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Exoplanet missions – next decade

ARIEL Open Conference – ESTEC 2020



What are exoplanet made of?

• How do planets and planetary systems form? 

• How do planets and their atmospheres evolve over time? 
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ARIEL

• Selected as ESA M4 mission in March 2018 (launch 2028)

• 1-m telescope, spectroscopy from VIS to IR 

• ~1000 exoplanets observed (rocky + gaseous)

• Simultaneous coverage 0.5-7.8 micron

• Payload consortium: 17 ESA countries + US CASE & JP understudy 
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ARIEL

• Launch direct to L2 by Ariane 6-2

• Shared launch with F-mission

• 4 year baseline mission (extendable to 6 years)
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ARIEL – payload design summary
PHASE B1: JUST PASSED PAYLOAD DESIGN CONSOLIDATION REVIEW
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ARIEL – Spectral range/resolution

ARIEL Open Conference – ESTEC 2020the most favorable targets. It will also enable the study of
thermal and scattering properties of the atmosphere as the
planet orbits around the star. A basic summary of Ariel’s
instrumentation is given in Table 1. For more detail on the
Ariel design see Tinetti et al. (2018).

Ariel will enable the simultaneous study of exoplanets at
multiple wavelengths through transit, eclipse, and phase-curve
observations (see, e.g., Tinetti et al. 2013 for an overview of the
information content of these techniques). During transit, stellar
light can be observed passing through the terminator region of
the planet (transmission spectroscopy). Similarly, when the star
eclipses the planet (i.e., the planet passes behind its host star in
our line of sight) the flux difference resulting from the planet’s
day-side emission or reflection (emission or reflection
spectroscopy) can be measured. Phase curves are observed by
monitoring the star–planet system over a large portion of the
planets orbit. Here, we focus on transit and eclipse observations
as these will be the main science observations. Additional
science time to be dedicated to phase curves is currently under
study.

During Phase A, a study of Ariel’s capabilities to observe
known and predicted planets was conducted and a mission
reference sample (MRS; i.e., a list of exoplanets to be observed
during the primary mission life) of ∼1000 potential targets was
created (Zingales et al. 2018). Here an updated review of the
performance of Ariel’s instrumentation to observe currently
known planets and potential future detections by TESS is
undertaken. According to a recent study by Barclay et al.
(2018), TESS is anticipated to detect over 4500 planets around
bright stars and nearly 10,000 giant planets around fainter stars.
The predicted TESS discoveries are incorporated into our
analysis to test Ariel’s capabilities. The list of known and
predicted exoplanets are analyzed using the Ariel radiometric
model (ArielRad; L. Mugnai et al. 2019, in preparation), a new
Ariel simulator which is more suitable to capture the details and
updates of Ariel’s design as considered in Phase B (see
Section 3.2). ArielRad includes greater margins on the
instrument noise and an additional noise floor of 20 ppm than
the previously used ESA radiometric model (Puig et al. 2015).
This exercise will be regularly repeated to incorporate new
discoveries and validate that the mission’s science goals can be
achieved as the instrumentation evolves in Phase B.

Finally we focus part of our simulations and discussion on
smaller planets to refine some of the science objectives
considered in Phase A for the mission and address new science
questions emerging from the recent discoveries, e.g., the Fulton
gap (Fulton & Petigura 2018).

2. Creation of a Catalog of Exoplanets

2.1. Known Exoplanets

Exoplanetary data was downloaded from NASA’s Exoplanet
Archive in order to account for all confirmed planets before
being filtered such that only transiting planets were considered.
The database was last accessed on 2019 February 26. However,
the major exoplanet catalogs are sometimes incomplete and
thus an effort has been made here to combine them (for
a review of the current state of exoplanet catalogs, see
Christiansen 2018).
Hence, the data was verified, and in some cases gaps filled,

utilizing the Open Exoplanet Catalog (Rein 2012), exoplanet.
eu (Schneider et al. 2011), and TEPCat (Southworth 2011).
Planets not included in the NASA Exoplanet Archive were not
added to the analysis to ensure that only confirmed planets
were utilized. As of 2019 March, 3022 planets within the
NASA Exoplanet Archive were sufficiently characterized for
inclusion in this analysis.
Unknown parameters were inferred based on the following

assumptions.

1. If the inclination is known, the impact parameter is
calculated from
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2. Else, it was assumed that b=0.5 (i.e., the midpoint of
the equator and limb of the star).

3. The planetary effective temperature (Tp) is estimated
from
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where a greenhouse effect of ò=0.8 and a planetary
albedo of A=0.3 (TP<700 K) or A=0.1 (Tp>700 K)
are assumed (Seager & Mallén-Ornelas 2003; Tessenyi
et al. 2012).

