
Architecture of planetary systems

How do the planets form?

Célia DESGRANGE

Supervisors: Gaël Chauvin, Julien Milli, and Thomas Henning

Célia DESGRANGE Architecture of planetary systems Cobrex week – October, 7th 2022 1 / 34



State-of-the-art

Wide diversity of architectures of planetary systems
Protoplanetary disks (1–6 Myr)

34 The Messenger 169 – September 2017

now more uniform across all stellar types, 
with discs around T Tauri stars like 
LkCa 15 (Thalmann et al., 2016) being as 
well characterised as the most imaged 
Herbig Ae/Be systems, like HD 100546 
(Garufi et al., 2016).

The clearest finding from an inspection  
of the available sample is that all discs 
show morphological features. In the 
majority of sources, either concentric 
rings (HD 97048, Ginski et al., 2016; 
TW Hya, van Boekel et al., 2017) or spiral 
arms (MWC 758, Benisty et al., 2015; 
HD 135344B, Stolker et al., 2016a) are 
revealed. Some discs, predominantly 
those with spirals, also show radially 
extended dips that can be interpreted as 
shadows cast by a misaligned disc at  
a few au from the central star (Benisty et 
al., 2017; Avenhaus et al., 2017).

The interpretation of features from 
inclined discs is less immediate because 
of the degeneracy between scattering 
phase function, disc geometry and illu-
mination effects in these sources. This 
analysis is nonetheless pivotal to constrain 
the composition of dust grains (Stolker  
et al., 2016b; Pohl et al., 2017) and the 
geometry of the disc surface (de Boer et 
al., 2016), both of which are necessary to 
understand planet formation.

Comparison with ALMA images

PDI images are sensitive to micron-sized 
dust grains at the disc surface. These 
grains are very well coupled to the gas 
under typical disc conditions. On the 
other hand, images at (sub-)millimetre 
wavelengths trace larger grains within the 
disc. Comparing SPHERE and Atacama 
Large Millimeter/Submillimeter Array 
(ALMA) images with comparable angular 
resolution can potentially reveal the differ-
ent morphologies of different disc com-
ponents. In fact, many disc processes 
(for example, grain growth or dust filtra-
tion) are expected to differentiate the dis-
tribution of gas and large grains through-
out disc evolution, leaving their imprint on  

the disc structure. This is illustrated in 
Figure 3 for two prototypical examples 
from PDI, one showing concentric rings 
(TW Hya) and another showing spiral 
arms (HD 135344B).

Similarly to the PDI data, the ALMA 
images of TW Hya show a number of 
rings and gaps (Andrews et al., 2016). 
Van Boekel et al. (2017) performed a 
detailed comparison of the radial profiles 
of these two datasets, highlighting both 
similarities and profound differences.  
The entire detectable signal from ALMA  
is located within the second bright ring 
from PDI at approximately 60 au. The  
two main millimetre dips seen in both the 
image and the radial profile in Figure 3 
have analogous dips in PDI at 25 au and 
at 40 au. Similar considerations apply  
to some rings. In general, large-scale 
structures have a stronger contrast in 
SPHERE data, whereas narrow features 
appear more profound with ALMA. There 
is no general consensus regarding the 
origin of these rings, with both planet- 
disc interactions and dust accumulation 
in correspondence with ice lines being 
the most promising explanations.
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Figure 2. Collection of images of protoplanetary 
discs observed in PDI with SPHERE. References to 
the images are: HD 100546, Garufi et al. (2016); 
HD 97048, Ginski et al. (2016); MWC 758, Benisty  
et al. (2015); HD 100453, Benisty et al. (2017); 
HD 135344B, Stolker et al. (2106); HD 145527, 
 Avenhaus et al. (2017); T Cha, Pohl et al. (2017); RX 
J1615-3255, de Boer et al. (2016); LkCa 15, Thal-
mann et al. (2016); TW Hya, van Boekel et al. (2017). 
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Garufi et al. (2017)

Early stage of formation: observation of cavity, rings, spirals...
In older systems: still observe diverse architectures e.g. presence of belts, different
types of planets, some with circumplanetary disk.

