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A CHEMICAL CENSUS OF EXOPLANETS
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5900+ Known planets

4400+ Known planetary systems

You are here

There are at least as many planets as stars … billions in our galaxy

~90,000 light-years
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Planets are around most stars
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Planets are very diverse
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Exoplanets show greater diversity than their Solar siblings, why?



☆ Isotopic ratios from meteorites + in-situ 
measurements in Solar System
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Kruijer$et$al.$(2017)$

Hints$from$Isotopes$
Solar$nebula$split$into$two$reservoirs$
between$0.4$and$0.9$Myr$

Kruijer et al. (2017); Desch et al. (2018) 

☆ Structure and chemistry of discs from ALMA + 
direct imaging observations in NIR, MIR

Credit ALMA

Planets are very diverse

Diversity must come from formation & evolution processes
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Forget and Leconte 2013

Chemical diversity?

Correlation with other key parameters? Where are the transitions?



H/He

Atmosphere Rocky
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Icy
Interior

H2O

Atmosphere
SiC interior

H/He interior

Planetary bulk composition
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Zeng et al. 2019
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Many solutions compatible with the density data



Atmospheric composition
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No more science fiction! Many different techniques…
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Transit                                                   Direct imaging                                     High-dispersion



Transit spectroscopy
WASP 107b
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Dyrek et al. 2024



Sagan workshop – 2025 9

Miles et al. 2023



Exo-atmospheres in HD
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Many atomic and ionic species 
in gaseous planets’ atmospheres 

Ground based telescopes
Giacobbe et al. 2021

10

High-spectral resolution from the ground 



Population studies: H-rich atmospheres
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Beyond individual planets: 
data for 70+ giant exoplanets analysed with Bayesian statistics



Population studies: H-rich atmospheres
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Edwards et al. 2022; Tsiaras et al. 2018; Changeat et al. 2022; Dang et al. 2024 
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Beyond individual planets: 
data for 70+ giant exoplanets analysed with Bayesian statistics
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Saba et al. 2024; Thompson et al., 2023
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Stellar activity!!!!!!

Population studies: H-rich atmospheres



Tsiaras et al. 2018
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Hu et al 2024; Demory et al 2017

55 Cnc e
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2000 K hot! Magma ocean? There is an atmosphere…



LHS 1140b
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Edwards et al. 2020; Damiano et al. 2024

T ~ 235 K; super-Earth (R = 1.7 R⊕) An atmosphere? Stellar activity?
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GJ 486b
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Credits: NASA, ESA, CSA, Joseph Olmsted (STScI)

T ~ 700 K; super-Earth (R = 1.3 R⊕) An atmosphere? Stellar activity?
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Moran et al 2024



Image credi ESA
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Ariel: a chemical survey  
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▪ Adopted as ESA M4 in Nov. 2020 

▪ Launch to L2 in 2029

▪ 1m-class telescope

▪ Simultaneous coverage 0.5-7.8 m

▪ ~1000 exoplanets observed 

▪ Rocky + gaseous; 300-3000K; 

▪ stars A-M

Ariel Definition Study Report – Tinetti et al. 2021, arXiv:2104.04824 

Sagan workshop – 2025
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Ariel spacecraft & payload
Payload delivered by a consortium of 16 ESA countries, NASA,JAXA,CSA 



Ariel spacecraft & payload
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Payload integrated at RAL in Didcot. Spacecraft from Airbus



Ariel payload consortium
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600+ scientists and engineers from 16 ESA countries + NASA, JAXA, and CSA

Sagan workshop – 2025

A mission is more than flying hardware…. there are people
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Edwards et al. 2022
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Ariel target candidates (MCS)

Ariel Mission Candidates Sample (MCS) available on Github8 Edwar ds & T inet t i

F igur e 8. An example Mission Reference Sample (MRS) derived from current ly known planets (excluding those found by

TESS) and the planet candidates from the TOIs. The observing campaign shown would required 23,454 hours of telescope t ime,

equivalent to 94.6% of Ariel’s available science t ime in the prime mission life (⇠24,800 hours). We note that , in reality, around

10% of t ime is expected to be left for T ier 4 observat ions and complementary science and that this t ime can be recovered by

removing fewer than 20 planets from T ier 2.

F igur e 9. Sky locat ions of the example MRS, indicated by stars, with the brightest 35 million stars from the Gaia database

(Gaia Collaborat ion et al. 2016, 2018) plot ted in the background. The host stars are spread across the sky, but with a lower

density in the galact ic plane. Transit searches here are harder due to the dilut ion of sources, but this will also be t rue of Ariel

observat ions and thus targets in this plane may be less advantageous anyway.



