Section VI121 Solar Energetic ParticlesWe have talked about particle acceleration at shocks. This occurs in a big way, when thesun ejects material with speeds much higher than the solar wind speed (coronal massejections (CMEs)) which form a strong shock. Here at times very intense particleEarth’s bow shock. However, the situation is complicated by the origin of these shocks.occasional presence of energetic particles from the Earth’s magnetosphere.In substantial reconfigurations of solar magnetic field in flaring regions magnetic energyis transferred into heating, acceleration and expulsion of solar material. Observed are- emission of energetic electrons and ions often mass ejection from the sunHowever, mass ejection may appear by the same token, when a large filament(prominence) is ejected from the sun’s atmosphere, sometimes without a noticeableflare.Let us approach these phenomena from the observation of energetic particles. In fact,rays on the ground with large ionization chambers, almost simultaneously with theobservation on the sun. The following interpretation that has spawned a lot of detailedwork is now often coined the "flare myth". Namely all following observations ofenergetic particles, either directly associated with observations on the sun or sometimeseven without direct evidence, was put into a framework, where it came from flares onthe sun, except perhaps the observation of energetic particles directly associated with ashock passing the observing satellite.Transport

structure gets smoothed. All observed temporal, spectral and directional features weresubsequently put into a framework with the sun being the main source.The difference between scatter-free (along the B-field) and convective-diffucsivetransport was invoked to explain observed differences.

1 15105003103 8 5 AU

V km km days

sw

= • = - »

. / / sec sec

It takes for example »20 days to 16 AU for medium energy (MeV/Nucleon) particles,i.e. 3 times faster than the solar wind, but by far not as fast as the speed of theenergetic ions fi diffusive transport.

Section VI122There are also substantial differences in the observation at different longitudes.With good connection the particles are seen with a sharp rise (almost scatterfree at theand/or across B) lead to a slow rise also. What do I mean by this? If you recall thesolution of Problem 2) in Homework#6, diffusive transport scales with the diffusionIf we ignore convection for a moment, we see that a larger diffusion coefficient shrinksthe time scale, i.e. for k twice as large the same conditions are observed at location ralready after half the time t is elapsed. A sharply peaked time profile therefore calls for alarge or long mean free path.

n r t

N

t e

o r

t

( ' , )

(

'

)

=

p

-

4

3

4

2

k

k

Section VI123Electrons are generally less affected by scattering, because the wavelength of theHowever, to see electrons there has to be a relatively good magnetic connection.Because most of the events looked so complicated, scientists started with the simpleinterplanetary space that seemed to call for a mean free path length of 0.1 AU at lowwhat we used for the transport of pickup ions, and at first it seemed confirmed by theobservations (again the easy ones!).However, it was observed that the energetic particle events came in two flavors.

0Time in hours

Section VI124VI.2 Two Classes of Solar Energetic Particle EventsNot only the connection determines the temporal profile of the energetic ion fluxes.These differences can only be seen for events, which are well connected magnetically.Otherwise we could blame the difference on transport effects, and this was doneextensively early on. Events associated with activity on the eastern sun have goodconnection and seemed to show often very short rise and decay times (incompatibleEvents with ion emission of only a few hours are called-

The others were coined as-Large Flares or Long Duration Events

--seen everywhere on sun---high e/p ratiobut they were all interpreted as solar flares and the particles were thought to come fromthese flares. For the differences in flux, time profile and spectra transport effects were

With the temporal profiles, which are at different energies, one has to be careful inassembling the energy spectra:Most commonly integration over the entire event is performed. The spectra in largeflares are again not pure power laws, although these flares are associated with shocks.If modeled with shock acceleration, the loss of the ions out of the acceleration region hasto be considered. However, there is also a different possibility, and we will come to thisnext week.

more about their origin, in the same way, as magnetospheric particles and bow shockLong Duration

