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Abstract 
Theoretical Divis ion  

In order to accelerate cosmic rays to ultra high energy, >lo1* ev, requires that 
the step size in energy in a diffusive process be very much larger than occurs 
in galactic or extra galactic hydrodynamic mechanisms where AE/E - 
v/c-1/300 per step. This step size requires >lo5 scatterings per doubling in 
energy (the shock mechanism) and therefore energy loss per scattering. 
Coherent acceleration (CA), on the other hand, is proposed in which the 
energy gained, AE per particle in the CA region is very much larger so that 
only one or several scatterings are required to reach the final energy. The 
power law specmm is created by the probability of loss from the CA region 
where this probability is inversely proportional to the particle's rigidity, E. 
Therefore the fractional loss in number per fractional gain in energy, dN/N - 
-I? dE/E, results in a power law spectrum. CA depends upon the electric field, 
E = qJ, J, the current density, in a force free field, where magnetic helicity, 
J=aB, arises universally in all evolving mass condensations due to twisting of 
magnetic flux by the large number of turns before pressure support. The 
acceleration process is Ew, where transverse beam instabilities enhance q 
leading to phased coherent acceleration (PCA). The result of the energy 
transfer from field energy to matter energy is the relaxation of the field 
helicity, or reconnection but with J I I B rather than J IB .  (When JIB, the 
coherence distance is small, the Larmor radius. This is the circumstance of a 
hydromagnetic shock where P = JIB.) Galaxies srart from a galactic mass, 
damped Lyman a cloud at Z-5. Self gravitating instabilities shed mass and 
decrease angular momentum proportionally. The contracted residual mass 
becomes thick enough, -100 g/cmz, when M - l e  %daxy =lo7 solar masses, 
forming an accretion disk, a black hole, a QSO or AGN. The resulting 
winding number, in lo7 years is large enough so that a dynamo fills the 
galaxy with polloidal magnetic flux, which is twisted and perhaps sustained by 
a weak galactic dynamo. This galactic field initiates rapid star formation. The 
a deformation of the a-w dynamo is due to a few stars repeatedly penetrating 
the disk and then the partial conservation of angular momentum of the 
resulting plumes. A fraction of the dynamo flux is wound into a helix, 
producing the collimated radio sources. The single pass PCA of the helix is - 
loz3 volts. Galaxies start with an accretion disk, producing a black hole, a 
dynamo, magnetic flux, stars, a collimated radio source, and finally ultra high 
energy cosmic rays cosmic rays that fiil the metagalaxy.. 

1 Introduction 
Cosmic Rays are the extremum of non-thermal phenomena within the Galaxy as 

well as within the universe. The present upper energy limit of the most energetic event, 
observed at the Fly's Eye corresponds to 3 ~ 1 0 2 ~  ev or r= 3x10". There are only a few 
proposed mechanisms of acceleration of cosmic rays and only coherent reconnection in a 
helical, magnetic collimated radio source offers a simple, logical explanation by which this 
extraordinary energy arises. The three general mechanisms proposed for accelerating cosmic 
rays are: 

1) The stochastic processes, the Fermi mechanism, where a single particle can 
scatter elastically and randomly off of individual, more massive units of matter. The units of 
matter may be either magnetized moving galactic or metagalactic clouds or hydromagnetic 
waves induced by magnetized collisionless shocks. 

2) The purely hydrodynamic relativistic shock acceleration that occurs when a 
strong shock in a supernova propagates in the decreasing density gradient of the envelope of 
a star during the supernova explosion. A review (Colgate, 1984) points out that the 
envelope shock acceleration produces too steep a spectrum, too little total energy, and a non 
standard nuclear composition. 

magnetic field produced by reconnection of a force-free, twisted fields 
3) The coherent acceleration of particles by electric fields parallel to the local 
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The most generally accepted mechanism is the collisionless shock (here affer CS) in 
galactic and intergalactic space. The reason for this wide acceptance is the almost universal 
intuitive acceptance of a mechanism that produces a power-law (in energy) because of 
diffusion in energy space. The tacit assumption that, in general, "a power law is unlikely" is 
false. Instead, a power law is the natural result of parallel acceleration as well. The long 
coherence length of parallel acceleration is a special advantage for producing high energy 
cosmic rays. It is postulated further that the self-phasing of relativistic particles by 
instabilities is the likely mechanism of producing the ultra high energy cosmic rays from 
reconnection within the magnetic helices that are the collimated radio sources, produced in 
the early phase of galaxy formation. 