23Credit: Al-Refaie & Nambiyath Govindan

Catalogue Available soon through a new interactive, well maintained website

Ariel target candidates

New!

Sagan workshop – 2025
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New!

Mugnai et al, 2022

Catalogue Available soon through a new interactive, well maintained website

Ariel target candidates
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Planets are 4D complex objects

Variability in space and time: phase-curves & repeated observations

Transit

Phases

Crescent

Gibbous

Quarter

Ingress Egress

Eclipse

Cowan (2014) Skinner & Cho, 2022



26Sagan workshop – 2025

Planets are 4D complex objects

Variability in space and time: More phase-curves….

Charnay, Dang, Cowan et al  2025



Chemical survey

Changeat et al. 2020; see also Mugnai et al 2022, Bocchieri et al., 2024; Ma et al. in prep.
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Searching for chemical and cloud transitions 
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Link to planet formation

Fang et al. 2023
28

Ariel ability to detect elemental ratios in giant planets' atmospheres: beyond C/O

Sagan workshop – 2025
Pacetti et al 2022; Turrini et al. 2021
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Focus on Ariel targets: stars
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Focus on Ariel targets: stars

From: Science Mission Office hubblereview@stsci.edu

Subject: HST Cycle 32 Phase I Notification Snapshot Letter

Date: 8 July 2024 at 18:05

To: Dr. Sudeshna Boro Saikia sudeshna.boro.saikia@univie.ac.at

Cc: HST17794@stsci.edu, Giovanna Tinetti g.tinetti@ucl.ac.uk, Manuel Guedel manuel.guedel@univie.ac.at, Kristina Kislyakova

kristina.kislyakova@univie.ac.at, Simon Schleich simon.schleich@univie.ac.at, Gwenael Van Looveren

gwenael.van.looveren@univie.ac.at, Franz Kerschbaum franz.kerschbaum@univie.ac.at, Andrea Bocchieri

andrea.bocchieri@uniroma1.it, Lorenzo Mugnai lorenzo.mugnai@uniroma1.it, Yamila Miguel ymiguel@strw.leidenuniv.nl,

Aline Vidotto vidotto@strw.leidenuniv.nl, Jiri Zak jirizak1@seznam.cz, Donna Rodgers-Lee dlee@cp.dias.ie,

Theresa Lueftinger theresa.rank-lueftinger@esa.int, Ignazio Pillitteri ignazio.pillitteri@inaf.it, Sarah Casewell

slc25@leicester.ac.uk, Billy Edwards b.edwards@sron.nl, Krisztian Vida vidakris@konkoly.hu, Luca Fossati

luca.fossati@oeaw.ac.at, Stefano Bellotti sbellotti@irap.omp.eu, Olivia Venot olivia.venot@lisa.ipsl.fr, Antonio Maggio

antonio.maggio@inaf.it, Antonio Garcia Munoz antonio.garciamunoz@cea.fr, Carol Rodriguez crodriguez@stsci.edu

⚠  Caution: External sender

Sudeshna Boro Saikia

University of Vienna

AUT

Jul 08, 2024

Dear Dr. Boro Saikia,

We are pleased to inform you that your Hubble Space Telescope Cycle 32 proposal

 Title: FUV flux of nearby exoplanet host stars in the Ariel target list

    ID:  17794

has been approved for Hubble Space Telescope Cycle 32 and Cycle 33 Snapshot observations, following detailed

consideration by the Cycle 32 Peer Review Panels and final review by the STScI Director.

The allocations approved for your program in Phase I are:

137 Snapshot Targets in Cycle 32

Comments from the peer review may be found at the end of this message. In the case of proposals for 15 orbits or

less, and for most Archival Research, Theory, and Snapshot proposals the comments from individual external

panelists have been combined verbatim.

All Phase I allocations are tentative, subject to successful Phase II submissions and feasibility/duplication reviews.

Hubble recently moved to Reduced Gyro Mode (RGM) and the final program must achieve the science goals

described in the original proposal under the RGM observing constraints. Please minimize the constraints on your

program to maximize its schedulability. In particular, accessibility to specific scheduling windows or orientations for

observations is substantially more limited under RGM. Initial guidance on RGM best practices is provided by the

Reduced Gyro Mode Implementation HDox page; the guidance will be updated as we learn more about Hubble’s

performance.

