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Abstract

During the past three decades, starting from the first discovery of an exoplanet orbiting
a Sun-like star in 1995, the field of exoplanetary science has evolved into a diverse and
rapidly expanding discipline. In the early days, the search for new worlds dominated the
field, where each new discovery opened unexplored territory of planetary science and
challenged existing theories of planet formation and evolution. Today, with more than
6 000 confirmed exoplanets identified through a combination of cutting-edge ground- and
space-based facilities (e.g. TESS, CHEOPS, HARPS/-N, ESPRESSO and soon PLATO)
the field has entered a new era: an era focused on the detailed characterization of planetary
systems and the understanding of their physical and dynamical diversity. Thanks to the
continuous monitoring of modern state-of-the-art facilities, the observational baselines of
many planetary systems are steadily increasing. This unprecedented temporal coverage
is unlocking a new level of characterization, enabling the detection of subtle dynamical
effects through timing analyses. These techniques allow to probe the gravitational and tidal
interactions that shape planetary architectures and govern their long-term evolution. In
this context, this thesis focuses on investigating the dynamical architecture and evolution
of exoplanetary systems through complementary observational techniques. By combining
Transit Timing Variations (TTVs) and high-precision Radial Velocity (RV) measurements,
I provide crucial constraints on planetary masses, orbits, and system architectures. I first
explored tidal orbital decay in ultra-hot Jupiters through the analysis of WASP-12 b, using
12 years of ground-based photometry to confirm its decreasing orbital period while re-
vealing intriguing discrepancies that challenge our understanding of stellar evolution and
tidal dissipation. I then focus on sub-Neptune characterization in multi-planet systems,
notably focusing on the multi-planet system HIP 41378, where I performed a joint dynam-
ical modelling of the TTV and RV signals of the two inner sub-Neptunes using extensive
photometric follow-up from CHEOPS, TESS, K2, Spitzer, HST, and high-precision RVs
from HARPS. This analysis dynamically confirmed the planetary nature of HIP 41378 g, a
non-transiting planet with a period of about 64 days and a mass of about 7 Mg, located near
a 2:1 commensurability with planet c, suggesting a possible mean-motion resonance chain
in the system. Finally, I introduce a preliminary study of the young (20 Myr) multi-planet
system V1298 Tau, applying a Skew-Normal fitting method to model the cross-correlation
function (CCF) and mitigate stellar activity in nearly 400 HARPS-N spectra. Coupling
this RV extraction with photodynamical modeling of TTVs+RVs and Gaussian process
regression will enable a clearer separation of stellar and planetary signals. Altogether,
this work highlights the power of combining diverse techniques to probe the complex
dynamical and evolutionary pathways of exoplanetary systems.
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Detection & characterization of exoplan-
etary systems

The detection and characterization of exoplanets has rapidly evolved over the past three
decades, transforming our understanding of planetary systems beyond the Solar System
(e.g., Mayor & Queloz 1995; Borucki et al. 2011; Perryman 2018). Thousands of planets
have now been discovered (> 6000'), revealing an extraordinary diversity of architectures
and planetary types. Among the most productive techniques are radial velocity (RV)
measurements (Hatzes 2016), transit photometry (Winn 2010), and transit timing varia-
tions (TTVs) (Agol & Fabrycky 2018). Each of these methods probes different aspects
of planetary systems: RVs provide planetary masses, transits yield radii and atmospheric
properties, and TTVs reveal dynamical interactions and the presence of additional com-
panions. These methods have uncovered a wide range of exoplanets, from hot Jupiters to
the more common sub-Neptunes and super-Earths, as well as terrestrial planets in or near
the habitable zone. Such discoveries have challenged traditional models of planet forma-
tion and highlighted the diversity of planetary systems. However, each detection technique
carries inherent limitations and biases. RV's are most sensitive to massive, close-in planets;
transits require favorable orbital alignments; and TTVs are only detectable in multi-planet
systems with strong interactions. Therefore, combining complementary methods is cru-
cial to achieve a comprehensive understanding of planetary systems and their formation
histories.

1.1 Radial Velocity

The RV or Doppler method has been, and continues to be, one of the most powerful
techniques for detecting and characterizing exoplanetary systems (see Fig. 1.1). This

Thttps://exoplanetarchive.ipac.caltech.edu/
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Figure 1.1: Number of exoplanet discoveries per year, grouped by detection tech-
nique. Each color represents a different detection method. Transit and RV ob-
servations have dominated exoplanet discoveries over the past decades. Data are
shown up to the 30th of October 2025. Image credits: NASA Exoplanets Archive
(https://exoplanetarchive.ipac.caltech.edu.

technique exploits the Doppler effect: when a light source moves toward the observer, its
spectral lines are shifted toward shorter wavelengths (blueshift), while moving away from
the observer shifts them towards longer wavelengths (redshift). In the case of a star hosting
a planet, the two bodies orbit their common barycenter, causing the star to undergo a small
but measurable reflex motion along the line of sight. By monitoring the star’s spectral
absorption lines over time, the periodic variations in its radial velocity can be measured

as:
Al
X R 1.1
. (/lem)c (1.1)

where A1 = Agps — dem 1S the wavelength shift relative to the rest-frame emission, Adem
is the rest wavelength, and c is the speed of light. By repeatedly measuring these tiny
changes over time, one can reconstruct the radial velocity curve of the star, which encodes
the presence and orbital parameters of companion bodies in the system. In practice, these
variations are measured using high-resolution échelle spectrographs that provide high
spectral resolving powers (i.e. R = A/AA > 70,000) and extremely stable wavelength
calibration systems (e.g. thorium-argon lamps, iodine cells, or laser frequency combs).
Typical RV semi-amplitudes induced by planets range from hundreds of meters per second
for hot Jupiters to a few centimeters per second for Earth analogues, demanding exceptional
instrumental precision and long-term stability.

Assuming a Keplerian orbit, the observed stellar radial velocity as a function of time
can be described as:

vr(t) = Ki[cos(w + v(t)) + ecosw] + 7, (1.2)

where K, is the RV semi-amplitude, w the argument of periastron, v(¢) the true anomaly,
e the eccentricity, and vy the motion of the barycenter of the system. The semi-amplitude
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is linked to the physical parameters of the system by (Cumming et al. 1999):

27G\'? M, sini 1
K*:( ”G) p S (1.3)

P (M*+Mp)2/3 Vl—ez’

where P is the orbital period, M, and M, are the stellar and planetary masses, and i is
the inclination of the orbital plane relative to the observer. Because only the line-of-sight
component is measured, the inclination i could remain unknown, and the derived M), sini
is known as the minimum mass of the planet. The true mass can be recovered when i
is independently constrained, for example through transit measurements (See Sec 1.2),
allowing a more complete determination of the planet’s physical parameters, including its
density and internal composition.

Cross-Correlation Function method

In precise RV analyses, the cross-correlation function (CCF) method remains the standard
technique for measuring Doppler shifts in stellar spectra (Queloz 1995; Baranne et al.
1996). This approach combines the information contained in thousands of stellar absorp-
tion lines by correlating the observed spectrum with a binary mask that represents the
expected line pattern for a given spectral type. The binary mask itself consists of a set of
narrow rectangular (“boxcar”) functions centered on the rest-frame wavelengths of well-
defined absorption lines. Each line is assigned a weight proportional to its relative depth
(Pepe et al. 2002). Deep and narrow lines, which have the steepest profiles, carry more
Doppler information than shallow or broad ones, and are therefore given larger weights
in the mask. This weighting scheme enhances the contribution of the most informative
spectral features while mitigating the influence of blended or weak lines (see Fig. 1.2).

The resulting CCF can be interpreted as an average spectral line profile whose centroid
provides the stellar radial velocity, while its shape parameters contain valuable diagnos-
tics of line-profile distortions induced by stellar activity. Monitoring variations in these
parameters, such as depth (contrast), width (FWHM), and asymmetry (e.g. bisector span,
bi-Gauss, Vpan) is essential to distinguish genuine Doppler shifts caused by orbiting plan-
ets from spurious signals produced by stellar surface inhomogeneities. In most standard
RV extraction pipelines, the CCF is modelled using a symmetric Gaussian function to
derive the radial velocity, while asymmetries in the profile are analyzed separately through
diagnostic indicators such as the bisector span, Vgpan, BIS-, BIS+, bi-Gauss, and Vg
(Boisse et al. 2011; Figueira et al. 2013). However, this two-step approach can limit the
precision of the RV measurement in cases where the CCF exhibits significant asymme-
tries, often caused by strong stellar activity. An alternative method proposed by Simola
et al. (2019) models the CCF with a single Skew-Normal density, which naturally accounts
for both the symmetric and asymmetric components of the line profile. This approach
provides, within a single fit, simultaneous estimates of the RV, the FWHM, and the degree
of asymmetry (Skewness parameter), thereby offering a more self-consistent description
of the stellar line profile and improved sensitivity to activity-induced distortions.

Advantages and Limitations of the Radial Velocity Technique

Since the detection of the 4-day periodic radial-velocity signal of 51 Pegasi, with a semi-
amplitude of approximately 56 m/s produced by its hot Jupiter companion (51 Pegasi b;
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Figure 1.2: Schematic representation of the cross-correlation process using a weighted
binary mask. The observed stellar spectrum (black dashed line) is correlated with a binary
mask (blue) composed of boxcar functions centered on selected absorption lines. The
correlation minimum occurs when the mask lines coincide with the stellar absorption
lines, yielding the stellar radial velocity. Image credits: Roy et al. (2016)

Mayor & Queloz 1995), the RV technique has experienced a remarkable evolution, both in
precision and in instrumental capability. Second-generation échelle optical spectrographs
such as HARPS (High Accuracy Radial velocity Planet Searcher; Mayor et al. 2003) at the
ESO 3.6-m telescpe (R = 115000) and HARPS-N on the Telescopio Nazionale Galileo
(TNG) (R = 115000) (Cosentino et al. 2012) achieved precisions of ~1 m s, enabling
the detection of Neptune- and super-Earth-mass planets (Bouchy et al. 2009; Unger et al.
2021; Benatti et al. 2016; Malavolta et al. 2016; Mortier et al. 2018, e.g.). One of the latest
state-of-the-art instruments, ESPRESSO (Echelle Spectrograph for Rocky Exoplanets and
Stable Spectroscopic Observations; (Pepe et al. 2014)) at the VLT, routinely achieves
sub-meter-per-second precision and aims for the 10 cm s~! level required to detect true
Earth analogues around nearby solar-type stars (Netto et al. 2021; Figueira et al. 2025;
Hobson et al. 2025; Basant et al. 2025).

In the coming years, instruments such as ANDES (ArmazoNes high Dispersion Echelle
Spectrograph; Marconi et al. 2024), one of the first-light instruments under development for
the Extremely Large Telescope (ELT), are expected to achieve a long-term radial-velocity
stability of about 10 cm/s. Such precision will open the possibility of probing exoplanetary
atmospheres in search of biosignatures and performing accurate mass determinations of
Earth-like planets.

Despite these transformative advances, the RV method remains intrinsically limited
by several factors. Some of which are:

* Unknown inclination: only M, sini can be derived without complementary data.
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* Spectral type dependence: Cool stars with spectral types between roughly F5 and
MS5 are best suited for high-precision RV measurements, as they exhibit numerous
and narrow absorption lines. Hotter stars (T.g = 10000 K) possess fewer and
broader spectral lines due to rotational broadening and ionization effects, while very
cool stars (T.g¢ < 3 500 K) have complex molecular spectra that are difficult to model
accurately.

* Stellar activity: Photospheric phenomena such as star spots, plages, and convective
inhomogeneities (i.e. granulation), as well as stellar oscillations, can induce spurious
RV shifts that mimic or mask planetary signals. These effects are particularly strong
in young or magnetically active stars.

* Instrumental stability: Although modern spectrographs are equipped with simulta-
neous calibration systems (e.g. ThAr lamps, Fabry—Pérot etalons, or laser frequency
combs), long-term instrumental drifts and environmental fluctuations (temperature,

pressure) can still introduce systematic errors at the level of a few cm s™!.

The RV remains a cornerstone of planetary characterization, particularly when com-
bined with other techniques like transit photometry or transit time variation, it can reveal
non-transiting companions (Barkaoui et al. 2025; Leonardi et al. 2025), constrain mutual
inclinations, and identify resonant configurations (Leleu et al. 2024), thus playing a central
role in dynamical studies of planetary systems.

1.2 Transit photometry

A planetary transit occurs when a planet’s orbital plane is aligned nearly edge-on with
respect to the observer’s line of sight, causing the planet to periodically pass in front of
its host star and obscure a small fraction of its light. This produces a characteristic and
periodic dimming in the star’s brightness, the depth of which depends primarily on the
ratio of the planet’s and star’s radii (see Figs. 1.3 and 1.4). The first exoplanet transit
was detected in 2000 independently by Henry et al. (2000) and Charbonneau et al. (2000),
who observed the dimming of HD 209458, a star already known to host a planet from
radial-velocity measurements. This discovery provided the first direct measurement of
both the radius and true mass of an exoplanet, marking the beginning of the era of transiting
planet characterization and establishing the transit technique as one of the most powerful
tools in exoplanetary science. However, this technique suffers from an intrinsic geometric
limitation: the probability of observing a planetary transit is intrinsically low, since it
requires a nearly edge-on orbital configuration (i =~ 90°). For a planet on a circular orbit
(e = 0), this probability can be expressed as (Borucki & Summers 1984):

1
R, R, a
= L 0.005 (2 , 1.4
P= (R@)(I,AU) (14

where R, is the stellar radius and a is the planet’s semi-major axis. This means that the
likelihood of detecting a transit from an Earth-like planet orbiting a Sun-like star at 1 AU
is only about 0.5%.

To overcome this limitation, large-scale surveys have been developed to monitor thou-
sands of stars simultaneously. Space-based missions such as CoRoT, Kepler, TESS, and
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Figure 1.3: Schematic illustration of the photometric phase curve of a transiting exoplanet.
The total observed flux decreases during the transit, when the planet blocks part of the
stellar disk, and lightly dips again during occultation when the illuminated planetary
dayside is hidden behind the star. Image credits: Astronomy: Roen Kelly

the upcoming PLATO, together with ground-based programs like HATNet, KELT, WASP,
and NGTS, have revolutionized the field by continuously observing wide regions of the sky
with high photometric precision. Thanks to these coordinated efforts, the transit method
has become the most prolific technique for detecting and characterizing exoplanets (see
Fig. 1.1). The precision achieved by modern photometry enables not only the detection
of new planets but also the determination of key physical and orbital parameters such as
planetary radii, orbital periods, precise transit timing (See Sec. 1.3) and, even atmospheric
compositions through transmission spectroscopy.

Geometric formulation and observables A typical transit event can be schematically
divided into four contact points: first contact (planet ingress begins), second contact
(planet fully in front), third contact (egress begins), and fourth contact (planet out) (see
Fig. 1.4). These points define the characteristic shape of a transit light curve and its key
observables: the transit depth (AF), the orbital period (P), the total transit duration (t7),
and the full-transit duration (¢r). The transit depth corresponds to the fractional loss of
stellar flux during mid-transit, and, at first approximation, is given by:

2
Ry
AF ~ (—) (1.5)
Ry
where R, is the radius of the transiting planet and R, is the radius of the star. Thus,
if the stellar radius is known, the transit depth directly yields the planet-to-star radius
ratio and, consequently, the planetary radius. For circular orbits, the total transit duration
(t1), measured between first and fourth contact, and the full-transit duration (¢z), between
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second and third contact, can be expressed as:

[ 2 _ 12
oy = B arcsin & [1+ (Rp/R*)] [(a/R*) cosi] ’ (1.6)
bis a 1 —cos2i
[ _ 2 _ 12
o P resin | B \/ [1= (Ry/Ra) P2 ~ [(a/Ry) cosil | -
g a 1 —cosZi

where a is the orbital semi-major axis and 7 is the inclination of the orbital plane. Following
the formulation of Seager & Mallén-Ornelas (2003), for a planet on a circular orbit, the
impact parameter b, defined as the projected distance between the centers of the star and
the planet at mid-transit, expressed in units of stellar radii, can be written as:

b =— =
R, ! cos?(ntp/P)/cos?(ntr/P)

1/2
a {(1 — VAF)? — [sin*(ntg/P) /sin* (ntr/P)] (1 + \/AF)Z} / 08)
The impact parameter determines the geometry of the transit: central transits (b =~ 0)
produce deep, symmetric light curves, while grazing transits (b — 1) result in shorter,
shallower events (see Fig. 1.4). From the same geometric relations, the scaled semi-major
axis can be expressed as:

(1.9

i_\/(u«/ﬁ)hzﬂ
R. sin’(nty | P)

and combining Kepler’s third law:

a3 _ G(M* + Mp)

> = , (1.10)

and assuming M,, < M,, allows one to infer the mean stellar density directly from the

transit light curve as:
_3m [a 3 (L11)
P==3Gpr2 R, '

This relation shows how the transit light curve measurements alone can give informa-
tion on the physical parameters of the host star and help validate the planetary nature of
the event.

By the same token, when transit observations are combined with parameters derived
from the spectroscopic radial velocity motion of the planet, the planetary surface gravity
(gp) can be computed. This provides a fundamental constraint on the planet’s bulk
composition and is important in assessing a planet’s potential for atmospheric transmission
spectroscopy (Southworth et al. 2007). The mass function of a spectroscopic binary is
defined by (Hilditch 2001):

(1-e?)32K3P _ M, sin’ i
2nG (My + Mp)?%

fM,) = (1.12)
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Figure 1.4: Illustration of an observable transit light curve, showing the depth, durations,
and the four points of contact. Two light curves are shown for two impact parameters b.
Image credit: Seager & Mallén-Ornelas (2003)

When combined with Kepler’s third law 1.10, and the definition of surface gravity ((;24” ),
p

the equation can be rearranged to solve for g, using only directly observable quantities:

_GM, 2r(1-€»)K,
$ =R T P (Ryja)’sini

(1.13)

Limb Darkening

These analytical expressions assume a uniform surface brightness. In reality, stellar disks
are brighter in the middle and become fainter as they get closer to the edge. This effect
arises because the star’s atmosphere is not isothermal and not of infinite optical depth.
When observing closer to the edge (limb), the line of sight penetrates only the upper,
cooler layers of the stellar photosphere. Near the center, the observer sees deeper and
thus hotter, brighter material. This effect significantly modifies the shape of the transit
light curve, making the ingress and egress more gradual and the transit bottom slightly
rounded, and must therefore be accurately modeled to derive precise planetary and stellar
parameters.



Combining Techniques: Direct determination of the surface gravities of transiting
extrasolar planets

1.3 Transit Time Variations

A planet on an unperturbed Keplerian orbit should exhibit transits at perfectly regular
intervals, corresponding to a constant orbital period. However, observed deviations from
strict periodicity, known as TTVs, indicate that additional dynamical effects are at play.
These variations arise primarily from gravitational perturbations induced by other planets
in the system (Multi-planet interactions) or from strong star—planet interactions that modify
the orbital motion over hundreds or thousands of years (Secular perturbations, e.g. Agol
et al. 2005; Holman & Murray 2005; Ragozzine & Wolf 2009). These two mechanisms
produce TTVs on different characteristic timescales. Interactions with nearby planets
typically generate sinusoidal TTV signals that are detectable over the course of a few to
several orbital cycles. In contrast, secular perturbations gradually alter the orbital elements
of a planet, such as its semi-major axis, eccentricity, or argument of pericenter, on much
longer timescales, ranging from decades to millennia. Beyond planet—planet or star-planet
interactions, TTVs have also been proposed as a method to detect exomoons, whose
gravitational influence on the host planet can introduce subtle but measurable deviations
in the observed transit times (Sartoretti & Schneider 1999; Kipping 2009a, 2009b; Fox &
Wiegert 2021).

When measured with sufficient precision, TTVs can be applied to several areas of
exoplanet research and provide a powerful diagnostic tool to infer planetary masses,
eccentricities, planetary interior structure, and orbital configurations, sometimes even
revealing non-transiting companions that would otherwise remain undetected. The concept
behind this technique dates back to the nineteenth century: Neptune was discovered
by observing its gravitational effects on Uranus and calculating its mass and position
through inverse dynamical modeling (Adams 1846). The first significant detection of
TTVs in an exoplanetary system was achieved with the high-precision photometry of the
Kepler mission, in the multiple-transiting system Kepler-9 Holman et al. (2010). Shortly
thereafter, the first detection of TTVs induced by a non-transiting planet was reported
in the Kepler-19 system (Ballard et al. 2011). In this case, the transiting Saturn-sized
planet Kepler-19 b exhibits timing variations of approximately five minutes, attributed to
the gravitational perturbations of a non-transiting companion, Kepler-19 c, located near a
resonant period ratio with the transiting planet.

Linear ephemeris and O-C diagram

During a planetary transit, the instant when the center of the planet’s disk passes across
the projected center of the stellar disk is defined as the mid-transit time (7},iq). For a
strictly periodic orbit, the sequence of mid-transit times can be described by a simple
linear ephemeris:

Tg =T+ PXE, (114)

where E is the transit number (or epoch), Tif is the reference mid-transit time at epoch
E =0, and P is the orbital period. To identify and characterize deviations of the observed
transit times (7,,s) from the predicted linear ephemeris (7x), one constructs the so-called
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Observed minus Calculated (O—C) diagram. This diagram provides a direct visualization
of transit timing variations (TTVs), where

O—-C =T, Tk, (1.15)
plotted as a function of transit epoch (E) or time. An example of a simulated O—C diagram

is shown in Fig. 1.5, which illustrates how deviations from a linear ephemeris manifest as
systematic trends or periodic variations in the residuals.
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Figure 1.5: Example of a simulated short-term TTV signal. The black points with
error bars represent the observed minus calculated (O—C) transit times for a transiting
planet as a function of epoch. The red curve shows the best-fitting sinusoidal model
describing the periodic deviations from a constant ephemeris. The double arrow indicates
the TTV period, corresponding to the time between two consecutive extrema of the signal.
The amplitude of the variations (~30 minutes) is typical of systems experiencing strong
gravitational interactions with a nearby companion in or near mean-motion resonance.

1.3.1 Secular perturbations

Secular perturbations are long-term, cumulative effects arising from gravitational, tidal,
rotational, and relativistic effects in planetary systems. These phenomena predominantly
concern close-in exoplanets, most famously hot Jupiters, orbiting very near their stars.
Unlike short-term planet-planet interactions, secular changes often affect the orbital ele-
ments of a planet (such as its semi-major axis, impact parameter, eccentricity, inclination,
or longitude of periapsis) on a timescale two or three orders higher than the orbital period
of the planet. Two prominent effects of secular TTVs are orbital decay (shrinking of the
semi-major axis, usually driven by tidal dissipation) and apsidal precession (rotation of
the apsidal line).

