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Abstract. We study parallel (field-aligned) diffusion of en- the parallel diffusion of energetic particles in the MHD tur-
ergetic particles in the upstream of the bow shock with testbulence in order to apply our study to the DSA process in
particle simulations. We assume parallel shock geometry othe parallel shock geometry. Fundamentally, parallel diffu-
the bow shock, and that MHD wave turbulence convectedsion is described as a consequence of pitch angle diffusion.
by the solar wind toward the shock is purely transverse inNamely, frequent and random scattering through 90 degree
one-dimensional system with a constant background magpitch angle occurs as a consequence of pitch angle diffusion
netic field. We use three turbulence models: a homogeneousy MHD waves. Accordingly, particles travel back and forth
turbulence, a regular cascade from a large scale to smallealong the mean field, resulting in the random walk and the
scales, and an inverse cascade from a small scale to larggarallel diffusion.

scales. For the homogeneous model the particle motions In quasi-linear theory (QLT), pitch angle diffusion co-
along the average field are Brownian motions due to ran-efficient is expressed as a function of power of magnetic
dom and isotropic scattering across 90 degree pitch anglefield fluctuation for the resonant waviégnnel and Petschek
On the other hand, for the two cascade models particle mo41966 Tsurutani and Lakhind 997 Jokipii, 1966 Lee, 1982

tion is non-Brownian due to coherent and anisotropic pitchGordon et al.1999. The pitch angle relaxation time, at
angle scattering for finite time scale. The mean free path  which the pitch angle distribution reaches a near-isotropic
calculated by the ensemble average of these particle motionsquilibrium, is defined by the reciprocal pitch angle diffu-
exhibits dependence on the distance from the shock. It alsgion coefficient. Then, for a much longer time scale than
depends on the parameters such as the thermal velocity af, the mean free path is approximatedias~ v, 7, where

the particles, solar wind flow velocity, and a wave turbulencey,;, is thermal velocity of particles (e.gSchlickeisey 2002
model. For the inverse cascade model, the dependence afsurutani et al.2002. However, it is a long standing prob-

A at the shock on the thermal energy is consistent with theem that the observed mean free paths have some discrep-
hybrid simulation done byiacalong(2004, but the spatial  ancies from the prediction of the QLT in a one-dimensional
dependence df; is inconsistent with it. slab turbulence model. The QLT underestimates absolute
values of the observed; by more than an order of mag-
nitude (Tsurutani et al.2002 Droge 2000. Researchers
have discussed this problem by using a so-called compos-
ite slab/two-dimensional geometry for the MHD turbulence

Spatial diffusion process plays a central role in propagationm()d_eI Bieber et al. 1994, ”T this paper, we focus our diS'
and diffusive shock acceleration (DSA) of energetic parti- cussion on the effect of spatially evolving MHD waves using

cles. Charged patrticles are scattered by magnetohydorodﬁ gned-dirr;]ensional mol?jel. Co;sequentl(;j/, we fing thaht thE ob-
namic (MHD) waves in parallel and perpendicular directions [2iNedA has a spatial dependence, an st the shoc

to the ambient magnetic field line. The former is referred IS fognd t(? be Iargerthan.the value in the QLT'_
to here as parallel (field-aligned) diffusion, and the latter as 't iS evident from multi-spacecraft observations of ener-

perpendicular (cross-field) diffusion. In this paper we study9€tic particles that the mean free pathhas a spatial de-
pendence due to variations of the magnetic field turbulence

Correspondence tdr. Otsuka level, power spectrum of the waves, and correlation length
(f-otsuka@rish.kyoto-u.ac.jp) of the wavesBeeck et al.1987. However, the relationship

1 Introduction
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shock front We employ two cascade models of MHD waves convected
Alfven wave «— V, ploy
A . .
\/\/V\M/\/v Reflected ion by the solar wind toward the shock: cagcadmg to small scalt_as
Voor—— (regular cascade model) and cascading to large scales (in-
4’%5“1 flow u B2 verse cascade model). Additionally, a statistically homoge-
ORe) (I56R )0 neous turbulence model is employed for comparison with the
3 ¢ (A) ) ¢ two cascade models. The schematic pictures of the two cas-
@%— Homogeneous cade models are shown in Fifj. We assume that Alen
2 - — & - turbulence model v ayes, excited far upstream- (156 Earth radii,Rg) from
5 E
& k k

or larger scales, depending on the models. Far upstream,

© the shock by ion beam instability, are cascading to smaller

wave-particle interactions have been observed up to more

3

gg &l — g e k than 80Rg di.stance frqm the shock, with both ABwic anq
2 2 ‘ magnetosonic fluctuations generated far upstresuaritani
z k k ‘ and Rodriguez1981; Sanderson et al1985 Meziane et al.

