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ABSTRACT

Aims. We report the discovery and characterisation of the transiting mini-Neptune HD 207496 b (TOI-1099) as part of a large pro-
gramme that aims to characterise naked core planets.
Methods. We obtained HARPS spectroscopic observations, one ground-based transit, and high-resolution imaging which we com-
bined with the TESS photometry to confirm and characterise the TESS candidate and its host star.
Results. The host star is an active early K dwarf with a mass of 0.80 ± 0.04 M⊙, a radius of 0.769 ± 0.026 R⊙, and a G magnitude of
8. We found that the host star is young, ∼0.52 Gyr, allowing us to gain insight into planetary evolution. We derived a planetary mass of
6.1 ± 1.6 M⊕, a planetary radius of 2.25 ± 0.12 R⊕, and a planetary density of ρp = 3.27+0.97

−0.91 g cm−3.
Conclusions. From internal structure modelling of the planet, we conclude that the planet has either a water-rich envelope, a gas-rich
envelope, or a mixture of both. We have performed evaporation modelling of the planet. If we assume the planet has a gas-rich enve-
lope, we find that the planet has lost a significant fraction of its envelope and its radius has shrunk. Furthermore, we estimate it will
lose all its remaining gaseous envelope in ∼0.52 Gyr. Otherwise, the planet could have already lost all its primordial gas and is now a
bare ocean planet. Further observations of its possible atmosphere and/or mass-loss rate would allow us to distinguish between these
two hypotheses. Such observations would determine if the planet remains above the radius gap or if it will shrink and be below the gap.

Key words. planets and satellites: fundamental parameters – planets and satellites: composition – planets and satellites: detection –
techniques: photometric – techniques: radial velocities – methods: data analysis

1. Introduction

The first million years of planetary evolution are thought to be
the most formative. The main physical mechanisms that affect
planetary evolution, such us tidal interaction with the host star
(e.g. Correia et al. 2020), photoevaporation (e.g. Lammer et al.
2003; Yelle 2004; Owen & Wu 2017; Jin & Mordasini 2018), and
core-powered evaporation (e.g. Ginzburg et al. 2018; Gupta &
Schlichting 2019), take place early (<1 Gyr). These processes are
thought to be responsible for the observed radius gap at a plan-
etary radius of ∼1.6–1.8 R⊕ (Fulton et al. 2017; Van Eylen et al.
2018), the hot Neptunian desert (Lundkvist et al. 2016; Mazeh
et al. 2016; Szabó & Kiss 2011), and the eccentricity distribution
of exoplanets (e.g. Correia et al. 2020).

Among the more than 5000 exoplanets currently known, the
large majority orbit stars older than 1 Gyr. An in-depth character-
isation of young exoplanets can give us insight into the physical
processes that shape planetary systems. An example is AU Mic b,
a planet that orbits a pre-main sequence star within a debris
disk (Plavchan et al. 2020; Szabó et al. 2021). In this system
there is evidence that the planet envelope is evaporating (e.g.
Carolan et al. 2020). Observations of stellar clusters by
K2-Kepler (Howell et al. 2014) have allowed the discovery of

several young planets. The first characterised transiting multi-
planetary system was K2-233 (Lillo-Box et al. 2020) with an
age of 400 Myr and three transiting planets. Another example is
K2-100b, which is orbiting a young star in the Praesepe clus-
ter. It is in the border of the hot Neptunian desert (Mann et al.
2017) and there is evidence that the planet is also evaporating
(Barragán et al. 2019). Another example, also near the border of
the hot Neptunian desert, is K2-25 b, which orbits a young star in
the Hyades cluster. This planet appears to have an inflated radius
which is also expected in young planets (Mann et al. 2016).
Interestingly, K2-25 b also has the highest measured eccentricity
among the short orbital period planets (<10 days) orbiting stars
with ages <1 Gyr (Stefansson et al. 2020), although the stellar
spin and the planetary orbit appear to be aligned.

The distribution of Neptune-sized planets contrasts with
those of Jupiter-sized planets. Besides the hot Neptunian
desert mentioned above, short orbital period Neptunes (‘warm
Neptunes’, P < 10 days) have higher eccentricities than warm
Jupiters and many have eccentricities higher than expected
from a tidal interaction with their host stars. Assuming
tidal dissipation parameters similar to Uranus and Neptune,
all Neptune-sized planets in orbits shorter than 5 days should cir-
cularise in less than 5 Gyr (Correia et al. 2020). However, many
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warm Neptunes have significant eccentricities despite their cir-
cularisation timescale being shorter than the system age (e.g.
GJ 436 b, Lanotte et al. 2014). Studying the eccentricity of plan-
ets orbiting young stars (<1 Gyr) will also make it possible to
distinguish the possible scenarios that could delay tidal circular-
isation in warm Neptunes, such as thermal atmospheric tides,
evaporation of the atmosphere, and excitation from a distant
companion or a different effective tidal dissipation parameter,
due to internal structures that differ from those of Uranus and
Neptune (Correia et al. 2020).

Detecting and characterising exoplanets orbiting young stars
is challenging due to stellar activity. In particular, stellar activ-
ity affects the planetary mass measurements obtained with the
radial velocity method. Young stars are generally active and have
induced stellar variability that can be higher than the planetary
signal, especially in the small planet regime. The first iconic
example was CoRoT-7 b (Léger et al. 2009) with several methods
being proposed to account for stellar activity (e.g. Queloz et al.
2009; Hatzes et al. 2011; Haywood et al. 2014; Barros et al. 2014).
Presently, Gaussian process (GP) modelling is the most widely
used method to correct stellar activity in radial velocity obser-
vations (e.g. Haywood et al. 2014; Faria et al. 2016; Demangeon
et al. 2021; Barros et al. 2022a). Moreover, for very active stars,
multi-dimensional GPs might be required (Rajpaul et al. 2015;
Barragán et al. 2022a) to correct stellar activity.

We present the discovery and characterisation of
HD 207496 b (TOI-1099), a mini-Neptune in a short period
eccentric orbit around a young, bright (G = 8 mag ) K dwarf.
In Sect. 2, we describe our follow-up photometric and spec-
troscopic observations. Section 3 describes the stellar analysis,
while Sect. 4 describes our planetary system analysis. Finally,
we present our discussion and conclusions in Sect. 5.

2. Observations

2.1. TESS observations

The transit exoplanet survey satellite (TESS) observed
HD 207496 (TIC 290348383, TOI-1099) in sector 13 at
2 min cadence and in sector 27 at 2 min cadence and 20 s
cadence. The non-contiguous observations span ∼400 days.
The data were processed in the TESS Science Processing
Operations Center (SPOC; Jenkins et al. 2016) at the NASA
Ames Research Center. SPOC conducted a transit search of
the sector 13 light curve on 27 July 2019 with an adaptive,
noise-compensating matched filter (Jenkins 2002; Jenkins et al.
2010, 2020), producing a threshold crossing event (TCE) with
a 6.44 days period for which an initial limb-darkened transit
model was fitted (Li et al. 2019) and a suite of diagnostic tests
were conducted to help determine the planetary nature of the
signal (Twicken et al. 2018). The transit signature passed all
the diagnostic tests presented in the SPOC Data Validation
reports, and the source of the transit signal was localised within
2.62± 2.54 arcsec. The TESS Science Office (TSO) reviewed
the vetting information and issued an alert for TOI 1099.01 on
18 August 2019 (Guerrero et al. 2021). The transit signature was
also identified in sector 13 full frame image (FFI) data by the
Quick Look Pipeline (QLP; Huang et al. 2020).

We downloaded light curves computed by the TESS SPOC
pipeline (Jenkins et al. 2016) from the Mikulski Archive for
Space Telescopes (MAST)1. We used the presearch data con-
ditioning simple aperture photometry (PDCSAP) light curve

1 https://mast.stsci.edu/portal/Mashup/Clients/Mast/
Portal.html
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Fig. 1. TESS sector 13 target pixel files of HD 207496 (white cross
and number 1) and the main contaminant (number 2) from the Gaia
DR3 catalogue. There are no other contaminants less than 9 magnitudes
fainter than HD 207496 inside the TESS aperture (shown as orange
squares). The pixel scale is 21′′ pix−1.