Secular variations in transit timings can also arise from other effects like the light-travel
time effect (LTTE), also known as “Rgmer delay”, due to the reflex motion of the host
star; in order to unambiguously distinguish between these different origins of long-term
TTVs, complementary radial-velocity measurements are essential (Yee et al. 2019; Winn
& Stefansson 2025).
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Orbital decay

When the stellar rotation period exceeds the orbital period of a close-in planet, tidal
interactions drive orbital decay. In this regime, the tidal bulge raised on the star by the
planet lags behind the orbital motion, resulting in a net torque that transfers orbital angular
momentum from the planet to the stellar spin. The planet’s orbital energy is dissipated
through tides, gradually spinning up the host star while being deposited within the stellar
tidal bulge (Zahn 1977; Hut 1981; Eggleton et al. 1998). As the orbital separation (and thus
the semi-major axis) decreases, the planet ultimately approaches the stellar Roche limit.
This leads to Roche-lobe overflow (RLO), a process which the gas giant begins losing part
of its mass. The final outcome of this process depends heavily on the core mass (M) of
the overflowing planet (Valsecchi et al. 2014, 2015; Jackson et al. 2016; Ginzburg & Sari
2017): 1) Light core (M. < 6 Mg): The planet loses only a portion of its envelope, leaving
behind a remnant gas-rich, lower-mass planet i1) Dense core (M, > 6Mg): The planet is
fully stripped of its gaseous envelope. While the resulting exposed core may eventually
be engulfed by the host star (Levrard et al. 2009), this scenario provides a compelling
explanation for the population of Earth-sized Ultra-Short-Period (USP) planets. These
planets, with orbital periods P < 1 day, may represent the surviving remnant cores of Hot
Jupiters (HJs) that have lost their entire atmospheres.

Studies on the occurrence rate of giant planets (Miyazaki & Masuda 2023), together
with analyses of the Galactic velocity dispersion of their host stars (Hamer & Schlaufman
2019), showed that HJs tend to orbit predominantly younger stars when compared to the
general field star population. This trend suggests that HJs are destroyed by tidal orbital
decay while their host stars are still on the main sequence.

From an observational point of view, the effect of orbital decay results in a parabolic
trend in the O—C diagram, both for transit and occultation times, since the gradual short-
ening of the orbital separation causes the observed events to occur progressively earlier
than predicted by a constant-period ephemeris (Yee et al. 2019). In this case, the sequence
of mid-transit times is better described by a quadratic model, following Eq (4) of Yee et al.
(2019):

1dpP
Tp =T+ PXE + —— X E? 1.16
E ref 2dE ( )

where E, T, and P are the transit epoch, the reference mid-transit time, and the orbital
period, respectively, while dP/dE represents the change in the orbital period between
succeeding transits. In this scenario, the curvature of the parabola directly reflects the rate
of orbital decay, allowing one to provide critical insights into the remaining lifetime of the
close-in planet by computing the characteristic orbital decay timescale as

P

—_, (1.17
7] )

Tdecay =

where P is the time derivative of the orbital period.

Multiple exoplanetary systems have provided evidence for orbital decay, however, as
of now, the only confirmed case is WASP-12b (Yee et al. 2019; Turner et al. 2021; Wong
et al. 2021; Leonardi et al. 2024), a hot Jupiter with a 1.09-day orbital period. For a more
in-depth analysis of this system and the observational confirmation of its orbital decay, I
refer the reader to Chapter 2.
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Apsidal Precession

Apsidal precession refers to the gradual rotation of the apsidal line, which connects the
aphelion and perihelion of an orbit, within the orbital plane (Giménez & Bastero 1995).
This phenomenon is driven by several factors, including stellar and planetary quadrupole
moments (due to oblateness), general relativistic effects, tidal interactions between the
planet and its host star, and perturbations from other planets.

Therefore, the total rate of apsidal precession can be written as:

d)tot = d)tid,p + («i)gr + C‘.)rot,p + d)rot,* + d)tid,* + @p2~ (118)

Ragozzine & Wolf (2009) demonstrated that for hot Jupiters (P < 10 days, T, > 1000
K), the dominant term to the theoretical precession rate of periastron comes from the
planet’s tidal deformation (&yq,p), exceeding the effects of general relativity (wg,) and the
quadrupole field (Wrot,p, Wrot,x) by 1-2 orders of magnitude.

For hot Jupiters, the planet’s proximity to the host star raises a substantial tidal bulge
on the smaller body, resulting in a significant gravitational potential and, consequently,
substantial apsidal precession (see Fig. 1.6). The apsidal precession rate due to the planet’s
tidal bulge is given by Ragozzine & Wolf (2009) (Eq. 6):

15 R,\’ M,
U')tid,p = ?klp (7‘0) Mp fZ(e)n (1.19)

where n is the mean motion and f>(e) is an eccentricity function.

N
Star O

Planet

Figure 1.6: Geometric visualization of the star-planet system under tidal interactions. The
unperturbed spherical shapes are shown in red and dark brown, while the tidal bulges, in
orange and light brown, are elongated towards the other body. Adapted from Bernabo
et al. (2024).

This effect can be described as a long-period sinusoidal trend that follows the model
(Giménez & Bastero 1995; Patra et al. 2017):

P
tua(E) = to + PyE — <% cos w (1.20)

T

where y

w
E) = —F, 1.21
w(E) = wo + E (L.21)

1 dw
P,=P, |1 ———]|. 1.22
g . ( 2r dE) ( )

Here, 1y is the reference time, e is the orbital eccentricity, w is the argument of pericenter,
P, is the anomalistic period, and Pj is the sidereal period.
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By fitting observed transit timing variations to this precession model, we can ob-
tain precise constraints on the apsidal precession rate, Z—;‘E’. This, in turn, enables the
determination of the planetary Love number, k ;.

The Love number is a dimensionless parameter that quantifies a planet’s response to
tidal and rotational forces, contributing to the gravitational quadrupole through the induced
tidal and rotational bulges. It provides crucial insights into the internal structure of hot
Jupiters, particularly the degree of differentiation between their internal layers. Ragozzine
& Wolf (2009) demonstrated that the apsidal precession rate is directly proportional to k; ,,
(see Eq. 1.19). Measuring k; , through apsidal precession therefore allows us to probe a
planet’s internal structure, including core size and the distribution of material within the
envelope.

Accurate determinations of kj , for hot Jupiters can discriminate between competing
planetary composition models, constraining key factors such as core mass and metallicity.
This approach has already been applied in studies of systems such as HAT-P-13b (Buhler
etal. 2016), WASP-121b (Wahl et al. 2021), WASP-103b (Barros et al. 2022), and WASP-
19b (Bernabo et al. 2024).

Eccentric hot Jupiters are believed to form through dynamic evolutionary processes,
with high-eccentricity tidal migration being a leading hypothesis to explain their current
orbital configurations. Through mechanisms such as planet-planet scattering, Kozai-
Lidov cycles, and tidal circularization, these planets are driven into highly eccentric orbits
before eventually migrating inward to their present-day short-period orbits (see, e.g., Rasio
et al. 1996, Fabrycky & Tremaine 2007, Dawson & Johnson 2018). These extreme orbits
provide an ideal environment for observing pronounced apsidal precession effects, making
them excellent candidates for studying these dynamic interactions with their host stars.
Eccentric hot Jupiters undergo stronger tidal forces and more complex interactions because
their elongated orbits create varying gravitational potentials, driven by the changing size
of the tidal bulge throughout the orbital period.

The photometric detectability of apsidal precession is strongly tied to the eccentricity
of the system. In circular orbits, apsidal motion is unobservable. Additionally, when ec-
centricity is poorly constrained, accurately measuring the argument of periastron becomes
challenging. Detecting precession through transit light curves is difficult, often leading
investigators to assume circular orbits. However, this does not necessarily mean the orbit
is truly circular, but it only places an upper limit on eccentricity (Bernabo et al. 2024).

While slightly eccentric hot Jupiters (0 < e < 0.1) are expected to experience apsidal
precession, the timescales are on the order of centuries (Ragozzine & Wolf 2009). In
contrast, these effects are much more pronounced in moderately eccentric systems (e >
0.1), potentially causing observable long-term variations in the apparent orbital period in
less than 10 years.

1.3.2 Multi-Planet Interactions

In multi-planet systems, gravitational interactions between neighboring planets can lead
to an exchange of energy and angular momentum, producing measurable shifts in their
transit times. In this scenario, the TTV signal of a transiting planet arises solely from
the gravitational perturbations of its companion, and therefore depends on the mass and
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orbital properties (i.e. period, the planet-to-star mass ratio, eccentricity, and semi-major
axis) of the perturber rather than on those of the transiting planet itself.

In a two-planet configuration, the TTV (or O-C) signal of the transiting planet can be
expressed following Eq. 6 of Agol & Fabrycky (2018):

my
oty = Py A fiz(ar2,012), (1.23)
*

where P; is the orbital period of the transiting planet, m, is the mass of the perturbing
companion, and M, is the stellar mass. The functions f;; is a function of the semi-major
axis a2, and of #1, which represents the relevant orbital elements (see also Lithwick et al.
2012, Deck & Agol 2016).

Dynamical simulations suggest that the amplitude of TT Vs in typical planetary systems
is generally quite small, often ranging from seconds to minutes (Holman & Murray
2005). An exception to this occurs when planets are located in, or near, mean-motion
resonances (MMR), where the gravitational perturbations are strongly amplified. In such
configurations, the TTV amplitude can increase by orders of magnitude, reaching several
hours to days, making them readily detectable with current photometric precision (Agol
et al. 2005; Lithwick et al. 2012).

Mean Motion Resonances

A system of two planets is said to exhibit commensurability if the ratio of the orbital
periods of two planets is close to a ratio of small integers. Such commensurabilities
often signal that the planets are located in, or near, a mean-motion resonance (MMR).
Resonances are typically denoted as Py : P, = j : k MMRs, with 1, 2 referring to the
inner and outer planes, respectively. The order of the resonance is given by |j — k|, where
J —k =1,2, and 3 correspond to first-, second-, and third-order resonances, respectively.
Following Lithwick et al. (2012), for two planets close to a MMR, we can compute the
TTV period (Prrv or super-period), defined as:

1
Priv = (1.24)
|j/P2— k[P
and the normalized distance from the exact resonance (A), also called resonance offset:
P,/P
A= BBy (1.25)

Jjlk
There is, however, no single threshold value of A that uniquely confirms whether a
system is resonant. Instead, A simply quantifies the proximity of a planet pair to an
exact commensurability. To understand if two planets are in a MMR configuration, we
need additional dynamical information, such as the libration of the resonant angles. By
integrating the orbits of the system over a sufficient timescale, we can track the evolution
of the corresponding resonant angles (or arguments):

$12=jA1 = (j+k)A2+ @ (1.26)

where @ = w + Q is the longitude of the pericentre and A represents the mean longitude.
They are a measure of the displacement of the longitude of conjunction from the pericentre
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Figure 1.7: Plot displaying the incidence of observed first-order resonant pairs (blue curve)
and the incidence of planetary systems with at least one resonant pair (first-or second-
order; orange curve) across ages. Image credits: Dai et al. (2024)

of the outer planet. If at least one of these angles librates (i.e., oscillates around a fixed
value) rather than circulating through 0-27x, the system is considered to be in resonance.
As shown by Hadden & Lithwick (2017), even pairs with A < 0.01 (thus within 1%) of a
first-order MMR do not show librating resonant arguments.
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Figure 1.8: Histogram showing the period ratios of adjacent exoplanets. Image credits:
Chen et al. (2025)

Orbital resonances serve as a dynamical hallmark of planetary system evolution, often
tracing their origins to gravitational interactions within protoplanetary disks (Melita &
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Woolfson 1996; Lee & Peale 2002; Cresswell & Nelson 2006). According to theoretical
models, configurations in or near MMRs are expected to form during the early stages of
planetary system evolution, when planets are captured into resonance chains as a conse-
quence of Type-I convergent migration within the gas-rich protoplanetary disk (Malhotra
1993a; Kley & Nelson 2012; Delisle 2017; Tamayo et al. 2017; 1zidoro et al. 2017; Mac-
Donald & Dawson 2018). A notable example is PDS 70, a young system (~5 Myr) where
two directly imaged protoplanets embedded in the protoplanetary disk are near resonance
(Bae et al. 2019; Benisty et al. 2021), and recent evidence suggests a third candidate
forming a potential 4:2:1 resonant chain (Hammond et al. 2025).

Despite these theoretical predictions, there is a tension between disk migration simula-
tions and the observed architectures of planetary systems. While migration models predict
a high occurrence of planetary systems locked in resonance chains, only a small fraction
of observed systems appear to be in such configurations. In fact, the majority of mature
(>1 Gyr) Kepler and TESS multi-planet systems are found to be non-resonant (Huang &
Ormel 2023). At the same time, the distribution of observed multi-planet systems shows a
statistically significant excess of adjacent planet pairs with period ratios close to first-order
commensurabilities (i.e., j : j+1) (see Fig. 1.8; Fabrycky et al. 2014; Dai et al. 2024; Chen
et al. 2025). In particular, Dai et al. (2024) demonstrated that this excess is especially
pronounced among young, close-in planets (see Fig. 1.7), supporting the prediction of
Hamer & Schlaufman (2024) that resonant chains may be far more common during the
early stages of planetary system evolution.

This apparent discrepancy can be explained by the “breaking the chains” model,
in which planetary systems that were captured into MMRs during their early evolution
later undergo dynamical instabilities following disk dispersal. These instabilities may
arise from overstable libration driven by post-disk eccentricity damping (Goldreich &
Schlichting 2014; Xu & Lai 2017, e.g. tides;), planetesimal scattering (Chatterjee et al.
2016; Wu et al. 2024), divergent migration during disk dispersal (Liu et al. 2022; Hansen
et al. 2024), secular chaos (Petrovich et al. 2019), or global orbital instabilities (Pu & Wu
2015; Izidoro et al. 2017; Goldberg et al. 2022). These processes can disrupt the initial
resonant configurations, displacing planets slightly away from exact commensurabilities
(Izidoro et al. 2017, 2021; Carrera et al. 2019; Esteves et al. 2023; Goldberg & Batygin
2023; Weiss et al. 2023).
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A new ground-based investigation of or-
bital decay in the ultra-hot Jupiter WASP-
12b

Foreword: The discovery of the first transiting hot Jupiters (HJs), giant planets on orbital
periods shorter than P ~ 10 days, was announced more than 20 years ago. As both
ground- and space-based follow-up observations are piling up, we are approaching the
temporal baseline required to detect secular variations in their orbital parameters. In
particular, several recent studies have focused on constraining the efficiency of the tidal
decay mechanism to better understand the evolutionary timescales of HJ migration and
engulfment. This can be achieved by measuring a monotonic decrease in orbital period
dP/dt < 0 due to mechanical energy being dissipated by tidal friction. WASP-12 b
was the first HJ for which a tidal decay scenario appeared convincing, even though
alternative explanations have been hypothesized. Here we present a new analysis based
on 28 unpublished high-precision transit light curves gathered over a 12-year baseline and
combined with all the available archival data, and an updated set of stellar parameters from
HARPS-N high-resolution spectra, which are consistent with a main-sequence scenario,
close to the hydrogen exhaustion in the core. Our values of dP/dr = —30.72 + 2.67 and
0. = (2.13 + 0.18) x 10° are statistically consistent with previous studies, and indicate
that WASP-12 is undergoing fast tidal dissipation. We additionally report the presence of
excess scatter in the timing data and discuss its possible origin.

Based on:

Leonardi P., et al. 2024, Astronomy and Astrophysics, 686, A84 (2024). https://doi.
org/10.1051/0004-6361,/202348363
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2.1 Introduction:

The discovery of Jupiter-sized extrasolar planets orbiting their host stars at unexpectedly
close distances known as hot Jupiters (HJs) posed several new questions about planetary
formation and planet migration theories. Over the last two decades, astronomers have taken
important steps to understand how HJs originated. To date, the main process thought to be
responsible for such short orbits is migration from their formation site farther out (Dawson
& Johnson 2018; Fortney et al. 2021). The two most accredited transport mechanisms are
disk-driven migration, due to friction with the gaseous disk around the young star (Lin
et al. 1996; Nelson et al. 2000), and high-eccentricity migration (HEM), through planet-
planet scattering (Rasio et al. 1996) or secular interactions (Fabrycky & Tremaine 2007;
Wu & Lithwick 2011). If we consider the current occurrence estimates of one planet (to
or for) every two stars in the Milky Way (Howard et al. 2012; Dressing & Charbonneau
2013; Batalha et al. 2013; Silburt et al. 2015), it is clear that only a tiny fraction of the
total exoplanet population has been detected and studied. The many planetary systems
identified so far range in size from tiny rocky planets to massive gas giants, and show us
that diversity is one of the most important aspects of exoplanet demographics. In recent
years a new subclass of HJs has emerged, known as ultra-hot Jupiters (UHJs); they have
day-side temperatures higher than 2200 K (Parmentier et al. 2018) and orbital periods
between < 1 day and ~ 2 days. Given their extreme properties, they are valuable test cases
for probing atmospheric chemistry (Stangret et al. 2022), understanding planetary mass
loss, and constraining planetary formation and evolution models.

WASP-12b, the subject of this study, is one of these UHJs (Tq ~ 2600 K). Discovered
in 2009 by Hebb et al. (2009), as part of the Wide-Angle Search for Planets (WASP) project,
WASP-12b is known to be inflated (R, = 1.825 + 0.091 Rjyp; M, = 1.39 £ 0.12 Mjyp)
and orbiting an F-type star (T = 6250 K) with a small projected rotational velocity
(vsini = 2.2+ 1.5 km/s, Albrecht et al. 2012) in P ~ 1.09 days. The peculiar architecture
of WASP-12b has inspired several research studies on its atmosphere and planet-star
interactions. Strong absorption lines of metals in the near-UV spectra were revealed by
the Cosmic Origins Spectrograph (COS) on the Hubble Space Telescope (Fossati et al.
2010; Haswell et al. 2012; Nichols et al. 2015). Optical transit measurements revealed
that the planet is inflated, and infrared phase curves showed that it is filling ~ 84% of its
Roche lobe resulting in high mass-loss rates of metals and heavy elements (Lai et al. 2010;
Li et al. 2010; Bell et al. 2019; Antonetti & Goodman 2022). An escaping exosphere was
suggested as the cause of these phenomena (Li et al. 2010; Fossati et al. 2010; Haswell et al.
2012). According to hydrodynamic simulations by Debrecht et al. (2018), a circumstellar
disk is forming due to the expanding exospheric gas that overfills the Roche lobe and
escapes via the Lagrangian L1 and L2 points. Finally, a new atmospheric model also
including the formation of H™ through dissociation of H,O and H; has been proposed by
Himes & Harrington (2022) to reconcile the previous findings.

Another notable feature of WASP-12b is its changing orbital period. A single planet on
an unperturbed Keplerian orbit should transit at regular intervals; in other words, it should
have a perfectly constant orbital period. If the transits are no longer strictly periodic,
among the possible causes for this perturbation are the presence of additional bodies in the
system, tidal forces and relativistic effects (e.g., Agol et al. 2005; Holman & Murray 2005;
Antoniciello et al. 2021). On close-in planets, tidal effects can cause orbital circularization
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and a change in orbital period (Rasio et al. 1996; Levrard et al. 2009). Since the early days
of exoplanet research (Rasio et al. 1996; Sasselov 2003), it has already been suggested that
short-period planets could be unstable due to tidal dissipation. Detection of orbital decay
is now within reach because many transiting exoplanets, predominantly HJs, have been
monitored for decades, using both space- and ground-based surveys, as part of long-term
transit-timing observation campaigns.

The first claim of short-term period variations in WASP-12b was published by Ma-
ciejewski etal. (2011), and was interpreted as being due to the dynamical perturbation from
an unseen planetary companion (called Transit Time Variations, TTVs). This detection
prompted other observational campaigns to confirm and assess the cause of this signal.
Maciejewski et al. (2016) published additional data and discovered a quadratic trend in the
O — C diagram of the mid-transit timing compatible with a uniformly decreasing orbital
period. Subsequent studies validated this finding (Patra et al. 2017; Collins et al. 2017;
Maciejewski et al. 2018; Baluev et al. 2019), which might be equally explained by 1) an
orbital shrinkage related to tidal decay or 2) the Rgmer effect from an unseen companion
or 3) part of a long-term (=~ 14 yrs) oscillation generated by apsidal orbital precession. The
third hypothesis is plausible if the eccentricity is e =~ 0.002. However, due to the expected
fast rate of tidal circularization, it is unclear how to retain such an eccentricity (Weinberg
et al. 2017). Yee et al. (2019) presented compelling evidence against apsidal precession
and the Rgmer effect as major contributors. The authors demonstrated how the O — C val-
ues of the occultations have a decreasing pattern compatible with that of the O — C values
of the transits, while the mid-transits and occultation are expected to exhibit an opposite
trend when the apparent orbital period variation is due to the apsidal precession. Further-
more, their study revealed no significant acceleration of the barycenter of the system along
the line of sight using radial velocity observations, disproving the Roemer effect as the
primary cause of the observed decreasing O — C trend. This supported the orbital decay
scenario, further confirmed by the two latest studies on this system from the TESS space
telescope primary and extended missions: Turner et al. (2021) and Wong et al. (2022).
The latter research derived a value for the period change rate dP/dt = —29.81+0.94 ms/yr
by including transit and secondary eclipse light curves.

In this work we present 28 unpublished, high-precision, ground-based light curves of
WASP-12b. Additionally, we analyze high-resolution optical spectra from the High Accu-
racy Radial velocity Planet Searcher in the Northern hemisphere (HARPS-N, Cosentino
et al. 2012; 2014) at the Telescopio Nazionale Galileo (TNG) in La Palma, in order to
derive the stellar parameters of the host star and improve the calculation of the tidal quality
factor. In Section 2.2 of this work, we present the new photometric and spectroscopic
observations and our data reduction procedures. In Section 2.3, we describe the data
analysis. The results of the timing analysis aimed at computing the orbital period change
rate and constraining the stellar tidal quality factor Q, are reported in Section 2.4. Finally,
in Section 2.5 we present a summary of our conclusions.
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2.2 Observations and data reduction

2.2.1 Photometry

The unpublished photometric observations we present were gathered by the TASTE
project, a long-term observing program aimed at monitoring transiting planets and cre-
ating a library of high-precision light curves to exploit the TTV technique (Nascimbeni
et al. 2011; Granata et al. 2014). The project is mostly based on the Asiago Astro-
physical Observatory located at Mount Ekar (elevation: 1366 m) in northern Italy, plus
other medium-class telescopes around the globe. The Asiago facilities include the 1.82m
Copernico telescope, a Cassegrain telescope equipped with the Asiago Faint Object Spec-
trograph and Camera (AFOSC) with a 8.8 x 8.8 arcmin? field of view, which acquired all
but one of our light curves. The AFOSC detector is a back-illuminated 2048 x 2048 E2V
pixels CCD. The remaining light curve was obtained at the 67/92 cm Schmidt telescope
at the same observatory. Our observing strategy is based on defocusing the images and
applying differential photometry techniques to minimize the impact of systematic errors
from instrumental and telluric sources. For all observations, we adopted for consistency
the same set of two reference stars (TYC 1891-38-1 and TIC 86396443), always imaged
over the years in the field of view of the telescope. There are no known variability indica-
tors or higher-than-expected photometric scatter in any of them. A complete description
of the TASTE observing strategy and data reduction software is given by Nascimbeni et al.
(2011, 2013).

Our 28 transit light curves were collected over 12 years (2010-2022); a detailed ob-
serving log is reported in Table 2.1, summarizing the dates and other relevant information.
All the images were acquired either with a standard Cousins R filter (leg = 672.4 nm) or
a standard SDSS 7’ (deg = 620.4 nm), both chosen to maximize the atmospheric extinction
and limb darkening effects. The advantage of observing in the R¢ or r’ passbands is that
the impact of the limb-darkening on the transit profile is reduced with respect to the V
passband, thus the timing of the ingress and egress is improved. Moreover, extinction in
the Earth’s atmosphere is also reduced by observing in those passbands. We applied win-
dowing and 4 x4 binning to increase the duty cycle of the series as much as possible, while
keeping our reference stars within the imaged field. Stars were intentionally defocused
to an approximate radius of about 3 arcsec, equivalent to ~ 12 physical pixels, to avoid
saturation and to minimize systematic errors due to pixel inhomogeneities and imperfect
flat-field correction. The exposure time ranged between 2 to 6 s, depending on the weather
conditions and the amount of defocus applied. For each observation, an out-of-transit part
was secured about one hour before ingress and one hour after egress for normalization
and detrending purposes. Bias and flat-field frames were collected following the standard
data reduction techniques. We carried out a preliminary selection of our frames, checking
for any quality issues (e. g., pixels exceeding the saturation level, strong cosmic-ray hits,
etc.). After identifying the problematic frames, we removed the corresponding data points
from each light curve. In 6 of the 28 observations, clouds, high humidity, veils, and other
weather conditions prevented a full complete transit from being observed. We did not
exclude from our analysis the partial transits when at least the ingress or the egress were
well sampled, since most of the timing information lies at those phases where the time
derivative of the flux is larger.
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Table 2.1: Observing log of our unpublished transit light curves of WASP-12b.

