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Abstract

Context. The structure and evolution of close-in exoplanets are shaped by atmospheric loss and migration processes, which give rise to key population features such as the hot Neptune desert, ridge, and savanna – regions of the period-radius space whose boundaries offer critical insights into planetary formation and survival.

Aims. As part of the KESPRINT collaboration, we selected the TESS transiting planet candidate TOI-3862.01 for radial velocity follow-up to confirm its planetary nature and characterize its mass and bulk properties. This planet candidate is of particular interest due to its position in the middle of the hot Neptune desert, making it a valuable probe for testing theories of planet migration and atmospheric loss.

Methods. We confirmed the planetary nature and determined the mass of TOI-3862.01 (hereinafter TOI-3862 b) by performing a joint fit with both transit and radial velocity data, precisely characterizing the bulk properties of this planet.

Results. TOI-3862b is a super-Neptune on a 1.56-day orbit around a Sun-like star with an effective temperature of 5300±50 K. It has a mass of 53.7−2.9+2.8 M⊕ and a radius of 5.53 ± 0.18 R⊕, corresponding to a density of 1.7±0.2 g/cm3. This places it among the rare population of hot and dense super-Neptune desert planets.

Conclusions. TOI-3862b, residing deep in the hot Neptune desert, represents a rare occurrence in an otherwise sparsely populated region, offering a valuable opportunity to probe the processes that may allow planets to survive in such environments.
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1 Introduction
Intermediate-size exoplanets, particularly those with radii between 4 and 10 R⊕, exhibit notable distribution features that challenge our understanding of planet formation and evolution. Among these is the so-called hot Neptune desert – a region of parameter space at short orbital periods (≲3.2 days) where planets between the sizes of Neptune and Saturn are rare despite their detection advantages (e.g., Lecavelier Des Etangs 2007; Benítez-Llambay et al. 2011; Szabó & Kiss 2011; Mazeh et al. 2016; Castro-González et al. 2024a). The origin of this desert remains an open question, with leading theories invoking atmospheric photoevaporation, tidal disruption, and inhibited formation or migration pathways as possible explanations (e.g., Mazeh et al. 2016; Matsakos & Königl 2016; Owen & Lai 2018).
Recent studies have revealed additional planet occurrence structures in the close-in exo-Neptunian landscape. The Neptunian ridge, for instance, is a concentration of Neptune-sized planets at orbital periods of ~3.2–5.7 days (Castro-González et al. 2024a), situated between the desert and the more populated Neptunian savanna (Bourrier et al. 2023). The orbital range of the ridge aligns with that of the well-known hot Jupiter pile-up (e.g., Cumming et al. 1999; Udry et al. 2003), suggesting that similar evolutionary processes might be affecting close-in giant planets from Neptune to Jupiter sizes. Interestingly, planets located within the desert and ridge regions often exhibit higher densities than their counterparts in the savanna, with a dividing line at ~1 g cm−3, possibly indicating more extreme atmospheric loss or distinct formation histories (Castro-González et al. 2024b). These features suggest that the transition between planet classes in this regime is driven by a combination of photoevaporation, core composition, and migration dynamics.
In this work, we report the discovery and characterization of TOI-3862 b, a super-Neptune located squarely within the hot Neptune desert. Its position in this sparsely populated region makes it a valuable target for testing atmospheric loss theories and for probing the formation and survival of intermediate-size planets in extreme environments. We describe the photometric and spectroscopic observations in Section 2, detail the stellar characterization in Section 3, present the frequency analysis in Section 4, and describe the joint modeling of the system in Section 5. We also discuss the implications of this discovery with internal structure and atmospheric evolution modeling in Section 6 and put the discovered system in context within the wider population in Section 7, with our conclusions summarized in Section 8.
Table 1 
Stellar properties of TOI-3862.

2 Observations
2.1 Photometric data
2.1.1 TESS photometry
TOI-3862 (TIC 141205978, stellar properties in Table 1) was photometrically monitored at a 2-minute cadence by the Transiting Exoplanet Survey Satellite (TESS, Ricker et al. 2015) between August 2019 and March 2024. The information on the TESS sectors, CCDs (Charge-Coupled Devices), and cameras are reported in Table 2. The Science Processing Operations Center (SPOC) conducted a transit search using an adaptive, noise-compensating matched filter (Jenkins 2002; Jenkins et al. 2010, 2020), which resulted in the identification of a threshold crossing event (TCE). An initial limb-darkened transit model was fit to the signal (Li et al. 2019), and a comprehensive suite of diagnostic tests was applied to evaluate the planetary nature of the event (Twicken et al. 2018). The transit signature was independently detected in full-frame image (FFI) data by the Quick Look Pipeline (QLP) at the Massachusetts Institute of Technology (MIT; Huang et al. 2020a,b). Vetting reports were reviewed by the TESS Science Office (TSO), and the signal was subjected to additional scrutiny across multiple sectors. The transit event was consistently recovered in subsequent observations and successfully passed all diagnostic metrics presented in the data validation reports.
The TESS data were reduced by both the MIT QLP and the TESS SPOC pipeline (Jenkins et al. 2016), performing simple aperture photometry (SAP; Twicken et al. 2010) to produce time series light curves. An additional step to correct for instrumental systematics was performed by the Presearch Data Conditioning (PDCSAP) algorithm (Smith et al. 2012; Stumpe et al. 2012). For our target, we downloaded the SPOC light curve from the Mikulski Archive for Space Telescopes (MAST1) and used the PDCSAP data for the light curve fit (Sect. 5).
We checked for additional sources that could contaminate the TESS flux of our target. To do so, we first used tpfplotter2 (Aller et al. 2020) to overlay the sources from Gaia Data Release 3 (Gaia Collaboration 2023) onto the target pixel files (TPFs; see Figure 1), and then used TESS-cont3 (Castro-González et al. 2024b) to compute the flux fractions in the SPOC apertures coming from these sources. For TOI-3862, the most contaminating source is TIC 141205984 (pixel row 1182, pixel column 613) with a 0.03% contribution. Following Livingston et al. (2018a,b); de Leon et al. (2021); Castro-González et al. (2022), and considering the transit depths of the planetary candidate estimated by the SPOC pipeline, we find that the transits observed in the TOI-3862 aperture cannot be generated by any Gaia contaminant source.
Table 2 
Summary of TESS observations for TOI-3862, including sector, CCD number, camera, and observation cadence.

2.1.2 TFOP follow-up light curves
To check the deblended TESS transit depths, place limits on transit depth chromaticity, and refine the transit ephemerides, we acquired ground-based follow-up photometry of the fields around TOI-3862 as part of the TESS Follow-up Observing Program (TFOP; Collins 2019)4. 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 three transit windows of the planet candidate using KeplerCam on the 1.2 m telescope at the Fred Lawrence Whipple Observatory, the 0.4 m telescope at Observatori Astronòmic Albanyà (OAA) located in Albanyà, Girona, Spain, the LCOGT 0.35 m network node at Haleakala Observatory on Maui, Hawai’i (LCO 2 m 0 Hal), USA, and the multiband imager MuSCAT2 (Narita et al. 2019), mounted on the 1.5 m Telescopio Carlos Sánchez (TCS) at the Teide Observatory in Tenerife, Spain. MuSCAT2 is equipped with four CCDs, enabling simultaneous imaging in the g′, r′, i′, and zs bands with minimal readout time. Each CCD has 1024 × 1024 pixels, providing a field of view of 7.4 × 7.4 arcmin2. To prevent saturation, the telescope was slightly defocused. Due to connection issues, the i′-band camera was unavailable during the observations. Exposure times were set to 15, 45, and 45 seconds in the g′, r′, and zs bands, respectively. The raw images were processed using the MuSCAT2 data reduction pipeline (Parviainen et al. 2019), which performs dark and flat-field corrections, aperture photometry, and transit model fitting, accounting for instrumental systematics.
All LCOGT 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). AstroImageJ was used to both calibrate and extract differential photometric data from images provided by all other observatories. All follow-up light curves were extracted using small circular photometric apertures that excluded all flux from the nearest known Gaia DR3 catalog neighbor of the target star. The light curves are available on the EXOFOP-TESS website5 and summarized in Table 3, and were jointly fit in the manner described in Sect. 5.
	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 Left: TESS TPF of Sector 22 for TOI-3862. The color bar represents the electron counts for each pixel. The orange squares denote the pixels chosen by the TESS pipeline for aperture photometry. All sources from Gaia DR3 are overlaid on the plot and depicted as circles of varying sizes, corresponding to their G-mag difference relative to the target (as detailed in the legend). This visualization was generated using the tpfplotter code (Aller et al. 2020). Gray arrows indicate the proper motion directions for all sources shown in the plot. Right: TESS heat maps, generated through TESS-cont (Castro-González et al. 2024b), showing the percentage of the flux in each pixel that comes from the target star. The five most contaminating Gaia DR3 sources are overlaid with sizes scaling with their emitted fluxes.



