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Abstract. The fields of exoplanetary science and astrochemistry are closely intercon-
nected. Both the orbital architecture and the chemical atmospheric composition observed
today are the result of intricate interactions among physical and dynamic processes occur-
ring during planetary formation and subsequent migration. In this chapter, we deal with
the scientific efforts conducted by the Italian community to extract exoplanetary properties,
specifically orbital architecture and atmospheric composition, for both close-in and widely
separated orbit exoplanets, based on their observed spectra. We will finally present the pecu-
liar example of the binary system XO-2, where the atmospheric composition and the orbital
architecture are strictly connected to the formation and migration history.
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1. Introduction

After nearly 30 years of exoplanet discover-
ies, exoplanetary science has transitioned from
an early phase of planet-hunting (e.g., Fischer
et al.||2014] and references therein) to a mature
stage focused on determining planetary physi-
cal properties and understanding the origin of
their remarkable diversity.

The observed orbital architecture arises
from intricate interactions among diverse phys-

ical and dynamic processes occurring over var-
ious timescales during formation and subse-
quent orbital evolution. The planetary history
does not solely alter orbital configurations;
the composition of planetary atmospheres is
also influenced by the chemical elements at
the formation site and those encountered along
the migration path, shaped by varying snow-
lines of oxygen and carbon-rich ices in the
protoplanetary disk (e.g., (Oberg et al. 2011}
Madhusudhan et al.|[2017).
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An exoplanetary spectrum provides a win-
dow into the physical, chemical, and biolog-
ical processes sculpting its past and influ-
encing its future. Spectroscopic detection is
crucial in unveiling the vast diversity of the
exoplanet population and exploring potential
extraterrestrial life beyond the Solar System
(see e.g., Madhusudhan| 2019/ and references
therein). Yet, obtaining exoplanetary spectra
poses significant challenges. Exoplanets, be-
ing faint bodies, are frequently situated at sub-
arcsecond orbital distances, obscured by the in-
tense brightness of their host stars, which out-
shine them by several thousand to billions of
times. Spectra of young and widely separated
exoplanets (orbital separation a >10 AU) dis-
covered via direct imaging can be obtained di-
rectly by blocking or nulling the star’s con-
tribution using a coronagraph (Currie et al.
2023). Conversely, close-in orbit exoplanets
cannot be spatially resolved from their host
stars, given the significant difference in bright-
ness. For these kinds of planets, measure-
ments of time-varying signals are conducted.
By monitoring changes in the combined star-
plus-planet flux over time, the planetary spec-
trum can be extracted (e.g., Kreidberg|2018).

In this chapter, we delve into the scientific
endeavours conducted in Italy to extract exo-
planetary properties, specifically orbital archi-
tecture, and atmospheric composition, for both
close-in and widely separated orbit exoplan-
ets, based on their observed spectra. We start
our discussion dealing with massive planets at
wide separations (Sect. [2)), to proceed with gi-
ant planets in close-in orbits (Sect. , which
represent the focal points of atmospheric char-
acterization investigations (Sect. [). Finally,
we conclude in Sect. | by presenting a unique
binary system where the orbital arrangement
resulting from formation and early evolution
scenarios is intricately linked to its atmo-
spheric composition.

