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Abstract

A new, non-resonantpitch-anglescatteringprocesshasbeenfound, which very efficiently scattersthe
cosmicray particlesthroughthe zeropitch-anglecosine. Combinedwith the effectsof gyroresonanceand
transit-timedamping,it cansolve the“flatnessproblem” for theparallelmean-free-pathasa functionof the
particlesrigidity. Themainlinesof its derivation,andtheimplicationson themean-free-pathat low rigidities
( ������� MV), aresummarizedhere.

1 Introduction
Thescatteringof chargedparticlesthroughthezeropitch-anglecosine,� , haslongremainedachallenging

problemin thetheoryof particlestransport,in amagneticturbulencecomposedof plasmawavessuperimposed
ona larger-scale,regularmagneticfield (seee.g., Bieberetal. 1994;Ragot1999andreferencestherein).The
quasilineartheory(Vedenov, Velikhov & Sagdeev 1962;Jokipii 1966),which usuallydescribesthis problem
of particlestransport,only includestheresonantinteractionsbetweenthewavesandtheparticlesand,when
therealspectralshapeof theturbulenceis taken into account,canfail at producingany significantscattering
through �	� � at low particles’rigidities. More sophisticated,nonlineartheories(seereferencesin Ragot
1999)requireenhancedlevelsof fluctuationsto achieve this scatteringthrough �
� � , which arenot neces-
sarily observedeachtime theparticlesareefficiently scattered.Theoccurenceof this problemof pitch-angle
scatteringat precisely��� � is, however, somewhatsurprising.Indeed,why shouldthepoint where ��� �
alwaysbethecritical point, when � is definedwith respectto themainmagneticfield


���
, while locally, the

realfield linesarenot along

���

? — If therehadto bea problem,giventhattheparticlescatteringalongfield
lines is expectedto be thefastestprocessin many situations,theproblemshouldoccurwhenthevelocity of
a particlecrossesthenormalto thelocal magneticfield line direction.— Theanswerto this problemcanbe
formulatedin aquitesimpleform. In orderto correctlydescribethepitch-anglescatteringthrough��� � , one
musttake into accountthelower-frequencywavesevenif they arenot in resonancewith theparticles, because
they determinethelocalvariationsof thefield line direction.

The frequenciesat which resonantinteractionscan take placebetweenwaves and particlesdependon
the particles’ rigidity andthe dispersionrelationof the waves. It appearsthat the mostdramaticeffect —
extremelyweakscatteringandresultingdivergenceof theparallelmeanfreepath— occurswhentheresonant
frequenciesfall in the dissipationrangeof the turbulence,leaving the wavesof the inertial rangeout of the
wave-particleinteractiondescription,despitethe fact that theselater, lower-frequency wavesareresponsible
for the local variationsof the field line direction. This is the case,in particular, for low-rigidity cosmic
raysin the solarwind. They cannotgyroresonatewith MHD wavesin the inertial rangeof the turbulence,
below a few hundredsof MV whentheir pitch-anglecosine� approaches0, andbelow � � MV for any � .
— Gyroresonancebetweenwavesof frequency � (parallelwavenumber��� ) andparticlesof gyrofrequency� ��� � � ��� �����! #"%$'& � �! �()�* �&+� � (-,-�.$'&

occurswhenthe condition: ���0/21
�43+57698 � ��� 5:� � is satisfiedfor
someinteger 8<;� � , =>�?6 � denotingforward andbackward propagatingwaves. — At small � , lessthan
theratioAlfv énspeed@�A overparticlespeedB , no transit-timedamping(TTD) interaction( 8�� � resonance)
is possibleeither, with thefastmagnetosoniccomponentof thespectrum.As a consequence,thequasilinear
theory, which only takesinto accounttheresonantinteractions— gyroresonantandTTD —, predictsa very
low pitch-anglescattering,anda very longmean-free-pathalongthedirectionof themagneticfield lines.

Theoriginalquasilinearprediction(Jokipii 1966)gave a shortparallelmean-free-path,but this wasdueto
theabsenceof cut-off in theturbulencespectrum.Lattermeasurementsin thesolarwind (Coronitietal. 1982;



Denskatet al. 1983)showeda strongsteepeningof thespectrumabove the ion gyrofrequency
� ( , � � Hz,

with a spectralindex goingfrom �C1 �EDGF to �H1JI DLK , which is responsiblefor the“divergence”of themean-
free-pathbelow about ����M MV. Besidethis problemof cut-off anddivergence,theoriginal quasilinearmean-
free-pathin factnever gave theright dependenceof N asa functionof O . N keptdecreasingwith decreasingO , whereastheobservationaldatashow little dependenceof N on O for rigiditiesbetween���QP'R and ����S MV,
which is known asthe“flatnessproblem”.

