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Taux de formation d’étoiles de faible masse

Heiderman et al 2010

A haute résolution, dans notre Galaxie
Nuages résolus (Orion, Taureau..)
Etoiles et proto-étoiles détectées
en infrarouge  ÎPente 2.3
Efficacité de formation d’étoiles
dans les nuages denses 3-6%
25% dans les coeurs

Guthermut et al 2011

High M
Slope 2

Slope 2.3

CMF = distribution en masse des cœurs 
préstellaires individuels (~0,05pc = 10000 au) 
IMF = distribution en masse des étoiles 

A&A 518, L106 (2010)

Fig. 1. a) Column density map derived from SPIRE/PACS observations of Aquila. The subregion referred to as the main subfield in the text is
marked by the white rectangle. The cyan triangles mark the positions of the 541 starless cores identified in the entire field. The locations of the HII
regions W40 and MWC297/Sh62 are shown. The PDR region around W40 is framed by white polygon, while the dashed square outlines the small
region shown in more detail in online Fig. 5a. b) Same as a) for the main subfield, with a total of 452 starless cores, marked by cyan triangles.

coverages reduced the effects of 1/ f noise (see Sibthorpe et al.
2008).

The PACS 70 µm and 160 µm data were reduced with HIPE
(Ardila et al. 2010) version 3.0. Standard steps of the default
pipeline were applied starting from the raw data (level 0). We
used file version 1 flat-fielding and responsivity in the calibra-
tion tree, instead of the built-in version 3 of those. Therefore, the
flux density scale was corrected with the corresponding respon-
sivity correction factors: 1.78 at 70 µm, and 1.43 at 160 µm.
Multi-resolution median transform (MMT) deglitching and
second-order deglitching were also applied. Baselines were then
subtracted by high-pass filtering, with a median filter width cor-
responding to the full length (180′–190′) of the scan legs taken
from HSPOT (Frayer et al. 2007). The baseline fits were per-
formed on the “level 1” data using interpolation for the masked
bright sources not to over-subtract true sky emission. In this
way, we removed stripes and preserved spatial scales and dif-
fuse emission up to the size of the maps. The final PACS maps
were created using the photProject task, which performs simple
projection of the data cube on the map grid.

Our SPIRE observations at 250, 350, and 500 µm were re-
duced using HIPE version 2.0 and the pipeline scripts deliv-
ered with this version. These scripts were modified, e.g., to
include observations taken during the turnaround of the tele-
scope. A median baseline was applied to the maps and the
“naive” map-making method was used. Online Fig. 3 shows the
500/350/250 µm SPIRE images. The PACS 160/70 µm images
of the same field are shown in Bontemps et al. (2010).

For SPIRE, the absolute calibration uncertanty is estimated
to be ∼15% (Griffin et al. 2010), while for PACS the absolute
flux accuracy is within 10% in the blue filter, and better than 20%
in the red filter (Poglitsch et al. 2010). The in-flight calibration
of the SPIRE instrument is described by Swinyard et al. (2010).

Besides cross-correlating the SPIRE and PACS maps to
test their relative astrometry, we compared the astrometry of
the Herschel images with publicly-available Spitzer 8 µm and
24 µm data, as well as high-positional accuracy (<1′′) 3 mm
IRAM Plateau de Bure observations of a small field at the cen-
ter of the Aquila main filament (Maury et al. in prep.). In this
way, we corrected the Herschel images for small astrometric

offsets (<∼6′′) remaining between the SPIRE and PACS maps,
and achieved a final astrometric accuracy better than ∼2′′.

3. Results and analysis
Compact sources were extracted from the SPIRE/PACS images
using getsources, a multi-scale, multiwavelength source-finding
algorithm briefly described in Men’shchikov et al. (2010).
Several sets of extractions were obtained, including one for the
entire field and one for the main subfield of the Aquila com-
plex (see Fig. 1). At this early stage of the scientific exploitation
of the Herschel survey, we only considered robust sources with
significant (S/N > 7.5) detections in at least two SPIRE bands,
especially since the significance of the sources depends slightly
on the adopted set of extractions.

For the Aquila main subfield (see Fig. 1), Spitzer 24 µm ob-
servations were used in combination with PACS 70 µm data to
distinguish between starless cores and young (proto)stellar ob-
jects (YSOs). In this subfield, objects detected in emission above
the 5σ level at 70 µm and/or 24 µm were classified as YSOs,
while cores undetected in emission (or detected in absorption) at
both 70 µm and 24 µm were classified as starless. This classifi-
cation yielded 452 starless cores in the Aquila main subfield.

Outside the main subfield, we had to rely only on our PACS
70 µm data to distinguish between starless and protostellar cores.
Based on the results obtained in the main subfield, we estimate
that the lack of Spitzer 24 µm information leads only to a ∼3%
error in the classification. Altogether, we identified a total of 541
starless cores and 201 embedded YSOs in the entire field. The
YSOs include ∼45–60 Class 0 protostars depending on the se-
lection criteria (see Bontemps et al. 2010).

Based on our Herschel data, we constructed dust temperature
(Td) and column density (Σ) maps. To do this, we first smoothed
all Herschel images to the 500 µm resolution (36.9′′) and repro-
jected them to the same 6′′pixel grid. Weighted spectral energy
distributions (SEDs) were then constructed for all map pixels
from the 5 observed SPIRE/PACS wavelengths.

