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Abstract

Despite the discovery of thousands of planets beyond our Solar System, many questions still remain,
primarily about the mechanisms of formation and evolution that give rise to the extraordinary di-
versity of exoplanets in terms of their physical parameters, planetary architecture and atmospheric
composition. The pursuit to unveil planetary demographics and statistics has in part been con-
strained by inherent observational biases, which resulted in an overrepresentation of large, massive
planets and small planets with relatively short orbital periods (Porb ≲ 20 days). A poorly researched
class of planets is in particular that of Neptunians, also due to their relative rarity. The objective of
this PhD program is to bridge this gap by conducting a comprehensive exploration of Neptune-sized
exoplanets, a category that remains underrepresented especially in the close proximity of their host
stars (the so-called hot-Neptune desert), while delving into their intriguing variety. Several open
questions concern the main mechanisms of formation and evolution of Neptunian planets, such as
the origin of the desert, their atmospheric composition, and the diversity of their physical parame-
ters. As a matter of fact, within the class of Neptune-type planets, objects of similar radius can have
very different bulk densities and compositions, as they can vary from relatively low-density planets
with thick hydrogen-helium atmospheres, up to high-density planets with thinner atmospheres and
large rocky cores.

During this research we selected a dozen Neptune-sized transit candidates orbiting around bright
FGK dwarfs, first identified by the Transiting Exoplanet Survey Satellite (TESS ), in order to cover
as much parameter space as possible, particularly in terms of planetary radii and orbital periods
(or temperatures). As part of the broader framework of the Italian Global Architecture of Plane-
tary Systems (GAPS) project, these selected candidate hosts have been subjects of radial velocity
(RV) follow-up for the purpose of validating the transiting planets and performing an in-depth
characterization of their physical and orbital characteristics, through Bayesian combined analyses
of both RVs and TESS photometry. The task has been carried out utilizing the High Accuracy
Radial Velocity Planet Searcher for the Northern Hemisphere (HARPS-N), a cross-dispersed high-
resolution (R = 115 000) échelle spectrograph, operating in the wavelength range of 3830-6930 Å,
and installed at the Telescopio Nazionale Galileo (TNG) in La Palma, Spain. Over the course
of a three-year endeavor, the study has yielded up to now the validation and characterization of
two sub-Neptunes (TOI-2443 b, TOI-5076 b), two super-Neptunes (TOI-1694 b, TOI-1710 b), and
three Neptune-sized planets (TOI-1272 b, TOI-1422 b, TOI-1853 b), along with the discovery of
three non-transiting Neptune-mass planets (TOI-1272 c, TOI-1272 d, TOI-1422 c) and one Jovian
(TOI-1694 c) on outer orbits. In particular, we focused on the analysis and characterization of
the systems TOI-1710 (König, Damasso, Hébrard, Naponiello, et al. (2022)), TOI-1422 (Naponiello
et al., 2022) and TOI-1853 b (Naponiello et al. 2023, Nature). The warm super-Neptune TOI-1710 b
(Teq = 687 ± 50 K, Rp = 5.34 ± 0.11R⊕, Mp = 28.3 ± 4.7M⊕) is found to have a thicker gaseous
envelope compared to Neptune (amounting to 20− 30% of its mass fraction) due to its low density
of ρp = 0.94± 0.22 g cm−3. In light of its relatively long orbital period and eccentricity compatible
with zero (Porb = 24.283429 ± 0.000043 days, ep = 0.16 ± 0.08), we suggest that TOI-1710 b may
have migrated to its current position during the disc phase. Similarly, the warm Neptune-sized
TOI-1422 b (Teq = 867± 17 K, Rp = 3.96+0.13

−0.11R⊕) is one among the most inflated Neptunian plan-
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ets (Mp = 9.0+2.3
−2.0M⊕, ρp = 0.79+0.29

−0.23 g cm−3), and we expect it to also have an extensive gaseous
envelope (amounting to 10 − 25% of its mass fraction). Its candidate companion, TOI-1422 c, is
a non-transiting Neptune-mass planet (Mp = 11.1+2.6

−2.3M⊕) on a outer orbit (Porb = 29.29+0.21
−0.20

days). The fact that TOI-1422 c has not been scattered away suggests that TOI-1422 b has not un-
dergone high-eccentricity migration, and that it may have migrated through the disc, analogously
to TOI-1710 b. Finally, one especially noteworthy discovery is TOI-1853 b, a newfound Neptune-
sized planet in the hot-Neptune desert (Rp = 3.46 ± 0.08R⊕, Porb = 1.2436258 ± 0.0000015 days,
Teq = 1479±25 K) on a circular orbit, which stands out as the most massive and densest Neptunian
planet ever documented (Mp = 73.2 ± 2.7M⊕, ρp = 9.74+0.82

−0.76 g cm−3). The physical properties of
TOI-1853 b cannot be explained by the core accretion formation model alone, as the assembly of its
exceptionally heavy core necessitates the exploration of alternative evolution-migration models (i.e.
a catastrophic origin which may result from either multiple planetary impacts or high-eccentricity
migration followed by severe tidal dissipation).

In conclusion, this research effort resulted in novel findings which have particularly contributed
to enlarging the population of well-characterized exo-Neptunes, paving the way for future statistical
studies. Furthermore, as new instruments and satellites aid scientists in probing the depths of space
(such as JWST, or the coming Ariel mission), the mass measurements provided in this thesis will
be critical especially for the study of atmospheres. In turn, the atmospheric characterization of
Neptunian planets (e.g. through either transmission or emission spectroscopy) will provide addi-
tional constraints on their formation and migration scenarios, shedding light on the complexities of
exoplanetary systems in general.

Keywords: Exoplanetary systems – Techniques: radial velocities, photometry – Stars: TOI-1272,
TOI-1422, TOI-1694, TOI-1710, TOI-1853, TOI-2443, TOI-5076
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Johnson 2018. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.1 A visualization of RV extraction through cross-correlation (note that the spectra
have been colored for visual purposes only). The spectra are obtained at a typical
cadence of days or weeks, and after they have been reduced the RV is estimated by
cross-correlating all, or a selection of, the wavelengths (the red box represents only a
smaller portion of the spectra). The RV fit on the right is from Lovis et al. 2006. . . 42

2.2 A visualization of TESS data products; the Full Frame Images (FFIs), the target
pixel files and the resulting light curve from aperture photometry. The cadences can
be different from the ones written here, as described in the text of this section (figure
from TESS instrument handbook). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

2.3 An example of partial phase coverage measurements is plotted on the left panel
(the pink area is unaccessible because of observational constraints). On the right
panel, the standard periodogram fails to recover the true frequency of 0.3 because it
assumes that the true mean of the signal is the mean of the observed data, while the
periodogram with a floating mean term (such as the Generalized Lomb-Scargle one)
catches the true frequency correctly. Figure courtesy of VanderPlas 2018. . . . . . . 45

2.4 Example of Box Least Squares (BLS) periodogram (bottom-left panel) for a photo-
metric time series (top panel), along with the light curve phase-folded at the frequency
with highest SR (bottom-right panel). n is the number of data points, σ is the noise
level of each observation and q is the ratio between the transit duration and the
period (P0). Figure courtesy of Kovács et al. 2002. . . . . . . . . . . . . . . . . . . . 47



2.5 On the left, this plot shows the transit shapes of 2346 Kepler planets with small radii
(< 5R⊕) as black lines, along with the default Transit Least Squares (TLS) templates
for normal and grazing planets. The best-fitting box from the BLS algorithm is
shown in cyan for comparison. On the right the gray histogram report the reduced
χ2 residuals for both TLS and BLS. Figure courtesy of Hippke and Heller 2019. . . . 48

2.6 A schematic illustration of how Markov Chain Monte Carlo (MCMC) and nested
sampling methods approach the problem of sampling from the posterior. MCMC
methods do it directly from the posterior, while nested sampling breaks up the pos-
teriors into slices. Figure courtesy of Speagle 2020. . . . . . . . . . . . . . . . . . . . 52

2.7 In panel (a), three functions are drawn at random from a Gaussian Process (GP)
prior (the blue dotted line actually shows the generated values). In panel (b), the
three random functions are drawn from the posterior, so they are conditioned by the
observations. The pink area represents the 95% confidence region for both priors and
posteriors (i.e. the mean plus and minus two standard deviations for each value).
Note how the posterior uncertainty collapses on the five observations, due to their
assumed noise-free nature. Figure courtesy of Rasmussen and Williams 2006. . . . . 54

3.1 A display of optimal TESS candidates for RV follow-up at the Telescopio Nazionale
Galileo (TNG) with High Accuracy Radial velocity Planet Searcher for the Northern
hemisphere (HARPS-N), as evaluated in late 2020 for the scope of this PhD thesis.
The expected number of observations required to confirm such candidates is plotted
over the orbital period estimated with TESS light curves on the left, and over the
star effective temperature on the right. The size of the circle is proportional to the
size of the planet candidate, while their color is an estimation of their equilibrium
temperature. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

3.2 Example of river plot for TOI-2106.01, which was part of my screening process. In
the river plot, each transit is displayed as a single row, so that all the transit signals
should appear as a vertical dark river at the center of the plot. Any variation can
be an indication of false positives, incorrect periods estimation or Transit timing
variations (TTVs) (due to other stellar or planetary companions). . . . . . . . . . . . 61

3.3 On the left, the TESS light curve is folded in phase with TOI-1710 b’s best-fit model
period of my independent analysis. The binned light curve is shown by black circles,
while the black line is the best-fit of the entire light curve (taking into account both
the transits and some modulation). On the right, both the RVs of HARPS-N (in
blue) and Spectrographe pour l’Observation des Phénomènes des Intérieurs stellaires
et des Exoplanètes (SOPHIE) (in red) are folded with the same period, while the
solid line represents the best orbital solution. . . . . . . . . . . . . . . . . . . . . . . 62

3.4 Radius-mass diagram of known transiting exoplanets (before the publication date)
with equilibrium temperature Teq between 600 and 1000 K and precise radius-mass
measurements. The dashed lines show the composition models with a relatively cold
hydrogen envelope of mass fractions of 10, 20, 30 and 50%. The solar system planets
are shown as black dots. Figure courtesy of König et al. 2022. . . . . . . . . . . . . . 63

3.5 On the top, the phase-folded transits of TOI-1272 b are shown along with their transit
model fits (in orange), and their expected shape (or duration) for a circular orbit (in
blue) – from MacDougall et al. 2022. On the bottom, the best-fit models (black lines)
of High Resolution Echelle Spectrometer (HIRES) (in red) and HARPS-N (in blue)
RVs, phase-folded respectively for TOI-1272 b, TOI-1272 c and candidate TOI-1272 d
(from my preliminary analysis, but see MacDougall et al. 2022 for a comparison of
the first two RV phase plots). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64



3.6 The Generalized Lomb-Scargle (GLS) periodogram of the residuals of the eccentric
2-planet best-fit model for the joint HIRES+HARPS-N RV data set of TOI-1272,
plotted as a function of both days and frequency (1/days) respectively on the outside
and the inside of the circle. The periodogram peaks are represented by columns,
resembling the hands of a clock, with a color scale ranging from blue to green de-
pending on their intensity. The three circles (dashed, normal and bold) represent the
0.1%, 1% and 10% False Alarm Probability (FAP) levels. The highest peak (f) is
identified in red, along with its possible aliases (in black), including those related to
the window function peaks (fw, ordered by intensity). The remaining peaks with a
FAP of ≈ 1% are close to the notorious 1-day and 0.5-day window function peaks,
with the exclusion of the one at ≈ 14.5 days. . . . . . . . . . . . . . . . . . . . . . . . 65

3.7 On the upper panel, the TESS transits of TOI-1694 b are phase-folded, and their best
fit is displayed by a black line with its residuals below. The bottom panels show,
respectively, the best-fit RV models of TOI-1694 b and TOI-1694 c (with HIRES data
in orange and HARPS-N in blue), along with their residuals. The red points represent
averages of the RVs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

3.8 On the left, the phase-folded transits of TOI-5076 b along with their best-fit in red,
and the residuals at the bottom. On the right, the phase-folded RVs as taken by
HARPS-N, along with the best-fit (black line) and their residuals. Figure courtesy
of M. Montalto et al (submitted). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

3.9 GLS periodogram results for the RV, FWHM, Contrast and logR′
HK of TOI-2443.

The peak at 53 days is highlighted in red. . . . . . . . . . . . . . . . . . . . . . . . . 68
3.10 Top panel: the TESS transits of TOI-2443 b are phase-folded and their best fit is

displayed by a black line along with its residuals below, in my preliminary joint
analysis. Bottom panel: The top part shows the phased HARPS-N RV measurements
together with our best-fitting model (zero-phase corresponds to the time of mid-
transit); the bottom part shows the velocity O–C residuals from the best fit. . . . . . 69

4.1 Target pixel file from the TESS observation of Sector 16, made with tpfplotter
(Aller et al., 2020) and centred on TOI-1422, which is marked with a white cross.
The SPOC pipeline aperture is shown by shaded red squares, and the Gaia satellite
eDR3 catalogue (Brown et al., 2018, Prusti et al., 2016) is also overlaid with symbol
sizes proportional to the magnitude difference with TOI-1422. The difference image
centroid locates the source of the transits within 1.89 ± 5 arcsec of the target star’s
location, as reported by the TicOffset for the multi-sector DV report for this system. 77

4.2 Light curve of TOI-1422 as collected by TESS in Sectors 16 and 17 with a 2-minute
cadence. Top panel: Light curve from the PDC-SAP pipeline. The black line repre-
sents the best-fit model obtained through GP detrending, as detailed in Sect. 4.2.1.
Bottom panel: Residuals of the best-fit model in parts per million. . . . . . . . . . . 77

4.3 Blended source confidence (BSC) curve from the AstraLux SDSSz image (solid black
line). The color on each angular separation and contrast bin represent the probability
of a source aligned at the location of the target, based on the TRILEGAL model.
The horizontal dotted line shows the maximum contrast of a blended binary that
is capable of imitating the planet’s transit depth. The green region represents the
regime that is not explored by the high-spatial resolution image. The BSC curve
corresponds to the integration of Paligned over this region. . . . . . . . . . . . . . . . 78

4.4 Spectral energy distribution computed for TOI-1422, where the black curve is the
most likely atmospheric stellar model and the blue dots correspond to the model
fluxes over each passband. The horizontal and vertical red error bars represent,
respectively, the effective width of the passbands and the reported photometric mea-
surement uncertainties (refer to the magnitudes in Table 4.1). . . . . . . . . . . . . . 80



4.5 GLS periodogram of HARPS-N RVs and of various activity indexes specified in the
labels, after the removal of a linear trend (Sect. 4.3.2). The main peak of the RV GLS
periodogram and that of the TOI-1422 b period are highlighted with a green and a
red dashed line, respectively. They do not overlap with any of the peaks from the
indexes, which in general do not suggest any clear stellar rotation period. The period
corresponding to the highest peak in the RV GLS periodogram, and its False Alarm
Probability (FAP), are written on the top of the first panel, while the horizontal
dashed lines remark the 10% and 1% confidence levels (evaluated with the bootstrap
method), respectively. The three peaks surrounding the RVs main frequency can all
be explained as aliases of the 29-day signal due to the two highest frequencies of the
window function (190 and 390.3 days, as shown in Fig. 4.16 and Fig. 4.17). . . . . . 82

4.6 GLS periodogram of the transiting one-planet model RV residuals. The main peak
is highlighted in red and corresponds to a period of 29.2 days, with a FAP of 0.45%
(evaluated with the bootstrap method), while the horizontal dashed lines show the
10% and 1% confidence levels. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

4.7 RV measurements of TOI-1422 versus time are shown on the top panel, while their
residuals over the model fit are in the bottom panel. The circles with blue error bars
are the RV data taken with HARPS-N. The large and small error bars indicate σt and
σw (the added jitter term), respectively. In the top panel, the black line represents
the two-planet model fit. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

4.8 Residuals for the mid-transit timings of TOI-1422 b versus a linear ephemeris, with
1-σ error bars, are plotted in black. The green circles, red diamonds, and blue stars
represent TTV predictions in the cases of null, average, or maximum eccentricities,
respectively, with the error bars showing the uncertainty due to T0,c (see Table 4.2).
The points have been slightly shifted on the x-axis to allow for more visibility. . . . . 86

4.9 TESS light curve and RV curves phase-folded. Top panel: TOI-1422 b transit,
compared to the best-fitting model. Bottom panels: HARPS-N RV data phase-
folded to the period of planet b (middle) and candidate c (bottom), along with their
residuals over the model. The red circles represent the average value of phased RV
data points. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

4.10 PDC-SAP and PATHOS light curves. Top panel: TOI-1422 b transits highlighted in
red in the PDC-SAP light curve, and the expected TOI-1422 c transits, with their
uncertainties, highlighted in blue. A single planetary-transit event is also marked
with a vertical line green, and is discussed at the end of Sect. 4.3.4). Bottom panel:
Single transit-like event as seen in the PATHOS light curve and the corresponding fit. 88

4.11 RV semi-amplitude K and orbital period P , along with their 1-σ error bars, for
candidate planet c, as functions of the number of data points used for the two-planet
eccentric model analysis with juliet. . . . . . . . . . . . . . . . . . . . . . . . . . . 88

4.12 Planetary masses and radii of the known transiting exoplanets (values taken from
the Transiting Extrasolar Planet catalogue, TEPCat) (Southworth, 2010, 2011) with
equilibrium temperature Teq between 600 and 1000K and host star radius between
0.6 and 1.5 R⊙. Different lines correspond to different mass fractions of relatively
cold hydrogen envelopes. The ice giants of the Solar System are displayed in filled
black circles. TOI-1422 b is on the low-density envelope of planets with precise mass
and/or radius estimations (σMp/Mp ≤ 30%; σRp/Rp ≤ 10%), one of the reasons
that make it potentially valuable for transit spectroscopy. . . . . . . . . . . . . . . . 91

4.13 Transmission spectroscopy observations (TSM) values with the JWST over the equi-
librium temperature for planets with a measured mass in the radius range 2.75 <
R⊕ < 4.0, including TOI-1422 b (green star). Filled black dots and empty squares
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4.14 Corner plot for the posterior distribution of the joint transit and RV analysis of
Sect. 4.3.3 in the case of two planets, elaborated with juliet. . . . . . . . . . . . . . 98

4.15 FWHM and logR′
HK are plotted over time respectively in the upper and lower panel,

along with their linear trends (orange line) and average value (dashed grey line). . . 99
4.16 Close-up look of the RV GLS periodogram, executed with the publicly available tool

Exo-Striker ((Trifonov, 2019); https://github.com/3fon3fonov/exostriker) after
the removal of a linear trend. The two vertical blue lines, around the 29-day signal
(indicated by a vertical yellow line), show the main peak aliases due to the two
highest frequencies of the window function, in the upper and bottom panels. The
three horizontal dotted lines represent the 10%, 1%, and 0.1% FAP levels. . . . . . . 99

4.17 Window function of the HARPS-N RV measurements, as evaluated with Exo-Striker.
The two highest peaks, excluding the 1-day peak and frequencies close to zero, are
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4.18 Unnormalized GLS power for a different number of HARPS-N observations. The
power of the 29-day signal increases with more observations. The vertical dashed
red and green lines indicate TOI-1422 b and TOI-1422 c orbital periods, respectively,
while the horizontal dashed lines signal the 10% and 1% confidence levels, respectively
(evaluated with the bootstrap method). . . . . . . . . . . . . . . . . . . . . . . . . . 100

4.19 TOI-1422 b transits, as seen with PATHOS, folded on the first row of the left column
and the single transit event on the right one, with X/Y and the sky background in
the following rows, showing no correlation with the transits. . . . . . . . . . . . . . . 101

4.20 Single transit depth from PATHOS in different apertures, with the three rows showing
the transit depth at an aperture radius of 2, 3, and 4 pixels, respectively. . . . . . . . 101

4.21 Selection of online press releases for TOI-1853 b (Naponiello et al. 2023, Nature): the
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5.1 Light curve and Radial Velocities. (a) TESS light curve of TOI-1853, (b) Phase curve
of all TESS transits fitted separately, (c) Phase curve of all the RVs, (d) HARPS-N
RVs. The light curves are binned at a 30-minute cadence for clarity. Data points
marked with anomaly flags (i.e. Coarse Point, Straylight, Impulsive Outliers and
Desaturation events) were excluded from the light curve. In panel (c), the average of
≈ 6 radial velocity measurements are indicated by red dots. In all panels, the error
bars represent one standard deviation, while in (a), (b) and (c) the best-fitting model
is shown in black along with its residuals below. . . . . . . . . . . . . . . . . . . . . . 109

5.2 Diagrams of known transiting exoplanets. The properties of known exoplanets have
been extracted from TEPCat (Southworth, 2011) and displayed as diamonds, their
color being associated with their equilibrium temperature. Horizontal and vertical
error bars represent one standard deviation. TOI-1853 b, TOI-849 b and HD 95338 b
are displayed as a circle, triangle and square respectively. (a) Radius-mass diagram
with blue lines representing different internal compositions [dashed: 99% Earth-like
rocky interior + 1% H layer (at temperature and pressure of 1000K, 1mbar); solid:
50% Earth-like + 50% water]. (b) Period-mass diagram, where the blue dashed lines
enclose the Neptunian desert (Mazeh et al., 2016) (Porb ≈ 55 days for HD 95338 b).
(c) Mass-density diagram. (d) Radius-density diagram. . . . . . . . . . . . . . . . . . 110

5.3 Formation scenarios. Two possible pathways for the formation of TOI-1853 b are
displayed: in panel (a) the merging of Super-Earth-sized proto-planets ends up in a
giant collision, generating with high probability a planetary companion within ∼1 au;
in panel (b) distant giant planets undergo mutual scattering after the disk dissipation
and the surviving one eventually settles into a highly elliptical orbit. Over time, tidal
stripping causes the planet to lose its atmosphere, and tidal damping at periastron
circularizes its orbit. Both pathways eventually lead to TOI-1853 b, for which three
likely compositions are displayed on panel (c). . . . . . . . . . . . . . . . . . . . . . . 111



5.4 Observed - Calculated (O-C) time of transits for TOI-1853 b. . . . . . . . . . . . . . 123
5.5 Global fit result for the ground-based transits. The light curves of MuSCAT2,

LCOGT and ULMT have been shifted on the Y-axis for clarity, and their respec-
tive filter band has been indicated in the legend. The superimposed points represent
≈ 10-minute bins, while the error bars represent one standard deviation. The global
fit from this work is depicted in black. . . . . . . . . . . . . . . . . . . . . . . . . . . 124

5.6 High-resolution sensitivity curves. Final sensitivity of (a) Keck, (b) Gemini and (c)
SOAR, plotted as a function of angular separation from the host star. The images
reach a contrast of (a) ∼ 7.6, (b) ∼ 5.2, ∼ 6.3 and (c) ∼ 4.7 magnitudes fainter than
TOI-1853 within 0.5′′ in each respective band. Images of the central portion of the
data are presented as insets in the relative panels. . . . . . . . . . . . . . . . . . . . . 125

5.7 TOI-1853 Spectral Energy Distribution. The error bars represent one standard devi-
ation. The best-fit model is displayed as a solid black line. . . . . . . . . . . . . . . . 125

5.8 GLS periodograms. The periodograms of the RVs, its residuals from the global fit
and several activity indexes are plotted consecutively, while the window function is
on top as reference. The main peak of the RV GLS periodogram, at 1.24 days, and
his 1-day aliases are highlighted by a red and green vertical bar, respectively. The
horizontal dashed lines remark the 10% and 1% confidence levels (evaluated with the
bootstrap method), respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

5.9 Corner plot for the posterior distributions of the global joint fit. The blue lines
indicate the average value of every parameter, while the dashed vertical lines are
indicate the confidence levels at one standard deviation. . . . . . . . . . . . . . . . . 127

5.10 HARPS-N RV detection map. The color scale expresses the detection function (e.g.
the detection probability), and the red circle marks the position of TOI-1853 b. . . . 128

5.11 TSM, ESM and simulated spectra for JWST. Panels a and c show the transit and
emission spectroscopic metrics for TOI-1853b (golden hexagon marker) in comparison
to the population of transiting exoplanets (gray markers) and those selected for JWST
cycles 1 and 2 observations (purple and green markers). TOI-1853b has a TSM of
2.6 and an ESM of 10.9. Panel b show synthetic transmission spectra for an H2-
dominated atmosphere (orange solid line) and an H2O-dominated atmosphere (blue
solid line). The markers with 1σ error bars show simulated JWST observations for
selected detectors when combining 3 transits each. Panel d, same as panel b but for
synthetic emission spectra. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

6.1 Diagrams of planetary mass vs. orbital period (left-hand panel) and planetary radius
(right-hand panel) for all the exo-Neptunes known to date, with at least a 3σ precision
on their estimated density. The sizes of the circles are proportional to the radius
of the planets, while their colors indicate the effective temperature of their parent
stars. The color intensity in the background is proportional to the number of planets
occupying that area. The targets observed during this thesis work are highlighted in
red; the error bars have been suppressed for clarity. . . . . . . . . . . . . . . . . . . . 133

6.2 Left-hand panel: plot of the bulk density vs. orbital period for Neptune-sized ex-
oplanets with precise density estimations (ρ/∆ρ > 3). The planets are plotted as
circles, whose radius is represented both by their size and their color (blue and red for
planets smaller and larger than Neptune, or 4R⊕, respectively). The fits for the two
populations are shown by lines of the same color, along with one standard deviation
shades. Four examples of new planetary candidates that we have proposed for future
observation runs are represented by triangles (three reds, one blue; the values of their
mass have been deduced from the empirical law of Otegi et al. 2020). Right-hand
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6.3 Left-hand panel : The well-determined eccentricity of 123 transiting giant planets is
plotted over their orbital period. The giants on circular orbits, with small or large
eccentricities (e < 0.1, e ≥ 0.1) are depicted respectively with empty black circles,
orange triangles and blue squares. Right-hand panel : Modified tidal diagram of the
same population. The dotted, dash-dotted, and dash-three dotted lines display the 1,
7 and 14 Gyr circularisation timescales for e = 0 and tidal quality factor Q′

p = 106,
i.e. a parametrization of the planet’s interior response to tidal perturbations (the
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Q′). Figures courtesy of Bonomo et al. 2017. . . . . . . . . . . . . . . . . . . . . . . 136
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Chapter 1

Introduction

After almost 30 years of exploration, exoplanetary science has now entered a mature phase in which
the determination of the physical properties of planets and the origin of their observed, astonishing
diversity is no longer a pipedream. Thanks to a surge of discoveries with transit and Radial Ve-
locity (RV) surveys (Section 1.5), extrasolar planets are starting to fill the full range of parameter
space in terms of orbital arrangements and multiplicity properties (Winn and Fabrycky, 2015). This
growing data set is allowing astronomers, for the first time, to estimate the frequency of planets
with different properties like mass, size, orbital characteristics, host-star properties, and to probe
the diverse outcomes of planet formation and evolution (see Section 1.6). In particular, taking
into account the effect of observational biases, small (low-mass) planets between the size (mass) of
Earth and Neptune substantially outnumber Jupiter-type planets (see Figure 1.1), and the occur-
rence rates of terrestrial and giant exoplanets appear to depend non-trivially on the properties (e.g.
mass, metallicity) of the parent stars (Howard et al., 2013). However, the category of intermediate
radius/mass planets, or Neptune-type planets, currently underrepresented at short orbital periods
(Porb < 100 days), has shown that objects of comparable radius can have very diverse average
densities, and therefore different inferred internal structures (see Section 1.3.2). Figure 1.2 shows
that well-characterized exoplanets are much closer to their host stars compared to Solar System
planets (left panel), due to the current observation biases, while they often share similar densities
(right panel), although exo-Neptunes in general exhibit a plethora of densities that can extend from
very low up to the ones of rocky-type planets. As a case in point, the short-period super Neptune
TOI-532 b (Kanodia et al., 2021) has a radius of 5.8+0.2

−0.2R⊕, a mass of 61+10
−9 M⊕ and, therefore, is

as dense as Neptune (1.7+0.3
−0.3 g cm−3), while the Neptune-sized TOI-2196 b (Persson et al., 2022)

has a radius of 3.5+0.2
−0.2R⊕, a mass of 26+1.3

−1.3M⊕ and is almost twice as dense (3.3+0.5
−0.4 g cm−3). Even

more dense is the ultra-short-period planet TOI-849 b (Armstrong et al., 2020), which has a radius
of 3.4+0.2

−0.1R⊕, a mass of 39+3
−3M⊕ and thus a bulk density similar to that of Earth (5.2+0.7

−0.8 g cm−3).
The paradigm that large planets are always gaseous while small ones are rocky in nature is wearing
out.

Moreover, the atmospheric properties of otherwise similar planets (in mass and radius) can also
be very different, and the zoo of atmospheric realizations is even more impressive considering the
still relatively small sample of planets with detected atmospheres (Sing et al., 2015). The diversity
of exoplanetary characteristics clearly demonstrates that most of the gross features of the Solar
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Chapter 1. Introduction

Figure 1.1: Histogram of the average number of planets per star (with orbital period below 100 days),
as a function of planet radii. The real number of exoplanets detected (before 2017) has been multiplied by
a correction factor, which takes into account the observational biases, for completeness (however the gray
region at small radii suffers from low completeness and should be considered with caution). Figure courtesy
of Wakeford and Dalba 2020.

System are but one outcome in a continuum of possibilities. The answer to the question of what is
the origin of the observed diversity of planetary systems is one of the most important challenges in
modern astronomy. The observed planetary properties (including internal structure, atmospheric
composition and orbital architecture – refer to Section 1.3) are the result of the complex interplay
between a variety of physical and dynamical processes operating on different timescales during for-
mation and subsequent orbital evolution; these in turn depend on environmental conditions, such
as disc properties, planet multiplicity, and stellar radiation fields. However, a statistical study of

Figure 1.2: Distribution of transiting exoplanets with mass and radius uncertainty levels of at least 2σ
(as extracted from exoplanets.eu), compared to the planets of the Solar System, displayed with radius
as a function of semi-major axis (left panel) and mass (right panel). Density model lines are shown for a
Earth-like rocky composition, or 32.5% Fe + 67.5% MgSiO3 (red dashed line), and cold hydrogen (Becker
et al. 2014) (blue dashed line).

Luca Naponiello 2



Chapter 1. Introduction

planet properties requires a well-considered research approach, involving the identification of clear
and robust diagnostics, and a significant investment of observing time with cutting-edge instrumen-
tation, which is the reason why several dedicated projects (both from the ground and in space) are
now planned to tackle different aspects of this question. Space-based missions like Kepler-K2 (now
concluded), Transiting Exoplanet Survey Satellite (TESS ), the Characterizing Exoplanet Satellite
(CHEOPS) (on-going) (Broeg et al., 2013), and the PLAnetary Transits and Oscillations of stars
(PLATO) (to be launched in 2026) (Rauer et al., 2014) focus on the systematic study of orbital
architectures and structural properties of planetary systems, while other space and ground-based
large and extremely-large facilities, such as the James Webb Space Telescope (JWST ) (on-going)
(McElwain et al., 2023) or the incoming Extremely Large Telescope (ELT ) (to be operative in 2028)
(Chornock et al., 2019), have atmospheric characterization as one of the main science drivers.

The Italian long-term, multi-program Global Architecture of Planetary Systems (GAPS) (Covino
et al., 2013, Poretti et al., 2016) exploits high-precision Doppler measurements with the High Ac-
curacy Radial velocity Planet Searcher for the Northern hemisphere (HARPS-N) (Cosentino et al.,
2012) instrument at Telescopio Nazionale Galileo (TNG), in La Palma (Spain), renowned as one of
the most accurate spectrographs in the northern hemisphere (see Section 1.5.2). One of the aims
of the GAPS consortium is to obtain an accurate mass determination of low-mass (or non-Jovian)
planets. In this context, the observations of both Warm Neptunes (WNs) and Hot Neptunes (HNs)
is crucial to understanding the evolution of planetary systems as they are thought to be planets
in transition; i.e. they are believed to form far from the parent stars (see Section 1.1), and then
somehow migrate closer where they get heavily irradiated and cannot sustain their atmosphere any-
more, perhaps eventually exposing only their core. This might explain why the proximity of stars
is marked by a significant scarcity of Neptune-like exoplanets, often referred to as the hot-Neptune
desert (Mazeh et al., 2016). In general, Neptune-type planets are a rare discovery, especially those
with very short orbital periods (potentially owing to the influence of photo-evaporation), thus the
intricate details of their formation and potential migration, along with their typical composition,
remain elusive.

This PhD project has been carried out within the GAPS project framework, and aims at fur-
thering our understanding of key aspects of planet formation and evolution processes focusing on
the characterization of hot, warm, and temperate transiting Neptunes to determine their orbital
(period, semi-major axis, eccentricity) and physical (radius, mass, density) parameters, and thus
investigate their internal structure, formation, and evolution via a combination of high-sensitivity
photometric and spectroscopic measurements. The thesis is organized as follows: the subsequent
introductory sections lay out the basics of exoplanet research, Chapter 2 delves into the primary
data analysis tools utilized in this study, Chapters 3, 4 and 5 encompass the examination of all
observed systems, including two first-authored papers (Chapters 4 and 5, presented separately for
clarity), while the concluding Chapter 6 offers a summary of the research findings, along with a
general overview of the current state of exo-Neptunes research. All figures presented in this thesis
were created by the author unless otherwise indicated in the captions.
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1.1. Exoplanet definition and demographics

1.1 Exoplanet definition and demographics

According to the International Astronomical Union (IAU), the official definition of exoplanet is
expected to evolve as our overall knowledge improves, but at present time is the following:

• Objects with true masses below the limiting mass for thermonuclear fusion of deuterium
(currently calculated to be 13 Jupiter masses for objects of solar metallicity) that orbit stars,
brown dwarfs or stellar remnants and that have a mass ratio with the central object below
the L4/L5 instability ( M

Mcentral
< 2

25+
√
621

) are “planets” (no matter how they formed);

• The minimum mass/size required for an extrasolar object to be considered a planet should be
the same as that used in our Solar System.

However, no particular feature has been observed around the 13 Jupiter mass-limit (Schneider et al.,
2011) (a value that is in any case unjustified for planets with rocky cores), and the composition
of a planet does influence deuterium fusion (Spiegel et al., 2011). One alternative is to link the
definition of an exoplanet to their formation, since the direct gravitational collapse of clouds of gas,
responsible for the birth of stars, can also form star-like objects below 13 Jupiter masses. In this
context, objects formed through gravitational instability should not count as planets (Schlaufman,
2018). The difficulty here lies in the simple fact that most of the time it’s impossible to tell the
formation history of an exoplanet, which is even more problematic for non-transiting objects with
unknown orbital inclination, and therefore with only a lower limit on the mass. As a consequence,
most exoplanet databases include objects with mass (or minimum mass) up to 30 Jupiter masses
or even more.

After centuries of speculations, thanks to a general improvement in science and technology,
the 20th century saw a rise of tentative, erroneous, detections which finally lead up to the first
confirmation of an exoplanet detection in 1992 around the pulsar PSR B1257+12 (Wolszczan and
Frail, 1992). A couple of years later, in 1995, 51 Pegasi b was recognized as the first exoplanet
orbiting a Sun-like star (Mayor and Queloz, 1995), a discovery awarded with the Nobel prize in 2019.
Since then, more than 5500 exoplanets have been found with a plethora of unique characteristics.
Based on their orbital period (P ) and equivalent temperatures, exoplanets are described as Hot
(P ≲ 10 days), Warm (10 ≲ P ≲ 100 days) and Cold (P > 100 days), and are generally distributed
among the following categories (refer also to Figure 1.3):

• Jovian planets - They have dimensions similar to Jupiter and Saturn, with 8R⊕ (Earth-
radii)≲ Rp ≲ 15R⊕, and 80M⊕ (Earth-masses)≲ Mp ≲ 4000M⊕ (though, as stated above,
establishing a definitive upper mass limit is not straightforward). These planets possess thick,
gaseous atmospheres with a variety of gases, predominantly hydrogen and helium. Initially,
it was theorized that Jovian planets would form at a considerable distance from their parent
stars, analogous to the positions of Jupiter and Saturn in our own Solar System. However,
many exoplanets classified as Hot Jupiters (HJs) have been found orbiting in close proximity
to their host stars, some even at ultra-short orbital periods. This observation challenges the
traditional formation theory and suggests that planetary migration plays a significant role in
shaping the orbits of exoplanets (see Section 1.6.2);
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Figure 1.3: Current population of exoplanets, as extracted from exoplanets.eu, with mass uncertainty
levels of at least 2σ. The Hot (red), Warm (orange) and Cold (blue) exoplanets have been further marked
with circles, triangles and squares to indicate, respectively, Earth-type and small planets, Neptunian planets
and Jovians (as defined in Section 1.1).

• Neptunian planets - They have dimensions similar to Neptune and Uranus, typically with
radii ranging from 3.5R⊕ ≲ Rp ≲ 6R⊕, and masses within the range of 10M⊕ < Mp ≲

50M⊕. Like their Solar System counterparts, these planets are supposed to have substantial
atmospheres, composed of hydrogen, helium and mixture of other elements (such as water,
methane and ammonia). Neptune-sized planets can have a variety of orbital periods, but
they generally don’t occupy positions close to the stars (i.e. the hot-Neptune desert). They
are believed to form outside the so-called snow line1, so that they can accumulate a great
amount of volatile elements, however it is likely that planet migration plays a significant role
for them as well. Intriguingly, Neptunian planets exhibit a wide range of densities, reflecting
their varying compositions, and as a result, they present a captivating field of study for
astronomers and planetary scientists (see Section 1.3.2);

• Small planets - They are planets with 1R⊕ ≲ Rp ≲ 3.5R⊕ and 1M⊕ ≲ Mp ≲ 20M⊕,
unseen in the Solar System. When they present a significant amount of rocks, suggesting
a composition akin to our home planet, they are classified as super-Earths (Rp ≲ 1.7R⊕),
otherwise they are simply sub-Neptunes (1.7R⊕ ≲ Rp ≲ 3.5R⊕) as they generally present a
significant amount of volatile elements, similarly to Neptunian planets. The corrected distri-
bution of exoplanets (as of 2017), plotted in Figure 1.1, proves how small planets outnumber
the others, but it also highlights an observed scarcity of planets with 1.5R⊕ ≲ Rp ≲ 2R⊕, the
so-called radius gap, which may be attributed to photoevaporation-driven mass loss (Fulton
et al., 2017);

1The snow line is a boundary in a planetary system beyond which temperatures are low enough for volatile
substances such as water, methane, and ammonia to condense into solid ices.
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• Earth-type planets - They have radii and masses comparable to Earth’s (Rp ≲ 1R⊕,
0.5M⊕ ≲ Mp ≲ 2M⊕), and are primarily composed of dense, rocky materials, featuring
solid surfaces and very thin atmospheres. Earth-type exoplanets are of particular interest for
their potential to host life as we know it, beyond our Solar System.

1.2 Detection and characterization techniques

Many techniques have been employed to successfully discover exoplanets over the course of the
last three decades, which are here listed in order of efficiency (i.e. the percentage of exoplanets
discovered, as evaluated on the NASA exoplanet archive):

• Pulsar timing (≪ 1%) - Supernovae often leave behind ultra-dense remnants known as pulsars,
which are neutron stars that emit radio waves at precisely regular intervals, depending on their
rotation speed. If a pulsar hosts one or more planets, the gravitational pulls alter the timing
of these signals, making it possible to indirectly infer their presence. Similarly, planets can be
inferred by measuring deviations from periodic activities of other variable stars;

• Astrometry (≪ 1%) - Observing the position of a star in the sky, over the course of time, can
reveal motion changes due to the gravitational influence of one or more planets. This method
has not been very successful so far, but things have started to change with the beginning of
the Gaia space mission (Gaia Collaboration, 2022);

• Direct imaging (≈ 1%) - Exoplanets can be directly seen by capturing the light they either
reflect from their host stars or emit as thermal radiation. Resolving planets close to their
star is very difficult, however, the reflection and emissions of planets on extended orbits can
be unveiled by blocking the overwhelming starlight (for instance by using the equivalent of
a coronagraph). The planet radiation can span from being approximately a thousand times
fainter than the host star itself for a HJ observed in the infrared, to more than a billion times
fainter for Earth-like planets observed in the visible spectrum;

• Gravitational microlensing (≲ 4%) - A star can act as gravitational lens for another, distant
star in the background, because the gravitational field of the former bends the light com-
ing from behind (relatively to our line of view) and magnifies it, when the foreground and
background stars are nearly perfectly aligned to the observer2. This alignment typically lasts
for a few weeks or months, and a planet orbiting the lensing star may cause magnification
anomalies (depending mostly on its mass and position), which can be measured to infer the
planet’s properties;

• Doppler method (≲ 20%) - Since a star is also orbiting around the overall center of mass of its
system, periodical variations in its RV (calculated from the Doppler effect in stellar spectral
lines – refer to Section 2.1), or the speed at which it moves towards or away from us, can
outline the presence of planets (see Section 1.2.1);

2Deforming the background light into a so-called Einstein ring shape (Pinochet and Jan, 2018), in case of perfect
alignment (usually on cosmological scales, when a massive galaxy cluster acts as a gravitational lens).
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• Transit method (≈ 75%) - The probability that the planet’s orbit intersects our Line-of-Sight
(LoS) is small, but when that happens the planet passes in front of its host star disk and
temporarily causes a drop in luminosity that is proportional to the planet size (see Section
1.2.2);

• Transit timing variations (TTVs) (≲ 1%) - Planets in the same system perturb each other’s
orbits, leading to small variations in the times of transit and thus allowing for the indirect
detection of other companions.

Every method has its own observation biases and can reveal only a specific set of the planet’s
properties, so they are often complementary. In the following subsections, only the Doppler and
transit methods are going to be covered in depth, because they are the most successful methods by
far and they are central to the work done in this PhD thesis.

1.2.1 Doppler method

Stars move on their own orbits in response to the gravitational pull of any planetary (or stellar)
companions, leading to displacements that are difficult to detect on the celestial plane (unless the
companion is massive; either a star or a gas giant, see Gaia Collaboration 2022). On the radial axis,
however, such tiny movements induce a convenient change in the star’s spectral line position due to
the Doppler effect. In fact, even if the speed of the star around the system’s center of mass might be
relatively small, the periodical shift of the lines towards red and blue light is potentially measurable
and can reveal such companions. For instance, Jupiter is forcing the Sun to move around its center
of mass by about 12 m/s, while Earth is contributing only by 9 cm/s, and the best modern spec-
trometers can reveal signals down to ≈ 0.3 m/s (see Section 1.5.2), so they are definitively precise
enough to spot Jupiter-like planets around Sun-like stars, but not Earths on a 1 year-long orbit.
In this context, the inclination of the orbital plane of the companion relative to our LoS (i), is of
fundamental importance because when i is perpendicular to our LoS, the movement of the star is
confined to the celestial plane only, and viceversa when i is parallel to our LoS the full displacement
is projected on the radial axis. For this reason, the Doppler method presents a degeneracy between
the mass of the companion and the inclination of its orbital plane, in the sense that we can only
measure their combination [Mp sin(i)].

