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Where do we see jets ?  

HH111 Reipurth & Bally  

10,000 AU  
Evolved Class 1 Protostars            

Class 2  Disk only 

Class 0 Protostars 

HH 212  McCaughran et al 

HH 30 Stapelfeldt et al 1999 

1000 AU  

0.15pc = 30,000 AU  

Ø  Universal across evolutionary stages 
  Accretion-powered Mjet/Macc ≈ 0.1 
(Edwards+2006, Antoniucci+2008) 

Ø Universal in M* : from 24 Mjup to 10 M⁄ 
Vjet ≈ 100-800 km/s  



Why Do Jets Matter ?  

¨  Invoked to solve several major issues in SF: 
¤  Low SFE and SFR in turbulent clouds 

                                  Cf. chapters by Padoan, Krumholz… 

¤  30% Core to Star efficiency 
              cf. chapters by Offner, Padoan…  

¤ Removal of star/disk angular momentum  
                          cf. chapters by Li, Bouvier, Turner 

¨  Also: 
¤  May affect planet formation and photoevaporation 

           cf. chapters by Dutrey, Pontoppidan, Alexander, Gail… 
¤  Unique info on source binarity, variability, axis precession 

           cf. chapters by Reipurth, Audard…  



Remarkable progress since PPV 

¨  First observational access to 
¤  New spatial ranges <50 AU to >10pc 

¤  New λ ranges (Xrays, IR, submm)  

¤  Detailed proper motions over > 10 yr   

¨  Large-scale collaboration networks  
¤  JETSET (2005-2008) EU (11 institutes) 

¤  JETPAC (2008-current) USA-UK (5 institutes) 

Combining observations, MHD simulations & theory, and 
high-energy density lab experiments (HEDLA) 

 



Small Scales: 0.1-100 AU 

Zanni & Ferreira 2013, A&A 

C. Zanni and J. Ferreira: MHD simulations of accretion onto a dipolar magnetosphere

Table 1. Parameters of the simulations: viscosity coefficient αv,
magnetic resistivity coefficient αm, magnetic Prandtl number
Pm = ηv/ηm, initial viscous accretion rate of the Keplerian disk
Ṁd.

Simulation αv αm Pm Ṁd/Ṁ0
C1 1 0.1 6.7 1.4 × 10−2
C03 0.3 0.1 2 4.2 × 10−3
C01 0.1 0.1 0.67 1.4 × 10−3
E1 1 1 0.67 1.4 × 10−2

2.3. The simulations

Once the initial conditions are normalized, the problem depends
on six dimensionless parameters: the disk thermal scale height
ε, the equatorial stellar field intensity B$/B0, the stellar rota-
tion rate δ$ = R$Ω$/VK$, the coronal density contrast ρa0/ρd0,
the viscous and resistive coefficients αv and αm. Except for the
transport coefficients, the other parameters are the same used
in the simulations of Paper I: ε = 0.1, B$ = 5B0, δ$ = 0.1
and ρa0/ρd0 = 10−2. Using the standard normalization given in
Section 2.2, this corresponds to a stellar magnetic field B$ = 1
kG and a period of rotation of the star P$ = 2πt0/δ$ = 4.65 days
with a Keplerian corotation radius Rco = R$/δ2/3$ = 4.64R$.

The transport coefficients αv and αm control, respectively,
the intensity of the viscous torque allowing the disk to accrete
and the strength of the coupling of the stellar magnetic field with
the disk material. As discussed, for example, in Uzdensky et al.
(2002) and Matt & Pudritz (2005a), the disk magnetic resistivity
controls the extent of the disk region that is steadily connected to
the star: since the opening of the magnetosphere is determined
by the star-disk differential rotation and the consequent buildup
of toroidal magnetic pressure, a weaker magnetic coupling (i.e.
a higher αm) limits the growth of the toroidal field and there-
fore increases the size of the connected region. For example, in
Paper I we had to assume a value αm = 1 in order to maintain the
magnetic connection beyond the corotation radius (“extended”
magnetosphere).

Since the main aim of this paper is to study the dynamical
processes associated with the inflation and opening of the mag-
netospheric field lines, we assume a stronger magnetic coupling
(αm = 0.1), so that the magnetic configuration opens up closer
to the stellar surface (“compact” magnetosphere), where these
phenomena can strongly affect both the disk and the stellar dy-
namics. Besides, we consider different values of the viscosity
coefficient αv = 1, 0.3, 0.1 in order to study the evolution of
star-disk systems characterized by different accretion rates. The
summary of the cases presented in this paper is given in Table 1.
We also include the parameters characterizing the reference case
of Paper I (case E1) that will be considered to do some compar-
isons.

3. Star-disk interaction and magnetospheric
ejections

Using case C03 as a representative example, we are going to ana-
lyze the dynamical properties of a interacting star-disk system in
which the stellar magnetic field is strongly coupled to the accre-
tion disk. As already pointed out, in such a situation the star-disk
differential rotation generates a strong toroidal field component
and, due to its pressure, the magnetic structure relaxes by in-
flating and opening the initial dipolar configuration close to the
truncation radius. The overall picture illustrating the outcome of

Fig. 1. Global view of the star-disk interacting system. A loga-
rithmic density map is shown in the background. Poloidal speed
vectors are represented as blue arrows. The dotted line marks
the Alfvén surface, where up = Bp/

√

4πρ. Sample field lines are
plotted with white solid lines. Thick yellow field lines, labeled
as (a), (b), and (c), delimit the different dynamical consituents of
the system indicated in the figure. The image has been obtained
by averaging in time the simulation outcome over 54 stellar pe-
riods.

