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comparisonwith the measurementsfor solar cosmicrays
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Abstract

Isotropic fastmagnetosonicwaves very efficiently scatterlow-rigidity cosmicraysby the non-resonant
processdescribedin OG 3.2.45. Alfv én waves,which arelikely to constitutea large part of the solarwind
waveturbulenceaswell, arebrieflyshown heretogiveanegligiblecontributionto thepitch-anglescatteringby
thisnon-resonantprocess.Theresultsof OG3.2.45canthusbeusedto fit theparallelmeanfreepathobtained
from measurementsof solarcosmicraysasa functionof theparticles’rigidities, which is successfullydone
for rigidities rangingfrom

�������
MV to

�����
MV.

1 Intr oduction
The quasilineartheory(Vedenov, Velikhov & Sagdeev 1962;Jokipii 1966;Schlickeiser& Miller 1998),

which only includestheresonantwavesin its descriptionof thewave-particleinteraction,canseverelyfail at
predictingthepitch-anglescatteringratewhenat low rigidities,theresonanceconditionexcludesasignificant
part of the turbulencespectrum. The excluded,low-frequency waves, which are responsiblefor the local
variationsof thefield line direction,canprovide thepitch-anglescatteringmissingin thequasilineartheory
at pitch-anglecosine, 	 , closeto 0. In Ragot(1999a& b), we have calculatedthe non-resonantscattering
resultingfrom a turbulenceof isotropicfastmagnetosonicwaves. Thesolarwind wave turbulence,however,
is likely to be composedof both fast magnetosonicand Alfv én waves which in a low- 
 plasma,are the
lessheavily damped. So, beforewe can — in the last part of this paper— fit the observationswith the
analyticalresultsobtainedin Ragot(1999a& b), we have to make surethat the other componentof the
turbulentwave spectrumdoesnotproducedominantor similareffectsby thenon-resonantscatteringprocess.
Wehavearguedin Ragot(1999a& b) thattheslabAlfv éncomponentof thespectrum,for reasonsof symmetry,
doesnotcontributeto thenon-resonantscattering.Wedeferto a furtherpublicationtheprecisedemonstration
of this statement,but will alreadygive herethe main point of the proof. We will alsoaddressthe caseof
obliqueAlfv énwaves,andarguethatthesewavesdonotproduceany significantscatteringby thenon-resonant
scatteringprocesseither. In the rest of the paperwe will presentfits of the parallel meanfree path as a
functionof therigidity, deducedfrom measurementsmadein theheliosphereduringsolarevents,anddiscuss
theresultingparametersof theturbulence.

2 Contribution fr om slaband oblique Alfv énwaves
to the non-resonantpitch-anglescattering

In a turbulenceof slabAlfv énwaves,thefluctuatingfieldsconsistof transversalleft- andright-handpolar-
izedwavespropagatingparallelandanti-parallelto thehomogeneousmagneticfield ��� . Thepolarizationof
thewavesis circular. It follows thattheintegral (over �� ) describingthevariationsof 	 hasanoscillatoryinte-
grandin ������������������! #"%$'& , where����)( ��+* �,%-/. ��10� 32 �� and " is thegyrophaseof theparticle.Asaconsequence,
averagingover theparticlegyroperiod— theshortesttimescaleof theproblem,seeRagot(1999a& b) — will
just reducethe 	 variationto a negligible contribution. Thecompletederivationwill bepublishedelsewhere.
Wecomenow to thecaseof obliqueAlfv énwaves,whichis closerto theoneof theobliquefastmagnetosonic
wavespresentedby Ragot(1999a& b).

When �� is not alongthe mainmagneticfield ��� , theAlfv én wavesarelinearly polarizedwaveswith, if
the inertia of the electronsis neglected,an electricfield 4 �5 normal to ��� , in the planeof �� and ��� . The
magneticfield 4 �� is normal to 4 �5 and ��  . The differentconfigurationof the magneticfield perturbation



resultsherein an equationfor the pitch-anglecosine	 of a form similar to equation(4) in OG 3.2.45,but
where6�798:�<; �� 6�798=� " -#> �� $ substitutesfor 6�798��?; �� 8A@CBD� " -#> �� $ , > �� beingtheanglebetween�� andtheplane� ,�EAF $ ,
with a F -axisalong ��� . Theaveragingof this equationover theparticlegyroperiodwill not permitto extract
any constantterm of significantamplitude,on the expectedtimescaleof pitch-anglevariation. Indeed,an
expansionof 6�798G� ; �� 8A@HBD� " -#> �� $ in Besselfunctionsonlydisplaysoscillatorytermsin 6�798 or 8I@HBKJL� " -#> �� $ with
J astrictly positive integer. This “shows” thatthecontribution from obliqueAlfv énwavesto thenonresonant
pitch-anglescatteringis alsonegligible.

3 Parallel meanfr eepath of the solar cosmicrays:
comparisonof the theoretical predictionswith the measurements

If theAlfv énwaves,asarguedin theprevioussection,do not produceany significantcontribution to the
pitch-anglescatteringby thenon-resonanteffect, it meansthattheresultobtainedby Ragot(1999a& b) might
alreadyprovideuswith a reasonabledescriptionof thecosmic-raysscatteringin thesolarwind. Wewill now
try to compareour theoreticalpredictionswith themeasurements.
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Figure 1: Parallel meanfreepathversusparticle rigidity, in logarithm,for varioussolar events.The
dots representparallel meanfree pathsderivedabove

���
MV from proton observations,and below

from electron observations,as publishedby Bieberet al. (1994). The theoretical curve in dashed
line hasbeenobtainedwith cut-off of the Alfvén and fast magnetosonicwavesspectra at

� *NMO�9P
and� * ���9Q �9P

, respectively. 4SRUT ( � * �
, 4=RUV ( � * �WQ

and X�T ( �����:Y=Z
. Theextensionof theplateauat very

low rigidities is directly relatedto thecut-off wavenumberof theAlfvénspectrum.Thiscut-off value
is observedin the solar wind at about

� P
. A valueof

� *NMO� P
to producethe bestfit presentedhere is

reasonable, sincetheprecisecharacteristicsof theturbulencespectra mightvaryduring a solar event
fromthoseof the“quiet” solarwind.