ID Evening date Telescope N Filter = Exptime [s] RMS [mmag] | Phase coverage
1 2010-12-11 1.82-m 2996 Rc 4-5 3.46 Full transit
2 2010-12-12 1.82-m 2366 Rc 4-5-7 4.55 Full transit
3 2011-02-06  Schmidt 1223 Rc 10 4.11 Full transit
4  2011-11-22 1.82-m 494 Rc 10 1.96 Full transit
5 2011-11-23 1.82-m 2393 Rc 5 1.81 Full transit
6 2011-12-17 1.82-m 1881 Rc 4-7 3.20 Full transit
7 2011-12-27 1.82-m 3077 Rc 4 2.95 Full transit
8 2011-12-28 1.82-m 2456 Rc 5 2.32 Full transit
9 2012-02-24 1.82-m 2449 Rc 5 2.84 Full transit
10 2012-10-21 1.82-m 1881 Rc 5 2.55 Partial (egress only)
11 2012-12-19 1.82-m 2268 Rc 5 1.75 Full transit
12 2013-01-11 1.82-m 2287 Rc 4-5-7 2.48 Full transit
13 2013-02-04 1.82-m 2509 Rc 5 2.50 Full transit
14 2013-12-02 1.82-m 2784 Rc 4 2.77 Partial (only ingress)
15  2014-03-05 1.82-m 1945 Rc 4 4.13 Partial (only ingress)
16 2015-12-11 1.82-m 2680 SDSS r’ 3 2.81 Partial (only egress)
17 2015-12-12 1.82-m 3204 SDSS ¢’ 2 2.68 Full transit
18  2017-01-20 1.82-m 2646 SDSS ¢’ 3 3.01 Full transit
19  2017-12-20 1.82-m 2084 SDSS ¢’ 5 2.56 Full transit
20 2018-01-12 1.82-m 2437 SDSSr’ 4 2.90 Full transit
21 2019-12-29 1.82-m 2376 SDSS ¢’ 5 1.70 Full transit
22 2020-01-22 1.82-m 3080 SDSS ¢’ 4 2.29 Full transit
23 2020-11-06 1.82-m 4045 SDSS#’ 2 3.87 Full transit
24 2020-11-17 1.82-m 2942 SDSSr’ 4 2.69 Full transit
25  2021-10-29 1.82-m 2419 SDSS 5 3.23 Full transit
26 2021-12-28 1.82-m 1805 SDSS#’ 4 3.51 Partial (egress only)
27  2022-01-08 1.82-m 1350 SDSS #’ 4-5 2.56 Partial (ingress only)
28  2022-03-08 1.82-m 2845 SDSS ¢’ 4 2.73 Full transit

The columns show: a numerical identifier, the evening date of the observation, the tele-
scope used, the number N of valid scientific frames acquired during the observation, the
photometric filter, the average exposure time in seconds, the RMS of the residuals and the
approximate phase coverage.
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2.2.2 Spectroscopy

WASP-12 was observed with HARPS-N at TNG at a spectral resolution of 110000,
in the framework of the GAPS project (Covino et al. 2013). A total of 51 HARPS-
N spectra, taken from November 2012 to January 2018, were used in this study. An
analysis including the first 15 spectra was published by Bonomo et al. (2017) together
with the result of the other 44 stars observed in that study. Additionally, we used eight
spectra from the same program, which are still unpublished. The main purposes of these
first 23 observations were to refine the planetary parameters and to search for additional
companions through high-precision RV monitoring (individual RV errors ranging from 2
to 10 m/s). The remaining 28 spectra were obtained during planetary transits and adjacent
off-transit windows on the nights 2017 December 23 and 2018 January 14 as part of the
GAPS program to study the planetary atmospheres of hot Jupiters (Guilluy et al. 2022).
The individual spectra were reduced with the standard Data Reduction Software version
3.8. A coadded spectrum was then created using all the spectra, achieving a mean S/N of
~ 220 at around 6000 A. The HARPS-N spectra described above were exploited in this
paper to characterize the host star (see Sect. 2.3.3). For WASP-12, there are no indications
of additional companions, and the updated RV analysis yielded a RV semi-amplitude
of 219.90 + 2.2 m/s, corresponding to a planetary mass of 1.39 + 0.12 Mjup, with no
significant eccentricity (e <0.02).

2.3 Data analysis

2.3.1 Light curve extraction

After the images underwent bias and flat field correction, we performed differential aper-
ture photometry and extracted the light curves by employing the STARSKY photometric
pipeline, originally designed for the TASTE project (Nascimbeni et al. 2011; Nascimbeni
et al. 2013), and based entirely on an empirical approach. This pipeline performs aperture
photometry on the target and a set of reference stars, and combines their fluxes to get
high-precision differential light curves, where instrumental or telluric systematic errors
are mitigated. The error bars on each data point were calculated with the analytic for-
mulae quoted by Nascimbeni et al. (2011) (Egs. 1 and 2) and through standard statistical
propagation.

The aperture radius was set to include most of the flux of the target and the reference
stars, and to minimize the off-transit scatter of each light curve. The optimal radius fell
in the range of 9-23 pixels. For consistency, all observations utilized the same set of two
reference stars as indicated in Sect. 2.2.1 for consistency. Before the extraction, all the
light curves were detrended with a linear function of time at the extraction stage, as part
of the STARSKY standard processing (Nascimbeni et al. 2011; Nascimbeni et al. 2013).

In order to represent all our time stamps to a single, accurate time standard, we
translated them to the mid-exposure instant and converted them to the BJD-TDB standard,
following the prescription by Eastman et al. (2010). It is worth mentioning the light curve
ID=23 is the only one in our set that shows an unexpected feature, a S mmag deep, 6 min
long dip right after the end of ingress (see Fig. 2.5). Although the overall RMS of this light
curve is higher than average due to a high background level (bright moon at ~ 20°), there
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is no clear correlation between the feature and any of our diagnostic parameters, including
guiding drifts, stellar FWHM, transparency, background. The dip is independent of the
choice of reference stars, and is even visible in the absolute light curve. We conclude that
the feature is probably genuine, and due to the crossing of an active region during the
transit. We come back to this explanation in Sect. 2.4.4.

2.3.2 Light curve modeling

We analyzed the whole set of 28 transit light curves simultaneously using the package
PyORBIT! (Malavolta et al. 2016; 2018) developed for modeling planetary transits and
radial velocities. In the fitting procedure, the central time of transit 7y was left free to
vary for every transit. As each data set includes a single transit, a uniform prior on each
central time of transit T is automatically generated by taking as boundaries the first and
last epoch of the corresponding data set. In those cases where only a partial light curve
was observed and the Tj falls outside the observed window (namely, ID# 10, 14, 15, 16,
27), the uniform prior was set manually via visual inspection.

We imposed a Gaussian prior on the orbital period (P) and the stellar radius, based
on the values from Bonomo et al. (2017). We adopted a quadratic law to model WASP-
12’s limb darkening (LD) effect, employing the limb darkening parameterization (g1, g2)
introduced by Kipping (2013). The limb darkening coefficients are associated with two
sets of Gaussian priors, one for each filter, centered on the prediction of the PHOENIX
atmospheric models (Husser et al. 2013) with an added conservative uncertainty of 0.10.

We assumed a circular orbit. The effect of nonzero eccentricity on the light curve
implies a difference in the ingress and egress times. This difference is 1072 X e for a
close-in planet (Winn 2010). Since our eccentricity is j 0.02 (see Sect. 2.3.3) the effect
on the light curve is negligible. Additionally, for a short-period planet orbiting a star as
old as WASP-12 (see Table 2.5), we can consider that the orbit is circularized (Nagasawa
et al. 2008, Fig. 4).

For each data set, we included a jitter term to account for possible underestimation of
measurement errors and short-term stellar activity white noise. We also used a quadratic
baseline (three extra free parameters for each light curve) for transits ID# 3, 4, 5, 14,
15, 21, and 22, (i.e., for those where the corresponding BIC value indicated a significant
improvement in fit as a result of the inclusion of the detrending baseline). Finally,
because no contaminants fall inside the photometric aperture adopted, the dilution factor
is negligible, and is not included in the fit.

The free parameters in the fit accounted for: 3 parameters for the transit shape, 4 for the
LD parameters, 28 for the transit times, 28 for the jitter and 15 (3 X 15) for the detrending
parameters. This amounts to a total of 78 free parameters.

All the transit models were computed with the popular package batman (Kreidberg
et al. 2015), with an exposure time of 5 s and an oversampling factor of 1. The differential
evolution algorithm PyDE? was used to conduct global parameter optimization. The
output parameters served as the starting point for the Bayesian analysis, which was carried
out using the emcee (Foreman-Mackey et al. 2013) package, a Markov chain Monte Carlo
algorithm. We ran an auto-correlation analysis on the chains: if the chains were longer

Thttps://github.com/LucaMalavolta/PyORBIT
2https ://github.com/hpparvi/PyDE
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than 100 times the estimated auto-correlation time and this estimate varied by less than
1%, the chains were deemed converged. We cautiously set the burn-in value to a number
greater than the previously stated convergence point, and we used a precautionary value
of 1000 for the thinning factor. We ran the sampler for 75000 steps, with 680 walkers
and a burn-in cut of 25 000 steps. Table 2.2 shows all the 28 transit central times obtained
from the PyORBIT fit. The resulting best-fit parameters and the priors are shown in Table
2.3. The light curves and the corresponding PyORBIT best-fitting models are plotted in
Figs. 2.3-2.6.

2.3.3 Stellar parameters

The coadded spectrum was analyzed as in Biazzo et al. (2022) to derive the effective tem-
perature Teg, the surface gravity log g, the microturbulence velocity &, the iron abundance
[Fe/H], and the rotational velocity v sini, of WASP-12. For T, log g, &, and [Fe/H] we
applied a method based on equivalent widths (EWs) of 81 Fe1and 11 Fe 11 lines taken from
Biazzo et al. (2015) and Biazzo et al. (2022) and the spectral analysis package MOOG
(Sneden 1973; version 2017). We then adopted the Castelli & Kurucz (2003a) grid of
model atmospheres with solar-scaled chemical composition and new opacities. The pa-
rameters Ter and & were derived by imposing that the abundance of the Fe1 lines is not
dependent on the line excitation potentials and the reduced equivalent widths (i.e. EW/A),
respectively, while log g was obtained by imposing the ionization equilibrium condition
between the abundances of Fe1 and Fe 11 lines.

The vsini, was measured with the same MOOG code and applying the spectral
synthesis technique of three regions around 5400, 6200 and 6700 A. We adopted the grid
of model atmosphere mentioned above and, after fixing the macroturbulence velocity to
the value of 5.5 km/s from the relationship by Doyle et al. (2014), we find an upper limit
for the stellar v sini, of 1.9 km/s.

From the same coadded spectrum, we also derived the abundance of the lithium line at
~6707.8 A log A(Li), after measuring the Li EW (39.5+ 1.5 A) and considering our stellar
parameters previously derived together with the non-LTE corrections by Lind et al. (2009).
We therefore obtained 2.55 + 0.05 dex as NLTE lithium abundance. Lithium equivalent
width and elemental abundance values for a star with an effective temperature like that of
WASP-12 are intermediate between those of clusters of 2 Gyr, such as NGC752, and ~4
Gyr, such as M67 (Sestito & Randich 2005; Jeffries et al. 2023). The final atmospheric
stellar parameters, together with iron and lithium elemental abundances are listed in
Table 2.4, where uncertainties were computed as in Biazzo et al. (2022).

In order to determine the mass, radius, density and age, we followed the same approach
as described in Sect. 3.2 of Lacedelli et al. (2021). We used the code ISOCHRONES
(Morton 2015), with posterior sampling through the code MuLTINEST (Feroz & Hobson
2008; Feroz et al. 2009, 2019). We provided as input the photometry from the Two
Micron All Sky Survey 2MASS, WISE, and the parallax of the target from the Gaia Early
Data realease(eDR3) (see Table 2.5 for the adopted stellar parameters). The analysis was
performed using two evolutionary stellar models, the MESA Isochrones & Stellar Tracks
(MIST) (Dotter 2016; Choi et al. 2016; Paxton et al. 2011) and the Dartmouth Stellar
Evolution Database (Dotter et al. 2008).

We derived from the mean and standard deviation of all posterior samplings, M, =
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Table 2.2: New best-fit transit times of WASP-12b.

ID 7o (BJD-TDB) oo [days]
2455542.553168  0.000189

[y

2 2455543.643326  0.000297
3 2455599.307161  0.000540
4 2455888.533480  0.000180
5 2455889.624786  0.000135
6 2455913.635896  0.000204
7 2455923.458691  0.000164
8  2455924.549735  0.000125
9  2455982.395378  0.000160
10 2456222.508576  0.000210
11 2456281.444317  0.000103
12 2456304.364434  0.000133
13 2456328.375176  0.000143
14 2456629.607692  0.000266
15 2456722.377750  0.000272
16 2457368.498222  0.000225
17 2457369.589776  0.000125
18 2457774.507194  0.000156
19 2458108.480490  0.000148
20 2458131.399324  0.000171
21 2458847.370515  0.000186
22 2458871.381793  0.000155
23 2459160.606724  0.000164
24 2459171.521679  0.000132
25 2459517.500786  0.000194
26 2459577.528473  0.000253
27 2459588.443252  0.000175

28 2459647.379007  0.000128

The numerical IDs match those assigned on Table 2.1. The transit times are given in the
BJD-TDB standard (Eastman et al. 2010); the third column reports the associated 1-o
error.

1.325*0926 Mo, Ry =1.6907001% Ro. The stellar density p, = 0.27+0.010 p was derived
directly from the posterior distributions of M, and R,. These stellar parameters, together

with the age, are listed in Table 2.4.
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Table 2.3: WASP-12b orbital parameters derived from PyORBIT Markov chain Monte
Carlo analysis.

Parameter Units Prior Posterior value
FITTED PARAMETERS

Orbital Period (P) [days] 24[1.09142090,0.00000020] 1.0914210*0-0000001%
Impact Parameter (b) - U[0,1+ (R«/Rp)/2] 0.424*0:012
Quadratic Limb Darkening term ¢ (Rc filter) - U[0.412,0.10] 0.349f%‘%é99
Quadratic Limb Darkening term ¢, (R filter) - U[0.148,0.10] 0.1 67t%:?ﬁ%
Quadratic Limb Darkening term ¢ (SDSS.r filter) - U[0.428,0.10] 0.3699.9%
Quadratic Limb Darkening term c, (SDSS.r filter) ~— — U[0.15,0.10] 0.109*5:9%3
DERIVED PARAMETERS

Semimajor axis (a) [au] _ 0.023 4t%‘%%11%
Inclination () [deg] _ 81 -80t00',2297
Planet Radius (R),) [Rs] _ 1.965’:%"%*;%
Transit duration (7i4) [days] - 0.12504 + 0.00018

The listed best-fit values and uncertainties are the medians and 15.865th-84.135th per-
centiles of the posterior distributions, respectively.

2.3.4 Timing analysis

We searched for the shrinking of the orbital period to constrain the orbital decay effects.
Similar to Patra et al. (2020), Yee et al. (2019) and Turner et al. (2021) we implement two
models to fit the timing data. The first is the linear ephemeris model, which assumes that
the orbital period is constant:

lin=To+PXE (21)

Here E, Ty and P are respectively the transit epoch, the reference mid-transit time (corre-
sponding to £ = 0) and the orbital period. The second model is quadratic, and assumes
that the orbital period is varying uniformly over time:

1dP
Tyuad =To+ P X E + ~— X E? (2.2)

Here dP/dE is the change in the orbital period between consecutive transits, which is
assumed constant. The best-fitting model parameters were found by performing a DE-
MCMC analysis (100 000 steps with 1000 burn-in steps) of all the timings in Tab. 2.2.
We adopted as the new zeroth epoch the transit time closest to the average of the available
timings, to minimize the correlation between the ephemeris parameters, as done for
instance by Dragomir et al. (2011) and Mallonn et al. (2019). The results of the quadratic
model are:

Ty = 2457280.093510 + 0.000067 (BJD-TDB), 2.3)

P =1.0914192185 + 0.000000041 days, 2.4)

dpP

15 = (—=1.063 + 0.093) x 107° days/orbit, (2.5)
P

Ccll_t =-30.72 £ 2.67 ms/yr. (2.6)
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Table 2.4: Stellar parameters of WASP-12 derived from the analysis of the HARPS-N
spectra and from stellar evolutionary tracks.

Parameter Value
Ter [K] 6265 + 50
log g [cgs] 4.11+0.11
[Fe/H] [dex] 0.12+£0.07
£ kms™1 1.39 £ 0.08
vsiniy [kms™!] <1.9
EWy;i [mA] 39.5+1.5
log A(Li) [dex] 2.55 +0.05
Ay [mag] 0.321 £ 0.096
M, [Mo) 1.325+0.026
R, [Ro] 16900919
Px [po] 0.274 + 0.010
Age [Gyr] 3.05+0.32

The corresponding O — C (observed minus calculated) diagram is shown in Fig. 2.1 as a
function of the epoch E. The derivative of the orbital period dP/dE is derived from the
quadratic coefficient of the best-fitting parabola in Eq. 2.2, and then translated into d P/dz.
Its negative sign indicates a decrease in the orbital period with a rate of 0.03071 seconds
per year. The corresponding orbital decay timescale would be 7 = —(dP/dt)/P =3.07 +
0.26 Myr, a value consistent with the results of Turner et al. (2021) and Wong et al. (2022)
(see Table 2.6).

To further test the orbital decay hypothesis, we combine our homogeneous ground-
based data set with all the available mid-transit times (356) compiled by Bai et al. 2022.
The data encompass timings from ground-based facilities as well as TESS results and data
by amateur astronomers collected by ETD (Poddany et al. 2010). All the literature timings
and the filters used are listed in the additional tables at CDS. The resulting parameters of
the quadratic fit, performed as in the former case, are:

To = 2457607.519305 + 0.000032 (BJD-TDB), 2.7)

P =1.091418901 = 0.000000018 days, (2.8)

dP

1 = (-1.082£0.042) x 1070 days/orbit, (2.9)
P

i—t = -31.27+1.23 ms/yr. (2.10)

We used these parameters to compute the O — C diagram shown in Fig. 2.2. We note
that the planetary parameters reported in Table 2.3 were derived based on the Asiago
photometry alone, and are therefore independent from any literature work.

As already shown by several previous studies (Patra et al. 2017; Yee et al. 2019; Turner
et al. 2021) the quadratic model provides a much better fit with respect to the linear
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Table 2.5: Astrophysical properties of WASP-12

Parameter Value Reference
Identifiers

2MASS J06303279+2940202 1
Gaia DR3 3435282862461427072 2

Astrometric Parameters

RA [J2000] 06:27:21.28 2
Dec [J2000] 29:42:26.84 2
Parallax [mas] 2.4213 £ 0.0166 2
U [mas yr~!] -1.518 +0.019 2
us [mas yr=!] -6.760 + 0.015 2
Photometric parameters

B[mag] 12.14 £ 0.21 3
V[mag] 11.57 £ 0.16 3
J[mag] 10.477 £ 0.021 1
H[mag] 10.228 + 0.022 1
K[mag] 10.188 = 0.020 1
Wil[mag] 10.111 +£0.022 4
W2[mag] 10.109 + 0.021 4
W3[mag] 10.121 £ 0.073 4

(1) Two Micron All Sky Survey (2MASS; Cutri et al. 2003; Skrutskie et al. 2006);
(2) Gaia eDR3 (Gaia Collaboration 2020)

(3) Tycho-2 Catalogue (Hgg et al. 2000)

(4) Wide-field Infrared Survey Explorer (WISE; Wright et al. 2010)

ephemeris. This is also confirmed in our goodness-of-fit statistic, by the quadratic model
(25 degrees of freedom, d.o.f) chi-square (y?) 770.87 against the linear model (26 d.o.f)
value of 2463.66 and by the Bayesian information criterion (BIC; Schwarz 1978). The
orbital decay model is favored with a value of A(BIC) = 1693 against the linear model.

2.4 Discussion

2.4.1 Tidal orbital decay

The measured fast rate of orbital decay for WASP-12b has been attributed to tidal dissipa-
tion inside its host star. A short-period planetary system experiences a tidal orbital decay
if the host star rotates more slowly than the orbital period of the planet. In this scenario,
the orbital angular momentum of the planet is transferred to the spin of the star because
the tidal bulge lags behind the position of the planet in its orbit. The orbital energy of
the planet, deposited in the tidal bulge within the host star, is dissipated by tides, which
causes the star to spin up (Zahn 1977; Hut 1981; Eggleton et al. 1998). The transfer of
angular momentum from the planetary orbit to the stellar spin causes the orbital separation
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Figure 2.1: Observed minus calculated (O — C) diagram of WASP-12b for the unpublished
transits collected at Asiago (Tables 2.1 and 2.2). The reference ephemeris here is the linear
part of Eq. 2.3, while the additional quadratic term (based on dP/dE) is plotted as a black
solid line. An excess scatter in the data points with respect to the quadratic model can be
seen in the figure. This is addressed in Sect. 2.4.4.

between the planet and the host star to shrink (along with orbital circularization) leading
ultimately to the engulfment of the planet after the stellar Roche radius limit is reached
(Levrard et al. 2009). Orbital decay in a close-in, short-period exoplanet can be detected
via long-monitoring transit-timing variations observational campaigns (Miralda-Escudé
2002; Agol et al. 2005; Holman & Murray 2005).

2.4.2 Stellar tidal quality factor

The tidal quality factor Q is defined as the ratio of the total energy of the tide to the total
energy dissipated in one tidal period (see, e.g. Eq. 2.19 of Zahn 2008). When dealing
with tidal dissipation, we pair Q with the Love number k,, which takes into account the
internal density stratification of the object. Directly measuring the decrease in the orbital
period can be used to estimate the modified stellar tidal quality factor Q’, = 3Q./2k;
(Matsumura et al. 2010; Hoyer et al. 2016; Penev et al. 2018; Turner et al. 2022). This
dimensionless parameter measures the efficiency of the dissipation of the kinetic energy
of the tides inside the star. We can deduce its value using the constant-phase-lag (CPL)
model of Goldreich & Soter (1966):

27 (M a\7> (dP\!
’ p
- _ adl il 2.11
Q. 2”(M*)(R*) (dt) @11
where M,,/M, is the planet-to-star mass ratio, R, is the stellar radius, a is the semimajor

axis and dP/dt is the period derivative. By taking our derived values of M., dP/dt, R,
a, see Sects. 2.3.3 and 2.3.4, and the planetary mass of Chakrabarty & Sengupta (2019),
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Figure 2.2: Observed minus calculated (O — C) diagram of WASP-12b for all the available
transit-timing data. The reference ephemeris here is the linear part of Eq. 2.7, while the
additional quadratic term (based on dP/dE) is plotted as a black solid line. The Asiago
data are plotted as black and red points, the remaining points come from the literature: Bai
et al. (2022) (red, including TESS), Wong et al. (2022) (light green), Baluev et al. (2019)
(light blue), other literature works (available at CDS, pink). Amateur timings from ETD
are plotted in gray.

we obtained a modified tidal quality factor of
Q. =(2.13+0.18) x 10°. (2.12)

The planetary mass is assumed to be constant, which we know from Lai et al. (2010) not to
be the case. This value is slightly higher, but still consistent, compared to what is derived
by Turner et al. (2021) and Wong et al. (2022).

