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ABSTRACT
We present the discovery and confirmation of a transiting hot, bloated Super-Neptune using photometry from TESS and LCOGT
and radial velocity measurements from HARPS. The host star TOI-2498 is a V = 11.2, G-type (Teff = 5905 ± 12 K) solar-like
star with a mass of 1.12 ± 0.02 M⊙ and a radius of 1.26 ± 0.04 R⊙ . The planet, TOI-2498 b, orbits the star with a period of
3.7 days, has a radius of 6.1 ± 0.3 R⊕ , and a mass of 35 ± 4 M⊕ . This results in a density of 0.86 ± 0.25 g cm-3. TOI-2498 b
resides on the edge of the Neptune desert; a region of mass-period parameter space in which there appears to be a dearth of
planets. Therefore TOI-2498 b is an interesting case to study to further understand the origins and boundaries of the Neptune
desert. Through modelling the evaporation history, we determine that over its ∼3.6 Gyr lifespan, TOI-2498 b has likely reduced
from a Saturn sized planet to its current radius through photoevaporation. Moreover, TOI-2498 b is a potential candidate for
future atmospheric studies searching for species like water or sodium in the optical using high-resolution, and for carbon based
molecules in the infra-red using JWST.

Key words: planets and satellites: detection - stars: individual: TOI-2498 (TIC-263179590, GAIA DR3 3330907293088717824)
- techniques: photometric - techniques: radial velocities
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1 INTRODUCTION

Since the seminal discovery of 51 Pegasi b (Mayor & Queloz 1995),
over 5000 exoplanets have been confirmed. Our search for exoplanets
has reached a stage where detection capabilities are beginning to
catch up to demands, meaning that we are able to look past detection
biases and study the true exoplanet sample. This allows us to perform
statistical studies on the exoplanet population, which forms a key
role in gaining a better understanding of the formation of planetary
systems.

The Kepler (Borucki et al. 2010) space mission was particularly
successful in terms of the number of exoplanet detections, being
responsible for over half of all confirmed exoplanets. Kepler was
also successful in detecting smaller planets than were previously
possible and found multitudes of super-Earths, filling in gaps in our
knowledge of the exoplanet population. One key feature of the current
exoplanet sample that was confirmed though Kepler discoveries is an
apparent dearth of close orbit, Neptune sized planets (Szabó & Kiss
2011; Beauge & Nesvornỳ 2012; Helled et al. 2015; Lundkvist et al.
2016; Mazeh et al. 2016; Owen & Lai 2018a).

Continuing the work of the Kepler space telescope, the Transiting
Exoplanet Survey Satellite (TESS) telescope (Sullivan et al. 2015)
was launched in 2018 and has since confirmed 285 exoplanets. Fur-
thermore, TESS has been optimised to find planets around stars that
are bright enough to be able to extract meaningful information from
radial velocity observations. This enables us to be able to calculate
mass and radius parameters of detected planets. Consequently, the
TESS mission, along with spectroscopic instruments such as HARPS
(Pepe et al. 2002), have been integral in finding and characteris-
ing planets within the Neptune desert. In particular, the HARPS-
NOMADS program endeavours to increase the number of planets in
this category with precise mass and radius measurements. The ob-
jective of this pursuit is to be able to better study and understand the
origins of the Neptune desert, and to better constrain the boundaries.
Analysis of the boundaries of the Neptune desert could lead towards
an improved understanding of formation and evolution of close orbit
planets.

This paper presents the detection of TOI-2498 b, a hot super-
Neptune transiting a G type star, residing on the edge of the Neptune
desert. The observations used in this work include transits from TESS
and LCO, spectroscopy from HARPS and spectral imaging from
SOAR. The details of these observations are outlined in Section 2.
Analysis of these observations, including joint modelling to constrain
the planetary parameters and analysis to determine stellar parameters
can be found in Section 3. Section 4 contains the results of the analysis
and a discussion involving the position of the planet in the Neptune
desert and in mass-radius parameter space. This section also includes
an analysis of the internal structure and evaporation history of the
planet. Finally the conclusions of this work can be found in Section 5.

2 OBSERVATIONS

TOI-2498 is a V = 11.2, G-type (Teff = 5905 ± 12 K) solar-like star.
The properties of the star are set out in Table 1

2.1 TESS photometry

TESS observed TOI-2498 for the first time during its primary mission
(cycle 1) within sector 6, in Full Frame Images (FFIs) with a 30-min
cadence. It was observed again during the first extended mission in

Table 1. Stellar parameters of TOI-2498

Stellar Parameters Value Source

Identifiers
TIC ID TIC-263179590 TIC v8.2
2MASS ID J06213989+1115062 2MASS
Gaia ID 3330907293088717824 Gaia DR3

Astrometric Properties
R.A. (deg) 95.416220 Gaia DR3
DEC (deg) 11.251645 Gaia DR3
Parallax (mas) 3.61 ± 0.05 Gaia DR3
RVsys (km s−1) 8.36 Gaia DR3

Photometric Parameters
B (mag) 12.25 ± 0.30 TIC v8.2
V (mag) 11.20 ± 0.03 TIC v8.2
G (mag) 11.27 ± 0.00 Gaia DR3
J (mag) 10.28 ± 0.03 TIC v8.2
H (mag) 10.00 ± 0.02 TIC v8.2
K (mag) 9.93 ± 0.02 TIC v8.2
Gaia BP (mag) 11.61 Gaia DR3
Gaia RP (mag) 10.80 Gaia DR3

Sources: TIC v8.2 (Paegert et al. 2022), 2MASS (Skrutskie et al. 2006), Gaia
Data Release 3 (Vallenari et al. 2022).

sector 33 (cycle 3), with a 10 minute cadence FFI and a 2 minute
cadence pixel stamp observation.

