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In this paper, we study relativistic electron scattering by fast magnetosonic waves. We compare
results of test particle simulations and the quasi-linear theory for different spectra of waves to
investigate how a Pne structure of the wave emission can inBuence electron resonant scattering.
We show that for a realistically wide distribution of wave normal angiéise., when the dispersion

dh 0:5), relativistic electron scattering is similar for a wide wave spectrum and for a spectrum
consisting in well-separated ion cyclotron harmonics. Comparisons of test particle simulations with
quasi-linear theory show that fath> 0.5, the quasi-linear approximation describes resonant
scattering correctly for a large enough plasma frequency. For a very n&rdistribution (when

dh 0:05), however, the effect of a Pne structure in the wave spectrum becomes important. In
this case, quasi-linear theory clearly fails in describing accurately electron scattering by fast
magnetosonic waves. We also study the effect of high wave amplitudes on relativistic electron
scattering. For typical conditions in the earthOs radiation belts, the quasi-linear approximation
cannot accurately describe electron scattering for waves with averaged amptitG66pT. We
discuss various applications of the obtained results for modeling electron dynamics in the radiation
belts and in the EarthOs magneto¥ai2015 AIP Publishing LLC

[http://dx.doi.org/10.1063/1.49220p1

I. INTRODUCTION and 24. This approach assumes that wave emission is broad
Magnetosonic waves are widespread in the near—eartﬁnough in the frequency shace. However, theoretical mod-

) . els of the generation of magnetosonic waves show that these

plasma environment where these waves are responsible for

the scattering and acceleration of relativistic electrons in thevaves are exited at ion cyclotron harmontcS” Thus, in

radiation belt3® and magnetotail regiof®® and at the bow reality, we deal with a Pnely structured wave emission

shock?355 Modern spacecraft observations suggest tha{nstead of a broad structureless spectrum. Consequently, the

amplitudes of fast magnetosonic wate® and the corre- applicability of the quasi-linear theory needs to be reex-
9313443 gre Jarge enough amined for such Pnely structured emissions. To perform the

sponding wave occurrence rat . : S ;
ﬁorrespondmg analysis, we use in this paper the test particle

for these waves to have a signibcant impact on the overa h and the obtained its with del of
dynamics of relativistic electrons. Being excited by unstable?PProach and compare the obtained results with a modet o

ion distributions?®°” fast magnetosonic waves can act asquasl,:l—hrlear dn‘futsmn rate%’% watal e rel
intermediaries in an energy transfer between high—energ)ét. ?Sthm%gni osonlg waves frolfgilgae f;] alarge ang de rel-
ions and relativistic electrons (in contrast to electron whistler, Ive 1o the background magnetic ,€., the correspona-

waves believed to be generated by an anisotropic electroff9 Wave vectok has a prepond(_erant transverse component.
populatiort*53). Due to the low frequency (relative to the electron gyrofre-

Spacecraft observations and numerical simulations demguenCyXCE) of magnetosonic waves, only Landau resonance
onstrate that fast magnetosonic emissions remain generallf/hen the parallel electron velocity becomes equal to the
trapped within the near-equatorial region in the radiation arallgl wave phase velocity) is avallablel for electrons W_'th
belts"2138 where these waves could be an important agenpnerg|es less than 5MeV. Thus, the principal role during
for scattering electrons into Earth®s atmospHerehey electron resonant interaction with magnetosonic waves is
could also be partly responsible for important energetic elecPlayed by the paraliel (along Peld lines) distribution of wave

tron injections recently observed deep inside the plasmaP@rameter. However, the strong localization of the wave
sphere during substornis. emission along Peld lines allows to consider resonant inter-

The general approach for modeling relativistic electron@ction rather independently of the geomagnetic Peld conPgu-

scattering by fast magnetosonic waves consists in the appl[&tion- This allows to apply the obtained results both for
cation of the quasi-linear approximatidh®®>2 although radiation belts with a dipolar magnetic beld and for the mag-

several limitations of this approach were indicated in Réfs. NetotailOs magnetic beld conbguration with stretched Peld
lines (where strong magnetosonic waves are often observed,

Electronic mail: ante0226@gmail.com see Ref56). Moreover, in the EarthOs magnetotail, the ratio

P)Also at National Taras Shevchenko University of Kiev, Kiev, Ukraine. of plasma frequenc¥,. to the local electron gyrofrequency
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is larger than the corresponding ratio in the radiation belts. It Bz v, N,

has been shown previously that the quasi-linear theory can Buwy P’

be used for the description of electron interaction with mag- 5

netosonic waves only for short enough wavelength (i.e., for Bux 1, Lu

Xpe=Xce > 5, see Ref24). Thus, in this paper, we consider Bury S N P

the general question of electron resonant interaction with Bus D P N2

Pnely structured fast magnetosonic waves for eventual appli- Bwj 1/4WTtanh;

