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stars through direct imaging
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Science Motivations for Direct Imaging

What is the distribution of outer gas giant planets as a 
function of planet mass and semi-major axis?

How do the properties of planetary systems depend on 
spectral type, multiplicity, metallicity, birth environment, 
etc.

How do extrasolar planets and debris disks co-evolve 
dynamically?

Direct imaging holds the promise of imaging planetary 
systems from 1 Myr to 10 Gyr.



Direct Imaging Probes Evolution

Paul Kalas – UC Berkeley
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Hot Start (dotted) vs. Cold Start (solid)

Marley et al 2007

Previous models

Low-entropy core 
accretion models

Direct imaging can test theories of planet formation and evolution



Bowler 2016

Practical constraints:  
Currently sensitive to wide-separation, young self-luminous gas giants



GPIES:  GPI Exoplanet Survey
Scope: 890 hours awarded for a 600 star planet survey

PI: Bruce Macintosh (Stanford)

Project Scientist:   James Graham (UC Berkeley)

Debris Disk Leads:  Paul Kalas (UC Berkeley) & Mike Fitzgerald (UCLA)

Debris Disk Multi-Color Follow-up: Christine Chen (STScI)

6

1. Produce an imaging census of giant planet populations in the 5-50 AU range

2. Elucidate the formation pathways of Jovian Planets

3. Understand the atmospheres of young Jovians

4. Detect dusty debris disks and measure the geometries and architectures of 
planetary systems.



GPIES
Esposito et al. 2019 in prep for debris disk results

Nielsen et al. 2019 for planet statistics

7Gray=non-detection, Blue=Exoplanet detection, Red=Disk detection



“tongue” plot = sensitivity as a function of sma and mass
Contours give the number of stars (out of a total of 300 stars observed) to which our observations are complete to planets and 

brown dwarfs (corrected for possible orbital orientation and phases), and detected objects are marked by red circles.
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Eric Nielsen et al. 2019

Eric Nielsen presenting 
at ESS4, August 2019 



A stellar mass/giant planet occurrence correlation

Despite being more sensitive to closer-in and less-massive planets around lower-mass stars, all six planet detections thus 
far have been around stars more massive than 1.7 solar masses.

Conclusion 1:  Wide-separation giant planets are more common around higher-
mass stars, occurrence rate of ~9% between 10-100 au.

Nielsen et al. 2019
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Planets vs brown dwarfs

Conclusion 2:  At wide separations, giant planets and brown dwarfs seem to 
follow different underlying distributions.  Occurrence rate for BD’s is ~1% in the 
10–100 au region independent of stellar mass.

Nielsen et al. 2019
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Core accretion predictions:

• More companions around 
higher-mass stars

• More low-mass companions 
than high-mass

• More close-in companions 
than farther-out

Gravitational instability 
predictions:

• More high-mass companions 
than low-mass

• Should be at much larger 
orbital separations

How do planets and brown dwarfs form?

Eric Nielsen et al. 2019
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Core accretion predictions:

• More companions around 
higher-mass stars

• More low-mass companions 
than high-mass

• More close-in companions 
than farther-out

Gravitational instability 
predictions:

• More high-mass companions 
than low-mass

• Should be at much larger 
orbital separations

How do planets and brown dwarfs form?

From GPIES statistics:  Planets consistent with core accretion and BD’s from GI



What about the VLT/SPHERE direct imaging survey?

13Michael Meyer presenting at the Extreme Solar Systems IV Meeting

Work in progress agrees with key results from the GPIES Nielsen et al. (2019) paper



Young planet(s) within the disk of PDS 70
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Valentin Christiaens presenting at ESS4



Debris disks from GPIES
(Esposito et al. 2019, in prep) 
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Red box = 
discovered 
with GPI



Debris disks
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Esposito, Kalas, et al. (2019)

Tom Esposito 
presenting at ESS4, 
August 2019 



GPI Detections of disks in the Sco-Cen OB Association
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Slide credit: Jenny Patience (ASU)

Red Dots = stars with planetary companions
Orange Dots = New disk discoveries made with GPI



Debris Disks from GPIES
CASE STUDY:  HD 106906

(Lower Centaurus-Crux of the Sco-Cen OB Association)
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F5V, 103 pc, 10-20 Myr, Lir / Lstar = 1.4e-3 
#1 Debris detected with Spitzer
(Chen et al. 2005) but unresolved.

#2 11 MJ planet discovered with 
MagAO (Bailey et al. 2013), but at 
738 AU projected separation.

#3  Question:  Did HD 106906b 
form like a star very far from the 
primary, or did it form in a 
circumstellar disk, and get ejected 
later?

