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The Chronology of the Formation of the Solar System

1 pc

Chapter I: From molecular clouds to protostellar cores

Chapter II: The formation of protostellar discs

3000 AU



Today:
Chapter II

Small-scale properties of low-mass Class 0 protostars: 
constraints on the formation of protoplanetary discs

How does the accretion proceeds onto the central protostellar object ?
What are the properties of pristine circumstellar discs ?

Questions addressed in this lecture



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



Observing the infall

• Identified through asymmetric line profiles 
Commonly used: HCO+, CS, H2CO, N2H+

Myers et al., 2000

Infall and accretion in protostars

• Caution! 
Depletion can affect line profiles 

and infall signature !



Measuring the infall
Infall and accretion in protostars

• Skewness/asymmetry (e.g. Gregersen+ 97, Mardonnes+ 97) :
doesn’t measure infall rate but can identify infall candidates. 
No model required.

• PV diagram (e.g. Tobin+ 12, Yen+ 14) :
use analytical/RT model and observed PV 
to constrain balance of infall and other motions

• 1-D RT model to fit line profiles from multiple lines (e.g. Hogerheijde & Sandell  00, Belloche+ 06, 
Mottram+ 13) => self-consistently constrain fit to 1-D model using line shape and intensity



B335 (Evans+ 2015):
ALMA 50 AU resolution

infall radius 2000 AU
mass infall rate 3x10-6 Mo/yr

accretion rate  9.6x10-7 Mo/yr
age 5x104 yrs

IRAS 16293B (Pineda+ 2012): ALMA 120 AU resolution
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infall speed 0.5-0.7 km/s
mass infall rate 4x10-5 Mo/yr

J. E. Pineda et al.: The ALMA view of IRAS 16293
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Fig. 4. Intensity-weighted velocity for the three lines studied. Contours are drawn to -3, 3, 10, 22, 39, 61, 88, 120, and 157 times the
rms noise of the integrated intensity, 25mJy beam�1km s�1, where negative contours are plotted using dotted lines. The beam size is
shown at the bottom left corner.
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Fig. 5. Position velocity maps of source A, along the direction shown in the rightmost panel of Figure 4, for the three lines studied.
Contours are drawn to -3, 3, 10, 22, 39, 61, 88, 120, and 157 times the rms noise, 2.5mJy beam�1, where negative contours are
plotted using dotted lines. The red dashed line and red solid circle show the 8 km s�1 arcsec�1 velocity gradient and position of
source A (V

LS R

=3.4km s�1), respectively. Notice that in the panels for CH3OCHO-A/E and H2CCO an adjacent line is marked with
a vertical blue line, which can also be identified in Figure 3. The spatial resolution is shown at the bottom right corner.
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Appendix A: Two-layer model

Here we use the simple two-slab model described by Myers et al.
(1996) with the modification introduced by Di Francesco et al.
(2001) to take into account the continuum source:
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Measuring the infall
Infall and accretion in protostars

IRAS4A (Mottram+ 2013): water lines
Herschel WISH



The protostellar luminosity problem

Photospheric 
luminosity

Protostellar 
mass Protostellar mass 

accretion rate

Protostellar 
radius

Radiative efficiency of 
accretion shock

Total protostellar 
luminosity

10-5 MSUN yr-1

3 RSUN

 1 ⪞

0.25 MSUN

}
Accretion 
luminosityLACC ~ 25 LSUN

This estimate neglects external heating and the photospheric luminosity, 
both effects exacerbate the problem

Median observed luminosity 
=

1.2 - 1.3 LSUN 

Luminosity problem:

Protostars have luminosities < than would be expected for the 
accretion rate determined from the IMF + observed star 
formation rate (Kenyon & Hartmann 1990, Dunham+ 2010).

Spitzer surveys: luminosities < than expected for continuous 
accretion over 5 x 105 years (Lacc ~ 5 Lsun), particularly for low 
mass regions (Kryukova+ 2012)

Luminosity functions peak near 1 Lsun
for clouds which form high mass stars, 
and at  0.1 Lsun for Perseus and 
Ophiuchus.

Orion, Cep OB3, and Mon R2 show tails 
extending to luminosities > 100 Lsun.

Combined luminosity functions differ 
between high mass SF clouds and low 
mass SF clouds, with a KS test 
probability P = 0.02.

Luminosities less than expected for 
continuous accretion over 5 x 105 years 
(Lacc ~ 5 Lsun), particularly for low mass 
regions Æ luminosity problem not 
solved.

140 35 46

20 37 12

16 65221

Sensitivity limit based on 
[24] cutoff

Luminosity Functions for Contamination Luminosity Functions for Contamination 
Subtracted Subtracted ProtostarsProtostars

Caution: improved the coverage of the low luminosity tail by 
extrapolating bolometric luminosity from a well sampled SED in the 
MIR but lacks FIR data points

Infall and accretion in protostars



Episodic Accretion ?

Offner+ 2011, Dunham+ 2014, Vorobyov+ 2015

Infall and accretion in protostars

Embedded protostars: difficult to observe the accretion bursts directly

Some indirect clues:
- periodic shocks observed in protostellar jets
- chemical probes of temperature variations

J. K. Jørgensen et al.: Molecule sublimation as a tracer of protostellar accretion

pre-burst 
t > tdep since last burst burst post-burst 

t < tdep since last burst

R(T = Tev)

CO in gas

CO frozen-out

1. 2. 3. Fig. 5. Cartoon illustrating the interpretation
of the extended CO emission signatures due
to variations in source luminosities. The dark
blue and yellow regions indicate where CO is
frozen-out and in the gas-phase in three char-
acteristic situations around a protostellar burst
in luminosity. The red dashed line is the radius
where the temperature in the envelope reaches
the sublimation temperature for CO. The three
sketches indicate the situations (1) just before a
burst where the CO sublimates out to a radius
defined by the current luminosity of the proto-
star, (2) during a burst where the luminosity of
the protostar increases and the CO sublimation
radius moves outwards, and (3) immediately af-
ter a burst where CO remains in the gas-phase
in a large region – before it freezes out again.

4.2. Ice sublimation as a tracer of accretion bursts

A fairly straightforward interpretation of the variations in the ex-
tent of the central C18O emission relative to the predictions given
the current source luminosities is that the protostars in fact un-
dergo bursts of accretion and corresponding luminosities. Fig. 5
illustrates this progression through three characteristic phases:
in a period of time before the burst, or equivalently a long time
since the previous burst, the chemistry will set itself in a rela-
tively steady state with CO frozen-out outside the radius where
the temperature reaches the sublimation temperature and in the
gas-phase within this (Stage 1 in Fig. 5). During the burst this
radius will be shifted outwards and due to the short time-scale
for sublimation of CO the freeze-out/sublimation boundary will
shift outwards correspondingly (Stage 2). For typical binding en-
ergies for CO (see §4.1) the time-scale for CO to sublimate at
temperatures of 30 K is of order minutes to days – i.e., much
shorter than the typical dynamical time-scales related to the in-
fall of material from the envelope. Finally, after the burst has
finished and the source reset to a low luminosity, CO will begin
to freeze-out again. However, due to the slower freeze-out it will
still appear to be extended for a longer period of time (Stage 3).

It is possible to be more quantitative about the time-scales.
For a characteristic envelope with a mass of 0.3–0.5 M�, a size
of 10,000 AU (radius) and a density profile dropping as ⇢ /
r

�1.5, the time-scale for CO to freeze-out at the density at 300–
500 AU is of order tdep ⇠ 104 years (e.g., Eq. 3 of Rodgers &
Charnley 2003). Thus, if a given source undergoes an increase
in luminosity, CO would stay in the gas-phase – and its emission
appear extended – for this period of time after the luminosity has
decreased again.

With additional assumptions one can even turn this into a
statement about the frequencies of such bursts implied by the
current data. One can for example assume that the duration of
the burst in Stage 2 (t2) from Fig. 5 is much shorter than the
total duration of Stage 1 through 3 (t1 + t2 + t3): based on the
observed luminosity distributions of young stellar objects from
the Spitzer Space Telescope c2d legacy program and simple cal-
culations of the accretion rates, Evans et al. (2009) argued that
half the final mass of a given young star is accreted during 7% of
the duration of the embedded stages. Similarly from a compari-
son between numerical hydrodynamical simulations of collaps-
ing cores and the distributions populations of young stars, Dun-
ham & Vorobyov (2012) argued that modeled protostars on av-
erage spend ⇡1% of their lifetimes in modes of accretion bursts.
The analysis above shows that half of the sources have CO ex-
tents corresponding to luminosities about a factor five or more

above the current. In context of the scenario outlined above this
would imply that t1 ⇡ t3. As the duration of t3 per definition is the
depletion time, tdep, this suggest that a given source undergoes a
burst every t1 + t3 ⇠ 2tdep ⇡ 20,000 years – or of order 5 bursts
during the 105 year duration of the deeply embedded Class 0
stage. If one on the other hand assumes that variations in the
CO sublimation temperatures between the di↵erent sources is
the dominant reason for the variations in the CO extent and thus
that only three out of the sixteen sources show significant C18O
2–1 extents, this would imply a burst every 50,000 years. These
time-scales are in good agreement with estimates by Scholz et al.
(2013) who compared Spitzer and WISE photometric data for
young stars in nearby star forming regions and identified 1–4
bursts in a sample of 4000 young stars. Translated into frequen-
cies these numbsers would correspond to bursts in intervals of
about 5000 and 50,000 yr.

It is worth re-emphasizing the reasons why the method out-
lined in this paper is useful: first and foremost the C18O emission
is not significantly a↵ected by, e.g., outflows or the ambient en-
vironment. This is observationally shown given the narrow lines
and relatively centrally condensed distributions of the line emis-
sion. This is mainly a result of the C18O being largely optically
thin and thus predominantly sensitive to the high column den-
sities of material associated with the protostars themselves. An
analysis of the chemistry of common molecular tracers during
and after the accretion burst is presented by Visser et al. (2015).
Also, any more smoothly distributed material on larger scales in
the clouds is filtered by the interferometer. Secondly, the time-
scales for sublimation and freeze-out of the CO molecule are
apparently well-matched for its use as a tracer. Observationally
the typical envelope masses (and consequently densities) change
on time-scales of a few 105 years from one to a few M� to 0.1 to
0.5 M� for early Class I sources, which is still su�ciently long
for freeze-out and sublimation to occur. In fact, the observation
that some sources do show the compact C18O emission directly
shows that large variations on short time-scales are unlikely: had
the frequency of bursts been higher than 1/tdep the sources would
never get back to the Stage 1 and cycle between Stages 2 and 3
– with the result that the CO emission would always appear ex-
tended.

Of course these estimates are still rather crude due to the
low number sample statistics. Also, due to the inherent uncer-
tainties in the modeling discussed above, the analysis does not
constrain the strengths of the bursts. For example, due to the low
sublimation temperatures the CO isotopologues are not sensitive
to very intense bursts that may cause it to evaporate out to the

Article number, page 9 of 11

Jorgensen+ (2015), Anderl+ (2015): extent of C18O emission in protostellar 
envelopes does not follow the expectations from the temperature profile 

=> suggests a recent increase in temperature that allowed CO in the gaz phase at 
larger radii in the recent past

chemistry timescale > cooling down timescale of the gaz would explain why CO 
is observed where the current temperature is <30K

=> interpreted as a clue for accretion burst

visible. On the other hand, Ṁ12 demonstrates larger deviations
from Ṁ , but retains the main qualitative features of Ṁ such as
accretion bursts. Both Ṁ8 and Ṁ12 exhibit more variability than
Ṁ , most likely due to the fact that the inner boundary allows
for matter to flow into the sink cell but not out of it, thus
somewhat artificially damping the time variations.

4. CHARACTERISTICS OF LUMINOSITY BURSTS

In this section, we analyze the characteristics of luminosity
bursts obtained in our models and compared them with the
available statistics on FUors taken from the recent review paper
by Audard et al. (2014). In order to distinguish the bursts from
regular (order-of-magnitude) variability in our models we have
to make several assumptions. First, we assume that the total
luminosity L* during the burst should be comparable to that of
FUors. The latter are usually characterized by an increase in
brightness by at least a factor of 3–4 (in stellar magnitudes) as
compared to the pre-burst, quiescent phase. Therefore, we
stipulate that the luminosity increase during the burst should be
at least 16 times (∼3 mag) that of the pre-burst phase.

