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Technicatonstraints

A Wavelengthrange = 120MHz¢ 1.2GHz (0.22.5m)
Possiblyshorterwavelengthan the future (~mm)

A Baseline(s): Definedby
European VLBI Network
Global mmVLBI Array
Upcoming:
(1) nextgeneration Very Large ArraggVLA
(2) Squar&ilometreArray (SKA)



Protoplanetarydisks Linkingthe ISMto (exoplanets
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Diskstructure Dustvs. Gag

Dust-structure of disk

colder midplane
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Gas structure of disk

freeze—out of molecules

dust condensation
radius

[Dullemondr 2006]



Additionalradiationsources

A Jet
A Outflow
A Ambientmolecularcloud

HH211

[ESA/Webb, NASA, CSA, T. Ray (D
Institute for Advanced Studies2023]




Additionalradiationsources

A Jet
A Outflow
A Ambientmolecularcloud

Possible
Spiral

Conical Outflow

Disk

HH30
[ESA/Webb, NASA & CSAzaket al., 2025]




Additionalradiationsources

HH3C
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200(2—1) — All velocities
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Fluxcontributions@ > mmwavelengths

Component
DiskDust
Disk Gas
Jet

Molecular Outflow

Emission Source WavelengthRange
Colddust mm / sulbmm

[ hXx 1/ haXz [ { mm/submm
Electronan plasma cm

[ h {AhZ | i/ mm/submm

RadiationMechanism
Thermalemission
Rotationaltransitions
Freefree emission

Rotationallines& shock
excitation




Fluxcontributions@ > mmwavelengths

Component Emission Source WavelengthRange
DiskDust Colddust mm / submm

Disk Gas [ hXx 1/ haXz [ { mm/submm

Jet Electronan plasma cm

Molecular Outflow [ hx {AhZ |1/ mm/submm

RadiationMechanism
Thermalemission
Rotationaltransitions
Freefree emission

Rotationallines& shock
excitation

Sourceof free-free emission
lonizedJet
PhotoevaporativeWind
MagneticallyDriven Disk Wind
Stellar Corona Magnetosphere

External UMonization (Proplydg

PhysicaMechanism

Shocks andhagneticacceleration

UV/Xray heating causes ionization
MHD-launched partiallyionizedoutflow
Magnetically heated plasma near the star

lonization from nearby massive stars

Location

Alongthe jet axis
Disksurfacelayer

Wide conicalwind region
Close to the central star

Externallyirradiateddisk
edge




Fluxcontributions@ > mmwavelengths

Component Emission Source WavelengthRange
DiskDust Colddust mm / submm

Disk Gas [ hZ 1/ haZz .. mm/submm

Jet Electronan plasma cm

Molecular Outflow [ hx {AhZ |1/ mm/submm

Highfrequencies~ < 10 mm (> 30GH?z

RadiationMechanism
Thermalemission
Rotationaltransitions
Freefree emission

Rotationallines& shock
excitation

Sourceof free-free emission
lonizedJet
PhotoevaporativeWind
MagneticallyDriven Disk Wind
Stellar Corona Magnetosphere

External UMonization (Proplydg

PhysicaMechanism

Shocks andhagneticacceleration

UV/Xray heating causes ionization
MHD-launched partiallyionizedoutflow
Magnetically heated plasma near the star

lonization from nearby massive stars

Location

Alongthe jet axis
Disksurfacelayer

Wide conicalwind region
Close to the central star

Externallyirradiateddisk
edge
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Globalstructureof circumstellardisks

FS Canillajoris [Hofmann+ 2022]
O L band —T
N band 100 4 }" b
o (
o

;.504 :& {.”.&% o

i
,
63
v
¥

* ’

PIONIER M band -50

=100 o o (

Constraints on the interior physical and thus planet-forming conditions

within the inner few au (future habitable zone)




Globalstructureof circumstellardisks

FS Canislajoris
Kobust+ 2020:

O L band
N band Temporalvariabilityof 68 objects
for whichmulti-epochMIDI / AMBER
/ PIONIERbservationsare available

[Hofmann+ 2022]

8 objects
Identicalbaselines@ various
epochs

PIONIER M band D(Baselindength) < 0.1%

D(Position angle) < (0.2

* ’

5 objectsshowsignificantvariations

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

within the inner few au (future habitable zone)




Globalstructure of circumstellardisks Temporalvariability

[Hildebrand+, in press | Bensberg+ 2023]

300 Mg 2.12 ym

Norm. flux

Overcoming the limit in constraining the temporal evolution of inner regions
set by angular resolution & uv coverage of VLTI (NIR/MIR)




