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ABSTRACT

We statistically validated a sample of hot Neptune candidates applying a two-step vetting technique using DAVE and TRICERATOPS.
We performed a systematic validation of 250 transit-like events in the Transiting Exoplanet Survey Satellite archive in the
parameter region defined by P < 4dand3 Rg < R < 5Rg. Through our analysis, we identified 18 hot Neptune-sized candidates,
with a false positive probability <50 per cent. Nine of these planet candidates still need to be confirmed. For each of the nine
targets, we retrieved the stellar parameters using ARIADNE and derived constraints on the planetary parameters by fitting the
light curves with the juliet package. Within this sample of nine candidates, we statistically validated (i.e. with false positive
probability <0.3 per cent) two systems (TOI-277 b and TOI-1288 b) by re-processing the candidates with TRICERATOPS along
with follow-up observations. These new validated exoplanets expand the known hot Neptunes population and are high-priority
targets for future radial velocities follow-up.

Key words: techniques: photometric — planets and satellites: detection — planets and satellites: general.

Howell 2020), and several more may be discovered outside the
Milky Way in the future (Covone et al. 2000; Di Stefano et al.
A variety of ground and space-based hunting missions have dis- 2021). In particular, the Kepler mission (Koch et al. 2010) has
covered over 5000 planets orbiting other stars in the Galaxy (e.g. revolutionized our knowledge of exoplanets by allowing to conduct

robust statistical studies of the exoplanets population (e.g. Lissauer

et al. 2011; He, Ford & Ragozzine 2021) for the first time. One of
*E-mail: christian.magliano@unina.it (CM); giovanni.covone@unina.it the most unexpected and intriguing result is the discovery of the so-
(GC) called Hot Neptune Desert: an apparent paucity of strongly irradiated

1 INTRODUCTION
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planets with the sizes of Neptune that orbit their host star in <4 d
(see e.g. Szab6 & Kiss 2011; Beaugé & Nesvorny 2013). Indeed,
most close-in known exoplanets are hot Jupiters that have enough
mass to retain most of their atmosphere against the photoevaporation
caused by the star, or small dry rocky exoplanets that have likely
lost their atmosphere due to the intense host star radiation long ago
(Owen 2019). It is still not clear whether the formation of planets
is somehow prohibited inside the Desert or if they can start forming
inside it but then rapidly migrate outwards or fall on to the host star
(Szab¢ & Kiss 2011). Mazeh, Holczer & Faigler (2016) investigated
the Neptunian Desert conundrum in the period-mass and period-
radius diagrams. By applying two different statistical techniques to a
sample of confirmed exoplanets with known mass, they estimated the
lower and upper boundaries within which the data show a dearth of
objects. Many authors tried to give physical explanations to the two
observed boundaries which define the Desert. The photoevaporation
of the H/He atmospheres of an initially low-mass planet is consistent
with the shape of the lower boundary in the radius-period plane
(Beaugé & Nesvorny 2013; Lopez & Fortney 2014; Lundkvist et al.
2016; Owen & Lai 2018). Photoevaporation is the physical process
by which exoplanets lose their H/He envelopes due to the UV/X-
ray photons emitted by the host star. As a consequence, the planet
experiences a downsizing. According to this scenario a Neptune-size
planet, which formed inside or moved into the Desert, is rapidly
shrunk to a super Earth. We also expect that the shape of the
lower bound will be affected by the total lifetime UV/X-ray flux
as well as the spectral type of the host star (McDonald, Kreidberg &
Lopez 2019). However, photoevaporation cannot be the only process
responsible for the upper limit of the Neptune Desert. Indeed, more
massive planets (M 2 0.5M;) are able to resist photoevaporation
and numerical simulations (Ionov, Pavlyuchenkov & Shematovich
2018; Owen & Lai 2018) showed that in the scenario where
photoevaporation also creates the upper boundary the radius-period
plane would be filled with sub-Jovian planets at very short period, in
contrast with the observations. Furthermore, by detecting the helium
absorption signal of seven gas-giant planets near the upper edge,
Vissapragada et al. (2022) found that their atmospheric lifetimes are
much longer than 10 Gyr. According to Owen & Lai (2018), the
upper boundary can be explained in the high-eccentricity migration
scenario where, due to gravitational interactions, a planet is pushed
into a highly eccentric orbit which becomes tidally circularized as the
planet proceeds towards its parent star. After orbital circularization,
planets with masses greater than 1M, can move even closer to their
parent star thanks to stellar tidal decay. Important observational
constraints to decipher which scenario dominates (i.e. if these planets
formed in situ or by migration) will come from the characterization of
planetary bulk density estimates obtained with high accuracy radial
velocity data along with precise radii measurements. In addition,
the systematic characterization of planetary atmospheres that will
be performed by the James Webb Space Telescope (JWST) and the
Ariel mission (Tinetti et al. 2018) may shed light on whether these
giant planets are gradually losing their gas envelopes or they are
depleted of volatile chemicals. The mixing of density estimates along
with planetary atmosphere characterization will be a crucial step in
understanding the origin of these worlds. Indeed, the in situ scenario
formation is compatible with a planetary composition dominated by
refractory compounds while a migration-scenario may lead to an
abundance of frozen volatiles and amorphous ices.

The Transiting Exoplanet Survey Satellite (TESS) mission (Ricker
et al. 2015) has found more than 5000 candidate planets according
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Figure 1. The distribution of the confirmed exoplanets observed with P <
10 d and R < 100Rg. The yellow dots are planets from all surveys, the
blue dots represent the confirmed exoplanets discovered by TESS. The black
dashed lines are the upper and lower boundaries of the Hot Neptunes Desert
as calculated by Mazeh et al. (2016).

to the NASA Exoplanet Archive! to date, making a remarkable
contribution to detect planets within and around the Neptune Desert.
Most of the target stars in the TESS Input Catalog (TIC) are bright
enough for follow-up spectroscopy observations to measure the mass
of the planet, and thereby allowing to retrieve its mean density.
So far there has been little discussion about an overall analysis of
Hot Neptune Desert within the TESS data base. However, there
are several works based on TESS observations where authors have
confirmed exoplanets lying in the hot Neptune Desert (see e.g.
Jenkins et al. 2020).

In this work, we exploit the TESS archive and the follow-up
observations to validate new hot Neptune candidates, by applying
a vetting procedure based on two recently developed tools, DAVE
and TRICERATOPS. The outline of the paper is the following, in
Section 2 we focus our attention on a sub-region of the Neptune
Desert in the TESS archive. In Section 3, we vet the whole catalogue
extracted in the sub-region by using the tools DAVE and TRICERATOPS,
and then in Section 4 we perform transit fitting with juliet in
order to obtain the planetary parameters while the adopted stellar
parameters are retrieved by using the software package ARIADNE. In
Section 5 we discuss follow-up observations of these TOIs carried by
several facilities used by the TESS Follow-Up Observing Program
Working Groups. In Section 6, we analyse in detail each individual
hot Neptune selected by our procedure. In Section 7, we discuss the
potential for atmospheric characterization of our selected sample.
Finally, we summarize our conclusions in Section 8.

2 THE SAMPLE

Fig. 1 shows the distribution of the confirmed exoplanets with
P < 10° d and R < 100Rg in the (P, R) plane, obtained from
the NASA Exoplanet Archive. The dearth of Neptunian/sub-Jovian
bodies orbiting very near their host star (i.e. P <4 d) is clearly seen.
The two boundaries give rise to the well-known peculiar triangular

Thttps://exoplanetarchive.ipac.caltech.edu/index.html
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Figure 2. (a) Period distribution of confirmed exoplanets observed by TESS with P < 30 d; (b) radii distribution of confirmed exoplanets observed by TESS

with R < 20R&.

shape, defining the borders of the so-called Hot Neptunes Desert
(Mazeh et al. 2016).

Our aim is to perform a homogeneous and statistically controlled
validation of the sample of hot Neptunes candidates in the TESS
data, as these will be valuable targets for follow-up spectroscopic
observations aimed at understanding the origin of the hot Neptune
Desert.

At January 2022, 453 objects observed by TESS were confirmed
or were already known exoplanets, and their key features are publicly
available in the ExoFOP archive.? In Fig. 2, we show the period and
radii distributions of the confirmed and known planets observed by
TESS. The period distribution clearly shows the high rate of short-
period exoplanets discovered by TESS. This is partly due to the way
the TESS project has been designed. Given the typical baseline of
27.4 d for TESS sky sectors, TESS is more likely to find planets
with period shorter than 13 d. The bimodal radii distribution in the
histogram in Fig. 2 clearly show a depletion of confirmed bodies with
3Re < R < 10Rg. Only 24 out of 443 confirmed objects observed
by TESS with 3Rg < R < 10Rg orbit their host stars in less than
4 d. TESS observations confirm the dearth of Neptune/sub-Jovian
size objects with very short period (P < 4 d) as pointed out by
Beaugé & Nesvorny (2013) and Szabé & Kiss (2011) by using the
Kepler data base.