2 Power Laws, Isotropy and Collisionless Shock Acceleration 
2.1 The Power-law Spectrum 

The accepted theory of cosmic ray acceleration is shock wave acceleration in the 
ISM driven by supernova (Axford, Leer, and Skadron, 1977; Bell, 1978; Bianford and 
Ostriker, 1988). As Hillas (1984) points out "This acceptance has been largely based upon 
the good agreement between the universal power-law spectrum predicted by shock 
acceleration.".i.e., Any accelerator for which a fractional gain in energy, (d In E), by a few 
particles is accompanied by a significantly larger fractional loss, -(d lnN), in number of the 
remainder will give a power-law: dN/N = -s(dE/E). 

The fractional loss for a fractional gain in energy is what would be expected for a 
rigidity dependent loss mechanism where the probability of a relativistic particle being 
scattered out of an acceleration region is inversely proportional to its energy or rigidity. 

For values of s <-2, i.e. a smaller fractional loss, the integral energy becomes 
asymptotically large, and at some energy will truncate or limit the acceleration mechanism, 
destroying the confinement and hence the accelerating mechanism itself. Accelerators with 
s >> 2 will produce a spectrum so steep that, relative to another less steep one, will not be 
observed above some critical energy at which the two mechanisms give the same flux. 
Hence it is likely that the spectrum of any observed mechanism should be close to s = ~ + E .  
2.2 Why a new Theory of the Origin of Cosmic Rays? 

1) The power law spectral argument for shock acceleration is not compelling. 
2) The observed isotropy requires a space-filling mechanism, or if supernova 

shocks are the sources, it requires that we are not in a region of a weak supernova shock for 
particles of - 1015 ev. Since this shock would be the thickness of the Galaxy it seems hard 
to arrange. Furthermore at higher energy, but less than 1017 ev, the surrounding "leaky 
box" must be extraordinarily isotropic. 

3) The plasma physics of the required scattering mechanism is uncertain in that 
-3(~,h, ,&)~-16 to lo6 scatterings per particle must occur from strong, self-excited 
hydromagnetic waves per doubling in energy and yet with negligible damping. 
Furthermore the hydromagnetic turbulence must be "strong" in order that a particle be 
scattered with a mean free path not too many Larmor orbits in dimension. These are 
conflicting requirements, because even weak turbulence causes a progressive "walking" in 
magnetic moment space so that particles exchange energy with the magnetic scatters. 

4) The evidence for acceleration due to quasi-parallel heliosphere shocks is weak, 
in some cases with small or no evidence for the expected strong hydromagnetic turbulence, 
and where acceleration is demonstrated, with only a few shock traversals by the accelerate 
particles implied. Particle acceleration in quasi-parallel magnetospheric shocks as well as 
the expected hydromagnetic turbulence have been observed by space craft but at intensity 
levels that are as low as of the values both expected and necessary for shock 
acceleration (Sarris, E.T. and Krimigis, S.M. 1985, and Krimigis, 1992) The perpendicular 
shocks on the other hand show significant acceleration as one would expect by trapped 
Larmor orbits (Colgate, S.A. 1959). These accelerated particles, however, represent a small 
fraction of that necessary for explaining the acceleration cosmic rays. 

