PAHs as tracers of the matter cycle, from evolved stars to the solar system:

the contribution of laboratory astrophysics
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Laboratory astrophysics

A research field associated with key questions in astrophysics
* Includes experimental, theoretical and modelling work

* Unusual conditions of astrophysical environments (e.g., the interstellar medium) - design of new
dedicated laboratory setups

* Diversity of systems and processes

» Use of large facilities/infrastructures (light sources, heavy ions, electrostatic storage rings, analytical
tools ...)

* Involves several communities (key to its success):

* Astrophysics: atomic and molecular physics, nuclear physics, plasma physics, surface science,
quantum chemistry;, ...

* Exploration of the Solar System: analytical chemistry, organic chemistry, cosmochemistry;...
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PAHs: Messengers from Stars to the Solar System
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Laboratory astrophysics: Cosmic matter cycle
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Results: Large PAHs and fullerenes in meteorites/asteroids
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Detection of Cosmic Fullerenes in the Almahata Sitta Meteorite: Are They an Interstellar
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First direct detection of large polycyclic aromatic hydrocarbons
on asteroid (162173) Ryugu samples: An interstellar heritage

Hassan Sabbah | Ghylaine Quitté® | Karine Demyk | Christine Joblin
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Results: Role of C,H, and metals in PAH formation (high temperatures)
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Results: different chemistries for PAH formation (low temperatures)

Only two-body collisions are relevant!
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Different environments: different chemistries for PAH formation

ASTROCHEMISTRY

Polycyclic aromatic hydrocarbons in samples
of Ryugu formed in the interstellar medium

Zeichner et al. 2023, Science 382, 1411

Polycyclic aromatic hydrocarbons (PAHs) contain $20% of the carbon in the interstellar medium.
They are potentially produced in circumstellar environments (at temperatures 21000 kelvin), by
reactions within cold (~10 kelvin) interstellar clouds, or by processing of carbon-rich dust grains.

We report isotopic properties of PAHs extracted from samples of the asteroid Ryugu and the meteorite
Murchison. The doubly-3C substituted compositions (A2x'3C values) of the PAHs naphthalene,
fluoranthene, and pyrene are 9 to 51%o higher than values expected for a stochastic distribution of
isotopes. The A2x'3C values are higher than expected if the PAHs formed in a circumstellar

environment, but consistent with formation in the interstellar medium. By contrast, the PAHs
phenanthrene and anthracene in Ryugu samples have A2x3C values consistent with formation

by higher-temperature reactions.
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Laboratory astrophysics: Interaction of PAHs with (VUV) photons
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Results: PAH ionization and competition with dissociation
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Application: PAH charge distribution - neutral gas heating

Observations
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Results: Photodissociation of PAH cations
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Results: Radiative cooling in electrostatic storage rings

VOLUME 60, NUMBER 10
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Predicted Fluorescence Mechanism in Highly Isolated Molecules: The Poincarée Fluorescence
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Results: IR spectroscopy of hot PAHs
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Results: CosmicPAH database of anharmonic infrared spectra
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Application: Modelling the IR emission spectrum of interstellar PAHs
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Peeters, Berné, Habart & the PDRs4All team, 2024, A&A, 685, A74

Application: comparison with JWST observations (PDRs4All)

www.pdrs4all.org

Chown, Sidhu, Peeters, et al. 2024, A&A, 685, A75

20"

3 arcsec ..~ /

5"35™21.0° 20.5°

RA (J2000)

20.0

arbitrary units

1.0 A

0.8 A

o
()]
1

o
B
1

0.2 A

0.0 A1

HIl region
—— Atomic PDR
—— DF1
— DF2
— DF3

— emissonspectum EMISSION Spectrum / LAIBrary project

hexahydropyrene

/
Emission spectrum - hv=6 eV :
3 2 3 ’3 3'4 3 I5 EASS
' ' ' ' 10 12
A (um)
A (um)

Demyk et al,, 2025, in prep.

14

17



Final remarks and perspectives

Key questions in astrophysics
* Derive local physical conditions from the AIBs
* Formation and chemical evolution of PAHs: messengers from stars to the Solar System

* Role of PAHs in star-forming and planet-forming regions. Interaction with water, deuteration,
molecular complexity = link with the PEPR Origin (France 2030)

Study at the interface of disciplines / communities (key to its success):
* Astrophysics, planetology, cosmochemistry

* Molecular physics, quantum chemistry, plasma physics, surface science, analytical chemistry,
organic chemistry, ...

Use of large facilities/infrastructures (light sources, heavy ions, electrostatic storage rings, analytical
tools ...)

Unusual conditions of astrophysical environments (e.g., the interstellar medium)

—> design of new dedicated laboratory setups
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Laboratory astrophysics: (some) new dedicated setups

Study of gas-nanograin-photon interactions in conditions of
star- and planet-forming regions @l ra

» Two sources of clusters /nanograins: l ,CAR %

® LVAP (hlgh T) Stardust - I'Ole Of metals Laboratoire Collisions Agrégats Réactivité
* Molecular aggregation (low T): water-carbonaceous nanograins

» Simulation of interstellar conditions (PIRENEA)
Cryogenic electrostatic storage ring: T~20 K — ;»
—> dynamics from 10 ps to > 1 min. as a function of hvyy . |

VUYV photon

® 4
ANR SynPAHcool | LIV S LEIL L T |
« ANR]JCJC CASSOULExp (A. Marciniak); AT PCMI
* Future project?
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