In this region of the (P, R) space, ExoFOP archive contains more
than 700 TESS Objects of Interest (TOIs) still to be validated.
This data set was extremely large to be analysed with the two-
step vetting technique, so we restricted our analysis to a sub-region
of the Hot Neptune Desert. In particular, we selected, within the
ExoFOP archive, TOIs with P < 4 d and 3Rg < R < 5Rg, the
‘Desert’ hereafter, where only nine objects have been confirmed as
planets so far. We found 250 TOIs populating the Desert that we
uniformly vetted by using DAVE. The TOIs that successfully passed
the DAVE test, were then processed using TRICERATOPS that quantifies
the Bayesian probability that we are dealing with true planets. The
details of the whole workflow are described in the next section.

We checked whether the lack of confirmed planets in the Desert
is statistically significant by performing a simple Monte Carlo (MC)
test following the same procedure as in Beaugé & Nesvorny (2013).
In particular, we generated 10* exoplanetary populations, each of

Zhttps:/exofop.ipac.caltech.edu/tess/
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1000 planets uniformly distributed in the (P, R) space with R € [0.5,
10]Rg and P € [0, Pyax], where the upper limit Py, was varied for
each different simulated sample within the range [4,12] d, according
to the period distribution shown in Fig. 2. In fact, the median period
P of the confirmed TESS planet distribution is ~3.8 d with a standard
deviation op &~ 8 d. Therefore, we designated [P, P + op] as the
range within which Py, can take values in the MC simulations. For a
given sample and a given value of P,,,,, we calculated the occurrence
rate of drawn planets that fall in the Desert, i.e. with P < 4 d and
3Rg < R < 5Rg. At the end of the simulations, we obtain a set of 10*
occurrence rates whose mean value depends on the value of Pp,. As
P, decreases, the averaged theoretical occurrence rate increases
because we are gradually reducing the (P, R) region in which our
simulated signals can fall, i.e. it is more probable for a randomly
drawn exoplanet to fall within the Desert. In the worst case, i.e.
Puax = 12 d, the average occurrence rate obtained with simulation
was ~6 per cent against the observed one, 9/443 = 2 per cent.

3 THE VETTING PROCEDURE

Despite the theoretical simplicity of the transit method, a number of
astrophysical sources can produce a large number of false positives.
There are many possible false positive scenarios: (i) stellar binary,
that is two stars orbiting a common center of mass can mimic a
planetary transit signal if they are different in size or if they have
similar sizes but the eclipse is partial; (ii) blended binary star,
when the target blends the light of an ecplising binary such that
the secondary ecplise might be lost in the noise while the primary
gets confused with a planetary transit; (iii) other spurious single-
star signals originated from astrophysical sources (stellar spots,
pulsation, rotation) or instrumentation artefacts (jitter noise and
momentum dumps).

The vetting procedure is a first step in the long workflow which
allows to confirm a transit-like signal as a genuine exoplanet. In this
work we used two different tools to vet the 250 TOIs selected in
Section 2. First, we used DAVE (discovery and vetting of Exoplanets,
Kostov et al. 2019) to vet transit-like signals at both the pixel and
light-curve level by visual inspection. Then, after this skimming
procedure, we used TRICERATOPS (Giacalone et al. 2021) to analyse
the selected candidates by calculating the Bayesian probability of
being astrophysical false positives. Below we describe in detail these
two steps in our analysis.
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3.1 DAVE

The aim of the DAVE pipeline is to evaluate whether a transit-like
signal might originate from a planetary candidate, or is a false positive
due to different scenarios. DAVE was originally developed for vetting
of exoplanet candidates using data from the K2 mission and later
adapted to TESS (e.g. Kostov et al. 2019). While the pixel size,
systematic effects and SNR differs between the two missions, the
underlying procedure is effectively the same. Namely, each TOI is
analyzed at the pixel level by photocenter analysis, and at the light
curve level by a flux time-series analysis. This double-level analysis
is carried out for each TESS sector in which the target has been
observed. The vetter can distinguish whether the transit is caused by
a real planet candidate or a false positive by inspecting some DAVE
outcomes.

The centroids analysis produces a difference image by subtracting
the overall in-transit image from the out-of-transit image. Then it
calculates the photocenter of the light distribution by fitting the
TESS pixel response function to the image. This procedure is
executed for each detected transit. The position of the centroid
on the difference image is calculated by taking the average over
all the events, the statistical significance of the measured offset
is measured and provided to the user. This module allows the
vetter to check whether the transit-like event did not originate
from the target star: if centroids give a clear offset of the centroid
with respect to the expected position of the target star then it is
flagged as a False Positive (FP). However, it is possible that DAVE
produces difference images that are difficult to interpret due to
artefacts or low SNR flagged as bad quality images; in these cases,
the photocenter analysis is pointless and the centroid unreliable
hence, to be the most conservative, we pass the signal as a planet
candidate.

The Modelshift analysis generates a phase-folded light curve
together with the best-fitting trapezoid transit model. The purpose
of this module is to inspect whether the source of the signal is an
eclipsing binary system. It also displays other important features of
the transit such as the average primary signal, the second and the
third most notable signals. Moreover, it also shows the averaged
odd transits along with the even ones and it calculates the statistical
significance of the odd-even difference. Another important feature
that Modelshift takes into account is the shape of the transit.

Besides these two main modules, there are other supplementary
metrics which allow a better comprehension for those targets harder
to vet. In particular, of great importance is the Lomb—Scargle (LS)
Periodogram (Lomb 1976; Scargle 1982) that runs a LS periodogram
on the transit-masked light curve. Then, it displays the phase-
folded light curve with respect to the period with the highest peak
in order to look for possible modulations of the light curve due
to intrinsic and/or rotational variability. In general, modulations
can be caused by a variable background star inside the aperture
mask used to extract the light curve, but if these are on the same
period of the observed eclipse they may originated from ellipsoidal
variations of a binary star system (Morris & Naftilan 1993; Faigler &
Mazeh 2011; Shporer 2017). When the light curve exhibits strong
modulations, one needs to perform a detrending of the time-series
flux.

In this work, we followed the same procedure as discussed in
Cacciapuoti et al. (2022): for each TOI in the catalogue, each
member of the inspection team provides her/his personal ranking
(or disposition) of the TOI, according to the following prescriptions:

(i) if the TOI shows no anomalies at both flux and pixel level then
the signal is ranked as a Planetary Candidate (PC);

Hot Neptunes in TESS
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Figure 3. Distribution of the pFPs and FPs ranked by using DAVE in the (P,
R) diagram.

(ii) if the TOI does not pass the vetting procedure then the signal
is ranked as a FP. A FP disposition might be due to a clear centroid
offset, a clear secondary eclipse at 0.5 phase or a V-shaped transit
along with a significant odd-even difference;

(iii) if the TOI shows a few red flags but not clear clues of a
false positive scenario, then the signal is ranked as a probable False
Positive, pFP. For example, we gave a pFP when the TESS light curve
has a low SNR and at the same time we notice a potential secondary
eclipse or the photocenter position is slightly shifted towards the first
neighbour target’s pixel, but not clear enough.

The vetter team was composed of CM, RD, and LT who faced
with three possible scenario:

(1) All three vetters ranked a signal as PC then the TOI was a PC;

(i1) At least two vetters ranked a signal as pFP or FP, then the TOI
was discarded from further analysis as FP;

(iii) Two vetters ranked a signal as a PC and the other one claimed
a FP or pFP, then the TOI was further discussed as a group in order
to decide one of the two above scenarios.

In order to be conservative and build a clean final catalogue of
Hot Neptune candidates, we chose to rule out also the systems with
a pFP disposition, while focusing our further analysis on PCs only.

Out of the 250 TOIs, we ranked 62 signals as PC, that is about
25 per cent of the total. The occurrence rate for PC is very low if
compared with the value 270 per cent obtained by Cacciapuoti et al.
(2022), due to the fact that in this work we considered a tiny region
of the (P, R) space in which we expect to find a dearth of true
planets. As a further check, we plot the distribution of the pFP and
FP signals in the (P, R) diagram in Fig. 3. The distribution of the false
positive candidates is quite uniform in this space, without any clear
trend, ensuring that our classification based on DAVE is not affected
by any bias. We only emphasize a slightly higher density of false
positives at short periods (P < 2 d), which is typical of binary star
systems.

TESS has a focus-limited PSF because one TESS pixel corre-
sponds to 21 arcsec in the sky. This design introduces an intrinsic
limit in the DAVE dispositions based on TESS observation due to we
cannot handle with the field stars within the target pixel. We will
discuss these details in Section 5. In this perspective, TRICERATOPS
tool comes in handy because of its capability of calculating the
false positive probability (FPP) taking into account sources less than
21 arcsec far away from the target.

