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Birth and early life of protoplanetary disks:  
a tale from observations of Class 0 protostars  

and numerical models of star formation
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CI Tau (roughly 1Msun, 1Lsun, but only 2 million years old)

4 gas-giant planets of 0.1 to 11 Jupiter masses, orbiting at <1-100 AU

0.35” Disk model: 200 au, 20 MJupiter
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ALMA dust obs

T-Tauri disks are found to be more compact, less massive (dust)  

and much more structured than expected

Tazzari+ 2017 in Lupus (1-3 Myr old)

Miotello+ 2016 in Lupus

Barenfeld+ 2017 in USco (5-10 Myr old)

100 au

100 au

10 earth masses

Minimum mass solar nebula



Protostars must lose >90%  
of the core’s angular momentum  

prior to entering the T Tauri 
stage

Observations of angular momentum content in star-star-forming structures 
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Based on Belloche (2013) 
See also Li et al. review for PPVI (2014) 

Class 0 phase = main accretion phase 

>50% of the final stellar mass is assembled:  
need to get rid of the 10.000 AU envelope’s angular 

momentum  
during its accretion on 0.1 AU protostellar embryo

Class 0 protostars: a key stage for solving the AM problem

  500 AU  

<105 yrs

J = m v r 

+ core collapses  
=> rotation amplified by (r2/r1)2 

from 0.1 pc core’s diameter to the Sun’s size :  

factor of 106 in angular momentum

OverviewThe angular momentum problem



Class 0 phase = main accretion phase 

>50% of the final stellar mass is assembled: 
need to get rid of the 10.000 AU envelope’s angular momentum 

during its accretion on 0.1 AU protostellar embryo

  500 AU  

<105 yrs

Anatomy of a typical protostar

Column density:      1021 NH2/cm2    -----------------------------------------              1023 NH2/cm2

Temperature:             5K                  ------------------------------------------                       500 K

Gas mass:                1-5 Mo                    ------------------------------------------               < 0.01 Mo

Need to characterize the youngest disks

… by the formation of a protostellar disk ?



Magnetic fields ?Our 2010 pilot IRAM-PdBI survey suggested small Class 0 disks

Maury+ 2010  
==>  

Observations reveal a lack of large disks 
(but only 5 objects)

Masson+ 2015 

Maury+ 2010 ==>  
 suggest magnetized scenario  

to reduce young disk sizes 

(but only 5 objects and ideal MHD)

Note: 

Previous studies with mm interferometers 

had also attempted to characterize young disks,  

but suffered from a lack of angular resolution 

(Looney+ 2001, Jorgensen+ 2009 for example)



CALYPSO:  
the IRAM Plateau de Bure Large Program  

to solve the angular momentum problem in Class 0 protostars 

> 300 hours observing time 

16 Class 0 protostars (<300pc)   

  

3 spectral setups 
continuum and >20 lines   

A dive into the small-scale physics of the youngest envelopes, disks and outflows.

Core team: Ph. André (AIM) - A. Maury (AIM) - C. Codella (INAF) - S. Maret (IPAG) - S. Cabrit (LERMA) - F. Gueth  (IRAM) - A. Belloche (MPIfR) - L. Testi (ESO / INAF) - B. Lefloch 
(IPAG) - S. Bontemps (LAB) - P. Hennebelle (AIM) - A. Bacmann (IPAG) -  B. Commercon (MPIA) - L. Podio (Arcetri) - S. Anderl (IPAG) - M. Gaudel (AIM)

Publications on sub-samples:  
Maury et al (2014) , Maret et al. (2014), Codella et al. (2014), Santangelo et al. (2015), Anderl et al. (2016), Podio et al. (2016), De Simone et al. (2017) , 

Lefevre et al. (2017) 
Whole survey:  

Maury et al. (2019) Maret et al. (2020) Gaudel et al. (2020) Belloche et al. (2020) Podio et al. (in prep)

resolution ~0.5’’ i.e 50-70 au 

typical sensitivities 0.1 mJy/beam

Characterizing the youngest disks



Maury et al (2010, 2014, 2019) Maret et al. (2014, 2020) Codella et al. (2014)  

