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ABSTRACT

We present the discovery of two new transiting extrasolar planet candidates identified as TOI-1296.01 and TOI-1298.01 by the Tran-
siting Exoplanet Survey Satellite (TESS). The planetary nature of these candidates has been secured with the SOPHIE high-precision
spectrograph through the measurement of the companion’s mass with the radial velocity method. Both planets are similar to Saturn in
mass and have similar orbital periods of a few days. They, however, show discrepant radii and therefore different densities. The radius
discrepancy might be explained by the different levels of irradiation by the host stars. The subgiant star TOI-1296 hosts a low-density
planet with 1.2 RJup while the less luminous, lower-size star TOI-1298 hosts a much denser planet with a 0.84 RJup radius, result-
ing in bulk densities of 0.198 and 0.743 g cm−3, respectively. In addition, both stars are strongly enriched in heavy elements, having
metallicities of +0.44 and +0.49 dex, respectively. The planet masses and orbital periods are 0.298± 0.039 MJup and 3.9443715± 5.8±
10−6 days for TOI-1296b, and 0.356± 0.032 MJup and 4.537164± 1.2± 10−5 days for TOI-1298b. The mass measurements have a
relative precision of better than 13%.

Key words. methods: observational – techniques: photometric – techniques: radial velocities –
planets and satellites: gaseous planets – planetary systems

1. Introduction

While radial-velocity (RV) surveys were the first to discover exo-
planets (Mayor & Queloz 1995), ground-based and space-based
all-sky surveys have been extremely efficient at providing a large
sample of diverse transiting extrasolar systems since early 2000.
Pioneering surveys carried out with OGLE (Udalski et al. 2002),
WASP (Collier Cameron et al. 2007), and CoRoT (Bordé et al.
2003; Deleuil et al. 2018) have first revealed the diversity of tran-
siting Jupiter-like planets, and in particular the radius inflation
for the most close-in planets (Moutou et al. 2013; Millholland
et al. 2020). Then, the more sensitive Kepler mission unveiled
the large population of coplanar super-Earth planets (Latham
et al. 2011; Rowe et al. 2015) and their characteristics (Howard
et al. 2012), such as the bimodal radius distribution (Fulton et al.
2017) and compact multiple systems (Lissauer et al. 2011). The
time has then come to explore individual systems with great pre-
cision in order to prepare the atmospheric characterisation of
exoplanets with space observatories such as the James Webb
Space Telescope (Smith et al. 2020) and the ARIEL satellite
(Tinetti et al. 2020). In this respect, the ongoing Transiting Exo-
planet Survey Satellite (TESS) programme (Ricker et al. 2015)
? Based on observations collected with the SOPHIE spectrograph on

the 1.93 m telescope at the Observatoire de Haute-Provence (CNRS),
France.

is well-suited to discover transiting systems around the brightest
host stars in the whole sky. Each transiting planet discovered by
TESS is worth many of its counterparts orbiting fainter stars, as
the precision in the parameters’ measurement is greater.

TESS reaches a precision of 20 ppm for bright targets in 1 h
and the main goal of the mission is the detection of small plan-
ets that transit bright stars (Ricker et al. 2015). While millions
of stars are accessible for photometry through the full-frame
image mode scanning the whole sky every 30 min, a selec-
tion of 200 000 stars is monitored in a 2-min cadence. Based
on the observing strategy and stellar catalogues, a simulation of
the planet yield has been refined by Sullivan et al. (2015) and
Barclay et al. (2018), and it shows that more than 14 000 plan-
ets are to be discovered by TESS, 1250 of which are expected in
the 2-min cadence mode. At the time of writing, after TESS has
been observing for its primary 2-year mission and 6 months into
its extended programme, there are 2453 TESS objects of inter-
est (TOI) that are publicly available to the community and under
scrutiny for analysis, complementary observations, and system’s
characterisation. The TESS follow-up programme (TFOP) coor-
dination is a wide community effort to optimise the work on
TESS transiting planet candidates. The present work is done in
this context.

While planet validation can be done in multiple ways (e.g.
Deeg et al. 2009; Morton 2012; Santerne et al. 2015), the
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Fig. 1. PDC-SAP light curve of TOI-1296.01 (top) and TOI-1298.01 (bottom) obtained at a 2-min cadence.

characterisation of the transiting candidates by complementary
RV observations is the main avenue (e.g. Queloz et al. 2009;
Weiss & Marcy 2014), and it has the huge advantage of providing
information on the planet mass in addition to the radius mea-
sured by the transit method. Mass determination is key to inform
planet formation models, dynamical evolution, and atmospheric
characterisation. The mass measurement of transiting planets by
the RV method is also unaffected by the usual sky-projection
limitation of RV planets (the measured quantity being M × sin i),
since the orbit inclination angle i is precisely constrained by the
transit measurement. The TESS mission objective of focussing
on bright stars greatly improves the ability of RV complemen-
tary observations, even with modest-size telescopes, compared
to the much fainter Kepler candidates – most of which are out of
reach for precise RV mass measurements.