Globalstructure of circumstellardisks Temporalvariability

[Hildebrand+, in press | Bensberg+ 2023]

1.00
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Overcoming the limit in constraining the temporal evolution of inner regions
set by angular resolution & uv coverage of VLTI (NIR/MIR)




Tracingearly stagesof planetformation

[NASA, ESO]

Early growth: Mid-life growth: Late growth: gas sweeping
sticking & coagulation gravitational attraction
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Tracingearlystagesof planetfeiiiiauca

Early growth: Tid-life growth: Late growth: gas sweeping
sticking & coagulation . vitational attraction
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[NASA, ESO]
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[Grafe+ 2013; Wolf+ 2003/2008]

Dustproperties/ distribution

A 2008 (SMA): Prodghat protoplanetarydisks
canbe optically thick evenat submmwavelengths

A 2013 PdB): Quantitativeestimateof radial and
vertical segregationof largedustparticles
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o . dzi Gt&NIF f

[Grafe+ 2013; Wolf+ 2003/2008]

Dustproperties/ distribution

A 2008 (SMA): Prodghat protoplanetarydisks
canbe optically thick evenat submmwavelengths

A 2013 PdB): Quantitativeestimateof radial and
vertical segregationof largedustparticles
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SMA:0.89 mm continuum

DIN/LSH + WnnuiRuod ww 68°0 YIS :ZOSH0 SVl

Radial & vertical distribution of mm/cm-sized pebbles

Lower optical depth (analysis less ambiguous)




o . dzi Gt&NIF f

[Grafe+ 2013; Wolf+ 2003/2008]

Dustproperties/ distribution

A Maximumgrainsize~100 pm
(Wolf+ 2003, OVRO,
~1mmlimit confirmedby Villenave- 2020)

Arcseconds N
0

A Selfscattering @ submmwavelengthg ALMA):
~ 100 pm

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

M Spu028soIyY
0

A Comet 67RChuryumovGerasimenko
(Rosetta/MIRO):

Pebblesize ~ 36 mm
[Burger+ 2023]

SMA:0.89 mm continuum
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Grain size distribution beyond ~mm regime

Constraints on grain structure (compact vs porous grains)




Dustproperties/ distribution: Polarimetry [Brunngréber & Walf 20191

GRAIN COMPOSITION

Different materials and shapes: very different polarization signal

— graphite perpendicular —- astrosil - - H2O ice

--- graphite parallel mixture

Pol. degree p

Q
(0}
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S
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o
S
[aW

A =400 pm
1 s =100pm
astrosil

75 100 125 150 175 0 25 50 75 100 125 150
Scattering angle 6 [°] Scattering angle 6 [°]

175
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Dustproperties/ distribution: Polarimetry

WAVELENGTH AND GRAIN SIZE

SV
)
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am

[Brunngraber & Wolf 2019]

If A =~ s: p highly wavelength/size dependent!

Wavelength A [um]

Pol. degree p

astrosil

102

Wavelength A [um]
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Dustproperties/ distribution: Polarimetry (Brunngréber & Wolf 2012021]
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Grain size distribution beyond ~mm regime

Constraints on grain structure (compact vs porous grains)




[ALMAPartnership2014]



Magneticfields Protoplanetarydisk

HLTauri
Protoplanetary disk,
Inclination ~47, Position
angle ~138

Observations
(SOFIA/HAWCH+)

A Bands A, C, D

Polarization vectors
to disc axis

A Band E

Polarization vectors
to disc axis

Dec (J2000)

Dec (J2000)
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[Lietzowt+ 2025]

HAWC+ Band C (89 um)
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Magneticfields Protoplanetarydisk

[Lietzowt+ 2025]

Conclusions: HAWC+ Band A (53 um) HAWC+ Band C (89 um)
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Constraints on polarization mechanism

=> Constraints on underlying physical conditions and dust properties




Signaturesf protoplanets

A Nearinfrared
[Wolf 2008 | Ruge+ 2014 |
Krieger+ 2022]

A Submmicontinuum
[Wolf+ 2001 |
Ruge+ 2013]

A Molecularlines
[Ober+ 2015]

angular distance ["]

QO

o =
U o
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o
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SRR
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I
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angular distance ["]

O)1Q) 10

HCO+(4-3) velocity-channelmap of a model with embeddedJupitermassplanetasit could be observed
usingALMAconfiguration14 (1.6 km baseline) Colorcodedis the SNRfor eachindividualchannel The
disk'sinclinationis 0 (face-on). Comparedo 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