Santangelo et al. (2015) Anderl et al. (2016) Podio et al. (2016) De Simone et al. (2017), Gaudel et al. (2020) Belloche et al. (2020)

The survey

Characterizing the youngest disks



CALYPSO survey of 1.3+2.7 mm dust continuum emission 

>70% Class 0 show disk components but >72% have rdisk < 60 au

< r
Class0

disk
>

< r
ClassI

disk
>

Protostars: disks are present but SMALL

See Maury, André, Testi & CALYPSO collab (2019)

Including the literature (CARMA/Vandam, ALMA & SMA results, 26 Class 0 protostars):  
>75% Class 0 disks have rdisk < 60 au

Class 0 median disk radius < 50 au

Characterizing the youngest disks



Characterizing the youngest disks

Maret & CALYPSO (2020) :  

analysis of the velocity field  
at sub-arcsec scales in 16 

protostars

Keplerian disks 

at r>50 au  

in only 2 out of 16 sources

Even gas radii may be small (different from T-Tauri) ?

Note on protostellar disk masses: no robust study so far, all observational analysis suffer from 

inadequate hypothesis (dust opacity, flux due to disk vs envelope etc ….)  

=> yet an open question for which we need resolved disk + kinematical studies to kick in



More recent ALMA surveys have confirmed the CALYPSO results, finding Rdisks <50 au

Could be consistent with recent ALMA surveys suggesting Class I/II disks are small (Pascucci+ 2016, Barenfeld+ 2017, 

Tripathi+ 2017, Cazoletti+ 2019 etc) 
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Taurus-Auriga

Ophiuchus

ONC

Busquet et al. 2019 in GGD 27:  

paucity of disks with Rdisk > 100 au

Tobin et al. 2020 in Orion:  

Mean Class 0 Rdisk ~ 45 au

Characterizing the youngest disks



Disks result from local angular momentum inhomogeneities ?

See Maury+ 2020 (IAUS345)
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IRAM04191: envelope rotation - Gaudel & CALYPSO (2020), see also Belloche+ 2004

Are disks really formed by conservation of  

rotational motions in protostellar envelopes ?



Disks result from local angular momentum inhomogeneities ?

Observations of specific angular momentum in protostars:  
angular momentum at small scales is not inherited from envelope rotation ?

Gaudel+ 2020

Verliat+ 2020

MHD models without core rotation:  
observed values of j during collapse reproduced  

+ 
disks form from j(grav.) ! 



Also checked to be consistent  

with numerical simulations

Hennebelle+ 2016 : Analytical non-ideal MHD collapse leads to 
self-regulation of disks to small (20-50 au radii)

Magnetic fields ?

See also Hennebelle 2020



http://irfu.cea.fr/Pisp/anaelle.maury/MagneticYSOs/



Galametz+ (2018): 0.8mm dust polarization  
in 12 Class 0 low-mass protostars 

B detected in all of them 

Our SMA survey: All protostellar envelopes are magnetized



Is magnetic field randomly oriented at core scales ?

SMA observations of 20 solar-type protostellar envelopes
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Is magnetic field randomly oriented at core scales ?

It seems NOT !  

Protostars with aligned B configurations show : 

less kinetic energy in their inner envelopes + less multiple systems  

=> an expected outcome of more efficient magnetic braking ? 

Exploration of MHD models to investigate underlying physics (ongoing w/ Hennebelle’s group) ….

Galametz+ 2020



A magnetically-regulated collapse in B335 ?

And it is embedded  

in a large scale magnetic field ….. 

Planck map made by A. Bracco

However not clear wether B mapped at Planck scales  

is associated to core ….

Polarization depression at core location



A magnetically-regulated disk size in B335 ?

