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Direct imaging of exoplanetary systems
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! Planetc §

PDS 70 - Keppler et al. (2018)
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Direct imaging: the challenge
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Direct imaging: the challenge
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Direct imaging recipe

Seeing-limited PSF Diffraction-limited PSF Diffraction-limited PSF Coronagraphic image
X Adaptive optics v Adaptive optics v Adaptive optics v Adaptive optics
X Coronagraph X Coronagraph X Coronagraph v Coronagraph

Diffraction limited 10-4-10-5 contrast
within 20 A/D in dark zone

~10-5-10-6 contrast down to 0.2"

4—(post—processing)

Enough to detect young giant exoplanets
of a few Jupiter masses
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Nielsen et al. (2019)

Populations analysis Vigan et al. (2021)
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How to study the formation of a given planet?

Atmospheric composition is a key to determine the formation

“Parameters possibly linked ™

. to the formation location or the 2
“reee,_fOrmation process .o

Oberg et al. (2011)

_
AV

L I T 1 1 I UL

gas
— — - graln
------- Solar

—_
-]

-]
@e)

-
oy

C/0 ratio

=
T

—_— e - - e e s s el

)
AN

T 1 1 I LI III T

-
-

f = = = = = = " = " = ®E 5 N B N B N N N N N N N E E S EEE S S EEE S E S EEEEEEEEEEEomonow W U U, ST

l 11 1 l 11 1 l 11 1

10
Radius / A.U.

—_—

Arthur Vigan - IPAG - 2024-04-11

log1o ( mass ratio )

e Abundance ratios: C/O, [M/H], ...
* |sotopic ratios: D/H, 12CO/13CO, ...

T
]
]
0- Gravitional Instability? ° :O&Ioud fragm.2
stellar MH, C/0, 2c/iic ¢ ¢ @ 1 stellar MH, C/0, 12C/A3C
H2S non-detection oo © ° dl H2S non-detection
: ]
‘ O ® |
-1 °l ®
o ! o
C) e °° b © o °
) OQo ®°
¢ ¢ ® © ® ¢ & ® Cloudfragm. boundary
=== === 8-————~ R 8P o ge e g~ ————----
-2 Core Accretion? © 0 :" & o Scatterin&/’?’ligration ®
’ o 0§ S
néhastéetar M/H'C/0n RCAPC s & e Po 0 | © ©
( - S & e 9 | ® ©
® H2Sdetection, = © s o °F ! o
y )& » ° o ® io ]
3e 3! Excentricity?
& 8!
L g:
ol
N
0|
X | .
3! —— Transit
[OF] . .
21 —— Radial Velocity
o o) —_ .
2! maging
E —— Others
1
1102 10! 10° 10! 102 103 104 10°
Semi major axis (au)
10



Detections with high-contrast instruments
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Very low resolution spectroscopy §

Enough for first order
characterisation!

Teff, clouds

+log(g), ~FeH, ~C/O

R=500

Need for high spectral resolution!
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Orbital and rotational information
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A few numbers...

SPHERE+CRIRES - beta_Pictoris_b - Texp = 1.0hr - R = 100000
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Boost in detection

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

RV = -300 km/s
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Exoplanet science at high resolution

Molecules detectlon Isotopologues detection
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Young exoplanets characte
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High-contrast imaging -

with coronagraphy
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A unique window of opportunity

High-resolution spectrograph

CRIRCS
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Implementation
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Performance and trade-off study

Scientific requirements
The instrument must:

sci.req.1l Enable direct characterization of
companions in less than 1 night

sci.req.2 More efficient than CRIRES standalone
for the same science case

sci.req.3 Provide access to H band and, if
possible, to K band

> 1 imported by process:36076
2 invoked _ main__ by process:36076 global variable is:5
2 invoked in __main__ block by process :36076 global variable is:6
413 ed by process:49344
imported by process:78156
__mp_main__ by process:49344 glo
__mp_main__ by process:78156 glo

riable is:5
riable is:5

bal va
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10 in

Simulation
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BigFite
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nisages 3

feature fn'

dim ~ 2
testCollection tralaCollection
testset testCollection

cs.:a!h.]amlru::m:h, tra
d o
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Technical requirements
The instrument must:

tech.req.1 Have no impact on regular operations
of SPHERE, CRIRES, or UT3

tech.req.2 |nduce no modification of hardware
used in regular operations

tech.req.3 Be compatible with ESO and VLT
standards
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Performance analysis
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It is worth it in the H band!
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Performance analysis
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Transmission budget