5) The acceleration of electrons in the same collisionless shock that accelerates 
ions is difficult to reconcile with the theoretical picture of hydromagnetic turbulence, self- 
excited by the anisotropic streaming of energetic accelerated ions. This hydromagnetic 
turbulence will appear adiabatic to the electrons at their much higher Larmor frequency, and 
so the electrons should not be scattered incoherently as they must be for acceleration. 
Instead, below where the ions are relativistic, clog ev, such that the electron total mass is 
less than that of the ion, the electrons are probably reflected from the shock front by a 
charge separation induced potential. This potential is difficult to maintain in the presence 
of a background plasma. A further difficulty with the shock acceleration of electrons is that 
the shock is a velocity multiplier per shock crossing. Therefore when comparing electron 



number to proton number at the same energy, there should be (1840)-r = 3 x 10-9 as many 
electrons as ions if they both started with the same number and velocity. Clearly they do 
not, but the above ratio indicates how sensitive the final electron number is to the initial 
conditions at the start of acceleration. The observed ratio of a few percent electrons to ions 
at the same energy is more naturally explained by a potential acceleration along lines of 
force, as CA, with some synchrotron radiation loss of the electrons. 

3 Acceleration of CR by Reconnection of Magnetic Helicity 
There is a need for a mechanism to accelerate cosmic rays, universally over the full 

energy spectrum , isotropically, and space filling. A theory based upon a series of 
mechanisms, patched to fit various spectral regions is less satisfactory than a single 
mechanism that takes place in different circumstances throughout the universe. Furthermore 
any mechanism that results in a fractional loss in number of particles for a given fractional 
gain in energy results in a power -law. I believe that the force-free reconnection of magnetic 
field twisted by the vorticity motion of all accretion or gravitational condensations both 
within the Galaxy as well as the metagalaxy is a universal circumstance to expect such 
acceleration. 
3.1 Angular momentum, condensation and winding number 

Mass condensations, QSO's, galaxies and stars always occur with finite angular 
momentum. The winding number occurring during the dissipation of this angular 
momentum assures that all imbedded flux will undergo continuous winding until either the 
angular momentum is dissipated or reconnection takes place. At least several orders of 
magnitude of twist Le., a winding number of at least several hundred or greater, will take 
place when the evolved density ratios are large. The transition between an initial state of a 
multiple of highly twisted, flux-tubes within our galaxy (and between galaxies) and the 
observed state of a relatively ordered flux must occur by reconnection. It is this 
reconnection of force-free field that of necessity must lead to E-parallel acceleration. The 
acceleration of cosmic rays in this picture is then a sum of both individual particles that are 
accelerated in single coherent regions of high winding number and particles that undergo 
random diffusion in energy space. These are particles that stochastically traverse several or 
many coherent regions of E-pardlel acceleration and deceleration. 

An important distinction exists between this picture of acceleration by force free 
reconnection and acceleration by reconnection in a turbulent plasma. Matthaeus et al. 
(1984) and Ambrosiano et al. (1988) have suggested the acceleration of particles by 
reconnection in a turbulent plasma in the ISM and recently to very high energies, 10l6 ev., 
with Goldstein et al(1994). The general picture of hydromagnetic turbulence is one where 
turbulent mass motions induce a stochastic distortion of the magnetic field. Here the mass 
and field motions are at the characteristic hydromagnetic velocity and the currents are 
therefore primarily perpendicular to the local magnetic field in order to generate the 
pondermotive forces. In the force-free reconnection acceleration mechanism the currents 
are primarily parallel to the field by definition. This circumstance arises because of the 
relatively slow twist of the flux tubes by gavitationally condensing mass, but limited in the 
rate of condensation by the transport of angular momentum. The advantage to acceleration 
of force-free reconnection is that the electric field of reconnection is necessarily along the 
field lines rather than across the field. This allows coherent acceleration over great 
distances as compared to a stochastic diffusion in energy space with relatively small steps 
of the order of a M o r  orbit. 
3.2 The Reconnection Theory of Acceleration 

