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Cold: Solid/Ice     Warm: Liquid/Water Hot: Gas/Vapor Very hot: Plasma 

Matter in the Universe

 

Human experience

fourth 

           Plasma is the     - or -       state of matter

                                     first



MORE THAN 99% OF THE 

MATTER IN THE UNIVERSE 

IS IN THE PLASMA STATE
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1. Solar Wind                                   8.   Interstellar Space 

2. Solar Corona                                9.   Electron Gas in Metals

3. Tokamak experiments (ITER)    10.   Pulsar Magnetospheres

4. Solar core                                    11.   Hydrogen Bomb

5. Plasma in electrical tubes            12.  Jupiter’s Interior

6. Chromosphere                             13.  White Dwarfs

7. Photosphere                                 14.  Ionosphere

Non-relativistic plasmas

Fully ionized plasma Ideal plasmas

Ideal quantum 

plasmas

Non-quantum plasmas

mec
2=511 keV → Te

R > 5x109 K,   

 eΦ=e2/n-1/3 

EF=h2(3π2n2/3)/2me

Classical ideal plasmas
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The plasma microscopically: 

basic parameters for lengths and frequencies



Suppose that the number of electrons between two surfaces of area A is N = no∆xA, 

where no is the undisturbed density of the plasma. After the disturbance, the number 

of electrons between the two surfaces is N ′ = n(∆x+∆s). Since the total number of 

electrons remains the same, N = N ′ and we have,

We assume that the heavy ions do not move at all, so that their density remains constant 

and equal to no. Since the total charge density at each point in space is ρ = (no − n)e,

The density ρ is related to E via Gauss law,

1) The Plasma frequency



The Coulomb force on an electron is,

And the restoring force is,

By substituting in this differential equatiom s~ eiωpt,

→ oscillates with rather large frequencies ..



Assume that within the plasma e V ≪ (kTe, kTi), so thermal motion 

prevents complete ion-electron recombination. Then we can expand the 

Taylor exponentials, exp x ≃ 1 + x. The Laplacian is,

2) Debye length



when

when

is

It is easily verified that the solution of the previous differential 

equation satisfies the requirements

where λDe, λDi are the Debye lengths for electrons and ions, 

resspectively. Similarly, we can define the plasma Debye length λD,



In fusion experiments 

In electrical discharges 

In the ionosphere

In the solar corona 

In the solar wind     

with the T in K, and the no in cm-3
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→ deviations from neutrality are in rather small scales ..



3) Larmor radius rL:
In astrophysical conditions we usually have very high temperatures and 
very low densities (relative to those of the Earth's atmosphere), while we 
also have the presence of strong magnetic fields. In the solar corona, 
T ∼ 106 K, n ∼ 108 cm−3, B ∼ 1 Gauss, so,

The Larmor  radius rL for speeds of the order of  is,

The Larmor frequency, ωL

ωL =  eB/mc

→ rather small Larmor radii for 

astrophysical scales ..



4) The mean free path of electrons due to Coulomb scatterings: 

The mean free path λ of electrons due to Coulomb scattering, is

105 Hz

In the solar Corona we have  T ~ 106 K, n ~ 108 cm-3  and hence λ ~ 2500  km. 

   Also, regarding the plasma and Larmor frequencies we have,  

In such cases wherein,

we can take average values ​​and treat the plasma as a common fluid.

106 Hz

For magnetic fields of 100 Gauss.

→ rather small mean free paths  for astrophysical scales ..



Flow speed:

Density:

Pressure

:

Temperature:

→ Take mean values of the plasma variables:



MHD equations are derived from Boltzmann’s kinetic theory.



The distribution function: In 6-D phase space, 

The motion of each charge corresponds to the trajectory:   

For each type of charged particle there is a function, the distribution function, fα (r,v,t), 

α=e,i, which gives the density of charged particles in the 6-dimensional phase space, so 

that their number dN in the unit cell of the phase space drdv to be at any time  is, 

where dr = dx dy dz and dv = dvxdvydvz. The number of particles nα(r, t) per unit volume 

of 3-dimensional space is for each species a,

where T is the temperature of the gas and vθ= √2kT /m is the thermal velocity.