this process is given in Fig. 1. Four groups of field lines can
be distinguished: (1) the field lines steadily connecting the disk
with the star below the magnetic surface (b); (2) the open field
lines anchored on the surface of star at latitudes higher than the
position of the surface (a); (3) the open field lines attached to
the accretion disk beyond the surface (c); (4) the field lines en-
closed between surfaces (a), (b) and (c) connecting the disk with
the star, periodically evolving through stages of inflation, recon-
nection and contraction. An example of this periodic process is
represented in Fig. 2. The periodicity of these phenomena cor-
responds to about 2 stellar rotation periods. Anyway, since the
reconnection processes which are involved are driven by numer-
ical resistivity, this periodicity has to be considered cautiously.
On the other hand, this almost periodical behavior allows us to
use time averages to characterize the long term evolution of the
system and smooth out transient features. For example, Fig. 1
has been obtained by averaging snapshots over 54 rotation pe-
riods of the star: notice that, because of the time average, the
fleeting reconnection phenomena are not visible.

Different dynamical processes are associated with the four
groups of field lines. In the region inside the magnetic surface
(b), (“connected disk”) the star and the disk can directly ex-
change angular momentum, the disk is truncated and the ac-
cretion curtains form. Notice that this region extends within the
Keplerian corotation radius Rco = 4.64R$ so that, beyond this
radius, the disk and the star do not have a direct magnetic con-
nection. Therefore, the Ghosh & Lamb scenario cannot be di-
rectly applied: the disk region beyond corotation, which rotates
slower than the star, cannot exert any direct spin-down torque
onto the star. Three classes of outflows correspond to the other
groups of field lines. A stellar wind flows along the open mag-

4

Jet angular 
momentum and 
launch process  



Jet Collimation 

¨  Same width and 
collimation scale in 
class 0 as class 2 
jets ! (Cabrit et al 2007) 

¤ Not hydro collimation 
by envelope  

¨  Need disk B field for 
jet collimation ! 
¤ MHD disk wind is most 

efficient collimator.  

 

Codella etal 2007 

12 Z. Meliani et al.: Two-component MHD outflows around YSO

Fig. 13. The transverse variation of the vertical velocity at Z = 8 AU, for the simulation with stellar mass loss Ṁ = 10−9 M"/yr, M∗ = M", and
RI = 0.1 AU, Left: without any non-ideal effects in the stellar wind but with a large amount of thermal energy deposited at the base of the stellar
outflow (δε = 10−3). Right: with turbulent viscosity and resistivity in the stellar wind and a small amount of thermal energy at the base (δε = 10−5).
The turbulence allows a better thermal stellar mass acceleration as velocity becomes higer near the polar axis.
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Fig. 14. Same figure as in Fig. 1 but with a non-ideal stellar wind emit-
ted from the inner region with an ejection mass rate Ṁ = 10−7 M"/yr.
The outflow structure is substantially modified by the presence of the
stellar outflow since its radial extension is two times larger than in the
case with no, or weak, stellar outflow. The size of the sink region is
Ri = 0.1 AU and the stellar mass 1 M".

The angular momentum carried away by the stellar outflow
now represents 5% of the accreted angular momentum at the in-
ner radius of the accretion disc. Regarding the acceleration of the
outflow, we can distinguish two regions: an internal one corre-
sponding to the contribution from the stellar outflow and an ex-
ternal one coming from the disc-driven jet. This last component
reaches velocities up to vz = 15 (Fig. 16). The acceleration of
this component is thermally and magneto-centrifugally driven,
which is coherent with the larger radial expansion of the stream
lines (see Fig. 11). In the inner stellar wind, the flow undergoes

a weak expansion, and its velocity does not exceed vz = 6.8. The
acceleration of this component is achieved mainly via the ther-
mal pressure, which is expected since the mass density is much
higher than in previous simulations where Ṁ = 10−9 M"/yr. Let
us note that the fast-magnetosonic Mach number remains higher
than one for the whole outflow (Fig. 16).

4. Summary and concluding remarks

In this paper we present numerical simulations of the interac-
tion between an accretion-ejection structure launching a disc-
driven jet and a stellar wind emitted either from the central ob-
ject and/or from its magnetosphere, in particular for the case of
YSOs. In our framework, the accretion disc is near equipartition
between thermal pressure and magnetic pressure where turbu-
lence is believed to occur. This turbulence is characterized by
a time and space-dependent anomalous resistivity and viscosity
set by using an α description. The origin of the turbulence is
still unknown but is not likely to arise from magneto-rotational
instability since an equipartition disc is inconsistent with the de-
velopment of such instability (Ogilvie & Livio 2001).

The properties of both the accretion disc and outflow were
investigated in this paper. In a first stage, we analyzed the con-
tribution of the various hydrodynamical and magnetohydrody-
namical mechanisms to the angular momentum transport in the
thin accretion disc including, for the first time, both anomalous
viscosity and resistivity, with a magnetic Prandtl number equal
to unity. We demonstrated that the MHD Poynting flux associ-
ated with the disc-driven jet plays a major role in the removal of
the angular momentum from the thin accretion disc. The angular
momentum radial transport provided by the anomalous viscosity
inside the disc remains weak and contributes only 1% of the total
angular momentum transport (this value agrees with analytical
estimates depending on disc thickness and α value). This is con-
sistent with the viscous torque depending upon the radial deriva-
tive of angular velocity, while the magnetic torque is mainly con-
trolled by the vertical derivative of the toroidal component of
the magnetic field. In a thin accretion disc, the toroidal magnetic
field varies from zero to an equipartition value on a disc scale
height εR, ε $ 1, leading to a much more efficient extraction
of the rotational energy from the magnetic torque into the MHD
Poynting energy flux feeding the jet. Basically, with our simula-
tion and despite the disc viscosity, we have reproduced very sim-
ilar results to those obtained by CK04 where the viscous torque
was neglected.