4. Planetary mass (Mp) was estimated utilizing Forecaster
(Chen & Kipping 2017).

5. Atmospheric molecular mass was assumed to be 2.3.

2.2. Future Planet Discoveries

TESS and other surveys are predicted to discover thousands
of planets around bright stars. In the first two years of
operation, TESS is anticipated to detect over 4500 planets
around bright stars and more than 10,000 giant planets around
fainter stars (Barclay et al. 2018). Here, these predicted TESS
discoveries around brighter stars are incorporated into the
analysis to highlight Ariel’s capabilities to study anticipated
future discoveries. The MAST archive4 has been utilized to
obtain stellar parameters for these planets by cross-referencing
the Gaia catalog. The first planets from TESS have begun to be
discovered (e.g., Huang et al. 2018) but these have not been
included in this work to avoid overlap with the predicted yield.
The known and predicted exoplanets were compiled into a
single data set (∼7000 planets), which has been used to analyze
Ariel’s capabilities and provide an indicative look at the
number and type of planets Ariel could observe.

Table 1
Wavelength Ranges and Spectral Resolutions of Ariel’s Instrumentation

Instrument Name Wavelength Range (μm) Resolution

VISPhot 0.5–0.6
FGS 1 0.6–0.81 Photometric bands
FGS 2 0.81–1.1

NIRSpec 1.1–1.95 20

AIRS Ch0 1.95–3.9 100

AIRS Ch1 3.9–7.8 30

4 https://archive.stsci.edu

2

The Astronomical Journal, 157:242 (17pp), 2019 June Edwards et al.
SIM U LTA N EO U S C O V ER A G E 0.5-7.8 M IC R O N





ARIEL – Sky visibility
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ARIEL team growing
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BENCHMARK

DEEP SURVEY

SURVEY

~ 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 characteriza@on

• Elemental composi@on

• Atmospheric circulation

• Spatial & temporal 
variability

ARIEL 4-Tier approach

• Phase-curves

• Tailored observations

INDIVIDUAL PLANETS & POPULATION ANALYSIS
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Link with planet formation
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KEY MOLECULAR SPECIES/ELEMENTAL RATIOS CONNECTING ATMOSPHERES AND FORMATION

Formation WG

Lithogenous & Refractory Elements:
SiO (*)
AlO
CaO
TiO (*)
VO (*)
MgH
TiH

Moderately & Highly Volatile elements:
HF
H2S
SO
SO2 (*)
NaH
HCl
HBr
KCl
PH3 (*)

Atmophile elements:
H2O (*)
CO (*)
CO2 (*)
CH4 (*)
NH3 (*)
HCN (*)
C2H2 (*)
C2H4 (*)
C2H6 (*)

Ormel and Min, 2019



Phase-curves

!"#$%&'()*&+,*-).)*/)&0 $12$+&3434

SPECTROSCOPY & MULTI-BAND PHOTOMETRY

Charnay et al., 2015 Phase-curve WG

5% - 13% ARIEL time could be dedicated to Phase-curves
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H/He
Atmosphere

Rocky
Interior

Icy
Interior

Water vapour
Atmosphere

SiC interior H/He interior

Low gravity planets
IS H2 STILL THERE? IS THERE A SECONDARY ATMOSPHERE? HOW THICK IS THE ATMOSPHERE? WHAT ARE THE TRACE GASES? 

Ito et al.
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Figure 21: Theoretically predicted spectrum of secondary eclipse depths and the mock
observational spectrum for a 55 Cnc e-like transiting planet with a mineral atmosphere,
which are compared to those with hydrogen-rich and water-rich atmospheres from Fig. 15
of Hu and Seager (2014). The solid lines show theoretical spectra for the mineral atmosphere
(red), the hydrogen-rich atmosphere (green) and the water-rich atmosphere (blue). The bars
in the mock spectra represent cumulative errors estimated for with ARIEL for cumulated
observations in 10 times (grey) and 40 times (black) secondary eclipse observations with
ARIEL for 55 Cnc e-like planets.

good targets to detect that feature.
Ito and collaborators used data from Ito et al. (2015) and the ARIEL noise simulator

by Mugnai (2019) to quantify the detectability of these mineral atmospheres with future
ARIEL observations.