The candidate was alerted as a TOI (TESS Object of Interest,
Guerrero et al. 2021) based on the identification of a transit signal
from the SPOC pipeline (Jenkins 2002; Jenkins et al. 2010, 2020).
This pipeline uses the PDCSAP (Presearch Data Conditioning Simple
Aperture Photometry; Stumpe et al. 2012, 2014; Smith et al. 2012)
light curves, which removes instrumental and some stellar trends
from the SAP (Simple Aperture Photometry) data, but retains local
features such as transits. The transit signal passed all the diagnostic
tests conducted by Data Validation module (Twicken et al. 2018; Li
et al. 2019), and the difference image centroiding test located TOI-
2498 to within 3.55 +/- 2.75 arcsec of the location of the transit
source.

In this work, the PDCSAP lightcurves are flattened by removing
the transits and fitting a spline to the data. The resulting flattened
lightcurves are used in the joint model outlined in section 3.2. We
present the normalised lightcurves along with the generated best-fit
model in Figure 1.

Figure 2 shows the TESS Target Pixel File (TPF) created with
tpfplotter1 (Aller et al. 2020), with TOI-2498 as the central object
overlaid with nearby catalog sources. As can be seen in Figure 2,
there are several sources of potential contamination around the target
star, meaning it is likely that the TESS data is affected by blending
of sources. To accurately measure the extent of this blending and
correct for it, follow up ground based photometry was necessary; the
details of these observations are described below.

1 https://github.com/jlillo/tpfplotter
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TOI-2498 b: A hot bloated super-Neptune within the Neptune desert 3

Figure 1. The top plots show the TESS PDCSAP lightcurves from sector 6 (30 minute cadence) and sector 33 (2 minute cadence), flattened via a spline fit.
Overplotted in blue is the best fit model resulting from the analysis described in section 3.2. The middle plots show this same data phase folded, with the binned
data shown in black. Residuals of this fit can be found in the bottom plots.

2.2 LCOGT follow-up photometry

The TESS pixel scale is ∼ 21′′ pixel−1 and photometric apertures
typically extend out to roughly 1 arcminute, generally causing multi-
ple stars to blend in the TESS aperture. To determine the true source
of the TOI-2498 b detection in the TESS data, improve the transit
ephemeris, and check the SPOC pipeline transit depth after account-
ing for the crowding metric, we conducted ground-based lightcurve
follow-up observations of the field around TOI-2498 as part of the
TESS Follow-up Observing Program2 Sub Group 1 (TFOP; Collins
2019). We used the TESS Transit Finder, which is a customized
version of the Tapir software package (Jensen 2013), to schedule
our transit observations.

We observed a full predicted transit window of TOI-2498.01 on
2022 December 01 UT simultaneously using the Las Cumbres Obser-

2 https://tess.mit.edu/followup

vatory Global Telescope (LCOGT; Brown et al. 2013) 1.0 m network
nodes at Teide Observatory and Cerro Tololo Inter-American Obser-
vatory. We also attempted a full transit observation on 2023 January
07 UT from the LCOGT 1.0 m network node at Siding Spring Ob-
servatory, but deteriorating weather limited the in-transit coverage to
about 60% of the transit duration. The 1 m telescopes are equipped
with 4096 × 4096 SINISTRO cameras having 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) and differential photometric data were extracted using
AstroImageJ (Collins et al. 2017).

We conducted focused observations to improve the separation of
TOI-2498 from its nearest Gaia DR3 neighbor, which is 3.′′8 north-
west and 5.7 magnitudes fainter in TESS band. Typical stellar point
spread functions (PSFs) in the images had full-width half-maximum
(FWHM) in the range of 2-3 arcseconds. The Teide light curve had
the smallest FWHM of 2.′′16 and the longest pre- and post-transit
baseline of all three light curves, so resulted in the strongest con-
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Figure 2. Target Pixel File (TPF) from TESS sector 6. The shaded red squares
indicate the aperture mask used by the SPOC pipeline. The target system (TOI-
2498) is marked by a white cross, and the red circles mark nearby sources
from the Gaia DR3 catalogue, with sizes proportional to the difference in
magnitude to the target.

straints on transit model parameters. We first extracted differential
light curves using circular photometric apertures with radius 5.′′8.
In this case, the target star aperture included most of the flux of the
nearest Gaia DR3 neighbor. A clear transit-like event was detected
with a depth of ∼ 2000 ppm (deeper than predicted by the SPOC
pipeline). We then extracted light curves using smaller 3.′′1 apertures
that exclude the majority of the flux from the 3.′′8 neighbor. We again
find a ∼ 2000 ppm event in the smaller target aperture, confirming
that the event occurs on-target relative to known Gaia DR3 stars.
Since the flux contamination in the larger target star aperture is less
than 1%, we use the light curves from the the 5.′′8 apertures in the
joint modeling in Section 3.2. We present the normalised lightcurves
and generated best-fit model in Figure 3.