Calculating the luminosity in the pre-burst phase turned out
to be not an easy task due to a highly changeable nature of
accretion. We do this by defining the so-called background
luminosity Lbg, which comprises the stellar photospheric
luminosity L*,ph and the mean accretion luminosity L*,accr〈 〉.
The former is provided by a stellar evolution code (see
Section 2), while the latter is found as

L
GM M

R*
*

˙

2 *
, (12),accr =

where Ṁ〈 〉 is the mean accretion rate calculated using a running
average of the instantaneous accretion rates Ṁ over a time
period of 104 yr. When doing the average, we filtered out
values that are greater than M5 10 6× − ⊙ yr−1 by the reason that
they may already represent a burst in its rising or fading phase.
The red and black lines in Figure 8 present the total

luminosity L* and background luminosity Lbg in models 1, 2, 5,
and 7. We left out models that showed too few bursts to be
statistically meaningful. In general, L* is highly variable in the
early evolution, reflecting the corresponding variations in the
mass accretion rate. On the other hand, Lbg shows much less
variability and describes well the minimal luminosity in each
model. The blue lines mark the values that are 16 times greater
than the background luminosity at a given time, representing
therefore the 3 mag cutoff above which a surge in luminosity
may be classified as a FUor. In principle, these relatively
modest bursts can be confused with the so-called EXors named
after its prototype EX Lupi (see e.g., Audard et al. 2014).
Therefore, with the blue line we also plot the 4 mag cutoff (39
times greater than Lbg) in order to analyze the statistics of more
energetic bursts, which are more likely to represent bona fide
FUors.
Evidently, models 1 and 2 are characterized by the largest

number of strong FUor-type bursts, amounting to 10 and more
per model.8 The higher-Tbg model 5 has only a few bursts above
the 4 mag cutoff. At the same time, model 7 demonstrates
several strong bursts despite the presence of frozen-in magnetic

Figure 8. Red lines: total (accretion plus photospheric) luminosity vs. time in model 1 (top left), model 2 (bottom-left), model 5 (top-right), and model 7 (bottom-
right). The black lines provide the background luminosity comprising the photospheric luminosity plus accretion luminosity arising from accretion with a rate

M5 10 6⩽ × − ⊙ yr−1. The blue and pink lines mark the 3 and 4 mag cutoffs above which a surge in luminosity is considered to be an FU-Orionis-type outburst. The
vertical dotted lines mark the Class 0/I boundary (left lines) and Class I/II boundary (right lines). See the text for more details.

8 Some of the bursts are closely packed and cannot be resolved in the figure
(see Section 6).
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HOPS 383

x35 in bolometric luminosity ?

Spitzer vs WISE at <24μm

(1998) (2011)

SCUBA vs SABOCA at 0.8mm

Safron+ (2015)

Infall and accretion in protostars



HOPS 383

Galvan-Madrid+ 2015: VLA@9GHz

x35 in bolometric luminosity

BUT no large increase in the radio flux :

Infall and accretion in protostars

Possible explanation if the increase in submm luminosity is due to an accretion burst:
- no correlation accretion/ejection ?
- the ionized material recombines quickly (dense material -> shadowed from the ionizing source) ?



Accretion luminosities for late Class I objects are typically a small fraction of their bolometric luminosities + no clear relationship Lbol-Lacc ?

Problem ? ALMA needed to derive accretion rates from embedded objects at small scales !

      Tracing Protostellar Envelope Evolution in Orion with Herschel 

Will Fischer (wjfischer@gmail.com), Tom Megeath (HOPS PI), 
Amy Stutz, Babar Ali, Elise Furlan, Thomas Stanke, Mayra Osorio, and John Tobin 

HOPS: Herschel Orion Protostar Survey 
•  200 hour Open-Time Key Program 
•  Observe the Spitzer-identified Orion protostars with PACS 

•  Imaging at 70 and 160 µm of > 300 protostars  
•  Spectroscopy from 55 to 200 µm of 33 protostars 

•  Extensive additional data: HST imaging, Spitzer imaging 
and spectroscopy, APEX sub-millimeter imaging, IRTF 
near-infrared spectroscopy, other ground-based imaging 
and spectroscopy 

•  A complete study of protostars in a single cloud complex 

Observed Distribution (BLT) 
•  Integrate under SEDs 
•  Lbol: Bolometric luminosity 
•  Tbol: Bolometric temperature, the Teff of a blackbody with 

the same mean frequency as the SED 
•  Use standard division into Classes by Tbol 

 Class 0:  Tbol < 70 K 
 Class I:  70 K < Tbol < 650 K 

Modeled Distribution (TLM) 
•  Apply SED modeling to get envelope properties 
•  Ltot: Luminosity corrected for inclination & foreground 

extinction 
•  Menv: Envelope mass inside 5000 AU, the region probed 

by IR observations 
•  Median luminosities (red diamonds) peak at Menv ~ 1 M  
•  Possible explanations for this peak: 

 1) Protostars with ~ 1 M envelopes are forming more 
massive stars 

 2) Low-mass protostars have higher mass infall rates 
early in their evolution 

•  The L1641 region of Orion, unlikely to be forming 
massive stars, shows a similar trend, supporting (2) 

SED and Image Analysis 
•  SEDs from 2MASS, Spitzer, Herschel, APEX; 

sample to the right demonstrates dependence of 
SED on envelope mass (inside 5000 AU) 

•  Crucially, Herschel data fill in the peak of the SED 
•  Fit with a grid of 3040 models at 10 inclinations 

(Furlan et al., in prep.) 
•  Additional constraints on inclination, cavity angle, 

disk properties, envelope density from HST images 
(Booker et al., in prep.) 

Conclusions 
•  SED and image fitting yield luminosities and 

envelope masses for >300 Orion protostars, more 
than half the total in the nearest 500 pc 

•  Class 0 lifetime is 0.15 Myr if protostellar lifetime 
is 0.5 Myr 

•  Median luminosity decreases as Tbol increases 
and envelope mass decreases, with substantial 
scatter 

•  Accretion luminosities for late Class I objects are 
typically a small fraction of their total luminosities 

+ 2MASS 
+ Spitzer 
– Spitzer/IRS 
+ Herschel 
+ APEX 
– Model Fit 

Sample SEDs 

Evolutionary Diagrams of the HOPS Sample 

Number Fraction Lifetime* Median Lum. 
Class 0 93 0.30 0.15 Myr 3.5 L 
Class I 222 0.70 0.35 Myr 1.0 L 

*Assumes 0.5 Myr protostellar lifetime (Spitzer c2d) 

Direct Brγ Probe of 
Accretion Luminosity 
•  IRTF/SpeX data (0.8–2.5 µm, 

R=2000) obtained for bright 
Class I HOPS targets 

•  Convert Brγ line luminosity 
to accretion luminosity 

•  Total luminosity >> 
accretion luminosity for 
most late Class I sources  

Class 0

Class I

      Tracing Protostellar Envelope Evolution in Orion with Herschel 

Will Fischer (wjfischer@gmail.com), Tom Megeath (HOPS PI), 
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HOPS survey of Orion protostars (PI Megeath)

Goal: Study protostellar evolution with 
the large sample of protostars & diverse 
range of environments found in Orion 

•  Orion: over half the YSOs within 500 pc 

•  HOPS: PACS program to observe > 300 
Orion protostars where their SEDs peak 

•  Imaging  
-  110 square fields of 5′ to 8′ 
-  70 & 160 µm scans and cross-scans 

•  Spectroscopy 
-  33 targets; mix of pointed and mapping 
-  Coverage from 55 to 200 µm 

The HOPS SED Brewery 

Model SEDs with the Whitney et al. 
radiative transfer code 
(Ali et al. 2010, Furlan et al. in prep.) 

Combine data from 2MASS, 
Spitzer, Herschel, APEX   

+  Spitzer 
–  Spitzer/IRS 
+  Herschel 
+  APEX 
–  Model 

Furlan+ (2016)
Stutz+ (2013)
Fischer+ (in prep)

Goal: Study protostellar evolution with 
the large sample of protostars & diverse 
range of environments found in Orion 

•  Orion: over half the YSOs within 500 pc 

•  HOPS: PACS program to observe > 300 
Orion protostars where their SEDs peak 

•  Imaging  
-  110 square fields of 5′ to 8′ 
-  70 & 160 µm scans and cross-scans 

•  Spectroscopy 
-  33 targets; mix of pointed and mapping 
-  Coverage from 55 to 200 µm 

Infall and accretion in protostars



L = 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

Solved by formation of discs, jets and fragmentation ?

Angular momentum in protostars

Belloche 2013 
(Adapted from Ohashi 1999)



I. Conservation of the angular momentum: discs at the Class 0 stage

Why a disc?
Historically, the existence of discs has been suggested by the existence of the solar system (planar)

Nebular hypothesis (Kant, Laplace)Centrifugal Radius
2
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  final size ,  final spin 

=   for a Keplerian rotation

 is known as the centrifugal radius.

This argument is used to justify 1
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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.

Centrifugal radius

Initial core angular momentum + angular momentum conservation in 
protostellar collapse
➙ centrifugal radius Rc  ➙ material piles up in disc 
• Rc ~csΩ0

2t3/16 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.

•  Rc~ t in magnetized cores (Basu 1997) 

Where the gravitational acceleration 
is balanced by the centrifugal force.

Angular momentum in protostars
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Discs are indeed observed towards Class I / T-Tauri young stars

Simon, Dutrey, Guilloteau 2000

Angular momentum in protostars



• The conservation of angular momentum is effective since the earliest stages of collapse, 
• and a disc should form very quickly (a few 103 years) after the beginning of collapse.

Simple hydrodynamics predicts the existence of ≥100 AU discs at the beginning of the Class 0 phase 
• (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

How early do we expect discs to form ?

Angular momentum in protostars



How big do we expect discs to be ?
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Interferometric measurements of the dust continuum emission at mm wavelengths (Eisner+ 2005, 2012, 
Jorgensen+ 2009) and mid-IR observations (modeling SEDs: Wolfe+ 2008, Gräfe+ 2013) : 

median size 250 AU and masses ranging from 0.01 to 0.5 M✪ at Class I stageThe Astrophysical Journal, 755:23 (28pp), 2012 August 10 Eisner

Table 4
Best-fit Disk+Envelope Models

Source wmm wI band wSED χ2
r Mdisk Rdisk h1 AU Menv Rout fcav L∗ i P.A.