To what extent the architecture of a system can help us
to learn how do planets form?
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State-of-the-art

Do planets in a given system share similar properties?
“Peas in a pod” model

Intra-system uniformity:
From Kepler observations, pairs of exoplanets are similar in size and mass, and evenly
spaced orbits (caused by accretion/migration competition?)
e.g. Millholland+2017; Weiss+2018; Gilbert & Fabrycky 2020

3.1. Dynamical Mass, μ

Mass is arguably the most fundamental property of an
individual planet, and so describing the mass scale of each
system is a natural place to start when characterizing
exoplanetary system architectures. The dynamical mass of the
system is defined as
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where mi are planet masses and Må is the stellar mass, with the
term “dynamical mass” taken following Jontof-Hutter et al.
(2016). We choose to report mass as the system-to-star mass
ratio rather than the simpler total integrated mass because
planet formation and orbital dynamics are more closely related
to disk-to-star and planet-to-star mass ratios than to total mass.
Indeed, we note that the distribution of dynamical masses is
conspicuously peaked near μ≈10−4 (Figure 7), commensu-
rate with the common dynamical masses of the Jovian,
Saturnian, and Uranian moon systems (e.g., Mosqueira &
Estrada 2003; Canup & Ward 2006), hinting at a common
formation pathway for exoplanet systems and giant-planet
satellites (Chiang & Laughlin 2013; Miguel et al. 2020).

The cumulative density function (cdf) of μ and μ/N for 2, 3,
and 4+ planet systems are shown in Figure 6. We find that both
the Kolomogorov–Smirnov test statistic (K–S test) and
Anderson–Darling test statistic (A–D test) indicate that while

log μ is drawn from different distributions for different
multiplicities, when μ is normalized by multiplicity, all systems
appear to be drawn from the same underlying distribution. The
straightforward interpretation is that the average planet size
(relative to the host star) is the same for all multiplicities
N�2. We further hypothesize that these dynamical mass
variations between multiplicities indicate that many of the
lower multiplicity systems host additional undetected planets.
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We define the mass partitioning of a system as
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The second bracketed term in Equation (7) is simply the
disequilibrium, D, calculated from Equation (2) with the
substitution lp mi i*, where mi* is the normalized planet mass
defined following Equation (8). In the language of occupancy
probabilities, mi* can be thought of as the probability that an
infinitesimal mass element dm resides in a particular planet. In
simple terms, mi* is the fraction of total system mass
(excluding the star) contained in an individual planet. The
prefactor �N N 1( ) normalizes ) to the range (0, 1). Thus,
any system with all equal-mass planets will have �) 0 while

Figure 5. Gallery of 4+ planet systems considered in this study. Systems are arranged from left to right by increasing dynamical mass. The giant moon systems of
Jupiter, Saturn, and Uranus are shown for comparison.

Table 1
Summary of System-level Measures: Dynamical Mass μ, Mass Partitioning), Monotonicity%, Characteristic Spacing + , Gap Complexity � , Flatness f, and

Multiplicity N

KOI Nlog10 ) % + � f N pop.

K00041 −4.510 0.063 −0.20 26.9 0.181 0.148 3 0
K00046 −3.907 0.852 −0.92 10.4 L 0.051 2 L
K00070 −4.037 0.150 −0.07 22.6 0.244 0.163 5 0
K00072 −4.449 0.133 0.36 76.3 L 0.163 2 L
K00082 −4.386 0.452 0.60 18.4 0.054 0.062 5 0
K00085 −4.348 0.059 0.20 19.5 0.677 0.007 3 1
K00094 −3.396 0.312 0.60 15.9 0.025 0.074 4 0
M M M M M M M M M

Note. Each system is identified by its Kepler Object of Interest (KOI) number. The final column, labeled “pop.,” identifies which subpopulation each system belongs
to, as described in Sections 4 and 6. Some variables are undefined for systems with �N 3, but systems with N=2 are included for completeness.

(This table is available in its entirety in machine-readable form.)

5

The Astronomical Journal, 159:281 (17pp), 2020 June Gilbert & Fabrycky

Gilbert & Fabrycky 2020
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State-of-the-art

Where do the planets form?

A favorable place to form planetesimals is expected to be the snow line (accumulation of
materials). (e.g. Ida+2016, Schoonenberg+2017, Drazkowska+2018)

Problem: formation of inner rocky planetesimals (and planets)

Recently, Morbidelli et al. 2022 (Nature Astronomy) shed light on another favorable region:
the silicate sublimation line.

