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Abstract

A new, non-resonanpitch-anglescatteringprocesshasbeenfound, which very efficiently scattersthe
cosmicray particlesthroughthe zero pitch-anglecosine. Combinedwith the effects of gyroresonancand
transit-timedamping,it cansolve the “flatnessproblem”for the parallelmean-free-patiasa function of the
particlesrigidity. Themainlinesof its derivation,andtheimplicationson the mean-free-patht low rigidities
(< 105 MV), aresummarizedere.

1 Introduction

Thescatteringdf chagedparticlesthroughthe zeropitch-anglecosine ., haslong remaineda challenging
problemin thetheoryof particlesransportjn amagnetidurbulencecomposeaf plasmavavessuperimposed
onalargerscale regularmagnetidield (seee.g., Bieberetal. 1994;Ragot1999andreferencesherein).The
guasilineattheory(Vedene, Velikhov & Sagdee 1962;Jokipii 1966),which usuallydescribeghis problem
of particlestransportonly includestheresonaninteractionshetweernhe wavesandthe particlesand,when
thereal spectrakhapeof the turbulenceis takeninto accountcanfail at producingary significantscattering
throughy = 0 atlow particles’rigidities. More sophisticatednonlineartheories(seereferencesn Ragot
1999)requireenhancedevels of fluctuationsto achieve this scatteringhroughy = 0, which arenot neces-
sarily obsered eachtime the particlesareefficiently scatteredThe occurencef this problemof pitch-angle
scatteringat preciselyy = 0 is, however, somavhat surprising. Indeed,why shouldthe point wherey = 0
alwaysbethe critical point, when is definedwith respecto the main magneticfield By, while locally, the
realfield linesarenot anngB'O? — If therehadto be a problem,giventhatthe particlescatteringalongfield
linesis expectedto be the fastesiprocessn mary situations the problemshouldoccurwhenthe velocity of
a particlecrossesghe normalto thelocal magneticfield line direction.— The answerto this problemcanbe
formulatedin a quitesimpleform. In orderto correctlydescribehe pitch-anglescatteringhroughy = 0, one
musttake into accountthelowerfrequencywavesevenif they are notin resonancevith the particles because
they determinghelocal variationsof thefield line direction.

The frequenciesat which resonantinteractionscan take place betweenwaves and particlesdependon
the particles’rigidity andthe dispersionrelationof the waves. It appearghat the mostdramaticeffect —
extremelyweakscatteringandresultingdivergenceof the parallelmeanfree path— occurswhentheresonant
frequenciedall in the dissipationrangeof the turbulence,leaving the waves of the inertial rangeout of the
wave-particleinteractiondescription despitethe factthattheselater, lower-frequeng wavesareresponsible
for the local variationsof the field line direction. This is the case,in particular for low-rigidity cosmic
raysin the solarwind. They cannotgyroresonatavith MHD wavesin the inertial rangeof the turbulence,
belav a few hundredsof MV whentheir pitch-anglecosineu, approache®, andbelov ~ 1 MV for ary p.
— Gyroresonanceetweernwavesof frequenyg w (parallelwavenumberk)) andparticlesof gyrofrequeny
Q| = |g|B/(mcy) = (mp/m)(Qp, /) occurswhenthe condition: k) z — w;t + n|Q|t = 0 is satisfiedfor
someintegern # 0, j = +1 denotingforward andbackward propagatingvaves. — At small z, lessthan
theratio Alfv énspeed/4 over particlespeed, no transit-timedamping(TTD) interaction(n. = 0 resonance)
is possibleeither with the fastmagnetosonicomponentf the spectrum.As a consequencehe quasilinear
theory which only takesinto accounthe resonantnteractions— gyroresonanandTTD —, predictsa very
low pitch-anglescatteringanda verylong mean-free-pathlongthedirectionof themagnetidield lines.