(M") (AU) (AU) (M") (AU) (L") (◦) (◦)

IRAS 04016+2610 A 1 1 1 5.0 0.005 250 0.05 0.10 2000 1 3 35 60
IRAS 04016+2610 B 10 1 1 3.0 0.005 250 0.05 0.10 2000 1 3 40 60
IRAS 04016+2610 C 1 10 1 3.9 0.005 450 0.05 0.05 1000 0.2 10 65 60
IRAS 04016+2610 D 1 1 10 2.8 0.005 450 0.15 0.05 500 0.2 3 35 60

IRAS 04166+2706 A 1 1 1 1.6 0.01 450 0.15 0.10 1000 0.2 1 55 210
IRAS 04166+2706 B 10 1 1 1.4 0.01 450 0.05 0.10 500 0.2 1 50 120
IRAS 04166+2706 C 1 10 1 1.2 0.0 30 . . . 0.05 500 0.02 3 60 140
IRAS 04166+2706 D 1 1 10 1.9 0.01 450 0.15 0.10 2000 0.2 1 65 240

IRAS 04169+2702 A 1 1 1 2.1 0.01 450 0.15 0.10 2000 1 1 30 90
IRAS 04169+2702 B 10 1 1 1.6 0.01 250 0.05 0.10 500 0.2 1 35 90
IRAS 04169+2702 C 1 10 1 1.4 0.01 450 0.15 0.10 2000 1 1 30 90
IRAS 04169+2702 D 1 1 10 2.4 0.0 100 . . . 0.05 500 0.02 1 55 90

IRAS 04287+1801 A 0.1 1 1 6.6 0.10 250 0.05 0.05 1000 1 10 40 160
IRAS 04287+1801 B 0.5 1 1 8.1 0.50 450 0.05 0.10 1000 0.2 3 40 180
IRAS 04287+1801 C 0.1 10 1 2.8 0.10 100 0.05 0.10 2000 0.2 10 50 160
IRAS 04287+1801a D 1 1 10 9.0 0.50 450 0.05 0.01 2000 0.2 10 50 160

IRAS 04295+2251 A 1 1 1 3.3 0.01 100 0.05 0.05 1000 0.2 1 45 300
IRAS 04295+2251 B 10 1 1 2.2 0.01 100 0.05 0.05 500 0.2 1 45 300
IRAS 04295+2251 C 1 10 1 1.9 0.01 30 0.05 0.005 500 0.2 1 50 300
IRAS 04295+2251 D 1 1 10 1.9 0.01 30 0.05 0.005 500 1 1 55 300

IRAS 04302+2247 A 1 1 1 3.8 0.01 250 0.05 0.05 500 0.2 1 70 10
IRAS 04302+2247 B 10 1 1 3.0 0.01 250 0.05 0.10 500 0.2 1 75 10
IRAS 04302+2247 C 1 10 1 2.2 0.005 100 0.15 0.005 500 1 1 89 10
IRAS 04302+2247 D 1 1 10 3.7 0.01 250 0.15 0.05 2000 0.2 1 70 10

IRAS 04361+2547 A 1 1 1 4.8 0.005 30 0.15 0.005 500 1 3 55 310
IRAS 04361+2547 B 10 1 1 2.6 0.01 450 0.15 0.01 500 1 3 45 280
IRAS 04361+2547 C 1 10 1 2.1 0.005 100 0.15 0.01 500 1 3 45 280
IRAS 04361+2547 D 1 1 10 5.5 0.005 30 0.15 0.005 500 1 3 55 310

IRAS 04365+2535 A 1 1 1 1.3 0.005 100 0.05 0.05 500 0.2 1 25 310
IRAS 04365+2535 B 10 1 1 1.3 0.005 100 0.15 0.10 1000 1 1 25 310
IRAS 04365+2535 C 1 10 1 1.1 0.005 100 0.05 0.05 500 0.2 1 25 310
IRAS 04365+2535 D 1 1 10 1.5 0.005 100 0.05 0.05 500 0.2 1 25 310

Notes. The reduced χ2 is defined by Equation (10). For each source, the first row represents our best attempt at providing equal weights to each data set. The following
three rows show the best-fit models when one data set is weighted up relative to the others. We label each row A, B, C, or D. In some cases, the best-fit model is the
same for different weights, although the reduced χ2 values may differ. Note that Rdisk = Rc, and so this column is meaningful even when Mdisk = 0.
a For this model we increased the weight of the IRS data relative to the remaining SED data. With normal weighting of the IRS data, the SED-weighted data is fit best
with the first model listed for this object.

In general, several parameters are well constrained, staying
roughly constant as relative weights are varied. These include
Mdisk, L∗, inclination, and P.A. This probably reflects the fact
that these parameters tend to strongly influence one data set,
and to produce an effect that does not strongly resemble the
effects of other model parameters. The main effect of Mdisk is
on the shape and strength of the millimeter visibilities (Figure 3).
While L∗ does not directly translate into a flux normalization,
its effects are mainly observed in the SED and the normalization
of the millimeter visibilities. Since inclination and P.A. produce
strong, easily discernible effects on the synthetic scattered light
images, their values can be constrained well.

In contrast, other parameters explore a wide range of values
without significantly changing the overall fit quality. For exam-
ple, Rout can vary over the entire range of explored values (from
500 to 2000 AU) in some cases. To some extent this reflects de-
generacy among different parameters. As seen in Table 4, Menv
varies in concert with Rout. This is because larger Rout means
that a given envelope mass is divided over a larger range of radii.
As described in Section 3.2, other model parameters may also
produce degenerate effects on various synthetic data.

The sparse sampling of our model grid occasionally leads
to large apparent differences between models. In particular, we
only sample values of 1, 3, and 10 L" for L∗. Fitted values
of 3 and 10 L" for a given source (e.g., IRAS 04016+2610;
Table 4) do not necessarily indicate a factor of three uncertainty
in the source luminosity. Rather, this probably reflects that the
true source luminosity lies between these values. This point can
be generalized to all parameters in our grid, which are sampled
sparsely.

The main goals of our study are to constrain the disk mass,
envelope mass, and their ratio. From Table 4, values for each
of these can be extracted. We compute the average disk mass
for each of the four best-fit models. The median disk mass for
all the objects (using these averages) is 0.008 M". The median
envelope mass is 0.08 M". For the overall sample, the envelope
mass is ∼10 times higher than the disk mass.

Another way to describe disk and envelope masses is to
estimate the amount of mass on small scales relative to the
more extended mass distribution. This circumvents uncertain
interpretations of how much of the mass in our envelope
model—which includes some material in a flattened, disk-like

13
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• The conservation of angular momentum is effective since the earliest stages of collapse, 
• and a disc should form very quickly (a few 103 years) after the beginning of collapse.

Simple hydrodynamics predicts the existence of ≥100 AU discs at the beginning of the Class 0 phase 
• (104 yrs after beginning of collapse).

Discs at the Class 0 stage ?

~ 200 AU (1”)~ 20,000 AU (100”)
?� �

Some angular momentum is removed during the Class 0 
phase via the ejection processes (high-velocity jet mainly), 
but not enough to prevent the formation of a disc + a disc 

seems mandatory to launch the jet ....

Discs around Class 0 protostars



• Class 0 protostars: d ≥ 150 pc + emit most of radiation in the submm/mm range + envelope sizes of ~10.000AU

• ⇒Need for interferometry to dig into the envelope and search for the predicted ~ 100−500 AU discs.

• Pb: massive, cold envelope overwhelms the disc ➙ how to differentiate the embedded disc from its cocoon ?
• 1. looking at longest baselines (interferometric filtering + FT)
• 2. using line emission for rotation signature: kinematic proof of rotationally supported disc

M. HogerheijdeEnvelope overwhelms disks except on longest baselines

Young disks:

How to seek for discs at the Class 0 stage ?

Discs around Class 0 protostars



Maury et al (2010, 2014, in prep.) Maret et al. (2014) Codella et al. (2014) 
Santangelo et al. (2015) Anderl et al. (2016) Podio et al. (2016)

CALYPSO IRAM-PdBI survey:
16 Class 0 protostars

Discs around Class 0 protostars



CALYPSO: dust continuum maps

L1448-N
1.3mm + 3.3mm dust continuum

500 au

L1448-2A
1.3mm + 3.3mm dust continuum

NGC1333 IRAS4A
3mm dust continuum

NGC1333 IRAS4A
3mm + 1mm dust continuum

SVS13
1.3mm + 3.3mm dust continuum

IRAS4B
1.3mm + 3.3mm dust continuum

10 000 AU 500 AU

Discs around Class 0 protostars



CALYPSO: dust continuum analysis

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

R flat, 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

R flat
⇣
R 2

flat + r 2
⌘1/2

3
777777775

p

⌘ ⇢flat
⇣
1 + (r /R flat)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 R flat that sets up the

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

r  R flat) following R flat ⇠ 2 cs/
p

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

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

like envelope profile also has a truncation radius at R out 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 > R flat

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
 

L bol

105 L�

!q /2

K, (2)

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

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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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
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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) / bp+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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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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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) / bp+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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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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CALYPSO: dust continuum analysis
Discs around Class 0 protostars

Why bother with analytical description of  envelope and disc ?

Because what looks like a disc 
is not always a disc

Not a disc !

Not a disc !
max rdisc=40 AU

IRAM-PdBI 1.4mm continuum

Serpens South MM18

beam 
50 AU

... And what looks like envelope 
can sometimes be disc emission ...

Candidate disc !



PROSAC : a survey with SMA  
Jorgensen et al. (2007, 2009) 

Disc is invoked to explain flux observed at scales 
~1-3ʺ″- which is higher than what expected from 

classical envelope models 

SMA 850 µm 

Envelope (constrained through SCUBA 
observations; Jørgensen et al. (2002)) 

Disk (resolved) 

Jorgensen et al. (2005)

SCUBA + SMA 850μm

1mm dust continuum emission: 
well reproduced by power-law envelope profile

if present the disc component is <40 AUMaury et al. (2014)

The CALYPSO view of IRAS2A
Discs around Class 0 protostars



PV diagrams along axis PA 107°:
no clear signature of rotation.

 
But first order moment (red points) 

suggests presence of a velocity gradient

Synthetic PV for dynamic masses of 0.01M✪, 0.05M✪ and 0.1M✪ in keplerian rotation.
PV diagram and linewidths: not consistent with a model of a keplerian disc

If a disc is present it must have r<45 AU

Observed methanol velocity dispersion 
at r~45 AU: 

can be reproduced by 
infalling, slowly rotating envelope 

around a central protostar ~ 0.1 - 0.2 M✪

Maret et al. 2014 - Maury et al. 2014

The CALYPSO view of IRAS2A
Discs around Class 0 protostars



13 sources <3 sources

The CALYPSO view on Class 0 discs: statistics

Among 14 Class 0 protostars at d<300 pc: 
1 detection of r>100 AU disc-candidate structure

2 sources w/ additional continuum emission at ~50 AU 

i.e. at most 25% of Class 0 protostars
with continuum disc-like structures at r>50-100 AU

16 Class 0 sources observed with PdBI:
maps of the 1.3mm 

+ 
3mm dust continuum emission 

Maury & CALYPSO collab. (in prep)

Discs around Class 0 protostars
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VANDAM Class 0/I Candidate Disks 5

Table 3
8mm Best-fit Modeling Results

Source q γ Rc χ2
reduced

(AU)
SVS13B 0.25 0.21+0.23

−0.20 24.28+2.1
−1.7 2.194

0.50 0.42+0.25
−0.21 25.50+1.9

−1.5 2.185

0.75 0.63+0.24
−0.22 26.46+1.6

−1.4 2.175

1.00 0.85+0.26
−0.23 27.28+1.4

−1.2 2.164

Per-emb-50 0.25 0.08+0.02
−0.16 21.9+0.8

−0.9 1.556

0.50 0.26+0.15
−0.17 23.3+1.1

−1.0 1.558

0.75 0.44+0.16
−0.17 24.6+1.4

−1.1 1.560

1.00 0.64+0.16
−0.18 25.7+1.4

−1.3 1.563

Per-emb-14 0.25 -0.11+0.16
−0.00 28.5+2.3

−2.1 1.110

0.50 0.09+0.08
−0.21 30.6+2.8

−2.3 1.114

0.75 0.27+0.17
−0.24 32.5+2.2

−2.8 1.119

1.00 0.48+0.19
−0.23 33.9+3.6

−3.1 1.123

Per-emb-30 0.25 0.02+0.18
−0.31 14.0+1.0

−0.9 1.100

0.50 0.20+0.04
−0.32 14.9+1.9

−1.1 1.102

0.75 0.39+0.30
−0.34 15.8+1.9

−1.3 1.104

1.00 0.59+0.14
−0.33 16.5+31.3

−1.6 1.107

HH211-mms 0.25 0.48+0.40
−0.78 10.5+0.8

−0.8 1.009

0.50 0.65+0.43
−0.82 11.0+1.0

−0.9 1.009

0.75 0.81+0.42
−0.79 11.5+1.2

−1.2 1.009

1.00 1.01+0.44
−0.81 11.9+1.4

−1.3 1.009

IC348 MMS 0.25 -0.58+0.11
−0.11 25.7+2.8

−2.2 1.085

0.50 -0.39+0.19
−0.11 29.0+3.2

−2.6 1.096

0.75 -0.19+0.11
−0.27 31.6+4.1

−2.9 1.107

1.00 0.02+0.07
−0.11 33.7+4.3

−3.1 1.118

Per-emb-8 0.25 0.01+0.16
−0.19 19.0+1.2

−1.1 1.099

0.50 0.20+0.17
−0.20 20.2+1.4

−1.3 1.107

0.75 0.40+0.17
−0.21 21.2+1.6

−1.4 1.114

1.00 0.61+0.17
−0.20 22.1+1.8

−1.6 1.122

Note. — Values of q are fixed. Values of γ and Rc are deter-
mined from best-fit models. Uncertainties reflect 90% confidence
intervals.

