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 Jets, Outflows, and disk winds 
 
o  Jet and outflow signatures across star formation 
o  Jet collimation : evidence for a magnetic process 
o  Jet energetics : challenges for stellar winds 
o  Magneto-centrifugal disk winds: pros and cons 
o  Conclusions  



Reminder: Stages of star formation 

accretion 

Accretion 

Class 0 (M* < Menv)   
Class 1 (M* > Menv) 

Class 2 Class 3 

Optically  
Invisible 
phase 

Optically  
visible 

Strong accretion-driven outflows 



Resolved outflow signatures in young stars 

Class I  105 yrs



Fast axial Jets 
V = 100-800 km/s  
  

Low-velocity outflow cavities 
V = a few 10 km/s  
  

HST / NASA  
Spitzer NASA / Velusamy et al 2007  

HH46-47 
in H2 

Hα 

-  Ionic lines (O, S, S+, Fe+, Hα…) 
-  Free-free radio continuum  
-  Molecular lines (H2, SiO, CO..) 
-  Water masers (jet base only) 

-  Molecular lines: CO, H2 (+ « ice » 
species CH3OH, H2CO …) 

Reviews: Cabrit (2002, EDP Science), Arce+2007 (PPV)  
Frank+2013 (Protostars & Planets VI) 



Similarity to other astrophysical jets and 
outflows 

HST / NASA  
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Similarity to other astrophysical jets and 
outflows 

Protostar 

Dying star 



Low velocity outflow cavities 
o  First observed outflow signature in protostars (Snell+1980) 
o  Often Mass > M* è mostly ambient gas swept-up by   

Ø  jet bow-shocks    see Cabrit, Raga & Gueth 1997 
Ø + wide angle wind ?  
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   ALMA: Nested CO jet bowshocks in HH212 (Lee+2015) 
Green: H2 (2mic)  Red: 12CO (ALMA) 

See Arce+2007, Protostars & Planets V 



HH 212  McCaughran et al 

0.15pc = 30,000 AU  

Universality of jets across ages  

HH111 Reipurth & Bally  

10,000 AU  Evolved Class 1 Protostars            

Class 2 = T Tauri Star with accretion Disk 
~ 106 yr 
No more obscuring envelope 

Class 0 Protostars 

HH 30 Stapelfeldt et al 1999 

1000 AU  

103-104 yr 
M* < Menvelop 
 

~ 105 yr 
Residual infall, M* > Menvelop 



A universal jet launching mechanism ? 

HD163296:  
Ellerbroek+14:  
similar to T Tauri  jets  
BUT no strong kG 
dipolar B* as in TTS 
 
 

v  M* from 24 MJup  to 15 M¤ (Whelan+04, Guzman+10) 
v  Mdot_acc from 10-10 to 10-5 Mʘ/yr 
v  Little influence of B*: Jets from young Herbig Ae/Be stars, (Gregory+14) 
 

VLT / XSHOOTER 



A universal collimation process 

  

§  collimation of atomic Class 2 jets into narrow cone at Z ~ 50 AU,R ~10 AU 

§ Same in molecular jets from Class 0 protostars 
(Cabrit et al. 2007) 

θ ≈ 15° 

θ ≤ 4° 

Cabrit et al. 2007 

θ ≈ 15° 

HST (Hartigan+04) 

r0 < 5.5 AU  

HH212 
SiO ALMA 

Codella+14 

Water  
masers 



Minfall/Mwind=10                20                30                 40                  50      

Inertial collimation by infalling envelope ? 
o  Simulations for spherical wind:  

Ø  opening angle strongly depends on ratio Mdot_infall/Mdot_wind 
Ø Observed ratio ≤ 10 è cannot explain narrow jet 

Ø Need Magnetic collimation (cf. Cabrit 2007, LNP) 

Delamarter, Frank & Hartmann (2000) 



Evidence for magnetic collimation 

o  Synchrotron linear polarisation in 
HH80-81 jet from 10M¤ protostar 
Ø <B> aligned with jet  
Ø  Polarization degree increases 

toward jet edges, like in AGN jets 
è confining helical B ? 

o  Stationary Xray knot:    
                           recollimation 
      shock ?  

