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The Galactic Dynamo, The Helical Force 
Free Field 

and The Emissions of AGN 

Stirling A. Colgate and Hui Li 
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Abstract: We present a theory relating the central galactic black hole (BH) formation 
to the galactic dynamo through an accretion disk. The associated AGN emissions and 
the collimated radio sources are then a result of the dynamo process. A unified theory 
of quasar and BL-Lac formation (hereafter AGN) starts with the collapse of damped 
Lyman-a clouds, presumably proto-galaxies, which then evolve to a central disk and 
black hole, (BH). An a - 0 dynamo forms in this accretion disk where the augmentation 
of the poloidal field from the toroidal field depends upon star disk collisions. The winding 
number of the inner-most orbit of the disk is so large, N 10" that the total gain of the 
dynamo is semi-infinite, and the original seed field of no consequence. The total magnetic 
flux produced is rn lo4 times that of the galaxy, sufficient to explain the much larger flux 
of clusters. The semi-infinite gain of the dynamo implies that the field saturates at the 
dynamic stress so that most of the free energy of formation of the BH is carried off as 
magnetic energy in the form of a magnetic helix. The dissipation of this magnetic energy 
leads to the unique emission spectrum of AGN as well as the equally startling collimated 
radio and optical sources. 

1 Introduction 

The kinetic energy jet model of collimated radio and optical sources is the currently 
accepted explanation of these unique and extra ordinary phenomena (Begelman, 
Blanford, and Rees, 1984). We find several unresolved problems in this model which 
we wish to address, particularly the origin of the kinetic energy jet and secondly the 
mechanism of the conversion of its kinetic energy into the full spectrum of observed 
wave lengths of AGN, from the micron peak to the Tev gamma rays of blazars. 
Equally puzzling to understand has been the origin of galactic magnetic fields 
and in particular the far larger - x103 magnetic flux of the galactic clusters. We 
believe that the physical processes leading to the galactic dynamo are reasonable, 
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predictable, and can more easily explain the observations of AGN. The winding 
number of the galaxy itself is too small, - 50to100 turns in a Hubble time, to 
create the necessary gain and magnetic flux, and so the accretion disk forming the 
BH becomes a unique circumstance for a high gain dynamo. Others ( Chakabarti, 
Rosner, and Vainshtein, 1994) have considered a dynamo in the BH accretion disk, 
but not the a- R dynamo, and the consequences of its saturation. The requirement 
for the generation of the immense magnetic flux of galaxies and clusters is the 
primary model constraint, and distinguishes the galactic dynamo from non-flux 
generating models. 

2 The Collapse of Lyman-a! Clouds and the Formation of 
the Disk 

Damped Lyman-cr clouds are observed at 2 - 2to5 and interpreted to contain - 1013M0 of dark matter and 5% to 10% baryonic matter. Their observed thick- 
ness to Lyman-cu radiation (baryonic matter) is (pR) - 2 x g cm-* with 
a diameter of 300 kpc. They are presumably the initial non-linear ( A p / p  - 2) 
density perturbations that later become galaxies. Because of an initially small ro- 
tation, their initial collapse by RinitiallRvirial - 2 is dynamically free-fall until 
the dark matter is virialized. The density scales as p a the same mass, and 
hence the thickness is (pR) - g cm-2. Thereafter further collapse proceeds 
by gravitational momentum exchange within the viralized cloud of dark matter 
producing higher densities in smaller more dense inner concentrations. Simulations 
by Yavaro, Frenk, and White (1996) and others show that over a dynamic range 
of R of > 100 that p oc R-* or M a R, giving rise to the observed ”flat rotation” 
curves of most galaxies. This proportionality also implies that the thickness of the 
collapsing cloud at its center also increases as (pR) oc 1/R = 1/M. This thickness 
is critical to the condition for forming the accretion disk, which, as discussed in the 
next section, must be thick enough in baryonic matter to contain its internal en- 
ergy for several revolutions. This thickness is - 100 g cm-2, or x lo4 the thickness 
at virialization. Hence, provided the baryonic matter density follows that of the 
dark matter, then, by the above scaling, the baryonic mass inside the thickness of - 100 g cm-2 must be of that at virialization or - 108Ma. This is the mass 
that form the BH by an cy viscosity accretion disk. The Q! viscosity then initiates 
at a radius, Rdisk - 10 pc with a rotation period of - lo5 years. The formation 
time of the BH is very much longer - lo8 years due to the feeding of the disk and 
the CY viscosity mechanism. 