Section VI125Compared to the local standard composition (from meteorites, etc.) those elements withlow ionization energy are overabundant (» factor of 4). This is the so-called FirstIonization Potential or FIP effect. When compared withfififiI.e. the enrichment occurs, when the ions are lifted into the corona. Probably it helps tobe an ion already in the photosphere to make the way up. The mechanism is still notHowever, even more puzzling are the drastic overabundances observed in the smallCompared to "He", Fe gets enriched up to a factor of 30, and most spectacularly 3may be overabundant up to >10,000 over 4He. The natural ratio is 34He = 4 10.Now we have a great set of tools to differentiate the two different event types, and wecan see a different behavior on a statistical basis. Whereas Impulsive Events areobservable only in the particle population when they come from eastern longitudes,Gradual strong events seem to come from everywhere to produce huge disturbances in the corona, thus allowing transport across longitudes. Impulsive events were thought make it only into a pristine environment with low waveactivity. This interpretation received a big blow when an impulsive event was observedriding on the ejecta of a large event..How could these particles know that they had to behave scatterfree, whereas the othersapparently didn’t obey this rule? Since these short impulsive events are the ones thatsolar particles and signify the transport from the sun to us. What do we get, if we makethis assumption?Time profile and anisotropy both can be explained with the same mean free path, andsurprise, surprise it turns out to be 0.5 - 1 AU, much larger than reported earlier. This isalso in line with the recent observation of effects on pickup ions. The anisotropiesobserved also require such large mean free path lengths.More recently with ACE we have observed beautiful time dispersions of energeticparticles that are in full agreement with this new paradigm. High energy particles arrivefirst, then low energy particles, and the diffusive effects are so weak that high energyparticles are already gone when low energy particles arrive.

Section VI126What does this teach us for the other large gradual events? They can be perfectlyNow even the different behaviors at different locations with respect to the origin of theCME and shock make sense. Particles are accelerated at different types of shocks (Quasi-profiles are now not solely transport effects, but also effects of connection to differentparts of the shocks in time sequence.What does this tell us in a nut shell about the two types of events? the particles of the Impulsive Events probably come directly from the sun, from aflare the particles of the Gradual Events probably come from the shock that runs intointerplanetary space. And this shock may arise from a strong flare, if confirmed,but it may also be generated by a disintegrating prominence, without a flare.However, in both cases there needs to be a strong energy source at the sun thatproduces these violent effects. And this is where we go next.

Section VI127Kirk et al., p. 98-100, p. 56-68Termpaper, Jun Lin 1999VI.3 The Flare ProcessTo tackle the flare process, i.e., the physical process which converts magnetic energyinto kinetic energy, let’s start again with the observations. Flares occur on the sun inconjunction with sun spots, i.e. regions where magnetic flux emerges from below thewith opposite polarity towards each other:omJor over the course of days to a twisting of flux tubes due to the differential rotation ofthe sun.In both cases energy is stored in the solar atmosphere.The total energy stored when 45E twist is achieved.

WBLRJo= • • = • •• • • » •- -12 2 12 5 108 10 10 2 10 6 102 2 2 27 8 7 2 25m p p p( ) ( )

The way, how the additional flux emerges and into the previous environment, maydetermine the flare type. The rise of a strong flux tube into a crossed field may give rise R= 20,000 km100,000 km

Section VI128geometry is open to the outside.photosphere underneath is heated in two strips left and right of the flare site. This hasbeen associated with the generation of large (long duration) flares. From theirgeometry they are often calledtwo ribbon flares

If magnetic flux with opposite polarity emerges into a relatively strong field thereconfiguration may take place in the lower layers of the old magnetic field, likeunder a blanket. No ejection of plasma results no shock wavefionly few energetic particles may emerge.The underlying physical process for the observed reconfigurations of the magnetic field.

