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OPAL: The Origins of Planets with ArielL (ICSC - LEONARDO)
&: The Origins of Primordial Atmospheres for ariel. (INAF - Pleiadi)

L4P, Simonetti, 2*D. Polychroni, 3*R. Politi, *D. Turrini

and the team

1. INAF-OATs; 2. INAF-OATo; 3. INAF-IAPS; 4. ICSC
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« A project dedicated to creating libraries of detailed synthetic exoplanetary spectra and
atmospheric models — with JWST-like complexity.

o A planet formation pipeline

« A test of the capabilities of the Ariel data reduction tools

o A framework to maximize the scientific output of the Ariel mission (any facility doing
exoplanetary spectroscopy, really)
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Lots of ground- & space-based facilities dedicating time to exoplanetary studies, rapidly
evolving observational landscape

JWST’s observations of exoplanetary atmospheres challenge our understanding with their detail
and complexity... and ELT and Ariel are on the way

We have no consolidated interpretation framework to tackle these challenges

We need realistic synthetic datasets to inform our studies of the real observational data
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Why do we need@é{ 2
L

What we hope
to achieve

USC-C General Assembly
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Why do we need&7 72?2

Sensational but unjustified molecule
(no atmosphere modeling)
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@ NASA, CSA, ESA, J. Olmstead (STScI),
N. Madhusudhan (Cambridge University)
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What doe@ﬁ;cﬁontain?

« Developed in-house:
e JADE (Pacetti+2025)

o GROMIT
(Polychroni+2023)

o« HEPHAESTUS MERCURY
(Turrini+2021, Pacetti+2022) Ares

« Extensively modified: (@)

o« MERCURY — AryES
(Turrini+2019, 2021, 2026) SPECTRAL EXOCLIMES
o« MERCURY — OPAL
(Simonetti+2026)

e VULCAN-COND &ﬂmﬂﬁlﬁmﬁe

(Simonetti+ submitted)

e Other codes:
e FASTCHEMS3
(Stock+2018, 2022)
e GGCHEM
(Woitke+2018)
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What doe$XiJ. “require?

A lot of patience

Code development, automatization and plenty of HPC resources

e 1.4 million core hours on LEONARDO, CINECA

e 2.5 million core hours on INAF — Pleiadi

o Unlimited time on our own GENESIS+ cluster /

Storage space (in the future)

Dedicated database (w.1.p.)

Double-checking the input files!!!

USC-C General Assembly
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Planet Formation witl

« Planet formation 1s a complex process shaped by Star-Disc-Planet whose initial conditions are
largely unknown.

« To capture the diversity of giant exoplanets, OPAL codes need to take into consideration multiple
processes, usually studied autonomously:

> Stellar metallicity and mass GAS ASSUMPTIONS PLANET
T $§r'ww;3§ratLlre ASSUMPTIONS
Vv Iscosity
o o . /7 M Accretign rate Mo RMads.s
> Disc evolution, chemistry and 1) Seale bt R, Radius

Semi-major axis

mass Migration history

> Planet growth (gas/solids
accretion) and migration,

planet-to-disc feedback ’ PLANETESIMAL +
PEBBLE

: ASSUMPTIONS
> Stochastic events DUST ASSUMPTIONS

St Stokes number e distribution
M, Accretion rate
Hy(Hs, St) Scale height
k Opacity

M,/ M4 Ma
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Planet Formation withis s

Which key factors shape the observable
properties of planets?

Planet formation
accretion (gas/solid)

orbital migration

Planet-forming environment
stellar composition

disk evolution
disk chemistry

Planetary Atmosphere

pressure, clouds
convection, evolution

USC-C General Assembly
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Planet Formation Wlﬂmw )

Disc variability in
space & time
with JADE

Evolution of the composition
of different regions of the
same disc

=> different atmospheric
composition!

USC-C General Assembly
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The Disc — Planet Link
with GROMIT & MERCURY - ARYES

Tracing planet growth and migration in the
native disc...