The isotropic Maxwell-Boltzmann (1860) velocity distribution fo(r, v) gives us the 

number of particles with velocity between  ⃗v, ⃗v + d⃗v per unit volume d3⃗r,

This is the famous Maxwell-Boltzmann distribution, when the gas is in 

thermodynamic equilibrium.



Since the Maxwell-Boltzmann distribution is isotropic, we may introduce the distribution Fo(v) 

instead of the distribution fo(⃗v) so that Fo(v)dv gives us the number of atoms with velocity 
magnitude between v, v + dv, per unit volume d3⃗r, Fo(v)dv = fo( ⃗v)d3⃗v = fo4πv2dv,

α = √kT/m

(above) The Maxwell-Boltzmann distribution for the velocities vx of the atoms of a gas, for 

two different values ​​of its temperature, T1 and T2, with T1 < T2.



Fo(v)

v

Maxwellian distribution 

of the velocities v



The Boltzmann and Vlasov transport equations

Because the distribution function

is a function of 7 variables, its total time derivative is,



where is the acceleration or,

The change with time t of the function fα may be due to collisions (e.g., Coulomb 

scatterings). This changes the number dN  of some type α of  particles in the unit 

of phase volume. Therefore, we have for the time change of the function fα because 

of such collisions, 

which is called the Boltzmann equation. In the absence of collisions, the kinetic 

equation for the distribution function fα is called the Vlasov equation (1947),

which should be solved in combination with Maxwell’s equations and the expression 

of the Lorenz force F=q(E+vxB/c).  



The Maxwell- Boltzmann equations
The Maxwell-Boltzmann equations are the complete system of Maxwell's equations 

describing the interaction of charged particles with electric (E) and magnetic (B) 

fields AND the Boltzmann transport equation, which describes the evolution of the 

distribution function fα for each component α=i,e of the plasma,

The system of these equations must be solved for E, B and fα self-consistently, i.e. 

the correct distributions  fα should be found such that they give the right expression 

of (δ, J) which then give (E , B) that determine the motion of the components of the 

plasma.

where,



Scattering of a charge q (an electron) by a heavier 

(positive) proton, with parameter b, at an angle θ’. 



Faraday’s law Ampere’s law

Gauss’ law No magnetic monopoles

Newton’s lawOhm’s law

With the notation:

Electric field in plasma Electric current density in plasma

Magnetic field in plasma

Mass density field in 

plasma

Electric current density in 

plasma

Pressure

Acceleration of gravity in plasma

Electrical conductivity in plasma

Bulk flow speed in plasma



MHD : basic interaction of magnetized plasmas

[As the Standard Model in Particle Physics]



HD

MHD

Illustration of the HD and MHD plasma interaction

Equation of state

Gravitational force
(common gas)

(plasma)



MHD approximations : 

L L

L L



Large magnetic Reynold’s numbers : 

xB)

VL

=



Flux freezing

a marked proton



Magnetic flux tubes



The physics of magnetic flux tubes (1979-1980)

[Credit: Institute for Solar Physics, Sweden, Swedish 1-m Solar Telescope, 

September 2007, La Palma, Spain].

5000 km at 

photosphere, 

➔





The two components of the Lorenz force:

The first corresponds to the magnetic pressure: 

The ratio of the gass to the magnetic pressure defines the plasma β:

The plasma is cold if β <<1 while when β >> 1 is regarded as hot. The second term can 

be split in two components, by defining the unit  vector T tangent to the magnetic line:

where κ is the curvature equal to 1/R, with R the radius of curvature of the magnetic line 

and N the first nomal vector. The first term neutralizes the force of the magnetic pressure 

gradient along the magnetic field, so that only remains the magnetic pressure gradient 

perpendicular. The second term appears only for curved magnetic lines and is directed 

towards the local center of curvature. Because it is similar to the tension in a bent string, 

or to the tension in a stretched rubber band, it is called magnetic tension.



The magnetic tension creates the Alfvén waves, which propagate in a 

magnetized plasma at the Alfvén speed and are the main mode of 

propagation of disturbances in a magnetized plasma,

where VA defines the Alfvén velocity. Thus, these waves propagate 

with the Alfvén speed along the dynamic lines of the magnetic field Bo, 

which depends on the intensity of this magnetic field and the density 

of the plasma. When the waves propagate at an angle θ to the field Bo, 

their speed Vφ = ω/k is less, reduced by the cos θ. Obviously in a direction 

perpendicular to the magnetic field Bo, θ = 90o, the waves do not 

propagate. In Alfvén waves the ions move under the influence of the 

restoring force of the magnetic tension of the curved magnetic lines.



