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Impor t an t Plasma Problems in Astrophysics 

Russell M. Kulsrud 

Princeton Plasma Physics Laboratory and 

Princeton University Observatory, Peyton Hall 
P.O. Box 451 

Princeton, NJ 08544 

In astrophysics, plasmas occur under very extreme conditions. For example there are 

ultra strong magnetic fields in neutron stars, relativistic plasmas around black holes and in 

jets, extremely energetic particles such as cosmic rays in the interstellar medium, extremely 

dense plasmas in accretion disks, and extremely large magnetic Reynold's numbers in the in

terstellar medium. These extreme limits for astrophysical plasmas make plasma phenomena 

much simpler to analyze in astrophysics than in the laboratory. An understanding of such 

phenomena often results in an interesting way, by simply taking the extreme limiting case 

of a known plasma theory. I will describe one of the more exciting examples. I will attempt 

to convey the excitement I felt when I was first exposed to it. However, not all plasma 

astrophysical phenomena are so simple. There are certain important plasma phenomena in 

astrophysics, which have not been so easily resolved. In fact a resolution of them is blocking 

significant progress in astrophysical research. They have not yet yielded to attacks by theo

retical astrophysicists nor to extensive numerical simulation. I will attempt to describe one 

of the more important of these plasma-astrophysical problems, and discuss why its resolu

tion is so important to astrophysics. This significant example is fast, magnetic reconnection. 

Another significant example is the large-magnetic-Reynold's-number MHD dynamos. 
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I. I N T R O D U C T I O N 

Plasma physics plays an important role in a number of areas of astrophysics. I would 

like to discuss two such areas that I have been involved with for a long time. The first area 

is cosmic rays. In this field plasma physics has already made large contributions. There are 

many parallels with fusion physics. 

The second area is magnetic reconnection. In this area the major understanding lies 

ahead, although considerable progress has been made. 

I will survey these fields, describe some of my interactions with them and try to say 

what direction they are going. 

II. COSMIC RAY RESEARCH 

First Cosmic Ray research. 

What are cosmic rays? Their early discovery was very exciting [1]. The first indication 

of their existence and the suspicion they were cosmic came from the simple electroscope. It 

was found that after the electroscope was charged and the gold leaves repelled each other, 

that the charge leaked off through finite conductivity of the air in the chamber. What causes 

this conductivity? Although it was Coulomb himself who first raised this question, it was not 

appreciated that ions were being produced in the air by energetic very penetrating particles. 

At the turn of this century radioactivity in the surroundings was suspected, but that this 

was not the complete story was shown by Hess. In a dangerous balloon flight to 16,000 feet 

he showed that the rate of ion production increased with height, proving that the cosmic rays 

came from above. As a result of his work and others, one can draw a plot of ion production 

versus depth-below the top of the atmosphere. (See figure 1.) 
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Not much further progress occurred after this until the Geiger-Muller tube in 1929 

made more precise measurements possible. During the thirties and forties the pattern of the 

interaction of the cosmic rays with air was unfolded as well as the existence of many new 

elementary particles. This was a truly heroic effort. The key results are shown in figure 2. 

This figure shows how the cosmic rays evolve through the atmosphere. 

The nuclear particles (NA) are actually the cosmic particles raining on the earth at 

the rate of 1/cm2 sec summed over all directions. When they strike the atmosphere they 

penetrate only a short distance and then make a collision with the nucleus of a Nitrogen or 

Oxygen atom. In the resulting nuclear explosion pions are made. The neutral pion decays 

into photons initiating a cascade shower which at first grows and then decays. This is the 

E component. The charged pions decay into charged muons which penetrate all the way to 

the surface of the earth and are actually the main secondary particles at the ground, this is 

the M component. They produce the ions in found in the electroscope. 

What are the primary particles? They consist mostly of protons, but there are heavier 

elements. They are all fully stripped. Figure 3 compares the abundance of the different 

species of cosmic rays which arrive at the earth with the accepted cosmic abundance of 

the elements. The relative abundance is very similar to the cosmic abundance with certain 

exceptions. 

These exceptions are: an overabundance of the rare elements Li, Be, and B, and an 

underabundance of iron. These facts can be understood if it is postulated that the cosmic 

rays have been stored in the galaxy for millions of years. As they pass through the interstellar 

medium the more abundant elements are broken up by collisions with the interstellar medium 

atoms leading to the production of the light elements. How long are the cosmic rays stored 

in the galaxy? The assumption that the total number of Li, Be, and B nuclei in the cosmic 

rays are secondary and produced by spallation gives a lower limit to the age or storage time. 
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The existence of iron which can not survive too long a time against spallation gives an upper 

limit. 

The best number for the age, in terms of gm/cm 2, is 5 gm/cm 2 which converts to a 

time of 3 million years for a density of 1.0 interstellar medium atoms /cm 3 and 15 million 

years for n = 0.1 atoms/cm 3. The presence of radioactive secondaries such as Be 1 0 gives the 

absolute time as approximately 20 million years. 

Thus, from the composition of cosmic rays one can state that they are stored in the 

galaxy for 20 million years, but because of the higher density in the galactic disk they spend 

only 3 million years in the disk and the remainder of their life in the lower density regions 

of the halo. 

Other evidence indicates that cosmic rays fill the entire galaxy. This evidence is from 

the background synchrotron radio emission. Taking the fraction of one percent of the cosmic 

rays to be relativistic electrons and from the known value of the galactic field of 3 x 1 0 - 6 

gauss, this map is consistent with cosmic rays filling the galaxy. From similar evidence other 

galaxies also are known to be filled with cosmic rays. 

