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ABSTRACT

The hot Neptune desert is a region hosting a small number of short-period Neptunes in the radius—instellation diagram. Highly irra-
diated planets are usually either small (R < 2 Rg) and rocky or they are gas giants with radii of >1 Ry. Here, we report on the
intermediate-sized planet TOI-2196 b (TIC 372172128.01) on a 1.2 day orbit around a G-type star (V = 12.0, [Fe/H] =0.14 dex) dis-
covered by the Transiting Exoplanet Survey Satellite in sector 27. We collected 41 radial velocity measurements with the HARPS
spectrograph to confirm the planetary nature of the transit signal and to determine the mass. The radius of TOI-2196 bis 3.51 £ 0.15 Rg,
which, combined with the mass of 26.0 + 1.3 My, results in a bulk density of 3.314_'8:2; g cm™3. Hence, the radius implies that this planet
is a sub-Neptune, although the density is twice than that of Neptune. A significant trend in the HARPS radial velocity measurements
points to the presence of a distant companion with a lower limit on the period and mass of 220 days and 0.65 M;, respectively, assuming
zero eccentricity. The short period of planet b implies a high equilibrium temperature of 1860 + 20 K, for zero albedo and isotropic
emission. This places the planet in the hot Neptune desert, joining a group of very few planets in this parameter space discovered in
recent years. These planets suggest that the hot Neptune desert may be divided in two parts for planets with equilibrium temperatures
of >1800 K: a hot sub-Neptune desert devoid of planets with radii of ~1.8-3 R and a sub-Jovian desert for radii of ~5-12 Rg. More
planets in this parameter space are needed to further investigate this finding. Planetary interior structure models of TOI-2196 b are
consistent with a H/He atmosphere mass fraction between 0.4% and 3%, with a mean value of 0.7% on top of a rocky interior. We esti-
mated the amount of mass this planet might have lost at a young age and we find that while the mass loss could have been significant,

Olivier Mousis>, Noria Narita®!7-33, Hannah L. M. Osborne*, Enric Palle!’, Riccardo Papini35 , George R. Ricker?,

the planet had not changed in terms of character: it was born as a small volatile-rich planet and it remains one at present.

Key words. planets and satellites: composition — planetary systems — planets and satellites: detection —
planets and satellites: individual: TOI-2196 — techniques: photometric — techniques: radial velocities

1. Introduction

With the large number of Kepler (Borucki et al. 2010) plan-
ets, evidence of a bimodal population has emerged, made up of
small planets with a gap in the size distribution between ~1.5
and 2 Rg, often referred to as the radius gap (Fulton et al. 2017,
Van Eylen et al. 2018, 2021; Petigura et al. 2022). This fea-
ture was predicted before the observational discovery by several
groups as a result of envelope mass loss due to photoevapo-
ration (Lopez & Fortney 2013; Owen & Wu 2013; Jin et al.
2014; Chen & Rogers 2016). Other studies have shown that core-
powered envelope mass loss could also carve out a gap in the
radius distribution of small planets (Ginzburg et al. 2018; Gupta
& Schlichting 2019).

The two populations on either side of the radius gap
are: super-Earths, commonly defined as having radii of
1.2 <R/Ry < 1.7 and believed to be mainly rocky, and

volatile-rich sub-Neptunes with radii of 1.7 < R/Rg <4.
According to available models, a part of the super-Earth popula-
tion could, in fact, be remnant cores of sub-Neptunes stripped of
their atmospheres. Consequently, mass loss plays an important
role in the first few hundred million years of exoplanet evolution
(Adams & Laughlin 2006; Kubyshkina et al. 2018).

Despite the abundance of small planets, there is a dearth
of hot sub-Neptunes and Neptunes in the radius—instellation
(or equilibrium temperature) diagram, namely, the so-called
hot Neptune desert or sub-Jovian desert (Szabé & Kiss 2011;
Benitez-Llambay et al. 2011; Sanchis-Ojeda et al. 2014; Mazeh
et al. 2016), or (otherwise) the hot super-Earth desert as referred
to by Lundkvist et al. (2016) for smaller planets with radii
between 2.2 and 3.8 Rg. The observed period distribution already
drops for Py, < 3 days despite a strong selection bias due to easy
detection which indicates that short period planets are rare. Most
planets facing high instellation are either small and rocky with
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Fig. 1. 3’ x 3’ DSS2 image (red filter) centered on TOI-2196 (cyan cir-
cle). The SPOC photometric aperture of sector 27 is outlined in black
while Gaia DR2 sources within 2’ from the target are marked by the red
circles.

masses below 10 Mg and radii <2 Rg, or massive gas giants with
radii >1 Rj.

Up until a few years ago, the hot Neptune desert was almost
completely empty in terms of observed planets. New discover-
ies have begun to uncover a population of planets in the desert,
although their small number does not allow for the exact circum-
stances of their existence to be defined. High precision radius
and mass measurements of these planets are crucial to con-
strain theoretical models of their formation and evolution. The
lack of planets in this parameter space suggests difficulties of
retaining an extended atmosphere in strong irradiation envi-
ronments (Lopez & Fortney 2014), possibly indicating differ-
ent formation and evolution mechanisms, or high-eccentricity
migration (Mazeh et al. 2013; Owen & Lai 2018).

Within the hot Neptune desert, there are currently only three
known planets with equilibrium temperatures above 1800 K!,
corresponding to a 1.3 day orbit for sun-like stars, with a pre-
cision of 10% and 30% or better in measured radii and masses:
K2-100 b (Barragan et al. 2019a), TOI-849 b (Armstrong et al.
2020), and LTT 9779 b (Jenkins et al. 2020b). Two additional
planets with radii measured to a precision of 10% or better but
without measured masses are also known: K2-278 b (Livingston
et al. 2018) and Kepler-644 b (Berger et al. 2018).

This paper presents the discovery and characterisation of
the intermediate-sized planet TOI-2196 b (TIC 372172128.01) in
the hot Neptune desert discovered by The Transiting Exoplanet
Survey Satellite (TESS; Ricker et al. 2015) in 2020. Follow-
ing the discovery, our international KESPRINT? collaboration
performed follow-up radial velocity observations of this planet
candidate to confirm the planetary nature and determine its
mass. The star’s equatorial coordinates together with other basic
parameters are listed in Table 1.

We present the observations in Sect. 2 and the data anal-
ysis in Sect. 3. In Sect. 4, we discuss the hot Neptune desert,

I Assuming a Bond albedo of zero and a heat redistribution factor of
unity (isotropic emission).

2 KESPRINT is an international consortium devoted to the characteri-
sation and research of exoplanets discovered with space-based missions,
http://kesprint.science
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Table 1. Basic parameters for TOI-2196.

