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 B S T R A C T 

ver the past two decades, increasingly precise observations have revealed that exoplanet atmospheres are chemically
iverse and often far from equilibrium, with processes such as vertical mixing, photochemistry, and atmospheric cir-
ulation producing significant departures from thermochemical expectations. As large surveys across a wide range of 
lanets begin to uncover population-level chemical trends, a coherent interpretation of these patterns remains elusive,
articularly for gas giants and Neptune-like planets where disequilibrium processes likely dominate. The ESA Ariel
ission will provide the first homogeneous, statistically significant atmospheric data set for nearly a thousand exoplanets,

ffering an unprecedented opportunity to investigate the origins of chemical diversity across planetary populations. This
hite paper highlights central scientific questions for understanding atmospheric chemistry and recognized as priorities

or the community. These questions span the mechanisms driving disequilibrium chemistry, the role of sulfur- and
hosphorus-bearing species, the influence of stellar activity, the formation of haze precursors, and the chemical evolution
f atmospheres around stars of different ages and types. Because these topics connect chemistry, physics, and planetary
volution, they form the core focus of the Ariel Chemistry Working Group, which synthesizes current knowledge and
dentifies the diagnostics best addressed by Ariel’s spectral capabilities. For each theme, we outline observational strategies
nd representative targets already included in the Mission Candidate Sample, illustrating Ariel’s ability to address these
uestions. By linking large-scale observations to predictive atmospheric models, this work supports refinement of Ariel’s
arget selection and enables population-level studies that will transform our understanding of planetary atmospheres. 

ey words: Data Methods – Exoplanets – Atmospheres – Chemistry – Modelling. 

 INTRODUCTION  

ver the past two decades, our ability to characterize exoplanet atmospheres has grown dramatically, from the first detections of atoms
D. Charbonneau et al. 2002 ) to water vapour and more complex molecular species using the space telescopes Hubble (H. R. Wakeford
t al. 2013 ), Spitzer (G. Tinetti et al. 2007 ), and now James Webb Space Telescope ( JWST ; E.-M. Ahrer et al. 2023 ; L. Alderson et al. 2023 ;
.-P. Coulombe et al. 2023 ; A. D. Feinstein et al. 2023 ; Z. Rustamkulov et al. 2023 ). These observations have revealed that exoplanet
tmospheres are chemically diverse and often far from equilibrium. For gas giants in particular, deviations from thermochemical
quilibrium have emerged as a key diagnostic of atmospheric physics, with vertical mixing, photochemistry, and global circulation
ll contributing to significant compositional disequilibria (B. Drummond et al. 2020 ; O. Venot et al. 2020b ; S.-M. Tsai et al. 2023b ).
ver the past decade, large population surveys combining space-based and ground-based data have begun to reveal statistical trends

n atmospheric composition and diversity across exoplanets (e.g. D. K. Sing et al. 2016 ; A. Tsiaras et al. 2018 ; M. Min et al. 2020 ; Q.
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hangeat et al. 2022 ; R. Estrela et al. 2022 ; D. Deming et al. 2023 ; B. Edwards et al. 2023 ; A. Saba et al. 2025 ). These studies have laid
he groundwork for population-level atmospheric science, demonstrating the value of consistent and homogeneous analyses across
iverse targets. Yet, despite extensive modelling and targeted observations, we still lack a coherent picture of how these processes shape
hemical outcomes across the giant planet population. 

The ESA Ariel mission has the potential to transform our understanding of planetary atmospheres beyond the Solar System.
cheduled for launch in 2030, Ariel will observe the atmospheres of around 1000 exoplanets across a broad range of sizes, temperatures,
nd host star types (G. Tinetti et al. 2018 , 2021 ). By focusing on a statistically significant and diverse sample, Ariel will go beyond
ndividual detections to search for population-level trends in atmospheric chemistry, composition, and structure. 

Ariel’s payload consists of a 1.1 m × 0.73 m off-axis Cassegrain telescope feeding two integrated instruments: the Fine Guidance
ystem (FGS) and the ARIEL InfraRed Spectrometer (AIRS). The FGS includes three photometric channels (0.50–1.10 μm) and a low-
esolution near-infrared spectrometer (NIRSpec, 1.10–1.95 μm, R ≥ 15), while AIRS covers two mid-infrared channels (1.95–3.9 μm,
 ≥ 100; 3.9–7.8 μm, R ≥ 30). The payload is passively cooled to ∼55 K, with active cooling ( < 42 K) only for AIRS detectors, and is
ptimized for transit spectroscopy from an L2 orbit. 

The Ariel mission adopts a four-tier observational strategy to address its scientific objectives. Tier 1 (Reconnaissance Survey)
nvolves low spectral resolution observations of approximately 1000 planets in the visible and infrared (VIS & IR) with a signal-to-
oise ratio (SNR) of ∼7, focusing on broad questions such as cloud coverage, atmospheric retention, and bulk properties. Tier 2 (Deep
urvey) consists of higher spectral resolution observations of a subsample of planets in the VIS-IR range, aiming to determine main
tmospheric components, trace gas abundances, thermal structure, and cloud characterization. Tier 3 (Benchmark Planets) includes
igh SNR observations of 1–2 events per target, re-observed over time, to study weather, temporal variability, and detailed planetary
hemistry and dynamics. Finally, Tier 4 (Phase-curves & Bespoke Observations) targets specific planets of interest, focusing on phase-
urves and bespoke observations to investigate spatial variability and achieve a very detailed understanding of planetary chemistry
nd dynamics. This tiered approach ensures a comprehensive exploration of exoplanet atmospheres, from broad population studies to
n-depth characterizations. 

The Chemistry Working Group (WG) within the Ariel mission scientific consortium aims to understand the chemical processes
hat occur in exoplanet atmospheres using Ariel’s infrared spectral capabilities to uncover the mechanisms responsible for chemical
iversity across these worlds (O. Venot et al. 2018 ). Key topics addressed in the Ariel Chemistry WG include disequilibrium chemistry

ncluding different chemical networks, reactions, and pathways, the effect of stellar activity on photochemistry, and the elemental ratios
hat trace planetary evolution and formation histories. 

This white paper outlines the science cases that motivate the Chemistry WG of Ariel. It highlights the need to resolve current
mbiguities in chemical trends, develop predictive atmospheric models, and exploit Ariel’s unique ability to conduct large-sample
tmospheric surveys. For each science case, we present an observation strategy, with a list of target exoplanets. This work is therefore
ntended to support the selection of targets to be observed. These efforts will connect observations to theory and help place our Solar
ystem in a broader galactic context. 

 GIANT  AND  N E P T U N E - L I K E  P L A N ET S  

iant and Neptune-like exoplanets are the primary targets of the Ariel mission, given the mission’s instrumental capabilities, particularly
ts sensitivity to warm and large atmospheres. As a result, most of the science cases discussed in this document are focused on these
ypes of planets. In this section, we highlight the main scientific objectives related to giant and Neptune-like exoplanets, outlining how
riel will contribute to our understanding of their formation, composition, and atmospheric dynamics. 

.1 What is the relationship between the chemical composition of exoplanetary atmospheres and their physical 
arameters? 

.1.1 Context 

n the last two decades, the field of exoplanetary science has made remarkable progress, particularly in the detection and atmospheric
haracterization of exoplanets. Among the key questions in this domain is how the chemical makeup of planetary atmospheres,
specially metallicity and C/O ratios, relates to the planets’ physical properties and formation histories. Recent population-level analyses
ave started to explore such relationships empirically, identifying tentative correlations between atmospheric properties and bulk planet
arameters (e.g. D. K. Sing et al. 2016 ; A. Tsiaras et al. 2018 ; M. Min et al. 2020 ; Q. Changeat et al. 2022 ; R. Estrela et al. 2022 ; D. Deming
t al. 2023 ; B. Edwards et al. 2023 ; A. Saba et al. 2025 ). However, these surveys remain limited in scope and often biased towards hot
upiters with favourable observing conditions, underscoring the need for a dedicated, statistically representative mission such as Ariel.

As retrieval techniques and atmospheric models become increasingly sophisticated, particularly with the inclusion of non-
quilibrium chemistry and photochemical processes (e.g. S.-M. Tsai et al. 2017 ; A. F. Al-Refaie et al. 2024 ; D. Bardet et al. 2025 ; Q.
hangeat et al. 2025b , Section 2.2 ), there is a growing expectation that we may soon predict the composition of exoplanetary atmospheres

rom physical properties of the planets and their host stars. However, such predictive capacity critically depends on establishing robust
mpirical trends, such as how metallicity, C/O and other ratios scale with planetary mass, radius, or equilibrium temperature. 
ASTI 5, 1–34 (2026)
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Currently, our understanding of these relationships remains incomplete. For instance, while some studies suggest a mass-
etallicity trend (L. Welbanks et al. 2019 ), the statistical evidence is not yet strong due to small sample sizes and large retrieval uncer-

ainties (Q. Sun et al. 2024 ). Similarly, although C/O ratios are considered potential tracers of formation pathways, especially in relation
o snow lines (K. I. Öberg et al. 2011 ), observed atmospheric C/O values span a wide range and often lack a clear correlation with system
rchitecture or stellar composition (A. Sharma et al. 2024 ). Some of this scatter is likely attributable to retrieval and model uncertainties:
egeneracies between molecular abundances, clouds/hazes, and thermal structure, as well as differences in retrieval frameworks and
pacity data, can broaden posterior distributions and contribute to the wide range of inferred C/O values (e.g. J. K. Barstow et al. 2022 ;
. Changeat et al. 2022 ; P. Gao et al. 2023 ; E. M. R. Kempton et al. 2023 ; A. F. Al-Refaie et al. 2024 ). Ariel’s broad spectral coverage and

tatistically large sample will help mitigate these effects, enabling more robust, population-level trends to be established. 
Furthermore, the complexity of planet formation (P. Mollière et al. 2022 ), combined with our limited understanding of how metals

re distributed between planetary interiors and atmospheres, as observed in the giant planets of the Solar System (Y. Miguel et al. 2022 ),
akes this a particularly challenging task. Without statistically validated trends across a diverse population of exoplanets, even the most

dvanced chemical and formation models remain constrained in their predictive power. Consequently, the identification and refinement
f these fundamental trends are essential for bridging forward models and observational data, and will be a key scientific objective for
pcoming missions like Ariel. 

.1.2 Strategy for observations 

o robustly characterize the relationship between atmospheric composition and planetary properties, Ariel must implement an obser-
ation strategy that balances statistical breadth with chemical precision. This approach is critical for enabling comparative atmospheric
tudies across diverse exoplanet populations, as demonstrated by previous population-level analyses (D. K. Sing et al. 2016 ; A. Tsiaras
t al. 2018 ; Q. Changeat et al. 2022 ; B. Edwards et al. 2023 ). 

The strategy should prioritize: 

(i) Target selection spanning a wide range of planetary masses (2–300 M⊕) and radii (1–15 R⊕) 
(ii) Coverage across equilibrium temperatures from ∼300 to 2000 K, probing key chemical regimes (e.g. water-dominated, methane-

ich, CO/CO2 -dominated) 
(iii) Inclusion of host stars from spectral types F to M and a range of metallicities to assess environmental effects on composition 

(iv) Focusing on targets with sufficient brightness and atmospheric scale heights to reach SNR > 15 for key molecular detections,
nabling precise abundance retrievals. 

We propose observing a statistically representative subsample of approximately 100 exoplanets, including: 

(i) Hot Jupiters and warm Neptunes with extended atmospheres conducive to transmission spectroscopy 
(ii) Sub-Neptunes and super-Earths that probe the transition between rocky and volatile-rich planets 
(iii) Bright host stars ( J < 9), ensuring high spectral precision for atmospheric retrievals. 

To reach the precision required for robust constraints on quantities such as atmospheric metallicity and C/O, multiple visits
er target are generally necessary. Ariel end-to-end simulations and design reference mission studies indicate that Tier 2–3 chemical
haracterization typically requires several visits (often 3–10 transits or eclipses, depending on system properties and cloud opacity) to
chieve the SNR needed for precise abundance retrievals (e.g. G. Tinetti et al. 2018 ; Q. Changeat et al. 2020 ; J. K. Barstow et al. 2022 ).
he exact number depends on stellar brightness, atmospheric scale height, and the presence of clouds or hazes. 

The expected precision on retrieved metallicity and C/O depends on spectral quality, atmospheric complexity, and the presence of 
louds or hazes. Dedicated retrieval studies based on simulated Ariel spectra indicate that, for clear or moderately cloudy atmospheres
ith strong molecular features and high S/N, uncertainties on log(metallicity) are typically � 0.25–0.5 dex, while C/O ratios can be

onstrained to � 0.1–0.3 for representative warm and hot planets with multiple carbon- and oxygen-bearing species detected across
riel’s wavelength range (e.g. R. Wang et al. 2023 ; A. Bocchieri et al. 2025 ). 

However, the presence of high-altitude clouds or hazes can significantly degrade these constraints. Simulations incorporating
rey cloud decks show that metallicity uncertainties may increase by up to a factor of ∼2 when spectral features are muted, with
omparable degradation for C/O as molecular signatures weaken (e.g. A. Bocchieri et al. 2025 ). Furthermore, end-to-end Ariel retrieval
hallenge exercises demonstrate that while independent retrieval codes recover broadly consistent parameter posteriors, differences in
odel assumptions (e.g. thermal structure parametrization, cloud treatment, chemical prescriptions) introduce additional systematic

ncertainties beyond formal statistical error bars (e.g. J. K. Barstow et al. 2022 ). These systematic effects are expected to contribute at
he level of a few tenths of a dex for metallicity and similar magnitude for C/O in typical cases. 

Importantly, independent design-reference mission simulations show that even when individual targets have moderate uncertain-
ies, a sample of several hundred planets enables statistically significant detection of population-level trends, including mass–metallicity
elationships and compositional correlations with equilibrium temperature or host star properties (e.g. R. T. Zellem et al. 2019 ). Based
n these studies, a minimum of ∼50 well-characterized planets is sufficient to begin identifying statistically meaningful trends (Q. Sun
t al. 2024 ), while a larger subsample of ∼100 high-quality atmospheres would provide robust constraints across parameter space. 
RASTI 5, 1–34 (2026)
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The precise list of targets will be determined in synergy with the Ariel scheduling working group, taking into account mission
onstraints and prioritization metrics. The estimated observational time required for this strategy, including repeated visits for key
argets, remains within the nominal mission timeline and resource envelope. 

Overall, while clouds, hazes, and model assumptions will increase uncertainties on a case-by-case basis, Ariel’s broad simultaneous
avelength coverage and large, homogeneous sample are expected to deliver metallicity constraints typically � 0.5 dex and C/O
ncertainties � 0.3 for favourable targets. This precision is sufficient to reveal and quantify population-level compositional trends,
nabling Ariel to deliver the first compositionally resolved, statistically robust atlas of exoplanet atmospheres and to significantly
dvance our understanding of planet formation and evolution. 

.2 In which atmospheres is disequilibrium chemistry observed? 

