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Imaging of exoplanetary systems

2

PDS 70 - Keppler et al. (2018)
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Physics of giant exoplanets 

➙ Atmosphere, bulk properties, 
comparative planetology

System architecture

➙ Orbits, dynamical 
interactions, stability

Occurrence & formation 

➙ Formation theories

Giant 
planet

Giant 
planet

Dust & 
gas disk

Cavity
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Direct imaging: the challenge
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Physical units
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Direct imaging: the challenge
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Observables
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Direct imaging: the challenge
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Observables
Emitted 

light

Stellar 
irradiation

Internal 
heat
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Direct imaging: the challenge
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Observables
Reflected 

light
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Direct imaging: the challenge
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Direct imaging: the methods
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High-angular resolution

Large 
telescopes

Adaptive 
optics

Coronagraphy
Camera, 

IFU

Postprocessing 
techniques

Young, 
nearby targets



A. Vigan - STScI - 2023-02-27

A multitude of surveys
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Lafreniere et al. 2007

Heinze et al. 2010

Vigan et al. 2012

Biller et al. 2013

Rameau et al. 2013

Chauvin et al. 2015

Bowler et al. 2016

Galicher et al. 2016

Lannier et al. 2016

Durkan et al. 2016

Naud et al. 2017

Baron et al. (2018)

Non-exhaustive list

• A to F stars 

• Young to old 

• Close an far 

• Disk or not 

• ...

Status in 2014-2015 
>25 surveys since ~2000 

~20 known companions

IDPS / AF-stars 
PI: Christian Marois 
Vigan et al. (2012) 
Galicher et al. (2016)

NaCo-LP / FGK-stars 
PI: Gaël Chauvin 
Chauvin, Vigan et al. (2015) 
Vigan et al. (2017)

SHINE / AFGKM-stars 
PI: J.-L. Beuzit 
Desidera et al. (2021) 
Langlois et al. (2021) 
Vigan et al. (2021)
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Imaged companions in ~2015
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Hot d
ust

Cold dust

AF

HD95086! Pictoris

HR8799

q<1%

KM

q=5-20%

Impact of  
host star?

Different formation 
processes?

Occurence rate?
Impact of  

environment?

Can direct imaging 
constrain formation 

processes?
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Formation scenarios of giant planets
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Different formation pathways will induce: 

➙ Different occurence rates 

➙ Different physical/orbital parameters 
➙ Different compositions 

➙ Different bolometric luminosities

Gravitational Instability 
Cameron 1978

Gravo-turbulent fragmentation 
Hennebelle & Chabrier 2011

Core Accretion 
Pollack et al. 1994
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SHINE (& GPIES)
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• PI J.-L. Beuzit 

• 400 stars 

• No binaries 

• 200 nights of 

VLT/SPHERE 

• GTO time 

• Concluded in 

2021 

• 2 planets 

• 1 brown dwarf

GPIES 
Similar effort with 

Gemini-S/GPI 

PI: B. Macintosh

Intermediate survey results (150 stars) 
Desidera et al. (2021) 
Langlois et al. (2021) 
Vigan et al. (2021)
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150stars 
16 detections

SHINE sensitivity

13Chauvin et al. 2017

Macintosh et al. 2015

51 Eri

HIP64892

Cheetham et al. 2018
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Exoplanet population modelling
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Extrapolated 
RV

Planets around higher-mass stars

GPIES
Cumming08

Fernandes18 Galicher16
Vigan17

Bowler16

Planets around all stars
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Fully parametric

GPIES

Physics-based parametric

SHINE

Regianni et al. (2016) 
Vigan et al. (2021)

Two-part model: 
• Brown-dwarf binary part 
• Log-normal planet part

Fully physical ➙ comparison to population synthesis!
SHINE

Vigan et al. (2017) 
Vigan et al. (2021)

Current 
state-of-the-art

Two-part model: 
• Gravitational instability part 
• Core accretion part
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Physics-based parametric modelling
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Massive companions 
⟺ 

small q (<1-5%)

Massive companions 
⟺ 

moderate q (10-20%)
Change in dominant formation channel

Planet-like formation 
dominates

Binary-like formation 
dominates

SHINE

Vigan et al. (2021)
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Fully physical modelling
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• Occurence compatible with parametric model: ~5.8% 

• Slight predominance of CA vs. GI

SHINE

Vigan et al. (2021)

Latest 
population models for 

GI and CA To be confirmed with full 
SHINE sample in 2023



Samland+ 2017

Y2

Bcc

bkg1"