Other important properties of cosmic rays are their energy spectrum, and their anisotropy. 

The integral energy spectrum is remarkably close to a perfect power law up to about 10 1 5 

electron volts, as one can see by the plot in figure 4. They extend up to extremely high 

energies with of order joules per cosmic ray at the highest observed energies. Also, they are 

remarkably isotropic, better than one part in 1 0 - 3 over all directions. 

Putting these facts together with what we know about the interstellar medium we arrive 

at the following picture. The galactic disk has a predominantly toroidal field of magnitude 

about 3 microgauss, whose topology is a little uncertain. (It is not known whether the field 

lines are entirely enclosed in the galactic disk are connected to the intergalactic medium.) In 

such a field the gyroradius of a cosmic rays is 1012eceu centimeters, where eo e v is the energy 
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per nucleon of a cosmic rays in Gev. This may seem very large by terrestrial standards, but it 

is actually very tiny compared to the thickness of the galactic disk which is 10 2 1 centimeters. 

The relativistic gyration period is 30ecev seconds. 

Taking the scale of variation of the magnetic field to be 10 2 1 centimeters, the thickness 

of the galactic disk, one finds that the perpendicular drift velocity of cosmic rays is 10 cm/s , 

an extremely small value. Thus, the cosmic rays are completely tied to the magnetic lines of 

force of the interstellar magnetic field (see figure 5). How they actually escape the galactic 

disk is a puzzle. Prom the very small anisotropy we know that their bulk motion parallel to 

the interstellar magnetic field is of order 200 km/sec, so that in 3 million years they only go 

600 2000 lightyears. The reason for the small anisotropy is not Coloumb collisions 

with atoms in the interstellar medium, since the mean free path for Coulomb collisions at 

such high energies is 10 1 2 lightyears. It is also not nuclear collisions. In fact, as will appear, 

it is by pitch angle scattering off of hydromagnetic waves that the isotropy is maintained. 

If the interstellar magnetic field is open to the intergalactic medium, the small drift 

velocity confines the cosmic rays easily for 3 million years (figure 5a). If the interstellar 

magnetic field is closed in the galactic disk, the escape might be by the cosmic rays blowing 

bubbles in the interstellar magnetic field (figure 5b). (In fact, the cosmic ray pressure is 

comparable with the gas pressure and larger than the magnetic pressure.) Alternatively 

these bubbles may also be blown by a series of supernova blast waves. These bubbles must 

grow rapidly, otherwise the lifetime of the cosmic rays in the galactic disk is too long. In 

this picture the cosmic rays actually must spend five sixths of their lifetime in these bubbles 

continually returning to the disk from the bubble many times. From a simplified point of 

view the two pictures, showing open lines and closed lines, are quite similar. 

Let me interrupt my discourse to tell a little personal history showing how I got involved 

with the problems of cosmic rays. Also, how I gradually came to an understanding of the 
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plasma instability which plays such a major role in the astrophysical astrophysical behavior 

of cosmic rays. 

I worked almost exclusively on controlled nuclear fusion problems up till 1966, when Ira 

Bernstein persuaded me to come to Yale University for a more academic career. When I got 

there I was somewhat at a loss as to what to work on, so I decided to see if there was any 

simple way to accelerate cosmic rays in the interstellar medium by using plasma physics. I 

embarked on this without doing much background reading, more for fun than for making 

a serious effort. This is often my modus operanda. I find out what need to know about a 

problem through conversations with my friends, rather than by reading. It leads to lots of 

mistakes, but I usually end up understanding the problem better. 

Anyway, I started thinking about how to accelerate cosmic rays. For this electric fields 

are needed. There are no electric fields E parallel to the magnetic field B, because of the 

high effective electrical conductivity of the interstellar medium. If E is perpendicular to B 

, and constant, its accelerative power for a cosmic ray with velocity v, E • v averages out. 

This is because the cosmic rays gyrate about the interstellar magnetic field once a minute. 

Thus, for effective acceleration E must change is such a way so that the cosmic rays see an 

electric field along v which does not average out. In other words, there must be a resonance 

with its cyclotron motion. If the electric field is produced by Alfven waves this resonance 

condition is 

w - k - v = ± n (1) 

Now, LJ w ]CVA is small compared to kv so the resonance condition reduces to 

- fe||U|| « ±0, (2) 

Thus, &|| must be of order fi/v||, approximately the reciprocal of the the cyclotron orbit of 

the cosmic ray. Here, U|| and fc|| are the components of v and k parallel to B. ( A similar 

restriction holds for acceleration by electric fields carried by other waves.) Hence, I needed 
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to find an electric field that varies over the distance comparable to the gyroradius of the 

cosmic rays, « 10 1 2e s e„ cm.. Alfven waves are the natural waves in the interstellar medium 

at this wave length. 

Can they lead to acceleration? I argued as follows: If the Alfven waves in the interstellar 

medium occur in wave packets that are close packed, then a given cosmic ray will pass 

N — 10 1 2 such wave packets. Some interactions of the cosmic ray with the wave are positive 

and some negative. An estimate of the net acceleration per wave packet is: its mean electric 

field E (without regard to sign) times the elementary charge times the length of the wave 

packet, reduced by the factor y/~N « 10 6. Even with this reduction, a total change in the 

energy of 1 Gev is produced during the lifetime of the cosmic rays of a million years, by an 

electric field of only 10~ 1 2 volt/cm. This means that Alfven waves with very small relative 

amplitude SB/B « 1 0 - 3 can produce enough acceleration to be interesting. 