In the literature, there is a substantial disagreement between the value of Q’, determined
from the WASP-12 studies and the observed or theoretically predicted ranges of values.
Our derived value is at the lower limit of the observed ranges as derived from population
studies of hot Jupiters (105'5—106'5 : Jackson et al. 2008; Husnoo et al. 2012; Bonomo et al.
2017; Barker 2020) and binary star systems (10°-107; Meibom & Mathieu 2005; Ogilvie
& Lin 2007; Lanza et al. 2011; Meibom et al. 2015). Collier Cameron & Jardine (2018)
used a form of Bayesian hierarchical inference to numerically estimate the modified stellar
quality factor for hot Jupiters. Their analysis found mean values of Q”, ~ 107 and 1083,
for the dynamical and equilibrium tide regimes, respectively. The authors expected a
departure from a linear ephemeris for WASP-12b of less than 1 s, on a 20 yr baseline.
We can see from Fig.2.1 and Fig.2.2 that our observations greatly exceed that prediction
showing a variation of minutes on a 12 yr baseline. Hamer & Schlaufman (2019) and
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Barker (2020) argued that the findings of population-wide studies of hot Jupiters should be
taken as approximate estimates considering that the value of Q’, depends on the physical
and mechanical properties (orbital period, stellar interior structure and rotation period,
planet and stellar mass) of the individual star-planet systems. In this regard, Rosario et al.
(2022) studied WASP-18b, a massive hot Jupiter (~11 M;) on a 0.94 day period orbiting
a star with a spectral type and mass similar to those of WASP-12, finding however a lower
limit for the tidal quality factor of two orders of magnitude higher than that of WASP-12b.

Furthermore, based on the current understanding of tidal dissipation processes, the
physical mechanism driving this efficient dissipation inside WASP-12 is yet to be under-
stood. The tide in the star is frequently divided into two components: an equilibrium tide
and a dynamical tide (Zahn 1977). The damping of the equilibrium tide in the convective
layers is too weak to explain the observed strong dissipation. Linear and nonlinear wave-
breaking of the dynamical tide (g-modes) near the radiative core of the star would lead
to a sufficiently enhanced dissipation (Q’. ~ 10°) only if the star has entered its subgiant
stage of evolution (Weinberg et al. 2017).

The presence and size of the radiative core, which can be derived from the internal
structure of the star, is fundamental to understanding the tidal decay mechanism. If WASP-
12 were still on the main sequence, it would possess a convective envelope and a small
convective core. However, if it had evolved to become a subgiant it would hold a radiative
core, allowing gravity waves to deposit their angular momentum at the radiative-convective
boundaries by breaking, resulting in a fast tidal decay (Weinberg et al. 2017; Weinberg
et al. 2023). However, our precise observational constraints on the stellar parameters, such
as mass, effective temperature, age and metallicity, are consistent with the main-sequence
structure if compared to the theoretical models of Weinberg et al. (2017) and Bailey &
Goodman (2018). In order to further investigate the evolutionary phase of WASP-12 we
used the MESA Isochrone & Stellar Tracks (MIST) stellar evolution models, to extract
the theoretical isochrone equivalent to our derived value of [Fe/H] and stellar age (see
Tab. 2.4). We placed the star in the log(7cg)-log(L/Lg) diagram (H-R diagram), plotted
in Fig. 2.7, where the isochrone is displayed as a solid black line. The star is located in
an ambiguous position, between the main sequence and the turn-off, but far away from
the subgiant branch. This could tell us, as suggested by Efroimsky & Makarov (2022),
that the star has entered the post-turn-off stage where hydrogen fusion in the core has
ceased,ultimately leading to the core contraction and the burning of hydrogen in a shell
around the core.

Recent studies proposed alternative hypotheses in which the observed tidal orbital
decay can be explained by obliquity tides (Millholland & Laughlin 2018), planetary
eccentricity tides (Efroimsky & Makarov 2022), or a spin-orbit coupling mediated by
a non-axisymmetric gravitational quadrupole moment inside the planet (Lanza 2020).
Although significant improvements have been made in our observations of the system, there
is still a need for more precise modeling to address the numerous unresolved questions and
test both stellar evolution and tidal theories. Asteroseismology is a promising approach to
determine whether WASP-12 is a main-sequence or a subgiant star by measuring the age
of the star, the mixing length parameter «, the size of the convective core or the presence
of a core rotation, as suggested by previous studies (Deheuvels et al. 2016; Weinberg et al.
2017; Bailey & Goodman 2018; Fellay et al. 2023).
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2.4.3 The search for orbital decay in other systems

Among the population of hot Jupiters, WASP-12b is the first case where orbital decay was
detected. Several studies over the years investigated the decaying orbit of hot Jupiters,
which possess orbital features similar to the target of our study (Patra et al. 2020; Ivshina
& Winn 2022; Hagey et al. 2022).

Harre et al. (2023) used CHEOPS and TESS high-precision photometric data to
investigate the orbital decay of WASP-4 b, KELT-9 b and KELT-16 b. In agreement
with Turner et al. (2022) and Bouma et al. (2019), they found a changing orbit only for
WASP-4b, but even if the orbital decay model is preferred, apsidal precession cannot be
ruled out with the available data. Additional transit and occultations are needed to clearly
identify the cause of the period variation.

Vissapragada et al. (2022) presented strong evidence for the tidal decay of Kepler-
1658 b, a close-in giant planet orbiting a subgiant star, using a 13-year observational
baseline. Using RVs, the authors ruled out apsidal precession on theoretical grounds
and line-of-sight acceleration. The computed value of the modified tidal quality factors
Q. = 2.5041%'.2; x 10%) fully agrees with what should result from the dissipation of
inertial waves in the convective zone. The recently discovered hot Jupiter TOI-2109b
(Wong et al. 2021) presents orbital and stellar characteristics that could lead to a stronger
tidal dissipation than WASP-12b. Additional new observations with a long observational
baseline are needed to detect a potential orbital decay.

According to the expected tidal decay rates and host star properties, many other planets
should exhibit significant rates of orbital decay, for example WASP-18b (Collier Cameron
& Jardine 2018), WASP-19b (Rosdrio et al. 2022), WASP-43b (Patra et al. 2020), WASP-
103b (Barros et al. 2022), WASP-161b (Yang & Chary 2022), KELT-16b (Harre et al.
2023) and HATS-18b (Southworth et al. 2022). To date, not enough evidence has been
found from the available data to confirm a decaying orbit for any of these systems. Several
effects can produce an O — C variation over a long baseline; thus, to have a successful
validation of a planet tidal orbital inspiral and discard any other different possible cause a
decade-long observational baseline, is necessary. Many of these targets will be reobserved
by TESS, CHEOPS, PLATO (Nascimbeni et al. 2022) and Ariel (Borsato et al. 2022) in
the near future and could be used in a future collective study. However, as advocated
by Hamer & Schlaufman (2019), we additionally suggest that the focus of orbital decay
studies should also be on planets orbiting host stars at the end of their main-sequence
lifetimes.

2.4.4 Excess scatter in the timing data

An evident feature of our data is the presence of excess scatter in the O — C plot (Fig. 2.1):
the reduced y? of the fit on the Asiago data set is y? = 5.52 (y?> ~ 138 for 25 d.o.f),
implying that the error bars are about ~ 2.3 times too small with respect to a well-behaved
Gaussian distribution having the same variance. This cannot be attributed to issues in the
absolute calibration of our time stamps, or to systematic errors left uncorrected by our
photometric pipeline, as other TASTE studies carried out with the same setup and data
analysis technique demonstrated a timing accuracy at the 1 s level or better (Brown-Sevilla
et al. 2021). Such an excess is not unique to our unpublished data set. The best fit to the
overall O — C diagram (Fig. 2.2) yields y? ~ 2, and other independent data sets reach a
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value of y? significantly larger than one (e. g., x2 ~ 2.1 for Baluev et al. 2019 and y? ~ 8
for ETD).

We investigated the impact of correlated noise on our results by analyzing the residuals
of our light curve (i.e. after the best-fit transit model is subtracted). This was done by
calculating the f factor after binning the time series on different time scales (Gillon et al.
2006; Winn et al. 2007a). When correlated noise is present, the binned rms o is larger
by a factor of S with respect to the ideal white-noise case, where the rms is supposed
to decrease by the square root of the number of points per bin (VN). On the timescale
corresponding to the ingress-egress duration (~23 min for WASP-12b), which is the most
relevant timescale for the transit-time estimation, § usually lies in the 1.5-2 range for
well-behaved ground-based photometry (Winn et al. 2007b). Among our 28 light curves,
only four of them (#2, 7, 20, 28) show an unusually large amount of red noise (8 > 2),
but #20 is the only one that is also a significant outlier in the O — C diagram.

As a further check, we binned each complete light curve on the timescale of the
ingress duration (0.0159 days), then re-performed the global fitting process on complete
transits in the same way as explained in Sect. 2.3.2. The resulting y? is 3.2 (x> = 64.8
with 20 d. o.f.) which is, still considerably larger than one. Even though the error bars
increased, the sign of the most significant outliers is unchanged. We also note that our
best-fit dP/dt in the binned case is —29 +4 msec/year, fully in agreement with the previous
value of —30.7 + 2.7 msec/year obtained without binning the light curves (Eq. 2.3).

These exercises demonstrate that, while a few light curves show a higher-than-usual
amount of correlated noise, there is no obvious link with the excess scatter we found in the
measured transit times. We also note that the presence of partial transits in our data set
cannot explain this excess: the reduced y? for just our 22 complete transits is y? = 5.78
(x*> = 110 for 19 d. o. f.), almost identical to the x> = 5.52 value for the full distribution
(x> =137 for 25 d. o. f.).

It is well known in the literature that comparing timing data extracted from ground-
based transit light curves can be prone to systematic errors due to a combination of telluric
and/or instrumental red noise and different reduction techniques (Baluev et al. 2019). On
the other hand, excess scatter is sometimes noticed also when dealing with space-based
data (as in Turner et al. 2022; Harre et al. 2023 in the case of WASP-4), and it is usually
attributed to the presence of stellar activity. Little is known about the stellar activity
properties of WASP-12b; its anomalously low Ryk value could be due to the presence
of extra absorption from escaped circumstellar gas (Fossati et al. 2010) and no coherent
rotational modulation can be detected from its light curve. However, significant bumps
are visible in the residuals of the TESS data (Wong et al. 2022), and at least one of our
light curves (#23) shows an in-transit anomaly which is difficult to explain with systematic
errors (Sect. 2.3), suggesting that in some cases inhomogeneities may arise on the stellar
photosphere of WASP-12 but do not result in a detectable rotational modulation because
of the high inclination of the stellar axis with respect to the observer, also suggested by
the unusually low v sini. If the pole-on hypothesis is true, the timing scatter we see could
be the only observable hint so far that WASP-12 is actually a significantly active star.

Intriguingly, even though running a GLS periodogram on our O — C residuals does
not result in any significant frequency, the excess scatter appears to be a time-dependent
phenomenon. Transits gathered during some observing seasons (such as 2011-2012 and
2019-2020) line up within seconds of the average quadratic ephemeris and return y?2 ~ 1
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even on the Asiago subset, while others (such as 2020-2021) appear much more scattered
on different and independent data sets.

Forthcoming additional photometry from TESS (scheduled on two sectors —71 and
72— in November-March 2023) will possibly shed some more light on this behaviour.
Meanwhile, we emphasize that, despite the scatter excess, our homogeneous data set,
published here for the first time, represents a fully independent confirmation of the tidal
decay process in WASP-12b, at an estimated rate perfectly consistent with those derived
by previous studies.

2.5 Summary and conclusions

In this work we inspected the tidal orbital decay of the ultra-hot Jupiter WASP-12b, using
28 unpublished, high-precision, ground-based light curves collected over 12 years, from
2010 to 2022, as part of the TASTE program. We applied a DE-MCMC approach,
for a linear (constant period) and quadratic model (orbital decay), to the timing of our
homogeneously collected observations confirming the decaying orbit of WASP-12b.

Our new planetary and transit parameters are in good agreement with previous studies.
However, combining all the timing data from literature we found some discrepancies in
the O — C plot. The timing data shows an excess of scatter that cannot be attributed to
errors in the photometric pipeline or the calibration of the time stamps. This raises several
questions that will require further study to resolve.

We used HARPS-N observations to investigate the evolutionary stage of the host
star, which is fundamental to explain the high rate of tidal dissipation. The applied
spectroscopic observations allowed us to derive precise stellar parameters of the host star,
however, we did not arrive at a firm conclusion regarding the evolutionary stage. The
stellar parameters enable us to place the star in the main sequence close to the turn-off
point and away from the subgiant branch. However, the fast tidal dissipation requires a
subgiant scenario.

Table 2.6: Comparison of the values of period change rate and orbital decay timescale of
WASP-12b as estimated by different literature works.

Reference Period change rate dP/dt  Orbital decay timescale P / (dP/dt)
[ms/year] [Myr]

This work -30.71 £ 2.67 3.07 £0.26

Patra et al. 2017 -29+3 3.2+0.387

Yee et al. 2019 -29+2 3.25+0.24

Turner et al. 2021 -3253+1.6 2.90 +0.14

Ivshina & Winn 2022 -32.53 £1.62 3110117

Wong et al. 2022 -29.81 + 0.94 3.16 £ 0.10

Bai et al. 2022 -37.14 + 1.31 2.54 + 0.09

T value calculated by us, missing in the original paper.
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2.6 Appendix: Additional Plots

1.015 1.015
x x
1.000
3 1.000 1 3
e e
g ¢
= =
© ©
g 9 0.985 4
0.985 A
. : . . 0.970 . : ; .
-0.11 —0.06 —0.01 0.04 0.09 -0.11 —0.06 —0.01 0.04 0.09
Time (BJD - T
1.015 (BID - To) 1.015
3 1.000 A 3 1.000 A
— ]
w 'S
g g
= =]
K] ©
9 0.985 - 9 0.985 4
0.970 . : . . 0.970 ; . : :
-0.11 —0.06 —0.01 0.04 0.09 —0.11 —0.06 —0.01 0.04 0.09
Time (BJD - T
1.015 1.015 (BID - To)
3 1.000 A % 1.000 A
- -
w .
g ¢
= =]
K] ©
2 0.985 2 0.985
0.970 : . : - 0.970 : . : .
-0.11 -0.06 -0.01 0.04 0.09 -0.11 -0.06 -0.01 0.04 0.09
Time (BJD - T Time (BJD - T,
1015 (BJ o) Lois (B) 0)
% 1.000 A % 1.000 A
- -
e e
g g
=] =
© ©
3 0.985 9 0.985
0.970 . : . . 0.970 . . . . .
-0.11 —0.06 -0.01 0.04 0.09 -0.11 —0.06 -0.01 0.04 0.09
Time (BJD - Tp) Time (BJD - Tp)

Figure 2.3: Individual TASTE transits light curves of WASP-12 b. The best-fitting
PyORBIT model (obtained in Sect. 2.3.2) is shown as a red line. The ID for each transit
is shown in the center of each panel.
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Figure 2.4: Same as Figure 2.3 but for observations 9 through 16.
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Figure 2.5: Same as Figure 2.3 but for observations 17 through 24.

Relative FLux Relative FLux Relative FLux

Relative FLux

37

1.015

0.970
-0.11

-0.01
Time (BJD - To)

T
0.04

1.015

0.985 A

0.970

20

-0.11

—0‘.01
Time (BJD - To)

1.015

0.985 -

22

0.970
-0.11

—0.01
Time (BJD - Tp)

T
0.04

1.015

24

0.970
-0.11

T
—-0.06

-0.01
Time (BJD - Tp)

T
0.04

T
0.09



1.015

Relative FLux

Relative FLux

1.015

1.000

0.985

0.970 T T T T 0.970 T T T T
-0.11 —0.06 —-0.01 0.04 0.09 -0.11 —0.06 -0.01 0.04 0.09
Time (BJD - To) Time (BJD - To)
1.015 1.015
% 1.000 1 X 1.000 1Has
o | —
w w
(% [
= 2
© kS
& 0.985 & 0.985
0.970 T T T T 0.970 T T T T
-0.11 —-0.06 —-0.01 0.04 0.09 -0.11 —0.06 -0.01 0.04 0.09
Time (BJD - Tp) Time (BJD - To)
Figure 2.6: Same as Figure 2.3 but for observations 25 through 28.
44 .
Sub-Giant Branch
0.9
3_
0.8
2 4
0.7 4
< 14 RGB 3
- ]
3 S
I3 0.6
2 o 2
oy 0.5
Y WDCS ZAMS 0.4
5.00 4.75 4.50 4.25 4.00 3.75 3.50 3.82 3.81 3.80 379 378 3.77 3.76  3.75 3.74
log(Ter)[K] log(Ter) K]

Figure 2.7: H-R diagram displaying the effective temperature 7,7y versus luminosity
L/ L, the isochrone from the MESA Isochrone & Stellar Tracks (MIST) stellar evolution
models is shown as a solid black line. The location of WASP-12 is shown with a filled blue
star. The gray box marks the zoomed-in region shown in the right panel. Right: zoomed
in view of the diagram.
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Transit Timing Variations in HIP 41378:

CHEOPS and TESS confirm a non-transiting

sixth planet in the system

Foreword: In multiple-planet systems, gravitational interactions of exoplanets could lead
to transit timing variations (TTVs), whose amplitude becomes significantly enhanced
when planets are in or near mean-motion resonances (MMRs), making them more easily
detectable. In cases where both TTVs and radial velocity (RV) measurements are avail-
able, combined analysis can break degeneracies and provide robust planetary and system
characterization, even detecting non-transiting planets. In this context, HIP 41378 hosts
five confirmed transiting planets with periods ranging from 15 to over 542 days, providing
a unique dynamical laboratory for investigating wide multi-planet systems analogous to
the Solar System. In this study, we present an intensive space-based photometric follow-
up of HIP41378, combining 15 new CHEOPS observations with eight TESS sectors,
alongside data from K2, Spitzer, HST, and 311 HARPS spectra. We dynamically modeled
the TTVs and RV signals of the two inner sub-Neptunes via N-body integration. These
planets, HIP 41378 b (P, = 15.57 days, R, = 2.45 Rg) and HIP 41378 ¢ (P, = 31.71 days,
R. =2.57 Rg), are close to (A ~ 1.8%) a 2:1 period commensurability. We report a clear
detection of TTVs with amplitudes of 20 minutes for planet b and greater than 3 hours for
planet c. We dynamically confirm the planetary nature of HIP 41378 g, a non-transiting
planet with a period of about 64 days and a mass of about 7 Mg, close to a 2:1 commen-
surability with planet c, suggesting a possible mean-motion resonance chain in the inner
system. Our precise determination of the masses, eccentricities, and radii of HIP41378 b
and c enabled us to investigate their possible volatile-rich compositions. Finally, by lever-
aging on the last TESS sectors we constrained the period of HIP 41378 d to three possible
aliases (P; = 278, 371, and 1113 days) suggesting that the system could be placed in a
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double quasi resonant chain, highlighting its complex dynamical architecture.

Based on:

Leonardi P., et al. 2025, Astronomy and Astrophysics, Accepted: 11 September 2025,
https://doi.org/10.1051/0004-6361/202555253

3.1 Introduction

Following the conclusion of the primary Kepler mission, NASA’s K2 mission expanded
the search for transiting exoplanets by targeting stars along the ecliptic plane (Howell et al.
2014). Unlike Kepler, which focused on a fixed field, K2 covered a broader sky region,
observed a more diverse stellar population, and prioritized brighter stars, making them
ideal candidates for radial-velocity (RV) follow-up studies. These extensive long-term
surveys led to the unexpected discovery of numerous sub-Neptune-sized planets (1.75 Rg
< R, < 3.5 Rg, following Kopparapu et al. 2018) in compact, coplanar multi-planetary
systems (e.g., Borucki et al. 2011; Latham et al. 2011; Weiss et al. 2018; Bean et al. 2021).
The prevalence of such systems has made them key cornerstones of exoplanet research,
offering crucial insights into planetary formation and evolution while bridging the gap
between the Solar System and the wide diversity of known exoplanetary architectures (Bean
etal. 2021). Among this population, sub-Neptunes on long-period orbits are exceptionally
valuable. Situated at larger orbital distances, they are shielded from the intense stellar X-
ray and ultraviolet (XUV) radiation that drives atmospheric escape via photoevaporation
(Lopez & Fortney 2014; Owen & Wu 2017). Consequently, these planets are expected
to retain their primordial atmospheres. Their present-day atmospheric properties, such
as mass fraction and composition, therefore, offer a more direct probe of the conditions
within the proto-planetary disk during their formation as well as their evolution. This
makes them prime targets for constraining planet formation models through atmospheric
characterization studies (Madhusudhan 2019; Bean et al. 2021). In this context, the multi-
planet system around the bright (my = 8.93) late F-type star HIP 41378 (K2-93) stands
out as one of only five systems, alongside those around 55 Cnc (Butler et al. 1997), HD
219134 (Gillon et al. 2017), HD 110067 (Luque et al. 2023), HD 191939 (Badenas-Agusti
et al. 2020), and Kepler-444 (Campante et al. 2015) that host more than four confirmed
planets with both mass and radius constraints, while also hosting a star brighter than my
=9 mag.

The system was first identified by Vanderburg et al. (2016) during Campaign 5 of
the K2 mission (April-July 2015). After its discovery, the system was reobserved three
years later during Campaign 18 (May—July 2018) (Berardo et al. 2019, hereafter B19;
Becker et al. 2019). The K2 data revealed a system of five transiting planets (from b
to f), with the two inner sub-Neptunes (HIP 41378 b and c) exhibiting well-constrained
orbital periods of 15.6 and 31.7 days respectively, near a 2:1 period commensurability.
However, for the three outer planets, an insufficient number of transits were recovered to
determine their orbital periods, leaving only a set of possible period aliases. Based on
the 75-day baseline of the K2 C5 campaign and the long transit durations of the planets,
the highest-probability aliases derived suggested long-period orbits for the outer planets
(P > 100 days). The first mass measurements of the planets in the system were obtained
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by Santerne et al. (2019, hereafter S19) using radial velocity (RV) observations from
HARPS, HARPS-N, the Carnegie Planet Finder Spectrograph (PFS; Crane et al. 2006,
2008, 2010) and HIRES (High Resolution Echelle Spectrometer). The authors detected
strong RV signals from planets b, c, and f, but were unable to retrieve any signal from
planets d and e. Additionally, they identified a periodic signal at ~ 62 days, attributed to a
possible non-transiting planet (hereafter HIP 41378 g) near a 2:1 period commensurability
with planet c raising the possibility of strong dynamical interactions among the inner three
planets in a near-resonant chain, which could result in observable transit timing variations
(TTVs) (Agol et al. 2005; Holman & Murray 2005). Their analysis also constrained
the orbital period of HIP 41378 f to Py = 542 days, making it one of the longest-period
planets discovered via transit photometry. A subsequent intensive ground-based follow-up
by Bryant et al. (2021) confirmed this period and revealed significant TTVs, indicating
strong dynamical interactions among the outer planets.