.2.1 Context 

isequilibrium chemistry occurs when physical or chemical processes in a planetary atmosphere act on time-scales that are shorter
han those needed to restore the chemical composition to its state of minimal Gibbs free energy. Examples of such processes are vertical

ixing, which may lead to quenching (J. I. Moses et al. 2011 ; O. Venot et al. 2012 ; Y. Miguel & L. Kaltenegger 2014 ; S. Mukherjee
t al. 2025 ), photochemistry causing molecular dissociation and the subsequent production of long-lived species (Y. Miguel et al. 2015 ;
. Hu 2021 ; R. Baeyens et al. 2022 ; T. Konings et al. 2022 , Section 2.7 ), upper-atmospheric heating, ionization, and the production of
hotoelectrons through X-ray and UV-absorption (D. Locci et al. 2022 ; A. García Muñoz 2025 ), and global circulation homogenizing
he composition for regions with a different temperature (B. Drummond et al. 2018a ; R. Baeyens et al. 2021 ; M. Zamyatina et al. 2023 ,
nd Section 2.3 ). To predict whether disequilibrium processes will strongly affect the atmospheric composition, accurate knowledge of 
hemical pathways, and the rate-limiting steps is essential (S.-M. Tsai et al. 2018 ). As such, disequilibrium chemistry highlights the tight
ink between physics and chemistry in planetary atmospheres. 

Although several studies have found evidence for disequilibrium chemistry on the level of individual planets (e.g. S.-M. Tsai et al.
023b ; T. J. Bell et al. 2024 ) and even planet populations (C. Baxter et al. 2021 ; G. M. Roudier et al. 2021 ), strong trends in disequilibrium
hemistry are yet to emerge. A major obstacle lies in the large planetary diversity and potential scatter in chemical properties. The
riel space mission, with its focus on population studies of exoplanets atmospheres, provides an excellent opportunity to uncover these
nderlying trends. 

One particular trend that is still eluding explanation is that of methane quenching . Indeed, while planets cooler than ∼ 1000 K are
xpected to have methane (CH4 ) in their spectrum according to chemical calculations, its detection has been long overdue (e.g. C. V.
orley et al. 2017 ; L. Kreidberg et al. 2018 ; B. Benneke et al. 2019 ; L. Carone et al. 2021 ; G. Fu et al. 2022 ; S. Barat et al. 2024 ; T. J. Bell et al.

024 ; A. Dyrek et al. 2024 ; M. Zhang et al. 2025 ). None the less, methane has been found in a select few exoplanets (T. J. Bell et al. 2023 ;
. Madhusudhan et al. 2023 ; T. G. Beatty et al. 2024 ; B. Benneke et al. 2024 ; L. Welbanks et al. 2024 ), leading to ad-hoc disequilibrium

hemistry to explain why CH4 appears on some planets but not in others. Besides its implications for the C/O ratio (see Section 2.11 ),
n improved understanding of methane quenching may enable constraints on the interior properties of exoplanets (e.g. J. J. Fortney
t al. 2020 ; D. K. Sing et al. 2024 ; L. Welbanks et al. 2024 ). It is also worth noting that the majority of exoplanets currently accessible
o atmospheric characterization are hot Jupiters, for which CO is expected to dominate over CH4 due to their high temperatures. This
bservational bias further complicates the interpretation of methane quenching across different classes of planets. 

.2.2 Strategy for observations 

hether disequilibrium chemistry has a strong influence on the planetary atmosphere depends mostly on temperature and stellar
igh-energy irradiation. One strategy is to observe a diverse population of transiting exoplanets in terms of size and temperature around
ifferent stars, with excellent metrics for atmospheric characterization. As an illustrative exercise, we construct a representative subsam-
le from the Mission Candidate Sample (MCS), consisting of planets that would reach Tier 2-quality spectra within approximately ten
ransits, and spanning a broad range of temperatures and sizes. Tier 2 is the level within the Ariel observing strategy at which population
tudies of exoplanet atmospheric compositions become achievable (G. Tinetti et al. 2021 ). This illustrative sample includes ten close-
n, gaseous planets with relevant parameters, listed in Table 1 . Their equilibrium temperature ranges from 600 to 1600 K, focusing on
ransitions in carbon and nitrogen chemistry. We omit ultra-hot planets ( Teq > 2000 K), as their atmospheres require a more specialized
hysical treatment owing to the increasing importance of thermal dissociation, photo- and thermal ionization, and NLTE effects (L.
ossati et al. 2018 ; C. Helling et al. 2023 ). Moreover, the chemical network adopted in this part of the work describes neutral chemistry
nd does not include ion chemistry. We therefore focus on the temperature regime where transitions in neutral carbon and nitrogen
hemistry can be investigated within a consistent modelling framework. We would therefore like to emphasize that the development of 
obust ion-neutral chemical schemes for both cold and (ultra-)hot planets is an important aim for future exoplanet studies. 

The capability of Ariel to distinguish between equilibrium and disequilibrium chemistry is assessed using forward models. We
odel the chemical composition of each planet in the sample to first order using a photochemical kinetics model (M. Agúndez et al.

014 ; R. Baeyens et al. 2021 , 2022 ) and chemical network (O. Venot et al. 2020a ). We use a 1D implementation of the code and assume a
ASTI 5, 1–34 (2026)



Probing exoplanetary chemistry with Ariel 5

Table 1. Exoplanet sample and the input parameters that have been used to model them. Clarification of the symbols: the planetary 
equilibrium temperature ( Teq ), the planetary intrinsic temperature ( Tint ), planet radius ( Rp ), planet mass ( Mp ), surface gravity ( g), 
semimajor axis ( a ), and the effective temperature ( T∗) and radius ( R∗) of the host star. Stellar and planetary parameters were taken 
from the Ariel Mission Candidate Sample (B. Edwards & G. Tinetti 2022 ), with primary references as indicated below. 

Name Teq (K) Tint (K) Rp ( R⊕) Mp ( M⊕) g (m s−2 ) a (AU) T∗ (K) R∗ ( R�) Transits 

AU Mic b 626 100 3.98 17.00 10.5 0.065 3700 0.75 2 [1] 
TOI-1130 c 659 100 16.46 309.55 11.2 0.071 4250 0.69 2 [2] 
WASP-107 b 720 100 10.31 30.51 2.8 0.055 4425 0.67 1 [3], [4] 
HAT-P −11 b 802 150 4.27 28.60 15.4 0.053 4780 0.68 9 [5], [6] 
HAT-P −12 b 926 150 10.52 67.06 5.9 0.038 4650 0.70 3 [7] 
WASP-69 b 929 150 12.18 82.63 5.5 0.048 4700 0.86 1 [8], [9] 
WASP-39 b 1084 200 13.94 89.31 4.9 0.049 5400 0.90 2 [10] 
WASP-96 b 1243 350 13.17 155.73 8.8 0.045 5540 1.05 26 [11] 
WASP-127 b 1353 350 14.39 52.34 2.5 0.050 5620 1.33 1 [12], [13] 
KELT-11 b 1647 500 14.81 54.35 2.4 0.062 5375 2.69 1 [14], [15] 

[1] P. Plavchan et al. ( 2020 ), [2] C. X. Huang et al. ( 2020 ), [3] D. R. Anderson et al. ( 2017 ), [4] C. Piaulet et al. ( 2021 ), [5] G. Á. Bakos 
et al. ( 2010 ), [6] S. W. Yee et al. ( 2018 ), [7] J. D. Hartman et al. ( 2009 ), [8] D. R. Anderson et al. ( 2014 ), [9] K. G. Stassun et al. ( 2017 ), 
[10] F. Faedi et al. ( 2011 ), [11] C. Hellier et al. ( 2014 ), [12] K. W. F. Lam et al. ( 2017 ), [13] J. V. Seidel et al. ( 2020 ), [14] J. Pepper 
et al. ( 2017 ), [15] T. G. Beatty et al. ( 2017 ) 

Table 2. Estimated parameters of the primary transit signal of a small Neptune-like exoplanet transiting around a star of spectral type between 
G2 and M8, with an albedo a = 0.3, assuming either a fast rotator (columns 5 and 7) or a tidally locked object (columns 6 and 8). R∗, M∗, and 
T∗ are the radius, the mass, and the effective temperature of the star. Best values are in bold, following T. Encrenaz et al. ( 2023 ). 

Spectral R∗ M∗ T∗ Dfast Dslow Pfast Pslow τ A Nb Total time 
type ( R�) ( M�) (K) (AU) (AU) (d) (AU) (h) transits (y) 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 

G2 1.0 1.0 5770 0.41 0.57 95 158 8.32 6.31( −5) 8 (12.5 pc) 2.08 (12.5 pc) 
11 (25 pc) 2.86 (25 pc) 

G5 0.93 0.93 5641 0.36 0.5 81 136 7.51 7.30( −5) 6 (12.5 pc) 1.33 (12.5 pc) 
10 (25 pc) 2.22 (25 pc) 

K0 0.85 0.78 4977 0.26 0.36 53 89 6.22 8.73( −5) 5 (12.5 pc) 0.73 (12.5 pc) 
8 (25 pc) 1.16 (25 pc) 

K5 0.74 0.59 4242 0.16 0.23 29 48 5.54 1.15( −4) 4 (12.5 pc) 0.53 (12.5 pc) 
8 (25 pc) 1.05 (25 pc) 

M0 0.63 0.47 3642 0.10 0.14 17 28 4.52 1.59 ( −4) 3 (12.5 pc) 0.23 (12.5 pc) 
8 (25 pc) 0.61 (25 pc) 

M5 0.32 0.21 3041 0.02 0.03 2.8 4.5 1.72 6.16( −4) 2 (12.5 pc) 0.02 (12.5 pc) 
7 (25 pc) 0.09 (25 pc) 

M8 0.13 0.10 2691 0.01 0.02 1.3 2.3 0.54 3.73 ( −3) 2 (12.5 pc) 0.01 (12.5 pc) 
9 (25 pc) 0.06 (25 pc) 
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olar elemental composition. It is worth noting that sulfur-bearing species are not included in this chemical network. Although sulfur-
earing molecules such as SO 2 can be excellent indicators of photochemistry (S.-M. Tsai et al. 2023 ; A. Dyrek et al. 2024 ), the role of 
ulfur in exoplanet atmospheric chemistry is not yet fully understood (e.g. T. Konings et al. 2025 ; R. Veillet et al. 2026b ). Additionally,
pectrally active molecules such as SO 2 and CS 2 are expected to become observable at high metallicities, which are not explored in this
xperiment. Therefore, a dedicated discussion of sulfur in exoplanet atmospheres is provided in Section 2.4 . Temperature profiles were
omputed with petitCODE (P. Mollière et al. 2015 , 2017 ), using the parameters listed in Table 1 . 

Finally, model transit spectra were generated for cases with equilibrium chemistry and full chemical kinetics using petitRADTRANS
P. Mollière et al. 2019 ) and the Ariel noise generator ArielRad (L. V. Mugnai et al. 2020 ). As such, Ariel’s ability to distinguish between
he two models can be estimated based on the 1 σ -error bars of the equilibrium and kinetic model data. Please note that, for clarity
easons, we did not apply an additional resampling to scatter the data points with respect to the calculated model spectrum. A measured
pectrum would have such scatter. The results are shown in Figs 1 and 2 . 

It is clear that chemical transitions occur as planets increase in equilibrium temperature. Figs 1 and 2 show CO replacing CH4 as
he dominant carbon-bearing species as temperature increases. At the same time, chemical disequilibrium caused by vertical mixing
nd photochemistry can be seen in the concentrations of HCN and CO 2 . In many model spectra, these chemical changes can be seen
n the absorption bands of methane (3.3 μm) and carbon dioxide (4.5 μm). In the coldest planets, NH3 quenching forms the main
ifference between the equilibrium and full chemical kinetics spectrum. Absorption bands of HCN – while being a great indicator of 
hotochemistry – unfortunately strongly overlap with CH 4 and H 2 O , making it difficult to observe this molecule unambiguously. The
ddition of another, more easily identifiable tracer of photochemistry such as SO 2 (S.-M. Tsai et al. 2023b ) may resolve this issue (see
RASTI 5, 1–34 (2026)
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RASTI 5, 1–34 (2026)

Figure 1. Forward models for the coolest five planets in our sample, ordered by increasing equilibrium temperature, showing the chemical abundances 
( left ) in chemical equilibrium ( dashed ) and full chemical kinetics ( full ), and the synthetic transmission spectra ( right ) for the equilibrium ( orange ) and 
kinetics ( blue ) case. For the computation of the Ariel uncertainties we assumed a Tier 2-scenario. 
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RASTI 5, 1–34 (2026)

Figure 2. Forward models for the hottest five planets in our sample, ordered by increasing equilibrium temperature, showing the chemical abundances 
( left ) in chemical equilibrium ( dashed ) and full chemical kinetics ( full ), and the synthetic transmission spectra ( right ) for the equilibrium ( orange ) and 
kinetics ( blue ) case. For the computation of the Ariel uncertainties we assumed a Tier 2-scenario. 
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R

Figure 3. Reduced chi-squared values for chemical equilibrium model fits to photochemical mock observations. Black data points show the mean and 
standard deviation of 300 randomly fitted spectra per planet ( colored circles ). 
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ection 2.4 ). This would, however, necessitate a broader parameter study, as the observability of SO 2 has been linked to metallicity,
ravity, Kzz , and the spectral energy distribution of the host star (T. Konings et al. 2025 ). 

Crucially, the broad wavelength coverage of Ariel will be able to clearly distinguish between water and methane absorption,
omething which has been difficult with narrow wavelength coverage (B. Bézard et al. 2022 ). Although overlapping spectral features
ose challenges, retrieval simulations indicate that Ariel has none the less the potential to constrain key molecules such as HCN, CH 4 ,
nd H 2 S , and retrieving elemental ratios (C/O, N/O, S/O) in hot-Jupiter atmospheres (F. Wang et al. 2023 ). Here, we make a first order
ssessment of Ariel’s capability to discern trends in disequilibrium chemistry as a function of planetary equilibrium temperature. To
o so, we fit chemical equilibrium models to the – more realistic – photochemical kinetics spectra. Each data point has random scatter
pplied to it, in accordance with the calculated Ariel uncertainties. Finally, we calculated reduced chi-squared values of the chemical
quilibrium fit to the randomly generated mock photochemistry spectra for each planet. This experiment was done 300 times and the
esulting values, along with their mean and standard deviation are shown in Fig. 3 . The data show that planets in the [650–1000] K regime
tatistically deviate from chemical equilibrium ( χ2 

red = 1 ). Planets with Teq > 1000 K appear to be well fit by the chemical equilibrium
odel, with χ2 

red -values closer to one as a result. WASP-107 b is an outlier ( χ2 
red ≈ 7 ) and, with its very precise spectrum, represents one

f the best targets to detect disequilibrium chemistry (see also A. Dyrek et al. 2024 ; D. K. Sing et al. 2024 ; L. Welbanks et al. 2024 ). 
We stress that the analysis above represents an idealized situation in which the atmosphere is assumed to be free of clouds. None the

ess, clouds are ubiquitous in planetary atmospheres (D. K. Sing et al. 2016 ), and while trends with temperature have been established
e.g. P. Gao et al. 2020 ; C. Helling et al. 2023 ), it is not yet understood why some atmospheres appear cloudier while other are relatively
loud-free. If present, clouds can interfere with atmospheric retrievals by muting spectral features in a way that is degenerate with
hemical abundance (J. K. Barstow et al. 2017 ; A. Pinhas et al. 2019 ; L. Welbanks & N. Madhusudhan 2019 ). Thus, trends such as the
ne shown in Fig. 3 will have more intrinsic scatter if some atmospheres have a (partial) cloud cover, and larger samples will be needed
o infer the underlying properties of the population. This issue will be addressed in Ariel’s observing strategy, with ∼600 planets in the
ier-2 chemical survey (B. Edwards & G. Tinetti 2022 ). 

