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Now we are really good at finding mature planets

1. Radial velocity:       2. Transit:

3. Microlensing: 4. Direct Imaging:

Two decades after 51 Pegasi b, we have 3800 exoplanets

Mayor & Queloz 1995

Credit: Marois



Planet statistics is robustly constrained:

M Dwarf 
Teff=2661-3999 K

Dressing & Charbonneau 2015

GK Dwarf 
Teff=4100-6100 K

Petigura et al. 2013

Most planets are <4 R⨁ Most planets are <2.5 R⨁ 

0.6 planets at 1-4 R⨁ per GK dwarf 2.5±0.2 planets at 1-4 R⨁ per M dwarf

Kepler

<1 AU



Within ~ 10 AU
RV (FGKM) and Microlensing (M dwarf):

Clanton & Gaudi 2014

Giant planets: 
    0.1 MJ<Mp sin i 

1<P/days<104 

M dwarf:  
f=15% 

FGK stars: 
f=31%



Beyond 10 AU
Direct imaging

Bowler & Nielsen 2018



Pepe et al. 2014

Why do we care?

• Is our solar system special ? 

• How do planets form ?
How do protoplanetary disks evolve to such diverse exoplanets? 

?

© Williams & Cieza 2011



Protoplanetary disks => diverse exoplanets

•Compare protoplanetary disks with exoplanets 
      

•Look for young planets



Ansdell et al. 2016

Lupus ALMA cycle 2 Survey

Protoplanetary disks VS exoplanets
Dust mass in disks by ALMA

The mean solid mass in 
Kepler planets ~ 20 earth 
mass within 1 AU 

Dong & Zhu 2013, Chiang & Laughlin 2013

15 M⨁

Najita & Kenyon 2014

There appears to be a  
mass budget problem: 



Mass budget problem 

Kepler planets<1 AU

Najita & Kenyon 2014 
Pascucci et al. 2016 

Two ways out: 
1. Dust mass is underestimated 
2. Dust growth starts early



Protoplanetary disks => diverse exoplanets

•Compare protoplanetary disks with exoplanets 
      

•Look for young planets

Direct Methods: 
Indirect Methods: 
           Dust features: Gaps, Spirals, Blobs 
           Gas kinematics



Direct Detection

Pepe+ 2014

ROXs 42Bb
Currie+ 2014

Imaging:

CI Tau b
Johns-Krull+ 2016

RV:

FW Tau b
Kraus+ 2014

Transit:
K2 33b

Mann+ 2016, David+ 2016

LkCa 15 b
Kraus+ 2011

V 830 Tau b
Donati+ 2016

Tap 26 b
Yu+ 2017



Indirect Detection using disk features

The planet mass is increasing.

Spirals
Gaps

Blobs

https://www.google.com/imgres?imgurl=http%3A%2F%2Fwww.edu.pe.ca%2Fsouthernkings%2FPictures%2Fsun1.gif&imgrefurl=http%3A%2F%2Fwww.edu.pe.ca%2Fsouthernkings%2Fsun.htm&docid=xRKcng4WfQMrmM&tbnid=J25ZW_B9jnQBPM%3A&vet=10ahUKEwiZotHlyMfaAhWKAHwKHZviBXIQMwiOAigSMBI..i&w=300&h=300&client=firefox-b-ab&bih=750&biw=1323&q=sun&ved=0ahUKEwiZotHlyMfaAhWKAHwKHZviBXIQMwiOAigSMBI&iact=mrc&uact=8


Baruteau+ 2014

The pitch angle ββ

φ

Planet-disk interaction

1. Spirals



Baruteau+ 2014

Planet-disk interaction

2. migration

The pitch angle β
1. Spirals

3. gap opening

dust
Gas 
Σ

Super-Kep.
Gas:

Sub-Kep.

R0



Indirect Detection diverse disk features: Dust

Gas

Dust particles

µm mm

cm km



Avenhau

Rings 
m=0

Lopsided  
structure

m=1

m=2

80 AU

ALMA Partnership+ 2015 Andrews+ 2016

Benisty+ 2015Garufi+ 2015

De Boer+ 2016

Avenhaus+ 2014 van der Marel+ 2013 Casassus+ 2013

Isella+ 2016

Pérez+ 2016

RadioOptical/Near-IR

Ginski+ 2016

Mayama+ 2012

Muro-Arena+ 2018

van Boekel+ 2016 Pohl+ 2017

Fedele+ 2017Cieza et al. 2017 Fedele+ 2017

Avenhaus+ 2014

Diverse disk features

Spirals



Observations
Simulations+MCRT:  

3x0.2 MJ planets

Dust: Rings

Dong, Zhu et al. 2015a, Dipierro et al. 2016



Dust: Spirals
Fitting the pitch angle suggests a too hot disk

Benisty et al. 2015

At 50 AU, T~300 K  MWC 758



Spirals: Grand design

M51

Benisty et al. 2015

Observation

6 MJ planet

Simulation

Dong, Zhu et al. 2015b  
Zhu, Dong et al. 2015



How to test the theory?