Assuming single-temperature dust emission, we fitted each
SED by a grey-body function of the form Iν = Bν(Td)(1 − e−τν),
where Iν is the observed surface brightness at frequency ν,
τν = κνΣ is the dust optical depth, and κν is the dust opacity per
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Fig. 2. a) Differential mass function (dN/dlogM) of the 452 starless cores in the Aquila main subfield, approximated with a lognormal fit (red
curve). The error bars correspond to

√
N statistical uncertrainties. The core sample is estimated to be complete down to ∼0.2–0.3 M⊙. The

lognormal fit has a peak at ∼0.6 M⊙ and a standard deviation of ∼0.42 in log10 M. For comparison, the dash-dotted line shows the single-star IMF
(e.g., Kroupa 2001), and the dashed curve corresponds to the unresolved system IMF by Chabrier (2005). The dotted line shows a power law of the
form dN/dlogM ∝M−0.6, which is the typical mass distribution of low-density CO clumps (see Kramer et al. 1998) The high-mass end of the CMF
is fitted by a power law (dN/dlogM ∝ M−1.5± 0.2), while the Salpeter IMF is dN/dlogM ∝ M−1.35. b) Same as a) for the subset of 314 candidate
prestellar cores identified in the Aquila main subfield. Here, the best-fit power law to the high-mass end of the bound cores CMF gives the same
result (dN/dlogM ∝M−1.45± 0.2), while the lognormal fit peaks at ∼0.9 M⊙ and has a standard deviation of ∼0.30. See text for discussion.

unit (dust+gas) mass, which was approximated by the power law
κν = 0.1 (ν/1000 GHz)β cm2/g (cf. Beckwith et al. 1990). The
dust emissivity index β was fixed to 2 (e.g., Hildebrand 1983).

Each SED data point was weighted by 1/σ2, where the rms
noise σ was estimated in an emission-free region of the map at
the relevant wavelength, and the calibration uncertainties were
also included. The two free parameters Td and Σ were derived
from the grey-body fit to the 5 Herschel data points for all pix-
els for which the fit was successful. Map pixels for which the fit
was unsuccessful or unreliable were assigned the median dust
temperature of the successful fits. Likewise, the column den-
sity along the line of sight to pixels with unreliable fits was
estimated directly from the surface brightness measured at the
longest wavelength with a reliable detection, assuming the me-
dian dust temperature of the successful fits.

A similar SED fitting procedure was employed to estimate
the dust temperature, column density, and mass of each core.
Here, the SEDs were constructed from the integrated flux densi-
ties measured by getsources for the extracted sources. Ignoring
the distance uncertainty (see discussion in Appendix A of André
et al. 2010), the core mass uncertainty is typically a factor of ∼2,
mainly due to uncertainties in the dust opacity law (κν).

Monte Carlo simulations were carried out to estimate the
completeness level of our SPIRE/PACS survey. We first con-
structed clean maps of the background emission at all Herschel
wavelengths by subtracting the emission of the compact sources
identified with getsources from the SPIRE/PACS images of
Aquila. We then inserted a population of ∼700 model star-
less cores and ∼200 model protostars at random positions in
the clean-background images to generate a full set of synthetic
Herschel images of the Aquila region. The model cores were
given a realistic mass distribution in the 0.01–10 M⊙ range and
were assumed to follow a M ∝ R mass versus size relation. The
emission from the synthetic cores was based on spherical dust ra-
diative transfer models (Men’shchikov et al. in prep.). Compact
source extraction of several sets of these synthetic skies was per-
formed with getsources in the same way as for the observed im-
ages. Based on these simulations, we estimate that our Herschel
census of prestellar cores is 75% and 85% complete above a core
mass of ∼0.2 and ∼0.3 M⊙, respectively, in most of the field.
Likewise, our census of embedded protostars is more than 90%

complete down to Lbol ∼ 0.2 L⊙. Our survey may however be
less complete than these values in the high background region
around the W40 PDR (see white polygon in Fig. 1a).

4. Discussion and conclusions
4.1. Prestellar nature of the Aquila starless cores

In this paper, we follow the naming convention that a dense core
is called prestellar if it is starless and gravitationally bound (cf.
André et al. 2000; Di Francesco et al. 2007). In other words,
prestellar cores represent the subset of starless cores that are
most likely to form (proto)stars in the future.

Strictly speaking, spectroscopic observations would be re-
quired to derive virial masses for the cores and determine
whether they are gravitationally bound or not. However, mil-
limeter line observations in dense gas tracers such as N2H+
show that thermal motions generally dominate over non-
thermal motions in starless cores (e.g., André et al. 2007).
Assuming that this is indeed the case for the Aquila cores ob-
served here, we may use the critical Bonnor-Ebert (BE) mass,
Mcrit

BE ≈ 2.4 RBE a2/G, as a surrogate for the virial mass, where
RBE is the BE radius, a is the isothermal sound speed, and G
is the gravitational constant. The critical BE mass may also be
expressed as Mcrit

BE ≈ 1.18 a4

G3/2 P−1/2
ext , where Pext is the external

pressure, which may be estimated as a function of the column
density of the local background cloud, Σcl, as Pext ≈ 0.88 G Σ2

cl
(McKee & Tan 2003). For each object, we derived two esti-
mates of the BE mass: (1) MBE(Robs) as a function of the ob-
served core radius assuming a gas temperature of 10 K, and (2)
MBE(Σcl) as a function of the local background column den-
sity measured from both our source-subtracted Herschel im-
ages and the near-IR extinction map of Bontemps et al. (2010
– see also Fig. 6b). We then calculated BE mass ratios of αBE ≡
max[MBE(Robs),MBE(Σcl)]/Mobs and selected candidate prestel-
lar cores to be the subset of starless cores for which αBE <∼ 2.
Based on this criterion, 314 (or ∼69%) of the 452 starless cores
of the main subfield and 341 (or∼63% ) of the 541 starless cores
of the entire field were found to be bound and classified as good
candidate prestellar cores. These high fractions of bound objects
are consistent with the locations of the Aquila starless cores in a
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Le problème du moment cinétique

¨ Fgravité = GM★/R2

¨ Fcentrifuge = Vrot2/R
¨ Moment cinétique: J = Vrot R 

conservé
¤ Fcentrifuge = J2/R3
¤ Rcent = J2 / GM★

¨ Si cœur initial en rotation 
solide, Rcent∝ t3
¤ Formation d’un disque
¤ comment accréter sur l’étoile ?

R grand 
Vrot faible

R petit 
Vrot élevé





De multiples signatures d’éjection 

3) Les vents de 
disque (?)