2.3 ULMT photometry

We observed transit windows of TOI-2498 on 2021 February 26
and again on 2023 February 10 in the Sloan 𝑟′ band from the
0.61 m University of Louisville Manner Telescope (ULMT) located
at the Steward Observatory near Tucson, AZ. We used the TESS
Transit Finder to schedule these transit observations based on
the ephemerides current at those times. The 4096×4096 SBIG STX-
16803 camera on ULMT has an image scale of 0.′′39 per pixel,
resulting in a 26′ ×26′ field of view. The images on both nights were
slightly defocused and had typical stellar point-spread-functions with
FWHM of 3.′′4 and 2.′′9 respectively. The images were calibrated and
photometric data were extracted with AstroImageJ (Collins et al.
2017) using circular aperture with radii 15.′′9 and 5.′′9 respectively.
In 2021, we tentatively detected a shallow event on-target and did
not find any obvious evidence of a blended nearby eclipsing binary
that could be the cause of the TESS detection. In 2023, the shallow
ingress was detected in detrended fitting. Due to the relatively high
amount of noise compared the rest of our photometry, we decide not
to include this data in our analysis.

2.4 HARPS Radial Velocity observations

We acquired 16 spectra through the HARPS-NOMADS program (PI
Armstrong, 1108.C-0697) using HARPS (the High Accuracy Ra-
dial velocity Planetary Searcher Mayor et al. (2003)). HARPS is an
Echelle spectrograph mounted on the ESO 3.6-m telescope at the La
Silla Observatory in Chile. The data were collected between 2022
September 30 to October 12 and 2022 November 15 to November 18.
The HARPS High-Accuracy mode was utilised, with a fibre diameter
of 1", a resolution of 𝑅 ≈ 115, 000 and an exposure time of approxi-
mately 1800 seconds. This resulted in a signal to noise ratio (SNR) of
between 30 and 35 per pixel at a wavelength of 550nm. The standard
HARPS data reduction software outlined in Lovis & Pepe (2007)
was used to reduce the raw HARPS data, in which a weighted cross
correlation is applied with a G2 spectral mask. Measurements of the
Radial Velocity (RV), FWHM, the line bisector span, the contrast of
the Cross-Correalation Function (CCF) and the S-index are displayed
in Table 2. The median photon noise per measurement for this dataset
is 3.45 m s−1. The last datapoint from the first set of observations
is discarded due to anolamous results in RV error, FWHM, bisector
span, contrast and S-index (see Table 2). This datapoint also has a
lower SNR than the others, which we attribute to cloud coverage at
the time of observation.

We present the HARPS radial velocity data along with the gener-
ated best-fit model (see Section 3.2 for details) in Figure 4.

2.5 SOAR imaging

High-angular resolution imaging is needed to search for nearby
sources that can contaminate the TESS photometry, resulting in an
underestimated planetary radius, or be the source of astrophysical
false positives, such as background eclipsing binaries. We searched
for stellar companions to TOI-2498 with speckle imaging on the 4.1-
m Southern Astrophysical Research (SOAR) telescope (Tokovinin
2018) on 27 February 2021 UT, observing in Cousins I-band, a sim-
ilar visible bandpass as TESS. This observation was sensitive to a
5.1-magnitude fainter star at an angular distance of 1 arcsec from
the target. More details of the observations within the SOAR TESS
survey are available in Ziegler et al. (2020). The 5𝜎 detection sen-
sitivity and speckle auto-correlation functions from the observations
are shown in Figure 5. No nearby stars were detected within 3′′ of
TOI-2498 in the SOAR observations.

2.6 Shane imaging

We observed TOI-2498 on 2021 March 4 using the ShARCS camera
on the Shane 3-meter telescope at Lick Observatory (Kupke et al.
2012; Gavel et al. 2014; McGurk et al. 2014). Observations were
taken with the Shane adaptive optics system in natural guide star
mode to search for nearby, unresolved stellar companions. We col-
lected a single sequence of observations using a 𝐾𝑠 filter (_0 = 2.150
`m, Δ_ = 0.320 `m). We reduced the data using the publicly avail-
able SImMER pipeline (Savel et al. 2020, 2022).3 Our reduced images
and corresponding contrast curves are shown in Figure 6. Our obser-
vations achieve a contrast of 2.9 at 1′′and 4.8 at 2′′. We detect the
known star TIC 715328024 (ΔT = 5.7, sep = 3.8′′, PA = 328◦), but
find no other nearby stellar companions within our detection limits.

3 https://github.com/arjunsavel/SImMER
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TOI-2498 b: A hot bloated super-Neptune within the Neptune desert 5

Figure 3. LCOGT lightcurves from Teide Observatory (left), Cerro Tololo Inter-American Observatory (middle) and Siding Spring Observatory (right). The
data is shown as grey points, with binned values in black. Overplotted is the best fit model from the joint fit described in section 3.2. The bottom plots show the
residuals of this fit for each lightcurve.

Table 2. HARPS spectroscopy. The row in bold text represents the data point that has been discarded due to anomalous results.