 
Fig.3 The radial mass distribution of the planetesimal populations formed in different time 
intervals (color-coded as indicated by the labels). Planetesimal masses formed in the same radial 
bin at subsequent time intervals are plotted on top of each other, so that the upper border of the 
histogram represents the total mass ever produced. The light green shaded area shows the 
fraction of this mass derived from early infalling material (the material accreted onto the disk 
before 20 Kyr). This fraction is 46-70% for the icy planetesimals between 3.1 and 5 au and 
increasing from inside-out (the mass-weighted average is 60%), and 28-30% for the rocky 
planetesimals, just inward of 1 au.   
 
 

Morbidelli+2022 (Nature Astronomy)
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State-of-the-art

Can we predict what are the planets in a system based on an
a priori knowledge?

Star properties:
Mass ⇒ disk mass ⇒
quantity of materials
available (e.g.

Schlecker+2021)

Metallicity

Planet properties:
Eccentric small planet ⇒ may
expect an eccentric giant planet

Eccentric giant planet ⇒ likely no
inner small planet (e.g. Baruteau+2020,

Bitsch+2020, Schlecker+2021)

Inner Super-Earth ⇒ favorable to
the presence of outer giant planets?
(e.g. Zhu&Wu2018, Schlecker+2021)

→ Super-Earth project

Belt properties:
Is there a cavity or a
wide gap between two
belts?
→ HD 95086 project
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State-of-the-art

Plan

1 State-of-the-art

2 Correlation between inner super-Earth and outer giant planets

3 The multi-belt planetary system HD 95086

4 Conclusion
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Correlation between inner super-Earth and outer giant planets

Super-Earth project: Objective

How do the Super-Earths form ?

Super-Earth ≃ 1–2 REarth ≃ 1–20 MEarth

⇒ most abundant type of exoplanets, but their location close to their host
star raises questions on their formation...

2 possibilities:

Could close-in Super-Earths have formed in-situ at typically less than 1 au?

or,

Did they form further out in the planet-forming disk and migrated inwards?

and thus,
Could there be a correlation between the presence of Super-Earths and outer giant
planets ?
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Correlation between inner super-Earth and outer giant planets

Super-Earths: Sample

Sample = 23 systems hosting at least one Super-Earth already detected by
radial velocities (over a sample of 27 systems)

Spectral type: MKG
Close (< 20 pc)
Old (100 Myr – 10 Gyr)
Six systems have a debris disk
already discovered

⇒ we look for giant planets or brown
dwarfs located at > 1 au from their star 5 10 15 20
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Desgrange, Milli, Chauvin et al. (in prep); same for next Figures
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Correlation between inner super-Earth and outer giant planets

Big picture: data processing and analysis

50 Observations

Expérience de recherche: Projet Super-Terres

Observation SPHERE-IRDIS et SPHERE-IFS

Exemple avec le système GJ 674
(1 parmi les 44 observations du sondage Super-Terres)
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Correlation between inner super-Earth and outer giant planets

Observation SPHERE-IRDIS and SPHERE-IFS

Example with GJ 674 system
1 among the 50 observations of the Super-Earths survey

(image post-processing with ANDROMEDA, Cantalloube+2015)

Expérience de recherche: Projet Super-Terres

Observation SPHERE-IRDIS et SPHERE-IFS

Exemple avec le système GJ 674
(1 parmi les 44 observations du sondage Super-Terres)

GJ674 IRDIS H2

4.5 au
1” 0

1

2

3

4

5 GJ674 IFS YJ

0.5 au
0.1” 0

1

2

3

4

5

H2 = 1.59 µm YJ = 0.96–1.34 µm

Célia DESGRANGE (UGA/IPAG) Thèse : Architecture des systèmes exoplanétaires 22 Juin 2021 5 / 22

H2 = 1.59 µm YJ = 0.96–1.34 µm
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Correlation between inner super-Earth and outer giant planets

A point source in an image can have different origins...