1) Les flots CO, V < 10 km/s

2) Les jets de 
plasma, V > 
100 km/s



Flots bipolaires moléculaires

Découverts par 
effet Doppler de la 
molécule CO

¤ V ~ 1-10 km/s
¤ T ~ 10 K

¨ Lents, massifs, 
froids, et creux
¤ matière ambiante 

entrainée (par un 
vent protostellaire
collimaté)

high-velocity sides of Sb1 and Sb2 are clearly separate, the
low-velocity sides of the these two shells seem to have merged.
We expect the high-velocity side of a shell seen in PPV space
to correspond to the front side of the blueshifted shell or the
back side of the redshifted shell as the expanding motion of the
outflow shell, in addition to the outflowing motion, is
contributing to the observed line-of-sight velocities. On the
other hand, at a particular line-of-sight velocity these shells
have shapes similar to ellipses, partial ellipses, or parabolas
(see Figures 3 and 4). Therefore, structures seen in different
positions and velocities can come from a single coherent
structure.

In addition to the velocity field within one shell, the overall
velocities of the shells are different from each other, which is
shown by their different opening directions in the PPV space.
For example, in the redshifted lobe, shell Sr1 is generally faster
than Sr2 (i.e., the velocity of the Sr1 shell at any distance from
the protostar is higher than that of the Sr2 shell at the same
distance), while in the blueshifted lobe, shell Sb1 is generally
faster than Sb2 (see also Figure 5). The shape of the shells is
similar, but some have different widths. In the redshifted lobe,

shell Sr1 is much narrower than shell Sr2 (see also Figure 4).
Because shell Sr1 is faster and narrower than Sr2, the two
shells intersect in PPV space (Figure 2(a)). In the blueshifted
lobe, however, the shells appear to have similar widths. At low
velocities (in the lower part of the two PPV diagrams in
Figure 2), the emission becomes complex and has many
substructures, therefore it cannot be clearly identified as being
part of one of the shells identified at higher velocities.
In Figures 3 and 4 we plot the channel maps of the

12CO(2–1) emission. Significant emission in the blueshifted
lobe is detected up to about vout=−35 km s−1, even though
the spectral window covers velocities up to vout=−99 km s−1.
In this outflow lobe, the emission moves away from the central
source as the velocity increases. At blueshifted outflow
velocities of about vout=−35 km s−1 the emission is found
at the edge of our map. Thus, it is probable that there exists
higher velocity outflow emission beyond the border of our
map. In the redshifted lobe, the emission is still quite strong at
the edge of the spectral window, which only covers up to
outflow velocities of about vout=+51 km s−1. Hence, we
suspect the redshifted lobe extends to even higher velocities.

Figure 1. (a):12CO(1–0) integrated intensity map of the HH 46/47 molecular outflow at large scales from Figure 1 of Paper II. The red, blue, and green color scales
show emission integrated over the velocity ranges from 1 to 10 km s−1, from −10 to −1 km s−1, and from −0.6 to 0.6 km s−1 (relative to the cloud velocity),
respectively. The synthesized beam is 1 37×1 31. The white contours show the 100 GHz continuum emission. (b):12CO(2–1) integrated intensity map of the HH
46/47 molecular outflow overlaid on the 1.3 mm dust continuum emission. The blueshifted lobe is integrated from vout=−35 to −10 km s−1, and the redshifted lobe
is integrated from vout=+10 to +50 km s−1. The contours start at 5σ and have intervals of 30σ (1σ=4.3 mJy beam−1 km s−1 for the blueshifted lobe and
1σ=4.9 mJy beam−1 km s−1 for the redshifted lobe). The green color shows the 1.3 mm continuum emission with contour levels of (2n)×5σ (n=0, 1, 2, 3, ..., 8)
with 1σ=0.021 mJy beam−1. The image are rotated by 30° counterclockwise. The synthesized beam of the 12CO map is 0 67×0 48, and is shown in the lower
left corner of the panel.
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CO is destroyed or excited to higher transition lines at the tip
where the shock is stronger.

The jet can also be seen at lower velocities(see Figure 1)
because of the low inclination angle of the jet to the plane of
the sky. Interestingly, at a higher angular resolutionand
sensitivity, the CO emission at 5.86 km s−1 appears to show
a helical structure along the jet axis in the south (see
Figure 3(d)) that was not seen before. This helical structure
actually consistsof a chain of small and similar-size bow
shocks curving back to the jet axis, associated with the knots
(SK2, SK3, SK4, and SK5) in the jet. The bow wings are faint
in the west, causing them to appear as a helical structure. In
addition, a faint jet-like structure can also be seen along the jet
axis in between knots SK3 and SK4 at this velocity, tracing the
jet itself. SiO emission also shows the similar bow shocks
curving back to the jet axis (see Figure 4(b)). This feature has

been seen in the simulations of a pulsed jet, both unmagnetized
(Stone & Norman 1993; Biro & Raga 1994; Völker et al. 1999)
and magnetized (Stone & Hardee 2000). On the other hand, a
pulsed wide-angle wind would produce a chain of wide bow
shocks that do not curve back to the jet axis (Lee et al. 2001),
inconsistent with our observations.

3.3. Proper Motion

Since the knots in the jet are well traced by the SiO emission,
proper motion of the jet can be estimated by measuring the
position shifts of their SiO emission peaks with respect to those
seen ∼6 yr earlier in our previous SMA map in Lee et al.
(2008). We first convolved our previous SMA SiO map to the
resolution of our ALMA map and then aligned the two maps
with the continuum peaks. As shown in Figure 5, the jet pattern
is similar in the two epochs, in agreement with the pattern

Figure 3. CO channel maps (red;linear scale) compared to the H2 map of the HH 212 system in the inner part. The synthesized beam in the CO maps has a size of
0″. 56 × 0″. 47, as indicated in the lower right corner in panel (a). The star marks the central source position. The channel velocity is indicated in the lower left corner.
The contours show the continuum map at 350 GHz adopted from Lee et al. (2014).
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Flots bipolaires moléculaires

Superposition de flots dans le nuage de Serpens
(Graves et al 2010)

q Nombreux & 
très étendus è
qq pc

q Impulsion 
totale ~ 
dissipation de 
la turbulence

q Agent de 
régulation de 
la formation 
stellaire ?