Magnetohydrodynamic waves in the plasma:

(a) Perpendicular to a magnetic field, longitudinal sound waves 

propagate with speed √VA
2 + Cs

2. 

(b) Transverse Alfvén waves with speed VA and longitudinal sound 

waves with speed Cs propagate parallel to the magnetic field. 

At a random angle to the direction of a magnetic field, three MHD  

waves propagate: Alfvén waves, slow and fast MHD waves.



Diagram of phase velocities 

for the three characteristic 

MHD waves: Fast (external) 

Alfvén and slow (internal), 

when VA =0.5>Cs =0.4. In 

the direction of the x-axis, 

the phase velocity of the 

fast wave is V+ = √VA
2 + Cs

2 

= 0.64.

Group velocity diagram for 

the three characteristic MHD 

waves: Alfvén (black marks), 

slow (inner curve) and fast 

(outer curve) when VA = 0.5 > 

Cs = 0.4. The two spherical 

triangles are internally 

terminated with characteristic 

velocity CT = (VA Cs)/√VA
2 + Cs

2 

= 0.31.



Low solar 

corona



Magnetic pressure

x

z

y



Magnetic tension



Magnetic support of 

prominences

(Equation of force balance)

Assume:

1. Constant horizontal field Bo

2. Constant temperature To

3. P=P(x), ρ = ρ(x), Bz = Bz(x)

4. Λ=2kTo/mg, the scale height

5. P=2kρT/m, equation of state

6. Force balance in x-direction: 

     –ρg+(Bo/4π)(dBx/dx) = 0,  



In terms of

We take the following differential equation for bx

With solution,

In this solution it is worth noting the following.  First, the plasma pres-

sure at the center of the prominence equals to the magnetic pressure of 

the vertical magnetic field at infinity.  Second, the width of the promi-

nence is ∆x ≈ 4Λ(Bo/Bz∞). Third, with the observational fact that the 

observed width of prominences is ∆x ≈ 8000 km, and that Λ ≈ 200 km, 

we must have Bz∞ ≈ 0.1 Bo. That is, the magnetic support of the promi-

nences requires only a small perturbation (Bz) in the external field (Bo).





Erupting prominence, March 30, 2010, SDO





Sunspot
Photosphere

Convective zone

Magnetic buoyancy

Gravity

Magnetic buoyancy



Magnetic Buoyancy and the Formation of Sunspots

1955, ApJ 121, 491





predicts that sunspots (star spots) 

appear periodically and within a period 

- for the sun it is the 11-year Schwabe 

cycle - of a higher heliographic 

latitude, about 30 ° -35 °, walk to 

the equator ( Spörer's law ). The 

sunspots initiated by strong magnetic 

fields have a p-main spot (p = 

preceeding ) and an f-main spot (f = 

following ), the p-spot is somewhat 

closer to the solar equator, the two 

main spots form a bipolar group in 

which magnetic field linesexit from or 

enter the sun. Furthermore, bipolar 

groups correspond on the northern and 

southern hemisphere of the sun, 

whereby the magnetic orientation of 

the groups is opposite.

The Parker dynamo (1955)
1955, ApJ 122, 293

1. gave the basic physics of how magnetic fields 

are generated in various astrophysical systems

2. showed that turbulence can give rise to 

coherent structures 

3. provided a model of the solar cycle

The Ω - effect and the α - effect. (Image by E. F. Dajka).







Dynamo:  a simple example

Suppose that we have a weak initial magnetic field B = Boy in a plasma of 

infinite electrical conductivity σ. Also suppose that we also impose a velocity 

field which acts from time t = 0 onwards,

Then, from the dynamo equation we have,

Therefore, a new magnetic field is created in the x- direction with magnitude 

that increases linearly with time,

Thus, from an initial weak magnetic field in the y-direction, a strong magnetic 

field in the orthogonal x-direction is produced - mainly near the y- axis.



The Rayleigh-Taylor instability of magnetized gas supported by gravity. 