A simpler mechanism to explain an a-viscosity accretion disk has been sug- 
gested depending upon large co-rotating Rossby vortices, or two-dimensional tur- 
bulence (Yecko, 1995). The induction of such vortices depends upon the induction 
of a large radial gradient in potential vorticity (conservation of angular momen- 
tum and entropy) as for instance the feeding of mass to the outer boundary of 
a Keplearian flow. This mechanism has the advantage that because of the large 
scale vortices and the consequential large scale at which angular momentum can 
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be trahsported, that the resulting more modest frictional heating can be satis- 
fied by the available local gravitational energy release. The standard mechanism 
depends upon convection-induced uniform isotropic turbulence (S hakura and Sun- 
yaev, 1973) and cannot satisfy local energy balance. However, both mechanisms 
require the containment of the internal energy of the gas during several periods 
of rotation of the disk and hence, the above minimum thickness of - 100 g cm-2. 
Thus the early formation of an accretion disk of the above mass, size and formation 
time at the center of all galaxies is a reasonable result of a scale invariant process 
where the flat rotation curve is good evidence of its existence. 

In addition to the accretion disk there will have been a small mass fraction 
of the initial Lyman-a cloud, - 10-2to-4, that has been formed into stars as 
observed by the Lyman-a ” forest” of absorption lines and hence, metalicity of the 
pre-collapsed cloud. The thickness of the initial cloud is large enough such that the 
baryonic gaseous matter cannot interpenetrate so that the first collapse tends to 
form a flattened distribution of baryonic matter because of shocks and subsequent 
cooling. The dark matter and stars on the other hand interpenetrate freely and 
hence, at the time of the formation of the gaseous baryonic disk, there will also 
be a central, near spherical distribution of dark matter as well as - lo5 imbedded 
stars. 

These stars of typical thickness - 10l2 g crn-2 will also make collisions with 
the disk, but for a disk thickness of - 100 g cm-2 the fractional exchange of 
momentum, or mass interaction, is small - x10-lo per collision. Hence stars will 
collide with the disk - 1O1O times, before they frictional evolve to a small enough 
collision parameter such that they will be distorted by the BH gravity and thereby 
merge with the disk and be accreted by the BH. Many of these - 1015 collisions 
will make a large angle to the surface of the disk, carrying disk matter and stripped 
stellar mass - g to large heights above the disk plane, of the order of the local 
radius of the collision. This gas is a natural explanation of the ”broad emission 
lines” of quasars ( Zurek, Siemiginowska, and Colgate, 1994) and in addition each 
collisional plume of matter rising above the disk is a natural source of the topology 
changing ”a” deformation necessary for the a - 0 dynamo. 

3 The Galactic Dynamo 

The galactic disk is a natural a - 0 dynamo, because it contains the two necessary 
large scale deformations, the differential rotation of the Keplerian orbits as well 
as the large scale, coherent a deformations of the star disk collisions. It is un- 
likely that magnetic buoyancy (lack of plume formation), thermal convection (too 
weak), or hydromagnetic turbulence from hydromagnetic instabilities (incoherent) 
can lead to the large scale, coherent motions necessary for an efficient flux gener- 
ating galactic dynamo (Roberts and Soward, 1992). Although other mechanisms 
may produce a dynamo, the largest scale coherent motions will naturally contain 
the largest differential kinetic energy and therefore will ultimately dominate a 
saturated magnetic field coherent dynamo. 
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A galactic dynamo is required to produce the magnetic flux of all galaxies and 
the very much larger magnetic flux implied by Faraday rotation and x-ray emission 
within galactic clusters - x103 per galaxy. A dynamo by definition has gain and 
therefore it will saturate. The dynamo magnetic field strength saturates and limits 
at a value corresponding to the maximum dynamical stress of the accretion disk, 
i.e.., equipartition. This maximum stress occurs at the radius of the inner most 
stable obit around the BH or at 6 times the Schwartzschild radius, 6M, for a 
Schwartzschild BH or less than this for a Kerr BH. We further choose a typical 
AGN with a luminosity of ergs s-' where this corresponds to the energy 
released at 10% efficiency in the formation of a 108M0 BH in 6 x lo7 years at 
1/5 of Eddington luminosity. We later explain how this energy is carried off from 
the non-linear saturated dynamo as a Poynting flux of energy density, BLa,/87r 
at the orbit velocity at 6M, or at c / d 2  over an area corresponding to this radius, 
rREM. Then BMaz - 5 x lo4 G and the amount of flux generated in lo8 years 
becomes B ~ , , ( c / f i 2 ) R 6 ~ t  - 8 x G cm2. This is to be compared to the 
flux of our galaxy (3 x G out to 10 kpc) of - lo4' G on2, so that such a 
dynamo could generate x lo4 the flux of each galaxy. This is more than sufficient 
to fill galactic clusters with - G inferred from Faraday rotation and x-ray 
emission. Finally we note that the value of the initial seed field is moot because 
even a field gain close to unity, 1 + e before saturation, will lead to a total gain 
of order of the winding number at 6M in lo8 years, or an initial weak bias field 
should be amplified by - until limited by saturation. Thus an initial field 
of order G from the Biermann battery, the thermoelectric currents flowing at 
decoupling, is rapidly amplified, for finite e, to saturation and no large primordial 
field need be assumed. 