Parameter Value

Main identifiers

TIC 372172128
2MASS J20492158-7029058
WISE J204921.59-702906.1
TYC 9325-00163-1
UCAC4 098-095039
Gaia 6375983988633147392
Equatorial coordinates

RA (J2000.0) 20049721357
Dec (J2000.0) -70229:05795
Magnitudes

TESS 11.3643 + 0.0060
Johnson B 12.6740 = 0.0160
Johnson V 11.9530 = 0.0120
G@ 11.8175 = 0.0002
Grp @ 11.3030 + 0.0007
Ggp @ 12.1712 £ 0.0014
g 12.2770 = 0.0200
r 11.7500 = 0.0150
i 11.6300 + 0.0060
J 10.743 £ 0.024
H 10.452 + 0.026
K 10.346 + 0.023
WISE W1 10.326 + 0.022
WISE W2 10.344 + 0.019
Parallax ® (mas) 3.7882 + 0.0132
Systemic velocity @ (kms™') 35.51 +0.56
ura @ (mas yr!) 16.326 + 0.011
Upec @ (mas yr~1) —20.168 + 0.013
Tz ® (K) 5634 + 31

M, ® (M) 1.032 = 0.038
R, ® (Ry) 1.043 = 0.017
0. (gecm™) 1.25 +0.09
L,® (L) 0.99 + 0.04
log g, ® 4.42 +0.04
[Fe/H]® 0.14 +0.05
[Ca/H]® 0.15+0.06
[Mg/H]® 0.18 £ 0.09
[Na/H]® 0.20 + 0.08
[Si/H]® 0.15+0.08
Vsini, @ (kms™) 2.0+04
Age® (Gyr) 45+2.0

Notes. @ Gaia eDR3. ®This work (Sect. 3.2).

the planet interior, and atmospheric mass loss. We end the paper

with our conclusions in Sect. 5.

2. Observations
2.1. TESS photometry

Figure 1 shows a 3’ X 3’ image from the Digitized Sky Survey 2
(DSS2) centered on TIC 372172128 (TOI-2196), marked with
a cyan circle. TOI-2196 was observed by TESS® in sector 13,

3 https://tess.mit.edu
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Fig. 2. TESS light curve for sector 27 (short cadence) is plotted in grey with the Gaussian Process model of the out-of-transit data overplotted
in red. The detrended and normalised light curve is shown in blue, and, for the purposes of visualisation, a vertical offset has been applied. The

triangles mark the locations of the individual transits of TOI-2196 b.

during the primary mission, and in sector 27 in the first set
of observations of the TESS extended mission. The outline of
the Science Processing Operations Center (SPOC) photometric
aperture of sector 27 is overplotted in black in Fig. 1, while
the red circles mark the positions of Gaia DR2 sources within
2’ from the target. The photometric dilution from other sources
is negligible and adjusted for by the pipeline.

TOI-2196 was observed in sector 13 with camera 2 in
full-frame images at a cadence of 30 min from 19 June to
17 July 2019. The observations of sector 27 spanned the interval
5 July through 30 July 2020, with a gap in the middle of approx-
imately one day, when the data were being downloaded. This
produced 23.35 days of science data at 2-min cadence, including
14 transits of TIC 372172128 monitored with camera 2, CCD 1.

Due to the combination of the short period of the planet
(1.2 days) and the long cadence in sector 13, the planet candi-
date TOI-2196.01 was not discovered orbiting its G-type host
star until it was observed in sector 27 at a 2-min cadence and
processed by SPOC at NASA Ames Research Center (Jenkins
et al. 2016). A search of the sector 27 data with an adaptive,
wavelet-based matched filter (Jenkins 2002; Jenkins et al. 2010,
2020a) identified the transit signature of TOI-2196 b just above
the detection threshold at 7.2 o. The data validation reports
(DVR; Twicken et al. 2018; Li et al. 2019) process fit a limb-
darkened transit model with a signal-to-noise ratio (S/N) of 9.2,
a period of 1.1954 days, a duration of 1.6 h, and a transit depth
of 1127 ppm, corresponding to a preliminary planet radius of
~3.5 Rs. We independently detected the transit signal using the
DST (Cabrera et al. 2012) pipeline and found a planet candidate
with an orbital period of 1.19387 + 0.00043 days and a transit
depth of 1359 + 147 ppm.

We downloaded the light curves processed by the SPOC
pipeline from the Mikulski Archive for Space Telescopes
(MAST*) and used the Pre-search Data Conditioning Simple
Aperture Photometry (PDCSAP) data. This was generated by the
pipeline by identifying and correcting the SAP flux for instru-
mental signatures using cotrending basis vectors drawn from the
light curves of an ensemble of quiet and highly temporally cor-
related stars long-term trends, thus resulting in a cleaner data set
with fewer systematics (Stumpe et al. 2014; Jenkins et al. 2020a).

4 https://mast.stsci.edu/portal/Mashup/Clients/Mast/
Portal.html

In order to remove any remaining low-frequency signals in
preparation for the modelling described in Sect. 3.3, we fur-
ther detrended the light curve by applying a Gaussian Process
(GP). This was achieved using the package citlalicue’ (e.g.
Georgieva et al. 2021; Barragan et al. 2022a), a PYTHON wrap-
per of george (Foreman-Mackey et al. 2014) and pytransit
(Parviainen 2015). We masked out the transits of the planet
and applied a squared exponential covariance function as well
as a 5 o clipping algorithm to remove outliers. Figure 2 dis-
plays both the PDCSAP data in sector 27 with the GP model
overplotted, and the detrended normalised light curve. The lat-
ter is subsequently used in the joint transit and RV analysis in
Sect. 3.3.

2.2. Follow-up photometry from ground: LCOGT 1 m

The TESS pixel scale is ~21” pixel™' and photometric apertures
typically extend out to roughly 1 arcmin. This generally results
in multiple stars blending in the TESS aperture. An eclipsing
binary in one of the nearby blended stars could mimic a transit-
like event in the large TESS aperture. We therefore acquired
ground-based transit follow-up photometry of TOI-2196 b as part
of the TESS Follow-up Observing Program Sub Group 1 (TFOP
SG1; Collins 2019)° to attempt to (1) rule out or identify nearby
eclipsing binaries (NEBs) as potential sources of the detection
in the TESS data; (2) check for the transit-like event on-target
using smaller photometric apertures than TESS to confirm that
the event is occurring on-target or, otherwise, in a star so close
to TOI-2196 that it was not detectable by Gaia eDR3; (3) refine
the TESS ephemeris; and (4) place constraints on transit depth
across optical filter bands.