0.5pc



Flots entrecroisés dans
l’amas NGC1333

NASA/Spitzer



Rétroaction sur la formation stellaire

¤ Reduit le 
nombre et la 
masse des 
étoiles formées

¤ Meilleur accord 
avec l’IMF et la 
SFE observés

(cf. seminaire de 
P. Hennebelle sur 
l’IMF) 

Luminosité = densité de surface Σ (𝑀⊙/𝑝𝑐")
Couleurs = 𝑣#$% : 0.1 𝑘𝑚/𝑠 (violet) à 10 𝑘𝑚/𝑠 (orange) 

Sans flots Avec flots

Simulation d’un nuage magnétisé turbulent 
(Guszejnov et al. 2021)



Entrainement des flots CO: deux 
modèles concurrents

12

12

1) Vent X radial, très ouvert et 
plus dense sur l’axe

è Expansion	auto-similaire	𝑹𝒔 𝜽 ~𝒇 𝜽 𝒗𝒘 𝒕

Raga	&	Cabrit 1993,	Rabenanahary+2022

2) Jet variable: Chocs d’étrave
ètaille	transverse	finie	~ obs

Shu+91

: 
deux 
m

odè
les 

Shang+23

18 Shang et al.

Figure 5. Distribution of the number density (left) and the column density integrated over regions with vp > aa (right) for
magnetized ambient media with ↵b = 1. The rescaled logarithmic number density has a range of 4.5 orders of magnitude, while
the also rescaled logarithmic column density has a range of 4 orders of magnitude. The ambient bp field lines have been drawn
on top, as in Figure 4 of Paper I. The $-direction of these panels is stretched to reveal more enlarged views of the detailed
structures. The exaggeration factors are 4.2, 2.6, 1.5, and 1.0 for n = 1, 2, 4, and 6, respectively.
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magnetized ambient media with ↵b = 1. The rescaled logarithmic number density has a range of 4.5 orders of magnitude, while
the also rescaled logarithmic column density has a range of 4 orders of magnitude. The ambient bp field lines have been drawn
on top, as in Figure 4 of Paper I. The $-direction of these panels is stretched to reveal more enlarged views of the detailed
structures. The exaggeration factors are 4.2, 2.6, 1.5, and 1.0 for n = 1, 2, 4, and 6, respectively.
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Figure 5. Distribution of the number density (left) and the column density integrated over regions with vp > aa (right) for
magnetized ambient media with ↵b = 1. The rescaled logarithmic number density has a range of 4.5 orders of magnitude, while
the also rescaled logarithmic column density has a range of 4 orders of magnitude. The ambient bp field lines have been drawn
on top, as in Figure 4 of Paper I. The $-direction of these panels is stretched to reveal more enlarged views of the detailed
structures. The exaggeration factors are 4.2, 2.6, 1.5, and 1.0 for n = 1, 2, 4, and 6, respectively.

: deux 
m

odèles jet

Milieu ambiant



De multiples signatures d’éjection 

3) Les vents de 
disque (?)

1) Les flots CO, V < 10 km/s

2) Les jets de 
plasma, V > 
100 km/s



Un processus inattendu et universel

HH111 Reipurth & Bally 

10,000 AU 

Protoétoiles évoluées (Class 1)
Menv < M★ ≈ 100,000 ans 

Etoiles T Tauri avec disque d’accrétion 
(Class 2) ≈ 106 ans

Protoétoiles jeunes 
(Class 0) Menv > M★

≈ 10,000 ans 
HH 212 McCaughran et al

HH 30 Stapelfeldt et al 1999

1000 AU 

0.15pc = 30,000 AU 

Très similaire à travers les âges et les
masses (M★ = 0.02 - 10 M☉):  ingrédient 
essentiel de la formation stellaire 



Collimation des jets

Adapté de Lee 2020

Collimation à petite échelle < 1 au 

Identique entre Class 0 et Class 2

è Pas d’influence de l’enveloppe parente
è Collimation magnétique

SVS13
DO Tau



Un champ magnétique transverse limite la compression 
dans les chocs internes au jet : 

è Augmente l’épaisseur du choc
è Modifie intensités relatives des raies spectrales émises

Observations vs Modèles: VAlfvén ~ 0.04 - 0.1 Vjet

Champ magnétique des jets

Tesileanu 2009,2012

The Astrophysical Journal, 746:96 (10pp), 2012 February 10 Teşileanu et al.

Figure 4. Simulation in A configuration, pre-ionization 19%, perturbation
amplitude 50 km s−1, period 10 years, surface brightness in [S ii] 6716 Å (top),
[O i] 6300 Å (middle), and [N ii] 6583 Å, units of erg cm−2 arcsec−2 s−1, log10
maps.
(A color version of this figure is available in the online journal.)

by X-rays. For consistency, the maps are drawn at the same
evolutionary stage and the “variable” parameters were set to the
same values.

The top panel shows the surface brightness map for a simu-
lation in setup A, with rather compact emission knots and low-
intensity gaps between them. The B simulation (second panel
from top) includes the jet rotation with a maximum velocity
of 10 km s−1, and produces maximum surface brightness lower
than in the corresponding A cases, but with a reduced decrease
in brightness in the regions between two successive emission
peaks. In case C (third panel in Figure 5), the propagation of
the knots is slightly faster with respect to the previous cases be-
cause of the higher density (5 × 104 cm−3 instead of 104 cm−3).
In addition, the maximum value of the surface brightness is
higher than in the otherwise very similar results of case A. The
results of case D have been obtained by setting the jet rotation
at 10 km s−1 and density at 5 × 104 cm−3, and from Figure 5,
bottom panel, we see that the morphology of the line emission is
similar to the one of case B, but with higher emission intensities
due to the increased amount of mass load of the jet.