(Smith et al. 2012; Stumpe et al. 2012, 2014), which corrects the
systematics of the light curves by removing trends that are com-
mon to all stars in the same CCD for the 2-min cadence light
curves. The contamination factor was used to correct the light
curve. We removed points with a quality flag other than zero,
as well as points that deviated more than 5σ from a smooth
version of the light curve. The two sector light curves were nor-
malised separately before being combined to produce the final
light curve.

2.1.1. Contamination of the TESS aperture

In Fig. 1, we display the target pixel file of HD 207496 sector 13
using tpfplotter2 (Aller et al. 2020). In the figure, we also over-
plot the Gaia data release 3 (DR3) catalogue (Gaia Collaboration
2021). The only contaminate present in the DR3 catalogue is
TIC = 290348382 or TOI-1113. This star, named HD 207496C
in Simbad, is 7′′ away from TOI-1099 and has a Gaia magnitude
of 10.8. Hence, it contaminates the main target by 0.109 (Stassun
et al. 2019). This agrees with the value of contamination com-
puted by SPOC for both sectors of –0.107. We account for this
dilution factor in our calculations as mentioned in the previous
sub-section.

2.1.2. Stellar rotation period

The light curve shows strong stellar activity modulation at the
stellar rotation period. Therefore, we de-trended the light curve
using GPs similar to Barros et al. (2020). We started by mod-
elling the stellar variability with one rotational component. We
used celerite (Foreman-Mackey et al. 2017) for GP regres-
sion with the rotation Kernel to model the rotation modulation
(Eq. (3) of Barros et al. 2020). We obtained a stellar rota-
tion period of 12.36 ± 0.12 days and a granulation timescale of
10.77± 0.70 h. This GP model can reproduce the stellar variabil-
ity well and, when used to de-trend the light curve, it reduces the
out-of transit rms of the light curve from 3502 to 346 ppm. We
show the GP stellar variability model of the light curve in Fig. 2.
Notably, the stellar variability is different between sector 13 and

2 https://github.com/jlillo/tpfplotter
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Fig. 2. Light curve of HD 207496 obtained by TESS in sector 13 (top panel) and sector 27 (bottom panel). We overplot a fit to the stellar variability
modelled by a rotational component. We also show the position of the transits of HD 207496 b.

sector 27 of TESS observations, suggesting a change in the spot
coverage and stellar activity level.

We tested if another stellar variability component was
required to model the light curve by adding a second component
using the granulation Kernel to model the granulation variability
(Eq. (2) of Barros et al. 2020). The granulation kernel was poorly
constrained so we conclude that it was not necessary. The result-
ing rotation period was within one sigma of the one obtained
with the rotation Kernel only, but with higher uncertainty.

We confirmed the rotation period of the star using wide angle
search for planets (WASP) observations (Pollacco et al. 2006).
The field of TOI-1099 was observed during 2013 and 2014 by the
WASP transit survey. At the time, WASP-South was equipped
with 85-mm, f /1.2 lenses backed by 2k × 2k CCDs. Coverage
spanned 200 nights for each year, observing on clear nights with
a 15-min cadence, and accumulated 52 000 photometric data
points. The data show a clear and persistent rotational mod-
ulation with a period of 12.05± 0.15 days and an amplitude
varying between 3 and 5 mmag. The false-alarm likelihood is
below 0.1%.

2.1.3. Transit search

We performed a transit search using a Box Least Squares algo-
rithm (BLS; Kovács et al. 2002) with a method similar to Barros
et al. (2016) using the GP de-correlated light curve. We clearly
detected the planetary candidate TOI-1099.01, confirming its
detection. Subsequently, we removed the transit of TOI-1099.01
and performed a second transit search with null results. We con-
clude that we could not detect any other transiting planet in the
light curve.

For further analysis of the transit photometry, we used the
GP-de-trended light curve. We removed points in the light curve
that are more than 1.5 transit durations away from each of the
planet transits. Due to the uncertainty of the BLS-derived period
and epoch, we used the ephemerides derived from the first iter-
ation’s multi-transit fit (Sect. 4) to recut the light curve for our
final analysis. Since the BLS was preformed using both TESS
seasons, the derived ephemerides were already good enough and

updating the ephemerides for recutting was not necessary, nor
did it change the results.

2.2. LCOGT observations

We observed the predicted transit windows of HD 207496 b in
the Pan-STARRS Y band from the Las Cumbres Observatory
Global Telescope (LCOGT; Brown et al. 2013) 1.0 m network
nodes at Cerro Tololo Inter-American Observatory (CTIO) and
South Africa Astronomical Observatory (SAAO) on UTC 2019
September 03 (CTIO), 2021 July 16 (SAAO), 2021 September 12
(SAAO), and 2022 June 10 (CTIO). We used the TESS Transit
Finder, which is a customised version of the Tapir software
package (Jensen 2013), to schedule our transit observations.
The 1 m telescopes are equipped with 4096 × 4096 SINISTRO
cameras with an image scale of 0.′′389 per pixel, resulting in
a 26′ × 26′ field of view. The images were calibrated by the
standard LCOGT BANZAI pipeline (McCully et al. 2018). Of
the four observed epochs, only the 2019 observation was con-
clusive at the expected 800 ppm transit depth level. The other
three observations were affected by high airmass and/or poor
observing conditions and were not conclusive at the 800 ppm
level. Therefore, we include only the 2019 light curve in the
analyses of this paper. For the 2019 light curve, the telescope
was focussed, resulting in typical TOI-1099 full-width at half-
maximum (FWHM) of 1.′′6. Photometric data were extracted
using AstroImageJ (Collins et al. 2017) and circular photo-
metric apertures with radii 3.′′9, which excluded most of the
flux from the nearest known Gaia DR3 and TIC version 8
neighbour (TIC 290348382), 7.′′55 north-west of TOI-1099. A
∼800 ppt transit-like event was detected in the TOI-1099 photo-
metric aperture, confirming the event on target relative to known
Gaia DR3 stars. For further analysis of the transit photometry,
the transit was normalised by a linear trend computed from the
out-of-transit flux.

2.3. HARPS observations

We collected 88 high-resolution spectra of HD 207496 using the
High Accuracy Radial Velocity Searcher (HARPS) spectrograph
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Fig. 3. HARPS observations corrected by a trend. Left panel: GLS of the RVs and indicators of the HARPS observations after subtracting a linear
trend between the first and second season of observations. The last row shows the window function. The vertical dotted coloured line shows the
position of the known transiting planet, while the vertical dotted black lines show the position of the estimated rotation period of the star, its first
harmonic, and the double of the rotation period. From bottom to top, the horizontal lines indicate the 10%, 1%, and 0.1% FAP levels calculated
following Zechmeister & Kürster (2009). Right panel: time series of the RV observations and the activity indicators.

mounted at the ESO 3.6m telescope of La Silla Observatory,
Chile (Mayor et al. 2003). The observations were carried out
as part of the NCORES large programme (ID 1102.C-0249,
PI: Armstrong) in two seasons between 16 October 2019 and
12 December 2020. HARPS is a stabilised high-resolution
(R 115 000) echelle spectrograph that can reach sub-m s−1 radial
velocity (RV) precision (Mayor et al. 2003). The instrument was
used in high-accuracy mode (HAM), with a 1′′ fibre on the star
and another one to monitor the sky background. We used expo-
sure times of 900 s, attaining a signal-to-noise-ratio per pixel of
approximately 100 in each data point.

