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ABSTRACT

Despite the thousands of planets in orbit around stars known to date, the mechanisms of planetary formation, migration, and atmo-
spheric loss remain unresolved. In this work, we confirm the planetary nature of a young Saturn-size planet transiting a solar-type star
every 8.03 d, TOI-1135 b. The age of the parent star is estimated to be in the interval of 125–1000 Myr based on various activity and
age indicators, including its stellar rotation period of 5.13± 0.27 days and the intensity of photospheric lithium. We obtained follow-up
photometry and spectroscopy, including precise radial velocity measurements using the CARMENES spectrograph, which together
with the TESS data allowed us to fully characterise the parent star and its planet. As expected for its youth, the star is rather active and
shows strong photometric and spectroscopic variability correlating with its rotation period. We modelled the stellar variability using
Gaussian process regression. We measured the planetary radius at 9.02± 0.23 R⊕ (0.81± 0.02 RJup) and determined a 3σ upper limit of
< 51.4 M⊕ (< 0.16 MJup) on the planetary mass by adopting a circular orbit. Our results indicate that TOI-1135 b is an inflated planet less
massive than Saturn or Jupiter but with a similar radius, which could be in the process of losing its atmosphere by photoevaporation.
This new young planet occupies a region of the mass-radius diagram where older planets are scarse, and it could be very helpful to
understanding the lower frequency of planets with sizes between Neptune and Saturn.

Key words. techniques: radial velocities – planets and satellites: gaseous planets – planets and satellites: general –
planets and satellites: individual: TOI-1135 b – stars: solar-type

1. Introduction

Close gas giants represent approximately 10% of the total pop-
ulation of known exoplanets1. However, how short-period gas
giants form remains an open question. Although the family
of gas giants is large, their occurrence rate is relatively low,
with ≲1% orbiting a solar-type star and even less for later stars

1 http://exoplanet.eu/

(Wright et al. 2012). This contradiction is explained because they
are the easiest exoplanets to detect by both transit and radial
velocity (RV) methods.

Different formation mechanisms for these planets have been
proposed (Dawson & Johnson 2018), including in situ formation
(Batygin et al. 2016); disc migration (Lin et al. 1996); and high
eccentricity tidal migration. The migration theory provides a rea-
sonable explanation for the existence of short-orbit gas giants.
According to this theory, these planets are believed to form
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the Hubble Source Catalog (Whitmore et al. 2016) catalogues,
Gaia DR3 (Gaia Collaboration 2016, 2023), the Sloan Digital
Sky Survey (SDSS; York et al. 2000), the Two Micron All-
Sky Survey (2MASS; Skrutskie et al. 2006), the Javalambre
Physics of the Accelerating Universe Astrophysical Survey (J-
PAS; Cenarro et al. 2019), the Javalambre Photometric Local
Universe Survey (J-PLUS; Dupke et al. 2019), the Johnson
UBVR photometry (Ducati 2002), and the Wide-field Infrared
Survey Explorer (WISE; Wright et al. 2010). We used BT-Settl
(CIFIST) models (Baraffe et al. 2015) to reproduce the spec-
tral energy distribution (SED) of the star and to extrapolate
to bluer and longer wavelengths. We obtained for TOI-1135 a
luminosity of 1.702± 0.068 L⊙. From the estimated effective
temperature and luminosity, and using the Stefan-Boltzman rela-
tion, we derived a radius of 1.160± 0.029 R⊙. Assuming that the
star is on the main sequence, which is expected for its age (see
Sect. 4.2), and using the empirical mass-luminosity relations for
solar-type stars from Eker et al. (2018), we determined a mass
of 1.125± 0.032 M⊙, which includes the error due to the dis-
persion of mass-luminosity fit. The summary of the main stellar
parameters of TOI-1135 can be found in Table 1.

No wide companions of TOI-1135 have been reported in the
literature. We searched for common proper motion companions
to TOI-1135 using the Gaia DR3 catalogue and examined objects
within a radius of 1 degree, which corresponds to a physical sep-
aration close to 2 pc at the distance of the star. To narrow down
the search, we applied a restriction on the parallax values, specif-
ically within the range of 8.25–9.25 mas, which encompasses
the parallax of TOI-1135 as listed in Table 1. The query returned
10 stars. However, the proper motions of these stars differ greatly
from those of TOI-1135, indicating that they are most likely unre-
lated. Therefore, no wide common proper motion companions
were identified within the Gaia catalogue within this restricted
search range.

4.1. Rotation period and spectral stellar activity indicators

Active regions such as spots and faculae on the surface of F, G,
K, and M stars exhibit a periodic behaviour as the star rotates.
Furthermore, these active regions can shift across the stellar sur-
face and appear and disappear as the star rotates, resulting in
quasi-periodic (QP) photometric and spectroscopic variability.
By performing a frequency analysis of their light curves, RV,
and spectral stellar activity indicators, it is possible to determine
the rotation period of these stars and their activity levels.

Figure 6 shows the generalised Lomb–Scargle (GLS;
Zechmeister & Kürster 2009) periodograms for the combination
of TESS’s sectors as well as for the RV, the spectral stellar activ-
ity indicators, and the window function of the CARMENES data.
The panels that include TESS and Ca II IRT data show that the
most significant signal is slightly more than five days (it is also
observed in dLW but with less significance), while in the RV
panel, the most significant signal is shown at half that period.
From these periodograms combined with the TESS light curves
(Fig. 2), where a very high cadence is available covering more
than 200 days, we conclude that the stellar rotation period is
5.13± 0.27 days.

In addition to the signals associated with the rotation period,
we identified a signal in the Hα panel with a FAP of less
than 0.1% at approximately 13 days, although its origin remains
unclear. Furthermore, we performed an analysis of correlation
using Pearson’s r coefficient to investigate potential correlations
between the CARMENES RV data and the activity indicators,
but we did not detect any significant correlations.

