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Outline

• Observations + Models 

• Magnetic self-collimation

• Analytical solutions for 1-component models : 
���� Analytical Stellar Outflows (ASO) 

���� Analytical Disk Outflows (ADO)

• Numerical solutions for 1-component models : 
Formation of a central jet in efficient magnetic rotators 

• Numerical solutions for (non self-similar) 2-component models : 

Collimation of the stellar outflow by a surrounding disk-wind

• Results of numerical solutions for 2-component models using 

as initial conditions a combination of the ASO + ADO solutions

• Conclusions



Observations :Jets from YSO’s

Propagation – bowshocks - source

@ Pat Hartigan



JET Simulations, Experiments and Theories

The Origin of Jets

Steady ejection sites : 

Extended disk-wind    or   inner disk wind (X-wind),    or   stellar wind

Unsteady ejection sites:  

Re-X wind or CME-type ejections



Stellar wind vs. disk wind in spinning-down p*s

Disk-locking seems problematic to explain the slow rotation of protostars

@ Matt & Pudritz, 2005
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Spin-down of protostar via stellar wind :

Disk-locking :
Torque on star due to accretion of disk matter:

τa ≡

dJa

dt
= Ṁa

√

GM∗Rtrunc

Torque on star due to angular momentum lost in the wind :

τw ≡

dJw

dt
= −(2/3)ṀwΩ∗R

2

∗
(rA/R∗)

2

Star rotates as a solid body at a rate which is a fraction f of break-up speed :

f = Ω∗

√

R3
∗
/GM∗

By equating τw = −τa, the equilibrium spin rate is,
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• Observations(1,2) : protostellar jet 
outflows contain two constituents, the 
dominance of which depends on the 
intrinsic physical properties of the 
system (protostellar object and disk)

(He line profiles indicate that stellar winds 
are present in at least 60% of CTTS)  

– Central protostar

– Surrounding disk 

• Theory(3) : it is argued that jets from 
YSOs may consist of two components:

– Inner pressure driven wind (non-collimated 
if the star is an inefficient magnetic rotator)

– an outer magneto-centrifugally driven disk-
wind providing most of the high mass loss 
rate observed. 

1Edwards et al. (2006), ApJ, 646,319

2Kwan et al. (2007), ApJ, 657, 897

3Bogovalov & Tsinganos (2001), MNRAS, 325,249

Source : Observations & Models 



Some “representative” studies in the past 50 years : 

• Parker’s (1958 - 1960) classical description of the HD Solar Wind

•Weber & Davis (1967) description of an equatorial magnetized stellar wind with slow, Alfven, fast critical pts

•Michel’s (1969) description of relativistic MHD stellar winds

•Blandford & Rees (1974), Lovelace (1976) jets power double radio sources

•Blandford & Payne’s (1982) description of radially self-similar MHD jets -“bead on a rotating wire” analogy

•Sakurai’s (1985) numerical simulation of MHD polytropic winds – first indications of collimation

•Uchida & Shibata’s (1985) simulations of the “uncoilling spring mechanism” for launching MHD jets

•Heyvaerts & Norman’s (1989, 2003) asymptotic analyses of rotating/magnetized outflows 

•Sauty & Tsinganos (1994) description of meridionally self-similar MHD jets and criterion for collimation

•Vlahakis & Tsinganos (1998)  systematic construction of self-similar models of MHD outflows

•Sauty, Trussoni, Tsinganos series of papers (1994 - 2005) on analytical modelling self-similar MHD outflows

•Ferreira, Casse, Keppens, Romanova (1997, 2002, 2004, 2006) magnetized accretion-ejection structures

• etc, etc.



Illustration of the interaction of magnetized plasmas



Theory : Basic (nonrelativistic) MHD equations

Question:

How can we “extract” 

from the general set of 

these MHD Eqs. the 

description of a 

magnetized outflow 

(jet or wind) ??
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MHD modelling of cosmical outflows

• I. Steady models

Advantages:

• analytical treatment

• parametric study
• physical picture

• cheap method
Difficulties:

• Nonlinearity of MHD set !
• 2-dimensionality - PDEs !

