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DYNAMO DOMINATED ACCRETION AND ENERGY FLOW:
THE MECHANISM OF ACTIVE GALACTIC NUCLEI

S. A. COLGATE AND H. LI

Los Alamos National Laboratory

Theoretical Division, T-6. MS B288. LANL.,

Los Alamos. NM 87545, colgate@lanl. gov, hli@lanl.gov

Abstract. An explanation of the magnetic fields of the universe. the cen-
tral mass concentration of galaxies. the massive black hole of every galaxy.
and the AGN phenomena has been an elusive goal. We suggest here the
outlines of such a theoretical understanding and point out where the phys-
ical understanding is missing. We believe there is an imperative to the
sequence of mass flow and hence energy flow in the collapse of a galactic
mass starting from the first non-linearity appearing in structure formation
following decoupling. This first non-linearity of a two to one density fluc-
tuation. the Lyman-a clouds, ultimately leads to the emission spectra of
the phenomenon of AGN, quasars. blazars etc. The over-arching physical
principle is the various mechanisms for the transport of angular momen-
tum. We believe we have now understood the new physics of two of these
mechanisins that have previously been illusive and as a consequence they
hmpose strong constraints on the initial conditions of the mechanisms for
the subsequent emission of the gravitational binding energy. The new phe-
nomena described are: 1) the Rossby vortex mechanism of the accretion
disk a-viscosity. and 2) the mechanism of the o —  dynamo in the accre-
tion disk. The Rossby vortex mechanism leads to a prediction of the black
hole mass and rate of energy release and the o — Q) dynamo leads to the
generation of the magnetic flux of the galaxy (and the far greater magnetic
flux of clusters) and separately explains the primary flux of energy emission
as force-free magnetic energy density. This magnetic flux and magnetic en-
ergy deusity separately are the necessary consequence of the saturation of
a dynamo created by the accretion disk with a gain greater than unity.
The predicted form of the emission of both the flux and the magnetic
energy density is a force-free magnetic helix extending axially from the disk
a distance depending upon its winding number and radius of its flux sur-
faces. a distance of Mpc’s. This Poynting flux of magnetic energy would be
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invisible unless the currents bounding the inagnetic field are dissipated. By
definition of force-free. these currents are parallel to the field and through-
out its volume. Therefore the dissipation must be throughout the volume as
opposed to the conventional reconnection which takes place ouly at surface
layers. This radically different interpretation of reconnection is supported
by the observation of "interruption” events in fusion tokamak experiments.
Here, and presumably in the galactic case as well. the parallel currents
and their dissipation is mediated by run-away. high energy electrons and
ions. It is then natural to seek an explanation for the emission spectrum
of the dynamo-produced Poynting flux in the same synchrotron emission
associated with the dissipation of these run-away currents. We propose the
radically different view that these ultra high energy. run-away electrons di-
rectly produce the emission spectra as compared to the published models
that assume an acceleration of bulk matter to a v ~ 10 and then recon-
vert this kinetic energy by shock heating into a highly relativistic plasia.
v ~ 108,

1. Introduction

1.1. THE NEED FOR A GALACTIC DYNAMO

The mystery of the origin of matter can conveniently be buried in the ar-
cane physics of inflation and symmetry breaking, but the question of the
origin of the maguetic fields of galaxies and the still greater challenge of
the interpreted magnetic field throughout galactic clusters is more diffi-
cult to comprehend. Magnetic fields comprise roughly equal energy density
as the background radiation within galaxies, ~ 3 x 107% G and perhaps
10% of this energy density ~ 107% G, in the space between galaxies within
galactic clusters (). In both cases it is the magnetic flux that is the great-
est challenge. although in the later case the total magnetic field energy is
comparable to the binding energy of the cluster galaxies! Unless there is a
dynamo. which creates magunetic flux, flux is at most conserved in the col-
lapse or concentration to a galaxy or cluster. In the case of clusters. which
are typically x10% the galaxy density of the surrounding space. the fux
compression is at best x 1/R? ~ x100. implying ~ 10™% G for the IGM.
This is a prohibitively large field for the IGM both according to observa-
tion (~ 107% G from measures of Faraday rotation) as well as theory. The
only electrodynamic theory that predicts a pregalactic field is the Bierman
battery () where ~ 10728G may be created by thermoelectric currents at
the time of decoupling due to the small structure fluctuations of pressure.
(Kulsrud. Ostriker and — have suggested a very large multiplication of the
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Bierman battery field by pre-galactic turbulence. However. all similations
of the evolution of the ISM from decoupling to galaxy tformation. (Zurek et.
al. 1994) suggest that turbulence is very small since A ~ 0.07. the measure
of rotation. is so very small. (A = Vrotation /UK epterian)- Thus no eddy would
make a full revolution in the time from decoupling to the formation of the
first large. two to one deusity Huctuation. or Damped Lyman-c cloud. If
the interpretation of the galactic cluster field from rotation measures and
x-ray Hux were the only confrontation to primordial magnetic field forma-
tion. one might reasonably question these measurements and interpretation
leaving opeu the question of the need for a galactic dvnamo. However. and
surprisinglv the extrapolation of the galactic field to the IGM gives nearly
the samme result. The collapse of a galaxy should lead to an increase in field
B x 1/R? provided no significant mass is left behind. However. as dis-
cussed in the next section. galaxy formation proceeds in a fashion such as
to result in a “flat rotation curve” or p x 1/R? or M x 1/R or mass den-
sity. thickness & x 1/R. However. the mass in this case is the dark matter
and the baryonic matter that traps the magnetic flux collapses some what
further. Therefore conserved flux leads to B x £ then B x (1/R)™" with
n ~ 3/2. Since the galactic field extends out to at least 10 kpc and the
collapse of the Lyman-o clouds initiates at 300 kpc with an initial radial
collapse of a factor of x3 due to the small value of A. then the implied
initial field in the Lyman-a cloud with flux conservation would have had
to have been Byua x 372 x (10pe/100pe)' Byajactic ~ 107 G. This is so
much larger than theory or observation would permit that the need for a
galacitic dynamo is evident.