On the image,
a point source

can be
=

 (1) giant planet, brown dwarf
(2) background star
(3) instrumental artefact

Expérience de recherche: Projet Super-Terres

Observation SPHERE-IRDIS et SPHERE-IFS

Exemple avec le système GJ 674
(1 parmi les 44 observations du sondage Super-Terres)

GJ674 IRDIS H2

4.5 au
1” 0

1

2

3

4

5 GJ674 IFS YJ

0.5 au
0.1” 0

1

2

3

4

5

H2 = 1.59 µm YJ = 0.96–1.34 µm

Célia DESGRANGE (UGA/IPAG) Thèse : Architecture des systèmes exoplanétaires 22 Juin 2021 5 / 22

H2 = 1.59 µm YJ = 0.96–1.34 µm
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Correlation between inner super-Earth and outer giant planets

Criterion #1: bound companions or background stars?

Color Magnitude Diagrams in H23
vs empirical sequence of known substellar objects

−4 −3 −2 −1 0 1

H2−H3 (mag)
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)

M0-M5

M6-M9

L0-L5

L6-L9

T0-T5

T6-T8

>T8

TY

contaminants

candidates

GJ229

GJ682

HD154088

CMD = easiest criterion to
disentangle between bound
companions and background stars,
but only indicative.

Promising detections but most
of them are consistent with
background contaminants.

Plot Color Magnitude Diagram: tool from Arthur Vigan, Mickaël Bonnefoy
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Correlation between inner super-Earth and outer giant planets

Criterion #2: bound companions or background stars?

Motion Diagram for GJ 682
Compare the motion of the detection between two epochs

−200−150−100−500

∆αref −∆α (mas)

−100

−50

0

∆
δ r
ef
−

∆
δ

(m
as

)

bkg star w/o pm

2017-06-23 - 2017-07-20

−140−120

−60

−40

PMD = an absolute criterion to
disentangle between bound
companion and background star.

Detection consistent with a
background star.

Derived expected background motion: tool from Arthur Vigan
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Correlation between inner super-Earth and outer giant planets

Results: Status of the detections from SPHERE-IRDIS
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0

The only promising detection is the already known brown dwarf in the GJ 229
system. All other detections from IRDIS are likely to be background stars.
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Correlation between inner super-Earth and outer giant planets

A direct detection of the exoplanet GJ 832 b ?
Observation 2017-05-27 (SPHERE-IFS)

IFS YJ-bands

0.5 au

2017

2022, if bound

2022, if bkg
in IRDIS FoV

0.1” 0

1

2

3

4

5

Discovery: RV (Bailey+2009)
Orbital parameters:
(Gorrini+2022)
Mass: 0.74 ± 0.06 MJup
Period: 3838 ± 49 days
(i.e. a semi-major axis of ∼ 3.8 au)
Low eccentricity: 0.02–0.06
Significant proper motion anomaly
(Gaia/Hipparcos)
i.e. S/N ∼ 14.1 (Kervella+2022)
Gaia/Hipp signal consistent with
the RV measurements assuming a
circular orbit and an inclination of
60◦ (Kervella+2019)
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Correlation between inner super-Earth and outer giant planets

A direct detection of the exoplanet GJ 832 b ?
Observation 2022-07-29 (SPHERE-IFS)

IFS YJ-bands

0.5 au

2017

2022, if bound

2022, if bkg
in IRDIS FoV

0.1” 0

1

2

3

4

5

Discovery: RV (Bailey+2009)
Orbital parameters:
(Gorrini+2022)
Mass: 0.74 ± 0.06 MJup
Period: 3838 ± 49 days
(i.e. a semi-major axis of ∼ 3.8 au)
Low eccentricity: 0.02–0.06
Significant proper motion anomaly
(Gaia/Hipparcos)
i.e. S/N ∼ 14.1 (Kervella+2022)
Gaia/Hipp signal consistent with
the RV measurements assuming a
circular orbit and an inclination of
60◦ (Kervella+2019)
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Correlation between inner super-Earth and outer giant planets

A direct detection of the exoplanet GJ 832 b ?
Observation 2022-07-29 (SPHERE-IRDIS)

IRDIS H2 band

5.0 au

2017

2022, if bound

2022, if bkg

1” 0

1

2

3

4

5

Discovery: RV (Bailey+2009)
Orbital parameters:
(Gorrini+2022)
Mass: 0.74 ± 0.06 MJup
Period: 3838 ± 49 days
(i.e. a semi-major axis of ∼ 3.8 au)
Low eccentricity: 0.02–0.06
Significant proper motion anomaly
(Gaia/Hipparcos)
i.e. S/N ∼ 14.1 (Kervella+2022)
Gaia/Hipp signal consistent with
the RV measurements assuming a
circular orbit and an inclination of
60◦ (Kervella+2019)
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Correlation between inner super-Earth and outer giant planets