Meliani et al 2006, A&A  

HH212 jet at PdBI 
0.3’’ across jet   



Jet rotation 

Sta$onary	  MHD	  disk	  winds	  predict	  (Anderson+03.	  Ferreira+06)	  
	  
	  
	  è	  suggests	  r0	  ≈	  0.1	  -‐	  5	  AU	  for	  all	  candidates	  so	  far	  

Class 2: DG Tau with 
HST (Bacciotti+2002, 
Coffey+2007)  

Class 1: CB 26 in CO with PdBI 
(Launhardt et al 2009) Massive Class 0: Source I 

SiO maser VLBA   
(Matthews et al 2010, 

Vaidya etal 2013) 

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	  

Feedback	  on	  disk	  structure	  in	  the	  region	  	  
of	  forma$on	  of	  terrestrial	  planets	  	  

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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Questioning Jet Rotation 
¨  Puzzling observations (RW Aur, 

HH212…)  
¤  Opposite rotation sense of Disk / Jet or 

Jet / Counterjet  
¤  Variability in a few years 
(Cabrit et al 2006, Codella et al 2007)
(Coffey et al 2012, Davis etal 2001) 

¨  Proposed interpretations 
¤  Shocks in MHD disk wind (Fendt 2011, 

Sauty 12) 
¤  Jet precession, orbital motion, 

asymmetric environment (Cerqueira etal 
2006, Lee et al 2010, Soker et al 2005, 
Correia 2009) 

¤  Beam dilution of jet rotation signatures ? 
(Pesenti et al 2004) 

¨  To be continued … 

True Vrot(R) 

Pesenti et al. 2004, A&A 



Resolving Central Engine in Brγ 

¨  Interferometric sizes 
¤  0.1 AU < R(Brγ) < 2μm continuum 

¨  Spectrally resolved 
interferometry 
¤  Bipolar jet in outbursting Herbig Be  
Benisty et al. 2010, A&A  517, L3   

¨  Fitting of flux, visibility, and 
phase in Herbig Be MWC297 
¤  rotating MHD disk wind favored 

over polar stellar wind  
¤  Launch zone 0.5 – 1 AU  
See also Malbet+2007; Rousselet-
Perraut+2010 for Hα in AB Aur 

G. Weigelt et al.: Spectro-interferometry of MWC 297 with VLTI/AMBER

Fig. 4. Sketch of the MWC 297 disk-wind model adopted in this paper.

phase within the Brγ line. From the AMBER spectrum (see
Fig. 1), we find Ftot = 4.5 and FBrγ = 3.5 × Fc at the emission
line center.

We derived a large continuum-compensated radius (HWHM)
of 6.3±0.4 mas (1.6±0.1 AU) for the line-emitting region at the
peak wavelength of the emission line, which is ∼3 times larger
than the 0.56 AU HWHM radius of the compact continuum-
emitting Gaussian component. The smaller line-continuum size
ratio obtained by Kraus et al. (2008a) can be explained by the
lower spectral resolution of R = 1500, which leads to an aver-
aging over different diameters corresponding to different wave-
lengths. Figure 3 also shows that the size of the line-emitting
region is smaller in the wings of the Brγ emission line than at
the line center. This wavelength dependence is one of several
observational results that have to be explained by models, such
as the disk-wind model presented in the next section.

4. Comparison of the observations with a model
of a magneto-centrifugally driven disk wind

We now present a disk-wind model and compare the observed
spectrum, visibilities, and phases of MWC 297 with the model
predictions. In this disk-wind model, mass ejection is driven by
magneto-centrifugal forces. The theory of these winds was orig-
inally proposed by Blandford & Payne (1982) and has been elab-
orated by many authors, mainly for T Tauri stars (see Königl &
Pudritz 2000; Pudritz & Banerjee 2005; Ferreira 2007, and ref-
erences therein). An important property of the launching mecha-
nism in magneto-centrifugally driven disk winds is the topology
of the magnetic field in the disk: magnetic field lines in the wind-
launching region are inclined with respect to the disk plane by
less than 60◦ (Blandford & Payne 1982). The radiation pressure
of hot stars probably changes the trajectories of the gas streams,
leading to a flatter disk wind (de Kool & Begelman 1995; Drew
et al. 1998; Everett et al. 2001). Figure 4 shows a sketch of the
disk-wind model that we consider. It assumes that both an accre-
tion disk and a disk wind contribute to the observed emission.

4.1. Geometry and kinematics of the disk wind

To model the extended disk wind, we follow an approach used by
Shlosman & Vitello (1993) in their studies of disk winds in cata-
clysmic variables. This approach provides a simple parametriza-
tion of a disk wind, which has geometrical and kinematical
properties similar to those used by Kurosawa et al. (2006) for
T Tauri stars (see Fig. A.1 in the Appendix). Here, we use a
similar description of the kinematical parameters of the wind
where according to the conservation of angular momentum,
the tangential velocity u decreases along a streamline from the
Keplerian velocity at the base of streamline. The radial velocity v

increases along the streamline from the initial value v0 to v∞ (see
Eqs. (A.1) and (A.2) and Fig. A.2 in Appendix A), where v0 and
v∞ are the model parameters.