Additional program modifications, including possible cancellations, may be required depending on the outcome of

NASA’s Operational Paradigm Change Review. Current information on the OPCR is available on the NASA Hubble

Operational Paradigm Change Review HDox page .

If your Phase II program includes targets or exposures that duplicate those in the published protected lists, they will

be eliminated unless specifically justified in your Phase I proposal and supported by specific TAC/Panel

recommendations. Of course, all allocations depend upon the satisfactory operation of the observatory, as well as

the availability of appropriate scheduling opportunities. Please note that Snapshot target allocations are not

guaranteed for execution in the same manner as GO orbit allocations. In general, only a fraction of the allocated

targets will actually be observed. Also, while we encourage all users to notify us of problems with their HST data via

the HST Observation Problem Report mechanism, repeat observations will not be granted for Snapshot targets.

Cycle 32 will have a duration of approximately 11.5 months, beginning November 15, 2024 and ending on October

31, 2025. For your information, 769 GO proposals requested over 17,500 orbits in Cycle 32, compared to the 3000

orbits available. A total of 33 snapshot proposals requested about 4100 targets, compared to the approximately

1100 targets approved, and we received a total of 131 Archival Research, Archive Legacy, and Theory proposals.

Targets monitoring is being prioritised to maximise the science return of Ariel
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Focus on Ariel targets: masses

Targets monitoring is being prioritised to maximise the science return of Ariel
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ExoClock: target ephemerides+

2000+ participants from 70+ countries (77% amateurs). New paper submitted ☺



Ariel Databases 

A new paper and Database about spectroscopic, chemical and cloud data for Ariel

33Sagan workshop – 2025
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ADC 2025: just started!!!!!!

Ariel Data Challenges 2025

Sagan workshop – 2025 34

A mission is more than flying hardware…. There is XAI ☺



2019

2021

Stellar activity

2024
2022

2023
2025

Retrieval Instrument systematics

6 years of Ariel Data Challenges

A huge global success. ADCs yearly planned to support ground segment activities



77 Countries

6000+ Entrants

23,000+ Submissions

Is your work/study related to ML/AI?

Ariel Data Challenge 2024
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All the data and codes are open sourced to drive progress

Ariel Data Challenges

Taru 2024 – Ariel Consortium meeting 37
3
7



Ariel Data Policy

Science Demonstration Phase 

Data will be released immediately after processing and quality control

Nominal Science Operations Phase 

• Tier 1 data public immediately after quality control is completed; 

• Tier 2, 3 data public 6 months after quality control is completed; 

• Tier 4 data public 1 year after quality control is completed. 

Complementary Science data 

• 5%-10% time available for other science, allocated through ESA calls

• Proprietary to the proposers for 6 months 

Strong commitment to open-source software, Explainable AI solutions
38Sagan workshop – 2025

A very open approach: foundation of good rigorous science and reproducibility
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Ariel Open Conference 2026

40

@ ESA ECSAT, 17-19 March 2026.   Ariel special issue to be published by RASTI

Sagan workshop – 2025



Mauve ready for launch

Sagan workshop – 2025 41



Built by industry experts

High heritage approach

Delivered in under three years

Blue Skies Space Roadmap

+

Sagan workshop – 2025 42



Meet the Team

43Sagan workshop – 2025



Comparison of MAUVE with known facilities

Wavelength range
200 - 700 nm

(NUV + Visible)

Resolution R = 20 - 65

Telescope 13 cm Cassegrain 

Spectrometer

2-mirror grating 
spectrograph with 
CMOS linear array 

detector

Launch October this year

Orbit LEO polar – 500 km

Field of View ~105’’ full cone

This project has received funding from the European Union’s Horizon Europe 
research and innovation programme under grant agreement No. 101082738.

Sagan workshop – 2025 44



Epsilon Eridani, K2V, V=3.7

• L ig h t  c u rv e s  sh o w i n g  t h e  re l at i v e  

f lu x  in c r e a se  o v e r  th e  c o u r s e  o f  th e  

f la r e  e v en t .

• D i f f e r e n t  w a v e le n g th  b an ds  

se l e c te d ,  h i gh e s t  c o n t ra s t  i n  t h e  

U V .

Saba et al. (2025)
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Mauve sensitivity

G e n e r a l  p e r fo rm an c e  c ap a bi l i t i e s  o f  th e  o b s e rv a to ry

Saba et al. (2025)
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Conclusions

• Planets are ubiquitous in our galaxy, they are very diverse

• We have a host of questions to answer in the next decade:

？ How do planets form? How do planets evolve?

