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Direct imaging of exoplanetary systems
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Direct imaging: the challenge
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Direct imaging: the challenge

0 g(a)=0.5, Ag=0.5, M-R from Chen & Kipping (2017)
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Direct imaging: the challenge

0 g(a)=0.5, Ag=0.5, M-R from Chen & Kipping (2017)
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Direct imaging: the challenge

High-angular resolution

g(a)=0.5, Ag=0.5, M-R from Chen & Kipping (2017)
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The key combo for direct imaging

Adaptive optics

Large telescopes

HR6212Z
PAFYRUS

June 2023
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Progress in adaptive optics & coronagraphy

Since 1998
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Progress in adaptive optics & coronagraphy
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Progress in adaptive optics & coronagraphy
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Progress in adaptive optics & coronagraphy

High-order AG

100"4 Since 2010s
1ot L ] SHWEFS or PyWFS
>1000 actuators
107 F 3 Sr > 80% (H)
i : + coronagraphy !

10_3';‘ Star 3
g . LBT, SPHERE, GPI,
S SCExAO

=
o
&

/\ Planet

=
9
()]

=
o
N

.........nn[\.)(\ﬂf\m....

—20 —10 0 10 20
Separation [A/D]

=
9
0e]

And more recently: KPIC, MagAO-X ...

Arthur Vigan - 2024-12-17 10



Progress in adaptive optics & coronagraphy

High-order AG

100"4 Since 2010s
1ot L ] SHWEFS or PyWFS
>1000 actuators
107 F 3 Sr > 80% (H)
i : + coronagraphy !

10_3';‘ Star 3
g . LBT, SPHERE, GPI,
S SCExAO

=
o
&

/\ Planet

=
9
()]

=
o
N

.........nn[\.)(\ﬂf\m....

—20 —10 0 10 20
Separation [A/D]

=
9
0e]

And more recently: KPIC, MagAO-X ...

Arthur Vigan - 2024-12-17 10



And progress on data processing

Lagrange et al. (2008)
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And progress on data processing

| Angular differential §
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High-contrast imaging: from the 1980s to now
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High-contrast imaging: from the 1980s to now
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High-contrast imaging: from the 1980s to now

Lagrange et al. (2010)

Smith & Terrile (1984)
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Where do we end up now in terms of contrast?

0 g(a)=0.5, Ag=0.5, M-R from Chen & Kipping (2017)
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Can we constrain giant planet formation from imaging?
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Can we constrain giant planet formation from imaging?

Core Accretion Gravitational Instability Gravo-turbulent fragmentation
Pollack et al. 1994 Cameron 1978 Hennebelle & Chabrier 2011

B |
runaway gas formation of solid

accretion _ il core from accretion

of planetesimals

slow accretion of

core stops growing nebular gas onto

more gas accretion still growing core

For planets formed differently we expect:
 Differences in composition

» Differences in population statistics
(mass, semi-major axis, spectral type, ...)
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Large imaging surveys

Reference Telescope  Instr. Mode Filter FoV # SpT Age
("x") (Myr)
Chauvin et al. (2003) ESO3.6m ADONIS Cor-I H, K 13x13 29 GKM <50
Neuhduser et al. (2003) NTT Sharp Sat-1 K 11x11 23  AFGKM <50
NTT Sofi Sat-1 H 13x 13 10 AFGKM <50
Lowrance et al. (2005)  HST NICMOS Cor-I H 19 x 19 45 AFGKM 10—-600
Masciadri et al. (2005) VLT NaCo Sat-1 H,K 14x14 28 KM <200
Biller et al. (2007) VLT NaCo SDI H 5%5 45 GKM <300
MMT SDI H 5%5 > = -
Kasper et al. (2007) VLT NaCo Sat-1 L’ 28 X 28 22  GKM <50
Lafreniere et al. (2007) Gemini-N  NIRI ADI H 22 % 22 85 10-5000
Apai et al. (2008)¢ VLT NaCo SDI H 3x3 8 FG 12-500
Chauvin et al. (2010) VLT NaCo Cor-1 H,K 28x28 88 BAFGKM <100
Heinze et al. (2010a,b) MMT Clio ADI L'M 155x124 54 FGK 100-5000
Janson et al. (2011) Gemini-N  NIRI ADI H K 22x22 15 BA 20-700
Vigan et al. (2012) Gemini-N  NIRI ADI H, K 22x22 42 AF 10400
VLT NaCo ADI H K 14x14 > - -
Delorme et al. (2012) VLT NaCo ADI L’ 28 X 28 16 M <200
Rameau et al. (2013¢) VLT NaCo ADI L’ 28 X 28 59 AF <200
Yamamoto et al. (2013)  Subaru HiCIAO ADI H,K 20x20 20 FG 125 + 8
Biller et al. (2013) Gemini-S  NICI Cor-ASDI H 18 x 18 80 BAFGKM <200
Brandt et al. (2013) Subaru HiCIAO ADI H 20 x 20 63 AFGKM <500
Nielsen et al. (2013) Gemini-S  NICI Cor-ASDI H 18 x 18 70 BA 50-500
Wahhaj et al. (2013)¢ Gemini-S  NICI Cor-ASDI H 18 x 18 57 AFGKM ~100
Janson et al. (2013)“ Subaru HiCIAO ADI H 20 x 20 50 AFGKM <1000

