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100 AU

Protostars & Protostellar disks

A key step transforming gaz and dust into stellar systems



From starless cores to protostars: triggering of gravitational instability

What do we know of dust evolution while the star-disk system is built ?

I. Protostars

II. Disks and dust
Observations: statistical properties of protostellar disks: sizes (& masses)

TODAY

TOMORROW

« And yet, it rotates » ….  angular momentum problem & the physics of the formation of disks

What sets the properties of the most pristine disks ?

Cabinet de curiosités: structures and sneak peaks at individual objects

Transporting material from large to small scales: infall, accretion & the luminosity problem

Population studies & typical timescales 

Which instruments for the future (if time allows …) ?

















Warning: the picture is probably much more dynamical ! This is a textbook example 

See F. Motte’s lecture this week









Prestellar dense core collapse
(R=0.01 pc, T=10 K, n=106 cm-3)

First collapse 

First Larson core 
(R=10 AU, T=100 K, n=1012 cm-3)

     

Second collapse 

Second Larson core 
(R=0.01 AU, T=104-5 K, n=0.01cm-3)

Adiabatic 

H2 dissociation

Isothermal      104,5 yr

Quasi - isothermal

 a few 103 yr

102 yr

André (2002)

We have triggered the collapse, what happens next ?

?
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Vaytet et al. (2013) 

Prestellar dense core collapse
(R=0.01 pc, T=10 K, n=106 cm-3)

First collapse 

First Larson core 
(R=10 AU, T=100 K, n=1012 cm-3)

     

Second collapse 

Second Larson core 
(R=0.01 AU, T=104-5 K, n=0.01cm-3)

Adiabatic 

H2 dissociation

Isothermal      104,5 yr

Quasi - isothermal

 a few 103 yr

102 yr

Larson (1969)

We have triggered the collapse, what happens next ?

See Hennebelle’S lecture

Main accretion phase: 104-105 years …





Maury+ (2011)  
Aquila protostars 
Sadavoy+ (2014)  
Perseus protostars

Complete surveys including sub-mm wavelengths: 

 Class 0 lifetime 5x104 years  
+ over-abundance of low-luminosity Class I protostars

Spitzer surveys gave average Class 0 lifetime 1-5 x 105 years 
(Enoch+ 2009, Evans+ 2009) 

See Dunham+2015 for (small) updates on c2d & Taurus numbers 

The accretion has to be efficient to get such a short phase  
Corollary: there are not many young protostars …

Counting protostars: typical timescales for the main accretion phase















Based on Belloche (2013) 

See also Maury, Hennebelle, Girart 2022 for a recent review 

From observations of j at the 0.1 pc core’s diameter  

to the Sun’s size :  

factor of 106 in angular momentum

Observations of angular momentum content in star-forming structures 

The infamous angular momentum problem



Based on Belloche (2013) 

See also Maury, Hennebelle, Girart 2022 for a recent review 

From observations of j at the 0.1 pc core’s diameter  

to the Sun’s size :  

factor of 106 in angular momentum

Observations of angular momentum content in star-forming structures 

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
Recap

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 ?

The infamous angular momentum problem



Initial core angular momentum + angular momentum conservation in 
protostellar collapse

➙ centrifugal radius Rc  ➙ material piles up in disk 

• Rc ~csΩ02t3/16 in traditionally inside-out collapsing core with solid body 
rotation (Terebey, Shu & Cassen, 1984): increasing with time because in inside-
out collapse rarefaction wave moves out.

Centrifugal Radius
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  final size ,  final spin 

=   for a Keplerian rotation

 is known as the centrifugal radius.
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00AU as the size
of a typical protostellar disk.
I have used this to argue that Jupiter had an accretion disk.

Where the gravitational acceleration is 
balanced by the centrifugal acceleration.

After Hueso & Guillot (2005) 

Disk 

Star 

Disk formation and spreading  

How early do rotationally supported disks form? 

Pre-main sequence star 

     Shu 1977 
Cassen & Moosman 1981 

Class 0 phase

Class 0 protostars: the craddle for the first circumstellar disks

Are disks the solution to the angular momentum problem ?

Simple hydrodynamics from jcore = 1021 cm2 s-1 ==>  ≥200 au disks in <104 yrs



Disks are ubiquitous around T-Tauri young stars

Seen in infrared absorption Seen in mm dust emission

Back in 2010 …

But almost no constraints on disks around young embedded protostars …



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
Recap

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 ?