？ How diverse are exoplanets chemically?

？ Does chemical diversity correlate with other parameters?

• Population studies of exoplanets are key to unlocking their statistical 

properties. 
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Conclusions

• An increasing number of exoplanet atmospheres are/have been observed 

from space and the ground. 

• With Webb, Roman and Ariel, population-based studies of exoplanet 

atmospheres and their stellar hosts, offer an unparalleled opportunity to 

uncover chemical trends and how they correlate with 

stellar/planetary/orbital parameters. 

• We advocate an ecosystem of small and moderate size facilities from 

space and the ground to complement largest facilities

• This information is key to guide our understanding of formation and 

evolution mechanisms of the planets in our galaxy.
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Synergy Ariel-Webb

COMPLEMENTARITY AND SYNERGY BETWEEN ARIEL AND WEBB WILL BE TRANSFORMATIONALFigure 6: Comparisons of wavelength coverage and resolving power between the Ariel and JWST

instruments. Note that the Ariel inst ruments are always used simultaneously.

Figure 7: Examples of recent high-resolut ion detect ions of atomic and molecular species with JWST.

Left : K in WASP-39b using NIRISS transit (Holmberg and Madhusudhan, 2023). Middle: He in

HAT-P-18b using NIRISS transit (Fu et al., 2022). Right : CO in VHS-1256-1257b using NIRSpec

high-cont rast imaging (Miles et al., 2023). High-resolut ion detect ions or confirmat ions provide good

synergies with the Ariel mission object ives.

Exoplanets are not expected to be stat ic objects (Cho and Polvani, 1996; Cho et al., 2003; Skinner

and Cho, 2022; Changeat et al., 2024b) and could have atmospheric propert ies changing with t ime

(i.e., weather). Characterizing such changes (i.e., by const raining amplitude and t imescales) from

observat ions is important as first principle approaches require precise boundary condit ions and acute

est imates of radiat ive forcing (Skinner, Cho, and Nät t ilä, 2022). Variability not only a! ects other

atmospheric processes (e.g., chemistry, thermal redist ribut ion, aerosol product ion. See Figure 9), but

can also rest rict observing st rategies (i.e., if variability is large, combinat ion of observat ions at di! erent

epochs is di” cult ). As such, the study of weather pat terns on exoplanets via repeated observat ions is

important for Ariel. The survey nature and design of the telescope (i.e., simultaneous large wavelength

coverage) is ideal for such study.

B i l ly : N ic has a plot of cur r ent JW ST phase-cur ve t ar get s ( I guess you can also make

one fr om t he google sheet ) and I could t r y t o make one for A r iel t oo ( i .e., pot ent ial

spect r al / phot omet r ic phase-cur ve t ar get s.)

4 A venues for communit y led A r iel-JW ST synergies

To promote an e” cient use of Ariel and JWST resources for the exoplanet community, general direc-

t ions in favorable observing programs could be recommended for both observatories. Important ly, all

JWST exoplanet observat ions, independent ly from the target or inst rument , have some added value

for the Ariel mission. However, taking into account the capabilit ies of both inst ruments and the fact

they will essent ially fly together, certain science cases seem to provide more benefits.

9

Figure 2: Characterist ics of the JWST inst ruments and Ariel for t ransit ing exoplanets. The left

plot shows a simulated spect rum for a WASP-39b-like exoplanet , while the right plot summarizes

the characterist ics of the two telescopes. The noise on observat ion was simulated using the ExoCTK

Pandexo tool for JWST inst ruments (Batalha et al., 2017) and the o! cial ArielRad simulator for

Ariel (Mugnai et al., 2020). Note that the host star has mag V →12, which allows to be observable

by all the JWST inst ruments, but means it is a relat ively faint target for Ariel.

T ier 2 represents the core survey. T ier 1 targets are here re-observed to build the required SN and

conduct the main atmospheric populat ion study. About 300-500 targets are predicted to be observed

in T ier 2 during the primary mission. T ier 3 is for benchmark targets. The high SN targets are

observed repeatedly to build an in-depth picture of their atmosphere in space and t ime. About 50-100

objects are expected to be observed in T ier 3. Note that Ariel are observat ions standardised: the

telescope will obtain the same 0.5 – 7.8 µm coverage independent ly from the target t ier and number

of repeated observat ions.