Time (BJD RV RV error FWHM Bisector span Contrast S-indexMW
-2457000) (m/s) (m/s) (m/s) (m/s)

2852.89471 7441.0 4.2 7262.1 17.8 46.57 0.13
2853.86784 7454.1 2.9 7282.7 -3.0 46.93 0.14
2854.83784 7443.0 3.5 7285.0 8.3 46.87 0.13
2855.84365 7429.0 2.7 7295.1 2.2 46.90 0.13
2856.84238 7442.3 5.8 7251.6 11.1 46.90 0.11
2858.83733 7434.8 6.1 7302.1 6.6 46.72 0.14
2859.83526 7431.7 2.9 7286.3 -3.9 46.86 0.13
2860.77664 7451.0 4.0 7281.4 -0.68 46.45 0.11
2861.83705 7453.9 3.4 7259.7 9.3 46.65 0.14
2862.83113 7433.9 3.7 7265.3 1.5 46.46 0.12
2863.83660 7434.4 3.0 7281.2 12.5 46.64 0.13
2864.86315 7463.7 11.4 7176.2 40.1 44.29 0.06
2898.77390 7458.4 3.6 7285.9 8.1 46.77 0.12
2899.75712 7439.4 2.7 7276.7 1.1 46.96 0.14
2900.80942 7432.8 2.6 7287.5 11.6 46.81 0.12
2901.84129 7448.1 2.7 7289.8 -2.3 46.86 0.13

3 ANALYSIS AND RESULTS

3.1 Stellar Analysis

We used ARES+MOOG to derive the stellar atmospheric parameters
Teff , log 𝑔, microturbulence and [Fe/H]), and their respective uncer-
tainties following the methodology described in Sousa (2014); Santos
et al. (2013). We measured equivalent widths (EW) of iron lines on
the combined HARPS spectrum of TOI-2498 using the ARES v2
code4 (Sousa et al. 2015). Then we used a minimization process
where we assume ionization and excitation equilibrium to converge
in the best set of spectroscopic parameters. This process makes use of

4 The last version of ARES code (ARES v2) can be downloaded at
http://www.astro.up.pt/∼sousasag/ares

a grid of Kurucz model atmospheres (Kurucz 1993) and the radiative
transfer code MOOG (Sneden 1973).

Stellar abundances of the elements were derived using the classi-
cal curve-of-growth analysis method assuming local thermodynamic
equilibrium and with the same codes and models that were used for
the stellar parameters determinations. For the derivation of chemical
abundances of refractory elements we closely followed the methods
described in Adibekyan et al. (2012, 2015); Delgado Mena et al.
(2017). Abundances of the volatile elements, C and O, were derived
following the method of Delgado Mena et al. (2021); Bertran de Lis
et al. (2015). We note that the oxygen lines are very weak and difficult
to measure given the signal to noise ratio of the co-added spectrum
and thus the final abundance has a large uncertainty. All the [X/H] ra-
tios are obtained through a differential analysis with respect to a high
S/N solar (Vesta) spectrum from HARPS. The stellar parameters and
abundances of the elements are presented in Table 3.
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Figure 4. Top: HARPS radial velocity data for TOI-2498. Overplotted is the
best fit model obtained from the joint fit described in section 3.2, correspond-
ing to the orbital period of TOI-2498 b. Middle: The same data and model
phase folded. Bottom: Residuals of the fit (observed RV - computed RV).
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Figure 5. Contrast curve computed from the high-resolution speckle obser-
vations in Cousins I-band on the 4.1 m Southern Astrophysical Research
telescope. Inset is the speckle autocorrelation function centered on the target
star. No bright companions are detected within 3" of TOI-2498 in this obser-
vation.

We find that the [X/Fe] ratios of TOI-2498 are typical for a thin disk
star. Moreover, we used the chemical abundances of some elements
to derive ages through the so-called chemical clocks (i.e. certain
chemical abundance ratios which have a strong correlation for age).
We applied the 3D formulas described in Table 10 of Delgado Mena
et al. (2019), which also consider the variation in age produced by
the effective temperature and iron abundance. The chemical clocks

Figure 6. Adaptive optics images of TIC 263179590 taken with the ShARCS
camera on the Shane 3-meter telescope at Lick Observatory. We also present
a contrast curve generated by calculating the median values (solid lines) and
root-mean-square errors (blue, shaded regions) in annuli centered on each
target, where the bin width of each annulus is equal to the full width at half
max of the point spread function. TIC 715328024 (ΔT = 5.7, sep = 3.8′′) is
visible to the N NW of the target star.

[Y/Mg], [Y/Zn], [Y/Ti], [Y/Si], [Y/Al], [Sr/Ti], [Sr/Mg] and [Sr/Si]
were used from which we obtain a weighted average age of 3.6± 1.1
Gyr.

3.1.1 Spectral Energy Distribution Analysis

As an independent determination of the basic stellar parameters, we
performed an analysis of the broadband spectral energy distribution
(SED) of the star together with the Gaia DR3 parallax (with no sys-
tematic offset applied; see, e.g., Stassun & Torres 2021), in order
to determine an empirical measurement of the stellar radius, follow-
ing the procedures described in Stassun & Torres (2016); Stassun
et al. (2017, 2018). We pulled the 𝐵𝑇𝑉𝑇 magnitudes from Tycho-2,
the 𝐽𝐻𝐾𝑆 magnitudes from 2MASS, the W1–W3 magnitudes from
WISE, and the 𝐺BP𝐺RP magnitudes from Gaia. Together, the avail-
able photometry spans the full stellar SED over the wavelength range
0.4–10 `m.

