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Imaged planets are young and hot
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➠ Low surface gravity
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t=1 Myr

t=1 Gyr

M=65 MJup

Teff=3550 K
log g=3.5
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BROWN DWARF PLANET
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�Involved physics?
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Connecting the dots
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Influence of 
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Formation tracers
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Atmospheric composition : tracer of formation mode?
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Access to spatial and 
spectral diversity
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(H2O, CH4, etc.)
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(Na I, K I, CO, VO, FeH, TiO, etc.)

Tiny doublets resolved, line 
profile, comb of lines 
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Spectral resolution = quantity of spectroscopic info
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|| Empirical take
Young exoplanets are red and can be underluminous

Old objects (brown dwarfs, stars)

Young low-gravity objects
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Imaged exoplanets : similar to « free floating planets »?
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20 mins  of obs. with SPHERE/IRDIS

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

Bonnefoy et al.: Physical and chemical properties of the planets around HR8799

Ab
so

lu
te

 fl
ux

 [W
.m

-2
.µ

m
-1
]

     
0%

100%

5.10-16

1.0•10-15

1.5•10-15

T

OSIRIS-HK HR8799b
2M1324+63 (T2)+ Forsterite (AK=0.30, r=0.45 µm)

He I B

H2 (v=1-0)
Brγ

H2 (v=2-1)

     
-1•10-15

0

1•10-15

2•10-15

3•10-15

4•10-15 GPI-K1K2P1640 HR8799c
SDSS1516+30 (T0.5)+ Forsterite (AK=0.35, r=0.45 µm)

     
-1•10-15

0

1•10-15

2•10-15

3•10-15

4•10-15 IFS-YJH HR8799d
PSOJ318-22 (L7)

1 2 3 4 5
Wavelengths [µm]

0%
100%

0

1.10-15

2•10-15

3•10-15

4•10-15 HR8799e
WISE0047+68 (L7)

z J H2H3
CH4SCH4L

H
Ks

K1K2 LNB1LNB2 LNB3LNB4LNB5LNB6

[3.3] [4.05]L’ M’

1 2 3 4 5
Wavelengths [µm]

0%
100%

0

1.10-15

2•10-15

3•10-15

4•10-15

T

Fig. 4. Comparison of the current set of spectrophotometric points of HR 8799 b,c,d, and e to the normalized SEDs of red L dwarfs (gray) and to
the SED of peculiar early-T dwarfs reddened by additional forsterite extinction (light blue).

and grain size was needed to ajust the WISE W1 and W2 pho-
tometry of the templates (Cutri & et al. 2012) together with their
1-2.5 µm fluxes onto the SED of the planets.

Among L and T-type field dwarfs standards4, only T1-T2 ob-
jects reddenned either by the extinctions of forsterite, enstatite,
corundum, or iron reproduce the slope of the SED of HR8799b
and c. However, the reddened templates fail to represent the
shape and flux of the planets in the K band. These di↵erences
arise from a variation of the collision-induced absorption of H2
that tends to suppress the K band flux in higher surface-gravity
atmospheres (Borysow et al. 1997).

4 from the SPeXPrism library (Burgasser & McElwain 2006; Bur-
gasser 2007; Burgasser et al. 2010, 2004, 2006; Looper et al. 2007)

The missmatch in the K band is reduced for HR8799b con-
sidering reddenned spectra of the peculiar T2 brown dwarf
2MASS J13243553+6358281 (Looper et al. 2007; Metchev
et al. 2008). Conversely, we find that the reddened spectrum of
SDSS J1516 represents well the 1-2.5 µm flux od HR8799c.
It has been proposed that these sources are younger than the
field population (< 300 Myr, Looper et al. 2007; Stephens
et al. 2009). Marley et al. (2012) noticed that SDSS J1516 has
similar cloud properties as HR8799b,c, and d based on atmo-
spheric modelling. The reddened spectrum of the extremely red
dwarf WISEJ064205.58+410155.5 (Mace et al. 2013), which
could fall into the T-dwarf category, provides a good alterna-
tive fitting solution to the SED of HR 8799 c in the 0.95-2.5
µm range. But its dereddened WISE photometry fails to repro-
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It has been proposed that these sources are younger than the
field population (< 300 Myr, Looper et al. 2007; Stephens
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similar cloud properties as HR8799b,c, and d based on atmo-
spheric modelling. The reddened spectrum of the extremely red
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Some hints for surface features (holes in the cloud deck)
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|| Empirical take

Zhou et al. 2020 Tan et al. 2021

Some hints for surface features (holes in the cloud deck)
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||| Spectral inversion
Atmospheric retrieval: data-driven approach