Parker, 1966, ApJ,145, 811

The Parker instability in the ISM  (1957)

Buoyancy

Tension
Tarantula Nebula, 

J. Webb telescope

NIRspec
MIRI



The Sweet-Parker magnetic reconnection model

Geometry of the Sweet−Parker (top) and Petschek reconnection model (bottom). 

The geometry of the diffusion region (grey box) is a long thin sheet (∆>>δ) in the 

Sweet−Parker model, but much more compact (∆ ≈ δ) in the Petschek model. 

The Petschek model also considers slow-mode MHD shocks in the outflow region. 

[From Aschwanden (2020)]

The Sweet–Parker reconnection allows for reconnection rates much faster than global diffusion,  

(typical time-scales are of a few tens of days) but it is not able to explain the fast reconnection 

rates observed in solar flares. However, it was the first basis for understanding solar flares.



Dynamo process Produces magnetic fields

Magnetic buoyancy Produces sunspots, loops

Currents in loops
Produce hot corona

Produces solar wind

The individual links in the chain of solar MHD:

Hot solar corona  



The majestic Solar Corona

Total solar eclipse 1.8.2008

Total solar eclipse of 1.8.2008, Novosibirsk (Siberia, Russia),

Credit: M. Druckmuller)



Total solar eclipse of 1.8.2008, Novosibirsk (Siberia, Russia) Credit: M. Druckmuller)



Proba 3

150 m



Parker’s theorem for the nonequilibrium of 

nonsymmetric magnetic field topologies (1972)

Coronal heating by many current sheets 

occurring in magnetic loops in the solar corona

Pausing to ask “What is field topology?”

Definition of topology. Magnetic flux-tubes as geometric objects have topological properties that are invariant 

under continuous deformation, no cutting nor re-gluing allowed.  Fortunately, to proceed we can

circumnavigate the mathematics of topological invariance,  e.g., how to quantify the mutual linkages

of tangled flux tubes anchored to z=0, L. It suffices today to use the concept of topological equivalence.  

Two geometric objects are topologically equivalent if one is continuously deformable into the other.

The Two-Plate magnetic field is a physical entity identified by its invariant topology ! . 

The initial field B " , $,%, 0 is more than just a prescribed initial condition, for it identifies a 

unique field of an invariant topology ! , that assumes different physical states generated by the 

continuous deformations of it.  This understanding clarifies the meaning of the initial-boundary value 

problem.  The Lorentz-force drives each given initial field B " , $,%, 0 of a fixed ! along an energy-

minimizing path in the space ' @ of continuous topologically-equivalent fields to a unique force-free 

end-state BA . The non-trivial question thus arises whether BA is necessarily continuous and resides 

in ' @. We have arrived at the threshold of the Magnetostatic Theorem.
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Campfires’ are miniature solar flares discovered 

by ESA’s Solar Orbiter mission.





Magnetic switchbacks observed by the PSP

Parker Solar Probe observed switchbacks — traveling disturbances in the solar wind that 

caused the magnetic field to bend back on itself — an as-yet unexplained phenomenon. 

Credits: NASA’s GSFC/Conceptual Image Lab/Adriana Manrique Gutierrez



Illustration of the formation mechanism of magnetic switchbacks, 

observed originally (2018) by NASAs Parker Solar Probe spacecraft and 

followed by the ESA/NASA Solar Orbiter spacecraft (2022), wherein 

there is an interaction between a region of open field lines and a region 

of closed field lines. In this scenario an open magnetic field line is (a) 

dragged against a large coronal loop, by global circulation in the corona, 

(b) undergoes interchange reconnection, and (c) effectively jumps the 

approximate width of the originally closed loop, launching an S-shaped 

switchback in the magnetic field into the corona.  Fisk & Kasper (2020),  

Telloni et al (2022). [Credit: ESA/NASA/GSFC]. 



llustration of global magnetic field circulation enabled by interchange 

reconnection. In this scenario an open magnetic field line is (A) dragged 

against a large coronal loop, by global circulation in the corona, (B) 

undergoes interchange reconnection, and (C) effectively jumps the 

approximate width of the originally closed loop, launching an S-shaped 

switchback in the magnetic field into the corona. Fisk & Kasper (2020),  

Telloni et al (2022). [Credit: ESA/NASA/GSFC]
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ABSTRACT