No detection do not mean no planet! Survey sensitivity.
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Correlation between inner super-Earth and outer giant planets

and what about work from the literature?
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Correlation between inner super-Earth and outer giant planets

Observational results in literature
Positive correlation between Super-Earths and Cold Jupiters

Zhu&Wu (2018):
31 systems harboring Super-Earths (RV)
P(CJ|SE) = 29 ± 18% while P(CJ) = 10% (CJ ≥ 1 au, 0.3 MJup)

Bryan+ (2019):
65 systems harboring Super-Earths (RV+Transit)
P(CJ|SE) = 32 ± 7% while P(CJ) = 7 ± 3% (CJ 1–20 au, 0.5–20 MJup)

Herman+ (2019):
12 systems harboring Super-Earths (Transit)
P(CJ|SE) = 42% (CJ ≥ 1.6 au, 0.3 MJup)

Rosenthal+ 2021
28 systems harboring super-Earths (among a survey of 719 FGKM stars)
(RV+Transit)
P(CJ|SE) = 13 ± 9% while P(CJ) = 7 ± 1% (CJ 3–7 au, 0.3–13 MJup)

vs Super-Earth project: G, K, M-stars.
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Correlation between inner super-Earth and outer giant planets

Theoretical numerical predictions from Bern models

Regarding solar-like stars (1 M⊙):

Weak positive correlation but which depends on the mass and period
limits of each planet category.
Influence from cold Jupiters on the composition of inner super-
Earth (which are drier).
Driver of Super-Earths and cold Jupiter formation: disk mass, with
formation of both of them in an intermediate mass disk.

(Schlecker+2021)

disk mass ⇐⇒ stellar type

As for lower mass stars (M-stars):
No giants are expected around 0.3 M⊙-stars, p = 0.02 around 0.5 M⊙-stars
and p = 0.09 around 0.7M⊙-stars. (Burn+2021)
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Correlation between inner super-Earth and outer giant planets

Role of giant planets

Giant planets at large distances could:

(Positive correlation case) (Negative correlation case)
scatter Super-Earths inside their orbit

trap Super-Earth in secular resonances

increase eccentricity of Super-Earth cores
via Kozai interactions, before orbit
circularization at ≤ 1 au

halt migration of Super-Earths formed at
larger distances

cut off the flow of solids to the inner disk

stir up the velocity distribution of these
solids

No correlation case:
independent formation processes between outer giant planets and
Super-Earths (which formed in-situ)

or a mix of everything

→ What is the timescale to form a planet ?
→ Do Super-Earths form contemporary/before/after giant planets?
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Correlation between inner super-Earth and outer giant planets

Conclusion on the project super-Earths

The SPHERE Super-Earths project demonstrates particularly relevant synergy to offer
a global view of planetary systems, especially the ones hosting super-Earths.

Preliminary results:

Can go down to 3-30 MJup planets, brown dwarfs at ≳ 1 au (even Y-spectral type!).

Several candidates identified (≥ 330), likely background. Not a surprise based on our
survey sensitivity coupled to planetary population synthesis from Bern models.

Limitations:

Constrain the presence of outer giant planets remain limited to massive objects
→ interesting prospects for future studies (e.g.: smaller mass: JWST; closer:

ELTs METIS/PCS).

Age of the systems (poorly constrained and old, ∼ Gyrs)
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Correlation between inner super-Earth and outer giant planets

Conclusion on the project super-Earths

Initial question: is there a correlation between super-Earth(s) and outer giant
planet(s) ?

→ our survey is not sensitive enough for giant planet in most systems, but in the case
of outer brown dwarfs (≳ 13 MJup, ≳ 3 au): no robust detections.