Table 3 
Summary of TFOP ground-based light curve follow-up of TOI-3862.

2.1.3 Ground-based archival data
We analyzed publicly available archival data of TOI-3862 from ASAS-SN (Shappee et al. 2014; Kochanek et al. 2017; Hart et al. 2023), the WASP transit survey (Pollacco et al. 2006), and ZTF (Bellm et al. 2019; Masci et al. 2019) to look for the rotational modulations of the host star. The ASAS-SN g band time series has 470 points with a baseline of ~2200 days, while the V band observations consist of 260 points spanning ~2000 days. The ZTF g band dataset has 660 observations with a baseline of ~1950 days. No significant peak was found in the periodogram for the ASAS-SN and ZTF datasets. WASP covered this target in 2011 and 2012, though spanning only 60 nights in each year, with a total of 17 000 data points. Again, no rotational modulation is seen, with a 95% confidence upper limit of 2 mmag.
2.2 Spectroscopic data
TOI-3862 is part of the follow-up carried out within the KESPRINT collaboration6 in order to determine the mass of small and intermediate-size planets, and has been observed with the visible spectrograph HARPS-N (Cosentino et al. 2014) at Telescopio Nazionale Galileo (TNG) in La Palma, Spain, through the observing programs CAT19A_162, CAT21A_119, CAT22A_111 (PI: Nowak), ITP19_1 (PI: Palle), CAT20B_80 (PI: Casasayas), CAT23A_52, and CAT23B_74 (PI: Carleo).
We collected 28 HARPS-N radial velocities (RVs) between 25 March 2022 and 26 June 2023 UT with an exposure time of 3300 s, and average S/N of 35. We used a G2 mask, appropriate for the spectral type of the star, and a CCF width of 30 km s−1, obtaining an average RV uncertainty of 3 m s−1 and a RMS (root mean square) of 24 m s−1. The data for TOI-3862 are listed in Table A.1. We also obtained the [image: Mathematical equation: $\[\log~ \mathrm{R}_{\mathrm{HK}}^{\prime}\]$], S-index, bisector, CCF contrast, and CCF full width at half maximum (FWHM) from the HARPS-N DRS, while the chromospheric index CRX, differential line width (dLW), H-alpha, and the sodium lines Na1 and Na2 were obtained from serval (Zechmeister et al. 2018).
Table 4 
Spectroscopic parameters for TOI-3862, as derived in this work.

2.3 High-resolution imaging
As part of the validation process for transiting exoplanets, we assessed the possible contamination by nearby stars. This is also important for the derived planetary radii (Ciardi et al. 2015; Furlan & Howell 2017, 2020; Lillo-Box et al. 2012, 2014, 2024). For this, our star was observed with optical speckle, lucky-imaging, and near-infrared adaptive optics imaging.
2.3.1 Optical speckle imaging
TOI-3862 was observed on 31 March 2022 UT with the speckle polarimeter on the 2.5-m telescope at the Caucasian Observatory of Sternberg Astronomical Institute (SAI) of Lomonosov Moscow State University. An electron-multiplying CCD detector Andor iXon 897 was used (Safonov et al. 2017). We used the Ic band with an angular resolution of 0.083″. No companions were detected. The detection limits at distances of 0.25 and 1.0″ from the star are ΔIc = 3.8m and 6.9m.
2.3.2 Near-infrared AO imaging
Observations of TOI-3862 were made on 19 May 2022 UT with the PHARO instrument (Hayward et al. 2001) on the Palomar Hale (5m) behind the P3K natural guide star adaptive optics (AO) system (Dekany et al. 2013). The pixel scale for PHARO is 0.025″. The data were collected in a standard 5-point quincunx dither pattern. The reduced science frames were combined into a single mosaiced image with a final resolution of ~0.1″.
The sensitivity of the final combined AO images was determined by injecting simulated sources azimuthally around the primary target every 20° at separations of integer multiples of the central source’s FWHM (Furlan et al. 2017). The brightness of each injected source was scaled until standard aperture photometry detected it with a 5σ significance. The final 5σ limit at each separation was determined from the average of all of the determined limits at that separation and the uncertainty on the limit was set by the RMS dispersion of the azimuthal slices at a given radial distance.
3 Stellar modeling
We employed three methods to retrieve the stellar parameters. Below, we describe each method in detail.
3.1 BACCHUS+PARAM
The analysis of the stellar spectra was carried out by using the BACCHUS code (Masseron et al. 2016, with updates from Hayes et al. 2022), relying on the MARCS model atmospheres (Gustafsson et al. 2008), and using the co-added HARPS-N spectrum. Effective temperatures (Teff) were derived by requiring no trend of the FeI lines abundances against their respective excitation potential. Surface gravities (log g) were determined by requiring an ionization balance between FeI lines and the FeII line. Microturbulence velocity values (ξt) were also derived by requiring no trend of Fe line abundances against their equivalent widths. The output metallicity is represented by the average abundance of the FeI lines. We used the HARPS-N spectra to measure the stellar projected rotational velocity (v sin i) using the average of the Fe line broadening after having subtracted the instrument and natural broadening (we neglect macroturbulence velocity for such a cool dwarf). This technique led to only an upper limit of <3.5 km s−1, suggesting a relatively long stellar rotation period (>13 days).
In a second step, we used the Bayesian tool PARAM (Bressan et al. 2012; Rodrigues et al. 2017) to derive the stellar mass and radius, utilizing the updated Gaia luminosity along with our spectroscopic temperature. However, such Bayesian tools underestimate the error budget as they do not take into account the systematic errors between different sets of isochrones due to the various underlying assumptions in the respective stellar evolutionary codes (e.g., convection treatment, boundary conditions, opacities, and element diffusion). In order to have an estimate of those systematic errors, we combined the results of the two sets of isochrones provided by PARAM (i.e., MESA and Parsec) and added the difference between the two sets of results to the error budget provided by PARAM. We emphasize that although the use of the two sets of isochrones may mitigate the underlying systematic errors, our formal error budget for radius and luminosity may still be underestimated, as is demonstrated by Tayar et al. (2022). However, it appears that the results of this error analysis do not significantly affect our analysis of TOI-3862. The results of this analysis are shown in Table 4.
3.2 SPECIES+ARIADNE
We also derived the stellar parameters through the SPECIES algorithm (Soto & Jenkins 2018) applied to the co-added spectrum to derive the chemical abundances. These abundances then act as priors for ARIADNE, which is a Bayesian model averaging (BMA) algorithm for nearby stars (Vines & Jenkins 2022) to get constraints on the bulk parameters.
SPECIES estimates key atmospheric parameters, including Teff, metallicity ([Fe/H]), log g, and ξt. Initially, the code calculates the equivalent widths (W) of Fe I and Fe II lines. These measurements, along with an interpolated grid of ATLAS9 atmospheric models (Castelli & Kurucz 2004), are provided to MOOG (Sneden 1973), which solves the radiative transfer equation. During this process, Fe line abundances are analyzed as functions of excitation potential and W, under the assumption of local thermodynamic equilibrium. Atmospheric parameters are iteratively refined until no correlation is found between the iron abundance and the excitation potential or reduced equivalent width (W/λ). Finally, the v sin i is calculated using temperature-based calibrators and by fitting the observed coadded spectral absorption lines with synthetic line profiles. The spectroscopic results are then analyzed with ARIADNE, which leverages several stellar evolution models within a BMA framework to derive posterior distributions of fundamental stellar properties, including radius and mass, while systematically marginalizing over model-dependent uncertainties (the obtained values are displayed in Table 4).
	[image: Thumbnail: Fig. 2 Refer to the following caption and surrounding text.]	Fig. 2 Spectral energy distributions of TOI-3862. Red symbols represent the observed photometric measurements, where the horizontal bars represent the effective width of the pass-band. Blue symbols are the model fluxes from the best-fit PHOENIX atmosphere model (black). The absolute flux-calibrated Gaia spectrum is shown as a gray swathe in the inset figure.