R vFor the counter-flow of magnetic field, the equation:

¶

¶

= � + �

r r r

Bt x v x B B

( ) h 2

¶ ¶ =rB t / 0 vd =hl

For given plasma conditions we getms = h 1 c / m 1 2 = h in an active region

l = » -

100 10 5kmvm

d:/sec

-change of the B topology-conversion of the magnetic energy into heat in the plasma

Section VI129-)Bx v ( r r and shock wavesfiBx = y:2 — x2 = const.

j x B B x B y

o o y x o

= � = ¶¶ - ¶¶

�Ł� �ł�= - =

1 1 1 1 1 0

m m m

r ( ) r r j x B P

= - �

x = y; By = 2x 2 > 1

j o= -

1 12 m a ( ) ¶ ¶ + ( ) =¶ +

x B iB i y B iB

y x y x

1 ( )

By + iBx = (z2 + L2)1/2 for the current situation L = 0 is equivalent to ouryx It is a problem equivalent to one with a cut in the complex z-plane, where the current isrepresented by the residual.

y x

Section VI130

-Sweet-Parker Modelii o voThe current density

jxB= � r

represents the change in B across 2l by 2Bi.

jBi o» / m l

This current generates a force along the current sheet which accelerates plasma

()r r lj x B j B B Bx o i oo» • = m

y

0= = • + =- �d vdt ddt v d vdt and ddt v( )r r r r rr r r r

we get

rrj x B d vdt v v= = �r r ( ) r r m ( )r l v v

v

L

v

B B x o o i oo

� » =

0B=�r requires

v L B k V

o io Ai

2 2 2

/ = = r m v and L v v

i i o

= • = •

h r r

/ l l 4 4

Section VI131i

Lv vi Ai2 = / • /h l l

vv vV

iAi Ai 22^= h M

R i mi = 1

imiRm largeiiThe inflowing electromagnetic energy density (Poynting flux) is

rrE x HEBvBio i io• =m m 2

This has to be compared with the kinetic energy:

(.)(.)/K EM E vB vii ii o iAi= = <<12 2 122 22r m

The outflowing magnetic energy is

EBvBBvLoo o oo io i• = <<m m ml l2 2

voBoiBi21 v v 2 1 / L B v ) v ( v 2 1 . ) E . M ( E . K ( 2 Aio o i i o 2 o i n ou t = = m r 2 2 l50% of the original magnetic energy goes into bulk flow, the rest into an electric fieldAi i i v v M = is also the (now small reconnection rate).

Section VI132What, if we have a forced inflow.eii

Mv v v v B B B B B B i e i e Ae Ai e i e i e i = = • = 2

2

iie eie

Section VI133

In this case the reconnection region is very small. Petschek computed contribution to Bfrom the current through the "cut" in the sheet.eei shockethe field into the new configuration occurs across a shock, where the new normalcomponent of the magnetic field (after shock crossing) is maintained by the currentthrough the cut (contribution of the pole).

jLBxdxNLLe� = �ı� 1 2 2pBBBLBMLi e N e e e e= = = -�Ł �ł4 1 4p plog logBB i e » 1^2Mstill

e max ._{» <<}

001 1

but reasonably larger than the Sweet-Parker reconnection rate.For conditions in an active region:

V V M V m km s km s

e o e A e

= = =

•

• • •

• =

= � = - - - 510 4 10 16 10 10 001 10

30000 001300 2 7 27 14 14 p h .

.

, / . /

Section VI134Flare Trigger?

Now we have the process, which does the trick and efficiently transfers energy intoparticles. However, the time scales are still long compared with the observations, if we

l l= • =5 10 6 2m and ndt

We arrive at

t d » 10 11 sec

If we want to get time scales of hours: 104 secWe need:l 1 kmThe initial phases of a flare are even faster. As a way out a filamentation process intothin current strips is proposed, which is suggested to be triggered by an instability.Theorists are working on ideas to move the magnetic field configuration throughHowever, this modeling is still in flux. For example, Priest and Forbes (1980) treated acurrent, which rises in the solar atmosphere, as a possible configuration to trigger thestart of a flare.Particle Acceleration