Figure 21 shows the theoretical spectra of secondary eclipse depths for a 55 Cnc e-like
transiting planet with a mineral atmosphere (red), a hydrogen-rich atmosphere (green) and
a water-rich atmosphere (blue) and the mock observational spectrum for that planet with
a mineral atmosphere. Note that 55 Cnc e was chosen from the current ARIEL mission
reference samples (MRS) list Edwards et al. (2019) just as a test bed, although only the
1 � upper limit on the measured 55 Cnc e’s density reaches the pure rock regime (Dragomir
et al., 2013).

As shown in Fig. 21, 10 secondary eclipse observations for 55 Cnc e su�ces
to distinguish the mineral atmosphere from the cloud-free, hydrogen-rich or
water-rich atmospheres. Statistical techniques such as retrieval techniques might be
able to detect this 4-µm SiO feature. While planets covered completely with thick clouds or
with no atmosphere also show such flat spectra, detection of Na (0.6 µm) and K (0.8 µm)
with ground-based telescopes would be helpful to distinguish the mineral atmosphere from
such other possibilities. Although it may be unrealistic, the observation of 40
secondary eclipses with ARIEL can detect the 4-µm SiO feature in these ultra-
short-period planets (in this case, using as an example 55 Cnc e).

Ito and collaborators also investigate the detectability of the SiO feature around 4 µm via
secondary eclipse observations with ARIEL for wide ranges of substellar-point equilibrium
temperatures Tirr and distances from the Earth. They define the strength of the SiO signal,
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Low gravity planets

around 600 observations (∼2100 hr of science time) in all three
tiers. These planets are located on both sides of the Fulton gap.
A key goal of Tier 1 is to discover the fraction of small planets
with hydrogen/helium envelopes. For this reason, the number
of required observations to detect an atmosphere is estimated
assuming a low mean molecular weight so that if a planetary
atmosphere has a primordial composition, this atmosphere
should be detected with high confidence. Additionally, the
atmospheric trace gases should be accurately constrained if
the planet is observed in Tier 2 or 3. If no detection is made, the
planet either has (i) an atmosphere with a higher molecular
weight, (ii) opaque clouds across all wavelengths, or (iii) no
atmosphere at all.

In all likelihood, some fraction of these planets will have far
heavier atmospheres (higher mean molecular weight) and thus
will be harder to characterize, requiring more observations to
obtain the observational requirements in each tier. In particular,
additionally to the H/He atmospheric content, the fraction of
H2O present in an atmosphere is also very important to
constrain formation/evolution scenarios and the delivery of
volatiles to the inner part of the planetary system. Water
worlds, i.e., planets with a significant amount of H2O on their
surface or in the subsurface (e.g., Léger et al. 2004), or magma
ocean planets with a steam atmosphere (e.g., Hamano et al.
2015), are expected to have atmospheres with a large fraction
of H2O.

However, the characteristics of a planet’s atmosphere (if
present) cannot be known before observations are undertaken,
unless these targets are observed previously with other facilities
from space or the ground. To quantify the fraction of lifetime
needed to characterize the atmospheric composition of small
planets with an atmosphere heavier than H/He, we select the
small planets (Rp<3.5 R⊕) from the example MRS for further
study. The science time required to achieve Tier 1 resolutions
(with S/N>7) for different atmospheric compositions is
determined and compared to the Tier 1 time assumed in
Section 3 (Table 5).

As expected, the required number of observations (and thus
science time) rises with the increasing atmospheric weight.

While the atmospheres of smaller planets will be easily probed
if H/He dominated, heavier atmospheres would require
significant mission time to observe. Distinguishing between
primary and secondary atmospheres should be possible for all
small planets studied here within a reasonable science time.
However, the assumed noise floor of 20 ppm limits the
characterization at very high mean molecular weights where
the signals become increasingly small. Smaller, cooler planets
may also have a nitrogen-based atmosphere and we find that,
for the Earth-sized planets below 500 K in this chosen sample,
25–130 transits would be required to achieve Tier 1 resolutions
if the atmospheres had a molecular weight of 28. Figure 8
shows simulated data for one such planet, LHS 1140c (Ment
et al. 2019), for various atmospheric weights. The dampening
in the spectra due to a heavier atmosphere can clearly be seen.
Generally, the best targets could be easily characterized
regardless of their atmospheric composition, while for others
achieving the required signal uncertainty will be difficult if the
atmosphere is dense. We note that the impact of clouds is
expected to be well captured in the simulations for higher mean
molecular weight, where signals are up to 14 times smaller than
the ones for atmospheres which are cloud-free and H/He-rich.
Additional observations of the planet at different phases may
provide further constraints on the cloud types and distribution
(e.g., Charnay et al. 2015). Observations of smaller planets
could be undertaken in a tiering system where the data is
analyzed after several visits, with decisions made on continuing
the observations based on the results seen. Science goals for
such an observing strategy could include the determination of
whether an atmosphere is primary, secondary, or not present.
From this preliminary study, we appreciate that providing

significant time to observe smaller planets would be valuable
for their more in-depth chemical/cloud characterization after
an initial survey. Here we have presented a possible option
including the in-depth analysis of ∼110 small planets, but of
course different combinations of strategies could and will be
considered in this and future mission Phases to optimize the
breadth and depth of the Ariel sample during its mission