Thesensitivity of themeanfreepathto thecharacteristicsof thefastmagnetosonicwavesspectrum— in
particular, spectralindex andcut-off wavenumber— andthe fact that thedataobtainedfrom differentsolar



eventsareoftenpresentedtogether, without referenceto thedistinctevents,makesthis comparisondifficult.
But we canalreadyseefrom figure 1 that the theoreticalcurve globally fits the datapoints. The dispersion
of thepointsaroundthe theoreticalcurve presentedon figure1 shouldnot be interpretatedasuncertaintyof
themeasurements,or inappropriatenessof thetheoryto fit all thedata.Thedatashown on figure1 have been
obtainedfrom many differentsolarevents. Their dispersiononly indicatesthat the turbulencespectrumin
thesolarwind variesfrom oneevent to another. We have studiedhow the theoreticalpredictionis modified
by variationsof the turbulencespectrum,both fastmagnetosonicandAlfv éncomponent.We founda rather
strongsensitivity of the theoreticalpredictionon thepreciseshapeof thespectra.Even if themain features
of the curve in figure 1 arepreserved — e.g., separationin threedomainswherethe transit-timedamping,
non-resonantandgyroresonantinteractionssuccessively determinetheparallelmeanfreepath—, it is always
possiblethe find a curve which will fit one subsetof datapoints, keepingreasonableturbulencespectra.
However, wecannotpresenthereall thepossibleshapesof thecurve “parallelmeanfreepathversusparticles’
rigidity”. Wehaveto makesomechoice.Wefit below oneparticularevent,namelyNov 22,1977,whichlooks
verysimilar to Dec27,1977,andApr 11,1978(seeDrögeetal 1993;Beecketal. 1987;Valdés-Galiciaetal.
1988).
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Figure 2: Parallel meanfreepathversusparticle rigidity, in logarithm,for thesolar eventof Nov 22,
1977measured by Helios-1(Beeck et al. 1987; Valdés-Galiciaet al. 1988; Dröge et al 1993). The
circlesrepresentmeasurementsfor electrons,andthedisksfor protons.Thetheoretical curveremains
valid on thewholerange of rigidities for electrons. It only holdsaboveabout

���
MV for protons,but

all thedatafor protonsareobtainedabove [ � MV, sothat thetheoryis consistentwith theobservations
presentedin figures1 and 2. Themeasurements,for this particular event,appearto be in the range
where thenon-resonantinteractionwith thefastmagnetosonicwavesdominates.Thetheoretical curve
in thick dashedline is calculatedwith anAlfvénspectrumof Kolmogorov typeupto

�9P
, anda fastmode

wavespectrumdampedabove
Q * []\ ��� ��^ �9P

, with a spectral index of
� * Q�_

below. In continuousline is
plottedthemeanfreepathresultingfromthenon-resonantinteractionalone, assumingthat theslowest
scatteringprocessoccurs at small 	 .



All themeasurements,for thisparticularevent,appearto bein therangewherethenon-resonantinteraction
with thefastmagnetosonicwavesdominates.It wouldbenecessary, in orderto validatethetheoryandobtain
thewhole informationon the turbulencespectra,to have datafor singleeventson a broaderrangeof rigidi-
ties,spanningtheintervaleswherethetransit-timedamping(below

�
MV) andgyroresonant(above

��� ^
MV)

interactionsdeterminetheparallelmeanfreepath.
Still, animportantconclusioncanbedrawn fromthisfit: atleastfor theparticulareventsshown in thepaper

byDröge(1993),thescatteringrateandresulting̀ba areconsistentwith aspectrumof fastmagnetosonicwaves
cut off (or stronglysteepening)at a “small” fraction( c ��� ���

) of
�9P

. Sucha sharpdecreaseof spectralpower
well below

� P
cannotresultfrom thermaldamping.It could,however, verywell beexplainedby theresonant,

transit-timedamping.Indeed,Ragot& Schlickeiser(1998a& b) have shown that thefastmodebranchvery
efficiently accelerateslow-energy cosmicrays,andthatthefastmagnetosonicwaves(

�edf� P
), alone,already

producea very strongacceleration.Moreover, the fastmagnetosonicwavesresponsiblefor themainpartof
the accelerationhave wavenumberspreciselyin the rangethat appearsto be dampedin the solarwind on
Nov 22, 1977,on the pathof the observed cosmicrays. We think that the fastmagnetosonicwaveswith

�
between

��� ��� �9P
and

�OP
might have beenpresentcloserto thesun,but have beendampedbeforepropagating

outwardin thesolarwind, while acceleratinglow-energy cosmicrays.This in nocasemeansthateverywhere
in thesolarwind, thefastmagnetosonicwavesaredampedabove

������� �OP
, but thatwhenevera largenumberof

low-rigidity, resonantcosmicraysareobserved, thereexiststhepossibilitythat theseparticles,togetherwith
theonesthathavepropagateddownward,havedampedthefastmagnetosonicwavespectrumat relatively low
wavenumbers.
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