Projected Distance
738 AU!



19

Debris disk discovered on 50 – 500 au scales
Small asymmetries on the 50 AU scales, large asymmetries at 500 AU scales.

Is the planet responsible for the asymmetries, or something else?

Kalas et al. 2015

GPI H-band

HST/ACS 
F606W
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Small asymmetries on the 50 AU scales, large asymmetries at 500 AU scales.
Is the planet responsible for the asymmetries, or something else?

Spurious or real?
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Jilkova et al. 2015;   Periastron 20 AU, inclination 5 degrees
After several tens of orbits extreme asymmetries develop.

Can the disk  simultaneously have: 

1. A significant vertical asymmetry on one side,

2. A length asymmetry on the other side, 

3. AND maintain a more symmetric inner hole?



22

Larwood & Kalas 2001
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Internal perturbations from an eccentric planet vs. external perturbations

Three more theoretical investigations



The Laetitia Rodet et al. 2017 model
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1. Formation 2.  Migration 3. Scattering
4. Stabilization

Note that Lagrange et al. (in press) discovered HD 106906 is an 
eccentric binary a~0.4 au, P=49 days, e=0.669 



New work:  
• Gaia DR2 released April 28, 2018

• Construct a catalog with position, parallax and proper 
motions of Sco-Cen.

• Obtain the RV’s from the literature and archives (e.g., HARPS 
data for HD 106906)

• Compute the space motions back in time for 461 Sco-Cen 
members, with Monte Carlo propagation of Gaia and RV 
uncertainties.

• Find DCA and tCA (closest approach distances and times)
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The two best candidate stars out of 461 are a suspected binary pair
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Relative velocity 
3-5 km/s

De Rosa & Kalas 2019



What is the dynamical influence on the planet?
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The change in periapsis distance (Δrperi) of an orbiting 
planet as a function of closest approach distance (DCA) 

N-body flyby simulations 

The planet needs e>0.99 to change peri significantly.
(Do not know the planet’s orbital elements, & DCA of flyby may be smaller.) 



HD 106906 vs. Solar System 

30Slide credit: Rob De Rosa



Don’t you have to fine-tune the timing of the interaction?  
(the disk and planet migration doesn’t last more than a few 

Myr)
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Big picture:  Ground and space-based imaging, 
combined with Gaia  gives us the empirical tools to 

determine the significance of close stellar 
encounters in the evolution of planetary systems
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HR 8799, 100 Myr

Fomalhaut, 400 Myr

Sun, 4.6 Gyr



JWST ERS Program
High Contrast Imaging of Exoplanets and 

Exoplanetary Systems with JWST 
PI: Sasha Hinkley; co-PI: Beth Biller & Andy Skemer
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Why JWST for exoplanets and debris 
disks?

• L and M-band exoplanet imaging possible from the ground, but modest sensitivity
• λ > 5 μm unexplored for orbiting exoplanets
• Ice features accessible for debris disks
• New discovery space for wide-orbit Saturn-mass objects 
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Beichman et al. Astro2020

Credit: Sasha Hinkley
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For example, is Fomalhaut b a Saturn analog with a ring system that accounts for its 
optical luminosity as reflected light?

Kalas et al. 2004, 2008, 2013



Motivation for an ERS program for high-contrast imaging of exoplanets 
and debris disks

• HST high-contrast imaging began in 1992, yet optimizing the observing 
modes and data reduction techniques continued over decades.

• Need faster understanding and optimization of high-contrast methods 
with JWST.
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Testing JWST observing modes for exoplanet science
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Testing JWST observing modes for exoplanet science
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Arrows point to the star locations

HIP 65426 b Simulations
HR 4796A

Sampling the ice feature

First empirical studies of young planet 
emission spectrum >5 μm
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JWST synergy with 
ground-based surveys
E.g., GPI at Gemini 
North
Starting in 2022

Funding just approved for a GPI upgrade!!

Upgraded wavefront sensor to target stars 
as fainter as mI = 14th mag.  Upgrade real-
time computer to achieve higher contrast.  
IWA improved to 0.1” radius from current 
0.12”.

Target Taurus-Aurigae

Upgrade and commissioning 2020-2021

First light 2022



Take home points

• The latest imaging surveys are discovering wide-separation 
gas-giant planets and characterizing them, e.g., orbital 
elements, atmospheres, circumplanetary material.

• JWST will characterize directly imaged exoplanets for the first 
time at λ > 5 μm and resolve the structure and measure the 
thermal emission of debris disks.

• In the future there will be continued synergy between the 
ground-based efforts and JWST.  
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