D
A
T
A

Priors

Simple and flexible Forward 
model

Inversion module 
 (Bayesian, Machine Learning)

Posteriors or 
pseudo-

posteriors

Advantages Downfalls

• Flexible 
• Abundances of individual molecules 
• Pressure-temperature profiles 

• Loose connection to physics 
• Bias in the abundances (clouds) 
• Computation cost
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||| Spectral inversion
Atmospheric retrieval:  some examples

Mollière et al. 2020
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||| Spectral inversion
Forward modeling: driven by models

DATA

Priors

Forward models

Inversion module Posteriors or pseudo-posteriors

Advantages Downfalls

• Use of detailed cloud models 
• Efficient (medium and high-resolution) • Not flexible

Pre-computed 
grids

Interpolation 
module

• Limited number of free parameters

• Relies on grid interpolations• Test of model inconsistencies
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Imaged exoplanets : key role of gravity on clouds
Bonnefoy et al. (2016) Charnay et al. (2018)

||| Spectral inversion
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Reduced 
gravitational settling

Enhanced vertical 
mixing

Imaged exoplanets : key role of gravity on clouds

||| Spectral inversion
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Tremblin et al. 2015, 2016

Imaged exoplanets : do we really need clouds?

CO+3H2⟶CH4+H2O
N2+3H2⟶2NH3

||| Spectral inversion
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Imaged exoplanets : do we really need clouds?

Tremblin et al. (2016)

||| Spectral inversion
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Medium/high resolution : abundance ratio

||| Spectral inversion

Konopacky et al. 2013
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Medium/high resolution : abundance ratio

||| Spectral inversion

Wavelength (µm)

HR 8799 b (OSIRIS, Barman et al. 2015)
Exo-REM (Teff ~ 1015 K ; C/O ~ 0.55)

Petrus et al, in prep
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||| Spectral inversion
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Medium/high resolution : isotopic abundance ratio
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Random Forests Bayesian Neural Network

||| Spectral inversion
Recent promising frameworks

(Cobb et al. 2019)
(Marquez-Neila et al. 2018)

(Komba et al. in prep)
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Bayesian inference with model and instrument error imputation

(STARFISH: Czekala et al. 2015)

||| Spectral inversion
Recent promising frameworks

(ZAPSE : Brahm et al. 2017)

(Zhang et al. 2022)



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

Konopacky et al. 2013
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|||| Compling the detection and characterization
The molecular mapping technique
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|||| Compling the detection and characterization
The molecular mapping technique

Hoeijmakers et al. 2018
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|||| Access to MIR

COBREX meeting - October 6, 2022 43

Miles et al. 2022



|||| Access to MIR
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||||| Characterizing the youngest exoplanets
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Two accreting giant 
planets at 22 and 34au

Within a circumstellar 
disk cavity

 

Fig. 1 Overview of the PDS 70 system. a, The Hα detection map with an overlay of the contours of the 
orbital radii and a white dot in the center that marks the position of the star. The contours for PDS 70 c 
are the minimum and maximum orbital radii found for the different wavelength observations. For both 
objects the square apertures that were used for the photometry are shown, with the red aperture for 
PDS 70 b and the purple aperture for PDS 70 c. b, c, d, The corresponding spectra divided by their 
standard deviation are on the right and centered around the Hα line position. The four apertures in 
orange indicate reference areas that are used to compare with PDS 70 c. The orange reference spectra 
on the right do not show any spectral feature, while both PDS 70 b and c clearly show Hα in emission. 

  

||||| Characterizing the youngest exoplanets

Haffert et al. 2019
Benisty et al. 2021

Keppler et al. 2018

Discovery of forming exoplanets
PDS70 b and c
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||||| Characterizing the youngest exoplanets
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S. C. Eriksson et al.: Strong H↵ emission and signs of accretion in a circumbinary planetary mass companion from MUSE

Fig. 2. Full averaged (over 11 cubes) MUSE spectrum of the companion Delorme 1 (AB)b (black line) showing very strong H↵ emission, and
highlighting other atomic lines (black text and red lines) and molecular absorption features (dashed red lines). The two narrow gaps in the spectrum
are caused by sections of unusable data at 5800�6051 Å and 7592�7681 Å.

Table 1. Individual line characteristics (extinction-corrected flux, EW, and the 10% and 50% line profile widths) of Delorme 1 (AB)b for detected
emission lines, obtained from the averaged spectrum.