End-to-end transmission
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Choice of optical fiber

Doped fiber
"ZBLAN"

4 Pure silica fiber
10" g1 " "
: H K Telecom
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Wave [um]
Advantages Drawbacks
Transmission in K band (Supposedly) fragile

ZBLAN

Transmission in H band

Extremely cheap (~1 €/m)
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Final choice:
Telecom fiber
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Fiber bundle
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Problem: single-mode fibres have very small cores! Typically 4-8 um

Cladding

0.0
"""" -0.1 dB loss specification |
-0.2 .
S -0.4
v
o
—1-0.6
Nufern 1310M-HP
—0.8 6.5 pm core

0 200 400 600 800 1000
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Low-loss connectors

e Rugged connectors with repeatable connection exist...

e ... but they need properly aligned fibres in the first place

* Only solution on the market: Diamond SA, Active Core Alignment => very (very) expensive

RED

—

Final choice:

No connectors

Arthur Vigan - IPAG - 2024-04-11
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Single-mode fiber coupling

e Single-mode fiber: e Telescope PSF:

e EMoo mode is e Obstructed pupil + spiders
guasi-Gaussian

e Complicated pattern

Diffraction from

spiders \ 0.9

Airy rings

o
¥,

©

Normalized Intensity

Aberrations in optical train 0 5 10 15 20 25 30 35 40
Radius (pixels)

Jovanovic et al. (2017)
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Coupling vs. PSF centering

VLT pupil - seeing = O.EIB"
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PSF centering: an operational challenge

3 109
—1 1.0A/D H

Separation [A/D]
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Photon sharing in SPHERE
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To have or not to have [a coronagraph]?

Coupling efficiency Transmission
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Fiber injection module
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Fiber injection module
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Electronics cabinet

Tip-til Tracki i )C
. ip-tilt racking Light Ethernet switch
piezo stage camera sources
—P | Service connection
Power-meter

User
workstation

<€4—» Direct connection
Tip-tilt Frame Web power Temperature
controller grabber switch probes w======: 1 GB/s network
R I 10 GB/s network
: HiRISE -
5 workstation | iii| PLC Control room

X

Electronics cabinet

Vi A
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A complex fiber bundle

Input geometry (@ Science fiber o Feedback fibers A Output geometry
AR coated 1250-1850 nm o e e o AO MME guide fiber AR coated 800-1850 nm
() bummy fibers (©) AO SMF guide fiber
o Centering fiber o Side fibers P di:ﬁ;‘;ﬁ

SPHERE Telescope CRIRES+

: 2.5m 78.2 m 3.2m

Calibration fibers
with FC connectors
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A complex fiber bundle

 —
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A complex flber bundle

I
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A complex fiber bundle
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Fiber extraction module
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Fiber extraction module
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Fiber extraction module

Arthur Vigan - IPAG - 2024-04-11



Light into the CRIRES the moment of truth &

Output geometry

AR coated 800-1850 nm ; ok
Slit position

Spectral
dispersion

CRIRES+

- :)

i CRIRES slit |
| viewer camera §

| CRIRES science |
1 detector #2
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(file) -> bob -> HIRISE 0OS

mplate log-messages

robEe AfA L

Arthur Vigan - IPAG - 2024-04-11 51



First light!

o I
CRIRES
= + AO: Humidity limit 50%
By AY . AO: not allowed in THK
. cALB
R 9rcosky cheeos . If PWV S 2.5, give prionty !
bservations
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Commissioning results: transmission

Median conditions
Bright star

0.05 ' | ! ! ! ! | ! ! ! ! | ! ! ! ! | ! ! ! ! | ! ! ! ! |

— T
—— HIP 108085

—— Design [as-built]

0.04 F 95 percentile

o
o
w

Median

Transmission

o
o
N

1450 1500 1550 1600
Wavelength [nm]