Wagner et al. 2015

Wagner et al. 2018Benisty et al. 2017

1. Use binaries as a test



VLT Observations  
by Benisty et al. 2015 

Internship in observational astrophysics

IPAG (Grenoble), STScI (Baltimore)
Dr Laurent Pueyo, pueyo@stsci.edu

Dr Myriam Benisty, myriam.benisty@obs.ujf-grenoble.fr

Scientific context

Protoplanetary disks are the birth place of planets and as such are an essential astro-
physical laboratory to test theories regarding our cosmic origins. Indeed, the rich physics
spans a wide variety of scales ranging from the stellar surface (accretion, winds), through
terrestrial-planet forming regions (< 10 AU) to the disk’s outskirts where giant planets are
thought to form. As the timescales associated with the physical processes that shape the
disk in the first tens of AU are of the order of a few years, these mechanisms can be only
be directly probed by combining observations spanning such long time baselines.Our team
has identify that most of the protoplanetary sources observed between 1998 and 2006 with
the Hubble Space Telescope (HST), show extended scattered light features from their disk.
The goal of this project is to study in detail these disk images and to put this analysis in
perspective with more recent observations obtained using state of the art facilities.

Proposed work

N

E 0.5''

MWC785, F110W, 2005 MWC785, K polarimetry, 2011
Grady et al. 2012

HD100546, F222M, 2006

MWC785, F110W, 2005
Classical

N

E 0.5''

Figure 1: Spiral structures around MWC 758: Left: 2005 NICMOS data using classical
image processing. Middle: same dataset using modern image processing. Right: Subaru
di↵erential polarimetry obtained 2011. Estimating the motion of the spiral arms between the
2005 and the 2011 epoch will provide insights regarding the presence of and the potential orbit of
a shepherding planet.

The bulk of the internship will consist on adapting existing image processing techniques
(optimized so far to detect planets) so they can yield high fidelity disk images. While the data

1

2005 Hubble observation 2012 Subaru observation 
by Grady et al. 2012

Planets at 30 AU, 10 years, rotates 30o

Planets at 150 AU, 10 years, rotates 2.7o

MWC 758
2. Spiral Patterns over Time

How to test the theory?

Ren + 2018



Cycle 2Cycle 3

Dust: lopsided structure

Zhu & Stone 2014 
See also Lyra & Lin 2013, Barge et al. 2017   



Gas dynamics: Rings

Teague et al. 2018

0.6, 1.0, 1.3 MJ



Gas kinematics: horseshoe around the planet

Pinte et al. 2018

Perez et al. 2015

A 2 MJ planet at 260 AU



Summary

• Planet statistics is being nailed down 

• Compare protoplanetary disks with exoplanets 
           Mass budget problem 
              More comparisons to be made 

• Look for young planets
Direct Methods: 
Indirect Methods: 
           Dust features: Gaps, Spirals, Blobs 
           Gas kinematics 

Are we sure that disk features are due to planets? 
How to break the degeneracy?





Zhu & Stone 2018



Pepe+ 2014

Dong+ 2015, Bae+ 2016, Isella+ 2016 Meru+ 2017, Dipierro+ 2018, Fedele+ 2018, Teague+ 2018, Pinte+ 2018
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Using CO to estimate the gas mass

Ansdell et al. 2016

Williams & Best 2014

Most disks have mass less 
than MJ

There appears to be a mass 
budget problem: 

The mean solid mass in 
Kepler planets ~ 10 earth 
mass within 1 AU 
Dong & Zhu 2013, Chiang & Laughlin 2013

10% FGK star have Jupiter 
or super-Jupiter 

Caveat: chemistry not clear

Najita & Kenyon 2014



Earth analog fraction, η⨁

Extrapolated!!!!    1-2 R⨁, 300-700 days

Burke et al. 2015