Class 0 and younger Class I sources are favored since
the envelope mass reservoir is still large, and radiation
is reprocessed from the protostar and directed back
onto the disk, increasing the brightness of the outer disk
relative to the inner regions of the disk and flattening
the brightness distribution (D’Alessio 1996). Compared
to the other modeled protostars, χ2

reduced is notably
higher for SVS13B which may be a more complicated
source and not well described by the model.

6. DISCUSSION

The estimated masses of the candidate disks are con-
sistent with known disks around Class 0 and I proto-
stars. The seven VANDAM candidate Class 0 and I disks
range in estimated masses of 0.09–0.36 M!. Scaling to
our value of κν , Class 0 protostar L1527’s disk is 0.013
M! (Tobin et al. 2013) with Td = 30 K. A recent interfer-
ometric study of Class I disks in Taurus (Harsono et al.
2014) revealed the disks around TMC1A, TMC1, TMR1
and L1536 to have masses of 0.4–3.3×10−2 M! with Td

= 30 K and Ossenkopf & Henning (1994) opacities. All
mass estimates have uncertainties of a factor of ∼10 due
to the unknown gas-to-dust ratio, Td, β, and varying
choices of κν .
Values of γ, the power-law of the inner-disk surface

density, for the VANDAM sources can be compared to

values found for older Class II sources. The best-fit mod-
els for our seven sources yield −0.58 < γ < 0.45. Nega-
tive values of γ indicate increasing surface density with
radius, inconsistent with disks, yet for all sources at least
one value of q exists which produces a positive best-fit γ
(Table 3). Andrews et al. (2010) determined γ at 880 µm
for disks around Class II objects using a two-dimensional
parametric model with a prescription of the surface den-
sity profile similar to the radial surface brightness distri-
bution applied in this Letter. The Class II sources have
values of 0.4 < γ < 1.1, larger than VANDAM results.
The modeled, surface density profiles of the Class 0 and
I systems taper off less quickly with radius compared to
the Class II systems inside the characteristic radius Rc.
The best-fit model radii of the candidate Class 0 disks

are between ∼15-30 AU, except HH211-mms with Rc

∼ 10 AU. These are smaller than the Keplerian disks
found in L1527 and VLA 1623 at 1.3 mm (Ohashi et al.
2014; Murillo et al. 2013, R ∼ 54 AU and R ∼ 189
AU respectively) but consistent with the size of HH212
(Codella et al. 2014, R> 30 AU). The modeled radii (Ta-
ble 3) are a factor of 1 to 1.5 times larger than the decon-
volved sizes (Table 2). The radii of the new candidate
disks may represent lower limits on disk sizes because
continuum emission from dust is biased by dust grain
size. Radial drift (Birnstiel et al. 2010; Weidenschilling
1977) sends large grains inward in the disk, and so the
long wavelength observations preferentially trace inner
disk emission (Pérez et al. 2012). We expect the 8 mm
dust-modeled radii to be less than the gas disk radius,
and so the 8 mm radii are lower-limits on disk size; multi-
wavelength observations that include gas tracers are re-
quired to further constrain disk radii. Per-emb-14 was
resolved at 1.3 mm by Tobin et al. (2015b) with R ∼ 100
AU; thus the disk is indeed likely larger than the 8 mm
radius quoted here. In all cases, the previously known
disks and new candidate Class 0 disks are larger than
the expected upper limit of 10 AU from strong magnetic
braking models (e.g., Dapp & Basu 2010).
The seven VANDAM candidate disks are well-fit by a

disk-shaped model and have disk masses, values of γ,
and radii consistent with known disks. These candi-
date disks can be compared to the well-studied Class
0 systems with disks: L1527 (Tobin et al. 2012) and
VLA 1623 (Murillo & Lai 2013). L1527 and VLA 1623
have large Keplerian disks (R ∼ 50 AU, Ohashi et al.
2014; Murillo et al. 2013) as well as misaligned mag-
netic fields and rotation axes (Hull et al. 2014), suggest-
ing that misaligned fields and large disks may be linked
(Segura-Cox et al. 2015). The discrepancy between the-
oretical and observed disk sizes could be due to mis-
alignment between the magnetic field and rotation axis,
which changes the strength of magnetic braking, allowing
disks to grow at early times (Hennebelle & Ciardi 2009;
Joos et al. 2012; Li et al. 2013; Krumholz et al. 2013).
Similarly, aligned orientations would strengthen mag-
netic braking and limit disk size, as seen in Class 0 source
B335 with a disk ofR < 5 AU (Yen et al. 2015; Hull et al.
2014). The large Keplerian Class 0 disks and new can-
didate disks indicate significant magnetic braking either
has already occurred, has not happened, or the magnetic
field is weak enough for disks with R > 10 AU around
these Class 0 protostars to form, though other configu-
rations are possible.

6 Class 0 protostars: all with rdisc < 15-30 AU

VANDAM VLA survey

Discs around Class 0 protostars

And several other individual studies find also small 
upper-limit for disc sizes in the youngest protostars ....



< 25% of Class 0 might harbor continuum disc-like structures at r>50-100 AU
CALYPSO: angular momentum conservation in Class 0 protostars ?

Method 

Figure 2: velocity as a function of radius for a keplerian 
disk, with Rd its outer radius, and an infalling and rotating 
envelope. (adapted from Galli et al. 2009) 

 
 

 
•  Sample of molecular lines tracing envelope's kinematics: SO (6-5) ! compact emission, then small scales (<100 AU) 
                                                                                              C18O(2-1) ! intermediate scales (<600 AU) 
                                                                                              N2H+(1-0) ! outer part of the envelope (1000 to 5000 AU) 
 
•  Available observations from PdBI and 30m ! combination of the PdBI and the 30m to complete dynamic range for each tracer (see figure 4). 
•  Position-velocity diagram perpendicular to the outflow directions for each tracer (see figure 3). 
•  Model used: the L1527 envelope is like an infalling and rotating envelope around a rotationally supported disk (or keplerian disk). We can fit our graph with a broken power law: the velocity inside the 
outer radius of the disk is proportional to r-0.5 and outside to r-1. (see figures 2 and 3). We adopted 5.9 km.s−1 as systemic velocity. 

•  For an envelope with rotation axis having an inclination angle i with the plane of the sky, the projected velocities along the equatorial axis directly provide the rotational velocity in the envelope, while its 
projection along the rotation axis provides the infall velocity in the position-velocity diagrams. 

•  From PV diagrams: compute the specific angular momentum j such as                      with R the radius and i the inclination of the rotation axis to the line of sight (see figure 3; 2, 3, 10).  
 

j = 2
9
R2 ∇
!"
v

sin i

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Left-hand panels: PdBI 1.37mm continuum map (top), the PdBI 3.18mm continuum map (middle), the 1mm continuum adapted from Motte et al. 2001 (bottom). Middle-left-hand pannels: SO PdBI velocity map (top), C18O and N2H+ PdBI+30m velocity map (middle and bottom) with integrated intensity contours in black. Middle-right-hand 
panels: top: SO PV diagram in black solid lines superimposed on the C18O PV diagram in grey. The blue and red marks show the points measured at blueshifted and redshifted velocities for the SO and in black those for the C18O. Middle and bottom: PV graph for the C18O and the N2H+. The blue and red marks show the points measured at blueshifted 
and redshifted velocities. The red and blue solid lines are the best fit with p the slope and r the broken radius. Right-hand panels: Specific angular momentum as a function of radius for the C18O and the N2H+ calculated from the velocity of the PV diagram.  

Results: kinematics of the L1527 envelope 

Continuum maps Velocity maps Position-velocity diagrams Specific angular momentum 
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Kinematics of Class 0 protostellar envelopes  

from the CALYPSO survey: the L1527 case study 
 

Mathilde Gaudel, Anaëlle Maury and CALYPSO collaboration (PI: Ph. André) 
Laboratoire AIM / Service d’Astrophysique, UMR 7158, CEA Saclay 

Bâtiment 709, Orme des Merisiers, 91191 Gif-sur-Yvette, France 
Contact: mathilde.gaudel@cea.fr 

 

 
 
 
One of the main challenges to the formation of stars is the “angular momentum problem”: the gas contained in a typical star-forming core envelope needs to loose most of its angular momentum or the angular momentum of the gas transfers to the 
star which can not be stable. Several solutions have been proposed to solve this angular momentum problem:  the dissipation of angular momentum via the quick formation of a protostellar disk during the main accretion phase, the loss of angular 
momentum through ejection mechanisms or a magnetic braking are among the most popular (4). 
Understanding how the initial angular momentum is being distributed during the main accretion, Class 0 phase is of uttermost importance to address directly the angular momentum problem and test possible solutions to it (1). However the spatial 
distribution and properties of angular momentum in Class 0 envelopes is still very little investigated, mostly because of the lack of complete observations covering the whole spatial dynamic ranges of low-mass protostellar envelopes (10-10000 AU). 
 

 
 
 
The CALYPSO (Continuum and Lines in Young Protostellar Objects) IRAM large program 
provides observations with Plateau de Bure Interferometer (hereafter PdBI)  and the 
IRAM 30m telescope (hereafter 30m) of the dust continuum and dozen molecular lines 
emission from a large sample of 17 Class 0 protostars (5, 6, 7). 
The high spatial resolution (0.5’') and the high dynamic range achieved with the 
combining of the PdBI and the 30m (hereafter PdBI+30m) allow to study envelope 
kinematics at all relevant scales, and therefore shed light on the real angular momentum 
behavior in the youngest accreting protostars. 
Web site: http://irfu.cea.fr/Projets/Calypso 

 

 
 

 
L1527 IRS (hereafter L1527) is a borderline Class 0/I object located in the 
Taurus molecular cloud at 140 pc. It is observed in a nearly edge-on 
configuration (�93◦ viewing angle) and features a large, circumstellar envelope. 
Previously, a flattened envelope, infall motions and differential rotation have 
been detected in C18O around L1527. But the formation of a Keplerian disk 
around the central protostar is still debated: Tobin et al. (2012; 9) argued they 
detected a large 180 AU radius disk, while ALMA observations presented in 
Ohashi et al. (2014; 8) suggested a transition to keplerian motions occuring 
rather around a 50 AU radius. 
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Using different molecular lines like C18O and N2H+ allows us to study the envelope kinematics at all relevant scales. 
Combining the PdBI and the 30m provides us an unprecedented spatial dynamic range, allowing to correctly estimate 
the infall and rotation components of the envelope at all scales and avoiding to overestimate the velocity at large radii 
because of interferometric filtering (see figure 4). 
While we used L1527 as a pilot source to ensure our methods are reliably reproducing results from the literature, 
abundant for this source, we are now ready to implement our methodology at larger scales and a similar analysis is 
being carried out towards the 17 Class 0 protostars from the CALYPSO sample. 

 
 
 
 
 
 

Introduction 

CALYPSO: an IRAM large program  Object of interest: L1527 IRS 

Conclusion 

Figure 1: L1527 SPIRE/Herschel Image 
at 250µm 

Figure 4: C18O PV diagram with the PdBI alone (in grey) and with the PdBI
+30m observations (in solid black lines). The red and blue mark are the 
points measured at blueshifted and redshifted velocities for the PdBI+30m 
configuration. The black ones are those for the PdBI alone. 

0286 0.0784 0.0897 0.0963 0.101 0.105 0.108 0.11 0.112 0.114 0.1

L1527

SPIRE 250

L1527

SPIRE 500

L1527

PACS Red

L1527

Combi 3colors

References 

To disentangle envelope kinematics from disc kinematics: 
a multi-scale approach is necessary to analyze correctly the rotation and infall patterns
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Combined analysis of molecular 
tracers 

from the IRAM-30m (500 - 
50000 AU scales) 

and the IRAM-PdBI CALYPSO 
survey (50-1000 AU scales)

Gaudel, Maury, Belloche (in prep.)