Arthur Vigan - 2024-12-17
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Large imaging surveys

Reference Telescope  Instr. Mode Filter FoV # SpT Age
("x") (Myr)
Chauvin et al. (2003) ESO3.6m ADONIS Cor-I H, K 13x13 29 GKM <50
Neuhduser et al. (2003) NTT Sharp Sat-1 K 11x11 23  AFGKM <50
NTT Sofi Sat-1 H 13x 13 10 AFGKM <50
Lowrance et al. (2005)  HST NICMOS Cor-I H 19 x 19 45 AFGKM 10—-600
Masciadri et al. (2005) VLT NaCo Sat-1 H,K 14x14 28 KM <200
Biller et al. (2007) VLT NaCo SDI H 5%5 45 GKM <300
MMT SDI H 5%5 > = -
Kasper et al. (2007) VLT NaCo Sat-1 L’ 28 X 28 22  GKM <50
Lafreniere et al. (2007) Gemini-N  NIRI ADI H 22 % 22 85 10-5000
Apai et al. (2008)¢ VLT NaCo SDI H 3x3 8 FG 12-500
Chauvin et al. (2010) VLT NaCo Cor-1 H,K 28x28 88 BAFGKM <100
Heinze et al. (2010a,b) MMT Clio ADI L'M 155x124 54 FGK 100-5000
Janson et al. (2011) Gemini-N  NIRI ADI H K 22x22 15 BA 20-700
Vigan et al. (2012) Gemini-N  NIRI ADI H, K 22x22 42 AF 10400
VLT NaCo ADI H K 14x14 > - -
Delorme et al. (2012) VLT NaCo ADI L’ 28 X 28 16 M <200
Rameau et al. (2013¢) VLT NaCo ADI L’ 28 X 28 59 AF <200
Yamamoto et al. (2013)  Subaru HiCIAO ADI H,K 20x20 20 FG 125 + 8
Biller et al. (2013) Gemini-S  NICI Cor-ASDI H 18 x 18 80 BAFGKM <200
Brandt et al. (2013) Subaru HiCIAO ADI H 20 x 20 63 AFGKM <500
Nielsen et al. (2013) Gemini-S  NICI Cor-ASDI H 18 x 18 70 BA 50-500
Wahhaj et al. (2013)¢ Gemini-S  NICI Cor-ASDI H 18 x 18 57 AFGKM ~100
Janson et al. (2013)“ Subaru HiCIAO ADI H 20 x 20 50 AFGKM <1000

+Galicher et al. (2016), Vigan et al. (2017), Meshkat et al. (2016, 2017), Durkan et al. (2016),
Nielsen et al. (2019), Vigan et al. (2021), Bonavita et al. (2022), Delorme et al. (2024),
Squicciarini et al. (2025), Chomez et al. (2025), ...
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Large imaging surveys
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Population analysis from large imaging surveys
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Population analysis from large imaging surveys
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Population analysis from large imaging surveys

{ Evolutionary
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Population analysis from large imaging surveys
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Population analysis from large imaging surveys
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Population analysis from large imaging surveys

Ll L . .
107 108 108 1010
Time [yrs]

{ Evolutionary
| models

Images [ADU] § ?

