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* Breakthrough from optical long-ba elin
* Probing the inner edge of the dusty disk

* Probing the accretion-ejection processes
* The future with GRAVITY+



An extreme diversity of planetary systems

Current population of known exoplanets exhibit a wide diversity in nature and architecture
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* Origin of diversity?

* Which processes determine the
final outcome of planetary systems?

« Kepler » population: planets with sizes
as small as and orbits as large as those of
the Earth



Glose-in low-mass planets

Which initial conditions would favor
compact, short-period multi-planet
systems in the inner disk, at a distance
ranging from 0.1 au to a few au from the
central star?

[Mishra+2023; Batygin & Morbidelli 2023]

4+ planet
systems
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2 planet
systems

single planet
systems
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® Neptune

- Earth Mercury
[Winn+2018]

[Blinova+2016]



structure and evolution of protoplanetary disks

Material reservoirs from which star and planets are formed.

Mostly constituted of gas, with a small fraction in dust grains

Set the initial conditions for planet formation.

Interactions planet(s)/host disk: brief (< 10 Myr) but foundational
* Imprinted on the disk structures
* Impact the evolution of the planet-star-disk system.

How do dlisks shape star and planet formation?

[Observe structures and evolution of protoplanetary disks while planet formation is happening. J
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VLT/SPHERE

Motivation - Global view of the protoplanetary disk structure

100 au 10 au 1 au

emission lines (e.g., CO)

um-sized dust grains

_ 5 au resolution
Disk structures

IR scattered light

(sub-) mm/cm
continuum

Pebble-sized particles [Andrews2020]

5-15 au resolution Dust density and temperature
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Near-infrared and millimetric imaging of the outer disk

Ring/Cavity

Rings/Gaps

[Andrews2020]

[Benisty+2022, PPVII]

Spirals

Broad Shadows

M K G/F A/B



blobal view of the protoplanetary disk structure: toward the star-disk interactions

Jet

Dust free

0.1-1AU

Wind

Clumps - Scale
height instabiity""

....

Sublimation
front

Embedded planet

Shadows ?

Dust traps,
vortices ?

10 AU

midplane
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[Adapted from Dullemond & Monnier 2010]



Uptical long-baseline interferometry hreakthrough

Wind
Jet

Shadows ? 0.3-0.5auin NIR
Ble " ~2 au in MIR

Magnetospheric
accretion

Dust traps,

limation 2
Sublimatio ortices ?

front

poaAu 0.1-1AU ~0.2 auin NIR

ESPaDONS in visible
SPIRou in NIR
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Number of combined telescopes: 4

HHAVITY ﬂ[ VLTI Spectral range: K-band [2.0 um; 2.4 um]

Spectral resolutions: 4000, 500, 20
Start of operation: 2016
Interferometry
to synthetize a giant mirror of 140 m
. | s g

Astrometry
with reference stars

IRS16 NW

.
K~ %6

IRS16C Sar A™
O

K~15-18

Accuracy ~ a few 10 pas

Angular resolution of 3.5 mas @ 2.2 um






[nterferometric ohservables: visibilities

Dullemond & Monnier 2010
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Regions closer to the centre
of the underlying brightness
distribution

© C. Davies



Interferometric observables: closure phases Closure Phase CP = asymmetry

MwC158 HD100453
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[nterferometric observables: spectro-differential visibilities and phases
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Differential visibility = relative extent

Differential phase = relative photocenter shift

Hone+ (2017) A&A 607, 17
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The GRAVITY YSO Large Program

Aims.

Use the 4 telescopes, the sensitivity and accuracy of
GRAVITY to investigate the findings of the pioniering
works [Millan-Gabet+2001; Eisner+2005; 2007; 2014;

Monnier & Dullemond 2010; Kraus 2015] within a
statistical approach.

Use the spectral resolution (R ~4000) and the full K-
band to simultaneously study the dust emission

and the hot (Bry) and warm (CO) gas.

Nice Seminar, 2023 May 30
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Probing the imner edge of the [Iutu sk
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statistical study of Y50 dusty disks
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[GRAVITY Coll.: Perraut+2019] (27 Herbig stars)

[GRAVITY Coll.: Perraut+2021] (17 T Tauri stars)
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Revisit the Radius-Luminosity relation
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[GRAVITY Coll.: Perraut+2019]

Consistent with an optically thin, passive
disk, where starlight absorbed at the
sublimation front heats the rim, making it
vertically extended.

Heating by rim
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Advanced modeling of the inner rim
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Ring half-flux radius in K-band [au]
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Toward an evolutionary scenario? Growp|  Group

[GRAVITY Coll., Messenger, special issue, dec. 2019]

time

T — - T T T T T T T l /_..r
HD100546 (l : HD100546 ()
Herbig Ae /Be disks [ Menu+201 5] 1000+ & Gapped disks (g) o
single disk : flaring disk primordial flaring disk L
(normal SED) (group I) * Q
| HD142666 (g) HD169142 (g) HD169{42 (g) (@)
e i
= _+1o- _+1o—i o
-y '
- HOB7048 (g) HO97048 (g) (D
] i n
i (o ol
! ' @ HD38120 o f 038120 —+
double disk E flat disk E transition disk flat disk .5 (@)
(Sdssble-peaked (group 1) ' (group I) (group 11) W 10.0 - HD144432 (g) HD259431 N -
) ' . A
] ; M L HD150193 — i HD150193 =5
-l D] - I HD142527 (g) @ * HD158643 = D
. L b i _
8 ! - HD179214 (g) ] HD179218 (g)
: ZI [ o (@) HD163296 _._‘_HDBSBSL 7 163296 E
’ : L A A HDMOETT HD98g22 | A A =
' * HCH44668 i i HDi144668
Waelkens et al. (1994) Meeus et al. (2001) Maaskant et al. (2013) HD135344 (g) Continuous disks ! (0p]
1 0 L ] 1 L 1 .\\\'--L 4
1.0 2. 5. 10.0 2.
Star mass (Mg)

