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Abstract. Some general features of ideal MHD plasma out
ows from rotating and
magnetized central gravitating objects such as AGN are brie
y discussed. The asymp-
totic structure, morphology and degree of collimation of the out
ow are analysed in the
light of a family of exact solutions produced via a nonlinear separation of the variables
in the full set of the MHD equations. Among the interesting features of this solution is
a quantitative energetic criterion for the transition of the morphologies of the out
ows
from highly collimated jets to uncollimated winds. It is proposed that in a space where
the two main variables are the energy of the magnetic rotator and the angle between
the line of sight and the ejection axis, some observed characteristics of AGN can be
understood. Thus, while the horizontal AGN classi�cation from Type 0 to Types 1 and
2 is mainly an orientation e�ect, as in the standard model, the vertical AGN classi�-
cation as those with uncollimated out
ows (radio-quiet sources: Seyferts, QSO's) and
collimated out
ows (radio-loud sources : radio galaxies and Blazars) depends on the
e�ciency of the magnetic rotator and the environment in which the out
ows propagate.

INTRODUCTION

The extremely high luminosity of the emitted radiation in 
�ray, X-ray and UV
continuum from rather small volumes in active galactic nuclei (AGN) is believed
to be gravitational energy released by matter spiraling around a supermassive cen-
tral object, possibly a black hole of about 109M�. Although such an enigmatic
object is hidden from our own direct scrutiny, information about the central engine
which produces the enormous observed activity may be obtained from other basic
ingredients which have gradually formed what we call the standard picture of an
AGN: (i) the accretion disk which emits in the UV and soft X-rays, mostly from
about (2� 100) gravitational radii Rg, (ii) the broad line optically emitting clouds
extending up to a few 103Rg from the center, (iii) an obscuring dusty torus with
an inner radius of a few 103Rg, (iv) the narrow line regions extending from about
(104� 106)Rg, and �nally (v) powerful jets of plasma detected from the sub-parsec



to the Mpc scales, mainly in the radio but also in the optical, UV and X-rays.
Note in particular, that ultra high energy 
-rays have also been observed from the
central regions of several Blazars, as it is discussed in detail in this volume. Hence,
together with the emission of radiation from the immediate neighborhood of an
AGN, jets provide a crucial link between the easier observed large Mpc scale and
the �ner sub-parsec scales where presumably the plasma of the jets is accelerated
in a few gravitational radii from the center of the AGN.
AGN are commonly divided into three broad classes, according to the phe-

nomenology of their emission of radiation in the radio and optical/UV parts of
the spectrum [1], [39]. Type 1 AGN have bright continua with broad emission
lines. In the radio-quiet group belong the low luminosity Seyfert 1 galaxies and the
higher luminosity radio-quiet quasars (QSO), while in the radio-loud group belong
the broad line radio galaxies at low luminosities and the 
at or steep spectrum
radio-loud quasars at higher luminosities. On the other hand, the Type 2 AGN
have weak continua with narrow emission lines. In the radio quiet group belong
the low luminosity Seyfert 2 galaxies and narrow emission line X-ray galaxies while
in the radio-loud group belong the narrow-line radio galaxies with the two distinct
morphologies of Fanaro�-Riley I (low-luminosities) and Fanaro�-Riley II (higher
luminosities). Finally, the Type 0 AGN contains the rest AGN with weak or un-
usual emission lines, i.e., in the radio-quiet end the broad absorption lines QSO
and in the radio-loud end the Blazars (BL Lacs and 
at spectrum radio galaxies).
Hence, such a uni�cation model organizes the various classes of AGN according to
orientation, beaming and obscuration e�ects [39].
However, as noted by Urry and Padovani [39], \although the classi�cation of

AGN in Types 0 - 2 appears to be primarily an orientation e�ect, the di�erences
within the same type, e.g., as we move from the radio-quiet to the radio-loud
galaxies, appears to be due to an as-yet unknown physical e�ect". It seems that in
radio-loud AGN the jet is relativistic while in radio-quiet AGN it is not. Various
possibilities have been suggested, such as that radio-loudness is related to host
galaxy type [33], or, that it is the black hole's spin that distinguishes between
the lower spin radio-quiet galaxies from the higher black hole spin in radio-loud
galaxies [5], [38], or, that there are di�erences in the rate of nuclear feeding [27],
[2].Nevertheless, in this paper we shall outline a quantitative physical criterion for
such a transition from radio-quiet to radio-loud galaxies based on new results from
an analytical modeling of MHD out
ows from a magnetized and rotating central
gravitating object.
Among the basic questions for understanding the physics and role of jets in AGN