I 1997, 200Y). In our models we assume that both right- and
left-handed Alfenic fluctuations are generated.
Fig. 1. Schematic Picture of the present model. Upper panel shows The mechanism of energy transfer between MHD waves
wave generation mechanism via ion beam instability. Lower panelds still controversial. From the observational viewpoint,
show the spatial evolutions of the power spectrum for the MHD the process seems to be the regular cascade, whereas from
waves in two cascade models. Lebels (A), (B), and (C) refer tothe numerical and the theoretical viewpoint within a one-
spectra at different distances from the bow shock (seeZfgr  dimensional system, the process is found to be the inverse
details) cascade. The monochromatic ULF waves with longer than
30s period were observed at more than sevRgatistance
from the bow shockEastwood et al.2005, whereas short
between the spatial dependenceigfand statistics of the  duration (5- 20 s) structures in SLAMS were observed near
magnetic field turbulence is not clear. In numerical mod-the bow shock\yilkinson, 2003. Therefore, if wave-wave
els for particle accelerations at a quasi-parallel interplanetarynteraction occurs between these ULF waves, their frequen-
shock Zank et al, 2000 Li et al., 2003 2009, the spatial de-  cjes become higher while approaching the shock, i.e. the reg-
pendence is empirically introduced by ind&as a free pa-  ylar cascade takes place. On the other hand, in the large-scale
rameter) ~ p®r?, wherer is radial distance from the sun, hybrid simulations at a parallel shock done Byacalone
p is particle momentum, andlis an index of the momentum (2004, the high frequency monochromatic waves are self-
dependence. We find that the model based on the QLT is noéxcited by accelerated particles far upstream, and the lower
sufficient for description of the relationship between Spatialfrequency waves are generated while approaching the shock.
variations of the mean free path and the statistics of MHD Accordingly, the turbulent field with a power-law spectrum is
waves. generated near the shock. Hence, if there are wave-wave in-
Nonlinear evolution of MHD waves has been observedteractions between the waves approaching the shock, the in-
in the so-called shocklets, short large-amplitude magnetiozerse cascade will take place. Moreover, according to a stan-
structures (so-called SLAMS) in the interplanetary space andlard schema of the parametric decay instability of Atfv
in the Earth’s foreshock regiorHpppe et al. 1981 Tsu- waves in a one-dimensional system, a parent wave decays
rutani et al, 199Q 20053. The magnetic field turbulence into a daughter wave with a frequency lower than the parent
near the Earth’s bow shock has intermittent properties causedave frequency; inverse cascading takes place. However, at a
by nonlinear interactions among wavd&(@a et al, 2007). nonlinear stage, energy exchange exists in both directions be-
Also, magnetic decreases (MDs) and magnetic holes (MHs)}ween parent and daughter waviisa(iyuki and Hada2006.
have important consequences for the generation of high freTherefore, both cascading models used here are consistent
quency turbulence in the interplanetary spatsufutani et  with the observations and the simulations in the upstream of
al., 2005ab). In this paper, we model one-dimensional wave a parallel shock.
cascading upstream of a parallel shock for spatially evolv- It is an observational fact for quasi-parallel interplanetary
ing MHD waves. Fluctuations of the transverse fields areshocks that the wave energy increases toward the shock by
given by superposition of sinusoidal waves with different gaining from energetic particles through wave-particle inter-
wavenumbers and random phases, and the ambient magnetiction Kennel et al. 1984ab; Sanderson et al1985. How-
field magnitude is assumed constant. Thus, the magnetiever, in the simulation oGiacalone(2009), the increase in
field models used in this paper cannot describe wave steepwave energy toward the shock cannot be described only by
ening, MDs, MHSs, and intermittency in the field turbulence, wave-particle interactions, and the importance of a nonlinear
which, however, may have significant contributions to the evolution of the waves such as the SLAMS are suggested as
particle scattering (see Sect. 3.2ZTisurutani et al(20053). explaination of the excess of the observed wave energy near

Nonlin. Processes Geophys., 14, 58@% 2007 www.nonlin-processes-geophys.net/14/587/2007/



F. Otsuka et al.: Energetic Particle Parallel Diffusion 589

the shock. Further, at the foreshock region of the Earth'sby k=27m/1024. Accordingly, the wave lengths are in the

bow shockHada et al(20033 have revealed that the wave range from 00625 to 2Rg. The particle motion in the sim-

phase correlation, which characterizes the nonlinear wavetllation is not so sensitive to the wave length for wave modes

wave interaction, becomes stronger as the MHD wave amhigher thanm=128, as discussed in the result section 3.3.2.

plitude becomes larger. Therefore, not only wave-particleThe maximum wave length, R, is about twice the wave

interaction but also wave-wave interaction should be takerdength of the quasi-monochromatic fast magnetosonic waves

into account as a generation mechanisms of the upstreambserved in the foreshock regiokdstwood et al.2005.

turbulence. In our wave cascade models, spatial evolutioWe assume that the position neat0 is the wave source,

of the wave power spectrum causes increased turbulence eand that shock position is=x,,=2048Q 4 / €2, which corre-

ergy toward the shock. In this paper we focus on the spatiakponds to 15& . The periodic turbulence exists for-x;,.

dependence between the particle mean free patind the  The spatial size of the foreshock region, 18p, is almost a

modeled turbulence. half of the distance of a free-escape boundary from the shock
The spatially dependent; in the upstream of a parallel in the hybrid simulations oGiacalong2004).

shock causes modification of the DSA process. The results

of Giacalong2004) imply that the mean free path of acceler- 2.1.1  Amplification of magnetic field fluctuations

ated particles increases with distance in the upstream of the | ) i )

shock. Also, spatial profile of accelerated particles become&\n important feature of our fluctuation field models is that

flat far upstream due to the presence of escaping particleghe amplitude of each Fourier mode is spatially amplified.

since there is no sufficient turbulence to scatter them. In theThe spatial amplifications are different in the three models.

discussion section, we compare our results with thosgiof For hc_)mogeneous turbulence model, the amphtude IS con-
acalong2004 stant, i.e8 B; (x)=3 Bx, and the power spectrui is power-
law type with an index’, namely P,~|k|~". On the other
hand, for the other two cascade modélB; (x) is written as

2 Numerical model k 1

l —
8Bi(x) = VP (S tan 2] + ). @

2.1 Magnetic field fluctuations
) o The function in the parentheses goes to zeroxfox x§,

Let us consider a region |n'the upstream pf a parallel shockgoes to unity forx>>x’5, and maximally grows at around

and assume a one-dimensional system widixis as the spa- oo e

tial coordinate, where the background magnetic field and the" > 0 with its W'dth Ax. Thus the growth rate gorresponds o

solar wind velocity: are parallel to the axis. The mean ve- u/Ax, and typically we choose the growth width = 256

o ) X in the unit length, corresponding tox = 2 Rg. The loca-
locities of the energetic particles are assumed to be equal t Lo .
. : . . . lons of the wave excitatio,, as a function of wavenumber
the solar wind velocity.. Hence, the typical particle velocity

. k, depend on a model. We divide the 125 mode numbers into
far exceeds the Alfén wave velocity 4, we let the waves be o o ) .
. . : 18 groups, and the excitation position for tli group is
stationary and convected by the solar wind. In this paper, we . s )
. . . given ascy=512+(j—1)1024. In the regular cascade model,

employ three different models of one-dimensional MHD tur- ! .