• Causality - unknown critical 
surfaces !

• II. Time-dependent models

• (No-analytical treatment)
• temporal evolution 

• nonideal MHD effects

• (expensive method)

• 3D MHD code with magnetic flux 
conservation !

• large grid space - large lengths of 
jets !

• correct boundary conds -
boundary effects !



1) Parker Wind
Ia) 1D-HD : The classical Parker 

wind

Β

V



Ulysses in situ measurement of solar wind speed
[Sauty et al, AA, 432, 687, 2005]:



Ib) 1D-MHD: The Weber-Davis magnetized wind

V(r)

Vr

Βφ

Βr Β(r)

Star

Vφ

Distribution of Vsini for 1Mo stars of different ages 

(Bouvier, Forestini & Alain 1997)
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Slow and Fast magnetic rotators :
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II. 2-D MHD plasma outflows: the issue of collimation

a) Time-independent (steady) outflows i) meridionally selfsimilar

ii) radially selfsimilar

b)       Time-dependent plasma outflows



• Classes of analytical solutions via a nonlinear 
separation of the variables (Vlahakis+Tsinganos, 298, 777, 1998)

• Critical points, characteristics and the problem of 
causality (Tsinganos et al, MNRAS 283, 811, 1996, Vlahakis et al, 
MNRAS, 318, 417, 2000)

• Classification of observed outflows in terms of 
efficiency of magnetic rotator (Sauty et al, 348, 327, 1999, Sauty
et al, AA, 389, 1068, 2002 )

• Topological stability of collimated outflows                                  
(Vlahakis + Tsinganos, MNRAS, 292, 591, 1997)

• etc, etc. 

a). 2-D Time-independent (steady) studies -

some general conclusions :



div.B = 0

[Tsinganos, ApJ, 252, 775, 1982]

div.ρVp = 0



Analytical Solutions: Self-similarity

Protostellar jet HH 111

1000 AU



The problem of a systematic construction of exact models    

for astrophysical MHD plasma flows
Main assumptions for getting analytical solutions



The three classes of exact MHD wind/jet models

A(R,θ)=f(R)sin2εθ=G(R)r2
r=R sinθ

A(R,θ)=g(θ)Rx=F(θ) rx
A(x,z)=G(x)e-z

(c)



The problem of a systematic construction of exact models    

for astrophysical MHD plasma flows



Classes of self-similar solutions [Vlahakis+Tsinganos, 298, 777, 1998] :

Lima et al (1986)
Sauty+kT (1984 - 2004)
λ=0, δ=0: Parker wind

F=3/4: Blandford &  Payne (1982)

Radially self-similar outflows

Meridionally self-similar outflows



The problem of singularities/critical points :



Φ or dΦ/dn

C+
C-

ΦΦ

Φ and dΦ/dt
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x
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Nature of MHD PDE’s & correct boundary conditions:



The set of steady MHD equations are of mixed elliptic/hyperbolic

character.

In hyperbolic regimes exist separatrices separating causally areas 

which cannot communicate with each other via an MHD signal. 

[They are the analog of the limiting cycles in Van der Pol’s

nonlinear differential equation, or, the event horizon in relativity.]

The MHD critical points appear on these separatrices which 

do not coincide in general with the fast/slow MHD surfaces. 

To construct a correct solution we need to know the limiting 

characteristics, but this requires an a priori  knowledge of the 

solution we seek for ! 

The problem of causality and limiting characteristics:

Tsinganos et al, MNRAS, 283, 811, 1996



Elliptic
Elliptic

Elliptic Hyperbolic

in hyperbolic regime there are two families of 

characteristics – one of them is tangent to the 

separatrix-limiting characteristic.