The standard HARPS Data Reduction Software (DRS) was
used to reduce the data, using a K5 mask for the cross-correlation
function (CCF; Pepe et al. 2002; Baranne et al. 1996). For each
spectrum, we measured the following activity indicators: S index,
FWHM, the line bisector, the contrast of the CCF, and log R′HK.
In Fig. 3, we show the RV and the indicators’ time series and
the respective Generalised Lomb–Scargle periodogram (GLS,
Zechmeister & Kürster 2009). We also show the GLS of the
window function. There was a large offset or long-term trend
in all the measurements between the first season and the sec-
ond season. In Sect. 4.2, we conclude that the season-to-season
RV variation is better described by a trend rather than an offset.
This trend is present both in RVs and in the activity indicators
and hence, it is probably due to stellar activity. This is supported
by a change in the log R′HK between both seasons that suggests
a change in the activity level of the star. In the first observing
season, the median of the log R′HK = −4.47, while in the sec-
ond observing season the median of log R′HK = −4.37. Since the
trend adds power at low frequencies, we removed a linear trend

from all time series for clarity. For comparison, in Fig. A.1 we
show the same figure as Fig. 3 without the long-term correction.

The second highest peak in the periodogram of the RVs cor-
responds to the period of the transiting planet (Pb ∼ 6.4 days).
The first peak at ∼7.7 days seems to be a combination of the
alias of the transiting planet with the alias of the stellar rotation
period that, by coincidence (due to the sampling of the observa-
tions), are very close and add up. There is also significant power
at the stellar rotation period (Prot ∼ 12.4 days; Sect. 2.1.2) and
at its first harmonic. There are other strong periodicities in the
indicators, possibly due to stellar variability or imperfect correc-
tion of the long-term trend. The indicators do not have strong
peaks directly related to the planet period, but they have strong
peaks at the stellar rotation period or their aliases. Therefore,
we conclude that we detected the transiting planet and the stellar
rotation period in the RV observations. A better disentanglement
of the different signals present in the RVs of HD 207496 can be
seen in Fig. 4.

2.4. High-resolution speckle imaging

If a star hosting an exoplanet candidate has a close companion
(or companions), the companion can create a false-positive exo-
planet detection if it is an eclipsing binary (EB). Additionally,
flux from the additional source(s) can lead to an underesti-
mated planetary radius if not accounted for in the transit model
(Lillo-Box et al. 2012; Ciardi et al. 2015; Furlan & Howell
2017; Matson et al. 2018). The presence of a close compan-
ion star can also impede the detection of small planets residing
with the same exoplanetary system (Lester et al. 2021). Given
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that nearly one-half of solar-like stars are in binary or multi-
ple star systems (Matson et al. 2018), high-resolution imaging
provides crucial information towards our understanding of exo-
planetary formation, dynamics, and evolution (Howell et al.
2021). To search for close-in bound companions unresolved in
our other follow-up observations, we obtained high-resolution
optical speckle imaging observations with the Southern Astro-
physical Research (SOAR) telescope (Tokovinin 2018) and with
the Zorro instrument at the Gemini South telescope.

2.4.1. SOAR observations

We searched for stellar companions to HD 207496 with speckle
imaging on the 4.1-m SOAR telescope (Tokovinin 2018) on 16
October 2019 UT, observing in Cousins I band, a similar visible
bandpass as TESS. This observation was sensitive to a 8.7-
magnitude fainter star at an angular distance of 1 arcsec from the
target. More details about the observation are available in Ziegler
et al. (2020). The 5σ detection sensitivity and speckle auto-
correlation functions from the observations are shown in Fig. 5.
No nearby stars were detected within 3 arcsec of HD 207496 in
the SOAR observations.

2.4.2. Gemini observations

HD 207496 was observed on 28 September 2019 UT using the
Zorro speckle instrument on the Gemini South 8-m telescope
(Scott et al. 2021; Howell & Furlan 2022). Zorro provides simul-
taneous speckle imaging in two bands (562 nm and 832 nm) with
output data products including a reconstructed image with robust
contrast limits on companion detections (e.g. Howell et al. 2016).
Three sets of 1000 × 0.06 s images were obtained and processed
in our standard reduction pipeline (see Howell et al. 2011).
Figure 6 shows our final contrast curves and the 832 nm recon-
structed speckle image. We find that HD 207496 is a single star
with no companion brighter than 5–8 magnitudes below that of
the target star from the 8-m telescope diffraction limit (20 mas)
out to 1.2 arcsec. At the distance of HD 207496 (d = 23.6 pc),
these angular limits correspond to spatial limits of 0.47–28.4 AU.

3. Stellar data analysis

3.1. Spectroscopic parameters

We combined the individual HARPS spectra after correcting for
their radial velocities. The combined spectrum was then used to

A4, page 5 of 18
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the 5σ speckle imaging contrast curves in both filters as a function
of the angular separation from the diffraction limit out to 1.2 arcsec,
the approximate end of speckle coherence. The inset shows the recon-
structed 832 nm image with a 1 arcsec scale bar. The star HD 207496
was found to have no close companions to within the contrast levels
achieved.

derive the stellar atmospheric parameters (Teff , log g, microtur-
bulence, and [Fe/H]) using ARES+MOOG, following the same
methodology described in Sousa et al. (2021), Sousa (2014) and,
Santos et al. (2013). We used the latest version of ARES3 (Sousa
et al. 2007, 2015) to measure the equivalent widths (EWs) of iron
lines on the combined HARPS spectrum of HD 207496/TOI-
1099. We used a minimisation process to find ionisation and
excitation equilibrium and converge to the best set of spectro-
scopic parameters. This process makes use of a grid of Kurucz
model atmospheres (Kurucz 1993) and the radiative transfer code
MOOG (Sneden 1973).

The stellar abundances of Mg and Si were derived using the
same codes and models as the stellar parameters determination
(e.g. Adibekyan et al. 2012, 2015). It was very difficult to deter-
mine C and O abundances for stars cooler than about 5200 K
(Bertran de Lis et al. 2015; Delgado Mena et al. 2021). For

3 The last version, ARES v2, can be downloaded at https://github.
com/sousasag/ARES
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Fig. 7. Spectral energy distribution of HD 207496. Red symbols rep-
resent the observed photometric measurements, 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).

HD 207496, we estimated the abundances of C and O empirically
by using a machine learning algorithm (we used the estimator
‘RandomForestRegressor’) from the Python Scikit-learn pack-
age (Pedregosa et al. 2011). Our initial training-testing sample
was based on the HARPS sample Adibekyan et al. (2012). The
estimation of C and O was based on the abundance of Mg and
Fe taken from Delgado Mena et al. (2017). Abundances of O
and C for the sample stars were taken from Bertran de Lis et al.
(2015) and Delgado Mena et al. (2021). The mean error for the
estimated C and O abundances is about 0.1 dex.

3.2. Stellar mass and radius

To determine the basic stellar parameters, we performed an anal-
ysis of the broad-band spectral energy distribution (SED) of the
star together with the Gaia EDR3 parallax (with no systematic
offset applied; see, e.g. Stassun & Torres 2021). We obtained an
empirical measurement of the stellar radius, following the pro-
cedures described in Stassun & Torres (2016) and Stassun et al.
(2017, 2018). We used the U magnitude from Mermilliod (2006),
the BT VT magnitudes from Tycho-2, the i magnitude from
APASS, the JHKS magnitudes from 2MASS, the W1–W4 mag-
nitudes from WISE, and the GBPGRP magnitudes from Gaia,
as well as the far-ultraviolet and near-ultraviolet fluxes from
GALEX. Together, the available photometry spans the full stellar
SED over the wavelength range 0.2–22 µm (see Fig. 7).

We performed a fit using Kurucz stellar atmosphere mod-
els, with the effective temperature (Teff), surface gravity (log g),
and metallicity ([Fe/H]) set to the spectroscopically determined
values (Table 1). The extinction AV was fixed to be zero due to
the system’s proximity to Earth. The resulting fit (Fig. 7) has a
reduced χ2 of 1.4, excluding the GALEX measurements which
show excess emission indicative of chromospheric activity (see
below). Integrating the model SED gives the bolometric flux
at Earth, Fbol = 1.647 ± 0.019 × 10−8 erg s−1 cm−2. Taking the
Fbol and Teff together with the Gaia parallax gives the stellar
radius R⋆ = 0.769 ± 0.026 R⊙. In addition, we can estimate the
stellar mass from the spectroscopic log g together with R⋆, giv-
ing M⋆ = 0.69 ± 0.08 M⊙, which is consistent with the value
obtained via the empirical relations of Torres et al. (2010) giving
M⋆ = 0.80 ± 0.04 M⊙.
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Table 1. Stellar parameters of HD 207496.