are those related to their initial acceleration in the near environment of the AGN, as
well as their morphology as they propagate away from the central region. Regard-
ing their initial acceleration, two classes of plasma composition and acceleration
mechanisms for out
ows associated with AGN are still being pursued. In one, the
nonrelativistic or relativistic plasma consists basically of electrons/protons and is
magnetocentrifugally accelerated from an accretion disk via the classical Bland-
ford & Payne [4] acceleration mechanism. In the second, the rotational energy



of the accreting black hole is extracted by a magnetic �eld, then converted to
Poynting 
ux and �nally to relativistic electron/positron pairs via the Blandford
& Znajek mechanism [3]. It is likely that jets associated with quasars are a mix-
ture of electron/proton and electron/positron pairs, since pure electron/positron
jets overpredict soft X-ray radiation from quasars, while pure proton-electron jets
predict too weak nonthermal X-ray radiation [32]. In fact it has been suggested
that jets consist of electron/positron pairs close to their axis, surrounded by an
electron/proton plasma [31].
Concerning their morphology, plasma out
ows may appear either as collimated

beams or as uncollimated winds. However, apart the case of the solar wind, uncol-
limated 
ows are hardly observable, while jets are observed in several astrophysical
environments, from star formation regions to distant AGN. This is mainly due to
the much higher density inside jets as opposed to the loosely collimated winds.
Furthermore in AGNs where beams move at relativistic speeds, the emission may
be largely ampli�ed by Doppler boosting if the jet is pointed towards the observer.
In the following we outline some basic properties of MHD out
ows towards under-
standing their morphologies as they are associated with AGN. In particular, we
shall use an exact out
ow model based on semi-analytical solutions of the full set
of the MHD equations in order to investigate the physical basis of the transition of
AGN within the same type (aspect) in a unifying classi�cation scheme.

ACCELERATION, ANGULAR MOMENTUM

EXTRACTION AND CONFINEMENT

Acceleration. From a rather general perspective, an observational characteristic
of many cosmic plasma out
ows is that they seem to be accelerated to relatively
high speeds which may even reach values close to the speed of light in the most
powerful AGN jets. The most often invoked mechanisms to accelerate these 
ows
are of thermal, or, of magnetocentrifugal origin. Thus, if the magnetic �eld does
not play a crucial role in the acceleration, the plasma is thermally driven, as is the
case in the low-speed solar wind with the heating provided by the dissipation of
waves, Joule heating, etc. In this case the presence of a hot corona around the disk
that is responsible for the acceleration is essential and the terminal speed obtained
in this way is proportional to the square root of the coronal temperature. Con-
versely, if the magnetic �eld and rotation are dominant, then the primary source of
acceleration may be either due to the build up of a toroidal magnetic pressure (the
so-called 'uncoiling spring' model), or it can be due to magnetocentrifugal forces
(the so-called 'bead on a rotating wire' model). In this last case the acceleration
comes from the conversion of Poynting energy 
ux to kinetic energy 
ux. In both
those last cases the gain in kinetic energy is proportional to the energy that brings
the magnetic �eld lines into rotation, i.e., the energy of the magnetic rotator; this
energy is the product of the rotational frequency and the total speci�c angular mo-
mentum, 
L. Such a magnetocentrifugal driving mechanism seems to be e�cient



in disk winds wherein a hot corona is not an absolute requirement.

Angular momentum extraction. Magnetocentrifugally driven out
ows extract
also rather e�ciently angular momentum from their source allowing thus mass
to accrete to the central object. This magnetic removal of the angular momentum
of the accreted material is e�cient because the magnetic lever arm $a is larger by a
factor of order 10 than the cylindrical radius of the footpoint of a �eldline, $o [37].
It is interesting that even if a tiny percentage of order of 1% of the accreted mass
rate _Ma is lost through a jet, _Mj, the major part of the angular momentum of the
infalling gas is removed and so this gas can be freely accreted by the central object.
This can be quantitatively seen as follows. Since the out
ow practically corotates
approximately up to the Alfv�en distance $a, the speci�c angular momentum car-
ried by this out
ow is _Jj = _Mj
$2

a, while the angular momentum that needs to
be extracted locally at the footpoint $o of the same �eldline on the disk level in
order that accretion takes place at a rate _Ma is _Ja = (1=2) _Ma
$2

o . If _Jj = f _Ja,
while the remaining fraction (1�f) of the angular momentum of the accreted mass
may be carried away by viscous stresses, then, _Mj= _Ma = (f=2)($2

o=$
2

a). For

$a � 10$o, we see that _Mj � 1% _Ma. It looks then that plasma jets play a dou-
bly crucial role in the AGN picture, (i) by allowing material to accrete close to the
gravitational horizon of the supermassive central object wherein, (ii) by converting
its gravitational energy into high energy radiation, they power the high luminosity
that we observe coming from the central parts of the AGN.