I mentioned this to a friend who pointed out an inconsistency in this estimate. If all the 

waves are going in the same direction, which has nothing to do with my estimate, then in 

their frame of motion E = 0, and there is no acceleration at all! Since T ^ C c , one expects 

the total change in energy to be at most (VA/c)e no matter how many waves there are. In 

fact, there is only pitch angle scattering in the wave frame and the change that I estimated 

was indeed just due to pitch angle scattering in this frame. Since only a very small change 

in energy Ae is associated with a finite change in the pitch angle, 0, pitch angle scattering 

must be much more efficient than energy scattering. 

The error in my estimate of the change in energy arose because I kept only the random 

change in Ae and forgot to include the systematic quadratic change in Ae. This second 

term mainly compensates for the random gain in energy. (The same mistake can, of course, 

be made in estimating the gain in electron energy from scattering off of heavy ions.) The 

secular quadratic term is positive if the particles meet the wave head on and negative if they 
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are going in the same direction as the wave and faster. Combining the terms representing 

the quadratic and the random effects one find that most of the acceleration disappears. 

But this is logical. Pitch angle scattering is due to magnetic forces of magnitude 

v x B/c w B which are much larger than the electric forces E (by the factor C/VA). Thus, 

although I had failed to find an acceleration mechanism for cosmic rays I had found a very 

strong scattering mechanism whose magnitude works out to be v w n(SB/B)2. Perhaps this 

was the solution of the trapping mechanism that could account for the isotropy of cosmic 

rays, and the finite but very long lifetime of the cosmic rays . [Because of my ignorance of 

the literature, I did not appreciate that this wave mechanism had been suggested 10 years 

earlier by Leverett Davis.] 

Even though the wave amplitudes necessary to produce the required isotropy of the 

cosmic rays are small, there still has to be a source for the waves. What is it? What could 

produce Alfven waves in this wave length range. 

To solve this problem I again made a false start. 

Many stars disturb the regions around themselves by stellar winds that extend over a 

distance comparable to the cosmic ray gyration radii. These stars must emit Alfven waves 

by the Cerenkov mechanism. Could they emit enough waves for my purpose? I estimated 

the amount and found it was a little too small. When I presented these ideas in public 

Alar Toomre told me that I should talk to Don Wentzel. I did and he told me that Ian 

Lerche and he had done some calculations of the instability of Alfven waves in the presence 

of cosmic ray anisotropy. This was a great idea! Their calculations were quite complicated 

because they were very general. I carried out similar calculations, but restricted myself to 

only parallel propagating waves. These calculations were much easier. The linearized result 

was very simple. If the cosmic rays tried to propagate with a mean bulk velocity vp > VA, 

the waves that cyclotron resonate with the cosmic rays become unstable. If the cosmic rays 
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were completely isotropic in a frame moving with the velocity vjy, the growth rate formula 

was even simpler. In fact, one can write the growth rate T of the Alfven waves as 

r = C ^ o ^ ^ n c r ( e ) / n (3) 

where flo is the nonrelativistic cyclotron frequency, nC T(e) is the number of cosmic rays with 

energy greater than e , n is the density of the interstellar medium and C is a constant of 

order unity whose value depends on the energy spectrum of the cosmic rays [4]. 

Therefore, we may conclude that the origin of the waves is the cosmic rays themselves. 

If they try to escape from their source with bulk velocity greater than VA, waves grow, and 

when they develop to a large enough amplitude they scatter the cosmic rays waves locking 

them in. Wentzel arrived at the same simplified results at the same time that I did and we 

published almost simultaneously. He beat me by a month [5,6]. 

III. T H E COSMIC RAYS T R A P T H E M S E L V E S / / 

Because of the simplicity of the result for the growth rate, it is easy to derive by a 

simple intuitive argument. The process is of course the analogy of Landau damping for 

plasma oscillation. 

Consider a fixed small amplitude Alfven wave packet of length comparable to the wave 

length A of the waves in it (see figure 6). If a cosmic ray whose parallel gyroradius TJJ 

is larger than A, passes the wave, it hardly is disturbed by the wave (figure 6a). If r\\ is 

much smaller than A, then the cosmic ray follows the magnetic field adiabatically and again 

nothing happens (figure 6b). Consider a third cosmic ray for which rj| is comparable to 

A (figure 6c). This cosmic ray tries to follow the magnetic field line to a certain extent, 

which is similar to the second cosmic ray, but it can't quite follow it, which is similar to 

the first cosmic ray. As a result, its pitch angle steps by about a, the angular deviation 

of the magnetic line of force from the direction of the mean field. Thus, the change in the 
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pitch angle is A8 « a « SB /B. This change is random in sign. The cosmic ray encounters 

V||/A « fc||i;|| « Q such wave packets per unit time. Adding the squares of A9 we find that 

the cosmic ray pitch angle scattering formula is 

v = 
_(A*)» ,*£ . tt(^)2- (4) 

t K B 
This is the same pitch angle formula that one arrives at by quasilinear theory. 

What about the growth rate T? Note the effect of the pitch angle scattering is that the 

cosmic rays are isotropized at the rate v . Let the cosmic rays initially be isotropic in a frame 

moving with velocity vp > VA, (see figure 7). If we wait a time equal to the pitch angle 

scattering time t « i / - 1 « B2/Q(5B)2, the cosmic rays become isotropic in the wave frame 

with velocity VA- They will have lost a total momentum equal to their (relativistic) mass 

times the difference in velocities VD — VA- This momentum goes into the wave momentum. 

