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Exoplanetary systems are diverse
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Origin of the diversity?

How much is set at birth?
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Planet forming disks
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Need to probe the disk physical /chemical conditions and disk structure

while planets are forming
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Interlude - Disk mass problem
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Disk mass problem: dust
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In the optically thin regime
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Disk mass problem: gas
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Isotope carbon
selective abundance
processes relative to H, ©Miotello
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Disk mass solution: HD

* Less abundance isotopologue of H>
e Rotational transition detectable in the FIR
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Substructures (mm grains, midplane)

and spirals are frequently detected in
--n- Hereetonmmmeps
Possible indirect signatures of
companions
h Rings Spirals Asymmetries
2 ~ : _

Andrews 2020
Guzman et al. 2018 Perez et al. 2016 Pinilla et al. 2022




Substructures (small dust, surface)

V4046 Sgr HD135344B

Rings, spirals, asymmetries, shadows are
very frequent in scattered light, and seen at
all spectral type in IR-bright disks

Possible indirect signatures of companions.
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Dust radial drift
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Dust settling

ALMA Band 6+7 no settling

Disks compatible with low a and
dust height ~ 1 au @ R=100 au

Pinte et al. 2018
Villenave et al. 2020, 2022




Substructures gas
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Substructures in the gas

. HD 100453  *2C0 3-2 f GG Tau
Deviations in the disk

velocity field can constrain
the planet properties

Surface Density (logiocm™) v, Deviation (%)
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Rosotti et al. 2018
Keppler et al. 2020
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A 180h ALMA Large Program to characterize disk dynamics

PIs: Teague, Benisty, Facchini, Fukagawa, Pinte

““ALMA
15 disks (28 m/s, 0.1”)
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ex0ALMA collaboration (www.exoalma.com)



http://www.exoalma.com




Other are more messy
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Offset [au]

Gas kinematics - Methods

I. Rotation curves
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Embedded planets
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Localised pressure variations
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Rotation velocity flows reveal link between
pressure modulations and dust substructures.

~100

200 800 400 More than ~75% of the dust rings and gaps are
Hadius (au) co-located with pressure maxima and minima.

Stadler et al. (exoALMA VI), Curone et al. (exoALMA Ill)



2D temperature structure
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Disk dynamical masses
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Parametric fit of thermally-stratified rotation
curves allow to estimate disk masses.

Disks are gravitationally stable.

Longarini et al. (exoALMA XII)



Benchmarking disk gas masses from thermo-chemical models

HD 143006 T, HD 34282 e
100 au 100 au

1.00 F
0.75| 4
0.50 |

0.25 . }
10 oY PSRRIV U SR N EUSYRSYR RSN NSRRI

g 14 4 e
—0.25F |~ i: ! ¢ + ¢ ® +
@z : I : '

—0.50
—-0.75F V

: + ’
~1.00

0.02 0.04 0.06 0.08 0.10 0.12 0.14 O0.1e6
Mgas (from kinematics) [Mo]

|Og 10 (Mgas, Iine/Mgas, dyn)

NoH+

Independent methods to measure the gas mass
OK within a factor of 3!

Trapman et al. (exoALMA XIII)



Conclusions

e Disks show extensive substructure in dust and molecular line emission

e Disks show highly complex 3D velocity field

e Subtle kinematical perturbations are indicative of dust trapping

e Dynamical disk masses can be estimated but this can’t be scaled to many disks!

* We need statistical disk mass measurements to constrain planet formation