Con�nement. Another observational constraint is the morphology of the out
ow.
As it is well known, astrophysical out
ows are either con�ned and collimated into a
rather cylindrical jet or they remain expanding into a more or less radial wind. Two
basic mechanisms may be responsible for collimation, one is of thermal origin and
the other is of magnetic origin. Thermal con�nement means that the surrounding
medium has a higher pressure than the 
ow such that there is a pressure gradient
forcing the out
ow to collimate along its ejection axis. In other words, only out
ows
underpressured with respect to their surrounding environment may be thermally
con�ned. In fact, such a situation seems to occur in many extragalactic jets, as
deduced from X-ray data on the hot plasma surrounding early-type galaxies and
clusters of galaxies, [13]. But there also exists a second con�ning mechanism which
works both for under- and over-pressured jets. This is the magnetic con�nement
of the out
ow by a toroidal magnetic �eld wound around the jet. In fact, in recent
observations of highly optically-polarized, compact radio-loud quasars (HPQ) the
electric vectors of the polarized 43 GHz radio cores are roughly aligned with the
inner jet direction indicating magnetic �elds perpendicular to the 
ow [23]. This
implies that such beams carry some electric current that eventually closes at their
surface or outside. Note that the building of the toroidal magnetic �eld is done at
the expense of the Poynting 
ux. Thus, in a pure magnetic jet all the Poynting

ux cannot be converted to kinetic energy, if part of it remains to con�ne the jet.
Obviously reality in most cases and particularly in the case of AGN, may involve a
combination of thermal and magnetic processes in the acceleration and con�nement



of the out
ow.

NUMERICAL SIMULATIONS OF UNSTEADY MHD

OUTFLOWS

Electron/proton or electron/positron plasma out
ows are usually modeled to ze-
roth order via the set of the ideal MHD equations. The time-dependent MHD
problem can be treated only by means of numerical simulations in which, for in-
stance, the boundaries do not introduce spurious e�ects and the system relaxes into
a reproducible �nal state. Another di�culty with the numerical simulations has to
do with the fact that AGN jets often extend over lengths more than six orders of
magnitude their width, while the available grid sizes are much smaller. One way
out of this constraint is to solve the problem via a combination of numerical and
analytical techniques. For instance, one may solve the time-dependent problem in
the near-zone containing all critical surfaces and obtain a suitable steady state with
a superfast out
ow. This solution can be then used as the boundary condition for
solving in the superfast domain the hyperbolic steady state problem analytically,
to unlimited large distances from the central source [6], [35].
Sakurai's [28] simulation obtained for the �rst time a steady-state solution for

the rotating and magnetized solar wind, by using an iterative method to solve
the coupled set of the Bernoulli and trans�eld equations. This study used a split
monopole con�guration for the initial magnetic �eld and obtained an asymptotic
state where the out
ow is logarithmically (i.e., weakly) collimated around the ro-
tational axis. The majority of the other numerical simulations on the temporal
evolution of out
ows has been devoted to model magnetically driven disk-winds
[24], [16], [40], [18], [19]. In several of these cases, after the initial transient phase
when a torsional Alfv�en wave develops and drives the initial acceleration of the

ow like an uncoiling spring, the solutions converge to a weakly collimated struc-
ture, where the con�nement is done by the toroidal magnetic �eld. However, for
the numerical constraints we mentioned above, the out
ow cannot be simulated in
regions far from the base to follow its degree of collimation and where the thermal
pressure could also contribute to its con�nement.
A di�erent approach has been followed by Bogovalov & Tsinganos [6], [35], who

investigated the temporal evolution of a solution of an initially radial magneto-
sphere with a uniform 
ow along the magnetic lines, a case suited to model a
wind emerging from a spherically symmetric central body. After su�cient time
has elapsed from the onset of the rotation such that a toroidal magnetic �eld is
generated, a cylindrically collimated steady state is realized. In that asymptotic
state, a relation between the strength of the magnetic rotator and the amount of
collimation is also found, in agreement with the properties of the steady analytical
solutions we shall discuss in the next section. In particular the degree of collima-
tion is determined by a parameter which expresses the ratio of the corotation speed
at the Alfv�en transition to the Alfv�en speed there. The main results of the study



have been also found in the simulations of Keppens & Goedbloed [17] who used a
relaxation method and also included closed magnetic �eld lines (dead zones).