The local mass-loss rate per unit area of the disk, ṁw, is a
function of the cylindric radius ω. To describe ṁw, we use a sim-
ple power-law

ṁw(ω) ∼ ω−γ, (2)

where γ is a free parameter. The other model parameter is the
total mass-loss rate

Ṁw = 2
∫ ωN

ω1

ṁw(ω) 2 πω dω, (3)

where ω1 and ωN are the inner and outer boundaries of the disk-
wind ejection region, and the factor two accounts for the mass
loss from both sides of the disk surface.

4.2. The parameters of the accretion disk

In classical accretion-disk models, the surface density increases
toward the star as

Σ(ω) ∼ ω−p, (4)

where p = 1–1.5 (see, e.g., Calvet et al. 2000). At a mass accre-
tion rate of Ṁacc ≥ 10−7 M' yr−1, this disk is optically thick (due
to the gas opacity) between the dust evaporation radius and either
the stellar magnetosphere (Muzerolle et al. 2004) or the stellar
surface. For MWC 297, the value of Ṁacc is fairly uncertain (see
Malbet et al. 2007). If the surface density in the accretion disk of
MWC 297 changes as ω−1, then this disk will be optically thick
up to the stellar surface. However, if the accretion disk extended
to the innermost vicinity of the star, the disk luminosity at near-
infrared wavelengths would exceed the observed one. This is the
main reason why an inner disk gap is required.

As in Acke et al. (2008), we used a blackbody approximation
with a power-law distribution of the disk temperature Td

Td(R) = Td(Rin)(R/Rin)α, (5)

where Rin is the inner radius of the disk, and α is a parameter. The
parameter α is equal to −3/4 in the two important special cases
when a flat disk is just heated by the stellar radiation (passive
disk; Adams & Shu 1986) or radiates due to the viscous dissipa-
tion (Lynden-Bell & Pringle 1974). However, this disk (as well
as other simple power-law disk models) fails to reproduce the
shape of the observed continuum visibilities (Acke et al. 2008).
More sophisticated models can be obtained with two-component
temperature-gradient models with slightly different temperature
gradients (see below).

4.3. Model calculations

For simplicity, it is assumed that the disk wind contains only
hydrogen atoms. For the calculations of the ionization state and
the number densities of the atomic levels, we adopted the nu-
merical codes developed by Grinin & Mitskevich (1990) and
Tambovtseva et al. (2001) for moving media. These codes are
based on the Sobolev (1960) approximation in combination with
the exact integration of the line intensities (see Appendix A).
This method takes into account the radiative coupling in the lo-
cal environment of each point caused by multiple scattering.

The stellar radiation of MWC 297 is described by a
model atmosphere (Kurucz 1979) with an effective temperature
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M. Benisty et al.: Evidence of an enhanced bipolar wind on the AU-scale in Z CMa
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Fig. 3. Left: differential phases measured with the UTs (black crosses and lines). The dots in different colors represent various velocity channels,
from dark blue (for v ∼ −600 km s−1) to dark red (for v ∼ +500 km s−1). The red line is the 2D astrometric solution p(λ). Middle: 2D representation
of p(λ) within –600 and 500 km s−1. The different colors code the velocity channels as represented in the left panel. The position angles of the
binary (dashed-dotted line), of the large-scale jet (dashed line) and the direction perpendicular to the jet (dotted line) are overplotted. Right: same
for pBrγ (λ), after substraction of the continuum contribution. This was done within a narrower interval (–350 to 350 km s−1) because of the low
line-to-continuum ratio in the wings.

close to the star as well as for the Brγ line emitted in outer layers
of the wind. Outside the outburst, the wind disappears or is more
likely to be maintained at a much smaller mass loss rate. Based
on these conclusions, one can speculate about the origin of the
outburst, as being driven by an event of enhanced mass accretion,
similar to the EX Ors and FU Ors outbursts (Zhu et al. 2010). In
that case, this would suggest a strong link between mass accre-
tion and ejection during the outburst, probably coupled with a
magnetic field as in lower-mass young stars.

5. Conclusions

We have presented spatially and spectrally resolved interfero-
metric observations of the K-band emission in the Z CMa sys-
tem. These observations were performed during the largest pho-
tometric outburst detected so far, that occurred in the innermost
regions of the Herbig Be star.

We found that the Brγ line profile, the astrometric signal,
and the characteristic sizes across the line are inconsistent with
a Keplerian disk or with infall of matter. They are, instead, evi-
dence of a bipolar wind seen through a disk hole, inside the dust
sublimation radius. The disappearance of the Brγ emission line
after the outburst suggests that the outburst is related to a period
of strong mass loss. Based on these conclusions, we have specu-
lated that the origin of the outburst is an event of enhanced mass
accretion, and that it does not result from a change in the system
obscuration by dust. If this were valid, our results would suggest
that the link between mass accretion and ejection as observed
for quiescent T Tauri stars can also be at play in more massive
young stars, and in high-accretion states.

Finally, this paper illustrates the great potential of the combi-
nation of spectro-astrometric and interferometric techniques for
observing structures on µ-arcsecond scales.
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Impact on Planet Formation 

¨  Disk irradiation 
-  X-rays/UV from collimation 

shock 
-  Shielding by (dusty) disk wind 

¨  MHD disk winds from 
0.1-10 AU  
¤  radial transport at sonic speed 
¤  Lifting and melting of solids 
¤  Planet migration ? (eg. 
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Fig. 6. Various variables along a flow line anchored at 1 AU, for the dense MHD disk wind solution and three typical classes of stars: class 0
(M! = 0.1 M!, Ṁacc = 5 × 10−6 M! yr−1; dotted blue curves), class I (M! = 0.5 M!, Ṁacc = 10−6 M! yr−1; solid red curves) and active class II
(M! = 0.5 M!, Ṁacc = 10−7 M! yr−1; dashed green curves). a) The gas temperature T ; b) the number density of hydrogen nuclei nH; c) the visual
extinction AV to the star, in magnitudes; d) the poloidal components of the bulk flow speed v (smooth top curves) and calculated drift speed vin
(lower 3 curves); Note that the Class II and Class I have the same M!, hence the same bulk flow speed for r0 = 1 AU; e) the X-ray H2 ionization
rate per molecule ζ(H+2 ); f) the e ective radiation field in Draine units χ exp−3AV (attenuation factor appropriate for carbon photoionisation); g) the
fractional abundance of ions; h) the fractional abundance of H2 (upper limit in the Class II model, see Sect. 3.1.3); i) the fractional abundance of
CO (upper limits in the Class I/II models, see Sect. 3.1.4).