For a planet orbiting around its host star, the equation of motion is given by simply substituting
the force of gravitational attraction, between the two bodies, into Newton’s second law of motion.
The bounded solutions of the differential equation are ellipses, and their orbit is given, in planar
polar coordinates, by the function (see e.g., Bozza et al. 2016):

r(ν) =
a(1− e2)

1 + e cos(ν)
(1.1)

where the polar angle ν(t) is the so-called true anomaly (refer to Figure 1.4), and is a function of
time (note that anomalies are just the historic names of the angles used to describe the motion of
planets). Two other anomalies are the eccentric one, E(t), and the mean one, M(t). While the
eccentric anomaly can be seen as the angle traced by the planet in the case of a circular orbit,
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the mean anomaly is more difficult to physically interpret as it increases linearly with time and
measures the percentage of the area of the ellipse that is spanned by the position vector:

M(t) ≡ 2π

P
(t− T0) (1.2)

Figure 1.4: Schematic of an eccentric planet orbiting around its parent star, located in one of the focal
points. The larger semi-circle represents the orbit as if it was circular with radius equal to the semi-major
axis, while ν, E and M are the so-called true, eccentric and mean anomalies respectively. Figure courtesy
of Varvoglis 2006.

where T0 is the time of periastron passage. Finding the relations between the anomalies requires
a bit of algebra (see Murray and Dermott 1999), but doing so allows us to find the velocity of the
star:

V = r
dν

dt
=

2πa2
√
1− e2

rP

M2
p

(Ms +Mp)2
(1.3)

which projected onto the radial axis becomes:

Vr =
Mp

Ms +Mp
· 2πa sin(i)
P
√
1− e2

[cos(ν(t) + ω) + e cos(ω)] = K · [cos(ν(t) + ω) + e cos(ω)] (1.4)

where the systemic velocity µ0, the overall radial velocity of the barycenter, has been removed as
it is irrelevant for the planetary mass determination. K is the semi-amplitude of Vr, that we can
express using Kepler’s third law:

K =
Mp sin(i)

(Ms +Mp)2/3
· (2πG/P )1/3√

1− e2
∝ Mp P

−1/3M−2/3
s (1.5)

and it depends on the inclination, periodicity, eccentricity of the orbit and the mass of both the
planet and its host star. From Eq. (1.5) it is straightforward to understand why the Doppler method
is more sensitive to massive and/or short-period exoplanets. Note that Vr is always periodic but it
can differ from a sinusoidal function when the orbit is not circular (see Figure 1.5). In short, the RVs
allow us to derive the “minimum mass” of the planet, Mp sin(i), the orbital period P , its eccentricity
e and the argument of periastron ω, the time of periastron T0 and the bulk velocity of the system µ0

(sometimes also referred to as V0 or γ). The Doppler method can produce false signals, mostly due
to star magnetic fields or various types of stellar activity that cause periodic RVs. In such cases, it is
important to estimate the star rotation period, for example through many different activity indexes
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Figure 1.5: RVs as a function of time, estimated in the case of orbiting companions with the same mass,
orbital period and time of conjunction, but different eccentricity and argument of periastron. The eccentricity
(argument of periastron) is the same for every column (row). Figure courtesy of Wright and Gaudi 2013.

(refer to Section 1.4.3), in order to infer whether the RV signals are truly coming from planets or not.

Despite the high precisions that dedicated spectrographs can reach today, the Doppler method
is less efficient compared to the transit method, whereby many stars can be observed at once and
consequently the probability of finding exoplanets is higher. Furthermore, high Signal-to-noise ratio
(SNR) spectra are often required to measure K-signals with high precision, so this method is mainly
used for bright (or relatively nearby) stars. For these reasons, nowadays RVs are mostly used to
confirm and characterize exoplanet candidates detected through other methods, rather than find
them through dedicated surveys, as was done in the early years of discoveries (though many RV
surveys are still happening).

1.2.2 Transit method

For any exoplanet, assuming that the inclination of its orbital plane compared to our LoS, i, is
unknown, the probability that in our viewpoint it partially eclipses its own star is given by the
fraction of celestial sphere swept by the penumbra of the planet itself (refer to Figure 1.6). The
apparent separation between the center of the planet and the star (i.e. the impact parameter, b –
refer to Figure 1.7) can be approximated by (Winn, 2010):

b =
a cos(i)

Rs

(
1− e2

1 + e sin(w)

)
−−−→
e→0

a cos(i)

Rs
, (1.6)

where e, w are the eccentricity and the argument of periastron, while Rs and a are the radius of the
star and the planet’s orbital semi-major axis. The opening angle of the cone that sweeps out the
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Figure 1.6: The planet projects a penumbra on the celestial sphere within a cone of opening angle Θ (left
panel). A close-up of the transit geometry (right panel), shows how the transit might be seen by a random
observer located far away on the right, i.e. either as a full transit or grazing one according to the actual
position of the observer on the celestial sphere. Figure courtesy of Winn 2014.

shadow band on the celestial sphere (i.e. the region of visibility), Θ, can instead be defined as:

sin(Θ) = (Rs ±Rp)/a , (1.7)

where Rp is the planet’s radius and the plus or minus sign indicate whether the transit is grazing
or full. Since cos(i) is uniformly distributed for a randomly-placed observer, the probability of, at
least, a grazing eclipse is the fraction of celestial sphere swept by the cone:

P (|b| < 1 +Rp/Rs) =

∫ (Rs+Rp)/a
−(Rs+Rp)/a

d cos(i)∫ +1
−1 d cos(i)

=
Rs +Rp

a
−−−−−→
Rs≫Rp

0.5%

(
Rs

R⊙

)( a

1AU

)−1
, (1.8)

or roughly half a per cent for exoplanets orbiting around Sun-like stars at a distance of 1 astronomical
unit (au). This chance does increase for close-in planets, which together with the fact that it takes
less observing time to find a short-period planet, clearly explains why the transit method is strongly
biased towards finding them. When the planet is eclipsing the star (refer to Figure 1.7), if the SNR is
high enough, depending especially on the observing instrument setup, a drop in brightness flux (∆f)
can be appreciated. At astronomical distances, the overall depth of transit (δ) is only dependent
on the object radii:

δ =
∆f

f
≈
(
Rp

Rs

)2

, (1.9)

which means that the sensitivity of a transit survey is overall biased towards large-radii planets
with short orbital periods. As a point of reference, an Earth-size planet transiting a Sun-like star
would present a transit depth of only 0.08%, so it would require an extremely precise instrumental
setup on top of 1-2 years of continuous observing time to discover and confirm if Porb ≈ 1 year.
In reality, the shape of a transit is rounded (see the difference between the right side and the left
side of Figure 1.7), because the limb-darkening effect makes the central part of the star disk appear
brighter than the edge (limb) due to an increase in effective optical depth. More precisely, if the
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Figure 1.7: On the left, a transit is illustrated as seen from the observer, together with its simplified light
curve, showing several useful quantities used in this work (figure courtesy of Winn 2014). On the right, the
actual light curve shapes for ten different bandpasses, including the limb-darkening effect (figure courtesy of
Knutson et al. 2007).

intensity seen from the center of the star is I0 then the intensity seen in the direction ϕ can be
expressed, for instance, with a quadratic law:

Iϕ/I0 = 1− u1 [1− cos(ϕ)]− u2[1− cos(ϕ)]2 , (1.10)

where (u1, u2) are the Limb Darkening Coefficients (LDCs) that depend on the host star properties
(effective temperature, metallicity, surface gravity) and the photometric band selected for observing
the transit. In order to minimize the correlation between u1 and u2 and only sample realistic
physical values, in this work the LDCs are fitted with the Kipping parametrization (q1, q2), which
also allows for a more efficient sampling scheme (see the full details in Kipping 2013):

q1 ≡ (u1 + u2)
2

q2 ≡
u1

2(u1 + u2)
.

(1.11)

Thus, using the mean intensity Im =
∫
Iϕdω∫
dω

, i.e. the sum of the intensities over the disk divided
by the solid angle subtended by the disk itself, the depth of the transit can more realistically be
described by:

δ ≈
(
Rp

Rs

)2 Iϕ
Im

. (1.12)

Besides the transit depth (i.e. the radius of the planet, if we can evaluate the size of the star, see
Section 1.3), and the orbital period, the transit light curve also provides the ingress/egress duration
τ and transit duration T (tIV − tI , or tIV − tI − τ according to different definitions), which can be
used to find the impact parameter b, the orbital inclination i and the scaled semi-major axis a/Rs

(for a full set of calculations, refer to Perryman 2018).

False alarms and false positives

However, the transit method is not without its challenges. Whether conducting ground-based or
space-based surveys, researchers must assess the likelihood that the observed transits are genuinely
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planetary in origin. Two common issues that we must grapple with to ensure the reliability of
our findings are false alarms and false positives; the former happen when transit-detection software
generates a signal that surpasses the detection threshold, yet no actual transits are present, while the
latter are authentic transit-like events, but of different astrophysical origin. The transit validation
usually involves comparing the probability that the transits result from planets against the likelihood
of transit-like events originating from other sources. Astrophysical false positives come in various
forms, each requiring distinct validation strategies, the most common of which are (Brown, 2003):

• A low-mass stellar companion: In close stellar binaries with significant size disparities, low-
mass stellar companions (e.g. white or brown dwarfs) can produce flat-bottomed transits
similar to planetary transits. The presence of deep secondary eclipses and the self-luminosity
of the smaller star may distinguish them;

• A Grazing Eclipsing Binary (EB): These systems involve two stars with similar mass and
radius, inclined in a way that they exhibit grazing stellar eclipses that can be mistaken for
planetary transits. Differences in effective temperatures and color indices can be indicators of
grazing binaries, along with V-shaped transit model fits which often yield high values for the
impact parameters;

• A Blended EB: Chance alignments of a bright, isolated star with a fainter, background EB can
lead to diluted eclipses that mimic planetary transits. Detailed modeling, along with factors
like inconsistent effective temperatures and wavelength-dependent eclipse depths, can reveal
such impostors;

• A hierarchical triple: These systems resemble blended EBs, but the faint EB and the brighter
diluting star are part of a physically associated triple system. Detecting shifts in the light
centroid during eclipse events is very challenging but could in principle reveal hierarchical
triples, along with spectroscopic follow-up.

High angular-resolution imaging (see Section 1.5.3) is often necessary to validate transits and dis-
tinguish between genuine planetary transits and the various types of astrophysical false positives,
offering a cost-effective solution due to its minimal observing time requirements. On the contrary,
a more resource-intensive and expensive approach involves directly determining the mass of the
companion through the measurement of RVs and TTVs.

1.3 Host star and exoplanet characterization

A precise study and characterization of exoplanets cannot be dissociated from an investigation of
their host stars. As we have seen, transit and RV measurements only provide the planet’s radius
and mass relative to the stellar ones. Consequently, the accuracy of the planets’ properties (mass,
radius, density, age) critically depends on the achieved accuracy of the hosts’ properties. This is
the reason why TESS was designed to observe bright and close stars (see Section 1.5.1), so that
they could be better characterized compared to the dimmer stars observed by the Kepler mission
(which greatly contributed to the exoplanetary field nonetheless).
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1.3.1 Stellar parameters

High-resolution spectroscopy involves a detailed analysis of the shape, intensity and position of the
spectral lines in a star’s spectrum. By comparing these features to theoretical models and estab-
lished classification systems, we can derive the stellar effective temperature, Teff , surface gravity,
log g, metallicity (e.g. the iron abundance [Fe/H]) and spectral type. Conversely, both stellar
masses and radii in principle can be estimated by exploiting empirical relations with luminosity or
parameters such as Teff , log g and [Fe/H] (Torres et al., 2010). However, empirical relations often
lack accuracy mostly due to limited and noisy data, age variability, and limitations in generaliza-
tion. A more direct and precise estimation of the radii can for instance be achieved by measuring
the apparent angular size of stars in the sky using interferometry, provided that their distance (or
parallax) is known with great accuracy. For distant stars a direct angular diameter measurement
is very challenging, and interferometry is often not available, therefore the stellar radii can more
consistently be estimated by fitting the stellar Spectral Energy Distribution (SED) (i.e. the energy
emitted by the star as a function of wavelength). Provided that magnitudes (fluxes) of different
bandwidths are available for a specific star, the SED can be reconstructed (right panel of Figure 1.8)
by imposing Gaussian priors on the already derived Teff and [Fe/H], and comparing the fluxes with
theoretical values, accounting both for the interstellar extinction rate and the distance of the star,
optimally retrieved again from accurate parallaxes. Fortunately, thanks to the Gaia mission we now
have very precise distances for many stars, compared to just a few years ago (see Section 1.5.4).

Figure 1.8: On the left, the evolutionary tracks of stars with different starting masses are plotted on top
of the Hertzsprung–Russell (H-R) diagram, starting from their main-sequence phase (figure adapted from
D’Antona and Mazzitelli 1994). The sun in yellow, for instance, will become a Red Giant (RG) before
expanding further into the Asymptotic Giant Branch (AGB). On the right, an example of fitted SED (for
TOI-1853, a K2-V star, see Chapter 5).

Unlike binary systems, where very precise dynamical masses can be derived either with astrometry or
spectroscopy, the mass of single stars can be accurately estimated by comparing the stellar observed
properties (i.e. Teff , [Fe/H] from spectroscopy and the stellar luminosity from the SED fit and Gaia
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parallax) with expected stellar evolution tracks and isochrones (H-R diagram3 curves of stars of the
same age). The stellar evolutionary tracks are a set of mathematical models based on our current
understanding of stellar physics, which provide a comprehensive picture of how the star changes
throughout its lifetime. Therefore, by fitting stellar models such as Y2 (Demarque et al., 2004) (but
also PARSEC, Dartmouth, MIST, etc), we can infer the stellar physical properties, i.e. radius, mass
and age. The estimation of stellar ages are very valuable, since they are pivotal in evaluating the
timescales of star-planet interactions and the evolution of planetary physical and orbital parameters.

The procedure described above has been used in Naponiello et al. 2022 and Naponiello et al. 2023,
where the values of the stellar radius (Rs), mass (Ms) and age (τs) have been determined by first ex-
tracting the atmospheric parameters of the star from the HARPS-N spectra and then incorporating
them as Gaussian priors in the fitting process of both the SED and evolutionary tracks. Finally, it
is important to note that different evolutionary tracks usually yield very consistent values (though
low-mass stars are always more difficult to reproduce), and that the realistic uncertainties of SED
+ evolutionary tracks fitting, derived by taking into account the differences among stellar models,
typically are δRs/Rs ≈ 1− 3%, δMs/Ms ≈ 3− 6% and δτs/τs ≈ 20− 100% (Tayar et al., 2022) for
solar-type stars, or larger for M stars (especially τs).

Asteroseismology

It is a relatively recent insight that the star interior is a stage for the propagation of sound waves that
can be mostly detectable photometrically (see e.g., Handler 2013). The study of such oscillations
is called asteroseismology and is of fundamental importance for understanding stellar structures
because their individual frequency and amplitude correlate with the physical state (temperature,
chemical composition) of the various layers that these waves pass through. Non-radial oscillation
modes are classified into “p modes” (located in the envelopes) when the pressure force is dominant in
restoring the equilibrium of the perturbed star, “g modes” (located in the deep interiors) when the
buoyancy force of Archimedes is the restoring agent, and mixed modes, usually present in evolved
stars only. In analogy to the vibration modes of a 1D string, the modes of a star can be characterized
by their frequency, amplitude and number of nodes (i.e. points where the string does not move
during the vibration cycle), with the only difference being that three integer numbers are needed
to indicate the positions of the nodes in a star, instead of one. Thus, for each mode, the nodes are
indicated by three labels (l, m, n), where l = m = 0 indicates that the fluid elements in the star are
displaced in the radial direction only. The highest frequency of the acoustic nodes defines the upper
boundaries of the p-mode resonant cavities and can be expressed as (García and Ballot, 2019):

νmax ∝ Ms

R2
s

√
Teff

, (1.13)

3Stars have varying evolutions and lifetimes depending on their initial mass; for instance they start as protostars
and eventually become main-sequence stars through nuclear fusion. Stellar evolution is studied by observing stars at
different stages on the H-R diagram. This diagram displays stars’ luminosity against their surface temperature, and
helps astronomers categorize stars into various stages of their evolution, providing insights into their life cycles and
characteristics.

Luca Naponiello 14



1.3. Host star and exoplanet characterization

while the large-frequency separation (refer to Figure 1.9) is:

∆νl = νn+1,l − νn,l ≈ ∆ν ∝

√
Ms

R3
s

, (1.14)

which highlights the link between the oscillations and the stellar physical properties.

Non-radial oscillations make parts of the star move up while others move down with a mode-
dependent periodicity (and a timescale of a few minutes only), provoking changes in the temperature
and radius of the stellar gas. Stellar surfaces, with the exception of the Sun, cannot be resolved
enough to study these oscillations, so their signature is hidden in the stellar quantities integrated
over the stellar disk, such as the brightness flux (or RV variations responsible for noise in the doppler
shift). However, the symmetry axis of the oscillations may be inclined with respect to the LoS of
the observer, which may cause partial or complete cancellation of the photometric variability (note
that this does not happen spectroscopically because the integrated velocity is not very sensitive
to limb darkening). Measuring such small flux variations during an oscillation cycle has become
possible thanks to the low noise, low cadence, and long-uninterrupted time series data provided by
exoplanet space mission surveys such as Kepler (e.g. Yu et al. 2018) and TESS (e.g. Handberg
et al. 2021), for stars up to magnitude ≈ 15. In particular, asteroseismology will play a central role
for the PLATO space telescope, which is supposed to launch in 2026 and will search for planetary
transits while also detecting host star oscillations (refer to Chapter 6) and thus measuring stellar
physical properties with increased precision in order to better characterize the found exoplanets.

Figure 1.9: Power spectrum density as a function of frequency for a Kepler target. A blue dotted line
shows the Gaussian fit employed to obtain the frequency at maximum power, while the inset on the top-left
is a zoomed version that shows the large frequency separation between two consecutive modes (at angular
degree l = 0) along with the small frequency separation δν. Figure courtesy of García and Ballot 2019.
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1.3.2 Exoplanet bulk densities and compositions

While the distributions of mass and size, extracted mainly from transit and Doppler surveys, pro-
vide valuable insights into the relative occurrence of planets of different types (granted that precise
evaluations of both host stellar masses and radii have also been performed, as discussed above), con-
necting these two properties remains a challenge because planets of similar size can exhibit significant
variations in mass. In order to comprehensively understand exoplanets, we must estimate their bulk
density, as this information is essential for inferring potential compositions and internal structures.
Fortunately, for planets that transit relatively bright stars, the mass-radius degeneracy can be re-
solved by combining the transit and Doppler methods (see Section 2.6 for a description of the joint
analysis), or the same can be done for multiple transiting systems exhibiting extensive TTVs. Sev-
eral studies have harnessed these well-characterized planets to investigate the Mass-Radius (M-R)
relation empirically, as recently done by Otegi et al. 2020 (refer to Figure 1.10). By being able to
place an exoplanet on an M-R diagram, researchers gain the means to infer compositions consistent
with the observed data, considering a wide range of possible configurations, including variations in
the proportion of ice, rock, gas, or other constituents. The inferred compositions are the result of a
comparison between the exoplanet’s observed radius and mass and theoretical models of planetary
structure, which consider factors such as the planet’s equilibrium temperature, surface gravity and
the presence of atmospheres. For example, a low-density exoplanet positioned on the diagram may
suggest a composition rich in volatiles, such as water or hydrogen-helium (H/He), while a high-
density placement could indicate a rocky composition, although often very different compositions
are compatible with the same object (see the case of TOI-1853 b in Chapter 5). The M-R relation
is then a crucial tool for statistically exploring exoplanet demographics, offering valuable insights
into the internal structure and, consequently, the physical and chemical processes governing planet
formation and evolution, such as planetary migration, atmospheric loss, and inflation mechanisms.

Figure 1.10: On the left, two different M-R relations are derived by fitting rocky (in red) and volatile-rich
(in blue) populations of well-characterized exoplanes under 120 M⊕, along with the solar system planets in
green. The grey and light-grey envelopes represent the ±1σ and ±2σ regions of the fit. On the right, the
bulk density of these planets is plotted over their radius. In both plots, the dotted cyan line corresponds to
the composition line of pure water (at 300 K and 1 bar). Figure courtesy of Otegi et al. 2020.

As a matter of fact, Fig. 1.10 visually illustrates the two distinct exoplanet populations identified
in Otegi et al. 2020. The rocky population closely mirrors an Earth-like composition for planets up
to approximately 25 M⊕ (super-Earths). However, between 10 and 25 M⊕, these worlds seem to
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be slightly less dense, suggesting the possibility of ice-rich cores (yet not fully volatile-rich). This
observation supports the notion that this upper mass limit corresponds to the maximum core mass
attainable during giant planet formation, as theoretically predicted (see Section 1.6.1), although
it’s worth noting that new, challenging dense exoplanets have been discovered since this study (see
Chapter 5). The second population, characterized by less dense planets with a more volatile-rich
composition (Neptunes), exhibits a significantly larger dispersion in mass and radius. This disper-
sion suggests various core masses accumulating gas or potential influences from other parameters
(like insolation, which could lead to atmospheric loss). However, despite the existence of the radius
gap (Fulton et al., 2017), which implies a distinct transition between super-Earths and sub-Neptunes
between 1.5 R⊕ and 2 R⊕, these two exoplanet populations display considerable overlap in mass
and radius. Notably, the composition line of pure water at a temperature of 300 K and a pressure
of one bar (i.e. a water world without an atmosphere, see Otegi et al. 2020 for the full details about
the equation of state) can serve as a demarcation between the populations. Additionally, there
appears to be a density cutoff around ≈ 3 g cm−3.

Figure 1.11: Radius-mass diagram for exoplanets with densities constrained to better than ±50% (as of
2019). The color of the points is a measure of equilibrium temperature, as indicated by the legend on the
top left. The labeled lines are isodensity curves. The log-binned radius distribution is shown as a histogram
on the right y-axis and the dotted cyan and purple arrows show the growth trajectories of planets formed
by the addition of either H2O ices or H2/He gas to a planetary core. Figure courtesy of Zeng et al. 2019.

Nevertheless, estimating the density alone may not suffice to deduce the internal structure of an
exoplanet, particularly for intermediate planets. Different structural configurations can yield the
same bulk density (refer to Figure 1.11 for a general overview). Moreover, density estimation often
carries substantial uncertainties. To break this degeneracy and avoid ambiguous conclusions about
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compositions, studying atmospheric composition through transmission or emission spectroscopy (as
discussed in Section 1.3.3) can be invaluable. Analyzing the composition of exoplanets and their
atmospheres draws upon our understanding of the most abundant dusty and molecular constituents
in protoplanetary disks and our solar system. Iron and silicates are the primary refractory con-
stituents, while water is the dominant volatile expected to exist in either a solid or liquid state.
Planets with sufficiently high escape velocities and low temperatures should be capable of retaining
atmospheres of essentially primordial gaseous composition. In contrast, smaller planets, if they
retain atmospheres at all, are likely to possess atmospheres with a relatively high mean molecular
weight.

1.3.3 Exoplanetary atmospheres

Atmospheres are the keys to unlocking exoplanets’ formation and evolution history. Fortunately,
during a transit event, some of the light from the star passes through the planet’s atmosphere
before reaching us, while when the planet itself is eclipsed, there is a small change in brightness
due to the lack of both planet thermal emission and reflection (see Figure 1.12). In the first
case, we can exploit transmission spectroscopy to infer the chemical composition of an exoplanet’s
atmosphere, by measuring how transit depth, which is wavelength-dependent, changes through the
observed spectrum. In order to do so, the light curve is binned into different spectrophotometric
channels and fit separately. Any variation in transit depth as a function of wavelength arises from
the transmission of starlight through the planet’s atmosphere, and the amplitude of these spectral
features is related to the atmospheric scale height H (i.e. the altitude over which density and
pressure fall by a factor of e−1). Using eq. 1.9 we can approximate such amplitudes as (see e.g.,
Kreidberg 2018):

δλ =
(Rp + nλH)2

R2
s

−
(
Rp

Rs

)2

≈ 2nλRpH/R2
s , (1.15)

where nλ is the number of scale heights crossed at wavelength λ. From the ideal gas law, assuming
hydro-static equilibrium, the scale height is H ∝ Teq/(µg), so we can assume that targets with
low surface gravity (g), low atmospheric mean molecular weight (µ), high equilibrium temperatures
(Teq) and relatively large radii (Rp/Rs), are the best targets to observe, with spectral features that
can reach amplitudes of δλ ≈ 0.1%.

On the other hand, the thermal structure of the atmosphere can be appreciated by exploiting
emission spectroscopy. When the planet passes behind the host star, the measured photometric flux
is due only to the star (fs) and can be used as a baseline, so that any increase in flux (fp) when the
planet comes back into view, is traced back to the planet’s thermal emission and reflection. Hence
if B(λ, T ) is the black-body spectral radiance at temperature T , as a first-order approximation the
relative thermal emission is:

fp
fs

=
B(λ, Tp)

B(λ, Ts)

(
Rp

Rs

)2

. (1.16)

This ratio is much larger at longer wavelengths because stars are hotter than planets. At the
same time, Tp is dependent on the wavelength because the planet-emitted light comes from higher
altitudes at more opaque wavelengths and viceversa. Therefore, the temperature-pressure profile
can be inferred from the amplitudes, positions and shapes of the spectral features. Instead, reflected
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Figure 1.12: Geometry of transit and secondary eclipse during transmission and emission spectroscopy
measurements. The planetary height scale H is shown to highlight the fact that the starlight is also partially
passing through the planet’s atmosphere. Figure courtesy of Kreidberg 2018.

light is more easily detected at optical (or short) wavelengths, but in general it has a lower amplitude
compared to thermal emission. If Φ(α) is the reflected light intensity at phase angle α, and Ag is
the geometric albedo (i.e. the ratio of planet reflection relative to that of an ideal mirror), the total
reflected light flux is (see e.g., Kreidberg 2018):

fref = Ag(Rp/a)
2Φ(α). (1.17)

A special subset of planets are the short-period ones, because in a relatively short time span
they get tidally locked to their host stars (i.e. their rotation period tends to be equal to their orbital
period), and so one half of the planet is always illuminated, all-while reaching higher temperatures
and emitting more thermal radiation. For them, it is also feasible to take continuous photometric
and/or spectroscopic measurements over the entire orbit, in order to observe all the longitudes of
the planet in succession (obtaining a so-called emission phase curve). Furthermore, their emission
spectra can be disentangled from the total spectrum thanks to a rapid orbital speed that causes a
measurable Doppler shift during the full orbit (see e.g., Pino et al. 2020).

However, clouds and hazes influence the chemistry, radiation transport, total energy budget
and advection (i.e. the transport of a substance by bulk motion of a fluid) of a planet’s atmo-
sphere. Their existence, and our ability to model them, are two major limitations in interpreting
exoplanetary spectra and retrieving accurate molecular abundances, since condensates can either
weaken or entirely mask spectral features, depending on the clouds’ height (Fortney, 2005), even
though the scattering opacity is greatly reduced in the infrared. The atmospheric temperatures of
hot exoplanets allow for the condensation of many components, including silicates, while sulphur-
bearing compounds are expected in cooler atmospheres. Given that clouds are widespread in the
Solar System, it was reasonable to assume the same for exoplanets, and in fact almost all exoplan-
ets, or at least the hot ones currently amenable to transit characterization, exhibit some level of
cloud cover (Sing et al., 2015). A compelling example is the completely flat transmission spectra of
the super-Earth GJ 1214 b (Kreidberg et al., 2014). As a final note of caution, transmission spec-
troscopy might be influenced in a non-trivial way by wavelength-dependent starspots (the starspot
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contrast for example is higher at shorter wavelengths) and stellar activity regions in general (see,
e.g., Fournier-Tondreau et al. 2023). For a brief description of stellar activity refer to Section 1.4.

Nevertheless, the use of transmission and emission spectroscopy is expected to increase dramati-
cally with the launch, in 2029, of the Atmospheric Remote-sensing infrared Exoplanet Large-survey
(Ariel) space telescope (Tinetti et al., 2021), whose principal mission will be to observe the pri-
mary and secondary eclipses of at least a thousand known exoplanets, in order to characterize their
chemical composition and thermal structure at high precision. Compared to the JWST , which
became operative last year (in 2022) and is already doing these kinds of observations occasionally
(Lustig-Yaeger et al., 2023), Ariel will have much more observing time, albeit with a much smaller
mirror.

1.3.4 Architecture of exoplanetary systems

The structure of our Solar System is characterized by eight nearly circular, coplanar orbits with
low mutual inclinations, a quasi-geometric progression in orbital spacings, and a hierarchical mass
distribution. Its architectural organization has long served as a foundational framework for theoriz-
ing and comprehending planetary formation and evolution. Similarly, comprehending the intricate
dynamics of exoplanetary systems and gaining insights into their formation and evolution demand
a comprehensive exploration of their architectural properties. For starters, multi-planetary systems
are expected to feature dynamical resonances, much like the Solar System. Mean-motion resonances
occur when planetary orbital periods are related by simple integer ratios (e.g., 2:1 or 3:2), while sec-
ular resonances involve long-term interactions leading to variations in orbital parameters (see e.g.,
Veras and Ford 2010), including orbital spacings. These resonances are primarily driven by various
forms of apsidal motion (libration, circulation, or transitional states) and can result in complex
interactions that significantly influence the long-term stability and evolution of planetary systems,
altering in particular the values of eccentricity and mutual inclinations over extensive timescales.

Determining the number of planets per star is a challenging task due to sensitivity limitations
and selection biases. Moreover, the concept of Kepler dichotomy emerged as soon as researchers
sought to decipher the connection between the multiplicity of Kepler planetary systems and their
mutual inclination distribution (Zhu and Dong, 2021). Two distinct populations of systems were
revealed, a smaller one with low mutual inclinations and compact configurations (similar to the
Solar System), and a larger one with single transiting planets, which was significantly underpre-
dicted by early modeling efforts (by nearly 50%). It’s still unclear wether the majority of the single
transits are due to high mutual inclinations or really one-planet systems, even if the fraction of
systems showing TTVs has been proved to be relatively consistent between the two (Zhu and Dong,
2021). Collectively, different exoplanet statistical analyses together indicate that systems with small
planets (with orbital periods ≲ 1 year) are generally as coplanar as the Solar System (Winn and
Fabrycky, 2015), though overall it still remains unclear whether the architecture of the Solar System
is a common archetype or an exception. Nevertheless, geometric progressions and mean-motion res-
onances have been identified in multi-planetary systems. Notably, for planet pairs with a combined
mass exceeding 1 Jupiter mass, there is an observed clustering within the 2:1 resonance that appears
unlikely to result from mere statistical fluctuations (Wright et al., 2011). For lower-mass planets,
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the situation becomes more intricate, with a tendency to avoid exact resonances (see Figure 1.13).
Instead, these systems often exhibit period ratios slightly larger than the resonant values (Fabrycky
et al., 2014). This phenomenon may be related to tidal dissipation within the inner planet, driving
the orbits to expand. Additionally, the presence of many low-density planets in compact systems
(≲ 1 g cm−3, see e.g., Lissauer et al. 2013) offers hints about their formation and/or stability, since
closely packed systems are more prone to dynamical instability, and massive planets are more likely
to eject one another, while smaller planets are more likely to collide until the system stabilizes (Ford
and Rasio, 2008).

Figure 1.13: Period ratios of Kepler planet pairs. Figure courtesy of Winn and Fabrycky 2015.

In this context, orbital eccentricities further serve as valuable clues for understanding the evo-
lutionary history of exoplanetary systems. The Solar System’s remarkable coplanarity is considered
compelling evidence that planets originated within a flat, rotating disk, as there are today no ap-
parent mechanisms for damping inclinations. However, highly inclined exoplanetary systems might
exist on shorter timescales, with large mutual inclinations leading to the excitation of eccentricities
and eventual orbital crossings, culminating in system destruction (due to the Kozai-Lidov instabil-
ity, see Lubow and Ogilvie 2017). Therefore, examining eccentricity as a function of other orbital
parameters can offer valuable insights into the statistical properties of the exoplanet population.
For example, two studies by Van Eylen et al. (2019) and Mills et al. (2019) both confirmed that
single transiting planets have a higher mean eccentricity, and the latter also suggested that planets
with higher eccentricities tend to orbit stars with high metallicity. This tentative relationship could
be attributed to the fact that high metallicity environments favor the formation of giant planets,
and interactions between giant planets and inner systems can excite eccentricities while simulta-
neously reducing the apparent multiplicity of close-in planets, because they are subject to mutual
inclination excitation (Mustill et al., 2017).
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Any mechanism influencing the eccentricity of planets, whether small or giant, may also alter
their orbital orientations in space. Therefore, determining the angle between a planet’s orbital axis
and its host star’s spin, referred to as spin-orbit obliquity, becomes a pivotal parameter for analysis.
Determining the obliquity is a challenging task, as direct observation of the star’s rotation and the
planet’s orbit is not feasible, however it can be indirectly estimated (see the following subsection).
This measurement holds for instance the potential to elucidate the relative roles of the two main
mechanisms that act to shrink the orbits of giant planets (see Section 1.6.2): planet-planet scattering
and disk-planet interactions.

Rossiter–McLaughlin effect

The light coming from the side of a star that is rotating towards our LoS is blue-shifted and, con-
versely, the light coming from the side that is rotating away is red-shifted. During a primary eclipse,
a transiting planet covers different portions of its host star, thus the measured RVs can be offset
depending on how long the transiting planet spends on one side over the other. The shape of this
so-called Rossiter-McLaughlin effect (McLaughlin, 1924, Rossiter, 1924) then contains information
about the sky-projected spin-orbit angle λ (refer to Figure 1.14), other than the rotational speed
of the star, the relative size of both star and planet, and the impact parameter. Over the years,
this technique has proven to be crucial for the orbital characterization of planetary systems, as the
angle λ, or rather the true spin-orbit angle Ψ, can be used to study for instance the interaction, via
tidal forces, between a star and its planets. The angle Ψ is related to λ by the relation (see e.g.,
Triaud 2018):

cos(Ψ) = cos(is) cos(i) + sin(is) sin(i) cos(λ) , (1.18)

so it requires knowledge of is, the inclination of the stellar rotation axis in the sky. In theory, is
can be determined knowing the rotation period of the star and using ν sin(is), the projected star
rotational velocity on the equator (obtained for example through the spectral-synthesis technique,
see Biazzo et al. 2022), but this estimation carries on the, usually high, uncertainty of the stellar
rotation period. As a first-order approximation, the semi-amplitude of the Rossiter-McLaughlin
effect is:

ARM ≈ 2

3

(
Rp

Rs

)2

ν sin(is)
√

1− b2 . (1.19)

From Eq. (1.19) we can deduce that this effect is hard to detect on relatively small transiting
exoplanets revolving around stars with low ν sin(is) (i.e. either non-active stars or stars that we
see pole-on, with is ≈ 0). The observation sampling is especially important, because if it’s too low,
relatively to the duration of the transit, the number of measurements may not be sufficient to reveal
an event that could last only ≈ 30 minutes in the worst case (for very short-period planets). On the
other hand, the Rossiter-McLaughlin effect is hard to detect on long transits (long-period planets)
which can outlast the duration of any observing night. If we define two distances, x1 and x2, as
shown in Figure 1.14:

x1 =
√

1− b2 cos(λ)− b sin(λ)

x2 =
√
1− b2 cos(λ) + b sin(λ) ,

(1.20)
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Figure 1.14: The top-left and top-right panels show the Rossiter-McLaughlin effect obtained for
HD 189733 b and WASP-8 b, two transiting HJs, with the HARPS spectrograph. The RV points are colored
based on the absolute red/blueshift. A visual representation of the derived orbits is shown in each panel,
while a larger generic version is pictured on the bottom to highlight various important parameters. Figure
adapted from Triaud 2018.

then we can measure the semi-amplitude of the Rossiter-McLaughlin effect and the asymmetry
between both extrema by using:

1

2
ν sin(is)(x1 + x2) =

√
1− b2ν sin(is) cos(λ)

1

2
ν sin(is)(x1 − x2) = bν sin(is) sin(λ) ,

(1.21)

where the dependence on λ is finally explicit. However, from these equations, a degeneracy is
clearly evident between ν sin(is) and λ when the impact parameter, b, is very small because the
planet always covers both sides of the star in the same amount of time regardless of how large λ is.

1.4 The impact of stellar noise

Of fundamental importance for both host star and exoplanet characterization is a thorough under-
standing of the various sources of stellar noise that can pollute RV or photometric measurements.

1.4.1 RV noise

The main sources of noise for RV measurements are p-mode oscillations (discussed already in Sect.
1.3.1), granulation and stellar magnetic activity (Chaplin et al., 2019). To begin with, the RV
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amplitude of p-mode oscillations can be a few centimeters or a few meters per second (for solar-like
stars it is typically 1− 2 m/s, see e.g. Bozza et al. 2016) and their timescale is 5− 15 minutes, thus
an optimal mitigation strategy for RVs is just to use exposure times of ≈ 15 minutes or averages
of shorter exposures for bright stars which would otherwise saturate the CCD detector. Secondly,
granules are convection cells omnipresent in the photosphere of stars, the deepest regions trans-
parent to photons of a certain wavelength (i.e. the region we actually can see). They are caused
by convection currents of plasma directly below the photosphere, in the so-called convective zone
(the grainy appearance of stars is in fact produced by the tops of these convective cells and takes
the name of granulation). At the center of the granules, the plasma is hotter (brighter) because
the plasma is rising, while on the outer edge it is cooler (darker) as it is descending after being
cooled at the surface, leading to a net convective blueshift. Below the photosphere, there is a
layer of supergranules which are larger, longer-lived, and carry magnetic field bundles to the edges
of the cells (presenting a great challenge to the detection of small planets, see, e.g., Meunier and
Lagrange 2019). Overall, the correlated granulation noise can last between 15 minutes to 24 hours
and can have RV amplitudes in the range 1 − 3 m/s, depending on the spectral type of the star
(Dumusque et al., 2010). Supergranulation excluded, the best observational strategy would be to
obtain multiple (at least 2) RV measurements per night for each star, separated by one to two hours.

Figure 1.15: Diagram of a starspot crossing the stellar disc and its influence on the spectral lines symmetry,
leading to variations in the RVs due to the blocked flux. Figure courtesy of R. Haywood (PhD Thesis, 2014).

Figure 1.16: The effect of the passage of a starspot on the photometric flux (F ) and its first time derivative
(dF/dt). ∆RVrot and ∆RVconv are respectively the RV perturbation incurred by the simple presence of a
spot on the rotating photosphere, and the additional effect of the suppression of the convective blueshift.
Figure courtesy of R. Haywood (PhD Thesis, 2014).

Above all, the largest source of noise are stellar active regions, such as dark spots, dark filaments
and bright faculae, which are areas of intense stellar magnetic activity. Due to their temperature
contrast, these regions affect the shape of spectral lines (refer to Figure 1.15) and deform the cross-
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correlation function (CCF) profile, which produces an offset in the RV extraction (done by fitting
a Gaussian function to the CCF). The quenching of convective blueshifts in stellar active regions4

also leads to extra RV variations (refer to Figure 1.16). In this context, stellar activity indicators
(see Section 1.4.3) are valuable tools to identify periodicities associated with stellar activity or
significant correlations with RV measurements (e.g. using the Pearson coefficient, see e.g. Freedman
et al. 2007). However, stellar active regions vary spatially and temporally over one rotation period
(short-term activity) or several rotation periods and activity cycles (long-term activity), therefore
these variations are not strictly periodic and have prompted, in the last decade, the use of Gaussian
Processs (GPs) for RV data analysis (refer to Section 2.5).

1.4.2 Photometric noise

For photometric measurements, the amplitude of p-mode oscillation noise lies in the range 0.1− 0.3

parts-per-thousand (ppt), and is typically negligible compared to photon noise. Similarly, the
photometric granulation noise is also negligible as it amounts to ≈ 50 − 500 parts-per-million
(ppm). In contrast, the photometric noise due to stellar active regions can in some cases reach the
high level of ≈ 1%. One way to treat this noise is to fit many transits together (assuming the
out-of-transit flux constant), because planets might sometimes pass in front of an active region and
cause a short drop or bump in the transit shape, respectively for bright and dark spots (refer to
Figure 1.17 for a comparison between transits and RVs), and this distortion can be averaged out by
using multiple events. Another way is to employ GPs in the analysis, similarly to what is done for
RVs (refer to Section 2.5). Otherwise, the photometric impact of these regions can also be simulated
and removed (using, for instance, specific spot models); however, there exists a strong degeneracy in
determining the properties of the stellar active regions, making this task exceptionally challenging
and computationally expensive. Lastly, for very active stars the situation is more complicated, as
long transit durations might be comparable to the rotation period of the star (i.e. the stellar active
regions move significantly during the course of a single transit) and even the out-of-transit flux can
change considerably.

1.4.3 Stellar activity indicators

For the purpose of analyzing photometric or RV data contaminated by stellar noise, it’s crucial to
be able to estimate the level of activity of the star, which is inevitably linked to the stellar rotation
period. For stars with efficient dynamo action, or deep enough sub-photospheric convective en-
velopes (Teff < 6500 K), the most sensitive activity diagnostics of chromosphere magnetic activity
are the cores of the Hα5, Ca I (calcium) and Ca II H (396.85 nm) and K (393.37 nm) lines (for
M-dwarfs, other valuable chromospheric spectroscopic indicators are Na I and He I). The flux ratio
between the two bandpasses centered on the H and K emission cores and the two continuum region
on either side, i.e. the so-called S-index, also has a practical value as it includes contributions from
both the photosphere and the chromosphere. When we correct for the photospheric contribution

4Convective blueshifts are the shifts in the wavelengths of spectral lines of stars caused by convective motions
in their atmospheres (involving the rising of hotter material to the surface). These blueshifts can be disrupted
(quenched) by strong magnetic fields on the surface of the star.

5The Hα is a visible spectral line of the hydrogen atom (the first of the Balmer series) with a wavelength of 656.28
nm (deep-red).
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Figure 1.17: On the left, this figure showcases a photometric (top) and spectroscopic (bottom) observation
of a transiting exoplanet, following a trajectory which eventually overlaps with a stellar spot. On the right,
a simulated light curve (top) and RV variation (bottom) of a planetary transit (red) are shown along the
anomaly curves due to the occultation of, respectively, a stellar spot (blue) and a plage (green; note however
that the color is not linked to the observed band, as plages should only be seen in the blue one, see the
emblematic case of Mohler-Fischer et al. 2013). Figure courtesy of Oshagh et al. 2016.

to the H and K lines, and normalize the chromospheric flux to the total (bolometric) luminosity of
the star, we can further derive the so-called logR′

HK activity index, which allows for a comparison
of activity levels for different stars (see e.g. Oshagh et al. 2017).

Figure 1.18: Visual representation of CCF activity parameters. A typical CCF for a star is shown by black
dots, along with its best Gaussian fit in the red dashed line. The Contrast and Full Width at Half-Maximum
(FWHM) are labeled in green and blue, while the Bisector is represented by gray diamonds. On the right,
the central region of the CCF is zoomed in to show the bisector shape and the regions used to compute the
Bisector Inverse Slope (BIS), by subtracting the average of bottom RV to the top ones. Figure courtesy of
Lafarga et al. 2020.

Luca Naponiello 26



1.5. Instruments

For the photospheric magnetic activity the most commonly used line-profile (asymmetry) indi-
cators are the FWHM, the Contrast and the BIS of the CCF (refer to Figure 1.18). The FWHM
is used to represent the width of the star spectral lines (i.e. width of the line distribution at half
the maximum intensity) and can be considered an indicator of starspots for solar-type stars. This
is because the presence of spots leads to a reduction of the normalized line profile (refer to Figure
1.15), and consequently to an increase in the line-width to compensate and preserve the area (ap-
proximately, see Costes et al. 2021). The Contrast of the CCF refers to the ratio of the amplitude
of the peak of the CCF to the surrounding noise level, and it is sensitive to star variability, line
asymmetries, distortions and broadening due to stellar activity, as it quantifies the strength of the
correlation signal in relation to the background noise. Conversely, the bisectors are the differences
between the midpoints of the two halves of the Gaussian spectral line profile, and the BIS is obtained
by fitting a linear regression to the bisectors and calculating the slope of the fitted line. Increase
in stellar activity broadens the bisector span since the BIS is sensitive to velocity suppression and
traces inhibition of convection in active regions (Costes et al., 2021).

1.5 Instruments

This dissertation would not have been possible without the use of state-of-the-art instrumentation,
which will be briefly described in this section.