ANALYTICAL MODELING OF STEADY MHD

OUTFLOWS

On the other hand, the construction of analytical solutions of the steady MHD
equations is a rather di�cult undertaking, even when axisymmetry is assumed,
regardless of whether the out
ow emerges from a hot corona surrounding a spher-
ically symmetric gravitational body, or from an accretion disk. Basically the core
of the di�culty lies in the fact that the set of the steady and axisymmetric MHD
equations, reduces to a pair of highly nonlinear and coupled di�erential equations
of mixed elliptic/hyperbolic type. Then, from the causality principle, a physically
acceptable solution needs to cross several critical surfaces. However, the exact po-
sitioning of those critical surfaces is not known a priori but it is only determined
simultaneously with the solution. It is for this reason that only a few classes of such
exact MHD solutions have been studied so far. All available analytical solutions are
employing a separation of the variables technique [36]. In the following section we
shall brie
y outline through two examples what can be done analytically through
this technique to study the collimation of winds into jets in the framework of a
classical treatment.
It is an observed fact that, besides the case of radio-quiet AGN, extragalactic

out
ows are relativistic. However, we may reasonably expect that the basic phys-
ical mechanisms at work operate also in the classical regime. So, for the sake of
mathematical simpli�cation we shall con�ne ourselves in studying the simpler non-
relativistic set of the MHD equations; a generalisation of the results thus obtained
to the relativistic case still remains a challenge for future studies.

Exact steady solutions using a nonlinear separation of the

variables approach

To �x our notation, we denote the 
ow density by �, velocity by ~V , magnetic
�eld by ~B and pressure by P (or equivalently the temperature by T ), as functions
of the spherical (r,�,') or cylindrical ($,',z) coordinates. In fact we need to use
interchangeably spherical and cylindrical coordinates, since spherical coordinates
are usually adopted for stellar winds starting from a spherical base (corona) while
cylindrical coordinates are more appropriate to study disk-wind problems. Another
useful set of coordinates are the arclength s along the poloidal direction p̂, the
normal to the poloidal �eld line coordinate n along ~rA= j ~rA j= n̂ and the
azimuthal angle '.
Under the assumption of steadiness @=@t = 0 and axisymmetry @=@' = 0, the

magnetic �eld on the poloidal plane is de�ned by means of a scalar magnetic 
ux



function A, ~Bp = (~rA� '̂)=$, while the momentum equation splits in the poloidal
plane into a component along the poloidal 
ow and a component across this 
ow.
Momentum balance along the poloidal 
ow may be combined with momentum
balance across the 
ow (the trans�eld or Grad-Shafranov equation) to form a system
of two coupled partial di�erential equations for the density � and the magnetic 
ux
function A. Irrespectively of using a polytropic equation of state between pressure
and density, or not, this system contains integrals that depend only on the magnetic

ux distribution, such as the mass to magnetic 
ux ratio, 	A(A), the total angular
momentum, L(A), and the angular velocity or rotational frequency of the footpoints
of the magnetic �eldlines anchored in the wind source, star or disk, 
(A).
With the azimuthal variable ' ignorable, considerable analytical simpli�cation

results by assuming a nonlinear separation of the dependance of the physical quanti-
ties on the two remaining spherical coordinates, i.e., the poloidal plane coordinates
(r; �). Two main classes of such solutions have been shown to exist wherein all
quantities scale with the spherical radius r or the colatitude �. The two cases cor-
respond to solutions characterized by radial and meridional self-similar symmetries
[36]. It is worth to note that this systematic construction uni�es all existing ana-
lytical models of cosmic out
ows, such as the classical Parker [25] and Blandford
and Payne [4] models for the solar wind and disk-winds, respectively, in addition
to uncovering new and interesting global models [36].
The �rst family with the radially self-similar symmetry is appropriate to winds

emerging from disks [4], [21], [22], [14]. No intrinsic scale length exists in this case
and all quantities scale as a power law of the radius, similarly to the Keplerian law
for the velocity in the disk. The key assumptions in this class of solutions are that
the poloidal Alfv�en Mach number M and the cylindrical radius $ of a particular
poloidal �eldline A=const. (in units of the cylindrical radius $a at the Alfv�en point
along the same poloidal �eldline), are solely functions of the colatitude �,

M = M(�) ;
$

$a

= G (�) : (1)

