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Protoplanetary Disks at Submillimeter Wavelengths

ALMA Partnership+2015

ALMA; dust emission at A=1 mm



Protoplanetary Disks at Submillimeter Wavelengths

Kwon+2011 ALMA Partnership+2015

ALMA; dust emission at A=1 mm



Protoplanetary Disks at Submillimeter Wavelengths

Andrews+2018; DSHARP project




Conference "5 years after HL Tau", Dec 2020
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Which mechanism is most relevant for creating disk substructures?

Planet-disk interactions
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MHD instabilities (e.qg., zonal flows)

Secular gravitational instabilities

Material evolution near condensation fronts ("snow lines”)

Binaries

Other
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Protoplanetary Disks in Near Infrared

BRXJ 1615

Avenhaus+2018

VLT-SHPERE, dust scattering at A=1 um
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V1012 Ori u HD 97048

MWC 758

Ginski+2024; Garufi+2024; Valegard+2024
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Life times 1 —20 Myr

Masses 0.001 — 0.1 MSun
Sizes 10 — 500 au
Densities 10-12 - 10-* g/cm?

Dust temperatures 10— 1 500 K

Gas temperatures 10 - 10*K MIR

Scattered Light

(sub-)mm

Vi Distance in AU
1 | 1 | 1

[1] Turbulent Mixing (radial or vertical) P | 0 i 00
[2] Vertical Settling 3.0 mm ALMA
Radial Drift 10 pm VLTI/MATISSE

a) Sticking :

b) Bouncing 2 um 10 um EELT

¢) Fragmentation with mass transfer

d) Fragmentation JWST/MIRI

Testi+2014



Dust opacities
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A: Evidence of Macroscopic Dust
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B: Presence of Micron-size Dust

Dust coagulation in protoplanetary disks: A rapid
depletion of small grains
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Abstract.

Small grains must be replenished, for instance by

aggregate fragmentation through high-speed collisions.

unconstrained dust coagulation 1s too fast!



C: Signs of Dust Radial Drift

HD 163296, Isella+2016



ABC: Dust Evolution

A. Evidence of Macroscopic Dust

B. Presence of Micron-size Dust

C. Dust Radial Drift
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coagulation impact
velocity
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outcome

(c) Alexander Seizinger, University of Tubingen
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Smoluchowski Equation

From the results presented in this paper it seems unavoid-
able that some form of replenishment of small grains 1s needed
to make the model calculations comply with the observations.
The only other possibility is that the sticking probability 1s
enormously reduced by some process. Since we are not aware
of a process capable of reducing the sticking probability by
such a dramatic amount, we believe that replenishment 1s the
only solution. Replenishment by destructive collisions seems to
be the most natural way to prevent the small grains from disap-
pearing entirely. In this paper we demonstrated that this could
work if we assume very low binding energies of the grains.

Dullemond & Dominik, 2005




Clementine, 1994 “A grain in interstellar space in not
likely to be electrically neutral”

Endrik Kriigel, “The Physics of Interstellar Dust”




Grain Charging in PPDs

photoelectric charging

plasma charging
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Figure 12. Dust transport mechanisms that could supply large aggregates to the
frozen zone (not to scale). Without any transport mechanism, the electrostatic
barrier halts dust growth at 1-10AU < r < 100 AU near the midplane (the
“frozen” zone). However, vertical mixing due to turbulence could allow the

Okuzumi+2011b
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Coulomb barrier

fragmentation barrier s

charged dust
neutral dust
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— thin disk 2D hydrodynamics with self-gravity

and realistic cooling/heating (Vorobyov & Basu
2009);

— initial conditions: flattened protostellar core;

— evolving star (stellar evolution code, feedback to
the disk via accretion bursts);

— global (from 1 to 3000 au) and long-term
simulations (up to several Myr);

— three components: gas and two dust populations
(Epstein, Stokes and Newton drag;
Stoyanovskaya+18,20);

— evolving dust (coagulation, fragmentation, and
drift);

=200 =100 0 100 200
X, au

Vorobyov et al. 2018
Akimkin+2020




Radial Drift
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— O/IHOBpeMeHHOe JieliCTBHe 3/IeKTPOCTaTUUeCKOro 1 (pparMeHTal[MOHHOI0 0apbepoB
yCyryo/sieT B/IMsIHUE KaXKJ0T0 13 HUX Ha POCT MbUIY;

— 3J/IeKTPOCTaThUeCKUi Oapbep pocTa MbUd OI0KUPYeT MosiB/IeHUe
MaKpOCKOMMYEeCKUX arperaTtoB BO BHyTpeHHeM Aucke (< 50 a.e.) B TeueHUe MepBbIX
~ 0.5 myH neT. CHsiThe Hapbepa MOKeT MPOU30UTU U3-3a paZiuaabHOTO Jpetida
KPYITHOW MbLIX C iepudepun AUCKa.

WccnenoBaHue BbIMOTHEHO 3a CUET rpaHTa PH® Ne22-72-10029
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