The specific angular momentum of matter in the galaxy rotating at an G per 
year and a local radius corresponding to roughly one solar mass, (-3pc) is 3 ~ 1 0 ~ ~  cm2/s. 
This is some 2x104 larger than the Keplearian orbit at a solar radius. This large factor of 
excess angular momentum must be exchanged with the Galaxy as a whole in order to form 
a star, and still more angular momentum must be removed in order to collapse to a neutron 
star. The most likely mechanism for the transport of this angular momentum is by a 
turbulent, a-viscosity in the disk-like accretion of a star through the T-tauri stage. (If the 
torque is transmitted by magnetic stress, this makes the following effects even larger.). 
Similarly the magnetic flux threading the original matter at the density of the ISM is also 
orders of magnitude, x300, larger than the flux that would allow compression to a solar 
radius. Furthermore the observed external flux of the sun and typical other stars is to -7 

times less than this formation limit. Hence magnetic flux must also be expelled from the 
condensing maaer as well. Therefore this flux, in order to escape the matter, must undergo 
reconnection during the process of condensation. However the subsequent winding or 
twisting of this residual flux requires a far larger reconnection process since the winding 
produces a far larger total flux, by the winding number, than the original flux. 



a 

The picture at every stage of condensation is that of a helical, twisted flux tube that 
extends some 50 to 100 turns beyond the source. The number of turns is interpreted 
observationally from the topology of the "jets" or collimated radio sources which are 
presumed to be just these helical flux tubes from accretion onto the black holes of AGN. 
They become illuminated in the radio by the accelerated electrons due to the reconnection 
of the force-free flux of the twisted flux tube. The same picture applies to the bi-polar 
flows observed in star formation. The relation between the number of turns and the angle of 
the "jet" is that the minimum energy force-free field of the helix is close to a 45 degrees 
where the @ and z components of the field are equal. Hence the number of turns, n, will be 
of the order (l/jet angle) x ln(lm&min), or several hundred. 

It is assumed that the reconnection dissipates the total current associated with the 
B+ component of the field. If this current is interrupted as a sequence of multiple 
reconnection events, but phased along a local flux surface at c by the accelerated particles 
themselves, the total potential becomes of the order: 

where Bmm = lo6 gauss, the limiting magnetic field around an AGN black hole and at six 
times the Scharwtzschild radius, Rmin = 1014 cm, and n = 100. 

Accretion onto neutron stars, cataclysmic variables, and T-tauri stars will all lead 
to tearing mode reconnection associated with all mass condensations. The bi-polar flows 
that are now frequently observed in the radio maps of star forming regions correlate with 
this process. The energy of these condensations alone is sufficient to maintain the cosmic 
rays of our Galaxy. Let us assume that the star formation rate is 10 M, per year and that 
magnetic field decouples from the accreting matter at a disk radius of 1 AU where pressure 
support of the forming star would become comparable to the a- viscosity. Then the energy 
released by star formation at this decoupling radius becomes; 

V=n B m u  R- 300 (2n In n)= 2 ~ 1 0 ~ ~  ev. (1 

(2 I? = I&- MG = 2x1047 ergs year-: 
R 

In the life time of cosmic rays of lo7 years this rate cornponds to 2 x l P  ergs. This is just 
that required to make the CR flux corresponding to a total cosmic ray energy content of the 
Galaxy of - lG4 ergs. In addition the wrapping up of the flux generated by the dynamo of 
each star during its life time should increase the available magnetic field energy by 10 to 
100 fold, and by neutron stars a further factor of 100. Finally if the magnetic field of the 
Galaxy is conductively attached to a larger mass of matter in the IGM, a comparable energy 
in helical sheared field will be created. This is just what happens when the helical field, 
collimated radio source "runs" into the larger mass of intergalactic matter that then makes 
the "radio lobes". Therefore the free energy in force free magnetic field stress should be 
many orders of magnitude larger than necessary to accelerate the cosmic rays of the Galaxy. 
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