Our ALMA map of the magnetic field in B335 Maury+ (2018)



Observations reveal a strikingly ordered magnetic field in this young accreting protostar

A very organized B topology at 500 au scales



❖ Radiative transfer with the POLARIS code (Reissl+2017, Brauer+ 2019) 

performed by Valeska 

Dust heating, grain alignment and dust thermal emission 

❖ Observations of the wave plane with a synthetic interferometer 

performed by Anaëlle 

Fourier transform including filtering and atmospheric noise 

Inversion of the visibilities and cleaning of the map 

❖ Numerical simulation with the RAMSES code (Teyssier 2002, 

Fromang+2006) performed by Patrick 

Non ideal MHD, rotation, turbulence, gravitational collapse 

Synthetic observations: method

Valdivia

Hennebelle

Comparison to models: synthetic observations



❖ Numerical simulation performed by P. Hennebelle with the RAMSES code (Teyssier 2002, 

Fromang+2006) 

• Adaptive Mesh refinement (AMR) 

• Non-ideal MHD 

Comparing data to models

Integrated B field strength Column density time evolution Density and velocity field evolution



Method

❖ Radiative transfer with the POLARIS code (Reissl+2017) 

❖ Observations of the wave plane with a synthetic interferometer (CASA)



Only models with dynamically relevant B-field match the data (best model μ~6) 

=> B regulates the early properties of the protostellar disk in B335 Maury+ (2018)

RAMSES models (P. Hennebelle) 

Parameter space: 

Core: 2.5 Msun 

Times: 0.07, 0.14 and 0.2 Myrs 

Mass-to-flux ratio mu : 3, 5, 6, 10 

Rotational energy beta 0.1% 1% 10% 

Turbulent energy: Mach 0.01 0.2 0.5 1.0

Model: SYNTHETIC B LINESOBSERVATIONS: B lines

Comparison to models: B is dynamically relevant



Does B-field also changes the gas accretion ?

Zhou et al. 1992:  

H2CO single dish observations 
CS single dish observations

Evans et al. 2015  
@200 au scales



Cabedo-Soto et al. (2021)Observations of the kinematical structure from the infalling gas

C17O ALMA observations in B335 
Shows double peaked profiles in the inner envelope  

Not an optically-thick infall signature (optically thin gas tracer) 
Not associated to outflow motions 

High velocity patterns: supersonic infall along cavity walls 

Does B-field also changes the gas accretion ?



Cabedo-Soto et al. (2021)Observations of the kinematical structure from the infalling gas

C17O ALMA observations in B335 
Shows double peaked profiles in the inner envelope  

Not an optically-thick infall signature (optically thin gas tracer) 
Not associated to outflow motions 

High velocity patterns: supersonic infall along cavity walls 

Does B-field also changes the gas accretion ?



Cabedo-Soto et al. (2021)Observations of the kinematical structure from the infalling gas

C17O ALMA observations in B335 
Shows double peaked profiles in the inner envelope  

Not an optically-thick infall signature (optically thin gas tracer) 
Not associated to outflow motions 

High velocity patterns: supersonic infall along cavity walls 

?

Why does it matter ?  
Protostellar mass accretion rates derived  

from simple spherical infall models of double-peaked line profiles may be revised

Does B-field also changes the gas accretion ?



Cabedo-Soto et al. (2021)Observations of the kinematical structure from the infalling gas

?

Why does it matter ?  
Protostellar mass accretion rates derived  

from simple spherical infall models of double-peaked line profiles may be revised

Does B-field also changes the gas accretion ?

• Timescales: 

~104 to 105 years to form a 0.6 M✪ embryo

(Evans+ 2009, Maury+ 2011) ?

• Accretion shock at the surface of the protostar: 
the kinetic energy is converted into heat, then 
radiated:

    L acc = ½ (dM/dt) Vff
2 = GM/R(dM/dt)                

L acc dominates L ✪: luminosity problem



Cabedo-Soto et al. (2021, & in prep.)

