
The innermost regions of young stars as probed by GRAVITY

Karine Perraut

Université Grenoble Alpes / CNRS, France

On behalfthe GRAVITY collaboration



Outline

ÅMotivation

ÅBreakthroughfrom opticallong-baselineinterferometry

ÅProbingthe inneredgeof the dustydisk

ÅProbingthe accretion-ejectionprocesses

ÅThe future with GRAVITY+

Nice Seminar, 2023 May 30



An extremediversityof planetarysystems

ÅOriginof diversity?

ÅWhichprocessesdeterminethe 
final outcomeof planetarysystems?

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

[Lissauer+2014]
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Current population of known exoplanets exhibit a wide diversityin nature and architecture
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Close-in low-mass planets

[Winn+2018]
[Blinova+2016]

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]



Structure and evolutionof protoplanetarydisks

ÅMaterialreservoirsfrom whichstar and planets are formed. 

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

ÅSet the initial conditions for planet formation. 

ÅInteractions planet(s)/host disk: brief (< 10 Myr) but foundational

ÅImprinted on the disk structures

ÅImpact the evolution of the planet-star-disk system. 

Observe structuresand evolution of protoplanetary disks whileplanet formation is happening. 
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Motivation ðGlobal view of the protoplanetary disk structure
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Pebble-sizedparticles
Dust density and temperature

ALMA

µm-sizeddust grains 
Disk structures

VLT/SPHERE

5 au resolution

Coronagraph

5-15 au resolution [Andrews2020]

1 au10 au100 au



Near-infraredand millimetricimagingof the outerdisk
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[Andrews2020]

[Benisty+2022, PPVII]



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

Nice Seminar, 2023 May 30

[Adapted from Dullemond& Monnier 2010]



Optical long-baselineinterferometrybreakthrough
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Magnetospheric
accretion

VLTI

CHARA

0.3-0.5 au in NIR
~2 au in MIR

~0.2 au in NIR

Spectro-astrometry

GRAVITY

~a few 0.01 au

ESPaDOnSin visible 
SPIRouin NIR

CFHT

Spectro-polarimetry

Photometry



~ 140 m

Interferometry
to synthetizea giantmirror of 140 m

Astrometry
with referencestars

IRS16 NW

IRS16 C

l= [2.0 ; 2.5 µm]

Angularresolutionof 3.5 mas @ 2.2 µm Accuracy~ a few 10 µas

GRAVITY at VLTI
Numberof combinedtelescopes: 4
Spectral range: K-band [2.0 µm; 2.4 µm]
Spectral resolutions: 4000, 500, 20
Start of operation: 2016



7 institutes over 4 countries
Ϥмл aϵ ŀƴŘ мсл C¢9
όLb{¦κ/bw{Υ мΦр aϵ ŀƴŘ Ϥрр C¢9ύ 
Duration ~ 10 years



Interferometricobservables: visibilities
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© C. Davies

VisibilityV² ~ extent
V² vs. l= dusttemperature



Interferometricobservables: closurephases
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© C. Davies

ClosurePhase CP = asymmetry



Interferometricobservables: spectro-differentialvisibilitiesand phases
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Differentialvisibility= relative extent
Differentialphase = relative photocentershift



The GRAVITY YSO Large Program

Aims.

ÅUsethe 4 telescopes, the sensitivityand accuracyof

GRAVITYto investigatethe findingsof the pioniering

works [Millan-Gabet+2001; Eisner+2005; 2007; 2014;

Monnier & Dullemond 2010; Kraus 2015] within a

statisticalapproach.

ÅUse the spectral resolution(R ~4000) and the full K-

band to simultaneously study the dust emission 
and the hot (.Ǌʴ) and warm (CO) gas.

GRAVITY Coll., 2017, A&A, 608, 78
GRAVITY Coll., 2019, A&A, 632, 53
GRAVITY Coll., 2020, A&A, 635, 12
GRAVITY Coll., 2020, Nature, 584, 546
GRAVITY Coll., 2020, A&A, 642, 162
GRAVITY Coll., 2021, A&A, 645, 50
GRAVITY Coll., 2021, A&A, 648, 37
GRAVITY Coll., 2021, A&A, 654, 97
GRAVITY Coll., 2021, A&A, 655, 73
GRAVITY Coll., 2021, A&A, 655, 112
GRAVITY Coll., 2023, A&A, 669, 59
GRAVITY Coll., 2023, A&A, in press
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Probing the inner edge of the dusty disk
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Statisticalstudyof YSOsdustydisks
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Flat diskFlaring disk
[GRAVITY Coll.: Perraut+2019] (27 Herbigstars)

[GRAVITY Coll.: Perraut+2021] (17 T Tauristars)

Fullyconvective
With a radiative core



Revisitthe Radius-Luminosity relation
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High scatter: gasshielding?
Active disks?

[Ueda+2017]

R aL*
1/2

Consistentwith an optically thin, passive
disk, where starlight absorbed at the
sublimationfront heatsthe rim, makingit
verticallyextended.