Finally, we note that free parameters such as the eddy diffusion coefficient, atmospheric metallicity, C/O, and global redistribution
O. Venot et al. 2014 , 2020b ; B. Drummond et al. 2020 ; M. Zamyatina et al. 2023 , and Section 2.3 ) will complicate the interpretation
f atmospheric chemistry and which atmospheres will be out-of-equilibrium (Y. Miguel & L. Kaltenegger 2014 ). As an example, the
ombination of strong interior heating with vigorous vertical mixing results in a depletion of methane on WASP-107 b as compared to
ur model (D. K. Sing et al. 2024 ; L. Welbanks et al. 2024 ). Additionally, global circulation linking the hot day-side and cold night-side
f planets can lead to chemical disequilibrium even in ultra-hot planets (R. Baeyens et al. 2024 ). As such, we advocate for a large and
iverse sample of transit spectroscopy observations (beyond the candidate sample listed in Table 1 ), including phase curve observations
o break degeneracies as well as maximal synergies with the JWST (B. Charnay et al. 2022 ; Q. Changeat et al. 2025a ). 

.3 How does atmospheric circulation affect atmospheric chemistry? 

.3.1 Context 

dvection is the transport of air together with its constituents and properties by the bulk atmospheric flow. Advection does not
hemically transform the transported air itself, but by moving it through different regions of the atmosphere drastically changes where
nd how chemical species are produced, transformed, or destroyed, and alters the effective lifetime of chemical species. Contrary to
iffusion that is driven by random atmospheric motions, advection is driven by the large-scale atmospheric circulation, and acts over
ASTI 5, 1–34 (2026)
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arge distances. All that together means that advection leaves signatures of atmospheric circulation in the chemical composition of an
tmosphere. 

Advection transports air downwind. To understand advection, it is common to break it down into three components: zonal (east–
est, or across longitudes), meridional (north–south, or across latitudes), and vertical (upward or downward) advection. That helps

dentify the predominant direction of advection, and show that, for example, zonal advection dominates inside jet streams, or that
eridional and vertical advection control the equator-to-pole overturning circulation. Horizontal advection is usually the sum of zonal

nd meridional advection. 
Numerical models that always explicitly include advection are called General Circulation Models (or GCMs). GCMs that couple

tmospheric dynamics, radiative transfer, and disequilibrium chemistry (see Section 2.2 ) are often called Chemistry-Climate Models (or
CMs). CCMs were applied to study atmospheres of a variety of exoplanets, from cold rocky planets (e.g. WACCM , H. Chen et al. 2019 ;
M-UKCA , M. Braam et al. 2022 ; UM , R. J. Ridgway et al. 2022 ; and PCM , A. Stolzenbach et al. 2023 ) to hot gas giants (e.g. SPARC-
ITgcm , C. S. Cooper & A. P. Showman 2006 ; THOR, J. A. M. Mendonça et al. 2018 ; UM , B. Drummond et al. 2018a , b , 2020 ; and

xo-FMS , E. K. H. Lee et al. 2023 , 2024a ). CCM simulations show that advection affects atmospheric chemistry differently for different
lanets as they host different atmospheric circulations. 

For tidally locked H 2 -dominated gas giants, which are the primary targets of Ariel, CCMs generally predict that advection homog-
nizes abundances of gas-phase chemical species in the observable atmosphere by smoothing out their abundance gradients otherwise
xpected at chemical equilibrium. Long-lived chemical species like CH 4 , NH 3 , and HCN are most affected, and to a lesser extent CO 2 (e.g.
. K. H. Lee et al. 2023 ; M. Zamyatina et al. 2023 ). This homogenization is caused by transport-induced quenching, which is a process

hat occurs when advection (but also, more generally, mixing via advection and/or diffusion) prevents the establishment of chemical
quilibrium by acting on a shorter time-scale than the chemical time-scale. Both horizontal and vertical advection affect quenching.
owever, CCMs disagree on their relative importance, and hence on the exact homogenized atmospheric abundances. For example, C.

. Cooper & A. P. Showman ( 2006 ) found that vertical advection controls quenching for HD 209 458 b, while J. a. M. Mendonça et al.
 2018 ) and E. K. H. Lee et al. ( 2023 ) showed that zonal advection prevails for WASP-39 b, WASP-43 b, and HD 189 733 b. The role of

eridional advection was highlighted in B. Drummond et al. ( 2018b , 2018a , 2020 ) and the dependence of quench level on latitude was
iscussed in E. K. H. Lee et al. ( 2023 ) and M. Zamyatina et al. ( 2024 ). 

To date, no published CCM used to study atmospheres of gas giants included photochemistry. However, photochemistry is
mportant for this type of planets (see Sections 2.2 , 2.4 , and 2.7 ). The best available framework capable of estimating the impact of zonal
dvection on atmospheric photochemistry of gas giants is VULCAN 2D (S.-M. Tsai et al. 2024 ). This model considers zonal advection
ogether with zonal and vertical diffusion, with advection transporting air in an equatorial plane from the upwind cell only. VULCAN 2D
imulations showed that photochemical products are advected from the permanently irradiated dayside to the nightside. These products
lter the nightside chemistry, and cause, e.g. SO 2 accumulation and HCN and C 2 S 4 production on the nightside (S.-M. Tsai et al. 2023c ,
024 ). 

.3.2 Strategy for observation 

ystematic exploration of the impact of atmospheric circulation on atmospheric chemistry of exoplanets is an ongoing effort. There
re, however, studies that explored that impact for individual planets. Studies using VULCAN 2D showed that for hot Jupiters HD
89 733 b, HD 209 458 b, and WASP-39 b zonal advection prevails over vertical mixing at pressures higher than 0.1 mbar, while at lower
ressures photochemistry and vertical mixing control the composition (S.-M. Tsai et al. 2023c , 2024 ). Studies using the Met Office Unified
odel (UM) suggest that amongst the following list of warm and hot Jupiters, HAT-P-11 b, HD 189 733 b, HD 209 458 b, WASP-15 b,
ASP-17 b, WASP-39 b, and WASP-96 b (M. Zamyatina et al. 2023 , 2024 ; N. Espinoza et al. 2024 ; J. Kirk et al. 2025 ), HD 189 733 b

nd WASP-96b are at the ‘sweet spot’ for observability of signatures of transport-induced quenching via a detection or equally a non-
etection of CH 4 at 3 . 3μm in the terminator-average transmission and emission spectra (Fig. 4 ). A detection of CH 4 would suggest that
tmospheric composition of these planets is close to solar, as it would enable CH 4 to be equally abundant throughout the observable
tmosphere thanks to transport-induced quenching. A non-detection of CH 4 , however, would imply atmospheric compositions higher
han solar, which would cause CH 4 to get depleted by quenching instead (see M. Zamyatina et al. 2024 , Fig. 5 for WASP-96b). Given this
imited evidence and the fact that the aforementioned studies into impacts of atmospheric circulation on chemistry assume aerosol-free
tmospheres, the recommendation for Ariel for strategy for observation of signatures of large-scale atmospheric circulation ‘through
he lens’ of gas-phase only chemistry is to target HD 189 733 b-like hot Jupiters. 

.4 How important is sulfur and phosphorous chemistry? In which kind of atmosphere these elements are abundant? 

.4.1 Context 

fter hydrogen, helium, oxygen, carbon, and nitrogen, sulfur and phosphorus are the two next non-metallic and gaseous elements in
erms of abundance in the Universe. Their presence in planetary atmospheres has been thus anticipated even before their first detection.
ulfur is common in the solar system, and it is present in the form of H2 S in giant planets and icy giants (H. B. Niemann et al. 1996 ; S. K.
RASTI 5, 1–34 (2026)
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RASTI 5, 1–34 (2026)

Figure 4. Detectability of signatures of transport-induced quenching in the terminator-average transmission and emission spectra of HD 189 733 b and 
HD 209 458 b according to the Ariel noise generator ArielRad (L. V. Mugnai et al. 2020 ) applied to the output from the Met Office Unified Model , configured 
as in B. Drummond et al. ( 2020 ) assuming an aerosol-free atmosphere of solar (M. Asplund et al. 2009 ) composition. Adapted from B. Drummond et al. 
( 2020 ). Signatures of transport-induced quenching would be more detectable in atmospheres of HD 189 733 b-like planets. 

Figure 5. Hertzprung–Russell diagram zoomed into the post main-sequence parameter space. Evolutionary tracks from 1 to 1.9 M� are shown as lines, 
with the dotted regime corresponding to the sub-giant phase and the solid part to the red giant branch stage. The five targets marked, covering different 
stages of the evolutionary path, are among the most suitable close-in giant planets for atmospheric characterization with the Ariel mission. 

D
ow

nloaded from
 academ

ic.oup.com
/rasti/article/doi/10.1093/rasti/rzag053/8765672 by guest on 10 O

ctober 2026



Probing exoplanetary chemistry with Ariel 11

A  

S  

t  

h  

g  

e  

A  

e
 

(  

t  

S
p  

a  

e  

2  

(  

a  

K  

p  

e  

b  

p  

s  

v  

f
7  

h  

(  

S
 

w  

(  

H  

P  

L  

H  

o  

a  

c
 

u

2

I
 

h  

p  

C  

P  

i
∼  

a  

a

D
ow

nloaded from
 academ

ic.oup.com
/rasti/article/doi/10.1093/rasti/rzag053/8765672 by guest on 10 O

ctober 2026
treya et al. 1999 ; P. G. J. Irwin et al. 2018 ), on its oxidized form (SO2 and H2 SO4 ) on the clouds of Venus (F. P. Mills & M. Allen 2007 ),
O2 frost and volcanic sulfur species on Io (J. R. Spencer et al. 2000 , 2005 ), and, potentially, sulfur compounds (in the form of H2 S) in
he plumes of Enceladus (J. H. Waite et al. 2009 ). On the other hand, phosphorus is rarer and more difficult to detect. Phosphine (PH3 )
as been confirmed in Jupiter and Saturn (L. N. Fletcher et al. 2009 ) due to disequilibrium chemistry (i.e. vigorous vertical mixing in
as giants), while its detection on Venus is highly controversial (I. A. G. Snellen et al. 2020 ; J. S. Greaves et al. 2021 ; M. A. Cordiner
t al. 2022 ). On Earth, phosphorus is mainly in the solid phase, as phosphates, in crustal and oceanic reservoirs (G. M. Filippelli 2008 ).
ll these information regarding the solar system offers a guide towards where (and in which form) sulfur and phosphorus should be

xpected in exoplanet atmospheres. 
Concerning exoplanetary atmospheres, the presence of S- and P- species was predicted by D. Wang et al. ( 2017 ), S.-M. Tsai et al.

 2021 ), J. Polman et al. ( 2023 ), and it has been possible to achieve the first detection of a sulfur species (not the expected one) thanks to
he high sensitivity of JWST instruments (L. Alderson et al. 2023 ; Z. Rustamkulov et al. 2023 ). The detection of this sulfur species, namely
O 2 , has been of particular interest because its presence in such abundance has only been explained by the disequilibrium process of 
hotochemistry (S.-M. Tsai et al. 2023b ). Since then, SO 2 and a few other sulfur species (H2 S, CS2 , CS, and H2 CS) have been detected in
 handful of exoplanets (HD 189 733 b, G. Fu et al. 2024 ; M. Zhang et al. 2025 ; WASP 107 b, A. Dyrek et al. 2024 ; GJ 3470 b, T. G. Beatty
t al. 2024 ; TOI-270 d, B. Benneke et al. 2024 ; M. Holmberg & N. Madhusudhan 2024 ; L. Felix et al. 2025 ; TOI-421 b, B. Davenport et al.
025 ). These detections, and in particular the relative abundances between some sulfur species (CS2 /SO2 ), suggest that some planets
e.g. TOI-270 d) could exhibit an atmospheric sulfur enrichment compared to that of the parent star (L. Felix et al. 2025 ). Knowing the
mount of sulfur in exoplanet atmosphere is of particular interest as it can be a footprint of the formation history of those planets (M.
ama et al. 2019 ; D. Turrini et al. 2021 ; E. Pacetti et al. 2022 ; I. J. M. Crossfield 2023 ). Thus, understanding the dynamical and chemical
rocesses that can influence and control the abundances of sulfur species is crucial. In this view, several theoretical work (J. Polman
t al. 2023 ; R. Veillet et al. 2026a ) and modelling studies (S.-M. Tsai et al. 2023b , 2023c ; J. Moses et al. 2024 ; R. Veillet et al. 2026b ) have
een performed recently. In brief, in warm exoplanet atmospheres, it is expected than H2 S, the equilibrium sulfur species is destroyed by
hotodissociations and/or reactions with H. However, various sulfur molecules can emerge across temperatures, due to the wide redox
tate of sulfur. Understanding the sulfur reservoir is essential in constraining metallicity and formation history. Then, depending on
arious parameters, such as metallicity, atmospheric temperature, irradiation, different species can be present in detectable amounts:
or instance, CS2 is expected in atmospheres in high metallicity conditions ( ≥ 100 ×solar) with an equilibrium temperature in the [270–
20] K range (with a peak centred around 570 K). In contrast, SO2 is expected at higher equilibrium temperatures ( T eq > 900 K). It
as also been found/shown that the presence of NH3 could play an important role in sulfur chemistry, leading to the formation of NS
S.-M. Tsai et al. 2021 ). Finally, it is important to note that some experimental works (N. W. Reed et al. 2024 ) have confirmed that several
-species, such as CS2 , are photochemical products in relevant conditions. 

Concerning phosphorus, it was first thought that phosphine signature would be the only species visible at 4–5 μm, especially for
arm atmospheres ( T eq = 500 K and T eq < 1000 K, D. Wang et al. 2016 ) and the first detection of PH3 in an extrasolar atmosphere

i.e. brown dwarf, M. J. Rowland et al. 2024 ) further supports the idea that this molecule is one of the most promising to be detected.
owever, considering kinetic chemistry, it seems that HOPO, PO, and P2 might be more likely to be detectable. In particular, the large
O abundance (photochemically produced) could be detectable at 4.1 and 8 μm, especially in high metallicity atmospheres (E. K. H.
ee et al. 2024b ). Only the 4.1 μm feature is really relevant for Ariel, but unfortunately, this one could be also obscured by SO2 feature.
owever, it is important to keep in mind that the phosphorus models used for these predictions are still uncertain due to poor knowledge

n P chemistry (e.g. R. Wang et al. 2023 ; M. Zilinskas et al. 2025 ), and lack of some phosphorus species line-lists. New chemical schemes
re currently being developed (Le Cadre, Venot et al., in preparation) that could lead to different results. For instance, other P-species
ould be more abundant than predicted up to now and thus detectable. 

Ariel, with its observation strategy, is ideal for meeting the current need. We will be able to test our current predictions and better
nderstand the parameters that govern sulfur and phosphorous chemistry in hot exoplanets. 