Observational clues of a good coupling of the B-field with infalling gas

A magnetically-regulated collapse in B335 ?



Cabedo-Soto et al. (2021, & in prep.)

Observational clues of a good coupling of the B-field with infalling gas

A magnetically-regulated collapse in B335 ?
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Cabedo-Soto et al. (2021, & in prep.)

Observational clues of a good coupling of the B-field with infalling gas

A magnetically-regulated collapse in B335 ?

ALMA & ACA: DCO+/H13CO+ 

We find gas ionization several 10-6 

Fion in cores normally lie around 10-7 

Enhanced ionization around the protostar 
Also along the supersonic infall structure
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Cabedo-Soto et al. (2021, & in prep.)

Observational clues of a good coupling of the B-field with infalling gas

Indication of lower velocity dispersion  
for the ions  

where the ionization is seen high ? 

A clue of efficient ambipolar diffusion ?

Small disk 
+ 

Highly organized polarization vectors  

+ 
High polarization fraction 

+ 
Supersonic infall along cavity walls 

Magnetic field organized  
-> setting disk size 

-> funneling gas accretion ?

A magnetically-regulated collapse in B335 !

ALMA & ACA: DCO+/H13CO+ 

We find gas ionization several 10-6 

Fion in cores normally lie around 10-7 

Enhanced ionization around the protostar 
Good coupling of B with gas
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New results in a Class I protostar



All star(s) also have planets: dust grows !

>25 % of FGK stars with Earth-like planets (Danley+ 2019)

ALMA DSHARP 1 Myrs old disks: structures 
everywhere ! 

+ Mm size grains ~ in T-Tauri disks

Kepler surveys > 2600 planets confirmed (>4700 total)



DSHARP ALMA

HL Tau ALMA

Valdivia + (2019):  

Current alignment theories can only reproduce the polarization fractions observed in dense 

envelopes  with large grains (> 20 microns) present at scales 100-1000 au

MHD model

Polarized emission as a grain size indicator 

Also found in Le Gouellec+ 2019: polarization in irradiated cavity walls consistent 

with RAT aligned grains if they have grown larger than the 0.1μm typical ISM grains 

Observations

Models



See also some low dust emissivities in Miotello+ 2014 (Class I), Sadavoy+ 2017 (Orion cores)

VERY low dust opacity spectral indices in ALL of the CALYPSO Class 0 envelopes 

+ radial gradients  
+ dependent on envelope mass

Galametz+ (2019) : early grain growth  < 0.1 million years after the onset of collapse 
  
  

(1) Do we need a revised planet formation scenario ? 
(2) Do we trust the masses computed using typical ISM but non-adequate dust emissivities ? 
(3) Dust composition could also be a culprit, but correlation with envelope mass makes it unlikely

Also observational hint from dust emissivity

Model of dust by Birnstiel+ (2010)

??



ALMA and NOEMA reveal few large Class 0 disks : <25% have rdisk > 60 au  

Median Class 0 disk radius ~40 au, smaller by at least 50 % than radii expected from 
hydrodynamical models with AM conservation

ALMA reveals T-Tauri disks seem more evolved than expected. 
=> Pristine disk properties are probably key to evolution in star/planet system 

=> Class 0 disks should be better characterized

Disk size distribution favors magnetized models of protostellar disk formation 
Origin of angular momentum responsible for disk formation still unclear 

Magnetized collapse scenario may help reproduce the observed properties.  

Also important to understand transformation of gas into stars, B335 as prototype

Observations of dust emissivities and models/obs dust polarization fraction:  
Large grains already present in < 0.1 Myrs protostellar envelopes at ~100-1000 au ?

All protostellar envelopes are magnetized 

Non-random magnetic field at envelope scales:  
a link with envelope kinetic energy and fragmentation 

=> a possible smoking gun for the role of magnetic braking ?  

To be properly adressed: link with disk properties & larger samples

?

Birth and early life of protoplanetary disks:  
a tale from observations of Class 0 protostars  

and numerical models of star formation 