L1448-C

L1527

Discs around Class 0 protostars
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Fig. 6.— Left panel: comparison between Tbol and the the specific angular momenta estimated

from the fitting of kinematic models. Filled circles show the means of the ranges of the estimated

specific angular momenta in Table 10. Right panel: possible disk radii as a function of estimated

protostellar masses from the fitting of kinematic models. Error bars present the ranges of the best-

fit values with f = 0.5 and 1. If the ranges span less than 50% of the best-fit values, the error bars

present the 50% uncertainty (see Section 5). Triangles denote the upper limits of the disk radii in

NGC 1333 IRAS 4B, B335, and L1157-mm, where no sign of rotational motion is observed. The

dashed lines show the expected trend in the theoretical model of collapsing dense cores without the

e↵ects of a magnetic field (Terebey et al. 1984) and with a sound speed of 0.2 km s�1 and angular

velocities for the core rotation of 1.5, 7.5, and 37.5 ⇥ 10�14 s�1 (from right to left).

Expected centrifugal radius from extrapolation of angular momentum measured at 1000 AU radius

Yen+ (2015)

– 62 –

Table 10. Comparison with the Orientation of Magnetic Field and Outflow

Source Rd (AU) j (km s�1 pc) �✓core �✓envelope

L1448 IRS 2 130–390 8.3–9.0 ⇥ 10�4 15� 3�

L1448 IRS 3B 330–720 3.6–3.9 ⇥ 10�3 82� 79�

L1448-mm 140–160 5.6–10.2 ⇥ 10�4 44� 45�

NGC 1333 IRAS 4A 630–720 1.4–1.5 ⇥ 10�3 37� 36�

NGC 1333 IRAS 4B <5 <5.0 ⇥ 10�5 55� 84�

L1527 IRS 70–150 4.6–5.8 ⇥ 10�4 32� 87�

B335 <5 <5 ⇥ 10�5 75� 33�a

L1157 <5 <5 ⇥ 10�5 14� 3�

Note. — The ranges correspond to the fitting results with f = 0.5 and

f = 1.

aThe polarization detections of the CARMA observations in B335 are all

less then 3�, and hence the magnetic field orientation is more uncertain.

References. — Hull et al. 2014.

Upper-limits on disc radii 
as measured from CALYPSO continuum observations are 

smaller by at least 50 % 
than disc sizes expected from angular momentum conservation

Challenging the long-standing solution for AM problem 
& the standard star/disc formation scenario 

CALYPSO: disc statistics

==> Hydro discs are excluded in >75% of the CALYPSO sample

Discs around Class 0 protostars



Do we detect keplerian rotation inside Class 0 envelopes ?
L1527 : 

ALMA C18O data (Ohashi+ 2014) 
shows velocity 

consistent with rotating-infalling envelope 
down to r~50 AU

+ possible transition to Keplerian regime 
at r<50 AU ?

HH212: 

rotation detected in C17O (Codella+ 2014, ALMA) 
consistent with both envelope rotation or Keplerian rotation

Discs around Class 0 protostars



CALYPSO PdBI

Maury & CALYPSO collab. (in prep)

(a) (b)

Figure 1: PdBI A-array maps in 1.3 mm continuum (greyscale) and high-velocity 12CO(2-1) (blue and red
contours) toward the Class 0 sources L1448-C (Maury et al. 2010; Project R068) and L1448-N (Project
T05F). The CO jet axis is indicated as a double arrow. Note in each case the secondary continuum peaks
found close to the jet axis, whose nature (shocks ? companion ?) is yet unclear. (a) L1448-C: The HPBW
is 0.48′′× 0.27′′ and the 1.3mm continuum rms ∼ 0.93 mJy/beam. High-velocity 12CO(2–1) emission is
integrated from −60 to −40 km.s−1 (blue) and from +50 to +80 km.s−1 (red), with contour levels at
3σ, 5σ, 10σ. (b) L1448-N: The HPBW is 0.51′′× 0.37′′and the 1.3mm continuum rms ∼ 1.5 mJy/beam.
High-velocity 12CO(2–1) is integrated from −40 to −20 km.s−1 (blue) and from +20 to +40 km.s−1 (red);
same contours as in (a).

LETTERRESEARCH

Extended Data Figure 5 | Position–velocity diagrams of L1448 IRS3B 
and a model disk showing the rotation profile. A position–velocity 
(PV) cut is taken along the major axis of the disk (analogous to a long-slit 
spectrum), across the position of IRS3B-a and IRS3B-b (left). The solid 

green line is a Keplerian rotation curve for a 1.0M⊙ central protostar, 
assumed to be the combined mass of IRS3B-a/b. A thin disk model with 
the same inclination angle shows a consistent PV diagram (right).

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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L1448-NB

Murillo+ (2012) : 
argue Keplerian rotation is

detected in C18O ALMA map
and propose it traces a r~150 AU disc
=> probably not constrained enough ?

Tobin+ (2016) claim keplerian rotation 
and disc fragmentation 

Do we detect keplerian rotation inside Class 0 envelopes ?
Discs around Class 0 protostars



Do we detect keplerian rotation inside Class 0 envelopes ?
Discs around Class 0 protostars

Sébastien Maret and the CALYPSO team: A survey of Keplerian disks around Class 0/I protostars with
CALYPSO

Fig. 1. 1.4 mm continuum emission and mean velocities of the 13CO (2-1), C18O (2-1) and SO (56-64) lines
intensities in IRAS4A, IRAS4B, L1527 and L1448-N. The left panels show the 1.4 mm continuum emission.
Other panels show the line mean velocities (first order moment; background image), together with the line
mean intensities (zeroth order moment; black contours). Contours are drawn at 3 �, 6 �, 12 � and so on. The
dotted lines in the left panels indicate the jet(s) direction(s). The arrows in other panels indicate the direction
of the velocity gradient, as determined from a linear fit of the mean velocity (see text). The gray sectors around
each arrows show the 1 � uncertainty on the direction of the velocity gradient. The ellipses in each panels
show the synthesized beam. All coordinates are a relative to the positions given in Table 1.

a solid body (Goodman et al. 1993). Although solid-body-rotation may be a crude approximation,

such fits provide a rough estimate of the velocity gradient amplitude and its orientation, and it is

therefore useful to determine the origin of the emission (see e.g. Yen et al. 2015a). To perform these

fits, we compute, for each pixel of the data cubes, the first order moment and its uncertainty (see

Belloche 2013, Eq. 2.3), ignoring channels with emission lower than 5�. Because the datacubes

produced by the interferometer are over-sampled spatially, only two points per synthesized beam

were fitted, in order to ensure Nyquist sampling. Since we are interested in measuring the rotation

of the innermost regions of the protostar (and in turn to determine if a disk is present), we consider

pixels within a radius of 200 from the continuum peak. This corresponds to spatial scales of 470

to 850 au depending on the source distance. Finally, we ignore sources in which the line emission

clearly originate in the outflow, because for these the velocity gradient can not be reasonably well

fitted with a linear gradient. In some other sources, the number of pixels in which the first order

Article number, page 5 of 23

Sébastien Maret and the CALYPSO team: A survey of Keplerian disks around Class 0/I protostars with
CALYPSO

Fig. 2. Same as in Fig. 1 for SVS13A, SVS13-B, IRAS2 and L1448-C.

moment could be measured is not su�cient to obtain a reliable estimate of the velocity gradient

amplitude and its orientation, and these sources are not considered in the analysis.

Table 2 shows the velocity gradient amplitude and orientation that we obtain from the fits. The

gradient orientations are also shown on Fig. 1-5. In the Table we also report the values of �✓, which

is defined as the absolute di↵erence between the outflow P.A. and the fitted gradient. In general the

fitted gradients are perpendicular to the outflow axis, as one would expect if these gradients are due

to rotation of the envelope. However, in some cases the gradients are oriented along the outflow

axis, which indicates that these are mostly due to the outflow. From the first order moment maps

and the fits, we select a sample of disk candidates, in which the emission of at least one line is

flattened about an axis perpendicular to the outflow and 45� < �✓ < 135� (that is sources where

the velocity gradient of at least one line is roughly perpendicular to the outflow). According to

these two criteria, we find five candidates: L1448-NB1, L1527, L1448-C and L1448-2A. In the

following, we analyze the line kinematics of these sources into more details, in order to derive

rotation curves for theses sources. We start with L1527, in which the presence of a disk as been

confirmed from SMA and ALMA observations (Tobin et al. 2012; Ohashi et al. 2014b). We use

this source as a benchmark to test our technique to derive the rotation curve from the observed

visibilities.

Article number, page 6 of 23

CALYPSO sample of 16 Class 0 protostars:

1 clear keplerian detection at r~60 AU

+ 

2 velocity gradients consistent with keplerian rotation at r~40 AU
(also disk candidates from the continuum analysis)

+

13 Class 0 without detected keplerian motions at radii>50 AU

(Maret et CALYPSO in prep.) preliminary results



Class 0 discs/ inner envelope properties: grain growth already !
Discs around Class 0 protostars

The Astrophysical Journal, 756:168 (21pp), 2012 September 10 Chiang, Looney, & Tobin
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Figure 9. Same as Figure 5 for the spherical power-law model with an unresolved component. The absolute flux uncertainty is included. Marginalized posterior
probability distributions for all four parameters (dust opacity spectral index β, density ρ0 at 100 AU in the unit of 10−18 g cm−3, envelope density power-law index
p, and point-source flux density at 1 mm in the unit of mJy) are shown. In the histograms, the dashed vertical lines enclose 68% or 1σ confidence interval, with the
expectation values and σ listed in Table 3. The dark and light areas in the 2D contour plots are the 68% and 95% confidence regions.

Figure 10. Same as Figure 6 but for the power-law envelope model plus an
unresolved component. Error bars are statistical errors in the annuli bins only.
Observational flux density, averaged vectorially and binned in u–v annuli around
the source center, are shown by circles for the 1 mm data and asterisks for the
3 mm data. The model fit with the marginalized parameters is shown by solid
lines, which includes two components: a power-law envelope (broken lines) and
an unresolved disk (dotted lines).
(A color version of this figure is available in the online journal.)

of the point-source flux. The dust opacity spectral index β and
density ρ0 are consequently affected. With the added complexity
of the model, larger uncertainties for the model parameters
are obtained. In particular, the flux density of the unresolved
component is not well constrained as it is not a necessary
parameter. Nonetheless, the density index p is still close to 2, so
the inconsistency with the Shu model still exists (Section 4.1).
The posterior-weighted mean of the unresolved flux is ∼2%
compared to the total flux measured by single-dish observations
(Gueth et al. 2003), and ∼11% of the flux measured by
CARMA.