2. The Galaxy, Disk, Black Hole, and Dynamo
2.1. THE GALAXNY

Galaxy formation is now reasonably well modeled (Navaro. Frank. & White,
1996. and Warren & Zurek, 19 ) as the progressive collapse of an initial
mass or cloud of matter. a damped Lyman-« cloud. composed of dark and
baryonic matter. The gravitational collapse leads to a rotating baryonic
disk. the galaxy. with the striking signature of the "flat rotation curve”.
This constant rotational velocity of the inner major fraction of the mass of
every galaxy demands a mass concentration such that the enclosed mass.
M. at any radius R 18 Mjner x R, fig. 1.

The process by which this happeuns is the poorly understood. rather in-
efficient exchange of angular momentuim by gravitational tidal torquing. It
is inefficient in the sense that a fractional exchange of angular momentum
is at a significant reduction of the euclosed wass and hence M x R. Never-
theless the barvonic mass thickness. & increases as ¥ x 1/R x 1/M. When
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Figure 1. Galaxy formation starts with the collapse of a Lyvinan-c cloud initially by a
factor of ~ x3 until it reaches Keplerian support at ~ A ~ 0.4 where a sequences of bar
instabilities. bifurcations and tidal torquing resules in the classic “flat rotation curve” or
p x 1/R*. M x R and hence thickness. © x 1/R. At the critical thickness. £ ~ 100 g
em T ALy ~ 10710F Al: a Rossby vortex accretion disk commences.
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this thickness becomes large enough to support a “Rossby vortex accretion
disk™. the transport of angular momentum bhecomes nearly 100% efficient.
and nearly all the enclosed baryouic mass evolves to the center. the black
hole. A "Rossby vortex accretion disk™ is. we believe. the physicallv con-
sistent explanation of the hither to. parameterization (Shakura & Sunvaev
1973). called the av—viscosity disk.

2.2. THE DISK

This eritical thickness. for what we believe is the explanation of the fluid.
hydrodynamic transport of angular momentum in an accretion disk, is the
criterion for the formation of Rossby vortices. (Lovelace. Li, Colgate. &
Nelson. 1998) which in turn. requires the confinement of heat or constant
entropy in the disk for a period of several to ten rotation periods of the
Keplerian orbits. The necessary limitation of the radiation cooling then
requires that ¥ ~ 100 g ern 2. depending upon details of the opacity and
specific heat: After the initial collapse of the Lyman-« cloud to Keplerian
support. ¥ ~ 1072 g ¢m ™2, at 100 kpc. Then the enclosed baryonic mass
in the disk when & ~ 100 g em™2 is Musx = Minitiar X (Zinitiat/ 100g) =
107798 M. at a radius of 3 to 10 pc. This is a mass typical of the likely mass
of the central black hole of AGN.

2.3. THE BLACK HOLE

This mass of the accretion disk. the canonical value of ~ 1OSZVI@,. then
evolves to the black hole in a time, ~ 10% years, a time governed primarily
by the gravitational condensation process of galaxy formation that feeds
the disk. The energy released during this time is, of course. nearly all of
the gravitational binding energy of the black hole. leading to the typical
luminosity of L ycx ~ 107 ergs/s. In addition to the major flow of gaseous
and ionized matter in the disk. a few stars will be accreted in addition. We
know that there is strong evidence for a small fraction of stars. Fyp,ps ~
1071, having formed prior to the Lyman—a cloud because of the small
initial metallicity implied by the absorption lines. These stars must follow
the evolution of the dark matter, because their trajectories are essentially
collisionless relative to the other baryonic matter. Thus these pre-black hole
stars will be distributed the same as the dark matter. Mo, jpewq X B x .
They will be orbiting and colliding with the disk in random orbits at a
frequency Veotfisions X 2 X Ustars X R™3/2. The evidence for this apparently
minor phenomena, is the broad (high random Doppler velocity) emission
lines of quasars or AGN. Without a major dynamic force such as a star disk
collisions (Zurek. Siemiginowska. and Colgate, 1994) it is most unlikely for
thermal energies to eject matter from the disk to high enough altitude and
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at low enough temperature to produce this emission. Despite this apparent
minor role in the mass accretion of the formation of the black hole. these
collisions provide a critical role in producing a dvnamo from the black hole
accretion disk.

2.4, STAR-DISK COLLISIONS AND THE o-DEFORMATION

The star-disk collisions produce an episodic. off-axis. large mass. deforma-
tion of the disk matter ejecting it to a high altitude. ~ R above the disk
exactly as needed to produce not only the broad emission lines, but also
the critical a—deformation of the o — Q dynamo. We can also estimate
that the number of such collisions is sufficient for the c«—deformation nec-
essary for the dynamo gain. The number of stars inside the outer radius.
Router ~ 10 pcis My x Fyars ~ 101, Each star with average thickness.
Pstar Rstar = 10 ¢ em™? will make a number of collisions with the disk of
Pstar Rstar | Saisk ~ 107 or a total number of collisions of stars with the disk
of ~ 10 or one every 300 s for 10% y. Since. by gravitational concentra-
tion, the major fraction of these collisions will occur at small radius. close
to the black hole. we estimate that for an innermost stable orbit period
of ~ 3 x 10% s at an average radius close to the black hole of twice the
innermost stable orbit. later described as Rpeir =~ 7 x 101 ¢m. that 5 to
10 collisions. ncouisions/turn- Will take place per orbit period of the iuner-
most fraction of the disk. The toroidal flux is ®roypider =~ BoH Ryeriv G cn?.
and each collision will displace a flux @ .oii5i0n = ‘2(1\1ach#)1/2 ByHR 40 G
cm? where the Mach number of the collisions is Machy = H/Rpeyir = 100.
(Zurek. et. al. 1996). Therefore the fraction of the toroidal flux displaced by
star disk collisions into poloidal flux per turn will be Fy,_ o7 0idai-potoidal =
Neollisions/turn X Machg X Rgar/Rpetix ~ 0.15. The dynamo gain. con-
sidering the very high. near infinite, magnetic Reynolds number of the
the flow and the rotation of the collision plumes by expansion. will be
~ (1 4 Fo—toroidal—poloidal )- thereby ensuring positive dynamo gain in the
region where the major fraction of the accretion energy is released.