0.5pc 

optical and radio Herbig-Haro objects HH 80 and
HH 81, whereas to the northeast it terminates in
the radioHerbig-Haro objectHH80N (17) (Fig. 1).
With a total extension of 5.3 pc [for an as-
sumed distance of 1.7 kpc (26)], this is one of
the largest and most collimated protostellar jets
known so far. Previous radio observations showed
that the spectrum of the emission from the central
source is characterized by a positive spectral in-
dex, suggesting that it is dominated by thermal
free-free emission (17). In contrast, the negative
spectral indices of the emission from HH 80-81,
HH 80 N, as well as from some of the knots in
the jet lobes, suggest that an additional non-
thermal component could be present in these
sources (17).

Our observations (Fig. 1) show that the emis-
sion of the knots located ~0.5 pc from the driving
source is linearly polarized, indicating the pre-
sence of nonthermal synchrotron emission in this
jet (24) and implying the presence of relativistic
electrons and a magnetic field. The observed po-
larization vectors are perpendicular to the direc-
tion of the jet, with a degree of polarization of the
order of 10 to 30%. The direction of the apparent
magnetic field (the component in the plane of the
sky averaged over the line of sight) is taken to be
perpendicular to the polarization vectors [this is
correct for a nonrelativistically moving source,
such as the HH 80-81 jet; for relativistic jets, such
as AGN jets, additional assumptions on the ve-
locity field are required (27)]. Then, the apparent
magnetic field appears very well aligned with the
direction of the HH 80-81 radio jet (Fig. 1C).

By using the equations 7.14 and 7.15 of
(28) we obtained the minimum total energy, E =
c13(1 + k)4/7f3/7R9/7LR

4/7, and the equipartition
magnetic field, B = [4.5c12(1 + k)/f]2/7R−6/7LR

2/7.
In these equations, f is the filling factor of the
emitting region, R is the radius of the source, LR
is the integrated radio luminosity, k is the ratio
between the heavy particle energy and the elec-
tron energy, and c12 and c13 are functions of the
spectral index and of the minimum and maximum
frequencies considered in the integration of the
spectrum,which are given in appendix 2 of (28). To
estimate the radio luminosity, we integrated the
radio spectrum in the range between 20 and 2 cm
by using the flux density measurements of (17)
(table S1). We used a filling factor of f = 0.5 and
k = 40 [this value of k is appropriate for accel-
eration in a nonrelativistic shock (29)]. With these
parameters, we obtained typical values for the
knots of the radio jets of B ≃ 0:2 mG and E ≃
2 × 1043 erg.

The direction of the apparent magnetic field
obtained from the synchrotron emission is strong-
ly concentrated in a direction very close (∼4°) to
the jet axis, whereas the direction of the magnetic
field inferred from polarization of the dust near
the protostar (30) is offset by ~20° and shows
more scatter (Fig. 2); however, part of this scatter
could be attributed to turbulent and thermal mo-
tions. It has been estimated that the magnetic
field in the region ~0.1 pc around the protostar

IRAS 18162−2048 has a value of 0.2 mG (30).
If we assume that this field is anchored to the dust
envelope and behaves like a dipole, it should
drop with distance cubed. However, even at ~0.5
pc from the protostar, the strength of themagnetic
field in the jet remains comparable to that ob-
served in the core by (30), when it should have
decreased by more than a factor of 100 if it was
merely reflecting the field in the ambient cloud.
These results suggest that, whereas dust polar-
ization traces the magnetic field associated with
the ambient material close to the protostar, the
synchrotron emission traces the magnetic field
intrinsically associated with the jet.

