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Fig. 1.— The C/O ratio in the gas and in grains, assuming the temperature structure of a
‘typical’ protoplanetary disk around a solar-type star (7j is 200 K, and ¢ = 0.62). The H,O,
CO5 and CO snow-lines are marked for reference.
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The composition of these

planets, particularly the

carbon-to-oxygen number
ratio (C/O) traces the
location of formation, which
can help us infer the

mechanism

Oberg et al. (2011) APJ 743 1 L16
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Fig. 1.— The C/O ratio in the gas and in grains, assuming the temperature structure of a
‘typical’ protoplanetary disk around a solar-type star (7j is 200 K, and ¢ = 0.62). The H,O,
CO4 and CO snow-lines are marked for reference.
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Likelihood Prior
So let’s use a simple Function Distribution

model and try to
understand some of the
broad strokes physics

Nested Sampling

We can fit this to the
spectral and photometric
data
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Measuring the emission
spectra of an exoplanet
IS extremely challenging
compared to brown

dwarf or solar system
observations.

Likelihood Prior
So let’s use a simple Function Distribution

model and try to
understand some of the
broad strokes physics

Nested Sampling

Posterior

We can fit this to the distributions

spectral and photometric
data
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| I | 1 I« | | | |

1000 1200 3 4 5 0
Terr (K) log(g) Fe/H]

Our model is based on Molliere et al. (2020), using petit
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Molliére et al. 2020 HR8799e Atmospheric Parameters
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Our model is based on Molliere et al. (2020), using petitRADTRANS.

We include :
MgsSiO4 and Fe clouds, based on Ackerman & Marley (2001), with scattering
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Molliére et al. 2020 HR8799e Atmospheric Parameters
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Tie (K) Tog(g) [Fe/H] C/0

Our model is based on Molliere et al. (2020), using petitRA
We include :

-lexible, 6 parameter 1-P profile
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HR8799e Atmospheric Pa,rameters
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Ter (K) log(g) Fe/H] C/O Rp (Ryyp)

Our model is based on Molliere et al. (2020), using petitRADTRANS.

We include :
MgsSiO4 and Fe clouds, based on Ackerman & Marley (2001), with scattering

—quiliorium chemistry with disequilibrium carbon quenching, or free chemistry
-lexible, 6 parameter 1-P profile

Recent updates to pRT Include improved adaptive pressure grids, Hansen clouds
coupled to AMO1, and improved CIA handling.
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- GRAVITY is an AO assisted,
spectroscopic, NIR
iNnterterometer at the VLI,
with a 130m baseline.
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- GRAVITY is an AO assisted,
spectroscopic, NIR
iNnterterometer at the VLI,
with a 130m baseline.

- With GRAVITY we can
observe the HR8799 planets
N minutes, with excellent SNR
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GRAVITY

- GRAVITY Is an AO assisted,
spectroscopic, NIR
iNnterterometer at the VLI,
with a 130m baseline.

- With GRAVITY we can
observe the HR8799 planets
N minutes, with excellent SNR

- The current observations have
a spectral resolution of 500,
out 4000 Is possible.
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To date, GRAVITY has been
used to explore several directly

imaged systems through the
ExoGRAVITY program:
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To date, GRAVITY has been
used to explore several directly

imaged systems through the

ExoGRAVITY program:
Beta Pic b,c: Nowak et al. 2019

HR8'799e: Molliere et al. 2020
PDS 70 b,c: Wang et al. 2021
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To date, GRAVITY has been

used to explore several directly
imaged systems through the

ExoGRAVITY program:

Beta Pic b,c: Nowak et al. 2019
HR8799e: Molliere et al. 2020
PDS 70 b,c: Wang et al. 2021

HD 206898: Ka

I
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The first GRAVITY data for HR8799e
was taken in 2018 (Gravity
Collaboration et al. 2019)
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The first GRAVITY data for HR8799e
was taken in 2018 (Gravity
Collaboration et al. 2019)

Similar observations were made for
the remaining three planets
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opectral

The first GRAVITY data for HR8799e o - HR8799d |
was taken in 2018 (Gravity . e ’
Collaboration et al. 2019)

Similar observations were made for
the remaining three planets

All observations are taken at R~500,
with an SNR of ~5 per channel.
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-rocessing arcnival data

Retrievals are only as good as the data!
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-rocessing arcnival data

Retrievals are only as good as the data!

