Lifting the veil on planet formation:
the planet formation science case for ngVLA
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Protoplanetary disc structure Coe

o Most of the mass (~99%).
o Sets the overall disk evolution.
o Chemistry and planet atmospheres.

atmosphere
gas + small dust grains j

midplane
gas + larger solids

T Dust p

o Dominates disk opacity and heating.

o Terrestrial planets and cores of giant
planets.
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The ALMA revolution %
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ALMA Wideband Sensitivity Upgrade (WSU)

» Upgrade of entire signal chain:

4x bandwidth, up to 32 GHz.
0.1 km/s of spectral resolution at full correlated bandwidth.

Line sensitivity improvement of a factor of at least 1.4.

« Large increases in observing speed.

* Revolution for astrochemistry in protoplanetary discs.
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Our current view of planet formation

* Protoplanetary disc substructures are (almost) ubiquitous.

» Substructures are associated with gas pressure bumps and they are
likely the sites of planetesimal formation.

* Substructures can be formed by planets or other mechanisms.

» Planet formation must start early.
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Our current view of planet formation

Protoplanetary disc substructures are (almost) ubiquitous.

Substructures are associated with gas pressure bumps and they are

likely the sites of planetesimal formation. Tvpe N "Normal” disks
Substructures can be formed by planets or other mechanisms. M ]
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Our current view of planet formation

Protoplanetary disc substructures are (almost) ubiquitous.

Substructures are associated with gas pressure bumps and they are
likely the sites of planetesimal formation.

Substructures can be formed by planets or other mechanisms.

Planet formation must start early. ALMA
MUSE/VLT
Discs have a large chemical variety (also from JWST).

Directly detecting forming planets is hard.
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Our current view of planet formation T [T

Protoplanetary disc substructures are (almost) ubiquitous. &

Substructures are associated with gas pressure bumps and they are

likely the sites of planetesimal formation. — 6.56 kms-"
Substructures can be formed by planets or other mechanisms. ‘@é"

Planet formation must start early. ’

Discs have a large chemical variety (also from JWST). g Aveav sy

Directly detecting forming planets is hard.

Discs are extremely complex kinematically, but kinematics can reveal
the presence of planets.
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Still many open questions...
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Protoplanetary discs are optically tick

at (sub)mm wavelengths
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Tazzari et al. (2021)

« Protoplanetary disc substructures and inner regions (solar
system scales) are optically thick all the way to 3 mm.

« Observations at longer wavelengths are crucial.
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See also: Tripathi+2017; Andrews+2018; Sierra+2021; Delussu+2024



High optical depths hide disc substructures

* High optical depths act as a wall.

* Azimuthal or even radial substructures can
be fully hidden at (sub)mm wavelengths.

Macias et al. (in prep.)
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Characterizing dust content of disc . T
substructures
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- Multi-wavelength oservations can be used to measure dust
surface density and particle size distribution.
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- Observations at wavelengths =7 mm are needed.
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- Spatial resolution <50 mas needed to accurately measure P A ... .,
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contrast in substructures.
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ALMA Band 1 resolution is low.
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- Total dust mass can be underestimated by factors 3-10

without optically thin observations (Carrasco-Gonzalez et al. 2019;

Macias et al. 2019, 2021; Sierra et al. 2021; Liu et al. 2022, 2024 ; Guidi et
al. 2022; Guerra-Alvarado et al. 2024; Viscardi et al. 2025).
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Where is the solid mass?

« Dust mass in protoplanetary discs appears to be
lower than solid mass of exoplanetary systems:

* Possible explanations:

Planets/planetesimals are already formed at
around 1 Myr

The discs get continuously replenished from
surrounding environment

We are not measuring the dust mass correctly

* Longer wavelength observations of large samples of
discs are crucial better understand this mass budget
problem.
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Summary

« ALMA has revolutionized our view of planet formation, but it has found an optical depth wall:
Discs substructures and inner regions are optically thick up to 3 mm.
* Long wavelength observtions are crucial to:
Identify hidden disc substructures.
Accurately characterize the dust surface density and particle size distribution of discs.
« Current facilities do not have enough sensitivity and/or resolution.
« The high sensitivity and resolution at wavelengths >3 mm of ngVLA will allow us to:
|dentify the regions in the disc that might be currently forming planetesimals.

Obtain more complete and accurate samples of dust masses of discs to better understand the
mass budget problem.
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Thank you!

Enrigue Macias

emacias@eso.org
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