The polarization properties and the magnetic
field configuration in the HH 80-81 jet are very
similar to those observed in AGN jets. In AGN
jets, the polarization is always observed either

perpendicular or parallel to the axis of the jet (27).
When jets are transversally resolved, the degree
of linear polarization reaches a minimum toward
the jet axis and increases toward the jet edges
[e.g., figure 4a in (31)]. Figure 1B shows that the
linear polarization in HH 80-81 is perpendicular
to the jet axis, and Fig. 3 shows that the degree of
linear polarization increases as a function of the
distance from the jet axis. In AGN jets, this con-
figuration of the polarization has been interpreted
as indicative of a large-scale helical magnetic
field (27, 31).

The relevance of magnetic fields in proto-
stellar jets has been anticipated from theoretical
models of star formation [see (4, 32, 33), and
references therein]. However, most of the atten-
tion has been paid to the role of themagnetic field
in the launching region, and its relevance in the

A C

B

Fig. 1. Images of the HH 80-81 jet region at 6 cm wavelength. (A) Image of the total continuum
intensity, showing the whole extension of the HH 80-81 jet. The brightest radio knot (labeled as IRAS
18162−2048) is associated with the central protostar. The color scale [shown in (C)] ranges from 0.039 to
4.5mJy beam−1. The rectangle marks the central region of the jet, which is shown in (B) and (C). (B) Linearly
polarized continuum intensity image (color scale). The color scale ranges from 39 to 85 mJy beam−1.
Polarization direction is shown as white bars. The total continuum intensity is also shown (contours). Contour
levels are 40, 100, 400, 850, and 3300 mJy beam−1. (C) The apparent magnetic field direction (white bars)
is superposed with the total continuum intensity image (color scale). The images were made by using a
tapering of 20 kl in order to emphasize extended emission. The root mean square of the noise of the
images is 0.013 mJy beam−1, and the synthesized beam is 13″ by 8″ with a position angle of 2° [shown in
the bottom left corner of (C)]. The (0,0) offset position corresponds to the phase center of the observations,
at right ascension (RA, J2000) = 18h 19m 12.102s and declination (DEC, J2000) = −20° 47′ 30.61″.
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Carrasco-Gonzalez et al 
2010, Science 330, 1209 

Gudel+08,12 

DG Tau  
star 

Soft X-ray  
stationary knot 

30 au 



Atomic Jet mass fluxes vs accretion  

o  Mjet/Macc ~ 10% 
o  Universal accross 

evolutionary stages 
and stellar masses 
(over 5 orders of magnitude in 
Macc)  

o  Force Fw = Mdot Vw  
≥100 Lacc/c 
o  Not radiatively driven 

stellar winds !  

o  Mechanical 
luminosity Lw 
~ 1%-10% Lacc 

Atomic Jet 
Mass flux 

Disk accretion rate 
(from UV excess or Lbol) 

  
Elllerbroek+13 
(with 
compilation  
of literature) 



Thermally driven stellar winds ? 

o  Needs thermal speed of order the escape speed  
ü kT/µmH ~ 2GM*/R* è T > 106 K in solar-mass T Tauri stars 
 

• Problem:   
• Predicted X-ray flux exceeds 
observed Lx, and even Lbol 
(De Campli 1981)  
 



Alfvén-wave driven stellar winds ? 

o  Stellar B-field perturbed by accretion flow onto star 
Ø MHD waves could transfer momentum and drive cold stellar wind  

o  First Models (spherical, coherent waves, no damping, B* = 500G)   
Ø Lwind ~ 20% Lwave (De Campli 1981)  
Ø  for young protostellar jets: Lwave = 5 x Lwind = 5%-50% Lacc : 

uncomfortably high fraction of accretion power into Alfvén waves 
 

o  Models for specific T Tauri star parameters (Cranmer+09)  
Ø Mw(model)/Mw(obs) ~ 0.1 (median) 

è Strong stellar winds probably present but another contribution 
appears needed to explain jet mass-fluxes…  



Possible jet/wind launching regions 

Rsub ~  3 1012 cm = 0.2 AU = 0.001’’ @200pc   

Dusty disk wind Dust-free disk wind 



Magneto-centrifugal disk winds  
o  Blandford & Payne 1982,  

Ø Poloidal B in disk extracts 100% angular 
momentum flux and accretion power 

Ø Self-collimation by “hoop stress” (Jz x Bφ)  
Ø Magnetic lever arm parameter                      
λ = (rA/r0)2 è V∞ and Mass-flux 

Ø X-wind (review: Shang+00): r0 ~ 0.07 AU, 
λ ~ 3, Mw/Macc ~ 0.3; all assumed (mass-
loading not yet solved).  