If it seemsrelatively clearthat theproblemof scatteringthrough �9� � arisesfrom theexclusionof the
lower-frequency waves,theprecise,quantitativepredictionof theparallelmeanfreepathfor solarcosmicrays,
andthesolutionof the“flatnessproblem”,requireamoredetailleddescriptionof theprocessof wave-particle
interaction,andof theturbulence.Wedonotknow for surewhattherealcompositionof theturbulenceis. But
it is likely thatthewave turbulenceis madeof Alfv énandfast-magnetosonicwaves,becausein amagnetized,
low — but finite — T plasma( TU�VI " MW � @ MA ,

" W
beingthesoundspeed)like thesolarwind, thesetwo types

of wavesarethelessheavily damped.As for thedistributionsof

� -vectorsfor thesewaves,we have to make

someassumptions.We will assumein this paper, asin thepapersby Schlickeiser& Miller (1998),Ragot&
Schlickeiser(1998)andRagot(1999),a slabAlfv én turbulence(parallelpropagating,with


� along

���

) and
isotropic fastmagnetosonicwaves.Weonly present,here,themainlinesof thederivationof thenon-resonant
pitch-anglescatteringprocesswith thesewaves,andshow thatit veryefficiently scatterstheparticlesthrough��� � . Detailedcalculationsfor thisprocesscanbefoundin thepaperby Ragot(1999),andfits of theparallel
meanfreepathasa functionof therigidity, deducedfrom measurementsfor solarcosmicrays,arepresented
in SH 3.1.24.Thecaseof obliqueAlfv énwavesis alsobriefly consideredin SH3.1.24.HeretheslabAlfv én
waves,for reasonsof symmetry, donotcontributeto thenon-resonantinteractionprocess(seealsoSH3.1.24).
We thusignorethemin theevaluationof thiseffect.

2 Derivation of the non-resonant scattering process
Gyroresonanceis very inefficient at scatteringlow rigidity cosmicrays,becausemostof theenergy is in

thewavesthathave muchtoo low frequenciesto bein gyroresonancewith theseparticles.Thelimit between
gyroresonantandnon-gyroresonantwavesis given,for a lineardispersionrelationof thewaves �'3X�Y=Z��@ A ,
valid well below �\[]� � (-, � @^A , by: �� [ � �O _ A`�acb � � d � �Ge _ &  �(�" MfJg (1)

which canbeeasilyshown, for � � _ , to belarger than1 assoonas O ��Kch\��ij�lk �! #" M ��� O fmg*&n& Mpo P'Rrq M MV.f
is thenumberof chargeof theparticle, _ �<@^A � B and _ A
�s@�A �c" . Turningthis into a positive statement,

we cansaythat the gyroperiod
� P'R of low rigidity cosmicraysis the shortesttimescaleof this problemof

wave-particleinteraction.Consequently, theequationof motionfor a particleof momentum

t , Lorentzfactor$

, mass
 

andcharge
�
: u 
tu 5 � ��v 
w k � #"%$ 
t�x � 
��� k v 
��& e (2)

can be averaged on the shorttimescale
� P'R (for a detailedjustificationof this averaging,seeRagot1999).

For our fastmagnetosonicwaves(hereafterdenotedby FMWs) turbulence:v 
� �zy 3 { u 
� v � 3 |}�~+�\��� |}��� 1 d ~+�\��� |}1 d �0����� |}� � 1 d M �� and
v 
w �zy 3 { u 
� � 3� " v � 3 |}�~+�\��� |}��� 1 ������� |}~+�\��� |}� �� e

(3)

with � |} � 
� D 
� 1�� |} 5 k�� |} , � thenormof thewavevector,
d

thecosineof theanglebetween

� and


���
, and� |} theanglebetween


� andtheplane
� � e / & , the / -axisbeingalong


���
. Onceaveraged,theequationfor the



pitch-anglecosine: ���� � �$ �0���l� y 3 { u 
� v � 3 |}���H� d 1 �  �$ � 3t � � ~+�\��� 3 |} �0��� ��� 1 � |} & (4)

becomes�����1 � �$ �0���l�]y 3 { u 
� v � 3 |}��� � d 1 �4� 3BQ� �>� R � B � � 1�� M $� � � � �)� � �0��� � � d B { u 5Q� 1>� 3 |} 5 k
� |}*¡ e
(5)

in termsof the “constant”speedB andLorentzfactor
$

.
�

denotesthegyrophaseof theparticle,and t and� �
, thenormof its momentumandnon-relativistic gyrofrequency, respectively. Integratingthetime-averaged

equation(5) onatimescaleshortenoughto keeptheparticlesrigidity constant,andin therangeof pitch-angles� � _ �z@ A � B wherethescatteringby resonantprocessesis known to bethemostdeficient,wecanshow that
theparticlesarein factlinearlypushedoutof thesmall-� rangeby thelow-frequency waves.Indeed,� 1�� � �¢1 � �$ � 5£1�5 �-& y 3 { u 
� v � 3 |}��� d � R � $ _   �( �� [�¤ � 1 d M � �0��� � �¦¥ 3|} & e (6)

with � ¥ |} � � |} k � d � � _ 1�= & ��@^A¦5 � constanton the time interval i 5 � e 5 o , if we only keepin thespectrumthe
wavenumberssmallerthan §�¨©� ` ��� � § e�ª �)« & , § beingthe largestwavenumbersatisfyingthecondition:5]1�5 �­¬ �¯®°� I &+� �\[ � § &+� � � � (-, & , and