E

NVigan+ 2016

Olofsson+ 2018

Mesa+ 2016

Thalmann+ 2016

Pohl+ 2017

Milli+ 2017

Müller+ 2018

Maire+ 2016

Stolker+ 2016

Lazzoni+ 2018

Boccaletti+ 2015

Lagrange+ 2016

Feldt+ 2017

Bonavita+ 2017

Sissa+ 2018

Cheetham+ 2018 Mesa+ 2018

Keppler+ 2018

Ginski+ 2016

Benisty+ 207

de Boer+ 2016

Avenhaus+ 2017

Mesa+ 2016

Peretti+ 2018Van Boekel+ 2017

Sissa+ 2018

Delorme+ 2017

Rodet+ 2018

Garufi+ 2016

Keppler+ 2018



A. Vigan - STScI - 2023-02-27

Selected SHINE results
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Alice Zurlo 
PhD student

First spectra of  
HR8799 d & e 

Zurlo, Vigan et al. (2016)

Roxanne Ligi 
Postdoc

Explanation of the structures in the protoplanetary 
disk around HD169142 (Ligi, Vigan et al. 2018)

Planetary companion around 
HIP65426 (Chauvin et al. 2017)

System of rings around RX J1615 
(de Boer, Salter et al. 2016)

Graeme Salter 
Postdoc
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• Abundance ratios: C/O, [M/H], ... 

• Isotopic ratios: D/H, 12CO/13CO, ...

How to study the formation of a given planet?

19

We expect: 
C/O ~ Stellar
12CO/13CO ~ ISM
[M/H] ~ Stellar
H2S Stellar: no detection

We expect: 
C/O ~ Superstellar
12CO/13CO ~ ISM
[M/H] greater than stellar
H2S superstellar: detection

We expect:
C/O ~ Stellar
12CO/13CO less than ISM
[M/H] ~ Stellar
H2S Stellar: no detection

We expect:
Similar properties to 
core/pebble accretion OR cloud 
fragmentation

Gravitational Instability?

Cloud Fragmentation?

Scattering/Migration?

Core/Pebble Accretion?
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cloud fragmentation boundary (q~0.02)

Hoch et al.

Atmospheric composition is a key to determine the formation

Öberg et al. (2011)

Parameters possibly linked  
to the formation location or the 

formation process
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Limitations of current HCI instruments
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Chauvin et al. 2017

Low spectral resolution  
➙ First order characterisation 

Carter et al. (2022)

Cheetham et al. (2018)

Limited astrometric accuracy 
➙ poorly constrained orbits 

(but improves with time)
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Option 1: interferometry

• VLTI/GRAVITY 

• High astrometric accuracy in the K-band (few µas) 

• Spectral information up to R~3000 

• ExoGRAVITY programme (PI: Lacour) 

• Targets known directly-imaged companions 

• Several results so far: ! Pic b & c, HR8799,  

HD206893, PDS70

21

Wang, Vigan et al. (2021)

Both companions have 
very dusty atmospheres

Lacour et al. (2021)
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Option 2: (very) high spectral resolution
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Requires 
R ≫ 10 000

Fl
u

x

Wavelength

Line broadening

Spin

Star

Planet

Doppler shift

Orbital motion

R = 100 000
BT-Settl model 
2MJup / 20 Myr 

No noise

R = 50

IFS (Claudi+ 2008)

Spectral 
information

Dynamical 
information
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Boost in detection
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HST/ACS simulation Roll-subtraction (=ADI) Jupiter template CCF Bright Earth template CCF

Sparks & Ford (2002)

Application in 2d 
to ! Pictoris b

Hoeijmakers et al. (2016)

Application in 1d 
to HD209458b

Snellen et al. (2010)

Concept
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Exoplanet science at high spectral resolution
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Formation,  
migration & evolution

Atmospheric 
chemistry & dynamics

Luhman 16B (Crossfield et al. 2014)

Variability & Doppler imaging

Konopacky et al. (2013)HR8799c

Abundances determination

Konopacky et al. (2013)
HR8799c

Molecules detection

Accretion lines

PDS70 in H"
b

c

Orbital and rotational velocity
# Pictoris b 
Snellen et al. (2014)

Isotopologues detection

Mollière & Snellen (2019)
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A unique window of opportunity
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High-contrast exoplanet imager High-resolution spectrograph

VLT/UT3

Extreme adaptive optics 

Coronagraphy 

Spectral coverage 

Spectral resolution50 - 350

✔

Y J H K
✔

50 000 - 100 000

✘

Y J H K L M
✘

Fiber coupling
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Overall implementation
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Fiber injection module (FIM)

Fiber extraction module (FEM)

Fiber bundle
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Fiber injection unit in SPHERE
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Fiber bundle around VLT-UT3
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Fiber extraction unit in CRIRES+
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CRIRES+ calibration stage

HiRISE FEM
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HiRISE in the laboratory

30
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Expected performance

31

Major discovery 
potential

Gaia, 50 µas 
(TBC) + RV

Otten et al. (2021)

Gilles Otten 
Postdoc
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Expected performance: AF Lep b
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Mesa et al. / de Rosa et al. / Franson et al. (2023)

Retrieval tools for v.sin(i),  
rv, C/O, Fe/H, ...
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PDS 70 - Keppler et al. (2018)

Imaging of exoplanetary systems

33

What we all want to see...
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Imaging of exoplanetary systems
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What we really see!