cation to both the radiation belts and the magnetotail Y

physics. and P, S D, are StixOs coefbcierffsThe wave phase is

| Yakexp k.z xt kdxp zcoshp xt. Electromagnetic
Pelds(3) can be expressed through two components of the
Il. WAVE MODEL vector potential A% aysin/ e p accos/ e and scalar
We consider whistler-mode waves with so low fre- PotentialU %2/ cos/ . The relationship between amplitudes

quency x that the ion contribution to wave dispersion Of Wave components gives the relation betwegray, and/

becomes signibcant (or even dominant). The cold plasma 1 N2 S N2
dispersion relation of such waveg§s® ' SN D
4)
p X . P S N?
X Vag— (1) AN D
1p Xpekc ’ . . .
We introduceB,, as the full wave magnetic beld amplitude,
where Yame=m andm is the effective mass of the ion mix- €.,
ture. The cold plasma dispersion relation is valid when the B
cold electron and ion species are largely dominant over 1 ijZd/ 1, B\%/: (5)
dilute hot species, as it is usually the case, for example, in 2p

0
the inner magnetosphere [e.g., see R&. Moreover, the

cold ion temperature is assumed to be so small that the corrdhus, forh  p=2, we have the corresponding expression
sponding thermal velocity is much smaller than times the for Buyy

Alfven velocity (e.g., in the radiation belts the Alfven veloc- 1

2
ity is 100 times larger than the thermal velocity of the cold Bwy ¥4 Bw Lzu cosh: (6)
ion component). In this case, cold ion thermal effects can be S NP
neglected even for waves propagating near the local ion cyThe combination of Eqg5) and(6) gives
clotron harmonics. L T
The corresponding refractive indékis Ay VaBy=kin/ |
, L . A Ya®By=kRcos/ ;
X X 2 1 X 1 —| .
N2 ]/4 p2e 1 , 1/4_ pe 2; (2) U /4&\/\/ NkB.COS/ y
X 1 X P S N2
c c aYa—— D" @)
P N2 D

where we introduce new parametexs ¥ax =0 X P and
X pe ¥4 Xpe=Xce. FOr a dipolar magnetic beld . can be
written as a simple function di-shell in the inner magneto-
spheré® (i.e., as a function of the distandeR: from the

Fig. 1 shows the coefbciers as a function of wave fre-
quencyx ; for the simplibed dispersion relati¢ft) and when

Earth measured in Earth radi). 100 3 =10
We use expressions for the electromagnetic peld of the 1 Ope
waves in the following fornt ] /.
E YaEuxsin/  Eyycos/ p Eysin/; 3) T 104
B Y4Bwxcos/  Bwysin/ p Bwcos/ ; '
where for fast magnetosonic waves whh p=2, the rela- |
tionships between electric and magnetic wave amplitude
Components are 1 T T T T L —]
) 1 10
% Y, PN ;
Bwy PNcosh’

FIG. 1. Dependence of parametaron the normalized wave frequency
E. D P N2 Xi Yax =0 X¢eP The solid line shows results for the simplibed dispersion
WY g h——— relation(1), while the dotted line shows results obtained with the full disper-
Bwy S N2PNcosh sion relation of whistler-mode waves§.
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using the full dispersion relation of whistler-mode Wa&és. Ho 1/401/4q 1p p2p 2viyb: (14)
One can see that for; < 20, we can safely use only the sim-
plibed dispersion. One additional property of coefbcien
a can be derived by taking into account thdf S and

N2 P for magnetosonic waves. Accordingly, EJ) gives

a N2=D NZX eX :Xﬁe. This ratio does not depend on

t\Ne substitute Eqg13) and(14)into Eq.(11) and obtain

H %Hg bW%cos/

p
plasma frequency (see E@2)). Thus, the parametea 2l,vb _ .
remains more or less the same as plasma frequency (i.e., b by —_—3dcos/ cosbb sinbsin/ b (15)
X pe) Varies.
The corresponding wave phase is
p
I1l. HAMILTONIAN EQUATIONS | Yavdzp kg 2ly=vbsinb xtk (16)

The motion of relativistic electrons with chargeand v yse classical expansions of ¢gssin/ in Bessel func-
massm in the background magnetic PeBhdzb and wave tionsJ, to get the series

Peld(3) can be described by the following Hamiltonian:

X
q ; ; 0 .
sin/ sinb % J&gwos/ p nb ;
HY: mectb p2c2p dcpep eAB b deArP eU g
R Y. &b 8 o
eAr Vaely b exty ® cos/ cosb Y4 Ean’g Bos/~p nb ;
whereA,, A, andU are given by Eq(7). We use magnetic ”;/al
peld m.odeIBoazD- YaBedb&Z=RoR where b&r=RoP is a .dipole cos/ Ya Jndgs0s 7~ p nb ; (17)
magnetic beld withRy ¥4 LRg (L-shell and Earth radiuig). a1
The corresponding equatorial gyrofrequencXis¥s eBsg=mc.
We introduce dimensionless variables and parameters where
Ho=mc&! Hg; p=mc! p; r=Ry! R; I~ v&zcosh xtk (18)
tc=Ro! t; V¥%XoRo=C, by ¥eBy=kmd; g K 21, v=h:
kXo=c! k; x=Xp! x; NI!3d k=xBb 9)