Ø D-wind (review: Pudritz+00) broad range 
of r0; λ and Mw/Macc solved from disk 
vertical equilibrium +B structure 

o  Numerical simulations of extended D-
winds: Zanni+07, Stepanovs & Fendt 
2014 

 



Magneto-centrifugal disk winds 
how do they work ?  

§  Poloidal B twisted by rotation : creates 
Bφ and torque  

§  Full 2D steady solutions of accretion-
ejection transition (Wardle & Konigl 93; 
Ferreira 97; Casse & Ferreira 00):  
Ø  Inside disk, Fφ < 0: disk spun down 

and (slightly) subkeplerian 

Ø  Above surface, Fφ > 0 : matter is 
spun up: cold magneto-centrifugal 
ejection      

Ø  Disk heating increases mass-flux è 
decreases magnetic “lever arm” rA/
r0 and V∞ (conserve ang.mom.flux) 

Disc-winds - analytics (3/4)

Angular momentum

 where jet torque is

@ z=0, translates into

Steady-state diffusion:

! Accretion velocity determined by large scale field (" >>1)

 Jr decrease on h, requires q ~ p ~ unity  (Ferreira & Casse 08, sub to MNRAS)

A necessary condition for jet production is a

magnetic azimuthal acceleration

 @ z= 0, F#< 0  (disc material spun down)

 @ z= h, F# > 0  (jet material spun up)

However, @ disc surface, no static equilibrium anymore: unavoidable

acceleration

Caveat for averaging procedures (e.g. Shu et al 08, ApJL)

Disc-winds - analytics (2/4)

Radial MHS equilibrium

- pressure deviation ~ (h/r)2

- magnetic radial tension ~ p µ (h/r)

 BUT estimate valid only @ z=0

Magnetic effect increases with height

! "(z) decreases within the disc

Ferreira & Pelletier 95

 µ = 1.03

 µ = 0.6

z/h 

Ω/Ωk 



Observational constrains on MHD disk 
winds 

o  Comparison of synthetic predictions and observations 
Ø Apparent collimation scale: OK (Shang+98, Cabrit+99, Garcia+01,Ray

+07) 
Ø  “Onion-like” velocity structure è suggest broad range of r0 ~ 0.1- 3 AU   
Ø but other explanations possible  
(Pyo+03, Agra-Amboage+11,  
White+16).  
 
 

50 AU 

Fe+ flow 

DG Tau Jet Agra-Amboage et al. (2011)  
 

Colors:    [Fe II]  HVC     V  > 150 km/s 
    ______ :   [Fe II]  IVC      50 < V  < 150 km/s 
   ______ :     H2                   V  <  50 km/s 
 



Dust in the launching regions of jets ? 

² Modeling of line ratios at base of atomic jets suggests under-abundance of 
refractory elements (Fe, Ca, Ni, Si…) vs less-refractory (O, S, P…) at all 
stages (Class 0, 1, 2 : Dionatos+10, Podio+11, Agra-Amboage+11) 

Ø  Depletion stronger at lower V 
Ø  Locked in dust grains ? à  Rlaunch > Rsub = 0.2 AU 
Ø  Or dust grains trapped outside of Rlaunch ? (eg.disk dead zone)  

      Podio+11 DG Tau B  



Atomic jet rotation? 