1.5.1 Space and ground-based photometers

TESS is the space telescope of NASA’s Explorer program launched in April 2018 and it is designed
to carry out the first all-sky transiting exoplanet survey in space (Ricker et al., 2014). Its primary
mission objective was to survey the brightest stars (magnitude 5 ≲ V ≲ 12 for spectral classes G, K,
M) near the solar system (less than 200 pc away, or 30 pc for M stars) over a two-year period, but it
has now entered its 5th year and is on a second extended mission which will run at least for two more
years. TESS is on a highly elliptical orbit (e = 0.55) around the Earth, with its further point being
close to the distance of the Moon, and in a 2:1 resonance with the Moon itself in order to minimize
the satellite destabilizing gravitational effect. This orbit is believed to be stable for at least one
decade and allows TESS to downlink the data collected to Earth every 13.70 days, as it passes its

Figure 1.19: Diagram of the 26 sectors covered by TESS along with the overall coverage of the sky for the
first two years of the mission (figure from the TESS instrument handbook).
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perigee at a distance of 108 000 km. The survey was designed to observe many different sectors at a
time, each one being 24◦×96◦ thanks to four wide-angle telescopes each associated with an identical
16.8 megapixel Charged-Coupled Device (CCD) detector (of bandpass range 600-1000 nanometers
or nm) at temperature -75◦ C, with an overlap at the ecliptic poles that allows for more sensitivity
toward longer-period exoplanets in that region. This means that every two years (one for each hemi-
sphere) TESS surveys more than 85% of the sky continuously almost for 27 days, or more where
there are overlaps (refer to Figure 1.19). During this time the cameras take images every 2 seconds,
but to deal with the limited store and downlink capabilities, cutouts around 15’000 selected stars
per orbit (20 000 from the first extended mission) are coadded over a 2-minute period, while Full
Frame Images (FFIs) are coadded over 30-minutes (10-minutes and 200-seconds respectively from
the first and second extended mission). Starting from the first extended mission, up to a thousand
selected stars per sector have also been monitored at a 20-second cadence (read more in Section 2.2).

TESS was built to reach a photometric precision of around 100 ppm for its full-frame images and
around 60 ppm for the 2-minute cadence data. This level of precision is suitable for detecting Earth-
sized and larger exoplanets around a wide range of host stars. However, it’s important to note that
the actual precision achieved in observations can vary from one target to another depending on sev-
eral factors, including the target star’s brightness, the instrument’s stability, and the density of stars
in the observed field. So far, TESS has discovered more than 7000 transiting exoplanet candidates
(however only ≈ 400 of those have been confirmed to date), following a legacy of space-based exo-
planetary transit surveys, each contributing significantly to our understanding of exoplanets. The
earliest one, the Convection, Rotation, and Planetary Transits (COROT), was launched in 2006,
designed to detect exoplanets and study stellar interiors. COROT discovered more than 30 worlds
during its mission. Then, in 2009, Kepler was launched and provided exceptionally high-precision
photometry, leading to the first burst of exoplanet discoveries, with thousands of statistically vali-
dated worlds. The mission continued as K2 in 2014, after the telescope encountered technical issues
but continued to discover new worlds and conduct a variety of astronomical observations. Finally,
CHEOPS launched in 2019, and it serves as a dedicated mission for characterizing known exoplanets,
with a particular focus on determining their sizes with high photometric precision, complementing
the work of other transit surveys like TESS .

The importance of observing transits from the ground is not to be undervalued. Once a space
photometer, like TESS , finds an exoplanet candidate, ground-based telescopes can be used to follow-
up the candidate as long as needed with higher resolution and different wavelengths. This allows us
to check and optimize ephemerides, look for TTVs, rule out nearby EB-blend scenarios (see Section
1.2.2) and compare transit depths across multiple bands, which in the case of planets should be
mostly comparable (as transit depths are achromatic, aside from minor changes due to a possible
atmosphere). In this PhD work I have used light curves taken with the MuSCAT2 imager installed
at the 1.52 m Telescopio Carlos Sanchez in the Teide Observatory (in g, r, i and zs bands), the 0.61
m University of Louisville Manner Telescope (ULMT) located at Steward Observatory (through a
Sloan-r′ filter) and with the Las Cumbres Observatory Global Telescope (LCOGT) 1.0 m network
note at Siding Spring Observatory (through a Sloan-g′ band filter) as described in Chapter 5.
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1.5.2 High-resolution échelle spectrographs

HARPS-N is an échelle spectrograph installed at the TNG, a 3.58-metre telescope located at the
Roque de los Muchachos Observatory on the island of La Palma, Canary Islands (Spain) (Cosentino
et al., 2012). HARPS-N is the northern hemisphere twin of the similar HARPS instrument installed
on the ESO 3.6-metre telescope at La Silla Observatory in Chile, and it observes in the optical band
(383-690 nm). In a standard grating, light of a single wavelength is diffracted to specific angles
corresponding to higher orders, exploiting a number of slits with widths close to the wavelength of
diffracted light, and the angular spacing between higher orders decreases. Instead, an échelle grating
is a specialized type of diffraction grating with a lower groove density, optimized for high incidence
angles and high diffraction orders which allow for increased dispersion of spectral features at the
detector, leading overall to a better differentiation of these features. Échelle gratings intentionally
exploit the overlapping of multiple higher orders, using a second dispersive element like a grating or
prism, inserted perpendicularly as “cross disperser” (order separator), to separate the overlapping
orders (see Figure 1.20). This configuration produces a spectrum consisting of oblique stripes with
slightly overlapping wavelength ranges across the imaging plane.

In order to reach RV accuracies of ≈ 1 m/s (for stars with magnitude V ≈ 10), HARPS-N
has both high resolving power (R = 115 000) and high-stability, which in Europe is matched only
by Calar Alto high-Resolution search for M dwarfs with Exoearths with Nearinfrared and optical
Echelle Spectrographs (CARMENES) (Quirrenbach, 2018). This is achieved by observing the tar-
get star and a reference spectrum (for example a thorium lamp) simultaneously using two identical
optic fibre feeds, providing a Field of View (FOV) of 1 arcsecond (1′′), while mechanically, the sta-
bility is assured by keeping the spectrographs in a vacuum vessel which is temperature-controlled
to within 0.01 K. Reaching very low levels of RV scatter, i.e. below ≈ 1 m/s, however, is not only

Figure 1.20: Illustration of an échelle spectrograph. The first, standard grating is optimized for a single
lower order, while the échelle enhances the output intensity using multiple higher orders. The diffractive
elements are mounted orthogonally, allowing for transversal separation of the highly illuminated échelle
orders. This configuration ensures that only partial spectra of each individual order lie within the illuminated
region, resulting in spectral overlap limited to specific sections (as shown by the green line in the red portion,
and the blue line in the green portion). Figure courtesy of Heidt 2022.
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a technological challenge because seismic pulsations (see Section 1.3.1) and star activity in general
(see Section 1.4) can physically contaminate the data by producing comparable signals. As a re-
sult, so far only Echelle SPectrograph for Rocky Exoplanet and Stable Spectroscopic Observations
(ESPRESSO) (Pepe et al., 2021), in the southern hemisphere, and EXtreme PREcision Spectro-
graph (EXPRES) (Jurgenson et al., 2016), in the northern hemisphere, managed to achieve a RV
scatter of ≈ 25 cm/s on quiet stars for short periods of time, despite them being designed to consis-
tently reach accuracies of 10 cm/s (thus making it potentially capable of measuring Earth-like RV
signals). Other excellent échelle spectrographs used for exoplanet research include the one installed
at the Automated Planet Finder (APF) (Vogt et al., 2014), a robotic telescope facility located at the
Lick Observatory on Mount Hamilton in California, the NN-explore Exoplanet Investigations with
Doppler spectroscopy (NEID) (Schwab et al., 2016), located at the Kitt Peak National Observatory
in Arizona, the High Resolution Echelle Spectrometer (HIRES), which operates at the W. M. Keck
Observatory in Hawaii (Vogt et al., 1994), the Spectrographe pour l’Observation des Phénomènes
des Intérieurs stellaires et des Exoplanètes (SOPHIE) (Bouchy, F. et al., 2013, Perruchot et al.,
2008), located at the Haute-Provence Observatory in France, and the Fiber-fed Extended Range
Optical Spectrograph (FEROS) (Kaufer et al., 1999), installed at the MPG/ESO 2.2-meter tele-
scope situated at ESO’s La Silla Observatory. For the infrared, GIANO (Oliva et al., 2006) is also
installed at the TNG on the island of La Palma in the Canary Islands, and the SPectropolarimètre
InfraROUge (SPIRou) (Donati et al., 2018) is installed at the Canada-France-Hawaii Telescope on
Maunakea in Hawaii.

1.5.3 High-contrast and high-resolution imagers

Survey telescopes, like TESS , usually have a large FOV because they are designed to observe as
many stars as possible on the sky at the same time, and this usually involves having large pixels
(the resolution for TESS is 20 arcsec/pixel). Since these pixels can gather light from many stars
at once, it’s not straightforward to realize which star is actually responsible for the detection of a
transit-like event in specific aperture pixels. This means that until some form of validation is carried
out, the exoplanet remains unconfirmed. Sometimes, there are background stars dim enough to go
unnoticed but bright enough to significantly dilute the transit depth, so even if an exoplanet is
confirmed (for example via RV), its radius (and density) may not be well-constrained. The same
happens for binary/ternary systems where it is not known in front of which star the planet is
transiting. In these cases, follow-up high-resolution imaging is fundamental to either confirm or
characterize exoplanets, and this can be done from the ground with cutting edge Adaptive Optics
(AO) systems, accomplished for instance by the NIRC2 instrument on the Keck-II telescope, and
optical speckle imaging, accomplished by the ’Alopeke camera at Gemini North and the Southern
Astrophysical Research (SOAR) telescope (see Chapter 5).

When the starlight is captured by a telescope, the consequent diffraction pattern is known to
form a bright central spot, the Airy disk, inside which no multiple sources can be distinguished.
Any group of objects whose images are closer together than the diffraction limit, appear as a single
light source. While the angular resolution of a telescope can be enhanced by employing a larger
main mirror (assuming the observed wavelength remains constant), which not only gathers more
light but also enables the resolution of objects that are closer together when compared to a smaller
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mirror, this improvement diminishes for mirrors larger than approximately 20 cm. This reduction in
performance is due to practical constraints imposed by atmospheric conditions, as the random and
turbulent nature of the atmosphere distorts the Airy disk, transforming it into a pattern of spots
spread across a larger area. AO is an active technique that aims to compensate for light distortion
with a deformable secondary mirror. In its simplest form, a wavefront sensor takes some astronom-
ical light, then a computer measures the distortions due to the atmosphere and on a timescale of
milliseconds (ms) the mirror is reshaped according to the corrections sent by the computer.

On the other hand, speckle imaging is based on the idea that the atmosphere is effectively frozen
during a so-called coherence time, a value that is wavelength-dependent (10 or 100 ms respectively
for visible and infrared light). This implies that for exposure times shorter than the coherence time,
the movement of the atmosphere almost has no effect and the captured image is a snapshot of the
atmospheric seeing at that instant. The obvious downside is that telescopes have to be large enough
(or the stars bright enough) to capture sufficient starlight in a very short amount of time. Then,
the final image can be reconstructed by putting together all the short-exposure images by a process
of alignment (when only the best short-exposures are used, this process is called lucky imaging).
Both AO and speckle imaging can produce images with angular resolutions of ≈ 30 milliarcseconds
(mas) for stars of magnitude V ≈ 10.

1.5.4 Space-based astrometer

Gaia, the queen of astrometry (Gaia Collaboration, 2022), is a space observatory that succeeded the
Hipparcos mission (ESA, 1997) and was launched by the European Space Agency (ESA) in 2013
with the primary goal of measuring the positions, distances, and motions of stars with unparalleled
precision. Gaia aims to construct the largest and most precise 3D space catalog, including approxi-
mately 1 billion astronomical objects (mostly stars) in the Milky Way, by continuously monitoring
its target objects (i.e. observing each of them around 70 times over the course of its mission). Orig-
inally planned to operate for five years, Gaia’s mission has been extended and will operate until the
second quarter of 2025.

The spacecraft’s spectrophotometric measurements yield detailed physical properties of observed
stars (brighter than magnitude 20), including luminosity, temperature, gravity, and elemental com-
position. In particular, it is equipped with three main instruments: the astrometry instrument
(Astro), the photometric instrument (BP/RP), and the Radial-Velocity Spectrometer (RVS). The
astrometry instrument measures the angular position of stars, enabling the determination of paral-
lax, distance, and proper motion. The photometric instrument acquires luminosity measurements
of stars in a wide spectral band, while the RVS measures the velocity of celestial objects along
the line of sight and provides information on temperature, mass, age, and elemental composition
by analyzing high-resolution spectra. The precise parallax of Gaia allows for far better distance
estimations (therefore better radius estimations for both parent stars and exoplanets), and its as-
trometric measurements can provide additional clues on the possibility that one or more host star
inner companions may have gone undetected by high-resolution imaging. Astrometry also stands
as an independent exoplanet detection technique (see Section 1.2), and Gaia is expected to find
hundreds to thousands of giant exoplanets on wide orbits during its lifetime.
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1.6 Planetary formation and migration in a nutshell

The study of planet formation has a long history, kicked off by Immanuel Kant (1755) and Pierre-
Simon de Laplace (1796) through the formulation of the nebular hypothesis (i.e. the idea that the
contraption of a gas nebula caused a higher concentration of materials in the center, and lead to the
formation of the Sun and similarly then the planets in the debris disk). The initial models aimed
to explain the properties of our own solar system, assuming that other planetary systems would
have similar structures, but today the solar system still remains a benchmark for testing planet
formation models due to the obvious wealth of information available. However, the discovery of
exoplanets revolutionized our understanding of planetary systems. Types of planets that do not
exist in the solar system have been found, such as super-Earths, sub-Neptunes and HJs (Section
1.1), which challenge the assumptions of previous models. This proves that exoplanetary systems
can be dramatically different from our own, and modern planet formation models need to account
for this diversity (see Section 1.6.1). Nowadays, the formation of planets is inferred also through the
observations of other stellar systems and the combination of various pieces of information. Proto-
planetary disks around young stars, for instance, play a crucial role in planet formation theory, as
they provide the initial conditions and a case study for how planets interact with the disk. Under-
standing the physical and chemical properties of these disks is also important for determining the
availability of solid materials and the timescale for giant planet formation.

In order of distance from the Sun, the solar system has four terrestrial planets, two gas giants
and two ice giants, all spinning in the same direction as they orbit the Sun (with the exception of
Venus and Uranus). The plane orthogonal to the total angular momentum of the system is almost
aligned with the Sun’s equator and all of the planets’ orbits, which are almost circular. Despite this
well-organized nature, the orbital structures of small bodies in the outer solar system indicate that
there has been a period of dynamical instability involving the giant planets (Nesvorný , 2018) before
they entered into mean motion resonance with each other. After the dissipation of gas from the
proto-planetary disk, this instability might have increased the mutual separations, eccentricities and
inclinations of the planets’ orbits. Furthermore, to explain the relatively small mass of Mars and the
depletion of the asteroid belt, it has also been proposed that Jupiter migrated inward to ≈ 1.5− 2

au, during the gas disk phase, before moving outward due to the influence of Saturn (Walsh et al.,
2011), while outward migration of Neptune is believed to be responsible for the resonant capture of
Pluto (and other asteroids) into a 3:2 resonance with the ice giant. Planetary migration can in fact
lead to planets being captured in (chains of) orbital resonances, which however can be disrupted
by turbulence in the disk, instabilities once the gas disk dissipates, interactions with leftover plan-
etesimals or tidal interactions with the star. This theory contradicts a longstanding belief that the
planets in our solar system formed in their current observed position.

However, the discovery of HJs and several smaller exoplanets with short orbital periods proves
that orbital migration does occur, most likely when the gaseous disk is still present (see Section
1.6.2). Other scenarios can in principle explain HJs, such as mutual scattering of giant planets or
in situ formation (see e.g., Poon et al. 2021), but the heavy-element enrichment observed in warm
Jupiters and the existence of systems with medium-mass planets in resonance with each other (such
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as the notorious case of TRAPPIST-1; see Grimm et al. 2018) strongly support the concept of
migration. Furthermore, during the process of migration the star’s radiation output undergoes
significant variations, thereby exerting a substantial influence on the planet’s evolutionary path.
These variations can lead to phenomena such as atmospheric evaporation, dramatically impacting
the planet’s physical characteristics and overall fate within its planetary system.

1.6.1 Core accretion vs disk instability

The standard model for planet formation today is known as core accretion (Alibert et al., 2005)
and it involves the build-up of a planetary core made of heavy elements, followed by the accretion
of gas from the disk if present. According to this model, the formation begins in proto-planetary
disks with the collision and aggregation of dust grains which stick to each other by electrostatic
forces. Dust can form clumps due to various hydrodynamical effects (such as the streaming in-
stability, e.g. Youdin and Goodman 2005), and gradually grows into larger pebbles ranging from
centimeters to meters in size (see Figure 1.21). When such clumps become dense enough the dust
can remain bound by self-gravity against the diffusion generated by turbulence, and eventually grow
large enough to exert gravitational attraction on the surrounding material, which accelerates the
growth until they reach the size of ≈ 100 kilometers (km). The question of whether the formation
of a core is dominated by the accretion of planetesimals (large objects) or pebbles (small objects),
remains unanswered (Helled and Morbidelli, 2021), but a combination of the two can likely explain
the growth history of Jupiter (estimating its total heavy-element mass in ≈ 30M⊕). Within the
proto-planetary disk, and beyond the snow line (≈ 2− 3 au for Sun-like stars), where the tempera-

Figure 1.21: Schematic view of the different processes involved in the formation of gas giants and terrestrial
planets. In our current understanding, the growth tracks of these planets diverge during the pebble accretion
process, which is not very effective within the snow line. A number of important effects are not shown, such
as the large-scale migration. Figure courtesy of Meech and Raymond 2005.
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ture is low enough for water to condense into ice grains, any proto-planet can capture ice grains and
grow faster. When the proto-planetary mass exceeds ≈ 2M⊕, this process can lead to the formation
of sub-Neptunes and Neptune-like planets with bound envelopes of H-He gas. Once the mass of the
gaseous envelope becomes comparable to the heavy-element mass (both ≈ 10M⊕) the proto-planet
starts accumulating gas rapidly through a process called runaway accretion (Pollack et al., 1996)
that rapidly transforms it into a gas giant like Saturn and Jupiter.

However, the formation of intermediate-mass/size planets like super-Earths and sub-Neptunes,
which appear to be extremely common (see Figure 1.1), remains challenging. If they are all born
as Neptunes, they are expected to form at large distances, beyond the snow line, via pebble/-
planetesimal accretion followed by inward migration (see Section 1.6.2). In this case, they should
contain a large amount of volatile elements (like water), but many super-Earths and a couple of
sub-Neptunes appear to have almost no atmosphere and be made of refractory elements, suggesting
that they might have formed in situ instead, from the accumulation of refractory dust in the inner
edge of the proto-planetary disk. In contrast, the formation of terrestrial planets requires collisions
between proto-planets and has a longer timescale. Some exoplanets appear to have heavy-element
mass fractions much higher than the ones predicted from standard formation models, therefore this
enrichment can hardly be explained unless the stellar nebula was extremely metal-rich or giant im-
pacts are invoked (see the case of TOI-1853 b in Chapter 5). For giant exoplanets, one explanation
could be planetesimal accretion during inward migration (Kessler and Alibert, 2023).

An alternative paradigm for the formation of very massive planets is the disk instability model
(see e.g., Lasota and Hameury 1998), which suggests that gaseous planets, similarly to stars, can
emerge through local gravitational instabilities within distant, massive and cold regions of the
proto-planetary disk, even if its effectiveness is still being investigated. In particular, when the local
density and temperature conditions reach a critical threshold, the gravitational forces within the
disk become dominant, causing the region to fragment into clumps or spiral arms (of several Jupiter
masses). This threshold is usually expressed by the Safronov-Toomre criterion (Mayer et al., 2004):

Q =
cs k

πGΣ
(1.22)

where Q < 1 implies instability. Note that cs is the speed of sound and is proportional to T 1/2 (where
T is the temperature), G is the gravitational constant, Σ is the surface density of the disk and k is
the epicyclic frequency, or the frequency at which a radially displaced fluid parcel oscillates. These
clumps then continue to evolve as they accrete material and grow in size, but they also undergo
further collapse and contraction until they become giant planets. If one or more clumps reach a point
where their materials become dense and hot enough to trigger nuclear fusion, they become stars
instead. The disk instability model is necessary to explain the occurrence of giant planets around M
stars, the formation of planets a few times more massive than Jupiter, the presence of giant planets
at large distances and the formation of planets in very short timescales. A correlation between the
occurrence rate of giant planets and stellar metallicity has been widely observed (Johnson et al.,
2010), and it aligns with the predictions of the core accretion model (though it may be explained
with disk instability as well, see, e.g., Nayakshin 2015), but no such correlation has been proven
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for very massive giant planets, which might imply that these are truly formed by disk instability
instead.

Figure 1.22: Proto-planetary disks observed with the Atacama Large Millimeter/submillimeter Array
(ALMA) (Wootten and Thompson, 2009). Many different structures can be appreciated, such as gaps, rings,
asymmetries and clumps. Figure courtesy of van der Marel et al. 2019.

1.6.2 Disk vs disk-free migration

Observations suggest that gas in proto-planetary disks can last a few to several million years (Er-
colano and Pascucci, 2017). Disk migration is a phenomenon that occurs due to the gravitational
force exerted by a massive body within such disk of gas (which in turn expresses a torque, or an
equal and opposite force on the body), causing disturbances in its density distribution. This distur-
bance leads to changes in the planet’s orbit, affecting its angular momentum and orbital elements.
When the semi-major axis increases, the migration is called outward, whereas a decrease of the
semi-major axis leads to inward migration. The disk migration can be split into three edge cases:

• Type I disk migration primarily affects small planets (Mp ≈ M⊕) and is driven by torques
generated by Lindblad and co-rotation resonances (Binney and Tremaine, 2008), that induce
spiral density waves in the gas disk around the planet. Compared to the inner spiral wave,
the outer one exerts a stronger torque that causes a loss of angular momentum and forces
the planet to migrate inward rather quickly (in ≲ 105 yr), but additional co-rotation torques
and the density variations caused by the horseshoe paths followed by the gas (in the planet’s
reference frame, since the gas reverses direction when it approaches the planet) can also affect
the angular momentum.

• When the planet is massive enough (Mp ≈ 100M⊕), it creates a gap in the gas disk (see
Figure 1.22) and the planet undergoes Type II disk migration, which is physically driven
by the same type of torques of type I (see e.g., Edgar 2008). In case II, the planet’s tidal
torque takes away angular momentum from the gas in smaller orbits while also transferring
angular momentum to the gas exterior of the planet’s orbit, thereby creating a gap with an
extension that depends on the planetary mass, temperature and viscosity of the gas. If no
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gas crosses this gap, the planet follows the viscous evolution of the gas, so it can either spiral
inward in the inner disk, or it can spiral outward in the outer disk, with a longer timescale
(≈ 106 yr) compared to type I.

• Type III disk migration has very short timescales (≈ 103 yr) and applies only to extreme
cases, such as massive disks where the planet can only open partial gaps (see e.g., Lin and
Papaloizou 2010). It is characterized by co-orbital torques exerted by gas trapped in the
planet’s Lagrange points (locations where small-mass objects are in equilibrium under the
gravitational influence of both the star and the planet) and the planet’s initial rapid radial
motion. The planet’s radial motion displaces gas within its co-orbital region, creating an
asymmetry between the density of the gas in the leading and trailing sides. In some cases,
fast outward type III migration may permanently deliver giant planets to distant orbits, if
type II migration fails to bring them back afterwards.

A minor contribution to migration can further be provided, after the disappearence of the disk, by
leftover planetesimals (Walsh and Morbidelli, 2011), as during these encounters planets exchange
angular momentum. If the average angular momentum of the planetesimals is higher relative to the
planet, it can lead to outward migration, whereas the opposite can cause inward migration. In a
single-planet system, the planetesimals can only be lost through ejection, leading to inward migra-
tion. In a multiple-planet system, other planets can either expedite the removal of planetesimals
or act as sources to deliver more planetesimals to the first planet. In general, planetesimal-driven
migration is dampened when the planetesimals are lost more rapidly than new ones are encountered.

However, planetary migration does not end with the disappearance of the gas disk and the planetes-
imals. In fact, even the ice giants of the solar system may have been scattered onto their current,
large orbits by close encounters with Jupiter and Saturn (Gomes et al., 2005). For starters, following
the dissipation of the disk, a system of proto-planets can become dynamically unstable and undergo
gravitational mutual interactions (planet-planet scattering), which can push planets into highly ec-
centric orbits and trigger high-eccentricity migration (HEM) (see e.g., Owen and Lai 2018). A close
interaction between a planet and its host star at periapsis can induce a tidal bulge on the star,
which lags behind when the stellar rotation period is longer than the planet’s orbital period. This
lag creates a torque that removes angular momentum from the planet, causing its semi-major axis
to decrease. In particular, the planet experiences the most significant deceleration near periapsis,
resulting in a slower reduction in its periapsis compared to its apoapsis, hence reducing its eccen-
tricity as a consequence. This process can last for billions of years, typically reducing by half the
initial semi-major axis (or more, depending on the eccentricity) of the involved planets once they
become circularized. HEM can also be triggered by secular interaction dynamics in multi-planet
systems (Wu and Lithwick, 2011), or in a binary star system where an exoplanet orbits a single star.
Specifically, if the planet’s orbit is inclined with respect to the plane of the binary stars, interactions
with the more distant star (or a planetary companion on a highly inclined orbit) can lead to changes
in the planet’s inclination and eccentricity due to the Kozai mechanism (Shevchenko, 2017), and
lower the planet’s semi-major axis, forcing it to close star encounters. Kozai cycles cease when the
orbit contracts to a degree where the planet is no longer significantly influenced by the third object.
Finally, HEM can happen as a combination of all these processes (see e.g., Nagasawa et al. 2008).
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Figure 1.23: This illustrations shows three origins hypotheses for HJs: in situ formation, disk migration
and HEM. Figure courtesy of Dawson and Johnson 2018.

The architectural characteristics of planetary systems can provide insights into their migration his-
tory, as systems that underwent disk migration might exhibit more compact and resonant planetary
configurations due to the tidal forces and angular momentum exchange within the disk. In contrast,
disk-free migration may lead to a broader range of planetary architectures, with less disposition to-
ward compact, resonant configurations. In the case of disk migration, one might also expect that
the distribution of eccentricities would be influenced by the damping effects of the disk, resulting
in lower average values. Conversely, in the case of disk-free migration, the values may exhibit a
wider range, as interactions and scattering events tend to drive eccentricity growth. As a matter of
fact, both mechanisms are presumably at play according to the eccentricity distribution of known
giant planets, though the HEM scenario seems favored (for a detailed overview see e.g., Bonomo
et al. 2017). This is because significant eccentricities are more often found at wider separations from
the parent stars (where tidal interactions are negligible), while circular orbits are found at small
distances, at a separation that is greater than or equal to twice the Roche limit (Faber et al., 2005):

aR = 2.16Rp (Ms/Mp)
1/3 (1.23)

that is the distance at which a planet (or any object) is no longer able to hold itself together due to
the gravitational forces exerted by the host star (or any massive nearby celestial body). Nevertheless,
planetary migration is a highly intricate phenomenon, and after decades of extensive observational
and theoretical research, no consensus has been reached even for the primary mechanism responsible
for the formation of HJs (Dawson and Johnson, 2018). Despite thousands of studies conducted over
the past two decades, even the predominant channel for the origin of the most easily observable
exoplanets remains a subject of ongoing debate (of which the three main hypotheses are summarized
in Figure 1.23).

1.6.3 Planetary evolution

Lastly, for the purpose of connecting the formation models and the current-state observed param-
eters (mass, radius and period) it is important to model the long-term planetary evolution, which
encompasses various processes (each related to planetary migration in its own way), such as:

• Photo-evaporation (see e.g. Owen and Lai 2018) - It occurs when the intense X-UV radi-
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ation from a star interacts with the gas molecules in a planet’s atmosphere, resulting in the
gradual ejection and loss of atmospheric mass over time, depending on the absolute intensity
of the stellar radiation, the planet orbital distance and its mass (the atmospheric loss is more
substantial for less massive planets due to their weaker gravitational pull);

• Core-powered mass loss (see e.g. Ginzburg et al. 2018) - It refers to a critical phase
in the evolution of exoplanets that occurs following the dissipation of the protoplanetary
disk, typically over a timescale of a few million years. During this phase, the inner layers
of the planet’s atmosphere begin to cool, and this process, over time, can induce the loss of
the loosely bound outer layers of the atmosphere. As a result, the planet’s radius shrinks,
typically converging to a size approximately twice that of its underlying core. The fate of
the gas envelope surrounding the core is determined by the relative heat capacities of these
two components. When the core dominates, its cooling luminosity can initiate a process
of stripping off the overlying atmosphere, leading to the complete removal of the planet’s
atmosphere. Conversely, if the heat capacity of the gas envelope is larger (due to a massive
atmosphere), the envelope cools down while remainining relatively intact, and resulting in a
significant increase in the planet’s radius;

• Giant impacts (see e.g. Liu et al. 2015) - Collisions play a crucial role in planetary evolution,
especially in shaping the composition and fate of planetary atmospheres. These high-energy
events can have the effect of essentially erasing the primordial atmospheres, because the energy
influx severely heats the envelope, causing the gas to reach escape velocities and resulting in
hydrodynamic escape of the envelope. The shockwave produced by a giant impact also has a
role, as it can eject a fraction of the outer layers, though the thermal effect tends to be more
significant (Biersteker and Schlichting, 2019). Importantly, once these atmospheres are lost,
they cannot be easily replenished if the gas disk has already dissipated;

• Out-gassing (see e.g. Dorn et al. 2018) - It involves the release of volatile substances from the
planet’s interior due to geological activity, contributing to the replenishment of the planet’s
atmosphere and influencing the composition of its surface materials.

While significant progress have been made, there are still fundamental questions that remain
unanswered due to the complex nature of the process. For instance, to explain the radius gap, or
the size bimodality at observed at 1.5R⊕ ≲ Rp ≲ 2R⊕, one theory proposes that super-Earths were
originally similar to sub-Neptunes but eventually lost their primordial H/He dominated atmospheres
(due to giant impacts, photo-evaporation, or core-powered mass loss, see, e.g., Owen and Wu 2017),
while another theory suggests that it may simply be a manifestation of different core compositions
(with sub-Neptunes having a water-ice rich core and super-Earths having a rocky core, see, e.g.,
Lopez and Fortney 2013).
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Chapter 2

Data analysis

The detection and characterization of exoplanets present significant challenges. Given their dis-
tance from us and their faint signatures against those of their host stars, the quest to unveil and
characterize these objects demands sophisticated data reduction and analysis techniques, including
statistical tools and computational simulations. A wide range of approaches, from traditional meth-
ods to state-of-the-art procedures, are presented throughout this section for both ground-based and
space-based observations, in order to explain how the results of this PhD thesis have been achieved.

2.1 RV data reduction

In Section 1.5.2 we gave an overview of HARPS-N, the spectrograph used to obtain the RVs exploited
in this work. Once an observation has been executed by HARPS-N, the corresponding raw image is
registered and reduced by the appropriate data reduction recipe. The standard one for high-precision
Doppler measurements is the automatic Data Reduction Software (DRS) (Dumusque, 2021), that
is designed to reduce observations obtained from two fibers. The role of the DRS is to transform
the raw data into reduced data of scientific quality, and it is composed by a set of programs that
perform different calibration and science tasks online, taking as inputs the data produced by the
instrument along with calibration exposures. In particular, the target star is observed through the
first spectrograph fiber (A), while the second one (fiber B) can be pointed at the background sky or
to a spectral source for simultaneous wavelength reference, such as a Thorium-Argon (ThAr) lamp,
a gas absorption cell, or a Fabry-Pérot interferometer (i.e. an optical cavity made from two parallel
reflecting surfaces that can be used to control and measure light wavelenghts). The thorium mode
is often preferred because it is stable on longer timescales compared to the Fabry-Pérot source. The
purpose of the second channel is also to measure any instrumental drift occurred between calibration
(done usually at the beginning of any observing night) and observation, which can then be converted
and subtracted from the measured stellar RV in the last step of the DRS. In most of the observations
performed during this work, the use of a lamp wouldn’t have improved the precision on the relative
RVs measurements, due to the photonic noise level of the stars involved (Vmag ≈ 10− 12), so fiber
B was actually pointed on the sky in order to correct for any increase in background luminosity due
to the Moon. Overall, the main steps of the scientific data reduction are:

• Bias and dark subtraction. A dark frame is an image captured in complete darkness that
represents only the unwanted signal (noise) from charge accumulation on the sensor in a give
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amount of time, while the bias frame is taken with virtually no exposure time and it shows
the noise due to the sensor and the electronics that elaborate the sensor data.

• Background subtraction. The background emission is due to the overall (diffused) flux
level of the image and the (local) inter-order scattering, that is proportional to the flux of the
adjacent orders.

• Order extraction with cosmic-ray rejection. High-energy particles coming from space
sometimes hit the detector and can produce bright spots that mimic genuine spectral features.
Before tracing the exact center of each spectral order (the dispersed wavelength components)
on the detector, it is essential to remove cosmic ray events with techniques like median filtering
(i.e. replacing each value by the median of its neighbours) or sigma-clipping (i.e. removing
data more distant than the desired amount of sigma from the median value).

• Flat-fielding. In order to reduce pixel-to-pixel sensitivity variations or distortions in the opti-
cal path, the images are first divided by the flat-field image (acquired by imaging a uniformly-
illuminated source) which correct the relative pixel sensitivity along the spatial profile, when
the stability is not good enough, and then each order of the star spectrum is divided by the
flat-field spectrum, which is built by measuring the localization exposure (Baranne et al., 1996)
and reduced in the same way as any astronomical image.

• Bad pixels correction. Some pixels exhibit higher or lower sensitivity to light (hot and cold
pixels), or they do not respond to light at all (dead pixels). Some may be stuck at some value
until the sensor is reset, others may have serious manufacturing imperfections to start with.
To correct these, their values are often replaced by interpolation or masking (if they have not
been corrected with bias/dark frame subtraction and flat-fielding).

• Wavelength calibration. This can be carried out for instance with the known emission
lines of a ThAr source. An algorithm filters unblended and relatively strong spectral lines
from a ThAr spectrum extracted from a lamp exposure, which are then fitted by a Gaussian
for a precise estimation of their location, and a two-dimensional (2D) polynomial is used to
constrain the global wavelength solution (effectively converting pixels to wavelengths).

• Merging and rebinning of the spectral orders. This step involves combining the indi-
vidual spectral orders obtained into a final, continuous spectrum and adjusting the spectral
sampling (binning) as needed.

• Instrumental drift correction (if applicable). The recorded wavelengths can be affected
by factors like temperature changes, mechanical instabilities or variations in the instrument’s
optical properties. Over time, these factors can cause a drift that needs to be corrected.

• Flux normalization. The flux is time dependent and it changes between observations due
to both observational and instrumental effects (such as atmospheric differential refraction,
differential adsorption or telescope tracking errors).

• RV computation. This is usually done either via cross correlation or least-squares matching,
taking into account that the measured velocity from the observer’s frame (geocentric frame)
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has to be transformed to the frame centered on the solar system barycenter. The barycentric
correction ensures that the RV measurement reflects the motion of the star relative to the
center of mass of the solar system, rather than the observer’s motion on Earth. Furthermore,
to minimize the effect of Earth’s atmosphere, the spectral orders most contaminated by telluric
lines are often neglected in this computation (but also refer the following subsection).

2.1.1 RV extraction through cross correlation

Let A0 be the reduced spectrum obtained at the epoch of reference, then for a given pixel i, we can
call the photoelectric intensity A0(i) and the wavelength λ(i). At a different epoch, if we ignore the
detector noise, the spectrum A should have the same intensity level, however due to a relative RV
it could be stretched by a Doppler shift:

δV

c
=

δλ

λ
. (2.1)

When this shift is negligible compared to the line width, the change of intensity at a given pixel
can be expressed by:

A(i)−Ao(i) =
∂A0i

∂λ(i)
δλ(i) =

∂A0(i)

∂λ(i)

δV (i)

c
λ(i) (2.2)

therefore the Doppler shift is:

δV (i)

c
=

A(i)−A0(i)

λ(i)(∂A0(i)/∂λ(i))
. (2.3)

Hence, a change of velocity can be measured through a change in the spectrum intensity (see Bouchy
et al. 2001 for a complete description). With the standard DRS, the extraction of RVs is performed
by cross-correlating the stellar reduced spectra with a suitable mask (i.e. a template spectrum of
the closest possible spectral type) chosen from a template library. The mask consists in a list of
wavelength ranges and weights used to identify and define the contribution of each single spectral
line to the cross-correlation. The wavelength shift is then measured by fitting a Gaussian function to
the cross correlation of the stellar spectrum with the chosen mask, which is composed of a multitude
of lines that span the entire HARPS-N spectral range. Therefore, the contribution of all pixels has
to be summed considering a weight W (i), which can be linked to the dispersion, or root-mean-square
(RMS), δVRMS(i), and can be also used to eliminate unwanted lines (like telluric absorption lines):

δV

c
=

∑ δV (i)
c W (i)∑
W (i)

. (2.4)

The commonly employed weights are usually the expected depths of the spectral lines. The result-
ing CCF is a representation of the average shape of the absorption profiles across this range (see
Figure 2.1), and can additionally be employed to build stellar activity indicators, such as the BIS,
the Contrast and the FWHM (refer to Section 1.4.3 and Figure 1.18).

The final precision on the RVs of a given star depends on multiple factors, the most important
of which are usually the stellar apparent magnitude (linked to photon noise1), spectral type and

1For a 8th magnitude K0-dwarf, an exposure of 60 seconds is equivalent to a photon-noise error of 1.3 m/s
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age. For stars later (colder) than about spectral type F6 (≈ 6500 K), the RV error is below the
nominal 10 m s−1 threshold needed to detect a Jovian planet at 5 au from a sun-like star. The
number of spectral lines decreases with increasing effective temperature, so much that a G-type
star has approximately ten times more spectral lines than an A-type star, hence for earlier spectral
types (hotter stars) the error increases dramatically (also due to an increase in mean rotation rate;
note that the same applies for young, active stars in general). All things considered, we can use the
following expression (Bozza et al., 2016) to predict the RV measurement error for spectral data:

σ[m/s] ∝ (SNR)−1R−3/2B−1/2(v sin i/2) f(SpT ) (2.5)

where R is the resolving power of the spectrograph (λ/δλ), B is the wavelength coverage in Å,
v sin i is the rotational velocity of the star in km s−1 (only when v sin i > 2 km s−1) and f(SpT ) is a
function of the spectral type. Finally, the accuracy can also be affected by the instrumental setup,
due to telescope focus fluctuations, centering errors and calibration errors (for the ThAr lamp this
is expected to be ≈ 0.5 m/s mostly due to the zero-point error).

Figure 2.1: A visualization of RV extraction through cross-correlation (note that the spectra have been
colored for visual purposes only). The spectra are obtained at a typical cadence of days or weeks, and after
they have been reduced the RV is estimated by cross-correlating all, or a selection of, the wavelengths (the
red box represents only a smaller portion of the spectra). The RV fit on the right is from Lovis et al. 2006.

2.1.2 RV extraction through least-square matching

The Template Enhanced Radial velocity Re-analysis Application (TERRA) software is an alterna-
tive, different algorithm for computing RVs based on the least-squares minimization of the differences
between the observed spectrum and a parameterized template derived from the same observations
(Anglada-Escudé and Butler, 2012). In particular, in order to obtain maximal precision with the
highest possible SNR, TERRA constructs a template by carefully co-adding all the available spec-
tra. At first, the RV and flux normalization coefficients are evaluated with respect to the higher
SNR observation (used as preliminary template). Then, taking into account the heliocentric motion
of the observer and the fact that each observed spectra is taken at different epochs, the barycentric
wavelengths of the spectra at each epoch are calculated from the preliminary RVs by interpolation

(SNR=50), though only when the seeing is better than 1′′, since the fiber has a 1′′ aperture on the sky.
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(read the full details on Anglada-Escudé and Butler 2012). Finally, the higher SNR template is
built by co-adding all the observations. If the target star has been observed throughout a year,
in different phases of the Earth motion around the Sun, a telluric free spectrum can be generated
on regions with mild contamination, otherwise the telluric features have to be removed from the
coadding. It should be noted that long-term instrumental stability is fundamental because the
template is already convolved with the instrumental profile.

While the performance on F, G and K stars are similar between the DRS and TERRA, the least-
square matching approach makes a better use of the Doppler information hidden in the blended
spectra of M dwarfs, by providing a better fit to the lines compared to the CCF approach (which
employs a Gaussian function with a constant baseline, see however Perger, M. et al. 2017 for a
detailed comparison).

2.2 Photometric data reduction

As described in Sect. 1.5.1, TESS acquires time-series photometry with a baseline of ≈ 27 days
or more, depending on possible sector overlaps, and produces many science products. FFI files
cover the whole FOV of the CCDs and are taken with a cadence of 30-minutes (nominal mission),
10-minutes (first extended mission) or 200-seconds (second extended mission). TESS cutouts are
taken from calibrated FFIs (without background subtraction) around specific stars, while target
pixel files are much smaller pixel areas that are downloaded at faster cadence (every 2-minutes
or 20-seconds, starting from the extended mission), each containing one target from a pre-defined
subset. The luminous sources to be observed at short cadence, included in this subset, are selected
from the so-called TESS Input Catalog (TIC) (Stassun et al., 2018), managed by the TESS Stellar
Properties Working Group. For both TESS cutouts and target pixel files, an array of fluxes, or
light curve objects, are extracted from the images by using aperture photometry (see Figure 2.2), a
procedure by which the measured brightness values of all pixels within a defined region around the
target star are summed over time (the choice of this aperture size is critical to capturing the entire
flux from the star while minimizing contamination from nearby sources). These objects actually
contains many time-series, including position vectors (the precise positions of the included stars),
quality flags (indicators of data quality and any potential issue or anomaly associated with each ca-
dence), along with the Simple Aperture Photometry (SAP) and Pre-search Data Conditioning SAP
(PDC-SAP) light curves. The extraction process includes the correction of various instrumental
effects, the subtraction of background light, the de-blending of the flux time series (i.e. the removal
of the expected flux from each non-target star in the aperture), and the correction to the Solar
System barycentric reference frame.

After being extracted, both SAP and PDC-SAP undergo basic data reduction steps, including
bias and dark subtraction, flat-fielding, and correction for bad pixels (the same procedures described
in Section 2.1). The PDC-SAP are flux series already corrected for both the common instrumental
systematics using the Cotrending Basis Vector (CBV) files (a set of systematic trends present in
the ensemble light curve data for each CCD). In the highest level of data processing, the PDC-SAP
light curves, true astrophysical signals may be removed by the detrending procedure (or spurious
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ones may be introduced by the CBV correction), so the SAP light curves can still be useful to
study phenomena like the stellar variability, and especially to estimate the stellar rotation period,
which can be falsely interpreted as a planetary signal in the RVs. The light curve of each star
observed in short cadence is further detrended and searched for flux decrements compatible with
the passage of an exoplanet, known as Threshold Crossing Events (TCEs), with the help of Box
Least Squares (BLS), Transit Least Squares (TLS) and similar periodograms (see Section 2.3.2).
Once at least one TCE has been identified for a star, the signals are put through a process called
Data Validation (DV) (Twicken et al., 2018), in which many diagnostic parameters are evaluated
to help determine if the TCEs were truly caused by planetary transits or if instrumental artifacts,
blended binaries or other astrophysical phenomena could explain the signals better. For instance,
the measured angular distance between the target star position and the location of the transiting
source (determined from the in- and out-of-transit flux-weighted centroid shift) helps determine if
the signal is due to a blended binary or a background star in the same aperture pixels. All these
steps are performed by data processing pipelines, and in this work we exploit the most widely used
one: the Science Processing Operations Center (SPOC) pipeline (Jenkins et al., 2016) developed
at the NASA Ames Research Center, which is much more reliable than the Quick-Look Pipeline
(QLP) (Huang and Vanderburg, 2020), as the name would suggest.

Figure 2.2: A visualization of TESS data products; the FFIs, the target pixel files and the resulting light
curve from aperture photometry. The cadences can be different from the ones written here, as described in
the text of this section (figure from TESS instrument handbook).