) . waves with lower wavenumbers are assigned to the smaller
bulence: regular cascade, inverse cascade, and homogeneo%ﬁ roup in the far upstream region. In the inverse cascade
turbulence models. In all three models, the fluctuations inthd - 9roup b glon.

transverse fields are written as model, waves with higher wavenumbers are assigped to the

smaller j-th group. We assume the waves in the first group

5By +i8B. = ZSBk(X) explik(x — ut) +igyl, 1) are excited by wave-particle i_nteraction, whereas the waves
z in the other groups approaching the shock are generated by

N ) wave-wave interaction.
where positive and negative wavenumbérsorrespond to

right- and left-handed polarizations, respectively, and phase2.1.2 Wave source

¢ are random constants. Theand z axes form an or-

thogonal right-handed system. The normalizationg 2 We describe the wave generation scheme in the first group. In
and , respectively for space and time, are used, wherethe upstream of a parallel shock, Aifir waves, which prop-

Q is the proton gyro-frequency for an averaged magneticagate in the same direction of reflected ion beam at the shock
field Bo. Here we choose the typical solar wind parameters:front, are excited by ion beam instability. The generated
v4=50 km/s and2=1/s. Different plasma flow velocities are Wwave energy is comparable to the beam particle energy. For
used asi=100 km/su = 400 km/s, andi=1600km/s, i.e., the regular cascade model, the wave wth0.0245m=1)
u=2v4,u=8v,4, andu = 32v4, respectively. In total, 125 andsB?/B3=0.14 is assumed to be generated far upstream.
wave mode numbers for each right- and left-handed polarWhereas for the inverse cascade model, the waves with
izations are introduced in the system. The mode number§.626<k<0.785102<m<128) and s B2/B3=0.025 are as-
are in the range of 4m <128, where wavenumbers are given sumed. Here the wave energp? is defined by summa-
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Fig. 2. Two cascade models. Magnetic field fluctuations are shovfa)iand(c) for the regular and inverse cascade models, respectively.
Electric field fluctuations, with the motional electric field extracted, are showh)iand (d) for the regular and inverse cascade models,
respectively. At the regions labelled by (A), (B), and (C), the power spectra of the magnetic field fluctuations are showh witRithe
same labellings.

tion of P, for the waves in the first group. Now we find respond to different locations for the regular cascade model

the beam velocity;, and beam density;, corresponding shown in Fig.1. In the region (A) up to the length=6000,

to the generated waves. By combination of the cyclotronfive mode numbers from the lowest wavenumber are excited

resonance conditiom—kv,=— and the dispersion rela- with their amplitudes~./P;, and other modes are not gen-

tion of Alfvén wavesw = kv, we obtainv,=vs+/k. erated. Hence, taking the sum of all these modes in Bq. (

The ratio of the beam density, to the background plasma the quasi-monochromatic waves are generated in the region

densityng is n,/no=(v4/vp)%(8 B/ Bo)?, where the equal- (A). The monochromatic fluctuations in the region (A) excite

ity between beam particle energy and wave energy is asfluctuations in the region (C). Figue shows magnetic field

sumed. Then, the parameters are calculateg, asy = 42 fluctuations for the inverse cascade model, and the notations

and n;,/n0=8.3x10~° for the regular cascade model, and are the same as in the Fig(a). In the region (A), 95 mode

vp/va=2.4 andn,/no=0.012 for the inverse cascade model. numbers from the highest wavenumber are excited and the
waves with high wavenumbers are generated. In the region

2.1.3 Wave cascade models (C) the fluctuations in both models are statistically the same,
and the turbulence levéB / Bo=1 for right- and left-handed

The wave generation in the other groups wjth2 is as-  polarizations are also the same with those in the homoge-

sumed to be wave cascading, as the spectrum shape is dgeous turbulence model.

fined by the spectral index. As one approaches the shock,

the waves in each group are generated, so that the incremen®s?  Electric field fluctuations

of the total wave energy, which are abou@®b, are the same

in the two cascade models. Figu2e shows the magnetic For the given magnetic field fluctuations, the electric field

field fluctuations for the regular cascade model. The solidfluctuations are obtained by numerical integration of Fara-

and dotted lines show two componebi, ands B,, respec-  day'’s law,

tively. The vertical dotted lines show positioné for 18

groups, where the waves in each group are generated. Thg _ . _ % exo—ikut + i /(SB ikx g 3
developed power spectra in the regions (A), (B), and (C) cor- yHi ch: AL=ikut +idi] kx)edx, (3)
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where the spatial integration is performed by the Simpson To estimate the spatial dependence of the mean free path,

method. Ifé§ By ~ const as in the homogeneous turbulencewe evaluate the diffusion coefficient, keeping the time scale

model, the frozen-in condition is satisfiedias—u x B/c = dependence,

E -, and within this case particle energy is conserved in the

plasma rest frame. However, in the two cascade models am (1) = , (6)

additional electric field other than the frozen-in field or mo- !

tional electric fieldE ;. appears due to amplification 88;. ~ Wherex is a particle position for a time scaleandx is the

The particle energy is not conserved in the plasma rest fram&ean position defined by=xo+uz, and<> denotes an en-

anymore. The additional electric fields are not important forsemble average a¥ particles. For the normal diffusiom,

the parallel diffusion, but important for particle acceleration. is independent of time. However, in genergl, is expected
Figures 2b and 2d show the additional electric field t© be afunction of space and tinig (x, 7). Here we assume

AE=E — E,, with the two componenta E, and AE:, the spatial coordinate, being in a co-moving frame with the

for the regular and the inverse cascade models, respectively©lar Windx=xo+ur=x,, where the subscript 'sw’ repre-

The additional electric field appears with a packet-like shape>€Nts the solar wind rest frame. Then, the spatial dependence

at excitation positioncX. In the regular cascade model, the Of P is evaluated by the transformation of EG) rom time

magnitude ofAE is largest far upstream, and then decreased® SPace as

toward the shock. On the contrary in the inverse cas;cadeD X — X0

model, the magnitude is largest near the shock, and then de-! (0) = Dy(——)- Y

creases away from the shock. This |nd|cates.t.hat the WaveBinally, we obtain the spatially dependent mean free path as
v_vith lower wavenumbers produce larger addmonal electnc)L” (x)=3D (x)/vs. The estimation of the spatially depen-

fields. We also make a remark on the amplitud&\&. The  gent giffusion shown here is possible only when the convec-
additional electric field disappears far frorf, when growth 4o, by the solar wind exists. In general, however, the depen-
width Ax is comparable or larger than the wave length  jence ofD on x and: should be determined independently.

However, AE remains far_fromxg when Ax</, i.e., rapid In addition, we discuss dependence of the acceleration
amplification of the wave is assumed. Thus acceleration du%rocess on the additional electric field due to spatially am-

to AE will be remarkable for\.x </, although this case is not  yjified magnetic field. The variance of velocity is evaluated
used in the present work. by.