4 The Mechanism of the Galactic Dynamo 

Flux lines are considered conserved i.e.., no crossing, or their winding number 
is conserved until we discuss the specific circumstances where this conservation 
law must be broken. The simplest deformation of an CY - 0 dynamo is the 0 
deformation where the differential rotation of a Keplerian disk, w cc R-3/2 causes 
a radial field line of poloidal field, trapped in the disk, to be wrapped up inside 
the disk n times where n is the differential winding number in a given time t. This 
winding is necessary, but insufFicient alone for a dynamo. The currents bounding 
the toroidal field must be contained within the disk by the topology, and no flux 
extends ousted the disk. Any mechanism that solely wraps up or folds field lines 
within the disk is subject to the same criticism. Furthermore, the initial poloidal 
field "line" is supported by currents, which in the absence of a "dynamo" will decay 
away and with their decay there will be a corresponding decay of the amplified 
toroidal field. The dynamo is the process of augmenting or amplifying the poloidal 
field at the expense of a small fraction of the more greatly amplified toroidal field. 

The mechanism for creating this augmentation of the poloidal field is the CY 
deformation where a fraction of the toroidal flux is displaced axially out of the 
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plane of the toroidal field and hence, of the disk, in a loop. This loop or a fraction 
of it, must be rotated into the poloidal plane corresponding to a rotation of - n/2 
after which, or during which, the several or more poloidal loops with the same 
direction of rotation must merge or reconnect into the lowest multipole (dipole or 
quadrapole) of the original poloidal bias field. This early merging of the axially 
displace loops must occur, otherwise the loops could continue their rotation, rel- 
ative to the rotating frame of the disk, making many and a variable number of 
turns before merging or reconnecting. Then the averaged sum of the field of many 
loops would tend to zero, the roulette wheel effect, rather than augmenting the 
poloidal field as desired. Moffit and Parker (1979) after many years of argument 
now agree on this requirement of early merging or low magnetic Reynolds number 
of the loops, Rey,,, - 1. 

The reason for this rapid merging of loops before even a full turn has taken 
place, is the formation of a stem of twisted counter field direction, force-free pair 
of flux tubes formed from the twisting of the original loop of flux. The loops 
and attached twisted stem are force-kee because they are above and outside the 
pressure medium of the disk. Rapid reconnection can take place at the helical 
contact surface boundary of the force-free twisted opposed fields. In addition the 
stem should be hydromagnetically unstable further enhancing the reconnection 
rate. We describe the topological reason for this rapid reconnection, because later 
we will wish to  make the distinction with the helical flux configuration produced 
by and extending from this same dynamo due to the external winding of the 
unidirectional return flux of the poloidal field. In this case the field direction within 
the helix will be uniform and an entirely different criterion for reconnection must 
be applied. 

