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The protostellar luminosity problem

•  Optically thin dust emission at (sub)mm wavelengths                    
! Direct mass/column density estimates : 

 

•  λ ∼ 100�500 µm : good diagnostic of the dust temperature (Td ) 

     Wavelength [µm]!
100!1000!

Herschel!

With Herschel, simple dust 
temperature estimates based 
on greybody fits to the 
observed SEDs (5-6 points 
between 70 and 500 µm):!

Iν ~  Bν(Td) τν = Bν(Td) κν Σ)

κν = dust opacity !             
(eg Hildebrand 83; Ossenkopf & Henning 94) !
)

M =!              Sν d2!
            Bν (Td) κν !

Σ =!                 Iν !
            Bν (Td) κν !

Sν : Integrated flux density!

Iν : Surface brightness!

Σ : Column density (g cm-2) !
!
  

   Greybody!
   (Td = 9.8 K)!

     Greybody!
    (Td = 22.4 K)!

Protostellar!
      core!

Starless!
   core!

Thermal continuum emission from cold dust (Td ~ 5-50 K) 

Ph. André – Summer School on Submm Astronomy – July 2015 
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Dust & molecular lines: disk 
properties

Dust polarization
Zeeman effect

Dust polarization Dust & molecular lines: envelope & 
disk structure

Density & 
temperature
properties

Dust & molecular lines: envelope 
structure

Dust polarization
Zeeman effect

Dust polarization

Dust & molecular lines: envelope 
structure

Core scales 1000-10.000 AU

Inner envelope / disk scales 20-1000 AU
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(Sadavoy+ 2014) Maury+ CALYPSO collaboration
Tobin+ (2017)



Let’s focus on a cornerstone question:
the angular momentum problem

One would naively expect most of the angular momentum contained in the star-forming core
would end up in the central star: not in our solar system !



Protostars must lose >99.99% 
of their angular momentum 

prior to entering the T Tauri stage

Observations of angular momentum content 
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Based on Belloche (2013)

See also Li et al. review for PPVI (2014) 

Class 0 phase = main accretion phase 
>50% of the final stellar mass is assembled: 

need to get rid of the 10.000 AU envelope’s AM 
during its accretion on 0.1 AU protostellar embryo

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

  500 AU  

<105 yrs

The angular momentum problem
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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)
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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.

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

Upper-limits on Class 0 disk radii 
as measured from CALYPSO PdBI continuum observations are 

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

Hydro disks are excluded in >75% of the CALYPSO sample (16 protostars)
Hybrid sample with literature (VANDAM VLA, ALMA): 80% of Class 0 protostars have disks <100 au

Maury+ (2010, 2014, 2018) 

Disks as a solution to the angular momentum problem ?



B211 in Taurus (Herschel Gould belt survey 250 µm)  
Blue : Magnetic Field from Planck polarizatin data

Perseus cloud: Magnetic Field from Planck polarization data
Contours; 13CO emission from the COMPLETE survey

Thanks to A. Bracco for producing optimum Planck B maps



Magnetic braking: 
a key process affecting 

angular momentum transport

What do magnetic fields do ?

Hydro

Magnetized

Hennebelle & Teyssier (2008), Machida et al. (2010)

Model without B: large disk

Model with B: no large disk

PdBI synthetic observation

PdBI synthetic observation

Maury+ (2010) Class 0 protostars with PdBI: 
synthetic observations of a variety of numerical models

    magnetized models fit best the observations
of inner Class 0 envelopes ?



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 

Why do we (think we) need magnetic fields ?

Luminosity problem ?

Launching Jets ?

Angular Momentum /Disks ?

Figure 4: Surface density of star formation versus surface density of molecular gas normalized by estimated free-fall time ⌃/t↵ . The free-fall time
for all objects has been estimated following the method of Krumholz et al. (2012a). The black thick line shows ✏↵ = 0.01; the gray band indicates
a factor of 3 scatter about this value. The data shown in the plot are as follows: individual molecular clouds in the Milky Way (red-hued points) are
from Heiderman et al. (2010, red squares), Lada et al. (2010, red circles), Wu et al. (2010, red stars, upward arrows indicate lower limits), Lada et al.
(2013, red diamonds), and Evans et al. (2014, red pentagons; downward arrows indicate upper limits); resolved observations of nearby galaxies
(rasters, same data as shown in Figure 3) are from a sample of the inner disks of spirals (Leroy et al. 2013, blue raster) and the 12 pc resolution
data form the Small Magellanic Cloud (Bolatto et al. 2011, green raster); unresolved observations of z = 0 galaxies (green points) are spirals and
starbursts from Kennicutt (1998a, green squares), and the molecular disks of early-type galaxies from Davis et al. (2014); unresolved observations
of z > 0 galaxies (magenta points) are from Bouché et al. (2007, magenta squares), Daddi et al. (2008, 2010b, magneta circles), Genzel et al. (2010,
magenta pentagons), and Tacconi et al. (2013, magenta stars). All CO-to-H2 conversion factors have been standardized to the fiducial values of
Daddi et al. (2010a): ↵CO = 0.8 M�/(K km s�1 pc�2) in starbursts at all redshifts, ↵CO = 4.6 M�/(K km s�1 pc�2) in z = 0 disks, and ↵CO = 3.6
M�/(K km s�1 pc�2) in z > 0 disks. Within each data set, lighter colored points are those for which a starburst-like ↵CO value was adopted, while
darker points are those using a disk-like ↵CO. The exception is the early-type galaxy sample of Davis et al. (2014), where it is not clear which to
use, and I have therefore deferred to their recommended, intermediate value ↵CO = 3.4 M�/(K km s�1 pc�2).