MNRAS 519, 1562-1577 (2023)
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3.2 TRICERATOPS

The TRICERATOPS® pipeline calculates the Bayesian probability that
a given light curve originates from a transiting planet or a wide range
of false positive scenarios (Giacalone et al. 2021). For each target,
the pipeline allows to calculate the FPP; that is the probability that
a planet candidate is a false positive, and the nearby false positive
probability (NFPP), namely the probability that a planet candidate is
a false positive due to the presence of a resolved nearby star.

The classification of a light curve is based on the comparison
between the obtained FPP and NFPP values and a priori defined
threshold values. Giacalone et al. (2021) argued that when FPP <
0.5 and NFPP < 1073, the observed event is likely originated by
a transiting planet. Many authors consider a planet statistically
validated when FPP < 10~2 and NFPP < 1073 (Morton 2012, 2015;
Rowe et al. 2014; Giacalone et al. 2021). We stress that TRICERATOPS
calculates the bayesian FPP based on planet occurrence rates priors
which treat planet radius and orbital period as independent variables.
However, in this work we are considering a region in the (P, R)
diagram where the planet occurrence rates are lower than one would
expect looking at the abundances elsewhere in the diagram (Hsu
et al. 2019). Consequently, all the probabilities calculated with
TRICERATOPS will be underestimated by an unknown factor. In order
to construct the cleanest possible sample of high-priority targets, in
this work for a planet candidate to be statistically validated we chose
a stronger constraint than those aforementioned. We define a Hot
Neptune candidate statistically validated to better than the 99.7th
percentile if FPP < 3 x 1073 and NFPP < 10~3. We stress that these
are arbitrary threshold values depending on the desired degree of
confidence chosen a priori, so a target slight above the threshold still
remains amenable for any follow-up observations. We also point out
that TRICERATOPS works reliably on 2-min cadence data, whereas
planet candidates observed only at 30- or 10-min cadence data
cannot be confidently validated. For the sake of completeness we
will also run TRICERATOPS on those candidates with only 10- or
30-min cadence data available, keeping in mind that even if they
meet the above-mentioned threshold values, we will not consider
them validated planets. Notwithstanding, these alleged candidates
will still be amenable targets for follow-up measurements.

TRICERATOPS allows to determine the FPP and NFPP values
by including also follow-up measurements, such as high-contrast
images. However, we did not use any follow-up measurements at this
step of the vetting procedure, as not all the 62 candidates had publicly
available follow-up measurements. We ran TRICERATOPS for the 62
planet candidates previously classified with DAVE, using the same
aperture mask employed for the visual-inspection. In order to take
into account the intrinsic statistical fluctuations in the TRICERATOPS
outcomes, for each TOI we run the pipeline 10 times taking the
mean value for FPP and NFPP values. We show the results of the
TRICERATOPS analysis in Fig. 4.

As shown in Fig. 4 and summarized in Table 1, there are 18 TOIs
falling in the so called Likely Planet region, in which there is a high
probability that these signals are due to true planets. Instead, 10
TOIs lie inside the Likely NFP, defined by NFPP > 0.1, composed
by signals which have high chance to be false positive originating
from the stars that fall in the TESS photometric aperture. Eventually,
34 TOIs lie outside these two regions in the (FPP, NFPP).

For each TOI of the sample we checked its TESS Follow-up
Observing Program Working Group* (TFOPWG) disposition based

3Web site: https://github.com/stevengiacalone/triceratops
4Web site: https://tess.mit.edu/followup
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Figure 4. Distribution of the TRICERATOPS results within the (FPP, NFPP)
plane, with the adopted threshold values as in Giacalone et al. (2021). We
consider TOIs with FPP < 0.5 and NFPP < 1073 as likely planets (green-
shaded region). While, if a TOI has NFPP > 0.1 then it is designated as a
likely false positive due to some nearby sources (red-shaded region).

Table 1. Summary of the TRICERATOPS outcomes along with the TFOPWG
dispositions.

Total PC Cp FP
Likely planet 18 9 9 0
Likely NFP 10 9 0 1
Other 34 28 3 3
Total 62 46 12 4

on available follow-up measurements. According to the publicly
available TFOPWG dispositions, the sample of the 62 PCs includes
46 PCs, 4 objects rejected as FPs throughout follow-up observations
and 12 already confirmed planets. We found that 9 out of 12 con-
firmed exoplanets lie in the Likely Planet region where, furthermore,
no false positive occurs. In particular, within this region, there are 3
already known planets (KPs) from other surveys (GJ-436 b, GJ-3470
b and K2-55 b) and 6 confirmed planets by TFOPWG (TOI-1728b,
LTT 9779b, TOI-849b, TOI-132b, TOI-1235b, TOI-1260b). This
comparison shows a close agreement between the results from our
procedure and the TFOPWG analysis. TFOPWG identified a false
positive which falls in the Likely NFP region while three confirmed
exoplanets and three FPs that occupy the leftover area in the (FPP,
NFPP) space. We report in Table 1 the summary of the results
obtained with TRICERATOPS along with TFOPWG dispositions.

In the following, we restrict our analysis to the 18 signals falling
inside the Likely Planet whose FPP and NFPP values are reported in
Table 2. However, nine out of 18 TOIs inside the Likely Planet region
have already been confirmed as planet by the TFOPWG. Hence, we
are left with nine planet candidates to be validated.

At the end of this vetting procedure, we are left with nine new
candidate Hot Neptunes. As reported in Table 2, already at this stage
in our analysis (that is, before taking into account any follow-up
measurement) TIC 365733349.01 and TIC 439456714.01 satisfy the
requirement (i.e. FPP < 3 1073 and NFPP < 103) to be considered
statistically validated planets as we will discuss in Section 6 where
we will repeat the TRICERATOPS test using the follow-up observations
in order to have a uniformly statistically validated sample of hot
Neptunes in TESS data base. The other seven candidates have good
chance to be real planets but we require additional data to validate
them (see Section 5) and rule out the possibility of unresolved
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Table 2. TRICERATOPS outcomes for the 18 likely hot Neptunes without
follow-up observations along with the TFOPWG dispositions.

TIC ID FPP NFPP TFOPWG Disposition
439456714.01 <3 x <1073 PC
1073
365733349.01 <3 x <1073 PC
1073
138819293.01 <3 x <1073 KP (GJ-436 b)
1073
285048486.01 <3 x <1073 CP (TOI-1728 b)
1073
19028197.01 <3 x <1073 KP (GJ-3470b)
1073
183985250.01 <3 x <1073 CP (LTT 9779 b)
1073
63898957.01 <0.5 <1073 PC
73540072.01 <05 <1073 PC
372172128.01 <05 <1073 PC
153078576.01 <05 <1073 PC
146523262.01 <05 <1073 PC
358070912.01 <0.5 <1073 PC
124235800.01 <0.5 <1073 PC
33595516.01 <0.5 <1073 CP (TOI-849 b)
437704321.01 <05 <1073 KP (K2-55 b)
89020549.01 <05 <1073 CP (TOI-132 b)
103633434.01 <05 <1073 CP (TOI-1235 b)
355867695.01 <05 <1073 CP (TOI-1260 b)

companion or nearby star. The reader can find the DAVE main
outcomes for the nine TOIs in Supplementary materials.

4 ANALYSIS

By following the vetting procedure discussed in Section 3, we
selected a sample of nine new Hot Neptune candidates to be validated.
In this section, we perform a transit fit using the juliet tool
(Espinoza, Kossakowski & Brahm 2019) based on stellar parameters
inferred by using the software ARIADNE (Vines & Jenkins 2022).

