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comparisonwith the measurementsfor solar cosmicrays
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Abstract

Isotropic fastmagnetosoniavaves very efficiently scatterlow-rigidity cosmicrays by the non-resonant
processdescribedn OG 3.2.45. Alfv énwaves,which arelikely to constitutea large part of the solarwind
waveturbulenceaswell, arebriefly shavn hereto give anggligible contritution to thepitch-anglescatteringpy
thisnon-resonanprocessTheresultsof OG 3.2.45canthusbeusedto fit the paralleimeanfree pathobtained
from measurementsf solarcosmicraysasa function of the particles’rigidities, which is successfullydone
for rigidities rangingfrom 102 MV to 10° MV.

1 Intr oduction

The quasilineatheory (Vedene, Velikhov & Sagdee 1962; Jokipii 1966; Schlickeiser& Miller 1998),
which only includesthe resonantvavesin its descriptionof the wave-particleinteraction,canseverelyfail at
predictingthe pitch-anglescatteringatewhenatlow rigidities, theresonanceonditionexcludesa significant
part of the turbulencespectrum. The excluded, low-frequeng waves, which are responsible€or the local
variationsof the field line direction,canprovide the pitch-anglescatteringmissingin the quasilineartheory
at pitch-anglecosine,u, closeto 0. In Ragot(1999a& b), we have calculatedthe non-resonanscattering
resultingfrom a turbulenceof isotropicfastmagnetosonigvaves. The solarwind wave turbulence however,
is likely to be composedof both fast magnetosoni@nd Alfv én waves which in a low-3 plasma,are the
lessheaily damped. So, beforewe can— in the last part of this paper— fit the obserationswith the
analyticalresultsobtainedin Ragot(1999a& b), we have to make surethat the other componenibf the
turbulentwave spectrunmdoesnot producedominantor similar effectsby the non-resonargcatteringprocess.
Wehave aiguedin Ragot(1999a& b) thattheslabAlfv encomponenof thespectrumfor reasonsf symmetry
doesnot contribute to thenon-resonargcattering We deferto a furtherpublicationthe precisedemonstration
of this statementput will alreadygive herethe main point of the proof. We will alsoaddresghe caseof
obliqueAlfv énwaves,andarguethatthesevavesdo not produceary significantscatteringy thenon-resonant
scatteringprocesseither. In the restof the paperwe will presentfits of the parallel meanfree pathasa
functionof therigidity, deducedrom measurementsiadein the heliospheraluringsolarevents,anddiscuss
theresultingparametersf theturbulence.

2 Contribution from slaband oblique Alfv énwaves

to the non-resonantpitch-angle scattering

In aturbulenceof slabAlfv énwaves,thefluctuatingfields consistof transwersalleft- andright-handpolar
izedwavespropagatingparallelandanti-parallelto the homogeneoumagnetidield By. The polarizationof
thewavesis circular It follows thattheintegral (overl_c') describinghevariationsof 1 hasanoscillatoryinte-
grandin exp[=+i(1pz+)], wherey = E.a‘c’—w,;t—}—ag andy isthegyrophasef theparticle.As aconsequence,
averagingovertheparticlegyroperiod— theshortestimescaleof theproblem,seeRagot(1999a& b) — will
justreducethe i variationto a negligible contrilbution. The completederiationwill be publishedelsavhere.
We comenow to thecaseof obliqueAlfv énwaves,whichis closerto theoneof theobliquefastmagnetosonic
wavespresentedy Ragot(1999a& b).

When£ is not alongthe main magneticfield By, the Alfvén wavesarelinearly polarizedwaveswith, if
the inertia of the electronsis neglected,an electricfield §E normalto By, in the planeof & and By. The
magneticfield 6B is normalto 6F and By. The differentconfigurationof the magneticfield perturbation



resultsherein an equationfor the pitch-anglecosiney of a form similar to equat|on(4) in OG 3.2.45,but
wherecos z/ﬂ cos(p— qﬁk) substitutegor cos 1/)] sin(o—¢z), ; beingtheanglebetweerk andtheplane(z, z),

with a z- aX|sanngBO. Theaveragingof this equationover the particlegyroperiodwill notpermitto extract
ary constantterm of significantamplitude,on the expectedtimescaleof pitch-anglevariation. Indeed,an
expansiorof cos zpj sin(p—¢j) in Bessefunctionsonly displaysoscillatorytermsin cos or sinn(¢—¢z) with
n astrictly poste integer This “shows” thatthe contritution from obliqueAlfv énwavesto thenonresonant
pitch-anglescatterings alsonggligible.

3 Parallel meanfreepath of the solar cosmicrays:

comparisonof the theoretical predictionswith the measuements
If the Alfv énwaves,asarguedin the previous section,do not produceary significantcontrikution to the
pitch-anglescatteringoy thenon-resonargffect, it meanghattheresultobtainecoy Ragot(1999a& b) might
alreadyprovide uswith areasonableescriptionof the cosmic-raysscatteringn the solarwind. We will now
try to compareour theoreticapredictionswith the measurements.
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Figure 1: Parallel meanfreepathversusparticle rigidity, in logarithm,for varioussolar events.The
dotsrepresentparallel meanfree pathsderivedabove 10 MV from proton observationsand below
from electon observationsas publishedby Bieberet al. (1994). The theoetical curvein dashed
line has beenobtainedwith cut-of of the Alfven and fast magnetosoniovavesspecta at 0.4k, and
0.003k,, respectivelyébs = 0.1, br = 0.13 and V4 = 10~*c. Theextensionof the plateauat very
low rigidities is directly relatedto the cut-of wavenumbenof the Alfven spectrum.This cut-of value
is observedn the solar wind at aboutk.. A valueof 0.4k, to producethe bestfit presentechere is

reasonablgsincethe precisecharacteristicsof the turbulencespecta mightvary during a solar event
fromthoseof the“quiet” solarwind.