Parameter Value and uncertainty

RAGaia-CRF2 (hh:mm:ss.ssss) 21:54:52.40
DecGaia-CRF2 (dd:mm:ss.ss) –77:20:19.78
G mag 7.9836± 0.0028
K mag(•) 5.967 ± 0.026
H mag (•) 6.085 ± 0.023
J mag(•) 6.570 ± 0.023
Effective temperature Teff (K)] 4819± 94
Surface gravity log g (g cm−2) 4.4± 0.21
Surface gravity log g (1) (g cm−2) 4.507± 0.04
Microturbulence (m s−1) 0.62± 0.19
Iron abundance [Fe/H] (dex) 0.095± 0.038
Magnesium abundance [Mg/H] (dex) 0.06± 0.09
Silicon abundance [Si/H] (dex) 0.11± 0.07
Carbon abundance [C/H] (2) (dex) 0.01± 0.12
Oxygen abundance [O/H] (2) (dex) 0.07± 0.11
log R′HK −4.457 ± 0.053
Spectral type K2.5V
Parallax (∗) p (mas) 42.2929703± 0.018
Distance to Earth (∗) d (pc) 23.63825230± 0.012
Stellar mass M⋆ (M⊙) 0.80± 0.04
Stellar radius R⋆ (R⊙) 0.769± 0.026
Stellar density ρ⋆ (ρ⊙) 1.77± 0.20
Stellar age τ (Gyr) 0.52± 0.26
Stellar rotation PRot (days) 12.36± 0.12

Notes. (∗)Parallax from Gaia EDR3 (Gaia Collaboration 2021) using the
formulation of Lindegren et al. (2021). Distance from Bailer-Jones et al.
(2021). (•) B and V magnitudes from Høg et al. (2000) and K, H, and J
from Cutri et al. (2003). (1) Trigonometric surface gravity derived using
the Gaia eDR3 parallaxes (Gaia Collaboration 2021). (2) The carbon and
oxygen abundance have been estimated using a random forest machine
learning method which uses Fe and Mg abundances as input.

3.3. Stellar age

From the large emission seen in the Ca H&K lines, we can
conclude that HD 207496 is a young star. We can use the
spectroscopic log R′HK measure of chromospheric activity (also
indicated by the UV excess emission noted in the SED fit) to
estimate the system age via activity-age relationships. Using the
empirical relationships of Mamajek & Hillenbrand (2008) gives
an age of τ⋆ = 0.5 ± 0.2 Gyr. The same activity-rotation rela-
tions predict a stellar rotation period of 12.36± 0.12 days, which
is consistent with the rotation period of 12.36±0.12 days directly
inferred from the TESS light curve. However, there can be high
uncertainty as to the age of K-type dwarfs at a rotation period
similar to HD 207496 and the star could be slightly older.

Another age indicator for young stars is the strength of the
Lithium (Li) line. However, due to the low temperature of this
star, the Li becomes depleted very fast after the zero age main
sequence and it can only serve to provide a lower limit for
the age. The Li line is very weak (2.5 mÅ), and by performing
spectral synthesis with MOOG we get an abundance of A(Li) =
–0.46± 0.2 dex following the procedure by Delgado Mena et al.
(2014). By comparing this with the Li depletion models for a
0.77 M⊙ star of Xiong & Deng (2009, see Fig. 1), we can con-
clude that this star is older than ∼400 Myr. Furthermore, the
comparison with stars of similar Teff in the Hyades or similar
age clusters (see Fig. 5 in Sestito & Randich 2005) would point

to a minimum age of ∼600 Myr (since some cluster’s stars show
a higher Li abundance than our target). Nevertheless, this com-
parison must be taken with caution due to the low number of
cool stars analysed in those clusters. On the other hand, the age
provided by chemical clocks is very poorly constrained due to
the low temperature of our star (Delgado Mena et al. 2019).

It is possible to also derive the age of the star through
isochrone fitting using the PARAM v1.3 tool4 with PARSEC
isochrones (Bressan et al. 2012) using, as input, the parallax from
Gaia DR3 and the V magnitude together with the spectroscopic
Teff and [Fe/H]. Since the star is clearly young, we set a uni-
form prior on the age between 0.1 and 1 Gyr in a similar way
as Barragán et al. (2022b). We derived an age for HD 207496
of 0.52 ± 0.26 Gyr which is consistent with the age derived from
the empirical activity-age relationships and this confirms that the
star is young.

4. Radial-velocity and light-curve modelling

4.1. Model and results

We simultaneously analysed the light curve and the RVs using
the LISA code (Demangeon et al. 2018, 2021). LISA uses a
modified version of the batman transit model5 (Kreidberg 2015)
to model the transits and the radvel python package (Fulton
et al. 2018) to model the RV observations. The system is param-
eterised by the systemic velocity (v0), the stellar density (ρ⋆),
the quadratic limb darkening parameters for the TESS bandpass,
the quadratic limb darkening parameters for the Pan-STARRS
Y-band bandpass (LCOGT transit), the semi-amplitude of the
RV signal (K), the planetary period (P), the mid-transit time
(T0), and the products of the planetary eccentricity by the
cosine and sine of the stellar argument of periastron (e cosω
and e sinω), the planet-to-star radius ratio (rp/R⋆), and cosine
of the orbital inclination (cos i). As mentioned above, there is a
trend in the HARPS RV observations, and hence, we included a
RV trend in the fit (ARVdrift). We also included one additive jit-
ter parameter for each data set (σRVHARPS, σTESS, and σLCOGT).
Since the star is very active and significant variability at the stel-
lar rotation period is seen in the RVs (Sect. 2.3), we modelled
the RV-induced stellar activity using a Gaussian process with a
quasi-periodic Kernel with the following form:

KRV (ti, t j) = ARV
2 exp

− (ti − t j)2

2τ2
decay

−
sin2
(
π

Prot
|ti − t j|

)
2γ2

 , (1)

where ARV is the amplitude of the activity signal, τdecay is the
decay timescale, Prot is the period of the activity signal usually
related to the stellar rotation period (e.g. Barros et al. 2020), and
γ is the periodic coherence scale (e.g. Grunblatt et al. 2015).
The GP was implemented with the Python package george
(Ambikasaran et al. 2015).

To better constrain the GP hyper-parameters, we simulta-
neously fitted the binned (5.0 h bin) out-of-transit TESS light
curve. We binned the light curve in order to average out any
short-term stellar variability or instrumental effects and to opti-
mise the Markov-chain Monte-Carlo (MCMC). The light curve
was modelled with a quasi-periodic Kernel that shares τdecay, γ,
and Prot with the GP that models the RV-induced stellar activity

4 http://stev.oapd.inaf.it/cgi-bin/param_1.3
5 The modified version of batman is available at https://github.
com/odemangeon/batman. The modification prevents an error for very
eccentric orbits.
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Fig. 8. Phase-folded HARPS RVs (in green) in the period of
HD 207496 b. The best model is shown in black. The RVs were cor-
rected for systemic velocity, a fitted RV trend, and stellar activity with
the fitted GP model. For clarity, we also show the binned RVs in red.
Below the RVs, we show the residuals relative to the best-fit model.

signal. We also added a parameter to model the amplitude of the
photometric activity signal ATESS, a jitter parameter for the pho-
tometric modulation σTESSmodulation, and the mean value of the
photometric modulation.

Uniform priors were used for the following parameters:
systemic velocity, RV offset, jitter, planet-to-star radius ratio,
semi-amplitude of the RV signal, omega, hyper-parameters of
the GP, impact parameter, and mean value of the photometric
modulation. We used Gaussian priors for the following param-
eters: stellar density (Table 1), planetary period and mid-transit
time (derived from the BLS analysis), and the limb darkening
parameters for the TESS and LCOGT bandpasses (derived with
the LDTK code Parviainen & Aigrain 2015; Husser et al. 2013).
We used a Beta prior for the eccentricity (Kipping 2013). All
priors of the fitted parameters are given in Table 2.