4.1 Stellar parameters

We retrieved the stellar parameters of the nine host stars by
performing a spectral energy distribution (SED) modelling using
ARIADNE. This tool has incorporated six atmosphere model grids,
which were created by convolving the synthetic atmosphere SEDs
with multiple bandpasses of different filters. The models used are
— Phoenix v2 (Husser et al. 2013), BT-Settl, BT-Cond, (Allard,
Homeier & Freytag 2011), BT-NextGen (Hauschildt, Allard & Baron
1999; Allard et al. 2011), Kurucz (1993a), and Castelli & Kurucz
(2003) — ARIADNE fits each selected model grid using the Dynamic
Nested Sampling algorithm (Skilling 2004; Skilling 2006; Higson
et al. 2019) through dynesty (Speagle 2020), and finally performs
Bayesian Model Averaging over all utilized models to get the final
set of parameters for a given star. First, ARIADNE searches for broad-
band photometry using astroquery to access MAST and VizieR
archives to query catalogues Tycho-2 (Hgg et al. 2000), ASCC
(Kharchenko 2001), 2MASS (Skrutskie et al. 2006), GLIMPSE
(Churchwell et al. 2009), ALL-WISE (Wright et al. 2010), GALEX
(Bianchi et al. 2011), APASS DRY9 (Henden & Munari 2014),
SDSS DR12 (Alam et al. 2015), Stromgren Photometric Catalog
(Paunzen 2015), Pan-STARRS1 (Chambers et al. 2016), and Gaia
DR2 (Gaia Collaboration 2016, 2018a). The models used for fitting

Hot Neptunes in TESS 1567
were selected according to an initial effective temperature estimation
from Gaia DR2 (Gaia Collaboration 2018b), this is because Kurucz
(1993a) and Castelli & Kurucz (2003) are known to perform poorly
on stars with T < 4000 K. For Te, log g, and [Fe/H], we used priors
drawn from the TIC v8 catalogue (Stassun et al. 2018) values where
available, and the default prior otherwise, while for the radius and
distance we used ARIADNE’s default priors. Finally, for the interstellar
extinction Ay, we used a prior drawn from the Bayestar 3D dustmaps
(Green et al. 2019) when possible, otherwise we employed a uniform
prior from O to the maximum line-of-sight extinction from the SFD
dustmaps (Schlegel, Finkbeiner & Davis 1998; Schlafly & Finkbeiner
2011). A summary of the priors is shown in Table 3 and we report in
Table 4 the outcomes of ARIADNE.

4.2 Transit fit

In this work, we used the open source PYTHON package JULIET® for
the modelling of our 9 likely Hot Neptunes. This tool exploits the
BATMAN package (Kreidberg 2015) for transit fitting and allows to
constrain the physical planetary parameters based on photometry
and the radial velocity measurements when available. The MultiNest
sampler (Feroz, Hobson & Bridges 2009), via the PyMultiNest
wrapper (Buchner et al. 2014), is employed to determine posterior
parameters. The Presearch data conditioning simple aperture phto-
tometry light curves (Kinemuchi et al. 2012) are retrieved from the
MAST archive,® where long term trends have been removed along
with fewer systematic trends. Nevertheless, the light curves of the
candidates TIC 124235800, 146523262, 358070912, and 37217218
still possessed some modulations in the light curve due to some
artefacts and possible space telescope jitter. In order to take into
account this noise, we used the Gaussian Process (GP) method with
a Matern kernel using the celerite package, see Foreman-Mackey
et al. (2017). The GP method provides a non-parametric technique
to address the systematic trends or the noise are hard to model.
After having detrended the modulations in the light curves with GP
method, we defined priors for transit modelling. For orbital period P
and mid-transit time 7y based on ExoFOP values, we set a normal
distribution N(u, o) where p and o are, respectively, the mean and
the standard deviation of the distribution. In regards to the set-up of
the impact parameter b and the planet to stellar radius ratio p = R,,/R,,
we followed the sampling scheme as explained by Espinoza (2018).
In particular, we sampled two parameters r1 and 2, defined using
a uniform prior between 0 and 1, which return all the physically
meaningful values of p and b, with the condition 0 < b < 1 + p
to be satisfied. In addition, we used ARIADNE’s estimated stellar
density, as a normal prior to precisely constrain the semimajor axis.
Furthermore, we assumed a circular orbit by fixing the eccentricity
value to zero. Our model includes the quadratic law which fits the
two limb darkening parameters ¢l and g2 with a uniform prior
between 0 and 1, as described by Kipping (2013). We also fitted
the jitter term, o, ;, to account for the white noises. However, when
it was incapable of modelling more complicate cases we used the GP
method as discussed above. The dilution factor D7ess is the ratio of
the out of transit flux of the target star to the total flux by other stars
within the photometric aperture. D7ess is fixed to unity assuming
no contamination by nearby sources. We show the best-fitting light-
curve models for each candidate in Fig. 5 along with the best-fitting
parameters in Table 5 as obtained by using JULIET.

Shttps://github.com/nespinoza/juliet
Ohttp://archive.stsci.edu/tess/
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Table 3. ARIADNE priors.

TIC ID Tegr log g [Fe/H] Ay

63898957 N(5940, 100%) N(4.57,0.1%) N(0.29,0.1%) 0 (fixed)

439456714 N(3866, 200%) N(4.58,0.11%)  N(—0.125,0.234%) 0 (fixed)

365733349 N(6180,362%) N(4.62,0.1%)  N(-0.125,0.234%) 0 (fixed)

73540072 N(5145, 100%) N(4.34,0.22) N(0.31,0.2%) 0 (fixed)

372172128 N(5728, 130%) N(4.24,0.1%) N(-0.35,0.2%) U(0, 0.08)

153078576 N(3596, 157%) N(4.79,0.2%) N(-0.63,0.5%) U(0, 0.043)

146523262 N(6250, 200%) N(4.72,0.1%) N(-0.63,0.5%) 0 (fixed)

358070912 N(5151, 124%) N(4.42,0.1%) N(-0.35,0.2%) U(0,0.15)

124235800 N (3830, 157%) U@3.5,6) N(—0.125,0.234%) U(0,0.2)
Table 4. Stellar parameters as obtained from ARIADNE.
TIC ID TOI Distance (pc) Ter(K) logg R.(Rp) M.Mg) px(kg m~?3) [Fe/H]
63898957 261 1141758 6076136 4.57%001 1.15075:019 1787509 1649104 0.137003
439456714 277 65177508 403113} 4.587019 0.36270008 016 £0.01  4754£380  —0.01700;
365733349 1288 115.0610:42 5307+}8 462£005 097470007 146+0.06  2227+£103  —0.04 £0.10
73540072 1853 166.810-2 5040132 436759 0.80470:007 0.55700 1491 +117 027700
372172128 2196 263.573% 565513 4.28%000 L044%00%  0.75£0.06 929 £ 89 0.11%5.09
153078576 2407 92.2370%9 3522122 4.8679% 0.57170006  0.86+0.06 6512514  —0.2870%
146523262 2465  217.7%07 6146 +£24 4724005 120070014 274+014  2235+132  0.0370%
358070912 3261  30L.6777 5126172 448£0.09 09167003  0.72£0.04 1320124  —0.307)0
124235800 4898 99.2%03 3823728 508703 0.697£0.009  2.1+02  8743+£899 —0.08 £0.11

In Fig. 6, we show the whole sample of 18 robust candidates
obtained from our vetting procedure, along with the confirmed
TESS exoplanets in the (P, R) plane. TIC 63898957.01 and TIC
358070912.01 with an estimated R = (2.35 £ 0.11)Rg and R =
(2.65 £ 0.18)Rg, respectively, are hot sub-Neptunes outside our
Desert which lie on the lower boundary of the Hot Neptune Desert
calculated by Mazeh et al. (2016). TIC 365733349.01 with R =
(5.08 £ 0.11)Rg is just slight out of our Desert but still within
the 3Rg < R < 10Rg range. TIC 372172128.01, TIC 73540072.01,
TIC 124235800.01, TIC 153078576.01, TIC 146523262.01, and TIC
439456714.01 are instead found within the Desert boundaries.

5 FOLLOW-UP OBSERVATIONS

Without using any follow-up observation, we have already statis-
tically validated two out the nine candidate Hot Neptunes in our
sample. In this section, we summarize the publicly available follow-
up observations obtained by the TFOP Working Groups that have
been used in this work.

5.1 High-resolution imaging

TESS has a large pixel scale, about 21 arcsec pixel ™!, with a focus-
limited PSE. As a result, the flux measured in a single pixel may
be contaminated by the contribution of nearby or background and
foreground sources. So, even if there is no centroid offset in the
TESS image as revealed by the centroids analysis performed with
DAVE, there might be additional sources within the 21 arcsec-wide
pixel contaminating the transit event or being the origin of the
transit-like signal. In the first case the light contamination due to
the unresolved sources could bias the depth of the transit, resulting
in underestimated exoplanetary radii (Ciardi et al. 2015; Furlan et al.
2017). As a consequence, the mean density of the planet will be
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poorly constrained or incorrect even if the mass of the planet is
determined with high accuracy. Moreover, the transiting object may
not be a planet at all, but a brown dwarf or a small stellar binary.

In order to discard stellar companions and foreground/background
stars unresolved scenario, we used the adaptive optics and speckle
imaging observations of our targets as obtained by the TFOPWG by
means of several facilities all over the world. Each of the nine TOIs in
our sample has been observed within the TESS-EXOFOP program.
TFOP comprises a large working group of astronomical observers
supporting the TESS Mission yield by providing different follow-up
measurements. These observations are summarized in Table 6 and
the corresponding high-contrast curves are shown in Fig. 7.