.4.2 Strategy for observations 

n order to detect sulfur and phosphorous species, we recommend both transmission and/or emission spectroscopy. 
For phosphorous: The first detection of phosphine in an extrasolar atmosphere (a brown dwarf; M. J. Rowland et al. 2024 )

ighlights the potential for detecting phosphorus-bearing species in exoplanet atmospheres. Informed by recent developments in
hotochemical modelling (PHO network, E. K. H. Lee et al. 2024b ), we propose a targeted strategy based on atmospheric properties.
old, solar-metallicity planets ( T eq ∼300–600 K) with limited photochemical activity remain the most favourable environments for
H3 retention and potential detection (S. Mukherjee et al. 2022 ; M. J. Rowland et al. 2024 ). However, PH3 is unlikely to be observable

n warmer or more irradiated atmospheres, where photochemical processing efficiently destroys it. In contrast, warmer planets ( T eq 

600–1500 K), especially those with enhanced metallicity, are expected to host detectable levels of other P-bearing species such as PO
nd HOPO, with PO being the most promising candidate given current spectroscopic data. PO shows absorption features around 4.1
nd 8 μm, which are partially accessible to Ariel. We therefore recommend prioritizing two complementary categories of targets: 

(i) Cool planets with minimal UV flux to search for PH3 , such as GJ 3470 b or GJ 1214 b. 
RASTI 5, 1–34 (2026)
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(ii) Hot, metal-rich planets where photochemistry may enhance the abundance of PO and HOPO, such as HD 189 733 b, WASP-12 b,
r WASP-33 b. 

This selection strategy will enable Ariel to probe the diversity of phosphorus chemistry and place meaningful constraints on the
etectability of key P-bearing molecules. However, it is important to remember that the significant uncertainties in our knowledge of 
hosphorus kinetics and photochemical data might affect these predictions due to these blind spots in the models, which could result

n artefacts that impact the abundance of multiple species. 
For sulfur: Given the recent detections of sulfur species (e.g. SO2 , CS2 ) in exoplanetary atmospheres – particularly in systems

ike TOI-270 d, where CS2 /SO2 ratios suggest sulfur enrichment (L. Felix et al. 2025 ) – and the theoretical predictions highlighting
emperature- and metallicity-dependent reservoirs (R. Veillet et al. 2026b ), we recommend a broad observational strategy. Despite these
dvances, uncertainties in photochemical pathways and spectroscopic data persist (X. Huang et al. 2024 ), motivating our inclusion of a
iverse range of planet types to maximize detection opportunities. We therefore propose a two-pronged observational strategy for Ariel:

(i) Warm to hot exoplanets with moderate to high metallicity and strong UV irradiation, where photochemical production of SO 2 and
S 2 is expected to be most efficient. Well-studied examples include HD 189 733 b, WASP-39 b, TOI-421 b, TOI-270 d, HAT-P-1 b, and
D 106 315 c. 
(ii) Planets with moderate temperatures ( T eq ∼270–720 K) and very high metallicity ( > 100 ×solar), promising for detecting CS 2 and

otentially other complex sulfur species, such as GJ 3470 b and HAT-P-11 b. 

Ariel’s broad wavelength coverage and survey strategy, especially in the 4–8 μm range where SO 2 and CS 2 have strong absorption
eatures, are ideally suited to probing this chemical diversity. By systematically observing a large and varied sample of exoplanets
panning a wide range of temperatures and metallicities, Ariel will: 

(i) Track transitions between different sulfur reservoirs, 
(ii) Constrain sulfur abundances and the role of photochemistry, 
(iii) Provide insights into planet formation and atmospheric evolution through sulfur chemistry. 

This observational approach complements the strategy for phosphorus species and will help build a more complete picture of 
olatile element cycles in exoplanet atmospheres. 

.5 In which Exoplanet atmospheres do PAHs form? 

.5.1 Context 

olycyclic aromatic hydrocarbons (PAHs) and related species have been found to be an omnipresent component of matter in the
nterstellar medium as evidenced by their abundant mid-infrared emission features (e.g. see H. R. Hrodmarsson et al. 2025a and
eferences therein). Typically, PAHs are composed of fused hexagonal carbon rings with hydrogen atoms attached at the peripheries, but
AHs can be formed in an infinite variety of sizes and shapes. They can be fused with hetero atoms like nitrogen, oxygen, phosphorus,
nd sulfur, and in the interstellar medium (ISM) several charge states are expected to be of importance, ranging from -1 for PAH anions
o + 2 for PAH dications (O. Berné et al. 2022 ). Having been proposed as the originators of the unidentified infrared red bands (A. Leger
 J. L. Puget 1984 ; L. J. Allamandola et al. 1985 ), they have since been found to be among the most widespread organic compounds

n space (C. Joblin & A. Tielens 2011 ). Although their IR features are detected across diverse astronomical environments such as
hotodissociation regions formed around massive star-forming regions, planetary nebulae, and protoplanetary discs (S. Hony et al.
001 ; E. Peeters et al. 2002 ; R. Chown et al. 2024 ; E. Habart et al. 2024 ; E. Peeters et al. 2024 ), only recently have individual PAHs been
etected in the TMC-1 molecular cloud using their microwave fingerprints (A. M. Burkhardt et al. 2021 ; J. Cernicharo et al. 2021 ; B. A.
cGuire et al. 2021 ; J. Cernicharo et al. 2024 ; G. Wenzel et al. 2024 , 2025a , b ). They have also been detected in Solar System bodies like

itan (B. M. Dinelli et al. 2013 ; M. Lopez-Puertas et al. 2013 ), in meteorite samples (B. P. Basile et al. 1984 ; H. Naraoka et al. 2000 , 2023 ;
. Oba et al. 2023 ), and in Earth’s atmosphere (G. Lammel 2015 ; N.-D. Dat & M. B. Chang 2017 ). 

Their significance extends beyond astrochemistry; PAHs are also implicated in prebiotic chemistry, potentially catalyzing steps
oward the origin of life by contributing to amino acid and nucleotide formation (P. Ehrenfreund & S. B. Charnley 2000 ; P. Ehrenfreund
t al. 2006 , 2007 ; M. Rapacioli et al. 2006 ; V. Wakelam & E. Herbst 2008 ; J. H. Kim et al. 2012 ; C. Puzzarini et al. 2017 ; A. C. Closs
t al. 2020 ). They also exhibit spectral degeneracy with clouds and hazes in the optical slope region (R. Arenales-Lope et al. 2025 ; F.
rübel et al. 2025 ). Closer to home, PAHs play an important role as intermediates in the nascence and agglomeration of soot particles, a
rincipal component of particulate matter created by incomplete combustion of gasoline, diesel, and coal (B. S. Haynes & H. G. Wagner
981 ; H. Richter & J. B. Howard 2000 ). PAHs pose a significant risk to human health as many are documented to be toxic, mutagenic,
nd/or carcinogenic (H. I. Abdel-Shafy et al. 2016 ). 

PAHs all do share some commonalities in terms of their photophysical behaviour. The similarities observed in their photoabsorption
nd photoionization cross-sections have been well documented from both experiments and theoretical calculations (see G. Malloci et
l. 2004 ; H. R. Hrodmarsson et al. 2025b ). PAHs have long been invoked as contributors to the UV extinction bump which is well worth
entioning and has been reviewed in the past (see G. Mulas et al. 2011 ). The plasmon resonance at 17–18 eV which is universally
ASTI 5, 1–34 (2026)
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Figure 6. Mass fractions of four representative PAH species alongside key molecular absorbers (H2 O , CH4 , HCN, CO, and C2 H2 ) in a transiting exoplanet 
atmosphere with Teff = 1300 K, Tint = 200 K, [Fe/H] = 1.0, and log (g) = 3 . 0 , shown as a function of varying C/O ratios (taken from D. Dubey et al. 2023 ). 
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bserved in PAHs (see H. R. Hrodmarsson et al. 2025b and references therein), is not solely due to σ∗ ← σ transitions but also σ∗ ← π ,
∗ ← σ , and Rydberg spectral transitions (G. Malloci et al. 2004 ). Collectively, these lead to photoionization of PAHs that is considered

he principal heating mechanism in the ISM (A. G. G. M. Tielens 2008 ). 
PAHs are usually identified via strong bands at 3.3, 6.2, 7.7, 8.6, 11.2, and 12.7 μm (A. G. G. M. Tielens 2008 ; A. Li 2020 ; E. Peeters

t al. 2021 ). However, the profiles of the main PAH bands manifest subtle diversities in relative band strengths and band profiles within
ndividual astrophysical objects and within extended sources (see fig. 2 in E. Peeters et al. 2021 ). These can be classified into four
lasses, A, B, C, and D, where each is principally based on the band positions with subtle changes in intensities. The appearance of 
hese classes of PAH bands is known to depend intricately on the object type, and hence their environment (E. Peeters et al. 2002 ;
. Diedenhoven et al. 2004 ; M. Matsuura et al. 2014 ). This means that although the IR signatures of PAHs appear omnipresent in
arious cosmic environments, detecting them in exoplanet atmospheres may come with severe complications as their principle spectral
eatures cannot only overlap with other organic species, the spectral features of the PAHs change depending on the environment as the
nvironment directly influences the chemistry of PAHs. 

Hence, PAHs have remained elusive in exoplanet atmospheres. Besides the issues raised, this gap also stems from both the lack
f targeted models and the limitations of previous observational facilities. The recent study by D. Dubey et al. ( 2023 ) represents a
reakthrough: using thermochemical equilibrium models via the 1D radiative convective thermochemical equilibrium model, they
howed that PAHs can form in thermalized atmospheres of hot Jupiters, particularly under certain conditions: equilibrium temperatures
 T eq ) around 1300 K, elevated metallicities, and super-solar carbon-to-oxygen (C/O) ratios (see Fig. 6 for mixing ratio profiles and Fig. 7
or spectral contribution of PAHs in a supersolar C/O atmosphere). The C/O ratio was found to exert the dominant influence. This is quite
ensible given that PAHs tend to form in oxygen-depleted environments. On Earth, they tend to form during incomplete combustion in
art due to the inherent stability of the propargyl (C3 H3 ) radical which recombines to form the first aromatic ring (H. R. Hrodmarsson
t al. 2024 ), while in space, PAH formation can be driven by several groups of reactions to give rise to PAH formation in cold molecular
louds, hydrogen-rich atmospheres of planets and their moons, or carbon-rich Asymptotic Giant Branch (AGB) Stars (R. I. Kaiser & N.
ansen 2021 ). These modelling results exhibit strong concordance with findings from laboratory experiments (S. M. Hörst et al. 2018 ;
. He et al. 2023 ) and molecular dynamics simulations (M. Hanine et al. 2020 ; H. Hirai 2021 ). 
RASTI 5, 1–34 (2026)
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Figure 7. Transmission spectrum for the synthetic planet [ Teq = 1300 K, C/O = 1.2, [Fe/H] = 1.0, and log(g) = 3.0] with key contributors to the 
atmospheric spectrum (taken from D. Dubey et al. 2023 ). 
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It is worth expanding on the likely influence of the stellar UV flux on PAH chemistry, both with respect to photochemistry as
ell as chemistry of fragments formed from photodissociation or photoionization. Today, there are no complete PAH chemical models

hat include temperature and pressure dependent information about PAH formation, destruction, and relaxation because a majority of 
hese data are not available. Multiple reactions have been studied (see e.g. R. I. Kaiser & N. Hansen 2021 and tables 3 and 4 in H. R.
rodmarsson et al. 2025a ). But typically, these are limited to singular temperature and pressure conditions. Extrapolations of measured

roducts and yields to other temperatures and pressures require high level calculations. These are exceedingly difficult in the case of 
AHs considering their size and, axiomatically, the N dimensionality of the potential energy surfaces involved in their formation and
estruction. 

It is also worth mentioning that in PAHs there are complex internal molecular rearrangements after energetic processing that are
nly now beginning to become understood (M. M. Patch et al. 2025 ). 

Understanding whether and where PAHs form is crucial for tracing complex organic chemistry in planetary environments and has
mplications for atmospheric modelling, photochemistry, and even habitability assessments. Also, considering the pivotal role PAHs play
n the formation of soot and dust, they are important to interpret the cloud and haze properties inside a planet’s atmosphere. However,
o robustly identify the presence of PAHs given the difficulties involved, observational confirmation is required. This is something that
urrent and next-generation instruments like Ariel are well-positioned to address. 

.5.2 Strategy for observations 

riel delivers simultaneous spectroscopy from 0.5 to 7.8μm: VISPhot (0.5–0.6μm), FGS-1 (0.6–0.8μm), NIRSpec (1.1–1.95μm), AIRS-0
1.95–3.9 μm), AIRS-1 (3.9–7.8 μm). This continuous, low-resolution ( R ≈ 50–200) coverage captures both the optical haze slope and
he suite of mid-IR PAH bands in a single or multiple visits. Particular attention should be paid to the 3.3, 6.2, and 7.7 μm bands, among
hich the 7.7 μm feature will present the greatest challenge, as it can shift toward longer wavelengths within spectral classes B and C

E. Peeters et al. 2021 ). Given Ariel’s spectral range and resolution, PAH signatures beyond ∼7 μm are likely to remain below detection
hresholds. Moreover, the visible slope accessible to the Ariel photometers, although potentially indicative of PAHs, degenerate with
ther opacity sources such as TiO, VO, and alkali metals. Synergistic observations with JWST , which provides higher spectral resolution
nd broader mid-IR coverage, and with high-resolution ground-based facilities, will be essential to disentangle these effects and confirm
AH detections (Q. Changeat et al. 2025a ). 

Optimal observing modes: Transmission spectroscopy across 0.5–5 μm is crucial: PAH-containing photochemical hazes can
mprint (i) a super-Rayleigh optical slope shortward of 1 μm and (ii) the broad 3.3 μm C-stretch. In practice, PAH opacities are typically
epresented using empirical ‘astro-PAH’ absorption cross-sections derived from A. Li & B. Draine ( 2001 ) and B. T. Draine & A. Li ( 2007 ),
hich capture the bulk optical behaviour of PAH populations observed in astrophysical environments (e.g. B. Ercolano et al. 2022 ).
his treatment effectively describes the opacity of carbonaceous haze particles that may form from PAHs and related complex organics,
nalogous to the haze layers inferred in Titan’s atmosphere. Ariel’s AIRS-0 resolving power ( R ≈ 100) is sufficient for these diffuse
ands. Also, the intensity ratio of the 3.3 μm PAH band to the 3.4 μm aliphatic C-band feature can provide constraints on the chemical
tructures of the carriers and further hints about how H-rich the atmosphere is. 

Emission spectra are decisive for hot ( T eq ≥ 1300 K) targets where the 6.2–8 μm C-C features lie in AIRS-1; thermal contrast
oosts the PAH signal and circumvents clouds that mute cooler atmospheres. At wavelengths longer than ∼ 5 μm, several PAH bands
all within the spectral coverage of JWST/MIRI and Ariel’s AIRS-1 instrument. However, most exoplanet time-series observations with
ASTI 5, 1–34 (2026)
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WST use the MIRI low-resolution mode ( R ≈ 40–160), where the noise floor is comparatively high, making robust identification of these
eatures challenging. Ariel will probe a similar wavelength range with AIRS-1 but at lower spectral resolution ( R ≈ 30–50), which may
omplicate the separation of PAH features from other hydrocarbons. Nevertheless, repeated observations of large planet samples with
riel may help improve signal-to-noise and break degeneracies through population-level constraints. Overall, the detectability of PAHs

n exoplanet atmospheres can be guided by the parameter-space investigation of R. Arenales-Lope et al. ( 2025 ), which explores a range
f PAH abundances (mass fractions of 10−5 , 10−6 , and 10−7 ) using JWST observations of the 3.3 μm band and the optical slope. This
tudy therefore provides a useful framework for evaluating the prospects of detecting PAH signatures with future Ariel observations. 