Steady,	
  axisymmetric	
  	
  MHD	
  disk	
  wind	
  predicts	
  (Anderson+03)	
  
	
  
	
  
	
  è	
  would	
  infer	
  r0	
  ≈	
  0.1	
  -­‐	
  5	
  AU,	
  λ	
  ~10	
  for	
  all	
  candidates	
  so	
  far	
  

Transverse Vshift 
possibly due to 
rotation ~ 10-15 kms 
in 6 atomic jets  
(Bacciotti+02, Woitas
+03, Coffey
+04,07,11,12)  

Class 2 DG Tau atomic jet 

Problem: optical « jet rotation » sense does not match 
disk rotation in 2 out of 4 cases (Cabrit+06, Louvet+16) 

•  non-steady MHD disk winds ? (Sauty+11, 
Fendt 2012) ? 

•  not jet rotation ? (eg. asymmetric shocks)  
•  Cannot infer r0 from such signatures… 

è MHD disk wind with λ = 13 fits all spatial 
variation of DG Tau jet Vshift (r,z) (Pesenti+04)  



Molecular Jets : disk winds ? 

C34S
(7-6) C34S
(7-6) C34S
(7-6) 

SiO(8-7) 

Codella+2014  
Podio+2015 

SiO(8-7) 

HH212 
ALMA 

Class 0 

è Molecules ejected from the disk ?  

HH 212 with ALMA  Lee+15  
see also Codella+14,Podio+15 

Green: H2   Red: 12CO 
•  Class 0 jets very bright in molecular lines 

(H2, SiO, CO, SO) V ~ 60-150 km/s 

•  Only H2 left in Class 1 jets 
è chemical evolution with age  

•  thermo-chemical model of dusty MHD 
disk winds with λ = 13  (Panoglou+2012)  
Ø  agree with these trends 
Ø  reproduce Herschel H2O profiles in 

20’’-40’’ beams (Yvart et al. 2016) 

Ø  But challenged by ALMA/PdBI / VLBI 
observations !  

Yvart et al.: Water emission line profiles in class 0 protostars.
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Figure 4. Best fitting model (red) compared to 557 GHz Herschel/HIFI observations (black)

(Kristensen et al. 2012). Sources are sorted by decreasing order of predicted luminosity Łtot (i.e.

accretion rate) and then by decreasing order of source luminosity. Modeling parameters are sum-

marized in table 3. Predicted profiles have been centered on rest velocity for each source. Solutions

are not unique, green profiles corresponds to alternative fitting model. The last six plots show class

1 sources from Kristensen et al. (2012) which are possibly fitted by class 0 models.

result from high velocity shocks internal to the jet or from faster streamlines originating inside the

dust sublimation region which are not included in our model.

Sources fitted with high accretion rate more often involve low inclination angle while low

accretion rate are often associated with high inclination angle. Ced110-I4 is the only source that is

overpredicted by all model from our grid and is out of the range of the figure 3. This source have

been compared with extra grid model at rmax
0 = 1AU. Following Lehtinen et al. (2001); Andre et al.

(2000) Ced110 I4 could be considered as class 1 protostar.

The disk wind extension found for L1527 rmax
0 < 6.4 AU is compatible with observed forming

disk diameter R ⇠ 40 AU suggested by Tobin et al. (2010) observations.
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ALMA observations of HH212 

500A
U 

HH212 ALMA cycle 
0 + 1 

Bowshock 
SiO 

C34S  

No clear rotation in molecular jet. 
è radial extent of MHD Disk wind < 10 

AU and low angular momentum 

  
 Example model:  
 r0 = 0.2 – 6 AU, λ = 5 

Tabone et al 2016 in prep.,  
ALMA 0.3’’ resolution 



Slow molecular «winds » 

CB 26 in CO, Vφ ~ 1 km/s  
V ~10 kms ? 
(Launhardt et al 2009, PdBI) 

Massive protostar Source I 
SiO masers VLBA 

Vp and Vφ ~ 15 kms    
(Matthews et al 2010) 

 
MHD Disk-wind Model with 

r0 = 3.5AU (Vaidya etal 
2013) 