We now describe the coherent rotation of the loops so that the reconnected 
average of the loops augments the original poloidal field. As pointed out earlier, 
these loops are formed by the entrainment of the amplified toroidal flux in the 
plumes of the matter from the star-disk collisions, - g per plume, carried 
out of the plane of the disk. The internal energy of the matter in the plumes will 
initially correspond to the shock deposited energy due to the star disk collision. 
This will be of the order of the virial velocity, the same as the disk rotation velocity 
and that of the orbit of the star. Hence, as the matter approaches apogee above 
the disk, it will expand radially relative to the axis of the collision at velocities 
comparable to the rotation velocity of the disk. Thus the ejected matter will expand 
as a plume during the time of a fraction of a turn of the disk. Initially there is 
no rotation of the plume relative to the frame of the disk, but due to the increase 
of the moment of inertia, I the plume itself will decrease its own rotation rate 
relative to that of the disk by d w / w  = - A I / I .  (The combined conservation of 
angular moment um and entropy is described by conserved potential vorticity.) 
Thus a differential rotation, a slowing down, of the plume relative to that of the 
disk occurs at a rate that is a fraction of that of the disk. (One might describe 
this differential rotation as due to the Coriolis force, but the law of conservation 
of angular momentum without torque avoids the ambiguity of invoking a force 
when none exists.) The slow differential rotation is important because it allows 
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a longer time for reconnection to occur before Aw > T.  Cyclonic convection was 
originally invoked by Parker (1979) to explain the cy effect but the roulette wheel 
averaging was a major conceptual problem. The angular momentum-conserving 
plumes solves this problem. Figures 1 describes these deformations. 

Fig. 1. The galactic dynamo is shown in four stages. The first three demonstrate how 
a positive gain, > 1, is produced. The fourth shows that the effect of saturation is the 
ejection of magnetic flux in the form of a helix. 

In the first stage the initial poloidal field is shown (arbitrarily) radially inward 
within the disk surrounding the black hole. In the second stage this poloidal field 
is wrapped up into a toroidal field by the differential rotation of the conducting 
matter within the disk. The initial poloidal field is superimposed, resulting in a 
spiral rather than pure toroidal field. The return flux of the initial poloidal field 
is shown schematically by the heavy dashed lines. Actually this flux will also be 
wound up and will be the external helical field of the fourth stage. In the third 
stage of the dynamo, the Q effect, is shown as produced by a star-disk collision. One 
notes the direction of the toroidal field entrapped flux in the collision plume. The 
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plane of this flux, to first order, remains constant or rotates more slowly relative 
to the frame of the disk, because, as it expands, its moment of inertia increases 
greatly. At the same time the disk rotates so that after a partial rotation of n/2  
of the disk, the initial toroidal flux has been rotated into the poloidal plane, and 
the direction of a fraction of its flux is the same as the original poloidal field. This 
twisted loop now rapidly reconnects at is base, Reg,,, - 1, due to its tightly 
twisted, counter direction flux tubes at its base or stem. Several such loops must 
merge to augment or reproduce the initial azimuthally symmetric poloidal field, 
except that the bottom half of the loops lie outside the disk. A fraction of the flux 
of the bottom half of the loops must be subducted back down into the disk by 
diffusion due to turbulence and field gradient. The dynamo cycle is then complete 
having recreated and augmented the original poloidal field. Thus with positive gain 
the dynamo will always saturate. The fourth stage shows that the effect of this 
saturation is the production of a force free helical flux tube with a winding number 
close to that of the disk. It extends above and below the disk, if not impeded, by 
a distance of the winding number divided by its pitch. The non-linear limit occurs 
when the torque required to create, or continue to wind the flux tube corresponds 
to the Keplearian flow of angular momentum. The radial current within the disk 
is shown as flowing at the kink or bend between the toroidal field and the helical 
flux tube. This radial current crossed with the axial component of the helical flux 
tube produces the torque that balances the Keplearian flow. 