3.3 Spectral energy distribution
An analysis of the broadband spectral energy distribution (SED) of the star was performed together with the Gaia DR3 parallax, in order to determine an empirical measurement of the stellar radius (Stassun & Torres 2016; Stassun et al. 2017, 2018). Where available, the JHKS magnitudes were sourced from 2MASS, the W1–W4 magnitudes from WISE, the GBP and GRP magnitudes from Gaia, and the NUV magnitude from GALEX. The absolute flux-calibrated Gaia spectrum was also utilized. Together, the available photometry spans the full stellar SED over the wavelength range of at least 0.4–10 μm and as much as 0.2–20 μm (Figure 2).
A fit using PHOENIX stellar atmosphere models (Husser et al. 2013) was performed, adopting Teff, [Fe/H], and log g from the spectroscopic analysis. The extinction, AV, was fit for, limited to the maximum line-of-sight value from the Galactic dust maps of Schlegel et al. (1998). Integrating the (unreddened) model SED gives the bolometric flux at Earth, Fbol. Taking the Fbol together with the Gaia parallax directly gives the bolometric luminosity, Lbol. The Stefan-Boltzmann relation then gives the stellar radius, R⋆. In addition, the stellar mass was estimated using the empirical relations of Torres et al. (2010). Finally, the system age may be estimated from the observed chromospheric activity, [image: Mathematical equation: $\[R_{\mathrm{HK}}^{\prime}\]$], and the empirical activity-age relations of Mamajek & Hillenbrand (2008); these same relations also predict the stellar rotation period via an empirical gyrochronology relation.
The best fit has AV = 0.02 ± 0.02, with a reduced χ2 of 1.5, Fbol = 3.1991 ± 0.0050 × 10−10 erg s−1 cm−2, Lbol = 0.6214 ± 0.0021 L⊙, and estimated rotation period of 22±3 d, the latter from the empirical activity-rotation relations of Mamajek & Hillenbrand (2008). The resulting fit is shown in Figure 2 and the derived parameters are reported in Table 4. The metallicity and age estimates confirm that TOI-3862 is part of the Galactic thin disk population.
4 Periodogram analysis
We performed a frequency analysis by employing the GLS periodograms in order to investigate the signals in the TESS light curves and RV dataset (Table A.1), as well as in the activity indicators (Tables A.2 and A.3). While the TESS data do not show any significant additional periodicity, the RV periodograms show the most significant peak at the period of the transiting planet (see Figure 3). The frequency analysis reveals several peaks in the periodograms of the stellar activity indicators, with varying levels of significance. We note that the maximum power period of the [image: Mathematical equation: $\[\log~ \mathrm{R}_{\mathrm{HK}}^{\prime}\]$] index coincides with the periodicity of the TESS transit signal (i.e. ≃1.5 days). Interestingly, stellar activity synchronized with the orbit of close-in planets is typically interpreted as a manifestation of magnetic star-planet interactions (MSPIs, e.g., Cuntz et al. 2000), and, today, dozens of these signs have been reported in systems with massive close-in giant planets (e.g., Shkolnik et al. 2003, 2005; Cauley et al. 2019; Castro-González et al. 2024c). TOI-3862, hosting a massive super-Neptune (see Sect. 5) well inside the Alfvén radius (≃10 R⊙), represents an interesting candidate for the detection and study of MSPIs (e.g., see the <MADK> – Mpsin(i)/Porb correlation by Shkolnik & Llama 2018). However, given that the [image: Mathematical equation: $\[\log~ \mathrm{R}_{\mathrm{HK}}^{\prime}\]$] signal is still not significant (the peak is below FAP=1%), we remain cautious about its interpretation. Overall, since each activity index displays different periodic signals, the Gaussian process (GP) model used in the joint fit (Section 5) was assigned with wide, uninformative priors on the stellar rotation period (ranging from 2 to 100 days) to allow for flexibility in capturing the relevant timescales. In the periodogram plots (Figure 3), two shaded regions highlight the estimated stellar rotation periods: the red region corresponds to the value inferred from the SED analysis (Section 3.3), while the orange region ([image: Mathematical equation: $\[49_{-32}^{+38}\]$] days) shows the posterior distribution from the joint fit using the GP (Section 5).
The rotational period of TOI-3862 inferred from the GP encompasses the SED-based estimate and some weak peaks in the activity periodograms fall within this range. However, due to the low significance of these signals (and the fact that this star is chromospherically inactive i.e., [image: Mathematical equation: $\[\log~ \mathrm{R}_{\mathrm{HK}}^{\prime}<-4.75\]$]; Vaughan & Preston 1980; Middelkoop 1982; Henry et al. 1996; Gondoin 2020), no firm conclusion can be drawn regarding the stellar rotation.
5 Planetary system modeling
We performed a global fit with RVs and photometric transit data in order to obtain the planetary system parameters. We used the package PyORBIT7 (Malavolta et al. 2016, 2018). For the transit modeling of the light curves, we used the package batman (Kreidberg 2015), which implements the quadratic limb darkened transit model by Mandel & Agol (2002), and an additional local polynomial trend is included for each transit (since the TESS light curves were not previously detrended). This model includes the time of the first inferior conjunction, Tc, the orbital period, P, the impact parameter, b, the eccentricity, e, and argument of periastron, ω, following the parametrization from Eastman et al. 2013 ([image: Mathematical equation: $\[\sqrt{e} ~\cos~ \omega, \sqrt{e} ~\sin~ \omega\]$]), the quadratic limb darkening (LD) coefficients following the Kipping (2013) parametrization, the scaled planetary radius, RP/R⋆, and the stellar mass, M⋆, and radius, R⋆. We assigned Gaussian priors on the stellar mass and radius obtained from the stellar analysis in Section 3.1. We also imposed Gaussian priors for the LD coefficients, obtained with the code PyLDTk8 (Parviainen & Aigrain 2015; Husser et al. 2013) for each photometric dataset, but increasing the errors to 0.1, in order to avoid significant deviations between measured and predicted LD coefficients (Patel & Espinoza 2022). The impact parameter, b, was set as a free parameter (e.g., Frustagli et al. 2020) and the dilution factor was not included in the fit since the PDCSAP had already been corrected for crowding (see Sect. 2).
Possible systematics and stellar activity noise were taken into account in the RV data by adding offset and jitter terms to the fit. The parameter space was sampled by using the dynamic nested sampler dynesty9 (Speagle 2020; Koposov et al. 2022), employing 1000 live points. We tested models both with and without a GP component. When including the GP, we utilized the george package (Ambikasaran et al. 2015), adopting a quasi-periodic kernel as defined by Grunblatt et al. (2015). In this formulation, h denotes the amplitude of the correlations, θ corresponds to the stellar rotation period, ω characterizes the length scale of the periodic component (related to the evolution of active regions), and λ represents the decay timescale of the correlations. To assess the significance of the tested models, we calculated the Bayesian evidence (log𝒵) from the nested sampling procedure. We found a difference of Δlog𝒵 > 3 in favor of the more complex GP model, which is not enough to be considered as the preferred model (Jeffreys 1961). In addition, the posterior distributions of the model parameters are consistent with each other, so we adopt hereafter the values obtained from the model without GP. We find that TOI-3862b has an orbital period of 1.56 days and an eccentricity of [image: Mathematical equation: $\[0.0232_{-0.0054}^{+0.0071}\]$]. The planet has a mass of [image: Mathematical equation: $\[53.7_{-2.9}^{+2.8}\]$] M⊕ and a radius of 5.53 ± 0.18 R⊕. The full set of system parameters derived from the fit is summarized in Table 5, the transit fits are shown in Figure 4, and the RV model fit is shown in Figure 5. For completeness, we also present the system parameters derived from the fit with the GP in the Appendix B.
	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 GLS periodograms for TOI-3862. The periodograms were performed for the RV dataset, its residuals (after subtracting the fit model), and all the activity indicators obtained through the HARPS-N DRS ([image: Mathematical equation: $\[\log~ \mathrm{R}_{\mathrm{HK}}^{\prime}\]$], S-index, Bisector, CCF Contrast, and CCF FWHM) and serval (chromospheric index CRX, dLw, H-alpha, and the sodium lines Na1 and Na2). The stellar rotation period, highlighted by the orange region in the periodograms, corresponds to the result of the joint fit using GPs with broad period boundaries (2–100 days), as described in Section 5. The red region indicates the rotation period estimated from the SED analysis (see Section 3.3). The dashed red line marks the period corresponding to the maximum power in the periodograms, while the green line denotes the orbital period of planets b.



