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| Motivations

O o
A
1034 ) < @ .
11 =
ot O
0 o
@
11 5 O o ‘
n
= AB Doradus @] o
Q
2 ‘ ® O 00§ @0 @ Tucana-Horologium
| ® @e¢ Beta Pictoris O o
0 ® o S
1 %c()(“ean(fux
107+ , @ TWHydra @ e
Mass in Jupiters o ® ~OMD
1 3 510132030 2M0437b Taurus
100 N c o0 ‘ ..‘
10t 102 103 104

Separation (au)

COBREX meeting - October 6, 2022

- 3000

2500

2000

Teff [K]

1500

1000

500



| Motivations

Imaged planets are young and hot
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| Motivations

Temperature and gravity "™ Mass
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| Motivations

Involved physics?
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| Motivations
Connecting the dots

Transiting planets (day side) «Old » brown dwarfs

Deuterium-
burning

Irradiation

Hazes Hazes

Clouds Clouds

Influence of
Entropy surface gravitty

at formation

Influence of
irradiation

Imaged planets
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| Motivations
Formation tracers

Courtesy: S. Petrus
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Atmospheric composition : tracer of formation mode?
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| Methods

Spatial resolution
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| Methods

Contrast and angular resolution: Adaptive Optics &
coronography
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| Methods

Coupling with spectrographs
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| Methods

Coupling with spectrographs
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| Methods

Contrast and angular resolution: Adaptive Optics &
coronography

1994 - 2005 - 2015
ESO3.6m/Come-On+ VLT/NACO SPHERE/IRDIS

SH WFS; 62 actuators; SH WFS; 185 actuators SH WFS; 1200 actuators
Sr<10% Jansonetal. 07 Sr = 40-50% Neuhauser etal 05

Courtesy: G. Chauvin
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| Methods

Coupling with Integral Field Spectrographs
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| Methods

Spectral resolution = quantity of spectroscopic info
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| Methods

xAQO + Coronograph + [FU low-R (lenslets)

Contrast

Spatial Spectral
resolution resolution
__20F MO cCH, [ cH, ' HO ' CH, =
N§ 1.5 - ﬂ”ﬂ & 2M 1207 b (VLG M8.5-L4)_§
ol '
) 22 ' . _ Bzt _ Eiﬂiiiﬁi_iﬂﬁiﬁhg

1.2 1.3 1.4 1.6 1.7

1.5
Wavelength (um)

COBREX meeting - October 6, 2022 ‘ 17



| Methods

classic AO + IFU med-R (slicers)
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| Methods

Med/high-R cross-disperser
[+ coupling to (X)AO + coronograph]
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| Methods

Interferometer (VLTI)

Contrast

5.5
&  GRAVITY K-band (this work)

PRI
Tun
o
}@ﬁﬂﬁq ;}
i

Spectral

Spatial
resolution

resolution

lux (x10="Wm=?pm=1)
w IS
wn o
==
Ll
%_._‘
t:ﬁ",_._"_._‘
5%
:%

w -
=)
L L

N
w
L

2.0 2.1 2.2 23 2 5
Wavelength (um)

B Pictoris b (GRAVITY) R ~ SOO _to. 4000

GRAVITY collab et al. (2020)

=
©

COBREX meeting - October 6, 2022 ‘20



| Empirical take
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| Empirical take

Young exoplanets are red and can be underluminous
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| Empirical take

Imaged exoplanets : similar to « free floating planets »?
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| Empirical take

Imaged exoplanets : similar to « free floating planets »?

\)

20 mins of obs. with SPHERE/IRDI!

COBREX meeting - October 6, 2022 ‘24



| Empirical take

Imaged exoplanets : similar to « free floating planets »?
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| Empirical take

Some hints for surface features (holes in the cloud deck)

8"(~100 AU)
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| Empirical take

Some hints for surface features (holes in the cloud deck)

Phase-Folded Light Curve
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|| Spectral inversion

Atmospheric retrieval: data-driven approach

Simple and flexible Forward
model

Posteriors or
pseudo-

: osteriors
Inversion module P

(Bayesian, Machine Learning)

?
Advantages Downfalls
e Flexible ® | oose connection to physics
e Abundances of individual molecules ¢ Bias in the abundances (clouds)
* Pressure-temperature profiles e Computation cost
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|| Spectral inversion

Atmospheric retrieval: some examples

- 107+ -
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|| Spectral inversion