Finally, when a signal has been determined to be sufficiently consistent with a transit (or eclipse),
the target is turned into a TESS Object of Interest (TOI), highlighting the fact that it is worthy
of follow-up observations, even if it still might turn up to be a false positive. An exoplanet is
considered confirmed either when the mass of the transiting planet has been measured (with RVs or
rarely TTVs), or if that’s not possible, when all other possible explanations are removed conclusively
by other means (mainly high resolution imaging and on-ground photometric follow-up).

2.3 Periodograms

In the context of RV analysis, one of the initial steps involves the search for periodic signals, with
tools such as the Generalized Lomb-Scargle (GLS) periodogram (VanderPlas, 2018) (see Section
2.3.1), that can be attributed either to planetary gravitational influences or to stellar phenomena
like rotation. Similar analyses are conducted on activity indicators to identify any stellar signals
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Figure 2.3: An example of partial phase coverage measurements is plotted on the left panel (the pink area
is unaccessible because of observational constraints). On the right panel, the standard periodogram fails to
recover the true frequency of 0.3 because it assumes that the true mean of the signal is the mean of the
observed data, while the periodogram with a floating mean term (such as the Generalized Lomb-Scargle one)
catches the true frequency correctly. Figure courtesy of VanderPlas 2018.

within the RV data that may be present in these indicators as well. However, when it comes to
searching for transit signals, the GLS periodogram does not perform optimally, because transit
signals are non-sinusoidal and have very sharp temporal concentration. To address this, more
efficient techniques such as the BLS algorithm (Kovács et al., 2002) have to be employed (see
Section 2.3.2).

2.3.1 Generalized Lomb-Scargle periodogram

Based on the idea that any periodic function can be represented by a sum of trigonometric functions
(like sine and cosine), the classical Fourier analysis, also known as Fourier transform, is a mathe-
matical technique used to decompose such functions into their constituent sinusoidal components
(with different frequencies, amplitudes and phases). Given a K-long time-series data set y(t), the
Fourier transform can convert the data from the time domain into the frequency domain, which in
the discrete implementation is the equivalent of:

Fy(w) =
K∑
k=1

y(tk)e
−iωtk (2.6)

where ω is the frequency times 2π and e−iωtk = cos(ωtk)− i sin(ωtk). Every frequency is associated
to an amplitude (power), forming the so-called power spectrum:

A(ω) =
√

Py(ω) =
1

K1/2
|Fy(ω)| =

1

K1/2

√√√√( K∑
k=1

yk cos(ωtk)

)2

+

(
K∑
k=1

yk sin(ωtk)

)2

(2.7)

Significant (high power) peaks in the power spectrum likely indicate that the data set includes
periodic signals at those specific frequencies. However, classical Fourier analysis assumes evenly
spaced data points, which is never the case for astronomical observations limited by diurnal, lunar,
or seasonal cycles and weather conditions.
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The Lomb-Scargle periodogram (VanderPlas, 2018) is a technique built to address the limita-
tions of the classical Fourier analysis, as it can accomodate irregularly sampled data by employing
weighted least-squares fitting to sinusoidal functions. In order to do so, the amplitude is defined as:

A(ω) =
√
Py(ω) =

1

2

√
[
∑

k yk cos(ω(tk − τ))]2∑
k cos

2(ω(tk − τ))
+

[
∑

k yk sin(ω(tk − τ))]2∑
k sin

2(ω(tk − τ))
(2.8)

where tan(2ωτ) = (
∑

k sin(2ωtk))/(
∑

k cos(2ωtk)). In its generalized version, it considers both
the uncertainties of the data and a constant term in the fit of the wave function, resulting in less
susceptibility to aliasing and more accurate frequency determinations. This last step turns out to be
very important in many circumstances, especially when a periodic event is observed in partial phase
coverage due to observational constraints (refer to Figure 2.3). Similarly to the Fourier transform,
the Lomb-Scargle periodogram computes the power spectrum in order to evaluate the strengths of
periodic signals at different frequencies. The uncertainties of the derived periods, however, cannot
be meaningfully expressed because rather than the imprecision in the location of a particular peak,
the concern for periodograms is more about the disjointed inaccuracy associated with false peaks or
aliases. In particular, the peak widths do not depend on the number of observations or their SNR,
and the data quality and quantity is reflected instead in the height of the peak in relation to the
background, which is a measure of significance rather than precision of the associated frequency. The
False Alarm Probability (FAP) is a measure of the probability that a data set with no signal would,
coincidentally, lead to a peak of similar magnitude to the one of interest. In the GLS periodogram
the FAP of the peaks can be assessed by different statistical tests, such as the bootstrap method
(a resampling, computational technique which involves the generation of multiple samples obtained
by randomly sampling the original data point, see e.g. Sulis et al. 2017), or analytically, as simply
as:

FAP (ω) ≈ 1− (1− e−P (ω))M (2.9)

if the number of independent frequencies (those that are not correlated), M , can be estimated. A
further Lomb-Scargle generalization consists of fitting multiple sinusoidal components rather than
a single one (see, e.g., Baluev 2013). This can be useful to fit complicated models but, at the same
time, the addition of terms raises the periodogram noise due to the appearance of new aliases and be-
cause a better fit to the data means higher power for all the frequencies, not only the one of interest.

The GLS periodogram is now extensively used in astronomy to reveal periodic signals in irreguarly
sampled time-series data. It is therefore not difficult to understand why it is the first, most important
tool to reveal possible planetary (periodic) signals hidden in the measured RVs of a star. When
using the GLS periodogram to confirm or find new planetary signals in the RV data, it is essential
not to forget the drawbacks of this approach. In fact, it’s not uncommon for the largest peak in
the periodogram to arise from an alias of the true frequency, due to actual shape of the signal,
noise or the survey window. For instance, the function that represents the sampling pattern of
the observations, the so-called window function, can have frequency peaks (δf) due to common
constraints (e.g. δf = 1 observation/day). This can lead to spurious peaks in the GLS periodogram
located at ftrue + nδf , or:
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Palias =

(
1

Ptrue
+ nδf

)−1

(2.10)

where n is a positive or negative integer. When the periodic signals are not strictly sinusoidal, it’s
possible that harmonics of the true frequency have higher power than the real one. In that case:

Palias =

(
m

Ptrue
+ nδf

)−1

(2.11)

where m is an integer representing the harmonic. Finally, every peak at frequency ftrue has a
corresponding peak at −ftrue, and aliases that cross into negative frequencies are effectively reflected
into the positive-frequency range. Taking this into account, all the possible aliases of the true period
Ptrue due to a spurious peak fs are:

Palias =

∣∣∣∣ m

Ptrue
+ nfs

∣∣∣∣−1

. (2.12)

2.3.2 Box and Transit Least Squares periodograms

Transit-like events are not modeled well by sinusoidal functions, therefore the GLS periodogram is
not an efficient tool to look for planetary transits as much as it is for RV signals, especially at short
wavelengths, where stellar limb darkening is more pronounced, and when the duration of the transit
is short relative to the orbital period. A better way to find transits in the light curve of a star would
be to employ an algorithm that exploits the rectangular, box-like shape of the signal (see Fig. 1.7).
The BLS periodogram (Kovács et al., 2002) has been specifically designed to perform least squares
fits of step (box) functions to folded light curves corresponding to various test periods. In particular,
since the out-of-transit baseline flux can be set to zero (or normalized to 1), the box-shaped transit
model is defined by four parameters: the time of the center of the box (T0 or transit epoch), the

Figure 2.4: Example of BLS periodogram (bottom-left panel) for a photometric time series (top panel),
along with the light curve phase-folded at the frequency with highest SR (bottom-right panel). n is the
number of data points, σ is the noise level of each observation and q is the ratio between the transit duration
and the period (P0). Figure courtesy of Kovács et al. 2002.
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period (P ), the duration of the box (T ) and the depth of the box (δ). For a given trial period, the
light curve is permutated (folded), and the step function is fit with two flux level parameters, one
measured between two flux values [i1, i2] and one outside. Similarly to the other periodograms, the
BLS one also evaluates an equivalent of the power spectrum by defining the Signal Residue (SR)
of the time series for all the trial periods (see Figure 2.4). Then, the Signal Detection Efficiency
(SDE) can simply be defined as:

SDE =
SRpeak− < SR >

σ(SR)
(2.13)

where <SR> is the average of all the signal residues. Given that the condition ∆imin < i2 − i1 <

∆imax is satisfied, where ∆imin/max depend on the suspected transit length, for any particular
(i1, i2), the averaged squared deviation of the fit is minimized, and the overall, absolute minimum
corresponds to the best trial period (the one with the highest SR). In practical implementations,
the folded time series is divided into bins so that the computation can be more efficient, although
the resolution has to be chosen carefully because it affects the efficiency of the signal detection as
the SR is strongly dependent on the transit phase only when the bin size is comparable to the actual
length of the transit (note that a smaller bin is always favored at cost of efficiency).

Compared to other periodograms, the use of a pre-determined shape to fit the transit features of
a light curve makes the BLS periodogram very efficient which is why it has become the standard
tool for exoplanet transit searches in large data sets. On the down side, this algorithm assumes
only two levels of flux and so it ignores features like the limb darkening (see Sect. 1.2.2) and the
ingress/egress shape. Given the growth of computer power in the last two decades, the idea of
building a better tool at the expense of increased computational demand is no longer far-fetched.
The TLS periodogram is an alternative tool, proposed in 2019 (Hippke and Heller, 2019), which has
a substantial higher rate detection especially for small planets with few transits, or grazing transits
where the shape is highly non-rectangular. The TLS algorithm is simply based on the search for
transits with more realistic transit-like functions rather than a basic box (refer to Figure 2.5). As
for the BLS, it phase-folds data over a range of trial periods and then it calculates the χ2 statistic

Figure 2.5: On the left, this plot shows the transit shapes of 2346 Kepler planets with small radii (< 5R⊕)
as black lines, along with the default TLS templates for normal and grazing planets. The best-fitting box
from the BLS algorithm is shown in cyan for comparison. On the right the gray histogram report the reduced
χ2 residuals for both TLS and BLS. Figure courtesy of Hippke and Heller 2019.
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between the K data points of the transit model (ym) and the measured fluxes (y):

χ2(P, T0, T ) =
K∑
k=1

(ymk (P, T0, T )− yk)
2

σ2
k

(2.14)

where σ2
k are the standard deviations of the fluxes. The TLS finds the global minimum by searching

for the minimum χ2 of all the (T0, T ) combinations at a fixed P :

χ2
min,glob = min(χ2(P, T0, T )). (2.15)

The test statistic of TLS is a modified version of the BLS SDE, derived from all the data points in
the phase-folded light curves, instead of only the binned ones. The SR here is calculated directly
from the distribution of minimum χ2 (which could be done in principle also for the BLS):

SR(P ) =
χ2
min,glob

χ2
min(P )

(2.16)

which means that SR(P ) is confined between 0 and 1 (SRpeak = 1), therefore:

SDE(P ) =
1− < SR(P ) >

σ(SR(P ))
. (2.17)

With the advent of artificial intelligence, new techniques are being developed to look for transits
with even higher accuracy, such as deep learning algorithms trained on a series of real or artificial
transit shapes (see, e.g, Schanche et al. 2019). As of today, machine-learning methods appear
promising but have not yet become common due to many reasons, one of which is the difficulty
in understanding the origin of the results due to many abstraction layers (depending on their
implementation).

2.4 Bayesian statistics

Traditionally, the probability associated with an event has been interpreted as the limit of the
relative frequency of that event after a number of trials that tends towards infinity. Bayesian
statistical methods, as opposed to the so-called frequentist interpretation, instead exploit the Bayes’
theorem to compute and update probabilities, based on prior knowledge such as the results of
previous experiments, after obtaining new data. Originally formulated by Thomas Bayes in 1763,
Bayesian methods were viewed unfavorably for centuries, mainly due to the substantial amount of
computation they demanded. However, the landscape has significantly changed with the rise of
modern computers and advanced algorithms, such as Markov Chain Monte Carlo (MCMC) and, as
a result, these methods have gained popularity and are finding increasing applications (for exoplanet
science, see e.g. Parviainen 2018). In Bayes’ interpretation of the probability theory, given a model
Ai and a data set B the posterior probability that Ai is the best model to describe B, compared to
other ones, is the following:

P (Ai|B) =
P (B|Ai)P (Ai)

P (B)
, (2.18)

where P (Ai) is the prior probability of model A before new evidence has been taken into account,
P (B) =

∑
i P (B|Ai)P (Ai) is a normalization factor that takes into account all the models consid-
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ered, and P (B|Ai) is the probability (i.e. the likelihood, L) that data B is well fit by model Ai.
Essentially, in Eq. (2.18) P (Ai) is updated to P (Ai|B) after new measurements (B) have been taken
into consideration. Assuming independent and Gaussian distributed parameters, the likelihood for
Ai can be expressed as:

Li = P (B|Ai) =

K∏
k=1

 1√
2π(σ2

k + σ2
jit)

 e

∑K
k=1 −

(Bk−Ai,k)2

2(σ2
k
+σ2

jit
) , (2.19)

where K is the total number of measurements, σk is the k measurement uncertainty and the free
parameter σjit is an additional white noise term (while this can be from different origins, several
noise sources would not be white in the data, such as stellar magnetic activity, granulation, stellar
oscillations, and even unexpected planetary signals, for both RV and transit data). In the context of
exoplanet characterization, Bayesian statistics can play a crucial role in determining the most likely
values and confidence intervals for fitted planetary parameters, by efficiently sampling their posterior
distributions. It’s important to mention that the same can be done for the stellar parameters, as
the derived planetary parameters (e.g. Rp) are determined by combining the posterior distributions
of the fitting parameters (the ratio of the radii: Rp/Rs) with those of the stellar parameters (Rs).

2.4.1 Markov Chain Monte Carlo

In a real case scenario, such as a data set of RV measurements, for which we need to find the
best model fit, Ai is composed of many parameters. The aforementioned MCMC algorithm allows
to evaluate the posterior distributions of all the parameters involved, by sampling the parameter
space via a succession of random steps (i.e. a random-walk) such that the number of samples in
a particular region of this space is proportional to the posterior density for that region (see e.g.,
Speagle 2019). Multiple chains (collections of steps) can be evolved in parallel, sampling all the
parameters starting from the prior space. If x⃗j,n is the parameter vector of chain j at iteration
n, the next step x⃗j,n+1 is accepted only if it comes with an increase of likelihood (Lj,n+1 > Lj,n),
otherwise the step is rejected (in some variations the rejection is also dependent on the result of
a random number, which helps the chain not to get stuck in local maxima). The gist is in how
this next step is calculated. There are many ways to do it, for instance in the Metropolis-Hastings
algorithm (see e.g., Robert 2015) the proposal distribution, q, simply starts from the previous step
and adds a small random perturbation q:

x⃗j,n+1 = x⃗j,n + q(x⃗j,n+1|x⃗j,n). (2.20)

In order to sample the parameter space effectively, the scale and direction of these jumps can be
better determined using the genetic algorithm known as Differential Evolution (DE). In the DE-
MCMC implementation (Ter Braak, 2006a), the proposal distribution depends on the number of
free parameters N , on a very small random value e and on two chains (x⃗C1 , x⃗C2) randomly chosen
from all the steps of each chain:

x⃗j,n+1 = x⃗j,n + γ(x⃗C1 − x⃗C2) + e (2.21)

where γ = 2.38/
√
2N . Instead, in the affine-invariant ensemble sampler for MCMC, or EMCEE
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(Foreman-Mackey et al., 2013), the proposal distribution is a random variable, z, drawn from the
distribution g(z), which is 1/

√
z if z ∈ [ 1a , a] and zero otherwise, with a = 2:

x⃗j,n+1 = x⃗C1 + z(x⃗j,n − x⃗C1). (2.22)

In every case, once the parameter space has been adequately sampled and all the chains have
reached a stable state, the computation ends because any further iteration is unlikely to significantly
improve the estimations. One example of convergence criterion is the Gelman-Rubin diagnostic
(Gelman and Rubin, 1992), according to which the convergence can be achieved if the variance
between the parallel chains is comparable to the variance within each chain (so that they are well
mixed), however every specific implementation employs different ones. Finally, before evaluating
the posterior distributions, the starting steps of each chain (burn-ins) are usually removed since
they should be very distant from the parameter space where the likelihood eventually reaches its
maximum. For the purpose of selecting the preferred model among many, two of the most widely
used tools are the Bayesian information criterion (BIC) (Schwarz, 1978) and Akaike information
criterion (AIC) (Akaike, 1974), formally defined as:

BICi = −2 lnLi +N lnK

AICi = −2 lnLi + 2N.
(2.23)

where better models have lower values. Both tools introduce a penalty term that is higher for an
increasing number of free parameters N (i.e. increased model’s complexity), because in principle
models with fewer parameters should always be favored when the likelihoods are similar, while the
BIC also takes into account the total number of measurements K. However, it is important to note
that both BIC and AIC assume Gaussian distributions for the posteriors and they only take the
maximum of the likelihood into account, instead of the integral of L over the parameter space.

2.4.2 Nested sampling

An alternative computational method for Bayesian model parameter estimation and model com-
parison is nested sampling (Skilling, 2004), which is the basis of the sampling method used in this
dissertation. Unlike MCMC, nested sampling slices the posterior into many simpler distributions,
sampling from each of those in turn and re-combining the results afterwards (see Figure 2.6). It em-
ploys a set of active points that are iteratively updated, and to which a likelihood level is associated.
At each iteration the algorithm removes the point with the lowest likelihood and replaces it with
a new point from the prior distribution, only if the new associated likelihood is higher. Actually,
in a few implementations (e.g. MultiNest python package) every point is associated to a weight
so no sampled point is ever removed, which sometimes causes a much faster convergence by better
exploiting the sampling. Nested sampling turns out to be very effective at handling multimodal
distributions, and it can be conceptually simpler to implement because it does not require setting
up proposal distributions or dealing with chain tuning. The so-called bayesian evidence, Zi, for
model Ai can be written as:

Zi =

∫
P (Ai|B)dx⃗i =

∫
LiP (Ai)dxi,1dxi,2...dxi,K (2.24)
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though this integral is very challenging to estimate, so in nested sampling it is re-factored as a
one-dimensinoal integral taken over the prior volume X of the parameter space:

Zi =

∫ 1

0
Li(X)dX (2.25)

where Li(X) is one or multiple iso-likelihood contours that outline the edges of X, defined as the
fraction of the prior volume where the likelihood is higher than the threshold λ (note that the prior
is normalized so X is null when λ is infinite, and X is 1 when λ is null):

X(λ) =

∫
Li≥λ

P (Ai)dx⃗i. (2.26)

During each iteration the bayesian evidence is updated by the difference ∆Z (usually written as
∆ lnZ), and a common stopping criterion is defined by the user through a tolerance ∆z below which
the algorithm is said to have converged. The final, direct estimation of the evidence is incredibly
useful for the model selection. Following the guidelines of Trotta 2008, we consider ∆ lnZ < 2

(posterior odds of ≈ 7 : 1) weak evidence in favor of one model over the other, ∆ lnZ > 5 (pos-
terior odds of ≈ 150 : 1) strong evidence, while everything in between as moderate evidence. It
is important to remember, however, that model evidences are heavily impacted by the priors used
to estimate them (i.e. the priors between the models have to be compatible for the comparison to
make sense).

Since the number of live points is constant, the prior volume shrinkage rate is always the same
and often many samples are taken in regions which have little effect on calculation accuracy, yet
this can be solved with dynamic nested sampling, for instance with the Python package dynesty

(Speagle, 2020). In this implementation, the number of samples taken in different regions of the

Figure 2.6: A schematic illustration of how MCMC and nested sampling methods approach the problem
of sampling from the posterior. MCMC methods do it directly from the posterior, while nested sampling
breaks up the posteriors into slices. Figure courtesy of Speagle 2020.
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parameter space is dynamically adjusted in order to change the focus of the algorithm during the
run. On the other hand, the converge criteria are harder to define because they have to take into
account how much of the posterior distribution has been explored (see for example Section 3.4 of
ref. Speagle 2020).

2.5 Gaussian Processes

In probability theory, a stochastic process is a collection of random variables representing the evo-
lution of a system in the parameter space or in time (e.g. the random movement of particles in a
fluid, known as Brownian motion). When every finite linear combination of these random variables
is normally distributed, the process is called Gaussian. In Bayesian inference, a GP can be used as a
prior probability distribution for the parameters (or functions) that need to be estimated using a set
of measurements, and is fully specified by a mean function and a kernel (covariance) function, which
captures our assumptions about the relationships between such parameters (refer to the comprehen-
sive review of Aigrain and Foreman-Mackey 2023). The utility of GPs is that the distributions of
the derived quantities (i.e. average value and uncertainty) can be obtained explicitly. In particular,
when the data set is correlated (i.e. it’s affected by red noise), the probability distribution function
is no longer represented by Eq. 2.19, but rather by:

Li =

(
1

2π

)N/2 1√
detK

e−
1
2
(B−Ai)

T K−1 (B−Ai) (2.27)

where N is the number of measurements, (B,Ai) are the conjugate transposes of the data and model
matrices, and detK is the determinant of the covariance matrix K, whose elements are determined
by a covariance function:

Ki,j = k(t, t′), (2.28)

that is precisely the GP kernel. In case of white noise (independent and identically distributed
data) K = σ2I, where I is the identity matrix, and the likelihood can be expressed again by Eq.
2.19. There are a number of common GP kernels implemented to disentangle stellar activity in
light curves and RV data, and among the most widely used are the squared exponential (Eq. 2.29),
the periodic (Eq. 2.30) and the quasi-periodic (Eq. 2.31) kernels (implemented following Espinoza
et al. 2019):

k(t, t′) = h2 e
− (t−t′)2

2λ2e (2.29)

k(t, t′) = h2 e
− sin[π(t−t′)/P ]

2λ2p (2.30)

k(t, t′) = h2 e
− sin[π(t−t′)/P ]

2λ2p
− (t−t′)2

2λ2e (2.31)

where h represents the total amplitude of the process, λe is the decay timescale (≈ active regions
decay, in the case of stars), P is the periodic term (≈ the stellar rotation period) and λp is the com-
plexity of the observed signals. It is straightforward to see that the quasi-periodic kernel includes
both the periodic and the squared exponential components, and as such it better resembles stellar
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activity variations (for this reason it is among the most widely used kernels for light curves and RV
analysis). These coefficients define the behaviour and the characteristics of the GP and are called
hyper-parameters. They are usually employed with uniform priors, with the exception of P , which
can have a Gaussian prior centered on the stellar rotation period, if it has been estimated with
some accuracy through other means (i.e. via photometric variations or clear signals in the activity
indexes). The use of uninformative priors for GPs is not advisable, as they are very powerful and
should be employed with sensible boundaries (see, e.g., Nicholson and Aigrain 2022).

Figure 2.7: In panel (a), three functions are drawn at random from a GP prior (the blue dotted line actually
shows the generated values). In panel (b), the three random functions are drawn from the posterior, so they
are conditioned by the observations. The pink area represents the 95% confidence region for both priors and
posteriors (i.e. the mean plus and minus two standard deviations for each value). Note how the posterior
uncertainty collapses on the five observations, due to their assumed noise-free nature. Figure courtesy of
Rasmussen and Williams 2006.

Suppose we have a data set consisting of five noise-free observations, and we are only interested in
functions that pass through these points exactly (as opposed to passing as close to them as possible,
which would be the case for non-ideal, noisy measurements). The kernel would then represent our
best a priori mathematical interpretation of the physical event that’s influencing the observations,
and its specification is fundamental because it fixes the properties of the functions considered for
inference. The properties of the kernel can be manipulated by adjusting the hyper-parameters priors
(e.g. the stellar rotation period has to be reasonable, it cannot result in any possible value!), and
the combination of the prior and the actual data eventually leads to the posterior distribution (refer
to Figure 2.7).

2.6 Combined transit-RV analysis

As anticipated, confirming transiting candidates, like TOIs, as new exoplanets most of the time
requires follow-up RV observations, which are fundamental to constrain the physical parameters of
the planet (in particular the mass and density) and its orbit. In the last decade, many tools have
been developed to perform analyses of exoplanetary signals given either photometry, RVs or both.
In this work, we have employed the Python wrapper juliet (Espinoza et al., 2019), a versatile tool
that can be used for the combined analysis of photometric and spectroscopic measurements, even
from multiple instruments, with all the advantages of nested sampling (described in Section 2.5).
Jointly fitting transit and RV data provides multiple advantages, as it improves the accuracy of the
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shared parameters (summarized in Table 2.1) and reduces parameter correlations by addressing the
degeneracies that can occur when fitting either type of data in isolation.

In juliet, the data modelling can exploit GPs, with the added possibility of sharing hyper-
parameters between photometry and RVs at the same time, which is often important to disentangle
stellar activity from planetary signals. Specifically, juliet considers a common model in which
each data-point y(ti,l), at time ti,l for the data-point l of instrument i, is given by a probabilistic
model of the form:

y(ti,l) = Mi(ti,l) + LMi(ti,l) + ϵi(ti,l) (2.32)

where Mi(ti,l) is the photometric or RV model that depends on instrumental parameters and
physical parameters of the system, LMi(ti,l) is a linear model for instrument i and ϵi(ti,l) is a zero-
mean noise term. The latter can be defined as having a universal component for all the instruments
(doing the same type of observation), so that:

ϵi(ti,l) = ϵ(ti,l) + ϵi(ti,l) (2.33)

where ϵi(ti,l) = N(0, σ2
w,i + σ2

ti,l
) is the white-noise component, with N(µ, σ2) being a normal

distribution with mean µ and variance σ2. The formal uncertainties for data-point y(ti,l) is denoted
as σ2

ti,l
while σ2

w,i is an additional jitter term for each instrument. In this case, the covariance matrix
is of the form:

K(ti,l, tj,m) = k(xi,l, xj,m) + (σ2
w,i + σ2

ti,l
)δti,l,tj,m (2.34)

with the first term being null in the case of a pure white-noise model (without GPs) and δti,l,tj,m
being the Kronecker’s delta (defined as equal to one when its two variables are identical, and zero
otherwise). The photometric model is expressed as:

Mi(ti,l) = [Ti(ti,l)Di + (1−Di)]

(
1

1 +DiMi

)
(2.35)

where Ti(ti,l) is the full transit model of all the planets that may be present in the light curve
for instrument i, generated using batman (Kreidberg, 2015), the most common Python package for
modelling exoplanetary transits. Di is the dilution factor used to correct for flux contamination of
unwanted sources in the aperture pixels (or miscalculated background flux) and Mi is the offset or
the mean out-of-transit flux. Let FT be the out-of-transit flux of the target star (in the observed
passband) and

∑
n Fn be the total flux from the n unwanted sources in the aperture, then the

dilution factor is defined as:

D =
1

1 +
∑

n Fn/FT
(2.36)

and it can take the values between 0 (full dilution) and 1 (no dilution at all). The transit parameters
that are allowed to vary for each planet are: the period of the orbit P , the reference time of the
transit center T0, the planet-to-star radius ratio p = Rp/Rs, the relative semi-major axis a/Rs, the
impact parameter b (from Eq. 1.6), the limb-darkening parameters (u1, u2), and (e, ω), respectively
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the eccentricity and argument of periastron passage of the orbit. Instead of fitting directly for
(p, b), in juliet we fit for two parameters (r1, r2) defined between 0 and 1, following the proposal
of Espinoza 2018. Then (p, b) can be recovered with the following equations:

b = [1 + pl][1 + (r1 − 1)/(1−Ar)]

p = (1− r2)pl + r2pu
(2.37)

where (pl, pu) are respectively the lower and upper limit for p (e.g. 0 and 1 in the unconstrained case)
and Ar = (pu−pl)/(2+pl+pu). This ensures that the condition b < 1+p is always satisfied without
the need for rejecting any samples. Another parametrization is employed for the eccentricity and
argument of periastron passage (e, ω), sampled as S1 =

√
e sin(ω), S2 =

√
e cos(ω) (defined between

-1 and +1), following the suggestion of Eastman et al. 2013. Then the two parameters can be
recovered from:

e = S2
1 + S2

2

ω = arctan(S1/S2).
(2.38)

Finally, as anticipated in Sect. 1.2.2, for the LDCs of each instrument (if the observed passbands
are different) we employ the parametrization proposed in Kipping 2013, with (q1, q2) being defined
between 0 and 1, from which we can retrieve the quadratic LDCs using the equations:

u1 = 2q2
√
q1

u2 =
√
q1(1− 2q2).

(2.39)

In addition, a common stellar density ρs is fitted for all the transiting exoplanets in the system,
instead of a/Rs for each of them, because the latter can be recovered using Kepler’s third law from
the period of the respective planet (Sozzetti et al., 2007):

a/Rs = [(ρsGP 2)/(3π)]1/3 (2.40)

where G is the gravitational constant. Hence, a Gaussian prior for the density can be set if the
stellar parameters are well confined, which in turns helps to constrain the eccentricity, because the
stellar density and the eccentricity both influence the transit duration. The stellar density retrieved
from the combined fit and the one derived from the stellar parameters can in fact be significantly
different when an eccentric planet is fitted on a circular orbit (see Van Eylen and Albrecht 2015 for
the details). Finally, in order to generate the transit model, the inclination of the orbit is entered
in batman via the transformation:

ip = arccos

[
b

a/Rs

(
1 + e sin(ω)

1− e2

)]
. (2.41)

Instead, the RV model is given by:

Mi(ti,l) = K(ti,l) + µi +Q(t′i,l)
2 +At′i,l +B (2.42)
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where K(ti,l) should not be confused with the covariance matrix (K), as it represents the full
Keplerian signal of all the planets in the system and is computed using the open source Python
package radvel (Fulton et al., 2018). µi is the systemic velocity measured by instrument i, while Q
and A are the optional quadratic and linear terms along with the corresponding intercept B, which
can be useful to catch long-period trends in the data (due to distant planetary/stellar companions
and long-term activity). The trend should be common to all instruments, so it depends on a
universal user-defined time t′i,l. The parameters of the keplerian RV model are (for each planet):
the period of the orbit P , the reference time of transit center T0, the eccentricity and argument of
periastron passage (e, ω), the systemic RV µ and the semi-amplitude of the RV variation due to the
planet, K, which is the only parameter not in common with the transit model (along with µ). Refer
to Table 2.1 for a summary of all the parameters involved for both models, excluded any parameter
that may be included from GPs (see Section 2.5).

Table 2.1: List of parameters that define either the transit and RV models, or both, for instrument i. Note
that (a) the planetary parameters should be defined for each planet in the system, (b) here, uninformative
priors are uniformly distributed priors that encompass the whole range of physically possible values (e.g.
[0,1[ for e), while uniform priors can be restricted due to previous knowledge (e.g. the orbital period of
a transiting TOI candidate). ∗The limb darkening coefficients may be different between instruments, if
they observe different bandwidths; for TESS , a Gaussian prior might be sometimes preferred instead of a
uninformative one.

Parameter Unit Model Typical prior Description
Planetary
P days both Uniform Orbital period
T0 days both Uniform Reference time (transit-center)
p — transit Uniform Planet-to-star radius ratio, via (r1, r2)
b — transit Uninformative Impact parameter, via (r1, r2)
ρs g cm−3 transit Gaussian Stellar mean density
e — both Uninformative Orbit eccentricity, via (S1, S2)
ω deg both Uninformative Argument of periastron, via (S1, S2)
K m s−1 RV Uniform Velocity semi-amplitude
Instrumental
Di — transit Fixed Dilution factor
Mi relative flux transit Uniform Relative flux offset
(u1,i, u2,i)

∗ — transit Uninformative LDCs
µi m s−1 RV Uniform Systemic RV

Planet derived parameters

We can directly estimate the values and uncertainties of the orbital period P of a planet, along
with its eccentricity e and argument of periastron ω (or their parametrizations), by sampling from
the posterior distributions of the combined RV+transit analysis. Similarly, if the stellar radius Rs

has been constrained (refer to Section 1.3), the planet radius Rp and the semimajor axis a can be
derived respectively from p = Rp/Rs and Eq. 2.40 (after P and ρs have been extracted from their
posterior distributions as well). The orbit inclination can further be derived from Eq. 2.41, using
b, ρs and P . At this point, the planet mass Mp can be recovered by reversing Eq. 1.5, which in the
case of Ms ≫ Mp is simply:
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2.6. Combined transit-RV analysis

Mp ≈ K
M

2/3
s

sin(i)

√
1− e2

(2πG/P )1/3
(2.43)

after K has been evaluated from its posterior distribution, and assuming that the stellar mass Ms

has also been constrained (Section 1.3). Now we can handily derive both the surface gravity gp and
the bulk density ρp of the planet, using their definitions:

gp =
GMp

R2
p

, (2.44)

ρp =
3Mp

4πR3
p

. (2.45)

Finally, for the calculation of the planetary equilibrium temperature Teq, it is assumed that
both the planet and the star are perfectly spherical black bodies and that the planet has uniform
heat redistribution from the day side to the night side. The star emits isotropically according to
the Stefan-Boltzmann law, i.e. based on its effective temperature Teff . The incident radiation
on the planetary surface is a portion of this radiation (depending on the distance, or semimajor
axis) which is also partly reflected into space (depending on the planet surface’s albedo A), before
being absorbed, and thus heating the planet. Thermal equilibrium is achieved when the power
transmitted from the star to the planet equals that lost by the planet into space, and the Teq at
which this equilibrium is reached is (see e.g., Pierrehumbert 2010):

Teq = Teff (1−A)1/4
√

Rs

2a
, (2.46)

though the fraction of incoming light reflected back into space (the albedo) is difficult to determine
and it’s often fixed (e.g. to 0 or 0.5).
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Chapter 3

Results

3.1 Target selection

For the purpose of discovering and characterizing new Neptunian exoplanets, I exploited the large
and continuously-updated dataset of TESS planetary candidates, while the satellite is still finding
new exoplanet candidates on its second extended mission (more than 5 years after its launch). At
the beginning of this thesis work, TESS had found more than 2000 total candidates, of which only
≈ 100 had been confirmed, and at least as many were already discarded as false positives or known
planets, while today they are respectively ≈ 7000 and ≈ 400. Half of the candidates are not ob-
servable in the northern hemisphere, where the TNG operates, and a lot of those are either smaller
or bigger gaseous giant candidates.

In summary, for the purpose of optimizing the amount of observing time reserved within the
GAPS group, I selected Neptunian TOIs using the following criteria:

• 2.5R⊕ ≲ Rp ≲ 6R⊕ – This is the approximate range of Neptunian planets (leaving some
margin for large sub-Neptunes);

• Host-star declination ≳ −20, or in general stars that could be observed for long periods of
time at the TNG, at sufficiently low airmass values;

• V ≲ 12mag – We excluded dimmer stars as they required longer exposure times, with the
exception of targets with expected high signals such as TOI-1853;

• Nobs ≲ 50 − 100 – We excluded any target that was expected to require more than 1 or 2
semesters of observation (the equivalent of ≈ 50 or ≈ 100 measurements) in order for it to be
confirmed and characterized (or its mass to be evaluated with a 5-10σ level of significance).

I have estimated the number of expected observations using the available star properties from the
TIC (Stassun et al., 2018), while evaluating the planetary mass with the empirical formula from
Otegi et al. 2020 for volatile-rich planets:

M⊕ = (1.74± 0.38)R1.58±0.10
⊕ (3.1)
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3.1. Target selection

Figure 3.1: A display of optimal TESS candidates for RV follow-up at the TNG with HARPS-N, as
evaluated in late 2020 for the scope of this PhD thesis. The expected number of observations required to
confirm such candidates is plotted over the orbital period estimated with TESS light curves on the left, and
over the star effective temperature on the right. The size of the circle is proportional to the size of the planet
candidate, while their color is an estimation of their equilibrium temperature.

while I have estimated the RV uncertainty using the formula (Bouchy et al., 2001):

δVRMS =
c

Q
√
Fs Stel etot

√
2.512Vmag

texp
, (3.2)

where δVRMS represents the uncertainty on the radial velocity change δV , c is the speed of light
(in m s−1), Q is the star quality factor (Q ≈ 7000 for mild active G0 stars), Fs is the integrated
stellar flux (photons cm−2 s−1), Stel is the telescope area, or π

(
3.6m
2

)2 for the TNG, etot is the
total efficiency of the setup (≈ 0.05 for HARPS-N; including atmosphere, telescope, spectrograph
and detector), texp is the exposure time (usually ≈ 15 minutes) and Vmag is the magnitude of the
star in the V band.

Figure 3.1 shows the few remaining candidates from the very first screening. These candidates
still needed to be filtered to minimize any potential time wasted on false positives (possibly signaled
by low transit SNR, transit centroid offsets, V-shaped transits, odd-even transit depth differences,
flux contaminations, etc.) or targets much more challenging than initially thought, often due to
strong stellar variability (seen either in the light curve or in a preliminary spectroscopic follow-up1),
other than candidate multiplicity in the same system. I have used several tools for this screening
process, notably the GLS, BLS and TLS periodograms, as described in Sections 2.3.1 and 2.3.2,
which have been of fundamental importance to measure respectively the level of stellar magnetic
activity and the true strength of the transit signals (along with the river plot depicted in Figure
3.2). At last, the final targets were chosen to try to cover as much parameter space as possible;
in particular, I chose both Warm and Hot Neptunes, mostly corresponding to relatively “long”

1The most important value to estimate via spectroscopic follow-up is v sin i, i.e. the rotational velocity of a star
as observed from Earth, where i is the unknown inclination angle of the star relative to the line of sight. It is an
indication of how active the star is (young stars rotate quicker than old stars because stars lose angular momentum
over time, and younger stars are usually more active), and it’s also an indication of the RV error (as fast rotators
present broader spectral lines).
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3.2. The super-Neptune TOI-1710 b

(Porb > 10 days) and “short” orbital periods (Porb < 10 days), at the same time avoiding any
possible target conflict with other similar follow-up observing groups. However, the target list was
often updated during the past 3 years in order to replace confirmed planets and quickly catch new
promising TOIs. The analyses of the TOI-1422 and TOI-1853 systems have been presented in detail
in Chapters 4 (Naponiello et al., 2022) and 5 (Naponiello et al. 2023, Nature), while the (full or
partial) results for the other targets are detailed in the following sections in chronological order,
aside from the latest targets TOI-5544, TOI-5706 and TOI-5817, whose observations started in 2023
and are still on-going (see Table 3.1 for a summary).

Figure 3.2: Example of river plot for TOI-2106.01, which was part of my screening process. In the river
plot, each transit is displayed as a single row, so that all the transit signals should appear as a vertical
dark river at the center of the plot. Any variation can be an indication of false positives, incorrect periods
estimation or TTVs (due to other stellar or planetary companions).

3.2 The super-Neptune TOI-1710 b

TOI-1710 is a G5V dwarf star which was observed by TESS in Sectors 19-20, 26 and 40, and was
first identified as the host of an exoplanetary candidate in the TESS DV report of early August
2020. The candidate TOI-1710.01 passed all the TESS validation tests and had been measured to
have a radius of ≈ 5.3R⊕ and an orbital period of ≈ 24.3 days. In the framework of the GAPS
project, my collaborators collected 31 high-resolution spectra using the HARPS-N spectrograph
between October 2020 and April 2021, with an extracted RV precision ranging from 0.9 to 3.4m s−1

and a median value of 1.4m s−1, revealing a RMS of 6.1m s−1. Almost in the same time span, a RV
follow-up campaign for TOI-1710 was executed with SOPHIE, a stabilized échelle high-resolution
spectrograph installed at the 1.93-meter telescope of the Observatoire de Haute-Provence in France,
totalling 30 RVs with precisions ranging from 2.3 to 2.9 m s−1, a median value of 2.4 m s−1 and a
similar RMS of 7.4 m s−1. The common purpose of the two independent campaigns was to establish
the planetary nature of the transiting candidate and to characterize its properties. Our results have
been published in König, Damasso, Hébrard, Naponiello, et al. (2022) where the leading author and
I jointly analyzed the HARPS-N and SOPHIE data.
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3.2. The super-Neptune TOI-1710 b

Table 3.1: List of chosen TESS candidates. The first three (TOI-1272, TOI-1422 and TOI-1694) were
selected before the start of the thesis work by the GAPS Neptunian subgroup; however, they have been
analyzed and/or published during this PhD thesis work. (∗) In the Status column, the letters S, MA and
IA stand for, respectively, Selection, Main Analysis and Independent Analysis, and they represent my role
in the published or coming paper.

TOI
Candidate

Orbital
period (days)

Expected
radius (R⊕)

Measured
radius (R⊕)

Expected
mass (M⊕)

Measured
mass (M⊕)

Status
(my role∗)

TOI-1272 b 3.32 4.59 4.14± 0.21 19.15 24.6± 2.3 In-prep (IA)
TOI-1272 c 8.69 – – – > 26.7± 3.1 In-prep (IA)
TOI-1272 d 13.07 – – – > 14.0± 2.7 In-prep (IA)
TOI-1422 b 13.00 3.85 3.96± 0.13 14.64 9.0± 2.3 Published (MA)
TOI-1422 c 29.3 – – – > 11.1± 2.6 Published (MA)
TOI-1694 b 3.77 5.48 5.33± 0.10 25.58 29.2± 1.5 In-prep (MA)
TOI-1694 c 383 – – – > 313± 13 In-prep (MA)
TOI-1710 b 24.28 5.40 5.34± 0.11 24.99 28.3± 4.7 Published (IA)
TOI-1794 b 8.76 2.97 – 9.12 – In-prep (S)
TOI-1803 b 6.29 2.99 – 16.56 – In-prep (S)
TOI-1803 c 12.89 4.22 – 9.21 – In-prep (S)
TOI-1853 b 1.24 3.78 3.46± 0.08 14.22 73.2± 2.7 Published (S+MA)
TOI-2443 b 15.67 2.69 2.72± 0.27 8.31 6.3± 1.3 In-prep (S+MA)
TOI-5076 b 23.44 3.13 3.2± 0.1 10.56 15± 2 Submitted (S+IA)
TOI-5544 b 4.21 3.32 – 11.59 – On-going (S)
TOI-5706 b 0.36 3.41 – 12.09 – On-going (S)
TOI-5817 b 15.61 3.03 – 10.03 – On-going (S)

Figure 3.3: On the left, the TESS light curve is folded in phase with TOI-1710 b’s best-fit model period
of my independent analysis. The binned light curve is shown by black circles, while the black line is the
best-fit of the entire light curve (taking into account both the transits and some modulation). On the right,
both the RVs of HARPS-N (in blue) and SOPHIE (in red) are folded with the same period, while the solid
line represents the best orbital solution.

My collaborators derived the host atmospheric parameters (Teff , the metallicity [Fe/H], the mi-
croturbulence velocity ξ and the surface gravity log g) from the coadded HARPS-N spectra using
the equivalent widths of the iron emission lines (i.e. a measurement of the intensity of a line in the
spectrum) and a grid of model atmospheres. The physical parameters (Rs, Ms and age) have been
estimated fitting the SED and using the isochrones and stellar tracks, while the stellar rotation
period has been estimated via three different methods for an average of <Prot>= 22.5 ± 2.0 days
(however the accuracy of this estimation is unclear; see König et al. 2022 for the details), which is
compatible with the orbital period of the planet candidate. Despite this complication, the planet
contribution to the RV signal is quite evident in the SOPHIE + HARPS-N dataset, and therefore
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3.2. The super-Neptune TOI-1710 b

my collaborators and I were able to confirm the planetary nature of TOI-1710.01 (now TOI-1710 b)
with a combined analysis of the spectroscopic data along with TESS photometry. The detailed anal-
ysis revealed a planet larger than Neptune, Rp = 5.34± 0.11R⊕, with a mass Mp = 28.3± 4.7M⊕

and thus a bulk density of ρp = 0.94 ± 0.22 g cm−3, revolving on a quasi-circular orbit every
24.283429 ± 0.000043 days (Figure 3.3). Due to its relatively long orbital period and eccentricity
compatible with zero (ep = 0.16 ± 0.08), TOI-1710 b may have migrated to its current position
during the disc phase. The dispersion of the RV residuals is higher than expected, probably due to
the rotation period of the star; however, the planet parameters have been proven to be consistent
with other analyses which included different GP kernels for the modelling of stellar activity.