2.5. THE SATURATED DYNAMO AND DYNAMO DOMINATED
ACCRETION

The cowbination of differential rotation within the disk and the energetic
collisions of a few, ~ 10™% mass fraction, of stars in orbits nearly orthogonal
to the disk leads to conditions that are ideal for the formation of an o« —
dynamo. Any dynamo, by definition, implies a gain greater than unity.
and thus the magnitude of a seed field will exponentiate in time depending
upon this gain. Since the characteristic unit of time is the period of the iuner
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most stable orbit around the black hole. or 7 ~ 107 s. then during the above
evolution time of 10% y. the smallest marginal gain. € << 1 will amplify.
expe(t/7). even the smallest seed field. e.g. that of the Bierman battery of
~ 107} gauss in less than a few vears. t ~ 10% s. to macroscopic fields of
sufficient strength. ~ 10¥° G. to alter the fluid dvnamics of accretion. We
call this aceretion condition Dynamo Dominated Accretion. or DDA, The
characteristic of DDA is that the maguetic fields of the dynamo build up to
sufficient strength so as to alter the fluid flow in the disk in such a fashion
as to reduce the gain of the dyvnamo and thus lead to a limiting (mean)
field value. the “saturation field”. We believe that this resulting saturated
dynamo leads to the phenomena associated with AGN: the AGN (Quasars.
Blazars. BL-Lac objects) emission spectra. the collimated radio and optical
sources. the superluminal velocities. the ultra high energy cosmic rays. and
the magnetic flux of the galaxy and meta-galaxy.

3. The Galactic Dynamo

The mechanism of an o — Q dynamo in the disk is that a poloidal bias field
is wrapped up by a differential torque of Keplerian orbits into an enhanced
toroidal field. the Q-deformation, where this toroidal field is initially con-
tained within the disk. The torque necessary to wind this magnetic field is
derived from the flux of angular momentumn in the accretion disk. flowing
away from the black hole. Hence, the work done by this torque appears
either directly as heat in the standard a-viscosity accretion disk (The «-
viscosity of accretion disks is not to be confused with the a-deformation
of the ov — ) dynamo.) or as magnetic energy if the torque does work pri-
marily against the magnetic field. The poloidal field is augmented by the
a-deformation. driven by star - disk collisions, which displaces axially a
fraction of the toroidal flux and rotates it into the poloidal plane. These
deformations are shown in fig. 1. Thus DDA describes the case when the
major fraction of the potential energy of accretion appears initially as en-
ergy of magnetic field. This magnetic energy then fulfills several observable
functions in the formation of AGN and galaxies.

1) First the dissipation of a major fraction of this magnetic energy gives
rise to the emission spectrum characteristic of AGN, quasars. blazars. and
BL Lac objects.

2) An additional fraction illuminates and delineates the striking topol-
ogy of the collimated radio sources and radio lobes with their dramatic
superluminal velocities.

3) The magnetic flux generated by the dynaino is partly conserved and
fills both the galactic volume with the observed magnetic field of the galaxy
as well as a much larger volume. ~ x 10% of the galactic flux. of meta-galactic
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Figure 2. The mechanism of an o — © dynamo in the disk is that a poloidal bias
field. a quadrapole field. is wrapped up by a differential torque of Keplerian orbits into
an enhanced toroidal field, the Q-deformation. The poloidal field is augmented hy the
a-deformation. driven by star - disk collisions. which displaces axially a fraction of the
toroidal flux and rotates it into the poloidal plane. This rotated loop of fHux must recon-
nect and then add to the original poloidal, gquadrupole flux to create dyvnamo gain.
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space.

4) The very large scale coherent magnetic and electric fields are the
natural couditions for accelerating the ultra high energy cosmic rays.

Here we will concentrate on the spectrum of the dissipation of the bulk
of the magnetic energy. but first we must consider the topology of the
saturated dynamo.

3.1. THE TOPOLOGY OF THE SATURATED DYNAMO

Saturation occurs because the field strength builds to a value large enough
to alter the hydrodynamic flows that produce the dynamo in the first place.
This may be either the « or the Q deformations. Siuce the o deformation
is driven by star - disk collisions. the relative high matter density of the
stars relative to that of the disk implies that the o deformation will not be
affected by a value of the magnetic stress that would otherwise seriously
perturb the Keplerian flow within the disk. {This is opposite to the case of
a stellar or planetary dynamo where we expect that the « deformation is
produced by convection, which is relatively weak compared to the stress of
differential rotation within the body.) Therefore, in DDA, saturation will
first occur by limiting the Q— deformation or the differential rotation of
Keplerian orbits. and so we expect the dynamo toroidal and poloidal field
strengths to increase to values that reduce the differential Keplerian flow.
This requires a torque whose value is the angular momentum flux within
the disk. By the virial theoremn this torque times the angular velocity is the
potential energy flux of accretion. Therefore the full energy flux of accretion
must flow through magnetic fields in the case of DDA.

The toroidal and poloidal fields that can produce this torque are limited
by the fluid stresses within the disk. The maximum toroidal field within the
disk is limited by the confining gravitational pressure within the disk, or
(B2 oin/87) ~ Tg(H/R) where ¥ is the mass per unit area of the the disk.
g is the local gravity due to the black hole at radius R. and H is the vertical
height of the disk. This field will be bounded by a radial current density.
Jr. at the surface of the disk. The torque on the fluid within the disk is
then R x Jr X Bpoloidal- External to the disk. by definition of "external”,
the pressure and density is small. The vertical gravity of the disk, g(H/R),
and modest temperatures ensure a small thermal scale height and hence
an expounentially small density vertically from the disk. However, in spite
of an infinitesimally small matter density, the plasma conductivity can be
effectively infinite (high magnetic Reynolds number) and so external to the
disk. flux and flux lines will be conserved in a force-free configuration. This
force free configuration depends upon the winding of the poloidal field.

The poloidal field that results in maximum gain of an accretion disk
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dynamo will be quadrapole in order that the radial component in the wid-
plane of the disk will be in oue radial direction only. The toroidal field
wrapped up from this single direction radial ux will therefore also be in a
single toroidal direction (as opposed to a counter direction across the mid-
plane as would occur for a dipole poloidal field). The star - disk collisions
entrap and axially displace flux from au entire cross section of the disk. and
therefore the single direction flux from the quadrapole field will be strongly
favored for dynamo gain compared to a dipole - produced. counter direction
poloidal flux.