LISA performs parameter inference by maximising the pos-
terior probability density function using the Bayesian inference
framework (e.g. Gregory 2005). LISA uses the affine-invariant
MCMC ensemble sampler implemented in emcee (Goodman
& Weare 2010; Foreman-Mackey et al. 2013) to explore the
parameter space. A pre-minimisation was performed using the
Nelder-Mead simplex algorithm (Nelder & Mead 1965) imple-
mented in the Python package scipy.optimize to derive the
starting parameters of the MCMC. The Geweke test (Geweke
1992) was used to check chain convergence and we removed
the burning-in part of the chain before merging the chains. We
derived the best value of each parameter from the median of the
posterior distribution and the uncertainties from its 68% confi-
dence interval. More details on the LISA fitting procedure are
available in Demangeon et al. (2018, 2021).

The best parameters for the system are given in Table 2
together with the priors. In Fig. 8, we show the best fit Keple-
rian model for HD 207496 b after the RVs had been corrected
for stellar activity with the fitted GP model and the long-term
trend. The time series’ RVs are shown in Fig. 9. In Fig. 10, the
best-fit transit model of HD 207496 b is overplotted in the TESS
light curve and in the LCOGT light curve. HD 207496 b is a typ-
ical Neptune-sized planet with a significant eccentricity despite
its relatively short period.
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Fig. 9. Time series of the RVs of the first observing season (top panel)
and second observing season (bottom panel) displayed in red together
with the best-fit Keplerian model (in black) and GP-fitted model used
to account for stellar activity (in blue). The RVs were corrected by the
systemic velocity and the RV trend. We show the 1σ uncertainties from
the GP model in shaded blue. We also show the residuals of the best
model below the RVs.

4.2. Exploring the correction of the stellar activity

4.2.1. Long-term RV trend

As mentioned above, there is a significant offset between the
two HARPS seasons for both RVs and the indicators. This offset
can also be described as a long-term trend and is clearly seen
in Fig. A.1. For the RVs the offset is 20.6 ± 2.9 m s−1, while
for the indicators the difference of the mean is ∼83 m s−1 for
the FWHM, ∼11.5 m s−1 for the Bisector, ∼0.141 for the Sindex,
∼−0.44 for the contrast, and ∼0.10 for log R′HK.

We tested the best method to correct this offset or trend con-
sidering a simple offset model, a RV long-term trend, and a
two-planet model. According to the Bayesian information cri-
terion (BIC), the two-planet model is the worse of the models
with a BIC = –30242. The derived planetary period was very
long and with high uncertainty Pc = 2880± 1400. Moreover, the
residuals of the two-planet model were much higher than for the
one-planet models. Hence, we conclude that this is not a good
model for the system.

Both the simple offset model and the RV long-term trend
correct the offset or trend well, but the trend is a better fit to
the data according to the BIC. The BIC of the offset model is
–30272, while the BIC of the trend model is –30278. Hence, we
conclude that the trend is preferred and we adopt it as our final
model. We note that the planetary parameters derived with the
three models are well within one sigma of each other and the
choice of the correction does not affect our results. Since the
seasonal variation of the RVs is also seen in all the other activity
indicators, it is most likely due to stellar activity and not caused
by additional planets.
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Table 2. Parameter estimates for the planetary system HD 207496.

Planetary parameters

Mp (M⊕) 6.1 ± 1.6
Rp (R⊕) 2.25+0.12

−0.10
ρp (g cm−3) 3.17+0.97

−0.91
Teq (K) 743 ± 26
P (•) (days) 6.441008 ± 0.000011 N(6.44101, 0.0001)
tic(•) (BJDTDB–2 457 000) 1658.78978 ± 0.00050 N(1658.7894, 0.0040)
a (AU) 0.0629 ± 0.0011
e 0.231+0.042

−0.049 β(0, 1)
ω∗ (◦) 57 ± 22 U(−180, 180)
*K(•) (m s−1) 2.52 ± 0.62 U(0, 30)
ip (deg) 88.79+0.80

−0.75 in cos ipU(0, 1)
Rp/R∗(•) 0.02663+0.00090

−0.00052 U(0.0001, 0.06)
a/R∗ 21.47+0.82

−1.4
b 0.43+0.25

−0.28
D14 (h) 1.762+0.037

−0.15
D23 (h) 1.66+0.037

−0.19
Fi (Fi,⊕) 72.9+8.5

−7.5
H (km) 237+90

−53

Stellar parameters

v0(•) (km s−1) −11.2210 ± 0.0030 U(−11.2247,−11.19199)
ρ∗

(•) (ρ⊙) 1.75 ± 0.20 N(1.7717, 0.20)
ARV

(•) (m s−1) 5.9+1.5
−1.1 U(0, 50)

ATESS
(•) (ppm) 3798+834

−619 U(0, 20000)
Prot

(•) (days) 12.27 ± 0.14 U(10, 15)
τdecay

(•) (days) 422+106
−106 U(2, 4000)

γ(•) 0.393+0.029
−0.028 U(0.05, 5)

u(•)
1,TESS 0.5283 ± 0.0090 N(0.5297, 0.0092)

u(•)
2,TESS 0.077 ± 0.027 N(0.0873, 0.0269)

u(•)
1,LCOGT 0.4268 ± 0.0075 N(0.4264, 0.0072)

u(•)
2,LCOGT 0.100 ± 0.024 N(0.0990, 0.0235)

ARVdrift
(•) (m s−1 day−1) 54 ± −11 × 10−6 U(0, 500 × 10−6)

Parameters of instruments

σ(•)
RV,HARPS (m s−1) 0.33+0.26

−0.22 U(0, 5)
σ(•)

TESS (ppm) 208 ± 11 U(0, 1400)
σ(•)

LCOGT (ppm) 1529+97
−93 U(0, 5600)

σ(•)
TESSmodulation (ppm) 50.9+3.9

−3.5 U(0, 1400)

Notes. (•) indicates that the parameter is a main or jumping parameter for the MCMC explorationsU(a; b) is a uniform distribution between a and b;
J(a; b) is a Jeffreys distribution between a and b; N(a; b) is a normal distribution with mean a; and standard deviation b, β(a; b) is a Beta
distribution between a and b.

4.2.2. Residual variability

In Fig. 4, the interactive GLS of the final model is shown, with
each component being removed from the original RVs. In the
top panel, the GLS of the RVs is the same as the one shown in
Fig. A.1. In the subsequent panel, we removed the fitted trend
of the RVs and hence the periodogram is similar to the one in
Fig. A.1. However, since for Fig. 4 the trend was simultaneously
fitted with the GP model and the planet model, it is better con-
strained. This results in a cleaner periodogram with clear peaks
at the planet period, stellar rotation period, and first harmonic. In
the third panel, we also removed the GP model leaving the clear
signature of the planet. And in the fourth panel, we removed

the planet signature and give the periodogram of the residu-
als of the full model. There is some residual variability with a
period ∼2.29 days and its alias ∼1.79 days. We tested fitting a
second Keplerian to account for this periodicity. We repeated
our fitting procedure, explained above, but with two Keplerians
instead of one. We obtained Pc = 2.291+0.026

−0.039 days and Kc =

0.69+0.26
−0.37 m s−1 (1.9σ detection) which corresponds to M sin i ∼

1.247 M⊕. The BIC of this fit is higher than the one-planet
model, and hence, it is not favoured by Bayesian evidence. Fur-
thermore, no other transiting planet was found in the TESS data
and the signal is most likely due to activity. Further RV observa-
tions of this system would allow one to test for the existence of
other planets.
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5. Discussion and conclusions

5.1. Planetary composition

We find that HD 207496 b has a density lower than Earth
and hence we expect that it has a significant amount of water
and/or gas in its composition. Figure 11 displays the position of
HD 207496 b in the mass-radius diagram as well as the compo-
sitional models of Zeng et al. (2016) and the radius gap (Fulton
et al. 2017). HD 207496 b is very close to the 100% water com-
position line, confirming a significant amount of water and/or
gas.

