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Accretion and Feedback - Stellar properties



Image credit: NASA/FUSE/Lynette Cook

Planet Formation - Initial conditions



Disks are embedded in molecular clouds 
at the early stage of star formation

Copyright: Maurice Toet 
@AAPOD2 



Millimeter observations probe structures and kinematics 
around protostars

Ohashi et al. (1997)



SMA — Resolution ~ 500 au

L1448-mm

L1527 IRS

TMC-1A

L1489 IRS

p=-1.02

p=-1.02

p=-0.62

p=-0.49

Radius (au)

Yen et al. 2013

0

5

–5
05 –5 05 –5

Δ Dec (arcsec)
Δ

 R
. A

. (
ar

cs
ec

)
Δ Dec (arcsec)

a) C18O 2–1 b) SO 65–54

280 AU 280 AU
7

6

5

(km s–1)

280 AU

ALMA — Resolution ~ 100 au & Resolution ~ 50 au
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Improvement in resolution and sensitivity



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

Five times higher resolution



Kwon et al. (2011) Stephens et al. (2023)

Five times higher resolution 
Detailed polarization pattern



Teague et al. (2022)

Andrews et al. (2012)

Detailed  
Dynamics



Mass and angular momentum transportation:  
Formation and evolution of embedded disks 



Mass and angular momentum transportation:  
Formation and evolution of embedded disks 

Hydrodynamics 

Angular momentum conservations 

Disks tend to be big



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

Star-forming regions are magnetized
Herschel & Planck polarization maps

Lazarian (2007)

Zeeman effects 
100x uG

Crutcher 2012



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

Star-forming regions are magnetized
Herschel & Planck polarization maps

Image credit: MPE



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

Star-forming regions are magnetized
Herschel & Planck polarization maps

Image credit: MPE

Girart et al. (2006)

Ideal Magnetohydrodynamics 

Efficient magnetic braking 

Disks tend to be very small



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

(mm continuum)

Tsukamoto et al. (2023)

Disks with radii of 10x au are common



Image credit: MPE

Ideal Magnetohydrodynamics 

Efficient magnetic braking 

Disks tend to be too small

Hydrodynamics 

Angular momentum conservations 

Disks tend to be big
Image credit:  
NASA/JPL-Caltech



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

Image credit: 

Hämmerle, Paola et al. @ MPE

Ionized particles are coupled to  
the magnetic fields 
Neutral particles do not.

B fields are left behind



Stronger 
B field

•Ionization fraction 


•Ion—neutral Interaction


•Observables:  
ion—neutral drift

Key parameters: 



•Ionization fraction 


•Ion—neutral Interaction


•Observables:  
ion—neutral drift

Key parameters: 

Zhao et al. (2018)

Dust grains are mostly charged



•Ionization fraction 


•Ion—neutral Interaction


•Observables:  
ion—neutral drift

Key parameters: 

Zhao et al. (2018)

Dust grains are mostly charged



•Ionization fraction 


•Ion—neutral Interaction


•Observables:  
ion—neutral drift

Key parameters: 

Zhao et al. (2016)

Dust grain size matters



Galametz et al. (2019)

Multi-wavelength dust continuum: Spectral index

Banzatti (2009)



Multi-wavelength dust polarized continuum
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Multi-wavelength dust (polarized) continuum: 
Dust grain size distribution

-Higher frequencies: to constrain temperature and density

-Polarization at higher frequencies

• Ionization fraction 

• Ion—neutral Interaction

•Observables:  

ion—neutral drift



C18O

H13CO+

To trace how B fields move relatively to matter

• Ionization fraction 

• Ion—neutral Interaction

•Observables:  

ion—neutral drift



Ambipolar diffusion: ion-neutral drift velocity
Integrated Intensity Mean Velocity Line Width

C18O

H13CO+

Edge-on Class 0 Protostars

With a 20 au disk



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

Evans et al. (1999)