[GRAVITY Coll.: Perraut+2019]



Advanced modelingof the innerrim
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[Flock+2017]

[Ueda+, in prep]



Towardan evolutionaryscenario?
[GRAVITY Coll., Messenger, specialissue, dec. 2019]

Need to populate this diagram with MATISSE and GRAVITY+

[Menu+2015]

26

Group I          Group II



CombiningGRAVITYand MATISSE data [Varga et al. in prep]

ÅGroup II ςgapped Herbigsource

ÅModelling a complete VLTI data-set (HKLN)

ÅMulti-ringed structure
ÅLƴƴŜǊ ŜŘƎŜ όҒ лΦн ŀǳύ ŎƭƻǎŜ ǘƻ ǎǳōƭƛƳŀǘƛƻƴ 

front

ÅInner few au highly depleted of dust

ÅRings of different dust composition

ĄRadial mineralogy gradient

ÅIron?
ÅMg-silicates + iron or Mg-silicates + carbon

ÅIf iron, in metallic form or maybe in oxides, not in 
silicates.

HD 144432 o data × model1.7 µm 2.2 µm 3.3 µm 4.8 µm

8.3 µm 11.3 µm 12.5 µm

2 au2 au 2 au

2 au 2 au 2 au 2 au



[FromGRAVITY Coll.: Perraut+2019]
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Gap formation by 
FUV/EUV/X photo-
evaporation
[Gorti+2009]

Originof the gaps? Photo-evaporation 
has just started?

4 Myr

Gapped, 5-10 Myr objects: 

EUV-photoevaporation?
Dynamicalclearing of young
planets?

GRAVITY
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(i, PA) for the innerdisks
(i, PA) for the outer disks

[Bohn, Benisty, Perraut+2022]
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Connectingthe innerand outerdisksðSurvey on 20 transitionaldisks
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GRAVITY
ALMA



Connectingthe innerand outerdisksðlook for misalignments

MeasuredmisalignmentČ predictionsof the shadowsΩ Ǉƻǎƛǘƛƻƴǎ
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Aligned

[Bohn, Benisty, Perraut+2022]

Warps?
Massive companion?
Outcomeof earlierstages?



Imaging the innermostregionsof Herbigstars and variability

[GRAVITY Coll.: Sanchez-Bermudez+2021]
0.2 au

Verychallengingdue to compactnessand variabilityat short timescales

Herbigstar HD 163296

2018

2019

The inner disk of young stars: accretion, ejection and planet formation -- Cargèse, 2023 May 9th
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[GRAVITY Coll.: Ganci+, subm.]

1 au

Large vortex at ~1 au triggeredby hydrodynamicalinstabilities
Asymmetricdiskwind or sub-stellar/planetaryaccretingcompanion?



Probingthe accretion-ejectionprocesses
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GRAVITY ESPaDOnS

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

[Donati+2011]

Å Poloidal and axisymmetric magnetic topology 
Å Boct ~ 2.5ς2.8 kGat the pole
Å Bdip ~ 400-700 G

Probing the magnetosphericaccretion on TW Hya

Rmag~ 3.6-4.8 R╒ [Bessolaz+2008]

TW Hya



.Ǌvɹisibilities

.Ǌsɹpectrum

[Bouvier, Perraut, Le Bouquin+2020]

Probing the accretion flows on DoAr44

.Ǌsɹpectro-astrometry

üInner-outer disk misalignment confirmed

üSize of the magnetosphere < 5 R*

üSlightly offset from the star (~1 R*)

.ǊsɹpectrumGRAVITY

. Ғ нΦл Ҍκ- 0.8 kG
RmagҒ пΦс w*

ESPaDOnS

Observations fullycompatible with
magnetosphericaccretionscenario

[Bouvier, Alecian, Alencar+2020]

The inner disk of young stars: accretion, ejection and planet formation -- Cargèse, 2023 May 9th 37



Probing the innermost regions of CI Tau

Nice Seminar, 2023 May 30

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

Best-model of GRAVITY 
K-band continuum

ALMA

[Clarke+2018]

üStrongly inclined inner disk (i ~70°) and inner-outer disk misalignment

üInner edge of the dusty disk significantly larger than Rsub

üSize of Brgemitting region ~ 5 R*

?
CI Tau b?



Hot hydrogen Brgline of a sample of T Tauristars

[GRAVITY Coll.: Wojtczak+2023, A&A, 669, 59]

Magnetosphericaccretionis not alwaysthe dominant contribution in the Brgline emission

Weakaccretors

The inner disk of young stars: accretion, ejection and planet formation -- Cargèse, 2023 May 9th 39



spidi-eu.org

Nice Seminar, 2023 May 30

[Tessore+2023]

Testingthe magnetosphericaccretionmodels

MHD
PLUTO

RT
MCFOST

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

TW Hya

0.02

0.04



Hot hydrogen Brgline of a sample of Herbigstars

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

Brgmore compact thancontinuum

Brglargerthancorotationradii

The inner disk of young stars: accretion, ejection and planet formation -- Cargèse, 2023 May 9th

Brgmuchsmallerthanpeakof photoevaporativewinds

42

[Alexander+2014; Picogna+2021]



The GRAVITY observations acrossthe CO bandheads
GRAVITY CO bandheads(R ~ 4000)

[GRAVITY Coll.: Carattio Garatti+2020]
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- CO emittingregionmore compact thancontinuum 
- RadialŜȄǘŜƴǘ όҟwύ ƻŦ ǘƘŜ /h-emitting region relatively small
- CO emissionabovethe mid-plane (T ~ 2800 K)
- M* ~15 M╒(gas shielding)

43The inner disk of young stars: accretion, ejection and planet formation -- Cargèse, 2023 May 9th

NGC 2024 IRS2


