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Microphysics In Disk
Formation and Evolution

Hsi-Wei Yen (ASIAA)

Image credit: ALMA (ESO/NAOJ/NRAO)



Image credit: ESA/Hubble & NASA, B. Nisini



Planet Formation - Initial conditions

Image credit: NASA/FUSE/Lynette Cook
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DISkS are embedded In molecular clouds
at the eaﬂy stage of star formatlon
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Mllllmeter observatlons probe structures and kmematlcs
around protostars
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Improvement |n resolutlon and senS|t|V|ty

SI\/IA — Resolutlon ~ 500 au ALMA — Resolution ~ 100 au & Resolution ~ 50 au
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HT. Tau Five times higher resolution

(e) 1.0 mm (B6+B7)
nterms=2

-

(0]

0.1" = 14 AU

Kwon et al. (2011) ALMA partnership et al. (2015)
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HI. Tau

Kwon et al. (2011

Five times higher resolution
Detailed polarization pattern
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Detailed NN vodel =t
Dynamics |

AG ["]

vo (kms™) Andrews et al. (2012)
24 26 28 30 3.2

Pure Keplerian rotation, V. Pressure supported rotation, vs.

0AQ / (PO A —0n)

Offset (arcsec)

Teague et al. (2022)
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- Mass and angular momentum transportation:
Formation and evolution of embedded disks
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- Mass and angular momentum transportation:
Formation and evolution of embedded disks

Hydrodynamics

Angular momentum conservations §

Disks tend to be big




Star-forming regions are magnetized

# 7 Herschel & Planck polarization maps

Zeeman effects
100x UG

Image credit:

ESA/Herschel/Planck; J. D. Soler, MPIA



Star-forming regions are magnetized

Herschel & Planck polarization maps

Qutflow
A 1A

0.1 light year

Image credit:
ESA/Herschel/Planck; J. D. Soler, MPIA



Star-forming regions are magnetized

Magnetic fields

Herschel & Planck polarization maps

Qutflow
A 1A

Ideal Magnetohydrodynamics

Girart et al. (2006)

Efficient magnetic braking

Disks tend to be very small

Image credit:

ESA/Herschel/Planck; J. D. Soler, MPIA
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Embedded disk radii (mm continuum)
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» 4 HOPS-288

Disks with radii of 10x au are common

i? @ VYANDAM Survey

Credit: NRAO/AUI/NSF; Tobin et al. (2020) Source Locations



Hydrodynamics
Angular momentum conservations

Disks tend to be big

Image credit:
NASA/JPL-Caltech

Magnetic fields

\\\\ utflow s
\\ \\\ - [ 7 ldeal Magnetohydrodynamics
1 ) } . Efficient magnetic braking

/s . i NN Disks tend to be too small

Image credit: MPE 0.1 light year



To regulate the efficiency of magnetic braking:
Non-ideal MHD effect (Ambipolar Diffusion)

Magnetic fields lonized particles are coupled to
// the magnetic fields

Neutral particles do not.
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Image credit:
0.1 light year Hammerle, Paola et al. @ MPE

B fields are left behind




Key parameters:

elonization fraction

lon—neutral Interaction

Observables:
ion—neutral drift
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Key parameters:

elonization fraction

lon—neutral Interaction

Observables:
ion—neutral drift

Dust grains are mostly charged
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Key parameters:

elonization fraction

lon—neutral Interaction

Observables:
ion—neutral drift

Dust grains are mostly charged
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Key parameters:

elonization fraction

lon—neutral Interaction

eObservables:
lon—neutral drift
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Multi-wavelength dust continuum: Spectral index
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Multi-wavelength dust polarized continuum
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Multi-wavelength dust (polarized) continuum:
Dust grain size distribution
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-Higher frequencies: to constrain temperature and density * lonization traction
* lon—neutral Interaction
-Polarization at higher frequencies e Observables:

jion—neutral drift




To trace how B fields move relatively to matter

(Jy beam™! m s™1)
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Ambipolar diffusion: ion-neutral drift velocity
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Ambipolar diffusion: ion-neutral drift velocity

Edge-on object
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Ambipolar diffusion: ion-neutral drift velocity

Edge-on object
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Envelope
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Infall Region
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Line width proportional to
infall velocity
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Ambipolar diffusion: ion-neutral drift velocity

Radiative transfer modeling using the SPARX code

Model Input:
Density (x)
l[emperature (x)
Velocity (x)

Molecular abundance (x)

AX|symme_tr|c infalling Ty ,Velb\city pkof‘ile‘f,f) =
and rotating envelope ’

with an embedded disk |-+ Abumdangg,pfof|le

-

Model Output:

Radiation field (x)

Level population (x) -> ViSibiIity
-> MCMC fitting

https://sparx.tiara.sinica.edu.tw/
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More species: general behavior of neutrals and ions
different regions, different layers
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-Wide bandwidth
-High sensitivity (1 K@ 0.177)



More transitions: density and temperature

to locate the traced regions or layers
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0.3 AU 20 AU 30AU  45AU 80 AU

Mass and angular momentum

dust grains

. A
Dust trap with . _°,
i

transportation to disks

(d) streamlines (blue), outflow (green) @
and magnetic field lines (red) | ererion. OSSN

2\ (CRIRES)

Machida et al. (2026)

Image credit: Nienke van der Marel
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Micrometersized ®%g*

dust grains :':.‘.
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overcome streaming instability/ core accretion
fragmentation/ cloud collapse/
drift barriers pebble accretion

van der Marel & Pinilla (2024)



Dust motion (or kinematics) Sticking

Different from line observations . . . .
No velocity information
1

Slides from Leonardo Testi

Fragmentation



Time domain observations
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Need for a common uv coverage: Image fidelity

// / -
Project ID Frequency Observing period / aseline lengt\ﬁ\\» Flux Robust Synthesized beam  Noise
(GHz) [\ ) (mJy)
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Dec offset [arcsec]

Dec offset [arcsec]

Need for accurate absolute position:
Trace temporal changes in structures
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Time domain observations
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Change in relative peak position with time

gas density [g cm~?] at 1277.0 orbits
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Need for multi band observations:

Disentangle density, temperature, grain size
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10 -Common uv range (many antennas?)

- Absolute flux accuracy



Microphysics In Disk Formation and Evolution

To constrain: To observe:
Magnetic field —matter coupling (dust properties) Dust kinematics
Motion of magnetic fields (ion—neutral drift) (multi-band time domain)
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LOOklng * Wide frequency band
ahead Extend to higher frequency (B9, B10 & THz?)
in continuum, lines, and polarization
- Density & temperature
- Dust properties
- Locate different species

- Absolute flux accuracy

- SED, excitation

 All bands simultaneously
- Time domain

- UV coverage (or image fidelity)
- Comparing images at different freq.

- Absolute position accuracy
1 mas level?

- Temporal variation In structures