Forward modeling: driven by models

Pre-computed Interpolation

Forward models §meg .
grids module

DATA mmmdl INVersion module ammmd Posteriors or pseudo-posteriors
?
Advantages Downfalls
e Use of detailed cloud models e L imited number of free parameters

e Efficient (medium and high-resolution) e Not flexible

* Test of model inconsistencies * Relies on grid interpolations
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|| Spectral inversion

Imaged exoplanets : key role of gravity on clouds
Bonnefoy et al. (2016) Charnay et al. (2018)
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|| Spectral inversion

Imaged exoplanets : key role of gravity on clouds

Shallow
Water
Column

Reduced .  — Enhanced vertical
gravitational settling mixing

Metallic iron

Perovskite Corundum
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|| Spectral inversion

Imaged exoplanets : do we really need clouds?

Hot BDs 2500 K

Cold BDs 250
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Tremblin et al. 2015, 2016
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|| Spectral inversion

Imaged exoplanets : do we really need clouds?

1.0 T T T
: — Teff=900K, logg=3.5, [M/H] = +0.5, logkzz=11.0, R=0.14 R, 7v=1.05
Tremblin et al. (2016) ~ - Teff=900K, logg=3.5, [M/H] = +0.5, kzz= 0.0, R=0.14 R, v=1.05
0.3 1 1 hr8799c Ingraham et al. (2014)
hr8799¢ Oppenheimer et al. (2013)
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|| Spectral inversion

Medium/high resolution : abundance ratio
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|| Spectral inversion

Medium/high resolution : abundance ratio
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|| Spectral inversion

Medium/high resolution : isotopic abundance ratio

Y congas | conice 2

o
— CO snowline o 9 8°
N i
O A 1 ©
vAy i 0 %" .0, 0.9.%9.

S ler 9 o i@
= I

Sy |

O gas

o0 | 2co Local interstellar ratio

C | Bco ‘\\\‘

T ice
_C

1au 10 au 100 au Separation

>

COBREX meeting - October 6, 2022

le-15
1.0 4 —— Observation
Full model

0.9 —— Reduced model |
Sos
£
S 0.7
<<

o
o

0.5
_ (a) T T e
=, 5 3 Bry Na | b
0 "
S o WWWWWWWWWWMM
E =5 -!(C) T T T T T T ]
2.10 2.15 2.20 2.25 230 -7 235 2.40,
Wavelength [/.zm’L/’ L
——- 13CO model auto—correlation(e) E —— Residuals (d)
0.4 — 13cO model cross-correlation T 54— 13CO model
g
=
~
~
I
Q
b
s
T LI B B B T T L — T L
—-1500-1000 =500 O 500 1000 1500 2.34 2.36 2.38 2.4
Radial velocity [km/s] Wavelength [um]



|| Spectral inversion
Recent promising frameworks
Random Forests

(Marquez-Neila et al. 2018)
(Ko

Bayesian Neural Network
(Cobb et al. 2019)

1000 2000 10 -5 0 -10 -5 0 -10 -5 0 —10 0 1000 2000 10 -5 0 -1 -5 0 —10 -5 0
T (K) H,O HCN NH; K T (K) H,0 HCN NH;
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|| Spectral inversion

Recent promising frameworks

Bayesian inference with model and instrument error imputation

(STARFISH: Czekala et al. 2015)
(ZAPSE : Brahm et al. 2017)
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||| Compling the detection and characterization

Cross-correlation of spectra with molecular templates
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||| Compling the detection and characterization

The molecular mapping technique

- 2-Cross-correlation of every spaxels

F. A Pianet synthetic spectrum F. A Planet synthetic spectrum :
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||| Compling the detection and characterization

The molecular mapping technique

CC map at velocity -1000.0 km.s™1
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||| Access to MIR

10—15

—— NIRSpec IFU G140H/F100LP
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||| Access to MIR
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||| Access to MIR
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||| Characterizing the youngest exoplanets
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|||l Characterizing the youngest exoplanets

Discovery of forming exoplanets
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|||l Characterizing the youngest exoplanets

Discovery of forming exoplanets
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|||l Characterizing the youngest exoplanets

Discovery of forming exoplanets
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Summary

» High-fidelity spectra of young Jovian exoplanets
* Empirical approach:

young planets are red and faint: role of dust clouds?

free-floating exoplanets = analogues of imaged exoplanets around stars

* Modeling:
two different inversion methods (forward modelling and retrieval)

models with different proposed ingredients
new problematics emerging (systematics in models, etc)

* Youngest exoplanets
witnessing accretion phenomenon
complex environment around the planet (disk material)




Prospects
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