5.1.1 Southern Astrophysical Research Telescope - Cerro —Pachon

The 4.1 m Southern Astrophysical Research (SOAR) Telescope
observations of TIC 63898957, TIC 439456714, TIC 73540072, TIC
372172128, TIC 153078576, TIC 146523262, TIC 358070912, and
TIC 124235800 were carried with speckle interferometric imaging
HRCam. The contrast curves extracted from these observations are
shown in Fig. 7. For more information, we refer the reader to Ziegler
et al. (2020, 2021).

5.1.2 Gemini North Telescope — Hawaii & Gemini South Telescope
— Cerro Pachon

TIC 439456714 was observed using speckle interferometric imaging
of ‘Alopeke and Zorro mounted upon the 8 m Gemini North and
South telescopes, respectively. In this work, we will not use the Zorro
data due to the poor seeing at the moment of observation. Moreover,
this TIC has also been observed performing adaptive optics (AO)
observations taken by the Near-Infrared Imager (NIRI) instrument
mounted on the Gemini North telescope. Furthermore, ‘Alopeke also
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Figure 5. Phase-folded TESS light curves (grey points) for each of the nine likely Hot Neptunes of this work. Best-fitting median model is shown by the solid
black line along with the blue shaded region specifying the 68 per cent posterior credibility interval for our best-fit model. The red dots with error bars represent
the binned data. The corresponding best-fitting parameters are summarized in Table 5.

observed TIC 63898957, TIC 365733349, and TIC 73540072. We
also used AO images of TIC 365733349 obtained by NIRI. The
contrast curves extracted from these observations are shown in Fig. 7.
For more information, we refer the reader to Scott & Howell (2018)
and Scott et al. (2021).

5.1.3 Keck Telescope — Hawaii

We used the AO observations of TIC 73540072 obtained with the
near-infrared imager NIRC2 instrument, placed on Keck-II. The
contrast curves extracted from these observations are shown in Fig. 7.

5.1.4 Shane Telescope — Lick Observatory

We observed TIC 63898957 on UT 2019 September 14 using the
ShARCS camera on the Shane 3-m telescope at Lick Observatory
(Kupke et al. 2012; Gavel et al. 2014; McGurk et al. 2014). The
observation was taken with the Shane adaptive optics system in
natural guide star mode. The final images were constructed using
sequences of images taken in a 4-point dither pattern with a separation
of 4 arcsec between each dither position. Two image sequences
were taken of this star: one with a Ks filter (Ag = 2.150 um, AA =
0.320 wm) and one with a J filter (Ag = 1.238 um, AL = 0.271 pm).
A more detailed description of the observing strategy and reduction

MNRAS 519, 1562-1577 (2023)

20 1890100 #Z U0 1s8nB Aq $5Z0%89/29G L/1/61.G/0101HE/SEIUW/WOO" dNOOlWapEIE//:SA)Y WO} PSPEOJUMOQ


art/stac3404_f5.eps

1570  C. Magliano et al.

Table 5. Best-fitting planet parameters with 68 per cent confidence interval of the new nine likely hot Neptunes with JULIET.

Posterior parameters Derived parameters
TIC ID TOI Period (d) To (BID-2457000)  p.(kgm~?) R (Rg) a (au) b i°)
63898957 261.01 33636 £ 0.0017  1383.9184 £ 0.0059  1523%7¢ 235 £ 0.1 00518 £ 0.0014 0.086759%8 89,5403
439456714 27701 3.9940 + 0.0004  2119.8264 £ 0.0017 4838731 2,65 £ 0.18  0.0269 £ 0.0011  0.3610%7 88.9103
365733349 1288.01  2.69998 £ 0.00015 1712.3589 & 0.0007 2098720  5.08 £ 0.11  0.0429 £ 0.0006 0.072700%  89.5703
73540072 1853.01  1.2437 + 0.0002  2670.8431 & 0.0016 1499 £ 110  3.52 £ 0.17  0.0186 £ 0.0006  0.63%( ¢ 82.670
372172128 2196.01  1.19544 £ 0.00036 2036.5083 + 0.0038 ~ 939+£80  3.82 + 038  0.0201 £ 0.0009 0. 72+g gg 80.0% 0
153078576 2407.01  2.70302 + 0.00022  2116.620 £ 0.001 587279 414 £0.16 00349 £ 00011 0.1% 89.6707
146523262 2465.01 3759 £ 0.001  2174.8386 £ 0.0042  2060T(3)  3.88 £ 0.17  0.064 £ 0.002  0.0977 0% 89.5703
358070912 3261.01  0.88299 & 0.00019 21123973 £ 0.0003 1343 £ 115  4.33 £ 037 0.01624 £ 0.0008 048 £0.12 82757
124235800 4898.01 276307 + 0.00049 2310.6620 + 0.0018 88127700 3.90 £ 021  0.049 £ 0.002 024+0.15  89.0%)7
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Figure 6. The nine new candidate Hot Neptunes in the (P, R) plane obtained in this work represented as blue dots. The yellow dots are confirmed exoplanets by
all survey. The green dots are the nine TOIs within the Desert already confirmed and known planets. The blue shaded region is the Desert defined in this work.
The grey dashed lines are the upper and lower boundaries of the Hot Neptune Desert as calculated by Mazeh et al. (2016).

procedure can be found in Savel et al. (2020). The contrast curves
extracted from these observations are shown in Fig. 7. With the Ks
filter, we achieve contrasts of 4.0 at 0.5 arcsec and 5.7 at 1.0 arcsec.
With the J filter, we achieve contrasts of 4.0 at 0.5 arcsec and 5.6 at
1.0 arcsec. We find no nearby stellar companions within our detection
limits.

5.1.5 WIYN — Kitt Peak

TIC 365733349 was observed with the NN-EXPLORE Exoplanet
Stellar Speckle Imager (NESSI) mounted on the 3.5 m WIYN
telescope located at Kitt Peak. The contrast curves extracted from
these observations are shown in Fig. 7. For more information, we
refer the reader to Scott et al. (2018).
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5.2 Reconnaissance spectroscopy

We used the publicly available reconnaissance spectra of our TOIs in
order to rule out a false positive scenario caused by a spectroscopic
binary system that would not necessarily be detected by high-
contrast imaging observations. We stress that those stars without any
available reconnaissance spectra can not be statistically validated
even if they passed the TRICERATOPS test. The Tillinghast Reflector
Echelle Spectrograph (TRES) mounted on the 1.50 m Tillinghast
Telescope located at the Fred Lawrence Whipple Observatory
(FLWO) in southern Arizona acquired the reconnaissance spectra of
TIC 63898957, TIC 439456714, TIC 365733349, TIC 73540072, and
TIC 146523262. In addition, we also used the reconnaissance spectra
of TIC 365733349 acquired by the cross-dispersed high-resolution
Flbre-fed Echelle Spectrograph (FIES; Telting et al. 2014) mounted
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Table 6. Follow-up observations of the likely Hot Neptunes.

Hot Neptunes in TESS 1571

TIC ID Telescope Instrument Observation date (UT) Filter Image type Companion
63898957 Gemini-N (8 m) ‘Alopeke 2019-10-13 562 nm Speckle No
Gemini-N (8 m) ‘Alopeke 2019-10-13 832 nm Speckle No
Shane (3 m) ShARCS 2019-09-14 J AO No
Shane (3 m) ShARCS 2019-09-14 K; AO No
SOAR (4.1 m) HRCam 2019-07-14 1. Speckle No
439456714 Gemini-N (8 m) ‘Alopeke 2020-08-10 562 nm Speckle No
Gemini-N (8 m) ‘Alopeke 2020-08-10 832 nm Speckle No
Gemini-N (8 m) NIRI 2019-06-20 Br, AO No
Gemini-S (8 m) Zorro 2019-07-17 562 nm Speckle No
Gemini-S (8 m) Zorro 2019-07-17 832 nm Speckle No
SOAR (4.1 m) HRCam 2019-08-12 1. Speckle No
365733349 Gemini-N (8 m) ‘Alopeke 2021-06-24 562 nm Speckle No
Gemini-N (8 m) ‘Alopeke 2021-06-24 832 nm Speckle No
Gemini-N (8 m) NIRI 2019-11-08 Br, AO Yes
WIYN (3.5 m) NESSI 2019-11-17 562 nm Speckle No
WIYN (3.5 m) NESSI 2019-11-17 832 nm Speckle No
73540072 Gemini-N (8 m) ‘Alopeke 2020-06-10 562 nm Speckle No
Gemini-N (8 m) ‘Alopeke 2020-06-10 832 nm Speckle No
SOAR (4.1 m) HRCam 2021-02-27 1. Speckle No
Keck (10 m) NIRC2 2020-05-28 Br, AO No
372172128 SOAR (4.1 m) HRCam 2020-10-31 I Speckle No
153078576 SOAR (4.1 m) HRCam 2020-12-03 I Speckle No
146523262 SOAR (4.1 m) HRCam 2021-02-27 I Speckle No
358070912 SOAR (4.1 m) HRCam 2021-07-14 1. Speckle No
124235800 SOAR (4.1 m) HRCam 2022-03-20 I Speckle No