radius of 3 R! gives the same accretion luminosity of 5 L! in the
Class 0 and Class I models, and 10 times smaller in the Class II,
leading to a hot spot coverage fraction δhs of 3.2% and 0.32%
respectively (cf. Sect. 2.4.1).

We adopt a thermal X-ray spectrum of characteristic energy
kTX = 4 keV and luminosity LX = 1030 erg/s, typical of the
“hard” time-variable component in solar-mass young stars and
jet-driving protostars (Imanishi et al. 2003; Güdel et al. 2007).
LX is a time-averaged value of 30% of the median flare lumi-
nosity in solar-mass YSOs, based on a typical flare interval of
4−6 days (Wolk et al. 2005). The exact value of kTX has no ma-
jor e ect on our results (see Sect. 2.5.1).

Note that the flow crossing timescale out to the recollimation
point is very short, only 50 yrs for a streamline launched at 1 AU
in the Class I model. The chemical composition of the disk wind
will thus deviate substantially from published “static” disk at-
mosphere models such as, e.g. Glassgold et al. (2004); Nomura
& Millar (2005). The presence of adiabatic cooling and drag
heating also introduce major di erences in the thermal structure.
These e ects are discussed in Sect. 4.

We first analyse in detail the results obtained for the 3 evo-
lutionary classes, for a representative anchor4 radius r0 = 1 AU,

4 The anchor radius r0 is the radius of the magnetic field surface in
the disk midplane. The launch radius at the slow magnetosonic point
is 6.5% larger – allowing centrifugal acceleration of the matter loaded
onto the field line.

and for a streamline launched just outside sublimation, r0 $ Rsub.
The e ect of increasing r0 is discussed later on, in Sect. 3.2.

3.1. Results for r0 = 1 AU and r0 = Rsub for the 3 classes

Figure 6 shows the main physical parameters integrated as a
function of z along the 1 AU streamline for the Class 0/I/II mod-
els: temperature, ion-neutral drift speed, ionisation fraction, H2
and CO abundance. Also plotted are the (prescribed) flow den-
sity and bulk speed, and the calculated AV to the central star,
attenuated X-ray ionisation rate of H2, and “e ective” FUV field
at 1000 Å in Draine units (e−3AV being the attenuation factor for
Carbon photoionisation in our chemical network). In Fig. 7, we
show for comparison the results obtained for streamlines with an
anchor radius just beyond the sublimation radius, computed as-
suming no H2 or CO self-shielding (i.e. assuming no molecules
on streamlines launched inside Rsub).

3.1.1. Radiation field and ionization structure

The ionization fraction is a key parameter governing the tem-
perature profile, through the drag heating term. It is controlled
by attenuation of the radiation field through inner wind stream-
lines. The behavior is qualitatively similar along the streamlines
launched from 1 AU and from Rsub.
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Intermediate scales 100 AU – 1 pc 

Visser et al 2012, A&A  

¨  Jet structure, 
propagation 
and variability 

R. Visser et al.: Modelling Herschel observations of hot gas from embedded protostars

observed H2O lines in a similar fashion. The goals of the current
paper are (1) to present our model from van Kempen et al. in
more detail; (2) to check how robust the model fit is for CO; (3)
to derive a quantitative fit for H2O; and (4) to extend the analy-
sis to DK Cha and a third source (NGC1333 IRAS2A) for which
CO and H2O data have since become available (Kristensen et al.
2010; Yıldız et al. 2010). The three test cases are all nearby pro-
tostars (d = 180–450 pc) and cover the evolutionary range from
deeply embedded Stage 0 to late Stage I.

This work is part of the two complementary Herschel Key
Programmes WISH and DIGIT. The primary goal of WISH, or
“Water in star-forming regions with Herschel” (van Dishoeck
et al. 2011), is to use H2O as a probe of the physical and chemi-
cal conditions during star formation and to follow its abundance
as a function of evolutionary phase. DIGIT, or “Dust, ice, and
gas in time” (PI: N. Evans), aims to study the evolution of the
gas during different stages of star formation, as well as that of
the dust grains and their icy mantles. Observations of CO are an
integral part of both programmes, because its simple chemistry
and easy use in radiative transfer codes make it an excellent tool
to constrain physical conditions and processes. Indeed, the ap-
proach in the current paper is to fit the free parameters in the
model to the CO data and then to assess how well it reproduces
the H2O data. More generally, the model is ultimately intended
as a tool in using the Herschel data as a probe of the energet-
ics and dynamics of star formation, in particular how and where
the young star deposits energy back into the parent cloud. Future
work in WISH and DIGIT will explore this in more detail.