Equating the rate of change of the wave momentum T(5B)2/ATTVA, to the total change in 

the cosmic rays momentum divided by the scattering time t we get the formula of eq. (3) 

for the growth rate I\ 

This instability and the above formulas for the rate of pitch angle scattering and the 

wave growth rate are extremely important in cosmic rays research. They state that if the 

cosmic rays have a net streaming velocity in excess of the Alfven speed, VA, then Alfven 

waves grow exponentially and pitch angle scatter the cosmic rays until their drift velocity 

is reduced to VA- The typical growth time in the interstellar medium is relatively short, 

« 104 years, compared to their lifetime. The amplitude of the waves will be just such as 

to maintain a mean isotropy 5 ~ VA/C against whatever process is driving the cosmic rays 

towards anisotropy. 

An example makes this clear. Let a source of cosmic rays be a distance L along a 

magnetic line from a sink. Then 5 must be VA/C. But 6 « A m / P /Z where A m / P is the mean 

free path for pitch angle scattering. From this we can estimate A m / P and thus v « r\\/^mjp-
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Prom this we can find SB/B from eq.(4). Now the growth rate formula guaranties that this 

equilibrium situation will be reached if T is large enough that the waves can exponentiate 

during the time the source is on. 

All these results refer to parallel propagating Alfven waves. What about obliquely 

propagating magnetohydrodynamic waves? What about other waves? In fact, oblique mag-

netohydrodynamic waves have essentially the same effect, but reduced by Bessel function 

form factors. Also there is strong damping of these waves in high jS plasmas. The same ap

plies to other waves. The ion acoustic wave has a lower threshold for instability, if c, <̂C v& 

, i.e. VD > ca. However, it is strongly damped by ion Landau damping and will not be 

excited. The plasma oscillations have such high phase velocities that there are only excited 

by Cerenkov resonance. They too are strongly damped by electron-ion collisions, even if 

their interaction with cosmic rays were unstable, which is generally not the case. The other 

modes such as whistler modes etc. have much higher phase velocities and threshholds. Only 

the parallel propagating Alfven wave seems important, This is the one easiest to calculate. 

What about linearized damping of parallel propagating Alfven waves? Linearized damp

ing in a fully ionized medium is extremely weak. However, the interstellar medium is only 

partially ionized over large regions. The situation is as follows: 

Consider the motion of the plasma and the neutral medium separately. Only the ions 

experience magnetic forces. As they move they normally drag the neutrals along by collision. 

This is true if the wave frequencies are small compared to the collision frequency. But for the 

Alfven waves of interest the Alfven frequencies are much larger than the ion-neutral collision 

frequency. Thus, to first approximation the plasma moves independently of the neutrals. 

The wave velocity is really the Alfven speed which includes only the plasma mass. This is 

considerably larger than the normal Alfven speed which includes the total mass. 

However, the ion-neutral collision rate i/{n can be larger than the growth rate T, so that 
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before the waves grow substantially a collision of an ion can occur with a neutral removing 

half the energy. This ambipolar effect, as it is called in astronomy, damps the wave at the 

rate z/»n/2. Thus T must be larger than the damping rate, T* = fin/2, for instability. The 

stability condition thus allows faster drift velocities than the Alfven speed. As a matter of 

fact, as one goes to high energy, the number of cosmic rays decreases and the self-trapping 

becomes weaker. The bulk drift velocity increases as e 3/ 2 , and the lifetime decreases as e - 3 / 2 

. This was the situation in the late sixties. In the 70's it was discovered that large parts 

of the interstellar medium were hot and fully ionized. The linearized damping these regions 

is negligible, and nonlinear damping becomes important instead. This leads to a lifetime 

proportional to e - 0 - 8 , a result with an exponent about one half as large as that for partially 

ionized plasmas. The observed life time from the observation of the change in composition 

with energy is proportional to e - 0 - 6 , so the agreement is reasonably good. 

IV. THE ORIGIN OF COSMIC R A Y S / / 

I should now like to mention the role that the cosmic ray instability has played in the 

theory of the origin of cosmic rays. 

In the sixties and early seventies the favored origin for cosmic rays was supernovae. 

The large energy requirements for cosmic rays pointed to supernovae. However, if cosmic 

rays were created during the supernova explosion itself, they would become trapped by the 

instability as the supernova bubble grows, and they would lose a lot of energy adiabatically 

through the work they do in the expansion (see figure 8). Eventually, they escape along 

the magnetic field lines when the velocity of expansion drops to a value near the Alfven 

velocity. The total linear expansion that occurs from the instant of the explosion itself until 

the release of the cosmic rays, is about a factor of five hundred. Adiabatic expansion reduces 

the energy of the cosmic rays by just this linear factor. Thus, adiabatic losses are extremely 

severe. 
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To produce the typical Gev cosmic rays observed at the earth, the energy that would 

have to be given to each of cosmic rays in supernovae must be five hundred Gev, an absurdly 

large result. The power requirements also become much larger; more than the total energy 

available in the supernova must go into cosmic rays. The questiion of whether the cosmic 

rays are actually trapped along the field lines extending out of the supernova bubble, was 

hotly debated during the seventies. I remember one or two exciting public arguments with 

Sterling Colgate on this matter. He claimed that in nuclear fusion devices it is impossible 

to confine energy, and the same must be true in supernova remnants. Anyway, after all the 

results were in, self trapping won. The growth rates were fast enough to overcome even 

nonlinear damping the cosmic rays must indeed be trapped. 

By the end of the seventies, new ideas concerining the origin of cosmic rays emerged. 