ª � « the actualwidth of the FMW spectrum.The contribution to the
variationof � from thewavenumberslarger than § is negligibly small,becauseit is givenby theintegral of
anoscillatingsinefunctionof time and � . We still have to checkthat thereexistsa time interval 571±5 � such
that § is largerthanthelowerboundaryof thespectrum,and ��1>� �³² _ , i.e., thattherelation(6) holdsuntil
the particlesleave the small-� range.Oncethey have reachedthe boundary_ , they areefficiently scattered
awayby thetransit-timedampinginteractionwith theFMWs(seeSchlickeiser& Miller 1998,Ragot1999).

Averagingon many successive passagesthroughthis small-� region, i.e., over the phases� ¥ |} , we can

estimatetheaverageexit time ´ , andanequivalent“dif fusion” coefficient µ2¶.¶c·%¸¹� _ M ��� IE´ & . Assumingthat
thespectrumis asimplepower law, i.e. ºY� P^» , above ��¼ , wecanwrite:´½� _ $¾ � 1 � vc¿+� � � _$  ( �\[� ¼ ¡lÀ »%P'RrÁ�q M �¯Â ¨C1 Â ¼ & P'Rrq M e (7)

with Â�Ã � { R� u dÄd M ¤ � 1 d M »%P'R {ÆÅ)Ç ¾ RnP�È+É� u fÊf P^» � MR �Ëf�& e (8)

and �Ëf ¼ e f ¨ & � $ _   �( � ��¼ e § ¨ &� [ �ÌO fmg �(E" M � ��¼ e § ¨ &_ A � [ D (9)

Thecorrespondingparallelmean-free-pathreads:N�Í*Î�� Ï @ Ah µ2¶.¶ ·%¸ � � � � � _ & �ÐÏI @ A ´ � §½¨ � O &n&_ M � ÏI�� [ � ( , ´ � §½¨ � O &n&_ MA�Ñ �]k �  #" MÒ Å^Ó ¡ M�Ô e (10)

wherewehave assumedthattheslowestscatteringprocessstill occursat small � .
Thepreciseexpressionfor

Â Ã
canbefoundin thepaperby Ragot(1999).Here,we wantto point out that,

despitethe apparentdependenceof the averageexit time ´ on the lowestwave number � ¼ , which is very
badlyknown, thereis noproblemof lower cut-off value.As weshow in Fig. 1, thelowestwavenumbersonly
give a negligible contribution at low rigidities, andthescatteringprocessis dominatedby higherandhigher
frequenciesastherigidity of theparticlesdecreases.



3 Resulting mean free path, and conclusion
Comparingthemean-free-pathN�ÍcÎ with theoneresultingfrom gyroresonancewith slabAlfv énwaves,we

show in Fig. 2 that thenon-resonantscatteringprocessbecomesmuchmoreefficient thanthegyroresonant
onebelow about ����M MV, even in the absenceof spectralcut-off. Furthercomparaisonwith the mean-free-
pathderivedfrom thesmallerpitch-anglesindicatesthattheslowestscatteringprocessdoesnotoccuraround��� � any longerfor rigiditieslessthan � � MV. Thisagainresultsfrom theuppersteepeningof thespectrum.
Indeed,whentheparticles’rigidity is really low, gyroresonancealsobecomesimpossiblearound

� � � � � . As
the transit-timedampinginteraction,which is due to the compressive componentof the magneticfield —
along


���
— , is very inefficient at theselarge

� � � , it producesa relatively largemean-free-path.Notethatthis
mean-free-pathis constantbelow � ���QP'R MV (seeRagot1999for thederivation).
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Figure 1: Logarithm of the nonresonantmeanfree
path N�Í*Î normalizedto � AU, for

ª �\«V�Õ� [ . The
contribution from each “decade” of the spectrumis
givenin dashedline starting, in thetop of thefigure,
with thewavenumberintervale ��� P^Ö � [ to ��� P^� � [ .
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Figure 2: Meanfreepath N , for
ª � « �z�\[ � ����� andª � A�× � [ . Continuousline: N�ÍcÎ ; thick, dashedline:

effective N . Above a few ����� MV, N resultsfrom gy-
roresonanceat � � _ with Alfvénwaves.Below

�
MV,

for electrons,it is determinedbyTTDat �ÙØ _ .
We canreproducethemainfeaturesof theparallelmeanfreepathasa functionof theparticlesrigidity —

for electrons,down to � keV, andfor protons,down to 1 or ��� MV. Theflatnessof thecurve between� MV
and ��� S MV seemsto requireasteepeningof thefastmodecomponentof theturbulencespectrumaboveabout��� P M �\[ . This is, in presenceof low-energy cosmicrays,plausible,giventhatthefastmagnetosonicwavesin
therangeij���QP M � [ e � [ o give themaincontribution to thetransit-timedampingaccelerationprocess.
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