With these two assumptions one can show that there exist six sets of analytical
solutions comprising the large family of radially self-similar MHD out
ows [36].
Each of these six sets of solutions corresponds to a judicious choice of the MHD
integrals 	A, L(A) and 
(A) such that the radial dependance drops out from
the MHD partial di�erential equations which thus become ordinary di�erential
equations in �. One of these six sets of solutions has been already analysed by [11]
and allows a polytropic relationship between pressure and density. This set also
contains as special case the [4] classical Blandford & Payne [4] disk-wind model.
The second family which we shall examine here in some more detail is character-

ized by the meridional self-similar symmetry and is appropriate to winds emerging
from a spherical source, although the physical variables are not spherically symmet-
ric and the boundary conditions are function also of the colatitude. Even though
these solutions seem to be more natural to describe stellar winds, they do not
exclude the presence of a surrounding accretion disk. The key assumptions also



in this case are that the poloidal Alfv�en Mach number M and the dimensionless
cylindrical radius $ of a particular poloidal �eldline A=const. are solely functions
of the spherical radius r:

M = M(r) :
$

$a

= G(r) : (2)

With these two assumptions one can show that there exist a few sets of analytical
solutions comprising the large family of meridionally self-similar MHD out
ows.
Again, each of these sets of solutions corresponds to a judicious choice of the MHD
integrals 	A, L(A) and 
(A) such that the meridional dependance drops out from
the MHD partial di�erential equations which thus become ordinary di�erential
equations in r. One of these sets of solutions has been analysed in detail in [29],
[30]. The poloidal components of momentum balance give then that the total
volumetric forces in the radial and meridional directions have the forms,

fr = a+ b sin2 � ; f� = c sin � cos � ; (3)

where the expressions a; b and c are functions of the radial distance r, the Alfv�en
number M(r), the dimensionless pressure �(r), the dimensionless radius G(r) and
expansion factor F (r). By setting the total force equal to zero, Fr = F� = 0
we obtain three ordinary di�erential equations which together with the de�ning
relation between G(r)�F (r), F=2 = 1�d`nG=d`nr can be solved for the unknown
functions M(r), �(r), G(r) and F (r). In this way all physical quantities of a full
solution for the out
ow from the base to unlimited large distances is obtained.
Note that in constructing a solution one has to carefully cross the appropriate
critical points encountered at the characteristic MHD speeds, in consistency with
the assumed self-similarity symmetry [34], [30].

An energetic criterion for the collimation of out
ows

In the previous model of the MHD out
ow, each streamline is labeled by the
dimensionless magnetic 
ux function A, with A = 0 labeling the polar streamline
while A increases as we move towards the equator at a given spherical radius r.
The speci�c energy Eo along the streamline A and at a radial distance r is the
sum of the kinetic V 2

p (r;A)=2 and Poynting �
(A)$B'=	A energy 
ux densities
per unit of mass 
ux density, the gravitational speci�c energy �GM=r and �nally
the heat content, or enthalpy h(r;A). If the plasma were adiabatic this speci�c
energy Eo would be precisely the conserved Bernoulli energy. However, in winds a
parcel of plasma is always heated on its journey from the base ro of the particular
streamline A to in�nity. Then, denote by �r

ro
(A) the speci�c heating received by

the unit of plasma mass as it moves from the base ro to r along A = const:, denote
by �1

ro
(A) the total heating from ro to in�nity along A = const, while

�1

r (A) = �1

ro
(A)��r

ro
(A) : (4)



By subtracting from Eo the heating that has been available to the gas from the base
ro to the point under consideration r on the given streamline, �r

ro
(A), we obtain

the familiar Bernoulli speci�c energy E(A) which is available along the particular
streamline. Then, we can de�ne the energy E1(A) to be the sum of E(A)+�1

ro
(A),

Eo +�1

r (A) = E(A) + �1

ro
(A) = E1(A) : (5)

Usually in an out
ow the thermal input in the form of internal energy and exter-
nal heating is not all fully converted into other energy forms, unless the terminal
temperature is zero, then remains some asymptotic thermal content, h(1; A). By
subtracting from the previous energy E1(A) the heat content at in�nity, h(1; A),
we obtain a new streamline constant, ~E(A), which will be the total convertable spe-
ci�c energy along the given streamline A, i.e., the energy which can be converted
to other forms. Finally, the volumetric total convertable energy is �(r;A) ~E(A).
It turns out that in our model the di�erence of the volumetric convertable energy

between a nonpolar streamline and a polar streamline normalized to the volumetric
energy of the magnetic rotator �(r;A)L(A)
(A) is a constant �0 [30],

�0

2�2
=

�(r;A) ~E(A)� �(r;pole) ~E(pole)

�(r;A)L(A)
(A)
: (6)