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



A. J. Maury et al.: CALYPSO disks

4.3.1. Description of models

Our model assumes Plummer-like spherically symmetric envelopes (Plummer 1911; Whitworth &

Ward-Thompson 2001). While the inner envelope has a nearly constant central density value inside

Rflat, in the outer region the protostellar envelope has a density profile that falls with the radius as

r
�p, with p a constant:

⇢(r) = ⇢flat

2
666666664

Rflat
⇣
R

2
flat + r2

⌘1/2

3
777777775

p

⌘ ⇢flat
⇣
1 + (r/Rflat)2

⌘p/2 (1)

The Plummer radial density function includes three free parameters: ⇢flat, establishing the central

density value at the onset of the protostellar cloud collapse; a critical radius Rflat that sets up the

end of the approximately constant part of the radial density curve for the innermost matter ( 0 <

r  Rflat) following Rflat ⇠ 2 cs/
p

4⇡G⇢flat, and an exponent p that fixes the density slope at

radii r > Rflat. To reproduce realistically the properties of protostellar envelopes, the Plummer-

like envelope profile also has a truncation radius at Rout to account for the envelope finite size. For

Class 0 protostars where the first core has formed at the center, self-similar solutions to the collapse

(Shu 1977; Whitworth & Summers 1985) suggest that the density profile index p at r > Rflat

is expected to resemble ⇢(r) / r
�3/2 (in the dynamical free-fall region) to ⇢(r) / r

�1 (inside

the expansion wave), and ⇢(r) / r
�2 (in the outer region where the initial conditions of singular

isothermal sphere would have been conserved). Since our sample consists of sources with di↵erent

evolutionary stages from the very early Class 0 to the Class 0/I stage (L1527 for example), we

chose to explore a range of density profiles from r
�2.5 (youngest protostars) to the more shallow

r
�1 (in older sources).

Following Terebey et al. (1993), the temperature distribution in protostellar envelopes is as-

sumed to follow:

T (r) = 60
✓

r

2 ⇥ 1015 m

◆�q
 

Lbol

105 L�

!q/2

K, (2)

where q = 2/(4+ �), for the temperature of dust grains at radius r from a source of luminosity Lbol.

At millimeter wavelengths the dust continuum emission is believed to be optically thin, and the

dust opacity is a power-law function of frequency, typically written as ⌫ = 0(⌫/⌫0)�, where � lies

in the range 0 to 2 depending on the grain size, shape, and composition (e.g., Draine 2006; Testi

et al. 2014). While � and the absolute value of the dust opacity are not well known, this will mainly

a↵ect the masses derived from the dust emission, but has a limited influence on the derived density

distributions as long as it is constant along the range of radii probed. In the approximate case of

optically thin emission in the Rayleigh-Jeans regime, the millimeter spectral indices measured in

our sources, using F⌫ / ⌫↵, should reflect ↵ = � + 2. In our sources, ↵ values measured at 20 k�

are found to lie between 2.1 and 3.3 (see Table C.1). Including a correction for the Planck function,

it is therefore likely that � is in the range 1 to 2, so we choose to let our model probe temperature
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profiles along Equation 2 with q = 0.5 (� = 0.3) to q = 0.33 (� = 2) for the protostellar envelopes

in our sample.

In the Rayleigh-Jeans regime, the intensity distribution of the dust emission is the combination

of the dust density and temperature distributions, therefore the observed dust continuum intensity

radial distribution from our model Plummer-like envelope is expected to resemble: I(r) / r
�(p+q�1)

at r > Rflat. Considering the combination of likely density and temperature distributions presented

here-before, we let our model span a range from p + q = 1.3 to p + q = 3 between Rflat and Rout.

4.3.2. Comparison of dust continuum emission visibilities to envelope models

To mimic our interferometric observations, we transform the circularly-averaged intensity dis-

tribution from the Plummer envelope model into 1D visibility fluxes function of u-v distance

b =
p

u2 + v2, using a Hankel transform (see for example Berger & Segransan 2007) :

V(b) = 2⇡
Z 1

0
I⌫(rb)J0 (2⇡rbb) rbdrb, (3)

and the zeroth-order Bessel function:

J0(z) =
1

2⇡

Z 1

0
exp (�iz cos ✓) , (4)

This interferometric transform turns the spherically symmetric power law intensity distribution into

a power-law visibility distribution as a function of u-v distance: V(b) / b
p+q�3, solely determined

by the power-law indices of the temperature and density profiles in the envelope at r > Rflat.