Uncorrected 
halo

Planetary 
candidate

Variable 
residuals

Speckles
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Imaging of exoplanetary systems
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And sorry guys, but that's the same in space !

HIP65426 - ERS - Carter et al. (2022)
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Back to optics: coronagraphic image formation
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Amplitude errors Phase errors

Direct image Coronagraphic image

Speckles are caused 
by uncorrected optical 

aberrations
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Quasi-static speckles
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Racine et al. (1999) 
Macintosh et al. (2005) 

Soummer et al. (2007) 
Hinkley et al. (2007) 

Martinez et al. (2013, 2013) 
Milli et al. (2016)

T0 T1 = T0 + 20 min

VLT/SPHERE

Aberrations can be 
measured and corrected, 
speckles can be averaged

Speckles are not static, 
but definitely not 

random

Multiple spatial 
frequencies and timescales 

are involved

The Good The Bad The Ugly
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Zernike wavefront sensor
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A B C

N'Diaye et al. (2013):

Phase errors Intensity

• Simple analytical expression 
between $ and I 

• pyZELDA open source tool

Converts (small) phase aberrations into intensity variations

Entrance pupil Focal plane mask (FPM) 
π/2 phase shift

Camera

$ Ic
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Compensation of aberrations in SPHERE
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N'Diaye, Vigan, et al. (2016)

Zernike wavefront sensor measurements
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Compensation of aberrations in SPHERE
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Before calibration After calibration

Apodised pupil Lyot coronagraph, H-band

N'Diaye, Vigan, et al. (2016)
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Compensation of aberrations on sky
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Vigan, N'Diaye et al. (2019)

 (small) 
Contrast gain

Decreased 
aberrations
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Temporal variations of aberrations in SPHERE
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Sébastien Tourenq 
MSc intern

Vigan, N'Diaye et al. (2022)

Internal 
turbulence

Slow decorrelation 
regime
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Zernike wavefront sensors are everywhere
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RST/CGI

ELT/HARMONI

Raphaël Pourcelot 
PhD studentHiCAT testbed @ STScI
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Towards imaging Earth analogs

44

Extremely large 
telescopes

Space missions
2040 

Telluric planets

Reflected 
light

2020 2020 
Young giant planets

Emitted 
light
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Convergence of the detection methods
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Microlensing + 
Astrometry

Imaging

RV + 
Transits

Next  
20 years

Directly-detectable Earths analogs will likely come from RV and transit
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Roman Space Telescope / CGI

46
V. Bailey

Synergies with STScI 
• Zernike wavefront control 
• Operations

Ultra high quality optics provided by France

CGI 
All key technologies for 
high-contrast imaging

Representative in the coronagraph 

community participation programme
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Roadmap to Earth 2.0
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Kasper et al. (2021)

Sirius A

αCen B/A

Proxima Cen

Barnards Star

Lalande 21185

εEri
τCet

εIndi A
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I ~ 24 (1.32 pc)

I ~ 28.5 (10 pc)

Earth at 10 pc

Jupiter at 10 pc

Img, 100h
Spec, 400h Img, 100h

CGI-like + larger telescope 
+ space AO + HR spectro
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Cophasing of (large) segmented telescopes
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2000 nm PtV - Internal Metrology
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7 48 750 nm
650 nm

Anne-Laure Cheffot 
PhD student

Dohlen et al. 2004 
Surdej et al. 2010 
Vigan et al. 2011 
Cheffot, Vigan et al. 2020

Active Phasing Experiment @ VLT (2010)

Zernike wavefront sensor (ZEUS) 
Will be included in the ELT prefocal station

Multi-wavelength phasing
Synergies with STScI 
• Phasing stabilisation for large segmented 

telescopes in space 
• Experiments to be conducted on HiCAT
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High-resolution spectroscopy in space

49

Miles et al. (2023)

Star position

Planet position
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Jean Costes 
Postdoc

Synergies with STScI 
• HR spectro techniques on JWST data 
• Preparation of future large space missions 
• Fiber injection on HiCAT 
• Operations

What could have been 
done with a fiber-fed 

spectrograph on JWST?

! Pic b 
8 MJup 

0.4" from host star 
VLT/CRIRES+

VHS 1256 
20 MJup 

8" from host star 
JWST/MIRI

Habitable World 
Observatory

What science?

Spectral  
coverage? Fiber-fed or IFU?

Interactions with 
wavefront control?

Interactions with 
wavefront control?

Control architecture?

Best type of 
coronagraph?

.....Best spectral 
features to look for? Modular design or 

standalone?

Spectral resolution?
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Arthur Vigan 
arthur.vigan@lam.fr 
http://astro.vigan.fr/