on the 2.6 m Nordic Optical Telescope on La Palma, Spain. The left
stars of this work are all southern targets with a declination too low
for both TRES and FIES. The reconnaissance spectra obtained by
TRES and FIES were reduced using the Stellar Parameter Classi-
fication (SPC; Buchhave et al. 2012) pipeline. SPC cross-matches
an observed spectrum against a library grid of synthetic template
spectra based on Kurucz atmospheric models (Kurucz 1993b). SPC
firstly fits for the stellar parameters Tes, log g, [m/H], and v,sini
then computes the cross correlation function normalized peak height
using a three dimensional third-order polynomial fit. Yonsei—Yale
isochrones (Yietal. 2001) are used to set priors on the surface gravity
which otherwise would not be well constrained by observed spectra.
Due to SPC was designed for sun-like stars, it works less robustly
with cooler, lower mass stars as well as hotter and fast rotating stars.
Hence, TIC 439456714 is too cool for reliable SPC parameters.
Table 7 summarizes the spectroscopic follow-up observations as
well as the SPC extracted parameters for the aforementioned TICs.
We emphasize that the majority of the parameters generated by SPC
agree with those obtained by ARIADNE. We visually examined these
spectra and found no evidence of a composite spectrum, which could
have occurred if there was a stellar companion (for more details see
Supplementary materials).

6 RESULTS

In this section, we analyse in detail each of the nine planet candidates
vetted in Section 3, shown in Table 2, using the additional follow-up
measurements aforementioned to better constrain the FPP and NFPP
values. Due to intrinsic statistical scattering in the calculation, for

each TOI at this step we run the code 30 times in order to increase
the robustness of our results, taking the mean value along with the
standard deviation for both FPP and NFPP values.

However, as we discuss in the following, despite a candidate with
FPP < 0.05 and NFPP < 0.001 is not considered to be statistically
validated, we argue that there is a relatively high chance of being a
true planet, and so it should be considered a high priority target for
follow-up observations.

In the following section, for each target, we estimate the radial
velocity semi-amplitude K that these planets may produce in a
spectroscopic follow-up observation. To do so, we predicted the
masses of each planet by using the forecaster tool (Chen &
Kipping 2017). Due to the big uncertainties in the predictions by
forecaster, by simply propagating the errors we obtain large
error bars for the K estimates. Hence, one should look at these
values just to get an idea of the order of magnitude and whether
it is within the capability of modern spectrographs. Eventually, for
each planet we also calculated the Transmission Spectroscopy Metric
(TSM; Kempton et al. 2018), a quantity proportional to the expected
SNR of the transmission spectroscopy based on the strength of the
spectral features along with the brightness of the host star in a cloud-
free atmosphere. Kempton et al. (2018) argued that TSM nearly
reproduces the expected SNR over a 10-h observation in the NIRISS
bandpass, Doyon et al. (2012), in order to check whether these TOIs
could be amenable targets for future JWST observations. In this work
the TSM values might be slightly optimistic since the planets this
close to their stars are likely to be denser than typical planets of their
size and/or have higher mean molecular weight atmospheres p due
to photoevaporation (Owen & Lai 2018). In order to perform a more
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Figure 7. High-contrast curves extracted from the imaging observations summarized in Table 6. TIC 365733349 have <2 arcsec companions represented by
two black star. Curves with shading (from adaptive optics imaging) were created by calculating the mean and rms error of the contrasts in circular annuli around
the target star. These curves are incorporated into the TRICERATOPS analysis in order to better constraint its results as described in Section 6.

Table 7. SPC outcomes based on TRES/FIES spectra.

TIC ID Telescope Instrument Spectra resolution Number of spectra used Tetr (K) logg [m/H]
63898957 FLWO (1.50 m) TRES 44 000 2 5953 4.24 —0.11
365733349 NOT (2.6 m) FIES 67 000 13 5368 4.40 0.24

FLWO (1.50 m) TRES 44 000 3 5402 4.44 0.24
73540072 FLWO (1.50 m) TRES 44 000 1 5175 4.63 0.28
146523262 FLWO (1.50 m) TRES 44 000 2 6159 435 0.33
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refined calculation, one should re-scale the equation (1) in Kempton
et al. (2018) taking into account the mean molecular weight u of a
typical Hot Neptune.

6.1 TIC 63898957.01

TIC 63898957.01, or TOI 261.01, is a planet candidate with R =
(2.35 = 0.11)Rg orbiting a bright GOV/G1V star (V = 9.56,d =
114,178 pc) in ~3.3 d. It has been observed by TESS in sector 3
with cadences of both 2 and 30 min and in sector 30 with cadences
of both 2 and 10 min. A transiting planet candidate has been detected
by both the SPOC (Jenkins et al. 2016) and the QLP (Huang et al.
2020) pipelines. In both sectors, the transit was clear (SNR > s300)
and well above the noisy level in the Modelshift module of DAVE.
The transit is box-shaped consistent with a true planet. Moreover,
TFOPWG has already found and confirmed TOI 261.02 which is
2.88Rg planet orbiting the host star in &13 d. In light of this TOI
261.01 would make a multiple system composed by a Neptune and
sub-Neptune orbiting a Sun-like star. The LS periodogram of the raw
light curve finds a maximum peak of 3 x 107, suggesting that the star
is quiet. There is no clear offset of the photocenter. In both sectors,
the difference images show that the variation of light is spread over
3 pixels but the highest loss of flux occurs in correspondence of the
target. We also inspected whether the background light curve at the
time of transit could have altered the signal and in both sectors we
found no anomalies. The SPOC data validation report draws attention
to a slight centroid offset at sub-pixel level (12 arcsec) for this TOI
when observed in sector 3. However, the sub-pixel offset may be
because the fourth transit, in sector 3, occurred in correspondence of
a TESS momentum dump. This target has been observed by ‘Alopeke
(Gemini-N), ShARCS (Shane), and HRCam (SOAR) but neither AO
nor speckle images found any companions nearby the target.

The TRICERATOPS analysis of this TIC returns FPP =
0.14 £ 0.04 and NFPP = 0. This candidate planet does not satisfy
the requirements needed to be considered statistically validated.
Assuming this is a real planet, using the forecaster tool,
we computed its expected mass M and its RV semiamplitude K.
We obtain M = 6.177573 Mg and K = 1.79'3,, ms~!. The TSM
calculated for this TOI is 58.1.

6.2 TIC 439456714.01

TIC 439456714.01, or TOI 277.01, is a planet candidate
with R = (2.65 £ 0.18)Rg orbiting a high proper mo-
tion (jty = —115.333 mas yr—!, us = —249.417 mas yr—') K6V star
(V =13.63,d = 65.17705 pc) in ~4 d. It has been observed by
TESS in sector 3 with cadences of both 2 and 30 min and in sector
30 with cadences of both 2 and 10 min. Both the SPOC and the QLP
pipelines detected a transiting-like feature in both sectors. With a
SNR of 338, the transit is clear and well above the noisy level in
the Modelshift module of DAVE. Moreover, the shape of the transit
is consistent with that of a transiting planet. The LS periodogram of
the raw light curve finds a maximum peak of 3 x 10~* suggesting
that the star is quiet. No anomalies in the background flux have
been detected at the time of transit in both sectors. The difference
image does not show any no clear offset of the light photocenter.
The SPOC data validation report draws attention to a slight centroid
offset at sub-pixel level (=11 arcsec) for this TOI. The follow-up
observations consist of both speckle and AO images provided by
Zorro, ‘Alopeke, HRCam for the former and NIRI for the latter. No
evidence of stellar companion was found by these measurements
within detection limits.

Hot Neptunes in TESS 1573

The TRICERATOPS analysis of this TIC returns FPP = (2.2 +3.9)
x 10~* and NFPP = 0. This TIC achieves the requirements needed
to be considered statistically validated. We hereafter refer to this
validated planet as TOI-277 b. By using the forecaster tool,
we estimated its mass M and its RV semiamplitude K, in particular
M =7.58%3% Mg; K = 10.377} 79 ms™". The TSM calculated for
this TOI is 116.7.