As we can see recommendation produces 3 ways to accelerate particles.-strong electric fields (both types)--together with a loss process may explain the observations in large flares.reconnection site is responsible for plasma turbulence. This strong wave activity canlend to 2nd order Fermi acceleration. Using such process also leads to a good fit ofobservations. Unfortunately, do the largest differences sow up only at very low

Section VI135Solar Helium-3 Rich EventsYuri E. LitvinenkoApril 18, 1995

Section VI136solar flare is process of energy lower solar by of fast flows, aof various of of accelerated flux by is known accelerated preferentially with flares (see , for recent r e v i e w of 3events strongly correlate with sunspots flares. 3events per year are registered solar of activity. rate is factor of less is clear, whether the size of 3He-rich events is restricted from below and, if it is, whether changes with the solar cycle or not.3^5 - of that of of flaring is 9 (¯10% 1026 3is 31. A significant part of these is accelerated 3flare. fact, factor of 3 4 are observed, whereas 1030 —1031 are accelerated event of f e w so energy can erg. is known occur less energy rate of few kV per second. of spectra s h o w e d p o w e r - l a w s with spectral of

first report of dates as far as ( S c h e f f e r of 10% of the solar flare particles". Later studies confirmed the existence of 3He-rich events Kocharov Kocharov, now, however, wealth of has received exhaustive purpose of this report is to briefly describe the observational properties of 3He-rich events Kocharov Kocharov, now, however, wealth of has received exhaustive purpose of report is briefly describe properties of 3events suggested section treats particles of reconnecting current sheets of

Section VI137Observational properties of He-rich events (1977) w e r e first between t w o physically classes of solar flares: flares are they occupy avolume ¯1026-1027 cm3 and occur at a lower height 4 are characterized by energy density 2 33 of class produce strong X-ray while fluxes are is of events or flares, are duration events (hours) with a larger volume 1029 3greater (5 4 2 3 characterized by large observable proton fluxes are frequently associated with possibly flare is by accepted; see the review by Bai and Sturrock, 1989).configurations are different flares. solar is observed course of flare. Alternatively, events has As flare progresses, successively layers of the preexisting configuration start producing the flare emissions.Differences between solar flares can if for energy is present consensus is flare is of free energy, is difference between energy of energy of with considerations fields reconnection solar flares was reviewed by where are driven forced reconnect is fast reconnection energy is because of by flare. strong electric necessarily arising reconnection process, produces of accelerated dense can accelerated by electric dense (see by protons however, are by (at few Gauss) hence are new, magnetic flux with a strong preexisting (the flux Heyvaerts The physical picture is different in gradual flares, in which relatively weak fields slowly whereas flare allows for energy are accelerated fronts of shock waves, which are consequence of of flares with solar Because wave mechanism gives preference protons, whereas electric is weak, efficiency of proton acceleration is higher than that of electrons. protons freely escape is

Section VI138flares of type. As far as flare is reconnection is by rises such stretched or even is necessary order restore the field configuration.A conclusion can drawn above is flares occurs of energy possibly of reconnecting current sheet. process takes place at the fronts of coronal or interplanetary shock waves.of occurs flares. solar 3events associated with keV events, events are by increases 3flares particles as electrons do.Another for occurring flares is by of flux Ip (Kocharov Kocharov, 3He enrichment events low proton fluxes:

34maxp,max0.4HeHe ~[I ( 10MeV)]�Ł� �ł� » - .

3is flares. 3events can with occurrence of 3events can further clarified by �high-Z" events of solar flux heavy such as of 3flares are heavy-ion rich, vice versa. heavy-ion energy or flux, exist before process operates sites are heavy reasons, but the process itself does preferentially heavy of charges events s h o w e d fully of , of

•7ratios these solar flares following facts account: (1) acceleration occurs in impulsive flares, characterized by strong electric fields in reconnection(2) is few Gauss or (3) flare. (4) by heavy for events. (5) occurs with 7 following section describes of suggested 3He-rich events.