Table 1. Stellar parameters of TOI-1135.

Parameter Value Reference

Name HIP 62908 Per97
TIC 154872375 TIC

α (J2016) 12:53:35.1 Gaia DR3
δ (J2016) +85:07:46.2 Gaia DR3
Sp. type G0 Nas46
ϖ (mas) 8.758± 0.011 Gaia DR3
d (pc) 113.920± 0.145 Gaia DR3
µα cos δ (mas yr−1) 16.973± 0.015 Gaia DR3
µδ (mas yr−1) 5.293± 0.013 Gaia DR3
γ (km s−1) –20.90± 0.22 Gaia DR3
RUWE 0.974 Gaia DR3
Teff (K) 6122± 15 This work
log g (cgs) 4.56± 0.02 This work
[Fe/H] (dex) 0.00± 0.02 This work
M⋆ (M⊙) 1.125± 0.032 This work
R⋆ (R⊙) 1.160± 0.029 This work
L⋆ (L⊙) 1.702± 0.068 This work
v sin i (km s−1) 10.4± 0.1 This work
vmacro (km s−1) 5.5± 0.1 This work
Prot (days) 5.13± 0.27 This work
U (km s−1) 16.69± 0.03 This work
V (km s−1) –8.95± 0.04 This work
W (km s−1) –13.84± 0.03 This work
Gal. population Young disc This work
Age (Myr) 125–1000 This work
NUV (mag) 14.219± 0.006 GALEX
Bp (mag) 9.695± 0.003 Gaia DR3
V (mag) 9.57± 0.02 Tycho-2
G (mag) 9.419± 0.003 Gaia DR3
Rp (mag) 8.974± 0.004 Gaia DR3
J (mag) 8.458± 0.026 2MASS
K (mag) 8.192± 0.019 2MASS
EW(Li) (mÅ) 82± 10 This work

References. Per97: Perryman et al. (1997); TIC: Stassun et al. (2019);
Nas46: Nassau & Seyfert (1946); Gaia DR3: Gaia Collaboration (2016,
2023); Tycho-2: Høg et al. (2000); GALEX: Bianchi et al. (2017);
2MASS: Skrutskie et al. (2006).

4.2. Age

The relatively short stellar rotation period (Prot = 5.13±
0.27 days) of TOI-1135 may be indicative of youth. Young stars
often exhibit fast rotation because they retain angular momentum
from their formation process. This high-rotation star shows high
levels of chromospheric activity and a larger presence of spots
on its surface. As these stars age, they undergo a process of rota-
tional braking through magnetic interactions (Gallet & Bouvier
2013, 2015), causing their rotation to gradually slow down. By
studying various age indicators, such as the gyrochronology, the
NUV excess, the kinematics, and lithium equivalent width, we
can restrict the age of the TOI-1135 star.

4.2.1. Gyrochronology

Figure 7 depicts the distribution of stellar rotation periods as
a function of colour G − J for several stellar clusters at differ-
ent ages, namely, the Pleiades (∼125 Myr; Rebull et al. 2016),
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Table 2. Model comparison for RV-only analysis of TOI-1135 b using the difference between Bayesian log-evidences (∆ lnZ).

Activity model

σjit 2 Sin (P1 ∼5.1 days, P2 ∼2.5 days) + σjit GPGP + σjit

Dataset Planets Kb (m s−1) ∆ lnZ Kb (m s−1) ∆ lnZ Kb (m s−1) ∆ lnZ
CARMENES VIS 0 – –246.0 – –230.5 – –236.3
CARMENES VIS 1 7.7± 4.6 (21.1) –247.7 5.0± 3.2 (14.5) –231.3 5.6± 3.1 (14.9) –238.6

Notes. In the model name, σjit refers to a jitter term added in quadrature to the RV error bars and “2 Sin” refers to two sinusoidal functions and their
periods. All models assume circular orbits, and the amplitudes are given with their 1σ uncertainty. The 99.7 percentile of the Keplerian amplitude
is provided in parenthesis. The result in bold indicates our adopted RV model.

5.3. Radial velocity analysis

Before performing any RV analysis, we investigated if some of
our data were acquired during some of the transits. The Rossiter-
McLaughlin (RM) effect (Rossiter 1924; McLaughlin 1924) can
be significantly high on giant planets. We estimated the expected
amplitude in RV for TOI-1135 b following Gaudi & Winn
(2007). We calculated a semi-amplitude of 50.2± 10.6 m s−1,
a value comparable to the rms of the CARMENES data sets.
The estimated RM semi-amplitude is well in agreement to
that detected during the in-transit observations (Orell-Miquel
et al., in prep.). However, all the CARMENES data were taken
out-of-transit.

In Sect. 4.1 we computed GLS periodograms over the RV and
activity indicators of CARMENES VIS data (Fig. 6). The only
significant signal in the RV panel is related to the first harmonic
of the stellar rotation period (∼2.6 days). Therefore, the signal of
the transiting planet (purple line) is not present in either the GLS
RV periodogram or in the activity indicators. In active and young
stars such as TOI-1135, this is an expected behaviour since stellar
activity is usually significantly larger than the expected ampli-
tude for the planet, so the signal of the planet may be hidden
until the stellar activity is modelled.