Phase curves (Tier-3 cadence) on a handful of bright, short-period giants can reveal longitudinal PAH inhomogeneities and test
hotochemical pathways; optional but valuable. 

Target selection criteria: Detection limits (mass fraction of PAHs ≈ 10−7 ) are most favourable in hot Jupiter atmospheres under
he following conditions. This value corresponds to the lowest PAH abundance explored in recent detectability simulations by R.
renales-Lope et al. ( 2025 ) (where they explore PAH detectability for three different mass fractions, 10−5 , 10−6 , and 10−7 ), which were

dopted to bracket plausible atmospheric scenarios motivated by PAH abundances inferred in the interstellar medium (A. G. G. M.
ielens 2008 ). 

(i) Equilibrium temperature 1100–1300 K: this is the sweet spot where thermally produced PAHs peak, while water still provides a
elatively clean continuum. 

(ii) High C/O ratio ( ≥ 0 . 8 ) and supersolar metallicity: although current C/O constraints remain model-dependent, early JWST spectra
re already narrowing the allowed range. 

(iii) Steep optical slopes in HST / JWST spectra: these indicate the presence of photochemical hazes that may contain PAHs. 
(iv) Cooler CH4 -rich giants ( Teq < 900 K) may also host PAHs. However, thermochemical models are pessimistic, and cloud opacity
ay bury their signatures. In such cases, simultaneous high-resolution ground-based spectroscopy would be required. Ariel should

herefore prioritize the 1000–1300 K temperature window. 

However, it is important to note that current thermochemical models remain incomplete with respect to PAH formation pathways.
n particular, they often rely mainly on the hydrogen-abstraction/acetylene-addition (HACA) mechanism, which tends to underpredict
AH abundances at lower temperatures. Additional radical recombination processes, which become more efficient at cooler temper-
tures or in the presence of strong radiation fields, are not yet fully incorporated (see R. I. Kaiser & N. Hansen 2021 for a detailed
eview). 

As a concrete example, WASP-6 b could be a good start with eclipse and transit observations. It has two critical parameters that
re necessary for PAH observations: (i) T eq = 1184 ± 16 (J. Tregloan-Reed et al. 2015 ) and (ii) optical slope. The simulations show that
AHs are detectable down to 10−3 × ISM abundance with one JWST transit (F. Grübel et al. 2025 ). It also is on the MCS. New discoveries
f TESS that meet the same criteria can enter Tier 1 reconnaissance and be upgraded as JWST refines their C/O ratios. 

.6 Evolution of exoplanet atmospheres beyond the main sequence 

.6.1 Context 

he large population of planets around main-sequence stars is already providing key insights about the planet formation process and
ow planetary systems are built to finally reach their present architecture. By contrast, very little is known about the evolution of these
ystems once the star ages towards the Red Giant Branch (RGB). Indeed, the life and properties of a planet and its atmosphere are closely
inked to the life and properties of its host star (e.g. A. Louca & Y. Miguel 2025 , Section 2.10 ). The relatively recent detection of transiting
xtrasolar planets beyond the main sequence (e.g. J. Lillo-Box et al. 2014 ; S. K. Grunblatt et al. 2024 ) thus represents an opportunity to
tudy the coupling between stellar and planetary evolution (S. K. Grunblatt et al. 2023 ). Among the more than 5000 planets identified
round other stars, only 200 have been detected around evolved stars ascending RGB. And this relatively small population is dominated
y long-period planets (detected by radial velocity) orbiting beyond 0.5 AU, with a paucity of planets in the close-in regions, pointing to
he engulfment of close-in planets once the star evolves off the main sequence. However, a small population of ∼20 daring transiting
xoplanets stands up to their giant parents and has been able to elude their fate. This population started with the detection of Kepler-91
 (J. Lillo-Box et al. 2014 ). The door is then open to study the evolution of planetary systems as their host star ages to understand our
wn future. The launch of Ariel is a key opportunity to perform this study in a systematic way, exploring the atmospheres of planets
round stars at different evolutionary stages. 

.6.2 Strategy for observations 

e propose to observe the panchromatic (vis-nir) transmission spectrum (low- and medium resolution) of five close-in planets around
volved stars at different evolutionary stages: from the sub-giant to the RGB phases. Since this niche has never been explored before, the
oal is to investigate the species in the atmospheres of close-in planets around evolved stars and compare their abundances and interior
tructures (P-T profiles) with their counterparts in the main-sequence phase. 
RASTI 5, 1–34 (2026)
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Atmospheric composition is a powerful proxy of the formation and migration history of planetary systems (e.g. L. Welbanks & N.
adhusudhan 2019 , Section 2.1 ). Differences in the chemical abundances (Na, K, H2 O) between planets around evolved stars and their
ain-sequence counterparts can reveal how evolution affects the properties of planetary atmospheres (e.g. T. Kozakis & L. Kaltenegger

020 ; S. K. Grunblatt et al. 2023 ). Additionally, atmospheric profiles change critically with stellar insolation (Y. Miguel & L. Kaltenegger
014 ; C. Baxter et al. 2020 ) so we should also see a transition in the P-T profiles of these planets. The strengths of these features also
est theories of planet inflation and atmospheric mixing (T. D. Komacek & D. S. Abbot 2019 ; C. Baxter et al. 2020 ). According to the
urrent population of known planets around evolved stars, the following planets would be very good targets for this study (in increasing
volutionary stage): TOI-4329 b, HD 1397 b, TOI-2337 b, TOI-2669 b, and Kepler-91 b (see Fig. 5 ). They are already included in the list
f potential Ariel targets defined in B. Edwards & G. Tinetti ( 2022 ). 

.7 How does UV radiation from stellar flares affect the chemical composition of exoplanet atmospheres? 

.7.1 Context 

he impact of stellar flares on exoplanets remains poorly understood. These energetic events are especially frequent in active stars, with
-type stars among the most active. Yet with no rigorous observations to back up theoretical studies, the influence of such high activity

evels on planetary atmospheres is still unclear. One of the most anticipated effects is on atmospheric chemistry, particularly through
V-driven photochemistry, and on changes in the temperature profile, as suggested by several theoretical studies for small and large
lanets (A. Segura et al. 2010 ; O. Venot et al. 2016 ; H. Chen et al. 2021 ; T. Konings et al. 2022 ; A. J. Louca et al. 2023a ; H. Nicholls et al.
023 ; R. J. Ridgway et al. 2023 ). In these studies, the flare spectra are not based on solar flares but on observations or reconstructions
f flares from active stars, particularly M dwarfs (K. France et al. 2016 ; R. O. P. Loyd et al. 2018 ). Although stellar flares typically last
nly a few hours, the resulting photochemical perturbations after the flare, and the cumulative effect of continuous small flares, can
ersist longer and may lead to a modified chemical steady state of the observable region of the atmosphere. While UV radiation is
he primary driver of flare-induced photochemistry, X-ray ionization during flaring events can further enhance chemical complexity
y producing secondary electrons that dissociate stable molecules and enable otherwise inaccessible ion-molecule reaction pathways.
owever, given the incomplete observational and theoretical constraints on X-ray-driven processes, their quantitative impact remains
ncertain. In particular, it has been shown that the steady-state abundances of species susceptible to photodissociation differ under the
dditional intense UV irradiation contribution from flare activity. Importantly, even species not directly sensitive to UV radiation can
e affected due to the cascade of the chemical reactions triggered by flaring events, and the sudden availability of additional reactive
pecies. Modelling studies have shown that it should be possible to observe the cumulative effects of flare-driven chemical changes
sing JWST -NIRSpec for warm Jupiter atmospheres (H. Nicholls et al. 2023 ). 

Besides the direct effect of a higher UV radiation on photochemically active species, flares may also influence atmospheric escape
rocesses, particularly during strong or repeated events that will also affect the chemistry in longer time-scales (A. J. Louca et al. 2023a ).
urthermore, E. K. Pass et al. ( 2025 ) have framed the potential for flares to enhance cumulative photoevaporative losses in the context
f the cosmic shoreline (K. J. Zahnle & D. C. Catling 2017 ). The cosmic shoreline demarcates the boundary between airless planets and
hose that possess an atmosphere, providing critical guidance for telescope surveys such as JWST DDT program on Rocky Worlds. 1 

.7.2 Strategy for observations 

irectly observing the effects of stellar flares on exoplanet atmospheres is a complex challenge and requires repeated observations
f the same system to capture atmospheric variability associated with stellar activity. One potential strategy is to carry out repeated
ransmission spectroscopy of exoplanets orbiting active stars, aiming to detect atmospheric variability over time. Ideally, this would
nvolve obtaining measurements of a planet during three successive phases: (1) when the star is quiet, to establish a baseline scenario;
2) shortly after a flare or during a period of sustained flare activity, to measure photochemical or thermal responses; and (3) through
ollow-up observations during a quiescent period, to assess whether the atmosphere returns to its pre-flare state. Implementing a strategy
o capture flares in real-time would require a rapid alert system and the flexibility for Ariel to interrupt its planned schedule-capabilities
hat may not currently exist. However, since modelling studies have established that successive flares can cumulatively perturb steady-
tate compositions, comparisons between quiet- and active-periods are both theoretically and observationally justified. 

Furthermore, the atmospheric response to a flare may not be immediate. Chemical and thermal disequilibrium can develop over
ours to days, and in some cases, the atmosphere may settle into a new steady state rather than reverting to the original one (e.g. T.
onings et al. 2022 ; A. J. Louca et al. 2023a ). As such, Ariel is best suited for post-flare monitoring, capturing long-term photochemical
ffects through its multi-epoch survey strategy. 

Recent modelling studies support the observability of such effects: for instance, a moderate flare ( ∼ 2 × 1033 erg) can alter
ransmission spectra by 100–300 ppm in CH4 and NH3 bands, and by up to 350 ppm in C2 H2 near 14 μm (T. Konings et al. 2022 ).
hese variations are within Ariel’s detection capabilities, especially for planets with deep transits and repeated visits. 
ASTI 5, 1–34 (2026)
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We therefore recommend that Ariel prioritize a small number of targets orbiting flare-active M dwarfs, such as: AU Mic b (short-
eriod planet around a very active M1 dwarf with frequent UV superflares; ideal for cumulative flare effects and escape processes), GJ
214 b (warm sub-Neptune orbiting an M4 star with known UV activity; a strong candidate for observing CH4 and NH3 photochemical
volution, although clouds and hazes may mute spectral features in transmission spectra), TOI-1452 b (a transiting super-Earth around
n M4 star with confirmed optical flares detected by TESS ; suitable for testing high-energy irradiation models). 

Long-term monitoring of such systems may allow Ariel to constrain the role of flares in atmospheric evolution, explore time-
ependent photochemistry, and test predictions on the resilience or instability of planetary atmospheres under variable stellar activity.
his approach is complementary to Ariel’s primary goals and will enhance our understanding of the habitability and chemical diversity
f planets around low-mass stars. 

.8 Observing the signature of energetic particle-driven photochemistry in exoplanet atmospheres 

.8.1 Context 

bservations of SO2 detected with JWST (e.g. S.-M. Tsai et al. 2023b ; A. Dyrek et al. 2024 ) demonstrate that photochemistry plays an
mportant role in exoplanet atmospheres (see Section 2.2 ). In addition to high-energy stellar radiation, energetic particles likely drive
hemistry in exoplanet atmospheres. Energetic particles are relativistic particles accelerated by the exoplanet’s host star (known as
tellar energetic particles), via flares and coronal mass ejections, and cosmic rays from the Galaxy. Energetic particles are important for
xoplanets because, for instance, chemical models have shown that energetic particles can drive the formation of prebiotic molecules
n Earth-like (V. S. Airapetian et al. 2016 ) and Jupiter-like atmospheres (P. Barth et al. 2021 ; D. Rodgers-Lee et al. 2023 ). Investigating
rebiotic molecule formation is important for our understanding of the origin of life -as-we -know-it on Earth and the potential for it to
evelop on other exoplanets. 

While it seems unlikely for life to develop on gas giant atmospheres, we can use them to learn about atmospheric chemistry (P.
. Rimmer 2023 ). Energetic particles are by no means the only mechanism by which prebiotic molecules can be formed; UV radiation
ould also lead to the formation of some prebiotic molecules (C. E. Harman et al. 2013 ; N. J. Green et al. 2021 ). While the air showers
rom high-energy cosmic rays ( > GeV energies) penetrate deep in the atmosphere, lower energy cosmic rays will lose their energy higher
n the atmosphere. The same is also true for stellar energetic particles since their spectra peak at low energies. In order to isolate the
ignature of low-energy ( < GeV energies) energetic particles in hydrogen-dominated gas giant atmospheres, chemical signatures that are
hought to be most likely caused by energetic particles have been identified using chemical models as H 

+ 

3 and its products with abundant
ackground molecules such as water, leading to H 3 O 

+ and NH 3 , leading to NH 

+ 

4 (C. Helling & P. B. Rimmer 2019 ; P. Barth et al. 2021 ).
hese molecules have absorption features in the near-infrared. Ariel, operating in the infrared, is an excellent instrument to search

or energetic particle chemistry on exoplanets because Ariel will observe a large number of exoplanets and will provide constraints to
tellar properties that are needed to robustly connect planet–star interactions required for energetic particle chemistry. While X-rays
ay drive similar chemistry, this chemistry should dominate higher in the atmosphere where the effects are less likely to be observed.
-ray photochemistry is included in P. Barth et al. ( 2021 ) but stellar energetic particles are still identified as the main drivers of H 

+ 

3 ,
 3 O 

+ , and NH 

+ 

4 formation. 

.8.2 Strategy for observations 

llustrative synthetic Ariel transmission spectra presented by J. Bourgalais et al. ( 2020 ), based on laboratory evidence for ion production
ogether with representative atmospheric ion abundances inspired by ion-chemistry models, indicate that the broad absorption feature
t 2.8 μm due to H 3 O 

+ would be detectable if present at these abundance levels (Fig. 8 ). While these simulations are not intended as self-
onsistent models of a specific planet such as GJ 1214b, they demonstrate Ariel’s sensitivity to ionospheric tracers and motivate further
odelling of energetic particle chemistry in exoplanet atmospheres. The ion H 3 O 

+ provides a probe of the physics and chemistry of 
xoplanet ionospheres by tracing both the energetic particle ionization rate and the water content in the upper atmosphere. If two of 
he following are known – (a) water vapour concentration, (b) H 3 O 

+ concentration, or (c) cosmic ray ionization rate – then the third
an be inferred. Thus, if H 2 O and H 3 O 

+ concentrations are measured, the cosmic ray ionization rate can be predicted; conversely, if 
he ionization rate is constrained from stellar magnetic maps and wind models, H 3 O 

+ observations allow the water content of the
onosphere to be determined, providing a measure of the above-cloud C/O ratio in giant exoplanets. 