2. Massive planets at large
separations

2.1. Formation of Jupiter-like planets

How stellar, brown dwarf and planetary com-
panions form and how this depends on the en-
vironment still need clarification. In |Gratton
et al.| (2023) we combined high-contrast imag-
ing and space astrometry finding that Jupiter-
like (JL) planets are frequent in the 8 Pic mov-
ing group (BPMG) around stars where their or-
bit can be stable. In |Gratton et al.| (2024a) we
expanded this analysis to other young nearby
associations to determine the frequency, mass
and separation of companions in general and
JL in particular and their dependencies on the
mass and age of the associations. Data about
companions to stars in the BPMG and seven
additional young associations were collected.
The search completeness (the fraction of com-
panions of a given mass ratio and separation
actually discovered) was found to be very high
for stellar companions but still required sig-
nificant completeness corrections for JL. com-
panions. After these corrections (see Fig. [T)),
a high frequency of both stellar and JL com-
panions was observed, clearly separated by a
gap that corresponds to the well-known brown
dwarf desert. Planetary companions pile up
in the region just outside the ice line and
we found them to be frequent (0.57 = 0.11)
once completeness was considered. The fre-
quency of JL planets decreases with the over-
all mass and possibly the age of the associ-
ation. We tentatively identify the populations
of stellar and planetary companions as due to
disk fragmentation and core accretion, respec-
tively. The distributions of stellar companions
with a semi-major axis < 1000 au is well ex-
plained by disk fragmentation. The observed
trends with stellar mass can be attributed to a
shorter, more intense phase of accretion onto
the disk of massive stars and a steadier, pro-
longed accretion onto solar-type stars. Core ac-
cretion is identified as the likely mechanism for
the formation of JL planets. To support this,
in |Gratton et al.| (2024b) we considered up-
dated dynamical masses and luminosities for
sub-stellar objects in the BPMG. Cold-start
evolutionary models, which assume low ini-
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tial entropy (as it was expected for old core
accretion models, |Spiegel & Burrows|[2012)
do not reproduce the mass-luminosity relation
for sub-stellar companions in the BPMG. This
aligns rather closely with predictions from “hot
start” scenarios which assume high initial en-
tropy (that originally was thought to be a sig-
nature of disk instability scenarios, Spiegel &
Burrows|2012). This is still consistent with the
formation by core accretion. Figure 2] com-
pares the observational data with the predic-
tions of the theoretical core accretion mod-
els by Mordasini et al.| (2017). These models
show that even in this case a high initial en-
tropy should be expected, due to the shocks
that occurs at the interface between accreting
gas and circumplanetary disks. The models by
Mordasini et al.|(2017) predict a range of initial
entropies, depending on the exact history of ev-
ery single planet; so rather than a single mass-
luminosity relation, an intrinsic scatter of the
luminosities is expected at each mass and age.
In the figure, this is represented by the shaded
area between the dashed lines. The compari-
son between models and observations is good,
in view of the large uncertainties in individual
points.

2.2. Spectrum of young directly imaged
exoplanets

If planetary companions form through core
accretion, their near-infrared (nIR) colour-
magnitude diagrams might diverge from free-
floating objects that rather formed as stars. The
recent identification of a giant planet around
AF Lep, part of the BPMG (Mesa et al.[[2023),
prompted us to re-examine this issue (Gratton
et al.[[2024b)). We compared the properties of
sub-stellar companions and free-floating ob-
jects in the BPMG and other young associa-
tions. We found a strong suggestion that the
nlR colour-magnitude diagram for young com-
panions is indeed different from that of free-
floating objects belonging to the same young
associations. This can be shown by remapping
(i.e., transforming) coordinates from magni-
tudes and colours to effective temperature and
the relevance of dust (r) (see Figure[3). This is
achieved by interpolating the position of a sub-
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Fig. 1. Relation between semi-major axis a
and mass ratio g between components for all
companions found around stars that are mem-
bers of the young associations considered in
this paper. Filled orange circles are compan-
ions detected in imaging; open blue squares
are those detected using dynamical methods
or eclipses/transits. The companion detection
completeness is in the background: the grey
scale at the bottom of the figure indicates the
level of completeness achieved in different re-
gions of the a — g plane. The red rectangle
marks the area covered by JL planets. Figure
from |Gratton et al.| (2024a))

stellar object in an nIR colour-magnitude di-
agram between the AMES-DUSTY (Chabrier
et al.||2000) and AMES-COND (Allard et al.
2001)) isochrones. These isochrones utilize the
same internal AMES models (Baraffe et al.
1998), with a heavily dust-rich atmosphere
for the AMES-DUSTY isochrone, and an at-
mosphere completely devoid of dust for the
AMES-COND one. Therefore, a position near
the AMES-COND isochrone (r = 0) indicates
a dust-free atmosphere, whereas a position
closer to the AMES-DUSTY atmosphere (r =
1) suggests a dust-rich atmosphere. Substellar
objects start as hot objects with dust-rich at-
mospheres and L spectral types ( their atmo-
spheres are better represented by the AMES-
DUSTY models, r >> 1), and end as cool ob-
jects with dust-clean atmospheres and T spec-
tral types (their atmospheres are better repre-
sented by the AMES-COND models, r ~ 0).
The results in Figure [3| suggest that dust clear-
ance from the atmosphere, which likely drives
the transition between L and T spectral types,
happens at a lower effective temperature (i.e.,
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Fig. 2. Dynamical mass-luminosity relation for
sub-stellar objects detected in the BPMG. The
solid red and the dashed green lines are aver-
ages of the predictions by models of[Mordasini
et al.| (2017) for ages of 20 and 10 Myr, re-
spectively. The shaded red region between the
dotted red lines represents the range of values
that are expected for a 20 Myr age, depending
on the peculiar evolution of individual objects.
Figure from Gratton et al.| (2024b)

later in their evolution) in young companions
compared to free-floating objects. This differ-
ence might be tentatively attributed to varia-
tions in chemical composition.