We performed an RV-only fit following the same procedure
as in Mallorquín et al. (2023a,b), to determine the best model
to fit the stellar activity using three different approaches. The
first model uses a jitter term (σjit,RV), added in quadrature to the
error bars of the RV measurements, to take into account possible
additional noise not captured by the model selected. The second
model, in addition to the jitter term, incorporates two sinusoidal
functions centred on the stellar rotation period and on half of the
rotation period. By including these sinusoidal functions, our aim
was to capture the periodic variations introduced by the stellar
rotation observed in Fig. 6. Lastly, the third model uses a jitter
term and a QP kernel introduced by Aigrain et al. (2012):

kQP(τ) = η2
σ exp
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where τ, ησ, ηL, and ηP are defined as in Eq. (1), and ηω acts
as a balance between the periodic and non-periodic component
of the kernel. This kernel allows for a more flexible modelling
of the stellar activity by incorporating QP variations in addi-
tion to the random noise captured by the jitter term. These
models allowed us to explore different representations of the
stellar activity and to assess their effectiveness in capturing the
observed RV variations. In the RV model, in addition to the
activity model, a Keplerian associated with the transiting planet

is also included, which was tested against the same activity mod-
els without including the Keplerian. This allowed us to study
how significant it is to include the planet or not in our RV data.
We modelled the Keplerian signal of the transiting planet with
RadVel10 (Fulton et al. 2018). The planetary parameters included
are the Tc, the P, and the stellar RV amplitude induced by the
planet (K). The initial values used for Tc and P were derived
from Sect. 5.2. Moreover, as in the photometric case, we included
an instrumental offset (γRV).

We employed the criteria established by Trotta (2008) based
on the Bayesian log-evidence (lnZ), which was calculated
following the method by Díaz et al. (2016), to evaluate which
is the best RV-only model (results listed in Table 2). According
to this criterion, when the absolute difference |∆ lnZ| is greater
than five, the model with the higher log evidence is strongly
favoured. In cases where |∆ lnZ| is greater than 2.5 but less
than five, the evidence in favour of one model is moderate.
If |∆ lnZ| is greater than one but less than 2.5, the evidence
is weak, and when |∆ lnZ| is less than one, the models are
considered indistinguishable. None of the models considering
the transiting planet are moderately favoured compared to
models without the planet, which seems to indicate that the
planet is not detected in the current RV. The models that include
only a jitter term are the least strongly favoured. The models
composed of two sinusoidal functions are moderately favoured
compared to the GP models. In addition, the models including a
Keplerian signal are indistinguishable or less favoured compared
to models without planets, which suggest the absence of any
planet signal in the RV data. This result is expected since there
is no detection of TOI-1135 b. Therefore, between the activity
model with two sinusoidal functions and the activity model
with GP, we chose the latter. Although the model with two
sinusoidal functions is slightly favoured over the GP model,
the planet signal is slightly better detected in the latter. The QP
GP models have been widely used in the literature to model the
activity of young stars (Barragán et al. 2019, 2022; Klein et al.
2021; Cale et al. 2021; Zicher et al. 2022; Nardiello et al. 2022;
Mallorquín et al. 2023a) because the QP variations in activity
are better modelled.

5.4. Joint-fit analysis

All the data sets were included in a global joint fit combin-
ing the transit photometry and RV time series in order to yield
more precise parameters for the TOI-1135 system. This global
fit includes a transit model over the TESS and the ground-
based transit photometry (phase-folded transits in Fig. 12) and
a Keplerian model in the CARMENES RVs (phase-folded RV

10 https://github.com/California-Planet-Search/radvel
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Table 3. Prior and posterior parameters of the joint fit for TOI-1135 b.

Parameter Prior Posterior (e= 0) Posterior (e, ω free)