[ Need to populate this diagram with MATISSE and GRAVITY+ ]

26



Gombining GRAVITY and MATISSK data \arga et a.in prep]




[From GRAVITY Coll.: Perraut+2019]
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[Bohn, Benisty, Perraut+2022]

Gonnecting the inner and outer disks - Survey on 20 transitional disks

GRAVITY

1L T T T T |
o8}
_heE
réi [
T oAl el
[ l'::::'“.‘-‘
- r
0.2k eu® i,
| .;!;131{"‘ . .:11 ‘..nr‘
ﬂ‘l:l- L i L ‘-| + P :!!ﬂ
: 15 g 25 20 35 A0 A5 50
/A [%104]
10f- '
sk - "l-! L]
L " r."
- [ '
fa - - ¥ L ' &
ok L B "%, - g
[ L  a
s : ,*
5¢
L
25 a0 EE 40
BA [%105]

mmmm) (i, PA) for the inner disks
(i, PA) for the outer disks <

K-band INNER DISK

6 HD 100453
4 a
2 2
og 80

-2 -2

-4 -4

-6g -6

00 -25 =50

RA dffset (mas)

Nice Seminar, 2023 May 30

CO - OUTER DISK

1.0 T
HD 100453

D¢c offset (arcse

RA offset (arcsec)



[Bohn, Benisty, Perraut+2022]

bonnecting the inner and outer disks - look for misalignments
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Imaging the mnermost regions of Herbig stars and variability

Very challenging due to compactness and variability at short timescales
[GRAVITY Coll.: Sanchez-Bermudez+2021] [GRAVITY Coll.: Ganci+, subm.]
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Probing the accretion-ejection processes

AR




[GRAVITY Coll.: Garcia-Lopez+2020, Nature]

Probing the magnetospheric accretion on TH Hya

GRAVITY
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Probing the accretion flows on Dordd

Bry spectrum
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[Bouvier, Perraut, Le Bouquin+2020]
[Bouvier, Alecian, Alencar+2020]

» Inner-outer disk misalignment confirmed
» Size of the magnetosphere <5 R*

» Slightly offset from the star (~1 R*)

- Observations fully compatible with

magnetospheric accretion scenario

37



[GRAVITY Coll.: Soulain+2023, A&A, in press]

Probing the innermost regions of Gl Tau

Best-model of GRAVITY
K-band continuum

ALMA

[Clarke+2018]
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B
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» Strongly inclined inner disk (i ~70°) and inner-outer disk misalighnment
» Inner edge of the dusty disk significantly larger than R,
» Size of Bry emitting region ~ 5 R*
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[GRAVITY Coll.: Wojtczak+2023, A&A, 669, 59]

Hot hydrogen Bry line of a sample of T Tauri stars
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Magnetospheric accretion is not always the dominant contribution in the Bry line emission
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Testing the magnetospheric accretion models sproi

star planets
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[GRAVITY Coll.: Wojtczak+2022, A&A, 669, 59]



[GRAVITY Coll.: Garcia-Lopez+2023, in revision]

Hot hydrogen Bry line of a sample of Herbig stars
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[GRAVITY Coll.: Caratti o Garatti+2020]

The GRAVITY observations across the G0 handheads

GRAVITY CO bandheads (R ~ 4000)
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The future with GRAVITY+




Timeline for GRAVITY *

The future with GRAVITY+ R T T

Adaptive Opuice

G+ increases sensitivity and sky coverage
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The future with GRAVITY+

/ \ G+ makes spectro-astrometry possible:

L, s [Gal20to) G+ - on fainter T Tauri stars with a few hours of
integration (as today with GRAVITY on stars
with Kmag ~ 7-8)
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. = Strong synergies with spectro-polarimetry for
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Nice Seminar, 2023 May 30



Ks mag

12

10

The future with GRAVITY

SPIRou sample

ESPaDOns

116 SPIRou sources observable with G+
50 common sources with ESPaDOns
R = 18 mag needed for Class | sources
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Better overlap with spectro-polarimetry
for monitoring the magnetic field
topology, studying accretion
phenomena, inner disk shaping by
magnetic field, ...

Access to Class | sources: probing a
different regime of accretion, stronger
magnetic fields



bonclusion

GRAVITY YSO LP provides an invaluable homogeneous data set
V Looking for trends with the central stars’ properties
V Demographic studies (Herbig, T Tauri, HMYSO)
V Variability follow-up, ...
V Test advanced models

Increasing interest of the YSO non-interferometrist community

Interest of multi-technique and multi-wavelength campaigns to
probe different scales and ingredients and address the open
guestions on planet formation

- Do planets or substructures form first?

- How do substructures evolve with time?

- How do disk substructures affect disk evolution?

- What is the impact of environmental effects on substructure formation?
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The innermost regions of young stars at sub-astronomical un|t Binarity
scale as probed by GRAVITY T

Rotation curves and stellar masses
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Star-disk interaction and
agnetospheric accretion
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NGC 2024 IRS 2: GRAVITY Coll. Caratti+ 2020
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: AVITY Coll Garcia-Lopez+2017
T Tauri: GRAVITY Coll. Wojtczak+2022

and looking for (mis-)alighment

GRAVITY YSO sample
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Statistical study of 27 Herbig and 17
T Tauri stars HD 163296 Statistical study of 20 trarsditional disks

GRAVITY Coll. Perraut+ 2019, 2021  GRAVITY Colil. Sanchez+ 2021 Bohn, Benisty, Perraut+ 2022




