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Technical constraints

Å Wavelengthrange: 120MHz ς1.2GHz (0.25-2.5m)

Possiblyshorterwavelengthsin the future (~mm)

Å Baseline(s): Definedby

European VLBI Network

Global mm-VLBI Array

Upcoming:

(1) next-generation Very Large Array (ngVLA)

(2) Square KilometreArray (SKA)
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Protoplanetarydisks: Linking the ISM to (exo)planets
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Disk structure: Dustvs. Gas distribution | Fluxcontributions

[Dullemond+ 2006]



5

Additional radiationsources

[ESA/Webb, NASA, CSA, T. Ray (Dublin 
Institute for Advanced Studies), 2023]

Å Jet

Å Outflow

Å Ambient molecularcloud

HH211
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Additional radiationsources

[ESA/Webb, NASA & CSA, Tazakiet al., 2025]

Å Jet

Å Outflow

Å Ambient molecularcloud

HH30
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Additional radiationsources

[Louvet+ 2018]

HH30
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Fluxcontributions@ > mm wavelengths

Component Emission Source WavelengthRange Radiation Mechanism

Disk Dust Cold dust mm / sub-mm Thermal emission

Disk Gas /hΣ I/hяΣ /{Σ ŜǘŎΦmm / sub-mm Rotationaltransitions

Jet Electronsin plasma cm Free-free emission

MolecularOutflow /hΣ {ƛhΣ Iі/hΣ Iіhmm / sub-mm
Rotationallines& shock
excitation
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Fluxcontributions@ > mm wavelengths

Component Emission Source WavelengthRange Radiation Mechanism

Disk Dust Cold dust mm / sub-mm Thermal emission

Disk Gas /hΣ I/hяΣ /{Σ ŜǘŎΦmm / sub-mm Rotationaltransitions

Jet Electronsin plasma cm Free-free emission

MolecularOutflow /hΣ {ƛhΣ Iі/hΣ Iіhmm / sub-mm
Rotationallines& shock
excitation

Source of free-free emission PhysicalMechanism Location

IonizedJet Shocks and magneticacceleration Alongthe jet axis

PhotoevaporativeWind UV/X-ray heating causes ionization Disk surfacelayer

MagneticallyDriven Disk Wind MHD-launched, partiallyionizedoutflow Wide conicalwind region

Stellar Corona / Magnetosphere Magnetically heated plasma near the star Close to the central star

External UV Ionization(Proplyds) Ionization from nearby massive stars
Externallyirradiateddisk
edge
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Fluxcontributions@ > mm wavelengths

Component Emission Source WavelengthRange Radiation Mechanism

Disk Dust Cold dust mm / sub-mm Thermal emission

Disk Gas /hΣ I/hяΣ /{Σ ŜǘŎΦmm / sub-mm Rotationaltransitions

Jet Electronsin plasma cm Free-free emission

MolecularOutflow /hΣ {ƛhΣ Iі/hΣ Iіhmm / sub-mm
Rotationallines& shock
excitation

Source of free-free emission PhysicalMechanism Location

IonizedJet Shocks and magneticacceleration Alongthe jet axis

PhotoevaporativeWind UV/X-ray heating causes ionization Disk surfacelayer

MagneticallyDriven Disk Wind MHD-launched, partiallyionizedoutflow Wide conicalwind region

Stellar Corona / Magnetosphere Magnetically heated plasma near the star Close to the central star

External UV Ionization(Proplyds) Ionization from nearby massive stars
Externallyirradiateddisk
edge

High frequencies~ < 10 mm (> 30GHz)
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Global structureof circumstellardisks
[Hofmann+ 2022]FS Canis Majoris

Constraints on the interior physical and thus planet-forming conditions + their variability

within the inner few au (future habitable zone)



12

Global structureof circumstellardisks
[Hofmann+ 2022]FS Canis Majoris

Constraints on the interior physical and thus planet-forming conditions + their variability

within the inner few au (future habitable zone)

Kobus+ 2020:

Temporal variabilityof 68 objects
for whichmulti-epochMIDI / AMBER 
/ PIONIERobservationsareavailable

8 objects: 
Identicalbaselines@ various
epochs
D(Baseline length) < 0.1%
D(Position angle)    < 0.2°

5 objectsshowsignificantvariations
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Global structureof circumstellardisks: Temporal variability
[Hildebrand+, in press | Bensberg+ 2023]

Overcoming the limit in constraining the temporal evolution of inner regions

set by angular resolution & uv coverage of VLTI (NIR/MIR)
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Global structureof circumstellardisks: Temporal variability
[Hildebrand+, in press | Bensberg+ 2023]