3. Close-in transiting giant planets at
young ages

Giant planets are expected to form at wide
distances, mostly close to the snow line in
the protoplanetary disks, and subsequently mi-
grate towards their host stars. This could ex-
plain Hot Jupiters (HJ) and Warm Jupiters
(W1J), gas planets with envelopes dominated in
mass by H/He, and on very tight orbits, gen-
erally resulting in temperatures greater than
700 K. Two main classes of mechanisms have
been proposed: migration within the proto-
planetary disk (Lin et al.||1996) and migra-
tion through dynamical interactions with other
planets or more massive, even stellar, objects
(e.g., planet-planet scattering, Kozai interac-
tions, dynamical interactions within the native
cluster \Weidenschilling & Marzari|[1996; Wu
et al.|2007).

The study of close-in giant planets at young
ages allows us a better view of planetary mi-
gration processes. Several diagnostics can be
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Fig. 3. Remapping of positions of stars from
colour-magnitude diagram (cmd) into plan Teg
versus dust relevance parameter r for sub-
stellar objects with ages in the range 10 —
200 Myr. The upper panel shows results ob-
tained using T.g obtained from luminosities
derived from the K band magnitudes and
bolometric corrections from |Filippazzo et al.
(2015)), combined with evolutionary radii. The
bottom panel shows Tt from our remapping
approach. In both panels, filled red circles are
companions within 1000 au, filled black cir-
cles show companions outside 1000 au, and
open diamonds show free-floating objects or
very wide companions (separation > 1000 au).
The solid and dashed lines represent the expec-
tations for AMES-COND and AMES-DUSTY
models. Figure from |Gratton et al.| (2024b)

evaluated, especially in the case of transiting
planets: frequency of planets vs age, eccentric-
ity and system obliquity (through the Rossiter-
McLaughlin effect), without the alteration of
tidal effects acting on Gyr timescales (Attia
et al.|[2023)), and system architectures, extend-
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ing to very wide orbit through direct imaging
(e.g., [Turrini et al.|2023} |Desidera et al.|[2023)).
In a few selected cases, the presence of debris
disks provides additional constraints on system
evolution (Engler et al.[2023).
High levels of magnetic activity in young
host stars significantly limit blind searches and
mass determination via radial velocity (RV)
monitoring. However, this limitation can be
mitigated for transiting planets with known
orbital periods and phases through appropri-
ate observing strategies and data modeling
techniques (e.g., Foreman-Mackey et al.|2017;
Nardiello et al.|2022). The stellar activity im-
pact is instead much smaller for the transits de-
tectability (Canocchi et al.[2023)).
Furthermore, young late-type host stars
emit high levels of high-energy radiation,
which diminish over time due to magnetic
braking. (Penz et al.|[2008). This early emis-
sion can lead to significant evaporation of plan-
etary atmospheres, altering the mass-radius re-
lationship and creating a nearly empty region
in the orbital period vs. planetary radius di-
agram. Indeed, there is preliminary evidence
for the occurrence of low-density, evaporating
planets, with some being relatively young (e.g.,
Benatti et al.[2021)). However, a comprehensive
understanding of the mass-loss mechanism has
not yet been attained (e.g.,|Guilluy et al.[2024).
A dedicated program for the characteriza-
tion of young transiting planets is being per-
formed in the framework of the GAPS collab-
oratiorﬂ exploiting the high-resolution (HR)
spectra acquired with HARPS-N mounted on
the Telescopio Nazionale Galileo (TNG) tele-
scope (Carleo et al.|2020). Preliminary results
from the project include the rebuttal of the
claimed one order of magnitude higher fre-
quency of HJs at few Myr with respect to old
ages (Damasso et al.|2020), the mass deter-
mination of several young transiting planets,
some of which are in multiple systems (e.g.,
Suarez Mascareno et al.[|2021)), the identifica-
tion of planets undergoing significant mass loss

! In this chapter we focus on the research done
within the framework of the GAPS collaboration
as it has been presented during the CNAPII confer-
ences

and for which a large shrinking of radius is ex-
pected (e.g., Mantovan et al.|2023) and of plan-
ets for which no further large-scale evaporation
is expected (e.g.,[Damassso et al.|| subm.).