<(x—)2)2>

— 2 2 2
2.3 Statistics of particle motions ow() =< (Ux —u)" > + < vy >+ <vp >, ®)

where the mean velocity in thedirection is assumed equal
In the given electromagnetic field, we integrate the ion equato «, and in they and thez directions are zero. These as-

tion of motion over time by the Buneman-Boris method, sumptions are valid for the time scale we consider in this pa-
per (see Sect. 3.3). We calculate at least two sets of random
dv % dx phase®; of the fluctuations in Eq.1{) for a single run. For a
mor = q(E+ e B); 2w 4) single set of random phases, i.e. single field pattern, 256

particles are traced. In the two cascade models, some par-
where the electric field fluctuations ticles escape far upstream, and these escaping particles are
E=(0, Ey(x,1), E;(x,1)) are given by Eg. J) and the not used for the ensemble average\oparticles in Eqgs.®)
magnetic fieldB=(Bo, 6B, (x, ), 8B, (x,t)) is introduced and @). In that case, several field patterns are used to avoid
in Eq. 1). We assume the test particles are the solar winddecreasing in the number of the particles, so that the number
thermal particles rather than accelerated particles. Hencegf particles is at leasV >250.
the initial particle positions are far upstreamxg=3000 and
the initial velocities are given by the Maxwellian distribution 2.4 Spatially dependeny; based on the QLT
shifted by the plasma flow velocity

In the QLT, the parallel diffusion coefficieriDl?L is esti-

1 W — ud)? mated by the integration of the pitch angle diffusion coef-
fv) = 2.3 expg— 1, (5) ficient for the wave power spectrum index in the range of
T Vih 1<y <2 (Schlickeisey2002. Then the mean free paNfL

s L - i i OL__ oL
where the initial thermal velocity is,;, and the initial pro- 1S obtained fromD ™ =v;,a ™"/3 as

ton temperature is defined H§0=vat2h/2. The thermal ve- Ba\2 Q r-1 3,
locity v, =400 km/s corresponds te2.5 keV. For the fixed AﬁL ~ (—0> < > th (9)
plasma flon: and for each of the fluctuation models, we cal- 3B kminven 2
culate 11 runs with different,, corresponding to the tem- where the background magnetic figkd, fluctuation ampli-
perature range from.057 keV to 160 keV. tudeéd B, minimum wavenumbetmin, gyro-frequency, are
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A(x) [Re]

T
20x10°

Fig. 3. (a)Magnetic field fluctuation intensity ang) the spatially dependent mean free paths based on the QLT(quasi-linear theory) in
Eq. ©) and Eqg. 10). Dotted-dashed, solid, and dashed lines are for the homogeneous turbulence, the regular cascade, and the inverse cascac
models, respectively.

introduced. Hence, the velocity dependenc&eﬁé ~ vtzh_”. numericali| (x) from Eq. (7) with the theoretica}»% based
For the homogeneous turbulence model, the turbulence ersn the QLT in Eqg. {0) for two cascade models.

ergysB? =1 andklgL in Eq. ) are shown in Fig3a and b
by dotted-dashed lines, respectively.

On the other hand, for two cascade models, the spatial d
pendence appears through a spatial variations of the MHD . _ .
turbulence. We assume in E®)(the spatial variations of 3.1 Single particle motion
the MHD turbulence, and then obtain the spatially dependen
mean free path% based on the QLT as

e3 Results

]:irst we discuss single particle motion for three different
MHD turbulence models. In general, nonlinear motion of a
single particle in a one-dimensional space has been analyzed
oL Bo \? Q Y1 3u based on the Hamiltonian for the particle motion (etq;
Ao = ((SB(x)) ( ) Q- (10) ramitsu and KrasnoselskikB009. In the presence of finite
amplitude MHD wave with a single mode, the corresponding

In this paperg B2 varies for both cascade models, Whereas_l—lamntonlan can be described as a time-independent function

komin Varies only for the inverse cascade model. Figgae in phase space coordinates which are pitch angle cosine in the
m . .
shlgws the spatial variations afB2(x), with solid and wave rest frame: and phase/ between transverse magnetic

dashed lines for the regular and the inverse cascade moJi_eld fluctuation and transverse velocity vectors. The particle
ajectory in they —u space follows the contour lines of the

els, respectively. The turbulence energies are obtained ag' ltoniank ¢ inal When th
8B2(x)=Y", 8 B2(x), by using Eq.2) where the summation amiltonianH (y, ) fora single wave. When the wave am-
aplltude is finite, the closed orbits appears in the i space,

was taken in the right- and the left-handed polarizations sep . . : .
rately. For both cascade modei®?(x) increases toward the representing t_rapplng by the wave W'th avelocity around res-
shock, and is saturated &B2=1 for x~20 000,/ Q~156  °nance velocitykvy=—<, wherek is a wavenumber of a

y f.ingle wave and) is parallel velocity in the wave (plasma)

RE. The spatial variations of the two cascade models are no ) .
exactly the same. Figui@h showsAQL(x) in Eq. (10) with rest frame. In our model, the phase space trajectory deviates
' ' rom the contour lines off (y, ) due to two effects, i.e., the

\
solid and dashed lines for the regu\ar and the inverse cascade__.. L .
. 2, . oL Spatial variation of the wave amplitude and the presence of
models, respectively. BB<(x) is only conS|dered2L” (x)

many wave modes.

for the inverse cascade model should be smallerﬂ%ﬂx) Figure 4 shows particle position—ut (left panels), ve-

for the inverse cascade model. However, spatial variation ofocity space (middle panels), and phase space (right panels)
kmin(x) for the inverse cascade model leads thamﬁé(x) trajectories in the plasma rest frame for a single particle in
for two cascade models are almost equal. We compare théhree different turbulence models. In the phase space each

kmin(xX)vsp,

Nonlin. Processes Geophys., 14, 58@% 2007 www.nonlin-processes-geophys.net/14/587/2007/
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Fig. 4. Particle position (right panels), velocity space trajectories (middle panels), and phase space trajectories (right panels) in the plasma
flow rest frame for a single particle motion f¢a) homogeneougb) regular cascade, an@) inverse cascade turbulence models. The
parameters used ane=8, v=8, wherev represents magnitude of initial velocity of the particle in the plasma rest frame.

dot represents a trajectory of a single particle at each timey—u space the trajectory covers the whole phase space re-
step. The parameters awe-8 andv=8, where the magni- gion. We find that the pitch angle scattering occurs effec-
tude of the initial velocity of the particle in the plasma rest tively and isotropically, and that particles frequently traverse

frame isv—= /(vx_u)2_|_v§+vzz_ In the velocity space, the the 90 degree pitch angle, i.g=0. The frequent traverse

parallel and perpendicular velocities to the background mag_acrossL = 0 corresponds the frequent reversal of the parallel

o > > ) velocity. Consequently, the particles are traveling back and
netic field arevy=v, —u andv, =, /vi+v7, respectively. The  gorth along the mean field, resulting in the Brownian motion

phase space coordinatesandy are defined by, in the x—ut space. Also, the Brownian motion represents
that the sign ofx is randomly reversed. Resonance broaden-

M, (11) ing, which is the consequence of the finite amplitude waves,

V1B causes the pitch angle diffusion overgblada et al.2003h),

Here the transverse fluctuation magnitude is Since the wave amplitude is large, i/ Bo=1.