COslce ® Rocks + Metals * Refr. Org. C COzlce Rocks + Metals ® Refr. Org. C =
HxOlce « NH3 lce HxOlce « NH3 lce

0.5 1
Semimajor axis (au)

Eccentricity
Eccentricity

1 10 1 10
Semimajor Axis (au) Semimajor Axis (au) Semimajor Axis (au)

Rocks + Metals ® Refr. Org.C CO;Ice o Rocks + Metals == Refr. Org. C == CO; Ice =
NH,

Planetary Mass Semimajor Axis Planetesimal Flux ==
HyOlce » NHj Ice H,0 Ice =m 3 Ice

1

... and what they accrete along
their path
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Planet Formation Wlﬂmw )

Planetary composition diversity
with HEPHAESTUS

Planet accretes gas + planetesimals

Planet accretes only gas
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Planet Formation wit

Planet migration diversity
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- Different migration path

Eccentricity

=> different atmospheric | :
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Planet Formation Wltl@ﬁm .,

e

Atmospheric diversity with
VuLcan-COND

- Same planet & composition
- Different vertical dynamics

=> different observed atmosphere!
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Put it all together... @2

Kzz=1e8 cm;.-"s;
kzz=1e8 cm’fs
kzz=1210 cm*fs
Equilibrium

Transit depth (%)

3 4 L
Wavelength (um)

Bulk compositions of:  Gas Gas + Solid
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(| 2spectrum seen through Ariel
S
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generated synthetic spectrum (WASP69D)
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(| 2spectrum seen through Ariel
S

9

generated synthetic spectrum (WASP69b)
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v

.2 Planet diversity

_

—J)» Synthetic spectra diversity

Family 0 (thr 0-37.95 el.: 106) Family 1 (thr 37.95-38.8 el.: 110) Family 2 (thr 38.8-41.0 el.: 88)
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original norm by mean norm by var differences

1 norm by var
0 norm by var
18 norm by var

—4— 1 rms= 35.60
—— 0 rms= 38.19
—— 18 rms= 38.81

5 6 7

USC-C General Assembly Trieste, 13/03/2026 INAF Large Projects



1.0 A

0.8

N/O ratio

o
5
I

0.2 A1

.= Synthetic spectra diversity

— Different formation mechanisms!
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status in

numbers:

Simulations finished: ~3000! (for 3 planets at different completion stages)
Atm. compositions: ~2000

CPU hours used: >1,260,000 (LEONARDO - 53%, Pleiadi -47% )
+"\_(%¥)_/~ (GENESIS+ cluster)

Storage space: ~ 6 TB
Running: somethin lways running
Potential: Still a heck of
Process: lterati

The resulting planetary elemental compositions arising from different formation environments and
histories are:

NHep =B\ Jade X Nuere X 2 (only gas or gas+solids)

From these, the minimum number of planetary atmospheric compositions is
Nitey * 8
(eqiuilibrium vs disequilibrium, with and without condensation)
USC-C General Assembly Trieste, 13/03/2026 INAF Large Projects



Coordinators: 0 Turrin
Diego Turrini, Romolo Politi, Eugenio Schisano e
Grunt Workers: om0 @4

Danae Polychroni (campaign coord., planet formation)
Elenia Pacetti, Michele Zusi (protoplanetary discs)
Sergio Fonte (atmospheres, protoplanetary discs)

Paolo Simonetti, Stavro Ivansvski (atmospheres)

D. Polychrani

New Entries:
Sebastiano Ledda (population synthesis)
Alberto Vecchiato (pipeline optimisazion)
Giovanni Musmeci (database)

Senior Advisor:
Sergio Molinari
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The legacy of

AL . for INAF

OF AL is made of the most comprehensive planet formation algorithms and expanded
atmospheric networks internationally, developed @INAF.

Upon its completion OF AL will serve as:

« a unique in the world library of exoplanetary astmospheric spectra open to all
researchers through a dedicated database

o A fundamental framework for interpreting the new generation of observational
spectra
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