We performed a fit using PHOENIX stellar atmosphere models
(Husser et al. 2013), with the effective temperature (𝑇eff), surface
gravity (log 𝑔), and metallicity ([Fe/H]) initially set to the spectro-
scopically determined values. The remaining free parameter is the
extinction 𝐴𝑉 , which we limited to maximum line-of-sight value
from the Galactic dust maps of Schlegel et al. (1998). The resulting
fit has a best-fit 𝐴𝑉 = 0.05 ± 0.05, with a reduced 𝜒2 of 1.3. In-
tegrating the (unreddened) model SED gives the bolometric flux at
Earth, 𝐹bol = 7.62 ± 0.18 × 10−10 erg s−1 cm−2. Taking the 𝐹bol
together with the Gaia parallax, gives the bolometric luminosity,
𝐿bol = 1.823 ± 0.044 L⊙ , which via the Stefan-Boltzmann relation
gives the stellar radius, 𝑅★ = 1.291 ± 0.018 R⊙ . In addition, we
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can estimate the stellar mass from the empirical eclipsing-binary
relations of Torres et al. (2010), giving 𝑀★ = 1.17 ± 0.07 M⊙ .

Finally, we performed a fit allowing the stellar parameters to vary,
finding only the metallicity differed marginally from the spectro-
scopically determined value, [Fe/H] = 0.05 ± 0.15, with an im-
proved reduced 𝜒2 of 0.8. In that case, the resulting stellar prop-
erties are as follows: 𝐴𝑉 = 0.05 ± 0.05, 𝐹bol = 7.77 ± 0.18 × 10−10

erg s−1 cm−2, 𝐿bol = 1.860 ± 0.045 L⊙ , 𝑅★ = 1.305 ± 0.018 R⊙ ,
and 𝑀★ = 1.15 ± 0.07 M⊙ .

As all determined stellar parameters were in agreement, we adopt
the ARES+MOOG parameter set for consistency.

3.2 Joint modelling

The photometry from both TESS and LCO and spectroscopy from
HARPS, described in Section 2, were combined in a joint fit using
the exoplanet (Foreman-Mackey et al. 2021) code framework. This
package also makes use of starry (Luger et al. 2019b) and PYMC3
(Salvatier et al. 2016a).

3.2.1 Photometry

We include the flattened photometric data from the two TESS sectors
described in section 2.1 and the two full and one partial transit from
LCOGT described in section 2.2.

Firstly, we normalise all photometry by dividing each lightcurve
by the median of the out-of-transit flux and subtracting one. Each
transit is then modelled through exoplanet as a Keplerian or-
bit, with quadratic limb-darkening parameterisation from Kipping
(2013). The Keplerian orbit model is parameterised in terms of stel-
lar mass (𝑀★) and radius (𝑅★) in solar units, the orbital period P in
days, central transit ephemeris TC in TBJD (BJD - 2457000), impact
parameter 𝑏, eccentricity 𝑒 and argument of periastron 𝜔 in radians.
Transit models are generated using starry, and include planetary
radius (𝑅𝑝/𝑅★) and the exposure time for the relevant instrument.

3.2.2 Spectroscopy

We include the spectroscopic data from HARPS described in section
2.4. We find no need to fit a GP model as periodogram analysis
through the DACE5 platform shows no indication of stellar activity
or signals from stellar rotation, suggesting that TOI-2498 is mag-
netically quiet. We fit for the semi-amplitude K of the RV signal,
starting with a widely set uniform prior centered around the value
found via analysis using DACE (13.37 m s−1). We also fit for HARPS
instrument offset, and implement a noise model which adds a white
noise (jitter) term in quadrature with the nominal RV uncertainties.

3.2.3 Joint fit results

We first maximise the log probability of the PYMC3 model, and use
the resulting parameters as our initial fit values. We then use a No
U-Turn Sampler (NUTS) variant of the Hamiltonian Monte Carlo
(HMC) algorithm to draw samples from the posterior chain, for
which we use 20 chains with 20,000 steps. We treat the first 4000
samples drawn as burn-in and subsequently discard them.

Through the results of this analysis, we determine that TOI-2498 b
is a Super-Neptune of radius 6.06 ± 0.29 R⊕ and mass 34.62 ± 4.10

5 DACE can be accessed at https://dace.unige.ch

Table 3. Stellar parameters of TOI-2498 derived from this work

Stellar Parameters Value

Mass (M⊙) 1.12 ± 0.02
Radius (R⊙) 1.26 ± 0.04
Density (g cm-3) 0.79+0.10

−0.08
log g 4.297 ± 0.021
Teff (K) 5905 ± 12
vturb (km s-1) 1.125 ± 0.016
Age (Gyr) 3.6 ± 1.1

Stellar abundances
[Fe/H] (dex) 0.167+0.010

−0.041
[C/H] (dex) 0.071 ± 0.029
[O/H] (dex) 0.028 ± 0.160
[Mg/H] (dex) 0.19 ± 0.06
[Al/H] (dex) 0.22 ± 0.07
[Si/H] (dex) 0.16 ± 0.03
[Ti/H] (dex) 0.18 ± 0.03
[Ni/H] (dex) 0.17 ± 0.02
[Cu/H] (dex) 0.213 ± 0.025
[Zn/H] (dex) 0.144 ± 0.016
[Sr/H] (dex) 0.146 ± 0.077
[Y/H] (dex) 0.171 ± 0.056
[Zr/H] (dex) 0.089 ± 0.065
[Ba/H] (dex) 0.29 ± 0.028
[Ce/H] (dex) 0.137 ± 0.059
[Nd/H] (dex) 0.135 ± 0.033

M⊕ . From this we infer a bulk density of 0.86 ± 0.25 gcm-3. We
present all parameter best-fit results in Table 5.