While H 

+ 

3 has been detected in the mid-infrared on Jupiter (T. Stallard et al. 2001 ), Saturn (T. R. Geballe et al. 1993 ), and Neptune
L. M. Trafton et al. 1993 ), it has not been detected on hot Jupiters thus far. J. Bourgalais et al. ( 2020 ) indicate that warm Neptune
tmospheres may be more favourable to observe H 

+ 

3 , rather than hot Jupiters but that H 

+ 

3 still shows much weaker features than H 3 O 

+ 

hat would be largely masked by clouds. They suggest that higher H 

+ 

3 abundances than they assumed would be needed, or a larger
umber of orbits than is needed for H 3 O 

+ , to detect H 

+ 

3 with Ariel. 
The most favourable targets are warm exoplanets ( T eq < 1200 K). Short-period planets orbiting young or active stars enable studies

f stellar energetic particles, while long-period planets are sensitive to Galactic cosmic rays (possibly with emission spectroscopy).
romising targets also include systems where the stellar large-scale magnetic field strength is known and stellar wind models are
vailable, since these constrain energetic particle transport. The resulting ionization rate is a key input for models of particle-driven
RASTI 5, 1–34 (2026)
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hemistry. From the MCS, the best exoplanet targets meeting these criteria ( T eq < 1200 K, magnetic maps, and stellar wind models)
re HN Peg b, GJ 436 b, AU Mic b, HD 130 322 b, HD 63 433 b, c, and HD 189 733 b. Further chemical modelling, including synthetic
riel spectra of these planets, will be performed and would be valuable to determine how many orbits are required to observe energetic
article-driven photochemistry. 

.9 Get to know the Giant planets around M dwarfs 

.9.1 Context 

tudying giant planets around M stars with Ariel offers a unique and compelling science case. In the classical core accretion scenario,
iant planet formation requires substantial amounts of gas and solids in the protoplanetary disc. Since disc mass is generally thought to
cale with stellar mass, it has long been assumed that giant planets are unlikely to form around low-mass stars like M dwarfs (Y. Miguel
t al. 2020 ). However, recent discoveries from TESS and other surveys have revealed a growing population of giant planets orbiting
 stars (E. M. Bryant et al. 2024 ), with preliminary estimates of planetary occurrence rate of 0.194 ±0.072 (E. M. Bryant et al. 2023 ).
dditionally, most stars found to host giant planets are metal-rich (T. Gan et al. 2025 ). Verifying whether the planets themselves are

imilarly enriched in metals would help test and refine the core accretion theory as the dominant formation pathway for these worlds.
lose-in giant planets around M dwarfs are also preferentially found in S-type binary systems with widely-separated stellar companions

Y. G. C. Frensch et al. 2026 ), which points towards post-disc, Lidov-Kozai migration as potentially the dominant mechanism of close-in
as giant formation around M dwarfs (D. Weisserman et al. 2025 ). Disc-driven versus post-disc driven migration pathways are thought
o produce differing chemical compositions in the atmospheres of these planets (e.g. P. Mollière et al. 2020 ; A. D. Feinstein et al. 2025 ),
hich will be traced with Ariel. Taken together, these findings not only challenge current models of planet formation but also offer an

mportant opportunity to deepen our understanding of the processes involved (T. Gan et al. 2023 ; G. Stefánsson et al. 2023 ). 
M stars are often active, producing frequent flares and intense stellar radiation. Repeated observations of giant planets around

hese stars can provide additional key insights into how stellar activity affects planetary atmospheres (see Section 2.7 ). On top of that,
he relatively large size of giant planets compared to their small host stars makes them ideal for transit spectroscopy, maximizing the
tmospheric signal Ariel can detect. Altogether, these factors make giant planets around M stars excellent targets for the mission. 

.9.2 Strategy for observations 

he main deliverable to be obtained from the observations are the atmospheric abundances. In particular, the metallicity in their
tmospheres would inform on potential deviations from the stellar metallicity and would also help to determine the planet formation
nvironment where the planets were born. Given the relative difference between these large planets and their small host stars, transit
pectroscopy is the most recommended observational technique. 

Several of these planets are scheduled to be observed with JWST , and for those, repeated observations with Ariel would help to
etermine potential changes in their atmospheric chemistry due to the fact that they orbit potentially active stars. These planets are:
OI-3984 b, TOI-3757 b, HATS-6 b, HATS-75 b, TOI-5293 b, TOI-3714 b, TOI-5205 b (S. Kanodia et al. 2024 ). Among these, HATS-6 b
nd TOI-3714 b are also included in the MCS, offering a unique opportunity to conduct this comparative exercise between JWST and
riel, and to investigate potential temporal variations in their atmospheric chemistry. 

Other planets have been detected with TESS and have no atmospheric detections to date. Here is a list of additional 26 giant planets
ith mass determination in addition to the transit detections with TESS (S. Kanodia et al. 2024 ; T. Gan et al. 2025 ): GJ 1148 b, GJ 1148

, GJ 179 b, GJ 3512 b, GJ 649 b, GJ 849 b, GJ 849 c, GJ 876 b, GJ 876 c, HIP 79 431 b, Kepler-45 b, NGTS-1 b, TOI-1899 b, TOI-3629
, TOI-3714 b, TOI-3757 b, TOI-4201 b, TOI-519 b, TOI-5205 b, TOI-530 b, K2-419 A b, TOI-6034 b. Most of these planets are already
ncluded in the MCS, representing a valuable sample for future atmospheric characterization and enabling Ariel to significantly expand
ts statistical coverage of TESS -discovered temperate and warm gas giants. 

.10 Probing giant planet formation through atmospheric characterization in young systems 

.10.1 Context 

o date, most atmospheric characterizations have focused on mature exoplanets orbiting main-sequence stars (e.g. D. K. Sing et al. 2016 ;
. Welbanks et al. 2019 ; M. Mansfield et al. 2021 ). However, these planets have undergone billions of years of atmospheric evolution,

ncluding hydrodynamic escape, chemical processing, and potential modification by stellar activity. Consequently, it remains unclear to
hat extent the observed compositions reflect their formation environments versus subsequent atmospheric reshaping (e.g. J. J. Fortney

t al. 2013 ; A. J. Louca et al. 2023b ). Interpreting formation pathways from such atmospheres is therefore highly degenerate and strongly
odel-dependent. 

In contrast, giant planets in very young systems (ages < 100 Myr) offer a rare chance to observe atmospheres that are still close
o their primordial state. These ‘adolescent’ planets have not yet experienced the full effects of long-term atmospheric loss and stellar
ASTI 5, 1–34 (2026)



Probing exoplanetary chemistry with Ariel 19

i  

s  

t

2

T  

t
C  

p
 

t  

c
 

m  

t
t  

t  

a

2

2

O  

a  

r  

h  

s  

a  

2
 

o  

s
c  

d  

p  

p  

o  

a  

(  

e
 

t  

o  

a  

t  

f  

l  

s  

a  

m  

t  

t

D
ow

nloaded from
 academ

ic.oup.com
/rasti/article/doi/10.1093/rasti/rzag053/8765672 by guest on 10 O

ctober 2026
rradiation, making them excellent probes of initial bulk composition and formation conditions. By comparing the chemical fingerprints,
uch as metallicities and elemental ratios of young and evolved giants, we can begin to trace how planetary atmospheres change over
ime and disentangle formation signatures from evolutionary effects. 

.10.2 Strategy for observations 

he Ariel mission, with its broad wavelength coverage and high sensitivity to key molecular features, is uniquely positioned to lead
his investigation. Since these planets would be less affected by evolution, the C/O ratio derived from the Ariel transit measurements of 
O , CH 4 , and H 2 O is our best chance to learn about the formation location of young transiting planets with respect to the primordial
rotoplanetary disc ice lines. 

Furthermore, Ariel’s ability to observe a statistically significant sample of exoplanet atmospheres, including a subset of young,
ransiting gas giants, will enable systematic studies of atmospheric composition across different evolutionary stages. This will provide
ritical insights into the physical processes driving planet formation, atmospheric retention, and chemical evolution. 

As shown in Fig. 9 , there are close to 40 planets currently on the MCS with an estimated age of < 200 Myr. Among them, we can
ention two interesting systems as examples. First, TOI-942 b, which is about 50 Myr old. Secondly, the planets of the TOI-2076 system,

o be observed by JWST in the KRONOS program (PI: Feinstein). Repeated observations would be important to test the evolution of 
heir atmospheres over time, especially since these young planets orbit active stars (Section 2.7 ). Except for TOI-2076 b, the planets from
his program are currently included in the MCS, making this system a particularly good example of a synergistic study between Ariel
nd JWST . 

.11 Tracing planet formation via atmospheric composition 

.11.1 Context 

ne of the central goals of the Ariel mission is to understand how planets form and evolve by analysing the composition of their
tmospheres. Giant planets, in particular, provide a powerful window into formation processes, as their extended atmospheres may
etain signatures of their accretion histories and migration pathways (K. I. Öberg et al. 2011 ; D. Turrini et al. 2021 ). However, as
ighlighted in Section 2.10 and throughout this paper (Sections 2.6 –2.8 ), linking atmospheric composition directly to formation
cenarios remains challenging due to the complex interplay of disc chemistry, accretion, migration, planetary and stellar evolution,
nd interior-atmosphere coupling (O. Venot et al. 2016 ; H. Chen et al. 2021 ; T. Konings et al. 2022 ; Y. Miguel et al. 2022 ; P. Mollière et al.
022 ; H. Nicholls et al. 2023 ; A. J. Louca et al. 2023a , b ; A. Louca & Y. Miguel 2025 ). 

In collaboration with the Ariel Planet Formation Working Group, we explored how different formation histories translate into
bservable atmospheric signatures, adopting the simplifying assumption of fully mixed interiors and no subsequent evolution. The
tudy simulated the formation, migration, and subsequent chemistry in the atmosphere of 48 giant planets under a wide range of 
onditions. While the full study is presented in another accompanying publication in this special edition (Y. Miguel et al. 2026 ), we
iscuss here our main results to show the implications for Ariel. We used two potential outcomes for the envelope enrichment in these
lanets: solid-enriched planets are those in which the atmospheric metallicity is primarily determined by the dissolution of accreted
lanetesimals into the envelope, while gas-dominated planets acquire most of their atmospheric composition from the chemical makeup
f the gas accreted from the protoplanetary disc, resulting in systematically different elemental ratios and molecular abundances in their
tmospheres. In addition to these differences, we also considered, varying disc compositions (inherited versus reset), ionization levels
high and low), and formation distances (5, 50, and 130 AU) (D. Turrini et al. 2021 ; E. Pacetti et al. 2022 ), with subsequent migration to
ither 0.1 or 0.4 AU. Atmospheric spectra were modelled to evaluate their potential observability with Ariel. 

The results show that variations in the primordial disc chemistry or ionization state produce only very small differences in the
ransmission spectra, making these scenarios difficult to distinguish observationally since the differences are smaller than the error bars
f Ariel (or even JWST ) measurements. Instead, the dominant observable differences arise from the mechanism of envelope enrichment
nd from the planet’s final orbital location, which controls atmospheric temperature and chemistry. For example, for planets migrating
o 0.1 AU ( ∼900 K), differences in formation location can produce detectable CO2 features near 4.3 μm when planets form farther
rom the star at 130 AU. In contrast, cooler planets that migrate to 0.4 AU ( ∼450 K) show spectra dominated by CH4 and NH3 features,
argely erasing the CO2 formation tracer even if they originally formed at 130 AU. The enrichment mechanism, however, leaves stronger
pectral signatures: solid-enriched atmospheres display enhanced H2 O and NH3 absorption bands, whereas gas-dominated atmospheres
re characterized by stronger CH4 features. These differences lead to spectral variations of order ∼100–300 ppm in transit depth across
ajor molecular bands, making them potentially distinguishable with current facilities such as JWST and, in some cases, with Ariel

hrough repeated observations. Ariel, with its broad wavelength coverage and sensitivity to key molecular species, is ideally positioned
o test this prediction across a statistically significant sample of transiting giant planets. 
RASTI 5, 1–34 (2026)
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Figure 8. Illustrative simulated transmission spectra of a GJ 1214b-like atmosphere assuming representative H 3 O 

+ abundances adopted by J. Bourgalais 
et al. ( 2020 ). The simulations are intended to demonstrate the detectability of ionospheric tracers with Ariel and JWST rather than to provide a self- 
consistent atmospheric model for GJ 1214b. 
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.11.2 Strategy for observations 

iven these insights, Ariel is ideally positioned to test formation models by targeting transiting giant planets whose atmospheres may
till preserve the fingerprints of their accretion histories, which, as detailed in Section 2.10 , are more likely to be observed in young and
dolescent planets. The mission’s broad wavelength coverage and sensitivity to key molecular features such as H 2 O , NH 3 , CH 4 , and CO 2 

ake it possible to distinguish between solid-enriched and gas-dominated scenarios, especially in hot planets where spectral features
re stronger and atmospheric scale heights are larger. 

A productive observational strategy for Ariel would involve prioritizing Jupiter-sized exoplanets transiting relatively close to their
tars, particularly those with equilibrium temperatures around or above 900 K. These planets offer the strongest contrast between
ormation scenarios, as higher temperatures amplify the spectral differences caused by varying chemical abundances. Cooler planets,
y contrast, tend to be more compact and exhibit muted spectral features, making it harder to discern subtle differences. 

Young gas giants, whose atmospheric compositions are less affected by long-term processes such as hydrodynamic escape or
hemical reprocessing, are especially valuable targets (see Section 2.10 ). Comparing such planets to older counterparts observed with
ASTI 5, 1–34 (2026)
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Figure 9. Stellar age versus planet radius for all planets in the MCS. Planets younger than 200 Myr are highlighted with points. The four planets marked 
with a star represent promising young targets. 
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riel will allow for a systematic investigation of how atmospheric metallicity evolves over time and whether any observed enrichment
an be attributed to formation or to subsequent atmospheric evolution. Particular attention should be given to planets whose bulk
ompositions or masses are already constrained through other methods, as these provide critical anchor points for testing and refining
heoretical models. 

Ultimately, by focusing on planets spanning a range of formation environments and accretion histories, Ariel can deliver a
tatistically meaningful test of how solid accretion shapes the atmospheres of gas giants and, more broadly, advance our understanding
f the fundamental processes that govern planet formation. 

.12 How do hot Neptunes survive in the hot-Neptune desert? 

.12.1 Context 

here is a scarcity of Neptune-sized planets in very short orbits ( � 5 d), a region known as the ‘Neptune desert’ (M. S. Lundkvist et al.
016 ; T. Mazeh et al. 2016 ). Atmospheric loss has been proposed as one of the processes responsible for creating this desert. Nevertheless,
 handful of Neptune-sized planets have been discovered within this region, particularly by TESS (J. S. Jenkins et al. 2020 ; A. Peláez-
orres et al. 2024 ). These rare survivors provide valuable insights into the origin of the Neptune desert. 

Despite its importance, the atmospheric composition of these planets remains largely unconstrained. One ultra-hot Neptune of 
articular interest, LTT 9779 b, shows a muted spectrum consistent with high metallicity and/or high-altitude clouds (M. Radica et al.
024 ). Silicate clouds have been proposed both to explain the suppression of atmospheric loss and the observed high albedo of LTT 9779
 (S. Hoyer et al. 2023 ). The gas-phase absorption of SiO within Ariel’s spectral range could provide an independent confirmation of 
ilicate species. Furthermore, no sulfur species have yet been detected in the limited atmospheric data available for hot Neptunes, even
hough sulfur is considered a promising tracer of metallicity and photochemistry (Section 2.4 ; S.-M. Tsai et al. 2023b ; I. J. M. Crossfield
023 ). Constraining the atmospheric composition of these planets can therefore help test the hypothesis that they share a common
ovian origin. 