8B,=,/6BZ+8B2. The velocities are obtained numer-  Forthe regular cascade model (Fig), the trajectories are
ically from Eq. (4), and the particle motion is affected by the composed of mainly two parts. In the-ur space, the par-
fluctuations at each time step. Let us note the definition ofticle travels almost with a constant velocity along the mean
the phasey. Theyr in general is defined for a single mode, field ('walk’) up to 500 sec, and at later time stays almost at
whereas in Eq.11) it is defined for local wave modes, and the same position for a long time (“sticking”). In thie—u
the modes interacting with the patrticle changes in time. space, the trajectory is trapped around certain positj\and
First, let us look at the homogeneous turbulence modeht other times the trajectory is open along thecoordinate
(Fig. 4a). In thex—ur space the orbit looks Brownian, and is periodically acrosg=0. The former represents trap-
in the velocity space the scattering is isotropic, and in theping by a wave with low wavenumber far upstream. The

w=uyy/v; siny =
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(b)
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Fig. 6. Mean free path|| as a function of space in co-moving frame
with the plasma flow fofa) homogeneoub) regular cascade, and

(c) inverse cascade turbulence models. The parameters used are the
same as in Figs. Solid and dashed lines show numerizgland
theoretical values in Egs. (9, 10), respectively.

Fig. 5. Particle positions in the plasma flow rest frameur as

a function of timer and spacexs,,=xg+ut in co-moving frame
with the plasma flow, shown in bottom and top axes, respectively,
for (a) homogeneou¢h) regular cascade, ar(d) inverse cascade
turbulence models. The parameters used:a+8, v,;, =8.

. N ] covers the whole phase space region. The former represents
certain positiveu corresponds to resonance with the wave. the anisotropic pitch angle scattering, corresponding to the
The trapped trajectory in thg —. space corresponds to the alk motion in thex—ur space. Here we refer to a test par-
“‘walk” segment in ther—uz space, with the almost constant ticle simulation done byHada et al.(2003. In the stan-
velocity being equal to the resonance velocity on average. Ogjgrd QLT, the pitch angle diffusion is absentat=1 due to
the other hand the open trajectory in tfie-. space repre-  force free for the particle motion along the mean field. When
sents that the parallel velocity is almost zero on average, angB/30=1 the standard QLT fails, and the pitch angle diffu-
thereby corresponds to the “sticking” segment intheur sjon rate aroungjt|=1 is finite but still small compared with
space. As a consequence of the coherent pitch angle scattefypse at other pitch angles. Therefore, we think that the weak
ing such as the trapping by a wave with low wavenumber,scattering aroundju|=1 causes the anisotropic pitch angle
the particle motion in ther—uz space appears to be non- gcattering, resulting in the walk motion in the-ut space.
Brownian motion, which is composed of “walk” and “stick-

ing” type motions. The non-Brownian motion reflects that 3 5 Spatial dependence of the mean free path
the pitch angle diffusion over 90s not random.

For the inverse cascade model (Fg), in thex—ur space  Next we discuss statistics of particle motion along field
there is also “walk” motion up to 400s, and Brownian like lines. Figureb shows several particle positions in the plasma
orbit at a later time. In they—u space, the trajectory is flow rest framex — ut as functions of time and space
sometimes concentrated around-—1, and other times it  x;,=xo+ut, in co-moving frame with the plasma flow, for

Nonlin. Processes Geophys., 14, 58@% 2007 www.nonlin-processes-geophys.net/14/587/2007/



F. Otsuka et al.: Energetic Particle Parallel Diffusion 595

(a) the homogeneous turbulence, (b) the regular cascade, arsthock with their own velocities. The numeridgl(x) is dom-
(c) the inverse cascade models. The plasma flow and the theirantly increased in the far upstream region and is gradually
mal velocities for all runs are=8 andv,,=8, respectively. increased toward the shock. This is due to the anisotropically
Figure6 shows the mean free patlj, as a function of space scattered particles or the non-resonant particles. At the shock
xsw. In each panel, the calculateq is the same run as in  the numerical value is abou=10Rg (Fig. 6¢). The spatial
each panel of the Fid, and the solid and dashed lines rep- dependence of the calculateglis also inconsistent with the
resent the numerical; and the theoretical values in Egs. (9, )‘EL'
10), respectively.

In the homogeneous turbulence model, the orbits look3.3 Mean Free Path at the Shock
more or less similar to the Brownian orbits (Fisp), and
the mean free path reaches a constant value @ag.thus  Figure7 summarizes the results of the evaluated mean free
representing normal diffusion. We find that the numerigal ~ path at the shock fronty=20 600 in the unit length, cor-
matches well with the quasi-linear formul®” in Eq. (9).  responding tor~161 Rg. The upper (&) and lower (b) pan-

Therefore, the QLT for the parallel diffusion is valid for the €IS correspond to the regular and the inverse cascade mod-
homogeneous turbulence model. els, respectively. In each panel, the symbols represent the

In the regular cascade model, the orbits look quite dif. numericali for different plasma flow velocities=2 (o),

ferent from those in the homogeneous turbulence case. =8 (4), andu=32 (). Also, the numerical, for the ho-

Fig. 5b, most of the particles are traveling along the mean! 10JeNeOUS turbulence model:at8 is shown by the sym-

field within the short time scale<500s (“walk” motion), ~ POIS () in each panel. The solid line represents xlfeL

and some of the particles are escaping far upstream (showfif e unLaS|-I|near theory in Eqg), and the dependence on

by out of the minimum scale in vertical axis of the figure). Vin IS A" ~ vy, for y=15. The evaluated, are plotted

The “walk” motion corresponds to particles being in res- @S functions of thermal velocity,, and the initial thermal
onance with waves with low wavenumbers as discussed ifemperatureEo=3muv7, /2 in keV, in the bottom and upper
Sect. 3.1. The escaping particles are non-resonant particledXes, respectively. The evaluation tiffielepends on, since

In the far upstream region<6000, there are only waves with the evaluation position is fixed asv=xo+u7=20600. The

low wavenumbers in the range of025<|k| < 0.05, and evaluation time corresponds to the convection time sweeping
corresponding the resonance velocity is<29<40, where from the monochromatic waves fa_r upstream to the turbulent
the parallel velocity in the linear resonance condition is as-waves at the shock. The convection time to the shock front
sumed . Therefore, non-resonant particles exist in the centd?€comes shorter, as the plasma flow becomes faster. The
of the Maxwellian distribution since the thermal velocity is €valuation times arg=880Q 2200, and 550 for=2, 8, and
v;,=8, and these particles can be the escaping particles. 182, respectively.