Line Fline EW 10% width FWHM �mA �mB

(10�16erg cm�2 s�1) (Å) (km s�1) (km s�1) (mag) (mag)

H� 1.39 ± 0.10 . . . <322 <177 3.21 ± 0.23 3.03 ± 0.24
H↵ 12.80 ± 0.70 �135 ± 5 105�241 58�133 4.31 ± 0.16 3.89 ± 0.16
He i �6678 0.18 ± 0.03 �1.9 ± 0.2 <194 <108 . . . . . .
He i �7065 0.15 ± 0.04 �1.0 ± 0.1 . . . . . . . . . . . .

Notes. Negative EW indicates emission. For H� there is no well-defined continuum, required for an EW estimate, and the measured FWHM is
equivalent to the resolution width of MUSE (RH� = 1694 ⇠ 177 km s�1). For HeI7065, the line profile is not well defined enough for an accurate
estimate of the width. The �m values compare the H↵ and H� line fluxes of Delorme 1 (AB)b with those of the primary components A and B at a
2.5 pixel aperture.

indicate a lower-gravity atmosphere (e.g. McGovern et al. 2004),
which would be in line with the expectations of youth in this
object.

It is clear that the line emission is intrinsic to Delorme 1
(AB)b. We therefore turn our attention to the question of the
mechanism behind it.

3.2. Mass accretion rates

For the purposes of the continued analysis of Delorme 1 (AB)b,
we make use of the DUSTY00 atmosphere isochronal models
for very-low-mass stars and BDs from Chabrier et al. (2000) and
Bara↵e et al. (2002) in lieu of a more in-depth spectral mod-
elling. Based on the photometry of Delorme 1 (AB)b we obtain
an absolute Gunn-i magnitude of 15.7±0.3. Combining this with
the JHKS L

0 photometry from Delorme et al. (2013) and the z
0

from Janson et al. (2017), we find very good agreement with
the expected absolute Iz

0
JHKS L

0 magnitudes for the 0.012 M�
and 0.015 M� isochrones at 10 Myr and 50 Myr, respectively
(Table 3). This indicates a probable hot-start mass for Delorme

1 (AB)b in the range of 12�15 MJup, spanning the deuterium-
burning limit. This is consistent with Delorme et al. (2013). The
use of cold- or warm-start models would imply a higher mass
(e.g. Marleau & Cumming 2014), but we restrict ourselves here
to hot starts, especially because recent modelling suggests that
these are more likely (Berardo et al. 2017; Marleau et al. 2019).
Thus, to calculate the mass accretion rate, we adopt a com-
panion mass of MP = 0.012 M� with a bolometric luminosity
log(Lbol/L�) = �3.58, and take the mean radius of the two mod-
els, RP = 0.163R� (1.59 RJup).

We estimated the mass accretion rate Ṁacc onto Delorme 1
(AB)b with several di↵erent methods. We took two that are in
common use for stars and BDs (Natta et al. 2004 and Alcalá
et al. 2017), another from Thanathibodee et al. (2019), and we
also applied the new gas giant accretion model of Aoyama et al.
(2018) and Aoyama & Ikoma (2019).

Line luminosities can be used to estimate Ṁacc (e.g. Mohanty
et al. 2005; Herczeg & Hillenbrand 2008; Rigliaco et al. 2012;
Alcalá et al. 2017). Rigliaco et al. (2012) characterised the
empirical correlation between the line luminosity (Lline) and

L6, page 3 of 9

Discovery of forming exoplanets
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Discovery of forming exoplanets
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3

Fig. 1.— Emission and transmission spectra for WASP-43b. a, The emission spectrum measurements from HST/WFC3 (white circles)
and Spitzer/IRAC (white squares; inset). b, The transmission spectrum from WFC3 (white circles). For both panels, the uncertainties
correspond to 1� errors from a Markov chain fit. The error bars for the Spitzer measurements are smaller than the symbols. We show the
best fit models from our retrieval analysis (dark blue lines) with 1- and 2-� confidence regions denoted by blue and cyan shading. The blue
circles indicate the best fit model averaged over the bandpass of each spectroscopic channel. The fits to both the emission and transmission
spectra have chi-squared values nearly equal to the number of data points n (�2/n = 1.2 for both).

profile for the dayside emission spectrum is presented in
Stevenson et al. (2014).