Overcoming the limit in constraining the temporal evolution of inner regions

set by angular resolution & uv coverage of VLTI (NIR/MIR)
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Tracing earlystagesof planet formation

~

[NASA, ESO]

Particle size
0.1 µm 1 mm 1 m 1 km

Particle size 

Observing wavelength

_

[Beckwith et al. 2000]

[ESO]
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Tracing earlystagesof planet formation

~

[NASA, ESO]

Particle size
0.1 µm 1 mm 1 m 1 km

Particle size 

Observing wavelength

_

[Beckwith et al. 2000]

[ESO]
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Dustproperties/ distribution

SMA: 0.89 mm, continuum

+ HST/NICMOS

Å 2008 (SMA): Proofthat protoplanetarydisks
canbe optically thick evenat submmwavelengths

Å 2013 (PdBI): Quantitative estimateof radial and
vertical segregationof large dustparticles

[Gräfe+ 2013; Wolf+ 2003/2008]

IRAM / PdBI: 1.3mm, 
continuum

α.ǳǘǘŜǊŦƭȅ starά
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IRAM / PdBI: 1.3mm, 
continuum

Dustproperties/ distribution

SMA: 0.89 mm, continuum

+ HST/NICMOS

Å 2008 (SMA): Proofthat protoplanetarydisks
canbe optically thick evenat submmwavelengths

Å 2013 (PdBI): Quantitative estimateof radial and
vertical segregationof large dustparticles

Radial & vertical distribution of mm/cm-sized pebbles

Lower optical depth (analysis less ambiguous)

[Gräfe+ 2013; Wolf+ 2003/2008]

α.ǳǘǘŜǊŦƭȅ starά
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Dustproperties/ distribution

SMA: 0.89 mm, continuum

+ HST/NICMOS

Å Maximum grainsize~100 µm 

(Wolf+ 2003, OVRO, 

~1mm limit confirmedby Villenave+ 2020)

Å Self-scattering @ submmwavelengths(ALMA):

~ 100 µm

(e.g., Bacciotti+ 2018; Hull+ 2018; Lin+ 2020; 
Ohashi+ 2020) 

Å Comet 67P/Churyumov-Gerasimenko
(Rosetta/MIRO):

Pebble size:  ~ 3-6 mm
[Bürger+ 2023]

[Gräfe+ 2013; Wolf+ 2003/2008]

IRAM / PdBI: 1.3mm, 
continuumGrain size distribution beyond ~mm regime

Constraints on grain structure (compact vs porous grains)

α.ǳǘǘŜǊŦƭȅ starά
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Dustproperties/ distribution: Polarimetry [Brunngräber & Wolf 2019]
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Dustproperties/ distribution: Polarimetry [Brunngräber & Wolf 2019]
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Dustproperties/ distribution: Polarimetry

IRAM / PdBI: 1.3mm, 
continuumGrain size distribution beyond ~mm regime

Constraints on grain structure (compact vs porous grains)

Illustration of the strong wavelength-dependenceof the polarizationpattern of self-scatteredradiation

Brunngräber& Wolf:

άPolarization reversalof scattered thermal dust emission in protoplanetary disks at submillimetreǿŀǾŜƭŜƴƎǘƘǎέ όнлмфύ

ά{ŜƭŦ-scattering in protoplanetary disks with dust settlingέ όнлнлύ

ά{ŜƭŦ-scattering on large, porous grainsƛƴ ǇǊƻǘƻǇƭŀƴŜǘŀǊȅ Řƛǎƪǎ ǿƛǘƘ Řǳǎǘ ǎŜǘǘƭƛƴƎέ(2021)

[Brunngräber & Wolf 2019-2021]



[ALMA Partnership2014]
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Magneticfields: Protoplanetarydisk

HL Tauri
Protoplanetary disk,
Inclination ~47°, Position 
angle ~138°

Observations 
(SOFIA/HAWC+)

Å Bands A, C, D
Polarization vectors 
parallelto majordisc axis

Å Band E
Polarization vectors 
parallelto minor disc axis

[Lietzow+ 2025]
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Magneticfields: Protoplanetarydisk

Conclusions:

Å Bands A, C, D
Polarization due to 
emissionof aligned                 
non-spherical grains

Ễ Magnetic field lines 
perpendicularto 
polarization vectors

Å Band E                         
Polarization due to                    
self-scattering

Å Dust grain size up to                   
35 µm

[Lietzow+ 2025]

Observation /   RT simulation

Constraints on polarization mechanism 

=> Constraints on underlying physical conditions and dust properties



26

Å Near-infrared
[Wolf 2008 | Ruge+ 2014 | 
Krieger+ 2022]