We perform a chi-squared minimization of the interferometric transform of the envelope model

to our observed visibility data. The envelope power-law index (p + q) and inner flat radius Rflat are

let free within the previously-mentioned ranges, to adjust the observed profile. The value of ⇢flat is

then automatically set to the value of ⇢(r = Rflat).

The total envelope flux is constrained to lie within ±20% of the integrated flux extrapolated

from single-dish data, and the envelope size Rout to the size used for the integrated envelope flux

(±10%), along the values reported in Table C.1. For the 5 sources where no integrated flux could

be found at millimeter wavelengths in the literature (either not resolved or not observed properly),

single-dish peak fluxes are used as total envelope fluxes in an envelope size the size of the single-

dish beam.

The best-fit set of envelope parameters, reproducing the PdBI continuum visibility distribution

for each of the 16 CALYPSO Class 0 sources, is reported in Table 3. The modeled visibility profiles

are shown as colored curves in Figures D.1 to D.17.

With reduced chi-square values  3 (see columns 5 and 6 in Table 3), 12 of the 16 CALYPSO

Class 0 protostars have millimeter dust continuum emission radial distributions that can be satis-

factorily reproduced with our simple models of Plummer-like protostellar envelopes.
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Class 0 protostars have millimeter dust continuum emission radial distributions that can be satis-

factorily reproduced with our simple models of Plummer-like protostellar envelopes.

Article number, page 11 of 36

A. J. Maury et al.: CALYPSO disks

profiles along Equation 2 with q = 0.5 (� = 0.3) to q = 0.33 (� = 2) for the protostellar envelopes

in our sample.

In the Rayleigh-Jeans regime, the intensity distribution of the dust emission is the combination

of the dust density and temperature distributions, therefore the observed dust continuum intensity

radial distribution from our model Plummer-like envelope is expected to resemble: I(r) / r
�(p+q�1)

at r > Rflat. Considering the combination of likely density and temperature distributions presented

here-before, we let our model span a range from p + q = 1.3 to p + q = 3 between Rflat and Rout.

4.3.2. Comparison of dust continuum emission visibilities to envelope models

To mimic our interferometric observations, we transform the circularly-averaged intensity dis-

tribution from the Plummer envelope model into 1D visibility fluxes function of u-v distance

b =
p

u2 + v2, using a Hankel transform (see for example Berger & Segransan 2007) :

V(b) = 2⇡
Z 1

0
I⌫(rb)J0 (2⇡rbb) rbdrb, (3)

and the zeroth-order Bessel function:

J0(z) =
1

2⇡

Z 1

0
exp (�iz cos ✓) , (4)

This interferometric transform turns the spherically symmetric power law intensity distribution into

a power-law visibility distribution as a function of u-v distance: V(b) / b
p+q�3, solely determined

by the power-law indices of the temperature and density profiles in the envelope at r > Rflat.

We perform a chi-squared minimization of the interferometric transform of the envelope model

to our observed visibility data. The envelope power-law index (p + q) and inner flat radius Rflat are

let free within the previously-mentioned ranges, to adjust the observed profile. The value of ⇢flat is

then automatically set to the value of ⇢(r = Rflat).

The total envelope flux is constrained to lie within ±20% of the integrated flux extrapolated

from single-dish data, and the envelope size Rout to the size used for the integrated envelope flux

(±10%), along the values reported in Table C.1. For the 5 sources where no integrated flux could

be found at millimeter wavelengths in the literature (either not resolved or not observed properly),

single-dish peak fluxes are used as total envelope fluxes in an envelope size the size of the single-

dish beam.

The best-fit set of envelope parameters, reproducing the PdBI continuum visibility distribution

for each of the 16 CALYPSO Class 0 sources, is reported in Table 3. The modeled visibility profiles

are shown as colored curves in Figures D.1 to D.17.

With reduced chi-square values  3 (see columns 5 and 6 in Table 3), 12 of the 16 CALYPSO

Class 0 protostars have millimeter dust continuum emission radial distributions that can be satis-

factorily reproduced with our simple models of Plummer-like protostellar envelopes.

Article number, page 11 of 36

A. J. Maury et al.: CALYPSO disks

profiles along Equation 2 with q = 0.5 (� = 0.3) to q = 0.33 (� = 2) for the protostellar envelopes

in our sample.