Theoriginal quasilineaiprediction(Jokipii 1966)gave a shortparallelmean-free-pathyut this wasdueto
theabsencef cut-of in theturbulencespectrumLattermeasuremenig thesolarwind (Coronitietal. 1982;



Denskatet al. 1983)shaved a strongsteepeningf the spectrumabore theion gyrofrequeng Q,,, ~ 1Hz,
with a spectralindex goingfrom =~ —1.7 to = —2.9, whichis responsibldor the “divergence”of the mean-
free-pathbelon about10? MV. Besidethis problemof cut-of anddivergence the original quasilineamean-
free-pathin factnever gave theright dependencef A asafunctionof R. A keptdecreasingvith decreasing
R, whereaghe obserationaldatashaw little dependencef A on R for rigidities betweerl0~! and103 MV,
whichis knowvn asthe“flatnessproblem”.

If it seemgelatively clearthatthe problemof scatteringhroughy = 0 arisesfrom the exclusionof the
lowerfrequeng waves thepreciseguantitatve predictionof theparallelmeanfreepathfor solarcosmicrays,
andthesolutionof the“flatnessproblem”,requirea moredetailleddescriptiorof the procesf wave-particle
interaction andof theturbulence We do notknow for surewhattherealcompositiorof theturbulenceis. But
it is likely thatthewave turbulenceis madeof Alfv énandfast-magnetosoniwaves,becausén amagnetized,
low — but finite — 3 plasma(8 = 2c2/V3, cs beingthe soundspeed)ike the solarwind, thesetwo types
of wavesarethelessheaily damped.As for thedistributions of k-vectorsfor thesewaves,we have to male
someassumptionsWe will assumen this paper asin the papersby Schliclkeiser& Miller (1998) Ragot&
Schlicleiser(1998)andRagot(1999),a slab Alfv én turbulence(parallelpropagatingith k anngBO) and
isotropic fastmagnetosoniavaves. We only presenthere the mainlines of the derivation of thenon-resonant
pitch-anglescatteringprocesswvith thesewaves,andshaw thatit very efficiently scatterghe particlesthrough
u = 0. Detailedcalculationdor this processanbefoundin thepaperby Ragot(1999),andfits of theparallel
meanfree pathasa functionof therigidity, deducedrom measurement®r solarcosmicrays,arepresented
in SH 3.1.24.The caseof obliqueAlfv énwavesis alsobriefly consideredn SH 3.1.24.HeretheslabAlfvén
waves,for reason®f symmetrydo notcontrituteto thenon-resonarinteractionprocesgseealsoSH3.1.24).
We thusignorethemin the evaluationof this effect.

2 Derivation of the non-resonant scattering process
Gyroresonances very inefficient at scatteringow rigidity cosmicrays,becausanostof the enegy is in
thewavesthathave muchtoo low frequencieso bein gyroresonanceiith theseparticles.Thelimit between
gyroresonanandnon-gyroresonanwavesis given, for alineardispersiorrelationof thewavesw; = jkVy4,
valid well belaw k. = Q,,/Va4, by:
k 1 €A mpc2
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which canbe easilyshavn, for i < ¢, to belargerthan1 assoonasR < 940[1 + (mc?/(RZe))?]~'/2 MV.
Z is thenumberof chage of the particle,e = V4 /v ande4 = V4 /c. Turningthisinto a positive statement,
we cansaythatthe gyroperiodQ~! of low rigidity cosmicraysis the shortesttimescaleof this problemof
wave-particleinteraction.Consequentlythe equationof motionfor a particleof momentuny, Lorentzfactor
v, massn andchagegq:
dp
dt

can be aveiaged on the shorttimescaleQ ! (for a detailedjustificationof this averaging,seeRagot1999).
For our fastmagnetosoniwaves(hereaftedenotedoy FMWs) turbulence:
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bz theanglebetweerk andtheplane(x,z), the z-axis bemgalongBO. Onceaveragedthe equationfor the



pitch-anglecosine:
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in termsof the “constant”speedv andLorentzfactory. ¢ denoteshe gyrophasef the particle,andp and