Blandford and Ostriker realized that after even after the supernova bubble had become 

large, the supernova energy was still present in the form of kinetic energy of the expanding 

bubble. This energy could be tapped for cosmic rays acceleration, but at a time such that 

the bubble was so large that there need not be serious adiabatic loss. They invented a very 

clever method of acceleration which is natural, unavoidable, and produces the correct energy 

spectrum [7]. 

In this method the plasma instability again enters. It proceeds as follows: (see figure 

9). 

Imagine that there are cosmic rays present in the region upstream from the shock. Let 

vt ~^> V_A • Upstream we start off with the bulk velocity of the cosmic rays VQ « v, in the 

shock frame. As the fluid crosses the shock the medium is slowed down to a speed u,/4 . 

The cosmic rays are unaffected by the shock itself, and therefore have VD « va downstream. 

They thus have a bulk velocity relative to the plasma of 3v a/4 which is large enough to 

drive the plasma instability, the waves grow to significant amplitude, and self trapping sets 
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in. The cosmic rays are scattered back across the shock into the upstream medium where 

the bulk velocity VD becomes reduced below v3 causing wave amplification upstream. The 

situation then settles down to a steady state and the cosmic rays are decelerated upstream 

by cosmic waves. 

Now, because the cosmic rays have actual velocities of c , but the bulk velocity of « v, , 

there is of order c/vs pitch angle scatterings in the neighborhood of the shock . This means 

on the average every cosmic rays crosses the shock c/vs times. 

But every time the cosmic ray crosses the shock it changes its energy by scattering 

off of the moving medium. Upstream, in the frame of the shock, it gains energy (v,/c)e, 

and downstream it loses energy l/4(u,/c)e, so that the net change per double crossing is 

3/4(u,/c)e, which is always positive. (This is first order Fermi acceleration.) Now, in order 

that the bulk velocity of the cosmic rays be reduced from upstream to downstream, enough 

scattering must occur so that a typical cosmic ray crosses the shock of order c/vt times, thus 

leading to a gain of energy e on the average. But some cosmic rays gain more energy, and 

some less energy, by the random statistical nature of the process. The final answer is that 

the cosmic rays come out of the shock downstream with a power law distribution in energies 

proportional to e~2 . The spectrum is a little less steep if the shock wave is not infinitely 

strong, that is if v3 is not very large compared with VA • The observed spectra distribution 

is roughly proportional to e - 2 - 5 . This very natural process is now the leading candidate for 

the origin of cosmic rays . 

I hope that I have convinced you that plasma physics employing standard techniques 

has already made an important contribution to the understanding of cosmic rays in their 

astrophysical context. 

Now, I turn to the less well understood subject of magnetic reconnection, for which the 

understanding of the basic plasma processes still lies in the future. 
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V.MAGNETIC R E C O N N E C T I O N / / 

A second major area in which advanced plasma ideas impinge on astrophysics is mag

netic reconnection. This is a subject I have also played with off and on throughout my 

career. Let me summarize the situation. 

First, what is magnetic reconnection? For an infinitely conducting plasma it is not 

supposed to happen. But, a plasma is really not infinitely conducting. Astrophysical plasmas 

are no more highly conducting than laboratory plasmas. Astrophysical plasmas have an 

effectively high conductivity because of their large size. The important quantification of the 

plasma conductivity is the skin time which is 

t,kin = — * 10- 7 L 2 T e

3 / 2 (5) 
V 

in cgs units. Te is the electron temperature in electron volts. As an example consider the 

magnetic field in the galaxy. If we take L the thickness of the galactic disk w 10 2 1 cm, and 

Tev ss 1 then takin » 10 3 5 sec = 1027*5 years. On the other hand, experience has taught 

us that in three dimensional equilibrium one often has surface currents, thin regions which 

carry a finite amount of current, and over which the field changes abruptly. 

Generally, these regions are not infinitely thin, but their thickness gets smaller and 

smaller as time progresses. Eventually the skin time, being proportional to the thickness 

squared, becomes sufficiently short that resistance becomes important. One loses the infinite 

conductivity assumption, and thus also flux freezing over these regions. Of course, the infinite 

conductivity assumption remains valid outside of these tiny regions. Why is the breakdown 

of flux conservation over tiny regions of of importance? It is because many lines are crushed 

together in these regions, and lines passing through them extend to different areas far apart 

in space. 

Thus, two lines of force whose ends are far apart become cut from themselves and 
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attached to each othe. (See figure 10) This changes the topology and the dynamics of the 

system in a manner totally unexpected in infinite conductivity systems. 

It is known that magnetohydrodynamic equilibria are really minimum energy states of 

the system, subject to boundary conditions and to topology of the magnetic field lines. A 

small change in topology can lead to a state which may have a much lower energy. Perhaps, 

this can be made clear by a hypothetical example from the solar corona due to Sweet [8]. 

Consider two pairs of sunspots, and let the pairs approach each other. Figure 11a 

and l i b show what happens if the corona were a vacuum. (Lines are labeled by their foot 

points.) But if one considers the electric field at N, one sees that the changing flux between 

N and the solar surface induces an electric field at N. If sufficient plasma were present, then 

large currents flow near N and one gets the situation of figure l i e which corresponds to flux 

freezing. Now, a narrow layer appears at N. If the two lines labeled 2 are reconnected, then 

the two lines labeled 3 approach N and are also reconnected. In this way we can get back to 

figure l i b . But notice that the two parts of line 3 in figure 11a are connected to the same 

pair of sun spots at their ends. After reconnection the two parts of 3 are effectively cut and 

resewn so that we get two new lines each passing from one pair of spots to the other. One can 

see almost intuitively that configuration of figure l i b has a lower energy than configuration 

of figure l i e . Thus, assuming large conductivity a great deal of work is done on the field by 

moving the sunspots, thus greatly increasing the energy. Then, at some point reconnection 

sets in taking the field to the lower energy state. The difference in the stored energy appears 

as heat, mechanical motion, radiation and acceleration. It was supposed that some such 

sequence of events underlies the solar flare phenomenon. 