3.2. CONSEQUENCES OF THE DYNAMO AND WRAPPING UP THE
POLOIDAL FLUX

Each loop of quadrapole flux. produced by star-disk collisions. is tied.within
the disk. at two radil. Riner and Ryuier. and because of the Keplerian or-
bits will have angular velocities wy,,e; and weyeer. The difference in mun-
ber of turns in a finite time, Af. results in a winding number of turns
Ndif ferential = DH{Winner — Wouter). Which is manifested as a winding of the
quadrapole flux both inside and outside the disk. If the toroidal field re-
sulting from this winding were confined axially either inside or outside the
disk, then the resulting toroidal field would become infinite as more turns
of flux are added. Thus the energy density and the axial stress would be-
come infinite. As a consequence long before infinite stress. the increasing
toroidal field expands axially by an amount sufficient to maintain the pres-
sure balance condition within the disk as well as the force - free condition
outside the disk. The pressure balance within the disk is maintained by
a constant number of differential turns. ~ Bioroidat/ Byuadrapote Within the
disk. which in turn is maintained, despite 7g;fferential, by matter sliding
along the quadrapole field line as the toroidal flux exits the disk at both
Ripner and Ruser. The radial component of the helical field is small because
the hoop stress of the azimuthal field is in balance with the compression
of the axial component of the field and thus maintains the force-free helix
at near constant radius as a function of length. Therefore the centrifugal
force from the Keplerian rotation is orthogoual to the field lines. and so any
consequential motion of the matter along the field lines is small. In addi-
tion there is no stress due to the field alone on conducting matter moving
along uniform field lines without instabilities Therefore. since the thermal
scale height for an equilibrium temperature atmosphere above the disk is
small, < 1% compared to the radius, the matter deusity on force-free field
lines becomnies infinitesimally small. because the matter will always fall back
to the disk. (The residual matter density is determined by a balance be-
tween charge separation electric field and the electric field due to current
carrier starvation of the current.) Therefore nearly all the windiug of the
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quadrapole flux occurs external to the disk. This wound fux must. by def-
inition. take on a force free configuration of minimun energy. This occurs
at constant flux when the two components. B? =~ B2. resulting in a helix
of ~ 145 deg. (The force free condition actually results in a changing angle
or ratio of B./B, as a function of R. but 45 degrees is a sufficient approx-
imation for present pirposes.) The winding of the helix extends axially a
distance Z,,,, depending upon time and the nmunber of turns. and a similar
helix of larger radius. fewer turns and weaker field describes the return flux
line intersecting the surface of the disk at Ry,

4. The Helix

Since the mass and therefore kinetic energy of matter on the field lines
is so small. the torque and accretion energy appear entirely as magnetic
stress. This is compared to Blandford and Payne (1982). where the torque
is derived from the radial flow of matter along co-rotating field lines even
though the helices extend far from the disk. In this case of DDA the torque
is created by J x B forces within the disk and is transmitted from inner
to outer radii through the tension in the extended, helical field lines that
connect matter in the disk at inner radii to matter in the disk at outer
radii. This is possible when p ~ 0 on field lines. Thus the magnetic energy
is ejected quasi-statically. or sub-Alfven. from the disk in the form of a
continuously wound helix. One end of a flux line of the helix is anchored
in the rapidly rotating inner orbit of the disk. The return of this flux line
occurs first radially at some large axial distance from the disk (the limiting
extent of the helix) and then returns towards the disk. intersecting the disk
at Ryuter. The inner radius is where the major fraction of the potential
gravitational energy is released. The magnetic energy produced per turn
will be Wi,qgnetic = 2R}, [(B? + BE)/SW] in a time of 27 R;yner Ve, OF
a luminosity of L ~ v, Rinner[(B2 + Bg)/87r]. This describes a helical, force
free flux tube that is extending axially from the disk at a velocity v, = vy.
Thus in the time. fyueenoe ~ 10% y. the maximum extent of the helix would
be Zar < 10 Mpe. We expect both dissipation of the magnetic energy as
well as the mass of the IGM to truncate this length. fig. 3.

Since the winding of each flux surface depends upon the matter velocity
in the disk at its respective Keplerian orbit. the velocity of axial extension
of each flux surface or “tube” decreases as R™'/2 and therefore describes a
cone of flux surfaces surrounding the most energetic helix. or the Rpe;, flux
surface. In addition the axial velocity of all these flux surfaces, i.e. the cone,
is always large compared to thermal velocities of the ISM through which
the fux surfaces are proceeding. The dynamic pressure of this interaction
is the most likely origin of the external boundary pressure and hence outer
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Figure 3. The quadrapole poloidal flux of the dvnamo is tied at two radii. The differential
Keplerian rotation of the disk winds this flux surface into a torce-free magnetic helix of
many turns. ~ 107, and extending Mpc's. It is force-free because the matter falls back
gravitationally to the disk. It extends at the velocity of the inner most orbit, because
Bz ~ B, at minnuum energy and force free. The binding energy of the formation of the
black lole is emitted as magnetic energy, the Povnting flux, of the force-free helix.
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boundary condition of the helix. We expect this pressure to decrease as a
function of the axial distance from the disk because of decreasing density
with axial distance in the galaxy and we therefore expect the helices to
expand (moderately) as a function of axial distance. This same external
weak dynamic pressure undoubtedly plays a significant role in maintaining
the rectilinear progression of the helix without major kink instabilities.

4.1. EXPANSION OF THE HELIX AND GENERATION OF Bz FLUX

The consequential rearrangement of the force-free field can not take place
with both hydromagnetic stability and flux conservation (Taylor) and so
a cowplicated resistive instability creates additional axial flux at the ex-
pense of a fraction of the azimuthal flux. This process in "the reversed
field pinch™ has sometimes been misleadingly called a "dynamo™ because
it seems to generate axial magnetic flux without any obvious "engine”. In-
stead a topological rearrangement of azimuthal to axial flux takes place
by a “suspected” resistive tearing mode. Regardless of the details of this
poorly understood rearrangement of flux, a minimum energy configuration
is preserved, and the near-45 degree helix is maintained.

(One can understand intuitively the need for such a rearrangement of
flux when one considers the consequence of a presuuned conservation of each
orthogonal flux separately. Then By o 1/R and B, x 1/R?. Consequently
an expansion in R will enforce B, >> B, and either a kink instability due
to the small pitch angle of the flux or a violation of the minimum energy
condition will occur. Nature evidently prefers a solution that reestablishes
both minimum energy and a stable equilibrium.)