Qo, thenormof its momentumandnon-relatvistic gyrofrequeny, respectiely. Integratingthetime-averaged
equation5) onatimescaleshortenoughto keepthe particlesrigidity constantandin therangeof pitch-angles
p < e = V4 /v wherethescatterindy resonanprocessess knowvn to bethemostdeficientwe canshaw that

theparticlesarein factlinearly pushedut of the smallw rangeby the low-frequeng waves.Indeed,

b— g R —— t—to Z/dk— (gmﬁpkﬁc 1—772> sin(ag), (6)
with O‘IE = ag + (nu/e — j)kVato constanbn thetime intenal [to, ¢], if we only keepin the spectrunthe
wavenumbersmallerthan K, = min(K, Akr), K beingthe largestwavenumbeisatisfyingthe condition:
t—ty < (7/2)(ke/K)(1/9Qp,), and Akr the actualwidth of the FMW spectrum.The contritution to the
variationof i from the wavenumberdargerthan K is negligibly small,becausét is given by the integral of
anoscillatingsinefunction of time andk. We still have to checkthatthereexistsatime intenal ¢ — ¢, such
that K is largerthanthelower boundaryof the spectrumandy — pg ~ ¢, i.e., thattherelation(6) holdsuntil
the particlesleave the smally range. Oncethey have reachedhe boundarye, they areefficiently scattered
away by thetransit-timedampinginteractionwith the FMWs (seeSchlickeiser& Miller 1998,Ragot1999).

Averagingon mary successie passageshroughthis smallu region, i.e., over the phases%, we can
estimatethe averageexit time 7 , andanequialent“diffusion” coeficient D,,,,,. = €2/(27). Assumingthat
thespectrumis asimplepowerlaw, i.e. x k~?, above k,,,, we canwrite:
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Thecorrespondingarallelmean-free-patheads:
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wherewe have assumedhatthe slovestscatteringorocessstill occursatsmall .

Thepreciseexpressiorfor I, canbefoundin the paperby Ragot(1999). Here,we wantto point out that,
despitethe apparentdependencef the averageexit time = on the lowestwave numberk,,,, which is very
badlyknown, thereis no problemof lower cut-of value.As we shaw in Fig. 1, thelowestwavenumber®nly
give a ngligible contritution atlow rigidities, andthe scatteringprocesds dominatedoy higherandhigher
frequenciesstherigidity of the particlesdecreases.



3 Resulting mean free path, and conclusion

Comparinghemean-free-path,,, with theoneresultingfrom gyroresonanceith slabAlfv énwaves,we
shaw in Fig. 2 thatthe non-resonanscatteringorocessecomesnuchmoreefficient thanthe gyroresonant
onebelov about10? MV, evenin the absencef spectralcut-of. Furthercomparaisowith the mean-free-
pathderivedfrom the smallerpitch-anglesndicateghatthe slowestscatteringprocessloesnot occuraround
u = 0 ary longerfor rigiditieslessthan~ 1 MV. Thisagainresultsirom theuppersteepeningf thespectrum.
Indeed whenthe particles’rigidity is really low, gyroresonancalsobecomesmpossiblearound|u| = 1. As
the transit-timedampinginteraction,which is dueto the compressie componenbf the magneticfield —
alongB'O — , isveryinefficient atthesdarge ||, it producesarelatively large mean-free-pathiNote thatthis
mean-free-pats constanbelav ~ 10~ MV (seeRagot1999for thederivation).
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Figure 1: Logarithm of the nonesonantmeanfree  Figure 2: Meanfreepath A, for Akp = k./100 and
path \,, normalizedto 1AU, for Akr = k.. The Aka <k.. Continuoudine: A,,; thick, dashedine:
contribution from each “decade” of the spectrumis ~ effectiveX. Above a few 100 MV, A resultsfrom gy-
givenin dashedine starting in thetop of thefigure, ~ roresonancet u < e with Alfvénwaves BelowlMV,
with thewavenumbeintervale10 %k, to 10 5k,. for electons, it is determinedy TTDatu > .

We canreproducehe mainfeaturesof the parallelmeanfree pathasa function of the particlesrigidity —
for electronsdown to 1 keV, andfor protons,down to 1 or 10 MV. The flathnessof the curve betweenl MV
and10® MV seemso requireasteepeningf thefastmodecomponenof theturbulencespectrumabove about
10~2k,. Thisis, in presencef low-enegy cosmicrays,plausible giventhatthe fastmagnetosonigvavesin
therange[10~2k,, k.] give themaincontritution to thetransit-timedampingacceleratiomprocess.
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