26



Signaturesf protoplanets

Krieger+ 2022]
-0.70 km/s -0.60 km/s -0.50 km/s -0.40 km/s -0.30 km/s

A Submnicontinuum

A Nearinfrared “ \
[Wolf 2008 | Ruge+ 2014 | D) @ @ ) 2 ‘

[Wolf+ 2001 | - - — -
Ruge+ 2013] o (o] (o) ®
A Molecularlines 0.4 o o o 7

[Ober+ 2015] S -0.20 km/s -0.10 km/s 0.00 km/s 0.10 km/s 0.20 km/s
§ 1.0
g 0.5
2 0.0 ‘ @ (@ @
s —0.5
= o 0.50 km/s IR 0.60 krn/s NI 0.70 km/s
2 o
O ,\,'

/
a n g U I a r d I Sta n Ce [ ! ] HCO+4-3) velocitv-channelmap of a modelwith embeddedJupitermassplanetasit could be
Tracing gaps in low-mass disks

In complementary gas lines: Depletion studies




Competingeffect Impactof magneticfields Ruge et al, 2016]

9
Inner edge of the disk A =871 pm Inner edge of the disk A=l 3 mm 1.0
B, ~8 km 8 B, ~15 km
o84 LI 7 g~T2 (o 0.8
6 — —
5'§§ 0.6?%
+ 3 / " ~(Sub)mm grains: weakly
i — coupled to gas motion
2
'Magnetic' gap . Dustrings 'Magnetic' gap 0.2 (> 1OAU)
@ 1 ® 17
0 0.0
arght inner edge of the gise =13 N . Simulatei /}Lya images; of th;\e disk after ., Pressure bump close to
P35S ' Mp SNI #/)NbAUua omy N
. thé outer edge of the
10  Simulated ALMA images of the disk deadzone leads to
=g after 600 inner orbits (75 600 yr) at a - - . .
0.8% Wavelengthof}_%mm_ partICIe'trapplng |n rlng
- = The 2 0 2 S (posfd@n, the disk structures

inclination, and distanceof Oph LA48 {
0.4  havebeenused

Distribution of mm/cm-sized pebbles relative to gaps




Competingeffect Impactof magneticfields [Braer et al. 2017]
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~20
—4
6
—40)
8
—100 —-50) 0 50 100

LOS Bield derivedfrom
Zeemansplitting of CN

n=113.144 GHz
(Falgaroneet al. 2008)

Dv = 60kHz

resolution —

(ALMAPartnership2016)

Abundance
CN/H=4x 10
(Falgaroneet al. 2008)

« With Ax ~ 1AU = AF ~ 0.01p)y
(ALMA: AF ~ 10 mJy / 3 hours)

— Spatially unresolved observations?

Constraining the magnetic field in protoplanetary disks




Circunplanetary disks

A Sofar: Detectionof embedded —
companionsvith ALMA / SPHERé&asible
but verychallenging

A Feasibilitystudy e.g.,
GCSIFaAroAftAGEe 2F RS
characterizing embedded lemass

giant planets in gaps in the VIS/NIR
gl @St SYy3aJioK N y3aSeé

(Krieger & Wolf 2022)

(1) Detection and
(2) Characterization of CPDs:

Mass, Spatial extent

Goal: [Wolf &5 W! y 2085 2

Constraints on growth of giant planets by accretion




PDS 70b
[SPHERE / VLT]

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

[ESO/A. Miiller et al., 201¢



PDS 70c
[ALMA]

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

[ALMA (ESO/NAOJ/NRABBhistyet al. 2021



Debrisdisks Planetinducedstructures Erelet al, 2012]

i 9.6 um , 1.1 um 10 um 24 pm . 70 pm 350 um . ?50 um 12SQ pm 1§OQ pm

High-angular resolution observations =

lla | f (I, planetary mass/orbit)

oy ALMA
Limited by its sensitivity => traesf

between sensitivity and spatial resolution

Ilc ¢

Spacebased midinfrared observations

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

I1d ¢

Illa f

ITIb ¢

Constraints on planetary systems /
planetesimal belt(s)

Ilc ¢

ITId ¢

Constraints in disk masses

-100 100 -100 100 -100 100  -100 100 -100 100 -100 100  -100 100 -100 100  -100 100
Ax|AUJ 33



Debrisdisks Materialproperties

[Kim+ 2018]

Constraints on the
material strength

of planetesimals from
wavelength dependence of
spatial brightness
distribution

34