We observed the transits of TOI-2196 from the Las Cumbres
Observatory Global Telescope (LCOGT; Brown et al. 2013)
1.0 m network on UTC 28 September 2020, 23 May 2021, and
6 June 2021 in Sloan i band and on UTC 20 June 2021 in
Sloan g’ band. We used the TESS Transit Finder to sched-
ule our transit observations. The 1.0 m telescopes are equipped
with 4096 x 4096 SINISTRO cameras having an image scale
of 0”389 per pixel, resulting in a 26’ X 26’ field of view. The
images were calibrated by the standard LCOGT BANZAT pipeline

5 https://github.com/oscaribv/citlalicue
6 https://tess.mit.edu/followup
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Fig. 3. Contrast curve computed from observations in Cousins /-band
on the 4.1 m Southern Astrophysical Research telescope. No bright
companions are detected within 3" of TOI-2196.

(McCully et al. 2018). Photometric data were extracted using
AstroImage] (Collins et al. 2017) and circular photometric
apertures with radii in the range 4”7 to 770. The TOI-2196 aper-
tures exclude virtually all flux from the nearest Gaia eDR3 and
TESS Input Catalog neighbor (TIC 1988186200) 12”5 South. We
find no evidence for an NEB within 2/5 of TOI-2196, and detect
the transit event within the TOI-2196 photometric apertures.

2.3. Follow-up speckle imaging from ground

High-angular resolution imaging is needed to search for nearby
sources that can contaminate the TESS photometry. This can
result in an underestimated planetary radius or may be the source
of astrophysical false positives such as background eclipsing
binaries. We searched for stellar companions to TOI-2196 with
speckle imaging on the 4.1 m Southern Astrophysical Research
(SOAR) telescope (Tokovinin 2018) on 31 October 2020, observ-
ing in Cousins /-band, a visible bandpass similar to that of TESS.
This observation was sensitive to a 3 magnitude fainter star at
an angular distance of 1” from the target. More details of the
observation are available in Ziegler et al. (2020). The 5 o detec-
tion sensitivity and speckle auto-correlation functions from the
observations are shown in Fig. 3. No nearby stars were detected
within 3" of TOI-2196 in the SOAR observations.

2.4. Radial velocity follow-up with HARPS

We performed high-resolution (R~ 115000) spectroscopic
observations of TOI-2196 using the High Accuracy Radial veloc-
ity Planet Searcher (HARPS; Mayor et al. 2003) spectrograph
mounted at the ESO 3.6 m telescope (La Silla observatory,
Chile). We obtained a total of 41 spectra between 24 July 2021
and 12 November 2021 UT as part of our HARPS large program
(ID: 106.21TJ.001, PI: Gandolfi). All RVs and activity indicators
are listed in Table A.l along with BJDtgp, exposure time, and
S/N. We reduced the data with the dedicated HARPS data reduc-
tion software (DRS) available at the observatory (Lovis & Pepe
2007) and extracted the radial velocity (RV) measurements using
the code HARPS-TERRA (Anglada-Escudé & Butler 2012),
which employs a template-matching algorithm to derive precise
relative velocities. We also extracted a variety of stellar activity
and line profile variation indicators: the Ha and S-index were
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Fig. 4. Generalised Lomb—Scargle periodogram of the HARPS RVs
and stellar activity indicators. The horizontal lines mark the bootstrap
false alarm probabilities at 0.1 and 1.0% as indicated in the legend. The
orbital frequency of TOI-2196 b (v, =0.837 day™!) is marked with a ver-
tical thick yellow line, while the corresponding period is reported in the
upper x-axis (Poyp ~ 1.2 day). The 1 day alias of planet b is marked with
a vertical dashed red line (1 —0.837 = 0.163 day™'). a) RV measure-
ments. b) RV residuals with the best-fitting Keplerian orbit of planet b
subtracted. c) RV residuals following the subtraction of both the linear
trend and the Doppler signal induced by planet b. d—h) Activity indica-
tors and line profile variations. i) The window function.

extracted using TERRA; the FWHM and the bisector inverse
slope (BIS) were derived by cross-correlating the HARPS spec-
tra with a G2 numerical mask (Baranne et al. 1996; Pepe et al.
2002); and the differential line width (dLW) was extracted using
the code SERVAL (Zechmeister et al. 2018).
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Table 2. Spectroscopic parameters for TOI-2196 modelled with SME and SpecMatch-Emp, posteriors from the ARTADNE, and the effective stellar

temperature from Gaia DR2.

Method Tet log(g) [Fe/H] [Ca/H] [Mg/H] [Na/H] [Si/H] Vsini,
(K) (dex) (cgs) (kms™)

SME @ 5552 +85 4.42+005 0.14+0.05 0.15+0.06 0.18+0.09 020+0.08 0.15+0.08 2.0+04

SpecMatch-Emp 5623 +110 4.22+0.12 0.18+0.09

ARIADNE® 5634 +31 4.42+0.04 0.13+0.05

Gaia DR2 5462+176

Notes. @Adopted as priors for the stellar mass and radius modelling in Sect. 3.2. ®Posteriors from Bayesian Model Averaging with ARIADNE.
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Fig. 5. Spectral energy distribution (SED) of TOI-2196 and the model
with highest probability from Husser et al. (2013, Phoenix v2). We
plot the synthetic photometry with magenta diamonds and the observed
photometry with blue points. The 1 o uncertainties are shown with ver-
tical error bars, while the horizontal bars display the effective width of
the passbands. In the lower panel we show the residuals normalised to
the errors of the photometry.

3. Data analysis
3.1. Frequency analysis of HARPS data

In order to search for the Doppler reflex motion induced by
the transiting planet and unveil the presence of additional RV
signals, we performed a frequency analysis of the HARPS RV
measurements and activity indicators. To this aim, we computed
the generalised Lomb-Scargle (GLS; Zechmeister & Kiirster
2009) periodograms of the HARPS time series (shown in Fig. 4)
and estimated the false alarm probabilities (FAPs) using the
bootstrap technique described in Kuerster et al. (1997). We
considered a peak to be significant if its FAP is less than 0.1%.

The GLS periodogram of the HARPS RVs displays a signif-
icant peak at v, = 0.837 day~! which is the transit frequency of
TOI-2196 b (Fig. 4, upper panel, thick vertical yellow line). This
peak is not significantly detected in any of the activity indicators
confirming the planetary nature of the transit signal found in the
TESS light curve. We note the presence of a second significant
peak at 0.163 day~! (vertical dashed red line), which is an alias
of the orbital frequency of the transiting planet due to the 1 day
sampling of our observations.

The second panel of Fig. 4 displays the periodogram of the
HARPS RV residuals following the subtraction of the best-fitting
Doppler orbit of TOI-2196b (Sect. 3.3). We found a signifi-
cant excess of power at frequencies lower than the frequency

resolution of our observations (~1/110 day =0.009 day~', where
110 days is the baseline of our observations). This power has no
counterpart in any of the activity indicators, suggesting that it is
likely caused by an outer orbiting companion. As described in
Sect. 3.3, we accounted for this long-period Doppler signal by
adding a linear trend to the RV model. When both the Doppler
signal of the transiting planet and the linear trend are subtracted
from the HARPS RVs, no additional significant signals are found
in the RV residuals (Fig. 4, third panel).