Line width

C18O

H13CO+
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Figure 5 The origin of various parts of the line profile for a cloud undergoing inside-out
collapse. The static envelope outside rinf produces the central self-absorption dip, the blue
peak comes from the back of the cloud, and the red peak from the front of the cloud. The
faster collapse near the center produces line wings, but these are usually confused by outflow
wings.

the line profiles to shift from blue to red-skewed on either side of the rotation axis,
with the sign of the effect depending on how the rotation varies with radius (Zhou
1995). Maps of the line centroid can be used to separate rotation from collapse
(Adelson & Leung 1988, Walker et al 1994).
To turn a collapse candidate into a believable case of collapse, one has to map

the line profiles, account for the effects of outflows, model rotation if present, and
show that a collapse model fits the line profiles. To date this has been done only for
a few sources: B335 (Zhou et al 1993, Choi et al 1995), L1527 (Myers et al 1995,

Line width proportional to 
infall velocity



Ambipolar diffusion: ion-neutral drift velocity

fields have been estimated. The requested angular resolution and maximum recoverable angular
scale are comparable to those of the archival C18O data for a fair comparison, and this angular
resolution allows us to resolve the velocity profile with 10 independent beams in the inner envelope.
Additionally, we request a high velocity resolution of 0.1 km s�1 to put a stringent constraint on
ion–neutral velocity drift.

ALMA H13CO+ (2-1) 
moment 0

Figure 3: Moment 0 map (in
units of mJy beam�1 km s�1) of
the H13CO+ (2–1) emission in
HH 211 observed with ALMA
at a lower resolution of 0.0065 by
van’t Ho↵ et al. (2022). The
jet in HH 211 has a position
angle of 117�. HH 211 is an
edge-on source.

Tracer of ionized gas H13CO+: We plan to observe H13CO+,
which is an isotopologue of the common ionized molecule HCO+ in
protostellar sources. We choose H13CO+ because the HCO+ line
is usually optically thick. The H13CO+ (2–1) emission has been
observed at a resolution of 0.0065 using ALMA and primarily traces
the protostellar envelope (Fig. 3; van’t Ho↵ et al. 2022). The existing
H13CO+ (2–1) map suggests that in HH211, H13CO+ appears not
only in the upper layers of the flattened envelope but also in regions
close to the midplane (Fig. 3).

CO and HCO+ abundances: The density and temperature pro-
files in the protostellar envelope of HH211 have been estimated by
radiative transfer modeling of the ALMA 1.3 and 0.9 mm contin-
uum data (Yen et al. 2023). Using these profiles, we have computed
the chemical network to derive the abundance profiles of HCO+ and
CO (Fig.4), and we scale them by the 13C/12C and 18O/16O isotopic
ratios for H13CO+ and C18O. The abundance profiles of these two
molecules show similar trends, and thus they can be used to trace
the kinematics of neutral and ionized gas in similar volumes. While
some depletion of both molecules likely occurs at radii larger than
100 au, as also suggested by modeling of the ALMA C18O data in
Yen et al. (2023), the existing ALMA H13CO+ (2–1) and C18O (2–1)
data show both molecules are still detected at radii more than 1000
au (e.g., Fig. 3), indicating that they can still be used to trace the
kinematics in the envelope.

CO

HCO+ x 104

Figure 4: Radial profiles of CO (solid)
and HCO+ (dashed) abundances com-
puted using the chemical network with
the density and temperature profiles de-
rived by radiative transfer modeling of the
ALMA 1.3 and 0.9 mm continuum data
in Yen et al. (2023). The abundances in-
crease at a radius smaller than 100 au,
where the temperature is above 20 K.