6.3 TIC 365733349.01

TIC 365733349.01, or TOI 1288.01, is a planet candidate with
R = (5.08 £ 0.11)Rg orbiting a G6V/G7V star (V = 10.44,d =
115.06f8:‘]‘2 pc) in A22.7 d. It has been observed by TESS in sectors
15, 16, 17, 18, and 24 with cadences of both 2 and 30 min. In all
sectors, both SPOC and QLP pipelines detected a transiting planet
candidate. With a SNR > 900, the transit is clear and well above
the noisy level in the Modelshift module of DAVE. The difference
image produced in sector 18 shows a negative net flux, suggesting
some problematic at the time of transit (UC: Unreliable Centroids).
We investigated this issue by plotting the light curve at pixel level
and we detected a modulation of the flux in the nearby pixels at
(1793.4 £ 1.5) TID which may have caused the negative net flux
observed. Nevertheless, when observed in other sectors, the analysis
of centroid does not display any shift of the light photocenter as well
as no more anomalies. The shape of the transit is consistent with that
of a transiting planet. The LS periodogram of the raw light curve
finds a maximum peak of 4 x 10™*, suggesting that the star is quiet.
The SPOC data validation report does not show any anomalies for
this TOIL. The follow-up observations consist of both speckle and
AO images provided by ‘Alopeke, NIRI, and NESSI instruments.
AO observations of NIRI detected 2 visual companions for this TIC
at 1.152 and 1.579 arcsec, which are 4.77 and 5.88 K-mag fainter,
respectively. The relative large distances suggest these may not be
bound companions, in addition they are much fainter than the target
to significantly contaminate the light curve.

The TRICERATOPS analysis of this TIC returns FPP = (1.8 = 7.8)
x 10™* and NFPP = 0. This TIC satisfies the requirements needed
to be considered statistically validated. We hereafter refer to this
validated planet as TOI-1288 b. By using the forecaster tool,
we estimated its mass M and its RV semiamplitude K, in particular
M =22.627% Mg; K = 10.70"3% m s~!. The TSM calculated
for this TOI is 110.1.

6.4 TIC 73540072.01

TIC 73540072.01, or TOI 1853.01, is a planet candidate with
R = (3.52 & 0.17)Rg orbiting a G8V-GIV star (V = 12.18,d =
166.81’8;‘;J pc) in ~1.2 d. It has been observed by TESS in only sector
23 with a cadence of 10 minutes and detected by the QLP pipeline.
The light curve is much noisy, SNR = 1.3, and the transit is just above
the noisy level. The shape of the transit is slightly V-shaped, but we
did not find any statistical significant odd-even difference. As far as
the pixel analysis is concerned, the centroids module does not show
any centroid offset but we would not trust the measurements because
the whole 13 x 13 pixels image shows a flux variation at the time
of the transit. We inspected this anomaly by plotting the background
light curve which shows a negative flux at the time of many transits
(1932.1,1933.4,1934.6,1935.8 TID) in the sector 23, due to unknown
systematics. This target has recently been observed in TESS sector
50 with 2 min cadence and processed by the SPOC pipeline. We
run DAVE with respect to this sector. In sector 50, the light curve
exhibits a clear box-shaped transit and the centroids module now
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generates a clear difference image with the overall light photocenter
in correspondence of the target position. The LS periodogram of the
raw light curve finds a maximum peak of 4 x 10~ suggesting that the
star is quiet. The follow-up observations consist of both speckle and
AO images provided by ‘Alopeke, HRCam, and NIRC2 instruments.
No evidence of stellar companion was found by these measurements.

The TRICERATOPS analysis of this TIC returns FPP =
(1.68 £ 0.02) x 1072 and NFPP = 0. This TIC does not achieve the
requirements needed to be considered statistically validated. Despite
the fact that we do not consider this TOI statistically validated, its
FPP value is low enough to consider this target amenable of more
spectroscopic follow-up measurements. By using the forecaster
tool, we estimated its possible mass M and RV semiamplitude K,
in particular M = 11.82773] Mg and K = 8.57$% ms~!. The TSM
calculated for this TOI is 77.3.

6.5 TIC 372172128.01

TIC 372172128.01, or TOI 2196.01, is a planet candidate with R =
(3.82 4 0.38)R¢, orbiting a G3V star (V = 12.30, d = 263.573%pc)
in &1.2 d. It has been observed by TESS in sector 13 with a cadence
of 30 min and in sector 27 with cadences of both 2 and 10 min. In
both sectors, the SPOC and QLP pipelines recognized a transiting-
like feature in the light curve. The light curve has an SNR > 100 so
the transit is clear and well above the noisy level in the Modelshift
module. The difference does not show any centroid offset. Moreover,
we found no systematics in the background flux at the time of each
transit in the sector. The LS periodogram of the raw light curve finds
a maximum peak of 4 x 107, suggesting that the star is quiet. The
SPOC data validation report does not show any anomalies for this
TOIL. The follow-up observations consist of speckle images provided
by the HRCam that did not detect any companion.

The TRICERATOPS analysis of this TIC returns FPP = (3.03 4 0.05)
x 10~" and NFPP = 0. This TIC does not achieve the requirements
needed to be considered statistically validated. Assuming it is a
real planet, using the forecaster tool, we estimated its mass
M and its RV semiamplitude K, in particular M = 12.987¢%0° Mg,
and K = 7.817$% ms~!. The TSM calculated for this TOI is 57.4.

6.6 TIC 153078576.01

TIC 153078576.01, or TOI 2407.01, is a planet candidate with
R = (4.14 £ 0.16)Rg orbiting a KOV-MOV (V = 14.68,d =
92.23t8;$2 pc) in ~2.7 d. It has been observed by TESS in sectors
3,4 with a cadence of 10 min, in sectors 30 and 31 with cadences of
both 2 and 10 min. Both the SPOC and the QLP pipelines detected a
transiting-like feature in all four sector. The transit is clear (SNR >
22) and well above the noise level in the Modelshift module. The
difference image obtained in the centroids module does not show
any centroid offset. The LS periodogram of the raw light curve finds
a maximum peak of 3 x 1072 in correspondence of 3 d suggesting
that the star is slightly variable. No anomalies in the background flux
have been detected. The SPOC data validation report does not discuss
any anomalies for this TOIL. The follow-up observations consist of
just speckle images provided by the HRCam instrument which did
not find any companion.

The TRICERATOPS analysis of this TIC returns FPP = (5 &£ 3) x
1073 and NFPP = 0. This TIC does not achieve the requirements
needed to be considered statistically validated. We note that if
we had used the less conservative constraint FPP < 1072 and
had reconnaissance spectroscopy of the target star, this candidate
would have been statistically validated. Assuming it is a real
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planet, using the forecaster tool, we estimated its mass M
and its RV semiamplitude K, in particular M = 16.187}%3’ Mg and
K =13.12722 ms~'. The TSM calculated for this TOI is 66.5.

6.7 TIC 146523262.01

TIC 146523262.01, or TOI 2465.01, is a planet candidate with R =
(3.88 = 0.17)Rg orbiting an FOV star (V = 10.78,d = 217.71’(1):; pec)
in ~3.8 d. It has been observed by TESS only in sector 32 with
cadences of both 2 and 10 min and detected by both the SPOC
and QLP pipelines. With an SNR > 350, the transit is clear and
well above the noisy level in the Modelshift module. The centroids
analysis shows no offset of the light photocenter. The LS periodogram
of the raw light curve finds a maximum peak of 6 x 107>, suggesting
that the star is very quiet. Moreover, we found no anomalies in the
background light curve at the time of each transits in the whole sector.
The SPOC data validation report does not show any anomalies for
this TOI. The follow-up observations consist of just speckle images
provided by the HRCam instrument that did not find any companion.
The TRICERATOPS analysis of this TIC returns FPP = (2.8 £ 0.2)
x 1072 and NFPP = 0. This TIC does not achieve the requirements
needed to be considered statistically validated. As done for TIC
73540072, the FPP value is low enough to consider this target
amenable of more spectroscopic follow-up measurements. Assuming
itis areal planet, using the forecaster tool, we estimated its mass
M and its RV semiamplitude K, in particular M = 13.621’;98';9 Mg
and K = 4.82%3 /¢ ms~'. The TSM calculated for this TOI is 52.4.

6.8 TIC 358070912.01

TIC 358070912.01, or TOI 3261.01, is a planet candidate with R =
(4.33 £ 0.37)R orbiting a G8V star (V = 13.26, d = 301.6"]"3 pc)
in ~0.88 d. It has been observed by TESS for a total of 7 sectors
from 2018 and 2021. In particular it has been observed in sectors 2,
6, and 13 with a cadence of 30 min and in sectors 27, 28, and 29
with a cadence of 10 min. In all sectors, the QLP pipeline identified
a transiting planet candidate. We here stress that due to the lack
of 2-min cadence data, regardless of TRICERATOPS outcomes, this
candidate cannot be validated by our procedure. The SNR ~ 20 is
high enough to see a quite clear transit in the phase-folded light
curve in the Modelshift module. The centroids outcome shows no
offset of the light photocenter with respect to the target position. The
transit is slightly V-shaped and we noticed a statistical significant
odd-even difference only in sector 6. We found no clear issues in the
background flux at the time of transit for all sectors. Despite some
suspicious oddities, we had no enough red flags to rule out this TIC
from our analysis. The follow-up observations consist of just speckle
images provided by the HRCam instrument that did not detect any
companion.