4. Characterization of exoplanetary
atmospheres of close-in planets

Atmospheric characterisation of exoplanets,
i.e. the determination of their chemical con-
tent and vertical thermal structure of the at-
mospheres, has been mostly focused on HIJ.
In first approximation, interpreting the spec-
tra of this class of planets is much easier than
for solar-system objects, in that, at their very
high temperature, they are closer to thermo-
chemical equilibrium, with a network of reac-
tions that has been numerically computed since
the late 1990s (Burrows & Sharp||1999) and
subsequently simplified and expressed analyti-
cally (Madhusudhan|2012; Heng & Tsai|2016))
also for different elemental ratios.

While equilibrium likely holds for plan-
ets within the 1,600-2,000 K temperature
range, interpreting measured abundances be-
comes complicated outside this range due to
other processes. At lower temperatures, sili-
cates can form clouds after crossing the con-
densation curve, significantly affecting spectral
features in transmission spectroscopy (Sing
et al|[2016) and shielding” radiation from
lower atmospheric layers in emission, which
influences the measured atmospheric temper-
ature (Keating et al.|2019). At higher tempera-
tures (1,800-2,200K), the condensation curves
of TiO and VO are also crossed, which causes
these species to be released in the gas phase.
Since both are good optical absorbers, they can
significantly contribute to heating up the up-
per atmosphere by shielding the incoming stel-
lar radiation, causing thermal inversion layers
(Fortney et al.|2008). At even higher temper-
atures (2,500K), molecules are thermally dis-
sociated into atomic species and their addi-
tional opacity further contributes to thermal in-
versions. This category of planets is named
ultra-hot Jupiters (UHJs), with the hotter mem-
bers (>2700 K) showing dominant sources of
opacity commonly found in the stellar atmo-
sphere such as H™ opacity (Arcangeli et al.
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2018). These trends in the vertical thermal
structure of exoplanets have now been mea-
sured on a large sample via low-resolution
spectroscopy via the Wide Field Camera 3
of the Hubble Space Telescope (HST/WFC3)
(Mansfield et al.|[2021), and even directly via
HR spectroscopy from the ground (e.g., Pino
et al.[[2020; Brogi et al. [2023). The study of
UHIJs will undoubtedly continue in the current
decade both with ground- and space-based fa-
cilities. The former are particularly sensitive to
individual atomic and molecular species due to
the use of cross correlation as a selective fil-
ter (Birkby|2018)), and UHJs offer the unprece-
dented opportunity to measure both volatiles
(C, N, O) and refractory species (atoms heavier
than He with the exclusion of volatiles).This
allows linking the current atmospheric compo-
sition,with formation and early evolution sce-
narios. Predictions initially only relied on the
C-to-O ratio as a tracer (Oberg et al| 2011}
Mordasini et al.[|[2016), but were recently ex-
panded to N chemistry and refractory mate-
rials to constrain both the distance at which
planet formed and their subsequent enrichment
by pebbles and/or planetesimals (Turrini et al.
2021). This is an open field currently, with the
first measurements on single objects (Kasper
et al.|[2023; [Ramkumar et al.|[2023) and at the
sample level (Gandhi et al.[2023) only recently
presented. Space observations via the James
Webb Space Telescope (JWST) are exquisitely
placed to constrain the C-chemistry via the
prominent CO, band at 4.2 um, but the first
results also show unexpected species detected,
such as SO;, opening up to sulphur chemistry
(Rustamkulov et al.|2023)). Besides the synergy
in chemical measurements, space and ground
observations can work in tandem to determine
atmospheric dynamics. With the higher resolv-
ing power of ground spectroscopy, it is pos-
sible to resolve km/s winds directly (Snellen
et al.[2010; Brogi et al.|2016}; Pino et al.[2022).
Measuring atmospheric dynamics is key to
constraining the energy balance and the impor-
tance of drag processes, and therefore HR ob-
servations have been supported since the early
detection by predictions from the modelling
community (e.g., Showman et al.|2013).