Plot of the characteristics in the 2nd hyperbolic regime 

of a meridionally self-similar jet.

Dotted lines: poloidal magnetic field lines, 

Solid lines (characteristics)

Thick-dotted line (cusp surface),

Dot-dashed line (slow-magnetosonic)

in hyperbolic regime there are two families of 

characteristics – one of them is tangent to the 

separatrix-limiting characteristic.

Dotted line (fast-magnetosonic)

Elliptic

Hyperbolic
Elliptic

Hyperbolic

Elliptic

[see Sauty, Trussoni and Tsinganos AA, 421, 797, 2004]



fast limiting characteristic

Hyperbolic

Elliptic

slow limiting 

characteristic

Elliptic

Hyperbolic

Plot of the characteristics 

in both hyperbolic regimes 

of a radially self-similar

jet: in each of the two 

hyperbolic regimes there 

are two families of 

characteristics.

Vlahakis et al, MNRAS, 318, 417, 2000



Basics of jet acceleration and collimation

� On the disk, z=0, the rotational kinetic energy 

exceeds the magnetic enegy �Keplerian rotation 

of the B-field line rooted at ro.

� Up to the Alfven distance, the B-field is strong 

enough � forces the plasma to follow the 

Keplerian rotation of the roots of the magnetic 

fieldline. In particular, when the inclination angle 

is less than 60o, we have the “bead on a rotating 

wire” magnetocentrifugal acceleration.

� After the Alfven distance, the poloidal B-field 

energy is weaker than the poloidal kinetic motion 

� the B-field follows the plasma. The plasma 

inertia leaves it behind the rotating B-line �

creation of strong Bφ

� The created strong Bφ collmates the magnetic field 

lines towards the z-axis and forms the jet.
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Poynting driving in magnetocentrifugal disk-winds:



Mach numbers in such magnetocentrifugal disk-winds:



Removal of disk angular momentum by magnetocentrifugal disk-winds:



An energetic criterion for cylindrical collimation:

Ω

∆

L

E

ρ

ρ )( ∆f=f(non polar streamline) - f(polar axis)
ε’=

• ε’< 0 --> No collimation

• ε’ > 0 --> Collimation
ε’=µ+ε

Efficiency of Pressure Confinement
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∆
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where

• ε > 0 --> Efficient Magnetic Rotator (EMR)

�ε < 0 --> Inefficient Magnetic Rotator (IMR)



Recollimated Jets

Conical Winds

Narrow Jets

Sauty et al., 1999, 2002 A&A

A classification of MHD outflows



A classification of MHD outflowsA classification of AGN jets :

Type 2 (Narrow Line ) Type 1 (Broad Line) Type 0 (Unusual)
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First, demonstration of the formation of a collimated jet 

once an outflow along a monopole (radial) magnetic field, 

starts rotating 

(jet formation as seen by a naked eye in video ).

III) Time-dependent studies

But, how general are all those conclusions of the steady 

exact MHD modelling ? 

For details, see : 
Bogovalov + Tsinganos, MNRAS, 305, 211, 1999, MNRAS, 325, 249, 2001, MNRAS, 357, 918, 2005

Tsinganos + Bogovalov, AA, 356, 989, 2000, MNRAS, 337, 553, 2002, 



Time-dependent MHD equations

Define poloidal magnetic field in terms of vector potential Αφ

Poloidal component of induction equation

Continuity equation

Azimuthal component of induction equation

Azimuthal component of momentum equation

z- component of momentum equation

Radial component of momentum equation

Close system either with polytropic equation of state,

or, by adding an energy equation.



A near zone snapshot on the poloidal plane showing the change of   

shape of the poloidal magnetic field from an initially uniform with 

latitude radial monopole (before a stationary state is reached).