The flux density of the unresolved component can be con-
verted to the upper limit of the embedded disk mass within the
framework of the model. If we follow the empirical method
of disk mass approximation in Looney et al. (2003) based on
the disk modeling of HL Tau in Mundy et al. (1996), a disk of
0.05 M# at a distance of 140 pc is used as the standard candle
for 100 mJy emission at 2.7 mm. As a result, our marginalized
model gives a disk mass of 4.1 MJup. Alternatively, we can use
a single-temperature optically thin source model to estimate the
mass, that is,

M = Fνd
2/κνBν(T ) (9)

(Hildebrand 1983). Following Looney et al. (2000) with the
assumptions of T = 60 K and κ = 0.1(ν/1200 GHz) cm2 g−1

(dust+gas), the estimated disk mass is 3.6 MJup. Although these
two methods of disk mass estimation give consistent results, the

11

Class 0 protostar L1157
dust opacity spectral index 

β ~0.9 
at r 1000 AU

(Chiang+ 2012)
β ~ r -1.5

at  r ~50-1000 AU
(Maury+ 2017)F. Motte and P. André: Density structure of protostellar envelopes 449

Fig. 2. Same as Fig. 1 for several isolated IRAS globules (a–c) and Perseus protostars (d,e). Contour levels and rms noise
at map center are: a) 12 to 96 by 12 mJy/beam and 150 to 300 by 50 mJy/beam, 1σ ! 3.5 mJy/beam; b) 25 to 175 by
25 mJy/beam, 1σ ! 7.5 mJy/beam; c) 40 to 120 by 40 mJy/beam and 200 to 600 by 80 mJy/beam, 1σ ! 11 mJy/beam;
d) 25 to 100 by 25 mJy/beam and 150 to 450 by 50 mJy/beam, 1σ ! 7.5 mJy/beam; e) 30, 60, 90 mJy/beam and 150 to 500
by 50 mJy/beam, 1σ ! 8.5 mJy/beam. The axis of the B335 outflow is indicated by arrows in a). See complementary Fig. 10
on-line

estimated for the bona-fide protostars of our sample sug-
gests that >∼ 70% of the integrated flux density S int

1.3 mm

arises from the envelope. Millimeter interferometric ob-
servations by, e.g., Hogerheijde et al. (1997) and Motte
et al. (2001) provide estimates of the disk component
S disk

1.3 mm for several bona-fide protostars in Taurus, and
confirm that the integrated flux density measured at
the 30 m telescope arises primarily from the envelope:
S disk

1.3 mm/S int
1.3 mm(r < 4 200 AU) <∼ 10%. A similar conclu-

sion holds in Perseus for the Class 0 protostars NGC 1333-
IRAS 4A and NGC 1333-IRAS 4B which, albeit barely
resolved at the 11′′–13′′ resolution of the 30 m and JCMT
telescopes (cf. Table 2 and Sandell et al. 1991), are
∼8 times stronger than when observed with the CSO–
JCMT interferometer (Lay et al. 1995). More generally,
the disk contribution is estimated to be <∼ 10% for 8 of
the 9 Perseus protostars of our sample (Motte et al. 2001;
Looney et al. 2000).

The above discussion suggests that M 4200 AU
c! should

be a good approximation of the envelope mass within
4 200 AU for all the “self-embedded” sources, even when
the exact disk contribution is unknown. In the following,
we will thus assume M 4200 AU

env ∼ M 4200 AU
c! for all the pro-

tostars with spatially resolved envelopes4 (see Col. 7 of
Table 2).

4 For thirteen objects in our sample, better estimates of
M4200 AU

env may be derived by subtracting the disk contribution
measured at 1.4 mm with interferometers (e.g. Motte et al.
2001). We estimate the true envelope mass to be M4200 AU

env ∼
0.03 M! for L1489, ∼0.4 M! for K04166, ∼0.35 M!for
K04169, ∼0.45 M! for IRAM 04191, ∼0.18 M! for T04191,
∼0.75 M! for L1551-IRS5, ∼0.2 M! for TMR1, ∼0.7 M! for
L1527 and ∼1.5 M! for L1448-NW, ∼2.5 M! for L1448-N,
∼1.3 M! for L1448-C, ∼1.1 M! for IRAS 03282, ∼1.3 M! for
HH211-MM.

CALYPSO: disc<40 AU !



Class 0 discs/ inner envelope properties: chemical complexity !
Discs around Class 0 protostars

Complex organic chemistry primarily found in region r < 50 AU (Maury+ 2014):
mostly consistent with snow-line from protostellar luminosity but still some misfits ....

Belloche+ 2017 (in prep) : some hint of evolutionary trend (most rich in more evolved sources with young discs developed)

See also, eg:

Maret+ (2005)
Jorgensen+ (2015,2016)
Caseli & Ceccarelli review 

(2012)



Class 0 discs/ inner envelope properties: chemical complexity !
Discs around Class 0 protostars
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T he c u t s a r e pe r f or me d a t a P . A . of 7 0 � pe r -
pe nd ic u la r t o t he ou t fl ow d ir e c t ion ( P . A . =
1 6 0 � ) .

w o u l d r e s u l t i n a d i ↵e r e n t b i n d i n g e n e r g y . I n p a r t i c u l a r , F i g .
4 o f J ø r g e n s e n e t a l . ( 2 0 1 5 ) s h o w s t h a t w e c o u l d r e p r o d u c e
o u r o b s e r v a t i o n s w i t h a l o w e r v a l u e o f t h e C O b i n d i n g e n -
e r g y o f 8 5 5 K i f t h e l u m i n o s i t y w a s a f a c t o r o f 4 s m a l l e r
t h a n t h e v a l u e s w e a s s u m e i n o u r a n a l y s i s . T h e u n c e r t a i n -
t i e s i n t h e l u m i n o s i t i e s r e p o r t e d i n S e c t . 3 . 1 f o r L 1 4 4 8 C a n d
L 1 1 5 7 a r e c l e a r l y s m a l l e r t h a n t h i s f a c t o r o f 4 . A c c o r d i n g l y ,
t h e m o d e l l i n g o f o u r o b s e r v a t i o n s a l w a y s r e q u i r e s f o r t h e s e
t w o s o u r c e s a h i g h e r b i n d i n g e n e r g y o f C O t h a n t h e v a l u e o f
m u l t i l a y e r d e s o r p t i o n f o r p u r e C O i c e s w i t h i n t h e r a n g e o f
u n c e r t a i n t i e s i n s o u r c e l u m i n o s i t y . H o w e v e r , a s m e n t i o n e d i n
S e c t . 3 . 1 , t h e i n t e r n a l l u m i n o s i t i e s o f I R A S 4 A a n d I R A S 4 B
d e r i v e d f r o m Herschel 7 0 µm d a t a a r e 3 . 4 L � a n d 1 . 5 L � , r e -
s p e c t i v e l y , w h i c h a r e a f a c t o r o f ⇠ 3 s m a l l e r t h a n t h e b o l o m e t -

r i c v a l u e s w e u s e i n S e c t . 4 , d e r i v e d b y K a r s k a e t a l . ( 2 0 1 3 ) . I f
t h e Herschel i n t e r n a l l u m i n o s i t i e s w e r e u s e d , w e w o u l d n e e d
t o a s s u m e a l o w e r C O b i n d i n g e n e r g y i n I R A S 4 A a n d 4 B
t h a n i n L 1 4 4 8 C a n d L 1 1 5 7 , i m p l y i n g a d i ↵e r e n t i c e c o m p o -
s i t i o n . W e n o t e t h a t a d o p t i n g b o l o m e t r i c l u m i n o s i t i e s f o r a l l
s o u r c e s , a s w e h a v e d o n e , g i v e s e q u a l C O i c e b i n d i n g e n e r g i e s
f o r a l l o f t h e m .

T he t e mpe r a t u r e pr ofi le s a r e a ls o s u b je c t t o ot he r u nc e r t a in-
t ie s b e y ond v a r ia t ion of t he s ou r c e lu minos it y only . I n t he ir pa -
pe r , K r is t e ns e n e t a l. ( 2 0 1 2 ) d o not pr ov id e e s t ima t e s f or t he s e
u nc e r t a int ie s , b u t in a d e t a ile d d e s c r ipt ion of t he ir mod e lling 3

t he y e x e mpla r ily s how f or a C la s s I s ou r c e t ha t t he t e mpe r a t u r e

3 https://github.com/egstrom/Dusty
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Fig. 2. T o p r o w : C o m p a r i s o n o f t h e o b s e r -
v a t i o n s ( c o n t o u r s ) w i t h t h e s y n t h e t i c m a p s
( c o l o u r b a c k g r o u n d ) p r o d u c e d b y t h e b e s t
fi t m o d e l f o r I R A S 4 B w i t h E b ( C O ) = 1 2 0 0
K a n d E b ( N 2 ) = 1 0 0 0 K . T o p l e f t : C 1 8 O
( 2 – 1 ) , c e n t r e : N 2 H + ( 1 – 0 ) , r i g h t : C H 3 O H
( 5 1 – 4 2 ) , i n t e g r a t i o n i n t e r v a l s a r e t h e s a m e
a s i n F i g . 1 , w h i l e t h e c o n t o u r s p a c i n g i s
i n s t e p s o f 3 � , s t a r t i n g a t 3 �. T h e w h i t e
d a s h e d l i n e s s h o w t h e o u t fl o w d i r e c t i o n ,
w h i l e t h e d o t t e d l i n e s s h o w t h e d i r e c t i o n
o f t h e i n t e n s i t y c u t s . T h e s c a l i n g o f t h e
m a p s c a n b e u n d e r s t o o d i n c o m p a r i s o n w i t h
t h e c u t s i n t h e b o t t o m r o w . B o t t o m r o w :
C u t s p e r p e n d i c u l a r t o t h e o u t fl o w d i r e c t i o n
( P . A . = 0 � ) f o r C 1 8 O , N 2 H + , a n d C H 3 O H
( l e f t t o r i g h t ) . G r e y l i n e s s h o w t h e d a t a , r e d
l i n e s t h e m o d e l . T h e b l u e b a r s i n t h e t o p
r i g h t c o r n e r s o f t h e b o t t o m p a n e l s s h o w t h e
H P B W a l o n g t h e c u t .

10-15

10-13

10-11

10-9

10-7

100 1000 10000

X(C18O)
X(N2H

+) x 100
X(CH3OH)
CO snow line
HWHMCO(model)
HWHMCO(obs)

n(
x)

/n
(H

2)

Radius (AU)

Age: 
5.6 x 104 years

IRAS4A
24 K

28 K
29 K

10-15

10-13

10-11

10-9

10-7

100 1000 10000

X(C18O)
X(N2H

+) x 100
X(CH3OH)
CO snow line
HWHMCO(model)
HWHMCO(obs)

n(
x)

/n
(H

2)

Radius (AU)

Age: 
5.6 x 104 years

L1448C
23 K

27 K
31 K

10-15

10-13

10-11

10-9

10-7

100 1000 10000

X(C18O)
X(N2H

+) x 100
HWHMCO(obs)
HWHMCO(model)
CO snow line

n(
x)

/n
(H

2)

Radius (AU)

Age: 
5.6 x 104 years

L1157 24 K

26 K
27 K

10-15

10-13

10-11

10-9

10-7

100 1000 10000

X(C18O)
X(N2H

+) x 100
X(CH3OH)
CO snow line
HWHMCO(obs)
HWHMCO(model)

n(
x)

/n
(H

2)

Radius (AU)

Age: 
5.6 x 104 years

IRAS4B
24 K

30 K

Fig. 3. F r a c t i o n a l c h e m i c a l a b u n d a n c e s ,
r e l a t i v e t o H 2 , o f C 1 8 O ( r e d l i n e s ) , N 2 H +
( b l u e l i n e s ) , a n d C H 3 O H ( g r e e n l i n e s ) ,
c o m p u t e d b y A s t r o c h e m f o r t h e e n v e -
l o p e s t r u c t u r e s o f I R A S 4 A ( t o p l e f t ) ,
L 1 4 4 8 C ( t o p r i g h t ) , L 1 1 5 7 ( b o t t o m l e f t ) ,
a n d I R A S 4 B ( b o t t o m r i g h t ) . T h e l i g h t g r e y
d o t t e d l i n e s s h o w t h e H W H Mo f t h e m o d -
e l l e d e m i s s i o n , t h e d a r k g r e y d o t t e d l i n e s
t h e H W H Mo f t h e o b s e r v e d e m i s s i o n i n
C 1 8 O ( s e e T a b l e 3 ) , w h i l e t h e l i g h t b l u e
d a s h e d l i n e s h o w s t h e l o c a t i o n o f t h e C O
s n o w l i n e i n t h e m o d e l ( s e e T a b l e 5 ) . T h e
fi g u r e a l s o i n d i c a t e s t h e d u s t t e m p e r a t u r e
v a l u e s a t t h e r e s p e c t i v e r a d i i . I n I R A S 4 B ,
t h e o b s e r v e d a n d m o d e l l e d H W H Ma r e t h e
s a m e .