1650 1700 1750

0.00

Arthur Vigan - IPAG - 2024-04-11 53



Commissioning: stability

Displacement of T [pix]

1.0

0.8 i
0.6 —
0.4 —
0.2 —
0.0 —
—0.2 —
—-0.4 —
—0.6 —
—0.8 F

—-1.0

9.5

10.0 10.5 11.0 11.5
FIM bench temperature [°C]

The science PSF moves a lot with temperature
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Commissioning: stability

2.0 I I I l
% 15F ) ]
2 [
Y 1.0_‘8':. -
C i
B ° ¢ [ ] ° ° ]
(V)] 0.5_ ® o ® o o ]
O NEE ¢
T 00 Fpiiaacc
N [ s °
o - .
5 —0.5
Cc> Z
= —1.0 F
.0 s
S-15F ° X .
[ e Y
_2.01111111111111111111

9.5 10.0 10.5 11.0 11.5 12.0
FIM bench temperature [°C]

The science PSF moves a lot with temperature
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Commissioning: astrometry

e North correction =90.40° £ 0.08°
* Pixel scale = 12.805 + 0.027 mas/pix
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Commissioning: AO guide fiber leakage

Companion Background Difference
Companion
~0.2 ADU/s
u
(O]
X
o
Leakage
~1.7 ADU 1611.9 1612.0 1612.1 1611.9 1612.0 1612.1 1611.9 1612.0 1612.1
. /S Wavelength [nm] Wavelength [nm] Wavelength [nm]
— 10° MACAO guide fiber leaks inside the slit
1080 :
1060 ] <4 1071
' >
i B
[an
1040 ] 3
= ' £
a . ; 1023
1020 L ! 5
' €
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1000 ] 10-3
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980 !

- 1074
960 980 1000 1020 1040
X [pix]
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Commissioning: a first detection of HD984 B

Discovery: Meshkat et al. (2015)

. — HD 984 B
15 | Star ]
L : —— Auto-correlation :

Franson et al. (2022) - T

Dynamical mass
Of ~60 Mjup

ADec (mas)
o

—200¢

—400}

=250 0 250
ARA (mas)

HiRISE/FIM

Companion

I I T TR TR TR B . R TR I T TN TR T R TR TR TR TR
—100 —-50 0 50 100
RV [km/s]

0O

e Least-square CCF analysis

o BT-Settl model at Teff = 2700K

® Vorb Sin i =-31 km/s, Vot sini = 13 km/s
Saturate

e Value in agreement wit KPIC data (Costes et al. in prep.)
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The HIRISE survey

Goal: survey all companions accessible to HiRISE in
a "reasonable" amount of time

Rotational periods

—> comparison with field object

Detailed characterization

—> forward modelling

—> retrieval

|Isotopologues

e 13CO Zhang et al.

Exo-moons / binary planets

Xuan et al. (2024)

—— CCF of (data-model without 3CO) & '3CO template
CCF of (data-model with 13CO) & 'CO template

80

60

Flux (counts)

_20_

—40
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On-going observing programmes

e Visitor instrument have no GTO!!

e Normal programmes:

e P112: accepted & executed, 3 nights
e P113: accepted, 4 nights (April & August 2024)
e P114: 5 nights requested

8 i | | | ' | ' ' ' ] 20 ' | ' ' ' ' | ' ' ' ' | ! ! T T
HR3549 B | 18 7t HIP 81208 B HIP 81208 Cb
9r . i HIP64892 B
I B Pic b HD4747 B 16 8 3 HD112863 B )
10 1 [qldc ;
i I 4112 i B PDS 70 b b
11} 1 |2 &° ¢
S - B Picc 10> £ I _
:- N ': 10k . 'S @ Pr112targets i
g 12 - AF Lep b N . 8 8 E - Future targets : —
I= : ] ) O - [ HD206893 c
O N HD4113 C N 46 ¢ oll¢ PDS 70 ¢ -
@) 13 [ ‘ i J % (@) i .
[ L ¢ o ® ]
14 + . 4 121 T SHRa799 d yngrs HD19467 B 1
5 51 Eri b : . :
15 ® : 13 HRE799b -
: L L L | L L L | L L L | L L L | L L ] 2 [ L L L | L ’ L L | L L L L | L L L M
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_ .
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|_I
o
Expected SNR in 2h