The question of the origin of the hot gas observed with
Herschel is not limited to embedded low-mass young stellar ob-
jects (YSOs). Herschel observations of rotationally excited CO
and/or H2O include intermediate-mass YSOs (Fich et al. 2010;
Johnstone et al. 2010), high-mass YSOs (Chavarrı́a et al. 2010),
circumstellar disks (Meeus et al. 2010; Sturm et al. 2010), the
Orion Bar photon-dominated region (Habart et al. 2010), and
even extragalactic sources like the ultraluminous infrared galaxy
Mrk 231 (van der Werf et al. 2010). A quantitative explanation
of the origin of the observed emission is still missing in most of
these cases. Our model may help in constraining possible excita-
tion mechanisms in environments other than low-mass YSOs. In
particular, the treatment of how the gas is excited by UV fields
and shocks can be adapted for different types of sources.

A detailed description of the model appears in Sect. 2. The
Herschel data and complementary ground-based data are sum-
marised in Sect. 3. The model results for CO and H2O are pre-
sented in Sect. 4 and discussed in Sect. 5. Conclusions are drawn
in Sect. 6.

2. Model description
The purpose of the model is to calculate far-IR and sub-mm
molecular line emission from the envelope around a low-mass
protostar, including those parts of the envelope exposed to
shocks and UV radiation at the outflow cavity walls. Currently,
the focus is on the integrated line intensities only. With regards
to theHerschel-PACS data, the spatial extent of the model is lim-
ited to what happens in the central spaxel of PACS’s full 5 × 5
spaxel array. Future updates of the model will explore the spatial
extent of the emission and will add dynamical process to allow
the computation of line profiles.

The model consists of three physical components: a pas-
sively heated envelope, UV-heated outflow cavity walls, and
small-scale C-type shocks along the cavity walls (Fig. 1). The

Fig. 1. Schematic view of the physical components in an embedded
Stage 0 or I young stellar object: a passively heated envelope (yellow,
with a hot core shaded red), a bipolar jet (green, with bow shocks and
internal working surfaces), UV-heated outflow cavity walls (red), and
small-scale shocks along the cavity walls (blue). Not visible on this
scale is an embedded circumstellar disk with a radius of ∼100 AU.

bipolar jet itself and the associated J-type shocks are not in-
cluded. Some molecular emission may arise from a circumstel-
lar disk embedded within the envelope. However, based on the
CO line fluxes measured with PACS towards the Herbig Be star
HD 100546 (Sturm et al. 2010), such a contribution is expected
to be negligible: when the fluxes are corrected for the different
source distances, the lines in HD 100546 are factors of 5–10
weaker than those in HH 46, IRAS2A and DK Cha. Hence, our
models do not include an embedded disk.

2.1. Passively heated envelope

Low-J lines from CO and its isotopologues and similar low-
excitation lines from other species are commonly modelled with
a spherical envelope (e.g., Jørgensen et al. 2002; Schöier et al.
2002). A spherical envelope is also the starting point of our
model, since the warm inner envelope can contribute to emission
in the higher-J lines. The gas in the envelope is well coupled to
the dust and is only heated passively or indirectly, i.e., the dust
is heated by the protostellar luminosity and the gas attains the
same temperature through collisions with the dust.

The density and temperature profiles of each source are
constrained from dust continuum observations. Following the
method of Jørgensen et al. (2002) and Schöier et al. (2002),
the continuum emission for a grid of envelope models is calcu-
lated with the 1D continuum radiative transfer program DUSTY
(Ivezić et al. 1999). The best-fit model is determined by com-
paring the emission to spectral energy distributions (SEDs) and
sub-mm brightness profiles compiled by Froebrich (2005) and
Di Francesco et al. (2008). In the grid of DUSTY models, the
temperature of the star is fixed at 5000 K and the inner radius
of the envelope is taken to be the radius corresponding to a dust
temperature of 250 K. Because the envelopes are optically thick
at UV and visible wavelengths, most of the stellar radiation is re-
processed by the dust and the stellar temperature does not have a
significant effect on the resulting dust temperatures or the molec-
ular line emission (Jørgensen et al. 2002). The 250 K cutoff re-
sults in inner radii of ∼30 AU (Table 2). If any material is present
on smaller scales, its contribution to the overall line emission
would be too diluted in the ∼20′′ Herschel beam to have a sig-
nificant impact on the model results.

2



Core to star efficiency 

¨  3D MHD collapse 
simulations  
¤ Mstar ≈ 50% Mtot for 

B-Ω angle up to 50° 
¤ Protostellar MHD 

ejections determine 
final stellar mass? 

¤ Outflow base 
broadens in time 
n See also Offner+2011 

Machida & Hosokawa (2013) 

Ciardi & Hennebelle 2010, MNRAS 



Class	  0	  

Outflow-Envelope Interactions: 
widening of outflow cavity with time 

Cavity	  o.a.	  ~	  20-‐50o.	  
OuZlow	  starts	  entraining	  
dense	  envelope	  
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Wide-angle component(s)  
¨  Invoked for CO cavity expansion 

(cf. Arce et al 2007, PPV) 

¨  Must be slower than jet 
¤  Highly curved bowshocks 

¤  Velocity decrease at jet edges 
(Bacciotti+2000, Coffey+2008, Agra-Amboage
+2011) 

¤  Not a « classical » X-wind  
 

¨  Possible origins 
¤  Slower disk wind ? 

¤  Outflow from 1st core phase ? 

– 35 –

Wide-angle
reflection nebula

Fig. 8.— Comparison of red CO lobe with Spitzer IRAC 2 (4.5 µm) image. The Spitzer

data is from Noriega-Crespo et al. (2004) and has been reprocessed with a deconvolution

algorithm to reach an angular resolution of ⇠ 0.6 � 0.800, with 60 iterations (see Noriega-

Crespo & Raga 2012 for details). White contours show the integrated intensity of the CO

redshifted lobe (the same as shown in Figure 1). Black contours show the 3 mm continuum

emission around HH 47 IRS. The lowest contour and subsequent contour steps are 2 mJy

beam�1. The white dash line shows the position of the p� v cut shown in Figure 10b.