3.3 Transit timing variations

We perform an initial check for additional planets using the DACE
platform. Using DACE, we generate a lomb-scargle periodogram of
the HARPS data and search for additional signals after removal of
the radial velocity signal caused by TOI-2498 b. We find no evidence
of additional signals above a False Alarm Probability (FAP) of 0.1,
suggesting that TOI-2498 b is the only massive, short period planet
orbiting TOI-2498.

To support this analysis, we examine each individual full transit
from TESS and LCO and check for transit timing variations. We re-
run the transit model described in section 3.2.1 for each individual
transit. We fix all of the parameters to the best fit results in Table
5, other than the central transit time T0, for which we set a uniform
prior, centered around the expected value. The results of this fitting
are subtracted from the expected value to find the TTV offset for
each transit. We present this analysis in Figure 7. We again find no
evidence of additional planets, although more transits would allow
a more thorough check. It is worth noting the apparent discrepancy
between the two LCOGT TTV offsets, as these points are different
observations of the same transit and therefore should agree. We
attribute this discrepancy to high airmass having a significant impact
on the ingress of one of the transits (see Figure 3).
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Table 4. Prior distributions of fitted parameters

Parameter Prior distribution Fitted value

TESS Sector 6 mean N(0, 1) 0.00005 ± 0.00002
TESS Sector 33 mean N(0, 1) 0.00002 ± 0.00002
Contamination ∗ N(0.66, 0.2) 0.63 ± 0.05

LCO Teide mean N(0, 1) −0.0001 ± 0.00009
LCO CTIO mean N(0, 1) −0.0003 ± 0.0001
LCO SSO mean N(0, 1) 0.0004 ± 0.0001

log(K) (m s-1) U(0.0, 4.0) Table 5
HARPS offset N(7442.50, 10.0) 7442.8 ± 0.9
log(HARPS jitter) N(1.895, 5.0) −2.27+2.37

−3.43

LD coefficient 𝑢1 Kipping (2013)† 0.34 ± 0.30
LD coefficient 𝑢2 Kipping (2013)† 0.31 ± 0.34
Orbital period (days) N(3.737882, 0.001) Table 5
TC (TBJD) N(2204.4183, 0.01) Table 5
log(Rp) (R⊙) N(-3.05, 1.0) Table 5
[
√
𝑒 𝑠𝑖𝑛(𝜔) ,

√
𝑒 𝑐𝑜𝑠 (𝜔) ] unitdisk‡ Table 5

Impact parameter U(0.0, 1.0) Table 5

∗ Proportion of the measured flux from TESS that is due to TOI-2498.

† The distributions for limb darkening coefficients are built into the
exoplanet framework and are based on Kipping (2013).

‡ Eccentricity and the argument of periastron are sampled with a Uniform
distribution on a unit disk in two dimensions using pmx.unitdisk from
PYMC3 (Salvatier et al. 2016b).

N(`, 𝜎): Normal distribution with mean ` and standard deviation 𝜎.
U(𝑎, 𝑏): Uniform distribution with lower bound 𝑎 and upper bound 𝑏.

Table 5. TOI-2498 b parameters

Fitted Parameters Value

Orbital period (days) 3.738252 ± 0.000004

Radius (R⊕) 6.06+0.29
−0.27

Rp/R* 0.04 ± 0.01

TC (TBJD) 2204.4167 ± 0.0001

Impact parameter 0.42 ± 0.13

K (m s-1) 13.25 ± 1.36

Eccentricity 0.089 ± 0.075

Argument of periastron (◦) 89.99 ± 99.14

Derived Parameters Value

Mass (M⊕) 34.62+4.10
−4.09

Density (g cm-3) 0.86+0.25
−0.20

Inclination (◦) 87.12 ± 1.70

Semi-major axis (AU) 0.0491 ± 0.003

Temperature Teq (K) ∗ 1443+15
−28

∗ Assuming Albedo = 0 and uniform surface temperature

Figure 7. TTV offsets for all transits from TESS sector 6 and sector 33, and
LCOGT transits from CTIO and Teide Observatory.

4 DISCUSSION

4.1 Planet position in the Neptune Desert

We find that TOI-2498 b is situated just within the Neptune desert,
close to the lower edge in the mass-period parameter space. The
positioning is displayed in Figure 8 in both the mass-period and
radius-period parameter spaces, with boundaries as given in Mazeh
et al. (2016).

As explained in Owen & Lai (2018a), it is thought that the up-
per boundary is due to high-eccentricity migration, while the lower
boundary is due to photoevaporation. Mazeh et al. (2016) also pro-
vides an alternative explanation for the lower boundary, suggesting
that as the planet-star separation grows, the size of the Hill sphere
of the forming planet, the orbital path and the dust-to-gas ratio all
increase. This results in an increased core mass at the end of the
first stage of planetary formation. Hence planets that are further from
their host stars have an increased total mass.

As is apparent from Figure 8, the upper boundary of the Neptune
desert is significantly more defined than the lower. There is an ob-
servational bias to take into account here, where larger, higher mass
planets are substantially easier to detect and characterise. Conse-
quently, as more planets close to the lower edge of the mass-period
desert (such as TOI-2498 b) are added to the sample, the bound-
ary becomes even more blurred. This raises the question of whether
the lower boundary of the Neptune desert needs to be re-evaluated.
However, it is worth pointing out that programs such as HARPS-
NOMADS specifically target planets within the desert parameter
space, creating a biased sample of planets and potentially providing
some explanation for this blurring of the boundary.

