
ALMA	reveals	a	magnetically-regulated	scenario	for	protostellar	collapse:		
B335	&	future	perspectives	

ALMA2019	/	Anaëlle	Maury	-	CEA	Saclay,	France	
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With	special	thanks	to	both	the	CALYPSO	and	MagneticYSOs	collaborators



Protostars	must	lose	>99.99%		
of	their	angular	momentum		

prior	to	entering	the	T	Tauri	stage

Observations	of	angular	momentum	content	
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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	AM		
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	
4	x	106	in	angular	momentum

The angular momentum problem



Initial core angular momentum + angular momentum conservation in 
protostellar collapse

➙ material piles up in disk at centrifugal radius Rc

• Rc ~csΩ02t3/16 in traditionally inside-out collapsing core with solid body 
rotation (Terebey, Shu & Cassen, 1984)

•  Rc~ t in magnetized cores (Basu 1997) 

Disks as a consequence of AM conservation ?

Simple	hydrodynamics	:	≥100	au	disks	<104	yrs	after	beginning	of	collapse.
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

M. HogerheijdeEnvelope overwhelms disks except on longest baselines

Young disks:

~	200	au	(1’’)~	20	000	au	(100’’)

?
How to seek for disks in Class 0 protostars ?



CALYPSO:		
the	IRAM	NOEMA	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.

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)	-	S.	Bottinelli	(IRAP)	-		B.	Commercon	(MPIA)	-	C.	Dullemond	(MPIA)	-	R.	Klessen	(Heidelberg	)	-	R.	Launhardt	(MPIA)

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.	(sub.)	Gaudel	et	al.	(sub.)	Belloche	et	al.	(in	prep.)	Podio	et	al.	(in	prep)

resolution	~0.5’’	i.e	50-70	au	

typical	sensitivities	0.1	mJy/beam



CALYPSO	(IRAM/NOEMA)		
in	16	Class	0	protostars:	

few	large	disks	(20%	with	rdisk	>	60	au)		
median	Class	0	disk	radius	<	40	au

Formation of circumstellar disks during protostellar collapse:
young disks are smaller than expected

Including	the	literature		
(26	Class	0	protostars):	

		
>72%	Class	0	disks	have	rdisk	<	60	au

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

Maury+	(2010,	2014,	2019)

Upper-limits	on	disk	radii	are	smaller	by	at	least	50	%		
than	radii	expected	from	hydrodynamical	scenarii
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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.
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A counter-rotating disk in IRAM04191 ?

D
is
k	
sc
al
e

G
audel,	M

aury,	Belloche	&
	CALYPSO

,	sub.

The	disk	is	counter-rotating	wrt	the	envelope	rotation	pattern	at	5000	au	scales	!



Production	of	synthetic	visibilities		
from	non-ideal	MHD	model	

=>	mm	dust	continuum	emission	observed	with	NOEMA	

Comparison to synthetic observations 
from numerical simulations of protostellar collapse

Large	hydro	disk	~80	au	radius		
is	detected

Small	MHD	disk	~30	au	radius		
is	detected

Statistical	confirmation	of	what	already	suggested	in	Maury+	(2010),	Maury+	(2014),	Yen+	(2015)	for	example

The	small	disk	sizes	favor	scenarii	where	the	magnetic	field	is	DYNAMICALLY	relevant	to	shape	disks

No	magnetic	field Moderate	magnetic	field

RAMSES	MHD	simulations	by	P.	Hennebelle	&	M.	Gonzales



12/12	detections	with	SMA:	all	low-mass	protostars	seem	to	be	magnetized	at	some	level

Envelope-scale	B-field	misalignment	is	found	preferentially		

in	protostars	that	are	close	multiple	and/or	harbor	a	larger	Keplerian	disk	?

Galametz,	Maury,	Girart+	(2018)

All protostellar envelopes are magnetized to some level:
A possible link between B topology and the disk properties ?

Current	sample:	12	protostars.	New	study	with	double	sample	coming	out	soon	



A magnetically-regulated collapse in B335 ?