The TRICERATOPS analysis of this TIC returns FPP = (6.3 + 0.2)
x 107! and NFPP = (2.4 4 0.8) x 10~*. This TIC does not achieve
the requirements needed to be considered statistically validated.
This target offers an important food for thought about the workflow
adopted in this work. Despite we were not such confident in ranking
it as a PC due to some red flags, we also could not rule out as
a FP. Probably due to statistical fluctuations, it passed the first
run of TRICERATOPS with FPP < 0.5. When we re-run the code
augmenting the robustness of the analysis along with the follow-
up measurements, we obtained an averaged FPP > 0.5 confirming
the goodness of our preliminary doubts. Assuming it is a real
planet, using the forecaster tool, we estimated its mass M
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Figure 8. The planet candidates (orange circles) and the validated Hot
Neptunes (stars) along with the nine already confirmed and known planets
(green circles) in the (R, TSM) plane obtained in this work. The red dashed
line represents the threshold value adopted by Kempton et al. (2018) above
which a 1.5 Rg < R < 10 Rg can be selected as high-quality atmospheric
characterization targets.

and its RV semi-amplitude K, in particular M = 15 .59:_‘5“6‘3 Mg and
K = 12.95”;‘6‘; ms~!. The TSM calculated for this TOI is 53.8.

6.9 TIC 124235800.01

TIC 124235800.01, or TOI 4898.01, is a planet candidate with R =
(3.90 4+ 0.21)R¢ orbiting a K7V-K8V (V = 13.62, d = 99.203 pc)
in ~2.76 d. It has been observed by TESS in sector 10 with a cadence
of 30 min and in sector 37 with a cadence of 10 min. A transiting
planet candidate has been catched by the QLP pipeline. The target
star is nearby (=4 arcsec) two brighter known stars (TIC 124235806
and 124235788) which falsify the centroids module outcome whose
light photocenter measurements are unrealiable. Nevertheless, we
found no anomalies in the background flux at the time of each transit
in both sectors. The follow-up observations consist of just speckle
images provided by the HRCam instrument that did not find any
companion.

The TRICERATOPS analysis of this TIC returns FPP = (1.2 £ 3.5)
x 107° and NFPP = 0. This TIC meets the requirements for
statistical validation, but due to the lack of 2-min cadence data
and the absence of reconnaissance spectroscopy, we consider it
a good priority target for further investigation. Assuming it is a
real planet, using the forecaster tool, we estimated its mass M
and its RV semiamplitude K, in particular, M = 16.29734:0° Mg, and
K = 11.26"833 ms~'. The TSM calculated for this TOI is 65.3.

7 POTENTIAL FOR ATMOSPHERIC
CHARACTERIZATION

Characterization of the Hot Neptunes atmosphere is a crucial step
to address the riddle of their formation and evolution. Transit
spectroscopy with JWST will allow to shed light on whether or not
Hot Neptunes are losing their envelope along with its composition.
In Section 6, we calculated the TSM index for each target of the
final sample using the stellar and planetary parameters obtained in
this work. The TSM is a valuable tool to rank exoplanetary targets
for spectroscopic atmospheric characterization. For planets with
1.5Rg < R < 10Rg, Kempton et al. (2018) recommend to select
targets with TSM larger than 90. In Fig. 8, we show the distribution

Hot Neptunes in TESS 1575
of the nine TOIs in the (R, TSM) plane along with the nine confirmed
and known exoplanets discussed in Section 3. The large error bars
originate from the big uncertainties in the planetary masses predicted
by forecaster. Two of our validated exoplanets (TOI-277b and
TOI-1288b) are well above the mentioned threshold and would be
highest priority targets for atmospheric characterization. However,
we remark that the TSM parameter is an approximate index for
transmission spectroscopy follow-up measurements, to be refined
with accurate mass measurement of the planets. Exoplanets TOI
1853.01 and TOI 2196.01, if confirmed as true planet by follow-up
observations, would be interesting targets as well. TOI-4898 b is
just below the limit for effective atmospheric characterization. All
other exoplanets from our sample lie slightly below the threshold
TSM = 90. We put the planets discussed in this work into context
by comparing their TSM values with the same quantity for other Hot
Neptunes from literature.

8 CONCLUSIONS

We presented a homogeneous and complete vetting analysis of all
the 250 TOIs with P < 4 d and 3Rg < R < 5Rg, inside the so-called
Hot Neptune Desert (Mazeh et al. 2016). Our vetting technique is
based on two main steps. First, we visually inspected each TOI at
both the pixel and flux levels using DAVE, and for each of them we
gave a disposition: planetary candidate (PC), probable false positive
(pFP), and false positive (FP). Secondly, we run TRICERATOPS, only
on those TOIs ranked as PC in the previous step.

We obtained a sample of 18 planet candidates with FPP
<50 per cent and NFPP <0.1 per cent that were identified as likely
Hot Neptunes. The chosen threshold values for the parameters FPP
and NFPP roughly correspond to a probability larger than 50 per cent
of turning out to be real planets.

The false-positive rate is about 75 per cent, much higher with
respect to that obtained by Cacciapuoti et al. (2022). This might be
the consequence of dealing with intrinsically rare objects (see Hsu
et al. 2019).

We performed a detailed analysis of the nine TOIs in the selected
sample which were not already confirmed by the TFOPWG or that are
not known exoplanets. At this stage, we used the available follow-up
high-contrast imaging observations collected by the TFOPWG and
publicly available on ExoFOP and re-run TRICERATOPS. Results are
summarized in Table 8: two TOIs have been statistically validated
(i.e. we obtain FPP <0.3 per cent, NFPP <0.1 per cent) in this
further step. We summarize the properties of the validated exoplanets:

(i) TOI-277 b is a 2.65 Rg hot sub-Neptune orbiting a high proper
motion K star 65 pc away in 3.99 d;

(i) TOI-1288 b is a 5.08 R hot Neptune orbiting a late G star
115 pc away in 2.69 d.

Out of 3888 confirmed transiting exoplanets, just 39 have P <
4 d and 3Rg < R < 5Rg, while 71 populated the extended region
up to R < 10Rg. Our sample of planet candidates, if confirmed by
further analyses in the future, will enlarge the mass/radius version
period distribution within the Neptune Desert by adding new hot
Neptunes. It will be useful for demographic studies which will shed
light on the origins of the observed dearth of close-in Neptune/sub-
Jovian planets by looking for statistical correlations among stellar
and planetary parameters. An important contribution in solving the
riddle of the origin of Neptunian Desert might come from planetary
population synthesis tools (Mordasini 2018) which take into account
all the physical processes occurring during the protoplantery disc
stage up when the planetary system is stable and formed.
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Table 8. Vetting results for the nine likely hot Neptunes using follow-up observations.

TIC ID TOI TSM DAVE FPP NFPP Validated
124235800.01 4898.01 65.3 UC, long cadence data (12435) x 1073 0 N
365733349.01 1288.01 110.1 UC in sector 18 (1.8+7.8) x 107* 0 Y
439456714.01 277.01 116.7 Clear (22439 x 1074 0 Y
153078576.01 2407.01 66.5 Slight variable star (5+3)x 1073 0 N
73540072.01 1853.01 713 UC, Low SNR in sector 23 (1.68 4+ 0.02) x 1072 0 N
146523262.01 2465.01 524 Clear (2.84+0.2) x 1072 0 N
63898957.01 261.01 58.1 Clear (134£0.1) x 107! 0 N
372172128.01 2196.01 57.4 Clear (3.03 £0.05) x 107! 0 N
358070912.01 3261.01 65.3 slightly V-shaped transit, OED (63+02) x 107! (24+08)- 1074 N

in sect.6, long cadence data

There is great prospect for JWST spectroscopy, as well Ariel
ESA’s M4 mission, to test the hypothesis that the hot Neptunes
are giant planets observed in the evolutionary stage in which they
are loosing their gas envelope. Moreover, the planetary atmospheric
characterization performed by JWST and Ariel, along with the mass
estimates that will be obtained with the high-accuracy spectrographs,
will be of paramount importance to understand whether these objects
form in situ or they have migrated from further out in the system.

Both JWST and Ariel spectrometers cover wide spectral in-
tervals, spanning from the visual to infrared wavelengths (0.6—
28.3 and 0.5-7.8 pm, for JWST and Ariel, respectively), al-
lowing to investigate spectral features related to both the main
volatile atmospheric gases (e.g. H20, CO2, CH4, NH3, HCN,
H2S) and to more exotic refractory elements (e.g. metal oxides
like TiO, CaO, VO, SiO). While the presence of refractory el-
ements would be compatible with an in situ formation scenario
(see Section 1), in the migration hypothesis the molecular hydro-
gen and helium envelope could still be abundant and detectable
through the observation of collision induced absorption spectral
signatures and enhanced Rayleigh scattering in the visual/near
infrared.
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