6 Internal structure and atmospheric evolution for TOI-3862b
We used the JADE code10 to model the internal structure and atmospheric evolution of TOI-3862b. This approach constrains the current internal composition of the planet and estimates its mass at the time of disk dispersal.
JADE employs a Monte Carlo Markov chain (MCMC) approach to retrieve the planet’s internal structure, including the mantle-to-planet mass fraction, envelope-to-planet mass fraction, and envelope metallicity. The model is constrained by the observed planetary mass, radius (Table 5), and estimated system age (from Sect. 3.3, since it provides smaller uncertainties while remaining consistent within errors with the other methods), accounting for stellar irradiation (including X-rays and extreme ultra-violet) and internal heating from the planet core.
The planet is modeled with a differentiated structure: an iron core, a silicate mantle, and a hydrogen and/or helium-dominated envelope with a helium mass fraction set to Y = 0.2 (for consistency with Neptune; Hubbard et al. 1995; Helled et al. 2020). The envelope consists of an upper radiative layer and a lower region where energy is transported by radiation and convection, respectively. The Rosseland mean opacity of the envelope is increased by including trace metals with solar abundances, controlled by the metallicity parameter (Zmet). The envelope structure is integrated from the top of the atmosphere downward, using a 1D thermodynamic model and polytropic equations of state for the core and mantle (Seager et al. 2007), iterating until the total integrated mass reaches zero at the center (e.g., Lopez & Fortney 2013; Jin et al. 2014).
We performed three sets of structure retrievals – at the nominal age of the system (7.5 Gyr) and at the ±3σ age limits – to explore how age uncertainty affects the inferred structure. Each run uses 30 000 MCMC steps with 30 walkers and 6000 burn-in steps to ensure convergence in the resulting internal structure’s quantities. Across the different assumed ages, the derived quantities vary within their respective 1σ uncertainties, so we report the values and uncertainties from the nominal age in Table 5.
In the next step, we fixed the core and mantle mass fraction, as well as the atmospheric metallicity to a small nonzero value (Zmet~0.04) derived from the previous internal structure retrieval. This choice reflects a more realistic atmospheric structure, while the exact close-to-zero value has little influence on the outcome (see Attia, M. et al. 2025, Fig. 1).
In contrast to studies in which atmospheric erosion is delayed due to high-eccentricity migration (Attia et al. 2021; Attia, M. et al. 2025), allowing the planet to escape strong irradiation at close orbital distance from the young host star, we assume here that the planet migrated early on within the disk and remained near its current close-in orbit for most of its lifetime, experiencing prolonged and intense stellar irradiation. This justifies fixing the planet’s orbit in our simulations starting at 10 Myr, as it would have already reached its close-in configuration by then. Since the evolution of the stellar EUV and X-ray flux is accounted for, the resulting mass loss is not necessarily an upper limit, unless the migration occurred later through a different mechanism. This approach allows us to estimate the planet’s maximum possible initial mass by fixing it in its current close-in orbit, thereby maximizing its exposure to stellar irradiation and atmospheric erosion over time. The stellar bolometric and XUV (X-ray and extreme ultraviolet) luminosity curves were derived from the GENEC stellar evolution code (Eggenberger et al. 2008), describing how the changing stellar output influences the heating and atmospheric evolution of the planet.
In an early disk-driven migration scenario, we turned off dynamical evolution in the JADE simulations and fixed the planet’s orbit to its present-day configuration. The atmospheric evolutionary was run from the expected time of disk dissipation to approximately 13 Gyr, ensuring full coverage of the systems’ age estimates within 3σ. The simulation traces the evolution of the planet envelope mass and radius, allowing us to constrain the maximum initial mass of the planet by initializing a suite of simulations from the measured present-day value (0.17 MJ) up to 1 MJ. We fit the planetary radius simulated at the estimated system age to the measured present-day value. The retrieval was performed through importance sampling, allowing us to build a posterior distribution for the initial mass and use its median and highest-density intervals (HDIs) as a best-fit value and associated uncertainty range (Figure 6, left panel). This best-fit value, which reproduces the presentday properties through atmospheric escape in a fixed-orbit, high-irradiation scenario, can be interpreted as the planet’s maximum allowable initial mass. Any higher mass would retain too much atmosphere and exceed the observed mass and is therefore excluded.
Figure 6 presents the atmospheric evolution of TOI-3862 b. We performed simulations over a grid of initial planet mass from 0.17 to 1.0 MJ. The best-fit simulation (blue curve in right panel) corresponds to an initial mass of [image: Mathematical equation: $\[70.6_{-2.6}^{+2.7}\]$] M⊕ (or ~0.22 MJ) and initial radius of 8.49 R⊕, with an initial envelope mass of 25.8 M⊕, corresponding to around 37% of the total mass. Due to TOI-3862 b’s old age (~7.5 Gyr), it has undergone prolonged atmospheric loss and reached a plateau in its mass and radius evolution. The change in the planet’s radius and nature, from a Saturn-size to a Neptune-size planet, is also illustrated in Figure 7 (left panel).
Table 5 
TOI-3862 parameters from the transit and RV joint fit, obtained with the model without GP, as well as parameters from internal structure retrievals and the atmospheric evolution.

	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 TESS and ground-based light curves with binned data for TOI-3862 b, together with the models obtained from the joint fit.



	[image: Thumbnail: Fig. 5 Refer to the following caption and surrounding text.]	Fig. 5 HARPS-N RV data for TOI-3862, with the 1p+GP model overplotted.



	[image: Thumbnail: Fig. 6 Refer to the following caption and surrounding text.]	Fig. 6 JADE simulations of atmospheric evolution for TOI-3862 b. Left: posterior distribution of the initial planet mass. The median is marked by a blue line; the 1σ HDI is shown as dashed green lines. Right: temporal evolution of the planet’s radius in the best-fit simulation (blue) and a representative set within the 1σ HDI (green). The red point indicates the measured age and radius, with associated uncertainties. An inset shows a zoomed-in view of the planet radius over a narrower range.



	[image: Thumbnail: Fig. 7 Refer to the following caption and surrounding text.]	Fig. 7 Left: planet radius vs. orbital period for all known exoplanets, highlighting the hot Neptune desert, ridge, and savanna derived by Castro-González et al. (2024a). We note that this updated definition of the hot Neptune desert is much stricter than the original one by Mazeh et al. (2016), with less than 10% as many planets in it. The arrows represent the evolution of the planet’ radius from the initial value to the current value. Right: density–period diagram of all planets with radii between 4.5 and 8.5 R⊕ and densities constrained to precisions better than 33%, with the hot Neptune desert planet, TOI-3862b, overplotted. These plots were generated with nep-des (https://github.com/castro-gzlz/nep-des).



	[image: Thumbnail: Fig. 8 Refer to the following caption and surrounding text.]	Fig. 8 Mass–radius diagram for exoplanets with measured masses and radii, showing the population of known planets alongside theoretical composition models from Zeng et al. (2016) (solid and dashed curves). TOI-3862 b is overplotted in orange color.



7 Mass–radius relation and hot Neptune desert
TOI-3862 b presents a compelling case study of planetary structure and atmospheric evolution within the hot Neptune desert. With a precisely (19-σ) measured mass of [image: Mathematical equation: $\[53.7_{-2.9}^{+2.8}\]$] M⊕ and a radius of 5.53 ± 0.18 R⊕, TOI-3862b lies above the pure water composition curve and below the cold hydrogen model in the mass–radius diagram (see Figure 8). This location is indicative of a planet with a high heavy-element content and a relatively small H/He envelope. These inferences are supported by the internal structure modeling performed with the JADE code (see Sect. 6), which suggests that TOI-3862b currently retains an H/He envelope comprising ~17% of the planet’s mass, overlying a dense core composed primarily of rock and metal.
With an orbital period of ~1.56 days and a radius of ~5.53 R⊕, TOI-3862b lies squarely in the middle of the so-called hot Neptune desert (see Figure 7, left panel) – a region of parameter space sparsely populated by planets due to the expected effects of photoevaporation and atmospheric stripping. The existence of planets in this desert poses important constraints on atmospheric retention and migration history, especially in high-irradiation environments. In terms of bulk density, TOI-3862b has a measured density of 1.75 ± 0.20 g cm−3, placing it among the densest super-Neptunes in this regime. In particular, TOI-3862b follows the empirical density-period trend described by Castro-González et al. 2024b (Figure 7, right panel), where super-Neptune-size planets that survive in the desert tend to have bulk densities exceeding 1 g cm−3, similar to the super-Neptunes in the ridge, and in contrast to the longer-period savanna planets, which typically show densities below 1 g cm−3. Using the NASA Exoplanet Archive (NEA) catalog11, we constructed a comparative sample by selecting confirmed exoplanets with orbital periods ≤3.2 days and radii between 4.5 and 8.5 R⊕, which defines the empirical boundaries of the desert in the super-Neptune domain (Castro-González et al. 2024a). Within this sample, TOI-3862b ranks as the second densest planet (after TOI-1288 b, with mean density of ~1.97 g cm−3, Knudstrup et al. 2023; Polanski et al. 2024), reinforcing the view that intermediate-size desert survivors are rare, dense, and likely possess high heavy-element fractions.
8 Conclusions
We report the confirmation and detailed characterization of TOI-3862 b, a dense sub-Saturn orbiting a G-type host star with an effective temperature of ~5300 K. TOI-3862b has a mass of [image: Mathematical equation: $\[53.7_{-2.9}^{+2.8}\]$] M⊕, a radius of 5.53 ± 0.18 R⊕, and an orbital period of ~1.56 days, placing it well within the so-called hot Neptune desert – a region of parameter space sparsely populated due to efficient atmospheric stripping under intense stellar irradiation. From its measured bulk properties, we determine a density of 1.75 ± 0.20 g cm−3. On the mass–radius diagram, TOI-3862b lies above the pure water curve and below the cold hydrogen model, consistent with a metal-rich composition and a relatively modest gaseous envelope. This is corroborated by internal structure modeling using the JADE code: despite its strong irradiation environment, our modeling suggests that the planet retains a minimal H/He envelope (15–17% H/He envelope, 40–45% silicate mantle, and 38–41% iron core, depending on the assumed system age), with nearly all of its original atmosphere having been lost over time. Its radius evolution history supports theories of atmospheric stripping over gigayear timescales. In-transit RVs offer a unique opportunity for future studies, particularly for constraining mass loss through high-resolution transmission spectroscopy targeting escaping hydrogen and helium. Such observations could help place limits on atmospheric escape rates in highly irradiated planets. Additionally, in-transit RVs are subject to the Rossiter–McLaughlin (RM) effect, with TOI-3862b expected to produce an RM amplitude of approximately 6 m s−1. Dedicated RM observations could help characterize the system’s spin–orbit alignment, providing valuable insights into its dynamical history and formation pathways.
We further find that TOI-3862b follows the empirical density–period trend established by Castro-González et al. (2024b), whereby a fraction of super-Neptunes in the desert and ridge are found with high densities (ρP ≃ 1.5–2.0 g cm−3), in contrast to the longer-period low-density (ρP ≤ 1 g cm−3) savanna planets. Within a sample of exoplanets from the NEA catalog with orbital periods of ⩽ 3.2 days and radii of between 4.5 and 8.5 R⊕ (i.e. the desert boundaries for intermediate-size planets; Castro-González et al. 2024a), TOI-3862b emerges as the second densest known planet in this regime (after TOI-1288 b), highlighting its significance as a benchmark object for studies of planetary structure and atmospheric evolution under extreme stellar irradiation conditions.
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Appendix A  RV datasets
Table A.1 
Time series of TOI-3862 from HARPS-N data: Julian dates, RVs and their related uncertainties.