Figure 3.4: Radius-mass diagram of known transiting exoplanets (before the publication date) with equi-
librium temperature Teq between 600 and 1000 K and precise radius-mass measurements. The dashed lines
show the composition models with a relatively cold hydrogen envelope of mass fractions of 10, 20, 30 and
50%. The solar system planets are shown as black dots. Figure courtesy of König et al. 2022.

TOI-1710 b fits well inside a radius-mass diagram (Figure 3.4), and it is slightly beyond Uranus
and Neptune, both in mass and radius, or right below the domain of giant gaseous planets. In
terms of composition, due to a bulk density lower than that of Neptune, TOI-1710 b is likely to
have a thicker gaseous envelope (amounting to 20− 30% of its mass fraction) on top of an ice-rich
core. With an equilibrium temperature of Teq = 687± 50K, it can potentially be a good candidate
for atmospheric characterization by JWST , as it falls in its second quartile rank for transmission
spectroscopy follow-up efforts, although being one of the candidates with the brightest host stars.
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3.3 The multi-planet systems TOI-1272 and TOI-1694

The two systems TOI-1272 and TOI-1694 were unexpectedly chosen as targets also by another group
in their RV follow-up campaign. Specifically, within the TESS -Keck Survey, TOI-1272 was chosen
for an apparent mismatch between the observed transit duration and the expected duration for a
circular orbit (see the upper panel of Figure 3.5), which was interpreted as a sign of possible eccen-
tricity (even if this effect may also be caused by a low value of the impact parameter). Conversely,
TOI-1694 was chosen as a potential host of a distant gas giant, due to elevated RV variability (un-
related to the Neptune-sized candidate TOI-1694 b). Two research papers (MacDougall et al. 2022
and Van Zandt et al. 2023, respectively) have been published while we were still observing these
objects. The HIRES instrument at the Keck Observatory obtained 62 and 20 spectra respectively,
which were enough to confirm the planetary nature of candidates TOI-1272.01 (now TOI-1272 b),
TOI-1694.01 (now TOI-1694 b) along with a companion for each of them, TOI-1272 c and TOI-
1694 c. However, with HARPS-N my collaborators also took 94 and 90 spectra of both stars, and
the combined data set holds additional surprises (Pinamonti, Naponiello et al, in preparation).

Figure 3.5: On the top, the phase-folded transits of TOI-1272 b are shown along with their transit model
fits (in orange), and their expected shape (or duration) for a circular orbit (in blue) – from MacDougall
et al. 2022. On the bottom, the best-fit models (black lines) of HIRES (in red) and HARPS-N (in blue)
RVs, phase-folded respectively for TOI-1272 b, TOI-1272 c and candidate TOI-1272 d (from my preliminary
analysis, but see MacDougall et al. 2022 for a comparison of the first two RV phase plots).

In particular, with HIRES alone, TOI-1272 b was revealed to be a Neptune-like planet with a
radius of 4.1±0.2R⊕, a mass of 24.6±2.3M⊕ and thus a bulk density of 1.9±0.3 g cm−3, revolving
every 3.31599±0.00002 days around its parent star on an elliptic orbit (eb = 0.34±0.06). A strong
secondary signal was also detected and attributed to a non-transiting planet, TOI-1272 c, on a close,
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Figure 3.6: The GLS periodogram of the residuals of the eccentric 2-planet best-fit model for the joint
HIRES+HARPS-N RV data set of TOI-1272, plotted as a function of both days and frequency (1/days)
respectively on the outside and the inside of the circle. The periodogram peaks are represented by columns,
resembling the hands of a clock, with a color scale ranging from blue to green depending on their intensity.
The three circles (dashed, normal and bold) represent the 0.1%, 1% and 10% FAP levels. The highest
peak (f) is identified in red, along with its possible aliases (in black), including those related to the window
function peaks (fw, ordered by intensity). The remaining peaks with a FAP of ≈ 1% are close to the notorious
1-day and 0.5-day window function peaks, with the exclusion of the one at ≈ 14.5 days.

likely circular orbit with Pc = 8.689± 0.008 days and Mc sin i = 26.7± 3.1M⊕ (Figure 3.5). After
the subtraction of the two planetary signals from the RVs, a low-significance residual at 14.1 days
appeared in the GLS periodogram. This peak was identified as the first harmonic (Prot/2) of the ≈
28.3-day stellar rotation, as derived from TESS photometry and the activity indexes extracted by
HIRES (see MacDougall et al. 2022 for the details). With the addition of HARPS-N RVs, the high-
est peak in the GLS of the RV residuals of any 2-planet model (both with free or fixed eccentricity)
is clearly shifted towards a periodicity of ≈ 13.1 days, with very high significance (FAP ≪ 0.01%),
and it is surrounded by other peaks, including one at ≈ 14.5 days (similar to the period identified
by HIRES) as represented by the GLS clock I created (Figure 3.6). According to my preliminary
analysis, a third planet, TOI-1272 d, is more likely to be the source of the 13-day peak, as a simple 3-
planet model appears statistically favoured over any 2-planet model, including one with a GP kernel
to treat the 14.5-days signal as stellar activity. Moreover, the 14.5-days signal is still present in the
RV residuals of the 3-planet model (without GPs), suggesting that the two signals are of different
nature, even though they are close. If TOI-1272 d exists, then its minimum mass is ≈ 15M⊕ and it
would be almost exactly on a 3:2 resonance with TOI-1272 c. In any case, the combined RV data set,
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along with TESS photometry, has allowed me and Pinamonti (paper in prep.) not only to identify a
promising new planet in the system, but also to better constrain the two inner planets parameters,
such as the eccentricity of TOI-1272 b (eb = 0.29±0.04) and the mass of TOI-1272 c (which is a bit
lower than measured with HIRES, at ≈ 21M⊕), and to highlight a potential linear trend in the RVs.

Figure 3.7: On the upper panel, the TESS transits of TOI-1694 b are phase-folded, and their best fit is
displayed by a black line with its residuals below. The bottom panels show, respectively, the best-fit RV
models of TOI-1694 b and TOI-1694 c (with HIRES data in orange and HARPS-N in blue), along with their
residuals. The red points represent averages of the RVs.

Similarly, the early K dwarf star TOI-1694 was also found to host at least two planets with
HIRES data (Van Zandt et al., 2023). TOI-1694 b was revealed to be a super-Neptune of radius
5.44±0.18R⊕ (from the TESS DV report) and mass 26.1±2.2M⊕, at the edge of the hot-Neptune
desert, while TOI-1694 c is a gas giant with the mass of Jupiter (Mc sin i = 1.05± 0.05Mjup) on a
moderate elliptic orbit (ec = 0.18± 0.05) with a long orbital period of 389.2± 3.9 days (therefore,
a Cold Jupiter). In this case, my preliminary joint analysis (Pinamonti, Naponiello in prep.) of
RVs and photometry (which was not performed in Van Zandt et al. 2023), HARPS-N RVs included,
finds better constraints for all the parameters, and no residual signal is present in the data. In
my analysis (refer to Figure 3.7), the eccentricity of TOI-1694 c is lower than previously reported
(ec = 0.135 ± 0.029), while TOI-1694 b is also revealed to be eccentric (eb = 0.123 ± 0.025) and
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thus slightly more massive, Mp = 29.2± 1.5M⊕, with a bulk density of 1.06± 0.08 g cm−3. At the
same time, I have reassessed both the period and the mass of TOI-1694 c (Pc = 382.8 ± 2.4 days,
Mc sin i = 0.98± 0.04Mjup).

3.4 A sub-Neptune orbiting a thick disk star in a wide binary sys-
tem: TOI-5076 b

My collaborators and I observed the nearby K2V star TOI-5076 with HARPS-N from August 2022
to March 2023 and obtained a total of 44 spectra and RVs. TOI-5076 is part of a wide binary system,
with the stellar companion being at 2178 au of distance (which shouldn’t affect the architecture of
its planetary system – Montalto et al, submitted), and is also part of a metal-rich population of
neighbour stars with kinematics that make it consistent with old, thick disk (or thin-to-disk tran-
sition) stars. This makes TOI-5076 b one of the first warm, transiting Neptune-like planets that is
not orbiting around a thin disk star (Biazzo et al., 2022).

The combined analysis of TESS photometry and HARPS-N RVs (see Figure 3.8) reveals that
TOI-5076 b has a radius of 3.2 ± 0.3R⊕, a mass of 15 ± 2M⊕ and thus a bulk density of 2.5 ±
0.8 g cm−3, and it orbits every 23.445 ± 0.001, with a very uncertain eccentricity of eb = 0.2 ± 0.1

(M. Montalto et al, submitted). Using its physical parameters, we can infer that TOI-5076 b is either
a pure water world or it is composed of an Earth-like rocky core (≈ 50% by mass) with a H2O layer
(also ≈ 50% by mass) and possibly a thin layer of H2 envelope on top, though alternatively its core
could also amount for 98% of its mass, with the remaining mass could be packed in a H2 envelope.

Figure 3.8: On the left, the phase-folded transits of TOI-5076 b along with their best-fit in red, and the
residuals at the bottom. On the right, the phase-folded RVs as taken by HARPS-N, along with the best-fit
(black line) and their residuals. Figure courtesy of M. Montalto et al (submitted).
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3.5 The sub-Neptune TOI-2443 b

TOI-2443 is a K dwarf star that my collaborators and I have followed from July 2021 to January
2023, acquiring a total of 96 observations. My preliminary combined analysis of TESS photometry
and HARPS-N RVs (Figure 3.10) uncovers the smallest planet of the sample, a sub-Neptune with
radius 2.72± 0.27R⊕ and mass 6.3± 1.3M⊕, or a bulk density of 1.7± 0.7 g cm−3 (Naponiello et
al, in prep.). Using the GLS periodogram, I found a peak at ≈ 53 days in the logR′

HK, similarly to
the FWHM and the Contrast activity indexes (see Figure 3.9). A peak at ≈ 26.5 (53/2) days can
be found instead in the residuals of the one-planet RV model, along with a weaker, but significant
peak at 13.25 (53/4) days. The corresponding RV signal at 26.5 days has a weak amplitude of
2 − 3m s−1, which is compatible with the activity of a medium-aged star, so together with the
information extracted from the activity indexes, I interpret this peak as being the stellar rotation
period (with the 53 and 13.25 peaks being respectively its 2× and 1/2× harmonics). However, this
weak signal is still comparable in amplitude to the signal of TOI-2443 b, which is orbiting every
15.668662 ± 0.000008 days, or close to Prot/2, therefore in the combined analysis I employed a
quasi-periodic GP (see Section 2.5) to disentangle the two contributions and to better constrain the
planetary parameters. In my preliminary analysis, I found a small (not very significant) statistical
advantage for the eccentric model compared to the circular one. A hint that the orbit might be
eccentric also comes from the stellar density, which in the circular case results to be much lower
than expected (see Section 2.6), although the overall evidence is not yet sufficient to state it with
certainty (since eb = 0.22± 0.10).

Figure 3.9: GLS periodogram results for the RV, FWHM, Contrast and logR′
HK of TOI-2443. The peak

at 53 days is highlighted in red.
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Figure 3.10: Top panel: the TESS transits of TOI-2443 b are phase-folded and their best fit is displayed
by a black line along with its residuals below, in my preliminary joint analysis. Bottom panel: The top part
shows the phased HARPS-N RV measurements together with our best-fitting model (zero-phase corresponds
to the time of mid-transit); the bottom part shows the velocity O–C residuals from the best fit.
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First result as leading author: the TOI-1422 system

The stellar system TOI-1422 was selected as a candidate by the GAPS team (A. S. and A. S. B.)
before the start of this PhD thesis, however the analysis of this Neptune-sized hosting system was
entrusted to myself after the experience gained in analyzing the TOI-1710 system (Section 3.2)
and the fruitful collaboration that lead to its publication (König et al., 2022). In particular, I was
responsible for the combined analysis of both the TESS light curve and HARPS-N RVs. I also
conducted the activity indexes analysis, and I discovered the extra transit in TESS light curve.
Finally, I handled the collaboration with all the co-authors and teams involved, and I wrote the
manuscript. Notably, L.M., A. S. B., A. S. and M. D. supervised the work and contributed to writ-
ing the manuscript. A. S. B. and K.B. determined the stellar parameters, while L. Z. analyzed the
planet’s composition.

Note: the upcoming chapter serves as a continuation of Chapter 3, and has been formatted as
a standalone chapter only for improved indexing visualization.
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Chapter 4

A puffy and warm Neptune-sized planet
and an outer Neptune-mass candidate
orbiting the solar-type star TOI-1422.
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Abstract

Neptunes represent one of the main types of exoplanets and have chemical-physical characteristics
halfway between rocky and gas giant planets. Therefore, their characterization is important for
understanding and constraining both the formation mechanisms and the evolution patterns of plan-
ets. We investigate the exoplanet candidate TOI-1422 b, which was discovered by the TESS space
telescope around the high proper-motion G2 V star TOI-1422 (V = 10.6mag), 155 pc away, with
the primary goal of confirming its planetary nature and characterising its properties. We monitored
TOI-1422 with the HARPS-N spectrograph for 1.5 years to precisely quantify its radial velocity (RV)
variation. We analyse these RV measurements jointly with TESS photometry and check for blended
companions through high-spatial resolution images using the AstraLux instrument. We estimate
that the parent star has a radius of R⋆ = 1.019+0.014

−0.013R⊙, and a mass of M⋆ = 0.981+0.062
−0.065M⊙. Our

analysis confirms the planetary nature of TOI-1422 b and also suggests the presence of a Neptune-
mass planet on a more distant orbit, the candidate TOI-1422 c, which is not detected in TESS light
curves. The inner planet, TOI-1422 b, orbits on a period of Pb = 12.9972 ± 0.0006days and has
an equilibrium temperature of Teq,b = 867 ± 17K. With a radius of Rb = 3.96+0.13

−0.11R⊕, a mass of
Mb = 9.0+2.3

−2.0M⊕ and, consequently, a density of ρb = 0.795+0.290
−0.235 g cm−3, it can be considered a

warm Neptune-sized planet. Compared to other exoplanets of a similar mass range, TOI-1422 b
is among the most inflated, and we expect this planet to have an extensive gaseous envelope that
surrounds a core with a mass fraction around 10% − 25% of the total mass of the planet. The
outer non-transiting planet candidate, TOI-1422 c, has an orbital period of Pc = 29.29+0.21

−0.20 days,
a minimum mass, Mc sin i, of 11.1+2.6

−2.3M⊕, an equilibrium temperature of Teq,c = 661 ± 13K and,
therefore, if confirmed, could be considered as another warm Neptune.
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4.1 Introduction

Exoplanetary science has expanded quickly from the simple detection of new worlds to their in-
depth characterization. This characterization is especially feasible for planets orbiting bright stars
on a plane almost aligned to our line of sight, meaning that their radius and mass can be derived by
transit photometry and radial velocity (RV) measurements, respectively. The population of known
transiting planets has increased significantly in the last two decades, mainly thanks to dedicated
ground-based surveys, which were then followed by surveys from space that turned out to be much
more efficient, considering the total number of discoveries. Thus far, the Kepler and the K2 space
missions (Borucki et al., 2010, Howell et al., 2014) have had a very important impact on the exo-
planet field by discovering thousands of confirmed and candidate planets, many of which are not
amenable to RV follow-up due to the faintness of their host stars. The Transiting Exoplanet Survey
Satellite (TESS ) (Ricker et al., 2014), currently at the end of its first extended mission and with a
second one already proposed, was designed to target nearby and bright stars over a large portion of
the sky (around 85% sky coverage during the primary mission alone) because such stars are easier
to follow up by means of RV, and result in refined measurements of their own exoplanet masses,
atmospheres, sizes, and therefore, densities. The opportunity to use a large exoplanet sample such
as that of Kepler, which is based on homogeneous data and has minimal pollution from false posi-
tives (< 10%, (Fressin et al., 2013)), has allowed us to distinguish between several distinct exoplanet
regimes (Buchhave et al., 2014, Weiss and Marcy, 2014, Zeng et al., 2019): the terrestrial-like planets
(Rp < 1.7R⊕), the gas dwarf planets with rocky cores and hydrogen–helium envelopes, the H2O-
dominated ices and fluid water worlds (both of the latter two classes have 1.7R⊕ < Rp < 3.9R⊕)
and the ice or gas giant planets (Rp > 3.9R⊕).

Planet occurrence around main-sequence stars has been investigated thanks to Doppler surveys (e.g.
(Cumming et al., 2008, Wright et al., 2012)). In particular, the Keck Eta-Earth survey (Howard
et al., 2010) and the CORALIE+HARPS survey (Mayor et al., 2011) first explored the domain of
low-mass (3− 30M⊕) close-in (Porb ∼ 50 days) planets. These planets turned out to be an order of
magnitude more common than giant planets. Other studies for determining the occurrence rates of
planets, based on the Kepler sample, agree that for planets with less than a 1-year orbital period,
their mean number per star is higher within the radius range 1R⊕ < Rp < 4R⊕ rather than the
range 4R⊕ < Rp < 16R⊕, (Fressin et al., 2013, Howard et al., 2012, Petigura et al., 2013). The
subsequent and gradual refinement of parent-star properties (especially thanks to high-resolution
stellar spectra) revealed a clear bimodality of the radius distribution of close-in (P < 100 days),
small-sized (Rp < 4.0R⊕) planets orbiting bright, main-sequence solar-type stars (Fulton and Pe-
tigura, 2018, Petigura et al., 2017, Van Eylen et al., 2018)1. These two quite distinct populations
were identified as ‘super-Earths’ (Rp < 1.5R⊕) and ‘sub-Neptunes’ (Rp = 2 − 3R⊕), which are
also represented in the intermediate region (Rp = 1.5 − 2R⊕) with fewer planets. However, it is
better to stress that, since we do not know for sure what they are made of, the space of physical

1For a possible explanation of the radius gap, see (Modirrousta-Galian et al., 2020)

Luca Naponiello 73



4.1. Introduction

parameters (Rp, Mp), for which the previous terms apply, are not strictly defined.

The advantage of studying transiting planets is the possibility, in many cases, to measure both the
planetary radius and mass, and therefore determine their density and bulk composition. Knowing
the structural properties, one should be able to distinguish among the various scenarios of exo-
planet formation and evolution. Unfortunately, theoretical models (e.g. (Bitsch et al., 2019, Turbet
et al., 2020)) tell us that the mass-radius relationships for small planets present degeneracy due
to the vastness of possible different compositions and amounts of rock, ice, and gas, especially in
the transition between rocky super-Earths and Neptune-like planets (e.g. (Lozovsky et al., 2018,
Miller-Ricci et al., 2009)). A detailed investigation of the mass-radius relation for small planets can
be useful for throwing light on several open questions, such as the diversity of planet core masses
and compositions, or where they form (in situ or beyond the snowline), and the existence of the
radius gap. We refer the reader to the recent review by (Biazzo et al., 2022) for an exhaustive
discussion on this topic. It is therefore clear how RV follow-up observations and planetary-mass
measurements play an important role in understanding this process and why there is currently a
tremendous effort in this field by many teams (e.g. KESPRINT: (Gandolfi et al., 2018); HARPS-N
consortium: (Cloutier and Eastman, 2020); NCORES: (Armstrong et al., 2020); TESS-Keck Survey:
(Chontos and Murphy, 2022); GAPS: (Carleo et al., 2021)) to confirm TESS small-planet candidates.

Probing the chemical composition of the atmosphere of a large number of sub-Neptune planets would
also be helpful to unravel the skein. Various techniques (such as high-resolution spectroscopy, trans-
mission, and emission spectroscopy) have been implemented and applied successfully using the Hub-
ble Space Telescope (HST) instruments or the high-resolution spectrographs mounted on large-class
ground-based telescopes (e.g. CRIRES: (Snellen et al., 2010); HARPS: (Wyttenbach et al., 2015);
LDSS3C: (Diamond-Lowe et al., 2018); GIANO: (Brogi et al., 2018); CARMENES: (Casasayas-
Barris et al., 2019); HARPS-N: (Pino et al., 2020); ESPRESSO: (Borsa et al., 2021)). Unfortunately,
these techniques for probing the planetary atmospheres are currently effectively applicable only to
giant planets, as we know only a few sub-Neptune planets for which the transmission-spectrum
signal can be detected with a sufficient signal-to-noise ratio (S/N) that allows us to discriminate
between different atmospheric models. The featureless transmission spectra of GJ 436 b (Knutson
et al., 2014) and GJ 1214 b (Kreidberg et al., 2014) are emblematic. The situation should improve
soon thanks to the James Webb Space Telescope (JWST) (Barstow et al., 2015), which is about to
go into operation, and with the next generation of space-based and large ground-based telescopes
(Ariel: (Tinetti et al., 2021); ELT: (Ramsay et al., 2021); TMT: (Skidmore et al., 2015)). In the
meantime, it is important that we continue to work to uncover new exoplanets, especially those of
small size (Rp < 5R⊕) that orbit bright (V < 11mag) main-sequence dwarf stars. This is currently
possible thanks to the large number of planet candidates (more than 5000) that TESS is discovering
at the present time. The recent detection of water vapour in the atmosphere of the super-Neptune
TOI-674 b with the HST (Brande et al., 2022) is a successful example of this effort.

On the 6 November 2019, the TESS target star TIC 333473672 was officially named TOI-1422
(TESS Object of Interest; (Guerrero et al., 2021)), following the Data Validation Report Summary
(DRS) produced by the TESS Science Processing Operations Center (SPOC) (Jenkins et al., 2016)
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pipeline at the NASA Ames Research Center through the Transiting Planet Search (TPS; (Jenkins,
2002, Jenkins et al., 2010, 2020)) and Data Validation (DV; (Twicken et al., 2018), (Li et al., 2019))
modules. In particular, TOI-1422 01 was flagged as a potential planet with an orbital period of
13.0020 ± 0.0040 days, a transit depth of 1422 ± 94 ppm (parts per million), and a corresponding
radius of 3.85 ± 0.90R⊕, which is compatible with Neptune’s radius. The candidate passed all
SPOC DV diagnostic tests, and, furthermore, all TIC (version 8) objects other than the target
star were excluded as sources of the transit signal through the difference image centroid offsets
(Twicken et al., 2018). The long-term, multi-programme Global Architecture of Planetary Systems
(GAPS) (Covino et al., 2013, Poretti et al., 2016) exploits Doppler measurements taken with the
High Accuracy Radial velocity Planet Searcher for the Northern hemisphere (HARPS-N) (Cosentino
et al., 2012) instrument at the Telescopio Nazionale Galileo (TNG) in La Palma (Spain). This high-
resolution spectrograph (resolving power R ≈ 115 000) delivers the highest RV precision (∼ 1 m
s−1) currently achievable in the northern hemisphere. One of the aims of the GAPS programme
is to confirm and obtain an accurate mass determination of planets having an intermediate-mass
between super-Earths and super-Neptunes; for this reason, TOI-1422 was selected for RV follow-up
observations, which started in June 2020.

In the present work, we report the results of our measurements and analyses that allowed us to
confirm TOI-1422 as a new planetary system. The paper is organized as follows: Section 4.2 contains
the details of the instruments, and the photometric and RV measurements; the results of our
analyses are presented in Sect. 4.3 and discussed in Sect. 4.4; and we finally address the conclusions
in Sect. 4.5.

4.2 Observations and data reduction

4.2.1 TESS photometry

Since late July 2018, TESS has observed more than 200 000 stars with its four wide-field optical
Charged-Coupled Devices (CCD) cameras (24 × 96 degrees), each having a focal ratio of f/1.4

and a broad-band filter range between 600 and 1000 nm. The pre-selected target TIC 333473672
was observed in Sectors 16 and 17 between 11 September 2019 and 2 November 2019, and the
first of a total of four transiting events were recorded on 19 September 2019. The two-minute
cadence photometry of TOI-1422 from TESS spans a total of ≈ 50 days and to analyse it, we used
the Presearch Data Conditioning Simple Aperture Photometry (PDC-SAP; (Stumpe et al., 2012,
2014), (Smith et al., 2012)) light curve, which is provided by the TESS SPOC pipeline and retrieved
through the Python package lightkurve (Lightkurve Collaboration et al., 2018) from the Mikulski
Archive for Space Telescopes (MAST). We jointly fitted the transit model and a Gaussian process
(GP) using a simple (approximate) Matern kernel, which was implemented in the Python modelling
tool juliet2 (Espinoza et al., 2019) via celerite (Foreman-Mackey et al., 2017), of the form:

k(τi,j) = σ2
GPM(τi,j , ρ) + (σ2

i + σ2
w) δi,j , (4.1)

2https://juliet.readthedocs.io
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where σi is the error bar of the i-th data point, σGP the amplitude of the GP in parts per million
(ppm), σw an added jitter term (in ppm), δi,j the Kronecker’s delta, k(τi,j) the element i,j of the
covariance matrix as a function of τi,j = |ti− tj |, with ti and tj being the i,j GP regressors (i.e. the
observing times), while

M(τi,j , ρ) = (1 + 1/ϵ) e−[1−ϵ]
√
3τi,j/ρ + (1− 1/ϵ) e−[1+ϵ]

√
3τi,j/ρ (4.2)

is the kernel with its characteristic time scale ρ. The parameter ϵ controls the quality of the
approximation since, in the limit ϵ → 0, Eq. (4.2) becomes the Matern-3/2 function. In juliet,
the possible polluting sources inside the TESS aperture3 (Fig. 4.1), which might result in a smaller
transit depth compared to the real one, are taken into account with a dilution factor (D) that, in this
case, has been neglected because the PDC-SAP photometry is already corrected for dilution from
other objects contained within the aperture using the Create Optimal Apertures (COA) module
(Bryson et al., 2010, 2020)4. In order to efficiently sample the whole plausible zone in the (b, k)

plane, where b is the impact parameter and k is the planet-to-star radius ratio, we used the (r1, r2)

parametrization described in (Espinoza, 2018). This is the same approach that we adopted for
the modelling of the transits in the joint analysis with the RVs (see Sect. 4.3.3). Moreover, here
we make use of the limb-darkening parametrizations of (Kipping, 2013) for two-parameter limb-
darkening laws (q1, q2 → u1, u2).

The PDC-SAP light curve of TOI-1422 and its detrending are plotted in Fig. 4.2. We also analysed
the SPOC SAP photometry (Morris et al., 2020, Twicken et al., 2010), which presents a small
long-term variability that might be due to systematics, but no other feature or modulation can be
discerned within the experimental uncertainties, aside from a possible single extra transit event,
which is discussed at the end of Sect. 4.3.4, and a steep flux drop at the end of both the SAP and
PDC-SAP light curves, which are probably due to high levels of background noise.

4.2.2 High-spatial resolution imaging - AstraLux

We observed TOI-1422 with the AstraLux high-spatial resolution camera (Hormuth et al., 2008),
located at the 2.2 m telescope of the Calar Alto Observatory (CAHA, Almería, Spain) using the
lucky-imaging technique. This technique obtains diffraction-limited images by acquiring thousands
of short-exposure frames and selecting those with the highest Strehl ratio (Strehl, 1902) to finally
combine them into a co-added high-spatial resolution image. We observed this target on the night
of 29 September 2021 under good weather conditions with a mean seeing of 1 arcsec, and obtained
50 000 frames with 20 ms exposure time in the Sloan Digital Sky Survey z filter (SDSSz), with
a field of view windowed to 6 × 6 arcsec. The datacube was reduced by the instrument pipeline
(Hormuth et al., 2008) and we selected the best quality 10% frames to produce the final high-
resolution image. We obtained the sensitivity limits of the co-added image by using our own

3tpfplotter is a python package developed by J. Lillo-Box and publicly available on
www.github.com/jlillo/tpfplotter.

4Since the release of the light curve products from Year 2, the SPOC background estimation algorithm has been
updated due to an over-correction bias, which was significant for dim and/or crowded targets. For this particular
TOI, we estimated this over-correction to be negligible for the planetary radius estimation as it is significantly smaller
than the transit depth uncertainty.
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Figure 4.1: Target pixel file from the TESS observation of Sector 16, made with tpfplotter (Aller et al.,
2020) and centred on TOI-1422, which is marked with a white cross. The SPOC pipeline aperture is shown
by shaded red squares, and the Gaia satellite eDR3 catalogue (Brown et al., 2018, Prusti et al., 2016) is also
overlaid with symbol sizes proportional to the magnitude difference with TOI-1422. The difference image
centroid locates the source of the transits within 1.89± 5 arcsec of the target star’s location, as reported by
the TicOffset for the multi-sector DV report for this system.

Figure 4.2: Light curve of TOI-1422 as collected by TESS in Sectors 16 and 17 with a 2-minute cadence.
Top panel: Light curve from the PDC-SAP pipeline. The black line represents the best-fit model obtained
through GP detrending, as detailed in Sect. 4.2.1. Bottom panel: Residuals of the best-fit model in parts
per million.
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developed astrasens package5 with the procedure described in (Lillo-Box et al., 2012, 2014). The
5σ sensitivity curve is shown in Fig. 4.3. We could discard sources down to 0.2 arcsec with a
magnitude contrast of ∆Z < 4 mag, corresponding to a maximum contamination level of 2.5%. By
using this high-spatial resolution image, we also estimated the probability of an undetected blended
source. This probability (fully described in (Lillo-Box et al., 2014)) is called the blended source
confidence (BSC). We used a python implementation of this approach (bsc, by J. Lillo-Box), which
uses the TRILEGAL6 galactic model (v1.6; Girardi et al., 2012) to retrieve a simulated source
population of the region around the corresponding target7. This simulated population was used to
compute the density of stars around the target position (radius r = 1◦) and derive the probability
of chance alignment at a given contrast magnitude and separation. When applied to the TOI-1422
location, we used a maximum contrast magnitude of ∆mb,max = 6.97 mag in the SDSSz passband,
corresponding to the maximum contrast of a blended eclipsing binary that could mimic the observed
transit depth of planet b (∼ 1000 ppm). Thanks to our high-resolution image, we estimated the
probability of an undetected blended source to be 0.28%. The probability of such an undetected
source being an appropriate eclipsing binary was thus even lower and consequently, we could assume
that the transit signal was not due to a blended eclipsing binary.

4.2.3 HARPS-N radial velocities

Between June 2020 and January 2022, we collected a total of 112 RV measurements of TOI-1422
with HARPS-N (Table 4.3). The RVs were calculated using the TERRA pipeline (Anglada-Escudé
and Butler, 2012), version 1.8, through the YABI workflow interface (Hunter et al., 2012), which is

0.0 0.5 1.0 1.5 2.0
Angular Separation [arcsec]

8

6

4

2

0

Co
nt

ra
st

 [
m

ag
]

mmax =  -6.97 mag

P(blended source) = 0.279%

BSC for TIC333473672 b

2

4

6

8

10

12

P a
li
gn

ed
(×

10
-3

)

Figure 4.3: Blended source confidence (BSC) curve from the AstraLux SDSSz image (solid black line). The
color on each angular separation and contrast bin represent the probability of a source aligned at the location
of the target, based on the TRILEGAL model. The horizontal dotted line shows the maximum contrast of a
blended binary that is capable of imitating the planet’s transit depth. The green region represents the regime
that is not explored by the high-spatial resolution image. The BSC curve corresponds to the integration of
Paligned over this region.

5https://github.com/jlillo/astrasens
6http://stev.oapd.inaf.it/cgi-bin/trilegal
7This is done in python by using the astrobase implementation by (Bhatti et al., 2020).

Luca Naponiello 78

https://github.com/jlillo/astrasens
http://stev.oapd.inaf.it/cgi-bin/trilegal


4.3. System characterization

maintained by the Italian center for Astronomical Archive (IA2). TERRA is an algorithm based on
the template matching technique, and is preferred for the RVs retrieval in this paper over the stan-
dard Data Reduction Software (DRS) pipeline, which returned a slightly lower overall RV precision8

on this target. We used the RVs calculated using all the spectral orders, and from the full sample
of RVs, we removed four points following Chauvenet’s criterion. TERRA RVs have an average mea-
surement error of 2.6m s−1, a root mean square error of 4.5m s−1, and a S/N≈ 35, measured at a
reference wavelength of 5500 Å. A long linear trend is evident in HARPS-N RV data, as we discuss
in Sect. 4.3.2.

TOI-1422 was also observed with the SOPHIE instrument, a stabilized échelle spectrograph mounted
at the 193-cm Telescope of Observatoire de Haute-Provence in France ((Perruchot et al., 2008),
(Bouchy, F. et al., 2013)). However, for signals of low semi-amplitudes such as those we discuss in
this work, the RV measurements of SOPHIE, due to higher uncertainties compared to HARPS-N,
do not increase the significance of the results presented in Sect. 4.5, and therefore have not been
utilized.

4.3 System characterization

4.3.1 Parent star

From the co-added spectrum built from individual HARPS-N spectra extracted with the standard
DRS pipeline, we derived the following atmospheric parameters of the planet’s host star TOI-1422:
effective temperature Teff , surface gravity log g, microturbulence velocity ξ, iron abundance [Fe/H],
and rotational velocity υ sin i⋆. For Teff , log g, ξ, and [Fe/H], we applied a method based on equiv-
alent widths of iron lines taken from (Biazzo et al., 2015) and the spectral analysis package MOOG
((Sneden, 1973); version 2017). The (Castelli and Kurucz, 2003) grid of model atmospheres was
adopted. Teff and ξ were derived by imposing that the abundance of Fe i was not dependent on
the line excitation potentials and the reduced equivalent widths (i.e. EW/λ), respectively, while
log g was obtained by imposing the Fe i/Fe ii ionization equilibrium condition. The υ sin i⋆ was
measured with the same MOOG code, by applying the spectral synthesis of three regions around
5400, 6200, and 6700Å, and adopting the same grid of model atmosphere after fixing the macrotur-
bulence velocity to the value of 3.4 km s−1 from the relationship by (Doyle et al., 2014). From these
results, the star can be classified as a G2V dwarf with a low projected rotation velocity υ sin i⋆

of 1.9 ± 0.8 km s−1, implying a maximum rotation period of 27+19
−8 d at 1σ. Analogously, using an

empirical relation based on the Full Width at Half Maximum (FWHM)9 derived by the HARPS-N
DRS, we find υ sin i⋆ ∼ 2.2 km s−1.

The field of TOI-1422 was also observed in 2004, 2006, and 2007 during the WASP transit-search
survey (Pollacco et al., 2006). A total of 20 000 photometric data points were obtained by observing
the field every ∼ 15 min on clear nights, over spans of ∼ 120 days in each year. We searched the data

8For a comparison of the performances of TERRA vs DRS see (Perger, M. et al., 2017)
9This relation was calibrated using a set of well-aligned transiting exoplanet systems, for which we could infer

υ sin i⋆ as equal to their equatorial velocities. We estimate the equatorial velocities from the stellar radii and rotational
period, and correlated these values directly to the FWHMs.
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Figure 4.4: Spectral energy distribution computed for TOI-1422, where the black curve is the most likely
atmospheric stellar model and the blue dots correspond to the model fluxes over each passband. The
horizontal and vertical red error bars represent, respectively, the effective width of the passbands and the
reported photometric measurement uncertainties (refer to the magnitudes in Table 4.1).

for any rotational modulation using the methods from (Maxted et al., 2011) and found no significant
periodicity between 1 and 100 days, with a 95%-confidence upper limit on the amplitude of 2 mmag.
The TESS light curve shows no modulation either (Sect. 4.2.1), confirming that the star is rather
magnetically quiet over a period of ∼ 100 days. Moreover, the spectrum of TOI-1422 clearly shows
a lithium line at λ = 6707.8Å. We therefore estimated the lithium abundance logA(Li)NLTE by
measuring the lithium EW and considering our Teff , log g, ξ, and [Fe/H] previously derived together
with the NLTE corrections by (Lind et al., 2009). The value of the lithium abundance is listed in
Table 4.1 and its position in a logA(Li)-Teff diagram is compatible with the M67 open cluster
advanced age (∼ 4.5Gyr; see (Pasquini et al., 2009)) in agreement with the star’s low activity level.
The physical parameters of TOI-1422 are also displayed in Table 4.1 and were determined with
the EXOFASTv2 Bayesian code (Eastman et al., 2017, 2019), by fitting the stellar spectral energy
distribution (SED) and by employing the MESA Isochrones and Stellar Tracks (Dotter, 2016) to
more precisely constrain the stellar mass. In addition, in the table we report the stellar magnitudes
used for the SED modelling, while the SED best fit is shown in Fig. 4.4. Gaussian priors were
imposed on the Gaia eDR3 parallax (Gaia Collaboration, 2021) as well as on the Teff and [Fe/H],

as derived above from the analysis of the HARPS-N spectra. An upper limit was set on the V -band
extinction, AV, from reddening maps (Schlafly and Finkbeiner, 2011, Schlegel et al., 1998).

4.3.2 RV and activity indexes periodogram analysis

We computed the generalized Lomb-Scargle (GLS) periodogram for the HARPS-N RVs and dif-
ferent stellar activity indexes10 using the Python package astropy v.4.3.1 (Price-Whelan and The
Astropy Collaboration, 2018). The periodogram of the RVs shows the main peak around 29 days,
and a significant peak at 13 days (TOI-1422 b transiting period), after correcting for a linear trend

10The FWHM and the Bisector inverse span (BIS) are calculated using the cross correlation function (CCF)
derived by the DRS pipeline. We also analysed the chromospheric logR′

HK index, and additional activity di-
agnostics derived from the spectroscopic lines He I, Na I, Ca I, Hα06 and Hα16 as defined in the code ACTIN
(https://github.com/gomesdasilva/ACTIN v.1.3.9, (Gomes da Silva et al., 2018), which has been used for the
calculation. In particular, the two H-alpha indices have 1.6 and 0.6Åband-pass width, respectively.
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Table 4.1: TOI-1422 parameters.

Parameter Unit Value Source

Cross-identifications
TOI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . TOI-1422 TOI catalogue
TIC ID . . . . . . . . . . . . . . . . . . . . . . . . . . 333473672 TIC
Tycho . . . . . . . . . . . . . . . . . . . . . . . . . . . 3235-00524-1 Tycho
2MASS ID . . . . . . . . . . . . . . . . . . . . . . . J23365789+3938218 2MASS
Gaia ID . . . . . . . . . . . . . . . . . . . . . . . . . . 1920333449169516288 Gaia eDR3

Astrometric properties
R.A. . . . . . . . . . . . . . . . . . . . . . J2016 354.240817 Gaia eDR3
Dec . . . . . . . . . . . . . . . . . . . . . . J2016 +39.639275 Gaia eDR3
Parallax . . . . . . . . . . . . . . . . . mas 6.4418± 0.0138 Gaia eDR3
µα . . . . . . . . . . . . . . . . . . . . . . . mas yr−1 −67.564± 0.015 Gaia eDR3
µδ . . . . . . . . . . . . . . . . . . . . . . . mas yr−1 −31.180± 0.011 Gaia eDR3
Distance . . . . . . . . . . . . . . . . . pc 154.56+0.037

−0.027 VizieR

Photometric properties
BT . . . . . . . . . . . . . . . . . . . . . . mag 11.31± 0.07 Tycho
VT . . . . . . . . . . . . . . . . . . . . . . . mag 10.62± 0.05 Tycho
J . . . . . . . . . . . . . . . . . . . . . . . . mag 9.585± 0.022 2MASS
H . . . . . . . . . . . . . . . . . . . . . . . mag 9.275± 0.030 2MASS
KS . . . . . . . . . . . . . . . . . . . . . . mag 9.190± 0.022 2MASS
i′ . . . . . . . . . . . . . . . . . . . . . . . . mag 10.311± 0.075 APASS
W1 . . . . . . . . . . . . . . . . . . . . . . mag 9.161± 0.023 AllWISE
W2 . . . . . . . . . . . . . . . . . . . . . . mag 9.201± 0.020 AllWISE
W3 . . . . . . . . . . . . . . . . . . . . . . mag 9.161± 0.033 AllWISE
AV . . . . . . . . . . . . . . . . . . . . . . mag < 0.077 This work

Stellar parameters
L⋆ . . . . . . . . . . . . . . . . . . . . . . . L⊙ 1.116± 0.037 This work
M⋆ . . . . . . . . . . . . . . . . . . . . . . M⊙ 0.981+0.062

−0.065 This work
R⋆ . . . . . . . . . . . . . . . . . . . . . . . R⊙ 1.019+0.014

−0.013 This work
Teff . . . . . . . . . . . . . . . . . . . . . . K 5840± 62 This work
log g⋆ . . . . . . . . . . . . . . . . . . . . cgs 4.41± 0.11 This work
ξ . . . . . . . . . . . . . . . . . . . . . . . . km s−1 0.89± 0.07 This work
[Fe/H] . . . . . . . . . . . . . . . . . . . dex −0.09± 0.07 This work
Spectral type(a) . . . . . . . . . . G2 V This work
ρ⋆ . . . . . . . . . . . . . . . . . . . . . . . . g cm−3 1.3± 0.1 This work
υ sin i⋆ . . . . . . . . . . . . . . . . . . . km s−1 1.7± 0.4 This work
logA(Li)NLTE . . . . . . . . . . . . 1.97± 0.05 This work
logR′

HK . . . . . . . . . . . . . . . . . . dex −4.95± 0.03 This work
Age . . . . . . . . . . . . . . . . . . . . . . Gyr 5.1+3.9

−3.1 This work
References: TESS Primary Mission TOI catalogue (Guerrero et al., 2021); TIC (Stassun, 2019,
Stassun et al., 2018); Tycho (Høg et al., 2000); 2MASS (Skrutskie et al., 2006); Gaia eDR3 (Gaia
Collaboration, 2021); AllWISE (Cutri et al., 2021); APASS (Henden et al., 2015); VizieR Online

Data catalogue (Bailer-Jones et al., 2021).
Notes: Spectral type defined according to the stellar spectral classification of (Gray and Corbally,

2009).
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Figure 4.5: GLS periodogram of HARPS-N RVs and of various activity indexes specified in the labels,
after the removal of a linear trend (Sect. 4.3.2). The main peak of the RV GLS periodogram and that of
the TOI-1422 b period are highlighted with a green and a red dashed line, respectively. They do not overlap
with any of the peaks from the indexes, which in general do not suggest any clear stellar rotation period.
The period corresponding to the highest peak in the RV GLS periodogram, and its False Alarm Probability
(FAP), are written on the top of the first panel, while the horizontal dashed lines remark the 10% and 1%
confidence levels (evaluated with the bootstrap method), respectively. The three peaks surrounding the RVs
main frequency can all be explained as aliases of the 29-day signal due to the two highest frequencies of the
window function (190 and 390.3 days, as shown in Fig. 4.16 and Fig. 4.17).

of ∼ 4m s−1 yr−1, observed in HARPS-N data. No index shows signs of the 29-day periodicity, but
a linear trend is also present in the FWHM and logR′

HK (see Fig. 4.15), with the former correlat-
ing the most with the RVs, unveiling a moderate Spearman coefficient (Spearman, 1904) of 0.41

(p-value 0.01%). Therefore, in order to explain the nature of the main peak in the RVs, we present
the GLS periodogram of these coefficients posterior to the removal of their linear trends in Fig. 4.5
(see Fig. 4.16 for a closer look at the RVs panel), but again no trace of the 29-day signal is found.
We also performed a GP regression analysis, using a quasi-periodic model, of the logR′

HK index
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Figure 4.6: GLS periodogram of the transiting one-planet model RV residuals. The main peak is highlighted
in red and corresponds to a period of 29.2 days, with a FAP of 0.45% (evaluated with the bootstrap method),
while the horizontal dashed lines show the 10% and 1% confidence levels.

corrected for the linear trend over the time series, and find no evidence of any particular periodic
modulation in the posterior distribution of the periodic time-scale hyper-parameter. In short, there
is no evidence pointing to a specific periodic rotation of the star TOI-1422, other than the tentative
estimation from υ sin i⋆.

A query from the Gaia eDR3 archive returns astrometric excess noise and renormalized unit weight
error (RUWE) values of 80 µas and 1.09, respectively, for TOI-1422. Thus, the star is astrometrically
quiet. The analysis of Sect. 4.2.2 rules out the existence of obvious sub-arcsec stellar companions,
and no co-moving objects are present in Gaia eDR3 data in a 600 arcsec radius. The linear trend
seen in the RV data, along with a few activity indexes, can therefore be explained by long star
magnetic activity, rather than by the presence of a companion11.