This quantity �0 plays a crucial role in the asymptotic shape of the streamlines, in
the sense that the necessary condition for cylindrical asymptotics is �0 > 0. This
may be understood from a broader perspective as follows. The gradient of the
convertable volumetric energy �(r;A) ~E(A) with a minus sign represents a force
in the spirit of Le Chatelier's principle where a system out of several possibilities
it has, chooses to evolve towards that equilibrium state which has the minimum
energy. In this sense, a streamline will have an asymptotic shape which is in the

direction of ~f . This force ~f is in the direction of the unit vector n̂ = �rA= j rA j,

~f = ��(r;A)~r ~E(A) � �(r;A)
d ~E(A)

dA
$Bpn̂ : (7)

Thus, if fn is positive, the streamlines focus towards the axis in the direction of n̂,
On the other hand, asymptotically the streamlines cannot bend towards the equator
[15]. Thus, if fn � 0 the only possibility left for the streamline asymptotics is to
end up radially or paraboloidally.
Altogether, cylindrical collimation is controlled by a single parameter, �0, repre-

senting the variation between a �eldline A and the pole, of the sum of the (volu-
metric) poloidal and toroidal kinetic energies, the Poynting 
ux, the gravitational
potential and the converted thermal content. In our speci�c model, this parameter
can be split into two terms, representing the magnetic and the thermal contribution
[30]:

�0 � �+ �
V 2

1

V 2

�

; (8)



TABLE 1. AGN classi�cation according to orientation and e�ciency of magnetic rotator

Radio-emission Type 2 Type 1 Type 0 Magnetic Rotator, �

Radio-quiet Seyfert 2 Seyfert 1, QSO BAL QSO Ine�cient, � < 0

Radio-loud FR I BL Lac Intermediate e�ciency, � �> 0

Radio-loud FR II BLRG/SSRQ RQ E�cient, �� 0

where V1 and V� are the polar asymptotic and Alfv'en speeds and � the variation of
the pressure across streamlines [30]. The second term represents the variation across
the streamlines of the thermal content that is �nally converted into kinetic energy
and gives a measure of the thermal pressure e�ciency to collimate the out
ow.
For under-pressured 
ows (� > 0) the gradient is inwards and helps collimation.
On the other hand, over-pressured jets (� < 0) and iso-pressured jets (� = 0) can
collimate only magnetically.
The energy of the magnetic rotator 
L is mainly stored in the form of Poynting


ux and is the source of (i) acceleration and (ii) collimation for magneto-centrifugal
winds. In an equatorial wind, when this energy dominates we have a fast magnetic
rotator and the wind is magneto-centrifugally driven. Conversely, when thermal
acceleration is dominant the magnetic rotator is termed slow. The �rst term � in
Eq. [8] is a measure of the e�ciency of the magnetic rotator to collimate the 
ow
in the present model. This parameter �, which can be evaluated at the base of
the 
ow ro, is equal to the excess of the magnetorotational energy on a nonpolar
streamline which is not used to drive the 
ow, in units of the energy of the magnetic
rotator. In other words, �measures how much of the energy of the magnetic rotator
is not used to escape the gravitational well and is available for magnetic collimation
alone. If there is an excess of this energy on non polar streamlines, magnetic forces
can collimate the wind into a jet. Thus, when � > 0 we have an E�cient Magnetic
Rotator (EMR) to magnetically collimate the out
ow into a jet, and an Ine�cient
Magnetic Rotator (IMR) if � � 0 [30].

A PHYSICAL CLASSIFICATION OF AGN

In the previous model we found that the asymptotic morphology of the out
ow
is controlled by the constant �0, characterizing the e�ciency of the magnetic rotator
and the pressure gradient across the streamlines, Eq. [8]. The �rst is related to
the magnetic properties of the central object in the AGN while the second to the
pressure variation across the streamlines. We may assume that this can be somehow
related to the environment through which the jet propagates. Thus, we may discuss
the following possibilities in the framework of a classi�cation scheme of AGN, as
they are summarized in Table 1:



(I). Ine�cient magnetic rotators, � � 0, corresponding to radio-quiet AGN of
Type 0, 1 and 2 with uncollimated or loosely collimated out
ows. One possibility
is that �0 < 0 such that the AGN produces a radially expanding out
ow. This
may happen if the source is in a rich environment such that latitudinally we have
an over-pressured out
ow, � < 0. The other possibility is that �0 �> 0, i.e. �0

is marginally positive such that the AGN produces a 'loosely' collimated jet, i.e.,
collimation occurs slowly at large distances. This may happen, for instance, if we
have a latitudinally under-pressured out
ow, � > 0. Then, if the angle between
the jet and the line of sight � � 90o we have a Type 2 Seyfert, if � � 0o we have
a BAL QSO while in the intermediate case of 0 < � < 90o a Type 1 AGN. Hence,
if the central source is an IMR (� � 0) the density drops quite rapidly with the
radial distance and this could be related to the weaker out
ows in Seyfert 1 and 2
galaxies and radio-quiet QSO's.
(II). E�cient magnetic rotators, � > 0, corresponding to radio-loud AGN of

Type 0, 1 and 2 with well collimated jets. In this case, since � obtains high positive
values, we have a tightly collimated jet, regardless of the value of �, i.e., regardless
if the jet propagates in a rich or poor environment. As before, orientation e�ects
may furthermore distinguish between a Blazar (radio-loud Quasar with � � 0o), a
BLRG, FSRQ, SSRG for the intermediate case of 0 �< � �< 90o and �nally a FR I
type of radio-loud galaxy if � � 90o.
(III). Intermediate e�ciency magnetic rotators, �0 > 0, corresponding to radio-

loud AGN of Type 0 and 2 with collimated jets. The two possibilities are either
that � is marginally positive and � < 0, or, � is marginally negative and � > 0.
In this case, we always have �0 > 0 and hence the out
ows always have asymp-
totically cylindrical 
ux tubes. Note also that many extragalactic jets, as deduced
from X-ray data on the hot surrounding plasma seem to be propagating in rich
environments [13]. For example, this seems to be the case with FR I type of RG
[26]. Orientation e�ects may distinguish between BL Lacs (� � 0o) and FR I radio
galaxies (� � 90o).
Note that although radio-quiet AGN are believed to have nonrelativistic out-


ows, superluminal e�ects in radio-loud AGN are taken as an indication that these
out
ows are relativistic. On the other hand, despite that the model on which our
conclusions are based is clearly nonrelativistic, its basic trends have been shown to
be preserved in relativistic cases as well [12].
If the strength of the magnetic rotator reduces, one expects a smooth transition

from a jet to a loosely collimated wind and �nally to a radial wind. This would
correspond to moving from the radio-loud quasars and Blazars of Table 1 to the
radio-quiet Seyfert galaxies and QSO's.

CONCLUDING REMARKS

Magnetic collimation of winds into jets appears to be a rather general property
of the MHD equations governing plasma out
ows. To this conclusion one arrives



either through general asymptotic analyses of nonrelativistic MHD, [15] and its
relativistic generalisation in [12], or, by the construction of exact jet-type MHD
solutions by the method of nonlinear separation of variables, [30], [37]. Those
studies show also that pressure gradients could contribute to con�ne the out
ow.
The transformation of magnetocentrifugal energy into kinetic energy seems to be
the most natural driving mechanism for out
ows from accretion disks, but close to
the rotational axis also a contribution from the thermal energy is required, with
appropriate heating processes occurring in the plasma.

The MHD acceleration/collimation mechanisms can work in very di�erent as-
trophysical scenarios, whenever we have a rotating magnetized body such as a
supermassive black hole surrounded by an accretion disk. In extragalactic jets and
on scales of several Kpc, pressure con�nement by the environment seems to be
present, while close to the center the jet may be either magnetically or thermally
con�ned. Even though the basic thermal/magnetic driving and con�ning mech-
anisms discussed here should be qualitatively valid also for relativistic velocities,
a detailed modeling of such relativistic jets from AGN is needed at this point.
Relativistic MHD solutions have been obtained either by integrating the Bernoulli
equation only along a streamline, or by assuming a radial self-similar con�guration
(see e.g. [20], [8]). In both cases it is shown the possibility of acceleration and
collimation of the beams to highly relativistic bulk velocities, as required by the
observed superluminal motions and Doppler beaming. However, since these self-
similar solutions are subcritical with the related causality problem, then a more
consistent modeling of jets in AGN requires crossing all MHD singularities [34].

The standard uni�cation scheme of AGN that some classes of objects transform
into other classes with the viewing angle, seems to be secure by now. And, in this
article we added that there is a physical criterium separating the various classes
among themselves. At the same time however, it must be explained why recent
data at optical and X-ray wavelengths have shown that, at least for the FR I/BL
Lac case, the standard uni�cation model does not seem to be in full agreement with
observations [9], [10]. In fact, it seems unavoidable that in order to �t the data, a
structure of the velocity across the jet must be assumed.