We need to account for covariances In
the spectrum (Greco & Brandt 20106)
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-rocessing arcnival data

Retrievals are only as good as the data!

We need to account for covariances In
the spectrum (Greco & Brandt 20106)
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-rocessing arcnival data

Retrievals are only as good as the data!

We need to account for covariances In
the spectrum (Greco & Brandt 20106)

Algorithm choice also affects the flux
calibration and shape of the spectrum
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-rocessing arcnival data

-urther efforts are necessary to quantify how
these algorithms impact characterisation,
similar to Cantalloube et al (2021) for detection
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retrievals due to the performance across
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- We’ve run retrievals for all
of the planets (though still
have more to go)

- Consistent with literature,
all of the planets are

cloudy and around
1000K-1200K

Residuals [o]

Flux [W/m2/micron]

|
p
- ' L

> 2 N
v O W

lllell—ll].lsll rrrrrrrYevead

l 1
- Best Fit Model

] 1 | 1 ] l 1 | ] | | | 1 ] | l LI
¢ GRAVITY ¢ GCPI ¢ SPHERE

e

HR8799 Retrievals with GRAVITY

2.0
Wavelength [micron]

3.0

)

15



Nasedkin

-[ttiNng the Datal
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all of the planets are
cloudy and around
1000K-1200K

Molliére et al. 2020

Residuals [o]

Flux [W/m2/micron]

ll.lell—llllsll llllllllllllll 1
3 —— Best Fit Model

¢ GRAVITY

.r '

|
—
-lll

> 2 N
v O W

HR8799e Atmospheric Parameters
1

X0

3.0

Wavelength [micron]

1000 1200 :
T (K) log(g)

t 1 | | I | llllllllllll

lllll

1 Illl-l | I Il ]

0 1
Fe/H]|

HR8799 Retrievals with GRAVITY

llllllllll

B o REM
B LR fixed

S pRT

0.50 0.75
C/O

L.

0 1.5
Rp (RJup)

15



Nasedkin

-[ttiNng the Datal
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of the planets (though still
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Consistent with literature,
all of the planets are
cloudy and around
1000K-1200K
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“reliminary results: Chemistry

We also find a ~5x higher
CO abundance using free
chemistry as compared to
the disequilibrium model.
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“reliminary results: Chemistry

We also find a ~5x higher
CO abundance using free
chemistry as compared to
the disequilibrium model.

This may be partially
explained due to the
differences in the retrieved
radius and effective
temperature between the
two models.
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“reliminary results

- The results depend on both the
choice of model and dataset
INnclusion.

- CG/0 In particular strongly depends
on the chemical model used
(disequilibrium or free chemistry).
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Sreliminary results: C/0O

We see a tentative

decreasing trend in C/O 1.0
with orbital separation. 0.9F

Oberg et al. (2011)
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Sreliminary results: C/0O

We see a tentative
decreasing trend in C/O
with orbital separation.

The C/0O ratios outside
20AU tend to be
substellar, but c and d
are likely within 1 sigma
of the stellar value (0.55)

Oberg et al. (2011)
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We see a tentative

decreasing trend in C/O 1.0F - 8 e 1.0
with orbital separation. 0.9F :
0.8F 0.8
The C/O ratios outside S 075 1
20AU tend to be C 060 —_0.6%
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of the stellar value (0.55) Tk | S stellar |-
03- = @ == === =-====== ® C/O Lgno
: : Fe/H] |
In general, we find o.2p - m | w [FeHI

metallicities ~10x the

Separation [AU]
stellar value of -0.52.
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Mid infrared observations
with the Medium
Resolution Spectrometer
of JWST/MIRI are essential
to understanding the

clouds and composition of
HR 8799 bcde

Patapis, Nasedkin et al. (submitted)
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Summary

- Studying directly imaged planets is incredibly challenging: instrumentation, data

processing and modelling are all very complicated

- A single retrieval does not tell you everything about a planet! Many models need

to be compared to find robust results.

- Preliminary results look mostly consistent with literature:

- Jemperatures of 1000K-1200K

- abundant HoO and CO, possible detections of CHg and HCN
- Cloudy atmospheres

- Stellar to slightly substellar C/O, maybe decreasing with separation

- There’s still lots to do!
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