Expected H13CO+ intensity and opacity: Using the density and temperature profiles from Yen
et al. (2023) and our abundance profile (Fig. 4), we have conducted radiative transfer modeling of the
H13CO+ lines. Our models are able to reproduce the observed H13CO+ (2–1) intensity at a resolution
of 0.0065 in HH211 (Fig. 3; van’t Ho↵ et al. 2022). An example of our H13CO+ model maps is shown
below (Fig. 5). We find that the H13CO+ lines are optically thin in the envelope, and the (3–2;
260.3 GHz) transition is expected to have the same brightness temperature as the (2–1; 170.5 GHz)
transition, and be brighter than the (4–3; 347 GHz) transition. Therefore, observing the H13CO+

3

Edge-on object

Abundance = # of molecules / # of H2

Evans et al. (1999)
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Figure 5 The origin of various parts of the line profile for a cloud undergoing inside-out
collapse. The static envelope outside rinf produces the central self-absorption dip, the blue
peak comes from the back of the cloud, and the red peak from the front of the cloud. The
faster collapse near the center produces line wings, but these are usually confused by outflow
wings.

the line profiles to shift from blue to red-skewed on either side of the rotation axis,
with the sign of the effect depending on how the rotation varies with radius (Zhou
1995). Maps of the line centroid can be used to separate rotation from collapse
(Adelson & Leung 1988, Walker et al 1994).
To turn a collapse candidate into a believable case of collapse, one has to map

the line profiles, account for the effects of outflows, model rotation if present, and
show that a collapse model fits the line profiles. To date this has been done only for
a few sources: B335 (Zhou et al 1993, Choi et al 1995), L1527 (Myers et al 1995,

Line width proportional to 
infall velocity

Low Temp. 

Frozen out

Cosmic-ray Ionization  
attenuation



Radiative transfer modeling using the SPARX code

https://sparx.tiara.sinica.edu.tw/

Axisymmetric infalling 
and rotating envelope 
with an embedded disk

-> Visibility  
-> MCMC fitting

Ambipolar diffusion: ion-neutral drift velocity

+ Velocity profile 
+ Abundance profile 

Intensity profile

Spectrum

Abundance



13CO C18O C17O HCNCS DCO+HCO+H13CO+
HC18O+

More species: general behavior of neutrals and ions 
different regions, different layers

-Wide bandwidth

-High sensitivity (1 K @ 0.1”?)

N2D+ N2H+

Image credit: Carpenter et al. - ALMA (ESO/NAOJ/NRAO)



HCO+ (4-3)

DCO+ (5-4)

HCN (4-3)

H13CO+ (3-2)

HCO+ (3-2)

HCN (3-2)

H13CO+ (2-1)

HCO+ (2-1)

HCN (2-1)

DCO+ (3-2)

C18O (2-1)

C17O (2-1)
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H13CO+ (4-3)

DCO+ (2-1)
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CS (4-3)
CS (5-4)

N2H+ (3-2)

DCO+ (4-3)


CS (6-5)

More transitions: density and temperature 
to locate the traced regions or layers

Image credit: Carpenter et al. - ALMA (ESO/NAOJ/NRAO)



Machida et al. (2026)

Image credit: Nienke van der Marel
Inside the disk

Mass and angular momentum  
transportation to disks



Image credit: Nienke van der Marel

van der Marel & Pinilla (2024)

Dust evolution



Slides from Leonardo Testi

Dust motion (or kinematics)

Different from line observations


No velocity information



Time domain observations



Need for a common uv coverage: Image fidelity

-Dense uv sampling (many antennas?)



Need for accurate absolute position:  
Trace temporal changes in structures

Kuo et al. (2024)



Time domain observations



Change in relative peak position with time

Baruteau et al. (2019)



Change in relative peak position with time

Baruteau et al. (2019)



Change in relative peak position with time

Baruteau et al. (2019)

Fluctuation in dust distribution 



Change in relative peak position with time

Baruteau et al. (2019)

Wavelength dependent!



Yen et al. (2020)

Need for multi band observations: 
Disentangle density, temperature, grain size

For example:

-Common uv range (many antennas?)

-Absolute flux accuracy



Image credit: ESO/L. Calçada

Microphysics in Disk Formation and Evolution

To constrain: 

Magnetic field—matter coupling (dust properties)

Motion of magnetic fields (ion—neutral drift)

To observe: 

Dust kinematics  
(multi-band time domain)



Image credit: ESO/L. Calçada

Looking  
ahead

•Wide frequency band  
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