In the Rayleigh-Jeans regime, the intensity distribution of the dust emission is the combination

of the dust density and temperature distributions, therefore the observed dust continuum intensity

radial distribution from our model Plummer-like envelope is expected to resemble: I(r) / r
�(p+q�1)

at r > Rflat. Considering the combination of likely density and temperature distributions presented

here-before, we let our model span a range from p + q = 1.3 to p + q = 3 between Rflat and Rout.

4.3.2. Comparison of dust continuum emission visibilities to envelope models

To mimic our interferometric observations, we transform the circularly-averaged intensity dis-

tribution from the Plummer envelope model into 1D visibility fluxes function of u-v distance

b =
p

u2 + v2, using a Hankel transform (see for example Berger & Segransan 2007) :

V(b) = 2⇡
Z 1

0
I⌫(rb)J0 (2⇡rbb) rbdrb, (3)

and the zeroth-order Bessel function:

J0(z) =
1

2⇡

Z 1

0
exp (�iz cos ✓) , (4)

This interferometric transform turns the spherically symmetric power law intensity distribution into

a power-law visibility distribution as a function of u-v distance: V(b) / b
p+q�3, solely determined

by the power-law indices of the temperature and density profiles in the envelope at r > Rflat.

We perform a chi-squared minimization of the interferometric transform of the envelope model

to our observed visibility data. The envelope power-law index (p + q) and inner flat radius Rflat are

let free within the previously-mentioned ranges, to adjust the observed profile. The value of ⇢flat is

then automatically set to the value of ⇢(r = Rflat).

The total envelope flux is constrained to lie within ±20% of the integrated flux extrapolated

from single-dish data, and the envelope size Rout to the size used for the integrated envelope flux

(±10%), along the values reported in Table C.1. For the 5 sources where no integrated flux could

be found at millimeter wavelengths in the literature (either not resolved or not observed properly),

single-dish peak fluxes are used as total envelope fluxes in an envelope size the size of the single-

dish beam.

The best-fit set of envelope parameters, reproducing the PdBI continuum visibility distribution

for each of the 16 CALYPSO Class 0 sources, is reported in Table 3. The modeled visibility profiles

are shown as colored curves in Figures D.1 to D.17.

With reduced chi-square values  3 (see columns 5 and 6 in Table 3), 12 of the 16 CALYPSO

Class 0 protostars have millimeter dust continuum emission radial distributions that can be satis-

factorily reproduced with our simple models of Plummer-like protostellar envelopes.

Article number, page 11 of 36

Envelope description in the spatial domain

Envelope description in the Fourier domain with interferometric baseline

with



CALYPSO survey of 1.3+2.7 mm dust continuum emission 

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

< rClass0
disk >

< rClassI
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

Maury, André, Testi et al. 2019



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) 

BUT this is not what was expected from models !!
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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

Median disk dust radius 29 au  -  11% of Rdisk > 100 au

For sizes of Class II disks, see lecture by L. Testi tomorrow

For a review, see Tsukamoto, Maury, Commerçon et al. (PPVII, 2023)



Sheehan+ (2022) from VANDAM survey 

Full radiative transfer allows to estimate better disk sizes from the dust emission:

=> disks significantly smaller and less massive than estimates from simple Gaussian fitting
See also talk by Tung Ngo this week



Sheehan+ (2022) from VANDAM survey

The disks are a few Earth masses, but loosely constrained 
(issues with dust properties and temperature)

=> kinematics needed

No clear evolution trend of the disk properties if using Tbol as evolutionary tracer

Beware of the dust properties!  
See my 2d lecture and L. Testi’s lecture + K. Demyk lecture this week



Gas in Keplerian motions observed in the largest disks (spatially resolved) - few of them
=> disk radii mostly consistent with dusty radii in the current small samples

 Class 0/I L1527 disk resolved from gas 
kinematics obtained with ALMA 

- Keplerian radius 74 au

Maret & CALYPSO collab. 2020: 1/15 Class 0 Keplerian 
disk spatially resolved at scales ~50 au (L1448-C)

Aso et al. (2021)

Mix of infall and Keplerian motions 

-

150 au disk in Class I TMC1-A

Aso et al. (2017)



Come back tomorrow …

You want to know how come disks are  

AN ORDER OF MAGNITUDE SMALLER THAN WHAT HYDRO MODELS PREDICT  

FROM CONSERVATION OF ANGULAR MOMENTUM ? 