4. RESULTS

4.1. Constraints from the Emission Spectrum

The emission spectrum shows strong evidence for water
absorption. We detect water at 11.7� confidence (6.4�
from the WFC3 data alone), according to the Bayesian
information criterion (BIC). The data constrain the vol-
ume mixing ratio of H2O in the planet’s atmosphere to
be 3.1 ⇥ 10�4 – 4.4 ⇥ 10�3 at 1� confidence. Figure 3
shows the distribution of H2O abundances that fit the
observations.
Water is the only molecule significantly detected over

the WFC3 wavelength range; however, additional con-
straints from the Spitzer data suggest CO and/or CO2
are also present in the planet’s atmosphere. We de-
tect CO+CO2 at 4.7� confidence in the combined
WFC3/IRAC spectrum. The measured abundance of

CO2 is relatively high compared to the expected thermo-
chemical value for a solar composition gas (⇠ 5⇥ 10�8).
We find that a moderately super-solar metallicity com-
position has equilibrium H2O, CO2, and CO abundances
that are within the range of our retrieved values. How-
ever, the CO+CO2 constraints are driven mainly by the
photometric point from the Spitzer 4.5 µm channel. The
bandpass for this channel is about 1 µm wide, and cov-
ers features from CO, CO2, and H2O (Sharp & Burrows
2007). Making a robust determination of the abundances
of these molecules requires spectroscopic observations to
resolve their absorption features. The main conclusions
of this work are unchanged if we exclude the Spitzer data
from our analysis.
The best-fit thermal profile has decreasing temperature

with pressure and is consistent with predictions from a
radiative-convective model for the substellar point over
the range of pressures to which our data are sensitive. We
find no evidence for a thermal inversion. Further details
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• High-fidelity spectra of young Jovian exoplanets

Summary

• Empirical approach:

free-floating exoplanets  = analogues of imaged exoplanets around stars

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

• 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)
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limiting  the  contrasts  between  the  line  peak  emission  and  the  planetary+stellar  spectral  continuum.              
Medium-resolution  (R~2000-3000)  integral-field  spectrographs  (IFU)  fed  by  powerful  adaptive-optics          
instruments  (e.g.,  VLT/MUSE-NFM)  can  dramatically  increase  the  contrast  between  the  continuum            
and  the  line  emission  at  peak  (factor  of  ~5  to  28)  while  providing  the  data  diversity  needed  for  an                    
efficient  removal  of  the  stellar  flux.  This  strategy  was  experimented  on  PDS70  and  revealed  a  second                 
accreting  planet  in  the  system  (Fig  2)  that  had  gotten  unnoticed  via  classical  imaging  (SPHERE).   The                 
planet   line   intensities   and   profiles   were   used   to   set   constraints   on   the   gas   accretion   rates   (e.g., [34] ).  
This  approach  applied  on  present  IFUs  is  very  promising  and  could  allow  probing  the  bulk  of  the                  
population  of  forming  planets  at  large  separations  (>  5  au) [35] and  peering  into  the  physics  of                  
accretion  right  now.  Furthermore,  a large  potential  exists  for  improving  the  data  analysis  and               
reaching   the   maximum   sensitivity   of   these   observations.   

 

 
 
 

A  new  wealth  of  instruments  to  reveal  accretion  processes. A  new  generation  of  spectrographs  has                
just  entered  operation  or  will  be  commissioned  in  the  course  of  the  FRAME  project  (see  Fig.  3).  Their                   
spectral  coverage,  spectral  resolving  power,  and  angular  resolution  will  give  access  to  an              
unprecedented  combination  of  diagnostics  of  accretion  processes  on  imaged  exoplanet  companions            
(objective   #1).   
The  new  seeing-limited  medium  to  high-resolution  spectrographs  such  as  ESPRESSO  (2019-)  in  the              
optical  or  SPIRou  (2018-)  in  the  NIR  have  the  sensitivity  to  yield  detailed  emission  line  profiles  of                  
protoplanets  on  wide  orbits  (>300  au).  They  will  soon  be  supplemented  by  similar  spectrographs               
coupled  to  AO  modules  (NIRPS/2020,  CRIRES+/2021)  which  could  yield  similar  measurements  for             
accreting  companions  on  tighter  orbits  (20-300au)  in  the  NIR  (1-5  µm).  The  NIRSpec  and  MIRI                
instruments  on  the  JWST  (2021)  will  provide  an  unprecedented  sensitivity  to  the  infrared  emission  of                
CPDs.  
Revolutionary  integral  field  spectrographs  such  as  MUSE  (NFM;  2018-)  or  ERIS  (2021-)  on  the  VLT,  or                 
NIRSpec  and  MIRI  on  the  JWST  (2021-)  will  combine  (i)  the  angular  resolution  (Strehls  from  10  to                  
nearly  100%),  (ii)  a  high  sensitivity  to  faint  objects,  (iii)  give  access  to  a  broad  set  of  emission  lines                    
(0.5-28  µm),  and  (iv)  have  spaxels  sizes  combined  to  dedicated  strategies  (dithering)  to  sample  the                
point-spread  function  well  (Nyquist). Our  team  of  French  astronomers  will have  access  to  all  these                
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