3.2. Stellar properties

In order to derive the fundamental parameters of the host star, we
analysed our co-added high-resolution HARPS spectra with two
methods, the SpecMatch-Emp code (Yee et al. 2017) and SME’
(Spectroscopy Made Easy; Valenti & Piskunov 1996; Piskunov
& Valenti 2017). In particular, SpecMatch-Emp is an empir-
ical code that compares observations of optical spectra to a
dense library of well-characterised FGKM stars, while SME fits
observed spectra to computed synthetic spectra for a chosen set
of parameters based on atomic and molecular line data from
VALD? (Ryabchikova et al. 2015) and a stellar atmosphere grid.
We chose Atlas12 (Kurucz 2013) and derived the stellar effec-
tive temperature, T, the surface gravity, logg,, abundances,
and the projected rotational velocity, V sini,. Each parameter
is modelled, one at a time, from specific spectral lines: the
broad line wings of H, are particularly sensitive to Teg, and
the line wings of the Cal triplet 6102, 6122, and 6162 A are
sensitive to the surface gravity. Abundances and the projected
stellar rotational velocity, V sini,, were modelled from narrow
and unblended lines between 6000 and 6600 A. We held the
micro- (Bruntt et al. 2008) and macro-turbulent (Doyle et al.
2014) velocities fixed to 1.0 kms™!, and 2.8 kms™!, respectively.
Further details on the modelling can be found in Fridlund et al.
(2017) and Persson et al. (2018). Results from both models listed
in Table 2 are in good agreement within the uncertainties and
with the effective temperature from Gaia® DR2.

We used the spectral parameters from SME as priors to model
the stellar radius and mass with the python code ARIADNE'
(Vines & Jenkins 2022). We fit the broadband photometry
bandpasses GGgpGrp from Gaia eDR3 and WISE WI1-W2,
along with JHKg magnitudes from 2MASS, the Johnson B and
V magnitudes from APASS, and the Gaia eDR3 parallax, to
the Phoenix v2 (Husser et al. 2013), BtSettl (Allard et al.
2012), Castelli & Kurucz (2004), and Kurucz (1993) atmospheric

7 http://www.stsci.edu/~valenti/sme.html
8 http://vald.astro.uu.se

° https://gea.esac.esa.int/archive/

10 https://github.com/jvines/astroARIADNE
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Fig. 6. Radial velocity times series of TOI-2196 and the best-fitting RV model. The linear trend suggesting the presence of an outer companion is

clearly identifiable.

model grids. The dust maps of Schlegel et al. (1998) were used
to obtain an upper limit on Ay. The relative probabilities of the
models were used to compute a weighted average of each param-
eter and the final stellar radius is computed with Bayesian model
averaging. Figure 5 shows the SED model and the fitted bands.
The Phoenix v2 model, which has the highest probability, was
used to calculate the synthetic photometry. We also obtained a
luminosity of 0.99 + 0.04 L, an extinction that is consistent
with zero (Ay = 0.03 + 0.02), as well as the stellar mass based
on MIST (Choi et al. 2016) isochrones. The model was checked
with BASTA!! (the BAyesian STellar Algorithm; Aguirre Bgrsen-
Koch et al. 2022) using the stellar atmosphere grid from Hidalgo
et al. (2018) and the same photometry passbands and priors as
above, as well as PARAM1.3!? (da Silva et al. 2006). The latter
model uses Bayesian computation of stellar parameters based on
PARSEC isochrones using V magnitude, T.g, [Fe/H], and the
Gaia eDR3 parallax as priors.

The results, listed in Table 3, are in excellent agreement
within the 1 o uncertainties. We adopted the stellar parame-
ters derived with ARTADNE in our joint modelling of the radial
velocities and light curves in Sect. 3.3.

The stellar age was estimated with the observed NUV excess
utilising empirical activity—age relations. We transformed the
NUYV and B - V photometry to log R, = —4.92 + 0.08 via the
empirical relations of Findeisen et al. (2011), which implies an
age of 7, = 5.2 + 1.3 Gyr, according to the empirical relations of
Mamajek & Hillenbrand (2008). This is in agreement with 4.5 +
2.0 Gyr and 7.1 + 3.4 Gyr derived from the MIST and PARSEC
isochrones, respectively, in the above modelling. We note that
there is no emission in the CaTl H and K lines, suggesting that
the star is not chromospherically active.

3.3. Joint transit and radial velocity modelling

For the modelling of the TOI-2196 system, we turned to the
open-source code pyaneti'® (Barragan et al. 2019b, 2022a) to
sample the parameter space using Markov chain Monte Carlo
(MCMC) sampling combined with a Bayesian approach. Fol-
lowing Barragan et al. (2022b), we used pyaneti’s capability
to perform multi-band fits and included the flattened TESS light

' https://github.com/timkahlke/BASTA
2 http://stev.oapd.inaf.it/cgi-bin/param_1.3
3 https://github.com/oscaribv/pyaneti
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Table 3. Comparison of models of the stellar mass and radius.

Method M, R, Px

(Mo) (Ro) (gem™)
ARIADNE @ 1.032+0.038 1.043+0.017 1.25+0.09
Gravitational mass 1.0+£0.1 .. ..
BASTA 0.973 £0.053 1.045+0.025 1.20+0.11
PARAM 1.3 0.982 £0.037 1.049+0.034 1.23+0.14
Gaia DR2 1.103+0027

—-0.068

Notes. @Adopted for the modelling in Sect. 3.3.

curve (Sect. 2.1), the LCOGT light curves (Sect. 2.2), and the
RVs listed in Table A.1 in our joint model.

The parametrisation of the limb darkening coefficients g
and g, was handled as per Kipping (2013), while the limb dark-
ening model followed the quadratic approach by Mandel & Agol
(2002). We placed a loose informative prior on the scaled semi-
major axis, as well as on ¢g; and g;, based on the tables by
Claret (2017) for the TESS band, and Claret et al. (2013) for
the ground-based photometry. For the remaining parameters, we
used uniform priors. We tested a model in putting a beta prior on
the eccentricity of the planet and find an eccentricity consistent
with zero. Given the short period of the planet, we thus assumed
a circular orbit and sampled the parameter space using 250
independent chains thinned with a factor of ten and created pos-
terior distributions with the last 5000 iterations. This translates
to 125 000 points for each sampled parameter per distribution.

We first carried out a sampling for the independent scaled
planet radii (R,/R,) for the TESS and each of the LCOGT bands.
We obtain values of Rsppo = 337i8§g Re, Retio = 342t8§§ Re,
Rgso =3.34 £ 0.37 Rg, and Rtgss = 3.61 £0.26 Rg individually,
thus demonstrating independent detections from each facility
and full consistency (within 1 o) between the different estimates.
We thereby assumed the same transit depth for each band for our
final model.