Aims. We study the emergence of a toroidal flux tube into the solar atmosphere and its interaction with a pre-existing field of an active
region. We investigate the emission of jets as a result of repeated reconnection events between colliding magnetic fields.
Methods. We perform 3D simulations by solving the time-dependent, resistive MHD equations in a highly stratified atmosphere.
Results. A small active region field is constructed by the emergence of a toroidal magnetic flux tube. A current structure is build up
and reconnection sets in when new emerging flux comes into contact with the ambient field of the active region. The topology of the
magnetic field around the current structure is drastically modified during reconnection. The modification results in a formation of new
magnetic systems that eventually collide and reconnect. We find that reconnection jets are taking place in successive recurrent phases
in directions perpendicular to each other, while in each phase they release magnetic energy and hot plasma into the solar atmosphere.
After a series of recurrent appearance of jets, the system approaches an equilibrium where the efficiency of the reconnection is
substantially reduced. We deduce that the emergence of new magnetic flux introduces a perturbation to the active region field, which
in turn causes reconnection between neighboring magnetic fields and the release of the trapped energy in the form of jet-like emissions.
This is the first time that self-consistent recurrency of jets in active regions is shown in a three-dimensional experiment of magnetic
flux emergence.

Key words. magnetohydrodynamics (MHD) – Sun: corona – magnetic fields

1. Introduction

Jet-like emissions of plasma in the solar atmosphere have been
extensively observed over a range of wavelengths (X-ray, EUV,
Hα). They usually occur in active regions and polar coronal
holes. It is believed that many jets and surges are produced di-
rectly by magnetic reconnection (Shibata et al. 2007) when op-
positely directed magnetic field lines come into contact. Due to
reconnection, the magnetic energy of the fields is converted
into heat and kinetic energy of the ejected plasma. Observations
(Chae et al. 1999) have also shown that EUV jets and Hα-surges
occur in regions of magnetic cancellation between emerging and
pre-existing magnetic fields of opposite polarity. Thus, the idea
that the jet formation is due to an interaction of magnetic fields
is widely supported by various measurements and numerical
experiments (e.g. Yokoyama & Shibata 1996; Archontis et al.
2005; Moreno-Insertis et al. 2008).

In many cases, the appearance of jets is recurrent. Chifor
et al. (2008b,a) have shown a recurrent jet emission in an active
region. They found that the emission was associated with mag-
netic flux cancellation and they suggested that the emission was
coming from the chromosphere in the process of evaporation.
Chae et al. (1999) suggested that magnetic reconnection driven
by emerging flux would be a possible scenario for the recur-
rency of EUV recurrent jets in active regions. Wang & Sheeley
(2002) found numerous jet-like ejections, originated from active
regions located inside or near the boundaries of nonpolar coro-
nal holes. The jets were apparently triggered when the magnetic
loop systems of the active region reconnected with the overlying
open flux.

Murray et al. (2009) studied the emergence of magnetic flux
in a coronal hole via 2.5 MHD numerical simulations. They
found that oscillatory reconnection occurs between the rising
field and the open ambient field of the coronal hole environ-
ment. A cyclic evolution of temperature and repeated reconnec-
tion outflows were reported as a consequence of the oscillatory
reconnection.

In a previous study (Gontikakis et al. 2009), hereafter
Paper I, we showed the formation and emission of a reconnec-
tion jet, driven by the emergence of a toroidal loop at the edge of
an active region. The physical properties of the jet were in good
qualitative and quantitative agreement with observations of an
active region jet. Here we study the long-term evolution of the
system focusing on the characteristics of the reconnection pro-
cess and the jets. We find a persistent behavior of reconnection
(similar to the 2.5D oscillatory reconnection by Murray et al.
2009) between the interacting magnetic fields and also recurrent
emission of jets. This is the first reported instance of recurrent
jets in 3D, driven by reconnection that is initiated by flux emer-
gence into pre-existing closed loops of an active region.

2. Model

The results in our experiments are obtained from a 3D magne-
tohydrodynamic simulation using a Lagrangian remap scheme
(Arber et al. 2001). The basic setup follows the simulation in
Paper I. The initial state consists of an hydrostatic atmosphere
and two toroidal magnetic flux loops. All variables are made
dimensionless by choosing photospheric values for the density,
ρph = 3 × 10−7 g cm−3, pressure, pph = 1.4 × 105 erg cm−3, and
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Corona 

                                             Photosphere 

Archontis, Tsinganos and Gondikakis, Astronomy & Astrophysics, 512, L2, 10 pp. (2010). 