In this paper, we report the discovery of two Saturn-like plan-
ets of a similar size and orbiting similar host stars, with transits
revealed by TESS and RV signatures subsequently measured by
the SOPHIE spectrograph. In Sect. 2, we present the observa-
tional material. In Sect. 3, the planet model and parameters are

described. In Sect. 4, we put these two planets in context and
conclude.

2. Observations

2.1. TESS photometry

TOI-1298 and TOI-1296 are both stars from the selected can-
didate target list, and they have been observed at a 30-min
cadence between mid-July 2019 and March 2020. Periodic tran-
sit events have been quickly identified and vetted by the TESS
project. When the transit events had been detected, the high
cadence mode was triggered and both stars were then observed
at a 2-min cadence over a time span of 106 days in sectors 23
to 26, from March 20 to July 4, 2020. For both systems, one
transit was lost in an interruption of the time series during sec-
tor 26. TOI-1296b and TOI-1298b show 25 and 23 transits in
total, respectively. The TESS light curves for both stars at 2-min
cadence are shown in Fig. 1. The images of the aperture used
in obtaining the precision photometry are shown in Fig. A.1.
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The systematic error-corrected PDC-SAP light curves (Stumpe
et al. 2012, 2014; Smith et al. 2012) were used through the
Python package lightkurve (Lightkurve Collaboration 2018).
The transits show a periodicity of 3.944 days and a depth of
0.77% for TOI-1296.01 and a period of 4.537 days and a depth
of 0.42% for TOI-1298.01.

Preliminary vetting by the TESS project team has proven
both events, TOI-1296.01 and TOI-1298.01, to be bona fide tran-
siting planet candidates. For instance, no centroid displacement
was observed, and the odd and even transit events have an iden-
tical depth within the measurement errors. The SPOC pipeline
(Jenkins et al. 2016; Twicken et al. 2018; Li et al. 2019), as
reported at MAST1, clearly excludes instrumental false positives
and the grazing binary scenario.

2.2. Ground-based photometry

Since both transiting events are deep and have a short period,
they are easily amenable to a detection from small ground-
based observatories. Scheduled photometry has thus confirmed
for both candidates that the transit was occurring on the main
target of the TESS aperture, rejecting the background eclips-
ing binary astrophysical false positive scenario. We used the
TESS Transit Finder, which is a customised version of the Tapir
software package (Jensen 2013), to schedule the observations.
The photometric data were extracted using the AstroImage (AIJ)
software package (Collins et al. 2017).

For TOI-1296b, two full transits at the expected ephemeris
were observed with 40-cm telescopes and four partial transits tar-
geting the ingress were observed with 40 and 61-cm telescopes.
The first full transit was observed at Acton Sky Portal obser-
vatory using the r′ filter on March 22, 2020. The ephemeris
and transit depth were as expected. The second full transit was
observed at Grand-Pra observatory with a 0.4-m telescope in the
g′ filter on April 6, 2020. In the modelling, we also include the
partial transits obtained at Las Cumbres observatories on March
27, 2020, and March 18, 2020, and at Adams Observatory on
August 11, 2020 in the B and Ic filters. In March 2021, new full
transits have been observed. They are not included in the present
analysis.

For TOI-1298b, three full transits and one partial transit were
observed. The full transits are of low quality and were not used
in this analysis, as they induced a bias in the results. The last
ground-based transit was obtained by KeplerCam on February
27, 2020, and is shown in Fig. 2. It definitely confirms the transit
to occur on the stellar host at the expected ephemeris. As it is
not a full sequence, it is not included in the analysis either. More
information on the ground-based photometric follow-up of those
TOIs is available on the TFOP page2.

2.3. Reconnaissance spectroscopy

We obtained reconnaissance spectra of TOI-1296 and TOI-1298
with the Tillinghast Reflector Echelle Spectrograph (TRES;
Fürész 2008) located at the Fred Lawrence Whipple Observa-
tory (FLWO) in Arizona, USA. TRES is a fibre-fed spectrograph
with a resolving power of ∼44 000. The spectra were reduced
and extracted as described in Buchhave et al. (2010). Relative
RVs were derived by cross-correlating each observed spec-
trum order-by-order against the highest signal-to-noise ratio
(S/N) observed spectrum. The RVs for both candidates excluded

1 https://exo.mast.stsci.edu
2 https://exofop.ipac.caltech.edu/tess/
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Fig. 2. Light curve of TOI-1298 obtained by KeplerCam, after nor-
malisation by a straight line. The black-line model uses the posterior
parameters of the system, as discussed in Sect. 3.2.

velocity variations of an amplitude compatible with a binary
companion and indicated that they were good targets suitable
for precision-RV follow-up observations. More specifically, two
measurements of TOI-1296 were obtained with TRES with a
6 day interval, an error of 38 m s−1, and a non-significant velocity
difference of 17 m s−1. For TOI-1298, three TRES measurements
were obtained within 55 days, with an rms of 32 m s−1 and indi-
vidual errors of 25 m s−1. These few data points are not included
in the global fit.