The RV times series with the best-fitting RV model is shown
in Fig. 6, which clearly displays a linear trend in the RV pointing
toward the presence of an outer companion (see Sect. 3.4). The
model containing the linear trend is significantly favoured over
the one with no trend (ABIC =54). The RVs folded to the orbital
period of the planet are shown in Fig. 7 with the RV model and
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Fig. 7. HARPS radial velocity data phase-folded on the orbital period
of TOI-2196 b after subtraction of the stellar systemic velocity and the
linear trend. The solid black line is the RV model with 1 o and 2 o
credible intervals in shaded grey areas.

1 o and 2 o credible intervals in shaded grey areas. The four
light curves of TOI-2196 b are shown in Fig. 8, together with the
best-fit transit model with a single radius plotted in solid black
in each panel.

All results and priors are listed in Table 4 along with the
adopted stellar parameters derived in Sect. 3.2 used in the
modelling. All adopted stellar parameters are also listed in
Table 1.

3.4. Evidence of an outer companion

The assumption of a long-period companion is supported by the
periodogram (panel 2 in Fig. 4) and the linear trend in the RV
data (Table 4 and Fig. 6). We computed the minimum mass of
this outer companion, here denoted with ¢, using the measured
linear trend of —0.238 + 0.019 m s~! day~' from our RV analysis
in Sect. 3.3 and Eq. (2) of Bowler (2016):

M.
az

>0.0145‘%‘ = 1.3 My au™?, (D
ms~! yr-

where ¥ is the slope of the linear trend (acceleration), and a.
is the minimum semi-major axis compatible with the RV data.
Following Smith et al. (2017), we assumed zero eccentricity
and a minimum orbital period of twice the baseline of our RV
measurements (P > 222 days), resulting in a minimum semi-
major axis of 0.717 + 0.009 au and a corresponding minimum
mass of 0.65 + 0.05 M;.

We note that the Gaia renormalised unit weight error
(RUWE) value'* is 0.99 for TOI-2196, corresponding to a low
astrometric signal. This implies that a low-mass stellar compan-
ion scenario is unlikely. However, future long-term RV monitor-
ing of the star is needed to firmly determine the nature of the
signal.

4. Discussion
4.1. The hot Neptune desert

TOI-2196 b is one of very few planets found in the hot
Neptune desert (shown in Fig. 9). In this figure, we plot in grey

4 https://gea.esac.esa.int/archive/documentation/GDR2/
Gaia_archive/chap_datamodel/sec_dm_main_tables/ssec_
dm_ruwe.html
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Fig. 8. Flattened and phase-folded TESS light curve with the best-fitting
transit model in black in the top panel, and follow-up photometry from
ground performed with the LCOGT CTIO, SAAQO, and SSO telescopes
in the second to fourth panels as marked in the legends. The CTIO and
SSO panels show the single transits those facilities observed, while the
SAAO panel shows the two stacked transits detected with that telescope.
The nominal short cadence data are plotted in grey in all panels and
binned to 10 min in colour.

the radius of all known planets with radius measurements from
transit surveys with a precision of 10% or better as a func-
tion of equilibrium temperature. About a third of the planets
in Fig. 9 also have masses from RV measurements with a pre-
cision of 30% or better and are colour-coded with mass. The
data were downloaded from the NASA Exoplanet archive!> and

15 https://exoplanetarchive.ipac.caltech.edu
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Table 4. Description of the pyaneti model of TOI-2196 b from Sect. 3.3 and the adopted stellar parameters used in the model from Sect. 3.2.

Parameter Units Priors @ Final value
Stellar parameters
M, Stellar mass (M) F11.032] 1.032 + 0.038
R, Stellar radius (Ry) F11.043] 1.043 +£0.017
Tt Effective temperature (K) F15634] 5634 + 31

Fitted parameters

Ty Transit epoch (BJD1pg- 2457 000) U[2036.4888, 2036.5288] 2036.5 126’:8:88:2
P Orbital period (days) U[1.1943, 1.1963] 1.1947268*]-9¢-0
e Eccentricity F10] 0
w Argument of periastron (degrees) F190] 90
b Impact parameter U0, 1] 0.712+93¢
a/R, Scaled semi-major axis N[4.6,0.1] 4.61 +0.10
R,/R, Scaled planet radius U[0.01, 0.10] 0.0308*00013
K Doppler semi-amplitude variation (m s™') U[0, 50] 15.16*5¢
q1 Limb-darkening coefficient, TESS N10.26, 0.10] 0.27 +0.10
92 Limb-darkening coefficient, TESS N[0.47,0.10] 0.47 +£0.10
q1 Limb-darkening coefficient, LCOGT CTIO NT10.52, 0.10] 0.51 +£0.10
q> Limb-darkening coefficient, LCOGT CTIO N10.17, 0.10] 0.18 £ 0.09
q1 Limb-darkening coefficient, LCOGT SSO N10.52, 0.10] 0.54 +0.10
9 Limb-darkening coefficient, LCOGT SSO N10.17, 0.10] 0.18 £ 0.09
q1 Limb-darkening coefficient, LCOGT SAAO NT10.52, 0.10] 0.53+£0.10
q Limb-darkening coefficient, LCOGT SAAO N10.17, 0.10] 0.17 £0.10
Derived parameters
M, Planet mass (M) 26.0+1.3
Ry Planet radius (Rg) 3.51 +£0.15
i® Inclination (degrees) 81.11%031
a Semi-major axis (au) 0.02234 + 0.00060
F Instellation (Fg) 2000 + 100
Db Planet density (g cm™) 331709
9b Planet surface gravity (cm s™2) 2100 + 200
Teg'@ Equilibrium temperature (K) 1860 + 20
A@D Jeans escape parameter 30+2
TSM©  Transmission spectroscopy metric 25.8%3%
T4 Total transit duration (h) 1.504f8:8g‘9t
Tas Full transit duration (h) 132570093
T Ingress and egress transit duration (h) 0.0892t8:88§g
Additional parameters
Y1 Linear trend HARPS (m s~! days‘l) U[-100, 100] —0.238 +0.019
Y1 Systemic velocity HARPS (kms™') U[-1.0218, 1.0208] 0.1008 + 0.0079
oFl RV jitter HARPS (m s~!) J11073,1071 1.2+071
OTESS TESS light curve jitter J11072,1073] 0.002433 £ 1.7¢ — 05
oCTIO LCOGT CTIO light curve jitter J11072,1073] 0.001376’:2:};:82
0ss0 LCOGT SSO light curve jitter J11072,1077] 0.000939*3%¢"03
O°SAAO LCOGT SAAO light curve jitter J[1072,1073] 0.001706f§:g§:8§