The problem is now to describe the emission spectrum from the dissi-
pation of this magnetic energy.

4.2, ANALOGOUS MAGNETIC HELICES: THE TOKAMAK. SOLAR
FLARES AND THE RADIO LOBES

We first list the approximate, or gross magnetic and plasma properties of
the AGN helix necessary for an estimate of its emission properties. We will
make analogies to the major, extensive experimental and theoretical plasma
physics of the tokamak confinement fusion research. We first note that such
a force free magnetic helix is similar to the familiar magnetic confinement
topology of the tokamak and also to the presumed topology of solar flares,
but. however, with one major difference: Both the tokamak and solar Hares
are force free magnetic helices that are limited in length, the tokamak by
the circumference of the toroidal confinement vessel, and the solar flare
by the length of the loop between its ends. tied in the solar surface. In
contrast one end of the AGN magnetic helix can expand in length to a
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minimum energy equilibrium independent of the lmposed winding munber
of the boundary condition at one end. In the tokainak and solar flare. a
change in winding munber necessarily imposes a new or different topology
and thus new or different stability onditious. Thus the zoo of lustabilities
that these two configurations are subject to, may not necessarily apply to
the AGN helix. However, when the AGN helix extends axially aud expands
radially sufficiently that the dynamic pressure of the IGM exceeds that of
the helical inagunetic field. the free axial expansion will be impeded and the
AGN helix topology will be altered and the pitch or the winding increased.
The above “zoo” of instabilities will presumably then take place and are
the probable explanation of the luminosity of the "radio lobes™. With this
caveat in mind we summarize the properties of the AGN helix when its
axlal extension is not limited by dynamic pressure.

1.3. THE APPROXIMATE HELICAL FIELD

A helical force free field is maintained by a current deusity. curl x B. which.
by definition of force free, must be along field lines and thus is a current
density J. In the case of a helical field. this current both maintaius the
axial component of the field. B.. by the azimuthal component of the cur-
rent. J,. and visa versa for B, and J.. The topological difference of the
axial component of the current is that the integral of J. over the cross
section of the helix results in a total current. I;.;.. that extends axially
and rectilinearly with the helix. If this current. fj.;;,. were confined to just
the axis. then we know. by Maxwell’s equations. that B, x 1/R. However.
we know that current will be carried by flux surfaces of sequentially larger
radii consistent with the boundary conditions of both Keplerian winding
and dynamic pressure of the the ISM, and in addition modified by the force
free condition, curl x B x B = 0 as well as by the poloidal flux distribu-
tion produced by the saturated disk dynamo. This will be a computational
problem for the future. but for now we need to find a sufficient approxi-
mation in order to estimate the gross properties of the luminosity from the
helix.

The magnetic energy carried from the saturated dynamo by the helix
is Lperiz =~ (B%/87) x (area) x v, or the Poynting flux of wagnetic energy
density. Since B, = I./5R where I, is the axial current included inside R
in amperes. then Ly (R) o< I 3 Since the major fraction of the gravita-
tional energy of accretion must be released close to the black lole. then
the major fraction of I, will be concentrated at small radius. Thus as an
approximation we assume that the current leading to the huninosity of the
AGN is uniformly distributed in an area correspouding to twice that of the
the minimun stable orbit around the black hole. R,,,;,,. For a Schwarzschild
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black hole, i.e.. without rotation. K,,;, = 6 Rgg. but because of the accre-
tion of some. perhaps half. of the residual angular momentum at R,,;,. we
expect the black hole to be partially. perhaps half way. towards a limiting
Kerr black hole and so R, = 3Rpy. With this approximation we choose
Rpeiiv = 6Rpy. Then since for a 108M. black hole. Rgy = 1.2 x 10"
cm. we have R, = 7.2 x 10" cm. For a canonical DDA AGN where
Lpetir = Lyg = 10% ergs/s and a mean velocity of the helix of ¢/3. then
within this radins < B >~ 4 x 10' G and By = B, = 3 x 10* G and so

Lneir = 10" amperes or a flux of electrons of ®, = 6 x 1077 electrons s~ L.

44, ELECTRICAL ENGINEERING DESCRIPTION OF THE HELIX

The current carrying helix can be described as an inductance,

Lindnctance =~ n(Rouser | Rinner) Dperiz x 1078 henries. Thus the stored
energy of the helix is Wye, = L,:,,,,;,,,Cm,,,ceI,'f(,,,;r/Q. or for Iy, = 105 am-
peres. ~ 2 x 10%” joules/cm. At an axial extension velocity of ¢/3. this
results in the AGN luminosity of 2 x 10 ergs/s. If the current in an in-
ductance is interrupted in a time At¢;. then a voltage is developed across
the inductance. This voltage times the current times the time is just the
stored energy. Thus to reduce or dissipate this stored energy requires either
a change in the inductance or a resistive dissipation of the current. The
topology of the helix and hence its inductance, is determined by the force
free condition and winding number. We presume, by the observed extraor-
dinary extension of the helix or "jet”, that the helix is stable to the kink.
{tn. = 0. 1.1 = 1). instability. Presumably this is due to the minimum energy
condition. Thus any dissipation of the magnetic energy must be resistive,
n.J2. in nature. We will later derive the consequences of assuming that the
reéistivity, n. is due to the synchrotron and Comptonized synchrotron radi-
ation drag on relativistic run-away electrons carrying the current. However,
whatever the origin of the resistivity, there will necessarily be an electric
field. Ey = nJ;. and this electric field will reduce the current as well as
accelerate some particles not affected by 7.