The Stellar Parameter Classification (SPC; Buchhave et al.
2012) tool was used to derive stellar parameters from the
weighted average spectrum of S/N 35 and 55 for TOI-1296 and
TOI-1298, respectively. SPC cross correlates an observed spec-
trum against a grid of synthetic spectra based on Kurucz atmo-
spheric models (Kurucz 1992). The weighted average results
derived with the effective temperature (Teff), metallicity ([M/H]),
and surface gravity (log g) and vsini as free parameters are, for
TOI-1296, Teff = 5646± 50 K, log(g) = 4.19± 0.10, [M/H] =
0.50± 0.08, and vsini = 4.0± 0.5 km s−1. For TOI-1298, the val-
ues are as follows: Teff = 5830± 50 K, log(g) = 4.29± 0.10,
[M/H] = 0.46± 0.08, and v sin i = 4.6± 0.5 km s−1.

2.4. SOPHIE spectroscopy

High-resolution spectroscopy and RV measurements were per-
formed at Observatoire de Haute Provence (France) for both
stars with the SOPHIE (Spectrographe pour l’Observation des
Phénomènes des Intérieurs stellaires et des Exoplanètes) spectro-
graph (Perruchot et al. 2008; Bouchy et al. 2013). TOI-1296 was
observed from June 2 to October 18, 2020, and TOI-1298 was
observed from July 8 to October 26, 2020. The high-resolution
mode was used for these observations, corresponding to a spec-
tral resolution of 76 500. While the science target was observed
in the main fibre, the sky background was observed in the
secondary fibre. This allowed us to correct for potential contami-
nation from the sky background, as is routinely done in this mode
with fibre-fed spectrographs (Bonomo et al. 2010). With regular
spectral calibrations of the spectrograph through the night using
the Fabry–Pérot etalon, the instrumental drift was also corrected
at a level smaller than 1 m s−1, which is much better than the
photon noise RV errors for these faint stars. Exposure times were
about 1200 s and 1500 s per visit for TOI-1296 and TOI-1298,
respectively. Signal-to-noise ratios of typically 20–30 per pixel
were obtained at 550 nm, corresponding to photon noise uncer-
tainties of about 3 m s−1 for both stars. One outlier measurement
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Table 1. SOPHIE RV and errors for TOI-1296.

MJD RV σ
(km s−1) (m s−1)

2459003.49320 24.9370 0.0090
2459016.52095 25.0607 0.0057
2459018.48719 24.9841 0.0062
2459019.48308 25.0273 0.0047
2459020.46828 25.0545 0.0056
2459039.43075 25.0404 0.0053
2459040.42127 25.0555 0.0036
2459056.43518 25.0342 0.0056
2459057.43562 25.0116 0.0033
2459059.39879 25.0134 0.0052
2459061.42214 24.9853 0.0052
2459080.35443 25.0369 0.0053
2459139.31406 25.0442 0.0050
2459140.36151 24.9850 0.0048
2459141.29465 25.0060 0.0052

Table 2. SOPHIE RV and errors for TOI-1298.

MJD RV σ
(km s−1) (m s−1)

2459039.39641 −56.0040 0.0054
2459059.38347 −55.9629 0.0050
2459060.41331 −55.9345 0.0054
2459061.39563 −55.9808 0.0045
2459062.38681 −56.0070 0.0060
2459081.36504 −55.9724 0.0045
2459082.38186 −55.9578 0.0055
2459083.34692 −55.9602 0.0049
2459084.39174 −56.0133 0.0060
2459085.32123 −56.0255 0.0072
2459107.32167 −56.0114 0.0072
2459140.27286 −55.9745 0.00423
2459141.26965 −55.9561 0.0048
2459149.29675 −55.9368 0.0073

was removed from the data set for each star, corresponding
to RV errors of 1.5–2 times the average error bars. The RVs
were obtained by cross-correlating the extracted spectra with a
binary mask corresponding to a G2 spectral type, which contains
3645 lines. There are 14 RV measurements for each time series.
The bisector slope was also measured on the cross-correlation
functions (Queloz et al. 2001). The derived measurements are
listed in Table 1 and 2 for TOI-1296 and TOI-1298, respectively.