Notes. “U[a, b] refers to uniform priors in the range a— b, F[a] to a fixed value a, N'[a, b] to Gaussian priors with mean a and standard deviation
b, and Ja, b] to modified Jeffrey’s priors (Eq. (16) in Gregory 2005). ®’Orbit inclination relative to the plane of the sky. ’Dayside equilibrium
temperature, assuming no heat redistribution and zero albedo (Eq. (2)). “Jeans escape parameter defined as A = GMmy/(kgTeqR,) in Fossati
et al. (2017). ©@Kempton et al. (2018).
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Fig. 9. Radius vs. equilibrium temperature diagram: known planets with a precision of 10% or better in radius are plotted in grey. About a third
of these planets have also RV mass measurements with a precision of 30% or better and are colour-coded with planet mass. We set upper limits to
planet masses at 13 M;. TOI-2196 b is marked with a red star symbol, the five additional planets in the hot Neptune desert with black diamonds,
and solar system planets with brown squares. The five additional planets located in the desert are: K2-100 b (Barragan et al. 2019a), TOI-849 b
(Armstrong et al. 2020), LTT 9779 b (Jenkins et al. 2020b), K2-278 b (Livingston et al. 2018), and Kepler-644 b (Berger et al. 2018) of which the

latter two have only radius measurements.

Table 5. Known sub-Neptune and Neptune planets in the hot Neptune desert (7.4 > 1800 K) with a precision in radius of 10% or better. In addition
to TOI-2196 b, three of the planets have RV measurements with a precision of 30% or better.

Planet Radius Mass Bulk density Py Teq Tem [Fe/H] A@ Age Ref.
(Re) (M) (gem™)  (days) (K) (K) (Gyn)
TOI-2196 b 351+£0.15 260«1.3 3.31i8:ié 1.20 1860 5634 0.14+0.05 29.6 45x20 ®)
K2-278 b 298 +0.23 . . 3.33 1867 6747 0.00+0.17 ... e ©
K2-100 b 3.88+0.16 21.8+62 2.05+0.64 1.67 1878 5945 0.22+0.09 228 0.75J:8:88‘71 @
TOI-849 b 3.44f8:{g 30.1+£2.6 526+0.71 0.77 1966 5374 0.19+0.03 439 6.73:2 ©
Kepler-644b 3447018 . . 317 1912 6540 008015 ... 1602 O
LTT 9779 b 472+023 293+0.8 1.53 +£0.23 0.79 2064 5443 0.27+0.03 229 193; @

References. @Fossati et al. (2017). ®This work. Livingston et al. (2018). “Barragén et al. (2019a). » Armstrong et al. (2020). “’Berger et al.

(2018). @Jenkins et al. (2020b).

we chose the latest results with the highest precision for planets
with several entries or, if they share a similar precision, we chose
the most recent results. Since the information about equilibrium
temperature is not always given by the references, we computed
T,y in the same way for all planets with (e.g. Charbonneau et al.
2005):

[R,
Teq= /5, Ter [f (1 - Ap)]'4,

where a is the planet’s semi-major axis (computed with
Kepler III), Ag is the Bond albedo, and f is the heat redistri-
bution factor. The latter two parameters are here assumed to be
zero and unity, respectively. We prefer to use Teq over orbital
period since the latter does not take into account differences
of stellar types which may give misleading results. With fixed
Bond albedo and heat redistribution, an ultra-short period planet

2

with Py, < 1 day around an M-dwarf has a lower equilibrium
temperature than a planet with an orbital period of several days
orbiting a sun-like star.

The dearth of short-period Neptunes is clearly seen in Fig. 9.
In this plot, the desert starts around 1600 K for medium-sized
planets, which corresponds to orbital periods of 1.9 days around
sun-like stars. For equilibrium temperatures higher than 1800 K,
most planets have R, < 1.8 Ry or R, 2 1 Ry. In addition to
TOI-2196 b, we identified five more planets confirmed in the
desert, which are listed in Table 5: K2-100 b (Barragén et al.
2019a), TOI-849 b (Armstrong et al. 2020), LTT 9779 b (Jenkins
et al. 2020b), K2-278 b (Livingston et al. 2018), and Kepler-
644 b (Berger et al. 2018) of which the latter two have no mass
measurements. This diagram suggests that this small group of
planets delimits two regimes: a hot sub-Neptune desert for plan-
ets with radii between 1.8 and 3 Ry, and a sub-Jovian desert for
radii 5-12 Rg. More planets in this parameter space are needed

A184, page 9 of 15
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Fig. 10. Diagram of all known planets with masses from radial velocity
measurements up to 13 M; and radii from transit photometry with 30%
and 10% uncertainties or lower in mass and radius, respectively. Planets
with Teq > 1800 K are colour-coded with T, and the rest are plotted in
light grey. In total, there are four planets (including TOI-2196 b) with
radii between 3 and 5 Ry in this diagram that are identified as hot Nep-
tune desert planets (cf. Fig. 9). TOI-2196 b is marked with a red star
symbol and the three additional planets with black diamonds. Solar sys-
tem planets are marked with brown squares. Interior models from Zeng
et al. (2019) are plotted as listed in the legend. The 100% water line is
for a planet with condensed water phases.

to establish whether this is a selection effect or some kind of
stability island in the desert.

In Fig. 10, we show the position of TOI-2196 b in a mass—
radius diagram. We plot the same planets with both radii and RV
masses as plotted in Fig. 9. Here, all planets are plotted in grey
except for planets with T4 > 1800 K which are colour-coded
with equilibrium temperature. TOI-2196 b has a radius smaller
than Neptune but an approximately 50% higher mass and, hence,
twice Neptune’s density. As already noted in Fig. 9, it joins the
small group of the three planets found between small, rocky plan-
ets and gaseous giants. We also plot interior structure models
from Zeng et al. (2019)'® with and without the addition of atmo-
spheres as listed in the legend. According to these models, the
composition of TOI-2196 b is consistent with an Earth-like core
with an 0.3—1% H-He atmosphere at an equilibrium temperature
of 2000 K, and also lies slightly above a pure (condensed) water
planet model. We investigated the atmospheric loss and interior
composition with a model that considers water or H/He phases
for highly-irradiated planets such as TOI-2196 b in Sects. 4.2 and
4.3, respectively.

To allow for a comparison to both previous plots, we plotted
planet bulk densities versus equilibrium temperatures in Fig. 11,
colour-coded according to planetary radius. The hot Neptune
desert is also visible in this plot, albeit less prominent since
planets with >1 Mj have increasingly higher densities, thereby
filling in the lower parts of the p — T,y desert. Most planets in
this plot with high T4 have either high densities or large radii if
the densities are low.