The purely hydrodynamic case Ah is characterized by a larger
lateral expansion, thus both the maximum surface brightness
and the length of the high-intensity zone are lower than in
the corresponding MHD cases, so it was excluded from the
comparison in Figure 5. The results in the E cases were very
similar to the ones obtained in the D setup, thus not displayed.

3.2. Comparison with Observations

3.2.1. Observational Constraints

We refer to HST (Space Telescope Imaging Spectrograph
(STIS) instrument) observations of RW Aurigae jets, Melnikov

Figure 5. Surface brightness maps in [N ii] 6548 Å, in four simulation config-
urations (A, B, C, and D), with pre-ionization and the same set of parameters.
Units of erg cm−2 arcsec−2 s−1, log10 maps.
(A color version of this figure is available in the online journal.)

Figure 6. Surface brightness in along the jets in units of erg cm−3 arcsec−2 s−1,
logarithmic plot on the jet axis from observations of RW Aurigae redshifted jet,
DG Tau, and HH 30.
(A color version of this figure is available in the online journal.)

et al. (2009); for DG Tau, Bacciotti et al. (2002) and Lavalley-
Fouquet et al. (2000); and for HH30, Hartigan & Morse (2007).

In Figure 6, we show the observed surface brightness along
the jet axis in the three emission doublets of [O i] (6300 Å and
6363 Å), [N ii] (6548 Å and 6583 Å), and [S ii] (6716 Å and

6

HH111
Hartigan+2001,Hartigan&Wright2015



Emission de SiO polarisée (effet Goldreich-Kylafis) avec ALMA
è V Alfvén ~ 0.14 Vjet

Champ magnétique des jets

Lee+ 2018



Corrélation avec l’accrétion

Ellerbroek+2013, Lee 2020 
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in a ratio Ṁj

Ṁacc

∼ 0.19 , higher than ∼ 0.12 obtained by fitting to all the Class 0/I data 
points. However, since the data distribution is rather scattered and our sample is small, 
further work with more accurate measurements are needed to check this. Nonetheless, 
both ratios are consistent with magneto-centrifugal jet-launching models. Note that in 
current jet-launching models, there will be wide-angle wind components around the 
jets; thus, the mass-loss rate estimated here could be a lower limit of the true value, and 
so could be the ratio.

With the ratio, we can estimate the magnetic lever arm parameter (Shu et al. 2000; 
Pudritz et al. 2007), which is defined as

where r0 is the launching radius of the jets in the disks and rA is the Alfvén radius 
along the streamline launched from r0 . This parameter determines the extracted 
angular momentum and poloidal acceleration, assuming a conservation of angular 
momentum and energy along the streamline. For example, the poloidal acceleration 
determines the terminal velocity the jet can achieve. Let vkep be the Keplerian veloc-
ity at the launching point, then vj ∼

√
2! − 3 vkep , according to the current magneto-

centrifugal jet-launching models (Shu et al. 2000; Pudritz et al. 2007). Thus, with a 
given protostellar mass and jet velocity, we can derive the launching radius with

Based on Table 1 using the six sources with both mass and jet velocity measured, 
the jet sources have a mean mass of M∗ ∼ 0.10 M⊙ and the jets have a mean velocity 
of vj ∼ 130 km s−1 . Then, with a mean ! ∼ 1∕0.19 ∼ 5 for our jet sources, the mean 

(3)! ≡

(
rA

r0

)2

≈
Ṁacc

Ṁj

,

(4)r0 ∼ (2 ! − 3 )
GM∗

v2
j

.

Fig. 2  Observed mass-loss rate 
in the jets Ṁj versus accretion 
rate Ṁacc of our jet sources (blue 
stars) compared with those in 
different classes of YSOs associ-
ated with jets and outflows 
presented in Ellerbroek et al. 
(2013). The dashed lines 
indicate Ṁj

Ṁacc

 = 0.01 and 0.1
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d’éjection
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Processus d’éjection magnétiques

Ejection magnéto-centrifuge
• Extraction de moment 

cinétique : Mjet ∝ Macc

• Jz x Bφ: auto-collimation

Blandford & Payne 1982, Ferreira 
1997

Analytique
« Vent X » 

Shu, Shang+07

Simulation numérique: 
3 composantes

Zanni & Ferreira 2013

X



Signatures de rotation de jets

D-winds

Anderson+03,  Ferreira+2006

Vent de disque MHD stationnaire, et 
axisymmétrique
RxVφ = λ r0x Vφ(r0)
Vp = (2λ-3+h)0.5  Vkep(r0)

è r0 ~ 0.05-0.2 au: bord interne du 
disque (cf. faible contenu en poussière)
λ~ 2-5

Vents de disque 
étendus

Lee+2017, ALMA

RxVϕ

Vent X

Vents stellaires

HH212 jet

SiO
@8 au



Alencar+2018   
Bouvier+2003,2007
AA Tau & KH 15D

Vrouge
Vbleu

Contribution magnétosphérique

¨ Variations rapides et corrélées des signatures 
d’accrétion et éjection en absorption

Vbleu

Vr
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variation des vitesses sur la ligne de visée 
lors de l’inflation de la magnétosphère

obs
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De multiples signatures d’éjection 

3) Les vents de 
disque (?)

1) Les flots CO, V < 10 km/s

2) Les jets de 
plasma, V > 
100 km/s



Vitesses intermédiaires: DG Tau A

VLT: Agra-Amboage+14
HST: Bacciotti+00, Maurri+14
CFHT: Lavalley+97,00

High V
high n

Low V
Low n

A&A 564, A11 (2014)

Fig. 1. Top left: raw continuum-subtracted map of H2 1–0 S(1) line emission in DG Tau. Contours start at 2.7× 10−4 erg s−1 cm−2 sr−1 and increase
by factors of 2. The cross denotes the centroid of the continuum image (shown as an insert). Bottom left: H2 1–0 S(1) map after deconvolution by
the continuum image. The lack of H2 emission at the central position results from our continuum subtraction procedure. Right panel: deconvolved
H2 1–0 S(1) image (yellow contours) superimposed on the deconvolved channel maps of [Fe II]1.64 µm obtained at the same epoch and resolution
by Agra-Amboage et al. (2011), in two velocity ranges: MV (red contours; –160 km s−1 < V < 120 km s−1) and HV (background colour image;
V < −160 km s−1 and V > 120 km s−1).