Tc (BJD) N(2 459 583.2583, 0.1) 2 459 583.2582+0.0002
−0.0002

2 459 583.2581+0.0002
−0.0002

P (days) N(8.0277, 0.1) 8.027730+0.000003
−0.000003

8.027729+0.000003
−0.000003

Rp/R⋆ U(0, 0.1) 0.0697+0.0002
−0.0002

0.0699+0.0003
−0.0002

b U(0, 1) 0.007+0.008
−0.005

0.102+0.095
−0.071

K (m s−1) U(0, 200) 5.86+3.11
−2.94

(15.18) 6.03+3.09
−2.95

(15.31)√
e sinω U(–1, 1) ... –0.144+0.035

−0.040√
e cosω U(–1, 1) ... –0.018+0.319

−0.298

γTESS (ppt) U(–3σTESS, 3σTESS) 0.44+0.12
−0.12

0.44+0.12
−0.12

γCRCAO (ppt) U(–3σCRCAO, 3σCRCAO) 3.27+0.22
−0.22

3.36+0.22
−0.22

γDSW (ppt) U(–3σDSW, 3σDSW) 3.38+0.34
−0.34

3.48+0.34
−0.34

γPvdKO (ppt) U(–3σPvdKO, 3σPvdKO) 2.61+0.18
−0.18

2.70+0.19
−0.19

γSPECULOOS (ppt) U(–3σSPECULOOS, 3σSPECULOOS) 3.50+0.17
−0.17

3.59+0.17
−0.17

γTTT,r′,1 (ppt) U(–3σTTT,r′,1, 3σTTT,r′,1) 1.63+0.14
−0.14

1.69+0.14
−0.14

γTTT,g′,1 (ppt) U(–3σTTT,g′,1, 3σTTT,g′,1) 2.37+0.15
−0.15

2.45+0.15
−0.15

γTTT,r′,2 (ppt) U(–3σTTT,r′,2, 3σTTT,r′,2) 4.86+0.38
−0.38

4.95+0.38
−0.38

γTTT,g′,2 (ppt) U(–3σTTT,g′,2, 3σTTT,g′,2) 3.35+0.41
−0.41

3.44+0.41
−0.41

γTTT,g′,3 (ppt) U(–3σTTT,g′,3, 3σTTT,g′,3) 2.97+0.17
−0.17

3.05+0.17
−0.17

γCARMENES VIS (m s−1) U(–3σCARMENES VIS, 3σCARMENES VIS) 2.42+11.60
−10.91

1.88+11.52
−10.99

σjit,TESS (ppt) U(0, 3σTESS) 0.41+0.01
−0.01

0.40+0.01
−0.01

σjit,CRCAO (ppt) U(0, 3σCRCAO) 2.36+0.20
−0.19

2.37+0.20
−0.19

σjit,DSW (ppt) U(0, 3σDSW) 7.68+0.29
−0.27

7.66+0.28
−0.28

σjit,PvdKO (ppt) U(0, 3σPvdKO) 3.50+0.15
−0.14

3.49+0.15
−0.14

σjit,SPECULOOS(ppt) U(0, 3σSPECULOOS) 5.34+0.13
−0.12

5.32+0.12
−0.12

σjit,TTT,r′,1 (ppt) U(0, 3σTTT,r′,1) 8.36+0.10
−0.10

8.35+0.10
−0.10

σjit,TTT,g′,1 (ppt) U(0, 3σTTT,g′,1) 5.75+0.11
−0.11

5.75+0.11
−0.10

σjit,TTT,r′,2 (ppt) U(0, 3σTTT,r′,2) 8.84+0.28
−0.27

8.82+0.27
−0.26

σjit,TTT,g′,2 (ppt) U(0, 3σTTT,g′,2) 9.41+0.30
−0.28

9.41+0.30
−0.29

σjit,TTT,g′,3(ppt) U(0, 3σTTT,g′,3) 5.97+0.12
−0.12

5.95+0.12
−0.12

σjit,CARMENES VIS (m s−1) U(0, 3σCARMENES VIS) 8.61+3.05
−3.62

8.63+3.03
−3.69

q1,T N(0.28, 0.01) 0.26+0.01
−0.01

0.27+0.01
−0.01

q2,T N(0.36, 0.01) 0.35+0.01
−0.01

0.36+0.01
−0.01

q1,B N(0.65, 0.01) 0.65+0.01
−0.01

0.65+0.01
−0.01

q2,B N(0.41, 0.01) 0.40+0.01
−0.01

0.40+0.01
−0.01

q1,g′ N(0.60, 0.01) 0.60+0.01
−0.01

0.60+0.01
−0.01

q2,g′ N(0.40, 0.01) 0.40+0.01
−0.01

0.40+0.01
−0.01

q1,i′ N(0.29, 0.01) 0.29+0.01
−0.01

0.29+0.01
−0.01

q2,i′ N(0.36, 0.01) 0.36+0.01
−0.01

0.36+0.01
−0.01

q1,zcut
N(0.23, 0.01) 0.23+0.01

−0.01
0.23+0.08

−0.01

q2,zcut
N(0.35, 0.01) 0.35+0.01

−0.01
0.35+0.10

−0.01

q1,r′ N(0.39, 0.01) 0.39+0.01
−0.01

0.39+0.01
−0.01

q2,r′ N(0.37, 0.01) 0.37+0.01
−0.01

0.37+0.01
−0.01

ησ1,TESS N(σTESS, 0.8) 3.57+0.59
−0.49

3.57+0.58
−0.49

ησ2,TESS N(σTESS, 0.8) 2.00+0.18
−0.14

1.99+0.18
−0.14

ησ,CARMENES VIS N(σCARMENES VIS, 5) 23.44+4.37
−4.02

23.45+4.29
−4.02

ηL1,TESS U(Prot, 2500) 33.21+19.55
−11.83

32.64+18.99
−11.43

ηL2,TESS U(Prot, 2500) 5.64+1.02
−0.41

5.64+1.03
−0.41

ηL,RV U(Prot, 150) 70.21+52.77
−33.91

69.66+52.61
−33.60

ηProt
U(3.5, 10) 5.10+0.03

−0.02
5.09+0.03

−0.02

ηω,RV U(0.1, 1.0) 0.32+0.11
−0.10

0.32+0.12
−0.10

∆ lnZ ... –118 219.6 –118 101.4

Notes. The prior label of N and U represent normal and uniform distributions, respectively. The 99.7 percentile of the planet mass and bulk
density are provided in parenthesis.
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Table 4. Derived parameters of the joint fit for TOI-1135 b.

Parameter Posterior (e= 0) Posterior (e, ω free)

a/R⋆ 15.12+0.40
−0.40

15.12+0.40
−0.40

a (AU) 0.082+0.003
−0.003

0.082+0.003
−0.003

Rp (RJup) 0.805+0.020
−0.020

0.807+0.020
−0.020

Rp (R⊕) 9.020+0.227
−0.227

9.042+0.229
−0.228

i (◦) 89.97+0.03
−0.02

89.62+0.35
−0.27

e ... 0.07+0.10
−0.04

ω (rad) ... –1.67+1.28
−1.11

Mp (MJup) 0.062+0.033
−0.031

(0.162) 0.064+0.033
−0.031

(0.163)
Mp (M⊕) 19.84+10.53

−9.96
(51.42) 20.43+10.49

−10.00
(51.89)

ρp (g cm−3) 0.16+0.09
−0.08

(0.41) 0.16+0.08
−0.08

(0.42)
t12 (h) 0.28+0.01

−0.01
0.29+0.01

−0.01

t14 (h) 4.05+0.11
−0.11

4.12+0.11
−0.11

δ (ppt) 4.86+0.03
−0.03

4.88+0.04
−0.03

Teq (A = 0) (K) 1198.9+21.3
−21.3

1198.9+21.3
−21.3

Teq (A = 0.6) (K) 953.4+17.0
−17.0

953.4+17.0
−17.0

u1,T 0.36+0.01
−0.01

0.37+0.01
−0.01

u2,T 0.15+0.01
−0.01

0.15+0.01
−0.01

u1,B 0.65+0.01
−0.01

0.66+0.01
−0.01

u2,B 0.15+0.01
−0.01

0.15+0.01
−0.01

u1,g′ 0.61+0.01
−0.01

0.61+0.01
−0.01

u2,g′ 0.16+0.01
−0.01

0.16+0.01
−0.01

u1,i′ 0.39+0.01
−0.01

0.39+0.01
−0.01

u2,i′ 0.15+0.01
−0.01

0.15+0.01
−0.01

u1,z′ 0.34+0.01
−0.01

0.34+0.01
−0.01

u2,z′ 0.14+0.01
−0.01

0.14+0.01
−0.01

u1,r′ 0.46+0.01
−0.01

0.46+0.01
−0.01

u2,r′ 0.16+0.01
−0.01

0.16+0.01
−0.01

Notes. The 99.7 percentile of the planet mass and bulk density are
provided in parenthesis.