Here, we aim to address two key questions: 

(i) What are the distinctive atmospheric features of hot Neptunes in the Neptune desert? 
(ii) How do hot Neptunes evolve from the edge of the Neptune desert (i.e. the Neptune Savanna; A. Castro-González et al. 2024 )

oward its centre, and do they follow the same mass–metallicity relationship as Solar System planets? 

.12.2 Strategy for observations 

riel’s broad spectral range (0.5–7.8 μm) is essential for characterizing key molecular features. In particular, SO 2 (7-8 μm), SiO
4–4.3 μm), and CO 2 (4.2 μm) would be essential for constraining atmospheric metallicity and inferring their evolution paths. Given
RASTI 5, 1–34 (2026)
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hot Neptune
desert

Figure 10. Planetary masses versus orbital periods for exoplanets with mass constraints, taken from NASA archive (NASA 2024.09.17). Stars are 
the proposed targets spanning across the centre to the end of the desert, colour-coded with equilibrium temperature. The dashed line represents the 
boundaries of the Neptunian desert, following T. Mazeh et al. ( 2016 ). 
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hat existing data for LTT 9779 b suggest the presence of clouds, we propose both transmission and emission spectroscopy to probe
ifferent atmospheric regions and mitigate the impact of clouds on transmission spectra. We will focus on a short list of targets across
he Neptune desert and the Neptune savanna – a moderately populated region at orbital periods � 5 d – (A. Castro-González et al. 2024 ),
s shown in Fig. 10 . The planets of interest for this study are TOI-849 b, LTT 9779 b, NGTS-4 b, TOI-132 b, WASP-166 b, and WASP-47
. However, some of these planets (TOI-849 b, NGTS-4 b, and TOI-132 b) cannot be included in the MCS because, although their host
tars can be observed, too many visits would be required to achieve Tier 2 data quality. 

This small survey aims to trace the transition from the edge to the centre of the Neptune desert. 

 S U B - N E P T U N E S ,  SUPER-EARTHS,  AND  ROC KY  P L A N ET S  

n this Section we focus the discussion to the science cases that involve small sub-Neptunes, super-Earths, and rocky planets. 

.1 Uncovering the bulk compositions of sub-Neptunes to test Radius Valley emergence mechanisms across the main 

equence 

.1.1 Context 

round Sun-like stars and M dwarfs alike, the radii of small close-in planets form a bimodal distribution – known as the Radius Valley
separating terrestrial super-Earths from the larger, low-density sub-Neptunes. The bulk compositions of individual sub-Neptunes

annot be gleaned in the absence of atmospheric measurements due to degeneracies with interior structure models when only planet
ass, radius, and temperature measurements are available. Thus, a population-level demographic study with Ariel is needed to shed

ight on sub-Neptune compositions, and consequently on their origins (see also Small Planet WG Report, in preparation). 
The emergence of the Radius Valley has long been attributed to thermally driven atmospheric escape that erodes the primordial

2 /He atmospheres of sub-Neptunes, leaving behind bare rocky cores (e.g. J. E. Owen & Y. Wu 2017 ; A. Gupta & H. E. Schlichting 2019 ).
he observed slope of the Radius Valley in radius-instellation space supports this hypothesis around FGK stars (B. J. Fulton et al. 2017 ;
. Van Eylen et al. 2018 ; C. F. Martinez et al. 2019 ; E. A. Petigura et al. 2022 ), with planets’ gas accretion histories setting the initial
onditions for thermal escape (E. J. Lee et al. 2022 ; J. Nielsen et al. 2025 ). 

However, the slope of the Radius Valley around early M dwarfs is markedly shallower (R. Cloutier & K. Menou 2020 ; E. Gaidos
t al. 2024 ; C. S. K. Ho et al. 2024 ). This behaviour has been interpreted as evidence that planet formation may play a more prominent
ole around low-mass stars than around FGK stars, with atmospheric escape acting as a secondary process (R. Burn et al. 2024 ). In this
cenario, many sub-Neptunes would be water-rich rather than predominantly H2 /He dominated. 

Additional observational evidence that has been interpreted as being consistent with a population of water-rich worlds around
 dwarfs comes from detailed characterization of individual planetary systems (e.g. H. Diamond-Lowe et al. 2022 ; C. Piaulet et al.

023 ), planet population-level studies (e.g. R. Luque & E. Pallé 2022 ; C. Cherubim et al. 2023 ; E. D. Gillis et al. 2026 ), and planet
ormation models that can reproduce the Radius Valley with water-rich formation and migration (J. Venturini et al. 2020 ; R. Burn et al.
021 , 2024 ; J. Venturini et al. 2024 ). We note that the effects of atmospheric escape are included in these models, but atmospheric
scape is less impactful on the population of steam-dominated water worlds compared to H2 /He-dominated sub-Neptunes. Taken
ogether, these studies motivate the hypothesis that close-in sub-Neptunes around FGK stars may preferentially retain H2 /He envelopes,
hereas a larger fraction of sub-Neptunes around M dwarfs may instead be water-rich worlds with predominantly steam-dominated
ASTI 5, 1–34 (2026)
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Figure 11. Left : A simulated Ariel Tier 2 transmission spectrum from two transit observations of a GJ 1214 b-size planet, but with a clear, H2 /He- 
dominated atmosphere. Right : the average detectability map of our target sample as a function of fractional water abundance XH2O and cloud-deck 
pressure Pcloud . The orange region ( �BIC < −20 ) highlights where we expect to distinguish spectral signatures in transmission from a flat line with two 
transits. 
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tmospheres. Ariel is uniquely positioned to test this hypothesis. Nevertheless, we note that sub-Neptunes could also retain hydrogen-
ich atmospheres, as suggested by several recent studies (e.g. J. E. Owen & Y. Wu 2017 ; B. Benneke et al. 2019 ; J. L. Bean et al. 2021 ;
. G. Rogers 2025 ), which highlights the importance of distinguishing between H2 -dominated gas dwarfs and steam-dominated water
orlds. In addition, recent modelling of rocky super-Earths shows that photochemistry is required to explain the JWST inference of SO2 

n otherwise hydrogen-dominated atmospheres (H. Nicholls et al. 2025 ). Since similar pathways have been invoked for WASP-39 b, this
rovides an additional motivation for Ariel to test photochemical effects in warm super-Earths and sub-Neptunes. 

Ariel could test these scenarios by targeting a suite of sub-Neptunes around a variety of host star spectral types to distinguish high
ersus low mean molecular weight (MMW) atmospheres. Uncovering the fraction of sub-Neptunes whose atmospheres are H2 /He-
ominated versus steam-dominated across the main sequence has the potential to drastically improve our understanding of how super-
arths and sub-Neptunes form across the main sequence. 

.1.2 Strategy for observations 

e propose a program with Ariel to obtain Tier 2-level transmission spectra of a statistically significant sample of sub-Neptunes orbiting
 variety of host star spectral types (i.e. from mid-M to G dwarfs) to distinguish H2 /He-dominated atmospheres from heavy volatile-
ich atmospheres. Regarding target selection, we begin by querying the NASA Exoplanet Archive for planets with Rp ∈ [1 . 8 , 2 . 8] R⊕ or
 1 . 8 R⊕ with mass and radius measurements that reveal a lower bulk density than a purely rocky body at the planet’s mass. Our upper

ize limit of 2 . 8 R⊕ is informed by interior structure models of planets with a 50 per cent water mass fraction over a range of equilibrium
emperatures Teq in [400–1000] K (A. Aguichine et al. 2021 ). We expect that sub-Neptunes smaller than 2 . 8 R⊕ can plausibly be explained
y a thick water layer, whereas above 2 . 8 R⊕, a H2 /He envelope is needed to explain the planet’s mass and radius. We also limit our targets
o those with Teq < 900 K to avoid targets that are largely susceptible to efficient thermally driven atmospheric escape. 

The success of our program rests on our ability to distinguish high MMW atmospheres from flat transmission spectra that are
ontaminated by clouds. We simulate Tier 2 Ariel transmission spectra from two transit observations using a bespoke and host star-
ependent adaptation of the Ariel noise model presented in L. V. Mugnai et al. ( 2020 ) (Fig. 11 , left panel). We note that we adopt two
ransits per target based on lessons learned from JWST spectroscopy of small planets, which can produce spurious results and inaccurate
nferences on atmospheric compositions (E. M. May et al. 2023 ). For each planet, we compute the detectability map of spectral features
s a function of fractional water abundance XH2O and cloud-deck pressure by comparing forward models of atmospheric transmission
R. J. MacDonald 2023a ) with a null model (i.e. a flat line). The average detectability map for our final sample is shown in the right
anel of Fig. 11 . We restrict our target list to planets for which we expect sufficient sensitivity with Ariel to detect spectral signatures, at

east when assuming a clear atmosphere with low MMW. Our final target list contains 59 sub-Neptunes, of which 50 are currently in the
CS. The remaining are not included because, although their host stars can be observed, too many visits would be required to achieve

ier 2 data quality. These targets (Fig. 12 ) orbit a range of host spectral types with masses M� ∈ [0 . 18 , 1 . 10]M� (median M� = 0 . 65M�)
nd span a range of equilibrium temperatures Teq ∈ [225 , 870] K (median Teq = 600 K). We emphasize that the detectability estimates
resented here assume approximately solar atmospheric composition and cloud-free conditions. For planets with higher metallicities
r strong cloud opacity (e.g. GJ 1214 b; E. M. R. Kempton et al. 2023 ), the number of transits required to reach Tier 2 precision may be
ignificantly higher. Precisely, our targets are, including those not in the MCS in parenthesis: GJ 1214 b, GJ 3090 b, (HD 219 134 c), HD
60 655 c, TOI-1064 c, GJ 9827 d, TOI-178 d, HD 110 067 c, TOI-2134 b, TOI-2443 b, HD 207 496 b, AU Mic c, HD 110 067 f, TOI-270 c,
D 73 583 b, TOI-4438 b, (HD 136 352 d), HD 110 067 b, TOI-1266 b, HD 97 658 b, TOI-2128 b, TOI-836 c, TOI-270 d, TOI-1453 c, G 9-40

, HD 235 088 b, TOI-1201 b, (HD 110 067 g), (HD 110 067 e), LTT 3780 c, (Kepler-37 d), TOI-836 b, HD 15 337 c, TOI-663 b, HD 63 433 c,
RASTI 5, 1–34 (2026)
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Figure 12. The planetary radii, orbital periods, and host stellar masses of our proposed sub-Neptune target list. The spectral types of our full sample 
span from mid-M to mid-G dwarfs, as is necessary for our experimental design. Members of multiplanet systems are connected by vertical lines and 
planets in and not in the MCS are depicted by the circle and triangle markers, respectively. 
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OI-663 c, TOI-1266 c, TOI-2018 b, TOI-244 b, LHS 1140 b, TOI-2136 b, TOI-1184 b, TOI-260 b, TOI-269 b, TOI-2120 b, TOI-178 e, HD
3 472 c, (HD 73 583 c), TOI-776 b, TOI-1801 b, TOI-1470 b, (GJ 143 b), Wolf 503 b, K2-3 b, (HD 207 897 b), (HD 21 520 b), HIP 116 454
, TOI-1260 b, and TOI-776 c. 

A robust detection of spectral features is critical to the success of our program such that future target selection activities may attempt
o avoid regions of the planetary parameter space where cloud/haze formation is expected to be efficient (e.g. J. Brande et al. 2024 ). Still
he non-detections results from cloudy atmospheres will also help us characterize the sub-Neptune population properties. From the
urrent target list, we expect to be able to robustly distinguish between cloudy and high MMW ‘steam’ atmospheres (i.e. XH2O ∼ 30 per
ent; C. Piaulet-Ghorayeb et al. 2024 ) for approximately 37 targets. 

.2 Disentangling clouds, hazes, and metallicity to reveal atmospheric properties in sub-Neptunes 

.2.1 Context 

tmospheric aerosols, including condensate clouds and photochemical hazes, profoundly shape the transmission spectra of sub-
eptune exoplanets. Observations with JWST have revealed a striking diversity of spectral behaviour among planets with otherwise

imilar physical parameters: some mini-Neptunes show muted or flat spectra indicative of high-altitude opacity (e.g. P. Gao et al. 2023 ;
. M. R. Kempton et al. 2023 ; E. Schlawin et al. 2024 ), while others exhibit clear molecular features with limited aerosol effects (e.g.
. Madhusudhan et al. 2023 ; A. Y. Jaziri & T. Drant 2025 ). A broader, apparently continuous range of spectral morphologies among
arm sub-Neptunes (e.g. T. G. Beatty et al. 2024 ; B. Benneke et al. 2024 ; P.-A. Roy et al. 2025 ) suggests that aerosol prevalence is not a

imple function of planetary size or equilibrium temperature, and that a clearer understanding of aerosol processes is needed to interpret
opulation-level trends. 

A major challenge in interpreting transmission spectra is the well-known degeneracy between high atmospheric MMW, aerosol
pacity, and metallicity. In the infrared alone, muted molecular features can arise either from high MMW atmospheres (e.g. high
etallicity steam atmospheres) or from cloud/haze opacity that obscures spectral features (e.g. I. J. M. Crossfield & L. Kreidberg 2017 ).

his cloud/haze-metallicity degeneracy hampers efforts to connect observed spectra to underlying atmospheric composition and
ormation history. 

Crucially, Ariel’s spectral coverage extends into the visible, providing measurements of the short-wavelength scattering slope, which
s sensitive to aerosol particle size and composition but largely inaccessible to JWST . The visible data points enable direct constraints
n the shape of the cloud/haze opacity and the Rayleigh scattering slope, offering a powerful discriminator between high MMW
tmospheres and aerosol opacity. Detecting a steep slope in the visible can signify small-particle hazes, while a flat or muted visible
pectrum in combination with infrared features can point toward high metallicity atmospheres with limited aerosol impact. 

Photochemical hazes, generated by ultraviolet (UV) irradiation of atmospheric precursors, are expected to be abundant in sub-
eptunes, especially for planets around low-mass stars with elevated UV flux relative to the optical (e.g. P. Lavvas & A. Arfaux 2021 ;
. E. Steinrueck et al. 2023 ). However, predicting haze production from first principles remains challenging due to uncertainties in

hotochemical pathways, parent molecule abundances, and vertical mixing. Establishing empirical trends in haze prevalence as a
unction of irradiation, host star spectral type, and atmospheric composition is therefore essential. 
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Together, these considerations motivate a targeted observational program with Ariel that exploits its combined visible–infrared
pectral baseline to break the cloud/haze–metallicity degeneracy and to build population-level constraints on aerosol and photochemical
aze production in sub-Neptunes. 

.2.2 Strategy for observations 

e propose a structured Ariel observational strategy that leverages both the visible spectral coverage and broader sample of sub-
eptunes already planned for other science cases to disentangle aerosols from composition effects. 

Ariel’s Tier 2 transmission spectra include measurements in the visible (e.g. with the Fine Guidance System and visible photometer
hannels) that are crucial for constraining the scattering slope induced by aerosols. For each target, combining visible and infrared data
ill allow retrievals that independently constrain aerosol properties (particle size distribution, scattering slope) and atmospheric com-
osition (metallicity, MMW). This capability is unique among current and planned facilities and cannot be achieved with JWST alone.