4.2 Planet density

We plot the position of TOI-2498 b in mass-radius parameter space
in Figure 9. When considering the general exoplanet population, it
can be seen that TOI-2498 b sits in a relatively sparse area of this
parameter space. This Figure also shows the planets proximity to
composition models from Zeng et al. (2016, 2019), with the closest
relation being the model for planets with a 5% H2 envelope and a
rocky core with a surface equilibrium temperature of 2000 K.

We also present the position of TOI-2498 b in a more mass-
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Figure 8. The Neptunian desert shown in both mass-period (top) and radius-
period (bottom) parameter space. The shaded blue regions indicate the areas
within the boundaries laid out by Mazeh et al. (2016). The grey circles
represent known exoplanets with mass uncertainties smaller than 30% and
radius uncertainties smaller that 10%. The position of TOI-2498 b is depicted
by a larger red circle.

constrained mass-radius space in the right-hand side of Figure 9.
In this plot, planets that are located within the Neptune desert are
highlighted in red. Note that for these planets, there is an apparent
upper size bound that falls rapidly as mass decreases. This could be
a reflection of planets’ on a closer orbit (shorter period) inability to
maintain their envelopes due to irradiation from host stars.

We highlight 6 Neptune desert planets closest to TOI-2498 b in
mass-radius parameter space in Figure 9. These planets are as follows:
HATS-7 b (Bakos et al. 2015), WASP-156 b (Demangeon et al. 2018),
WASP-166 b (Hellier et al. 2019), TOI-181 b (Mistry et al. 2023b),
HATS-38 b (Jordán et al. 2020), TOI-1694 b (Mistry et al. 2023a).

Of particular interest here is WASP-166 b, as not only does it share
a very similar mass and radius to TOI-2498 b, it also has a similar
orbital period and equilibrium temperature. These similarities sug-
gest that there is potential insight to be gained from a comparative
study between atmospheres of TOI-2498 b and WASP-166 b. Several
atmospheric studies have been performed on WASP-166 b, in partic-
ular searches for sodium (Seidel et al. 2022) and water (Lafarga et al.
2023). We therefore suggest that TOI-2498 b is a potential candidate
for searching for species such as water or sodium in the optical using
high-resolution, and also perhaps for carbon based molecules in the
infrared using JWST.

4.3 Composition and Internal structure

TOI-2498 b’s low density of 0.86 g cm−3 is indicative of the presence
of a gaseous envelope. We estimate its internal structure by assuming

Table 6. TOI-2498 b internal structure assuming a rocky core surrounded by
a H/He-rich envelope.

Property Symbol (Units) Value

Core radius Rcore (R⊕) 2.62 ± 0.14
Core mass Mcore (M⊕) 25.12 ± 3.41
Envelope thickness Renv (R⊕) 3.43 ± 0.36
Envelope mass fraction fenv 0.27 ± 0.04

it is comprised of a rocky core surrounded by an H/He-rich atmo-
sphere, following Rogers & Owen (2021). This model consists of
four parameters: the rocky core radius Rcore and mass Mcore, and the
envelope thickness Renv and mass fraction fenv. The envelope mass
fraction is defined as the ratio of envelope mass to total planet mass
fenv = Menv/Mp = (Mp − Mcore)/Mp.

To solve for these parameters, we adopted a system of four equa-
tions. These include (1) the definition of envelope mass fraction
above, (2) the definition of envelope thickness as the difference be-
tween planet and core radii Renv = Rp − Rcore, (3) the mass-radius
relations for rocky cores by Otegi et al. (2020), and (4) the enve-
lope structure model by Chen & Rogers (2016), which determines
the thickness of the gaseous envelope from its mass. The resulting
internal structure of TOI-2498 b, as shown in Table 6, indicates that
the planet hosts a significant gaseous envelope which consists of
27 ± 4% of its mass. However, this model assumes no water con-
tent or significant atmospheric metallicity. Whilst massive planets
with high water content are thought to have a mixed interior with
a moderate metallicity gradient (Stevenson et al. 2022), smaller dry
sub-Neptunes are thought to settle into a structure with distinct core
and envelope (Bodenheimer et al. 2018). TOI-2498 b is intermediate
in size and would likely fall somewhere between these two scenarios.
Future spectroscopic observations could constrain the metallicity of
its atmosphere and its H2O content.

4.4 Evaporation history

Atmospheric evaporation is thought to have a significant influence
in sculpting exoplanet populations, giving rise to the Neptune desert
(Owen & Lai 2018b) as well as the period-radius valley (e.g. Lopez
et al. 2012; Owen & Wu 2013; Jin et al. 2014; Owen & Wu 2017). The
underlying mechanisms for evaporation, however, are still unclear.
One of the proposed mechanisms is photoevaporation, where X-ray
and extreme ultraviolet photons (together, XUV) emitted by stars
are readily absorbed by the upper atmospheres of close-in planets,
heating up the gas and driving a hydrodynamic wind that escapes
the planet’s gravitational well (e.g. Lammer et al. 2003; Erkaev et al.
2007; Kislyakova et al. 2013). Additional mechanisms have also been
proposed, such as core-powered mass loss (Ginzburg et al. 2016;
Gupta & Schlichting 2020), in which the energy for evaporation is
provided by the core’s internal heat.