Below ⇠ 100 pc, an observation generally captures
only a single molecular cloud, since typical sizes of

large molecular clouds are ⇠ 10 � 100 pc (Dobbs et al.
2014, and references therein). To reach these scales,

10

Kennicutt & Evans (2012), Krumholz (2014)

Star Formation Rates ?
on average 

εff ~0.01



V. Guillet & M. GalametzM. Gaudel

M. Galametz & A. Maury A. Maury & P. Hennebelle

MagneticYSOs: a multi-scale multi-diagnostic approach 
to probe the role(s) of magnetic field during the main accretion phase

V. Valdivia & P. Hennebelle



B335: a non - prototypical but good testbed case for low-mass star formation

5 !



Launhardt+ (2013)

Stutz+ (2008)



B335: a prototype of magnetic braking ?

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

3.2 GOALS & METHODOLOGY

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

We propose to carry out ALMA observations of molecular and ionized lines in Band 3 and Band
6, probing similar scales to our ALMA polarization data for direct comparison, to build maps of:
the ionization fraction �e, the cosmic ray ionization rate ⇣H2 and the turbulent ambipolar diffusion
length-scale LAD in B335. The details of the spectral setup are in the technical justification, we de-
scribe shortly here-below the methodology to derive these physical quantities.

? Ambipolar diffusion length-scale LAD: Li & Houde (2008) suggest a scenario where ambipolar
diffusion sets in at small enough length scales where neutrals decouple from the flux-frozen ions and
the magnetic field, and the friction between the ions and the drifting neutrals causes the dissipation
of turbulent energy. This model predicts that under the influence of ambipolar diffusion, the velocity
spectrum of ions drops below that of the neutrals. Originally tested with HCN and HCO+, which
can be optically thick at high column density, we will use the optically thin isotopologues H13CN
and H13CO+. Hezareh et al. (2014) successfully used these transitions to apply this method to
interferometric observations of a massive star-forming core. Note that we should not be affected by
outflow contamination here since the outflow lies in the plane of the sky, not affecting most of the
line of sights toward the protostellar envelope.
? Ionization rates: Because the deuterium enhancement is initially limited by the rate at which
electrons and neutrals destroy H2D+, the ratio of deuterated species to their hydrogenated analogs,
such as N(DCO+)/N(HCO+), are strongly related to the ionization fraction �e. Following the Caselli
et al. (1998) method, we propose to obtain measurements of the degree of deuterium fractionation
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2013, left panel) and of the HCO+(4-3) ALMA Band 7 data at 0.400 resolution, from the archive (project
2012.1.00346.S, central panel). The ALMA HCO+(4-3) spectrum at the maximum of the continuum emission,
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length-scale LAD in B335. The details of the spectral setup are in the technical justification, we de-
scribe shortly here-below the methodology to derive these physical quantities.

? Ambipolar diffusion length-scale LAD: Li & Houde (2008) suggest a scenario where ambipolar
diffusion sets in at small enough length scales where neutrals decouple from the flux-frozen ions and
the magnetic field, and the friction between the ions and the drifting neutrals causes the dissipation
of turbulent energy. This model predicts that under the influence of ambipolar diffusion, the velocity
spectrum of ions drops below that of the neutrals. Originally tested with HCN and HCO+, which
can be optically thick at high column density, we will use the optically thin isotopologues H13CN
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See work by Evans+ (2015), Yen+ (2013, 2015, 2017) and Kurono+ (2013)



2013 / Planck magnetic fields @ 0.2 pc

2009 / SCUBA magnetic fields @ 5000 au

2015 / SMA detection of 350GHz polarized emission @ 700 au: 
see talk by M. Galametz



230 GHz
1’’ beam goal 15 μJy rms

Full polar (TDM mode)

Stokes I rms 0.3 mJy/beam  ---- Stokes Q / U rms noise ~0.02 mJy/beam
instrumental polarization < 0.5%, measured to an accuracy of 0.05% (V calibrator)



Phases self calibration

Maury, Girart, Rao, Zhang + (in prep)

Synthesized beam 
0.6’’ 

~100 au @ B335 distance

rms noise Stokes I ~ 0.12 mJy/beam

Dynamic range limited + spatial filtering
(recover 0.2 Jy total)
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See talk by V. Valdivia

Frequency of dust continuum emission: important ?