Sect. 2). With this limitation in mind, the morphology of our
deconvolved 1–0 S(1) image is strikingly similar to the FUV im-
age of Lyα-pumped H2 obtained in July 2011 by Schneider et al.
(2013a), and confirms their conclusion that the H2 wide-angle
emission in DG Tau appears essentially stationary over 6 years.
We find that the bright H2 rims near the base expanded by less
than 0.′′1 between the two epochs, implying a proper motion ex-
pansion speed Vexp < 12 km s−1. Dedicated monitoring in the
same instrumental setup would be necessary to get a more accu-
rate proper motion value. Nevertheless, the current limit already
sets tight constraints on scenarios where the H2 emission would
originate from the interaction of a wide-angle wind with circum-
stellar gas (see Sect. 4).

In the top panel of Fig. 2 we plot a cut of the surface bright-
ness of H2 1–0 S(1) emission along the blue jet axis as a function
of distance from the source, both before and after deconvolu-
tion by the continuum. The overall flux decrease with distance is
very similar to that observed in H2 FUV emission (see Fig. 4 of
Schneider et al. 2013a). The ratio of 1–0 S(1) to FUV H2 lines
thus appears roughly constant with distance. The mean bright-
ness level towards the cavity center remains about the same be-
fore and after deconvolution, ≃3 × 10−3 erg s−1 cm−2 sr−1 and
is therefore very robust. The peak brightness is more uncertain,
since deconvolution has a bias to enhance peaks at the expense
of extended lower-level emission beyond -0.′′4 from the source.

We will use the peak brightness before deconvolution as a safe
lower-limit.

In the right-hand panel of Fig. 1, we compare the H2 1–0
S(1) morphology with contemporaneous images from Paper I
of the atomic jet in [Fe II]1.64 µm in medium-velocity (MV:
–160 km s−1 < V < 120 km s−1) and high-velocity
(HV: V < −160 km s−1 and V > 120 km s−1) intervals. In the
red lobe, H2 follows well the base of the bowshock feature seen
in the MV range of the [Fe II] emission, suggesting that it traces
the low-velocity non-dissociative wings of this bowshock. In the
blue lobe, in contrast, the bright rims of H2 emission are much
broader than the [Fe II] jet, that they largely encompass. This is
further quantified in the bottom panel of Fig. 2, where we plot the
transverse FWHM of the H2 1–0 S(1) emission in the blue lobe,
as measured on the deconvolved image, as a function of dis-
tance from the source. The width at ≃–0.′′1 is dominated by the
bright inner peak, which is only marginally resolved transver-
sally. Beyond this point, the width increases up to 0.′′5 at a dis-
tance of –0.′′25, indicating an apparent half-opening angle ≃45◦
similar to that determined by Schneider et al. (2013a) from their
FUV image. This is much wider than the 14◦ and 4◦ measured
at the same epoch for the MV and HV channel maps of [Fe II]
(see Fig. 2 and Paper I). At larger distances, the roundish shape
of the H2 emission makes its FWHM decrease again, while the
[Fe II] jet keeps its narrow opening.
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LVC 
< 20 km/s

IVC
50-150 
km/s

HVC
>150 km/s

50 au

HST: 
Bacciotti+02, 
Coffey+07 

è Rout ~ 3 au
è λ~ 13

stratification 
« en pelures d’onion » 

Signatures de rotation
dans l’IVC atomique

Vent de disque MHD étendu ?

Anderson+03 
Pesenti+04

0,3’’



Class 1 CB26
Launhardt+09

Vents de disque moléculaires en rotation

Class 2 HH 30 Louvet+2018

Class 0 Source I Matthews+10

20 au

Class 0 HH 212  
Lee+21,Tabone+17

Class 1 TMC-1A Bjerkeli+16

50 au30 au

Class 1 DG Tau B
deValon+2020,22

et al. 2018b). They are now detected further away and seen to
smoothly connect to the SiO/SO bow shocks downstream at
larger distances (∼600 au; Figure 1(e)). Faint extended SO
emission is also detected surrounding the base of the shells,
within z 150 au from the disk. This emission shows up better
in an intensity-weighted velocity map (Figure 2), forming a
wide-angle rotating outflow together with the base of the shells,
appearing as a thick X-shape fanning out from the disk, rotating
around the jet. Away from the base, the shells are mainly
blueshifted in the north and redshifted in the south, similar to
the velocity sense of the bow shocks at larger distance and thus
driven by them. The inner part of the wide-angle outflow
coincides with the base of the shells and is thus perturbed by
the bow shocks. The wide-angle outflow has an outer boundary
outlined by the inner infalling-rotating envelope traced by the
high-velocity emission of HCO+ (Figure 2(b)), confirming that
it originates from the disk. Its outer part is unperturbed by the
bow shocks, providing the best opportunity to check the
previously proposed MHD DW interpretation (Tabone et al.
2017, 2020).