1.3, TORQUES

If the current of the helix is reduced along its length by dissipation. then
by conservation of current around a circuit. a fraction of the total [hepiz.
must return radially from the inner helix to the outer boundary helix. This
radial current T.n4ia1 X Bradiat 18 an increment of the torque supplied by
the accretion disk between Ry, ter and Rjnner. The total torque is accounted
for by Inelix X Bhelix X (Router - Rinner)-
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1.6. THE MAGNETIC FLUX OF THE GALANY AND METAGALAXY

The total magnetic flux generated by the saturated dynamo is concentrated
towards the inner more energetic regions. To the extent that B x 1/R.
then the flux generated, B x R x v . x R Y%, and we can approxiate
the flux generation by considering only the innermost helix. Then in 10°
y. the total flux becomes 6 x 10** G ¢m?. The flux of the galaxy usiug a
mean field By ~ 3 X 107% G for a galaxy height of 1 kpc and radius
of 30 kpe is 10% G @n?. or 107 of the generated flux and ~ 107% of the
escaping residual flux. This extra Hux can escape the originating galaxy
and fill the meta galaxy. The rotation measures and x-ray launinosity of
the iutergalactic region within galaxy clusters indicate possibly x10% the
flux between galaxies as within each galaxy, and so the saturated dynamo
of DDA forming the black hole is sufficient to explain the flux of magnetic
field of the galaxies as well as the larger flux within galactic clusters.

1.7. THE BLACK BODY DISK

We now sumnmarize the physical properties of the helix as well as caleulate
some of its plasina properties. but first we point out what the standard
a-viscosity accretion disk would have looked like without the DDA. We
start by assuming a standard a-viscosity disk with the @-viscosity param-
eter ~ 1/10. Although we believe this enhanced viscosity is produced by
Rossby vortices. the actual mechanism makes no difference. For an ac-
cretion rate corresponding to Lpei, = 10% ergs/s and an efficiency of
0.3 corresponding to the inner orbit of 3JM we require a mass flow rate
of (1/2)M. y~!. Then ¥ = dM/dt/(27Rimcc/3) = 70 ¢ on~2. This is
thick enough to establish black body radiation even for Compton opac-
ity. but we unext determine that the emission temperature will be low
enough and consequently the opacity great enough to ensure not only
biack body. but sufficient thickness, 7 ~ 10t0100, to satisfy the Rossby
vortex confinement criterion. Thus if the luminosity is emitted black body
from both sides of the disk. then at the radius. Rj.;.. the surface tem-
perature becomes Ty face = [Lagn /(2T R}, ac/4)]HY = 30 eV. This is
in the euv part of the spectrum where opacities are increased by both he-
linm and small fractions of metals thus substantiating the larger opacity.
The height of the disk, H, is determined by the pressure and gravity. or
((LT,J;L,!-dpmM + nkT) =~ Tg(H/ Rperir) giving H/R ~ 0.06 wlere we estiimate
Tiidplane ~ Tsur face- because the radiation cooling time is shorter than the
heating time. Thus without a dynaino. we have a standard thin disk of
modest thickness and swrprisingly low temperature, 30 eV. compared to
the high energy emissions of quasars and blazars. Furthernore the energy

density withiu the disk. «T? = Zoin/8m of the dynamo. since iu either
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case the energy flows through photons or magnetic energy. However. only
in the case of the dissipation of the magnetic energy can we expect the very
much higher energies of the typical AGN emission.

4.8 SUMMARY OF DISK AND HELIN PLASMA CONDITIONS

If a major fraction of the energy of accretion is emitted in magnetic energy.
~ 80%. then we expect the surface emission temperature due to the residual
heating. 20%. to be ~ 20 eV. Then the disk height becomes H ~ 0.012R.
The DDA disk then is described by:
Mass of black hole:
Mpackhote = 10° A/[:g:

Time to accret this mass:
A — 108_7/6(1,7*.9
Schwarzschild radius of the black hole:
Rblar;kh,ole =1.2x 1013(}777,
Radius of innermost stable orbit:
Rinnermost = 3M = 3.6 x 103 cm
Radius inside of which half the energy is emitted:
Rhelt:r: = 2Rinnermost =7 x 1013(17”
Outer radius of cv—accretion disk:
Rouf,er ~ 3])(3
Surface density or thickness of the disk at Rpepir:
¥ = 70gem ™

Luminosity of the disk in black body radiation assuming 80% is emitted
in magnetic energy:

45 .. a
Ltackbody = 2 x 10%ergs/s
Surface temperature of the inner disk assuming 80% is emitted in mag-

netic energy:
Tblu,(:ls:hr)(lgz/ = 20ev
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Height of disk in units of its radius:
Huyisk/ Rnetiv = 0.012

Density within the disk:

3

paisk = S Hyige = 1070 gem ™ n, = 6 x 10Pecm™

Ton electron thermal relaxation rate
=1

; 9 6.
160 coulombMMe [T J0e = 2.4 X 1075

Mass fraction of stars:
—d
Fstu,rs =10

Number of collisions per star:
9
pst(sztar/zdi.sk ~ 10
Fraction of toroidal flux transformed to poloidal flux per turn:
: q 1/2 .~ =
F@—toroidal~pol0idal = Z(AJa,ch,#) / X Rstm'/Rheli.zt =~ 0.015
Dynamo Gain per turn at Ry,
o (1 2k [T sorascall mateine) = L1
The magnetic flux generated in 10% y:
B x Rxwv=>~6x10¥Gun?
Luminosity of the disk as magnetic energy of the helix:
Lpperir = (vo/2 R? .Y x B /81 ~ 10%ergs/s
Heliz = (U@/ ) X (7(' /zelz.’r) X /Lelu'/ = &y 9'5/’>
Mean magunetic field of inner disk and inner helix:
Bhelir ~ 4 x 104G
Axial velocity of the helix at Rjesip:
Uz heliz = Vo = UReplerian = C/3

Length per turn:

Zrarn = 2T Rperiz = 4.5 x 104 an
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Free length of helix without truncation by dissipation or matter:
Zinaz = Vs heliztblackhole = 1()M'pc
Axial current or electron flux of the helix:
Ihetiv = 1t Bpotiv Bhetir = IOLQ(/,mperes =6x10%7¢/s
Number density of current carriers at velocity c:
Ty = [h‘e“;,-/(ﬂRie”IC) ~0.12¢m>

Fractional energy density. Fi,paway Of current carriers at a relativistic
~v compared to the magnetic energy:

Fru,n,n,wo,y = 7"97771'(32/(Bﬁf’li.r/gﬂ-) ~ 1.3 % 10—157

Distance of charge separation necessary to result in a potential of ymc?
of relativistic current carriers:

2 271172 3,172
F(‘/I(LT’{}PS‘P})GT‘(LHO?L = [’7777'6 /(47”7'86 )] /2~ 5 x 107y / cm

These last two conditions describe the current carrying charges as a
low 3, charge neutral plasma nearly regardless of the run-away relativistic
energy, yme?.

