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HUGE DIVERSITY: WHY<¢

FORMATION & EVOLUTION PROCESSESS MIGRATION? INTERACTION WITH STAR?

Gaseous planets form here

. I Interaction with L

Planet migration -

lces, dust, gas
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STAR & PLANET FORMATION/EVOLUTION

WHAT WE KNOW: CONSTRAINTS FROM OBSERVATIONS — HERSCHEL, ALMA, SOLAR SYSTEM
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KEY EXOPLANET QUESTIONS

How diverse are exoplanets chemically?

Does chemical diversity correlate with other

parameterse
How do planets form?¢

How do planets evolve?




THE SUN'S PLANETS ARE COLD

SOME KEY O, C, N, S MOLECULES ARE NOT IN GAS FORM

Atmospheric
pressure

0.4 bars

1.0 bar

1.6 bars

Altitude m

23 km
r“

-

Oscillation of

0km = sky brightness
. BN

T

. T

7

Laser beams

Entry site

Expected

Berlin — April 2018



WARM/HOT EXOPLANETS

O, C, N, S (Ti, VO, SI) MOLECULES ARE IN GAS FORM

Atmospheric
pressure

0.01Bar

HCN gas TiO gas

Condensates VO gas  H,S gas
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30 SHADES OF HOT-JUPITERS

30 WFC3 SPECTRA ANALYSED AND INTERPRETED
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30 SHADES OF HOT-JUPITERS

30 WFC3 SPECTRA ANALYSED AND INTERPRETED: CORRELATION MASS/ATMOSPHERE
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30 SHADES OF HOT-JUPITERS

30 WFC3 SPECTRA ANALYSED AND INTERPRETED: CORRELATION RADIUS/ATMOSPHERE
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30 SHADES OF HOT-JUPITERS
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2 SHADES OF SUPER-EARTHS
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DATA ARE SPARSE, NOT ENOUGH WAVELENGTH COVERAGE

BROAD WAVELENGTH COVERAGE IS NOT SIMULTANEOUS

ABSOLUTE CALIBRATION AT THE LEVEL OF 104 1S NOT GUARANTEED!
INSTRUMENT SYSTEMATICS ARE DIFFICULT TO DISENTANGLE FROM THE SIGNAL
STELLAR ACTIVITY IS THE LARGEST SOURCE OF ASTROPHYSICAL NOISE

WE NEED OBSERVATIONS ON A POPULATION OF OBJECTS TO DRAW CONCLUSIONS

Berlin — April 2018



EXOLIGHTS + EXOAI erc

OBSERVATION

G OF EXO-ATMOSPHERES, BIG-DATA & SPACE MISSIONS

Exoplanet atmospheres observations & data analysis

Spectral modelling & interpretation

New space mission concepts

Infrastructure to analyse “big-data”

ExoLights is funded by ERC (Pl G. Tinetti)
ExoAl funded by ERC (PI |. Waldmann)




Neural network data
correction using big data
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Big data & exoplanets

Planetary correlations
and population analysis

Is a faxonomy possible?
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- Fully Bayesian Retrieval
- MCMC
- Nested Sampling

Custom made opacity line-lists from the
ExoMol project

Prior composition selection through pattern
recognition software

Full parallelisation for cluster computing

Molecular + Atomic
Marple Module
Input

distribution analyser

Minimization / Sampling

Final
Temperatures
Output "‘.';':t:l‘:“ I Mixing ratios l

Waldmann et al., ApJ, 2015°,b; Rocchetto et al., 2016
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Deep Belief
Network
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hidden 3

hidden 2

2 345 71015
Wavelength (ym)

Waldmann, 2016



ARIEL — ESA M4 mission :

1-m telescope, spectroscopy from VIS 1o IR

Satellite in orbit around L2

~1000 exoplanets observed (rocky + gaseous)