This picture was put forward by Sweet in the late 50's [8]. What was missing (and 

perhaps still) is a realistic estimate of the time scales. 

Because of the complexity of the event, most calculations have been two dimensional. 
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The basic physics of reconnection involves two ideas (figure 12). First, the thinner the layer, 

the faster the oppositely directed fields will merge. Second, to counter this one also notes 

that the thinner the layer, the harder it is to remove the plasma on the incoming reconnecting 

lines from the reconnecting region Thus, a compromise is reached. The thickness of the layer, 

8 cannot be too thin, else one can't get the plasma out of the way fast enough. Since the 

fastest velocity at which plasma can flow is the Alfven speed, p8v& is the rate of removal of 

plasma. 8 cannot be too thick, otherwise the reconnection velocity vrec = 77/77 brings the 

plasma together too slowly. Thus a compromise must be reached at S2 = Ly/v^. 

If we define in as t,kin for lengths comparable to the outside length, L supposedly the 

length of the layer, then the reconnection velocity is of order 

and the time to reconnect a finite amount of flux is the geometric mean of the dynamical 

time to = L/VA and IR [8,9] . Thus, 

tSp = L/vTec^tRtD (7) 

(SP stands for Sweet-Parker whose papers first laid this picture out clearly). 

This time is easily estimated, and is found to be much longer ( ~ a day) than the energy 

release time of a solar flare. Thus, although up to this point in our discussion the sequence 

of events might be said to compellingly lead to an explosion, it turns out that the rates are 

far too slow. 

From this point on major attention was concentrated on the physics in the current 

layer. How could it be made to go faster? In 1963 Petschek introduced a new idea, which 

captured everybody's imagination [10]. Instead of a plane slab for the current layer (figure 

12), for which the removal of the plasma was such a difficulty, maybe a funnel geometry is 

appropriate (figure 13). 
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Only a part of the line need be merged. Once a part of the line is merged, the tension 

present in the field can lift that part of the plasma away, which is not actually passing through 

the Sweet-Parker reconnection region. Thus, the problem of the removal of the plasma was 

greatly relieved. The Sweet-Parker layer could be much shorter than L, the macroscopic 

dimension. Petschek got an effectively complete although qualitative dynamical solution of 

the problem. He showed that almost any length of the Sweet-Parker layer was possible; not 

just the Sweet-Parker reconnection rate for a layer of length L. To make his theory complete 

Petschek then showed that there was an absolute upper limit of order ^ / ^ ( i j j / i ^ ) for 

the reconnection velocity. Now this absolute limit was seized upon by almost the entire 

astrophysical community and given the name "Petschek reconnection rate". There was an 

intense debate over whether reconnection proceeded at the Sweet-Parker rate or this Petschek 

rate. Somehow, most of Petschek's arguments were forgotten. 

Now, one can make a qualitative estimate of the lengths in the Petschek picture, that 

would occur in the solar corona. For this rapid reconnection , the length of the Sweet-Parker 

layer must be less than 1 cm and the thickness about a tenth of this! 

Let us go back to our original picture of the two pairs of sunspots coming together 

(figure 14), and try to follow what might happen in time. As the sunspot pairs move the 

equilibrium situation is as in figure 14a. A current layer forms near N. The layer should get 

thinner and thinner at some rate, which is somehow related to the rate at which the sunspot 

pairs approach each other. As the layer gets thinner reconnection starts at first very slowly. 

But there comes a time when the reconnection rate is as fast as the rate of thinning of the 

layer. This actually comes long before the time which the layer becomes thin enough to 

reach the it so-called Petschek rate. I call it so-called because remember Petschek actually 

said that reconnection should be able to go at any rate. It seems to proceed as fast as it 

needs to, to match the changing boundary conditions. But the reconnection itself prevents 

the layer from becoming short enough for really rapid reconnection. 
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Syrovatskii approached the problem some what differently, but in such a manner that the 

outside boundary is properly included [11]. Let us seek a magnetostatic solution of the field 

in figure 14a consistent with the topology of the lines. As we have learned from experience, 

such an equilibrium demands a surface current. Treat this surface current as infinitely thin. 

One gets the field pattern of figure 14a where everything is totally determined by the position 

of the foot points at the ends of each line. Now suppose we allow reconnection. The Petschek 

funnel is now outside of the current layer. The dynamics in the layer are those of Sweet-

Parker. The Sweet-Parker reconnection rate changes the topology. Lines 2 reconnect and 

get out of the way at the Sweet-Parker rate, and more lines move in. If one stops moving the 

sunspot pairs, one freezes the position of the foot points and fixes the boundary conditions. 

Then reconnection proceeds, changing the topology at the Sweet-Parker rate. This rate is 

determined by two parameters: the length of the layer, and the magnetic field just outside of 

N. after a short time the line configuration is as in figure 14b. As reconnection proceeds these 

lengths and field strengths change in a manner determined by our mathematical procedure 

of solving for equilibria with given topology and boundary conditions. This procedure seems 

quite straightforward, and leaves no place for rapid reconnection on the Petschek time scale 

which requires a much shorter reconnection layer. 