Fig. 6b, The calculated is much increased th Linthe
far upstream regionv(<50Rg). At the shock, the numerical

v?lu?_ 'Sd aﬁogM_ZORE ’ cofmpar_ecljdwnmnd _0'4&5 - We  particles interact with waves only if resonance conditions are
also find the discrepancy of spatial dependencg BRtWeen  qiissied. \We assume tha, is equal to the parallel veloc-

thel SI|th|g;|0n agd plzec_ilctmn bas;ad On(ﬁﬁ QLJ‘ Nkamﬁly, thEﬁty of a particle in the linear resonance condition. Then, we
calculatedh gradually increases toward the shock, whereas : L _ 1
52L () d ) d the shock. The i 4 d obtain the minimum an_d maximum thermal velocitigsn

| (x) decreases toward the shock. The increaseid due  and vma, to resonate with the waves in the system, shown
to the walk motion of the_resonant partlcl_es. This discrep-with vertical dashed lines in each sanel. The values are
ancy reveals that the spatial dependencik a$ not only de- Umin=%2/ kmax and vmax=2/knin- Hence,vmax becomes

3.3.1 Resonance velocity in the QLT

scribed by the spatial evolution of turbulence ene¥8¥(x).  |arger if longer wave length is introduced into the system.
In the inverse cascade model, a few particles have positivehe waves resonate with the particles in the velocity range
“walk” segment atr<500s, corresponding t®;, <50RE. of Umin<vsn<vmax In the range ob,;, >vmax the numerical

Trajectories of other particles look like the Brownian orbits 2 in all runs are much enhanced, sometimes the values of
(Fig. 5¢). The former is probably due to two reasons. One) are out of the system size;161 Rg. For this case most

is due to the anisotropic pitch angle diffusion for finite time of the particles do not interact with the waves, and propagate
scale as discussed at Sect. 3.1. The other is due to the preisallistically with their own initial velocities. Therefore, the
ence of non-resonant particles. Far upstrean®000, there  diffusion coefficient increases with elapsed time, andithe
are only waves with high wavenumber208<|k|<0.785, becomes large.

and corresponding resonance velocity.B7kv; <4.8 where

the parallel velocity in the linear resonance condition is as-3.3.2 Homogeneous turbulence model

sumed. Therefore, the particles, in the tail of the Maxwellian

distribution with the range of>4.8, cannot resonate with ~Letus look at the region with,, <vmax. In the homogeneous
the waves, and sometimes they travel ballistically toward theturbulence model, the numerical matches welka except
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for v;,=2. The numerical simulations done biada et al.
(a) (2003h have shown that, when turbulence level is larger than
3B/Bp=0.1, particles traverse 90pitch angle for a short
1 Eo[ke\/l% time scale, indicating a deviation from the QLT near 90
pitch angle. However, our result shows that, for a long time
e — e scale, nearly-isotropic scattering occurs in the homogeneous
turbulence model, and that the resultant parallel diffusion is
well described by the QLT. Therefore, we conclude that the
deviation from QLT for a short time scale is not sensitive to
the isotropic parallel diffusion for a long time scale.

Also, we note the effect of waves with high wavenumbers
in the turbulence. In our model, the power spectrum falls
zero at mode number higher than=128. Thus, within the
QLT, the pitch angle scattering near°9re expected to be
inefficient, since the wavenumber, at which the particle near
9(° resonate linearly, is very large. However, the simulation
shows efficient scattering across°3ren though the higher
wave modes are absent, implying the actual motion of the
particle near 99 is affected by a higher order terms, such
as mirroring and resonance broadening, which are ignored
in the QLT. This result is consistent with the conclusions of
Giacalone and Jokip{iL999.

0.1 100

[E
o
o

A [Re]

(b) 3.3.3 Dependence on the thermal velocity in the two cas-

cade models
E [keV]
0.1 1 10 100

On the other hand, the numerica| are found to be larger
than the value of the QLT, reaching the maximum~&0

Rg and~40 Rg in the regular and the inverse cascade mod-
els, respectively. In the regular cascade modedlecreases
with increasing,;,, whereas in the inverse cascade model
increases with increasing;. In the regular cascade model,
there are no waves to be in resonance with the particles at low
energies in the far upstream region, and these particles reach
the shock without efficient scattering. As the thermal veloc-
ity increases, the particles can resonate with the waves in the
far upstream region, and they are convected toward the shock
with efficient scattering. Henck; at the shock approaches
the QLT value for increased;,.

On the contrary, in the inverse cascade model, there are
resonant waves for the low energy particle in the far upstream
100 region, and thug, at the shock for small,, is close to the
QLT value. As the thermal velocity increases, some parti-
cles in the tail of the Maxwellian distribution travel with own
initial velocity toward the shock without efficient scattering

Fig. 7. Mean free path evaluated near the shock fron{ddregular by the waves. Hencg, at the shock is larger than the QLT
cascade antb) inverse cascade models. Symbols indicate the mean -iue asy 4 is larger
th .

free paths obtained numerically with different plasma flow velocity,
i.e., u=2(o), u=8(2), andu=32(J). In each panel, the symbols

(+) and solid line represent the numerical and the QLT values for
homogeneous turbulence model, respectively. The vertical dashed

lines in each panel represent the maximum and minimum resonence .
velocities (see text in 3.3.1). Let us study dependence on the plasma flow velacityn

the regular cascade model, there is no clear dependence of
A onu. The numericalt; approaches the QLT value, as
u increases. When is small, thex; increases toward the

1000

=
o
o

=
o

A [Re]

[EnY

0.1

3.3.4 Dependence on the plasma flow velocity in the two
cascade models
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shock as shown in Fighb. Whereas, when is large, thek
decreases toward the shock, and an efficient scattering based
on the QLT occurs, since the particles convected with the
flow quickly reach the turbulent shock.