5. The Dissipation of Magnetic Energy and the AGN Luminosity

We have described the conversion of gravitational energy to magnetic en-
ergy in the form of an extended force free minimum energy helix. In order
to convert this energy to photons and thus become visible, requires that
the bounding currents of the magnetic field be dissipated. These can be
dissipated either resistively or hydromagunetically. Next to the black hole
the strength of the field relative to the density of matter or equivalently
the assumption of force free precludes hydromagnetic dissipation. At the
"radio lobes” the mass and density of matter is presumably great enough at
100’s of kpc that hydromagnetic phenomena become important and then
presumably the remaining fraction of the magnetic energy is dissipated
both hydromagnetically as well as resistively, and presumably. potentially
by hydromagnetic instabilities. Here. however. we are concerned with the
far more demanding explanation of the bulk of the energy emission with
short time variations (hours) and therefore close to the black hole and the
extraordinary spectral distribution over 17 orders of magnitude of photon
energy. The most demanding of these spectra, that of Markarian 421 re-
quires ewmission extending from the radio to TeV and so we use this example
for comparison to theory.
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5.1. THE DIRECT EMISSION BY THE ELECTRON CURRENT

We strongly believe that it is far simpler to produce this spectra directly by
the cirrent carrying electrons themselves whose dissipation is the dissipa-
tion of the magnetic energy. rather than producing the spectra through a
sequence of phenoinena currently described as hydromaguetic acceleration.
collisionless shock interaction. turbulent heating to relativistic tempera-
tures, and finally synchrotron and Compton emission from this relativistic
plasma.

Instead we believe that the current carrying electrons are directly ac-
celerated as a run away distribution of electrons by the dissipation itself.
This leads to the circular or self-consistent description where the dissipa-
tion of the maguetic energy creates the parallel electric fields that produce
the acceleration that m turn produces the dissipation. This dissipation is
then directly the spectra of AGN. As proof of principle of this process
we first describe laboratory measurements in Tokamaks where exactly this
phenomenon is described. The run away parallel current of electrons dis-
sipates the magnetic energy by synchrotron radiation and this dissipation
or synchrotron emission in turn self regulates the electron acceleration.
Next we describe this process and derive the special conditions required
for a consistent theory to produce the spectra of Markarian 421. These
conditions will include the self excitation of a very small degree of plasma
turbulence, AB/B = 3 x 1072, too small and at too low a frequency. (the
lower hybrid mode) to heat the plasma, and furthermore guasi-coherent
over B/AB =~ 10° wave lengths. Although these conditions may seem spe-
clal. they are surprisingly close to those produced in the laboratory. but on
a far larger scale.

5.2. THE RUN AWAY CURRENT

In tokammak plasmas the plasma current, primarily Jy, because 3 = nkT'/ B?/8%

is small, is carried by current carriers whose drift velocity. vy e << (KT/1m¢) LWz

Occasionally an “interruption™ event occurs where the current, initially
carried benignly by electrons of modest drift velocity, suddenly transtorms
into a run away current of relativistic energy. The initial {free) magnetic
energy Bémitiuz/gﬂ is divided between kinetic emergy, rneyme® and final
magnetic free energy, Béj,l-,m,/ /8. The "free” maguetic energy. Wy =
[ BZ/8md(vol), is the energy associated with the toroidal plasma current
and would appear as “heat” if the current were interrupted. (In a tokamak.
since the vacuum vessel is a torus. the convention of axial and azimuthal
is reversed from the accretion disk. The z direction is toroidal. the direc-
tion of the initial bias field. and that of the major plasiia current. and the

9
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azimuthal direction. ¢. is the direction of the field lines surrounding this
current. The sum of these two field components describes a helix confined
within the vacuum vessel and is the direct analogy to the helix produced by
DDA.) This division of energy between kinetic and potential is then some-
times referred to as the conservation of canonical angular momentum. Re-
gardless. the total kinetic energy in the ~ 10°% ampere beam at v ~ 10t0100-
of a typical large experimental apparatus is sufficient at times to seriously
damage the equipent. As a consequence, experimentally, an interruption
event is to be avoided at any cost in major tokamaks and is researched
only with great care. Nevertheless the general outline of the plasma physics
is nnderstood whereby plasma is initially lost to the walls, typically by a
hallooning mode instability. When a “ballooned” flux surface carrying hot
plasma touches the cold wall. plasma is lost to the wall. thereby depleting
the interior of sufficient electrons to carry the current at low drift velocities.
This condition. .J, /ng ~> (/s':T/mp)l/‘-) is known as the Driecer condition
for run away acceleration of the current carriers. The cure for experimental
conditions is to inject a large number of electrons and ions. initially as a
neutral gas. which are then subsequently ionized by the plasma whenever
such an instability occurs.

5.3. AN EXPERIMENTALLY OBSERVED SELF-LIMITED, RUN AWAY
CURRENT BY ITS OWXN SYNCHROTRON RADIATION

At times. and with care. the properties of the run away relativistic beam
can be investigated as at Garching (Kurzan, Steuer, & Fussmann, 1995, &
1997) where the run away beam current of an interruption are accelerated to
a monoenergetic. self limited value at an energy of v ~ 20. This self-limiting
energy is very much less than the flux limited acceleration where v = ce By x
area/mc? ~ 10%°*. The beam was observed to radiate by synchrotron
radiation stimulated at a high, 17""! harmonic, of the small perturbations,
AB/B ~ 1073 of the periodic toroidal field coils. This radiation in this case
is an experimental curiosity but at the scale of the AGN helix it becomes
a basic radiation mechanism of the AGN.

5.4. THE PROBABLE AND NECESSARY PLASMA TURBULENCE

The interpretation of the cause of interruptions in tokamaks and the effec-
tiveness of the cure seem simplistic. but the hard question is: why doesn’t
the electric field accelerating the run away current draw the necessary
plasma back into the current beam? If the hot plasma is lost to the walls, the
thermal gradient generates electric field potentials of only a few kT where
as the ran away acceleration requires potentials many orders of magnitude
greater. These electric fields are along field lines and so there should be no
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impedance to plasma flow. The plasina loss occurs in the first place presuin-
ably because a flux surface is distorted “ballooned™ from inside to outside
the plasma current carrying column. and so the How of plasina and hence
current carrying electrons should be reversible regardless of the slow. hydro-
magnetic. ballooning wmstability. The fact that it is evidently not reversible
implies a large impedance for electron flow along lines of force.