Moreover, the XUV emission history of a star can be estimated
from its spin period history, as the two quantities are related via the
rotation-activity relation (Wright et al. 2011), where a shorter stellar
rotation period leads to a brighter X-ray emission. We adopted the
stellar spin evolution models by Johnstone et al. (2021) to determine
the X-ray emission past of TOI-2498. For a given stellar mass, they
modelled a distribution of starting rotation periods which is then
evolved in time through various angular momentum transfer mech-
anisms. The spin and X-ray evolution models for a 1.1 M⊙ star are
shown on Figure 10. Even though we did not measure a rotation pe-
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WASP-166 b

TOI-181 b

HATS-38 b

WASP-156 b

HATS-7 b

TOI-1694 b

Figure 9. Position of TOI-2498 b in mass-radius parameter space. In both plots, TOI-2498 b is depicted as a black circle and the points in the background show
the positions of all other confirmed planets with a radius uncertainty below 10% and a mass uncertainty below 25%. The points highlighted in red are planets
that are located within the Neptunian desert as defined by Mazeh et al. (2016). The grey dotted line is a line of constant density at 0.758 gcm-3 (the calculated
density of TOI-2498). The left plot shows the positioning within a large parameter space and includes composition models from Zeng et al. (2016, 2019). The
right plot highlights planets within the neptune desert that are close to TOI-2498 b within mass-radius parameter space. Note that the right plot is shown in
log-log scale.

riod for TOI-2498, we were able to determine an age of 3.6±1.1 Gyr,
from which these models predict a present-day spin period between
8 and 24 days.

We modelled the evaporation history of TOI-2498 b using the
method by Fernández Fernández et al. (submitted). We utilise the
photoevolver code 6 to simulate the evaporation history of the
planet. This method combines three ingredients: (1) a description
of the stellar XUV emission history from the models by Johnstone
et al. (2021) as shown on Figure 10, (2) the evaporation model by
Kubyshkina et al. (2018), which determines the mass loss rate from
the incident XUV flux, and (3) the envelope structure model by Chen
& Rogers (2016), which recalculates the envelope thickness after
mass is removed from it. We evolved the planet under photoevapo-
ration backwards in time to the age of 10 Myr and forwards to 7.5
Gyr.

Figure 11 shows the evaporation history of TOI-2498 b. Overall,
we find TOI-2498 b to be a stable super-Neptune that has experienced
little evaporation throughout its lifetime, relative to its mass. The
planet, after formation, might have started out as a puffy Saturn-
sized world of radius 8–10 R⊕ and envelope mass fraction 30–45 %.
We also find its envelope is unlikely to be stripped prior to its host
star evolving off the main sequence.

6 The code is available on GitHub through: https://github.com/
jorgefz/photoevolver

5 CONCLUSIONS

In this work, we have presented the discovery of a hot, bloated Super-
Neptune transiting a G type star. Our analysis includes photometry
from TESS sector 6 and sector 33, follow up ground based photometry
from LCOGT and spectroscopy from HARPS. We combine this data
in a joint model to discern a planet radius of 6.1 ± 0.3 R⊕ , planet
mass of 35 ± 4 M⊕ and an orbital period of 3.7 days. We calculate a
stellar mass of 1.12 ± 0.02 M⊙ and a stellar radius of 1.26 ± 0.04 R⊙ .
We find no indication of additional planets through radial velocity
periodograms and TTV analyis.

We estimate through internal structure models that 27±4% of the
mass of TOI-2498 b constitutes a gaseous envelope. We present the
evaporation history of the planet and find that it is likely a stable
Super-Neptune, with little evaporation having taken place throughout
its lifetime. We find that TOI-2498 b likely started its life as a puffy
Saturn-sized world before shrinking to its current size over 3.6 ± 1.1
Gyr.

We highlight similarities in mass, radius, period and temperature
in TOI-2498 b and WASP-166 b and suggest that there is potential for
comparative atmospheric studies between the two planets. We also
point out that spectroscopic atmospheric observations would allow
for constraints on water content and atmospheric metallicity. This
would improve our abilities to study the composition and internal
structure of TOI-2498 b.

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/advance-article/doi/10.1093/m
nras/stad1452/7165762 by guest on 17 M

ay 2023

https://github.com/jorgefz/photoevolver
https://github.com/jorgefz/photoevolver


O
R
IG

IN
A

L
 U

N
E
D

IT
E
D

 M
A

N
U

S
C

R
IP

T

TOI-2498 b: A hot bloated super-Neptune within the Neptune desert 11

101 102 103

Age [Myr]

100

101

102

Ro
ta

tio
n 

pe
rio

d 
[d

ay
s]

Model mean
±2  model spread
Stellar age

101 102 103

Age [Myr]

1029

1030

1031

X-
ra

y 
lu

m
in

os
ity

 [e
rg

/s
]

Figure 10. Left panel: spin evolution models for a 1.1 M⊙ star following the models by Johnstone et al. (2021). These include the mean and 2𝜎 spread in
starting rotation periods. The current age of TOI-2498, and its uncertainty, are shown as a red line and shaded region, respectively. Right panel: models of the
X-ray luminosity evolution for a 1.1 M⊙ star, akin to the left panel.
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Figure 11. Left panel: plot of planet radius against age. The black lines represents the evolution of the radius of TOI-2498 b under photoevaporation, both the
mean (solid line) as well as 1𝜎 spread (dotted lines) based on the errors on the present-day mass, radius, and age, which are plotted as a red circle. Right panel:
plot of the planet’s envelope mass fraction against age, following the left-hand panel.
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