In this work, we present a global dynamical analysis of the sub-Neptunes HIP 41378 b
and HIP41378c. This combines 15 single-visit observations from the CHaracterising
ExOPlanets Satellite (CHEOPS; Benz et al. 2021), eight new sectors from the Transiting
Exoplanet Survey Satellite (TESS; Ricker et al. 2015), archival photometry from Kepler
(K2), Spitzer, and the Hubble Space Telescope (HST), and RV measurements from HARPS
(Mayor et al. 2003). Using measurements from Spitzer, B19 reports hints of TTV for
planet ¢, with variations exceeding one hour. Motivated by this detection, we analyzed
the potential TTVs of HIP41378c and HIP41378b. Additionally, we examined the
dynamical influence of the non-transiting candidate planet HIP 41378 g, assessing its
role in shaping the observed TTVs and the overall dynamics of the system. The paper
is organized as follows: In Sect. 3.2, we describe the spectroscopic and photometric
observations. Section 3.3 presents the newly derived stellar parameters. Section 3.4 details
the photometric and dynamical modeling, including transit timing extraction and orbital
parameter retrieval. Our results are presented in Section 3.5. In Section 3.6, we discuss the
system’s architecture, the implications of the inner planets’ ’peas-in-a-pod” configuration,
and potential planetary compositions. The possible atmospheric evolutions and their future
characterization are described in Section 3.6.5 and 3.6.6. Lastly, Section 3.7 summarizes
the key findings and outlines future observational priorities.

3.2 Observations extraction and reduction

This section presents the observations and data extraction of both proprietary CHEOPS
light curves and publicly available spectroscopic and photometric data for HIP41378b & ¢
(including K2, TESS, Spitzer, HST, and HARPS), spanning over 10 years and comprising
a total of 47 transit light curves (32 for -b and 15 for -¢). For each TESS sector and K2
campaign, we isolated individual transits of both planets by selecting portions of the light
curve that encompassed the transit duration plus three CHEOPS orbits (~ 98.77 minutes
each). This allowed us to have a consistent out-of-transit baseline across all observations.
The center of the transits, determined using a linear ephemeris, and the transit durations
were based on the values reported by B19.
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3.21 K2

The K2 mission observed the system during campaign 5 (2015 April 27 — 2015 July 10)
and campaign 18 (2018 May 12 — 2018 July 02), under the identifier EPIC 211311380 (K2-
93), with long- and short-cadence photometry (30-minutes and 1-minute, respectively).
A total of 10 transits of planets b & ¢ were observed during the K2 mission (seven of b
and three of ¢). From the Mikulski Archive for Space Telescopes (MAST!) we extracted
the high-level science data products (HLSP) based on the photometric pipeline EVEREST
(EPIC Variability Extraction and Removal for Exoplanet Science Targets, version 2.0;
Luger et al. 2016, 2018).

3.2.2 Spitzer

We used photometric data of HIP 41378 collected with the Infrared Array Camera (IRAC)
4.5 pum channel of Spitzer telescope (Werner et al. 2004), taken as part of the observing
programs 11026 and 13052 (PI: Werner), focused on K2 follow-ups. The observations,
presented by B19, cover a transit of planet b and one of planet c.

3.23 TESS

The TESS mission Ricker et al. (2015) observed the system (TOI-4304, TIC 366443426)
from Cycles 1 to 7 in sectors: 7, 34, 44, 45, 46, 61, 72 and 88 with a cadence of 120 s. We
downloaded the photometric time series processed by the Science Processing Operations
Center (SPOC; Jenkins et al. 2016) from the MAST archive, and we corrected the Simple
Aperture Photometry (SAP) for systematic effects by following the procedure and using
the Cotrending Basis Vectors described in Nardiello et al. (2021, 2025). As shown in
Nardiello et al. (2022), Pre-search Data Conditioned SAP (PDC-SAP) light curves can
suffer of over-correction problems, that can introduce new systematic errors in the light
curves and change the shape of the stellar activity and planetary transits, and also mimic
false transit signals. A total of nine transits of planet b and six of planet ¢ were extracted
from the light curves. The first transit of planet b during sector 72 fell in a data discontinuity
gap, thus only a partial transit light curve was retrieved.

3.24 HST

We used the publicly available HST/WFC3 (Marinelli & Green 2024) transit observations
of HIP41378b from the MAST archive. These data, obtained using the G141 grism
(1.088 to 1.680 um), cover three transits of the planet (2018-01-14, 2018-05-03 and 2020-
05-20) and were taken as part of program GO-15333 (PI: lan Crossfield). The data was
first published by Edwards et al. (2023a), and later re-analyzed by Brande et al. (2024).
Each of the three visits covers seven HST orbits, with a total exposure time of 138.38 s
(scan rate of 0725 s~!) and eight up-the-ramp samples per exposure. For wavelength
calibration purposes we used, at the beginning of each orbit, a direct image captured with
the F126N filter. The first orbit was not included in our analysis because it contained large
time-dependent systematic errors. Both the forward and reverse scanning direction were

1https ://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html
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used for these observations. The calibration of the raw WFC3 data, the reduction and
the extraction of the white light curves were done using the IracLis dedicated pipeline
(Tsiaras et al. 2016a,b, 2018), following the methodology of Edwards et al. (2023a).
Our reduction also includes the frame-splitting method (see Edwards et al. 2023b, for
a complete description) that takes into account the persistence effect dependent upon
the brightness of the host star, the scanning rate, and the readout scheme employed.
The extracted HST/WFC3 light curves present significant time-dependent systematics,
including a linear long-term (“‘visit ramps”) and exponential short-term (‘“orbit ramps”)
trend. We modeled these slopes together with a scaling factor between upstream and
downstream spatial scans using Eq. 1 of Edwards et al. (2023a).

3.2.5 CHEOPS

HIP 41378 was observed with CHEOPS within the frame of the Guaranteed Time Ob-
servation (GTO) as part of two programs: M-R relation in planetary systems?, dedicated
to TTVs follow-up of planetary systems to better constrain masses, orbital parameters,
and planetary compositions (Nascimbeni et al. 2023, 2024), and Architecture of Resonant
Chains (ARC)?, centered on the TTV follow-up of resonant chains (Leleu et al. 2021;
Delrez et al. 2023; Leleu et al. 2024). We obtained 15 visits acquired between 2020-12-23
and 2025-03-11, of which 11 were centered on transits of planet b and four on those of
planet c. For each observation we used the exposure cadence of 38 seconds, avoiding
saturation. The complete log of the observations is reported in Tab. 3.2. The CHEOPS
raw data were automatically processed by the CHEOPS Data Reduction Pipeline (DRP
v13.1.0; Hoyer et al. 2020). The DRP corrects for instrumental (e.g bias, flat and dark
current) and environmental effects (e.g cosmic rays, background) (Fortier et al. 2024).
The pipeline performs aperture photometry extracting four different light-curves. For our
study we used the light-curve corresponding to the DEFAULT photometric aperture of 25
pixels, which has the lowest rms. Following the extraction of the light curves we performed
a clipping of the outliers with respect to the median flux value of the light curves plus five
times the mean absolute deviation (MAD).

3.2.6 HARPS

We recovered the publicly available HARPS (Mayor et al. 2003) high-precision RV ob-
servations from the ESO Science Archive website*. We downloaded 370 spectra obtained
under the observing programs 198.C-0169(A) and 0102.C-0171(A) (PI: Santerne) previ-
ously published by Santerne et al. (2019). The system was monitored between January
2017 and April 2019, with a typical integration time of 15 minutes. The observations
yielded a median formal measurement uncertainties of 2 ms~'. The spectra were ex-
tracted using the HARPS online data reduction pipeline (DRS) (Cosentino et al. 2014,
version 3.8). We rejected the points taken to monitor granulation and p-modes in the two

consecutive nights: 2018-03-10 and 2018-03-11. We additionally discarded all the data

2CH_PR100025, V. Nascimbeni
3CH_PR140080, A. Leleu
4http ://archive.eso.org/wdb/wdb/adp/phase3_main/form
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Table 3.1: Derived stellar parameters of HIP 41378.

Parameter Value
Terr [K] 6371 + 65
log g [cgs] 4.32 +£0.02

[Fe/H] [dex] 0.046 + 0.044
vsiniy [km s™!] 7.5+0.5

M, [Mo] 1.245‘:%‘%173
Ry [Ro] 1.306 + 0.010
0x (0] 0.557 + 0.016
0.7
Age [Gyr] 1.875 %
[Mg/H] [dex] 0.04 +0.07
[Si/H] [dex] 0.04 £0.04

points with an error greater than 50 of the median value. These selections left us with
311 RV measurements.

3.3 Stellar parameters

The stellar spectroscopic parameters (7eg, log g, microturbulence vy, and [Fe/H]) were
derived using the ARES+MOOG methodology as described in Santos et al. (2013); Sousa
(2014); Sousa et al. (2021). For this we used the latest version of ARES> (Sousa et al.
2007, 2015) to consistently measure the equivalent widths (EW) of selected iron lines in
the combined HARPS spectrum of HIP 41378. For this, we used the iron line list presented
in Sousa et al. (2008). The best spectroscopic parameters are found by converging into
ionization and excitation equilibrium. In this process, a grid of Kurucz model atmospheres
(Kurucz 1993) and the radiative transfer code MOOG (Sneden 1973) are used. We also
derived a more accurate trigonometric surface gravity using the Gaia DR3 data following
the same procedure as described in Sousa et al. (2021). Stellar abundances of Si and
Mg were then derived using the classical curve-of-growth analysis method assuming
local thermodynamic equilibrium. The same codes and models were used for abundance
determinations. For the derivation of chemical abundances of refractory elements, we
closely followed the methods described in (e.g., Adibekyan et al. 2012, 2015). All of the
[X/H] ratios were obtained by performing a differential analysis with respect to a high S/N
solar (Vesta) spectrum from HARPS. We determined the HIP 41378 stellar radius using a
Markov chain Monte Carlo (MCMC) modified infrared flux method (IRFM — Blackwell
& Shallis 1977; Schanche et al. 2020). Within this MCMC framework, we produced
synthetic photometry from a constructed spectral energy distribution (SED) based on
stellar atmosphere models (Castelli & Kurucz 2003b), using our spectroscopically derived
stellar parameters as priors. To compute the stellar bolometric flux, we compared these
simulated data to broadband fluxes in the following bandpasses: 2MASS J, H, and K,

5The latest version, ARES v2, can be downloaded at https://github.com/sousasag/ARES
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WISE W1 and W2, and Gaia G, Ggp, and Grp (Skrutskie et al. 2006; Wright et al. 2010;
Gaia Collaboration et al. 2022). Lastly, this was converted into the effective temperature
and angular diameter, from which we derived the stellar radius via combination with
the offset-corrected Gaia parallax (Lindegren et al. 2021). Assuming Te.g, [Fe/H], and
R, along with their uncertainties as input parameters, we derived the isochronal mass
and age using two different stellar evolutionary models. The first set of mass and age
estimates was computed using the isochrone placement routine (Bonfanti et al. 2015,
2016), which interpolates the input parameters within precomputed grids of PARSEC®
v1.2S (Marigo et al. 2017) isochrones and evolutionary tracks. The second set of mass
and age values, instead, was estimated via the CLES (Code Liegeois d’Evolution Stellaire;
Scuflaire et al. 2008) code, which builds up the best-fit evolutionary track following a
Levenberg-Marquadt minimization scheme (see, e.g., Salmon et al. 2021). After checking
the mutual consistency of the two respective pairs of outcomes via the y? criterion outlined
in Bonfanti et al. (2021), we finally computed our final estimates for the mass and age that
turned out to be M, = 1.245J:%_%§é Mg and 1, = 1.8t%% Gyr; see Bonfanti et al. (2021) for
further details about the statistical treatment. The stellar parameters are summarized in
Tab. 3.1. Our derived stellar parameters were found to be consistent with asteroseismic
values from Lund et al. (2019). Given the higher precision offered by asteroseismology,
we adopted the asteroseismic constraints from Lund et al. (2019) as priors for all our
subsequent analysis.

3.4 Data Analysis

In this section, we describe the photometric and dynamical modeling to retrieve the
planetary parameters.

3.4.1 CHEOQOPS-only analysis

Upon visually examining the CHEOPS data, each light curve presented significant system-
atics. We used the PYORBIT’ software (Malavolta et al. 2016, 2018) to simultaneously
fit a transit model and detrend each individual CHEOPS light curve. All visits corre-
sponding to the same planet were modeled using a common transit model. A set of 14
instrumental and environmental detrending vectors® was applied globally across all light
curves. These included: spacecraft roll-angle(¢) (df/dcos ¢, df /dsin¢, df/dcos2¢,
df/dsin2¢, df/dcos3¢, df/dsin3¢), background level (df/dbg), photometric con-
tamination estimate (d f /dcontam), smear estimate (d f /dsmear), thermal variation AT of
CHEOPS sensors, x centroid and y centroid (df/dx, d>f/dx?, df/dy, d®f/dy?). The
detrended transit light curves, where then used for the global fitting.

3.4.2 Global transit light curve modeling

We homogeneously analyzed all the transit light curves to retrieve the individual planetary
parameters from the photometric datasets (i.e., CHEOPS, TESS, K2, HST and Spitzer)

6 PAdova and TRieste Stellar Evolutionary Code: https://stev.oapd.inaf.it/cgi-bin/cmd
"https://github.com/LucaMalavolta/PyORBIT
8Here, f refers to the measured flux.
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using PYORBIT. The transits were modeled with the batman package (Kreidberg et al.
2015), and for the K2 transits we used a super-sampling factor of 30. We assumed
circular orbits, by fixing the eccentricity value to zero, for the two planets. We fixed
the orbital periods (P) to the values we inferred from the CHEOPS pre-modeling i.e.,
Py = 15.571893 + 0.000068, P. = 31.70838 + 0.00041 (see Sec. 3.4.1), in order to
retrieve the transit timings of each individual event. We included a third-order polynomial
temporal trend (4 free parameters) for each of the K2, Spitzer, and HST light curves.
For all five instrument passbands, the stellar parameters (see Tab. 3.1) were used as
Gaussian priors to compute the quadratic limb darkening (LD) coefficients with PYLDTk
(Husser et al. 2013; Parviainen & Aigrain 2015). We used these computed values, with a
conservative uncertainty of 0.05, as Gaussian priors in the global analysis, using the LD
parameterization (g1, ¢7) introduced by Kipping (2013). Gaussian priors were imposed
on the stellar radius and mass based on the stellar spectroscopic analysis conducted in
Section 3.3. Uninformative uniform priors were imposed on all other free parameters (see
Tab. 3.5. The analysis had a total of 134 fitting parameters: 10 LD coefficients (two for
CHEOPS, TESS, K2, Spitzer, and HST), four planetary parameters (b, R, /R, for -b and
-c), 47 transit times (7p), stellar density (p4), 12 jitter parameters (one for each telescope,
and one for each TESS sector), and 60 (15 x 4) polynomial trend coefficients. Global
parameter optimization was carried out using the PYDE? differential evolution algorithm
(Storn & Price 1997; Parviainen et al. 2016), using 100 000 generations with a population
of 10 XNpara, Where Npara is the number of free parameters. The output parameters were
used as the initial values for the Bayesian analysis, performed using the emcee package
(Foreman-Mackey et al. 2013), which implements the affine invariant MCMC ensemble
sampler (Goodman & Weare 2010). We performed an autocorrelation analysis on the
chains and the chains were considered converged if they were longer than 100 times the
estimated autocorrelation time and this estimate varied by less than 1%. We ran the
sampler with 10 X ngiy, walkers (where ngip, is the number of dimensions of the model)
for 450000 steps. We discarded the first 100 000 steps, assuring the convergence of the
chains, and set a thinning factor of 100. All the fitted parameters and their corresponding
priors as well as the derived posteriors are shown in Tab. 3.5. All the inferred central times
of transit (7p) are displayed in Tabs. 3.3 and 3.4. We show the phase-folded light curves
with the best fit transit model in Fig. 3.6.

3.4.3 Dynamical modeling with TRADES

When two neighboring planets are close to a mean motion resonance (MMR), their orbital
periods approach a ratio of small integers (p/q). To quantify the proximity to resonance,
we used the fractional deviation A, as introduced by Lithwick et al. (2012), defined as:
Pout/Pi
A: Out/ mn _1, (3.1)
rlq

where P,,; and P;, are the orbital periods of the outer and inner planets, respectively.
As discussed in Section 3.1, the periods of the two inner planets are near the 2:1 period
commensurability (p=2, q=1), with A = 0.018, which suggests we might observe large
TTV signals due to strong mutual gravitational interactions (Agol et al. 2005; Lithwick

9https ://github.com/hpparvi/PyDE
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et al. 2012; Steffen et al. 2012). We dynamically simulated the TTV signals and integrated
the system parameters of HIP41378b & c simultaneously fitting the retrieved Tgs, (see
Section 3.4.2 and Tabs. 3.3-3.4), and RVs (see Section 3.2.6) using the N-body dynamical
integrator TRADES!® (Borsato et al. 2014, 2019, 2021, 2022; Nascimbeni et al. 2023;
Borsato et al. 2024; Nascimbeni et al. 2024). We selected as the start of the integration
and reference time T} gyn= 2457 137 (BJD1pg), with the integration time (Tj, = 3620
days) chosen to cover the entire time span of all observations. Following the detection of
an additional planetary RV signal by S19, with an estimated period of approximately 62
days, near the 2:1 period commensurability with planet c, we decided to investigate this
possibility further by testing two models in our analysis.
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Figure 3.1: Radial velocities of HIP41378. Upper panel: RV plot minus the offset y.
TRADES MAP model is shown as a black line, with the shaded grey areas indicating the
1o, 20, and 30 confidence intervals. HARPS observations are depicted as purple circles.
Lower Panel: RV residuals after subtracting the model.

Two-planet model

In the first configuration we tested a two-planet model formed by HIP41378b and
HIP 41378 c. We used as fitting parameters the planetary-to-star mass ratio M,/ M, the pe-
riod P, the eccentricity e, and the mean longitude A'!. Rather than fitting eccentricity e and
argument of periastron w individually, we used the parametrization (/e cos w, Ve sin w).

Ohttps://github.com/lucaborsato/trades
1 = M+ w+Q, where M is the mean anomaly, w is the argument of periastron (or pericenter), and Q
is the longitude of the ascending node.
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The mass ratios are used as fitting parameters instead of absolute masses, since TTVs
only provide constraints on the relative masses of the planets and the host star. We set
the longitude of ascending node Q = 180° for -b, and fit it for -¢ (following Winn 2010;
Borsato et al. 2014). We fixed the planetary and stellar radii (Rp, Ry), stellar mass (M)
and the inclination i, according to the values from Tabs. 3.1 and 3.5. For the RV dataset
we fit a jitter term (o7j) in log, and an offset (RV,). We imposed half-Gaussian priors on
the eccentricities following Van Eylen et al. (2019). To assess potential biases introduced
by this choice, we performed an additional fit using uninformative-uniform priors on e.
This alternative analysis yielded posteriors consistent within 1o but resulted in a higher
BIC!'? value. When comparing models using the BIC, a lower value indicates a better fit
to the data, accounting for the complexity of the model. Therefore, we chose to adopt the
results from the model with the half-Gaussian prior as our reference solution. For each
remaining parameter we imposed uniform-uninformative priors (see Tab. 3.6).

Three-planet model

Building on the two-planet configuration, we performed a dynamical analysis by including
an additional planet, HIP41378 g. The setup for the three-planet model was identical to
that of the two-planet model, with a few additional parameters introduced for the third
planet. In contrast to the other planets, for planet g we additionally fit the inclination (7).
The prior ranges for these parameters were chosen to allow for both transiting and non-
transiting orbital configurations. Half-Gaussian priors were applied to the eccentricities,
and uninformative priors were used for the remaining parameters (see Tab. 3.6).

3.4.4 Analysis

For both two- and three-planet models, we first ran PYDE with a population size of 120 (i.e.
the number of different initial parameter sets) for 70 000 steps. The best-fit outputs from
PyYDE were then used as initial conditions for the EMcEE package, which we ran for 600 000
steps using 120 walkers, corresponding to 9 and 6 times the dimensionality (number of free
parameters) in the respective models. Following the methodology described in Nascimbeni
et al. (2024), we employed a combination of the differential evolution proposal (80% of
the walkers; Nelson et al. 2014) and the snooker differential evolution proposal (20% of
the walkers; ter Braak & Vrugt 2008) as the sampler within EMCEE.

We used a thinning factor of 100 and discarded 450 000 steps as burn-in, long after
the chains converged according to the Geweke (Geweke 1991), Gelman-Rubin (Gelman &
Rubin 1992), autocorrelation function (Goodman & Weare 2010), and visual inspection
criteria. The uncertainty associated with each parameter was computed as the highest
density interval (HDI) at the 68.27% credibility level from the marginalized posterior
distribution, representing the most probable region of the posterior. Best-fit values were
defined as the maximum a posteriori (MAP) estimates, computed from the posterior
distributions and constrained to lie within the HDIs of the fitting parameters.

12Bayesian information criterion (BIC; Schwarz 1978)
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Figure 3.2: Observed-minus-Calculated (O-C) diagrams of HIP 41378 b (left) & c (right).
Each dataset is plotted with a different marker and color. Upper panel: The best-fit
TRADES model is shown as a black line, with the shaded grey areas indicating the 1o,
20, and 30 confidence intervals. Lower panel: Residuals with respect to the best-fit
model.

3.5 Results

Using the N-body dynamical integrator within TRADES, we performed joint model-
ing of the TTV and RV signals, and successfully retrieved the orbital configuration of
HIP 41378 b, HIP41378 c and HIP 41378 g (see Figs. 3.1-3.2). The best-fit model was se-
lected using both the BIC and the log Bayes factor, which provide complementary model
comparison metrics. The comparison between the two-planet and three-planet models
(BIC;, = 4170.08 and BIC;3, = 1353.72) yields a difference of ABIC = 2816.36, strongly
favoring the inclusion of the third planet, HIP 41378 g. To strengthen this conclusion, we
also computed the logarithm of the Bayes factor (Kass & Raftery 1995) between the two
models, by using the the approximation found on page seven of Shen & Gonzalez (2021),
obtaining log 853, 5, = 1400, which provides decisive evidence in favor of the three-planet
model. This confirms that the addition of HIP 41378 g significantly improves the fit and
is statistically justified. Thereafter, we decided to adopt the posteriors of the three-planet
model as reference hereafter in the paper. We were able to determine the planetary mass
of HIP41378 g with a ~ 60 level of significance, enabled by the dynamical simulta-
neous modeling of both TTVs and RVs data. Our analysis places the orbital period of
HIP 41378 g at approximately ~ 64 days, close to the 2:1 period commensurability with
HIP 41378 ¢ (Pg/P. ~ 2.04), in agreement with the RV signal found by S19. The orbital
solution shows a compact inner system comprising three sub-Neptunes, which are near a
4:2:1 period ratio. Our final posterior values along with the priors and the uncertainty in-
tervals are presented in Tab. 3.6. Plots of the Observed-minus-Calculated (O-C) diagrams
of both planets and the RV plots are shown in Figs. 3.1-3.2.