Now, in the mid 1980's, Biskamp did a number of remarkable numerical simulations of 

two dimensional reconnection, and found exactly these results [12]. The only difference from 

the above model is that he did not evolve through a system of static magnetohydrodynamic 

equilibria, but he included the full magnetohydrodynamics. 

He simulated seven cases for different values of the plasma conductivity and different 

boundary conditions leading to different reconnection rates. A sketch of the field lines in 

two of the cases is shown if figure 15. In each case Biskamp varied the pressure on the 

boundary both of the incoming and outgoing flow to reach a steady state with the desired 

reconnection velocity. He found that in every case a current layer formed whose length and 
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current strength (equal to the piled up field outside the layer) depended on specific conditions 

and varied considerably with each of the seven cases. Again the Petschek funnel is evident, 

but it is not in the boundary layer. Its main effect is to shorten the current layer. 

The reconnection rate is closely given the by Sweet-Parker rate with these local param

eters in all seven cases. Biskamp determined a steady state solution, so the reconnection 

rate turned out to be just fast enough to accommodate the rate at which he introduced flux. 

I think that Biskamp's calculations lay to rest the controversy over whether reconnection 

is Sweet-Parker or Petschek. He finds that the reconnection rates are certainly faster than 

estimated by Sweet-Parker because the current layer is shorter than L, and the magnetic field 

is stronger than the field upstream. Magnetic flux has "piled up" leading to this stronger 

field. The reconnection rates are much slower than the maximum rate generally quoted as 

the Petschek rate, but they are quite consistent with Petschek's statement that reconnection 

can go at nearly any rate. 

Reconnection seems to always take place just as fast as it has to, to be consistent with 

changing outside conditions. But this rate is probably only faster by a finite factor than the 

Sweet-Parker original estimate. In the configuration of figure 14, the original estimate of the 

time to reconnect a finite amount of flux was one day. By shortening the current layer it can 

be reduced to perhaps hours. 

What happened to the solar flare? How can it release energy so much faster than plau

sible estimates lead to? The problem, I think, lies in the two-dimensional assumption. It 

is almost impossible to be certain about anything in fully three dimensional magnetohydro-

dynamics without difficult numerical computations. But nature is three dimensional. The 

sunspots shown in figure 14 are round, and extend no further out of the plane figure than 

they do in the plane of the figure. I would suppose that if one at tempted to find a three 

dimensional equilibrium with given topology, that there would be many surface current lay-

20 



ers. Further, the foot point motions in the two dimensional model have been hypothesized 

to be quite regular. Motion of foot points in the photosphere are observed to be much 

more complex. Suppose there were N surfaces each of length D out of the paper. Then let 

Sweet-Parker reconnection go on in each of them. Then the effective velocity of reconnection 

of magnetic field lines is of order NDvA.JtA/tn- In other words, let the reconnection be 

multiprocessed. Then it is conceivable that the required amount of flux for a flare can be 

reconnected in a much shorter time than the Sweet-Parker estimate. 

I have no idea if this picture is correct. However, there is an observational result which 

seems to bear it out. Flares occur with all sorts of energies. However, the "big" ones are 

rarer than the small ones. In figure 16, the log of the number of flares with peak energy 

release greater than e , N(e), is plotted versus log (e) one gets a straight line of slope -1.8 

with fairly high accuracy [13]. 

This is a strong indication that flares are statistical. To me this says that the flare is 

the sum of a lot of small reconnections each going off nearly simultaneously at the Sweet-

Parker rate. Various attempts to model the flare as a cascade of reconnections do actually 

lead to such a power law. For example, this is done in the " avalanche" theory of flares of 

Lu and Hamilton [13]. To my taste this is a very satisfactory situation if true. It involves 

plasma physics that we are fairly certain of, and it avoids the nasty extrapolation to fast 

reconnection, which relies on such absurdly small lengths. However, it lifts the problem to 

a different and higher degree of difficulty, namely the study of complex three dimensional 

equilibria with complex topologies. Such a picture has been advocated by Parker for a 

number of years to explain coronal heating. It seems likely that it also underlies the solar 

flare phenomenon. 

There are a number of much more extreme astrophysical cases in which a basic un

derstanding of reconnection is important. It seems to me that when one goes to galactic 
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length scales, such a story is essential if substantial reconnection occurs. The extremely long 

Sweet-Parker time for a single reconnection is of order of 10 1 7 years. I believe that it could 

be greatly reduced by having a large number of reconnecting regions acting simultaneously. 

Petschek's fast reconnection at the Alfven speed is a chimera that has misled astrophysicists 

for years. It seems more reasonable to accept the Sweet-Parker reconnection rate that has 

been verified a number of times by numerical calculations and laboratory experiments. 

The two main points are these: Petschek has shown that Sweet-Parker reconnection 

can go faster, as has been confirmed by Biskamp. The three dimensional nature of recon

nection should lead to a multitude of reconnecting regions all acting at the slower rate but 

simultaneously. 

Finally, following the ideas of Syrovatskii, it may be appropriate to treat the problem as 

an evolution through equilibrium states each depending on the boundary conditions and the 

topology of the magnetic lines and each containing many surface currents. This ignores the 

dynamics outside of the the layer. This is roughly justified if the velocities are subalfvenic 

outside of the layers. Each surface changes topology by reconnection through itself at the 

local Sweet-Parker rate. 