7 The Helical Force-Free Flux Tube and Its Dissipation 

If the poloidal magnetic field of fig. 1 is rotated and furthermore if it is assumed 
that the field lines act as a rigid body, then as pointed out by Blanford and 
Payne (1982), any ionized matter on the field lines would'move freely along the 
field lines and be centrifugally accelerated radially outwards. Depending upon the 
angle of contact, matter would be removed from the disk. However in the case of a 
poloidal, (dipole, quadrapole or any multipole field), poloidal lines of force return 
to the disk and are therefore tied at two different radii. The differential Keplearian 
rotation then ensures that these lines will undergo continuous winding producing 
toroidal field above (and below) the disk in low density matter. (If the poloidal field 
lines were so strong as to prevent this differential rotation, then the assumption 
of a Keplerian disk would be moot, so that the assumption of a rigid field line 
is inapplicable.) As the winding increases the toroidal field, Be, increases without 
limit, and hence, so will its pressure, Bj/n. This pressure will be largest in the axial 
direction. A toroidal field line extended in the axial direction remains at constant 
radius from the axis, so that any matter on such a line experiences no centrifugal 
force and so can slide back along the field line to the disk. Without further heating 
or longitudinal stress with the field, the matter on the axially extended lines should 
develop the same scale height or atmosphere structure as that of the disk. Thus 
the toroidal field should expand vertically until the additional energy needed to 
produce the axial component, Bb/87r - Bi/87r, or Be - Bz resulting in the 45 
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degree.helix. Of course, the surrounding helical flux surfaces will affect each other 
so that an overall force-free configuration must be calculated with a poloidal field 
determined by that of the saturated dynamo. The 45 degree helix is therefore an 
approximation to this state. Romanova et a1 (19) have calculated the formation 
of such a helical flux tube and use this emerging flux tube to accelerate matter to 
high kinetic energy in order to create a kinetic energy jet. Here, by contrast, we 
believe that the relative high magnetic pressure of the expanding inner-most flux 
tube of - 5 x lo4 G is sufficient to displace matter laterally at the axially velocity 
of the flux tube, which in turn is that of the inner-most stable orbit or c / f i 2 .  
This leads to the pressure equilibrium density of p - g ~ m - ~ ,  a value x 10l2 
that of the ISM. The density near the disk within 10 to 100 AU of the BH should 
be far less than this, so that we expect the helical flux tube to expand freely. 

The outer radial boundary of the helix, on the other hand, is most likely de- 
termined by the dynamical pressure of the density of the ISM. This leads to the 
flux tube expanding in radius as Rhel i z  o( l/pi’&. Since the residual matter 
density outside of the radius of the accretion disk at this early stage of galaxy 
formation should be distributed as p oc 1/R2, the radius of the helix should be 
Rheliz = R s M ( D h e l i i / R d i s k )  where Dhel i z  is the distance of the leading helical 
flux surface from the BH, and the factor of proportionality is an estimate of the 
force-free equilibrium structure of the helix when D h e l i z  = &is&. The inner core 
should expanded out at an apparent angle of 1% resulting in a core radius of 
R c W e  - 10-2Rdisk - 3 x 103Rinner. This also results in a field strength of the 
core of the helix of B c m e  - 15 G when Dhel i z  = Rdisk.  Then the helix should 
expand by a further factor of D1OOkpc/Rdisk - x104 out to 100 kpc with a radius 
of Rheliz - 1 kpc. The magnetic field strength of the core of the jet will then have 
decreased by 1/R from that of the inner most orbit, and so B1o0kw - 2 x G .  
This is just the field strength inferred from the radio emission and x-ray emission. 
This magnetic pressure is also just that of the dynamical pressure of p 1 o 0 k ~ v ~ ~ ~ ~ ~ .  
Hence at this distance of - lOOkpc we expect the helix to become distorted dy- 
namically into a flatter helix, smaller pitch angle and therefore hydromagnetically 
unstable to L = 1 ,  m = 0 kink mode. The enhanced dissipation of the field energy 
due to such a radical departure from the force-free condition then gives a logical 
explanation for the luminosity of the lobes. 

The magnetic energy in this helix is simply the integral of the accretion lumi- 
nosity over time, or - 2 x 1061 ergs in the formation time of the BH. A significant 
fraction of this energy is dissipated in the lobes as inferred from the x-ray ob- 
servations, but the question is how the major fraction of this enormous energy is 
dissipated at distances and field strengths characteristic of the size of the accretion 
disk. 

The energy of a static magnetic field is maintained by its bounding currents. 
The energy of the field can only be manifested through the dissipation of these 
bounding currents, qJ2 .  In the usual case where the magnetic pressure is balanced 
by a pressure gradient, V P  = J x B the current J is  I B. In this case the total 
pressure difference, P = B2/8n. However, currents can be introduced parallel 
to the field in which case J I I  x BII = 0, or force-free. In the classical case of a 
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twisted force-free helical field the major fraction of the stress of the field can be 
offset by J I I  and the outer boundary pressure AP can be very much less than 
BL,,/8n. Thus only the dissipation of the volume currents, q J i ,  can result in 
a major change in energy of the fields. We emphasize volume currents here as 
opposed to a current sheet between two oppositely directed fields as in the classical 
reconnection geometry of the Sweet-Petschek problem. In this latter case, since the 
fields must somewhere be zero (on the sheet), the field pressure must be supported 
by matter pressure so that currents must everywhere be J I B. The very large 
difference between J I  and J I I  is that the ionized particles carrying the current 
can run-away to high energies along the field lines due to Ell = qJ11 whereas 
E l  = 7.71 is bounded in energy by the finite distance of a Larmor orbit. Hence, 
as observed in the laboratory as in ”interruptions” in tokamaks, particles can 
run-away to very high energies, but not in ”theta pinches” where the current is 
exclusively J I .  This dramatic difference in field-current topology expressed in the 
laboratory must carry over to astrophysical circumstances to a far greater degree, 
because in astrophysical cases the density is so low. However, the current density 
in astrophysical force-free fields is also very low, as for example J at &is& - 10 pc 
is as low as 0.3 electrons s-1cm-2. Hence, even at thermal velocities, the electron 
density necessary to carry the current is negligible. If only collisional resistivity 
were involved, diffusion coefficients as low as 1 to 100 cm2s-I would apply, yet in 
a solar flare Dif - 10l6 crn2s-I are implied by the rise time of the plasma heating 
in a radius of 1000 km in one second. Hence we believe that a non-linear instability 
must create this anomalous resistivity from both the anomalous resistivity and the 
current itself. 