ALMA+Spitzer, Arce etal 2013 

6 V. Agra-Amboage et al.: Sub-arcsecond [Fe ii] spectro-imaging of the DG Tau jet

Fig. 3. Left: Jet FWHM (from gaussian fits to deconvolved [Fe ii] channel maps), as a function of projected angular distance from the star. Right:
PSF corrected (i.e. intrinsic) jet radii as a function of linear distance from the star, for the inner 0.′′8 of the HVB (solid curves) and MVB (dashed
curves). The fitted FWHM across the jet have been corrected for the angular resolution of 0.′′05–0.′′08 in the deconvolved maps, by subtracting
this PSF in quadrature. Grey/green solid lines show fits by a flow of constant opening angle, suggesting a launch radius smaller than 4 AU (HVB)
and 1 AU (MVB). For comparison, open symbols plot jet radii measured in [O i] images integrated over all velocities in DG Tau (open squares,
Dougados et al. (2000)), RW Aur (open stars, Woitas et al. (2003)), and HN and UZ Tau E (open circles and triangles, Hartigan et al. (2004a)).

Fig. 4. Left: 2D maps of the [Fe ii] velocity centroid deduced from 1 component Gaussian fitting of the line profile. The same colour scale is used
for the blue and red lobes to highlight the velocity asymmetry between them. Spectra with SNR lower than 5 have been masked. The cross marks
the location of the continuum. Right: PV diagram of [Fe ii] along the jet, averaged over ±0.′′5 across the jet, with velocity centroids indicated as
crosses. Horizontal dash-dotted lines indicate the regionwhere residual noise after continuum subtraction is still large. Contours start at 2.43×10−15

W m−2 µm−1 arcsec−2 and increase by factors of
√
2.

agreement suggests that both bubbles were generated in a simul-
taneous ejection event.

The red/blue asymmetry in velocity and position needs to
be taken into account when quantifying the dust extinction pro-
duced by the DG Tau disk towards the counterjet. In Oct. 2001,
Pyo et al. (2003) detected only very weak3 redshifted [Fe ii]
emission around 0.′′9, 10 times weaker than their blueshifted jet
at the same distance from the star. They inferred an extinction

3 the redshifted bubble was probably, at that time, entirely hidden
behind the high-extinction region close to the star. Assuming a proper
motion of 70% that of the blueshifted knots (% 0.′′3/yr, see Section 4.1)
the tip of the redshifted bubble projected at 1.′′3 arcsec from the star in
Oct. 2005 would have lied at 0.′′46 in Oct. 2001.

of 2.5 mag at H at this distance, assuming intrinsically equal
brightnesses. If one corrects for the differential speeds and com-
pares instead with their blueshifted jet intensity at 0.′′9/0.7 = 1.′′3,
the relative intensities become comparable, suggesting negligi-
ble extinction by the disk at 1′′. This result is much more con-
sistent with the similar brightness of the red and blue bubbles in
our SINFONI data.

The [Fe ii] channel maps suggest that the central obscura-
tion of the redshifted jet due to the disc extends out to projected
angular distances of d % 0.7′′, i.e. 140 AU in deprojected disc
radius (assuming a distance of 140 pc and a disc inclination of
42◦). This requirement appears to set constraints on models of
the disc density distribution in DG Tau derived by (Isella et al.

Agra-Amboage etal 2011 



Multiple jet components 

¨  Spitzer & Herchel: Jets 
often have both 
atomic & molecular 
components  

¨  with range of V and T  
¤  Shocks  
¤  range of launch radii?  

¨  Need to revisit mass 
fluxes 
¤  Outflow power vs Lacc ! 

Takami+2004,2007, Beck
+2008, Garcia-Lopez+2008, 
Davis+2011,Giannini
+2011,Nisini+2013… 

 Giannini+ 2011, Nisini+ 2013 
Class 0 jet L1448 



Chemical diagnostics of Rlaunch 

¨  Rlaunch > Rsub Fe, Si, Ca 
depletion at small z,V 
(Podio+2006,2011, Agra-Amboage
+2011, poster by Giannini et al. ) 

¨  Chemical models of 
dusty MHD disk winds 
(Panoglou et al 2012) 

¤ Molecules can survive !  
¤ Reproduce Herschel H2O 

broad component in Class 0  

¨  Next step: CO with 
ALMA, H2 with AO 

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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Yvart et al.: Water emission line profiles in class 0 protostars.
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12

-70          0          70  km/s 

Models: Yvart et al. 2013  
Data: Kristensen et al. 2012 



Jet variability record 

¨  Knots & Bows = 
internal shocks  
¤ Velocity and/or angle 

variations. not pure 
Mdot var 

¨  Angle variations: 
¤  S-shaped precession 

3000-50,000 yrs 
¤ Orbital motion: HH211, 

P=43yrs; HH111, P=1800 
yrs  Lee+2010, Noriega-
Crespo+2011 
n  constrain binary mass and 

separation   

HH 34

HH 222

2.5 pc

Hα	  +	  [SII]	  
Reipurth et al. 2010 
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Velocity Variability  

¨  3 preferred time scales 
≈3-10yrs, ≈100yrs, ≈1000 yrs 
ΔV of 20-140 km/s  
Raga+2002,2011; Hartigan+2007; 
Agra-Amboage+2011… 
 

¨  May probe 
¤  Stellar magnetic cycles 
¤ perturbations by 

companion 
¤  link with EX Or / FU Or 

outbursts ? (cf. Audard etal. 
Chapter) 