In the inverse cascade model, is larger than the QLT
value asu increases. Whem is small ¢=2), some par-
ticles with low energies are scattered by the waves far up-
stream, and other particles with high energies escape furthe
upstreamy <0. Asu increases, we observed that the prob-
ability for particles to escape decreases, since more particles%
quickly reach the turbulent shock before escaping. Hence,<,
the particles even with high energies in the upstream region 2
travel toward the shock without experiencing efficient scat- ©
tering by the waves assumed in the QLT.

3.4 Thermal energy at the shock

Figure8 shows the variance of velocity defined by E8).for

the regular and inverse cascade models. The bottom and top
axes are the same as in Figand the variance,, is in keV.

The solid line shows the initial thermal energyo} equal to

the particle thermal energy at the shock. The symbols repre-
sent the numericat,, evaluated at the shock and correspond
to different plasma flow velocities. The symbol notations
used are the same as in Fifj. We use the same evaluation
times as were used for the results presented inFig.

For a lower thermal energyv{, <8) corresponding to
Ep<2.5keV, we find finite particle acceleration in both cas-
cade models. The thermal energy maximally increases up';'
to ~4.2 times initial thermal energy far=32 andv;;,=2 in 2
both cascade models. The particle acceleration occurs due t—
the additional electric fields, which are caused by spatial am- o
plifications of transverse magnetic fluctuations. The acceler-
ation is larger for a higher flow velocity, since the additional
electric fieldAE increases with increasing The maximum
amplitudes ofAE are Q05, 0.2, and 08 for u=2, 8, and 32,
respectively.

On the other hand in the higher thermal energy; £8),
the decreases of,, from the initial values are found in both
models. These decreases are apparent in the inverse cascade

model than in the regular cascade model. In the inverse cassig. 8. Similar to Fig.7 but the variance of velocity in Eq8) for
cade model, the thermal energy decreases more for lowefa) the regular cascade afio) the inverse cascade models. Symbol

100
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flow velocity. These decreases are due to escaping particlesotations are the same as in the Fig.

In the inverse cascade model and low flow velocity, some par-
ticles which belong to the high energy tail of the Maxwellian

distribution are escaping from the upstream region. The vari4 Summary and discussion

anceo,, is evaluated for the particles convected by the flow

except for escaping particles, and the remaining particles be4.1 Summary

long to the lower energy part in the Maxwellian distribution.

Therefore, by taking an ensemble average of these remaining/e have studied the parallel (field-aligned) diffusion of ener-
particles, the evaluated,, at the shock is reduced from the getic particles in the spatially evolving MHD turbulence with
initial values. test particle simulations. We have considered the upstream
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region of the bow shock, up to 160 Earth radii from the
shock, with the thermal energy of protons fron1®7 keV

to 160 keV. We have assumed that the bow shock has parallel
shock geometry, and that MHD wave turbulence convected
by the solar wind toward the shock is purely transverse
in the one-dimensional system with a constant background
magnetic field. We have employed two energy cascade mod-
els for the MHD turbulence: the regular cascade and the
inverse cascade. In addition, the homogeneous turbulence
model is used for comparison with the two cascade models.
We have focused on the spatial dependence of the mean free
path of the particles due to the wave cascading. In these
three models the particles are convected with the solar wind,
and thus the spatially dependent can be evaluated by a
transformation of the time depender)t, where the spatial
coordinate is assumed to be in the co-moving frame with
the solar wind. We numerically computed particle orbits,
and evaluated as a function of time by taking an ensem-
ble average of the orbits to obtain spatial dependencg.of
We compare the numerical (x) with the theoreticah (x)
based on the QLT (quasi-linear theory). We have showed that
spatial amplification of the magnetic field fluctuations creates
transverse electric fields other than the motional electric field
in the upstream region of the shock. We discuss acceleration
of the particles due to these electric fields.

5
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found to be larger than the value of the QLT, reaching
the maximum at30 Rz and ~40 Rg for the regular
and inverse cascade models, respectively.

4. In the homogeneous turbulence modgl,at the shock

is Aj~v%° for the wave power spectrum index=1.5.
This result is consistent with the QLT. On the other
hand,1| at the shock decreases or increases with the in-
creasingu,;, for the regular or the inverse cascade mod-
els, respectively. These results reflect evolution of the
power spectrum in the two cascade models. Namely,
waves with higher (lower) wavenumbers are absent far
upstream in the regular (inverse) cascade model. That
leads to inefficient scattering of the particles, depending
on their thermal energies. In addition, in both cascade
models,; at the shock depends on solar wind velocity.

. In both cascade models, finite accelerations are found

for particles at low thermal energies, typically, in the
range less than.2keV. The acceleration occurs due to
the transverse electric field (with the motional electric
field removed). The acceleration efficiency is estimated
by the ratio of the thermal energy to the initial thermal
energy Eg, which is about £ for E9=0.157 keV and
u=1600 km/s.

The principal results of this investigation are listed below: , , Comparison with the theoreticq?L(x) in Eq. (L0)

1. Typical particle orbits are qualitatively different in the
three turbulence models. In the homogeneous turbu
lence model, particle motion along the mean field is
the Brownian motion due to random and isotropic scat-
tering across the 90 degree pitch angle. For the reg
ular cascade model, the motion is non-Brownian and
is composed of “walk” (moving along the mean fiel
with a constant velocity close to the resonance velocity)
and “sticking” (stay a position for some time) segments.
This motion is due to the trapping and de-trapping (re-
lease) by a wave with low wavenumber. In the inverse
cascade model, the motion is combination of “walk”
and the Brownian motion. This is due to anisotropic
scattering caused by weak scattering arouhdrQl80
pitch angles.