Section VI139Theoretical modelsus start by of which were discarded by They were reviewed, e.g., by Kocharov and Kocharov (1984).According early is produced by reactions solar flares, rays, is w o r k solar flares. reactions result of with w h i c h are h o w e v e r , density flare 3He-rich flares.ion-acoustic which can described by diffusion space for function f = f(p,t):

¶

¶ = ¶

¶

¶

¶ ft p D p f.

i ij j

was following. diffusion coefficient charge such w a y some of the heavy diffuse faster space hence energy preferentiallywith hydrogen. ran difficulty because below 4 orders of lower observed. was necessary second order for the particles to gain the energy of a few MeV in a few seconds. It does not second act perfect accord with rise of events. Weatherall (1984) re-derived the expressions for the diffusion coefficient (for ion-acoustic waves) showed used before charge . for clarity, is necessarily .An for heavy-ion w a s suggested by use of fact flares of outward, corona. faster results of electric corresponding difference , w h i c h are necessary electric charge

v 2 q m Q/A i ii =

is of flow, however, is showed can energy transfer is difficult with observations showing absence of correlation between the chromospheric 3events al., 1994).today is of by cyclotron waves which are excited in a n a r r o w frequency by

Section VI140is A, but rather the condition for the resonant wave-particle interaction, that is crucial for the increase rate. In other words, for a particle of species i to interact strongly with wave,

w -=k v ,|| || in W

where is the wave frequency, is the of wave vector is velocity, Wi pc) is nn = 1.In a pure hydrogen plasma, ion-cyclotron waves occur only n a r r o w frequency above the hydrogen gyrofrequency H. However, presence of w a v e s are excited frequency between resonance frequency w2Ir and the hydrogen gyrofrequency (for see 1964). The two-ion resonance frequency is defined by the formula

W W W

2Ir H

He H

He H

H He H

12 1 2n /n

1 n /2n 12 (1 34n /n )=+»+ .

The two-ion resonance appears only for a sufficiently large 4He concentration:

nQAB4mc210cm,He 2p 2 5 3> p » • -

is certainly of is w h o s e gyrofrequency between thus, can preferentially accelerated by resonating with the waves. Other ions, such as are (1978) w a s first use 3events. considered electrostatic ion-cyclotron waves and derived a formula for the ion heating rate i s h o w e d can 4attractive, of density corona (0.2 of density) order of electrostatic ion-cyclotron w a v e s . restriction of theory case of purely electrostatic w a v e s w a s presence of associated with w a s efficient necessary hence the second phase of particle acceleration was still required.s u c c e s s f u l of by (1992), w h o by ion-cyclotron waves generated by electron beams in a plasma with of these w a v e s , can fraction (a f e w percent) of energy and can efficiently accelerate 3He in a one-stage process up to several MeV.process of energy by with waves can follows. charged constant (0, B) of wave electric . x

Section VI141

˙˙ ,

x x qm E(x, t)

i2 ii

+ =w

˙ .y xi= - w

Now can found of transport of (see, Lifshitz, allowing expression for average "transverse" :) y x 2 2 & & +

w(t) q2m dt' dt" exp[i (t" t' )] E(x' , t' )E(x' , t' )E(x" , t" ) .

i2i 0t 0t i = - � � w

) t", ) E ( x " t ’ , E ( x ’ is wave function R(x" x’, t" ,the properties of accelerated particles are seen by properties of energy rate can by theory result of phase used by Roth (1992), is as follows:

dwdt 32 Q A em dk W (k, n ) n J (k )(k ) .