5.5, THE LIKELY INSTABILITY LEADING TO THE PLASMA
TURBULENCE

This instability is most likely an oscillation of the field lines at a finite
amplitude. driven at the lower hybrid frequency as a lower hybrid mode.
The field itself by definition of force free is absolutely stable., and only
an external scurce of energy, the current, can power a finite oscillation.
The effective non-linear impudence, Nyqepe extracts energy from the cur-
rent, Nyave J[";)a,,,a” ¢+ that drives the wave or mode parametrically. The lower
hybrid mode is suspected because "current drive” of a tokamak current is
created by a forced, non-linear amplitude of the lower hybrid waves by an
external source of radio frequency power at the lower hybrid frequency. The
excitation of the mode by .J; is then just the inverse of the “current drive”.
The closest mechanical analogue is the violin where the bow. Jﬁ, excites a

finite oscillation of the strings, Bﬁ/87rp.

6. THE ESTABLISHMENT OF THE RUN AWAY CONDITION
IN THE AGN HELIX

As noted in the summary conditions above, the electron density for the
relativistic run away condition of the helix is 7, ~ 0.1 ¢m™? compared
to an electron density in the disk of n. ~ 6 x 10 @n™>. At the mod-
est temperature of the radiation dominate disk of 20 to 30 eV, the Debye
length. ~ 10* cm even at the run away condition, 1. ~ 0.1 ¢m ™3, and so
is always small compare to the scale height, ~ 10! cm. Therefore neutral
plasma conditions persist and so gravity determines equally the electron
and ion densities. As pointed out before, the radial component of the he-
lical field lines as they enter or leave the disk is negligible so that vertical
gravity determines the density along field lines above the disk. The verti-
cal component of gravity a distance z,s, above the disk is g» ~ gz /R
and so the scale height for a constant temperature atmosphere beconmes
Hwre = Hyisk(R/zatm). Therefore the height above the disk where the
plasma atmosphere density should decrease to the run away condition is
Zatm.runeway = H(lisk[hl(”eq.disk/neq,‘runaway)]U2 ~ 6Hyisk. or very close to
the disk surface. Therefore even without some form of .J instability. the rel-
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ativistic run away condition should be met. However. as pointed out above.
consistency with the assumption of ouly gravitational forces acting along
the magnetic field lines, the electric field of run away acceleration must be
small compared to the Debye field. For this picture to be consistent with
actual rin away acceleration. some additional turbulence must be present
to confine or immobilize the thermal electrons.

7. THE EMISSION SPECTRUM FROM THE AGN HELIX

There are two possible conditions for the emission spectrum of the AGN
helix.

1) There are no .Jy instabilities and the entire radiation from the AGN
helix is by curvature synchrotron radiation and Comptonized synchrotron
radiation. However, in order to reach the necessary luminosity the required
electron v ~ 1017 is too large to be realistic.

2) This required level of plasma turbulence is maintained, AB/B, by
Jy instabilities due to the run away current. This relativistic run away cur-
rent radiates the helix magnetic energy by synchrotron and Comptonized
synchrotron radiation from the curvature due to the AB perturbation field
alone.

As opposed to the usual fully tangled magnetic field in isotropic tur-
bulence. we look for a small finite level of turbulence on top of the highly
organized force free. minimum energy helix. The objective is to find the
conditions for producing the broad band emission of Markarian 421 from
radio to TeV. We assume that Fap = AB/B is excited by .Jj. We must
then satisfy the following criteria:

1) The electron energy, ymc? > Tev or v > 2 x 10°.

2) In order for the second peak in the spectra at TeV energy to have
comparable total energy flux as the first or synchrotron peak. the thickness
to Compton up-scattering,

T = N0 KieinnNishinaR = [Tnetiz/ (TR ec)]on v R = 1/77

or Reompton = 21 Rheliz (0K N/OCompton)- Here we have used the current and
field of the helix.
3) The first synchrotron peak should be at 2 keV or 2 x 107 Hz so that:

0 2 o 17
WeyelotronY = 2x10"Hz

or Beffective = 0.05G for v =2 x 106.
4) The total total synchrotron and Comptonized synchrotron radiation
should be of order Ly 1, =~ 104667'93/8 or :

Lpetir = 72 [Ih,el,i,xr/(ﬂRz)]UComptrm(Bszecmre/Sﬂ-)ﬂ'Rgl
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or
A/J(Bez‘fff’(,tle/gﬂ-)lR = 3 x 1032/[‘46
or _
Ej'f‘““"’“l =10’ /L4UGzc771,
or for a maximum / = 10%. or IR = 0.03pc and Lz = 0.1 because

of beaming. then B.fjecrive =~ 100G. in ‘which case Fap = AB/B =
3 x 107% . This is in strong contrast to the condition for the first peak
where B, frective =~ 0.05G. The only solution to these conflicting values
without producing a separate or additional hot plasma of similar energy.
¥ 1s to arrange that the synchrotron emission is semi-coherant as if the
relativistic electrons were emitting in a “wiggler” field of coherent length
/\cohe'rent = RLu,rnz.oreleu(Beffecti't.reemi,.s,sion/Bej'fect'i-uej'requency) ~ 2 x 10%.
Such a structure of field perturbations is not unlikely if the mechanism
of generating the perturbations is the excitation of the lower hybrid modes
at a level (Bpffecmw,,,L;SS,,-U,”/Bhe“_,l.)2 ~ 107> corresponding to the above
conditions. Whether such a mode and emission mechaunisin is a result of
the run away conditions in the helix is, of course, uncertain. However, the
model produces the central black hole during galaxy formation. produces
the magnetic field of galaxies and the meta galaxy. produces the inherantly
collimated source of magnetic energy to illuminate the collimated radio jets.
the force free helical magnetic field, produces a run away current of highly
relativistic electrons that carries the energy of formation of the black hole.
and finally does so in a circumstance where instabilities are expected.

On the other hand there may be geometric solutions to the fundamental
problem kof creating the emission spectra from the run away electrons of
the current alone. We have not yet explored all these possibilities.
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