Physics of grain alignment:
Radiative torques 

vs 
perfect (density)

Optical depth is devil !



Beyond ALMA .... some advertisement !



Three BANDS [100  200  350 µm] SAFARI-POL 
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 SPICA science instrument payload 

The SPICA payload has three main components; the SPICA Telescope Assembly (STA), a 2.5-
meter diameter telescope cooled to below 8 K, and the focal plane instrument assembly with 
the instruments: SAFARI, a far-IR grating spectrometer and imaging polarimeter, and SMI, a 
mid-IR spectrometer/imager. The instruments also are maintained at cryogenic temperatures to 
achieve the required background-limited sensitivity. 

 Spacecraft and payload configuration  
The overall configuration of the SPICA spacecraft is shown in Figure 3-1, with the service module (SVM) 
below and on the top the payload module (PLM) with the Science Instrument Assembly (SIA), and the 
Cryogenic Assembly (CRYO) housing the passive and active cooling system for the SIA. The right hand 
panels in Figure 3-1 show the layout of the instruments and the two Focal Plane Attitude Sensors (FAS 
#1 and #2, part of the overall spacecraft pointing system) on the telescope optical bench (TOB) and 
the focal plane layout. The two science instruments together provide continuous spectroscopic 
coverage over the full 17 to  230  μm  domain,  with  a  wavelength  resolution  R between a few hundred 
and a thousand, combined with various efficient large area imaging and polarimetry modes at 100, 200 
and   350   μm.  By inserting a Martin-Puplett interferometer in the SAFARI/SPEC signal path the 
resolution can be further increased to R~1500-11000, allowing more detailed line profile studies. SMI 
provides a still higher resolution (R~28000) capability in  the  12  to  18  μm  window.  SMI will also allow 
efficient, high sensitivity mapping of large areas in the 17 to 36 μm domain (see Figure 1-22). Both 
instruments utilise state-of-the-art detector technologies, which in combination with the cold 2.5-meter 
aperture provide the high sensitivity required to fulfil the main science goals (see Figure 1-2). 

 The Far-Infrared instrument SAFARI 
 

 The SAFARI spectrometer - SPEC 
With the galaxy evolution science outlined in section 1.1 as its main science driver, the SAFARI/SPEC 
spectrometer is primarily optimised to achieve the best possible sensitivity, within the bounds of the 
available resources (thermal, number of detectors, power, mass), at a moderate resolution of R~300, 
with instantaneous coverage over the full 34 to 230 µm range. A secondary driver is the requirement 
to also study line profiles at higher wavelength resolution, e.g. to discern the in-fall and outflow of matter 
from active galactic nuclei. This leads to the implementation of an additional high resolution mode using 
a Martin-Puplett interferometer to analyse the signal. With this design, the sensitivity of the R~300 

SAFARI/LR mode will be about 5 x 10-20 W/m2 (5σ, 
1hr) for a TES (Transition Edge Sensor) detector 
NEP of 2 x 10-19 W/√Hz, compatible with the 
sensitivity requirement as dictated by the SPICA 
science drivers (see Table 2-2). The design allows 
for further improvements in TES performance, 
these will directly lead to better overall instrument 
sensitivity.  
Figure 3-1 The SPICA spacecraft configuration. 
The scientific instruments are mounted on the 
optical bench on the rear of the telescope as shown 
in the middle panel. The SPICA instrument focal 
plane layout is indicated in the right panel. 

The three spectral bands cover the same 2,6’ x 2,6’ FoV 
simultaneously, on the same Focal Plane Assembly

V branch!
H branch!

Stokes (I,Q,U) obtained simultaneously

Required sensitivity: ! 3E-18 W/√Hz by polarisation / pixel
Goal : ! ! ! ! ! 1,5E-18 W/√Hz

Technology will be adapted for 
a ground based instrument 

(ATLAST?)
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Orion with the NIKA prototype:
Ritacco+NIKA collaboration (2016)

A. Ritacco, J. F. Macı́as Pérez , N. Ponthieu et al.: NIKA polarisation observations of the Crab nebula.
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Figure 1. From left to right: Crab nebula Stokes I, Q and, U maps obtained at 150 GHz with the NIKA camera. Polarization vectors,
indicating both the degree and the orientation, are over-plotted in white on the intensity map where the polarization intensity satisfies
Ipol > 3�Ipol .

et al. 2014; Monfardini et al. 2014) at the IRAM 30 m telescope
during the observational campaign of February, 2015. A first
overview of the NIKA Crab polarization observations was given
in Ritacco et al. (2016). In this paper we go a step further in the
analysis and combine the NIKA observations with previous ones
in order to trace the polarized SED of the Crab nebula. We use
polarization observations from the WMAP satellite at 23, 33, 41,
61 and 94 GHz (Weiland et al. 2011), from the Planck satellite at
30, 44, 70, 100, 143, 217, 353 GHz and from XPOL at 90 GHz
(Aumont et al. 2010).