ALMA	observations	of	the	1.3mm	dust	continuum	polarization	(Maury,	Girart,	Zhang	+	2018)

The classical assumption of using "standard" ionization fractions to compute the coupling be-
tween the field and the circumstellar material seems therefore incomplete, and observational
progress must be made to test magnetized scenarios showcasing diffusive processes as impor-
tant actors in star formation processes.

3 PROPOSED ALMA OBSERVATIONS

3.1 B335: AN IDEAL TEST-BED FOR MAGNETICALLY-REGULATED COLLAPSE SCENARIOS

B335 is a well studied Class 0 protostellar core located 150 pc away, driving an east-west outflow
approximately in the plane of the sky (⇠10�, see left panel of Fig.1). Kinematical analysis of B335
suggested that while infalling motions are detected at >⇠ 1000 AU scales in the envelope, 50% of the
angular momentum contained within a 1000 AU scale is not conserved when probing the smaller
envelope scales (Yen et al. 2015, Kurono et al. 2013, see Fig.2).

Figure 1: Left Optical map towards B335 showing the extent of the envelope in extinction. Center Magnetic
fields vectors detected with SMA at 350 GHz (beam 4.500 are indicated as pink segments, superimposed on the
dust continuum emission map at (Stokes I). The background image shows the 12CO(2–1) integrated intensity,
tracing the outflow lobes along an east-west axis (Yen et al. 2011). Right Map of the magnetic field vectors
from polarized dust continuum emission obtained with ALMA in B335 (synthesized beam 0.500).

We carried out interferometric dust polarization observations of B335 with the SMA at 350 GHz,
and detected dust polarized emission suggestive of an ordered magnetic field in the inner envelope
(700 AU resolution, see central panel of Fig.1). Because the SMA detection was not sensitive enough
to carry out detailed comparison of the magnetic field topology with expectations from MHD simula-
tions of magnetized collapse, we then observed the dust polarized emission towards B335 at higher
sensitivity with ALMA (Cycle 2 data delivered in March 2016). The ALMA data, shown in Fig.1, re-
veals a great wealth of magnetic field vectors along a complex topology that seems to be organized
mainly in the equatorial plane and along the outflow cavity walls.

Its early collapse stage, low specific angular momentum, as well as its lack of multiplicity nor
circumstellar disk, already made B335 a very strong candidate for magnetically-regulated collapse.
Our interferometric maps showing a strong and organized magnetic field in B335 at scales 100-1000
AU confirmed further this hypothesis, suggesting an efficient magnetic braking may be at work in
this young protostar. Constraining the coupling of the field to the envelope’s material from the
ionization properties at scales where magnetic field lines seem ordered would be the smok-
ing gun to conclude whether magnetic fields are responsible for the yet unexplained angular
momentum distribution at small scales in this young accreting protostar.

2

Figure 2: Maps of the H13CO+(1-0) emission in B335 obtained with the Nobeyama array (Kurono et al
2013, left panel) and of the HCO+(4-3) ALMA Band 7 data at 0.400 resolution, from the archive (project
2012.1.00346.S, central panel). The ALMA HCO+(4-3) spectrum at the maximum of the continuum emission,
shown at the bottom-left corner of the integrated emission map, is double peaked with infall detected, sug-
gesting optically thick emission: we therefore need to observe the optically thin isotopologue H13CO+ as well.
Right Analysis of the angular momentum radial evolution in B335: it shows a regime change with a flattening
of the curve at radii < 1000 AU, suggesting a lack of specific angular momentum at these scales. Together with
observations of a strong organized magnetic field in B335, we interpret these results as a strong hint of efficient
magnetic braking at these scales.

3.2 GOALS & METHODOLOGY

Acknowledging the central role of the ionization fraction in protostellar environments, and its rela-
tion to other long-standing problems in astronomy such as the formation of stellar binaries and disks,
we propose to simultaneously and independently characterize the magnetic topology, magnetic
intensity, and diffusive processes in B335 with ALMA, using observations of molecular ions
combined with polarization data.