Model	
  Obs	
  

Class 1  Class 0  
Launhardt et al.,: Rotating molecular outflow in CB26 11

Fig. 3. 12CO (2–1) integrated intensity maps (contours) and mean velocity field (1st moment map, color) of CB26, rotated by 30◦.
White contours show the 1.1mm dust continuum emission from the disk as observed with the SMA (contour levels same as Fig. 1).
The 12CO synthesized beam size is shown as large grey ellipse. The smaller and darker ellipse shows the 1.1mm continuum beam.
Left panel: observations. Right panel: best-fit model for 12CO (2–1). Dashed lines refer to the y-coordinate of the position-velocity
diagrams shown in Fig. 4.

Model	
  Obs	
  

MHD models for Orion Source I disc winds L51

Figure 1. Velocity field (in km s−1) of the SiO v = 1, 2 and J = 1–0 maser
emission in Orion Source I as observed with the VLBA (Matthews et al.
2010). The stellar velocity is ∼6 km s−1. The bulk of the SiO emission
is located within four ‘arms’ of an X-shaped pattern, while a ∼14 au thick
band with no SiO emission harbours the 7-mm continuum source (Reid et al.
2007; Goddi et al. 2011). The continuum emission traces an ionized disc,
while the SiO masers probe material ablated from the surface of the disc in
a wind.

of radiation forces and magnetic fields to show that radiation from
luminous stars with masses >30 M⊙ does modify the dynamics of
outflows. However, since the luminosity for a 2 × 10 M⊙ binary
would be less than that of a single 20 M⊙ star, we adopt that model
in the ideal MHD regime (neglecting radiative forces) to numeri-
cally simulate the dynamics of the disc wind inside 100 au from
Orion Source I.

2 M ODEL ASSUMPTIONS

The initial conditions adopted to model the disc wind from Orion
Source I are reported in Table 1 and are derived from either obser-
vations and/or modelling of the system. Source I is believed to be
an eccentric, hard binary with a total mass of 2 × 10 M⊙, based
on studies of the dynamics of YSOs and molecular gas in Orion
BN/KL, as well as N-body simulations (Bally et al. 2011; Goddi
et al. 2011). In particular, proper motion measurements of radio

Table 1. Parameters chosen for the reference run to
study MHD-driven outflow from Orion Source I.

Quantity Reference value

Masses of binary (m1, m2) 10 M⊙, 10 M⊙
Orbital separation (2a0) 7 au
Reduced stellar mass (µ∗) 5 M⊙
Wind-launching radius (r0) 3.5 au
Keplerian velocity at r0 (v0) 35.7 km s−1

Volume density at r0 (ρ0) 5.0 × 10−14 g cm−3

Plasma beta at r0 (β0) 1.0
Density contrast (δ) 2.85

Figure 2. Cartoon model for Source I.

sources provided strong evidence that a dynamical interaction oc-
curred about 500 yr ago between massive YSOs Source I and BN
(e.g. Goddi et al. 2011). N-body numerical simulations showed that
the dynamical interaction between a binary of two 10 M⊙ stars
(Source I) and a single 10 M⊙ star (BN) may lead to simultane-
ous ejection of both stars and the BN/KL outflow as well as binary
hardening, while preserving the original circumbinary disc around
Source I (Bally et al. 2011; Moeckel & Goddi 2012). Mechanical
energy conservation (and virial theorem) implies an orbit semimajor
axis a0 = 2–5 au, depending on the estimate of the kinetic energy
of the runaway stars and the molecular gas flow (Bally et al. 2011;
Goddi et al. 2011). For simplicity, we neglect the eccentricity and
assume that the system is an equal-mass circular binary, comprised
of two 10 M⊙ stars orbiting in a circle of radius a0 = 3.5 au.