The amount of water and gas in Neptune-sized planets is
degenerate, and hence, we explore the possible internal structure
of HD 207496 b assuming two different compositions, one with
a core and H/He envelope – a gaseous planet – and one whose
atmosphere would have already evaporated and is composed of
a core, mantle, and a water layer – an ocean planet (Léger et al.
2004). In general we expect that the planet would have both water
and a H/He envelope and be in between both these models.

5.1.1. Gaseous planet hypothesis

For the gaseous planet hypothesis, we performed internal struc-
ture modelling of HD 207496 b assuming it is composed of
a solid rocky core surrounded by a H/He-rich envelope. This
description entails a total of four parameters: the core mass and
radius, as well as the envelope size and mass fraction, whose
symbols we define in Table 3. We have linked the core mass and
radius using mass-radius relations for rocky cores by Otegi et al.
(2020), which were obtained by fitting them to exoplanet pop-
ulations, and we related the envelope mass fraction to its size
using the envelope structure model by Chen & Rogers (2016),
who use hydrodynamic simulations from MESA to describe the
atmospheres of sub-Neptunes. Finally, by defining the envelope
mass fraction as fenv = Menv/Mp = (Mp − Mcore)/Mp, we could
solve for the core radius and envelope mass simultaneously using
these equations. The resulting parameters are shown in Table 3.
We find that, in the absence of water, the planet can be described
as a sub-Neptune with an envelope mass fraction of 0.5 ± 0.4%.
In this case, the planet would likely have formed inside the ice
line (Venturini et al. 2020).

5.1.2. Ocean planet hypothesis

For the ocean planet hypothesis, we performed internal structure
modelling using the MSEI model (Brugger et al. 2017) with its
recent updates (Acuña et al. 2021, 2022). The 1D interior struc-
ture model assumes a three-layer planet with a Fe-rich core, a
silicate mantle, and a water-dominated one. The interior was
self-consistently coupled to an atmospheric model that computes
the emitted total radiation and reflection of the atmosphere to
determine radiative-convective equilibrium. Given the high insu-
lation flux from its host star, if present, water can be in vapour
and a supercritical phase (Mousis et al. 2020). Therefore, the
model calculates the surface conditions and the contribution of
the atmosphere to the total radius, accounting for the high irra-
diation from the host star. To derive the interior structure of
HD 207496b, we considered the following two scenarios: sce-
nario 1, a simple and conservative case where only the mass and
radius of the planet are known; and scenario 2, in addition to the
planet’s fundamental parameters, the stellar Fe/Si mole ratio was
also used as input data. This assumes the Fe/Si mole ratio of the
planet reflects the one of the star to mitigate degeneracies in the
internal structure models when using only radius and mass. To
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Fig. 10. Phase-folded transit light curves. Top panel: phase-folded tran-
sit light curve (grey dots) obtained by the TESS satellite. We have
overplotted the 15 min binned light curve and the corresponding uncer-
tainties in red. We have also overplotted the best-fit model in black. The
uncertainties of the unbinned data have not been displayed for clarity.
Below the light curve, we show the residuals relative to the best model.
Bottom panel: same as the other panel, but for the LCOGT transit.

Table 3. Internal structure of HD 207496 b assuming a gaseous planet
composition.

Parameter (unit) Value

Core radius Rcore (R⊕) 1.74 ± 0.14
Core mass Mcore (M⊕) 6.07 ± 1.60
Envelope radius Renv (R⊕) 0.51 ± 0.19
Envelope mass fraction Menv/Mp 0.005 ± 0.004

compute the Fe/Si and Mg/Si mole ratios from the stellar abun-
dances (Table 1), we adopted solar composition reference values
from Lodders (2021); we obtained Fe/Si = 0.485± 0.095 and
Mg/Si = 0.836± 0.215. For each of these scenarios, we explored
the parameter space for the core-mass fraction (CMF), the water-
mass fraction (WMF), and the atmospheric parameters, using
a MCMC retrieval approach (Acuña et al. 2021, 2022). The
atmospheric parameters are the temperature at the 300 bar, the
planetary albedo, and the atmospheric thickness from transit
pressure. The resulting parameters are given in Table 4 for the
two scenarios we consider.
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Fig. 11. HD 207496 b in the context of other known transiting planets
with measured mass and radius precision better than 50%. The exoplan-
ets’ data have been extracted from the NASA exoplanet archive. Planets
whose masses were determined using the RV technique are represented
as circles, whereas planets whose masses were determined using transit
timing variations are represented as squares. The intensity of the inci-
dent flux is indicated by the colour of the points.The planetary bulk
density’s relative precision is proportional to the transparency of the
error bars. The planets of the Solar System are illustrated as blue stars.
We also show the mass–radius models of Zeng et al. (2016) as dashed
lines. The radius gap (Fulton et al. 2017) is shown as a horizontal shaded
blue line and the maximum collision stripping of the mantle region is
shown in grey. HD 207496 b is very close to the 100% water composi-
tion line. This graph was created using the mass–radius diagram code6.

The two scenarios give results for the planet’s composition
that are similar for the mean WMF and that are compatible
within the uncertainties for the mean CMF. Without stellar
constraints (scenario 1), we obtained a mean CMF equal to that
of Earth. In the second scenario, when we imposed that the Fe/Si
mole ratio of the planet be the same as the star, we obtained a
lower CMF despite the Fe/Si mole ratio of HD 207496 being
similar to that of the Sun (Fe/Si⊙ = 0.96). The CMF value of
0.2 is consistent with previous results for a large fraction of the
super-Earth population. Given that the CMF values of the two
scenarios are consistent within uncertainties, we conclude that
for HD 207496 the planet composition reflects the chemical
ratios of its host star. However, recent studies (Plotnykov &
Valencia 2020; Schulze et al. 2021; Adibekyan et al. 2021)
highlight discrepancies between the actual planets’ composition
and what is expected from a primordial origin as reflected by
the chemical ratios of the stars. In some extreme cases, such
as super-Mercuries, the discrepancy is large (e.g. Barros et al.
2022b). Therefore, to be conservative we adopted the first
scenario although both scenarios are compatible. Concerning
water, both scenarios show that despite its high irradiation, the
planet can accommodate a water-rich envelope with an upper
steam atmosphere of ≃500 km in height. The complete water

6 The code is available online at https://github.com/odemangeon/
mass-radius_diagram

Table 4. Composition of HD 207496 assuming an ocean planet
composition and two different scenarios (see text).

Parameters Scenario 1 Scenario 2

Core-mass fraction, CMF 0.32± 0.15 0.19± 0.03
Water-mass fraction, WMF 0.44± 0.12 0.31± 0.08
Temperature at 300 bar (K) 3022 2979
Thickness at 300 bar (km) 522 +41

−35 489 +150
−52

Albedo 0.21± 0.01 0.21± 0.01
Core + mantle radius, (R⊕) 2.28 +0.11

−0.08 2.24± 0.09

Notes. Errors are the 1σ confidence intervals of the interior and
atmosphere output parameters.
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Fig. 12. Sampled 2D marginal posterior distribution function (PDF) for
the core and WMFs of HD 207496b for scenario 1 (blue) and scenario 2
(red) in our interior MCMC retrieval analysis under the water planet
hypothesis.

envelope would constitute between 30–56% in scenario 1 and
23–39% in scenario 2 of the total mass of the planet in both
scenarios (see Fig. 12). In this case the planet could have had
an H/He atmosphere and have already lost it, or the planet can
still have some H/He atmosphere and be a mixture between a
gaseous planet and an ocean planet. Planets with a considerable
amount of volatiles in their composition have most likely formed
outside the ice line (Venturini et al. 2020).