4.3.3 RV and photometry joint analysis

A joint transit and RV analysis was carried out with juliet, which employs different Python tools:
batman12 (Kreidberg, 2015) for the modelling of transits, RadVel13 (Fulton et al., 2018) for the
modelling of RVs, and stochastic processes, which are treated as GPs with the packages george14

(Ambikasaran et al., 2015) and celerite15. The RV model that we used in juliet is the following:

M(t) = K(t) + ϵ(t) + µ+A t+B , (4.3)

where ϵ(t) is a noise model for the HARPS-N instrument, here assumed to be white-gaussian
noise, in other words ϵ(t) ≈ N(0, σ(t)2+σ2

w), with σ(t)2 being the formal uncertainty of the RV point

11In this case, at a projected separation of 0.1 arcsec (∼ 15 au at the distance of TOI-1422), the lower limit of
the AstraLux imaging data, a maximum RV slope of the magnitude measured in this work would be produced by a
companion of ∼ 30MJup (i.e. either a very low-mass star or a massive sub-stellar companion).

12https://lweb.cfa.harvard.edu/~lkreidberg/batman
13https://radvel.readthedocs.io
14https://george.readthedocs.io
15https://celerite.readthedocs.io
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4.3. System characterization

Figure 4.7: RV measurements of TOI-1422 versus time are shown on the top panel, while their residuals
over the model fit are in the bottom panel. The circles with blue error bars are the RV data taken with
HARPS-N. The large and small error bars indicate σt and σw (the added jitter term), respectively. In the
top panel, the black line represents the two-planet model fit.

at time t, σ2
w being an added jitter term, and N(µ, σ2) denoting a normal distribution with mean

µ and variance σ2. K(t) is the Keplerian model of the RV star perturbations due to the orbiting
planet, µ is the systemic velocity linked to the instrument, and the coefficients A, B (also referred to
as RV slope and RV intercept) represent an additional linear trend used for modelling non-Keplerian
signals with a period longer than the observation span. For a total number of data points N , we
assumed the model likelihood to follow the likelihood of an N -dimensional multi-variate Gaussian:

ln p(y⃗|θ⃗) = −1

2
[N ln 2π + ln |Σ|+ r⃗TΣ−1r⃗] , (4.4)

where y⃗ and θ⃗ are vectors containing, respectively, all the RV data points and instrumental
parameters, while r⃗ is the residual vector given by

r (ti) = y (ti)−M (t) . (4.5)

The elements of the covariance matrix Σ are:

Σ(ti, tj) = k(µi, µj) + (σ2
w + σ2

t )δti,tj , (4.6)

with k equal to any GP kernel model, or zero for a pure white-noise one. In order to estimate
the Bayesian posteriors and evidence, Z, of different models, we used the dynamic nested sampling
package dynesty (Speagle, 2020), which adaptively allocates samples based on a posterior structure
and, at the same time, estimates evidence and sampling from multi-modal distributions. In general,
dynamic nested sampling algorithms sample a dynamic number of live points from the prior ‘vol-
ume’ and sequentially replace the point with the lowest likelihood with a new one, while updating
the Bayesian evidence by the difference ∆Z. Usually, the stopping criterion is a defined value of
∆Z, below which the algorithm is said to have converged (∆Z ≈ 0.5). However, here we used the
default criterion described in Sect. 3.4 of (Speagle, 2020).
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In order to reveal the transiting object suggested by the TESS light curve, we first ran the RV and
photometry joint analysis with a simple one-planet model, using the parameters in the DVR pro-
duced by the SPOC pipeline as transit-related priors, both with a fixed null and uniformly-sampled
eccentricity via the parametrization S1 =

√
e sinω, S2 =

√
e cosω, which is described in (Eastman

et al., 2013). All the priors are defined in Table 4.4. In particular, we set Gaussian priors on both
the limb-darkening coefficients (from (Claret, A., 2017)) and the star mean density ρ⋆ (from Sect.
4.3.1), which was implemented here instead of the scaled semi-major axis, a/R⋆, because the latter
can be recovered using Kepler’s third law using only the period of the respective planet, which is a
direct result of any juliet run. In this way, from the single value of ρ⋆ we can evenly derive a/R⋆

in the case of multiple planets.

The best one-planet RV model fit is found with e = 0 (∆ lnZeb=0
eb ̸=0 = 0.7), but the scatter of

the residuals is higher than the average photon-noise uncertainties for this kind of star. In fact,
the same peak of 29 days, which was found in the RV GLS periodogram, is also distinctly found
in the residuals of the transiting one-planet model (see Fig. 4.6). Consequently, we proceeded
to test two-planet models, whose priors are summed in Table 4.5. Since they have comparable
statistical significance (∆ lnZeb,c=0

eb,c ̸=0 = 0.4), we use the results of the eccentric model for the rest
of the paper. The two-planet eccentric model is plotted on top of the RVs in Fig. 4.7, along with
its residuals. TOI-1422 b RV semi-amplitude and orbital period are found to be Kb = 2.47+0.50

−0.46

m/s and Pb = 12.9972 ± 0.0006 days, respectively. The second planet, candidate TOI-1422 c,
has an RV semi-amplitude of Kc = 2.36+0.42

−0.40 m/s, orbital period of Pc = 29.29+0.21
−0.20 days and

T0,c = 2458776.6± 4.6 BJD (see the posteriors in Fig. 4.14 and Table 4.6). The eccentricities turn
out to be eb = 0.04+0.05

−0.03 and ec = 0.14+0.17
−0.10, but it is important to note that when they are fixed

to zero, the orbital parameters of TOI-1422 b and TOI-1422 c remain, within 1-σ, compatible with
those of the eccentric model.

4.3.4 Results

TOI-1422 c’s orbital period explains both the main peak found in the residuals of the one-planet
model (Fig. 4.6) and in the RV GLS periodogram (Fig. 4.5); it is also in 9:4 orbital resonance with
the first planet. The difference between the Bayesian evidence of the two-planet eccentric model and
the one-planet model (∆ lnZ2p

1p = 5.1) is barely above the very strong evidence threshold defined
in (Kass and Raftery, 1995) (∆ lnZ > 5), so even if the existence of candidate planet c remains
unproven, we believe the two-planet model is currently the better one to explain the 29-day sig-
nal observed in the RVs, due to the lack of evidence of star activity. Furthermore, the two-planet
analysis was replicated with different numbers of data points in order to understand how and if
new measurements were impacting the significance of the second planet detection. As shown in
Fig. 4.11, both the RV semi-amplitude and the period seem to stabilize after ≈ 60 measurements,
which matches the beginning of the second observation season, while the significance of the 29-day
peak also grows (Fig. 4.18). It is noteworthy to mention that the GLS periodogram of the residuals
of the two-planet model does not show peaks below 50% FAP, and hence does not suggest the
presence of additional detectable signals.

A phase-folded plot of both the transit and the RVs is shown in Fig. 4.9 for the eccentric two-
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Figure 4.8: Residuals for the mid-transit timings of TOI-1422 b versus a linear ephemeris, with 1-σ error
bars, are plotted in black. The green circles, red diamonds, and blue stars represent TTV predictions in the
cases of null, average, or maximum eccentricities, respectively, with the error bars showing the uncertainty
due to T0,c (see Table 4.2). The points have been slightly shifted on the x-axis to allow for more visibility.

planet model. The radius for TOI-1422 b was calculated with the transformations provided by
(Espinoza, 2018) and, using the stellar radius from Sect. 4.3.1, its revised value turns out to be
Rb = 3.96+0.13

−0.11R⊕. Using the stellar radius from Table 4.1, we derived the mass of both objects to
be Mb = 9.0+2.3

−2.0M⊕ and Mc sin ic = 11.1+2.6
−2.3M⊕. Their final parameters are reported in Table 4.2.

An independent joint analysis of the HARPS-N RVs and TESS photometry, after the transits were
normalized through a local linear fitting, was also performed with a DE-MCMC method (Eastman
et al., 2013, 2019), following the same implementation as in (Bonomo et al., 2014, 2015). The
obtained results are consistent, within 1-σ, with those reported in Table 4.2.

In order to evaluate possible transit time variations (TTVs) due to the influence of candidate TOI-
1422 c over TOI-1422 b, we plot the four mid-transit times minus their expected values (based on
the two-planet eccentric model) in Fig. 4.8, along with different TTV predictions made with the
code described in (Agol and Deck, 2016). Unfortunately, there are not enough transits to draw
any conclusions, as all the delays are compatible with zero within 1-σ. Therefore, further precise
monitoring of TOI-1422 b transits is encouraged in order to confirm the existence of TOI-1422 c
and, overall, better characterize the planetary system.

4.3.5 Other transit events

In the search for TOI-1422 c transits, we found a possible single transit-like event around 2 458 756.35
BTJD days, as shown in Fig. 4.10, which can not be related to either TOI-1422 b or TOI-1422 c.
We fitted this potential transit using the light curve from the pipeline PATHOS (Nardiello et al.,
2019) and retrieved a possible radius of Rd = 2.82+0.38

−0.05R⊕, which is compatible with the transit
depth observed in the PDC-SAP and SAP light curves as well. The duration of the transit sug-
gests an orbital period longer than that for TOI-1422 c, but this is very uncertain, while the lack
of other transits in the TESS light curve suggests an orbital period between 17-22, or longer than,
35 days, thus incompatible with that of TOI-1422 c. PATHOS is a PSF-based approach to TESS
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Figure 4.9: TESS light curve and RV curves phase-folded. Top panel: TOI-1422 b transit, compared to
the best-fitting model. Bottom panels: HARPS-N RV data phase-folded to the period of planet b (middle)
and candidate c (bottom), along with their residuals over the model. The red circles represent the average
value of phased RV data points.
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Figure 4.10: PDC-SAP and PATHOS light curves. Top panel: TOI-1422 b transits highlighted in red
in the PDC-SAP light curve, and the expected TOI-1422 c transits, with their uncertainties, highlighted
in blue. A single planetary-transit event is also marked with a vertical line green, and is discussed at the
end of Sect. 4.3.4). Bottom panel: Single transit-like event as seen in the PATHOS light curve and the
corresponding fit.

Figure 4.11: RV semi-amplitude K and orbital period P , along with their 1-σ error bars, for candidate
planet c, as functions of the number of data points used for the two-planet eccentric model analysis with
juliet.
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Table 4.2: Best-fit median values, with upper and lower 68% credibility bands as errors, of the fitted
and derived parameters for TOI-1422 b and TOI-1422 c, as extracted from the posterior distribution of the
two-planet eccentric model (Table 4.6 and Fig. 4.14).

TOI-1422 b TOI-1422 c

Transit and orbital parameters

K (m s−1). . . . . . . . . . . . . . . . . . . . . . . . . 2.47+0.50
−0.46 2.36+0.42

−0.40

Porb (days) . . . . . . . . . . . . . . . . . . . . . . . . 12.9972± 0.0006 29.29+0.21
−0.20

T0 (BJD) . . . . . . . . . . . . . . . . . . . . . . . . . 2 458 745.9205+0.0012
−0.0011 2 458 776.6+4.6

−4.5

T14 (hours). . . . . . . . . . . . . . . . . . . . . . . . 4.52± 0.16 –
Rp/R⋆ . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.0356+0.0007

−0.0005 –
b . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.19+0.11

−0.10 –
i (deg) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89.52+0.26

−0.28 –
a/R⋆ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22.72+0.31

−0.40 39.05+0.50
−0.73

q1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.28+0.11
−0.08 –

q2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.30+0.05
−0.05 –

√
e sinω . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.018+0.108

−0.095 0.120+0.221
−0.233√

e cosω . . . . . . . . . . . . . . . . . . . . . . . . . . −0.149+0.153
−0.128 −0.070+0.349

−0.304

Derived parameters

Mp (M⊕) . . . . . . . . . . . . . . . . . . . . . . . . . 9.0+2.3
−2.0 –

Mp sin i (M⊕) . . . . . . . . . . . . . . . . . . . . . – 11.1+2.6
−2.3

Rp (R⊕) . . . . . . . . . . . . . . . . . . . . . . . . . . 3.96+0.13
−0.11 –

ρp (g cm−3) . . . . . . . . . . . . . . . . . . . . . . . 0.795+0.290
−0.235 –

log gp (cgs) . . . . . . . . . . . . . . . . . . . . . . . . 2.75+0.08
−0.14 –

a (AU). . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.108± 0.003 0.185± 0.006

T
(‡)
eq (K). . . . . . . . . . . . . . . . . . . . . . . . . . . 867± 17 661± 13

u1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.32+0.12
−0.10 –

u2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.21+0.10
−0.08 –

e . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.04+0.05
−0.03 0.14+0.17

−0.10

ω (deg) . . . . . . . . . . . . . . . . . . . . . . . . . . . 153+20
−56 99+63

−64

Notes: (‡) This is the equilibrium temperature for a zero Bond albedo and uniform heat
redistribution to the night side.
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data that minimizes the dilution effects in crowded environments, and here it is utilized to extract
high-precision photometry of TOI-1422 to independently confirm the presence of this transit even
after the application of a different neighbour-subtraction technique. Neither the single transit nor
TOI-1422 b transits show correlation with the X,Y pixels and the sky background signal (Fig. 4.19),
and the single transit depth also does not change with different photometric apertures (Fig. 4.20).
Nevertheless, the three-planet model for the joint transit-RV analysis is not statistically significant
and the lack of other transits makes the suggestion of another candidate impossible to justify.

However, no transit compatible with the expected T0,c and Pc evaluated with the RV and photometry
joint analysis, was found in the SPOC (both SAP and PDC-SAP) light curves, even though a small
part of the supposed transiting window was missed by TESS. When we take into account both the
time-span of the TESS light curve and TOI-1422 c expected (non-grazing) transit duration, the
probability that such transits would have been missed can be estimated to be around 1% and 7%,
with 1σ and 3σ uncertainty, respectively, on T0,c. Other than misaligned orbits, another possible
explanation for the lack of TOI-1422 c transits is that despite its mass, which is greater than that
of planet b, its size could be much smaller (similar to the high-density sub-Neptune, BD+20594b of
(Espinoza et al., 2016)), as any object with a radius approximately below 2.8R⊕ might be disguised
in the light curve noise (as proven by the, so far undetected and uncertain, single transit-like event).
Ultimately, it remains unknown if candidate planet c is transiting or not, so further high-precision
long photometric follow-up observations will be important to clear up this possibility, along with
the nature of the single transit event. The new TESS observations of this target, during Sector 57,
are definitely welcome as they might shed some light on both matters.

4.4 Discussion

4.4.1 Orbital resonance

As we have seen, candidate c is within 1-σ, in 9:4 orbital resonance with planet b. This is likely
coincidental since the resonance is fifth-order, and thus very weak, unless one of the planets is quite
eccentric16 or the mutual inclination is high. The exact 9:4 (or 2.25) resonance is within uncertainty,
perhaps only because the uncertainty of the orbial period of TOI-1422 c is large compared to the
tight period uncertainties of transiting planets. As a matter of fact, period ratios a little above
two have been found within many exoplanetary systems (Winn and Fabrycky, 2015), but it is also
possible that the 9:4 resonance is actually the result of a resonant chain of three planets in first-order
3:2 resonances among each other, with the middle one yet to be seen. If that is the case, since the
period ratios of Kepler planets near first-order resonances are usually slightly wide of resonance,
the likely orbital period for this unknown exoplanet would be slightly more than 19.5 days, and
thus compatible with the observed single transit discussed in Sect. 4.3.4. Given this orbital period
and assuming that an RV semi-amplitude roughly up to 2 m s−1 might be hidden in the residuals of
the two-planet model, this middle object should not have a mass higher than ≈ 8M⊕, or a density
higher than ≈ 2 g cm−3.

16We note that, even with the e’s suggested by the eccentric fits, which are unusually high compared to most
multi-transiting planetary systems according to (Xie et al., 2016), the 9:4 would not be as strong as a first-order
resonance.
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Figure 4.12: Planetary masses and radii of the known transiting exoplanets (values taken from the Tran-
siting Extrasolar Planet catalogue, TEPCat) (Southworth, 2010, 2011) with equilibrium temperature Teq

between 600 and 1000K and host star radius between 0.6 and 1.5 R⊙. Different lines correspond to different
mass fractions of relatively cold hydrogen envelopes. The ice giants of the Solar System are displayed in
filled black circles. TOI-1422 b is on the low-density envelope of planets with precise mass and/or radius
estimations (σMp/Mp ≤ 30%; σRp/Rp ≤ 10%), one of the reasons that make it potentially valuable for
transit spectroscopy.

4.4.2 Mass-radius diagram and internal structure of planet b

TOI-1422 b is one of the puffier planets with a density of ∼ 0.8 g cm−3, which is close to that of
Saturn and, therefore, lower than most exoplanets in this mass range. It lies towards the upper-left
corner of the mass-radius diagram (Fig. 4.12), making it very similar to Kepler-36 c (Vissapragada
et al., 2020) and especially to Kepler-11 e (Lissauer et al., 2013), which even shares the same kind
of host star but is on a longer orbit. On one hand, it has a similar radius compared to Neptune and
Uranus in our solar system, but on the other hand, its mass is only about 50%−60% that of our ice
giants. Thus, an extensive gaseous envelope, surrounding a massive core, is expected to be found in
TOI-1422 b. More precisely, the mass fraction of this envelope is expected to be around 10%− 25%

of the total mass of the planet (using the equations of state from (Becker et al., 2014)), suggesting
that the atmosphere has not been blown away by the stellar wind. The nature of this extensive
envelope as well as its core requires further investigation. For this purpose, we assess the expected
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Figure 4.13: Transmission spectroscopy observations (TSM) values with the JWST over the equilibrium
temperature for planets with a measured mass in the radius range 2.75 < R⊕ < 4.0, including TOI-1422 b
(green star). Filled black dots and empty squares identify the sample of planets around stars with Teff >
5400K and Teff < 5400K, respectively.

S/N of the JWST/NIRISS measurements17 of TOI-1422 b transits compared to planets of similar
sizes, by evaluating the transmission spectroscopy metric (TSM) defined in (Kempton et al., 2018):

TSM = (Scale factor) ×
R3

⊕ Teq

M⊕R2
⋆

× 10−0.2 J , (4.7)

where the scale factor is a dimensionless normalization constant, equal to 1.28 for planets with
2.75 < R⊕ < 4.0, and J is the apparent magnitude of the host star in the J band (a filter that
is near the middle of the NIRISS bandpass). As a result (Fig. 4.13), TOI-1422 b ranks fourth18

among Neptunes (2.75 < R⊕ < 4.0) orbiting G-F dwarfs (Teff > 5400K), but being the one with
the lowest density, it is definitely an interesting candidate for atmospheric characterization by the
JWST.

4.5 Conclusions

In this paper, we have confirmed the planetary nature of the TESS transiting planet TOI-1422 b,
which turns out to be a low-density and warm Neptune-sized planet orbiting an astrometrically,
and overall magnetically, quiet G2 V star. Therefore, TOI-1422 b is the latest addition to the low-
populated range of exoplanets with the size of Neptune, but with Saturn-like density. In order to well
constrain the mass of TOI-1422 b, a long RV monitoring with more than a hundred observations
was necessary with the HARPS-N instrument at the TNG in La Palma, which resulted in fully
characterized orbital and physical parameters of this new planetary system. On top of that, our RV

17From a 10-hour observing programme assuming a cloud-free, solar-metallicity, H2-dominated atmosphere.
18Following TOI-561 c (Lacedelli et al., 2020, 2022), HD136352 c (Delrez et al., 2021, Kane et al., 2020) and

HD63935 b (Scarsdale et al., 2021)
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measurements also suggest the presence in the system of a possibly non-transiting, heavier candidate
planet, TOI-1422 c, in a weak 9:4 orbital resonance with its inner brother, which will require further
study to validate.

Appendix A: HARPS-N RV datapoints

Appendix B: Priors and posteriors

Appendix C: Corner plots

Appendix D: Additional plots
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Table 4.3: HARPS-N RV data points and activity indexes (used in Fig. 4.5) obtained with the TERRA
reduction pipeline between June 8, 2020 and January 21, 2022. The four lines in bold highlight the RV data
points that have been removed because they do not fit Chauvenet’s criterion.

BJDUTC RV ±1σRV FWHM BIS(†) Exp.(∗) S/N ICa ii IHα06 IHe i INa i ICa i IHα16
−2457000 [days] [m s−1] – – [sec] – – – – – – –

2008.69349316 -7.95 1.95 7174.86 -7.56 900 42.8 0.549907 0.084427 0.097028 0.180378 0.527652 0.683496
2009.71160774 -3.78 2.25 7181.28 -6.09 900 34.3 0.555074 0.078803 0.097526 0.179596 0.522912 0.63963
2026.66187880 -4.51 2.31 7164.91 0.894 900 44.2 0.554022 0.082134 0.100171 0.187731 0.505988 0.687073
2027.72062839 4.586 2.2 7153.54 -4.7 900 36.4 0.558749 0.083288 0.107005 0.187897 0.530667 0.687811
2028.69301741 3.085 2.06 7178.27 -6.91 900 39.3 0.587418 0.078941 0.098429 0.181754 0.53219 0.657997
2037.70925340 -1.04 2.78 7190.11 1.317 900 27.1 0.588273 0.087717 0.10143 0.181427 0.533928 0.670313
2038.71004788 -6.86 2.35 7174.7 -12.8 900 33.8 0.589738 0.08641 0.102117 0.18419 0.531931 0.671326
2039.71645615 -2.51 2.17 7176.79 -5.84 900 40.5 0.590585 0.078021 0.099401 0.182083 0.530063 0.658114
2040.70404346 -0.98 2.65 7182.67 -18.1 900 31.6 0.593109 0.085039 0.099033 0.182093 0.528559 0.650582
2050.69789104 -1.68 1.94 7172.47 -1.01 900 40.2 0.594075 0.087503 0.099635 0.183098 0.534144 0.666092
2051.69861363 -4.63 1.99 7177.72 -11.5 900 38.6 0.591485 0.076251 0.099171 0.182165 0.525447 0.654697
2054.72404480 -1.22 3.15 7162.98 -4.59 900 30.1 0.564703 0.094168 0.100699 0.182831 0.523618 0.663779
2068.61577511 -3.21 6.73 7165.8 -6.58 900 12.7 0.584758 0.089195 0.098718 0.179674 0.52911 0.641145
2069.66437348 1.928 1.46 7167.86 -1.31 900 52.5 0.562065 0.080459 0.103277 0.183022 0.530759 0.690607
2070.70250746 -3.5 1.57 7172.32 -3.47 900 47.8 0.561804 0.078625 0.09964 0.18108 0.529827 0.668034
2071.70780293 -0.88 2.12 7195.44 -4.27 900 39.4 0.589073 0.083154 0.099452 0.180534 0.52584 0.65915
2072.70309705 -2.2 1.86 7185.56 -14.3 900 42.3 0.557986 0.082279 0.098576 0.180502 0.525855 0.654666
2075.63970105 -3.37 1.9 7169.71 0.109 900 45.6 0.594915 0.083487 0.100564 0.181682 0.527055 0.685465
2076.71092255 -6.68 2.31 7174.73 -9.8 900 33.1 0.554061 0.07931 0.103664 0.184892 0.530864 0.665231
2078.68129258 -6.1 1.94 7175.62 -16.9 900 44.2 0.588419 0.082137 0.100369 0.183009 0.534477 0.67444
2079.69077171 -4.53 1.95 7176.88 -8.31 900 45.3 0.560252 0.079819 0.100953 0.183346 0.530948 0.673179
2091.68437135 8.017 1.77 7185.69 -8.84 900 41.1 0.549246 0.082682 0.099392 0.181514 0.526944 0.682402
2092.62561704 -1.48 2.43 7172.71 -7.71 900 34.1 0.581979 0.086567 0.100783 0.183421 0.530712 0.666342
2093.65087003 7.487 7.04 7164.43 -16.6 900 13.4 0.564012 0.107488 0.101191 0.188208 0.50388 0.653611
2094.60798244 -1.1 1.7 7168.72 -6.22 900 42.4 0.5533 0.084541 0.100049 0.184004 0.527844 0.70821
2095.61169299 -0.2 2.3 7152.3 3.952 900 36.4 0.585249 0.077758 0.105133 0.187703 0.525175 0.697218
2096.62962752 -0.29 1.86 7166.3 -11.5 900 46.4 0.541437 0.080363 0.09865 0.182509 0.530522 0.677679
2097.66412402 -2.95 2.64 7180.27 -4.25 900 33.7 0.55499 0.084606 0.102655 0.182256 0.527347 0.650539
2099.63975353 -8.99 2.53 7178.63 -1 900 32.3 0.511441 0.083238 0.09935 0.183486 0.53274 0.664088
2106.65854394 -2.12 2.29 7175.27 -17.8 900 34.3 0.542303 0.089511 0.101622 0.184597 0.529016 0.670419
2110.71566068 -6.18 3.41 7186.25 5.57 900 25.3 0.512902 0.082166 0.101099 0.184164 0.530842 0.67291
2111.55269319 -6.16 1.92 7162.99 -2.12 900 41 0.525014 0.080415 0.100104 0.185605 0.529595 0.68975
2112.58796961 -7.39 1.88 7169.58 -11.6 900 40 0.534984 0.083924 0.099656 0.182888 0.53337 0.680635
2119.69014174 11.98 2.85 7190.32 -9.13 900 25.8 0.545065 0.087481 0.098395 0.182445 0.534123 0.626241
2120.67679558 -2.05 2.87 7208.68 -6.74 900 27.8 0.528515 0.086578 0.102032 0.186926 0.532501 0.627348
2125.54442015 -5.53 3.13 7169.97 -3.52 900 28.1 0.555249 0.085601 0.101368 0.186582 0.523009 0.665638
2126.56835804 -6.72 2.67 7174.3 -16.4 1200 32.1 0.567202 0.083452 0.099046 0.183561 0.527745 0.651399
2127.63415799 0.931 2.18 7180.78 -4.92 900 35.3 0.539365 0.085257 0.098857 0.18364 0.524582 0.655533
2130.59628332 -1.27 3.36 7187.06 -7.56 900 23.7 0.576932 0.083983 0.098713 0.183139 0.531644 0.651165
2134.62011272 0.717 3.58 7200.6 -10.9 900 22.7 0.580358 0.091434 0.100845 0.184286 0.525551 0.661751
2137.55086797 -6.08 1.75 7184.04 -1.32 900 39.9 0.587977 0.087623 0.097656 0.18263 0.528299 0.65772
2153.56077137 -4.39 7.54 7144.15 -24 900 14.5 0.561764 0.077853 0.102889 0.189554 0.527182 0.670189
2156.53992496 -0.87 2.45 7194.74 -1.33 900 34.9 0.596947 0.089431 0.103586 0.187334 0.531839 0.639791
2157.58172574 15.06 6.49 7189.21 8.093 900 15.9 0.554652 0.093102 0.098102 0.18062 0.525648 0.651384
2169.31333487 0.713 5.22 7202.4 -9.03 900 19.2 0.569926 0.086208 0.102926 0.186679 0.532988 0.706365
2170.34375539 -3.22 2.75 7181.57 -5.96 900 26.3 0.573886 0.092071 0.106226 0.189905 0.524569 0.677237
2171.31709456 5.22 2.1 7199.72 -2.35 900 40 0.567555 0.080705 0.097921 0.182549 0.526484 0.643617
2172.31291994 -1.16 1.78 7183.03 -13.1 900 51.7 0.602331 0.082135 0.100467 0.184348 0.521872 0.655749
2189.39389821 -5.12 2.18 7187.35 0.742 900 34.9 0.553612 0.087636 0.106345 0.186232 0.524683 0.636639
2190.35888875 -5.56 2.1 7181.28 -1.38 900 37.8 0.553642 0.08599 0.10436 0.185399 0.52397 0.649955
2192.33613311 -1.58 1.8 7190.22 -4.64 900 41.2 0.594328 0.086471 0.099245 0.182607 0.521139 0.661821
2212.37354384 7.092 3.59 7203.08 -9.36 900 23.9 0.593524 0.09262 0.102766 0.183774 0.521448 0.630614
2213.42063681 16.78 4.42 7211.7 3.168 900 19 0.596428 0.099179 0.101745 0.181668 0.520206 0.654342
2216.40383735 -8.94 2.19 7203.82 -10.3 900 33.9 0.594565 0.089359 0.100295 0.182115 0.519823 0.629985
2235.36719701 6.639 2.74 7177.77 0.334 900 25.5 0.595733 0.091527 0.101648 0.182908 0.520753 0.626604
2236.31768047 5.56 2.2 7188.86 -8.92 900 38.7 0.567033 0.087864 0.100285 0.182334 0.518575 0.610068
2237.32364626 4.933 3.21 7181.9 -17.9 1200 28.2 0.559051 0.086238 0.104913 0.186654 0.525845 0.664309
2239.31266431 21.6 2.85 7219.49 1.592 900 31.5 0.591982 0.088633 0.099598 0.180553 0.524177 0.630278
2240.31312271 7.368 2.31 7208.34 -2.51 900 37.6 0.594946 0.081703 0.10278 0.183971 0.522467 0.662409
2244.31706817 6.052 2.84 7195.35 0.352 900 32.5 0.594812 0.084492 0.100398 0.18777 0.524697 0.655945
2245.31980936 0.237 2.24 7209.07 -5.47 900 34.9 0.589965 0.087524 0.103149 0.183372 0.519622 0.663637
2246.32103509 27.1 7.78 7248.46 34.51 1200 12.7 0.594927 0.090211 0.100742 0.184404 0.521228 0.74003
2412.68868670 -3.7 2.54 7163.71 -3.37 900 32.8 0.550281 0.090724 0.100293 0.183955 0.523314 0.6709
2413.66378329 -1.5 2.16 7179.72 -6.74 900 34.4 0.558588 0.088191 0.099293 0.1792 0.526702 0.652927
2414.68886021 2.937 2.15 7166.9 4.331 900 37.1 0.555402 0.084723 0.098655 0.183102 0.530929 0.676626
2416.63114629 2.289 1.95 7191.8 -11.7 900 48 0.584258 0.083699 0.099042 0.180173 0.526418 0.68478
2417.65137234 3.912 1.73 7191.95 -8.14 900 40.8 0.583166 0.087257 0.098779 0.18156 0.52857 0.664774
2418.65486069 4.286 3.33 7195.12 -13.2 900 21.6 0.587824 0.10659 0.10043 0.180994 0.498526 0.662161
2427.73181821 1.618 2.29 7191.43 -0.36 900 34.2 0.595541 0.089463 0.100339 0.183087 0.530979 0.649579
2428.66018094 0.03 3.07 7187.2 -11.9 900 28.1 0.587265 0.089537 0.098082 0.181868 0.526651 0.668995
2430.66988978 -0.96 2.26 7186.32 -3.5 900 36 0.558113 0.085708 0.102817 0.184679 0.529491 0.668573
2431.71360583 -5.64 2.64 7190.54 -22.7 900 32.1 0.550955 0.07889 0.100986 0.181203 0.529026 0.662741
2443.66087057 8.667 3.5 7188.34 -4.35 900 25.2 0.590039 0.092999 0.096614 0.179042 0.526005 0.696157
2444.57982389 9.299 3.32 7180.37 -2.39 900 26.8 0.589859 0.091057 0.098188 0.179557 0.522807 0.666047
2445.59632825 10.81 1.86 7178.02 -8.87 900 36.9 0.557645 0.085087 0.10075 0.181234 0.52886 0.678235
2446.60873425 5.874 1.87 7182.03 2.719 900 45 0.552972 0.085681 0.101935 0.183638 0.525628 0.682197
2447.61736597 1.855 2.1 7181.21 -2 900 39.9 0.585974 0.086557 0.101268 0.182021 0.529423 0.6903
2448.59166621 2.524 1.79 7183.26 -6.53 900 46.5 0.550409 0.081722 0.099201 0.181717 0.528627 0.676518
2449.61666267 -2.34 1.85 7181.85 -9.02 900 46.7 0.55726 0.081361 0.100242 0.183494 0.527072 0.693437
2453.58138876 -5.57 2.17 7179.71 -10.5 900 38.1 0.576 0.087524 0.101564 0.182982 0.529699 0.666481
2454.66732062 -2.11 5 7157.53 -13.6 900 16.4 0.534792 0.105417 0.106316 0.188685 0.531533 0.672621
2455.68136136 1.242 2.34 7201.87 -15 900 37.6 0.559782 0.085698 0.097922 0.182038 0.527513 0.642527
2456.70358427 1.194 1.71 7193.3 -2.59 900 39.1 0.539261 0.083335 0.100678 0.18192 0.526882 0.654302
2457.65444875 0.232 1.53 7186.93 -4.04 900 45.9 0.544456 0.082158 0.103781 0.185289 0.52979 0.678245
2458.62416725 1.797 2.1 7191.62 -2.73 900 42.5 0.571849 0.083688 0.10082 0.181891 0.525159 0.670374
2459.58868774 0 2.42 7166.31 -9.47 900 32 0.534143 0.084143 0.101018 0.183983 0.531303 0.671843
2460.68008744 2.859 2 7199.43 -10 900 39 0.567005 0.085291 0.09952 0.182178 0.53004 0.641539
2461.61247483 -3.43 2.01 7177.71 -14.6 900 39.8 0.531283 0.081882 0.101482 0.18371 0.532312 0.662684
2462.59699290 -1.49 2.41 7193.46 -10.2 900 34 0.53251 0.091757 0.1007 0.182059 0.53047 0.678952
2464.59087617 5.604 5.45 7198.52 -24.4 900 17.8 0.536789 0.095036 0.099161 0.183787 0.528055 0.686225
2465.55285533 1.953 1.95 7189.61 -10.6 900 37.5 0.525385 0.081987 0.102391 0.184078 0.528833 0.659363
2472.64437339 9.088 3.09 7206.96 -15.6 900 28.8 0.582423 0.088182 0.102267 0.18471 0.526636 0.671635
2473.58211801 -2.46 3.71 7182.04 -22.5 900 24 0.548713 0.090743 0.100974 0.184532 0.522132 0.670676
2475.57083577 3.505 2.35 7184.54 -16.3 1800 32.2 0.580897 0.092011 0.101234 0.182594 0.528772 0.656172
2476.56282582 7.827 1.91 7191.68 -6.25 900 44 0.556952 0.083328 0.09885 0.181388 0.523729 0.660628
2477.54247641 5.777 1.95 7190.45 -13.2 900 40.1 0.584375 0.084401 0.105974 0.188686 0.528026 0.684554
2478.53938306 3.887 2.42 7199.21 1.209 900 33.4 0.542519 0.091376 0.099644 0.180595 0.522094 0.662569
2479.53060547 0.796 2.4 7200.54 -6.9 900 35.5 0.578876 0.086324 0.099936 0.181075 0.527574 0.654195
2481.49382164 3.548 2.82 7186.71 -6.58 900 31.2 0.53899 0.091801 0.101227 0.183502 0.527366 0.676158
2513.44982261 1.106 2.07 7176.01 -3.44 900 41.6 0.561363 0.088328 0.100405 0.183709 0.523996 0.678603
2513.50218232 -4.57 2.69 7172.76 -4.86 900 33.2 0.566953 0.08974 0.10596 0.188059 0.524511 0.666513
2515.41917706 -2.34 1.93 7184.92 -5.97 900 41.7 0.564153 0.089897 0.101247 0.182411 0.526736 0.673459
2515.44453511 -3.02 1.76 7178.72 -6.73 900 49.2 0.567076 0.088259 0.098628 0.181831 0.520853 0.679953
2516.53077561 -4.93 2.92 7190.8 1.972 900 31.9 0.602149 0.092247 0.099896 0.182444 0.527717 0.666103
2565.36649887 0.845 1.64 7187.23 -3.3 900 54.5 0.596593 0.088658 0.09841 0.180042 0.522949 0.675468
2566.34542939 -5.47 2.15 7179.09 -6.14 900 45.4 0.601739 0.091592 0.099575 0.18055 0.525212 0.678527
2575.40497038 3.93 2.12 7181.99 -8.36 900 40.1 0.566264 0.087701 0.098051 0.182169 0.523518 0.671318
2579.38524573 5.059 2.18 7191.98 -5.62 900 38.3 0.562049 0.089366 0.104764 0.183719 0.525329 0.674917
2580.41266409 10.09 5.97 7187.22 4.876 900 19.9 0.572011 0.107006 0.107628 0.185394 0.52275 0.687077
2584.33980519 0.821 2.95 7183.34 0.433 900 29.2 0.56581 0.092026 0.104575 0.185035 0.514433 0.687819
2588.34483394 1.991 5.05 7181.58 9.001 900 19.2 0.560173 0.094073 0.110324 0.186892 0.524911 0.680451
2601.31675212 5.918 2.03 7196.44 -6.76 900 45.2 0.565656 0.087291 0.10094 0.17769 0.523886 0.667702

Notes: (∗) Duration of each individual exposure. (†) Bisector spans; error bars are twice those of
RVs.
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Table 4.4: Prior volume for the parameters of the one-planet model fit of Sect. 4.2.3 processed with juliet.
U(a, b) indicates a uniform distribution between a and b; L(a, b) a log-normal distribution, N (a, b) a normal
distribution, and T (a, b) a truncated normal distribution (where lower possible value equals zero) with mean
a and standard deviation b.

Parameter Prior distribution

Keplerian Parameters:

ρ⋆ [kg/m3] N (1300, 100)

T0,b [BJD] N (2458745.921, 0.003)

Pb [days] N (12.998, 0.002)

e∗b 0

ω∗
b 90

Transit Parameters:

Rp/R⋆ U(0.0, 1.0)
D 1.0

q1 N (0.31, 0.30)

q2 N (0.25, 0.10)

Light curve GP Hyperparameters:

σTESS [ppt] L(10−3, 10)

ρTESS [days] L(10−1, 10)

RV parameters:

Kb [m/s] U(0.0, 10.0)
σHARPS-N [m s−1] U(0, 10)
A [m s−1 days−1] U(−1, 1)

B [m s−1] U(−20, 20)

Notes:(∗) In the case of non-null eccentricity, the priors were set as follows: (
√
e sinω,

√
e cosω)

in U(−1.0, 1.0).
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Table 4.5: Prior volume for the parameters of the two-planet model fit of Sect. 4.2.3 processed with juliet.

Parameter Prior distribution

Keplerian Parameters:

ρ⋆ [kg/m3] N (1300, 100)

T0,b [BJD] N (2458745.921, 0.003)

Pb [days] N (12.998, 0.002)

T0,c [BJD] N (2458740, 2458790)

Pc [days] U(1, 100)
(eb, ec)

∗ 0

(ωb, ωc)
∗ 90

Transit Parameters:

Rp/R⋆ U(0.0, 1.0)
D 1.0

q1 N (0.31, 0.30)

q2 N (0.25, 0.10)

Light curve GP Hyperparameters:

σTESS [ppt] L(10−3, 10)

ρTESS [days] L(10−1, 10)

RV parameters:

Kb [m/s] U(0.0, 10.0)
Kc [m/s] U(0, 10)
σHARPS-N [m s−1] U(0, 10)
A [m s−1 days−1] U(−1, 1)

B [m s−1] U(−20, 20)

Notes:(∗) In the case of non-null eccentricity, the priors were set as follows: (
√
e sinω,

√
e cosω)

in U(−1.0, 1.0).
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Table 4.6: Posterior’s result for the parameters of the two-planet eccentric model fit of Sect. 4.2.3 processed
with juliet.

Parameter Value (±1σ)

Keplerian Parameters:

ρ⋆ [kg/m3] 1312+55
−68

ab/R⋆ 22.72+0.31
−0.40

ac/R⋆ 39.05+0.50
−0.73

T0,b [BJD] 2458745.9205+0.0012
−0.0011

Pb [days] 12.9972± 0.0006

T0,c [BJD] 2458776.6+4.5
−4.6

Pc [days] 29.29+0.21
−0.20

Transit Parameters:

Rpb/R⋆ 0.0356±+0.0007
−0.0005

q1 0.28+0.11
−0.08

q2 0.30+0.05
−0.05

bb 0.19+0.11
−0.10

ib [deg] 89.52+0.26
−0.28

Light curve GP Hyperparameters:

σTESS [ppt] 0.19+0.03
−0.02

ρTESS [days] 0.76+0.19
−0.15

RV parameters:

Kb [m/s] 2.47+0.50
−0.46

Kc [m/s] 2.36+0.42
−0.40

σHARPS-N [m s−1] 2.93+0.35
−0.32

A [m s−1 days−1] 0.0110± 0.0015

B [m s−1] −9.1± 1.3
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Figure 4.14: Corner plot for the posterior distribution of the joint transit and RV analysis of Sect. 4.3.3
in the case of two planets, elaborated with juliet.
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Figure 4.15: FWHM and logR′
HK are plotted over time respectively in the upper and lower panel, along

with their linear trends (orange line) and average value (dashed grey line).

Figure 4.16: Close-up look of the RV GLS periodogram, executed with the publicly available tool Exo-
Striker ((Trifonov, 2019); https://github.com/3fon3fonov/exostriker) after the removal of a linear
trend. The two vertical blue lines, around the 29-day signal (indicated by a vertical yellow line), show
the main peak aliases due to the two highest frequencies of the window function, in the upper and bottom
panels. The three horizontal dotted lines represent the 10%, 1%, and 0.1% FAP levels.
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Figure 4.17: Window function of the HARPS-N RV measurements, as evaluated with Exo-Striker. The
two highest peaks, excluding the 1-day peak and frequencies close to zero, are indicated by the respective
labels.

Figure 4.18: Unnormalized GLS power for a different number of HARPS-N observations. The power of
the 29-day signal increases with more observations. The vertical dashed red and green lines indicate TOI-
1422 b and TOI-1422 c orbital periods, respectively, while the horizontal dashed lines signal the 10% and 1%
confidence levels, respectively (evaluated with the bootstrap method).
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Figure 4.19: TOI-1422 b transits, as seen with PATHOS, folded on the first row of the left column and the
single transit event on the right one, with X/Y and the sky background in the following rows, showing no
correlation with the transits.

Figure 4.20: Single transit depth from PATHOS in different apertures, with the three rows showing the
transit depth at an aperture radius of 2, 3, and 4 pixels, respectively.
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Second result as leading author: the discovery of TOI-1853 b

The stellar system TOI-1853 was selected as a candidate by myself at the start of this PhD thesis
(along with A. S. and A. S. B.). I took charge of the analysis of this Neptune-sized hosting sys-
tem right after the publication of the TOI-1422 paper (Naponiello et al., 2022). In particular, I
was responsible for the combined analysis of the TESS light curve, ground-based light curves and
HARPS-N RVs. I also explored the content of the activity indexes. Finally, I handled the collabo-
ration with all the co-authors and teams involved, and I wrote the manuscript. Notably, A. S. and
A. S. B. scheduled the HARPS-N observations within the GAPS consortium. L.M., A. S. B., A. S.
and M. D. supervised the work and contributed to writing the manuscript. X.D. reduced HARPS-N
spectra. M. P. estimated the detection function of HARPS-N RVs. A. S. B. and K.B. determined the
stellar parameters. A. W. M. and C. Z. performed and analyzed SOAR observations, while J. E. S.,
S. B.H., K.V. L. and R. M. obtained and reduced the Gemini data. D.R. C and C. Z. contributed to
writing the high-resolution imaging section. E.G. is the Keck data collector. A. M. performed the
simulations and contributed to writing the formation scenario with the help of J. J. L., while J.D.,
Z. L. and P. C. computed the body collision simulations. L. Z. analyzed the planet’s composition.
K. A.C. scheduled the LCO observations, performed data reduction along with R. P. S., and con-
tributed to writing the light curve follow-up sections. J. F.K. performed the ULMT observations
and their data reduction. E. L. N. J. performed the joint MCMC analysis of the LCO and ULMT
light curves. E. Pal. obtained the data of MuSCAT2. D. L. and A. Ma. analyzed the evolutionary
history of the atmosphere. P.C. estimated the transmission spectral signals observed by JWST.
A. L. computed the lifetime of the planet.

Note: the upcoming chapter serves as a continuation of Chapter 3, and has been formatted as
a standalone chapter only for improved indexing visualization.