4. MHD DW Model

Various MHD models are being developed to launch DWs
and carry away part or all of the angular momentum from
accretion disks (Turner et al. 2014; Bai 2017; Zhu &
Stone 2018; Riols et al. 2020). The first and most simple 2D
version of these models is a steady-state, axisymmetric, self-
similar wind launched from a geometrically thin Keplerian disk
(Blandford & Payne 1982; Ferreira 1997). These models are
well suited for comparison with observations because they
allow for parameter studies. As discussed in Tabone et al.
(2020), the observable structure and kinematics of the wind in
these models are mainly determined by three parameters: (1)
protostellar mass M* defining the Keplerian rotation

=v GM rk,0 0* at a radius r0 in the disk; (2) magnetic level
arm parameter ( )�l r rA 0

2, where rA is the Alfvén radius
along the streamline launched from a footpoint at r0,
determining the poloidal acceleration and the extracted specific
angular momentum (in particular, the terminal wind velocity
and the final specific angular momentum achieved along each
streamline are l~ -v v 2 3w k,0 and l∼ λ l0, respectively,
where l0= r0 vk,0 is the value at the footpoint at r0); and (3)
widening factor ºW r rmax 0, where rmax is the maximum

Figure 2. Intensity-weighted velocity maps of SO in the inner region at low velocity. The gray X-shaped curve in (a) outlines the wide-angle rotating outflow detected
in SO. Panel (b) zooms into the central region. Black contours show the same disk map as in Figure 1. Red and blue contours show the high-velocity (HV) HCO+

emission adopted from Lee et al. (2017c), outlining the boundary of the innermost envelope. Gray curves plot the streamlines of the disk wind in Model L5W30, with
footpoints at r0 = 4, 8, 16, and 40 au. Dashed curves show the streamlines with footpoints at r0 = 0.2, 1, 2 au.
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Théorie des Vents de disque

Energie provient de l’irradiation 
stellaire (Xray, EUV, FUV)

S’échappe si cs ≳ 0.3 Vkep è r esc ≈ 1-
4 au

V∞ ≈ quelques cs

1) Vent magneto-centrifuge (MHD) 2) Vent Photoevaporé

Gressel

Accéléré par des forces magnétiques qui 
freînent le disque et induisent l’accrétion

V∞ depend du paramètre de bras de 
levier magnétique  λ= jwind / jkep ≃(rA/r0)2

r / AU

normalized mass
loss rate r2 Σw

r = rg

EUV
only

EUV + X-ray 
ionizing flux

hot, bound disk
atmosphere

photoevaporative flow, 

v = few - 10 km s-1

diffuse field

FUV
irradiation

Adapted from Armitage

hot, bound
disk
atmospher
e Photoevaporative flow

Sonic surface

r > r esc ≳1 au



Des vents de disque MHD ?
Vent de disque MHD stationnaire et axisymmétrique

r0 = 0.5-40 au, λ~ 1.6-3 
è Cohérent avec modèles de vents magnétisés 
issus de la « zone morte » du disque

Vpoloidal

R Vφ
HH212

~

Bethune+2016, Gressel+2020, Wang&Bai+2019, Lesur2021

è Extraction de moment cinétique 
par le vent pourrait soutenir
l’accrétion à travers la zone morte 

rout
rin𝜉

(𝜉 ~ 1)



Questions ouvertes: pourquoi une 
géométrie si conique?

de Valon et al. 2020

Faint extended wind
Bright CO

 cone

Atomic jet

Tabone, Raga et al. 2018

Interaction jet – vent de 
disque

slow
wind

slow
wind

DG Tau B 

model, the shells are produced as the X-wind expands into the
extended disk wind coming out from the outer disk detected
before in SO (Tabone et al. 2020; Lee et al. 2021b). This
extended disk wind is a hollow wind launched from the outer

disk with a radius from ∼4 to 40 au. It is magnetic and vanishes
inside 4 au, probably because of a decrease of disk magnetiza-
tion (Lee et al. 2021b). It has a mass-loss rate of ∼10−6 Me
yr−1, with the number density decreasing with the increasing
height from the disk midplane approximately as (in spherical
coordinates)

n
r

6 10
sin
sin 45

100 au
cos

cm , 1d

p
6 3R

R
_ q

n
�⎛⎝ ⎞⎠⎛⎝ ⎞⎠ ( )

where the power-law index p= 4/3. Here the sine factor is to
make the wind hollow, with θ being the angle measured from
the jet axis. Since the SO emission derived from this wind
decreases with height slower than that detected in the
observations (Lee et al. 2021b), the actual density of the wind
could decrease faster with height. Therefore, we increase from
p= 4/3 to 2, which also simplifies our calculation of the shells
later. The velocity of the extended disk wind is much smaller
than that of the X-wind and thus ignored in our calculation.
According to Lee et al. (2001), the resulting shell velocity is

v
v

1
, 2s

w
1 2I

�
� �

( )

where vw is the velocity of the X-wind and η=nw/nd, with nw
and ndbeing the number density of the X-wind and disk wind,
respectively. At the tip of the shell, η? 1 and thus vs∼ vw. The
resulting shell has a lobe-like structure with

r
L

1
, 3s 1 2I

x
� �

( )

where L is length of the lobe.
Figure 5 shows the model structure with red dotted curves

and model PV structure with red solid curves, with vw∼ 90
km s−1 and L∼ 1050 au in the north and 1350 au in the south,
as measured from the observations. The shells have a
dynamical age of ∼L/vw, the same as their associated jet
component, about ∼60 yr. The inclination angle of the shell to
the plane of sky is ∼6° in the north and 3° in the south. Like the
jet, the small difference of inclination angles between the two
sides is acceptable. As can be seen, this model reproduces the
shell structure and kinematics reasonably well. Moreover, in
this model, the shell velocity increases to ∼20–25 km s−1 at a
distance of ∼300 au from the protostar, high enough to sputter
Si or SiO from the grains in the dusty disk wind and form the
SiO in the gas phase (Schilke et al. 1997), producing the
observed SiO emission in the shells.