Table A.2 
Time series of TOI-3862 activity indicators from HARPS-N Data Reduction Software: bisector, CCF contrast, CCF FWHM, S-index, [image: Mathematical equation: $\[\log~ \mathrm{R}_{\mathrm{HK}}^{\prime}\]$], and their related uncertainties.

Table A.3 
Time series of TOI-3862 activity indicators from serval: chromospheric index CRX, differential line width dLW, H-alpha, the sodium lines Na1 and Na2, and their related uncertainties.


Appendix B  System Parameters from the fit including the GP
Table B.1 
TOI-3862 parameters from the transit and RV joint fit, obtained with the model with GP.
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	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 Left: TESS TPF of Sector 22 for TOI-3862. The color bar represents the electron counts for each pixel. The orange squares denote the pixels chosen by the TESS pipeline for aperture photometry. All sources from Gaia DR3 are overlaid on the plot and depicted as circles of varying sizes, corresponding to their G-mag difference relative to the target (as detailed in the legend). This visualization was generated using the tpfplotter code (Aller et al. 2020). Gray arrows indicate the proper motion directions for all sources shown in the plot. Right: TESS heat maps, generated through TESS-cont (Castro-González et al. 2024b), showing the percentage of the flux in each pixel that comes from the target star. The five most contaminating Gaia DR3 sources are overlaid with sizes scaling with their emitted fluxes.
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	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 GLS periodograms for TOI-3862. The periodograms were performed for the RV dataset, its residuals (after subtracting the fit model), and all the activity indicators obtained through the HARPS-N DRS ([image: Mathematical equation: $\[\log~ \mathrm{R}_{\mathrm{HK}}^{\prime}\]$], S-index, Bisector, CCF Contrast, and CCF FWHM) and serval (chromospheric index CRX, dLw, H-alpha, and the sodium lines Na1 and Na2). The stellar rotation period, highlighted by the orange region in the periodograms, corresponds to the result of the joint fit using GPs with broad period boundaries (2–100 days), as described in Section 5. The red region indicates the rotation period estimated from the SED analysis (see Section 3.3). The dashed red line marks the period corresponding to the maximum power in the periodograms, while the green line denotes the orbital period of planets b.
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	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 TESS and ground-based light curves with binned data for TOI-3862 b, together with the models obtained from the joint fit.
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	[image: Thumbnail: Fig. 6 Refer to the following caption and surrounding text.]	Fig. 6 JADE simulations of atmospheric evolution for TOI-3862 b. Left: posterior distribution of the initial planet mass. The median is marked by a blue line; the 1σ HDI is shown as dashed green lines. Right: temporal evolution of the planet’s radius in the best-fit simulation (blue) and a representative set within the 1σ HDI (green). The red point indicates the measured age and radius, with associated uncertainties. An inset shows a zoomed-in view of the planet radius over a narrower range.
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	[image: Thumbnail: Fig. 7 Refer to the following caption and surrounding text.]	Fig. 7 Left: planet radius vs. orbital period for all known exoplanets, highlighting the hot Neptune desert, ridge, and savanna derived by Castro-González et al. (2024a). We note that this updated definition of the hot Neptune desert is much stricter than the original one by Mazeh et al. (2016), with less than 10% as many planets in it. The arrows represent the evolution of the planet’ radius from the initial value to the current value. Right: density–period diagram of all planets with radii between 4.5 and 8.5 R⊕ and densities constrained to precisions better than 33%, with the hot Neptune desert planet, TOI-3862b, overplotted. These plots were generated with nep-des (https://github.com/castro-gzlz/nep-des).
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	[image: Thumbnail: Fig. 8 Refer to the following caption and surrounding text.]	Fig. 8 Mass–radius diagram for exoplanets with measured masses and radii, showing the population of known planets alongside theoretical composition models from Zeng et al. (2016) (solid and dashed curves). TOI-3862 b is overplotted in orange color.
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      Table 1 

      Stellar properties of TOI-3862.

      
        


	Parameter
	
	Ref





	α (ICRS, 2016.0)
	12:23:36.14
	Gaia DR3



	δ (ICRS, 2016.0)
	+50:32:40.65
	Gaia DR3



	μα (mas/yr)
	41.308
	Gaia DR3



	μδ (mas/yr)
	−11.254
	Gaia DR3



	RV (km s−1)
	−27.841±0.483
	Gaia DR3



	π (mas)
	4.0060
	Gaia DR3



	Distance (pc)
	245.7778
	Gaia DR3



	V (mag)
	12.351±0.046
	TIC v1.8



	B (mag)
	13.064±0.1
	TIC v1.8



	G (mag)
	12.2326±0.0002
	Gaia DR3



	GBP-GRP (mag)
	0.968
	Gaia DR3



	TESS (mag)
	11.7201±0.007
	TIC v1.8



	J2MASS (mag)
	11.030±0.023
	TIC v1.8



	H2MASS (mag)
	10.639±0.022
	TIC v1.8



	K2MASS (mag)
	10.548±0.016
	TIC v1.8



	SMW
	0.16±0.01
	This work



	[image: Mathematical equation: $\[\log~ R_{\mathrm{HK}}^{\prime}\]$]
	−5.05±0.10
	This work





      

    

  
    
      Table 2 

      Summary of TESS observations for TOI-3862, including sector, CCD number, camera, and observation cadence.

      
        


	Sector
	CCD number
	Camera
	Cadence (min)





	15
	4
	4
	2



	22
	2
	2
	2



	48
	2
	1
	2



	49
	2
	2
	2



	75
	1
	1
	2



	76
	2
	1
	2





      

    

  
    
      Fig. 1 

      
        [image: Fig. 1 Refer to the following caption and surrounding text.]
      

      
        Left: TESS TPF of Sector 22 for TOI-3862. The color bar represents the electron counts for each pixel. The orange squares denote the pixels chosen by the TESS pipeline for aperture photometry. All sources from Gaia DR3 are overlaid on the plot and depicted as circles of varying sizes, corresponding to their G-mag difference relative to the target (as detailed in the legend). This visualization was generated using the tpfplotter code (Aller et al. 2020). Gray arrows indicate the proper motion directions for all sources shown in the plot. Right: TESS heat maps, generated through TESS-cont (Castro-González et al. 2024b), showing the percentage of the flux in each pixel that comes from the target star. The five most contaminating Gaia DR3 sources are overlaid with sizes scaling with their emitted fluxes.

      

    

  
    
      Table 3 

      Summary of TFOP ground-based light curve follow-up of TOI-3862.