The raw RV time series have a standard deviation of 28.4
and 28.9 m s−1 for TOI-1296 and TOI-1298, respectively, with
a periodic signal. When folded at the period of the photometric
transit, the sine wave signal is clearly detected, corresponding to
semi-amplitudes of 35.0± 3.5 and 34.4± 2.5 m s−1, respectively.
After this signal is removed, the periodogram of the RV residuals
does not show another signal for any of the systems.

On the other hand, there is some variability observed in the
bisector span time series at a level of 1.5–3σ, as shown in Fig. 3:
this figure both shows how the bisector of the line varies as a
function of the RV for both stars (top panels) and as a function
of the RV residuals when the best-fit planet model is removed.
The colour scale indicates the rotation cycle, using the estimated

Fig. 3. Bisector span as a function of the RV for both stars, and as a
function of the residuals after the planet models were modelled. The
colours indicate the phase in a rotation cycle.

rotation periods given in Sect. 3.1. If the bisector span varies
with time, which may be the indication of stellar activity, the
correlations are weak. Moreover, this possible activity signal
does not occur at the period corresponding to the planet orbital
period. Pearson’s coefficients are lower than 0.4 in all cases.
The greatest correlation value of 0.39 is seen between the RV
residuals and bisector span for TOI-1298 (bottom right panel).
Stellar activity is thus excluded as the main source of the RV
variations, while there may be some activity contribution to
the RV residuals for TOI-1298. The RV signal in phase with
the TESS ephemeris for both systems establishes the planetary
nature of the transiting bodies.

3. Results

3.1. Stellar parameters

For each star, all spectra not contaminated by the Moon and
of sufficient quality were summed up in order to get a stellar
template of a high S/N (total S/N of 90 and 110 for TOI-1296
and TOI-1298, respectively). We then used the method described
in Santos et al. (2013) and Sousa et al. (2018): from the mea-
sured equivalent widths of reference lines with ARES, stellar
atmospheric parameters and chemical abundances were derived
in the local thermodynamic equilibrium with the latest version
of the MOOG code (Sneden 1973) and a grid of Atlas 9 model
atmospheres (Kurucz 1993). The effective temperature, log g,
projected rotational velocity v sin i, turbulence velocity vtur, and
metallicity values [Fe/H] derived from this spectroscopic anal-
ysis are listed in Table 3. The derived spectroscopic parameters
are in close agreement with those obtained from the TRES mea-
surements. In particular, the large metallicity value is confirmed
with both independent measurements.

We performed an analysis of the broadband spectral energy
distribution (SED) of the star together with the Gaia EDR3 par-
allaxes (with no systematic correction; see, e.g. Stassun & Torres
2021) in order to determine an empirical measurement of the
stellar radius, following the procedures described in Stassun &
Torres (2016) and Stassun et al. (2017, 2018). We obtained the
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Table 3. Properties of TOI-1296 and TOI-1298 stars.

TOI-1296 TOI-1298

Gaia 1650851223740149504 1647136729864424576
2MASS J17070502+7014186 J16051761+7011235
TIC 219854185 237104103
RA 17:07:05.018 16:05:17.607
Dec +70:14:18.64 +70:11:23.46
Distance (pc) 313.7± 1.2 319.0± 2.0
B 12.32± 0.20 12.15± 0.14
V 11.37± 0.10 11.89± 0.16
TESS mag 10.8± 0.01 10.96± 0.01
Gmag 11.2912± 0.0003 11.4038± 0.0003
J2M 10.15± 0.018 10.385± 0.021
H2M 9.837± 0.017 10.105± 0.017
K2M 9.742± 0.016 10.012± 0.016

Mass (M�) 1.17± 0.14 1.44± 0.10
Radius (R�) 1.664± 0.041 1.412± 0.033
log g 4.05± 0.10 4.39± 0.08
[Fe/H] 0.44± 0.04 0.49± 0.03
v sin i 4.0± 0.05 4.6± 0.05
vtur 1.224± 0.059 1.165± 0.048
Teff (K) 5603± 47 5889± 43
Lbol (L�) 2.455± 0.088 2.156± 0.077
Age (Gy) 6.9± 0.7 1.6± 0.9

Notes. The values derived from this study are below the horizontal line.

BT VT magnitudes from Tycho-2, the JHKS magnitudes from
2MASS, the W1–W4 magnitudes from WISE, the GGBPGRP
magnitudes from Gaia, and the near-ultraviolet (NUV) magni-
tudes from GALEX. Together, the available photometry spans
the full stellar SED over the wavelength range 0.2–22 µm (see
Fig. 4).