Other tracers of the presence of outer giant planets:

→ stellar metallicity and eccentricity of the super-Earths already discovered or the
presence of debris disks.
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The multi-belt planetary system HD 95086

The exoplanetary system HD 95086

HD 95086 ALMA 1.3 mm
SPHERE 2.1 µm

86 au

cold belt

1 as

b

– star –
A-type
1.6 M⊙

13.3+1.1
−0.6 Myr

86.2 pc in Carina

– belts –
warm belt

(7–10 au, ≃ 190 K)
cold belt

(106–320 au, ≃ 57 K)

– exoplanet(s) –
HD 95086 b

4–5 MJup

52 au (≃ 620 mas)
L6-type

+ 1, 2 giants ?
Courtesy of Kate Su (ALMA image) and Gaël Chauvin (SPHERE image)
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The multi-belt planetary system HD 95086

Spectrum and atmospheric fitting of HD 95086 b

1.0 1.5 2.0 2.5 3.0 3.5 4.0

Wavelength (µm)
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F
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x
(W
·m
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2
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×10−17

DRIFT-PHOENIX (AV = 0 mag): Te = 1188 K, log(Z/Z�)= 0.3

M11 c-A (AV = 0 mag): Te = 807 K, log(Z/Z�)= 1.0

BT-SETTL (free AV ): Te = 1447K, AV = 10.4mag

M11 c-AE (free AV ): Te = 1480 K, AV = 16.7 mag

BT-SETTL + BB: Te = 1438 K, AV = 10.3 mag, Tbb = 1319 K

M11 c-A + BB: Te = 933 K, log(Z/Z�) = 0.5, AV = 5.4mag, Tbb = 871 K

SPHERE-IFS

SPHERE-IRDIS

GPI

NACO

atmosphere
fitting

solutions
=

{
(1) hot (≥ 1400 K) + high extinction (AV > 10 mag)
(2) colder (800–1200 K) + extra-solar metallicity

⇒ dust!

Atmosphere fitting: special package from Valentin Christiaens (open access: vip_hci library)
Desgrange, Chauvin, Christiaens et al. 2022; same for next Figures
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The multi-belt planetary system HD 95086

The exoplanet HD 95086 b is red and under-luminous
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falls at the late-L to L/T transition

under-luminous compared to the
field dwarves of similar spectral
types.

red companion

(from Galicher+2014, De Rosa+2016, and

Chauvin+2018)

Desgrange+2022
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The multi-belt planetary system HD 95086

Atmospheric versus internal models

Best atmospheric solutions (e.g. from BT-Settl, Drift-Phoenix,
Madhusudhan+11 cloud AE i.e. localized forsterite clouds grids)

often incompatible with internal models (here: BEX-Hot).

Madhusudhan et al. 2011 cloud A (extended forsterite clouds) grids are
compatible with BEX-Hot grids.
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The multi-belt planetary system HD 95086

Astrometric positions and orbital fitting of HD 95086 b
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Orbital fitting: MCMC tool from Hervé Beust
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The multi-belt planetary system HD 95086

Additional exoplanet(s) ?

We look for at least one additional giant planet between ∼ 10 and 35 au.

Crédits: Gaël Chauvin
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The multi-belt planetary system HD 95086

Constraints on the researched planet c
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Derivation detection limits: pyMESS2 tool from Anne-Marie Lagrange
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The multi-belt planetary system HD 95086

Conclusion on the planetary system HD 95086

HD 95086 ALMA 1.3 mm
SPHERE 2.1 µm

86 au

cold belt

1 as

b

Emblematic system (disk+planet), many observations from different
telescopes/instruments, ongoing studies (e.g. GRAVITY, ALMA), and prime
target for future observational facilities (JWST-GTO, ELTs..)

Reddeness of the exoplanet HD 95086 b: clouds or circumplanetary disk ?
the answer could be given by high spectral resolution? (HiRISE?)

Still looking for the exoplanet c, my guess: interferometric observations from
JWST-NIRISS may find it!
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Conclusion

Global conclusion

Architecture of planetary systems
requires to have a

global picture on planetary systems
→ coupling detection methods (DI, interferometry, RV, Gaia, Transit...)
for a same system, and ideally for a same planet to get better constraints.

[HD 95086]
Young system (∼ 14 Myr)
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[GJ 229]
Old system (∼ 3 Gyr)
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[GJ 229]
Old system (∼ 3 Gyr)

6 pc, M-star
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Conclusion

Thank you for your attention!

celia.desgrange@univ-grenoble-alpes.fr
or

desgrange@mpia.de
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