5.2. Evaporation history of the planet

The period-radius valley is consistent with being sculpted by
the evaporation of the atmospheres of sub-Neptunes and super-
Earths (Lopez et al. 2012; Lopez & Fortney 2013; Owen & Wu
2013; Jin et al. 2014). The dominant mechanism of evaporation
is still under debate, though. One such mechanism is photoevap-
oration, in which stellar X-ray and extreme-ultraviolet (XUV)
radiation, which together are readily absorbed in the upper layers
of exoplanet atmospheres and provide the energy for evaporation.
XUV irradiation can drive a hydrodynamic wind that escapes
the planet and ends up completely removing a gaseous enve-
lope (Watson et al. 1981; Lecavelier Des Etangs 2007; Erkaev
et al. 2007). Photoevaporation has been shown to reproduce the
period-radius valley (Owen & Wu 2017; Rogers & Owen 2021),
where it is able to remove the primordial envelopes of the rocky
planets below the valley whilst maintaining the envelopes of the
sub-Neptunes above it.

In order to model the evaporation history of a planet, we
must first estimate the XUV emission history of its host star,
which can be obtained from its rotational history, as the two
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Fig. 13. History of HD 207496. Left panel: plot showing the modelled rotational history from the Johnstone et al. (2021) model for a 0.8 M⊙
star (black line), with the 2σ spread based on the distribution of initial rotation periods (dashed black lines). The measured period and age of
HD 207496 is plotted as a red circle, and its modelled rotational history as a blue line, with the uncertainty in the history shown as a shaded blue
region, as described in Sect. 5.2. Right panel: plot showing the corresponding XUV luminosity tracks for the models on the left-hand side panel.
The expected XUV luminosity for HD 207496 b, based on the rotation–activity relation, is shown as a red square.

are linked through the rotation–activity relation (Pizzolato et al.
2003; Wright et al. 2011, 2018). This relation shows that faster
rotators are more X-ray bright. Furthermore, stars spin down
with age as they lose angular momentum through stellar wind
(Kraft 1967; Skumanich 1972), and, likewise, their X-ray lumi-
nosity declines rapidly as well (Jackson et al. 2012); although,
King & Wheatley (2021) show that EUV emission can persist
for much longer.

We adopted the model by Johnstone et al. (2021), which
describes the rotational evolution of stars by considering several
angular momentum mechanisms within stellar interiors together
with a mass-dependent distribution of initial rotation periods
deduced empirically from young open clusters. We also esti-
mated the EUV emission from the X-rays using the empirical
relations from King et al. (2018). We thus modelled the rota-
tional history of the young K dwarf HD 207496 b and plotted
the results in Fig. 13 (left-hand side panel). Based on its mass
(0.8±0.04 M⊙), age (520±260 Myr), and current rotation period
(12.36 ± 0.12 days), we find that HD 207496 b fits well with
the period of 10 days predicted by the model for stars of its
mass and age. The uncertainty on the age, however, allows for
a relatively wide range of rotational pasts, with initial rota-
tion periods spanning from 4 to 25 days at 10 Myr. We also
plotted the corresponding XUV luminosity history in Fig. 13
(right-hand side panel), and estimate a current X-ray luminos-
ity of 5.3+3.6

−1.6 × 1028 erg s−1 in the energy band 0.1–2.4 keV. This
corresponds to an X-ray flux on Earth of 8 × 10−13 erg cm−2 s−1.

We can estimate the resulting count rate on the XMM-Newton
telescope from such an X-ray source using the tool WebPIMMS7,
together with an APEC model with temperature kT = 0.21 keV,
and a hydrogen column density of 7× 1018 cm−2 estimated using
a hydrogen density of 0.1 cm−3 for the solar neighbourhood
(Redfield & Linsky 2001). We thus estimated an XMM-Newton
count rate of 0.8 s−1 in the energy band 0.15–2.4 keV on the
EPIC-pn instrument using a thin filter. A 10 ks observation
would thus result in about 8000 counts collected, which would
be enough for a multi-temperature fit on the X-ray spectrum. We
infer HD 207496 to be a relatively bright X-ray source due to its

7 The WebPIMMS tool can be accessed using the link https://
heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3pimms/w3pimms.pl

young age and close proximity to Earth, and an X-ray measure-
ment would place constraints on the modelled XUV history of
the star as well as provide insight into the X-ray environment of
the planet and thus its evaporation history.

We modelled the evaporation history of HD 207496 b using
the photoevolver8 code (Fernández Fernández et al., in prep.).
The simulation was built upon three ingredients: (1) a descrip-
tion of the XUV irradiation history of the planet, provided by the
Johnstone et al. (2021) model; (2) a model that translates incident
XUV flux into mass loss; and (3) an envelope structure formula-
tion that links the atmospheric mass to its size, which was used
to recalculate the planet’s size after some mass was removed.

We simulated the planet’s evolution back to 10 Myr and for-
wards to 5 Gyr from its current age of 520 Myr with a time
step of 0.1 Myr. Moreover, we adopted the mass-loss formula-
tion by Kubyshkina & Fossati (2021), based on hydrodynamic
simulations, and the envelope structure model by Chen & Rogers
(2016), based on MESA calculations (see Sect. 5.1.1).

We explored the evaporation histories of two possible inter-
nal structures for HD 207496 b: the gaseous planet scenario and
the ocean planet scenario. For the gaseous planet case, described
in Sect. 5.1.1, we modelled the planet as a rocky core surrounded
by a gaseous envelope consisting of 0.5 ± 0.4% of its mass,
assuming no water content. In this scenario, we simply simu-
lated the evolution of its existing envelope. The ocean planet
case, described in Sect. 5.1.2, models the planet as a rocky core
with a large water ocean that amounts to 30–50% of its mass,
assuming no significant H/He atmosphere. Since this scenario
contains no gaseous envelope, we explored its evaporation past
by considering the planet’s measured mass and radius as a bare
core, then we added a small amount of gas on top (which would
be evaporated within one time step), and we evolved this ten-
uous envelope backwards in time. The planet’s initial state in
this case would represent an upper limit on the size and mass of
its gaseous envelope, as a smaller starting envelope would have
already been stripped at some other point in the past.

We present the simulation results in Fig. 14, where we show
the evolution of the gaseous planet in red and the ocean planet
in blue. We also calculated the possible range of evaporation

8 The exoplanet evolution code is available on GitHub at https://
github.com/jorgefz/photoevolver
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Fig. 14. History of HD 207496b. Left panel: plot showing the radius evolution of HD 207496 b using the gaseous planet (red line) and ocean planet
(blue line) scenarios. The uncertainties on the evaporation histories are shown as shaded regions, and are based on the errors for the age, mass, and
radius, as described in Sect. 5.2. The location of HD 207496 b, based on its measured radius and age, is shown as a black circle. The rocky core
radius for the gaseous planet scenario (from Sect. 5.1.1) is shown as a horizontal grey line, with its uncertainty shown as dashed lines. Right panel:
plot showing the corresponding evolution of the envelope mass fraction of HD 207496 b, mirroring the left-hand side panel. The measured mean
age of the planet is shown as a black line.

histories for HD 207496 b using the uncertainties on the XUV
emission history derived above, as seen in Fig. 13, as well as
using the errors on the planet’s mass and radius. The uncertain-
ties on the evaporation histories are represented as shaded red
and blue regions in Fig. 14 for the gaseous and ocean planets,
respectively.

Overall, we find that HD 207496 b is consistent with a wide
range of evaporation histories. For the gaseous planet (in red),
our simulations suggest that it started out at 10 Myr as a puffy
sub-Neptune of radius Rp = 3.0+1.1

−0.6 R⊕ and envelope mass frac-
tion Menv/Mp = 2.2+3.4

−1.5%, common amongst planets above the
radius valley (Rogers & Owen 2021). The moderate uncertainty
on the evaporation history would thus allow for a wide vari-
ety of initial states, ranging from a Neptune-sized planet with
Rp = 4.1 R⊕ and fenv = 5.6% that has experienced significant
evaporation, to a sub-Neptune with a smaller atmosphere with
Rp = 2.4 R⊕ and fenv = 0.7%. Moreover, our simulations show
that its envelope could be completely removed by the age of
1.0 ± 0.6 Gyr, after which it would join the large population of
rocky worlds below the period-radius valley.