Figure 4.21: Selection of online press releases for TOI-1853 b (Naponiello et al. 2023, Nature): the most
massive and dense Neptune-sized planet ever found!
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A super-massive Neptune-sized planet
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Abstract

Neptune-size planets exhibit a wide range of compositions and densities, depending on factors related
to their formation and evolution history, such as the distance from their host stars and atmospheric
escape processes. They can vary from relatively low-density planets with thick hydrogen-helium
atmospheres (Cubillos et al., 2017, Leleu et al., 2023) to higher-density planets with a significant
amount of water or a rocky interior with a thinner atmosphere, like HD 95338 b (Díaz et al., 2020),
TOI-849 b (Armstrong et al., 2020) and TOI-2196 b (Persson et al., 2022). The discovery of exo-
planets in the hot-Neptune desert (Mazeh et al., 2016), a region close to the host stars with a deficit
of Neptune-sized planets, provides insights into the formation and evolution of planetary systems,
including the existence of this region itself. Here we report observations of the transiting planet
TOI-1853 b, which has a radius of 3.46 ± 0.08 Earth radii and orbits a dwarf star every 1.24 days.
This planet has a mass of 73.2 ± 2.7 Earth masses, almost twice that of any other Neptune-sized
planet known so far, and a density of 9.7±0.8 grams per cubic centimetre. These values place TOI-
1853 b in the middle of the Neptunian desert and imply that heavy elements dominate its mass.
The properties of TOI-1853 b present a puzzle for conventional theories of planetary formation and
evolution, and could be the result of multiple proto-planet collisions or the final state of an initially
high-eccentricity planet that migrated closer to its parent star.

5.1 Main

TOI-1853 is a dwarf star with a V -band optical brightness of 12.3 magnitudes, located 167 pc from
the Sun. It was photometrically monitored by the TESS space telescope and the analysis of its
light curve showed transit-like events compatible with a planet candidate (see Methods 5.2.1), des-
ignated as TOI 1853.01, having a short orbital period of 1.24 days and a Neptune-like radius. We
ruled out a nearby eclipsing binary (NEB) blend as the potential source of the TOI-1853.01 detec-
tion in the wide TESS pixels, by monitoring extra transit events with the higher angular resolution
of three ground-based telescopes: MuSCAT2, ULMT and LCOGT (see Methods 5.2.2). As part of
the standard process for validating transiting exoplanets and assessing the possible contamination
of companions on the derived planetary radii (Ciardi et al., 2015), we observed TOI-1853 with
near-infrared adaptive optics imaging, using the NIRC2 instrument on the Keck-II telescope, and

Luca Naponiello 104



5.1. Main

with optical speckle imaging, using the ‵Alopeke speckle imaging camera at Gemini North, and
the High Resolution Imaging on the 4.1 m Southern Astrophysical Research (SOAR) telescope. No
nearby stars bright enough to significantly dilute the transits were detected within 0.5′′, 1′′ and 3′′

of TOI-1853 in the Gemini, Keck and SOAR observations, respectively (see Methods 5.2.3). Using
Gaia DR3 data (Gaia Collaboration, 2021) we also found that the astrometric solution is consistent
with the star being single (see Methods 5.2.4).

In the context of the Global Architecture of Planetary Systems programme (König et al., 2022,
Naponiello et al., 2022), we monitored TOI-1853 with the HARPS-N spectrograph (Cosentino et al.,
2012), at the Telescopio Nazionale Galileo in La Palma, with the aim of measuring variations of
its radial velocity (RV), i.e. its velocity projected along the line-of-sight. The HARPS-N data
reduction software pipeline provided wavelength-calibrated spectra (see Methods 5.2.5), which we
used to determine the stellar atmospheric properties. TOI-1853 is a quiet K2 V star with effective
temperature Teff = 4985 ± 70K, surface gravity log g = 4.49 ± 0.11 dex, iron abundance [Fe/H]
= 0.11 ± 0.08 dex, and solar Fe/Si - Mg/Si ratios (see Methods 5.2.6). Furthermore, we deter-
mined a mass of M⋆ = 0.837± 0.039 solar masses (M⊙), a radius of R⋆ = 0.808± 0.013 solar radii
(R⊙), and an advanced, though uncertain, stellar age of 7.0+4.6

−4.3 Gyr (Table 5.1). We computed the
Generalised Lomb-Scargle periodogram of the HARPS-N RVs and found a significant peak (with
False Alarm Probability - FAP ≪ 0.1%) at a frequency of ≈ 0.8 d−1 that matches the transit period
and the phase of the planet candidate (see Methods 5.2.7). To determine the main physical and
orbital parameters of the system, we performed a global transit and RV joint analysis (see Methods
5.2.8). Fig. 5.1 displays both the TESS photometric light curve and HARPS-N RV data, as a func-
tion of time and orbital phase. We measured the radius of the companion to be 3.46 ± 0.08Earth
radii (R⊕), with a mass of 73.2 ± 2.7Earth masses (M⊕), thus confirming the planetary nature
of TOI-1853.01, hereafter TOI-1853 b. These values imply a bulk density of 9.74+0.82

−0.76 g cm−3 (≈ 6
times that of Neptune) and surface gravity of gp = 60.1+3.8

−3.6 m s−2 (≈ 5.5 times that of Neptune), as
detailed in Table 5.1. Despite its short orbital period, TOI-1853 b may survive during the remaining
main-sequence lifetime of its host star (see Methods 5.2.10).

The exceptional properties of TOI-1853 b are clearly evident in comparison with the currently known
exoplanet population (Fig. 5.2). Objects with the same density of TOI-1853 b are rare, typically
super-Earths, while planets with the same mass usually have radii more than twice as large. Fur-
thermore, it occupies a region of the mass-orbital period space of hot planets that was previously
devoid of objects, corresponding to the driest area of the hot-Neptune desert (Owen and Lai, 2018).
TOI-1853 b is twice as massive as the two runners-up with similar radius in the radius-mass di-
agram (Fig. 5.2), i.e. the ultra-hot (P = 0.76 days) Neptune-sized TOI-849 b (Armstrong et al.,
2020) and the warm (P = 55 days) Neptune HD95338 b (Díaz et al., 2020). While for HD 95338 b
and TOI-849 b the atmospheric mass fraction is expected to be at most ∼ 5 − 7% (Kubyshkina
and Fossati, 2022) and ∼ 4% (Armstrong et al., 2020), respectively, TOI-1853 b is best described
as a bare core of half water–half rock with no or negligible envelope, or as having at most 1%
atmospheric H/He mass fraction on top of a 99% Earth-like rocky interior (Fig. 5.2) (see Methods
5.2.11). The characteristic pressure of its deep interior is estimated to reach ∼ 5000GPa (50 times
the core-mantle boundary pressure of Earth), where most elements and their compounds are ex-
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pected to metalize due to the reduced spacings of neighbouring atoms under extreme compression.
TOI-1853 b’s metallic core could be surrounded by a mantle of H2O in a high-pressure ice phase and,
possibly, in the supercritical fluid form (Zeng et al., 2021). However, the properties of matter at
such high central pressures are still quite uncertain and compositional mixing (Bodenheimer et al.,
2018, Kovačević et al., 2022, Stevenson et al., 2022, Vazan et al., 2022) might be present rather
than distinct layers as postulated by standard models (Dorn et al., 2017, Zeng et al., 2019). If
TOI-1853 b is a water-rich world, its upper structure could be described in terms of a hydrosphere
with variable mass fractions of supercritical water on top of a mantle-like interior (Mousis et al.,
2020). While existing structural models of Neptunes addressing this possibility do not encompass
objects with a mass similar to that of TOI-1853 b, atmospheric characterization measurements with
the James Webb Space Telescope might be telling. For instance, by combining three secondary-
eclipse observations with the NIRSpec/G395H instrument we could constrain the CO2 absorption
feature at 4.5 µm, whose strength is a tracer of atmospheric metallicity. Transmission observations
are more challenging; however, NIRISS/SOSS might be able to detect the series of H2O absorption
bands in the 0.9− 2.8µm range, which would distinguish a thin H2-dominated atmosphere from an
H2O-dominated atmosphere (see Methods 5.2.15).

Explaining the formation of such a planet is challenging due to the substantial abundance of heavy
elements involved. Pebble accretion, which is the most efficient growth process for massive planets,
shuts off when the core is massive enough to disrupt the gas disk (Lambrechts and Johansen, 2014),
and accreting solids beyond this mass requires a different process. The planetesimal isolation mass
for runaway growth (Safronov, 1972) as well post-isolation growth (Lissauer, 1987) would require
exceedingly and unrealistically high surface densities to grow a planet composed almost entirely of
condensable material in situ. Thus, the growth of a planet like TOI-1853 b by planetesimal accretion
alone appears unrealistic as well. One possibility is that a system of small planets migrated from
the distant regions of the disk towards its inner edge, which could have loaded the inner disk of
solid mass. After the disappearance of gas from the disk, the system became unstable, leading to
several mutual collisions among the small planets and eventually forming a planet with a large mass
of heavy elements, by growth-dominated collisions (Fig. 5.3). A preliminary, indicative simulation
(see Methods 5.2.12) shows that the formation of a planet with a large mass of heavy elements by
accreting several solid-rich planets is possible, even though growth into a single planet in the system
is an unlikely event. More detailed hydrodynamic simulations also suggest that a final high-speed
giant impact between two massive proto-planets is needed to account for the atmosphere-poor struc-
ture of TOI-1853 b (see Methods 5.2.13). Moreover, groups of small planets carrying cumulatively
∼ 100M⊕ in proto-planetary disks might be rare, although the Kepler-mission results indicate this
scenario is not unrealistic (Sun et al., 2019).

Another possible formation scenario is based on the jumping-model (Beaugé and Nesvorný, 2012),
in which at least three giant planets form at a few au from their parent star. After the disappearance
of the disk, this system becomes unstable and suffers mutual scattering, leading to high-eccentricity
orbits for the surviving planets, which then can be circularized by tidal damping at perihelion
passages. If the inner disk initially contained a lot of solid mass, in the form of planetesimals or
small proto-planets, the innermost planet would have engulfed a large fraction of it near perihelion
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(Fig. 5.3). To test this possibility, we simulated an eccentric Jupiter-mass planet with an initial
budget of 20 to 40M⊕ in heavy elements and found that it can accrete an additional 30 − 40M⊕

(see Methods 5.2.12). Then, we investigated the atmosphere’s evolutionary history and concluded
that the current planet’s structure cannot be the result of photo-evaporation processes due to the
high surface gravity, but might be the result of Roche Lobe Overflow (Owen and Lai, 2018) (see
Methods 5.2.14). Thus, an initially massive H/He dominated giant planet TOI-1853 b could have
lost the bulk of its envelope mass due to tidal stripping (Beaugé and Nesvorný, 2013) near perias-
tron passage during the high-eccentricity migration. The planet that we see now may have survived
very close passages to its parent star from early in the system’s history since the host star would
have shrunk to a size of less than 2 R⊙ well before reaching the main sequence. Tidal heating of
a young giant planet still hot from accretion would have further expanded its envelope, facilitating
the escape of light gases from the original atmosphere (Beaugé and Nesvorný, 2013, Owen, 2019,
Owen and Lai, 2018).

In any case, the anomalous mass-radius and mass-period combinations of TOI-1853 b are challeng-
ing to explain with conventional models of planet formation and evolution. The local merging of
solid-rich proto-planets rarely develops into a single planet, while the migration scenario would have
removed all objects within ∼1 au, so we computed the sensitivity limits of HARPS-N RVs to addi-
tional planetary companions (see Methods 5.2.9) and found that we can only exclude, with a 90%
confidence level, the presence of companions of masses > 10M⊕ up to orbital periods of ≲ 10days
and with masses > 30M⊕ up to ≲ 100 days (or ∼0.4 au). Further RV monitoring is thus needed to
firmly exclude the presence of other planets within ∼1 au in order to constrain TOI-1853 b forma-
tion, while future atmospheric characterization attempts could decipher its composition, allowing
us to unveil the history of the densest Neptune-sized planet currently known.

5.2 Methods

5.2.1 TESS photometric data

The star TIC 73540072, or TOI-1853, was observed by TESS in Sector 23 at a 30-minute full-frame
images (FFI) cadence in early 2020, and in Sector 50 at a 2-minute cadence in early 2022. The
transit signal was first identified in the Quick-Look Pipeline (QLP) (Huang and Vanderburg, 2020),
and later promoted to TESS Object of Interest, TOI-1853.01, planet candidate status by the TESS
Science Office (Guerrero et al., 2021). The Science Processing Operations Center (SPOC) (Caldwell
et al., 2020, Jenkins et al., 2016) pipeline retrieved the 2-minute Simple Aperture Photometry
(SAP) and Presearch Data Conditioning Simple Aperture Photometry (PDC-SAP (Smith et al.,
2012, Stumpe et al., 2014)) light curves. The transit signal was identified through the Transiting
Planet Search (TPS (Jenkins, 2002, Jenkins et al., 2020)) and passed all diagnostic tests in the
Data Validation (Li et al., 2019, Twicken et al., 2018) (DV) modules. All TIC objects, other than
the target star, were excluded as sources of the transit signal through the difference image centroid
offsets (Twicken et al., 2018). Here, for the global joint transit-RV analysis of the system, we
adopted the PDC-SAP light curves: SPOC for S23 and TESS-SPOC High-Level Science Product
(HLSP) (Caldwell et al., 2020) for S50, where, unlike SAP or QLP light curves, long-term trends
were already removed using the so-called Co-trending Basis Vectors (CBVs). The light curve of S23
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Table 5.1: Stellar and planetary properties. The uncertainties represent the 68% confidence intervals
(one standard deviation or σ) for each value. The equilibrium temperature is estimated for a zero Bond
albedo, in the assumption of uniform heat redistribution to the night side. The eccentricity upper limit is
constrained at the confidence level of 3σ.

Parameters Nomenclature Unit Value

Stellar
Spectral class . . . . . . . . . . . . . . . . . . . K2.5 V
Right ascension (J2020). . . . . . . . . RA 14:05:50.24
Declination (J2020) . . . . . . . . . . . . . Dec +16:59:32.53
B-band magnitude. . . . . . . . . . . . . . mag 13.100 ± 0.031
V -band magnitude. . . . . . . . . . . . . . mag 12.276 ± 0.092
J-band magnitude . . . . . . . . . . . . . . mag 10.582 ± 0.021
H-band magnitude . . . . . . . . . . . . . mag 10.175 ± 0.018
K-band magnitude . . . . . . . . . . . . . mag 10.055 ± 0.019
WISE1-band magnitude . . . . . . . mag 9.997 ± 0.023
WISE2-band magnitude . . . . . . . mag 10.057 ± 0.019
WISE3-band magnitude . . . . . . . mag 9.956 ± 0.054
Parallax . . . . . . . . . . . . . . . . . . . . . . . . π mas 6.022 ± 0.016
Distance . . . . . . . . . . . . . . . . . . . . . . . . d pc 166.8+0.9

−0.5

Projected rotational velocity . . . . v sin i km s−1 1.3 ± 0.9
Chromospheric activity indicator logR′

HK dex −4.73± 0.06
Mass . . . . . . . . . . . . . . . . . . . . . . . . . . . M⋆ M⊙ 0.837 ± 0.039
Radius . . . . . . . . . . . . . . . . . . . . . . . . . R⋆ R⊙ 0.808 ± 0.013
Luminosity . . . . . . . . . . . . . . . . . . . . . L⋆ L⊙ 0.3696 ± 0.0093
Effective temperature . . . . . . . . . . . Teff K 4985 ± 70
Surface gravity . . . . . . . . . . . . . . . . . log g dex 4.49± 0.11
Iron abundance . . . . . . . . . . . . . . . . . [Fe/H] dex 0.11± 0.08
Magnesium abundance. . . . . . . . . . [Mg/H] dex 0.09± 0.06
Silicon abundance . . . . . . . . . . . . . . [Si/H] dex 0.14± 0.06

Planetary
Orbital period . . . . . . . . . . . . . . . . . . P days 1.2436258+0.0000015

−0.0000015

Radial velocity semi-amplitude . K m s−1 48.8+1.1
−1.0

Eccentricity . . . . . . . . . . . . . . . . . . . . e < 0.03
Argument of periastron . . . . . . . . . ω degrees unconstrained
Impact parameter . . . . . . . . . . . . . . b 0.52+0.04

−0.04

Reference epoch of mid-transit . . T0 BJDTDB 2 459 690.7420 ± 0.0006
Transit duration . . . . . . . . . . . . . . . . T14 hours 1.19± 0.03
Orbital semi-major axis . . . . . . . . . a au 0.0213 ± 0.0005
Orbital inclination . . . . . . . . . . . . . . i degrees 84.7+0.4

−0.4

Mass . . . . . . . . . . . . . . . . . . . . . . . . . . . Mp M⊕ 73.2 +2.7
−2.7

Radius . . . . . . . . . . . . . . . . . . . . . . . . . Rp R⊕ 3.46± 0.08

Density . . . . . . . . . . . . . . . . . . . . . . . . . ρp g cm−3 9.74+0.82
−0.76

Surface gravity . . . . . . . . . . . . . . . . . g m s−2 60.1+3.8
−3.6

Equilibrium temperature. . . . . . . . Teq K 1479 ± 25
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Figure 5.1: Light curve and Radial Velocities. (a) TESS light curve of TOI-1853, (b) Phase curve of
all TESS transits fitted separately, (c) Phase curve of all the RVs, (d) HARPS-N RVs. The light curves
are binned at a 30-minute cadence for clarity. Data points marked with anomaly flags (i.e. Coarse Point,
Straylight, Impulsive Outliers and Desaturation events) were excluded from the light curve. In panel (c),
the average of ≈ 6 radial velocity measurements are indicated by red dots. In all panels, the error bars
represent one standard deviation, while in (a), (b) and (c) the best-fitting model is shown in black along
with its residuals below.
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Figure 5.2: Diagrams of known transiting exoplanets. The properties of known exoplanets have been
extracted from TEPCat (Southworth, 2011) and displayed as diamonds, their color being associated with
their equilibrium temperature. Horizontal and vertical error bars represent one standard deviation. TOI-
1853 b, TOI-849 b and HD 95338 b are displayed as a circle, triangle and square respectively. (a) Radius-mass
diagram with blue lines representing different internal compositions [dashed: 99% Earth-like rocky interior
+ 1% H layer (at temperature and pressure of 1000K, 1mbar); solid: 50% Earth-like + 50% water].
(b) Period-mass diagram, where the blue dashed lines enclose the Neptunian desert (Mazeh et al., 2016)
(Porb ≈ 55 days for HD95338 b). (c) Mass-density diagram. (d) Radius-density diagram.
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2. Once the disk dissipates, the system becomes 
unstable and suffers mutual scattering
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Figure 5.3: Formation scenarios. Two possible pathways for the formation of TOI-1853 b are displayed: in
panel (a) the merging of Super-Earth-sized proto-planets ends up in a giant collision, generating with high
probability a planetary companion within ∼1 au; in panel (b) distant giant planets undergo mutual scattering
after the disk dissipation and the surviving one eventually settles into a highly elliptical orbit. Over time,
tidal stripping causes the planet to lose its atmosphere, and tidal damping at periastron circularizes its orbit.
Both pathways eventually lead to TOI-1853 b, for which three likely compositions are displayed on panel (c).
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was supersampled (Kipping, 2010) at 2 minutes for the global analysis in order to properly account
for the longer cadence compared to S50 and the ground-based follow-up light curves. The transit
depths are found to be consistent within different TESS extraction pipelines, including PATHOS
(Nardiello et al., 2019), and with ground-based photometry.

5.2.2 Ground-based photometric follow-up

The TESS pixel scale is ∼ 21 arcsec pixel−1 and photometric apertures extend out to multiple pixels,
generally causing multiple stars to blend in the TESS aperture. To rule out the NEB-blend scenario
and attempt to detect the signal on-target, we observed the field as part of the TESS Follow-up
Observing Program Sub Group 1 (TFOP (Collins, 2019)). We observed full transit windows of
TOI-1853 b on May 25, 27 and June 27 2020 respectively with the MuSCAT2 imager (Narita et al.,
2018) installed at the 1.52 m Telescopio Carlos Sanchez in the Teide Observatory (in g, r, i, and
zs bands), with the 0.61m University of Louisville Manner Telescope (ULMT) located at Steward
Observatory (through a Sloan-r′ filter) and with the Las Cumbres Observatory Global Telescope
(LCOGT (Brown et al., 2013)) 1.0 m network node at Siding Spring Observatory (through a Sloan-
g′ band filter). We extracted the photometric data with AstroImageJ (Collins et al., 2017) and
measured transit depths across multiple optical bands consistent with an achromatic transit-like
event and compatible with TESS well within 1σ. We ruled out an NEB blend as the cause of
the TOI-1853 b detection for all the surrounding stars, and included the detrended ground-based
observations in the global fit (Fig. 5.5).

5.2.3 High Resolution Imaging

As part of the standard process for validating transiting exoplanets to assess the possible con-
tamination of bound or unbound companions on the derived planetary radii (Ciardi et al., 2015),
we observed TOI-1853 with near-infrared adaptive optics (AO) imaging at Keck and with optical
speckle imaging at Gemini and SOAR. We performed observations at the Keck Observatory with
the NIRC2 instrument on Keck-II behind the natural guide star AO system (Wizinowich et al.,
2000) on 2020-05-28 UT in the standard 3-point dither pattern. The dither pattern step size was
3′′ and was repeated twice, with each dither offset from the previous dither by 0.5′′. NIRC2 was
used in the narrow-angle mode with a full field of view of ∼ 10′′ and a pixel scale of approx-
imately 0.0099442′′ per pixel. The Keck observations were made in the narrowband Br-γ filter
(λO = 2.1686;∆λ = 0.0326 µm) with an integration time of 15 seconds for a total of 135 seconds on
the target. The final resolutions of the combined dithers were determined from the full width at half
maximum (FWHM) of the point spread functions: 0.053′′. The sensitivities of the final combined
AO image (Fig. 5.6) were determined by injecting simulated sources azimuthally around the primary
target every 20◦ at separations of integer multiples of the central source’s FWHM (Furlan et al.,
2017).

We observed TOI-1835 with the ‵Alopeke speckle imaging camera at Gemini North (Scott et al.,
2021, Ziegler et al., 2019), obtaining seven sets of 1000 frames (2020-06-10 UT), with each frame
having an integration time of 60 ms, in each of the instrument’s two bands (Howell et al., 2011)
(centred at 562 nm and 832 nm). The observations of the target reach a sensitivity in the blue
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channel of 5.2 mag, while in the red channel of 6.3 mag at separations of 0.5 arcsec, and show no
evidence of additional point sources. We also searched for stellar companions to TOI-1853 with
speckle imaging on the 4.1-m SOAR telescope (Tokovinin, 2018) on 2021-02-27 UT, observing in
Cousins-I band, similar to the TESS bandpass. This observation was sensitive to a 4.7-magnitude
fainter star at an angular distance of 1 arcsec from the target (Fig. 5.6).

5.2.4 Gaia

Gaia DR3 astrometry (Gaia Collaboration, 2021) provides additional information on the possibility
of inner companions that may have gone undetected by high-resolution imaging. For TOI-1853, Gaia
found a Renormalised Unit Weight Error (RUWE) of 1.08, indicating that the Gaia astrometric
solution is consistent with the star being single (Ziegler et al., 2019). In addition, in the Gaia
archive, we identified no sources within 40 arcsec from the target (≈ 7000 au at the distance of
TOI-1853) and, therefore, no potentially widely separated companions with the same distance and
proper motion.

5.2.5 Spectroscopic data

We gathered 56 spectra of TOI-1853 with HARPS-N (High Accuracy Radial velocity Planet Searcher
for the Northern hemisphere (Cosentino et al., 2012)) between February 2021 and August 2022 (Ta-
ble 5.2), within the GAPS programme, and reduced them using the updated online Data Reduction
Software (DRS) v2.3.5 (Dumusque, 2021). A different pipeline based on the template matching
technique, TERRA v1.8 (Anglada-Escudé and Butler, 2012), gave comparable errors and resulted
in a fully consistent mass determination. We observed the star in OBJ_AB mode, with fiber A
on the target and fiber B on the sky to monitor possible contamination by moonlight, which we
deemed negligible (Malavolta et al., 2017). We extracted the RVs by cross-correlating the HARPS-N
spectra with a stellar template close to the stellar spectral type. The median (mean) of the formal
uncertainties of the HARPS-N RVs is 3.8 (4.6) m s−1; the RV scatter of 34m s−1 reduces to 4.5m s−1

after removing the planetary signal. Our observations had average airmass, signal-to-noise ratio and
exposure time of 1.25, 18 and 1200 seconds, respectively.

5.2.6 Stellar analysis

We derived spectroscopic atmospheric parameters exploiting the co-added spectrum of TOI-1853.
In particular, we measured effective temperature (Teff), surface gravity (log g), microturbulence
velocity (ξ), and iron abundance ([Fe/H]) through a standard method based on measurements of
equivalent widths (EWs) of iron lines (Biazzo et al., 2015, Biazzo et al., 2022). We then adopted the
grid of model atmospheres (Castelli and Kurucz, 2003) with new opacities and the spectral analysis
package MOOG (Sneden, 1973) version 2017. Teff was derived by imposing that the abundance of
Fe i is not dependent on the line excitation potentials, ξ by obtaining the independence between Fe I
abundance and the reduced iron line EWs, and log g by the ionization equilibrium condition between
Fe i and Fe ii.e We also computed the elemental abundance of magnesium and silicon, with respect
to the Sun (Biazzo et al., 2022), using the same code and grid of models. The elemental ratios
[Mg/Fe] and [Si/Fe] have solar values within the errors, with no evident enrichment in none of these
elements with respect to the others. The stellar projected rotational velocity (v sin i) was obtained
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through the spectral-synthesis technique of three regions around 5400, 6200, and 6700Å(Biazzo
et al., 2022). By assuming a macroturbolence velocity (Brewer et al., 2016) vmacro = 1.8 km s−1, we
found v sin i = 1.3 ± 0.9 km s−1, which is below the HARPS-N spectral resolution, thus suggesting
an inactive, slowly rotating star, unless it is observed nearly pole-on.

Finally, we determined the stellar physical parameters with the EXOFASTv2 tool (Eastman et al.,
2017), which simultaneously adjusts the stellar radius, mass and age in a Bayesian differential
evolution Markov chain Monte Carlo (DE-MCMC) framework (Ter Braak, 2006b), through the
modelling of the stellar Spectral Energy Distribution (SED) and the use of the MESA Isochrones
and Stellar Tracks (MIST) (Paxton et al., 2015). To sample the stellar SED we used the APASS
Johnson B, V and Sloan g′, r′, i′ magnitudes (Henden et al., 2016), the 2-MASS near-infrared J ,
H and K magnitudes (Cutri et al., 2003), and the WISE W1, W2, W3 infrared magnitudes (Cutri
et al., 2021). We imposed Gaussian priors on the Teff and [Fe/H] as derived from the analysis of
the HARPS-N spectra, and on the Gaia DR3 parallax 6.0221 ± 0.0159 mas (Gaia Collaboration,
2022). We used uninformative priors for all the other parameters, including the V -band extinction
AV , for which we adopted an upper limit of 0.085 from reddening maps (Schlafly and Finkbeiner,
2011). Fig. 5.7 displays the best fit of the stellar SED. In doing so, we derived a mass of M⋆ =

0.837±0.038 M⊙, a radius of R⋆ = 0.808±0.009 R⊙, and an age of τ = 7.0+4.6
−4.3 Gyr. To evaluate the

uncertainties inherent in stellar models, we determined the stellar parameters with two additional
stellar evolutionary tracks, namely Yonsie-Yale (Demarque et al., 2004) (Y2) and Dartmouth (Dotter
et al., 2008), finding M⋆ = 0.835 ± 0.029 M⊙, R⋆ = 0.807 ± 0.009 R⊙, τ = 8.0+3.8

−4.4 Gyr, and
M⋆ = 0.849± 0.025 M⊙, R⋆ = 0.792+0.005

−0.004 R⊙, τ = 4.6± 2.8 Gyr, respectively. We then summed in
quadrature to the EXOFASTv2 uncertainties on M⋆ and R⋆ the standard deviations of 0.009 M⊙

and 0.009 R⊙ from the MIST, Y2, and Dartmouth stellar models, to obtain the adopted mass and
radius of M⋆ = 0.837± 0.039 M⊙ and R⋆ = 0.808± 0.013 R⊙.

5.2.7 RV and activity indicators periodograms

Simultaneously with the RVs, we extracted the time series of several stellar activity indices (Fig. 5.1):
the FWHM, contrast and bisector (BIS) span of the CCF (Cross-Correlation Function) profile, as
well as the Mount Wilson index (SMW) and the spectroscopic lines Hα, Na and Ca. We computed
the Generalized Lomb-Scargle (GLS) periodogram, with astropy v.4.3.1 (Price-Whelan and The
Astropy Collaboration, 2018, Zechmeister and Kürster, 2009), for both the RVs and the activity
indexes, which can be inspected in Fig. 5.1. In the RVs, we found the most significant peak at
1.24 days (FAP ≪ 0.1%), i.e. the expected transiting period of TOI-1853 b. This signal is not
attributable to stellar activity since none of the measured activity indicators shows a similar peri-
odicity or harmonics. Two strong peaks appear at the frequencies of the 1d aliases of the planetary
period (for example falias = f1 d − f1.24 d, giving rise to a period of Palias ≈ 5.1 days), which are no
longer seen when the signal of TOI-1853 b is subtracted, along with any other peak with FAP ≲ 5%.
The activity indicators do not show signals with FAP ≳ 0.1%.
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5.2.8 Joint transit and RV analysis

For the joint transit-RV analysis of TOI-1853 b, we employed the modelling tool juliet (Espinoza
et al., 2019), which makes use of batman (Kreidberg, 2015) for the modelling of transits, RadVel
(Fulton et al., 2018) for the modelling of RVs and correlated variations which are treated as GPs
with the packages george (Ambikasaran et al., 2015) and celerite (Foreman-Mackey et al., 2017).
We exploited the dynamic nested sampling package, dynesty (Speagle, 2020), to compute Bayesian
posteriors and evidence (Z) for the models. Even though by default the TESS PDC-SAP pho-
tometry is already corrected both for dilution from other objects contained within the aperture
using the Compute Optimal Aperture (COA) module (Bryson et al., 2020), and major systematic
errors, we corrected it for minor fluctuations that were still observable in the light curve (Fig. 5.1).
In particular, we normalized it by fitting a simple (approximate) Matern GP (Gaussian Process)
kernel (Espinoza et al., 2019). We also analysed the SPOC SAP photometry (Morris et al., 2020,
Twicken et al., 2010), which is not corrected for long trends and found no significant change in the
transit depths, or any conclusive evidence of the stellar rotation period over the brief time coverage
of both sectors.

We constructed a transit light curve model with the usual planetary orbital parameters: period P ,
time of inferior conjunction T0, eccentricity e and argument of periastron ω via the parametriza-
tion (

√
e sinω,

√
e cosω) and the mean density of the parent star ρ⋆ (Espinoza et al., 2019) from

our stellar analysis. For the flux of TESS and the on-ground light curves, we included in the
global model both offsets and jitter parameters, along with two hyper-parameters of the Matern
GP model: σGP and ρGP, respectively the amplitude and the length-scale of the GP used to cor-
rect TESS light curves. The impact parameter [b = (ap/R⋆) cos ip for a circular orbit] and the
planet-to-star radius ratio k were parameterized as (r1, r2) (Espinoza, 2018). Moreover, here we
make use of a limb-darkening parametrization (Kipping, 2013) for the quadratic limb-darkening co-
efficients (q1, q2 → u1, u2), with Gaussian priors (Claret, A., 2017). Then, we include the RV model
with the usual systemic velocity γHARPS−N, jitter σHARPS−N, and the RV signal semi-amplitude Kp.

The priors for all the parameters that are used in the joint analysis along with the estimates of
the parameters’ posteriors are summarized in Table 5.3, while the posterior distributions of the
most relevant sampling parameters are shown as corner plots in Fig. 5.9. The addition of an RV
linear term (e.g. RV intercept and slope) or RV GP models (Espinoza et al., 2019) with the simple
harmonic oscillator, Matern and quasi-periodic (which had the best result of the three) kernels
(Foreman-Mackey et al., 2017), did not significantly increase the Bayesian-log evidence or even
worsened it (∆Zquasi per

base ≈ 2, ∆Z linear
base ≈ −3), and resulted in an unconstrained value for the GP

evolution time-scale. The inclusion of a second planet in the model, with a uniform orbital period
prior between 2 and 500 days, did not improve the Bayesian-log evidence either (∆Z2pl

base ≈ 0), also
resulting in an unconstrained value for the period, which is consistent with the observed lack of
features in the GLS of the RV residuals after the subtraction of TOI-1853 b signal. Furthermore, in
order to check for transit time variations (TTVs) we ran a simple test where the orbital period of
the transit model was fixed at its best-fitting value while all the transit times were allowed to vary,
finding no clear evidence of TTVs as all the transit times are compatible with their expected value
within ≈ 1-sigma (see Supplementary materials).
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5.2.9 RV detection function

We estimated the detection function of the HARPS-N RV time series by performing injection-
recovery simulations, in which synthetic planetary signals were injected in the RV residuals after the
subtraction of the TOI-1853 b signal. We simulated signals of additional companions in a logarithmic
grid of 30× 40 in the planetary mass, Mp, orbital period, P , parameter space respectively, covering
the ranges 1− 1000M⊕ and 0.5− 5000 d. For each location in the grid, we generated 200 synthetic
planetary signals, drawing P and Mp from a log-uniform distribution inside the cell, T0 from a
uniform distribution in [0, P ], and assuming circular orbits. Each synthetic signal was then added
to the RV residuals. We computed the detection function as the recovery rate of these signals, i.e.
fitting the signals with either a circular-Keplerian orbit or a linear or quadratic trend, to correctly
take into account long-period signals which would not be correctly identified as a Keplerian due
to the short time-span of the RV observations (500 d). We adopted the Bayesian Information
Criterion (BIC) to compare the fitted planetary model with a constant model: we considered the
planetary signal significantly detected when ∆BIC > 10 in favour of the planet-induced model. The
detection function was then computed as the fraction of detected signals for each element of the
grid (Fig. 5.10).

5.2.10 Orbital decay

According to the current tidal theory, tidal inertial waves are presently not excited inside TOI-1853
by planet b because the rotation period of the star is certainly longer than twice the planetary
orbital period (Ogilvie and Lin, 2007), while tidal gravity waves are not capable of dissipating
efficiently in the central region of the star given the relatively low planetary mass (Barker, 2020).
Even assuming a lower limit for the modified tidal quality factor Q′

⋆ = 107, the remaining lifetime of
the planet is about 4 Gyr according to Eq. (1) of ref. (Metzger et al., 2012), or longer if we take into
account equilibrium tides (Cameron and Jardine, 2018). The situation is different if the planet’s
orbital plane is inclined relative to the stellar equator (Lai, 2012) because a dynamical obliquity
tide is expected to be excited independently of the star rotation period. Such a dynamical tide
would produce a fast decay of the obliquity, while it is not equally effective in producing a decay
of the orbit semi-major axis (Lai, 2012). Therefore, the effective Q′

∗, which rules the orbital decay,
can be assumed to be approximately unaffected by the stellar or planetary obliquities (see, however,
Sect. 2.2 of ref. (Leconte et al., 2010), for quantification of how the obliquities affect the evolution
of the semi-major axis). On the other hand, assuming Q′

⋆ ∼ 106 for the dynamical obliquity tide,
the e-folding damping time of the stellar obliquity would be about 1.6 Gyr, which is significantly
shorter than the estimated age of the system. Therefore, any initial stellar obliquity may have had
time to be damped along the lifetime of the system.

5.2.11 Composition

The planet bulk composition was constrained based on mass-radius relations derived in refs. (Zeng
et al., 2019, 2021). For the calculation we adopted a second-order adapted polynomial equation of
state (EOS) from ref. (Holzapfel, 2018), using EOS coefficients from ref. (Zeng et al., 2021). This
is a robust estimate since any density of a condensed phase (solid or liquid) in the interior of the
planet is mostly determined by pressure, which, in this case, is generated by strong self-gravitation
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and weakly depends on the temperature. We assumed a completely differentiated planet with an
iron (Fe) core and a mantle consisting of silicate (MgSiO3) rock. The rocky interior (Fig. 5.2) was
assumed to be 32.5% Fe plus 67.5% silicates, broadly consistent with cosmic element abundance
ratios and those derived from the host-star abundances taken as a proxy for the proto-planetary
disk composition (Table 5.1), which point to Mg:Si:Fe being close to 1:1:1. The H2–He gaseous
envelope above the rocky interior was assumed to be a cosmic mixture of 75% H2 and 25% He
by mass. Instead, the 50% H2O curve in Fig. 5.2 corresponds to an Earth-like composition with
exactly equal mass of H2O on top. The latter component approximates the mixture of C, N, O, H-
bearing material that condensed beyond the iceline of the proto-planetary disk in a water-dominated
mixture of H2O, NH3 and CH4. Slightly different compositions are compatible with TOI-1853 b as
well, for example, a thin H2 envelope, 0.1% by mass, might be present along with a rocky interior
(49.95%) and the H2O mantle (49.95%). We neglected both the role of miscibility and chemical
reactions at the interface between rock and icy material (Kovačević et al., 2022, Vazan et al., 2022)
and that of any phase transition between high-pressure ice and supercritical water (Mousis et al.,
2020). Finally, neither of the possible compositions producing the mass-radius curves in Fig. 5.2 is
expected to be primordial for a planet with the mass and radius of TOI-1853 b. Catastrophic events
such as the ones we discuss here, i.e. multiple proto-planet collisions at the onset of dynamical
instabilities upon disk disappearance or tidal disruption in a high-eccentricity migration scenario,
must be invoked.

5.2.12 Formation simulations

We simulated systems of 2, 4 and 8 solid-rich planets with a total mass of 80M⊕, using the code
swift symba5 (Duncan et al., 1998). For the first scenario of merging proto-planets, we placed the
innermost planet at 0.02 au from the star, similar to TOI-1853 b, and the other planets separated by
1.5 mutual Hill radii, to ensure that the system is violently unstable. The initial eccentricities were
assumed to be between 0 and 5e-2 and the inclinations between 0 and 1.4 degrees, to ensure that the
system evolves in 3D and the collision probability is not artificially enhanced (see Supplementary
materials). The systems with initially 2 and 4 proto-planets merged into a single planet with 80M⊕.
The system with 8 super-Earths merged into two planets of 50 and 30M⊕ respectively. We then
did a fourth simulation starting from a system of 10 super-Earths of 10M⊕ each, which led to the
formation of two planets of 70M⊕ and 30M⊕.

For the second scenario, we simulated a Jupiter-mass planet on an orbit with a semi-major axis at
1 au, perihelion distance at 0.02 au and inclination of 10 degrees. The planet is assumed to have a
radius of 2 Jupiter radii, due to tidal heating at perihelion. We placed test particles in three rings
at 0.02-0.06 au, 0.1-0.3 au and 0.5-1.5 au. In a million years, the planet engulfed 30%, 6% and 2%
of the particles in the three rings, respectively (see Supplementary materials). The sharp decay
of efficiency with the distance from the star is expected because the planetesimals are spread over
a larger area. However, this means that the planet can accrete an additional 30-40 M⊕ if there’s
enough mass in the disk to begin with.
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5.2.13 Detailed impact simulations

TOI-1853 b is too massive to have been formed in situ, but a single large impact, or multiple smaller
ones, might have removed its atmosphere and crust during the final stages of formation, thus boost-
ing its density. Here we consider giant impacts between super-Earths (or mini-Neptunes), as a
possible explanation for the two possible internal compositions depicted in Fig. 5.2 (panel a). If all
the pre-impact super-Earths in the system originally had thin atmospheres like Earth, it would be
straightforward to form TOI-1853 b with 1% atmosphere on top of a 99% Earth-like rocky interior.
However, for pre-impact super-Earths with thick atmospheres, the required impact velocity to re-
move most of the atmosphere could be as high as three times the mutual escape velocity of the two
colliding bodies (Denman et al., 2020, 2022). A series of high-speed impacts (≳ 2 mutual escape
velocity) or one last catastrophic high-speed (≳ 3 mutual escape velocity) impact could expel most
of the gaseous envelope. N-body simulations show that the impact speeds of similar-sized objects
are normally within two times the mutual escape velocity (Chambers, 2013, Quintana et al., 2016),
but given the close distance of TOI-1853 b to its star, high-speed impacts are not impossible. If
TOI-1853 b is a half water–half rock planet, the pre-impact mini-Neptunes composition could be
very different. A layer of water on top of a planet could greatly enhance the loss efficiency of the
atmosphere (Genda and Abe, 2005), but few studies have examined the problem in three dimensions.

In order to better understand the loss process of volatiles during these collisions, we conducted a se-
ries of smoothed particle hydrodynamics impact simulations under different conditions using SWIFT

(Schaller et al., 2016). Assuming the initial planets have three layers (H/He on top, a water mantle,
and a rocky interior), we explored three different compositions: water-rich by mass (67.5% water,
22.5 % rock, 10% H/He), equal rock and water (45 % rock, 45 % water, 10 % H/He), and rock-rich
(67.5 % rock, 22.5% water, 10% H/He), with the planets’ thermodynamic profiles generated us-
ing WoMa (Ruiz-Bonilla et al., 2020). These conditions were chosen to give a range of reasonable
Neptune-like compositions for the precursor planets. The rocky interior, water, and atmosphere lay-
ers are modelled using the ANEOS forsterite (Stewart et al., 2020), AQUA water (Haldemann et al.,
2020), and a mixture of hydrogen–helium (Hubbard and Macfarlane, 1980) equation of states, re-
spectively. The ANEOS forsterite equation-of-state table was regenerated using ref. (Stewart et al.,
2019) with a more dense grid (1560 grid points for density, 744 grid points for temperature) and
higher maximum density (80 g cm−3) to better model the high-pressure and high-density rocky in-
terior. Each initial target contained approximately 106 particles, and the atmosphere layers were
resolved with at least 10 particle layers. The most promising impacts were repeated with higher
resolution (107 particles) to make sure that the post-collision results converged. The mass of the
largest post-collision remnant (Mlr) was calculated using a known methodology (Carter et al., 2018,
Marcus et al., 2009), while the maximum smoothing length hmax was set to 5R⊕.

We tested various impact scenarios including head-on and oblique impacts with a pre-impact im-
pactor to target mass ratio ranging from 0.5 to 1 and target masses of 25, 45, 50 and 60 M⊕. In
Table 5.4, we provide selected results from impact simulations. We found that head-on (oblique)
merging collisions, where a target and an impactor collide at a speed approximately equal to their
mutual escape velocity (simulations with id from 1-3, 5-7, 9-11 in the Table 5.4), would result in the
removal of at most 10% (5%) of their atmospheres. While giant impacts at approximately mutual
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escape velocity are the most common, they have low atmosphere removal efficiency, and even a
series of impacts may not be enough to remove the gaseous envelope completely. Therefore, the
system would need to experience a sequence of mid-speed impacts (≳ 1.5 mutual escape velocity,
simulation id 4, 8 and 12 in the Table 5.4) or at least one high-speed impact (≳ 2 mutual escape
velocity) during its final formation stage in order to remove most of the atmosphere. Simulations
16, 17, and 18 in the Table 5.4 represent the potential final giant impact leading to the formation of
TOI-1853 b, assuming that the target planet with a mass of 60M⊕ was formed by several previous
merging collisions that resulted in little or no compositional change. A high percentage of water on
the initial planets would make the removal of the atmosphere more efficient, as water-rich impacts
require the lowest impact velocity and have the highest atmosphere loss fraction. Although there
is always some loss of water during impacts, the water loss efficiency is reduced if more water is
present on the planet initially. The mass fractions of the rock in the post-collision remnant tend to
increase in all three impact composition setups, confirming that rock is less likely to be lost due to
the core being in the centre and being less compressible than water and the atmosphere.