Emerging flux Pre-existing flux



Angular momentum 
of e-m field:

S=c(ExB)/4π 

dp/dV= S/c2

dL/dV=rxdp/dV

Lz= eg/c = nℏ, n=1,2.. 

→ g = ne x 137

α = c2/ℏc=1/137



The Parker limit for magnetic monopoles (1982)

There are no definite theoretical predictions of 

the abundance of cosmic MMs. A bound 
largely used is the so-called Parker Bound, 

F < 10−15 cm−2 s−1 sr−1 obtained by requiring 

that MMs do not short-circuit the galactic 

magnetic field faster than the dynamo 

mechanism can regenerate it. By taking into 
account typical coherence lengths (ℓ∼1 kpc) 

of the galactic magnetic fields, the limit 

becomes F < m17 10−15 cm−2 s−1 sr−1, for 
m17≥1, with m17 = mM/1017 GeV c−2. Similar 

considerations applied to the survival of an 
early seed of the galactic magnetic field yield 

a more stringent bound, the ‘Extended Parker 

Bound’ (EPB): 
FEPB < m  10−16 cm−2 s−1 sr−1.

Mass of magnetic monopoles (MM):

Clasical: most recent searches are performed at 
the CERN LHC. The ATLAS experiment 

sought gD MMs with masses of up to 2.5 TeV   

Intermediate mass: 3÷7 TeV 
Supermassive (GUT theories): 

MM ≳ 1016÷1017 GeV c−2 (1kg → MeV/c2)

Grand unified and Superstring 

theories, predict existence of MM

In his 1931 paper Dirac predicted the relation 

between the elementary electric charge e and 
the magnetic charge g:

Where n=1,2,… and gD is the unit of the 

magnetic charge

The so-called Parker Bound, F < 10−15 cm−2 s−1 sr−1 is 

obtained by requiring that magnetic monopoles do not 

short-circuit the galactic magnetic field faster than the 

dynamo mechanism can regenerate it. 



ξ

Vs

V

F(V)

R

M

Parker wind theory

B = Bc

B > Bc

B < Bc

M=1

R=λ/2

ε

3 (simple) equations



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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Parker vs. Weber/Davis Topologies of Vr(R) :

Sonic



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



(SS433) 

200.000 l.y.

Radiogalaxies

(Cygnus) 

1000 AU

10 l.y.

White Dwarfs

Planetary neboulae 

(Twin exhaust nebula)  Neutron Stars

              (crab)                                 

Binary stars - microquasars 

(SS 433)

1 l.y.

1 AU 25000 AU

0.4 l.y. 

Single old Stars 
(our Sun) Single Young Stars

(HH 111)

5.000 l.y.

M87 & its Black hole 

(all scales) GRB & Quasars

(Most distant quasar

 P172+18, d=13x109 l.y.) 

From MHD winds to jets
     
  

The Solar Wind as the prototype 

of astrophysical MHD outflows

The case of collimated magnetized 

astrophysical MHD outflows



• Classes of analytical solutions via a nonlinear 

separation of the variables 

• Critical points, characteristics and the problem of 

causality 

• Classification of observed outflows in terms of 

efficiency of magnetic rotator 

• Topological stability of collimated outflows                                  

• etc, etc. 

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

some general conclusions : 



Analytical Solutions: Self-similarity 

Protostellar jet HH 111

1000 AU



The issue 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 issue of singularities/critical points :

Fast

Alfven

Slow



Φ or dΦ/dn

C+
C-

ΦΦ

Φ and dΦ/dt

t

x

Elliptic Elliptic HyperbolicHyperbolic

s s

S’ S’

Α

Α’

P

Nature of MHD PDE’s & correct boundary conditions:



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

character.

 In hyperbolic regimes exist some separatrices which separate 

causally areas that 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 issue of causality and limiting characteristics:

Tsinganos et al, MNRAS, 283, 811, 1996



fast limiting characteristic

Hyperbolic

Elliptic

slow limiting 

characteristic

Plot of the characteristics 

in both hyperbolic regimes 

of a radially self-similar 

jet. In each of the two 

hyperbolic regimes (white 

domains) there are two 

families of characteristics.