We then performed a fit using Kurucz stellar atmosphere
models, with Teff , [Fe/H], and log g adopted from the spectro-
scopic analysis (Table 3). The only additional free parameter is
the extinction (AV), which we restricted to the maximum line-
of-sight value from the dust maps of Schlegel et al. (1998).
The resulting fits for TOI-1296 and TOI-1298 are good (Fig. 4)
with a reduced χ2 of 1.6 and 2.0, respectively, excluding the
NUV flux which appears slightly in excess and could indicate
modest chromospheric activity. The best-fit extinction values are
AV = 0.05± 0.05 for TOI-1296 and 0.04± 0.04 for TOI-1298.
Integrating the (unreddened) model SED gives the bolomet-
ric flux at Earth, Fbol = 7.81± 0.27× 10−10 erg s−1 cm−2 and
6.89± 0.24× 10−10 erg s−1 cm−2 for TOI-1296 and TOI-1298,
respectively, which with the parallax directly gives the bolomet-
ric luminosity Lbol = 2.455± 0.088 L� and 2.156± 0.077 L�,
respectively. Taking the Fbol and Teff , together with the Gaia
parallax, gives the stellar radius R? = 1.664± 0.041 R� and
1.412± 0.033 R�, respectively.

We can also infer the ages of the systems using empirical
activity-age relationships. In particular, the observed UV excess
in Fig. 4 via the empirical relations of Findeisen et al. (2011)
yields an activity index log R′HK = −5.49± 0.1 and −5.57± 0.1,
which implies a rotation period of Prot = 54± 5 days and
38± 3 days for TOI-1296 and TOI-1298, respectively. There is
no significant sign of these rotation periods in the TESS light
curves. Adopting this activity with the empirical rotation-age
relations of Mamajek & Hillenbrand (2008) gives age estimates
of 10 Gyr (TOI-1296) and 9.5 Gyr (TOI-1298).
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Fig. 4. Spectral energy distributions of TOI-1296 (top) and TOI-1298
(bottom). Red symbols represent the observed photometric measure-
ments, where the horizontal bars represent the effective width of the
passband. Blue symbols are the model fluxes from the best-fit Kurucz
atmosphere model (black).

To better determine the stellar parameters of the two tar-
gets, we performed an optimisation using the stellar evolution
code CESAM2K (Morel 1997) within a Levenberg-Marquardt
algorithm. We used the estimates of Teff , log g, [Fe/H], and Lbol
derived in this study as observational constraints, and we con-
sidered the stellar mass, the age, the initial metallicity, and the
initial helium abundance as free parameters of the fit. In the
models, we used the OPAL 2005 equation of state (Rogers &
Nayfonov 2002) and opacity tables. The nuclear reactions rates
were computed using the NACRE compilation (Angulo et al.
1999) and the LUNA revised rate for the 14N(p, γ)15O reaction
(Formicola et al. 2004). Convection was treated following the
formalism of Canuto et al. (1996) with a solar-calibrated value of
the mixing length parameter. Core overshooting was neglected.
Microscopic diffusion was included by solving the equations
of Burgers (1969), but the effects of radiative levitation were
neglected. The atmosphere was described by Eddington’s grey
law. We adopted the solar mixture of heavy elements of Asplund
et al. (2009).

The optimal stellar parameters obtained for the two stars are
given in Table 3, and the evolutionary tracks of the best mod-
els in the HR diagram are shown in Fig. 5. We found TOI-1296
to be in the subgiant phase, while TOI-1298 still lies on the
main sequence, the optimal model having a fraction of hydro-
gen in the core of Xc = 0.51. The error bars given in Table 3
were obtained by using the inverse of the Hessian matrix. They
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Table 4. Posterior median and 68.3% credible interval for the system’s parameters from the Juliet analysis.

Parameter Units TOI-1296 TOI-1298

Stellar mean density (g cm−3) 0.324+0.037
−0.048 0.670 ± 0.062

q1 TESS 0.354+0.092
−0.075 0.180+0.13

−0.076

q2 TESS 0.300+0.087
−0.077 0.44+0.29

−0.21

Orbital period, P (days) 3.9443715 ± 5.8 × 10−6 4.537164 ± 1.2 × 10−5

Mid-transit time, Tc (BJDTDB) 2458930.75532± 0.00019 2458929.58558± 0.00031
Semi-major axis in stellar radii, a/R? 6.44+0.24

−0.33 9.00+0.25
−0.29

Semi-major axis, a (au) 0.0497+0.0023
−0.0028 0.0590± 0.0023

Radius ratio, Rp/R? 0.07599+0.00046
−0.00039 0.06119± 0.00053

Impact parameter, b 0.13± 0.11 0.16+0.13
−0.11

Orbital inclination, i (degrees) 88.81+0.82
−1.0 88.96+0.73

−0.86√
e cosω -0.12+0.18

−0.14 −0.05+0.14
−0.12√

e sinω 0.11+0.15
−0.17 0.04+0.13

−0.15

Eccentricity, e 0.055+0.061
−0.038 0.032+0.034

−0.023

Argument of pericentre, ω (degrees) 137± 62 130± 92
Radial velocity semi-amplitude, K (m s−1) 34.8± 3.4 34.4± 2.5
Systemic velocity, µ (km s−1) 25.3919± 0.0026 −55.5587 ± 0.0025
Jitter radial velocity, σRV (m s−1) 7.7+3.0

−2.3 4.0+3.4
−3.8

Planet mass, Mp (MJup) 0.298± 0.039 0.356± 0.032
Planet radius, Rp (RJup) 1.231± 0.031 0.841± 0.021
Planet mean density, ρp (g cm−3) 0.198± 0.031 0.743± 0.091
Planet equilibrium temperature (†), Teq (K) 1562+43

−31 1388± 24

Notes. (†)For zero albedo and full day-night heat redistribution.