A high-resolution study of Hα and [O I]λ6300 line profiles in
a pre-main-sequence spectroscopic binary has shown evidence of
a bipolar jet as being launched by the whole binary as opposed to
each star individually (Mundt et al. 2010). Similarly, we assume
that the binary members orbit inside the inner radius of a truncated
circumbinary disc and that the wind is launched at this radius.
The cartoon figure representing our model assumption is shown in
Fig. 2.

To study the wind launching from Source I, we perform axisym-
metric ideal MHD simulations in cylindrical coordinates (r, φ, z)
using the PLUTO code (Mignone et al. 2007). We essentially prescribe
a hydrostatic corona (density and pressure) threaded with force-free
magnetic field. An adiabatic equation of state, P = γ−1

γ
ργ , with

γ = 5/3, relates the pressure with the density in the flow. For the
central gravity, we treat the system of equal-mass binary members as
an equivalent 5 M⊙ (reduced mass) object at their barycentre. The
accretion disc which is treated as a boundary forms the launching
base of the wind (e.g. Ouyed & Pudritz 1997). Further, we choose
the wind-launching point to be at a distance equal to the radius of
the binary orbit, i.e. r0 = a0, where the material is rotating with a
sub-Keplerian velocity vφ = χv0. Further, the disc is considered to
be denser than the hydrostatic corona and this density contrast is
prescribed by δ. In a realistic (thick and hot) disc, the central grav-
ity is balanced radially by contributions from thermal pressure and
centrifugal rotation. This can be ensured by consistently deriving
the sub-Keplerianity (χ ) based on the choice of density contrast.
For example, smaller values of δ imply a hotter (denser) disc and a
larger contribution of thermal pressure resulting in the disc to rotate
with sub-Keplerian speeds to maintain radial balance. We chose
δ ∼ 3 as a reference value resulting in the underlying disc to rotate
at a speed 0.8 times the Keplerian speed.
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Class 2  

HH30 in CO, Vφ ~ 0.5 km/s  
(Louvet et al 2016, ALMA) 
V ~10 kms ? 
 

r0 = 10 to 30 AU 
λ < 5 (Cabrit 08) 
 

r0 ~ 2 -15 AU 
λ < 2 

Ejected ? Shocked ? 
Entrained ?  



Rtrunc ~  1012 cm = 0.07 AU  

©Hartigan 

Stellar wind 

Unsteady  
Magnetospheric 

ejections 

Possible jet launching regions 

Characteristic 
speeds: 

Vesc(R*) ~ 350 km/s 

Vkep(Rtrunc) ~ 100km/s  



Sporadic Ejections by MHD relaxation 

 
 
 

Goodson et al. (1997, 1999) 
Romanova (2009)  
Zanni & Ferreira (2013) 

Uchida & Shibata 84 
Hirose et al.97 
Ferreira et al. 2000 

a) Stellar B antiparallel 
to disk B: Plasmoid ejections at 
45°: need external collimation. 
too slow ? (~50 km/s) 

(b) Stellar B parallel to disk B: 
 “Reconnexion” (ReX) winds 
self-collimated 
Too much open B in star ?    



Conclusions 
o  Young stars still accreting from disk drive powerful jets, which 

sweep up large molecular outflow cavities 
Ø Wider angle winds also present at late stages > 0.1Myr ? 

o  Launch radius < 5 AU for atomic jet, < 15 AU for molecular 
Ø  Information on milliarcsecond scale needed (cf. next talk) 

o  Jet collimation to narrow angle ~ 5° occurs within 20-50 AU   
è magnetic collimation  
Ø disk B or opened stellar B-field ? Self-collimation or external ?  

o  Momentum flux > 100 Lbol/c and energy flux 1%-10%Lacc 
appear too high for stellar winds (radiative, thermal, or wave-driven) 
Ø Magneto-centrifugal disk winds with small Alfvén lever arm rA/r0< 3  ? 
Ø Reconnexion winds from stellar magnetosphere ? 

o  ALMA and NOEMA bring new constraints on origin of 
molecular counterparts of atomic jets 
Ø Ejected from disk ? Entrained / swept-up ? More modeling needed !  