Fast surface

Alfven surface

Poloidal B-lines

Electric current-lines

JxB Lorentz force

α = ΩRa/Vo= 

2πTtravel/Trotation

α < 1: Slow rotators

α > 1: Fast rotators

Vo



Far Zone : 
Poloidal magnetic lines of outflow :

(at intervals of equal magnetic flux)

Before rotation starts – After rotation started



Strong collimation of 

outflow from a FAST

magnetic rotator    

(e.g., a 10 times faster 

rotating YSO)

Weak collimation of 

outflow from a      

SLOW magnetic rotator  

(e.g., our Sun)

Solution in far zone 

(Logarithmic Plot !)

Solution in far zone 

(Logarithmic Plot !)

Alfven surface

Fast surface
Solution in Near Zone

Bogovalov+kT, MNRAS, 305, 211, 1999





The Dichotomy of Winds and Jets
• Jets = tight collimation

• Winds = no collimation

1. Star-birth (YSO)

3. Star-death (PN)

2. Solar Wind

Stellar Evolution



However, several pbs with 1-component outflows: 

Small fraction of mass and magnetic flux is collimated 

in a single-component outflow.

Weak collimation in case in the central outflow there 

is no available a strong azimuthal magnetic field, or, 

the central flow is  relativistic (as in AGN jets). 

Note also that disk-wind models are “singular” around 

rotation axis.

A central magnetized wind is needed to slow down the 

young star



A two-component outflow 

model with :                               

a) a central stellar wind   

b) a disk-wind Fast surface
Alfven surface

central stellar wind
central stellar wind

disk wind

disk wind

Before rotation starts After rotation starts



Collimation of the inner flow with the formation 

of a shock. 

shock



Confinement of stellar wind by a disk-wind
Real-life example: Supersonic flow incident at the vertex of an angle

shock

Incident flow

Deflected flow
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IV). Numerical simulations by using the 

analytical solutions as initial conditions

• The Radially Self Similar Models (r-ss):

– Describe magneto-centrifugally driven disk winds

– They have conical critical surfaces

– Allow a constant-γ pressure-density relation

– However, they are singular at the z-axis

• The Meridionally Self Similar Models (θ-ss):

– Describe thermally driven stellar outflows

– Have spherical critical surfaces 

– Have variable effective polytropic index

– However, not all magnetic fieldlines

are connected to the stellar surface
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Mixing

• The two classes of solutions

are complementary:

– Axis (stellar outflows) best

described by meridionally

self-similar solutions

– Equator (disk winds) best

described by radially

self-similar solutions

• The first thing is to show the topological stability of  
the solutions along with other physical and numerical 
features [Matsakos et al, 2007,  A+A in press].
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Mixing

• Choice of contribution in

the total magnetic field

• Choice of a fieldline (α0)

• Choice of the steepness of

the transition (d)

• Then, initialize each solution

with the mixing function:

and
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Results

• Initial setup:

– Implementation of

both solutions

– Different contribution

of the stellar wind

(left and right)

• Final setup:

– Steady-state reached

– Disk wind does not

change 

– Stellar wind is being

collimated by the disk

component
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Results of evolved 2-component
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results

• A steady-state is always reached, however at different 
timescales for each model

• The disk wind remains almost unmodified while 
effectively collimating the inner stellar outflow

• The final outcome of the simulations stays close to the 
initial setup, hence retaining the validity of the 
analytical solutions

• Proper choice of the parameters can explain many of 
the observed cases of the two-component jets i.e. from 
the one extreme of stellar dominated ones, up to the 
other, of the disk-wind being the only contributor



Some conclusions

• Systematic analytical construction of classes of exact MHD models for jets

• Critical role played by of limiting characteristics in seting correct BC’s

• Energetic criterion for the transition between winds  � jets

• Topological stability of most analytical MHD jet models

• Time-dependent simulations support general trends of exact steady 
studies

• A new 2-component model is  needed to describe collimated outflows

• There is yet a new way for producing shocks in jets