Part of the Italian GAPS program focuses

on characterizing exoplanetary atmospheres.
The GAPS team is conducting transmission
and emission spectroscopy on about thirty
hot Jupiters and hot (sub-)Neptunes, cover-
ing a wide range of equilibrium temperatures
(625-2500 K), hosted by stars of different
spectral types (A to M with K magnitude <
10.5 mag), to achieve the following objec-
tives: (i) Identify atomic species to estimate
the abundance of refractory elements (e.g. Pino
et al.2020) and/or to probe atmospheric expan-
sion or escape, such as from the Ha line (e.g.,
Borsa et al. 2021) and/or metastable helium
triplet (e.g., |Guilluy et al.|2024); (ii) Detect
molecular compounds and estimate the atmo-
spheric C/O ratio and metallicity, which pro-
vide constraints on planet formation and evolu-
tion scenarios (e.g.|Giacobbe et al.|2021); (iii)
Derive temperature-pressure profiles (e.g. Pino
et al.[[2020); and (iv) Detect the atmospheric
Rossiter-McLaughlin effect (e.g. [Borsa et al.
2019; Rainer et al.|2021)).

5. A Case of Study: the binary system
X0-2

A peculiar case that shows how the chemistry,
and atmospheres in particular, are linked to
the architecture of planetary systems is that
of the binary system XO-2. Binary stars host-
ing planets are interesting per se because the
two stars typically have the same character-
istics and, therefore, we can do comparative
studies. What’s more, they might mutually af-
fect the planetary systems of their companions.
Unfortunately, only a very few cases of double
planet-hosts are currently known and, among
these, XO-2 is of remarkable interest. The sys-
tem includes the two stars XO-2N and XO-
2S, which have virtually the same mass and
radius (almost identical to the Sun) and are
both metal-rich (Z > 2Z;), but the N compo-
nent is significantly more metal-rich than the S
one (e.g., Biazzo et al.|[2015] |Damasso et al.
2015). Regarding the architecture of the re-
spective systems, XO-2N hosts a hot Jupiter
(m =06 My, P = 2.6d, Burke et al.|2007),
while XO-2S has a warm Saturn-like planet
with msini = 0.26 M; and P = 18 d, and
a temperate Jupiter-like with msini = 1.38
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My and P = 120 d (Desidera et al.|[2014).
A very recent analysis (Ruggieri et al.[2024)
based on an extended RV dataset found an
additional Jupiter analog around XO-2S with
msini ~ 3.7 My and P ~ 13 yr while con-
firming that there are no other detectable plan-
ets around XO-2N. These results imply that the
planetary system of XO-2S is at least one order
of magnitude more massive than that of XO-
2N and this could be linked to the different
metallicities of the two stars. Unfortunately,
the authors did not detect any transits of the
three planets orbiting XO-2S in the TESS light
curves. As a result, it is impossible to deter-
mine their actual mass and radius, which in
turn leads to an unconstrained chemical com-
position and poses difficulties in atmospheric
studies. However, a solution can come from the
atmosphere of the transiting hot Jupiter XO-2N
b. Following (Turrini et al.| (2021), it is possi-
ble to reconstruct the giant planets’ formation
and migration histories using their elemental
ratios involving C, O, and S, as done by, e.g.,
Biazzo et al.|(2022). Several works have shown
that these elemental ratios can be obtained with
JWST observations (e.g., Bean et al.|2023|and
Crossfield|[2023). In the case of XO-2, JWST
may aid in distinguishing between two scenar-
ios. (i) XO-2S is deficient in heavy elements
due to the rapid formation and migration of its
two inner planets, which blocked the inward
flux of dust but not of gas. The CNO elements
should not be affected at this point but, later
on, the third planet blocks them outside of the
snow line. In this scenario, it is unlikely that
XO-2N has been enriched in metals compared
to the proto-stellar cloud from which it formed,
and XO-2N b is expected to have sub-stellar
metallicity; (ii) In the other case, we have a
metal enrichment for XO-2N because its planet
formed and migrated relatively late without af-
fecting the inward dust flux. In this scenario,
XO-2N b should be CNO-rich (super-stellar)
while sulfur should be almost absent.

The binary system XO-2 is thus a remarkable
example of how chemistry, and the study of at-
mospheres, in particular, can greatly contribute
to the understanding of how planetary systems
form and evolve.
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