As for the ocean planet (in blue), our simulations in Fig. 14
show that it could have started out as a puffy Neptune-sized
planet with radius Rp = 3.8 R⊕ and envelope mass fraction fenv =
3.0%, with the lower uncertainty on the evaporation history
pointing towards a sub-Neptune with a tenuous atmosphere with
Rp = 2.5 R⊕ and fenv = 0.3%. The upper uncertainty, however,
leads to an enlarged Jupiter-sized envelope where Menv ≫ Mcore
before the simulation reaches the age of 10 Myr during back-
wards evolution. We consider these scenarios highly unlikely,
though. Hot Jupiters have been shown to be stable against evap-
oration (Murray-Clay et al. 2009) thanks to self-gravity, which
compresses the atmosphere and inhibits mass loss (Owen &
Wu 2017). Moreover, low-mass planets are thought to undergo
boil-off shortly after disk dispersal, which is a mechanism that
can rapidly remove large parts of gaseous envelopes (accreted
during formation) when the pressure from the protoplanetary
disk is lifted (Lammer et al. 2016; Fossati et al. 2017). The dis-
parity on the evaporation pasts in the two scenarios suggests
that the ocean planet, whose core has rock and water con-
tent, is more susceptible to mass loss than the gaseous planet,

whose core is only rocky. Determining the current mass loss of
HD 207496 b and constraining its possible atmosphere would
allow us to distinguish between an ocean planet and a gaseous
planet. Moreover, a better constrain on the mass and radius of the
planet would allow us to better constrain the evaporating history
of the planet.

5.3. Atmospheric characterisation perspectives

If the atmosphere of HD 207496 b is evaporating, atmosphere
observations may shed light on the early process of atmo-
spheric evaporation of Neptune planets. For the special case of
HD 207496 b, it will also allow us to distinguish between a water-
rich or a gas-rich composition which is thought to be related to
the formation of the planet being outwards or inwards in relation
to the ice line, respectively (Venturini et al. 2020). We computed
the transmission spectrum metric (TSM; Kempton et al. 2018) to
access the observability with the James Webb Space Telescope.
We derived a TSM of 77.5. The TSM values for HD 207496 b
are shown in Fig. 15 and set in the context of known and well-
characterised exoplanets. We find that this is a highly favourable
target for atmospheric characterisation.

5.4. Eccentricity

As mentioned above, in-depth studies of young eccentric plan-
ets will help us distinguish the possible causes that delay tidal
circularisation in warm Neptunes such as the ones proposed by
Correia et al. (2020). Analysing the distribution of exoplanet
eccentricities as a function of orbital period, they found that
all warm Neptunes (P < 5 days ) are compatible with non-
zero eccentricities; although, they should be all circularised
according to their tidal circularisation timescale. This is in con-
trast to the Jupiter-like planets’ orbital eccentricity distribution.
Also they found there is no apparent correlation between orbital
period and eccentricity of Neptune-sized planets against what
is expected from tidal theory. They proposed three mechanisms
to explain the eccentricity distribution of Neptune-sized planets:
thermal atmospheric tides (Gold & Soter 1969), evaporation of
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Fig. 15. Transmission spectrum metric as a function of the planetary
radius for HD 207496 b and other well-characterised small planets. We
show all planets from the exoplanet archive with precision in mass and
radius better than 50%. The planets with mass derived by RVs are shown
as circles and the planets with mass derived by TTVs are shown as
squares. The colour of the points indicates the planet effective tempera-
ture. HD 207496 b is marked with a box. This graph was created using
the mass-radius diagram code (https://github.com/odemangeon/
mass-radius_diagram).

the atmosphere (Ehrenreich et al. 2015), and excitation from a
distant companion.

Investigating these mechanisms for HD 207496 b requires
follow-up observations, and hence, it is out of the scope of
this paper. However, we can gain some insight into the mech-
anism that shapes the eccentricity distribution of planets by
comparing HD 207496 b with the eccentricity distribution of
planets. We started by deriving the circularisation timescale of
HD 207496 b using Eq. (1) of Correia et al. (2020). This assumes
that Q/K2 ∼ 105, which is the value for Uranus and Neptune
(Tittemore & Wisdom 1990; Banfield & Murray 1992). However,
this can be different by an order of magnitude for exoplanets.
We found that the circularisation timescale of HD 207496 b is
13.8 Gyr, which is much longer than the estimated age of the
system. Hence, the significant eccentricity of HD 207496 b is
not surprising.

To compare HD 207496 b with the eccentricity distribution
of short orbital period planets, we started by downloading the
sample of known exoplanets from the exoplanet archive. We
restricted the sample to planets with an orbital period of less
than 100 days and with a measured radius, mass, and eccen-
tricity. Furthermore, we also required that the stellar mass be
known. These are probably stricter cuts than used by Correia
et al. (2020). Following Correia et al. (2020), we selected Jupiter-
like planets Rp > 9 R⊕ and Neptune-like planets 3 < Rp < 9 R⊕.
We did not analyse the Earth-sized planet population due to their
large errors in the measured eccentricity. A plot showing the
distribution of the planet’s eccentricity as a function of orbital
period is given in Fig. 16. We find several planets with a similar
orbital period as HD 207496 b with significant eccentricity, both
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Fig. 16. Distribution of the eccentricity of known planets with peri-
ods <100 days as a function of the orbital period. Jupiter-sized planets
are shown in red, while Neptune-sized planets are shown in blue. The
planets with a non-significant eccentricity (at 3σ) have transparent
colours. The limit of a 5-day orbital period is shown as a dashed line.
HD 207496 b is shown in green.

Neptune-like and Jupiter-like. There are also planets with an
eccentricity consistent with zero. In analysing planets with peri-
ods of less than 5 days, which we expect to be circularised, we
find both eccentric Neptune-like and Jupiter-like planets. This
seems to imply that as with the Neptune-like planets (Correia
et al. 2020), the Jupiter-like planets are circularising at a slower
rate than expected. In turn, this suggests that planetary systems
might have a higher tidal dissipation parameter Q than the one
estimated for Uranus and Neptune that was used in our calcu-
lations (Correia et al. 2020). Despite the many efforts to better
understand the tidal interaction between planets and their host
stars, the tidal dissipation timescales are still poorly constrained
(e.g. Barros et al. 2022a). Having accurate ages for the planets’
host stars would help us to better understand the tidal timescales
that shape planetary systems. The PLATO mission will no doubt
make a significant contribution to this subject (Rauer et al. 2014).
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Appendix A: Figure of the raw RV observations

In Figure A.1 we show the time series and GLS of the RVs and
the activity indicators without any correction applied. A clear
offset or long-term trend between the two RV observing seasons
is seen to affect the GLS of the RVs and indicators. Without an
offset correction or long-term trend, the planet signature is not
evident.
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Fig. A.1. HARPS observations. Left panel: GLS of the RVs and indicators of the HARPS observations similar to Figure 3, but without any
correction. The last row shows the window function. The vertical dotted coloured line shows the position of the known transiting planet, while the
vertical dotted black lines show the position of the estimated rotation period of the star, its first harmonic, and the double of the rotation period.
From bottom to top, the horizontal lines indicate the 10%, 1%, and 0.1% FAP levels calculated following Zechmeister & Kürster (2009). Right
panel: Time series of the RV observations and the activity indicators.
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Appendix B: GP hyper-parameters

Figure B.1 shows the corner plots of the GP model’s hyper-
parameters. The posteriors of the GP hyper-parameter demon-
strate that our model constrains the hyper-parameters well. This
is due to the simultaneous fit of the TESS light curve and the
RVs that share the same period for the activity signal, decay
timescale, and periodic coherence scale.
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Fig. B.1. Corner plot of the hyper-parameters of the GP that models the
RV activity signal. All the hyper-parameters: the period of the activity
signal (Prot), the decay timescale (τdecay), the periodic coherence scale
(γ), and the amplitude of the activity signal (ARV ) are well constrained.
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