2 2 2p i 2 n2 2 n = � �

w rr W

Here k is the wave vector, r is the particle gyroradius, Jn are functions, is w a v e energy density, w h i c h is expressed of transform of correlation function S(k,w) as W(k,w) = S(k,w)/8p3nresult w a s MeV can occur of s, closely corresponding place for the rms wave electric field equal to by direct Vinas (1993) recently further, by for wave frequency growth rate of cyclotron waves, and also by taking account results of next step construction of for is of , can by :

¶ = ¶ ¶ ¶¶

ft wD(w)fw

so far by of flat with energy of aof

Section VI142Acceleration of He in current sheets and remaining problemsAs was discussed exist causal various solar such as strong of heavy-ion According views, these manifestations are causally, as part of current sheets, w h i c h are for of ¯ 7 or fact process is for heavy-ion , finds of according w h i c h heavy are preaccelerated by converging f l o w s sheet, are accelerated by electric for of sheet. ion-cyclotron can excited ion-acoustic assure according above discussed is is resonance with the waves, whereas He is not.3is consequence of resonant of with ion-cyclotron waves, current reconnecting current sheets flare energy is A theory for energy 3(1) of current sheets of phase of flare; of ion-cyclotron waves by resonance; (3) 3He acceleration through the gyroresonant interaction with the waves.concerning 3events answered. is whether is efficient energy, necessary 3 has yet energy goes accelerate gyroresonance, is process. of heavy-ion are would energy of (1993) conform observations that show a spectral steepening or break at energies of about 10 MeV, which to an increase in the effective spectral index from ¯2 to ¯3.5. itself is free of careful study of processes of

Section VI143Bai, T. and Sturrock, P.A.: 1989, Annual Review Astron. Astrophys. , 421.Davidson, R.C.: 1972, Methods in Nonlinear Plasma Theory, Academic Press: New York.Dietrich, W.F.: 1973, Astrophys. J. , 955.Fisk, L.A.: 1978, Astrophys. J. , 1048.Foukal, P. and Hinata, S.: 1991, Solar Phys. , 307.Heyyvarts, J., Priest, E.R. and Rust, D.M.: 1977, Astrophys. J. , 123.Hsieh, K.C. and Simpson, J.A.: 1970, Astrophys. J. , L191.Kocharov, L.G. and Kocharov, G.E.: 1984, Space Sci. Rev. , 89.Landau, L.D. and Lifshitz, E.M.: 1960, , Pergamon Press: Oxford.Luhn, A., Klecker, B., Hovestadt, D., and Mbius, E.: 1987, Astrophys. J. , 951.Mason, G.M., Reames, D.V., Klecker, B., Hovestadt, D., and von Rosenvinge, T.T.: Astrophys. J. , 849.Miller, J.A. and Vias, A.F.: 1993, Astrophys. J. , 386.Miller, J.A., Vias, A.F., and Rheames, D.V.: 1993, Proc. 23 International Cosmic Ray Conf., 13.Mullan, D.J. and Levine, R.H.: 1981, Astrophys. J. Supplement , 87.Pallavicini, R., Serio, S., and Vaiana, G.S.: 1977, Astrophys. J. , 108.Reames, D.V., Meyer, J.P., and von Rosenvinge, T.T.: 1994, Astrophys. J. Supplement ,Reames, D.V., Richardson, I.G., and Wenzel, K.-P.: 1992, Astrophys. J. , 715.Reames, D.V., von Rosenvinge, T.T., and Lin, R.P.: 1985, Astrophys. J. , 716.Schaeffer, O.A. and Zhringer, J.: 1962, Phys. Rev. Lett. , 389.Smith, R.L. and Brice, N.: 1964, J. Geophys. Res. , 5029.Somov, B.V.: 1992, Physical Processes in Solar Flares, Kluwer, Dordrecht.Somov, B.V.: 1994, Fundamentals of Cosmic Electrodynamics, Kluwer, Dordrecht.Temerin, M. and Lysak,, R.L.: 1984, J. Geophys. Res. , 2849.Temerin, M. and Roth, I.: 1992, Astrophys. J. , L105.Weatherall, J.: 1984, Astrophys. J. , 468.Winglee, R.M.: 1989, Astrophys. J. , 511.