Detection limits (mass vs. sma

Angular sepzzaration [as]

102 prmr i
&
E R
a
101 b g ]
.
[ —
.
k L .
.
100 . (T 3
L " L]
. . q
1 .. :: " = Gl population
\ - " . R = CA population
. o " 9 FGK detections
| T »

Mass [M,,,]

3 4
e e B mnan e e
SPHERE SDI+ADI
IFS YJH ———
IRDISK12 - - - -
— \ Subaru/IRCS ADI
E3 \ Jan 2011 —-..—-.
s v Mar 2011 —-—--.—
© K
1l N Ny
Z 101 A N
n L TN A\ ~.
é | \‘\.\ .\u.\ b IRy R
o N S TN
%’: \ RN
° R s
] T~
. N
B \_‘”'\"" ~eee- TS
Targets with 1l . . . . —
non —d ete ctio ns Projected semi-major axis [AU]
L
L
L

Targets with
detections

Arthu

HIP65426 (VLT/SPHERE)

500 mas
56 AU

Physics

Companion mass [Mjy]

1071 1 1
10° 10 102 103
Semi-major axis [au]

Detection
probability

1 10
Semi-major axis [AU]

17



Population analysis from large imaging surveys
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The search for planets
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The search for planets
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The search for planets
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The search for planets
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The search for planets
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The search for planets
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The search for planets
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The search for planets
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The search for planets
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THE CANDIDATES NIGHTMARE
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e contamination by remote
background stars

e probability increases with FoV?2

e SPHERE/IFS: 1.8x1.8" => 5%

e SPHERE/IRDIS: 10x10" = 40-50%

29



The seaschrioipianets
THE CANDIDATES NIGHTMARE
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THE CANDIDATES NIGH

Track expected for a real companion \
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Contamination in transit observations

Scenarios
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Contamination in transit observations

e Earth analogue around a solar-type star:
Scenarios
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Contamination in transit observations

e Earth analogue around a solar-type star:
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* 85 ppm transit depth
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Comparison with LOPS2

Nascimbeni et al. (2025)
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Comparison with LOPS2

Nascimbeni et al. (2025)
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Comparison with LOPS2

Nascimbeni et al. (2025)
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Comparison with LOPS2

Nascimbeni et al. (2025)
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Where iIs imaging going?
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Where iIs imaging going?
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Where iIs imaging going?
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Towards imaging Earth analogues

Séparation angulaire [as]
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Towards imaging Earth analogues
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Towards imaging Earth analogues

Arthur Vigan - 2024-12-17
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Towards imaging Earth analogues
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 Many steps along the way:
* ELT first-light instruments (2028+)
* NASA Roman Coronagraph (2027+)
* Imaging Earth analogues in the 2040s:
* PCS on the ELT
» Habitable Worlds Observatory (HWO)

HWO . PCS
Habitable
Solar-type cone I8
star @
Separation (@10 pc): 0.01”
Contrast: 10-7/10-8
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HWO & PCS: transformational science...

» Sensitive to all kinds of planets

* From Jupiter-sized planets to small rocky planets
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planet Rocky Super- Sub-  Neptune- Jupiter-
candidates planets  Earths  Neptunes  sized sized
250 |-
2 - 2 0@
200 | 209 S
B LUVOIR-A
I LUVOIR-B ]
150 |- = 149 B

127

100 |

50F

# of Detected Planets

LUVOIR & HabEx final reports (2020)
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HWO & PCS: transformational science...

» Will be sensitive to all kinds of planets

0.6

* From Jupiter-sized planets to small rocky planets

 Comparative exoplanetology down to telluric planets

» Characterisation of different evolutionary stages
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HWO & PCS: transformational science...

» Will be sensitive to all kinds of planets
* From Jupiter-sized planets to small rocky planets
 Comparative exoplanetology down to telluric planets
» Characterisation of different evolutionary stages

* Prior information will be key for selecting the best targets — Rv, PLATO, ...