HH212 MacCaughran etal  



HH1: Clumps & Cloud Entrainment 



HH37: Clumps & Mach Stems 



MHD Jet Synthetic Observations 

 
¨  Non-equilibrium 

ionization 

¨  AMR resolves 
cooling zone 

¨  Hα & [SII] maps 
(Hansen et al13) 



HEDLA Studies: Mach Stems 

¨ Bright HH34 bright 
spots (Hartigan et al 14) 

¤ Clumps? 
¤ Shock intersections 

(Mach stems)? Lasers 

Shock 

Mach Stem 



Cluster/Cloud	  Scales	  >	  1	  pc	  

Overlapping Outflows In Serpens 
Graves et al 2010 

Outflow feeback 



Outflow Feedback 

¨  Simulations: Outflow 
feedback needed? 
¤ Sustain turbulence 

¤ Reduce SFE 

¤ Reduce stellar masses 

¨  Focus on processes 
observational 
connections 

Wang	  et	  al	  10	  

Hansen	  et	  al.12	   (see also: Li et al 10, Krumholtz et al 12) 



Giant	  OuZlows	  

CO(1-‐0)	  from	  Bally	  et	  al.	  (1996)	  

1	  	  pc	  

CO(2-‐1)	  map	  from	  Yu	  et	  al.	  	  (1999)	  

Example:	  B5	  –	  IRS1	  Molecular	  OuZlow	  	  
CO	  (1-‐0)	  map	  from	  Arce	  et	  al.	  (2010)	  

q 0.1Myr at 100 
km/s = 10pc 

q How much jet 
momentum 
stays in 
cluster ? In 
cloud ? 



Importance of Fossil Cavities 

¨  Momentum rate  
balance is what 
counts 

¨  Perseus: Outflow 
momentum rate 40% 
– 80% turbulence diss. 
rate 

¨  Large contribution in 
low V fossil shells 
¤  Quillen (05), Arce (10,11) 

 (see also: Nakmura et al 11, Aspen 03, Graves et al 10) 



OuZlows/Cloud	  Coupling	  

¨  Prompt Entrainment 
(Shocks) 
¤  Jet precession/Binary/

wandering; periodicity/
clumpiness 

¨  Randomize bulk flow 
1.  Interaction with existing 

turbulent flow 
2.  interaction of multiple 

fossil shells. 

Precession	  +	  Pulsing:	  Raga	  et	  al	  09	  	  

OuZlows	  Re-‐energize	  Turbulence	  
Cunningham	  et	  al	  09	  	  



OuZlow	  Driven	  Turbulence	  

¨  Interaction of 
multiple fossil shells 
different from 
“Fourier” driving 
¤ Knee in spectra 
¤ Steeper power 

spectrum  
 

Energy	  spectra	  from	  3	  feedback	  simula$ons	  
	  (Carrol	  et	  al	  2010)	  

E(k)∝ k−3
ouZlow	  

Carroll et al 09, 10 
Nakamura & Li 07, 11 



Observation vs. Theory 

¨  No evidence for small 
scale injection?  
¤  Principle Component Analysis  

n  Brunt et al. 09 
¤  Power Spectra (VCS method): 

n   Padoan et al. 09 

¨  PCA: Can‘t pick up outflow 
driving scale!!! (Carrol et al 2010) 

¨  VCS Power Spectrum 
¤  Optical depth (?) 
¤  Multiple Interaction scales (?) 

(Arce 2010) 

NGC 1333  
Padoan et al 



Wide winds and Outbursts	  

¨  Feedback: Cloud 
scales (!) 

¨  Orion BN/KL outburst 

¤ E ~ 1047 erg  

¤ Triple star dynamical 
interaction  
n  (Bally et al 2011) 

[Fe	  II]	  +	  H2	  



Conclusions 
¨  Jets and outflows not only beautiful and 

dynamic; fundamental to understand star 
formation (SFE, IMF, turbulence) 

¨  Jets could also impact planet formation 
through disk irradiation/shielding and MHD 
effects 

¨  Multiple components: stellar winds / 
magnetospheric /disk winds seem present : 
need detailed analysis and modeling 

¨  Laboratory Astrophysics (HEDLA) is new 
powerful tool to study and model RMHD jets 



The next step 
¨  ALMA + nIR IFUs : crucial to resolve 

jet rotation profile, shocks, chemical 
stratification in statistical jet sample 

¨  nIR interferometry of CTTS (eg 
PIONEER): powerful test of atomic 
jet models 

¨  Synchrotron with eVLA, LOFAR: jet B-
field 

¨  Monitoring of shortest quasi-period 
≈3-15yr to clarify origin  

¨  Identify observational diagnostics of 
outflow-driven turbulence 

¨  Broaden Laboratory Astrophysics to 
other flows (eg. cometary globules, 
hot Jupiters) 

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  

(from	  6cm	  
synchrotron	  

linear	  	  
polar)	  



Jet magnetic field 

¨  Synchrotron linear 
polarisation: 
¤ B aligned with jet in 

HH80-81 

¨  Synchrotron knot in 
DG Tau (see poster by 
Ainsworth et al.) 

¤ More to come with 
eVLA, LOFAR 

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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Multi-Epoch HST HH Jet Studies 

¨  Main Results (Hartigan et al 11, Bally    ) 

¤ Deflection shocks, Cavities, entrainment 

¤ Clumps! 
¤  Intersecting shocks, Mach Disks, sheets 

1994.6 1997.6 2007.6 



Episodic Ejections 

Additional collimation by trapped magnetic fields 
 

(Ciardi et al 09, Lebdev et al 10) 