Sect. 5.2) discards the possibility of instrumental false posi-
tives associated with the TESS satellite system. Furthermore,
the period of these transits does not align with any known
periodicities in the TESS satellite system, such as momentum
dumps.

The transit signal is a result of stellar variability. The
observed stellar variability is much larger (peak-to-peak ampli-
tude of ∼20 ppt, Fig. 2) than the depth of the transits
(∼4.9 ppt, Table 4), and the orbital period of TOI-1135 b is
not a multiple of the stellar rotation period inferred from the
TESS light curves. Moreover, we expected a lower stellar activ-
ity at redder wavelengths, but the transit depths do not show any
chromaticity (Fig. 11).

The transit signal is a result of a blended source. Given
that the observed transit has a well-defined and flat shape
(Fig. 12), we could rule out grazing transits where a source
partially eclipses the star. In addition, our spectra do not show
blended spectral lines nor RV variations large enough to indicate

a stellar-mass companion (<100 m s−1, Fig. 5). Due to the
larger TESS pixel scale, it is common for the source to be
contaminated by nearby stars in crowded fields, as in the case of
TOI-1135, with a star at 40′′ (Fig. 1, star number 2). However,
the ground-based observations with apertures of less than 10′′

confirm that the transit is not occurring on star number 2, and
as the transits have a similar transit depth (Fig. 11), the dilution
factor is negligible.

The NESSI speckle image shows a star 0.973′′ away with a
brightness 5.39 mag fainter than TOI-1135 at 832 nm (Fig. 3).
However, the SAI image rules out other sources within 1′′ with
magnitudes 7.2 times fainter at 625 nm (Fig. 4). This could indi-
cate that the star observed in NESSI is significantly redder than
TOI-1135 (R − I ≳ 1.8 mag). If the star is assumed to be bound,
the limit on the R − I colour would indicate that the star is a
late-type M dwarf (≳M5-M6V), but the measured magnitude
difference at 832 nm suggests that the star is closer to an earlier
M dwarf (∼M3V). This discrepancy likely means that the com-
panion is a foreground source unrelated to the target. From Gaia
DR3 observations, we obtained a RUWE value of 0.974, which
indicates that the astrometric solution is consistent with a single
star model. However, the IPDfmp parameter, which provides the
fraction of windows for which the image parameter determina-
tion algorithm has identified multiple peaks, is 3%, which is a
number close to zero but not zero and is consistent with the star
observed in the NESSI image. To check if the observed signal
is transiting TOI-1135 or on the nearby companion, we used the
Vanderburg et al. (2019) formula:

∆m ≲ 2.5 log10















(

t12

t13

)2
1

δ















, (3)

which, using the transit ingress time (t12), the time between the
first and third contact (t13), and the transit depth (δ; param-
eters derived in Table 4), gives a lower limit for the faintest
companion that could cause this transit. We obtained ∆mTESS ≲

0.4 mag at a 3σ level of confidence, meaning that a source
of similar brightness to TOI-1135 is needed to reproduce the
observed transit. Additionally, if the companion is clearly red-
der than TOI-1135, we would expect to see some chromaticity
in the transit depth, which is not the case (Fig. 11). In a more
quantitative way, we can calculate the expected transit depth at
832 nm if a complete eclipse occurs in the star that is 5.39 mag
fainter than TOI-1135 (Sect. 3.1). By eclipsing 100% of the star,
we obtained a transit depth of 7.0 ppt, which is not compatible
at 832 nm according to Fig. 11. It would be necessary to eclipse
the star by ∼120% to reach 8.3 ppt. Similarly, if we assume a
star at 625 nm at the detection limit of 7.2 mag (Sect. 3.2), we
obtain a transit depth of 1.3 ppt, making it necessary to eclipse
the star by more than 600% to reach the observed 8.5 ppt in
Fig. 11. Therefore, the transit is not occurring on the fainter
companion. Finally, Hord et al. (2024) carried out a vetting pro-
cess statistically validating TOI-1135 b using the vespa (Morton
2012, 2015) and TRICERATOPS (Giacalone & Dressing 2020;
Giacalone et al. 2021) software packages, calculating the false
positive probability and classifying TOI-1135 b as a validated
planet.

7. Discussion on planet properties

7.1. Planet characterisation

Based on the posterior parameters obtained from the joint
analysis (Sect. 5.4), we determined a planetary radius of
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8% determined through the transit method and mass uncertain-
ties better than 20% from the RV method. Additionally, we have
overplotted in colour known exoplanets younger than 900 Myr
from our own collection. The dots and squares indicate young
exoplanets with orbital periods lower and higher than 10 days,
respectively, while the colour indicates the age. In the left panel
of Fig. 15, the green-shaded regions represent the radius and
mass posterior distribution for TOI-1135 b with 1, 2, and 3σ sig-
nificance intervals. We did not include the population of planets
whose masses were estimated by TTVs due to several studies,
including Hadden & Lithwick (2017), have shown that the popu-
lation of planets whose masses were estimated by TTVs are less
dense than the population of planets for which the masses were
estimated through RV. In the right panel of the figure, its radius
and period are shown as square error bars with its 1σ uncertainty.