Fig. 5. HR diagram in luminosity as a function of effective temperature.
The isochrones are from the CESAM2k models (Morel 1997). Symbols
show the measured position of TOI-1296 (blue) and TOI-1298 (red) in
this diagram, the first one lying on the subgiant branch, and the second
one on the main sequence.

correspond to internal error bars and do not account for the
effects of systematics caused by our choice of input physics.

3.2. Data modelling

We performed a global modelling including all available data.
The fitted parameters are as follows: q1 and q2 (Kipping 2013),
the quadratic limb darkening coefficients for all light curves, the
radius to semi-major axis ratio, the radius ratio, the orbit inclina-
tion, the mid-transit time, the orbital period, the semi-amplitude
of RV variations, the systemic velocity, the stellar density, and

a jitter term for the RV time series. Eccentricity was let free
to vary, adding the fitted parameters

√
e cosω and

√
e sin ω.

For TOI-1296b, Gaussian process regression was used for TESS
data and all ground-based light curves, which were modelled
simultaneously with SOPHIE data. For TOI-1298b, only TESS
and SOPHIE data were used in the modelling. The TESS data
included in the analysis are centred on the transit events, with a
width of three times their duration.

The priors used in the analysis are uniform for most of the
parameters, except the stellar density for which a normal prior
is used from the stellar mass and radius derived from the spec-
troscopic analysis and SED modelling, as discussed in Sect. 3.1.
The priors we imposed on the stellar density are the following:
0.358± 0.052 g cm−3 for TOI-1296 and 0.721± 0.074 g cm−3

for TOI-1298.
For this global modelling, we used the Juliet package

(Espinoza et al. 2019). Within Juliet, we used the transit model
batman (Kreidberg 2015) and the RV model radvel (Fulton
et al. 2018). We used the approximate Matern kernel included
in celerite (Foreman-Mackey et al. 2017) for the photomet-
ric datasets, including both TESS data and ground-based light
curves. Quadratic limb darkening was let free for each filter. We
oversampled the TESS 30-minute cadence with a factor of 30,
and the TESS 2-minute cadence with a factor of 3 (Kipping
2010). To sample from the posterior, we used the nested sam-
pling code dynesty (Speagle 2020), with 500 live-points and a
relative value of difference of the logarithm of the evidence less
than 0.5 as convergence criterium.

For the system TOI-1296, the posterior distribution value for
the stellar density we obtained, including all available data, is
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Fig. 6. Modelling of data obtained on TOI-1296b. (Top) The TESS light curve in 30-min and 2-min cadence, and ExoFOP ground-based light
curves; (bottom) The SOPHIE data series of RV versus time and folded RV data, together with the best-fit model (the time unit for the RV time
series is BJDUTC). In all panels, blue data points with error bars show the observed data. Black lines and intervals in grey show the model median
and the 68.3% credible interval computed from 1000 random posterior samples. Grey lines show the maximum a posteriori transit model. The
blue points associated with those grey lines are the data points corrected for the best-fit Matern kernel. For the ground-based light curves, the
observatory name and filters used for observations label the relevant plot.

0.324+0.037
−0.048 g cm−3. With this good agreement on stellar density

values, we safely adopted the radius and mass from the stel-
lar characterisation using the SED modelling. The planet’s mass
and radius we derived are as follows: Mpl = 0.298± 0.039 MJup
and Rpl = 1.231± 0.031 RJup. This corresponds to a planet’s
density ρp of 0.198± 0.031 g cm−3. The derived eccentricity is
compatible with a circular orbit.

TOI-1298 was modelled in the same way. We obtain
a posterior value of 0.670± 0.062 g cm−3, showing good
agreement with the prior value of 0.721± 0.074g cm−3. The
derived planet’s mass is 0.356± 0.032 MJup and the radius is

0.841± 0.021 RJup, implying a density of 0.743± 0.091 g cm−3.
The eccentricity is not significantly different from 0. The pos-
terior results are listed in Table 4 for TOI-1296 and TOI-1298
systems, while Figs. 6 and 7 show the best fit to the data in both
cases.