2.2 H ighl ight s from t he first 3 years of JW ST result s and community st rat -
egy

Since its launch in 2021, JWST has already collected 100s of observat ions for exoplanet science.

Figure 3 provides a view of the t ransit and eclipse observat ions that have been approved for JWST

observat ions over the first three cycles, highlight ing the wide range of targets and interest from the

exoplanet community. Through cycle 3, JWST will have observed 277 transits and 110 eclipses for a

total of 159 targets.

Given the high quality of the JWST observat ions and the expansion of thefield over the last decade

– also showcased by the NASA decadal survey – a working group on Strategic Exoplanet Initiatives

with HST and JWST was recent ly formed to collect community feedback and to evaluate the st rategic

use of JWST and HST for exoplanet science. The working group was also tasked to ident ify key

scient ific themes for a potent ial 500h Director Discret ionary Time (DDT) program. After querying

the community and solicit ing white papers, the working group ident ified three main axes, which were

summarised in a recent report (Redfield et al., 2024). The three main themes are:

1) Understanding the prevalence and diversity of atmospheres on rocky-M dwarf worlds.

2) Unveiling and understanding populat ion-level t rends in gaseous exoplanets.

3) Put t ing exoplanets in the context of their stellar environments.

3

Changeat, Lagage et al. in prep

Changeat, Lagage et al. in prep



HIGHLY COMPLEMENTARY TO LARGE, GROUND-BASED FACILITIES

Synergies ground

Ariel spectra give the continuum
at broad wavelength range

51
Ariel  ELT synergy WG

Sagan workshop – 2025
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Stellar contamination

ARIEL TIER 3 OBSERVATIONS WILL HELP UNDERSTANDING IMPACT OF CONTAMINATION THROUGH TIME 

Thompson et al. 2025

3.3. ASt eRA: A Stellar Activity Model and TauREx Plugin 53

Figure 3.3: Contaminated transmission spectra (R=200)) modelled for a hot-Jupiter

(RJup = 1, MJup = 1, T = 1000 K) orbiting the same early K dwarf consid-

ered in Fig. 3.1 and Fig. 3.2. Each spectrum accounts for contamination either

in the form of spots-only (pink spectra) or faculae-only (bluespectra) with dif-

fering degrees of activity explored by varying the filling factor of the active

region (Fspot and Ff ac).

3.3.0.1 A Note on the Underlying Model Assumptions

It isworth noting herethat by selecting different, distinct SEDsfrom thePHOENIX

library to represent spots and faculae we are essentially treating them as colder or

hotter stars respectively. This is obviously an oversimplification as in reality they

are different manifestations of stellar magnetic activity occurring on the same star.

As one might expect, there ismuch discourse in the literature surrounding this

modelling choice. The current consensus appears to be that this approach may be

sufficient to model spots, although even these may bebetter represented by an SED

pertaining to a lower value of log g due to their high magnetic fields resulting in

low gas pressures (e.g. Amado et al., 2000; Solanki, 2003). In contrast to this, the

process behind faculae production is significantly more complex, as is the centre-



Ariel 4-Tier approach

BENCHMARK – TIER 3

DEEP SURVEY – TIER 2

SURVEY – TIER 1

~ 1000 PLANETS

~ 500

~ 50-100

• What fraction of planets have clouds?

• Have small planets still retained H/He?

• Colour-colour diagrams

• Refinement of orbital/planet 
parameters in IR

• Main atmospheric component 

• Trace gases

• Thermal structure

• Cloud characterization

• Elemental composition

• Atmospheric circulation

• Spatial & temporal 
variability• Phase-curves

• Tailored observations

INDIVIDUAL PLANETS & POPULATION ANALYSIS

Sagan workshop – 2025 Ariel  Red Book 202053

TIER 4



Epsilon Eridani, K2V, V=3.7

• S im u la te d  M au v e  s pe c t ra  a t  

d i f f e r e n t  s t ag e s  o f  t h e  f la re  e v e n t .

• Q u ie s c e n c e ,  f la r e p e a k  an d  d e c a y 

s t ag e s  a r e  c le a r l y  d i s t in g u i s h a bl e  

f ro m  o n e  a n o th e r .

• H ig h  c o n t r a s t  a c r o s s  th e  

w av e l e n g th  r an g e  ac c e s s i b le  to  

M au v e ,  an d  s pe c i f i c a l l y  i n  th e  U V .

Saba et al. (2025)
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