The left panel in Fig. 15 shows a clear overdensity of
exoplanets in the upper part (Rp > 8–10 R⊕) that corresponds
to giant gas planets, while in the lower part the overdensity
of planets corresponds to “small” planets (Rp < 4–5 R⊕). Both
sequences are separated by a region with a lower frequency of
planets. In the mass-radius diagram, TOI-1135 b is located in
the lower-left limit of giant gas planets or Jupiter-type plan-
ets, suggesting mostly a gaseous composition of H and He.
In addition, only two young giant planets have mass measure-
ments with an orbital period below 10 days, namely, TOI-1268 b
(Mp = 102± 11 M⊕, Porb = 8.158 days; Šubjak et al. 2022) and
WASP-43 b (Mp = 635± 25 M⊕, Porb = 0.813 days; Davoudi et al.
2021). Both of these planets seem to fit with the sequence of
field planets and with the planets of our Solar System, as TOI-
1268 b and WASP-43 b are comparable with Saturn and Jupiter,
respectively. However, the mass of TOI-1135 b could also be
compatible with a planet with the mass of Neptune or even less,
indicating that it could be a puffed-up Neptune-type planet with
different characteristics than TOI-1268 b and WASP-63 b.

In the insolation-radius panel (right-hand side panel in
Fig. 15), TOI-1135 b is in the upper limit of the transition
zone between giant gaseous planets and Neptune-like planets.
While KELT-26 b, HAT-P-70 b, KELT-20 b, and TOI-2046 b
clearly belong to the hot Jupiter group, the cases of WASP-
43 b, HIP67522 b, TOI-837 b, TOI-1268 b, or TOI-1135 b are not
clear. If we assume a maximum mass of 50 M⊕ for TOI-1135 b
and apply the loss of mass rate of its atmosphere calculated in
Sect. 7.2, we observe that in a few hundred million years, TOI-
1135 b will lose most of its atmosphere, decreasing its radius
and mass and aligning with the group of small planets such as
Neptune. The only planets with similar characteristics of mea-
sured mass are TOI-1268 b (100–380 Myr; Šubjak et al. 2022)
and WASP-43 b (∼400 Myr; Davoudi et al. 2021), whose masses
are significantly larger, hence allowing them to retain their atmo-
spheres and belong to the group of gaseous giants. On the other
hand, measuring the masses of HIP67522 b (∼17 Myr; Rizzuto
et al. 2020) and TOI-837 b (∼35 Myr; Bouma et al. 2020) is
key to understanding whether these planets are Saturn-like or
Neptune-mass planets with an extended atmosphere that they
could eventually lose, implying a subsequent evolution shifting
the planet to the lower-left region of the mass-radius diagram.

Formation models predict that gaseous giant planets, such
as TOI-1135 b, formed beyond the ice line and then migrated
inwards in timescales of less than 10 Myr (Williams & Cieza
2011). This, together with the loss of mass of 39 M⊕ Gyr−1,
allows us to estimate that TOI-1135 b could have originally had
a mass equal to or less than 90 M⊕, so giant planets with masses
less than Saturn are susceptible to losing all or most of their

atmosphere in their early stages if they receive enough radiation
from a host star, which might be the case of TOI-1135 b.

8. Conclusions

Our study presents the discovery and characterisation of TOI-
1135 b, a Saturn-size planet transiting a young solar-type star.
We inferred the stellar parameters and estimated an age between
125–1000 Myr from different activity-age indicators. We also
simultaneously fitted the TESS light curves, the ground-based
transit photometry, and the CARMENES RV data in order
to derive the planetary parameters. We confirm the planetary
nature of TOI-1135 b, and we derived an orbital period of
8.027730± 0.000003 days for TOI-1135 b, measured a radius of
9.02± 0.23 R⊕, and set an upper limit on the mass of <51.4 M⊕
at a 3σ confidence level.

We conclude that the internal composition of TOI-1135 b is
mostly gaseous. Although it has a radius the size of Saturn, its
mass could be compatible with Neptune, indicating an extended
atmosphere most probably due to strong stellar radiation. The
large mass loss rate of TOI-1135 b indicates that the planet will
lose most of its atmosphere in a few hundred million years. The
mass determination and atmospheric study of TOI-1135 b and
other younger giant planets will be key to understanding the for-
mation and atmospheric evolution of planets smaller than Saturn
and explaining the lower frequency of planets with sizes between
Neptune and Saturn.
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Eker, Z., Bakış, V., Bilir, S., et al. 2018, MNRAS, 479, 5491
Findeisen, K., Hillenbrand, L., & Soderblom, D. 2011, AJ, 142, 23
Finociety, B., Donati, J. F., Cristofari, P. I., et al. 2023, MNRAS, 526, 4627
Foreman-Mackey, D., Hogg, D. W., Lang, D., & Goodman, J. 2013, PASP, 125,

306
Foreman-Mackey, D., Agol, E., Ambikasaran, S., & Angus, R. 2017, Astro-

physics Source Code Library [record ascl:1709.008]
Fulton, B. J., Petigura, E. A., Blunt, S., & Sinukoff, E. 2018, PASP, 130, 044504
Gaia Collaboration (Prusti, T., et al.) 2016, A&A, 595, A1
Gaia Collaboration (Vallenari, A., et al.) 2023, A&A, 674, A1
Gallet, F., & Bouvier, J. 2013, A&A, 556, A36
Gallet, F., & Bouvier, J. 2015, A&A, 577, A98
Garcia, L. J., Timmermans, M., Pozuelos, F. J., et al. 2022, MNRAS, 509, 4817
Gaudi, B. S., & Winn, J. N. 2007, ApJ, 655, 550

Giacalone, S., & Dressing, C. D. 2020, Astrophysics Source Code Library
[record ascl:2002.004]