We propose to carry out ALMA observations of molecular and ionized lines in Band 3 and Band
6, probing similar scales to our ALMA polarization data for direct comparison, to build maps of:
the ionization fraction �

e
, the cosmic ray ionization rate ⇣

H2 and the turbulent ambipolar diffusion
length-scale L

AD
in B335. The details of the spectral setup are in the technical justification, we de-

scribe shortly here-below the methodology to derive these physical quantities.

? Ambipolar diffusion length-scale L
AD

: Li & Houde (2008) suggest a scenario where ambipolar
diffusion sets in at small enough length scales where neutrals decouple from the flux-frozen ions and
the magnetic field, and the friction between the ions and the drifting neutrals causes the dissipation
of turbulent energy. This model predicts that under the influence of ambipolar diffusion, the velocity
spectrum of ions drops below that of the neutrals. Originally tested with HCN and HCO+, which
can be optically thick at high column density, we will use the optically thin isotopologues H13CN
and H13CO+. Hezareh et al. (2014) successfully used these transitions to apply this method to
interferometric observations of a massive star-forming core. Note that we should not be affected by
outflow contamination here since the outflow lies in the plane of the sky, not affecting most of the
line of sights toward the protostellar envelope.
? Ionization rates: Because the deuterium enhancement is initially limited by the rate at which
electrons and neutrals destroy H2D+, the ratio of deuterated species to their hydrogenated analogs,
such as N(DCO+)/N(HCO+), are strongly related to the ionization fraction �

e
. Following the Caselli

et al. (1998) method, we propose to obtain measurements of the degree of deuterium fractionation
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Total	dust	thermal	
emission

Synthetic observations of protostellar collapse models

Our	ALMA	synthetic	observations	of	dust	(and	lines)	polarized	emission	maps,	works	on	MHD	simulations	outputs	
developed	by	V.	Valdivia	in	the	framework	of	the	MagneticYSOs	ERC



A magnetically-regulated collapse in B335 ?

Comparison	to	synthetic	observations	of	non-ideal	MHD	models	of	protostellar	collapse	

Maury,	Girart,	Zhang	+	(2018)

Best	model:	Egrav/Emag	~	6	

=>	B	regulates	the	distribution	of	angular	momentum,		

and	the	formation	of	the	protostellar	disk	

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



Total	dust	thermal	
emission

Dust polarization fractions suggest big grains in protostellar cores

Valdivia,	Maury,	Brauer	+	(2019):	observed	polarization	fractions	suggest		
big	grains	(>	10	μm)	have	already	grown	at	scales	100	−	1000	au	in	the	youngest	protostellar	objects

See	also	Le	Gouellec,	Hull,	Maury	+	(2019)	
And	Valentin’s	poster	!

Valdivia+	2019



Observational signatures of early grain growth in the youngest 
protostars ?

Analysis	of	mm	dust	emissivities	in	the	CALYPSO	protostars



Observational signatures of early grain growth in the youngest 
protostars ?

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

Pebbles	up	to	mm	size	at	scales	500	−	2000	au	?!!!



Thanks	!

• ALMA	and	NOEMA	reveal	few	large	Class	0	disks	:	<28%	have	rdisk	>	60	au	+	median	Class	0	disk	radius	~40	au	

• Disk	radii	are	smaller	by	at	least	50	%	than	radii	expected	from	hydrodynamical	models	with	AM	
conservation	

• Disk	size	distribution	favors	magnetized	models	of	protostellar	disk	formation	

• All	protostellar	envelopes	are	magnetized	?	

• In	B335,	the	collapse	is	magnetized	and	the	disk	size	is	dictated	by	magnetic	braking	

• The	properties	of	dust	emission(widely	used	to	weight	protostars	and	derive	B-field)		
are	at	odds	with	ALL	ISM	dust	models	currently	on	the	market	

• If	verified,	our	results	suggest	the	first	mm	pebbles	are	already	present	in	Class	0	envelopes:	quid	of	the	
planet	formation	timeline	?	

Disks,	dust	and	magnetic	fields	in	the	youngest	accreting	protostars:	summary



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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(±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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