Rather than defining a separate target list solely for aerosols, we anticipate that the majority of planets observed for other Ariel
ey questions (e.g. bulk compositions, chemical tracers) will also inform aerosol studies. Because aerosol prevalence remains difficult
o predict a priori, maximizing synergy across science themes ensures broader parameter space coverage. Planets with existing JWST
pectra indicating muted features (e.g. GJ 1214 b analogues), those with diverse stellar hosts (from mid-M to G dwarfs), and planets
panning a range of equilibrium temperatures and irradiation levels should be prioritized for Tier 2 coverage when possible. 

Stellar heterogeneity (spots, faculae) and activity can imprint spectral slopes in the visible that mimic or obscure aerosol signatures,
specially for active M dwarfs. To mitigate this effect: (1) Observations should be scheduled with contemporaneous monitoring of stellar
ctivity indicators (e.g. high-cadence photometry, spectroscopic activity tracers) to identify spot crossing events or rotational modulation.
2) Retrieval frameworks should incorporate models of unocculted starspots and faculae (e.g. B. V. Rackham et al. 2018 ; M. Zhang et al.
018 ; R. J. MacDonald 2023b ) to separate stellar and planetary contributions to the visible slope. (3) For stars with particularly high
ctivity levels, additional transits may be necessary to average over stellar variability and ensure that the measured scattering slope
eflects planetary, not stellar, properties. 

Recent advances in correcting for stellar contamination, such as the use of multiband monitoring to constrain spot coverage and
emperature contrasts (e.g. B. M. Morris et al. 2018 ; H. R. Wakeford et al. 2019 ), should be integrated into Ariel data analysis pipelines
o improve the robustness of aerosol inferences. 

Recognizing that aerosol signatures vary across planets and may correlate with irradiation, stellar type, or atmospheric scale height,
e recommend a population statistical analysis leveraging the full Ariel sample. This includes planets observed for other science

oals whose data quality supports combined visible–infrared retrievals. By comparing trends in scattering slopes, cloud/haze opacities,
nd retrieved metallicities across this sample, we might be able to quantify how aerosol prevalence depends on planetary and stellar
arameters, and identify regimes where photochemical haze production is most efficient. 

Ultimately, this strategy has the potential to enable Ariel to break the cloud/haze–metallicity degeneracy and provide the first
opulation-level empirical constraints on photochemical haze production in sub-Neptunes, advancing our understanding of atmo-
pheric processes and informing models of exoplanet atmospheric evolution. 

.3 What are the magma-envelope signatures of hot sub-Neptunes? 

.3.1 Context 

ub-Neptunes are commonly found exoplanets in the galaxy; yet, there remains a significant uncertainty in understanding their interior
tructure and composition based on mass and radius. Constraints on their mass and radius suggest that hydrogen and helium constitute
nly about 0.1–10 per cent of the planet’s mass (by weight). JWST is deciphering the atmospheric composition of sub-Neptunes (N.
adhusudhan et al. 2023 ; B. Benneke et al. 2024 ; B. Davenport et al. 2025 ), but there is no clear trends in the metallicity or C/O ratio.

he highly competitive nature of JWST hampers a sample-level study of sub-Neptunes. The lack of such a survey also poses a challenge
or testing theories of planet formation and evolution. The only way forward is to characterize the atmospheres of a significant sample
ize of sub-Neptunes. 

Hot sub-Neptunes with planet equilibrium temperatures exceeding 500 K provide an unprecedented opportunity to probe their
tmospheres with Ariel. Recent studies on hot sub-Neptunes and Neptunes provide evidence of haze-free atmospheres that are well
uited for characterization efforts (S. Barat et al. 2025 ; B. Davenport et al. 2025 ). The hot atmospheres with larger atmospheric scale
eights make these planets suited for Ariel observations. Magma oceans on sub-Neptunes have been theorized to persist for more than
 Gyr (A. Vazan et al. 2018 ; Y. Tang et al. 2025 ), and magma–envelope interactions are expected to strongly influence atmospheric
omposition (H. E. Schlichting & E. D. Young 2022 ). Such coupling may leave observable signatures, including SiO at ∼5 μm (M.
ilinskas et al. 2023 ) and SiH4 at ∼4.5 μm (S. Charnoz et al. 2023 ; W. Misener et al. 2023 ; Y. Ito et al. 2025 ). In addition, high Si/C ratios
ould signal low metallicity and ongoing magma-envelope exchange (K. Hakim et al. 2026 ), while elevated C/N ratios may reflect the
elective dissolution of nitrogen-bearing species in magma (O. Shorttle et al. 2024 ). Statistical constraints on metallicity and C/O ratio
ill help resolve fundamental questions on the formation and evolution of hot sub-Neptunes and Neptunes. 
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Figure 13. Out of 200 hot sub-Neptunes and Neptunes present in the MCS (B. Edwards & G. Tinetti 2022 ), 30 targets will be prioritised based on planet 
equilibrium temperature ( > 500 K), TSM ( > 100) and J magnitude ( < 9). 
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.3.2 Strategy for observations 

o address the question of the composition and structure of sub-Neptunes, transmission observations would be the most effective
pproach. There are about 200 hot sub-Neptunes and Neptunes in the MCS with a radius of 1.8–6 R⊕ and a host star type of FGKM
Fig. 13 ). We prioritize 30 targets based on equilibrium temperatures exceeding 500 K ( > 10 × Earth’s insolation) to select hotter targets,
nd TSM > 100 and J magnitude < 9, to ensure high-precision ground-based follow-up opportunities. 

.4 Lava worlds: existence and composition of their atmospheres 

.4.1 Context 

ava worlds are among the most extreme rocky exoplanets known: rocky, close-in planets subjected to intense stellar irradiation, with
quilibrium temperatures often exceeding 2000 K (A. Léger et al. 2011 ; T. Lichtenberg & Y. Miguel 2025 ). These planets are typically
idally locked, presenting a permanent dayside to their host stars and a perpetual nightside hidden in cold and darkness. On the dayside,
emperatures driven by stellar irradiation are sufficient to maintain global magma oceans (E. S. Kite et al. 2016 ), potentially leading to
igorous outgassing of rocky material and the formation of silicate-rich, metal-bearing atmospheres (C. P. A. Buchem et al. 2023 ). These
tmospheres, if present, would be dominated by refractory species such as SiO, Na, Mg, or Fe-bearing vapours, unlike anything seen in
he Solar System (L. Schaefer & B. Fegley 2009 ; Y. Miguel et al. 2011 ). 

Despite this theoretical expectation, the atmospheric properties of lava worlds remain largely unknown. Some may retain tenuous
tmospheres composed of silicate vapour, while others could possess more substantial volatile-rich atmospheres, possibly enriched by
agma ocean outgassing (M. Zilinskas et al. 2021 , 2022 , 2023 ). It is also unclear what happens on the cold nightside, whether material

ondenses and is sequestered into the interior, or whether horizontal transport maintains a global atmosphere. It is even plausible that
ome of these planets have no atmosphere at all, their volatile components long lost to thermal escape and stellar activity. 

Recent JWST observations have confirmed the presence of atmospheres in a few lava worlds (R. Hu et al. 2024 ) yet the majority
f data remain unpublished or inconclusive. This emerging picture reinforces the need for systematic, population-level observations
o determine whether atmospheres on these planets are common, and if so, what they are made of. While these planets are typically
oo small and too hot for traditional transmission or emission spectroscopy with Ariel, their extreme thermal environments present a
nique opportunity for atmospheric detection via phase-curve observations. 

.4.2 Strategy for observations 

hile transmission and emission spectroscopy of lava worlds is beyond Ariel’s sensitivity limits due to their small sizes, thermal phase-
urve observations offer a promising path forward. Ariel’s ability to conduct broad-band photometry and low-resolution spectroscopy
cross multiple epochs makes it well-suited to probe the longitudinal temperature structure of these tidally locked planets. From this,
ne can infer key properties such as the dayside and nightside temperatures, heat redistribution efficiency, and even optical phase curves
or albedo estimates. 

By measuring thermal phase curves, Ariel can test whether these planets possess atmospheres at all. A large temperature contrast
etween day and night suggests a bare rock with no significant atmosphere to redistribute heat. Conversely, a muted contrast could

ndicate the presence of an atmosphere capable of transporting energy from the dayside to the nightside. In brighter systems or those
ith multiple phase curves, Ariel may even be able to begin constraining atmospheric composition, particularly in cases where silicate-
earing species or thermal inversions alter the emission spectrum. 
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To maximize the scientific return, Ariel should prioritize short-period rocky planets with high equilibrium temperatures and bright
ost stars (e.g. J < 9). A small sample of well-chosen targets, ideally overlapping with those observed by JWST (e.g. TOI-1807 b, TOI-2260
, TOI-431 b, TOI-2431 b, TOI-6255 b; Proposal 8864, PI: L. Dang), would offer not only wavelength complementarity but also enable

oint constraints on temperature structure and atmospheric composition. Furthermore, Ariel phase curves will be significantly more
fficient than previous Spitzer observations, with preliminary estimates suggesting that 1–2 Ariel phase curves are equivalent to ∼10
rom Spitzer in signal-to-noise. 

Ultimately, a population study of lava worlds with Ariel’s phase-curve capabilities will address a fundamental question: do these
lanets retain atmospheres, and if so, what are they composed of? By answering this, Ariel will be able to shed light on atmospheric
urvival, surface–atmosphere interactions, and the boundary between rocky exoplanets with and without volatile envelopes in the most
xtreme environments known. 

.5 Observing temperate exoplanets with Ariel 

.5.1 Context 

hile Ariel is primarily designed to study warm and hot exoplanets (with equilibrium temperatures above 500 K), recent advances
n both ground- and space-based instrumentation have enabled the detection of a growing number of temperate exoplanets. These
nclude gas giants and sub-Neptune-size planets orbiting F, G, and K stars, with orbital periods between 100 and 300 d and temperatures
anging from 250 to 500 K, particularly highlighted by TESS discoveries (T. Encrenaz et al. 2018 ). Temperate exoplanets, especially
hose with radii less than four Earth radii, fall into two main categories: sub-Neptunes and super-Earths. Differentiating between
hese types is critical for understanding planetary formation and evolution. However, this distinction cannot be made based on bulk
ensity alone, it requires atmospheric characterization via transit spectroscopy. By probing their atmospheric composition, we not only
roaden our understanding of exoplanet diversity but also bridge the gap between known exoplanets and those in our own Solar System,
aving the way toward studying potentially habitable worlds. One advantage of targeting temperate planets is their atmospheric clarity:
hermochemical models predict fewer condensates in the [300–500] K range, simplifying spectral interpretation compared to hotter
lanets. Though Ariel’s mission goals focus on warmer targets, simulations show that it is feasible to detect and study several temperate
xoplanets, particularly larger ones (5–15 Earth masses) with hydrogen-rich atmospheres. Using the ArielRad code (L. V. Mugnai et
l. 2020 ) and MCS (B. Edwards & G. Tinetti 2022 ), about 15 temperate planets have been identified as observable in Ariel’s Tier 2
pectroscopic mode, including gas giants, large Neptunes, and intermediate-mass planets (T. Encrenaz et al. 2022 ). 

.5.2 Strategy for observations 

ydrogen-rich exoplanets, from Jupiters to sub-Neptunes, are especially promising for transit spectroscopy because their extended
tmospheres produce stronger transmission signals, roughly ten times greater than those of heavier molecule-dominated super-Earths.
ey spectral features for atmospheric characterization fall within the visible to near-infrared range, with strong absorption bands from
O (4.7 μm), CO2 (4.3 μm), CH4 (3.3 μm), and H2 O (2.7 μm), along with notable features from NH3 and HCN near 3 μm. Infrared

ransmission spectra were computed across different stellar types, showing that temperate Jupiters and sub-Neptunes (Table 2 ) with
hort-to-intermediate orbital periods (tens of days) can be observed by Ariel at distances up to 50 pc (for Jupiters) and 25 pc (for sub-
eptunes), assuming Tier 2 mode ( R 
 50 below 4 μm and R 
 15 above 4 μm) (Fig. 14 ). In contrast, temperate super-Earths remain
eyond Ariel’s Tier 2 capabilities. Target selection depends on both planetary (mass, radius, equilibrium temperature) and stellar (radius,
rightness) characteristics. Two key metrics guide this process (T. Encrenaz et al. 2023 ): 

(i) Transmission spectroscopic metric (TSM): a measure that increases with planet size and temperature, and decreases with mass,
tellar radius, and brightness. 

(ii) T2 Factor: the number of transits needed for spectral detection with Ariel (lower is better), also applicable to JWST and ground-
ased telescopes. 

Ideal targets exhibit high TSM and low T2 values, typically, TSM ≥ 50 and T2 ≤ 20. For example, the sub-Neptune TOI-1759 b has
een identified as a viable Tier 2 target for Ariel (P. Lavvas et al. 2024 ), and atmospheric models have been developed for it (Fig. 15 ). An

nteresting characteristic of these cooler environments is the increasing contribution of sulfuric chemistry in their atmospheres with
he possible detection of OCS, CS2 , and other organosulfur photochemical products, as well as the possible inclusion of this element
n the photochemical hazes of such atmospheres. Observations of such planets would therefore complement those proposed in Section
.4 , helping to build a more complete picture of the chemical diversity in exoplanet atmospheres. 

 CONCLUSIONS  

his white paper has outlined the key science cases motivating the Chemistry Working Group of the Ariel mission. By exploring
he detectability and diagnostic potential of a broad range of chemical species, including sulfur- and phosphorus-bearing molecules,
RASTI 5, 1–34 (2026)
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Figure 14. Solid black line: A typical spectrum of a temperate Jupiter ( Teq = 400 K) as seen in transmission in front of a K0-type star, with a spectral 
resolution corresponding to Tier 2 ( R = 50 below 4 μm and 15 above, Ariel Redbook, table 3–3). Dashed line: the same spectrum without the CH4 
contribution; dotted line: the same spectrum without the H2 O contribution. Calculations are performed with the Planetary Spectrum Generator (G. L. 
Villanueva et al. 2018 ). The error bars are calculated with the ArielRad code (L. V. Mugnai et al. 2020 ) for 16 transits (assuming a planet located at 50 pc), 
and correspond to a mean S/N of 7 over the spectrum. Figure from T. Encrenaz et al. ( 2022 ). 

Figure 15. Left: Impact of haze and clouds on the atmospheric temperature profile. Right: Outgoing radiation from the atmosphere of TOI-1759 b, with 
reflected and emitted contributions highlighted. The dotted lines are the corresponding contribution for the clear atmosphere case and the dashed line 
presents the thermal emission from a 400 K blackbody. 
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hotochemical by-products, and species sensitive to metallicity, C/O ratio, and stellar activity, we have provided a science-driven
ramework to support Ariel’s target selection. 

For each science case, we have proposed observational strategies and identified specific targets that maximize Ariel’s capability
o address current gaps in our understanding of exoplanet atmospheric chemistry. In particular, we emphasized the importance of 
opulation-level studies to reveal chemical trends, and the value of targeted observations to test theoretical predictions. 

Ariel’s large and diverse planet sample, coupled with its broad spectral coverage, offers a unique opportunity to investigate
he role of disequilibrium processes, elemental reservoirs, and photochemical responses to external forcing (e.g. stellar flares). The
ecommendations outlined in this report aim to ensure that the Chemistry WG’s priorities are well represented in the final MCS, so that
riel can deliver transformative insights into the chemistry, diversity, evolution, and origins of planetary atmospheres. 
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