Table 4
Mission Time Required to Achieve Different Observation Goals

Number of
Planets Observation Requirement

Required Science
Time (hr)

1000 Achieve Tier 1 resolutions ∼10,600

400 Increase resolution from Tier 1 to
Tier 2

∼3100

500 ∼6000
600 ∼10,500

200 Achieve Tier 1 resolutions in the
second method

∼1400

300 ∼2500
400 ∼4200

50 Tier 3 (five repeated observations
per planet)

∼1700

L Tier 4 (additional science time) ∼2300

Note. The total science time over the 4 yr primary life is ∼24,800 hr. Note that
for some bright targets (e.g., HD 209458 b), Tier 2 or 3 resolutions would be
reached in a single observation.

Table 5
Mission Time Required to Achieve Tier 1 Resolutions (at S/N>7) for the
113 Small Planets in the Example MRS Assuming Different Mean Molecular

Weights

Atmospheric Mean Molecular
Weight

Number of
Planets

Required Science
Time (hr)

2.3 All ∼1000 (t0)

5 50 t0 + ∼360
All t0 + ∼3000

8 50 t0 + ∼1100
All t0 + ∼9200

10 50 t0 + ∼1900

15 50 t0 + ∼4400

18 25 t0 + ∼1700
50 t0 + ∼6400

28 25 t0 + ∼4300
50 t0 + ∼15,600

Note. The total science time over the 4 yr primary life is ∼24,800 hr. t0 is the
time spent observing small planets in Tier 1 of the standard MRS.
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Edwards et al. 2019

55 cnc e
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ARIEL targets – planets

Edwards et al. 2019

https://arielmission.space/target-list/
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ARIEL – Simulators

Pascale et al., 2015: Sarkar et al 2018; Mugnai et al., 2020
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EXO-SIM, ARIEL-RAD



ARIEL – Simulators

Mugnai & Al-Refaie, 2020
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ALFN O O R: 1000 L IG H TS

Produce a 
high-
resolution 
spectra

TauREx
forward model

Define 
spectral 
binning and 
add errorbars

ArielRad
Perform 
spectral 
retrieval from 
the observed 
spectrum

TauREx
retrieval model

ARIEL target list 
containing information 
about star, planet, 
chemistry and 
observation strategy

ARIEL payload 
configuration

Posteriors x 1000 planets



ARIEL – Spectral retrievals

ARIEL Data Challenge 2019; Spectral retrieval WG

ARIEL Open Conference – ESTEC 2020

MANY SPECTRAL RETRIEVAL MODELS AVAILABLE TO THE CONSORTIUM

ARIEL Data Challenge 2019 – Blind challenge mini Neptune



Stellar activity: pulsation/granulation

Sarkar et al. 2018
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CONVECTION-DRIVEN VARIABILITY ARISING FROM PULSATIONS & GRANULATIONS IS NOT AN ISSUE FOR ARIEL DATA



Stellar activity: spots & faculae
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PLANET DOES CROSS SPOTS & FACULAE: MORE VICIOUS PROBLEM…AI SOLVABLE?
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ExoClocks
exoclock.space

Kokori & Tsiaras, 2019
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• ARIEL has similar performances to JWST for warm/hot planets around bright stars

• Multiple JWST instruments are combined here

• WFC3 limited wavelength range gives highly degenerate solutions 

Synergies JWST/HST

WFC3
ARIEL
JWST
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Vienna – 29 May 2019

HIGHLY COMPLEMENTARY TO LARGE, GROUND-BASED FACILITIES

ARIEL spectra give the continuum
at broad wavelength range

Synergies ground
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Conclusions
§ Exoplanets appear to be ubiquitous in our Galaxy

§ The number of discovered exoplanets is increasing exponentially, but we still know
very little about them

§ ARIEL has been conceived to deliver the first chemical survey of ~ 1000
exoplanets, probing uniformly the gamut of planet and stellar parameters

§ Results obtained in Phase B have shown that ARIEL instrument will enable even
more compelling science that what we presented in Phase A.

§ Interested in helping? You are welcome to join!☺
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