To investigate any potential correlations with stellar metal-
licity, we plotted the radius versus the iron abundance relative to
hydrogen in Fig. 12. In panel a) we plot all planets and in panel b)
we plot planets with Tq > 1800 K. We note that all hot Neptune
desert planets have greater than solar iron abundances, although
the sample is too small to draw any firm conclusions.

16 https://lweb.cfa.harvard.edu/~lzeng/planetmodels.
html
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Fig. 11. Bulk density-equilibrium temperature diagram of the same
planets as in Fig. 10 colour-coded here with planet radius. The densities
of Earth, Mars, Neptune, and Saturn are marked with dashed-coloured
lines.

4.2. Atmospheric loss

Planets in close proximity to their host stars are exposed to high
levels of X-ray and extreme UV radiation (XUV) that can erode
planetary atmospheres. If the escape is energy limited, the atmo-
spheric mass loss rate of TOI-2196 b can be written as (Erkaev
et al. 2007; Owen & Wu 2013):

”FXUVRS

M= 20 3
Gt 3)

where Fxyy is the XUV flux received by the planet, G the grav-
itational constant, and € is an efficiency parameter. Planets with
low densities in close orbits are most susceptible to mass loss,
with € that can also depend on the mass and radius of the planet
(Owen & Jackson 2012). Since the mass of the atmosphere of
average sub-Neptunes is typically 1-10% of the planetary mass
(Lopez & Fortney 2014), atmospheric loss is possible and can
transform the planet into a rocky super-Earth (Lopez & Fortney
2013; Owen & Wu 2013).

The XUV irradiation produced by solar-type stars is the
most prominent at the earliest stage of their evolution (saturation
regime). After this stage, the XUV luminosity decreases with
time. For a 1 M, star, we estimate that the saturation regime
lasts 30 Myr and emits 1.1 x 103! erg s™! of XUV (Sanz-Forcada
et al. 2011), resulting in a mass loss rate of 6.9 Mg Gyr~! for
TOI-2196 b. While the XUV irradiation decreases with time
after the saturation regime, it continues to contribute to atmo-
spheric losses over ~1 Gyr. To quantify this effect, we followed
the approach of Aguichine et al. (2021) and integrated the aver-
age XUV radiation produced by a 1 M, star (Sanz-Forcada et al.
2011), assuming that the planet properties remained roughly con-
stant during its evolution. With an efficiency of 5% (see Fig. 13
of Owen & Jackson 2012), we found that TOI-2196 b has lost
~0.8 Mg of H/He. This implies that TOI-2196 b could have
formed with a volatile mass fraction of 4-6%, and lost 50%
to 90% of its atmosphere, a result that is consistent with the
findings of Estrela et al. (2020).

Rapidly rotating stars can have longer saturation regimes,
lasting up to 300 Myr (Tu et al. 2015; Poppenhaeger et al. 2021).
When setting the duration of the saturation regime to 300 My,
that is, ten times longer than in the computation above, the planet
receives almost ten times more XUV energy, thus increasing the
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Fig. 12. Planet radius vs. iron abundance diagram of the same planets as in Fig. 9: a) Colour-coded with stellar mass. b) Same but only plotting
planets with T,y > 1800 K, which corresponds to Py, < 1.3 d for a sun-like star assuming zero Bond albedo and a heat redistribution factor of

unity, or Py, < 0.43 day for a KS'V star.

total lost mass by a factor of 10 (see Eq. (3)). In this extreme case,
we estimate a mass loss corresponding to ~8 Mg of H/He enve-
lope, placing the initial volatile mass fraction of TOI-2196 b at
35%. An envelope that massive contradicts the observed 1-10%
range for sub-Neptunes, suggesting moderate or low activity
levels for TOI-2196. However, these computations assume a con-
stant planet mass and radius over time. The mass loss estimates
should consider the coupling of the mass loss and interior struc-
ture. The apparent correlation between the planet age and the
Jeans escape parameter A in Table 5 is supported by the study of
Fossati et al. (2017). They found that planets with A > 15-35
experience important mass loss until their mass or radius (or
both) adapts to increase A. We conclude that TOI-2196 b expe-
rienced atmospheric mass loss, which may still be taking place
with a present-day mass loss rate of 0.01 Mg Gyr~!. Its atmo-
sphere has, however, not yet been removed entirely, placing
it in the sub-Neptune category of exoplanets. The decrease in
the mass-loss rate that prevented TOI-2196 b from losing its
atmosphere could possibly be due to a change in the atmo-
spheric composition. Atomic hydrogen, which can be produced
by photo-dissociation of H, or H,O, tends to escape at high rates
mostly because of its low mass, but also because of its long
radiative cooling time. A longer radiative cooling time implies
that the gas will lose its heat through mechanical work, that is,
through evaporative flow, rather than through radiation (Owen &
Jackson 2012). A selective loss of H could result in atmospheres
that are dominated by He, O,, H,O, or other heavy species with
much lower escape rates (see Hu et al. 2015; Bolmont et al. 2017,
Aguichine et al. 2021; Ito & Tkoma 2021, respectively). Since
this planet inhabits a sparsely populated part of the radius versus
equilibrium temperature diagram, it is a good candidate to study
exceptions to the evaporation valley and evaporating planets in
general.

4.3. Internal structure

If the composition of TOI-2196 b would partly include volatiles
such as H/He or water, these elements would be in high-pressure
and high-temperature phases due to the thickness of the volatile
envelope. In Fig. 13, we compare TOI-2196 b with mass-radius
relationships of planets with several different amounts of water
in a supercritical state calculated with the model presented in

4.0

TOI-2196 b
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Fig. 13. Position of TOI-2196 b in the mass-radius diagram. We also
show mass-radius relationships for dry planets with different core mass
fractions (Brugger et al. 2016, 2017), water planets with varying super-
critical water (SW) contents (Mousis et al. 2020; Acuna et al. 2021) and
Earth-like cores with different H/He mass fractions (Zeng et al. 2019).
We assume equilibrium temperatures of 1200 K and 2000 K for water
planets and rocky planets with H/He atmospheres, respectively. Dashed
lines indicate an extrapolation of the SW relations beyond their valid
mass ranges. The lines for Earth, Mercury, and 100% core are lines of
constant composition of respective type of planet.

Mousis et al. (2020) and Acuiia et al. (2021), and with those of
rocky planets with gaseous H/He atmospheres (Zeng et al. 2019).
TOI-2196 b lies slightly above the 70% supercritical water (SW)
composition under the assumption of a 100% mantle bulk. If we
were to assume a core mass fraction (CMF) in agreement with
its host stellar abundances (Table 6), the water content would
increase since we would have to fit a similar total density with
a more dense core. A water mass fraction (WMF) of ~70% is
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Table 6. MCMC parameters of the interior structure analysis and their
1 o confidence intervals for scenario 1 (planet mass and radius as input)
and scenario 2 (Fe/Si mole ratio in addition to mass and radius as input).