Is this star

promising? 1. Use precursor information to establish target list

Is this a planet? 2. Multi-color point-source photometry and proper motion

Is planet in the 3. Constrain orbits
habitable zone?\ ' 1ol
s there water? \ 4. Search for atmospheric water /
What is the star like? \ 5. Characterize the star's activity level /
How massive are the planets? \ 6. Determine planet masses /
. . 7. Search for biosignatures &
Are there signs of lite? \ constrain Hy0 abundance
8. Check biosignatures
Are the signs of life robust? aren't false positives

What is the atmospheric context? \9 Extend specirum -
Are there other biosignatures? '\ added features
How does the planet vary

over its orbit? (e.g. seasons) w

LUVOIR & HabEx final reports (2020)
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... at the cost of a huge technological step...

Telescope AO

—_——

~1 kHz

ELT

SCAO WEFS
K-band

|

>2 kHz
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M &TTM

XAO WFS
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DM(s)

Science instruments

Imager/
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|
1

‘ Coronagraphs 1 IFU,
V-H type thd

PCS ExAO

High R
Spectrograph
V-1

Low-Med R
Spectrograph
Y-H

* Very complex (& yet unknown!) telescopes

* Very complex instruments:

e Multiple AO systems

« Wavefront sensing & control

« Advanced coronagraphs

e Multi-spectral instruments

* Massive R&D effort on-going in Europe and US:
« SPHERE+, Roman/CGI, multiple testbeds, ...

Arthur Vigan - 2024-12-17
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... but we're already on the way!
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Will we ever image PLATO Earth-like planets?

Arthur Vigan - 2024-12-17
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Will we ever image PLATO Earth-like planets?

Penny et al. (2019)
 Kepler Exoplanets  + Other Known Exoplanets  * Simulated WFIRST Exoplanets

10000 LI | | | | lllll. | | . |.|.|.|||" ".l T ‘.'..'lll. — l.l l.lll — 8
" . o e - o
. Celppitl Somac - | =

{4 v g . 10000

h ¢ o..’ :.‘.:.o..' "l“

oo ;;':??:tt?i.:'::}" ., . .-.. “..

& "o .0;.:‘:.

1000

o...o .;$. ° b

..:.
L]

T RN e L B e -1000
. .‘ 3 2 x PR R ., '::} . .0 .
100 e ,.f. ...c:,'. : .{:‘::..:,....... . : .: :.:. .- -. :‘.%00: D

SR i . :
. X .;@ .‘..:: K.,‘ — 100

Planet Mass in Earth Masses

0.1

expected if there is 1 planet per star at (a, M,,)

WFIRST Sensitivity — the number of planet detect

T T BT BT 101
O'Ob.Ol 0.1 1 10 100 0

Semimajor Axis in AU

Arthur Vigan - 2024-12-17

40



Will we ever image PLATO Earth-like planets?

Penny et al. (2019)
 Kepler Exoplanets  + Other Known Exoplanets  * Simulated WFIRST Exoplanets
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Will we ever image PLATO Earth-like planets?

Penny et al. (2019)
 Kepler Exoplanets  + Other Known Exoplanets  * Simulated WFIRST Exoplanets
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Will we ever image PLATO Earth-like planets?

Penny et al. (2019)
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Will we ever image PLATO Earth-like planets?

tPIC targets, all Credit: Valerio Nascimbeni
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Will we ever image PLATO Earth-like planets?

tPIC targets, all
4 288

Credit: Valerio Nascimbeni
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Will we ever image PLATO Earth-like planets?

Arthur Vigan -

tPIC targets, all Credit: Valerio Nascimbeni
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Will we ever image PLATO Earth-like planets?
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Will we ever image PLATO Earth-like planets?

» Hard to tell... significantly depends on occurence rate of Earth analogues
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Will we ever image PLATO Earth-like planets?

» Hard to tell... significantly depends on occurence rate of Earth analogues

* So what really matters is the statistics
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Will we ever image PLATO Earth-like planets?

» Hard to tell... significantly depends on occurence rate of Earth analogues
* So what really matters is the statistics
 PLATO will definitely answer the questions:
 What's the occurence rate of Earth-like planets around solar-type stars?

* Byproduct: how many planets will HWO be able to detect and characterise?
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Will we ever image PLATO Earth-like planets?

» Hard to tell... significantly depends on occurence rate of Earth analogues
* So what really matters is the statistics
* PLATO will definitely answer the questions:
 What's the occurence rate of Earth-like planets around solar-type stars?

* Byproduct: how many planets will HWO be able to detect and characterise?

Thank you!

Jupiter

Arthur Vigan - 2024-12-17

42