VI. C O N C L U S I O N / / 

I have tried to illustrate by two examples how plasma physics impinges on astrophysics 

in an important way. I chose these examples from my experience, because I was most 

familiar with them. Cosmic ray research has benefited greatly by the discovery of a normal 

plasma instability. Normal plasma techniques have unfolded most of its manifestations. The 

second example, magnetic reconnection, is much harder and comparably little effort has been 

devoted to understanding it. Success has been poor because very naturally two dimensional 

techniques have been applied to an essentially three dimensional problem. The Petschek 

upper limit which has inappropriately been denoted as the Petschek reconnection rate seems 
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of little relevance. The reconnection rate is more probably determined by the length of the 

layer and the pile up of the magnetic flux outside. These are determined by solving the 

problem outside of the current layer so that there is no single reconnection rate. 

I anticipate that fresh work on this second problem by plasma physicists should have 

as big an impact on astrophysics, just as the work on cosmic rays research has done. 
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FIGURE CAPTIONS 

1. Intensity of cosmic rays as a function of atmospheric depth. The at
mospheric depth plotted on the horizontal axis is the mass per unit area 
below the top of the atmosphere. The vertical scale gives the number of ion 
pairs per second per cm 3 in the detector. The figure is taken from reference 1. 

2. Vertical intensity of three components of local cosmic rays as a function 
of atmospheric depth in grams per square centimeter. Curve NA represents 
nuclear-active particles with energies greater than about 1 Gev. Curve E 
represents electrons with energies greater than about 100 Mev. Curve M 
represents muon with energies greater than about 200 Mev. The figure is 
taken from reference 1. 

3. Elemental abundances of arriving cosmic rays (line) compared with 
local galactic abundances (bars). The normalization of the vertical axis is to 
hydrogen. The figure is taken from reference 2. 

4. Integral energy spectrum of primary cosmic rays. The figure is taken 
from reference 3. 

5a. Magnetic field lines in the galactic disk-open model. The thickness 
of the disk is about 10 2 1 centimeters. A cosmic ray is shown spiraling on one 
of the lines, the part of the line outside of the actual disk is dotted. 

5b. Magnetic field lines in the galactic disk-closed model, the loop of the 
line on the left is a part blown out of the disc by supernovae explosions. The 
detached circle on the left represents this loop if the line can be detached by 
magnetic reconnection. 

6. Interaction of a cosmic ray with an Alfven wave in three cases. 
6a. The pitch of the cosmic ray helix is long compared to the wave length 

and 56 = 0. 
6b. The pitch of the cosmic ray helix is short compared to the wave length 

and 56 = 0. 
6c. The pitch of the cosmic ray helix is comparable to the wave length 

and 56 m— a, where a is the angle the line makes with the direction of the 
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undisturbed magnetic field. 

7. Contours of the cosmic rays ray distribution function in momentum 
before and after pitch angle scattering. The first contour is a circle centered 
about the point at p\\ = mvo and the second is a circle centered about the 
point pj| = mvA. 

8. A expanding supernova bubble. The cosmic rays are trapped in the 
expanding gas and lose energy adiabatically. The plasma instability keeps 
the cosmic rays from flowing freely along the line of force out of the bubble, 
since the bubble expands much faster than the bulk flow velocity along the 
field which is of order the Alfven velocity. 

9. Cosmic ray acceleration by a shock wave. In the frame of the shock 
the fluid velocity changes abruptly from vs to u a /4 , so in the absence of the 
Alfven wave instability, the bulk velocity of the cosmic rays relative to the 
fluid abruptly increases. The cosmic rays must cross the shock c/va times to 
reduce the relative bulk velocity from its value upstream to a value down
stream consistent with the relative velocity being less than V_A-

10. Reconnection of lines of force in just a small region can change the 
topology of the field so that points far away that are not connected by field 
lines before reconnection become connected by field lines. 

11. The lines of force from two pairs of sunspot on the solar surface 
labeled by the amount of flux between them and the solar surface. The pairs 
of sunspots are imagined to move towards each other. 

11a. The field configuration before the sunspots move. The field is ini
tially a vacuum field. 

l i b . The field configuration after the sunspots have moved in the case 
where the solar region is a vacuum field. Lines with the same flux underneath 
in the two diagrams have the same numbers. 

l i e . The field configuration after the sunspots have moved in the case 
where the region is a conducting plasma. These figures are taken from refer
ence 8. 

12. An enlargement of the region about the neutral point in figure l ie , 
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where reconnection of the lines is occurring. The plasma flows vertically out 
of this region at the alfven speed. This limits the thickness of the region as 
well as the rate at which the lines are brought in to reconnect. This figure is 
taken from reference 8. 

13. If tension forces are taken into account as suggested by Petschek the 
Sweet-Parker reconnection layer can be made shorter and reconnection can 
proceed faster. The line configuration for this to happen is shown in this 
figure. This figure is taken from reference 10. 

14. The field configurations at two stages during reconnection. The 
sunspots pairs are fixed. The field pattern does not change substantially but 
the line labels do. The manner of connection of the lines to the sunspot pairs 
defines the topology. It is proposed that the equilibrium of the lines, the 
length of the Sweet-Parker layer and the field strength just outside of the 
layer are determined in terms of this topology. As the topology changes due 
to reconnection these parameters change. Conversely, the rate of reconnec
tion is given in terms of the length of the Sweet-Parker layer and the strength 
of the field just outside of it. This figure is taken from reference 8. 

15. A sketch of the field line pattern in two of Biskamp's numerical sim
ulations of magnetic reconnection [12]. Figure A is for low conductivity and 
figure B is for high conductivity. The rate of reconnection is the same in the 
two cases, but the length and strength of the current layer are different to 
compensate for the different conductivities. 

16. Distribution of flare occurrence rate versus peak count rate for flares. 
The distribution has a logarithmic slope of -1.8 . This figure is taken from 
reference 13. 
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