Parameter Scenario 1 Scenario 2
CMF@ U©,1) O.244f8:83;
CRF(®) 0451005 (31:00
X 0007708 0.0066°000!
M (Mg) 26.031+1.389 25.998’:}:‘3‘&8
R (Rs) 3.517£0.170  3.470*3%2
Fe/Si 6.2612)'12'28 0.747+0.175
Zam @ (km) 814371662 7185%42%8

Notes. @Core mass fraction. ®’Core radius fraction simultaneously
computed with the CMF. ©Hydrogen and helium mass fraction.
@Planet atmosphere thickness.

similar to the maximum water content found in Solar System
bodies (McKay et al. 2019). Thus, the atmosphere of TOI-
2196 b is likely to be dominated by H/He which are less dense
than water; otherwise, the water content of TOI-2196 b would be
unrealistically high.

We therefore performed a MCMC Bayesian analysis (Acufia
et al. 2021; Director et al. 2017) of the internal composition of
TOI-2196 b assuming a H/He atmosphere. Following Brugger
et al. (2016, 2017), we included two layers: an Fe-rich core and a
silicate-rich mantle. To the calculated radius of the interior, we
added the thickness of the H/He atmosphere, zym, to estimate
the total planetary radius. We obtained the atmospheric thick-
ness by subtracting the radius of a bare Earth-like core from
the mass-radius relationships of an Earth-like core with a H/He
atmosphere, presented by Zeng et al. (2019). The atmospheric
thickness is then a function of the surface gravity, go = GM/R?,
where G is the gravitational constant, and the H/He mass frac-
tion, Zum = Zam (9o, XuyHe)- We set the surface conditions for the
interior model as 2000 K and 1 bar, since Zeng et al. (2019) con-
sidered an isothermal temperature profile for their atmosphere.
Changing our surface pressure to other values would have a triv-
ial effect on our interior bulk radius, since this parameter does
not have an influence on the total radius of solid mantle—core
planets (Otegi et al. 2020).

We considered two scenarios to obtain the interior struc-
ture of TOI-2196 b. Scenario 1 uses the planet mass and radius
as input to the MCMC analysis, while scenario 2 also uses
the stellar Fe/Si and Mg/Si mole ratios (Table 2) as input. To
compute the Fe/Si and Mg/Si mole ratios with the stellar abun-
dances, we follow the approach depicted in Brugger et al. (2017)
and Sotin et al. (2007) and obtain Fe/Si=0.775+0.170 and
Mg/Si = 1.192 + 0.337. The MCMC analysis yields posterior dis-
tribution functions (PDF) of the core mass fraction and the H/He
mass fraction.

The CMF and the H/He mass fraction, xjj/pe, represent our
free parameters in the MCMC analysis. The CMF in scenario 1
is sampled as a uniform distribution between 0 and 1 which are
the minimum and maximum values of the compositional param-
eters. In scenario 2, the CMF is constrained by the inclusion of
the Fe/Si mole ratio as an input to the MCMC framework. This
results in a mean value of the CMF of 0.244f8:82; (Table 6) which
is slightly lower than the CMF of Earth (0.32). The Earth value
is, however, approximately at the limit of its 1 o confidence inter-
val as seen in Fig. 14. These results from scenario 2 are expected
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Fig. 14. Ternary diagram of the MCMC models for TOI-2196 b in sce-
nario 1 (red), with the planet mass and the radius as input to the model,
and in scenario 2 (blue), where also the stellar abundances are included.
The mantle mass fraction (MMF) is defined as MMF =1 - CMF — xyy/pe
where the latter parameter is the H/He mass fraction and CMF is the
core mass fraction. The green circle and black square indicate the posi-
tion of Earth and Mercury in the ternary diagram, respectively. The
maximum CMF constrained by planet formation is limited by the black
dashed line (see Sect. 4.3).

since the Fe/Si mole ratio of TOI-2196 b is lower than the solar
value (0.96). The resulting mean value of the H/He mass frac-
tion, Xp/He, 1 approximately 0.7% in both scenarios. In the case
of scenario 2, the uncertainties are lower than in scenario 1.
This is due to the use of the Fe/Si mole ratio, which breaks the
degeneracy between the CMF and the H/He mass fraction in sce-
nario 2. Both scenarios agree that the minimum volatile mass
fraction is =~ 0.4%. In addition, we can consider scenario 1
as the most conservative one to derive the maximum volatile
mass fraction for TOI-2196 b. The maximum CMF estimated
from the protosolar nebula composition (Lodders et al. 2009)
is 0.75. We mark this limit as a black dashed line in the ternary
diagram in Fig. 14. We estimated the maximum volatile mass
fraction as the xyy/p. at which this line crosses the red points that
correspond to the MCMC simulations in scenario 1, which is
approximately 3%.

In Sect. 4.2, we show that the past volatile mass fraction
of TOI-2196 b was approximately 4-6%, with an accompany-
ing increase in mass of 0.8 Mg. The radius for a planet of such
mass and volatile mass fraction would be around 6 Ry, according
to the mass—radius relation of 5% H/He from Zeng et al. (2019),
which changes the density from 3.3 g cm™ to 0.7 g cm™>. This
shifts the position of TOI-2196 b in the density diagram in Fig. 11
downwards to the Saturn density with the difference of having a
much lower mass than the gas giants in this parameter space. If
we place the planet with the past radius and mass in the mass-
radius diagram, it would be slightly above the small group of
planets that includes LTT 9779 b, K2-100 b, and TOI-849 b, but
still located in the hot Neptune desert and would still be classified
as a planet in the Neptune regime, not a gaseous giant.

5. Conclusions

We present the detection and the analysis of the hot and volatile
rich planet TOI-2196 b. It is smaller than Neptune but 50% more
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massive resulting in a high bulk density for this type of planet.
Another interesting result is the presence of a longer period body
in this system detected in the radial velocity measurements as a
linear trend with a minimum mass of ~0.65 Mj, assuming zero
eccentricity. The outer body may be a warm or cold gas-giant
planet, although a brown dwarf, or a very low-mass stellar com-
panion, cannot be fully excluded at the present stage. A future
long-term RV monitoring of the star is needed to determine the
true nature of the signal. We estimate the mass loss of volatiles
for planet b at a young age and find that while the mass loss
could have been significant, the planet has not changed in terms
of its character. It formed as a small volatile-rich planet and has
remained one until today. The high equilibrium temperature of
1860 K, together with its radius and mass, places TOI-2196 b in
the hot Neptune desert as a member of a very small population
found so far. This small population suggests that the desert is
divided in two parts: a hot sub-Neptune desert (R, ~ 1.8-3 Rg)
and a sub-Jovian desert (R, ~ 5-12 Rg). However, more planets
are needed for further studies for this special region.
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