4. Summary and Discussion

Regardless of the uncertainties in the model parameters and
measurements, the simple X-wind model can still reproduce the
key features (including radial flow, rotation, and structure) of
the jet as the densest core of the wind and the key features
(including structure and kinematics) of the shells with the
interaction between the wide-angle radial component of the
wind and an extended dusty disk wind. It is expected that an
inner disk wind can also reproduce the key features. Thus, the
jet is likely a dense core of either an X-wind or an inner
disk wind.
Interestingly, the wide-angle radial component, if does exist,

can also solve other existing problems. In particular, since a
pure collimated jet has difficulty producing the observed width

Figure 5. Comparison of the shell and PV structure along the jet axis between
the model and observations. The model structure (red dotted curves) and model
PV structure (red solid curves) of the shells are derived from an interaction of
the X-wind with an extended disk wind. The dotted blue curves outline the
shells previously detected in SO (Lee et al. 2021b). The contours start at 3σ
with a step of 4.5σ, where σ = 5.8 K.
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Interaction vent-X/vent de disque
(modèle pour HH212) 



Le cas de HH212

Cf. Tabone+2017,Tabone+2020, Lee+2021 

40 au

Disk

Lignes d’écoulement

Comparaison des observations de HH212 avec un modèle complet de vent de disque MHD
(solution MHD, superposition de couches, projection sur le ciel, convolution par le lobe)
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O

+
(en
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lop

e)

Model

Signatures de rotation



Simon+2016, McGinnis+2018 Nisini+2018, Banzatti+2019, Fang+2020,23

Composantes à basse vitesse 0-30 km/s omniprésentes
Vent de disque MHD externe ? 

Vents de disque dans les T Tauri

jet jet

Si élargissement dominé par rotation 
= 2 Vkep(r0) sin(i) è r0 ~ 0.02-5 au  



Vents de disque dans les T Tauri

Extension de la composante
basse vitesse dans la direction du 
jet 
Whelan+2021

Image JWST : cavité en X au dessus 
du disque
Duchêne+2023



Riols & Lesur 2018

Disque ALMA Isella+ 2018   
Jet VLT/MUSE  Xie+2021

HST/ACS image

HL Tau

Impact sur la formation planétaire ?

CO 

• Formation spontanée 
d’anneaux et de sillons par 
instabilités magnétiques: 
concentration des solides

• Aide à la formation de 
planétésimaux et planètes

A. Riols, G. Lesur and F. Menard: Ring formation and dust dynamics in PP discs
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Fig. 13. Top: Flux density ⌫F⌫ in W/m2/pixel calculated by MCFOST, with the disc viewed face-on (left panel) and edge-on (right panel) for � = 1
mm. This is calculated for t = 500T0 and � = 103. Bottom: same images but convolved with a Gaussian kernel with a full width half maximum
(FWHM) of 3 AU. The white dashed lines in the right panels shows the surface z = Hg for R = 200 AU.

Fig. 14. Top: Convolved flux density ⌫F⌫ in W/m2/pixel as a function
of radius. Bottom: Spectral index ↵s = d log F(⌫)/d log ⌫ as a function
of radius measured between � = 1 mm (ALMA band 7) and � = 3 mm
(ALMA band 3)

6. Radiative transfer with MCFOST

The aim of this Section is to produce synthetic images derived
from our simulations in order to predict the observable properties
of ambipolar-dominated discs threaded by a net vertical field.

For that we use the 3D continuum and line radiative transfer code
MCFOST based on the Monte Carlo method (Pinte et al. 2006).

Assuming a given gas and dust density distribution, the code
first computes the temperature structure assuming that the dust
is in radiative equilibrium with the local radiation field. This is
done by propagating photon packets, originally emitted by the
central star (assumed to be of solar-type), through a combination
of scattering, absorption and re-emission events until they exit
the computation grid. During this step, we use 1 280 000 photon
packets in total. It is assumed that the dust opacities are fixed and
do not depend on the temperature during this stage. Observables’
quantities (images) are then obtained via a ray-tracing method,
which calculates the intensities by integrating the radiative trans-
fer equation along rays perpendicular to each pixel of the image.

The disc extends from an inner cylindrical radius Rin = 10
AU to an outer limit Rout = 200 AU, with a total gaseous
mass equal to 5 ⇥ 10�2 solar mass. Dust grains are defined as
homogeneous and spherical particles (Mie theory) with sizes
distributed according to the power law dn(a)/da = ap with
p = �3.5. During the radiative transfer calculation, we consider
100 di↵erent sizes of grains ranging from 0.03 µm to 1 cm. We
note that our PLUTO simulations only contain four dust species
of 0.1, 0.3, 3 and 10 mm, which all possess the same initial mass.
Thus, to construct the distribution of each grain population,
MCFOST automatically interpolates the axisymmetric PLUTO
density fields between the input sizes, and then normalises them
to make sure that dn(a)/da = ap with the additional constraint
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Vent MHD ou entrainement ? 
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Lopez-Velazquez+2019,2020

Orion Src I 29SiO (Hirota+17)

¨ Modèles actuels 
(entrainement par 
un vent large) sous-
estiment la rotation 
observée 

modèle

obs



Vent MHD ou Entrainement? 

¨ Par un jet 
variable: à tester 

33

DG Tau B de Valon et al. 2020, 2022
ALMA CO(2-1)

bowshocks

Rabenanahary+2022



Magnétisation du disque ?

¨ Simulations 
MHD non-
ideales
prédisent B 
~100 mG

¨ Détection 
récente dans 
une météorite 
très ancienne

¨ Pas encore 
dans un disque

¨ Diffusion du flux 
vers l’extérieur 
ou l’intérieur ?



Conclusions et perspectives

Le processus d’éjection joue un rôle 
fondamental dans la formation stellaire: 
• Flots bipolaires peuvent réguler la masse et 

le nombre d’étoiles formées
• Jets rapides proviennent de la zone 

d’interaction étoile/disque : sans-doute 
cruciaux pour le freînage de l’étoile 

• Découverte, à vitesse intermédiaire, de 
vents moléculaires en rotation issus du 
disque: 

• éjection MHD qui permet l’accrétion à 
travers le disque ? 

• Tests de ce nouveau paradigme:
• Modèles plus détaillés (interaction jet / 

vent / enveloppe, diffusion de B)
• JWST: gaz à température intermédiaire 

entre jet (10,000 K) et CO (30 K)
è chauffage MHD, irradiation, chocs …

Delabrosse, in prep.