Ul

Angular separation [milli-arcseconds]
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Data reduction pipeline

e Dedicated HiRISE pipeline: mix of official CRIRES pipeline & python

Detector images - frame #0

[ st [t T Tl R Al cemen (]

Extracted signal - companion - offset #0
T T I T T T T I T T T T T T

102

10°

Signal [ADU]

10°

1600
Wavelength [nm]

10-1 IR A N B A | \ oy IR
1650 1700 1750

1450 1500 1550
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Data reduction pipeline: current limitations

" ) = 1524.6231 nm - weight = 1.000 Signal extraction
- —— Signal
10000 Model
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Data reduction pipeline: current limitations

Signal extraction

Extracted signal - star - offset #0

3x10% }

2 x 104

104 - i —_

6x103 }

Wavelength [nm]
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First results

SNR = 7.3, RV = 23.0 km/s
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Arthur Vigan

e November 2023: HD4747 B, HD4113 C, 51 Eri b,

HR3549 B, AF Lep b and /5 Pic c

SNR =12.6, RV = 41.5 km/s
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AF Lep b: a young super Jupiter

Discovery: De Rosa et al. (2023), Mesa et al. (2023)

IRDIS/K1
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Contrast (x107?)

SNR =6.1, RV =
LA L

6 - —— Companion

I Noise

| —— Auto-correlation
4

SNR

RV [km/s]

e Observed in November 2023
e Analysis work on-going
e Lead by Allan Denis (PhD)
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The problem, illustrated on HIP65426b

BT-Settl - Best fit 4

SPHERE/IFS

‘ Y
bho 4+ SPHERE/IRDIS
¢ JWST/NIRCAM
—_ uf -O- <O JWST/MIRI
&
3 10_17 = I
N SINFONI (R = ~4 000)
g Currently ignored
> High-resolution
et g ) — Rotational and radial velocities,
é HlRlS_E (R =~100 000) detailed abundances, isotopologues
= 10—-18". Starting August 2023
I —— — Medium-resolution @
FRIDA (R = ~4 000) Detailed composition,
Startmg in 2026 some abundances, accretion (:)
10—19 | —
100 101t

Wavelength [um]

HIP65426 (VLT/SPHERE)

I SINFONI
SPHERE+JWST 7

é [ ]
j. | II'I '.1'. I.*.L;
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PDF
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0.6 0.7 0.8
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How to merge these highly heterogeneous

data in a consistant framework?
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MIRAGES anr@
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R =500 ExoGRAVITY . e 4 T ERIS
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Multi-Resolution Analysis RFRT.ffO
of Glant Exoplanets N KPIC ‘ 0000

CRIRES

H ObJectlve 41

Produce the most comprehensive .
- 3 sl Bl / V4 R 80 000
| HiRISE

understanding of the physical and
t chemical properties governing the |
: spectral properties of young EGP ;

¢ And certainly
%, more to come!

Objective 2
Develop an ambitious data analysis
fusion strategy incorporating the

Institut de Planétologie
et d’Astrophysique
de Grenoble

most advanced development in |
§ exoplanetary atmosphere modelling §
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Conclusions & prospects

1. High-spectral resolution of directly-
imaged exoplanets

e Unique opportunity on VLT/UT3!
e Coupling between SPHERE and CRIRES+ in H band

e Visitor instrument on the VLT

e First light in July 2023
2. HIiRISE survey

e New opportunities for —a
understanding of exoplanets <& &\

e Started in November 2023

e First results already in the
pipeline
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FIM optical design and photon sharing

Corner cube
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Fiber injection on MITHIC

Injection map
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Operations: daytime calibrations
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Operations: target acquisition
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A European opportunity in the South

NAOJ

Korea O

/\

North-South

complementarity
Guinea
Australia
TAS New
Zealand

Existing instruments on 8-10 m telescopes with ExAO:
O Keck/KPIC: D. Mawet, Caltech [on-sky since 2020!]
O Subaru/REACH: T. Kotani, NAOJ [on-sky since 2020!]
% VLT/HIRISE: A. Vigan, CNRS/LAM
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