As a complementary result of our dynamical analysis, TRADES evaluates the Hill
stability of the system using the AMD-Hill criterion (Eq. 26 Petit et al. 2018), which
is based on the angular momentum deficit (AMD; Laskar 1997, Laskar 2000; Laskar &
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Petit 2017). We find that the entire posterior distribution satisfies the AMD-Hill stability
criterion, indicating the long-term dynamical stability of the posterior. However, to further
assess the stability and chaotic behavior of the posterior solutions, considering effects of
planet-planet interactions, mean-motion resonances and planetary ejections, we used the
N-body integrator rebound (Rein & Liu 2012; Rein & Tamayo 2016). Specifically, we
employed the Mean Exponential Growth factor of Nearby Orbits (MEGNO; or (Y)) chaos
indicator (Cincotta & Simé 2000; Cincotta et al. 2003). A planetary system is considered
to be in a stable configuration if it satisfies the condition (Y) < 2, while a planet is
considered as ejected if its semi-major axis exceeded 100 times that of planet c. We
computed the orbits for a total of 100 Kyr using the symplectic integrator WHFast, with
a step size corresponding to 10% of the orbital period of planet b. We obtained (Y) < 2
for the best-fit (MAP within HDI) solution indicating that the configuration is stable in
the integrated time. We then checked a family of solutions randomly selected from our
posterior distribution. After running the same integration for 200 solutions, we find that
87.5% of the simulations exhibited strong stable dynamics.

3.6 Discussion

Our discussion is divided into six parts. In Sect. 3.6.1, we contextualize the derived
planetary parameters with literature values and the broader sub-Neptune population using
the mass-radius diagram. The system’s potential architecture is discussed in 3.6.2. The
interior composition of the planets is analyzed in 3.6.4.

3.6.1 Planets in context

When compared with the values reported by S19, we find some statistical discrepancies
in the masses of planets b and c. S19 derived a mass for planet ¢ of M. = 4.4 £ 1.1 Mg,
suggesting a low bulk density (p. = 1.19 + 0.30 g cm™), which placed it among the sub-
Neptune pufty population. This made it the second lowest-density planet in the system,
alongside the super-puff HIP41378f (pf = 0.09 + 0.02 g cm~3), whose unusually low
density has been proposed to result from the presence of opaque, oblique planetary rings
(Piro & Vissapragada 2020; Akinsanmi et al. 2020). In contrast, our updated mass
for planet ¢ (M = 6.537133 M) places it within the typical range for sub-Neptunes

~0.42
(pc = 1.854*0'57% g cm™), ruling out the puffy scenario (see Fig. 3.3). This reassessment

of planet c hi%ﬁii ghts the potential for a similar reevaluation for HIP 41378 f as additional
RV and photometry data become available, potentially refining its mass and density
estimates.

Although S19 identified the RV signal of HIP 41378 g and provided a minimum mass
estimate, they were unable to detect any transits in their available photometry. This is
consistent with the duration of the K2 C5 campaign, which lasted 75 days, slightly longer
than our inferred period of ~ 64 days. In our dynamical analysis (see Sect. 3.4.3), we
explored both transiting and non-transiting configurations for the planet. The resulting
inclination of 95fl10 deg suggests a non-transiting orbit. From our line of sight, any
planet farther out than planet c (i.e., with a semimajor axis exceeding a, = 34.60 R)
will not transit its host star unless its orbital inclination lies within a narrow range,
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88.32° < i, < 91.68°, as derived from arccos(+b/34.60), with b = (R, + Rg)/R*B.
Supporting the results of the dynamical analysis, we detected no transits of HIP41378 g
in the newly available TESS and CHEOPS photometric data. These results differ from
statistical studies on Kepler multi-planet systems, which have been shown to be largely
coplanar with a typical scatter of + 3°(Fang & Margot 2012; Weiss et al. 2023).

To compare the planets with the current sub-Neptune population and to provide an
initial constraint on their possible bulk compositions, we placed the two planets in the
mass-radius diagram (see Fig. 3.3). Since HIP 41378 g does not transit its radius remains
undetermined; hence, we did not include it in the diagram. By placing the planets in the
mass-radius diagram, we can see that they are consistent with the current sub-Neptune
population. However the position of the planets does not allow us to uniquely determine
their composition. We displayed the mass-radius models from Zeng et al. (2019) and
Lopez & Fortney (2014), which account for a 50% water-world composition and an Earth-
like core with different envelope compositions. The planets fall at the intersections of
multiple composition tracks, making it challenging to break the degeneracy between H/He
envelope and water-world compositions, based on mass and radius alone. For a more
detailed analysis of their internal composition, see Sect. 3.6.4.

3.6.2 On the architecture of the planetary system

The HIP 41378 system hosts six planets, five of which transit the star along our line
of sight. As of now, the periods of two outer planets, HIP41378d and HIP41378e,
remain unresolved. A single transit of HIP41378 e was observed during K2 Campaign
5, preventing an estimation of its orbital period. On the other hand, HIP 41378 d was
observed to transit during both K2 campaigns (5 and 18), enabling the identification of
a set of 23 orbital period aliases. The new TESS sector observations, combined with
the findings of Sulis et al. (2024), effectively ruled out the shortest orbital periods for
HIP 41378 d, narrowing the set of aliases to three values: ~ 278, ~ 371, and ~ 1113
days. Each of these periods places the planet near a first-order period commensurability
with HIP 41378 f (i.e. 2:1, 3:2 and 1:2), which could explain the strong TTVs (> 4 hours)
observed for the planet (Bryant et al. 2021; Alam et al. 2022). This could suggest the
potential existence of a second quasi-resonance chain involving the three outer planets.
Based on the possible orbital periods of the two unresolved outer planets, and the
confirmed planetary signal of planet g, we suggest two dynamical configurations for the
system: 1) a system-wide quasi-resonant chain or ii) hierarchical multi-planet architecture.
In the first scenario, the planets follow a continuous quasi-resonant chain, with period
ratios that closely align with small integer values. This would suggest a dynamically
structured system, where all the planets may have experienced convergent migration and
undergone resonant capture (Wong & Lee 2024). This would imply the potential presence
of additional, yet-undetected planets between the inner and outer regions, completing the
resonance chain. In the second configuration, the system possesses a middle-gap, separat-
ing the three inner sub-Neptunes from the three outer Neptunes. As a result, the system is
assumed to be hierarchical, meaning that it can be divided into two independently stable
subsystems (Laskar & Petit 2017). In this scenario, the outer planets would be dynamically

3The radius of planet g was estimated using the Bayesian radius-density-mass relation for small planets

implemented in spright (Parviainen et al. 2023), obtaining a value of 2.42t%'_55 Re
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Figure 3.3: Mass-radius diagram including all confirmed planets with radii below 4 Rg
with masses and radii measured to better than 30% precision (Grey points). Planet
parameters are taken from the NASA Exoplanet Archive’s confirmed planets table, as
queried on January 20, 2025. The purple pentagon represents the position of HIP41378 b,
the green diamond of HIP41378c. The color-coded lines show different theoretical
mass-radius relations corresponding to the planet compositions taken from Zeng et al.
(2019) (solid lines) and Lopez & Fortney (2014) (dashed lines; 1 Gyr, solar metallicity
and incident flux of 10 Sg). Also shown are Earth, Uranus and Neptune, for reference.

decoupled from the inner trio, suggesting that they should not significantly influence the
observed TTV signals of the inner planets. Additionally, the three outer planets could
be close to a resonant chain, potentially near a low-order period commensurability. This
would suggest that, while the system remains hierarchical, the outer planets could still
be dynamically linked through resonant interactions. Similar architectures have been ob-
served in systems such as Kepler-90 (Cabrera et al. 2013), which hosts both 2:3:4 and
5:4 quasi-resonant chains, and HD 191939 (Orell-Miquel et al. 2023), exhibiting coupled
1:3:4 and 3:1 configurations. Further observations of the outer planets will be necessary
to precisely constrain their orbital periods and determine the system’s unique dynamical
configuration. The outer-system architecture will be further explored in Grouffal et al.
(in prep.). To investigate the two hypotheses and put further constraints on the known
outer planets (HIP 41378 d, HIP41378 e, and HIP 41378 f), we conducted a four- and six-
planet dynamical analysis with TRADES. This included testing for a hypothetical planet
”h” situated between planets g and d. The setup mirrored the one used for HIP41378 g,
employing broad priors to explore a wide parameter space for radius, mass, and period,
based on the findings of S19 and B19. However, we were unable to constrain the masses
and orbital periods of the additional planets, resulting in poor fits for all planets, with
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BIC3p < BIC6p, BIC4p.

For now, the planetary architecture for HIP 41378 remains an unresolved puzzle. How-
ever, the dynamical evidence of HIP 41378 g enables us to further investigate this peculiar
multi-planet configuration. Given the limited constraints on the orbital architecture of
the outer planets, we focused on the configuration of the inner planets. Following the
classification scheme proposed by Howe et al. (2025), the inner planets display a closely
spaced peas-in-a-pod” configuration, indicating a high degree of uniformity in their or-
bital and physical properties. To measure the degree of this similarity, we applied the
approach of Otegi et al. (2022). Specifically, we evaluated the distances in logarithmic
space for the mass (D), radius (Dg), and their combined global distance (D). In this
metric, lower values correspond to greater similarity. According to our calculated values
of Dg = 0.007, Dy = 0.08, and D = 0.08, the three planets exhibit strong similarity.
These results classify the inner system of HIP41378 as the fifth!* most uniform in the
sample of 48 systems analyzed by Otegi et al. (2022). This reinforces the “closed-spaced
peas-in-a-pod” scenario (Weiss et al. 2018; Howe et al. 2025) and potentially hints at a
common formation pathway. Furthermore, consistent with the trend reported by Otegi
et al. (2022), the inner planetary system shows greater similarity in radius than in mass.
As pointed out by the authors, this could be attributed to the similarity in planetary density
within a system. Given that the density is three times more sensitive to radius variations
than to mass variations, it is expected to have a stronger uniformity in radius than in mass.

3.6.3 Investigation on the mean-motion resonant state

The inferred orbital period of HIP41378 g, near a 2:1 period commensurability with
planet c, positions the inner HIP 41378 system close to a three-body 4:2:1 resonant chain.
Dynamical configurations in or near MMRs are expected to arise during the early stages of
planetary system formation, within the gas-rich protoplanetary disk. For low-mass planets
these configurations are thought to result from Type-I convergent migration in gas-rich
disks, during which the forming planets are captured in resonance (e.g., Malhotra 1993b;
Kley & Nelson 2012; Delisle 2017; Izidoro et al. 2017; MacDonald & Dawson 2018). To
investigate whether the three-body chain is in a true mean-motion resonance, we studied
the evolution of the three-body angle W;,3. This angle is defined by the difference between
two critical resonant angles:

$12=2Ac = Ap — @,
$23 =244 — A + @, (3.2)
Wi23 = d12 — 23 = 34 — Ap — 244.

For a (2:1, 2:1) resonant configuration, Siegel & Fabrycky (2021) predict that the three-
body angle should librate (oscillate around a fixed value) around 180°. We integrated the
MAPHypi solutions using the N-body code rebound (Rein & Liu 2012) and the symplectic
integrator WHFast (Rein & Tamayo 2016), for a total duration of 10 000 years. Our results,
depicted in Fig. 3.4, indicate that the three planets are out of resonance, with the three-body
angle circulating from 0 to 360°.

14The four above are: Kepler-60, Kepler-29, TOI 763 and L 98-59
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Figure 3.4: Three-body Laplace resonant angles evolution for HIP 41378 b, ¢ and g, for
the MAPyp; solutions. The top two panels show the evolution of the critical angles ¢1»
and ¢,3. The bottom panel shows the three-body angle, which is a linear combination of
the mean longitudes of the planets.

3.6.4 Interior bulk composition

Based on the derived planetary parameters, we used the internal structure modeling frame-
work plaNETic!> (Egger et al. 2024) to infer the interior compositions of HIP 41378 b
and HIP 41378 c. plaNETic uses a neural network as a surrogate model for the planetary
structure forward model BICEPS (Haldemann et al. 2024) to speed up the inference pro-
cess, which allows for a fast, but still reliable analysis. The modeled planets are assumed
to consist of an envelope of uniformly mixed H/He and water, a mantle layer composed
of silicon, magnesium, and iron oxides, and an inner iron core, diluted with up to 19%
sulfur as a placeholder for any lighter elements. Both observed planets are modeled
simultaneously.

Since this remains a highly degenerate problem with many possible interior structures
compatible with the observed planetary bulk properties, the outcome of the inference
process depends to a certain extent on the chosen priors. We therefore ran six models
assuming different combinations of priors, compatible with different assumptions on the
system’s formation and evolution history. First, we consider two distinct priors for the
planet’s water content: one based on a formation scenario beyond the ice-line (Case A,
water-rich) and another corresponding to formation within the ice-line (Case B, water-
poor). For each of these water priors, we consider three different assumptions for the
planetary Si/Mg/Fe ratios. In the first case, we assume the planet’s composition directly
reflects the stellar Si/Mg/Fe ratios (Thiabaud et al. 2015). In the second case, we account
for iron enrichment relative to the host star using the empirical fit from (Adibekyan et al.

5https://github.com/joannegger/plaNETic
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2021). In the third case, we model the planet’s composition independently of the stellar
ratios, sampling the Si, Mg, and Fe molar fractions uniformly from the simplex where
their sum is 1, with an upper limit of 0.75 for Fe. A detailed description of these priors
can be found in (Egger et al. 2024).

The resulting posterior distributions for the most important internal structure param-
eters are visualized in Figs. 3.11 and 3.12, with the results for the full list of internal
structure parameters summarized in Tabs. 3.7 and 3.8. We do not constrain the core and
mantle layer mass fractions for either planet; the inferred posteriors mostly match the
priors. In the water-rich case, we infer envelope mass fractions between 38 and 42% for
planet b and of 31% for planet c, with envelope water mass fractions of almost 100%
for planet b and around 90% for planet c. In the water-poor case, on the other hand,
we constrain the envelope mass fractions quite well with values of the order on 0.3 to
0.6% for planet b and 0.8 to 1.2% for planet c. A future JWST transmission spectrum of
HIP 41378 b and HIP 41378 c could help resolve this degeneracy by directly probing the
atmospheric composition of their upper envelope layers. This possibility is explored in
Sect. 3.6.6.

3.6.5 Primordial atmospheric evolution

To assess the possible evolution scenarios of the primordial atmospheres of planets b and
c, we employed the same approach as described in Krenn et al. (2024). Namely, we
used the atmospheric evolution framework developed in Kubyshkina & Vidotto (2021) for
H-He-dominated (water-poor) atmospheres. This framework employs MESA (Modules
for Experiments in Stellar Astrophysics; Paxton et al. 2011, 2013, 2018, 2019) to track
the dissipation of the planetary post-formation luminosity, contributing to the evolution of
planetary radii, and the atmospheric escape rates based on the grid of 1D hydrodynamic
upper atmosphere models presented in Kubyshkina et al. (2018); Kubyshkina & Fossati
(2021). For the latter, we employ the machine-learning-based algorithm described in Reza
et al. (2025), which shows a better accuracy compared to the previously used interpolation
methods (Kubyshkina et al. 2018).

For the stellar evolution model, providing inputs both to MESA (stellar bolometric
luminosity Ly versus age) and the atmospheric escape model (Lo and XUV, X-ray plus
extreme ultraviolet, luminosity Lxyy versus age), we employ the Mors stellar evolution
code (Johnstone et al. 2021; Spada et al. 2013). As there are no constraints available for
the X-ray luminosity of HIP 41378, to inform our models, we use solely the information
available for stellar rotation.Given the relatively small age of the system (< 2.5 Gyr) and
relatively slow rotation, we find that HIP 41378 was unlikely a very fast rotator at early
ages. Therefore, we exclude such stellar models from our analysis and only consider 4
initial (at 150 Myr; Prl(fto) stellar rotation periods of 5-20 days. Finally, we note that for
stellar mass we employ the value of 1.2 M, which lies at the lower boundary of the 1-o
estimate for HIP 41378, because it is the highest mass available for the grid of stellar
1sochrones used by the Mors code (Spada et al. 2013). This is not expected to affect
the results considerably because in the mass range 1.0-1.2 M, internal stellar parameters
change smoothly and stellar XUV radiation depends on rotation period much stronger than
on stellar mass.

As our evolution framework is too computationally expensive, we apply a grid-like
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approach, as described in detail in Krenn et al. (2024). For the system parameters that are
constrained well and/or have a weak influence on the results, we use single values: stellar
mass of M, = 1.2 M, orbital separations of a, = AU and a. = AU, and lifetime of the
protoplanetary disc of 5 Myr (which is the starting time of our simulations). Similarly, for
initial planetary luminosities, we adopt the values naturally derived by MESA (which are
the extrapolation from the stellar evolution tracks ?) and do not test additional scenarios
(as their effect vanishes on timescales of a few tens of Myr; e.g. Owen 2020; Kubyshkina
& Vidotto 2021). For the parameters that are poorly constrained and/or strongly impact
the atmospheric evolution, we explore a range of values. For planetary mass, we assume
that the present-day mass is mostly defined by the planet’s solids (which we refer to here
as “core”) and the atmosphere’s mass contributes not more than about a percent (which
is consistent with the predictions of the interior models for the case B). Thus, we assume
that the core mass remains the same throughout the evolution and M0, ~ Mg’lbs; For both

planets we consider a range of values for M2, . varying it within 1-o of what obtained
from the observations (with a step of ~ 0.2 Mg). For each of these values, we further
consider the initial atmospheric mass fractions fa(z between 0.005 and 0.5 (30 and 26 values
for planets b and c, respectively, logarithmically distributed). Thus, the initial planetary
masses are set as MOI = MO, + M2 = M2../(1 — £9) and span the intervals of
8.55-17.36 Mg for planet b and 5.84-12.86 Mg for planet c. The initial entropies at the
core-atmosphere boundary (quantifying the initial planetary luminosities) vary between
7.0-8.2 ky /baryon for planet b and 7.2-8.4 ky, /baryon for planet ¢, where the smallest value
corresponds to the lowest core mass and smallest atmospheric mass fraction.

After setting the initial parameters, we evolve the planets under different stellar XUV
conditions, obtaining in the end over 1000 evolutionary models for each planet, with
predictions of how Rjj(age) depends on Mpj(age) being part of the output. We then
compare these to the observational constraints on planetary masses, radii, and the age
of the system to find which combinations of initial parameters allow us to reproduce
the planet-day planets. To outline the boundaries of the fitting parameter intervals more
accurately, we interpolate our grid of evolutionary models on a finer grid of Mgl and 28
(5 X nodes compared to the original grid). Furthermore, to aid the comparison, we split
the 1-sigma interval of the age constraint of HIP 41378 system in 100 bins and performed
the comparison in individual bins. We present the summary of our results in Fig. 3.5,
which represent an image showing for which fraction f,e of the age bins considered a
given combination of Mgl and ag allows reproducing the present day radius and mass for

all considered PrlgtO.We note, that, though normalized to 1, this value is not equivalent to
the posterior probability resolved in a Monte Carlo algorithm (which cannot be applied
with our model due to high computational costs); instead, it can be seen as a proxy for
the stability of the given atmospheric configuration (low positive number implies that the
planetary parameters change significantly within 1.4 Gyr comprising the uncertainty on
the age of HIP 41378).

For HIP 41378 b (Fig. 3.5 (left); note that we only show results for the parameter region
that allows to reproduce present-day parameters, while the whole parameter range that we
examined is much broader), we obtain a very narrow constraint on the initial atmospheric
mass fractions, which changes only slightly with different assumptions on stellar rotation.
Thus, the overall constraint spans between 0.9% to 2.5% of planetary mass, with the full
span corresponding to the initial stellar rotation period of 5 days and an even narrower
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Figure 3.5: The fraction of the age bins where the given combination of Mgl (x-axis) and

fa({ (y-axis) allows reproducing the parameters of HIP41378 b and HIP 41378 ¢ for the
whole range of initial rotation periods of HIP 41378 considered here.

constraint of 0.9-1.3% to 20 days. These parameters are consistent with the assumption
of a planet with a H-He-dominated primordial atmosphere that formed in situ (within the
snow line, e.g. Mordasini 2020). Consequently, the initial mass of the planet had to be
very close to the present-day values, 8.6-10.5 Mg. It indicates that the atmospheric mass
loss from the planet was rather low throughout the evolution, even in case of a relatively
fast rotator.

As HIP 41378 c orbits significantly farther away from the star than HIP41378 b (P, ~
2Py), it receives even less XUV radiation (which is the main driver of atmospheric mass
loss on long timescales). However, the mass of HIP 41378 c is significantly lower than that
of the planet b; therefore, the resulting atmospheric mass-loss rates from the planet are
higher. This leads to a more peculiar shape of the parameter regions allowing reproducing
the present-day mass and radius of the planet (see Fig. 3.5, right panel). Specifically,
we find two different groups of “allowed” initial parameters, widely separated in the
parameter space in the case of a moderately or slowly rotating star (Prl(‘;’-t0 > 10days).

The first group is similar to the predictions for HIP41378 b: the planet had to start with
parameters in a relatively narrow range, close to the present day values (MSl ~6.2-7.9 Mg

and aot ~1.25-5.6%), with initial atmospheric mass fraction increasing with decreasing

M;())l and Prlgto. In all stellar rotation scenarios, the most stable configuration is achieved

around f3) ~1.6-1.9%.

The second group is shaped by much larger initial atmospheric mass fractions and
planetary masses. For slow rotators (Prlost0 > 15days), it occupies the space between
fa({ ~30-38% and Mgl ~8.8-9.5 M. For faster rotators, it extends towards the lower values
of mass and atmospheric mass fractions ( a(z ~20-38% and Mgl ~7.5-9.5 Mg) but remains
separated from the first group of compact initial atmospheres. This is the result of the non-
linear dependence of the atmospheric evaporation timescale (as proxy of the atmospheric
stability) on the initial atmospheric mass fraction for low-mass close-in planets. This
effect was considered in more detail in Kubyshkina & Vidotto (2021). We note that this
“puffy” brunch in our predictions for the initial planetary parameters corresponds to a
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narrow range of core masses (i.e. present-day masses, ~ M§1(1 - fzg)) of ~5.8-6.2 Mg

(and even ~5.8-6. Mg for Prl(fto > 10days). Furthermore, due to the strong correlation
between the planetary radius (hence, atmospheric escape rate) and the internal temperature
of the young planets, the specific position of this brunch in Mgl— :3 plane depends on our
assumption on the planet’s post-formation luminosity (core entropy). This, together with
the stability parameter shown in Fig. 3.5, suggests that the compact initial atmospheres
and overall low mass-loss over the planet’s lifetime are the most probable scenario for both

planets in HIP 41378 system.

3.6.6 Atmospheric characterization prospects

Atmospheric characterization of HIP 41378 b and HIP 41378 ¢ with JWST could present a
unique opportunity to study the atmospheric evolution, as well as to constrain their interior
compositions (see Sect. 3.6.4). To evaluate their potential for transmission spectroscopy,
we first computed the zero albedo equilibrium temperature (cf. Eq. 4 from Cowan
& Agol 2011 and subsequently the Transmission Spectroscopy Metric (TSM; Kempton
et al. 2018). While both planets fall below the nominal TSM threshold for ideal JWST
candidates (TSM ; 90), the unique characteristics and significant scientific interest of
the HIP 41378 system warranted a more detailed investigation. Therefore, we performed
comprehensive spectral simulations across a suite of atmospheric scenarios to assess their
true potential for JWST observations.

Edwards et al. (2023) previously demonstrated that HST observations of HIP 41378 b
did not allow for significant molecular detections, with a flat atmospheric model, with no
molecular absorption, being preferred. Our goal is to determine whether JWST is able
of detecting molecular signatures in planet b and ¢, which would allow to constrain the
atmospheric evolution scenarios described in Sect. 3.6.5. For our simulations, we adopted
a solar metallicity (Z = Zy) atmosphere in chemical equilibrium for both planets. This
choice is compatible with the value found by Edwards et al. (2023) for planet b and with
a primordial atmosphere.