Giacalone, S., Dressing, C. D., Jensen, E. L. N., et al. 2021, AJ, 161, 24
Goodman, J., & Weare, J. 2010, Commun. Appl. Math. Comput. Sci., 5, 65
Gustafsson, B., Edvardsson, B., Eriksson, K., et al. 2008, A&A, 486, 951
Hadden, S., & Lithwick, Y. 2017, AJ, 154, 5
Hartman, J. D., & Bakos, G. A. 2016, Astron. Comput., 17, 1
Heiter, U., Lind, K., Bergemann, M., et al. 2021, A&A, 645, A106
Heitzmann, A., Zhou, G., Quinn, S. N., et al. 2023, AJ, 165, 121
Høg, E., Fabricius, C., Makarov, V. V., et al. 2000, A&A, 355, A27
Hord, B. J., Kempton, E. M.-R., Evans-Soma, T. M., et al. 2024, AJ, 167, 233
Howell, S. B., Everett, M. E., Sherry, W., Horch, E., & Ciardi, D. R. 2011, AJ,

142, 19
Howell, S. B., Sobeck, C., Haas, M., et al. 2014, PASP, 126, 398
Jehin, E., Gillon, M., Queloz, D., et al. 2018, The Messenger, 174, 2
Jenkins, J. M., Twicken, J. D., McCauliff, S., et al. 2016, Proc. SPIE, 9913,

99133E
Johnson, D. R. H., & Soderblom, D. R. 1987, AJ, 93, 864
Kabáth, P., Chaturvedi, P., MacQueen, P. J., et al. 2022, MNRAS, 513, 5955
Kaminski, A., Trifonov, T., Caballero, J. A., et al. 2018, A&A, 618, A115
Kipping, D. M. 2013, MNRAS, 435, 2152
Klein, B., Donati, J.-F., Moutou, C., et al. 2021, MNRAS, 502, 188
Klein, B., Zicher, N., Kavanagh, R. D., et al. 2022, MNRAS, 512, 5067
Kóvacs, G., Zucker, S., & Mazeh, T. 2002, A&A, 391, 369
Lin, D. N. C., Bodenheimer, P., & Richardson, D. C. 1996, Nature, 380, 606
Mallorquín, M., Béjar, V. J. S., Lodieu, N., et al. 2023a, A&A, 671, A163
Mallorquín, M., Goffo, E., Pallé, E., et al. 2023b, A&A, 680, A76
Mann, A. W., Newton, E. R., Rizzuto, A. C., et al. 2016, AJ, 152, 61
Mann, A. W., Johnson, M. C., Vanderburg, A., et al. 2020, AJ, 160, 179
Mann, A. W., Wood, M. L., Schmidt, S. P., et al. 2022, AJ, 163, 156
Martioli, E., Hébrard, G., Correia, A. C. M., Laskar, J., & Lecavelier des Etangs,

A. 2021, A&A, 649, A177
McLaughlin, D. B. 1924, ApJ, 60, 22
Montes, D., López-Santiago, J., Gálvez, M. C., et al. 2001, MNRAS, 328, 45
Morton, T. D. 2012, ApJ, 761, 6
Morton, T. D. 2015, Astrophysics Source Code Library [record
ascl:1503.011]

Nagel, E., Czesla, S., Kaminski, A., et al. 2023, A&A, 680, A73
Nardiello, D., Malavolta, L., Desidera, S., et al. 2022, A&A, 664, A163
Nassau, J. J., & Seyfert, C. K. 1946, ApJ, 103, 117
Newton, E. R., Mann, A. W., Tofflemire, B. M., et al. 2019, ApJ, 880, L17
Newton, E. R., Mann, A. W., Kraus, A. L., et al. 2021, AJ, 161, 65
Nortmann, L., Pallé, E., Salz, M., et al. 2018, Science, 362, 1388
Olivares, J., Sarro, L. M., Moraux, E., et al. 2018, VizieR On-line Data Catalog:

J/A+A/617/A1
Parviainen, H. 2015, MNRAS, 450, 3233
Parviainen, H., & Aigrain, S. 2015, MNRAS, 453, 3821
Perger, M., Anglada-Escudé, G., Ribas, I., et al. 2021, A&A, 645, A58
Perryman, M. A. C., Lindegren, L., Kovalevsky, J., et al. 1997, A&A, 323, L49
Plavchan, P., Barclay, T., Gagné, J., et al. 2020, Nature, 582, 497
Plez, B. 2012, Astrophysics Source Code Library [record ascl:1205.004]
Quirrenbach, A., Amado, P. J., Caballero, J. A., et al. 2014, Proc. SPIE, 9147,

91471F
Quirrenbach, A., Amado, P. J., Ribas, I., et al. 2018, SPIE Conf. Ser., 10702,

107020W
Rajpaul, V., Aigrain, S., Osborne, M. A., Reece, S., & Roberts, S. 2015, MNRAS,

452, 2269
Rasmussen, C. E., & Williams, C. 2006, Gaussian Processes for Machine

Learning (The MIT Press)
Rebull, L. M., Stauffer, J. R., Bouvier, J., et al. 2016, AJ, 152, 113
Ricker, G. R., Winn, J. N., Vanderspek, R., et al. 2014, SPIE Conf. Ser., 9143,

914320
Rizzuto, A. C., Newton, E. R., Mann, A. W., et al. 2020, AJ, 160, 33
Rodriguez, D. R., Bessell, M. S., Zuckerman, B., & Kastner, J. H. 2011, AJ, 727,

10
Röser, S., Schilbach, E., & Goldman, B. 2019, A&A, 621, 5
Rossiter, R. A. 1924, ApJ, 60, 15
Safonov, B. S., Lysenko, P. A., & Dodin, A. V. 2017, Astron. Lett., 43, 344
Sanchis-Ojeda, R., Winn, J. N., Marcy, G. W., et al. 2013, ApJ, 775, 54
Sanz-Forcada, J., Micela, G., Ribas, I., et al. 2011, A&A, 532, A6
Sanz-Forcada, J., López-Puertas, M., Nortmann, L., & Lampón, M. 2022, in 21st