4.3. The other sources

F o r t h e o t h e r t h r e e s o u r c e s , w e u s e d t h e s a m e v a l u e s o f t h e b i n d -
i n g e n e r g i e s f o r C O a n d N 2 a s w e r e f o u n d t o r e p r o d u c e t h e e m i s -
s i o n o f I R A S 4 B . T h e c h e m i c a l a b u n d a n c e p r o fi l e s a r e s h o w n i n
F i g . 3 , a n d t h e m o d e l l e d e m i s s i o n f o r t h e t h r e e s o u r c e s i s p r e -
s e n t e d i n F i g s . 4 , 5 , a n d 6 . I n a l l s o u r c e s , t h e e m i s s i o n i n t e n s i t y
p r o fi l e o f C 1 8 O i s w e l l r e p r o d u c e d , a s w e l l a s t h e o v e r a l l p e a k
l o c a t i o n a n d t h i c k n e s s o f t h e N 2 H + r i n g .

I n I R A S 4 A t h e s i z e o f t h e C 1 8 O e m i s s i o n o b t a i n e d f r o m
G a u s s i a n fi t s i n t h e u v - p l a n e i s a b i t s m a l l e r f o r t h e m o d e l t h a n
t h e o b s e r v e d s i z e ( 4 . 5 00 v e r s u s 4 . 8 ±0 . 0 7 00 ) . T h e m a t c h o f t h e i n -
t e n s i t y c u t s i n t h e i m a g e p l a n e i s h o w e v e r s a t i s f a c t o r y w i t h a n
i n n e r C 1 8 O a b u n d a n c e o f ⇠2 ⇥ 1 0 � 8 r e l a t i v e t o H 2 , w h i c h c o r r e -
s p o n d s t o a n i n n e r a b u n d a n c e o f C 1 6 O o f 9⇥10�6 . T h e e m i s s i o n
o f N 2 H + a p p e a r s s t r o n g l y d i s r u p t e d b y t h e i n fl u e n c e o f t h e p r e -
c e s s i n g o u t fl o w , t h e r e f o r e i t i s d i �c u l t t o e v a l u a t e t h e q u a l i t y
o f t h e fi t b a s e d o n o n e s i n g l e c u t . I n t h e c u t d i s p l a y e d i n F i g 4 ,

A r t i c l e n u m b e r , p a g e 9 o f 2 0 p a g e . 2 0

Anderl+ (2015): 
chemical abundances in a sample of Class 0 protostars down to radii 50 AU

COMs: emitting sizes resolved <100 AU
No preferential elongation along the jet axis

COMs emission is resolved spatially 
with > 10’s of COMs lines

(Maury+ 2014)

NGC1333 IRAS2A

CO snow line in protostars
(cf Pierre Hily Blant lecture this morning)

see also Oberg+ (2016)

Episodic accretion ?
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Fig. 7. Millimeter flux density vs. spectral index for disk models for
Elias29 (top panel) and WL12 (bottom panel). The black dots show our
ATCA data. Each line represents the prediction of disk models with the
same disk outer radius and dust opacity spectral index �, but increasing
disk mass from left to right. For Elias29 the observed flux and spectral
index are consistent with both a small (R⇠15 AU) optically thick disk, in
which case we cannot constraint the dust properties, or a relatively large
(R⇠50-200 AU) optically thin disk populated with cm-sized pebbles.
For WL12 the match between the observed data and the models suggests
a very small and optically thick disk with 30AU of radius. It is not
possible to constrain whether the grains are in the µm , mm or cm size
regime .

formation of only a small disk. In fact, some simulations run in
the ideal MHD regime and for an initial alignment between the
rotation axis of the core and the magnetic field lines found this
process to be so e�cient that it can even inhibit completely the
formation of a disk (Allen et al. 2003; Mellon & Li 2008; Hen-
nebelle & Fromang 2008). The misaligment between the field
lines and the rotation axis (Hennebelle & Ciardi 2009; Joos et al.
2012) can mitigate this e↵ect. This misaligment was confirmed,
at least in some case, from recent observations (Hull et al. 2013).
Inclusion of the non-ideal MHD processes, namely ambipolar
di↵usion, Ohmic resistivity and Hall e↵ect (Dapp & Basu 2010;
Krasnopolsky et al. 2010, 2011; Li et al. 2011; Dapp et al. 2012),
also reduce the e�ciency of magnetic braking, allowing in some
cases the formation of small (⇠ 10 AU), rotationally supported
disks. However, this is an open problem, and a clear consensus
has still to emerge. If the size of Elias 29 and of WL12 were

confirmed by higher angular resolution observations, this would
put a strong constraint on models of disk formation.

Such compact and relatively massive disks are expected to be
subject to gravitational instabilities. In order to estimate the im-
portance of such processes, we compute the stability parameter
Q for both our sources, where Q is defined as

Q =
csep

⇡G⌃
⇡ cs⌦

⇡G⌃
, (4)

where ep ⇡ ⌦ is the epicyclic frequency and cs is the thermal
sound speed. The radial profiles of Q are shown in figure 8,
for Elias29 for the two cases where an extended disk model is
assumed (Rout ⇠ 300 AU, upper panel) and where a compact
disk model is assumed (Rout ⇠ 15 AU, central panel), and for
WL12 (Rout ⇠ 30 AU, bottom panel). Even in the case where
the extended disk model for Elias 29 is considered, we see that
the disk approaches marginal stability (Q ⇡ 1) in the outer disk,
implying that it can be weakly gravitationally unstable also in
this case. For the two other cases considered, where the disk is
more compact, the Q parameter formally drops significantly be-
low unity, indicating that some additional support against self-
gravity needs to be present, for example in the form of turbulent
motions generated by the instability. Indeed, gravitational insta-
bility is expected to provide turbulent motions at the sonic level
(Lodato & Rice 2004; Cossins et al. 2009), that for both sources
would correspond to vturb of the order of a few km/sec. Such
turbulent phenomena induced by the disk self-gravity could thus
represent an important source of angular momentum transport to
bring Class I objects into the Class II phase. Additionally, grav-
itational instabilities are likely to result in strongly time-varying
behaviour, such as episodic accretion (Audard et al. 2013) and/or
fragmentation into bound objects, such as low-mass stellar com-
panions or giant planets (Rice et al. 2005).

7. Summary and Conclusion

We present new 3 mm ATCA data of two Class I YSOs in the
Ophiucus SFR: Elias29 and WL12. For our analysis we com-
pared them with archival 1.1 mm SMA data (Jørgensen et al.
2009). In the u-v plane the two sources present a similar be-
haviour: a costant non-zero emission at the long baselines, which
shows the presence of an embedded unresolved disk and an in-
crease of the fluxes at the short u-v distances, related to the pres-
ence of an extended envelope. The main results from our analy-
sis are the following.

- Grain growth in the envelopes. Our observations suggest
that dust grains start to aggregate up to mm sizes already
in the envelope of the two Class I YSOs we have observed.
This result is in agreement with the evidence of large grains
in the envelope of the Class 0 L1157-mm (Chiang et al.
2012) and with chronological studies of solids found in
meteorites (Connelly et al. 2012). The fact that grains can
grow up to mm-size already in the collapsing envelopes
of Class 0s and Is is a result that may have important
implications on the initial conditions for the models of dust
evolution in protoplanetary disks.

- Optically thick disks. From our modeling we conclude
that the embedded disks in our Class Is are probably very
compact, with outer radii down to tens of AU, at least for
WL12. The existence of such compact disks can suggest
that magnetic fields are acting to remove the cloud angular
momentum during collapse. The magnetic braking is more
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Fig. 2. Elias29 map: detection of the source at 3 mm. The total flux
of the source at 3 mm is 10.36 mJy, with a 3� rms of 0.18 mJy.

scales too large to be related with a resolved disk. The increasing
trend is not as evident in the 3 mm plot, because of the lack of
data for projected baselines shorter than 7 k�. At larger u-v dis-
tances on the other hand the emission is approximately constant
in both data sets, showing the presence of an unresolved source,
i.e. a disk-like structure. A similar behavior is found for WL12,
even if the rise is less steep at the short baselines.

Table 2. Source fluxes at di↵erent wavelengths.

Source Elias29 WL12

F3mm[mJy] 10.36±0.18 17.48±0.22
F3cm[mJy] < 0.54 < 0.55
F6cm[mJy] < 0.26 < 0.37

3.2. Estimated ionized gas contribution

We obtained a clear detection of the two sources at 3 mm (Fig-
ures 2 and 3). On the other hand, we did not detect any of the two
sources at 3 cm and at 6 cm. Dzib et al. (2013) have recently pub-
lished a deep cm continuum survey of the ⇢-Ophiuchi star form-
ing region using the VLA. They detected Elias 29 ( J162709.41-
243719.0) but not WL12. Their upper limits at 6 and 4 cm are
a factor of ⇠10 lower than ours. The measured cm-wave fluxes
of Elias 29 are ⇠0.25 mJy at 6 cm and ⇠0.36 mJy at 4 cm, with
a spectral index of ⇠ 0.7. The sources is reported to be variable
at the 30% level. The extrapolated contribution of the gas emis-
sion at 3 mm would be ⇠2 mJy, about 20% of the total flux. We
decided not to subtract this possible contribution from the 3 mm
fluxes we measured, reported in the next paragraph, because of
the source variability and because our observations and those of
Dzib et al. (2013) are not simultaneous. The VLA observations
were obtained in the period February-May 2011, while our own
ATCA data were acquired in June, August and September 2011.
The time di↵erence between the various epochs is not large, but
Dzib et al. (2013) report variability on a monthly timescale.

To provide a worst case scenario for the contamination of
the gas emission at 3 mm we use our simultaneous upper lim-
its at 3 and 6 cm. The most e�cient way to produce ionized
gas which can contaminate the dust thermal emission at 3 mm

Fig. 3. WL12 map: detection of the source at 3 mm. The total flux of
the source at 3 mm is 17.48 mJy, with a 3� rms of 0.22 mJy.

is given by the presence of a stellar wind (i.e. mass ejection
from the star). In this case the radio spectrum is found to vary as
F⌫ / ⌫0.6 (Panagia & Felli 1975), while, for example, the free-
free emission coming from an optically thin HII region would
give F⌫ / ⌫�0.1 (Mezger 1970). Using the 3 � limits at 3 and 6
cm (Table 2) we then compute the maximum possible contribu-
tion from an ionized wind at 3 mm. The extrapolated contribu-
tions from ionized gas at 3 mm are Fwind

3mm < 3.59 mJy for Elias29
and Fwind

3mm < 3.66 mJy for WL12, less than 36% and 20% of the
observed total fluxes at 3 mm respectively.

In Sect. 4 we use our upper limits to estimate the impact of
the free-free emission on the measurement of the spectral index
of the dust emission, this choice corresponds to a larger max-
imum estimated contamination and is thus a conservative esti-
mate.

4. Analysis

As a first order analysis, we assume our sources to be composed
by two elements, the envelope and the disk, whose emission are
expected to be easily separable (see e.g. Jørgensen et al. 2009).
Since our observations do not allow us to resolve the disk (60
k� are related to disks diameters of the order of almost 400 AU)
we expect the disk amplitude to be constant (unresolved source),
without changing appreciably with baseline length. On the other
hand we expect the envelope to be resolved and to dominate the
emission on the largest detected scale. Therefore its emission
should be high at the small baselines and approaching zero at
the larger ones, where the disk contribution is expected to dom-
inate. An analysis of the SMA data similar to this suggested the
presence of extended envelopes and compact disks around these
two sources (see Lommen et al. 2008; Jørgensen et al. 2009), as
it also has for other sources.

For Elias29 in particular the value of the amplitudes is con-
stant within the errorbars for baselines larger than 25 k� both
at 1.1 and 3 mm. We assume this to be the emission com-
ing from the embedded disk-like structure whose average val-
ues at the two wavelengths are: F1mm

disk = 35.0 ± 4.8 mJy and
F3mm

disk = 5.0 ± 0.7 mJy. These values were obtained using a
weighted average using the weights associated to the single ob-
served visibilities. For WL12 we make the same assumption, re-
lating the disk contribution to the amplitudes at baselines larger
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Fig. 3.— Moment 0 map (contour) overlaid on the moment 1 map (color) of the C18O (2–1)

emission in L1489 IRS. A filled ellipse at the bottom-right corner denotes the beam size. A cross

shows the protostellar position. Contour levels are from 3σ to 15σ in steps of 3σ, from 15σ to 50σ

in steps of 5σ, and then from 50σ to 90σ in steps of 10σ, where 1σ is 10 mJy Beam−1 km s−1.

