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        Protoplanetary Disks at Submillimeter Wavelengths

Andrews+2018; DSHARP project



  

        Protoplanetary Disks at Submillimeter Wavelengths

Conference "5 years after HL Tau", Dec 2020



  

Avenhaus+2018

VLT-SHPERE, dust scattering at λ=1 μm

               Protoplanetary Disks in Near Infrared



  

               Protoplanetary Disks in Near Infrared

Garufi+2024



  

               Protoplanetary Disks in Near Infrared

Ginski+2024; Garufi+2024; Valegård+2024



  

NIR vs FIR

Garufi+2017



  

  Life times               1 – 20 Myr
  Masses                    0.001 – 0.1 MSun
  Sizes                       10 – 500 au
  Densities                10-12 – 10-24 g/cm3

  Dust temperatures  10 –  1 500 K
  Gas temperatures   10 – 104 K

Testi+2014



  
Pavlyuchenkov+2019

                                   Dust opacities



  

α = 2 + β
   → presence of macroscopic grains

(however, optical depth and temperature 
gradients may be important)

Andrews 2015
GO Tau

Andrews 2015

Testi+14

                     A: Evidence of Macroscopic Dust



  unconstrained dust coagulation is too fast!

                        B: Presence of Micron-size Dust



  

HD 163296, Isella+2016

                        C: Signs of Dust Radial Drift



  

                                ABC: Dust Evolution

A. Evidence of Macroscopic Dust

B. Presence of Micron-size Dust

C. Dust Radial Drift



  

– Brownian motion

– Turbulence-induced 
   velocities

– Size-dependent drift

                             Collisional Velocities

Birnstiel+2016



  

Collision 
outcome

(c) Alexander Seizinger, University of Tübingen

impact
velocity

1 – 50 m/s

coagulation

bouncing

Zsom+2010

fragmentation

Brauer+2008
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                        Smoluchowski Equation

Dullemond & Dominik, 2005
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Endrik Krügel, “The Physics of Interstellar Dust”

Clementine, 1994

Spokes in Saturn rings, Voyagers 2,1, CassiniHB, 2005/2008 Spitzer 24 um, 27 AU

Kramer et al. Icarus 2014

“A grain in interstellar space in not 
likely to be electrically neutral”
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                            Grain Charging in PPDs

-

-
+

+

+
+

+

-

photoelectric charging

plasma charging



  

Dust Grains are Charged

Okuzumi 2009 Okuzumi+2011b



  

                  Two Barriers Against Dust Growth

Akimkin+2023
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Akimkin+2023

                        Smoluchowski Equation



  

             Coagulation-Fragmentation Imbalance



  

– 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);

          2D Hydrodynamic Modelling with FEOSAD

Vorobyov et al. 2018
Akimkin+2020



  

Radial Drift

(c) Til Birnstiel



  

                 Example: (artificially) neutral dust
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                 Example: (artificially) neutral dust

Drift barrier: 

Fragmentation barrier: 



  

                 Example: (artificially) neutral dust



  

                                 Charged dust



  

                           Electrostatic barrier

Akimkin et al. 2023 Akimkin et al., in prep.
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                           Electrostatic barrier



  

                           Electrostatic barrier



  

                           Electrostatic barrier



  

                           Electrostatic barrier



  

                        Charged vs Neutral Dust

charged

neutral



  

– одновременное действие электростатического и фрагментационного барьеров 
усугубляет влияние каждого из них на рост пыли;

– электростатический барьер роста пыли блокирует появление 
макроскопических агрегатов во внутреннем диске (< 50 а.е.) в течение первых 
~ 0.5 млн лет. Снятие барьера может произойти из-за радиального дрейфа 
крупной пыли с периферии диска.
Исследование выполнено за счёт гранта РНФ №22-72-10029

neutral dust charged dust

   0.7 Myr

                                Conclusions



  

                        Parameter Space Study
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