We then fixed the transit parameters to the posterior maxi-
mum and let the time of individual transits vary to search for
transit time variations. We used a normal prior with a width of
0.03 days with respect to the linear ephemeris of the fit, obtained
in the global modelling. The resulting transit times are shown
in Fig. 8 for both systems. It is intriguing that four negative
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Fig. 7. Same as Fig. 6, but for TOI-1298b.
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Fig. 8. Deviation of individual transit times with respect to linear
ephemeris, as a function of time (top) for TOI-1296b and (bottom) for
TOI-1298b.

outliers stand out for TOI-1298b at regular times, separated by
100 days. It may be due to an instrumental systematic noise, as
no global pattern is seen at this period. We conclude that there is
no significant detection of variable transit times for either of the
systems.

4. Discussion

The planets discovered by TESS around TOI-1296 and TOI-1298
both have short orbital periods of 3.94 and 4.54 days, respec-
tively. They are both heavily irradiated by their host star with
estimated equilibrium temperatures of about 1560 and 1390 K

and incident fluxes of ∼7× 108 and 3× 108 erg s−1 cm−2. The
numerous transits revealed by TESS on these systems allowed for
a precise radius for the planets, with a large difference between
both values of 1.231± 0.031 and 0.841± 0.021 RJup for TOI-
1296b and TOI-1298b, respectively. The measured radii of both
planets correspond to the bulk of giant-planet radii in the same
range of incident flux and thus may be explained by the effects of
atmospheric circulation induced by stellar irradiation, as shown
by Tremblin et al. (2017). Complementary observations with
SOPHIE have established the planetary nature of the signal at
this period and secured a mass measurement for both planets
in circular orbits. Despite their different radius, both planets
have similar masses, close to Saturn’s mass. These two plan-
ets thus have particularly distinct bulk densities of 0.198 and
0.743 g cm−3. The (slightly) more massive of the two has a much
lower radius value.

It is interesting to compare both stellar host stars. While
TOI-1298 still lies on the main sequence, TOI-1296 has started
evolving into the subgiant branch, with an enlarged stellar radius
(1.66 R�) and increased luminosity (2.455 L�). These different
evolutionary statuses of both stars may play a role in the radius
inflation of the planet TOI-1296b as compared to TOI-1298b, for
a mass in a close range, as postulated by Lopez & Fortney (2016).
This type of possible trend between stellar evolution and reinfla-
tion of planets was also recently reported by several studies of
individual systems such as HAT-P-65, HAT-P-66 (Hartman et al.
2016), NGTS-13 (Grieves et al. 2021), HD 221416 (Huber et al.
2019), and HD 1397 (Brahm et al. 2019). The rich harvest of
precision transit photometry such as achieved by TESS allows
for the discovery and accurate characterisation of large sam-
ples of planets that offer observational constraints to evolution
models. In the present work, two more planets with 3% precision
on the radius have been presented and their significant difference
in terms of their radius value also puts into questions the role of
stellar evolution towards the giant branch in the evolution of the
close-in planet radius.

3 https://exoplanetarchive.ipac.caltech.edu/
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Fig. 9. Top: planet radius as a function of stellar radius for all transit-
ing giant planets. The two lines are linear fits for the populations of
planets above (orange line, green dots) and below (cyan line, blue dots)
the 0.8 RJup threshold (see text), respectively. Bottom: planet radius as
a function of planet mass for transiting giant planets. Small dots repre-
sent all confirmed giant planets above 0.5 RJup from the NASA exoplanet
archive3. The new planets in these parameter spaces are shown with the
red symbols. Although of a similar mass, they differ significantly in
radius.

Figure 9 (bottom) locates the planets TOI-1296b and TOI-
1298b in the mass-radius diagram and shows that, at their given
mass, they encompass the whole range of observed planet radii.
The top panel of Fig. 9 shows the current distribution of plan-
etary and stellar radii in the population of confirmed planets.
For giant planets with a size between 0.5 and 0.8 RJup there is
no visible trend with respect to the stellar radius (cyan line).
In contrast, for planets greater than 0.8 RJup, there is a linear
trend between the stellar and planetary radii, with a residual
standard deviation of 0.2 RJup. The radii of TOI-1296 and its
giant planet are compatible with this trend within 1σ. The radius
of TOI-1298b, on the other hand, being near the limit where
the trend is no longer visible, seems to stand out of the pop-
ulation of small-sized giant planets where the radius does not
depend on the stellar radius or lies in a radius valley in between
the two populations mentioned above. It is out of the scope of
this paper to investigate whether the paucity of planets in the
lower right corner of this plot (stellar radii between 1.3 and 2 R�
and planetary radius less than 1 RJup) is an observational bias
or directly relates with the evolutionary status of the host stars.
No observational bias, however, directly comes into mind, as
smaller planets are detected around large-radius stars. It thus
appears that when giant planets are present around stars with
radii larger than 1.5 R�, then their radius increases with the stellar
radius. As the process likely relies on received stellar irradiation,