      
        


	Telescope
	Date (UTC)
	Filter
	Phot. aper. Radius (arcsec)
	Nearest Gaia DR3 neighbor (arcsec)
	Transit Coverage





	KeplerCam 1.2 m
	2022-02-05
	Sloan i′
	6.7
	47.9
	Full



	OAA 0.4 m
	2022-05-09
	Ic
	10.1
	47.9
	Full



	TCS-Muscat2 1.52 m
	2022-03-09
	g, r, z
	10.9
	47.9
	full



	LCO-Hal 0.35 m
	2023-03-31
	Sloan g′
	6.3
	47.9
	Full





      

    

  
    
      Table 4 

      Spectroscopic parameters for TOI-3862, as derived in this work.

      
        


	Method
	Teff (K)
	log g⋆ (cgs)
	[Fe/H] (dex)
	Mass (M⊙)
	Radius (R⊙)
	Age (Gyr)
	v sini km s−1





	BACCHUS+PARAMa
	5300±50
	4.4±0.1
	0.11±0.09
	0.90±0.07
	0.92±0.03
	. . .
	<3.5



	SPECIES+ARIADNE
	5380±50
	4.3±0.1
	0.09±0.01
	. . .
	. . .
	[image: Mathematical equation: $\[4.6_{-4.1}^{+2.8}\]$]
	2.3 ± 0.3



	SED
	. . .
	. . .
	. . .
	0.94±0.06
	0.94±0.02
	7.5±1.9
	. . .





      

      
Notes. (a) Values adopted for the joint fit in Sect. 5.




    

  
    
      Fig. 2 

      
        [image: Fig. 2 Refer to the following caption and surrounding text.]
      

      
        Spectral energy distributions of TOI-3862. Red symbols represent the observed photometric measurements, where the horizontal bars represent the effective width of the pass-band. Blue symbols are the model fluxes from the best-fit PHOENIX atmosphere model (black). The absolute flux-calibrated Gaia spectrum is shown as a gray swathe in the inset figure.

      

    

  
    
      Fig. 3 

      
        [image: Fig. 3 Refer to the following caption and surrounding text.]
      

      
        GLS periodograms for TOI-3862. The periodograms were performed for the RV dataset, its residuals (after subtracting the fit model), and all the activity indicators obtained through the HARPS-N DRS ([image: Mathematical equation: $\[\log~ \mathrm{R}_{\mathrm{HK}}^{\prime}\]$], S-index, Bisector, CCF Contrast, and CCF FWHM) and serval (chromospheric index CRX, dLw, H-alpha, and the sodium lines Na1 and Na2). The stellar rotation period, highlighted by the orange region in the periodograms, corresponds to the result of the joint fit using GPs with broad period boundaries (2–100 days), as described in Section 5. The red region indicates the rotation period estimated from the SED analysis (see Section 3.3). The dashed red line marks the period corresponding to the maximum power in the periodograms, while the green line denotes the orbital period of planets b.

      

    

  
    
      Table 5 

      TOI-3862 parameters from the transit and RV joint fit, obtained with the model without GP, as well as parameters from internal structure retrievals and the atmospheric evolution.

      
        


	Parameter
	Prior(a)
	Value(b)





	 Model parameters



	Orbital period Porb (days)
	𝒰[1.2, 1.8]
	[image: Mathematical equation: $\[1.55745774_{-4.2 \times 10^{-7}}^{+3.6 \times 10^{-7}}\]$]



	Transit epoch T0 (BJD – 2 450 000)
	𝒰[9662.0, 9663.0]
	[image: Mathematical equation: $\[9662.73870_{-0.00014}^{+0.00013}\]$]



	[image: Mathematical equation: $\[\sqrt{e} ~\sin~ \omega_{\star}\]$]
	𝒰(−1, 1)
	[image: Mathematical equation: $\[-0.148_{-0.021}^{+0.019}\]$]



	[image: Mathematical equation: $\[\sqrt{e} ~\cos~ \omega_{\star}\]$]
	𝒰(−1, 1)
	[image: Mathematical equation: $\[0.031_{-0.027}^{+0.022}\]$]



	Scaled planetary radius Rp/R⋆
	𝒰[0, 0.5]
	[image: Mathematical equation: $\[0.05508_{-0.00033}^{+0.00036}\]$]



	Impact parameter, b
	𝒰[0, 1]
	[image: Mathematical equation: $\[0.135_{-0.058}^{+0.059}\]$]



	Radial velocity semi-amplitude variation K (m s−1)
	𝒰[0, 50]
	31.77 ± 0.24



	




	Derived parameters



	Planet radius (RJ)
	. . .
	0.493 ± 0.016



	Planet radius (R⊕)
	. . .
	5.53 ± 0.18



	Planet mass (MJ)
	. . .
	[image: Mathematical equation: $\[0.1688_{-0.0090}^{+0.0087}\]$]



	Planet mass (M⊕)
	. . .
	[image: Mathematical equation: $\[53.7_{-2.9}^{+2.8}\]$]



	Eccentricity e
	. . .
	[image: Mathematical equation: $\[0.0232_{-0.0054}^{+0.0071}\]$]



	Scaled semi-major axis a/R⋆
	. . .
	[image: Mathematical equation: $\[8.848_{-0.070}^{+0.074}\]$]



	Semi-major axis a (AU)
	. . .
	[image: Mathematical equation: $\[0.02539_{-0.00068}^{+0.00064}\]$]



	ωP (deg)
	. . .
	[image: Mathematical equation: $\[278.72_{-0.50}^{+0.48}\]$]



	Orbital inclination i (deg)
	. . .
	89.15 ± 0.37



	Transit duration T41 (days)
	. . .
	[image: Mathematical equation: $\[0.05871_{-0.00049}^{+0.00050}\]$]



	Transit duration T32 (days)
	. . .
	[image: Mathematical equation: $\[0.05243_{-0.00049}^{+0.00051}\]$]



	




	Calculated parameters



	Equilibrium Temperature Teq (K)
	
	1539 ± 36



	Planetary density ρP (g cm−3)
	
	1.75 ± 0.20



	




	Other system parameters



	Jitter term σHARPS–N (m s−1)
	𝒰[0, 60]
	[image: Mathematical equation: $\[0.63_{-0.42}^{+0.64}\]$]



	Limb darkening q1, TESS
	𝒩[0.4586, 0.1]
	0.4486 ± 0.0025



	Limb darkening q2, TESS
	𝒩[0.1153, 0.1]
	[image: Mathematical equation: $\[0.1035_{-0.0029}^{+0.0025}\]$]



	Limb darkening q1, KeplerCam(c)
	𝒩[0.4740, 0.1]
	[image: Mathematical equation: $\[0.475_{-0.055}^{+0.038}\]$]



	Limb darkening q2, KeplerCam(c)
	𝒩[0.1155, 0.1]
	[image: Mathematical equation: $\[0.124_{-0.034}^{+0.048}\]$]



	Limb darkening q1, LCO
	N [0.7922, 0.1]
	[image: Mathematical equation: $\[0.782_{-0.047}^{+0.041}\]$]



	Limb darkening q2, LCO
	N [0.0185, 0.1]
	[image: Mathematical equation: $\[0.003_{-0.049}^{+0.052}\]$]



	Limb darkening q1, Muscat2g
	𝒩[0.7925, 0.1]
	[image: Mathematical equation: $\[0.850_{-0.023}^{+0.040}\]$]



	Limb darkening q2, Muscat2g
	𝒩[0.0020, 0.1]
	[image: Mathematical equation: $\[0.032_{-0.032}^{+0.054}\]$]



	Limb darkening q1, Muscat2r
	𝒩[0.5699, 0.1]
	[image: Mathematical equation: $\[0.631_{-0.037}^{+0.041}\]$]



	Limb darkening q2, Muscat2r
	𝒩[0.0014, 0.1]
	[image: Mathematical equation: $\[0.056_{-0.050}^{+0.039}\]$]



	Limb darkening q1, Muscat2z
	𝒩[0.4109, 0.1]
	[image: Mathematical equation: $\[0.384_{-0.046}^{+0.040}\]$]



	Limb darkening q2, Muscat2z
	𝒩[0.0009, 0.1]
	[image: Mathematical equation: $\[0.041_{-0.067}^{+0.035}\]$]



	




	Results from internal structure retrievals



	Envelope-to-planet mass fraction (%)
	. . .
	[image: Mathematical equation: $\[17.3_{-2.8}^{+2.9}\]$]



	Core and mantle mass fraction (%)
	. . .
	[image: Mathematical equation: $\[82.7_{-2.8}^{+2.9}\]$]



	




	Results from atmospheric evolution



	Maximum initial mass (M⊕
	. . .
	[image: Mathematical equation: $\[70.6_{-2.8}^{+2.4}\]$]



	Initial envelope mass (M⊕)
	. . .
	[image: Mathematical equation: $\[25.8_{-1.4}^{+2.1}\]$]



	Initial envelope-to-planet mass fraction (%)
	. . .
	[image: Mathematical equation: $\[36.5_{-3.1}^{+4.6}\]$]



	Initial radius (R⊕)
	. . .
	[image: Mathematical equation: $\[8.5_{-0.1}^{+0.2}\]$]





      

      
Notes. (a) 𝒰[a, b] refers to uniform priors between a and b, 𝒩[a, b] to Gaussian priors with median a and standard deviation b.(b) Parameter estimates and corresponding uncertainties are defined as the median and the 16th and 84th percentiles of the posterior distributions. (c) Same limb-darkening model for KeplerCam and OAAlbany data (i filter).