Cambridge Workshop on Cool Stars, Stellar Systems, and the Sun online at
https://coolstars21.github.io/, 138

Scott, N. J., Howell, S. B., Horch, E. P., & Everett, M. E. 2018, PASP, 130, 054502
Sebastian, D., Gillon, M., Ducrot, E., et al. 2021, A&A, 645, A100
Shkolnik, E. L., Liu, M. C., Reid, I. N., Dupuy, T., & Weinberger, A. J. 2011, AJ,

727, 12
Sikora, J., Rowe, J., Barat, S., et al. 2023, AJ, 165, 250

A90, page 16 of 18



Mallorquín, M., et al.: A&A, 685, A90 (2024)

Skilling, J. 2004, in AIP Conf. Ser., 735, Bayesian Inference and Maximum
Entropy Methods in Science and Engineering: 24th International Work-
shop on Bayesian Inference and Maximum Entropy Methods in Science and
Engineering, eds. R. Fischer, R. Preuss, & U. V. Toussaint, 395

Skrutskie, M. F., Cutri, R. M., Stiening, R., et al. 2006, AJ, 131, 1163
Speagle, J. S. 2020, MNRAS, 493, 3132
Stassun, K. G., Oelkers, R. J., Paegert, M., et al. 2019, AJ, 158, 138
Suárez Mascareño, A., Damasso, M., Lodieu, N., et al. 2021, Nat. Astron., 6, 232
Šubjak, J., Endl, M., Chaturvedi, P., et al. 2022, A&A, 662, A107
Sun, L., Ioannidis, P., Gu, S., et al. 2019, A&A, 624, A15
Tabernero, H. M., Marfil, E., Montes, D., & González Hernández, J. I. 2022,

A&A, 657, A66
Tofflemire, B. M., Rizzuto, A. C., Newton, E. R., et al. 2021, AJ, 161, 171
Trifonov, T., Kürster, M., Zechmeister, M., et al. 2018, A&A, 609, A117

Trotta, R. 2008, Contemp. Phys., 49, 71
Vanderburg, A., Huang, C. X., Rodriguez, J. E., et al. 2019, ApJ, 881, L19
Von Storch, H. 1999, in Analysis of Climate Variability (Springer Berlin

Heidelberg), 11
Whitmore, B. C., Allam, S. S., Budavári, T., et al. 2016, AJ, 151, 134
Williams, J. P., & Cieza, L. A. 2011, ARA&A, 49, 67
Wright, E. L., Eisenhardt, P. R. M., Mainzer, A. K., et al. 2010, AJ, 140, 1868
Wright, N. J., Drake, J. J., Mamajek, E. E., & Henry, G. W. 2011, ApJ, 743, 48
Wright, J. T., Marcy, G. W., Howard, A. W., et al. 2012, ApJ, 753, 160
York, D. G., Adelman, J., Anderson, John E., J., et al. 2000, AJ, 120, 1579
Zechmeister, M., & Kürster, M. 2009, A&A, 496, 577
Zechmeister, M., Reiners, A., Amado, P. J., et al. 2018, A&A, 609, A12
Zhou, G., Quinn, S. N., Irwin, J., et al. 2021, AJ, 161, 2
Zicher, N., Barragán, O., Klein, B., et al. 2022, MNRAS, 512, 3060

A90, page 17 of 18



Mallorquín, M., et al.: A&A, 685, A90 (2024)

Appendix A: Radial velocity data

Table A.1. RV data from CARMENES VIS.

Time RV σ

[BJD] [m s−1] [m s−1]
2460006.3790 35.77 13.89
2460007.5006 –16.33 7.95
2460012.3759 –3.23 12.24
2460014.5590 46.87 9.66
2460015.3914 18.53 21.17
2460015.6567 –47.27 8.36
2460017.5293 11.85 20.24
2460018.3498 –19.02 7.20
2460018.6504 –14.03 8.51
2460019.3924 20.69 7.92
2460019.6711 29.07 8.09
2460032.5227 –12.12 6.37
2460032.6619 –30.89 7.38
2460033.3370 –6.38 11.58
2460033.6327 –34.56 9.22
2460034.3737 20.50 14.07
2460034.4860 41.73 19.46
2460037.4218 –7.16 9.06
2460037.6459 –10.21 12.13
2460038.4763 5.32 10.88
2460039.3565 4.58 10.77
2460039.5013 23.43 9.28
2460040.4316 22.81 9.96
2460040.7013 18.40 17.98
2460041.3808 –13.57 10.36
2460041.6684 –21.87 6.46
2460042.4554 2.82 8.32
2460043.3321 –41.87 6.58
2460043.5805 –32.62 7.29
2460044.6568 22.36 7.76
2460057.5692 15.96 8.58
2460057.6671 11.65 9.64
2460059.5226 –1.91 7.28
2460059.6341 9.26 7.38
2460060.3661 17.46 8.37
2460060.6057 –11.09 9.10
2460061.4180 –21.36 8.23
2460061.6363 –13.90 11.18
2460064.4286 –5.43 10.44
2460064.6368 22.33 27.95
2460066.3732 –15.57 6.40
2460066.5390 –9.42 6.42
2460068.3532 –1.62 10.82
2460068.5929 –37.66 7.24
2460069.3531 –16.35 10.64
2460069.6030 27.32 8.17
2460070.5362 19.23 8.31
2460072.3630 9.14 7.64
2460072.6310 37.14 7.48
2460073.3480 0.00 11.50
2460073.6349 –16.35 7.65
2460080.3539 35.12 17.33
2460080.5841 22.70 8.87
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