The observed spatial dependence. pfs not consistent with

the result of Eqg. 10) based on the QLT. This discrepancy
can be explained by the following. In the theory, a spatial
evolution of the wave energyB? is considered, but that of

the wave power spectrum is not. In our simulation, the lat-
q ter plays an aimportant role in the diffusion process. Even
though the wave energy is the same, the pitch angle scatter-
ing of particles is qualitatively different, depending on which
mode number the power spectrum has. When waves with low
wavenumbers are only present, there is a coherent scattering
due to trapping by the waves. Inversely, when waves with
high wavenumbers are only present two scenarios are possi-
ble.
to lack of the waves to be in resonance with particles at high
energy. These coherent and anisotropic scatterings produce

There is an anisotropic scattering and no scattering due

2. In the homogeneous turbulence model, the numericathe walk motion along the mean field for finite time. Hence,
A is independent of distance from the shock. On thethe spatial dependence If(x) cannot be described only by
other hand, in the two cascade models, thelepends  the spatial evolution o8 B2. Based on our results, one can
on the distance. It also depends on the parameters sugtstimate the parametg@;, which models the spatial depen-
as the thermal velocity of the particleg,, solar wind  dence ofy in the empirical approach hyi et al. (2003.

flow velocity u, and wave cascade models.

4.3 Effect of the solar wind velocity variations on the mean

3. We studied values of at the shock for the different
turbulence models when the thermal velocity satisfies

free path

the linear wave resonance condition. For the homoge-The observations show a large variation in the magnitudes
neous turbulence model, the mean free path at the shockf A from one event to another in a range of two orders of
(A <1 Rg) matches well the QLT result. On the other magnitude Droge 2000. In our study for the inverse cas-
hand, for the two cascade models, at the shock is cade model, thé at the shock varies by more than an order
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of magnitude, if the solar wind velocity varies up to the fac- the dependence of; at the shock on the thermal energy is
tor of 16. Itis generally observed that the solar wind velocity consistent with that iGGiacalong2004).
fluctuates from one event to another. Therefore, we conclude |n the result ofGiacalone(2004), however, the simulated

that the solar wind velocity is one of the important param-;  increases with distance from the shock, and thefar
eters to determine the value af in presence of spatially ypstream {320 Rz from the shock) increases to more than
evolving MHD waves. 230 R. On the contrary in our inverse cascade model (see
For a homogeneous turbulence, the solar wind velocityFig. 6¢), the numericak slightly decreases with distance
does not affect, since thei; is not changed in the co-  from the shock, and the, far upstream-{130 R from the
moving solar wind frame. Namely, the turbulence statisticSshock) is less than-10 Rz. Hence, the spatial dependence
in the solar wind frame is uniquely determined as spatially-of A in our result is inconsistent with that in the paper by
independent. Accordingly, the spatial and temporal scalessiacalong(2004. This inconsistency is due to the different
characterizing the parallel diffusion, which are mean freemethods of estimating;. In our study we took an ensem-
pathi; and pitch angle relaxation time are also uniquely  ple average only for particles convected with the solar wind,
defined by the turbulence statistics. On the other hand, whehereas in Giacalone’s study the escaping particles far up-

MHD waves evolve spatially generating inhomogeneous tur-stream are also included in the fitting of the spatial density
bulence, the foreshock size and the convection time T, profile of the energetic particles.
at which the solar wind sweeps the foreshock region and 14 im

which is written asT'=L/u, become important as spatial ¢ yetermined without any assumptions of the shape(af
and temporal scales. When the solar wind velocity is smaII,as a function of space. In the method employediacalone

i.e., r§<T, the particl_es will be isotropically scattered before £2004), the functional form of.; (x) should be needed to find
reaching the shock if the waves to scatter them are presen he solution of the particle density profile and to fit the nu-

Then, we predict that a slower solar wind leads to nearlymerical profile with the obtained solution. Therefore, our

isotropic scattering of the particles, and that it leads 0 &y a04 may contribute to the modification of the DSA (dif-
short mean free path described by the QLT. The predmtmqusive shock acceleration) process discussedtacalone
is consistent with our numerical result for the inverse cas—(2004) by estimating &, with an arbitrary dependence on

cade model (Fig7b). Namely, wher decreases, the, ._the spatial coordinate. Applying our method to the DSA pro-
decreases and approaches to the QLT result. Another imx

is that also h 0 d g ~ "'cess, we should vary the initial parameters for the particles
portant aspect is thatalso has a spatial dependence. Sinceg .y, 55 jnjection position, which affects the probability of
the turbulence is not evolved enough in the far upstream re

_ il be | han th h bul hock. Th particles to escape far upstream, and we should also employ
gion, 7 will be larger than that near the turbulent shock. The ¢ initia) velocity distribution like power-law type for shock
spatial dependence efshould also be taken into account in

understanding the parallel diffusion in the foreshock region.accelerated particles.
We suggest that a self-consistent model of wave-particle in- ) ) )
teraction beyond the QLT is needed for the case when twdh> Pre-acceleration for the particles at low energies
important time scales, i.e., the convection time and pitch an-
gle relaxation time are of the same order. In addition, we suggest that particle acceleration considered
in this paper might act as a pre-acceleration mechanism for
4.4 Comparison with numerical simulations @facalone  the DSA process at a shock. It is essential for the DSA pro-
(20049 cess that the particles can be scattered efficiently by the MHD
waves upstream and downstream of the shock. The so-called
The spatially evolving magnetic field fluctuations in our in- injection problem addresses how particles might be acceler-
verse cascade model are consistent with those in the hybridted from the thermal pool up to an energy where they can
simulations done bgiacalong2004. We compared our nu-  be diffused back and forth between the upstream and down-
merical); with that in his study. In the paper lfgiacalone  stream regions. The present study reveals that solar wind
(20049, the spatially dependent mean free path was obtainegbarticles at low energies can be accelerated before reaching
from fitting of a spatial profile of the energetic particle den- the shock. The pre-acceleration is due to the transverse elec-
sity and by assuming the exponential decay of a parallel dif-tric field with motional field extracted, which is caused by
fusion coefficient. At the shock the mean free path, of theamplification of the MHD waves. For comparison with the
Table 2 in his paper, slightly increases froné Rg to ~6.7 observations, we should apply the real parameters to describe
RE in the energy range of.8keV < E <166 keV, where unit  MHD fluctuations at the bow shock. In the cascade models,
lengthc/w; and unitenerg;Epzmuz/Z are assumed 100km the growth rates of the magnetic fluctuations are arbitrary,
and 083 keV for solar wind velocityu=400 km/s, respec- thatis, the growth length- 2 Ry is comparable to the max-
tively. In our study (see FigZb), we also observed a slight imum wave length in the system. The growth length affects
increase im up to~5 Rg with v, increase in the energy magnitude of the transverse electric field, which plays an im-
range of 56 keV <Eq<40keV foru=400km/s. Therefore, portantrole in the acceleration process we observed.

portant feature of our method is that #hgx) can
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