Thesensitvity of the meanfree pathto the characteristicef the fastmagnetosonigvavesspectrum— in
particular spectralindex and cut-of wavenumber— andthe factthatthe dataobtainedfrom differentsolar



eventsare often presentedogetherwithout referencedo the distinctevents,makesthis comparisordifficult.
But we canalreadyseefrom figure 1 thatthe theoreticalcurve globally fits the datapoints. The dispersion
of the pointsaroundthe theoreticalcurve presentean figure 1 shouldnot be interpretatedisuncertaintyof
themeasurement®y inappropriatenessf thetheoryto fit all thedata. The datashavn on figure 1 have been
obtainedfrom mary differentsolarevents. Their dispersiononly indicatesthat the turbulencespectrumin
the solarwind variesfrom one eventto another We have studiedhow the theoreticalpredictionis modified
by variationsof the turbulencespectrumpoth fastmagnetosoniand Alfv €n componentWe found a rather
strongsensitvity of the theoreticalpredictionon the preciseshapeof the spectra.Evenif the mainfeatures
of the curwe in figure 1 are presered — e.g., separatiorin threedomainswherethe transit-timedamping,
non-resonardendgyroresonaninteractionsuccessiely determinghe paralleimeanfree path—, it is always
possiblethe find a curve which will fit one subsetof datapoints, keepingreasonabldurbulencespectra.
However, we cannotpresentereall the possibleshape®f thecurve “parallel meanfree pathversusparticles’
rigidity”. We have to make somechoice.Wefit belav oneparticularevent,namelyNov 22,1977 ,whichlooks

very similarto Dec27,1977,andApr 11,1978(seeDrogeetal 1993;Beecketal. 1987;Valdés-Galicieet al.
1988).
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Figure 2: Parallel meanfreepathversusparticle rigidity, in logarithm,for the solar eventof Nov 22,
1977 measued by Helios-1(Bee& etal. 1987; Valdés-Galiciaetal. 1988; Droge etal 1993). The
circlesrepresenimeasuementdor electons,andthedisksfor protons. Thetheoketical curveremains
valid on the wholerange of rigidities for electons. It only holdsabove about10 MV for protons,but
all thedatafor protonsare obtainedabove 20 MV, sothatthetheoryis consistentvith theobservations
presentedn figures1 and 2. Themeasuementsfor this particular event,appearto bein therange
wheee the non-resonaninteractionwith thefastmagnetosoniavavesdominatesThetheoeetical curve
in thick dashedine is calculatedwith an Alfvenspectrunof Kolmagorov typeupto k., anda fastmode
wavespectrumdampedabove 3.2 x 103k, with a spectal index of 1.35 below In continuoudine is

plottedthe meanfreepathresultingfromthe non-resonaninteractionalone assuminghattheslowest
scatteringprocessoccuss at small .



All themeasurement$or this particularevent,appeato bein therangewherethenon-resonarinteraction
with thefastmagnetosonigvavesdominateslt would be necessaryn orderto validatethe theoryandobtain
thewhole informationon the turbulencespectrato have datafor single eventson a broaderangeof rigidi-
ties, spanningheintenaleswherethetransit-timedamping(belov 1 MV) andgyroresonantabore 10° MV)
interactiongdeterminghe paralleimeanfree path.

Still, animportantconclusiorcanbedravn from thisfit: atleastfor theparticulareventsshavnin thepaper
by Droge(1993) thescatteringateandresulting)| areconsistentvith aspectrunof fastmagnetosoniwaves
cutoff (or stronglysteepeningata “small” fraction(~ 10~2) of k.. Suchasharpdecreasef spectrabower
well belav k. cannotresultfrom thermaldamping.lt could,however, very well be explainedby theresonant,
transit-timedamping.Indeed,Ragot& Schlickeiser(1998a& b) have shawvn thatthe fastmodebranchvery
efficiently acceleratebw-enegy cosmicrays,andthatthefastmagnetosoniavaves(k < k.), alone,already
producea very strongacceleration Moreover, the fastmagnetosonigvavesresponsibldor the main part of
the acceleratiorhave wavenumbergreciselyin the rangethat appeardo be dampedin the solarwind on
Nov 22, 1977,0n the pathof the obsered cosmicrays. We think that the fastmagnetosonievaveswith &
betweenl 02k, andk. might have beenpresentloserto the sun,but have beendampedoeforepropagating
outwardin the solarwind, while acceleratindow-enegy cosmicrays. Thisin no casemeanghateverywhere
in thesolarwind, thefastmagnetosoniwavesaredampedabore 10~2k,, but thatwhenerer alarge numberof
low-rigidity, resonantosmicraysareobsered, thereexiststhe possibility thattheseparticles togethemwith
theonesthathave propagatedlovnward, have dampedhefastmagnetosoniwave spectrumatrelatively low
wavenumbers.
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