Acknowledgements K.T. is indebted to the Observatoire de Paris, for hospi-
tality and support during his 2-month stay in Meudon. Support from a NATO
collaborative research grant CRG.972857 and a EEC NTR network grant are also
acknowledged.

REFERENCES

1. Antonucci, R., ARAA 31, 473-521 (1993)
2. Baum, S.A., Zirbel, E.I., and O'Dea, C.P., ApJ 451, 88-99 (1995)
3. Blandford, R.D., and Znajek, R.L., MNRAS 179, 433-456 (1977)
4. Blandford, R.D., Payne, D.G., MNRAS 199, 883-903 (1982)



5. Blandford, R.D., in Active Galactic Nuclei, edited by T.J.-L. Courvoiser and M.
Mayor, Springer, Berlin, 1990, pp. 161-275

6. Bogovalov, S.V., and Tsinganos, K., MNRAS 305, 211-224 (1999)
7. Brunthaler, A., et al., A&A, in press (astro-ph/0004256) (2000)
8. Camenzind, M., in Astrophysical Jets: Open Problems, edited by G. Bodo, and S.

Massaglia, Gordon and Breach Science Pubs., 1998, pp. 3-29
9. Capetti, A., Trussoni, E., Celotti, A., Feretti, L., and Chiaberge, M., MNRAS 318,

493-500 (2000)
10. Chiaberge, M., Celotti, A., Capetti, A., and Ghisellini, G., A&A 358, 104-112 (2000)
11. Contopoulos, J., and Lovelace, R.V.E., ApJ 429, 139-152 (1994)
12. Chiueh, T., Li, Z-Y., and Begelman, M.C., ApJ 377, 462-466 (1991)
13. Feretti, L., Fanti, R., Parma, P., Massaglia, S., Trussoni, E., and Brinkmann, W.,

A&A 298, 699-710 (1995)
14. Ferreira, J., A&A 319, 340-359 (1997)
15. Heyvaerts, J., and Norman, C.A., ApJ 347, 1055-1081 (1989)
16. Krasnopolsky, R., Li, Z.-Y., and Blandford, R., ApJ 526, 631-642 (1999)
17. Keppens, R., and Goedbloed, J.P., ApJ 530, 1036-1048 (2000)
18. Koide, S., Shibata, K. and Kudoh, T., ApJL 495, L63-L66 (1998)
19. Kudoh, T., Matsumoto, R., and Shibata, K., ApJ 508, 186-199 (1998)
20. Li Z-Y., Chiueh, T., and Begelman, M.C., ApJ 394, 459-471 (1992)
21. Li, Z-Y., ApJ 444, 848-860 (1995)
22. Li, Z-Y., ApJ 465, 855-868 (1996)
23. Lister, M.L., and Smith, P.S., ApJ 541, 66-87 (2000)
24. Ouyed, R., and Pudritz, R.E., ApJ 482, 712-732 (1997)
25. Parker, E.N. 1963, Interplanetary Dynamical Processes, Interscience, New York, 1963
26. Prestage, R.M., and Peacock, J.A., MNRAS 230, 131-160 (1998)
27. Rees, M., Begelman, M., Blandford, R., and Phinney, E., Nature 295, 17-21 (1982)
28. Sakurai, T., A&A 152, 121-129 (1985)
29. Sauty, C., and Tsinganos, K., A&A 287, 893-926 (1994)
30. Sauty, C., Tsinganos, K., and Trussoni, E., A&A 348, 327-349 (1999)
31. Pelletier, G., and Sol, H., MNRAS 254, 635-646 (1985)
32. Sikora, M., and Madejski, G., ApJ 534, 109-113 (2000)
33. Smith, E.P., Heckman, T.M., Bothum, G.D., Romanishin, W., and Balick, B., ApJ

306, 64-89 (1986)
34. Tsinganos, K., Sauty, C., Surlantzis, G., Trussoni, E., and Contopoulos, J., MNRAS

283, 811-820 (1996)
35. Tsinganos, K., and Bogovalov, S.V., A&A 356, 989-1002 (2000)
36. Vlahakis, N., and Tsinganos, K., MNRAS 298, 777-789 (1998)
37. Vlahakis, N., Tsinganos, K., Sauty, C., and Trussoni, E., MNRAS 318, 417-428

(2000)
38. Wilson, A.S., Colbert, E.J.M., ApJ 438, 62-71 (1995)
39. Urry, C.M., and Padovani, P., PASP 107, 803-845 (1999)
40. Ustyugova, G.V., Koldova, A.V., Romanova, M.M., Chechetkin, V.M., and Lovelace,

R.V.E., ApJ 516, 221-235 (1999)