We generated the corresponding synthetic transmission spectra using the TauREx3 1D
isothermal atmospheric model (Al-Refaie et al. 2021). Equilibrium chemistry calculations
were performed with FastChem (Stock et al. 2018) via the fastchem!® plugin, incorpo-
rating all available gases. Subsequently, we utilized GenTSO (Cubillos 2024), a software
specifically designed for simulating JWST spectroscopic observations of exoplanetary at-
mospheres, to generate mock observations from these two synthetic spectra (one for each
planet). For all scenarios, we adopted a specific NIRSpec instrument configuration, cho-
sen to provide a comparison with the HST WFC3 instrument wavelength domain. This
configuration comprised NIRSpec in bright object time-series (BOTS) mode, equipped
with the g140h disperser (selected to limit detector saturation) and £1001p transmission
filter, utilizing the s1600al aperture, sub2048 subarray, and nrsrapid read mode.Each
simulated observation was based on a single transit with a baseline of 1.75 774. To reduce
uncertainties on transit depth, we binned the simulated observations to a spectral resolu-
tion of R = 500. The resulting transmission spectra for planets b and ¢ are presented in
Figs. 3.13a and 3.13b, respectively.

16https ://github.com/ucl-exoplanets/taurex-fastchem
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To test the JWST capability to detect molecular features in HIP41378b and c, we
followed a similar strategy to Edwards et al. (2023). This involved comparing a fastchem
equilibrium chemistry model with a featureless (flat) spectrum model. We performed these
retrievals using the Nested Sampling algorithm (Skilling 2006) within the pymultinest
(Buchner et al. 2014) package with 1000 live points. For both planets, the equilibrium
chemistry and flat models were compared using the logarithmic Bayes factor (Kass &
Raftery 1995; Trotta 2007). In both cases, the 10g Binoiecuies, flar > S strongly favoring
the chemical equilibrium model over the flat one. This result confirms the capability of
NIRSpec to detect molecular features in the atmospheres of planets b and c, thus enabling
detailed studies of their atmospheric composition.

The results of our atmospheric retrievals confirm the need for high-sensitivity in-
struments like NIRSpec@JWST for precise atmospheric characterizations, allowing the
detection of molecular features necessary to understand how the atmosphere of exoplanets
evolved. Furthermore, they demonstrate that HIP 41378 b and HIP 41378 ¢ are promising
candidates for future atmospheric analysis, despite the low TSM, to constrain their bulk
composition, formation and evolution scenarios.

3.7 Summary and conclusions

Using CHEOPS observations, TESS sectors, and archival data, we conducted a dynamical
analysis of the two inner sub-Neptune planets transiting the bright star HIP 41378 (my =
8.9 mag). We report the detection of large TTVs in the multi-planet HIP 41378 system,
with amplitudes of 30 minutes and > 3 hours for planets b and c, respectively (see
Fig. 3.2). Combining these TTVs with RV data, we significantly refined the planetary
parameters (see Tabs. 3.5- 3.6) and dynamically confirmed the additional non-transiting
planet, HIP 41378 g, which lies close to the 2:1 period commensurability with planet
c (Py/P. ~ 2.04), suggesting a near 4:2:1 resonant chain for the inner planets. This
detection raises further questions regarding the overall architecture which remains only
partially resolved, with the orbital properties of two long-period planets (HIP 41378 d and
e) yet to be constrained.

Our interior structure analysis revealed significant degeneracy in the interior structures
of HIP41378b and c, with solutions heavily dependent on formation assumptions, high-
lighting the compositional degeneracy inherent to sub-Neptunes (Figs. 3.11-3.12). Water-
rich scenarios suggest ~31-42% water-dominated envelopes, while water-poor cases yield
compact H/He envelopes (~0.3—1%). These ambiguities highlight the need for JWST at-
mospheric spectroscopy to distinguish between competing models. For sub-Neptunes such
as HIP 41378 b and HIP 41378 c, mass measurements paired with atmospheric studies will
help resolve the compositional degeneracy between gas dwarfs (rocky planets with H/He
envelopes; Lopez & Fortney 2014; Rogers et al. 2023) and water worlds (rocky planets
with water-rich compositions; Léger et al. 2004; Dorn & Lichtenberg 2021; Aguichine
et al. 2021; Luque & Pallé 2022). Additionally, by modeling atmospheric evolution, we
showed that both sub-Neptunes can be explained by a scenario in where they formed with
H-He atmospheres containing minor, solar-like metal abundances. If this was the case,
they were most likely formed with compact atmospheres (with initial atmospheric mass
fractions a(i ~ 0.5 —5%) roughly consistent with the predictions of formation models (e.g.
Mordasini 2020; Emsenhuber et al. 2021). With smaller probability, planet ¢ could also
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be formed with ~ 30% of mass in H-He atmosphere if the actual planet’s mass is close to
the lower boundary of the observational constraint (see details in 3.6.5).

To further investigate these interior composition and atmospheric formation and evolu-
tion scenarios, we simulated observations with NIRSpec @ JWST. Our simulations revealed
that atmospheric characterization with JWST can allow the detection of molecular features
in both planets. These results highlight that atmospheric characterization with JWST can
provide key insights into their composition, formation, and evolution. The next cental
times of transit of planet b and c¢ observable with JWST are reported in Tab. 3.9. Lastly,
HIP 41378 will be not re-observed by TESS in year 8. This calls for new observations that
could shed light into the possible quasi-resonant chain of the outer system, by exploring
the possible period alias of the transiting HIP 41378 d or even detect another transit of
HIP41378e.
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3.8 Additional Tables and Figures

Table 3.2: Log of CHEOPS observations.

VISIT ID Planet File Key Start date Duration Number of Frames Efficiency

(UTC) (h) (%)
1 -b CH_PR100025_TG005501_-V0300 2020-12-23T21:03 10.7 588 55.7
2 -b CH_PR100025_TG005201_V0300 2021-01-08T20:08 6.49 366 58.21
3 -b CH_PR100025_TG005701_V0300 2021-02-08T17:20 10.9 672 63.83
4 -b CH_PR100025_TG005702_V0300 2021-03-11T22:16 12.04 671 55.18
5 -b CH_PR100025_TG006501_V0300 2022-01-01T20:18 10.77 635 60.10
6 -b CH_PR100025_TG006502_V0300 2022-01-17T07:26 10.68 616 59.68
7 -b CH_PR100025_TG006503_V0300 2022-02-17T10:51 11.42 648 54.71
8 -C CH_PR100025_TG006901_-V0300 2022-02-26T00:11 10.84 662 62.90
9 -b CH_PR100025_TG006801_V0300 2022-03-20T15:25 11.40 536 46.11
10 -C CH_PR100025_TG006902_V0300 2022-12-08T10:11 11.42 562 49.17
11 -b CH_PR100025_TG006802_V0300 2023-01-10T12:28 10.68 653 62.75
12 -b CH_PR100025_TG006803_-V0300 2023-01-25T23:11 10.87 650 60.49
13 -C CH_PR100025_TG006903_-V0300 2023-02-09T20:51 10.92 681 60.64
14 -b CH_PR100025_TG006904_V0300 2023-03-13T14:31 15.69 823 52.09
15 -C CH_PR140080_TG008101_-V0300 2025-03-11T15:24 13.03 724 44.85
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Figure 3.6: Phase folded light-curves of HIP41378 b & ¢, combining observations from
K2, Spitzer, HST, CHEOPS, and TESS. The oversampled best-fit transit models are
overlaid on the light curves.
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Table 3.3: Transit times of HIP 41378 b from the global photometric analysis with PYOR-
BIT.

To (BJDtpe) o790 (days) O-C (minutes) Telescope

2457152.2847 0.0032 =7.37 K2
2457167.8506 0.0035 -15.89 K2
2457183.4244 0.0031 -13.03 K2
2457198.9994 0.0044 -8.44 K2
2457790.7293 0.0061 -6.99 Spitzer
2458133.3139 0.009 -0.21 HST
2458242.3270 0.0008 14.78 HST
2458257.8976 0.0031 13.03 K2
2458273.4731 0.0032 18.34 K2
2458289.0429 0.0032 15.44 K2
2458507.0416 0.015 5.82 TESS
2458989.7607 0.0008 —4.45 HST
2459207.7792 0.0017 14.47 CHEOPS
2459223.3482 0.011 10.42 CHEOPS
2459238.9280 0.016 21.92 TESS
2459254.4894 0.0025 6.92 CHEOPS
2459285.6473 0.0085 27.48 CHEOPS
2459503.6167 0.016 —24.34 TESS
2459519.1961 0.0088 -13.41 TESS
2459534.7626 0.012 -21.06 TESS
2459581.4883 0.0037 -6.29 CHEOPS
2459597.0474 0.004 -24.60 CHEOPS
2459628.1952 0.0012 —-18.58 CHEOPS
2459659.3510 0.0083 -1.05 CHEOPS
2459955.2220 0.0018 8.38 CHEOPS
2459970.7955 0.0044 10.81 TESS
2459970.7947 0.0013 9.66 CHEOPS
2459986.3647 0.0083 7.04 TESS
2460017.5170 0.0029 19.53 CHEOPS
2460266.6491 0.012 —4.82 TESS
2460282.2123 0.0035 -17.22 TESS
2460702.6519 0.0049 -16.29 TESS

The O-C values (third column) are computed with respect to the linear ephemeris:

Tier = 2457 152.2898 + 0.0039 BIDtpp

Piin = 15.571831 + 0.000029 days.

The transit times are given in the BJDrpp standard (Eastman et al. 2010); the second
column reports the associated 1-o error.
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Table 3.4: Transit times of HIP 41378 ¢ from the global photometric analysis with PYOR-
BIT.

To (BJDtpe) o790 (days) O-C (minutes) Telescope

2457163.1667 0.0041 111.67 K2
2457 194.8666 0.0049 93.28 K2
2457606.9849 0.0041 -117.49 Spitzer
2458272.8811 0.0037 -218.00 K2
2458 494.8820 0.018 -200.39 TESS
2459509.8920 0.0099 94.32 TESS
2459541.5870 0.019 68.88 TESS
2459573.3330 0.017 116.88 TESS
2459636.7646 0.0038 125.90 CHEOPS
2459922.1444 0.0038 76.65 CHEOPS
2459985.5542 0.0088 54.28 CHEOPS
2459985.5565 0.0042 57.60 TESS
2460270.9410 0.013 15.11 TESS
2460714.8139 0.0059 -135.27 TESS
2460746.5209 0.0028 -143.43 CHEOPS

The O-C values (third column) are computed with respect to the linear ephemeris:

Tier =2457163.089 + 0.047 BIDTpB

Piin = 31.71266 + 0.00063 days.

The transit times are given in the BJDrpp standard (Eastman et al. 2010); the second
column reports the associated 1-o error.

64



Table 3.5: Posteriors and derived orbital parameters for HIP41378 b & c from the global
photometric analysis with PyORBIT, presented in Sect. 3.4.2

Parameter Unit Prior Posterior value
HIP41378b

FITTED PARAMETERS

Orbital Period (P) [days] (fixed) 15.571 893t%_%%%§%§
Impact Parameter (b) - U, 1+ (R«/R}p)/2) 0.445% 5055
Planet-star radius ratio (R, /Ry4) - U(0,0.5) 0.01705t%~‘%%%1155
DERIVED PARAMETERS

Semimajor axis (a) [au] - 0. 13034:%._%%1133
Scaled semimajor axis (a/Ry) - _ 215 4J:%.1166
Inclination (i) [deg] _ 88.816’:%.%6651
Planet Radius (R),) [Reg] _ 241 9t%_%2277
Transit duration (774) [days] _ 0.209942%_%%114;
Equilibrium temperature (7, ) [K] _ 970. 67t11%',55i
Stellar Insolation Flux (S§) [Se] - 1 48.50J:77..1]22
HIP 41378 ¢

FiTTED PARAMETERS

Orbital Period (P) [days] (fixed) 31.708380t%-%00391
Impact Parameter () - U0, 1+ (Rs/R))/2) 0'9290t%.0021
Planet-star radius ratio (R, /Ry4) - U 0,0.5) 0.0 1766t%.%%%i32
DERIVED PARAMETERS

Semimajor axis (a) [au] _ 0-2093f%',%%2222
Scaled semimajor axis (a/Ry) - — 34‘604—-(())'.2266
Inclination (7) [deg] _ 88, 462":%.%1155
Planet Radius (R)) [Rg] _ o3 505t%‘_%5576
Transit duration (774) [days] _ 0. 12129.8%2()725
Equilibrium temperature (T, ) [K] — 765.87188%33
Stellar Insolation Flux () [Se] — 57. 55J:22-.7799
Host star HIP 41378

Stellar density [po]  G(0.5539,0.0126) 0.554+0.013

Limb Darkening Coefficients

Quadratic Limb Darkening term c; (K2)
Quadratic Limb Darkening term c; (K2)
Quadratic Limb Darkening term c; (TESS)
Quadratic Limb Darkening term ¢, (TESS)
Quadratic Limb Darkening term c¢; (HST)
Quadratic Limb Darkening term ¢, (HST)
Quadratic Limb Darkening term ¢ (Spitzer)
Quadratic Limb Darkening term c; (Spitzer)

Quadratic Limb Darkening term ¢ (CHEOPS)
Quadratic Limb Darkening term c, (CHEOPS)

G(0.4834,0.05)
G(0.1535,0.05)
G(0.3822,0.05)
G(0.1429,0.05)
G(0.228,0.05)
G(0.1398,0.05)
G(0.0969, 0.05)
G(0.0508, 0.05)
G(0.4947,0.05)
G(0.1519,0.05)

0.043
04474048
e,
0,414
o150
0.183% 5
0.127+¢ 0
o e
0.058°004
e

: -0.041

0.045
0.150*0.04

The listed best-fit values and uncertainties are the medians and 15.865th-84.135th per-
centiles of the posterior distributions, respectively.
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Figure 3.7: Individual TESS phase-folded transit light-curves of HIP 41378 b. The binned
points are showed in red. The oversampled best-fit transit models are overlaid on the light
curves.
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Figure 3.8: Individual TESS phase-folded transit light-curves of HIP 41378 c. The binned
points are showed in red. The oversampled best-fit transit models are overlaid on the light

curves.
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Figure 3.9: Individual CHEOPS phase-folded transit light-curves of HIP41378 b. The
binned points are showed in red. The oversampled best-fit transit models are overlaid on

the light curves.
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Figure 3.11: Posteriors for the main internal structure parameters of HIP 41378 b, namely
the mass fractions of the planet’s inner core (far left), mantle (middle left), and envelope
layers (middle right), as well as the mass fraction of water in the envelope layer (far right).
We show models assuming the planet’s Si/Mg/Fe ratios to match the ones of the host star
exactly (purple), to be Fe-enriched compared to the host star (pink), and to be independent
from the host star metallicity (blue). For all three options, we also use two water priors,
favoring a water-rich (top row) and water-poor composition (bottom row), respectively.
The dashed vertical lines show the medians of the inferred distributions, the dotted lines
the chosen priors.

69



Table 3.6: Posteriors and derived orbital parameters (MAP and HDI) for HIP41378 b, c,
and g obtained from the dynamical analysis with TRADES.

Parameter Unit Prior MAP (HDI+10)
HIP 41378 b

FrrTED PARAMETERS

M,/M, [(%—) x 10761 24(0.30,954.7) 223
Orbital Period (P) [days] U(13.5,17.5)  15.5713067900011
Ve cos w - U(-V0.5,V0.5) 0.142+0.011
Ve sinw - U(-V0.5,v0.5) ~0.033+0.032
Mean Longitude (1) [deg] U(0,360) 274.34t{)~§9§
DERIVED PARAMETERS

Mass (1) [Mg] - 9.06+1-41
Eccentricity (e) - N*(0,0.083) 0-0213t%_%92;%
Argument of Periastron (w) [deg] - -137]
Mean Anomaly (My) [deg] - 107J:11 :
HIP 41378 ¢

FirTED PARAMETERS

M,/ M, [(I‘Aj—) x 1071 (0.30,954.7) 16+
Orbital Period (P) [days] U(30,34) 31.71054*+G000%
Ve cos w - U(-V0.5,0.5) -0.242+0:09
Ve sinw - U(-V0.5,V0.5) 0.096+0.054
Mean Longitude (1) [deg] U (0,360) 333™
Longitude of Ascending Node (£2) [deg] - 1737
DERIVED PARAMETERS

Mass (my) [Me) - 6.53’:})"1??
Eccentricity (e) - N*(0,0.083) 0.0678*0.007%
Argument of Periastron (w) [deg] - 158’:{%
Mean Anomaly (Ma) [deg] - 245
HIP41378 g

FrrTED PARAMETERS

M,/ M, [(%) x 10°6]  2(0.30,901) 174
Orbital Period (P) [days] U(32,200) 64.06779.9°
\e cos w - U(-V0.5,40.5) —0.091+9:073
Ve sinw - U(-V0.5,v0.5) -0.043+0.231
Mean Longitude (1) [deg] U(0,360) 350’:Ez
Inclination (i) [deg] - 957
Longitude of Ascending Node (€2) [deg] - 184+ ¢
DErRIVED PARAMETERS

Mass (mp) [Ms] - 6'81%.1;‘;3
Eccentricity (e) - N*(0,0.083) 0.01 ot%_‘é i
Argument of Periastron (w) [deg] - 205* it
Mean Anomaly (M) [deg] - —39jg !
ADDITIONAL PARAMETERS

Radial Velocity Jitter (jiter) [m/$]0 - 2.36t%.19
Radial Velocity offset (y1) [m/s] - 50711 .7891%02%%)

The symbols U, G, and N'* refer to uniform, Gaussian, and half-Gaussian distributions,

respectively.
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Figure 3.12: Same as Figure 3.11 but for HIP41378 c.

Table 3.7: Results of the internal structure modelling for HIP 41378 b.

Water prior Formation outside iceline (water-rich) Formation inside iceline (water-poor)
Si/Mg/Fe prior | Stellar (A1) Iron-enriched (A2) Free (A3) | Stellar (B1) Iron-enriched (B2) Free (B3)
Weore [%0] 10*] 13482 10+ 17412 22+ 16+22
Winantie [%e] | 517! 47443 511 83*13 770 8413
Wenvelope [%0] | 38.9%6>, 41.6%3% 38.5470. | 0.327007 0.56*923 0.39*03%
Zenvelope [To] | 99.9%5-) 99.8+0:2 99.9*%-0 | 0.5%93 0.5%93 0.5%073
XFe.core [%0] | 90.3*% 90.3*¢3 90.3*%¢ | 90.3%¢3 90.4*% 90.3*¢
Xs.core [To] | 9.7%04 9.7+¢4 9.7+ 9.7+¢4 9.6*0-4 9.7+¢2
XSimante [%] | 407 36+ 36*2 40*7 35410 362
XMg,mantle [%] 4247 3710 38+32 42*] 3779 3632
XFe.mantle [%] 174, 26%19 18422 17*, 2718 19*24

Table 3.8: Results of the internal structure modelling for HIP 41378 c.

Water prior Formation outside iceline (water-rich) Formation inside iceline (water-poor)
Si/Mg/Fe prior | Stellar (A1) Iron-enriched (A2) Free (A3) | Stellar (B1) Iron-enriched (B2) Free (B3)
W [0 | 115 1673 e [y ST
Winande [%] | 57*] 5119 54t19 83+11 76+16 82413
Wenvelope [Te] | 31.275% 30.7+139 3114471 0.83+020 1.16*033 0.96+0-39
Zenvelope [%0] | 90.4%33 88.7938, 90.6*%2, | 0.5%93 0.5%92 0.5%92
Xpecore [%o] | 90.27¢ 90.3%63 90.3t¢ | 90.3+0:6 90.4*6:3 90.3%6:2
Xs,core [Te] 9.8t2‘_36 9.7tg'§ 9.7J:(é'_36 9.7tg-_‘é 9,6J:2-§ 9'7J:%é
Xsimantie [7o] 40*7 35+10 3243 40%] 35+10 352
XMgmante [%e] | 4217 37+10 40+36 4247 37110 36130
XFe,mantle [%] 17, 27 % 18+24 1849, 27%19 20724
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Figure 3.13: NIRSpec simulations using the g140h disperser (black points) at resolution
R = 500 and TauREx best fit models for HIP 41378 b and ¢. Both simulations adopted a
solar metallicity (Z = Zy) atmosphere.

Table 3.9: Central times of transit for the upcoming JWST-visible observations of
HIP41378b and HIP41378 c in 2025 and 2026, according to the predictions of our
dynamical modeling.

Planet Transit Times [BJD1pg]

HIP41378b 2460982.9613 + 0.0068, 2460998.5325 + 0.0068, 2461014.1033 + 0.0069,
2461123.0990 + 0.0067, 2461138.6698 + 0.0066, 2461154.2406 + 0.0065,
2461341.0922 + 0.0064, 2461356.6633 + 0.0065, 2461372.2346 + 0.0065, 2461387.8058 + 0.0065

HIP41378c 2461000.1339 + 0.0067, 2461126.9789 + 0.0149, 2461158.6917 + 0.0176,
2461348.9791 + 0.0300, 2461380.6945 + 0.0313
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Navigating the V1298 Tau Maze: Revis-
ing Planetary Masses and Orbital Archi-
tecture of an infant system

4.1 Young Planets: A puzzle still unfolding

One of the most fundamental questions in exoplanetary science concerns the formation
and early evolution of planetary systems. The detection and characterization of young
exoplanets provide a rare opportunity to directly probe these early stages, offering valuable
insight into the physical processes that sculpt planetary architectures. Despite the discovery
of nearly 6 000 exoplanets, the mechanisms governing their physical and orbital evolution,
particularly within the first billion years, remain poorly constrained. The first few tens of
millions of years are especially critical, as planets undergo rapid structural and dynamical
transformations that shape their final configurations. During this phase, processes such as
thermal contraction (Lopez et al. 2012), atmospheric mass loss (Owen & Wu 2013, 2017),
and orbital migration (Ida & Lin 2004; Lee et al. 2014; Lambrechts et al. 2019, e.g.)
play dominant roles, driving the diversity of planetary radii, compositions, and orbital
architectures observed today.

Accurate and precise estimates of planetary radii and masses, and therefore their bulk
densities, are fundamental to understanding the physical mechanisms that govern planetary
formation and evolution. When combined with well-determined stellar properties (e.g.
ages, metallicities, and incident fluxes) and internal structure models, these bulk densities
can be used to infer core compositions and the mass of primordial atmospheres (Fortney
et al. 2007; Lopez & Fortney 2014). Such constraints are crucial for testing competing
theories of atmospheric mass loss (Kulow et al. 2014; Oklopci¢ & Hirata 2018) and
for evaluating the timescales of key evolutionary processes, including photo-evaporation
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Figure 4.1: Young (< 100 Myr) multi-planet systems. The period commensurabilities
and the normalized distances to resonance (A) between adjacent planets are shown, with
colors indicating the resonance order. Image credit: Dai et al. (2024).

(Owen & Wu 2017) and core-powered mass loss (e.g. Ginzburg et al. 2018; Gupta &
Schlichting 2019). Moreover, precise mass determinations, with uncertainties better than
~ S0, are required to break degeneracies between atmospheric composition and mean
molecular weight, a critical step for interpreting transmission spectra from JWST and future
facilities (e.g. Batalha et al. 2019; Crossfield et al. 2025). For instance, planets with similar
bulk densities may either possess water-rich interiors or hydrogen—helium envelopes;
however, at young ages, planetary radii still retain distinct compositional signatures, with
gas-rich sub-Neptunes appearing more inflated than water-rich counterparts, allowing their
internal structures to be more readily distinguished (Rogers 2025).