Considering the results shown in Table 5.4, we expect that the post-collision remnant could have
half water and half rock (with a very thin or negligible atmosphere) if the initial planets contained
more water than in the equal rock and water case (simulation id 17 Table 5.4) but not as much as the
water-rich planet (simulation id 16). If TOI-1853 b is a half-rock and half-water planet, these impact
simulations can be used to infer the composition of either the planets prior to the final impact or
the primordial disk that supplied the material from which TOI-1853 b accreted. Generating a pure
rock post-collision remnant requires a higher impact speed, as the atmosphere removal efficiency for
rock-rich planets is relatively low. Scaling laws (Denman et al., 2020), applied in the mass regime of
TOI-1853 b, suggest that the impact energies required to remove a large fraction of the atmosphere
will be in the super-catastrophic regime, and the initial planet would need ∼ 10 times the final mass
to produce a rocky planet with a thin atmosphere. Therefore, if TOI-1853 b is mainly composed of
rock, then there would need to have been a greater mass budget in the disk initially, as a higher
velocity impact would have ejected much more mass. A water-rich composition for TOI-1853 b is
likely easier to produce via impacts than a water-free super-Earth composition.

5.2.14 Atmospheric evaporation

We have considered two possible evaporation mechanisms: photo-evaporation induced by high-
energy irradiation, or Roche Lobe Overflow (RLO). At the present age, the Jeans escape parameter
(∝ Mp/RpTeq) (Fossati et al., 2017) resulted Λ ≳ 100, adopting the planetary parameters in Ta-
ble 5.1. Such a high value indicates that the atmosphere of TOI-1853 b is in hydrodynamic stability
against photo-evaporation, thanks to the deep gravitational potential well of the planet. To explore
its evolution, we adapted a numerical code developed for studying single systems (Locci et al., 2019,
Maggio et al., 2022), considering the following three scenarios: rocky interior + an H2-dominated
envelope (1% by mass), 49.95% rocky interior + 49.95% water mantle + 0.1% H2-dominated enve-
lope, 50% rocky interior + 50% water mantle and no envelope. For each case, we created a synthetic
population of young planets (10 Myr old) with different atmospheric mass fractions, ranging from
0, 0.1% or 1% (depending on the case) to around 75% of the current planetary mass. At any age,
the planet’s radius is the sum of a fixed core radius plus a time-dependent envelope radius.
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During the evolutionary history, which we followed up to 7 Gyr, planet contraction occurs due to
gravitational shrinking and to the possible mass loss via atmospheric evaporation. Assuming a
Jupiter-like albedo, A = 0.5, we found that none of the planets is either initially, or later becomes,
hydro-dynamically unstable. Larger radii imply lower values of the Jeans escape parameter, but
this is compensated by the lower equilibrium temperatures until the host star reaches the main
sequence at an age of ∼ 200Myr. In the extreme case of zero Bond albedo, planets with initial mass
≤ 180M⊕ and ≥ 75M⊕ can be hydro-dynamically unstable (Λ < 80). We explored the cases near
the lowest initial mass (∼ 75M⊕) or the lowest initial value of the Jeans parameter (Λ ∼ 60), but
we found that in all these cases the total mass loss and the radius contraction are not sufficient to
recover the assumed planetary structure at the current age.

In order to investigate the possible mass loss due to RLO, we computed the volume-averaged Roche
radius RL (Eggleton, 1983), during the different evolutionary histories of the planet described above.
It resulted always larger than 1.8Rp at the start of the evolution (t = 10Myr), for any value of
the assumed initial mass. At later ages, the Roche radius tends to increase due to any possible
mechanism of mass loss. For comparison, we evaluated the outer limit of the atmosphere, i.e. the
so-called exobase (pb ∼ 10−12 bar), by scaling the thermal escape parameter (Koskinen et al., 2022)
Γ = GMpµmH/kT1r, where µ = 2.3 is the mean molecular weight and T1 = Teq, assuming an
isothermal atmosphere in hydrostatic equilibrium and r1 = Rp at p = 1bar. We found that the
exobase is located at rb = 1.1Rp, and hence always below the Roche radius. Finally, we computed
the orbital period at which a planetary companion would begin losing mass as a result of RLO,
given by PRL = 0.4ρ−1/2 d (Jackson et al., 2017, Rappaport et al., 2013), where ρ is the mean planet
density. This critical period resulted always shorter than 0.5 days. Assuming that the planet is
not migrating during the evolution, the critical period remains also shorter than the orbital period,
and hence no RLO should occur. This result is due to the very large density of the planet, with
respect to standard models. As a countercheck, we verified that the critical period would become
equal to or larger than the orbital period if the past density of the planet was lower than ∼ 0.1 g
cm−3. In our grid of models, the planetary radius remains in the range 4–12R⊕ for envelope mass
fractions up to 75% the current planetary mass, while the critical density would require radii from
16 to 25 R⊕. We conclude that RLO processes could have contributed to the loss of TOI-1853 b
envelope only if the planet was closer to the star in the past, which for a circular orbit corresponds
to Porb ≈ 0.5 days, almost half of the current one. For this to be true, the planet should have
later migrated to its current position in agreement with the high-eccentricity formation scenario,
for which planets roughly circularize at twice the periastron distance of the initial eccentric orbit.

5.2.15 Spectral atmospheric characterisation prospects

We explored whether JWST is able to detect spectroscopic signatures of a TOI-1853 b-like planet.
According to the transit and emission spectroscopic metrics (Kempton et al., 2018), TOI-1853 b is
at the lower-end distribution of targets selected for transmission. For emission instead, TOI-1853
b is comparable to the bulk of the selected JWST secondary eclipse observations (Fig. 5.11). We
generated synthetic spectra for TOI-1853 b using the open-source Pyrat Bay modelling framework
(Cubillos and Blecic, 2021). We considered two extreme cases based on the scenarios previously
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explored: 1) a planet with a rocky interior and a 1% H2 atmosphere and 2) a planet with a 50%
rocky interior, 40% H2O mantle, and a 10% H2O supercritical steam atmosphere. Given the lack
of atmospheric composition constraints other than the bulk density of the planet, we adopted a
generic solar composition with scaled heavy-element metallicities such that we match the atmo-
spheric mass fraction of the H2-dominated and the heavy-element-dominated atmosphere. Based
on the planet’s equilibrium temperature, we assumed an isothermal temperature profile for trans-
mission and a radiative-equilibrium profile for emission. We computed the molecular composition
assuming thermochemical equilibrium. We considered the main opacity sources expected for exo-
planets in the infrared, i.e.: from molecular line lists (Rothman et al., 2010, Tennyson et al., 2020)
(pre-processed with the repack package (Cubillos, 2017)), collision induced absorption (Borysow
et al., 2001, 1988), and Rayleigh scattering (Kurucz, 1970). We then simulated JWST transmission
and emission observations with PandExo (Batalha et al., 2017) for all instruments on board.

Fig. 5.11 shows our model spectra of TOI-1853 b along with the simulated JWST observations com-
bining three visits with each instrument to enhance the signal-to-noise ratios. Either transmission
or emission spectroscopic characterisation efforts will be challenging. According to the adopted syn-
thetic models, NIRISS/SOSS and NIRSpec/G395H are the most favourable instruments to detect
spectral features based on their spectral coverage and S/N ratios. Additionally, NIRSpec/G235H
provides the best S/N ratio at ∼2–3 µm. The transmission spectra present the largest spectral
features for metallicities ranging from 0.01 − 50.0× solar. For larger metallicities, the amplitude
of the features starts to flatten as the mean molecular mass of the atmosphere increases. Notable
spectral features are the H2O bands at 1.0–2.5 µm and a strong CO2 band at 4.5 µm for super-solar
metallicities. Certainly, the presence of clouds and hazes would complicate the interpretation of
these observations as they can also flatten the spectral features, though they tend to be more preva-
lent for lower-temperature atmospheres (Morley et al., 2015). The emission spectra seem to provide
more identifiable features than in transmission (as confirmed by the relatively better spectroscopic
metric). Under the assumption of equilibrium chemistry, the CO2 absorption feature at 4.5 µm is
the clearer tracer of metallicity, as the abundance of CO2 increases more steeply with metallicity
than other dominant species like H2O.

5.3 Addendum

5.3.1 Description of the dynamical formation simulations

The first simulation considers 2 planets of 40 Earth masses around a solar-mass star. Their initial
orbital elements are:
a1=0.02000 au, e1=0.006, i1=1.27 deg., Ω1=54.8 deg., Ω1=297.5 deg, M1=76.3 deg.
a2=0.02121 au, e2=0.002, i2=1.02 deg., Ω2=112.6 deg., Ω2=227.2 deg, M2=110.9 deg.
The two planets merged into a single one with orbital elements:
a=0.02065 au, e=0.007, i2=0.76 deg.
The second simulation considers 4 planets of 20 Earth masses. Their initial orbital elements are:
a1=0.02000 au, e1=0.006, i1=1.27 deg., Ω1=54.8 deg., Ω1=297.5 deg, M1=76.3 deg.
a2=0.02096 au, e2=0.002, i2=1.02 deg., Ω2=112.6 deg., Ω2=227.2deg, M2=110.9 deg
a3=0.02185 au, e3=0.044, i3=0.31 deg., Ω3= 4.9 deg., Ω3=18.3 deg, M3=307.8 deg.
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a4=0.02258 au, e4=0.004, i4=1.07 deg., Ω4=51.5 deg., Ω4=322.0 deg, M4=253.0 deg.
The planets merged into a single one with orbital elements: a=0.02121 au, e=0.012, i2=0.81 deg.
In the third simulation we considered 8 planets of 10 Earth masses. Their initial orbital elements
are:
a1=0.02000 au, e1=0.006, i1=1.27 deg., Ω1=54.8 deg., Ω1=297.5 deg, M1=76.3 deg.
a2=0.02076 au, e2=0.002, i2=1.02 deg., Ω2=112.6 deg., Ω2=227.2deg, M2=110.9 deg.
a3=0.02146 au, e3=0.044, i3=0.31 deg., Ω3= 4.9 deg., Ω3=18.3 deg, M3=307.8 deg.
a4=0.02203 au, e4=0.004, i4=1.07 deg., Ω4=51.5 deg., Ω4=322.0 deg, M4=253.0 deg.
a5=0.02283 au, e5=0.037, i5=0.13 deg., Ω5=247.6 deg., Ω5=271.0 deg, M5=216.5 deg.
a6=0.02344 au, e6=0.042, i6=0.84 deg., Ω6=245.6 deg., Ω6=121.8 deg, M6=203.5 deg.
a7=0.02431 au, e7=0.044, i7=0.67 deg., Ω7=183.5 deg., Ω7= 99.4 deg, M7=259.5 deg.
a8=0.02521 au, e8=0.031, i8=0.28 deg., Ω8=9.3 deg., Ω8=268.3 deg, M8=37.9 deg.
This system results into two planets of 50 and 30 Earth masses with, respectively, orbital elements:
a1=0.02026 au, e1=0.043, i1=0.46 deg.
a2=0.02642 au, e2=0.081, i2=0.63 deg.
The second simulation depicts a Jupiter-mass planet on an orbit with a 1 au, e=0.98 (so that its
perihelion distance is 0.02 au) and i=10 deg. We simulated the effect of this planet on a disk of 1000
test particles (representing planetesimals or planets of smaller mass with respect ot the giant planet)
with 0.02 au < a < 0.06 au, e<0.1 and i<2.5 degrees. We simulated the system for 150’000 years,
at the end of which only 2 particles survive. 309 (31%) have been accreted by the giant planet. We
then repeated the simulation with a disk of 1000 test particles with 0.1 au < a < 0.3 au and then
with 0.5 au < a < 1.5 au, both still with e<0.1 and i< 2.5 deg.. Only 65 and 20 particles from
disk disks have been accreted by the giant planet, namely 6.5 and 2 of the total. This shows that
the efficiency of accretion of particles by the eccentric giant planets falls rapidly with the distance
of the particles from the star. All these simulations have been performed using the simplectic swift
symba5 integrator (properly referenced in the main text), with a timestep of 5x10−5 years.

5.3.2 TTV

The observed transit times of TOI-1853b were evaluated by fitting its light curves with the orbital
period fixed at its best-fitting value and leaving each time of transit as free to vary (see Figure
5.4). Then the observed times were compared with the calculated (expected) times from the orbital
period. We found no evidence of Transit Time Variations (TTV) as all the observed transit times
are compatible with their expected value within ≈1-sigma. The periodogram of O-C does not result
in any relevant peaks either. Indeed, considering the mass and orbital period of TOI-1853b, the
shallow transit depth, and also the lack of clear massive planets nearby (see Sect. 5.2.9), we did
not expect to detect TTVs unless the planet was being rapidly engulfed by the host star (which is
unlikely according to Sect. 5.2.10).

Data availability

TESS photometric time series can be freely obtained from the Mikulski Archive for Space Telescopes
(MAST) archive at https://exo.mast.stsci.edu/. All follow-up light curve data are available on the
ExoFOP-TESS website (https://exofop.ipac.caltech.edu/tess/ + target.php?id=73540072). Radial
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velocities are presented in Table 5.1. The simulation dataset of Sect. 2.13 is available on Zenodo
(10.5281/zenodo.8033965).

Code availability

The juliet python code is open and available at https://github.com/nespinoza/juliet. The Pyrat

Bay modelling framework is open-source and available at https://github.com/pcubillos/pyratbay.
astropy is a common core package for astronomy in Python, and EXOFASTV2 is a well known public
exoplanet fitting software. swift symba5 is available on https://github.com/silburt/swifter. SWIFT

is available on www.swiftsim.com. WoMa is available on https://github.com/srbonilla/WoMa. The
repack package is available on https://github.com/pcubillos/repack. PandExo is available on
https://github.com/natashabatalha/PandExo.

Figure 5.4: Observed - Calculated (O-C) time of transits for TOI-1853 b.
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Figure 5.5: Global fit result for the ground-based transits. The light curves of MuSCAT2, LCOGT and
ULMT have been shifted on the Y-axis for clarity, and their respective filter band has been indicated in the
legend. The superimposed points represent ≈ 10-minute bins, while the error bars represent one standard
deviation. The global fit from this work is depicted in black.
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Figure 5.6: High-resolution sensitivity curves. Final sensitivity of (a) Keck, (b) Gemini and (c) SOAR,
plotted as a function of angular separation from the host star. The images reach a contrast of (a) ∼ 7.6, (b)
∼ 5.2, ∼ 6.3 and (c) ∼ 4.7 magnitudes fainter than TOI-1853 within 0.5′′ in each respective band. Images
of the central portion of the data are presented as insets in the relative panels.
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Figure 5.7: TOI-1853 Spectral Energy Distribution. The error bars represent one standard deviation. The
best-fit model is displayed as a solid black line.
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Figure 5.8: GLS periodograms. The periodograms of the RVs, its residuals from the global fit and several
activity indexes are plotted consecutively, while the window function is on top as reference. The main peak
of the RV GLS periodogram, at 1.24 days, and his 1-day aliases are highlighted by a red and green vertical
bar, respectively. The horizontal dashed lines remark the 10% and 1% confidence levels (evaluated with the
bootstrap method), respectively.
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Figure 5.9: Corner plot for the posterior distributions of the global joint fit. The blue lines indicate the
average value of every parameter, while the dashed vertical lines are indicate the confidence levels at one
standard deviation.

Luca Naponiello 127



5.3. Addendum

Figure 5.10: HARPS-N RV detection map. The color scale expresses the detection function (e.g. the
detection probability), and the red circle marks the position of TOI-1853 b.
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Figure 5.11: TSM, ESM and simulated spectra for JWST. Panels a and c show the transit and emission
spectroscopic metrics for TOI-1853b (golden hexagon marker) in comparison to the population of transiting
exoplanets (gray markers) and those selected for JWST cycles 1 and 2 observations (purple and green
markers). TOI-1853b has a TSM of 2.6 and an ESM of 10.9. Panel b show synthetic transmission spectra
for an H2-dominated atmosphere (orange solid line) and an H2O-dominated atmosphere (blue solid line).
The markers with 1σ error bars show simulated JWST observations for selected detectors when combining
3 transits each. Panel d, same as panel b but for synthetic emission spectra.
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Table 5.2: HARPS-N radial velocities. FWHM is the Full Width Half Maximum of the CCF profile,
BIS is the Bisector Inverse Slope span, Contrast is referred to stellar line measurement of the spectral lines
and SMW is the Mount Wilson index

BJDTDB RV σRV FWHM BIS Contrast SMW σSMW

(2 459 000 + ) (m s−1) (m s−1)

277.591475 -26 222.45 3.76 6696 -24 66.70484 0.3101 0.0059
286.743959 -26 310.46 5.20 6658 -37 67.19193 0.2436 0.0096
288.667942 -26 227.52 3.32 6656 -37 66.92455 0.2719 0.0048
289.698557 -26 266.06 3.31 6646 -53 66.86836 0.2740 0.0046
297.604184 -26 219.74 6.08 6795 -7 65.98741 0.1466 0.0102
298.627811 -26 221.87 7.09 6720 -28 66.3382 0.4311 0.0126
299.645873 -26 263.84 5.51 6748 -42 66.35285 0.3371 0.0086
305.749103 -26 289.87 4.58 6697 -22 66.60946 0.323 0.0078
307.671216 -26 251.72 3.43 6743 -39 66.21211 0.3493 0.0041
325.603943 -26 298.31 7.99 6667 -68 66.49581 0.338 0.0158
327.671492 -26 280.93 3.56 6757 -32 66.08518 0.2944 0.0045
360.503076 -26 275.25 5.29 6789 -10 65.92973 0.3035 0.0072
365.572246 -26 251.83 4.71 6723 -37 66.24472 0.3000 0.0075
366.609855 -26 304.42 4.00 6734 -47 66.30966 0.2581 0.0064
367.546558 -26 299.77 3.13 6695 -34 66.79568 0.2893 0.0046
377.551116 -26 298.75 2.90 6712 -39 66.35716 0.3009 0.0037
378.532182 -26 245.57 3.57 6735 -41 66.01514 0.2932 0.0047
379.507227 -26 214.08 4.59 6748 -29 66.11978 0.3012 0.007
387.495223 -26 295.22 3.68 6705 -36 66.52209 0.2931 0.0058
391.502386 -26 294.81 4.65 6721 -24 66.32581 0.3742 0.0076
416.441714 -26 288.82 4.19 6683 -37 66.62051 0.2863 0.0069
565.753307 -26 264.28 3.97 6711 -46 66.64815 0.3154 0.0082
615.721992 -26 215.50 4.33 6621 -38 67.06423 0.2632 0.0093
617.727567 -26 316.77 7.21 6700 -65 66.12045 0.2601 0.0156
618.719631 -26 291.42 6.31 6703 -48 66.26545 0.2636 0.0138
624.713851 -26 245.94 2.79 6638 -39 67.17890 0.2693 0.005
625.734802 -26 228.39 3.67 6642 -48 66.95316 0.3119 0.0075
627.729205 -26 321.39 3.55 6675 -44 66.86213 0.3163 0.0069

BJDTDB RV σRV FWHM BIS Contrast SMW σSMW

(2 459 000 + ) (m s−1) (m s−1)

642.724298 -26 306.52 5.95 6692 -61 66.50986 0.328 0.0139
646.687152 -26 247.78 2.34 6697 -45 66.83894 0.3069 0.0035
648.731285 -26 318.18 2.81 6682 -47 66.86892 0.2862 0.0049
649.716835 -26 275.88 3.58 6695 -41 66.83616 0.2651 0.007
650.721339 -26 223.28 2.49 6665 -35 67.0299 0.3126 0.0042
656.721298 -26 235.09 6.12 6685 -43 66.52727 0.2212 0.0139
663.759353 -26 316.48 3.21 6697 -53 66.54938 0.3136 0.0057
678.681216 -26 308.79 5.58 6664 -14 66.59712 0.2085 0.0131
681.703784 -26 224.39 3.36 6710 -43 66.56025 0.3083 0.0063
682.627666 -26 274.79 2.72 6673 -31 66.80372 0.3234 0.0047
690.693058 -26 256.22 4.57 6734 -40 66.21964 0.3055 0.0085
705.597822 -26 243.26 3.76 6706 -38 66.47439 0.3220 0.0069
706.532481 -26 220.40 3.70 6691 -41 66.80752 0.3202 0.0074
708.602432 -26 312.25 6.49 6705 -84 66.49706 0.3678 0.0151
717.556786 -26 253.85 2.14 6692 -37 66.83179 0.3263 0.0029
718.552650 -26 312.72 2.73 6707 -46 66.61027 0.3156 0.0041
735.582824 -26 292.60 9.38 6701 -81 66.50634 0.3421 0.0226
737.473873 -26 245.33 22.37 6692 24 65.65718 0.0604 0.0619
738.528763 -26 284.60 6.08 6694 -37 66.51006 0.3167 0.0134
748.535890 -26 263.99 6.92 6700 -51 66.38869 0.2286 0.0155
750.506612 -26 280.71 4.30 6717 -33 66.28337 0.2809 0.0075
751.517693 -26 226.76 3.34 6731 -39 66.26938 0.2608 0.0052
752.506892 -26 224.75 3.67 6685 -40 66.58633 0.2531 0.007
773.458642 -26 265.04 2.74 6693 -48 66.6854 0.3202 0.0042
774.449876 -26 319.92 2.21 6662 -56 66.99418 0.3100 0.0033
775.457294 -26 302.74 3.73 6689 -42 66.72325 0.3196 0.0072
803.398361 -26 236.87 2.73 6656 -32 66.94536 0.2849 0.0047
807.396243 -26 223.01 4.48 6705 -38 66.42269 0.2925 0.0095
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Table 5.3: Global joint fit priors and posteriors. The best-fitting values and uncertainties are extracted
from the posterior probability distributions. U(a, b) indicates a uniform distribution between a and b; L(a, b)
a log-normal distribution, and N (a, b) a normal distribution with mean a and standard deviation b. The
Limb-darkening coefficients are intended for a quadratic limb-darkening law.

Prior Posterior
Parameters Unit distribution Value (±1σ)

RV Parameters
Kp m s−1 U(0.0, 100.0) 48.8+1.1

−1.0

γHARPS-N m s−1 U(−26280, −26250) −26267.0+0.7
−0.6

σHARPS-N m s−1 U(0, 10) 4.8± 0.6

Keplerian Parameters
P days N (1.24, 0.01) 1.2436258± 0.0000015
T0 BJDTDB N (2459690.7, 0.1) 2 459 690.7420± 0.0006√
e sinω U(−1.0, 1.0) 0.014+0.087

−0.095√
e cosω U(−1.0, 1.0) 0.053+0.053

−0.060

ρ⋆ kg m−3 N (2240, 150) 2236+120
−114

Transit Parameters
r1 U(0.0, 1.0) 0.681±+0.027

−0.027

r2 U(0.0, 1.0) 0.0392±+0.0007
−0.0007

Limb-darkening coefficients
q1, TESS N (0.40, 0.25) 0.36+0.13

−0.12

q2, TESS N (0.34, 0.30) 0.38+0.23
−0.21

q1, LCOGT U(0, 1) 0.57+0.23
−0.25

q2, LCOGT U(0, 1) 0.67+0.21
−0.25

q1, ULMT U(0, 1) 0.66+0.22
−0.26

q2, ULMT U(0, 1) 0.47+0.28
−0.29

q1, MuSCAT2-g U(0, 1) 0.59+0.24
−0.29

q2, MuSCAT2-g U(0, 1) 0.58+0.26
−0.28

q1, MuSCAT2-r U(0, 1) 0.52+0.27
−0.26

q2, MuSCAT2-r U(0, 1) 0.51+0.26
−0.28

q1, MuSCAT2-i U(0, 1) 0.57+0.21
−0.24

q2, MuSCAT2-i U(0, 1) 0.42+0.29
−0.25

q1, MuSCAT2-z U(0, 1) 0.31+0.33
−0.22

q2, MuSCAT2-z U(0, 1) 0.36+0.29
−0.23

Offset
off, TESS (Sect. 23) N (0, 0.01) 0.00009+0.00039

−0.00033

off, TESS (Sect. 50) N (0, 0.01) 0.0003± 0.0003

off, LCOGT N (0, 0.1) 0.005+0.030
−0.017

off, ULMT N (0, 0.1) 0.006+0.033
−0.012

off, MuSCAT2-g N (0, 0.1) 0.0006+0.019
−0.012

off, MuSCAT2-r N (0, 0.1) 0.002+0.019
−0.005

off, MuSCAT2-i N (0, 0.1) 0.002+0.006
−0.015

off, MuSCAT2-z N (0, 0.1) −0.005+0.012
−0.029

Jitter
jitt, TESS (Sect. 23) ppm L(10−1, 105) 0.09+4.20

−0.09

jitt, TESS (Sect. 50) ppm L(10−1, 105) 0.02+1.7
−0.02

jitt, LCOGT ppm L(10−1, 105) 55+640
−55

jitt, ULMT ppm L(10−1, 105) 1+39
−1

jitt, MuSCAT2-g ppm L(10−1, 105) 3+190
−3

jitt, MuSCAT2-r ppm L(10−1, 105) 0.3+4.6
−0.2

jitt, MuSCAT2-i ppm L(10−1, 105) 14+169
−13

jitt, MuSCAT2-z ppm L(10−1, 105) 39+261
−37

Hyper-parameters of the Matern GP model
σGP, TESS L(10−6, 0.1) 0.00069+0.00028

−0.00016

ρGP, TESS days L(0.1, 100) 3.9+1.4
−0.9
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Table 5.4: Impact simulation results. Parameters and results for selected impact simulations. I:R
represents the mass ratio of ice versus rock in a pre-impact planet – I:R = 3:1 refers to water-rich planets,
I:R = 1:1 refers to equal water and rock planets, and I:R = 1:3 refers to rock-rich planets. The targets and
impactors in each simulation have the same I:R ratio. Vesc is the mutual escape velocity in the corresponding
impact simulation. Mlr is the mass of the largest post-collision remnant. f shows the mass ratio of each
material in the largest post-collision remnant. Xatmos

loss shows the total mass fraction of the atmosphere that
is lost. b is the impact parameter which is related to the impact angle (b=0.0 stands for a head-on impact,
b=0.4 and 0.7 stands for an oblique impact with an impact angle of around 23.6◦ and 45◦ respectively).

id I:R Mtarg/M⊕ Mimp/M⊕ Vimp [km s−1] Vimp/Vesc b Mlr/M⊕ fsi fH2O fH&He Xatmos
loss

1 3:1 25 25 32.6 1.0 0.0 49.4 22.65% 68.15% 9.20% 9.7%
2 3:1 25 25 32.6 1.0 0.4 49.79 22.49% 67.69% 9.82% 2.9%
3 3:1 25 25 32.6 1.0 0.7 49.9 22.43% 67.51% 10.06% 0.3%
4 3:1 25 25 48.9 1.5 0.4 47.8 23.24% 70.25% 6.31% 40.2%

5 1:1 25 25 33.8 1.0 0.0 49.51 45.21% 45.40% 9.39% 7.3%
6 1:1 25 25 33.8 1.0 0.4 49.68 45.06% 45.25% 9.69% 4.2%
7 1:1 25 25 33.8 1.0 0.7 49.86 44.89% 45.08% 10.03% 4.0%
8 1:1 25 25 50.7 1.5 0.4 47.53 47.10% 46.60% 6.30% 40.3%

9 1:3 25 25 34.2 1.0 0.0 49.27 69.29% 22.78% 8.93% 12.1%
10 1:3 25 25 34.2 1.0 0.4 49.61 67.82% 22.61% 9.57% 5.2%
11 1:3 25 25 34.2 1.0 0.7 49.86 67.49% 22.52% 9.99% 0.5%
12 1:3 25 25 51.3 1.5 0.4 47.56 70.74% 22.76% 6.50% 38.25%

13 3:1 60 30 63.0 1.5 0 85.0 23.74% 71.24% 5.02% 52.7%
14 1:1 60 30 64.8 1.5 0 82.8 48.65% 46.65% 4.70% 56.7%
15 1:3 60 30 73.5 1.5 0 82.3 73.63% 20.89% 5.48% 49.8%

16 3:1 60 30 75.5 1.8 0 74.2 27.20% 71.67% 1.13% 90.7%
17 1:1 60 30 77.7 1.8 0 72.8 55.30% 42.92% 1.78% 85.6%
18 1:3 60 30 80.2 1.8 0 73.5 81.11% 16.13% 2.76% 77.4%
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Chapter 6

Conclusions and perspectives

The characterization of exoplanets, along with the architectures of the systems they inhabit, are
continuously expanding and evolving through the acquisition of increasingly precise photometric
and spectroscopic measurements. During this three-year PhD research, I actively participated in
the GAPS project (Chapter 1), aiming in particular to characterize Neptunian TOIs. I first identi-
fied the ideal candidates for spectroscopic follow-up (Section 3.1) and then, for the selected targets,
my collaborators collected RVs with HARPS-N at the TNG (Section 1.5.2), with the intent of
deriving the stellar and planetary parameters through comprehensive joint analyses (Section 1.3,
2.6, and Chapter 3). This extensive effort employed state-of-the-art Bayesian techniques (Chapter
2), and resulted in novel findings which have contributed particularly to enlarging the population
of well-characterized Neptune-type planets, as illustrated in Figure 6.1. While the observations
and/or analysis of some targets are still ongoing, as of today my collaborators and I have vali-
dated and characterized two sub-Neptunes (TOI-5076 b – Section 3.4, TOI-2443 b – Section 3.5),

Figure 6.1: Diagrams of planetary mass vs. orbital period (left-hand panel) and planetary radius (right-
hand panel) for all the exo-Neptunes known to date, with at least a 3σ precision on their estimated density.
The sizes of the circles are proportional to the radius of the planets, while their colors indicate the effective
temperature of their parent stars. The color intensity in the background is proportional to the number of
planets occupying that area. The targets observed during this thesis work are highlighted in red; the error
bars have been suppressed for clarity.
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two super-Neptunes (TOI-1710 b – Section 3.2, TOI-1694 b – Section 3.3) and three Neptune-sized
planets (TOI-1272 b – Section 3.3, TOI-1422 b – Chapter 4, TOI-1853 b – Chapter 5). We have fur-
ther discovered three non-transiting Neptune-mass planets (TOI-1272 c and candidates TOI-1272 d,
TOI-1422 c) and one Jovian (TOI-1694 c) on outer orbits.

Among them, an especially noteworthy discovery is that of TOI-1853 b (Naponiello et al. 2023,
Nature), which boasts a radius of 3.46± 0.08R⊕, a mass of 73.2± 2.7M⊕, and an extraordinarily
high bulk density of 9.7± 0.8 g cm−3, which is approximately six times that of Neptune and nearly
twice that of Earth (Chapter 5). The physical properties of this planet cannot be explained with the
core accretion formation model alone (refer to Section 1.6.1), as they necessitate the exploration of
alternative migration/evolution models in order to explain the assembly of its exceptionally heavy
core (i.e. a catastrophic origin which may result from either multiple planetary impacts or HEM
followed by severe tidal dissipation). The discovery of this super-massive planet highlights the im-
perative need to further investigate the parameter space occupied by Neptune-type worlds, as each
new discovery has the potential to yield remarkable surprises and insights. In addition, TOI-1853 b
is located in the hot-Neptune desert, as it orbits around its parent star every 1.24 days. In con-
trast, TOI-1710 b and TOI-1422 b both have longer orbital periods and eccentricities compatible
with zero, hence their current separations from the parent star can be explained by disc migration,
a process that should have damped their original eccentricities. TOI-1422 b, in particular, likely
has a close-by Neptune-mass companion, which should have been scattered away if the inner planet
migrated through planet-planet scattering instead, after the dissipation of the disc.

Similarly, the search for companion planets would prove especially crucial in the case of TOI-
1853 b, where the presence of at least one nearby planet (within ≈ 1 au) could hold pivotal clues
regarding the ultra-dense planet’s formation history. In fact, the existence of a companion may help
discern whether TOI-1853 b migrated within the protoplanetary disk and collided with multiple
super-Earths, or if HEM destabilized the orbits of potential neighbouring companions, as postu-
lated in Naponiello et al. (2023) (refer also to Section 1.6.2). While a thorough statistical analysis
with a large sample of Neptunian planets is beyond the scope of this thesis, exploring the rela-
tionship between eccentricity and planet multiplicity will thus be key to assessing their prevailing
formation and migration mechanisms. As an example, for planets discovered by Kepler, Van Eylen
and Albrecht (2015) and subsequent studies (e.g., Zhu and Dong 2021 and reference therein) found
that the eccentricities of mostly small planets in multi-planet systems exhibit different characteris-
tics compared to those in single-planet systems. In particular, they found that multi-planet systems
tend to show smaller eccentricity dispersion, suggesting that systems with more planets tend to
have more circular orbits. Two studies by Van Eylen et al. (2019) and Mills et al. (2019) further
confirmed that single transiting planets have a higher mean eccentricity (as anticipated in Section
1.3.4). The large eccentricities and mutual inclinations observed in low-multiplicity Kepler plane-
tary systems imply significant dynamical interactions among the inner planets, and that alternative
mechanisms may be at play in exciting these orbital parameters beyond what self-scatterings can
achieve, potentially involving interactions with outer massive planets.

Nevertheless, an intriguing trend emerges from the sample depicted in Figure 6.2: as the orbital
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Figure 6.2: Left-hand panel: plot of the bulk density vs. orbital period for Neptune-sized exoplanets with
precise density estimations (ρ/∆ρ > 3). The planets are plotted as circles, whose radius is represented both
by their size and their color (blue and red for planets smaller and larger than Neptune, or 4R⊕, respectively).
The fits for the two populations are shown by lines of the same color, along with one standard deviation
shades. Four examples of new planetary candidates that we have proposed for future observation runs are
represented by triangles (three reds, one blue; the values of their mass have been deduced from the empirical
law of Otegi et al. 2020). Right-hand panel: plot of the planetary mass vs. orbital period for the same planet
sample.

period increases, the bulk density of Neptune-sized planets exhibits a linear decrease in log-log
space. This trend is evident even for planets larger than Neptune (Rp ≳ 4R⊕), which exhibit lower
densities on average, as one would anticipate. The escalating photo-evaporation effect could pro-
vide a possible explanation for most of these objects, since planets on shorter orbital periods receive
elevated levels of X-UV radiation, which results in greater atmospheric loss, leading in turn to a re-
duced radius and increased density. However, the most dense exo-Neptunes, which are progressively
occupying the previously desolate region known as the hot-Neptune desert, cannot be explained us-
ing photo-evaporation models (see e.g., Naponiello et al. 2023). The nearly-simultaneous discovery
of TOI-332 b (Osborn et al., 2023) with properties similar to TOI-1853 b (ρp = 9.6+1.1

−1.3 g cm−3,
Rp = 3.20+0.16

−0.11R⊕, Mp = 57.2± 1.6 M⊕), further suggests that the latter might not be an isolated
anomaly, but rather a rare consequence of planet formation. Therefore, finding and characterizing
more planets of this kind, starting from the candidates in the highly irradiated hot-Neptune desert
(Porb ≲ 5 days), with future observational campaigns, will be crucial to quantify how prevalent
ultra-dense objects really are, and to study them in detail.

At the same time, the detection of signals associated with companions in outer orbits further
enriches our understanding of these systems. As a matter of fact, there’s currently a shortage of
long-period transiting Neptunes orbiting around bright stars. For this reason, in this work I have
also tried to select, for RV follow-up, a few transiting candidates on wider orbits (Porb ≈ 10− 100

days – see Table 3.1). While still relatively close to their parent stars, these planets have lower tem-
peratures (540 ≲ Teq ≲ 870 K) and represent an opportunity to determine the true mass fraction
of Neptune-type planetary cores, owing to reduced irradiation (and photo-evaporation). Therefore,
a comprehensive statistical analysis in the near future will hopefully be able not only to narrow
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down the parameter space of exo-Neptunes (including radius, mass, separation and eccentricity)
but also their multiplicity (along with the characterization of the planetary companions). This, in
turn, will help to distinguish between different migration scenarios, elucidating the formation and
evolution of these planets, and better discerning the differences from the processes that govern gas
giants. For instance, Bonomo et al. (2017) focused on a large sample of 231 giant transiting planets
in non-compact systems with accurate mass determinations through HARPS-N RV measurements.
Their homogeneous analysis highlighted that the most eccentric giants indeed have larger orbital
separations (see the left-hand panel of Figure 6.3) and/or high mass ratios, while for well-determined
circular orbits the semi-major axes peak at 2.5 aR (see Eq. 1.23), as HEM would predict. However,
they ultimately conclude that other migration scenarios might still contribute to the eccentricity
distribution of giant planets, in view especially of the fact that some giants on circular orbits, with
α = a/aR > 5, may have migrated through disc-planet interactions instead of HEM (similarly to
TOI-1710 b and TOI-1422 b). This is hinted by the modified tidal diagram (right-hand panel of Fig-
ure 6.3 – see however Bonomo et al. 2017 for the details), which shows different circularization times
(τe) in relation to the mass and separation of the transiting giants (τe ∝ (Mp/Ms)(α/Rp)

5, refer
e.g. to Goldreich and Soter 1966), independently of the orbital period, i.e. using P ·Mp/Ms instead
of Mp/Ms (hence why modified). In fact, the region where tidal circularization is not expected to
occur within 7-14 Gyr is almost exclusively populated by eccentric planets, with the exception of
four giants on circular orbits (with α > 5) which have likely undergone disc migration instead of
HEM. For the same reason, we would expect Neptunians with Porb > 10 days to have significant
eccentricities if they have migrated via HEM, due to low tidal interactions with the star. In this
sense, comparing the tidal diagrams of the Jovian and Neptunian populations will also be useful in
the future to better constrain their formation history.

Thanks to the resolute commitment to long-term observations of the ambitious PLATO space

Figure 6.3: Left-hand panel : The well-determined eccentricity of 123 transiting giant planets is plotted over
their orbital period. The giants on circular orbits, with small or large eccentricities (e < 0.1, e ≥ 0.1) are
depicted respectively with empty black circles, orange triangles and blue squares. Right-hand panel : Modified
tidal diagram of the same population. The dotted, dash-dotted, and dash-three dotted lines display the 1, 7
and 14 Gyr circularisation timescales for e = 0 and tidal quality factor Q′

p = 106, i.e. a parametrization of
the planet’s interior response to tidal perturbations (the lower the dissipation rate of the tidal kinetic energy
inside the planet, the higher is Q′

). Figures courtesy of Bonomo et al. 2017.
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mission (Rauer et al., 2014), led by the European Space Agency (ESA), many Warm Neptune-sized
exoplanets, and hopefully a few Cold ones (with Porb up to 1 year), will likely be revealed in the
coming years (before the launch of Ariel). Although estimating the mass of these distant objects will
present a formidable challenge, this quest falls within the reach of new RV instruments capable of
achieving precision levels of ≲ 0.3 m/s (Fischer et al., 2016). The expanding Neptunian data-set will
not only enhance our knowledge of individual exoplanets but also refine our understanding of their
density-orbital period relationship, facilitate the exploration of potential correlations between plan-
etary and stellar parameters (such as host metallicity, mass and age), and contribute to our broader
comprehension of the formation and migration of these intriguing worlds. Furthermore, the advent
of PLATO is poised to provide valuable insights into exoplanets and their stellar counterparts by
offering more accurate estimations of the stellar physical parameters. In fact, the asteroseismology
technique (refer to Section 1.3.1) is at the core of this mission. By allowing for precise asteroseismic
analyses, PLATO will in particular achieve accurate and precise age determinations, which have
historically been plagued by large uncertainties, therefore allowing for an augmented comprehension
of exoplanetary systems development.

Ultimately, such investigations will both benefit and pave the way for future transmission/emis-
sion spectroscopy endeavours with instruments like JWST and Ariel . On one hand, revealing the
true nature of individual Neptunian planets such as TOI-1853 b is, in fact, a degenerate problem (see
the discussion at the end of Section 1.3.2), and mass–radius measurements alone are not sufficient.
As a case in point, there are multiple interior and atmospheric combinations that can be consistent
with the observed bulk properties of TOI-1853 b. The super-massive planet could be described as
having a rocky core (50% by mass) surrounded by an outer layer constituted by high-pressure water
ice (also 50% by mass), or possibly supercritical liquid (Zeng et al., 2021), with negligible or no
envelope. In contrast, TOI-1853 b could also have an Earth-like rocky composition (99% by mass)
with a H/He envelope on top (1% by mass). Precise time-series spectroscopy (already within the
reach of JWST ) could break this degeneracy by directly probing the atmospheric molecular spectral
features. Constraining TOI-1853 b atmospheric composition (likely through emission spectroscopy,
rather than transmission, as suggested in Naponiello et al. 2023) will tell us whether the planet
has entirely lost its atmosphere, if it has been able to preserve an atmosphere rich in hydrogen
(like a smaller version of a Neptune planet), or instead if it now possesses a secondary atmosphere
characterized by heavier molecules (such as H2O and CO2, like a super-Earth). As a result, this
will allow us to discern between its different formation and migration models theorized (Naponiello
et al., 2023), unravelling the history of the most massive Neptune-sized planet ever found.

On the flip side, precise mass determinations are fundamental for atmospheric characterization.
As a case in point, Batalha et al. (2019) conducted a study to determine the level of planetary
mass precision required for robust atmospheric characterization, and they ultimately recommended
a precision of at least ± 20% for any detailed atmospheric characterization (so that the atmospheric
constraints are only limited by the spectroscopy data quality and not by the mass uncertainties
themselves). Atmospheric characterisation is bound to provide further constraints on the mecha-
nisms of planetary formation and evolution; for instance higher atmospheric metallicities suggest
metal-rich protostellar disc formation environments or enrichment through processes like planetary
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collisions (see Section 1.6.3) and, above all, ingestion of ice-rich planetesimals via migration. Con-
straining the Carbon-to-Oxygen (C/O) ratio (derived from the abundances of molecules seen in the
near-infrared) is further valuable, as C/O is a tracer of both the formation site and the migration
mechanism (Madhusudhan, 2019). Indeed, the field of precise exoplanet transmission spectroscopy
(see Section 1.3.3) has already made significant progress in the past decade (see e.g., Borsa et al.
2021, Brogi et al. 2018, Diamond-Lowe et al. 2018, Knutson et al. 2014, Lustig-Yaeger et al. 2023).
One of the most intriguing and unequivocal revelations stemming from this endeavour is the preva-
lence of atmospheric aerosols in exoplanetary atmospheres (Gao et al., 2023), i.e. tiny particles that
act as a barrier and hinder our ability to probe the chemical compositions of these distant worlds.
Tentative patterns have also emerged, suggesting in particular a link between the clarity of plane-
tary atmospheres and their equilibrium temperatures (Estrela et al., 2022). However, the number
of exoplanets whose atmospheres have been studied remains relatively modest, especially when one
considers the vast diversity of atmospheric physics and chemistry that could exist. Consequently,
many research efforts have resorted to grouping dissimilar planets together in order to amplify the
statistical power of their findings. Recently, Brande et al. 2023 undertook a re-examination of a
more physically similar sample of 15 exo-Neptunes spanning a temperature range from 200 to 1000
K. They found that these exoplanets exhibit high metallicities (≈ 100 times that of our own Sun)
and, therefore, relatively strong absorption features. This is because the atmospheric mean molec-
ular weight (µ, refer to Section 1.3.3) is linked to the atmospheric metallicity, and for higher levels
of metallicity the absorption features are stronger (Brande et al., 2023).

Each observed atmosphere exhibited signs of attenuation, which can be primarily attributed to the
presence of clouds or hazes consisting of tiny particles. Moreover, a substantial attenuation in the
transmission spectra becomes evident particularly for planets between 500 and 800 K, reaffirming
the correlation between temperatures and atmospheric clarity that had been previously suggested
(though only two Neptunes in their sample have temperatures lower than 500 K). Still, the intrinsic
astrophysical scatter of these measurements (Brande et al., 2023) raises questions about the forma-
tion processes of Neptunian planets, suggesting a level of unpredictability or stochasticity in their
evolution. Fortunately, at the end of this decade, the Ariel space telescope (Tinetti et al., 2021)
will significantly increase the sample of well-characterized atmospheres (mainly by the JWST ), by
analyzing the atmospheres of a wide range of exoplanets (≈ 1000), including many exo-Neptunes,
and hopefully it will bring clarity to the overall picture.
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