2449b (right)
and the 3-year activity cycle modelled as a sinusoid (left) for the max-
imum likelihood solution. Middle: Radial velocity dataset with the

corresponding GP model (black). Bottom: Radial velocity residuals.
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Appendix F: Joint modelling priors

Table F.1. Prior for the joint modelling of photometric and radial
velocity data.

Parameters Prior
Transiting planet

Orbital period (days) U (30, 150)
Time of transit Ty (days) U(2459153.4,2459153.8)
Radius ratio uo, 1
Impact parameter UQ,1)
Vecos(w) U-1,1)
Vesin(w) UL

RV semi-amplitude (kms™") U0, 100)
Host star

Stellar density (kg.m‘3) N(1260, 80)
Instruments

TESS limb darkening q1 N(0.32,0.04)
TESS limb darkening q2 N(0.24,0.03)
NGTS limb darkening q1 N(0.37,0.04)
NGTS limb darkening q2 N(0.26,0.03)
TESS offsets N(0,0.01)
TESS jitters (ppm) LU (0.1, 1000)
NGTS offsets N(0,0.01)

NGTS jitters (ppm)

GP amplitude TESS (rel. flux)

GP time-scale TESS (days)
Spectrograph offsets (kms™')
Spectrograph jitters (kms™")

Stellar activity cycle
Orbital period (days)

Time of transit Ty (days)
Eccentricity

Argument of periastron

RV semi-amplitude (kms™)

LU(0.1,1000)
LU(1e,100.0)
LU(0.001, 100.0)
U(-100, 100)
LU(0.001,0.2)

LU(1,3000)
U(2458745.0,2459745.0)
0

90
U(0,100)

Notes. The normal (N) distribution is defined by its mean and variance.
The uniform (/) and log uniform (L) distributions are defined by
their lower and upper bounds. The priors on the radial velocity offsets
and jitters are identical for CHIRON, CORALIE, FEROS, and HARPS.

Appendix G: TESS observations
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Fig. G.1. TESS photometric observations (green dots) with the median
transit model (black line). Top: PDCSAP TESS light curves. Middle:
Detrended TESS light curves. Bottom: Residuals between the median
model and the TESS light curve.
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Appendix H: Joint modelling posterior distributions
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Fig. H.1. Posterior distributions of fitted parameters for TOI-2449 b along with the stellar density (ps) and radial velocity semi-amplitude (Krg).
The 3-year RV variation is parametrized with period,, TO,, and K.
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