Since its launch, TESS (Ricker et al. 2015) has surveyed approximately 95% of the sky,
enabling the identification of the brightest and nearest young planetary systems, which
represent prime targets for detailed characterization through RV and atmospheric studies
(e.g. Newton et al. 2019; Battley et al. 2020; Plavchan et al. 2020; Zhou et al. 2022; Wood
et al. 2023). However, RV surveys targeting young stellar populations (e.g. Paulson et al.
2004; Sato et al. 2007; Lovis & Mayor 2007; Quinn et al. 2012; Quinn et al. 2014; Mal-
lorquin et al. 2023; Damasso et al. 2024) have often struggled to detect the low-amplitude
Doppler signals induced by small planets, as these are frequently dominated by stellar
activity (e.g. Tran et al. 2021; Nardiello et al. 2022; Blunt et al. 2023; Mantovan et al.
2024b). Young stars typically exhibit rapid rotation and enhanced magnetic activity, lead-
ing to strong quasi-periodic variations driven by star spots, plages, flares, and pulsations
(Hartmann & Noyes 1987; Saar & Donahue 1997). These phenomena can produce RV
fluctuations of several m s~!, often mimicking or obscuring planetary signals, thus com-
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plicating the extraction of true Doppler shifts. To overcome these limitations and probe
the architectures of young multi-planet systems, TTVs offer a powerful complementary
approach. Interestingly, many young systems show planets in or near mean-motion res-
onances, where mutual gravitational interactions enhance timing signals (see Sect. 1.3).
By measuring minute deviations from strictly periodic transits, TTV analyses enable the
determination of planetary masses, orbital periods, and eccentricities even when stellar
activity prevents precise RV measurements. When combined, the TTV and RV techniques
provide a self-consistent dynamical picture of a planetary system, allowing one to break
the degeneracies between mass and eccentricity, validate planetary signals, and robustly
constrain the complex dynamical architectures of these systems. However, fully exploiting
this synergy requires an accurate treatment of stellar activity, which remains one of the
main challenges in the precise characterization of young planetary systems.

4.2 Dealing with Stellar Activity in Young Stars

Planetary signals in photometric and spectroscopic data may be masked or distorted by
complex, time-varying noise induced by the high levels of stellar activity characteristic
of young stars. Active regions, stellar areas driven by magnetic activity, host phenomena
such as spots, plages, and faculae, which are modulated by stellar rotation and produce
quasi-periodic signatures that overlap with the timescales of planetary orbits. In addition,
stellar oscillations and surface convection processes such as granulation contribute further
variability on shorter timescales. Understanding and mitigating these stellar noise sources
is therefore essential to extract reliable planetary parameters and to study the early stages
of planet formation and evolution.

4.2.1 Stellar Noise in Radial Velocities

In the RV signal of young active stars, these stellar phenomena can reach several tens
to hundreds of m s~!, completely overshadowing planetary signals that are typically on
the order of a few m s™!, and can be broadly classified according to their characteristic
timescales and physical origins:

e Short-term (minutes): Acoustic oscillations and granulation
As in older stars, pressure (p-mode) oscillations and granulation contribute to short-
term RV noise. In young stars, however, these signals can be enhanced due to
stronger convective velocities and more turbulent photospheric motions. In solar-
type stars, they occur on timescales of a few minutes and induce RV variations with
amplitudes of the order of 0.5-2 ms~!.

* Intermediate-term (days): Magnetic activity and surface inhomogeneities
Photospheric inhomogeneities, such as starspots and faculae, distort the symmetry
of the spectral lines as the star rotates. The changing variability of active regions
modulates the RV signal with the stellar rotation period and its harmonics, producing
quasi-periodic variations that can reach tens or even hundreds of m s~!. Young stars,
characterized by rapid rotation (P, ~ 1-10 days) and large spot coverage, often
display non-stationary activity patterns, making the induced RV variability highly
complex and difficult to model with simple sinusoids.
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* Long-term (months to years): Magnetic cycles
On longer timescales, variations in the global magnetic field produce activity cycles
analogous to the solar 11-year cycle. These cycles modulate the average coverage
and contrast of active regions, leading to slow RV drifts over months to years.

Mitigation strategies typically combine both observational and statistical approaches.
From the observational perspective, adopting exposure times longer than the characteristic
oscillation period (10-15 minutes for solar-type stars) helps to average out the high-
frequency variations induced by p-modes. In addition, continuous monitoring of standard
activity indicators (e.g. BIS, FWHM, log R};, Ha) provides diagnostics of line-profile
variations and magnetic activity levels. Simultaneous photometric or spectropolarimetric
observations (e.g. Donati et al. 2020; Moutou et al. 2024) further constrain the evolution
of active regions and the magnetic field topology, enabling a more accurate separation
between stellar activity and planetary signals.

In recent years, it has become common to adopt flexible noise frameworks such as
Gaussian Process (GP) regression to account for the correlated noise induced by stellar
activity. The hyperparameters of the GP can be trained either on ancillary activity in-
dicators (Haywood et al. 2014; Rajpaul et al. 2015) or directly on the RV time series
(Faria et al. 2016). Among the available kernels, the quasi-periodic covariance function
has proven particularly effective, as it captures both the rotational modulation and the
temporal evolution of active regions through characteristic timescales linked to the stellar
rotation period and spot lifetimes.

4.2.2 Stellar Noise in Photometry

Photometric light-curves of young stars are dominated by variability caused by stellar
activity. Large, evolving spots and faculae on the stellar surface can produce quasi-
periodic brightness modulations with amplitudes of several percent, orders of magnitude
larger than typical planetary transit depths.

* Rotational modulation: The rotation of spotted surfaces produces periodic flux
variations. The evolving distribution of active regions leads to changes in amplitude
and phase over time, complicating transit normalization and transit timing analysis.

* Flares: Flare events, common in young stars, can produce sharp flux increases that
distort the light curve and bias measurements of transit depth and timing.

* Spot-crossing events: When a planet transits across a dark spot or bright facula, the
local stellar flux changes, producing anomalies in the transit profile that can mimic
transit timing variations or bias radius estimates.

Mitigating the effects of stellar activity in photometric data requires long-baseline,
high-precision observations and careful detrending to preserve the planetary signal. Com-
mon techniques include basis-spline (B-spline) fitting, local polynomial regression, and
GP modeling, which are used to capture the rotational modulation and instrumental sys-
tematics while isolating the transit features.
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4.3 A progenitor of compact multi-planetary systems

Despite significant advances in recent years, the sample of known young multi-planet
systems remains relatively small (< 10), limiting our ability to conduct robust statistical
studies (see Fig. 4.1). To date, only a handful of multi-planets younger than ~ 100 Myr have
both measured radii and masses, and even fewer belong to confirmed multi-planet systems.
Among these rare systems, V1298 Tau (Age: 20 + 10 Myr, V = 10.12) stands out as one of
the most compelling benchmarks for studying early-stage planetary evolution. It hosts at
least four transiting planets (David et al. 2019), making it a unique target for probing the
processes shaping system architectures shortly after disk dispersal. Originally discovered
with K2 (David et al. 2019) and later re-observed by TESS (Feinstein et al. 2022), the
system’s photometry enabled precise period measurements for the three inner planets
(P, =~ 8 days, P; ~ 12 days, and P, =~ 24 days). These observations also facilitated
in-transit RV and spectroscopic measurements, which were used to assess spin-orbit
alignment and stellar-driven atmospheric loss (Poppenhaeger et al. 2021; Vissapragada
et al. 2021; Maggio et al. 2023). However, RV-based mass measurements of these planets
are severely hampered by the host star’s magnetic activity. The young star rotates rapidly,
driving strong spot modulation, flares, and pulsations (Hartmann & Noyes 1987; Saar &
Donahue 1997), which introduce RV jitter often comparable to or exceeding the planetary
signals (Brems et al. 2019; Blunt et al. 2023). Initial RV analyses (Sudrez Mascarefio
et al. 2021) suggested Jovian masses (200400 Mg) for planets b and e, and upper limits
of 70—100 Mg for c and d. These results were later challenged by follow-up observations:
Finociety et al. (2023) constrained masses of planets ¢ and d to < 50 Mg and planet b to
< 150 Mg; Sikora et al. (2023) reported 20 + 10 Mg for ¢ and similar upper limits for
d and b. Atmospheric retrievals with HST (Barat et al. 2024) also placed the masses of
planets b and ¢ below 20 Mg, consistent with the findings of Karalis et al. (2024), who
showed that most planets younger than 100 Myr tend to be low-mass and puffed-up. These
results support the interpretation of the V1298 Tau system as a progenitor of compact
systems of sub-Neptunes and super-Earths, potentially offering insight into formation and
migration processes just after disk dispersal (Izidoro et al. 2017, ~5 Myr;). However, with
only two transits (in K2 and TESS), and a very large time gap between them, there was
ambiguity about the actual orbital period of the outermost planet V1298 Taue, with 17
possible period aliases, ranging from 44.1 to 62.8 days (Feinstein et al. 2022; Sikora et al.
2023). Through an intensive space- and ground-based photometric follow-up, carried
out in collaboration with the results presented in Livingston et al. (submitted), we were
able to confirm the orbital period to be ~ 48.68 days, placing the planet close to a 2:1
resonance with V1298 Taub. Notably, the three inner planets also exhibit near-resonant
period ratios: Pc/Pd = 1.5052 (close to 3:2) and Pb/Pd = 1.9464 (close to 2:1), suggesting
that the system may form part of an extended resonant chain.

To investigate this further, we analyzed a seven-year baseline of transits of the system,
incorporating new ground- and space-based photometry from multiple programs, such
as: NEOSSat GO Cycle 7 (PI: Mann), CHEOPS GO programs PR220010 and PR230032
(PI: Damasso), and PR240005 and PR450029 (PI: Leonardi). These observations revealed
clear transit timing variations (TTVs) in all four planets of the system, consistent with
strong mutual gravitational interactions (see Fig. 4.2). However, the current datasets lacks
sufficient transits to fully map the TTV phases and robustly constrain planetary masses,
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Figure 4.2: Observed-minus-calculated (O—C) diagrams for the four transiting planets
of V1298 Tau. Each panel shows the transit timing residuals (in minutes) as a function
of time, with error bars indicating the measurement uncertainties. Deviations from the
linear ephemeris reveal the presence of planet—planet gravitational interactions and the
dynamical coupling among the planets.

breaking the Mass-eccentricity degeneracy (Lithwick et al. 2012). Continued photometric
monitoring, through ongoing and future observing campaigns, will be essential to improve
the temporal sampling of the TTV signals, refine the planetary mass estimates, and gain
deeper insight into the dynamical architecture of this young and highly interactive system.

In addition to the timing measurements, the system has been intensively monitored
as part of the Global Architecture of Planetary Systems (GAPS) Young Objects (YO)
long-term program with the HARPS-N and GIANO spectrographs at the TNG telescope
(Carleo et al. 2021; Nardiello et al. 2022; Mantovan et al. 2024a; Damasso et al. 2024).
Between 2019 and 2023, the GAPS collaboration collected nearly 400 HARPS-N spectra
of the young pre-main-sequence K1 star.

Due to the strong stellar activity typical of young stars, the HARPS-N radial velocities
exhibit extremely large scatter, with a semi-amplitude of ~ 600 m,s~! (see Fig. 4.4). To
mitigate activity-induced distortions in the CCF, I implemented a Skew-Normal (SN)
fit to the cross-correlation function, following the methods developed by Simola et al.
(2019) and Bonfanti et al. (2023). Traditional approaches fit the CCF with a Gaussian
profile to estimate the RV and full width at half maximum (FWHM), while asymmetries
are quantified separately using indicators such as the bisector span (BIS SPAN). The
SN model, however, introduces a skewness parameter (@), enabling RV, FWHM, and
asymmetry to be derived simultaneously in a single, self-consistent fit. The function
naturally reduces to the Gaussian form for @ = 0 (see Fig. 4.3). As demonstrated by
Simola et al. (2019), this method provides improved sensitivity to subtle asymmetries in
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the CCF, often associated with stellar activity, and enhances the precision of RV extraction
compared to standard Gaussian fits or BIS-based diagnostics.

This approach is particularly effective for magnetically active stars such as V1298 Tau,
where stellar variability dominates the RV signal. To further refine the RV time series,
I applied a break-point detrending technique based on ancillary activity indicators, as
described by Simola et al. (2022). Given the variability of stellar activity over long
observational campaigns, this method divides the RV time series into segments based on
changes in the correlation between RVs and activity indicators. By applying localized
corrections within each segment rather than a single global correction, this approach
provides a more accurate removal of activity-induced noise across extended datasets.
Together, these techniques enable the robust extraction of RV signals in the presence of
strong stellar activity, improving the detectability of planetary signals and advancing our
understanding of activity—RV correlations in young, active stars.

4.4 Future Developments: A Photodynamical Approach

Given the intrinsic limitations of RV-only analyses for young, active, and rapidly rotating
stars like V1298 Tau, the precision of the derived planetary masses is fundamentally limited
by activity-induced line-profile variations and non-stationary systematics. A coherent
strategy is to combine all available time-domain constraints in a single, self-consistent
framework, namely, a photodynamical model, thereby exploiting the full information
content of the light curves (i.e. shapes and timings), the TTV signal, and the RVs
simultaneously (Ragozzine & Holman 2010; Hadden & Lithwick 2017; Leleu et al. 2024,
e.g.). A photodynamical analysis integrates the N-body equations of motion for the
planetary system to predict, at each observation time, (i) the sky-projected geometry,
(ii) the instantaneous transit configuration (contact times, impact parameters), and (iii)
the stellar reflex velocity. From this state vector, it generates: (i) model light curves,
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Figure 4.4: Comparison between the radial velocities of V1298 Tau extracted from
HARPS-N spectra using two different approaches. Top: RVs obtained with the Skew-
Normal (SN) method developed by (Simola et al. 2019), which simultaneously models
line asymmetries in the CCF. Bottom: RVs derived from the standard HARPS-N Data
Reduction Software (DRS) pipeline. The SN method provides a more consistent and
precise RV time series, mitigating the effects of stellar activity.

accounting for limb darkening, finite exposure integration, dilution, and (optionally) spot-
crossing masks; (ii) model transit times and durations via the full dynamics (including
chopping and secular terms); and (iii) model RVs including the star’s barycentric reflex
motion. The model is then jointly fit to the photometry, transit times, and RV, optionally
augmented with GP regression for stellar activity.

We will perform a joint fit of space-based photometry (K2, TESS, CHEOPS), ground-
based light curves, and high-precision RVs (HARPS-N) within a Bayesian photodynamical
framework. In this approach, the N-body integration self-consistently reproduces the
observed light curves, TTVs, and RVs, providing direct constraints on planetary masses,
eccentricities, and mutual inclinations while maintaining dynamical stability. To account
for stellar activity, we will include GP components trained either on the RVs or on
ancillary activity indicators (e.g. BIS, FWHM, Ha, log R ). A quasi-periodic GP
kernel will model the correlated noise associated with stellar rotation and evolving active
regions, with hyperparameters representing the amplitude, rotation period, and active-
region lifetime (Haywood et al. 2014; Rajpaul et al. 2015; Faria et al. 2016, e.g.). For the
photometric datasets, similar GP terms will be applied to capture rotational modulation and
instrumental systematics, using independent white-noise components for each instrument.
This unified approach will therefore combine dynamical modeling and statistical noise
treatment, enabling robust mass and orbital determinations despite the strong activity of
V1298 Tau.
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Conclusions

In this thesis, I have investigated how transit-timing and radial-velocity analyses can be
used to constrain the dynamical architectures of exoplanetary systems. I have shown that
decade-long observational campaigns enable the detection of subtle, long-term timing
effects in hot Jupiter systems, providing new constraints on their orbital evolution and
internal structures. Furthermore, I have demonstrated how the combined analysis of
transit-timing and radial-velocity data can confirm the presence of non-transiting planets
whose orbital periods lie close to mean-motion resonances, revealing the full dynamical
architecture of their host systems. Finally, I have focused on young and active stars, where
the combination of complementary techniques could allow the measurement of planetary
masses and orbital parameters that would otherwise remain inaccessible, offering new
insights into the early dynamical evolution of planetary systems.

In the following, I summarize the main findings of this work and outline potential
directions for future research.

5.1 Summary

In Chap 2, I investigated the tidal orbital decay of the ultra-hot Jupiter WASP-12b. Using
28 previously unpublished ground-based light curves from the TASTE program, spanning
12 years from 2010 to 2022, I employed a DE-MCMC approach to analyze the transit
time variations (TTVs) of the planet. My analysis provided robust confirmation of WASP-
12b’s decaying orbit and yielded refined planetary and transit parameters consistent with
prior findings. However, discrepancies in the O-C diagram, observed when combining
literature data with our measurements, raise questions about WASP-12 stellar activity. To
explore the origin of the extreme tidal dissipation observed, I utilized archival HARPS-
N spectra to examine the host star’s evolutionary stage, a critical factor influencing tidal
dissipation rates. The analysis provided precise stellar parameters, placing the star near the
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main-sequence turn-off point and away from the subgiant branch. However, the high tidal
dissipation rate observed in the system suggests a subgiant scenario, creating a discrepancy
that remains unresolved. This work represents a significant step toward understanding the
mechanisms driving tidal orbital decay. By linking precise transit timing measurements
to stellar and planetary properties, my research contributes to a broader effort to refine
models of tidal interactions and planetary dynamical evolution.

In Chaper 3, I investigate HIP 41378, a multi-planet system hosting five transiting
planets, I performed a joint dynamical modelling of the TTV and RV signals of the
two inner sub-Neptunes using extensive photometric follow-up from CHEOPS, TESS,
K2, Spitzer, HST, and high-precision RVs from HARPS ). This analysis dynamically
confirmed the planetary nature of HIP 41378 g, a non-transiting planet with a period of
~ 64 days and a mass of about 7 Mg , located near a 2:1 commensurability with planet c,
suggesting a possible mean-motion resonance chain. The precise measurement of masses,
eccentricities, and radii for the inner planets allowed to investigate the possible volatile-
rich compositions and offered insights into the evolutionary histories of their primordial
atmospheres. Additionally, we identified the two inner planets as excellent candidates
for atmospheric characterization with the NIRSpec/g140m instrument aboard JWST, to
confirm the presence of a possible primordial atmosphere.

In Chapter 4, I focused on the V1298 Tau multi-planet system. I employed a Skew-
Normal fitting approach to model the cross-CCF and mitigate activity-induced RV vari-
ations in nearly 400 HARPS-N spectra of this young pre-main-sequence K1 star (age
20 + 10 Myr), collected as part of the GAPS programme. Given the intrinsic limitations
of RV-only analyses for young, active, and rapidly rotating stars, the precision of the de-
rived planetary masses remains limited. To overcome this, [ am combining these extracted
RVs with ground- and space-based photometry, including data from the NEOSSat GO Pro-
gram Cycle 7, CHEOPS GO 0033 (PI: Leonardi), and CHEOPS DP 0029 (PI: Leonardi),
to perform a full photodynamical characterization of the system (Leonardi et al., in prep.).
Our follow-up observations have already revealed significant transit-timing variations
among the outer planets, indicative of mutual gravitational interactions within the system.
This combined analysis will provide more robust constraints on planetary masses, eccen-
tricities, and orbital architecture, offering key insights into the dynamical evolution of one
of the youngest known multi-planet systems.

5.2 Future prospects

Over the course of my PhD, I have developed and applied techniques that combine high-
precision photometry, radial velocities, and dynamical modeling to study the architectures
of planetary systems. Building on this experience, I now aim to broaden this work
toward a more comprehensive understanding of the interior composition of eccentric HJs
and on the planetary evolution in the first few hundred million years. The sample of
young planets is steadily growing thanks to missions such as TESS and CHEOPS, but
much remains to be understood about their internal structures, migration histories, and
dynamical interactions. In the following sections, I outline two directions that I intend to
pursue: the characterization of eccentric hot Jupiters through apsidal precession, and the
dynamical mass determination of young sub-Neptunes and Neptunes through TTVs.

82



5.2.1 Orbital WALTZ: Looking for Precession in Eccentric Hot Jupiters

As part of the CHEOPS Guaranteed Time of Observation (GTO), I am leading program
PR150089, which focuses on the photometric follow-up of a selected sample of eccentric
hot Jupiters in order to extend their observational baselines. The primary goal is to improve
constraints on their orbital parameters and to search for long-term transit timing variations
(TTVs) indicative of apsidal precession. Detecting and characterizing such precession not
only provides key insights into the dynamical evolution of these systems, but also enables
constraints on the internal structure of eccentric hot Jupiters through the determination of
their planetary Love number, ko ,.

The TESS mission is providing new additions to the hot Jupiter population (Yee et al.
2022; Saunders et al. 2022). Simulations from Yee et al. (2021) shows how TESS will help
to increase the sample size of nearby HJs around FGK stars brighter than G = 12.5 to =
400. Unfortunately, many of these planets have only a few years of observational baseline
and, due to TESS observing strategy, the majority of observations will be clustered around
intervals of one year. This makes it challenging to distinguish between long-term timing
effects, such as orbital decay or apsidal precession, and short-term noise. Therefore, by
extending the observational baseline with CHEOPS, we can effectively fill these gaps
and enhance our sensitivity to subtle precession signals. The gradual divergence of the
O-C curves over time, especially in systems with significant eccentricities, will provide
a robust signal of apsidal precession. CHEOPS, with its ability to deliver high-precision
photometry, is ideally suited to detect the small, long-term transit timing variations caused
by apsidal precession. These variations manifest over timescales of years, particularly for
hot Jupiters with eccentric orbits.

As noted by Bernabo et al. (2024), the current sample of measured Love numbers for
exoplanets remains too small to draw general conclusions about planetary interiors. With
our proposal, we aim to double the sample of planetary k; , values, significantly expanding
the dataset. This will allow for a more comprehensive understanding of the interior
structure of hot Jupiters, enabling comparisons across different systems and offering a
clearer picture of the physical processes governing these planets.

5.2.2 Young and Resonant: Probing the Masses of Infant Multi-
Planet Systems with TTVs

Many observed sub-Neptunes and Neptunes orbiting young stars appear to be “lonely”
(e.g. Vach et al. 2024). However, these apparently isolated planets may in fact have un-
detected companions whose gravitational influence induces measurable TTVs. Given the
difficulty of deriving precise planetary masses solely from radial-velocity measurements
in young, active stars, TTVs provide a powerful and complementary dynamical tool for
mass determination in these systems.

In the near future, I aim to perform transit follow-up observations on a statistically
meaningful sample of young planetary systems, including both apparently isolated sub-
Neptunes and Neptunes, as well as confirmed multi-planet systems. My goal is to refine
the physical and orbital properties of these key targets and to search for TTVs that may
reveal additional, unseen companions, thereby probing the dynamical architectures of
young planetary systems and testing early-stage formation and migration models. TTVs
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offer a valuable alternative to radial velocities, often hindered by stellar activity in young
stars, for constraining planetary masses, eccentricities, and long-term stability.

By measuring planetary masses across systems spanning different evolutionary stages,
I aim to trace how planets evolve in the mass—radius diagram with age, providing insights
into contraction and atmospheric loss processes (e.g. Kraus et al. 2015; Maggio et al.
2022). In addition, these follow-up observations will significantly improve the precision
of planetary radius estimates within my sample, a critical step toward distinguishing
between gas-rich and water-rich compositions at young ages, when radius differences are
most diagnostic of internal structure (e.g. Rogers 2025).
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