ALMA C18O (2–1)CARMA 3mm continuum

L1489 IRS1
disc radius 300-500 AU

disc mass 0.003–0.007 M⊙

Aso+ (2015)
– 48 –

420 AU

Fig. 4.— Moment 0 (white contours) and 1 (color) maps of the C18O (J = 2−1) emission in

TMC-1A. Contour levels of the moment 0 map are−3, 3, 6, 12, 24, ...×σ where 1σ corresponds

to 8.1 mJy beam−1 km s−1. A cross shows the position of the central protostar (continuum

emission peak). A filled ellipse at the bottom-left corner denotes the ALMA synthesized

beam; 1.′′06× 0.′′90, P.A. = −176◦. Blue and red arrows show the direction of the molecular

outflow from TMC-1A observed in 12CO (J = 2− 1) line (Fig. 2).

TMC-1A
disc radius 60-90 AU

M∗ sin2 i = 0.56 M⊙

Discs around Class I protostars

Note the recent ALMA survey of disks in Lupus (Ansdell+ 2016, Manara+ 2016, Miotello+ 2017): a population of small / low mass disks ...
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Table 3. Parameters of Keplerian disks around protostars

Source Lbol (L!) Tbol (K) Lbol/Lsubmm
a Rkep (AU)b M∗ (M!)c Mdisk (M!)d Class transition?e Referencesf

NGC1333 IRAS4A2 1.9g 51g 28g 310 0.08 ... 0 no 1

VLA1623A 1.1 10 83 150h 0.22 ... 0 yes 2,13

L1527 IRS 1.97 44 45 54 0.30 0.0028-0.013 0 yes 3,12,16

R CrA IRS7B 4.6 89 ... 50 1.7 0.024 I no 4

L1551 NE 4.2 91 111 300 0.8 0.026 I yes 5,14,17

L1551 IRS 5 22.1 94 107 64 0.5 0.07 I yes 6,12,16

TMC1 0.9 101 114 100i 0.54 0.025-0.06 I no 7,12,16

TMC-1A 2.7 118 143 100 0.68 2.5× 10−3 I yes 8,12,16

TMR1 2.6 140 734 50 0.7 0.01-0.015 I no 7,16

L1489 IRS 3.7 238 259 700 1.6 3-7×10−3 I yes 9,15,16

L1536 0.4 270 ... 80 0.4 0.07-0.024 I no 7,12

Elias 29 14.1 299 4215 200 2.5
∼
< 7× 10−3 I no 10,12,16

IRS 43 6.0 310 ... 140 1.0 8.1× 10−3 I no 11,15

IRS 63 1.0 327 33 100 0.37 0.055 I no 10,12,16

aLsubmm is defined as the luminosity measured at wavelengths longer than 350 µm.

bOuter radius of the Keplerian disk.

cCentral protostellar mass.

dMass of the Keplerian disk.

eFrag showing whether or not sources show transitions from infall motions to Keplerian rotations. “yes” and “no” indicate sources with and

without transitions, respectively.
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aLsubmm is defined as the luminosity measured at wavelengths longer than 350 µm.

bOuter radius of the Keplerian disk.
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without transitions, respectively.

Discs around Class I protostars
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Results for Field Strength

ISM Component Btotal (�G)
____________________________________

diffuse ionized medium 7 � 3
(synchrotron equipartition, RMs)

H I clouds 6.0�1.8
(H I Zeeman) (� ~ 0.1)

molecular clouds 10 – 3,000+
(OH, CN Zeeman) (�C ~ 1)

See also Falgarone et al. (2008) for Zeeman 
measurements in star-forming dense cores.

           Taurus: 12C0 map and polarization vectors
    (Goldsmith et al. 2008)

12CO: Goldsmith et al. 2008;  Optical polarization vectors:  Heiles 2000

10pc

Measurements of polarized dust emission toward the low-
mass star-forming region Taurus. Goldsmith et al. (2008)

Orion Molecular Cloud

Rao et al. 1998Houde et al. 2004

Measurements of polarized dust emission toward the high-
mass star-forming region Orion. Houde et al. (2004)

The ISM is magnetized

A magnetically-regulated main accretion phase ?



Musca filament: 
 M/L ~ 20 M�/pc 
        N. Cox et al. 2015  C
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Polarization 
vectors overlaid   
on Herschel images 
Pereyra & 
Magelhaes 2004!          Optical Polarization!

                Heyer+2008!
                Heiles 2000!

1 pc 

  Taurus B211 filament: M/L ~ 50 M�/pc 
          P. Palmeirim et al. 2013 

     Role of magnetic fields ? 
#  Bimodal distribution of filament vs. B-field orientations (see also H.-b. Li+2013 

              + Planck polar. results J. Soler et al.) 

Ph. André – Summer School on Submm Astronomy 

A magnetically-regulated main accretion phase ?



TADPOL survey

1 mm polarization at CARMA in 13 Class 0 protostars. 

Dust polarization maps with ～ 0.005pc angular resolution

Hull et al. (2013, 2014)

SMA studies

0.8 mm polarization at SMA in IRAS16293.

Dust polarization map with ～ 200AU angular resolution

Girart, Rao, Marrone Science (2006)
Rao et al. (2014)

Protostars are often embedded in MC magnetic fields

39

A magnetically-regulated main accretion phase ?



Magnetic braking happens when the field is sufficiently twisted due to the different rotation velocities between the infalling 
envelope and the central «disc» region. 

This happens only if the envelope is a lot more massive than the central «disc» region (centrifugal radius, remember!).

Magnetic braking allows to redistribute the angular momentum from the inner infalling envelope to the outer parts of the 
envelope, and therefore delays the formation of a large rotationally-supported disc.

What is magnetic braking ?
Rotation motions generate Alfven torsional waves that can transport the angular momentum 

to the outer parts of the contracting cloud. 
Magnetic braking is more effective perpendicular to field lines

(Gillis et al. 74,79, Mouschovias & Paleologou 79,80, Basu & Mouschovias 95)

cloud

ω
B B

cloud

ω

A magnetically-regulated main accretion phase ?



Comparison of Class 0 observations to numerical simulations of star formation

Comparison with numerical simulations of SF :
• favor magnetic models of protostellar formation because no large rotationally-supported structure.
• note the presence of a pseudo-disc in the magnetized model ...

Figure 2: Comparison between column density images in collapse simulations (left column), corresponding
synthetic 1.3 mm dust continuum PdBI images (middle column), and actual 1.3 mm PdBI images (right
column) observed in A-array toward two Class 0 protostars in Taurus (adapted from Maury, André, Hen-
nebelle et al. 2010 astro-ph/1001.3691). The synthetic images were built assuming the Taurus declination
and distance, and the first two synthetic contours in b), e) mark the 3σ (dashed) and 5σ (bold)
levels achieved in the PdBI observations (c, f – Project R068), thus allowing direct comparison be-
tween models and observations. The model in the top row (a) is a typical hydrodynamic collapse simulation
with no magnetic field by Hennebelle & Fromang (2008). It predicts a large-scale structure and multiple
dust peaks (b) that are not observed (c,f). The model in the bottom row (d) is a typical MHD simulation
by Hennebelle & Teyssier (2008). The initial value of the magnetic field is 1/2 of the critical field strength
required to prevent collapse. The predicted compact emission (e) is in better agreement with the PdBI
observations (c, f).

Column density maps 
from numerical simulations

Synthetic images put at Taurus 
distance

Observed PdB-A maps of Taurus 
sources

A magnetically-regulated main accretion phase ?

Maury+ (2010)



✴ Protostellar classes & lifetimes

Herschel statistics : a fast main accretion phase (consistent with André+ 2000) < 10^5 yrs

✴ Envelope Infall & Accretion Rates

Possibly luminosity problem could be reduced by new Herschel statistics and/or ALMA providing us 
direct constraints on kinematics in the accretion zone
Episodic accretion proposed as a solution to luminositty problem - and to be tested further

✴ Conservation of angular momentum ?

Multi-scale analysis over 3 orders of magnitude are needed to assess protostar’s angular momentum
Problem still unsolved: maybe magnetized collapse will help ?

✴ The quest for the youngest disks

Class I discs: some good constraints reveal larger scatter in properties than previously thought 
Class 0 discs are mostly small (<50 au) : low-end of size distribution still to be probed

✴ Protostellar multiplicity fraction

Large surveys are coming showing some fragmentation at large (and small?) scales 
Problem of source nature at subarcsecond scales: more versatile ALMA observations will help

✴ Magnetized core collapse ?

Lack of large disk and need to solve angular momentum problem + observations of magnetized cores 
role of magnetic field to regulate the protostellar accretion has to be investigated

A summary



Testing the magnetically regulated scenario:
Probe magnetic fields

Search for small MHD discs : density and kinematics at 10-50 AU scales
Investigate kinematics in young protostars: what about angular momentum ?

NOEMA & ALMA !

 ALMA - credit ESO43



The Atacama Large Millimeter Array

ALMA 
ALMA Specifications 

4!Preparing for ALMA: 24 May 2010!

•! 54 12-m antennas, 12 7-m antennas, at 5000m site 

•! Surface accuracy <25 µm, 0.6” reference pointing in 9m/s wind,  

 2” absolute pointing all-sky 

•! Array configurations between 150m and ~15-18km 

•! Angular resolutions ~40mas at 100 GHz (5mas at 900GHz) 

•! 10 bands in 31-950 GHz + 183 GHz WVR.  

•! 8 GHz BW, dual polarization. 

•! Interferometry, mosaicing & total-power observing. 

•! Correlator: 4096 channels/IF (multi-IF), full Stokes. 

•! Data rate: 6MB/s average; peak 64 MB/s.  

•! All data archived (raw + images), pipeline processing. 

ALMA 
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ALMA Transformational Performance 
•!  ALMA improves  

•! Sensitivity: 100x 

•! Spatial Resolution: up to 100x 

•! Wavelength Coverage: ~2x 

•! Bandwidth: ~2x 
•! Scientific discovery parameter space is greatly expanded!  

•! ALMA Early Science begins the transformation 

•! Sensitivity: ~10% full ALMA 

•! Resolution: up to ~0.4” (0.1” goal)   

•! Wavelength Coverage: 3-4 of final 8 bands (7 goal) 

•! Bandwidth:  ~2x improvement 

•! Beginning the Discovery Space Expansion 

AAS216: Preparing for ALMA 
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• A fast instrument ➫ surveys become possible
• A sensitive instrument ➫ weak lines, faint objects become accessible
• High angular resolution ➫ details of star formation
• Wide field imaging with ACA ➫ from large to small scales 
• Wide frequency coverage ➫ wide range of physical conditions can be adressed
• Polarisation 
• But a large survey, at high angular resolution, in full polarisation, over arcmin scales, 

in several lines, would take forever ➫ Choices will have to be madeALMA Protoplanetary Disks with 
ALMA Early Science 
•! Continuum Sensitivity excellent: targeted continuum observations will 

work well 

•! Spectral Sensitivity excellent—multi line surveys an excellent science 
target 

•! Good imaging performance, but high resolution high fidelity science best 
with full ALMA 

•! Conclusion:   

–! Discovery and characterization of lower mass disks nearby improved 

–! Excellent progress expected on understanding the detailed 
composition and processes in disks 

–! Edges of explorable space reach to the nearby spiral arms  
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40 AU disc

0.3ʺ″ Observed with ALMA(2015)
Model

Predictions (2010)

The Atacama Large Millimeter Array

0.1’’ = 14 AU
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ALMA is perfect to study the formation of stars

• Initial mass function from large scale surveys (gas + dust images)

• Polarization: the role of magnetic fields

• Complete samples in several types of star-forming regions

• Velocity field (accretion) in envelopes of Class 0 protostars

• (non)-Keplerian discs around YSOs:

– Star masses from disc kinematics

– Evolutionary tracks of proto / PMS stars

– Evolutionary status of discs

– Planet formation 

• Binarity (70 %): gas + dust distribution, tidal truncation of inner / outer 

disc

The Atacama Large Millimeter Array