Vlahakis et al, MNRAS, 318, 417, 2000



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]



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 collimates the magnetic 

field lines towards the z-axis and forms the jet.
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Removal of disk angular momentum by magnetocentrifugal disk-winds:

= f/50 = 1/100

(e.g., f=0.5)





Angular momentum conservation and how a protostar 

manages to overcome it. 

Protostellar jets: they are the "ex machina Deus" in star 

formation... 



An energetic criterion for cylindrical collimation: 





L

E



 )( f=f(non polar streamline) - f(polar axis) 
’=

• ’< 0 --> No collimation

• ’ > 0 --> Collimation 
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where

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

▪ < 0 --> Inefficient Magnetic Rotator (IMR)



A classification of MHD outflowsA classification of AGN jets : 

Type 2 (Narrow Line ) Type 1 (Broad Line) Type 0 (Unusual)
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Seyfert 2

Narrow Emission Line Galaxies
IR Quasars ?

Seyfert 1

Quiet Quasars (QSO)
Broad Absorption Line QSO ?

Narrow Line Radio Galaxies Broad Line Radio Galaxies Blazars

Fanaroff-Riley I

Rich environment? 

Smaller torus opening angle?

Fanaroff-Riley II 

Poor environment ?
Larger torus opening angle?

?

Steep Spectrum Radio Quasars

Flat Spectrum Radio Quasars 

BL Lac Objects

(FSRQ)

Decreasing Viewing Angle (Urry & Padovani 1994)
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?

→

 ’

BH spin ?
Environnement ?



Extension of Parker’s Solar Wind work 

to General Relativity by his students



Stagnation surface

Poloidal 

Magnetic lines

Poloidal 

Outflow 

(jet)

Slow-

magnetosonic 

surface

Alfvèn surface

Ergoregion

Corotation 

surface, with 

Pair production

Rotating 

(Kerr) 

black hole

Poloidal 

Inflow (towards 

the black hole)

Jet outflow

Magnetosphere

Event 

horizon



Further Reading: 
1.  Αστροφυσική Πλάσματος, K. Τσίγκανος, σελ. 538, Unibooks 

Publications, (2017) 

2.  Σύγχρονη Θεωρητική Μηχανική με 200 παραδείγματα και 

λυμένα προβλήματα, K. Τσίγκανος, σελ. 570, Unibooks 

Publications, (2022) 

3.  Protostellar Jets in Context (Astrophysics and Space Science 

Proceedings) 2009th Edition, by Kanaris Tsinganos, Tom Ray, 

Matthias Stute, Springer; 2009th edition (2009)

4.  Solar and Astrophysical Magnetohydrodynamic Flows (Nato 

Science Series C:, 481) by Kanaris Tsinganos (1996), Springer; 

1996th edition (1996)

[https://www.amazon.com/Books-Kanaris-

Tsinganos/s?rh=n%3A283155%2Cp_27%3AKanaris+Tsinganos]

5.  For a detailed list of publications in journals by the author, 
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14. University Textbooks (in Greek) (3) 

· Modern Theoretical Mechanics, with 200 examples and solved problems, 

[Σύγχρονη Θεωρητική Μηχανική] K. Tsinganos, 570 pages, Unibooks 

Publications, (2022)  

· Plasma Astrophysics [Αστροφυσική Πλάσµατος], K. Tsinganos, 538 pages, 

Unibooks Publications, (2017)  

· Classical Electrodynamics [Ηλεκτροδυναµική], K. Tsinganos, 175 pages (2000). 

 

 

 

 

 

 

 

 

 

 

 

 

15. Translation of Scientific Volumes in the Greek Language (4) 

§ The Invisible Universe, G.B. Field and E. Chaisson, Crete University Press, 

pages 220 (1990). 

§ Astrophysics, Chapter 6, Vol. II, F. Shu, Crete University Press, pages 300, 

(1991).  

§ Calculus and Analytic Geometry, Vol. II, G. Thomas and R. Finney, Crete 

University press, pages 690 (1992). 

§ Calculus and Analytic Geometry, Vol. I, G. Thomas and R. Finney, Crete 

University press, pages 910 (1993).  

Εκδόσεις Unibooks, Αθήνα
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