Fig. 10. Distribution of metallicity in planet host stars from the NASA
exoplanet archive3. The extreme properties of TOI-1296 and TOI-1298
are shown with arrows.

it can be related to atmospheric circulation (Tremblin et al. 2017).
The planet-star distance may explain the dispersion around the
trend. The coefficients of this trend are such that Rp/RJup =
0.77 + 0.37 Rs/R�, where Rp and Rs are the planet and stellar
radii, respectively. This loose correlation is similar to the one
found between the planet radius and stellar age in Hartman
et al. (2016) (their Fig. 12), and it possibly has the same ori-
gin. There is no doubt that current transit surveys and their
follow-up will further unveil the properties of giant planets as
the host star evolves, especially when the stellar radius can be
precisely characterised with asteroseismology, as in Huber et al.
(2019).

The host stars are, moreover, enriched in heavy elements,
with metallicities of +0.44± 0.04 and +0.49± 0.03. Figure 10
shows the current distribution of stellar metallicity in the pop-
ulation of exoplanet hosts. This distribution shows a larger
proportion of solar metallicity and a larger wing towards the
low metallicity, as for field stars (Holmberg et al. 2007). From
Fig. 21 of Holmberg et al. (2007), we can see that less than 0.5%
of stars in the solar vicinity do indeed have a metallicity larger
than 0.45. TOI-1296 and TOI-1298 thus stand out in the extreme
wing of high metallicity. Stars of such metallic content have the
largest odds to host a giant planet in short orbit as shown in early
studies (Santos et al. 2004; Fischer & Valenti 2005) and most
recently by Petigura et al. (2018), who derived an occurrence
rate of about three giant planets per 100 stars in the period range
from 1–10 days for host stars as metal-rich as TOI-1296 and
TOI-1298 (their Fig. 10a). This rate is about 10 times greater than
for stars of solar metallicity, according to this study. The system
of TOI-1296 looks similar to K2-97, an inflated hot Jupiter orbit-
ing an evolved, metal-rich star and used as a benchmark for the
reinflation process (Grunblatt et al. 2017), and also to HATS-41
(Bento et al. 2018), Kepler-91 (Barclay et al. 2015), and HATS-54
(Espinoza et al. 2019). On the other hand, the system TOI-1298
has similar properties as XO-7 (Crouzet et al. 2020) and WASP-
21 (Bonomo et al. 2017). With this work, we are adding two
transiting systems in the most metal-rich bin, one of them being
hosted by an evolved star.

The large-density planet TOI-1298b and its host star is inter-
mediate between Saturn and the most studied transiting system
of HD 149026 (Sato et al. 2005). HD 149026 is also metal
rich, and its high-density planet likely has a massive core. It is
also expected for TOI-1298b for its internal core and/or atmo-
spheric composition to be extremely enriched, as shown in
Guillot (2005), Fortney et al. (2006), and Baraffe et al. (2008).
From irradiated models of planetary internal structure presented
in Baraffe et al. (2008) with a mass of about 110 Earth masses
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and an age of 9.5 Gyr, the radius of TOI-1298b would be con-
sistent with a relative content of heavy elements of 15–40% (or
16–44 Earth masses). It is impossible to say whether this mass
of heavy elements is concentrated in a core or mixed within the
envelope due to our current knowledge of giant planet interiors,
as described for instance in Debras & Chabrier (2019).

On the other extreme side, TOI-1296b is very fluffy with a
density about 4 times smaller, while the stellar host is equiv-
alently metal-rich. Within its mass range, TOI-1296b is one
of the most inflated planets, as illustrated in Fig. 9 (bottom).
As it may be due to the reinflation of the planet, it may not
automatically imply a low content in heavy elements. The ten-
dency is indeed for high-metallicity stars to have high-metallicity
planets (Moutou et al. 2013). With reinflation, the new flux
income from the stellar luminosity increase may alternatively
explain the lower density, despite the presence of heavy elements
in the planet atmosphere. The formation, internal structure,
and evolution of such diverse planets remains to be precisely
described.
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Appendix A: TESS apertures

Fig. A.1. TESS imagettes of TOI-1296 (top) and TOI-1298 (bottom) as
provided by the lightkurve package. TESS pixels cover a sky aperture
of 21 arcsec.

The TESS full images in the vicinity of the targets TOI-1296 and
TOI-1298 are shown in Fig. A.1. The pixels coloured in pink are
the ones used in the aperture for the PDC-SAP flux. Both stars
have a bright neighbour, at a distance large enough so that the
contamination of the main target apertures are not affected. A
contamination factor of 0.01934 and 0.001912 for TOI-1296 and
TOI-1298 were estimated by the SPOC pipeline, respectively.
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