The paper is organized as follows: in Sec. 2 the intensity and
polarization maps obtained with the NIKA camera are presented
together with the polarization degree and angle spatial distribu-
tions; Sec. 3 presents the reconstruction of the polarization prop-
erties of the Crab nebula in well defined regions; Sec. 4 presents
the Crab nebula SED in temperature and polarization; in Sec. 5
we present our conclusions.

2. NIKA observations of the Crab Nebula

2.1. NIKA camera and polarization setup

NIKA is a dual band camera observing the sky in intensity and
polarization at 150 and 260 GHz with 18 arcsec and 12 arc-
sec FWHM resolution respectively. It has a FOV of 1.80 at both
wavelengths. It has been operated at the IRAM 30 m telescope
between 2012 and 2015. A detailed description of the NIKA
camera can be found in Monfardini et al. (2010, 2011) and
Catalano et al. (2014).

In addition to perform intensity observations NIKA was also
a test bench for the polarization system of the final instrument
NIKA2, which was installed at the telescope in October, 2015
(Calvo et al. 2016; Catalano et al. 2016). The polarization setup
of NIKA consists in continuously rotating a metal mesh half
wave plate (HWP) followed by an analyzer, both at room tem-
perature and placed in front of the entrance window of the cryo-
stat. The KIDs are not intrinsically sensitive to polarization. The
HWP rotates at 2.98 Hz which modulates the polarization signal
at 4 ⇥ 2.98 Hz. With a typical scanning speed of 26.23 arcsec/s,
this provides a quasi-simultaneous measure of I, Q and U per
beam and places the polarization power far from the low fre-
quency electronic noise and the atmosphere. Ritacco, A. et al.

(2017) gives more details on the NIKA polarization facilities and
describes the performances of the instrument at the telescope.
NIKA has provided the first polarization observations performed
with Kinetic Inductance Detectors, which represent a suitable
detector technology for the development of the next generation
of CMB experiments.

2.2. NIKA observations

Crab nebula polarization observations with the NIKA camera
were performed at the IRAM 30 m telescope in February, 2015.
Fig. 1 shows the Stokes I, Q and U maps obtained by a co-
addition of 16 maps of 8 ⇥ 6 arcminutes for a total observa-
tion time of ⇠ 2.7 hours. The maps were performed in equa-
torial coordinates according to four di↵erent scan directions: 0�,
90�, 120�, 150�. This allowed us to have the best covering of the
source and to reduce filtering e↵ects.

To obtain the I, Q, and U Crab nebula maps we have used a
dedicated polarization data reduction pipeline (Ritacco, A. et al.
2017), which is an extension of the intensity NIKA pipeline
(Catalano et al. 2014; Adam et al. 2014). The main steps of the
polarization pipeline are summarized below:

1. Subtraction of the HWP induced parasitic signal, which is
modulated at harmonics of the HWP rotation frequency and
represents the most annoying noise contributing to the polar-
ized signal.

2. Reconstruction of the Stokes I, Q and U time ordered infor-
mation (TOI) from the raw modulated data. This is achieved
using a demodulation procedure consisting in a lock-in
around the fourth harmonic of the HWP rotation frequency,
where the polarization signal is located.

3. Subtraction of the atmospheric emission in the demodu-
lated TOIs using decorrelation algorithms. In polarization
the HWP modulation reduces significantly the atmospheric
contamination. However simple common mode decorrela-
tion methods can be used (Ritacco, A. et al. 2017). By con-
trast, in intensity the atmospheric emission fully dominates
the signal and to recover the large angular scales we use
the 260 GHz band as an atmosphere dominated band like
in Adam et al. (2014).

2

Crab nebula

2015 commissioning 
campaign

Pol

Winter 2017: commissioning of NIKA2pol

simulations of synthetic sky to characterize the leakages 

INPUT SKY

OUTPUT NIKA2 MAPS

STOKES I STOKES Q STOKES U

STOKES I STOKES Q STOKES U



https://escience.aip.de/iau30-fm4/

Focus Meeting 4 @ 30th IAU General Assembly in Vienna, on August 30-31 2018

Magnetic fields along the star-formation sequence: bridging polarization-sensitive views

https://escience.aip.de/iau30-fm4/
https://escience.aip.de/iau30-fm4/