Simultaneous coverage 0.5-7.8 micron

Berlin — April 2018



A CHEMICAL SURVEY OF A LARGE POPULATION

SCIENCE REQUIREMENTS: EXOPLANET RADIATION, MOLECULAR & CLOUD SIGNATURES, STAR ACTIVITY
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A CHEMICAL SURVEY OF A LARGE POPULATION @

SCIENCE REQUIREMENTS: EXOPLANET RADIATION, MOLECULAR & CLOUD SIGNATURES, STAR ACTIVITY
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Relative Flux

Through stable instrument, external calibration & proven postprocessing analysis
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S

Main atmospheric component

« Trace gases

«  Thermal structure

What fraction of planets have « Cloud characterization

clouds?

- Elemental composition

Have small planets still retained
H/He?

Colour-colour diagrams

Refinement of orbital/planet
parameters in IR

Atmospheric circulation

«  Spatial & temporal
~ 1000 PLANETS variability

Berlin — April 2018 .
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ARIEL phase-curve spectra, chemical composition & thermal profile
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P88 CHEMICAL DIVERSITY

CORRELATION WITH ANY OTHER KEY PARAMETERS ¢

Is this plot tfrue? Where are the transitions?
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#88 CHEMICAL DIVERSITY :

ARIEL WILL CLARIFY CORRELATION WITH THE DENSITY

Density observations Atmospheric composition through ARIEL
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Bl TERRESTRIAL-SUBNEPTUNES TRANSITION :

ARE SUPER-EARTHS BIG TERRESTRIAL PLANETS, SMALL NEPTUNES<¢ IS H/HE STILL THERE?

Formation scenarios for small planets ARIEL observations for small planets

10~*H,0, H2/He 1 mbar clouds
10~* H,O, H2/He, no clouds
30% H»0O, 70% H2/He, no clouds
100% H>O, no clouds

1 2 3 4 5 6 78910
Wavelength (ym)
32



’ IS ELEMENTAL COMPOSITION CORRELATED ... .

...TO EXOPLANET PROVENANCE OR STELLAR METALLICITY?

Star metallicity C/O retrieved from

L
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LARGE POPULATION OF WARM/HOT PLANETS

TODAY AND IN THE NEXT DECADE
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DIVERSITY PROBED IN ARIEL CORE SAMPLE :

PLANET SIZE, DENSITY, TEMPERATURE, STAR TYPE, METALLICITY

000 Already obsolete due to K2 new discoveries (Fulton et al., 2017)
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ARIEL mission scenario in spring 2017: 1000 planets
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DIVERSITY PROBED IN ARIEL CORE SAMPLE

PLANET SIZE, DENSITY, TEMPERAT

100

URE, STAR TYPE, METALLICITY

Already obsolete due to K2 new discoveries (Fulton et al., 2017)

80}

60 |

40}

Number of planets

20+

ARIEL mission scenario in spring 2017: 1000 planets

TIIRNET L

Star temp.

T. (K)
3000 - 3300
3300 - 3600
3600 - 3900
3900 - 4200
4200 - 4500
4500 - 4800
4800 - 5100
5100 - 5400
5400 - 5700
5700 - 6000
6000 - 6300
6300 - 6600

gOO 400 500 600 700 800 900 100011

Zingales et al., 2018

00 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 2400 2500
Planetary Temperature (K)

Berlin — April 2018
37



CONCLUSIONS

Exoplanets appear to be ubiquitous in our Galaxy

Current sample of discovered exoplanets is very diverse in terms of basic planetary/orbital
parameters.

Molecular & elemental composition can help to understand the nature and history of exoplanets

Hubble, Spitzer, ground-based instruments have delivered pioneering observations of exoplanet
atmospheres

We need more accurate observations over a broader wavelength range (JWST) for a statistically
large sample of planets (ARIEL) to understand the chemical diversity.

ARIEL has been conceived to deliver the first chemical survey of ~ 1000 exoplanets, probing

uniformly the gamut of planet and stellar parameters
Berlin — April 2018 38