Å Submm/continuum
[Wolf+ 2001 | 
Ruge+ 2013]

Å Molecularlines
[Ober+ 2015]

Signaturesof protoplanets

HCO+(4-3) velocity-channelmapof a modelwith embeddedJupiter-massplanetasit couldbe observed
usingALMAconfiguration14 (1.6 km baseline). Colorcodedis the SNRfor eachindividualchannel. The
disk'sinclinationis0 (face-on). Comparedto the samemodelbut simulatedCO(3-2) observation,the SNR
is about 35%lower, due to the distinct lower abundanceof HCO+. However,due to the low abundance
the gapisclearlydetectable,evenat the centralwavelength.
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Å Near-infrared
[Wolf 2008 | Ruge+ 2014 | 
Krieger+ 2022]

Å Submm/continuum
[Wolf+ 2001 |                       
Ruge+ 2013]

Å Molecularlines
[Ober+ 2015]

Signaturesof protoplanets

HCO+(4-3) velocity-channelmapof a modelwith embeddedJupiter-massplanetasit couldbe
observedusing ALMAconfiguration 14 (1.6 km baseline). Color coded is the SNRfor each
individualchannel. Thedisk inclinationis 10°. Dependingon the frequency,the channelmaps
revealcomplexpattern due to the projection of the Keplerianrotation. Thus,gapdetection is
challengingandsometimesambiguous.

IRAM / PdBI: 1.3mm, 
continuumTracing gaps in low-mass disks  

in complementary gas lines: Depletion studies
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Competingeffect: Impact of magneticfields

Simulated ALMA images of the disk after 
мрл ƛƴƴŜǊ ƻǊōƛǘǎ όмуΩфлл yr)

[Ruge et al. 2016]

Simulated ALMA images of the disk
after 600 inner orbits (75 600 yr) at a
wavelengthof 1.3 mm.
The ƻōƧŜŎǘΩǎposition, the disk
inclination, and distanceof Oph Lw{48
havebeenused.

~(Sub)mm grains: weakly 
coupled to gas motion 
(>10AU)

Pressure bump close to 
the outer edge of the 
dead-zone leads to 
particle-trapping in ring 
structures

Distribution of mm/cm-sized pebbles relative to gaps
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Competingeffect: Impact of magneticfields

LOS B field derivedfrom
Zeeman splitting of CN

n= 113.144 GHz 
(Falgaroneet al. 2008)

Dvresolution= 60kHz 
(ALMA Partnership2016)

Abundance: 
CN/H = 4 x 10-9 

(Falgaroneet al. 2008)

[Brauer et al. 2017]

IRAM / PdBI: 1.3mm, 
continuum

Constraining the magnetic field in protoplanetary disks
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Circumplanetarydisks

Å So far: Detectionof embedded
companionswith ALMA / SPHERE feasible
but verychallenging

Å Feasibilitystudy, e.g., 

άCŜŀǎƛōƛƭƛǘȅ ƻŦ ŘŜǘŜŎǘƛƴƎ ŀƴŘ 
characterizing embedded low-mass 
giant planets in gaps in the VIS/NIR 
ǿŀǾŜƭŜƴƎǘƘ ǊŀƴƎŜέ

(Krieger & Wolf 2022) 

[Wolf & 5Ψ!ƴƎŜƭƻ2005]First detectionin 2019!
(PDS 70bc; Isellaet al.)

IRAM / PdBI: 1.3mm, 
continuum

(1) Detection and 

(2) Characterization of CPDs:

Mass, Spatial extent

Goal: 

Constraints on growth of giant planets by accretion

[Wolf & 5Ψ!ƴƎŜƭƻ2005]



[ESO/A. Müller et al., 2018]

PDS 70b
[SPHERE / VLT]

d(PDS70)=  112pc
R(PDS70b) = 21 au



PDS 70c
[ALMA]

d(PDS70)=  112 pc
R(PDS70c) =    35 au

[ALMA (ESO/NAOJ/NRAO)/Benistyet al. 2021]
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High-angular resolution observations =                         
f (l, planetary mass/orbit)

ALMA

Limited by its sensitivity => trade-off 
between sensitivity and spatial resolution

Space-based mid-infrared observations 

Able to detect and spatially resolve regions 
in debris disks even at a distance of several 
tens of AU from  the star

Debrisdisks: Planet-inducedstructures [Ertelet al., 2012]

Constraints on planetary systems / 

planetesimal belt(s) 

Constraints in disk masses
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Debrisdisks: Material properties [Kim+ 2018]

Constraints on the 

material strength                       

of planetesimals from 

wavelength dependence of 

spatial brightness 

distribution