    

  
    
      Fig. 4 

      
        [image: Fig. 4 Refer to the following caption and surrounding text.]
      

      
        TESS and ground-based light curves with binned data for TOI-3862 b, together with the models obtained from the joint fit.

      

    

  
    
      Fig. 5 

      
        [image: Fig. 5 Refer to the following caption and surrounding text.]
      

      
        HARPS-N RV data for TOI-3862, with the 1p+GP model overplotted.

      

    

  
    
      Fig. 6 

      
        [image: Fig. 6 Refer to the following caption and surrounding text.]
      

      
        JADE simulations of atmospheric evolution for TOI-3862 b. Left: posterior distribution of the initial planet mass. The median is marked by a blue line; the 1σ HDI is shown as dashed green lines. Right: temporal evolution of the planet’s radius in the best-fit simulation (blue) and a representative set within the 1σ HDI (green). The red point indicates the measured age and radius, with associated uncertainties. An inset shows a zoomed-in view of the planet radius over a narrower range.

      

    

  
    
      Fig. 7 

      
        [image: Fig. 7 Refer to the following caption and surrounding text.]
      

      
        Left: planet radius vs. orbital period for all known exoplanets, highlighting the hot Neptune desert, ridge, and savanna derived by Castro-González et al. (2024a). We note that this updated definition of the hot Neptune desert is much stricter than the original one by Mazeh et al. (2016), with less than 10% as many planets in it. The arrows represent the evolution of the planet’ radius from the initial value to the current value. Right: density–period diagram of all planets with radii between 4.5 and 8.5 R⊕ and densities constrained to precisions better than 33%, with the hot Neptune desert planet, TOI-3862b, overplotted. These plots were generated with nep-des (https://github.com/castro-gzlz/nep-des).

      

    

  
    
      Fig. 8 

      
        [image: Fig. 8 Refer to the following caption and surrounding text.]
      

      
        Mass–radius diagram for exoplanets with measured masses and radii, showing the population of known planets alongside theoretical composition models from Zeng et al. (2016) (solid and dashed curves). TOI-3862 b is overplotted in orange color.

      

    

  
    
      Table A.1 

      Time series of TOI-3862 from HARPS-N data: Julian dates, RVs and their related uncertainties.

      
        


	JD
	RV (m s−1)
	σRV (m s−1)





	2459664.511340
	−28183.83
	3.85



	2459664.679194
	−28199.66
	3.99



	2459676.445263
	−28129.41
	3.00



	2459677.522290
	−28163.40
	2.31



	2459765.470504
	−28154.19
	1.75



	2459766.465739
	−28141.68
	1.58



	2459785.402480
	−28128.30
	5.52



	2459786.420681
	−28190.92
	5.98



	2459933.710500
	−28155.10
	3.10



	2459952.663262
	−28185.14
	2.81



	2460006.533727
	−28128.47
	2.04



	2460008.567978
	−28170.80
	2.57



	2460013.622346
	−28191.76
	5.15



	2460019.629180
	−28186.81
	2.69



	2460021.554004
	−28184.85
	2.91



	2460023.713715
	−28145.03
	1.85



	2460031.524166
	−28132.79
	2.24



	2460035.546822
	−28181.04
	3.53



	2460037.596621
	−28133.05
	2.57



	2460041.496401
	−28193.09
	2.35



	2460043.648245
	−28144.61
	3.46



	2460064.502789
	−28154.32
	2.42



	2460067.423150
	−28137.69
	2.72



	2460076.419323
	−28138.87
	2.10



	2460106.515482
	−28148.10
	2.93



	2460112.451765
	−28130.05
	1.57



	2460121.434263
	−28160.56
	2.78



	2460134.4411318
	−28136.39
	2.51





      

    

  
    
      Table A.2 

      Time series of TOI-3862 activity indicators from HARPS-N Data Reduction Software: bisector, CCF contrast, CCF FWHM, S-index, [image: Mathematical equation: $\[\log~ \mathrm{R}_{\mathrm{HK}}^{\prime}\]$], and their related uncertainties.

      
        


	JD
	BIS (m s−1)
	σBIS (m s−1)
	CONT (km s−1)
	σCONT (km s−1)
	FWHM (km s−1)
	σFWHM (km s−1)
	[image: Mathematical equation: $\[\log~ \mathrm{R}_{\mathrm{HK}}^{\prime}\]$]
	[image: Mathematical equation: $\[\sigma_{\log~ \mathrm{R}_{\mathrm{HK}}^{\prime}}\]$]
	S-index
	σS–index





	2459664.511340
	−5.07
	5.44
	45.06
	0.45
	6.17
	0.01
	−4.96
	0.11
	0.17
	0.02



	2459664.679194
	−0.93
	5.65
	45.09
	0.45
	6.16
	0.01
	−5.34
	0.27
	0.12
	0.02



	2459676.445263
	−4.34
	4.24
	45.13
	0.45
	6.15
	0.01
	−5.12
	0.12
	0.14
	0.02



	2459677.522290
	−11.57
	3.27
	45.18
	0.45
	6.16
	0.01
	−5.03
	0.06
	0.16
	0.01



	2459765.470504
	−6.96
	2.48
	45.19
	0.45
	6.17
	0.01
	−5.07
	0.04
	0.15
	0.01



	2459766.465739
	−0.54
	2.24
	45.21
	0.45
	6.16
	0.01
	−5.02
	0.03
	0.16
	0.01



	2459785.402480
	−4.52
	7.80
	45.00
	0.45
	6.17
	0.01
	−5.39
	0.46
	0.12
	0.03



	2459786.420681
	−13.55
	8.45
	45.08
	0.45
	6.19
	0.01
	−6.24
	4.10
	0.09
	0.04



	2459933.710500
	−14.94
	4.38
	45.11
	0.45
	6.18
	0.01
	−5.17
	0.13
	0.14
	0.02



	2459952.663262
	3.45
	3.98
	44.61
	0.45
	6.17
	0.01
	−5.03
	0.08
	0.16
	0.01



	2460006.533727
	2.19
	2.88
	45.09
	0.45
	6.16
	0.01
	−5.03
	0.05
	0.16
	0.01



	2460008.567978
	−16.59
	3.63
	44.79
	0.45
	6.16
	0.01
	−4.93
	0.06
	0.18
	0.01



	2460013.622346
	−18.43
	7.28
	44.24
	0.44
	6.17
	0.01
	−5.11
	0.22
	0.15
	0.03



	2460019.629180
	−4.69
	3.80
	45.17
	0.45
	6.16
	0.01
	−4.95
	0.06
	0.17
	0.01



	2460021.554004
	−11.58
	4.11
	45.14
	0.45
	6.16
	0.01
	−5.06
	0.09
	0.15
	0.01



	2460023.713715
	−46.50
	2.62
	58.29
	0.58
	6.72
	0.01
	−4.98
	0.04
	0.17
	0.01



	2460031.524166
	−5.35
	3.16
	45.12
	0.45
	6.16
	0.01
	−4.93
	0.05
	0.18
	0.01



	2460035.546822
	3.60
	4.99
	44.53
	0.45
	6.16
	0.01
	−5.00
	0.10
	0.16
	0.02



	2460037.596622
	−3.33
	3.64
	44.78
	0.45
	6.17
	0.01
	−4.96
	0.06
	0.17
	0.01



	2460041.496401
	−16.11
	3.33
	44.81
	0.45
	6.15
	0.01
	−5.07
	0.07
	0.15
	0.01



	2460043.648244
	−6.08
	4.90
	44.33
	0.44
	6.16
	0.01
	−5.01
	0.10
	0.16
	0.02



	2460064.502789
	−4.58
	3.42
	45.06
	0.45
	6.16
	0.01
	−5.11
	0.08
	0.15
	0.01



	2460067.423150
	3.62
	3.84
	44.89
	0.45
	6.16
	0.01
	−4.97
	0.06
	0.17
	0.01



	2460076.419323
	−1.98
	2.97
	45.18
	0.45
	6.17
	0.01
	−5.04
	0.05
	0.16
	0.01



	2460106.515482
	−2.16
	4.15
	45.16
	0.45
	6.15
	0.01
	−4.96
	0.08
	0.17
	0.02



	2460112.451765
	−8.48
	2.21
	45.25
	0.45
	6.16
	0.01
	−5.02
	0.03
	0.16
	0.01



	2460121.434263
	−7.76
	3.94
	45.14
	0.45
	6.15
	0.01
	−5.06
	0.09
	0.15
	0.01



	2460134.441132
	−2.18
	3.54
	45.23
	0.45
	6.16
	0.01
	−4.98
	0.07
	0.17
	0.01





      

    

  
    
      Table A.3 

      Time series of TOI-3862 activity indicators from serval: chromospheric index CRX, differential line width dLW, H-alpha, the sodium lines Na1 and Na2, and their related uncertainties.