We believe a likely explanation of this anomalous resistivity is that hydromag- 
netic turbulence is excited by the Jll. This turbulence is driven by a non-linear 
phased stabilized, parametrically driven MHD wave. Our reason for suspecting 
this is that the only source of energy to drive the turbulence is the dissipation of 
,711. Secondly the lowest mode of magnetic deformation is the local concentration 
or filimentation of the BII .  However, this deformation is absolutely linearly stable, 
but such a mode can oscillate at its natural frequency. Such an oscillation then 
can be driven parametrically. These modes are helical corresponding to either a 
local Jll current concentration or reduction by expansion of a filament. There will 
then be an oscillating Ell. The non-linear phase shift necessary to drive the mode 
parametrically and phase stable depends upon the finite inertia of the particles 
being wound and unwound by the field helical perturbation acting over a long 
wave length. We now consider the consequences of allowing this or a similar form 
of MHD turbulence to grow to saturation and thereby effectively immobilize the 
thermal electrons and ions by the large oscillating Ell. 

Because of inductance, Ell will increase until some electrons run- away to 
relativistic energies. The limit will occur when all the current is carried by run-away 
electrons or a current of 5 x RB = 2.5 x 1019 amperes or an electron particle flux 
of 1.5 x lo3* s-l. As the relativistic mass of the particles increase, they fall out of 
resonance with the MHD waves and their energy increases until a new dissipation 
applies. This next form of dissipation we believe is relativistic cyclotron emission, 
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or i = y2(B2/8n)~o~omptm per relativistic electron. The most likely conditions for 
the helix to develop this instability is at the transition from disk dynamo pressure 
to that of the ISM or at Rdisk  - 10 pc where Bdisk - 15 G. Then if the length 
of the helix over which these conditions apply is - 100&& or within a factor 
of two in radius and field and assuming that 1/10 of the luminosity is emitted 
in the first cyclotron peak, then solving for the consistent value of y we obtain 
y = [(L/10)/(100R~~,~I(B~~sk/8n~~om~tm)]1’2 = 3 x lo3. This places the first 

The thickness of the helix to a second Compton collision, I x / ( R d i s k o c o m p t m )  - 
so that the second Compton peak will be too large by x 10 since the photon 

energy is increased by y2 per collision. A smaller radius by - 1/3 will make 
y smaller and give better agreement. Similarly a BL Lac object with no broad 
emission lines should have fewer star-disk collisions, a weaker magnetic field, and 
hence, the equilibrium dissipation should occur at a higher y. A reduction of B by 
1/100 or an increase in y4B by lo6 is sufficient to produce the Tev emissions of 
Blazars. The point is that using the current that maintains the helix and assuming 
that at a certain point in radius that if this current is converted to run-away 
electrons by anomalous resistivity, then the radiation emission is very close to what 
is observed. Therefore we believe that the emissions of AGN and their collimate 
radio sources are governed by the dynamo conditions and its saturation properties. 

We are indebted to many who have helped by encouragement and criticism 
to develop this model. Among them has been Greg Wilt, Van Romero, Albert 
Petschek, Ragnar Ferrel, Robert Rosner, Fausto Cattanio, Paul Roberts, Gary 
Glatzmier, Warner Miller, Wojiech Zurek, and many others. 

cyclotron peak, y 2 wcydotron at - 4 x lOI4 Hz, a factor of x4 higher than observed. 
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