      
        


	JD
	CRX
	σCRX
	DLW
	σDLW
	Hα
	σHα
	Na1
	σNa1
	Na2
	σNa2





	2459664.511340
	−29.18
	18.41
	−32.28
	3.23
	0.47
	0.01
	0.23
	0.01
	0.31
	0.01



	2459664.679194
	−13.59
	22.83
	−34.05
	3.74
	0.48
	0.01
	0.23
	0.01
	0.31
	0.01



	2459676.445263
	−4.20
	14.97
	−38.12
	3.00
	0.47
	0.01
	0.24
	0.01
	0.33
	0.01



	2459677.522290
	8.46
	14.37
	−43.15
	2.79
	0.47
	0.01
	0.24
	0.01
	0.32
	0.01



	2459765.470504
	5.55
	11.54
	−42.37
	2.02
	0.49
	0.01
	0.24
	0.01
	0.32
	0.01



	2459766.465739
	21.28
	8.30
	−43.73
	1.71
	0.49
	0.01
	0.24
	0.01
	0.31
	0.01



	2459785.402480
	−22.53
	26.97
	−35.37
	5.43
	0.50
	0.01
	0.26
	0.01
	0.34
	0.01



	2459786.420681
	23.49
	27.48
	−27.47
	5.06
	0.50
	0.01
	0.27
	0.01
	0.35
	0.01



	2459933.710500
	1.26
	16.29
	−34.50
	3.01
	0.48
	0.01
	0.24
	0.01
	0.32
	0.01



	2459952.663262
	13.67
	14.32
	−13.31
	3.51
	0.48
	0.01
	0.23
	0.01
	0.32
	0.01



	2460006.533727
	24.65
	10.29
	−35.97
	2.14
	0.48
	0.01
	0.24
	0.01
	0.32
	0.01



	2460008.567978
	0.50
	15.13
	−20.67
	2.84
	0.48
	0.01
	0.24
	0.01
	0.33
	0.01



	2460013.622346
	12.14
	24.59
	8.27
	4.55
	0.48
	0.01
	0.24
	0.01
	0.32
	0.01



	2460019.629180
	−7.73
	15.34
	−36.57
	2.88
	0.49
	0.01
	0.23
	0.01
	0.31
	0.01



	2460021.554004
	12.63
	18.67
	−39.77
	2.87
	0.48
	0.01
	0.23
	0.01
	0.32
	0.01



	2460023.713715
	−13.33
	11.20
	−46.05
	2.45
	0.48
	0.01
	0.23
	0.01
	0.31
	0.01



	2460031.524166
	13.64
	13.34
	−35.53
	2.61
	0.49
	0.01
	0.24
	0.01
	0.32
	0.01



	2460035.546822
	15.42
	20.44
	−8.22
	4.06
	0.49
	0.01
	0.24
	0.01
	0.32
	0.01



	2460037.596622
	−24.34
	13.43
	−22.84
	3.16
	0.48
	0.01
	0.23
	0.01
	0.32
	0.01



	2460041.496401
	−7.64
	12.24
	−19.78
	2.53
	0.48
	0.01
	0.24
	0.01
	0.32
	0.01



	2460043.648244
	−45.63
	14.67
	−3.61
	4.10
	0.49
	0.01
	0.25
	0.01
	0.33
	0.01



	2460064.502789
	6.96
	11.52
	−30.58
	2.48
	0.48
	0.01
	0.25
	0.01
	0.33
	0.01



	2460067.423150
	−13.18
	12.20
	−34.34
	2.57
	0.49
	0.01
	0.25
	0.01
	0.34
	0.01



	2460076.419323
	1.78
	11.07
	−40.99
	2.44
	0.48
	0.01
	0.25
	0.01
	0.33
	0.01



	2460106.515482
	10.26
	14.28
	−43.58
	2.64
	0.48
	0.01
	0.24
	0.01
	0.34
	0.01



	2460112.451765
	−10.75
	7.32
	−46.90
	1.91
	0.48
	0.01
	0.23
	0.01
	0.32
	0.01



	2460121.434263
	−22.41
	15.38
	−37.98
	2.92
	0.48
	0.01
	0.24
	0.01
	0.32
	0.01



	2460134.441132
	−7.40
	13.31
	−44.35
	2.75
	0.48
	0.01
	0.24
	0.01
	0.33
	0.01





      

    

  
    
      Table B.1 

      TOI-3862 parameters from the transit and RV joint fit, obtained with the model with GP.

      
        


	Parameter
	Prior(a)
	Value(b)





	 Model Parameters



	Orbital period Porb (days)
	𝒰[1.2, 1.8]
	[image: Mathematical equation: $\[1.55745798_{-5.8 \times 10^{-7}}^{+5.2 \times 10^{-7}}\]$]



	Transit epoch T0 (BJD - 2,450,000)
	𝒰[9662.0, 9663.0]
	[image: Mathematical equation: $\[9662.73864_{-0.00015}^{+0.00014}\]$]



	[image: Mathematical equation: $\[\sqrt{e} ~\sin~ \omega_{\star}\]$]
	𝒰(−1, 1)
	[image: Mathematical equation: $\[-0.155_{-0.016}^{+0.019}\]$]



	[image: Mathematical equation: $\[\sqrt{e} ~\cos~ \omega_{\star}\]$]
	𝒰(−1, 1)
	[image: Mathematical equation: $\[0.033_{-0.021}^{+0.020}\]$]



	Scaled planetary radius Rp/R⋆
	𝒰[0, 0.5]
	[image: Mathematical equation: $\[0.05461_{-0.00030}^{+0.00037}\]$]



	Impact parameter, b
	𝒰[0, 1]
	[image: Mathematical equation: $\[0.084_{-0.057}^{+0.051}\]$]



	Radial velocity semi-amplitude variation K (m s−1)
	𝒰[0, 50]
	[image: Mathematical equation: $\[31.81_{-0.25}^{+0.22}\]$]



	




	Derived parameters



	Planet radius (RJ)
	. . .
	0.489 ± 0.016



	Planet radius (R⊕)
	. . .
	5.48 ± 0.18



	Planet mass (MJ)
	. . .
	[image: Mathematical equation: $\[0.1690_{-0.0090}^{+0.0087}\]$]



	Planet mass (M⊕)
	. . .
	[image: Mathematical equation: $\[53.7_{-2.7}^{+2.6}\]$]



	Eccentricity e
	. . .
	[image: Mathematical equation: $\[0.0256_{-0.0057}^{+0.0054}\]$]



	Scaled semi-major axis a/R⋆
	. . .
	[image: Mathematical equation: $\[8.885_{-0.056}^{+0.059}\]$]



	Semi-major axis a (AU)
	. . .
	[image: Mathematical equation: $\[0.02539_{-0.00068}^{+0.00064}\]$]



	ωP (deg)
	. . .
	[image: Mathematical equation: $\[278.67_{-0.41}^{+0.38}\]$]



	Orbital inclination i (deg)
	. . .
	[image: Mathematical equation: $\[89.47_{-0.32}^{+0.36}\]$]



	Transit duration T41 (days)
	. . .
	[image: Mathematical equation: $\[0.05874_{-0.00046}^{+0.00043}\]$]



	Transit duration T32 (days)
	. . .
	[image: Mathematical equation: $\[0.05259_{-0.00045}^{+0.00041}\]$]



	




	Stellar activity GP model Parameters



	hHARPS–N (m s−1)
	𝒰[0, 100]
	0.32 ± 0.20



	λ (days)
	𝒰[5, 2000]
	[image: Mathematical equation: $\[866_{-488}^{+644}\]$]



	ω
	𝒰[0.01, 0.60]
	[image: Mathematical equation: $\[0.098_{-0.072}^{+0.190}\]$]



	θ (Prot) (days)
	𝒰[2, 100]
	[image: Mathematical equation: $\[33.4_{-3.5}^{+3.7}\]$]





      

      
Note – (a) 𝒰[a, b] refers to uniform priors between a and b, 𝒩[a, b] to Gaussian priors with median a and standard deviation b.


(b) Parameter estimates and corresponding uncertainties are defined as the median and the 16th and 84th percentiles of the posterior distributions.
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