Substituting Eq(17) into Eq.(15), we get
and rewrite the Hamiltonia(B) as

X
HYs by,d=Nbcos/ H%Hy by W, cosy™ b nbh (19)
q nv 1
b 1p p2pdpcb buacos/ B pdbysin/ p vxb: 1 P o1 vb X an .
(10) Wh ¥a @b @b b g

The parameteb,, is small. Thus, the Hamiltonia(iL0) can

In the following, we consider only the Landau resonance
be expanded as

n¥.0, which is known to be the most effective resonance for

Py vxb a electron interaction with magnetosonic waves (see RiSs.
H¥aHo b by H—OaCOS/ p H—OS'n/ Neos 31, and43). Thus, the Hamiltoniaf19) takes the form
q
Ho% 1p p2b p2p dvxbB: (11) H%Ho byWocosi b (20)
p
The HamiltonianHy shows that the unperturbed motion (for Wo 1/4%\]0@ [5) ZLXVleag &)

b, 740) inside the phase pland; psPis periodic. Thus, we

can introduce the adiabatic invariant (i.e., magnetic moment . . . . .
( 9 Lvhere‘]g Y J1. Hamiltonian equations for the Hamiltonian

p
XY  2ly=vbsinb;
" Yavdkzcosh xtB g%k wy=b

KW ¥a ax Jodgb ke P WobJ: &gk

b 2 2
1 HZ 1 p (20)are
1/, _— 1,0 =+ VMz.
Ix Ya 2p deX Ya b . (12) )
ZYap~C
The corresponding change of variables is % p, & wob%z=2ch pF
§ F % vb, kW coshsin/~ (22)

px Ya P 2lvbcosb;

b ¥ vb=Hy; (13)
where we introducedvy ¥4 a:g 1bsirfag ¥a 2vly, Co is the
and the bnal HamiltoniaHy can be written as initial Lorentz factor andhg the initial equatorial pitch-angle.



062901-4 Artemyev et al. Phys. Plasmas 22, 062901 (2015)

In Eqg. (21), k is determined by Eqg(2). When many waves particles through the group of waves (when particles propa-
are present in the system, the forEetakes the following gate in opposite direction relative to the waves), while signif-
form: icant variations of particle parameters correspond to efbcient
X resonant scattering by the waves.
F¥% Vb kW, cosh sin/™; We use Eq(22) to trace particle ensemble and calculate
! D diffusion coefpcients &§
I Yavdgzcosh xth g Yk wo=b;

1 — - 1 - .
Woy s ax i dodgp ke P WobJ13 P 22) Daa ¥4 DagB=s,, Dgg ¥4 DE=EB=s;; (25)
where Day and DE denote changes of particle equatorial
pitch-angle and energy, respectively, whités m¢-édc, 1b
IV. TEST PARTICLE MODEL VS. QUASI-LINEAR is the initial particle energy, ands, 0:085 1 COZ
APPROXIMATION Lal:3  0:56 singybis the electron bounce period measured

To solve systen(22) numerically, we brst need to debne in SeCO_nd§7 To calculate diffusion coefbcientg25) for
the wave distribution over angles of propagatiomnd fre- ~ given pitch-anglea, and energye, we numerically integrate
quencies< . We use here the approach proposed in R&f. 10° trajectories and determine the jumps, and DE after

the wave intensity spectrum is given by equation one passage through the equatorial plane. Each trajectory is
integrated during a time interval equal to half of the bounce

period (particles are run from one mirror point and integra-

X XmB & hyB

P exp > ; (23) tion stops when these particles reach the second mirror point
dx dh? on the other side of the equator). For givanand energ)g,
) ) . all particles have the same initial velocities, but for integra-
while the corresponding wave amplitudes are tion of each trajectory, we generate the unique initial phases
! of waves approximating the spectrum. Then, we calculate
B 1/4%exp & XmB & hpB (24) the average over ensemble values BBy and DE.
' Rg 2dx 2 2dh? ' Comparing the latter diffusion coefbcients obtained from
! test-particle simulations with coefbcients derived in the
Re Y, 1 X I XmB & hyP ) framework of quasi-linear theory should allow us to deter-
B 74P exp 2dx 2 2dH? ' mine the limits of applicability of the approximation of sto-

B . . .
/41 chastic particle scattering by a broad wave enserfif&*’

where By is root-mean-square (RMS) wave amplitude.TQ obtain quasi-linear diffusion coeft_)cients, we use the ana-
Wave characteristics are determined according to spacecrdiftical model proposed and tested in R&L This model
observationd®3 X . %47 Xeo dX %42 Xeo hn %489 : dh uses the dispersion relatlc_éﬂ) and the same parametdrs,
¥,0:6 . We use 100 different values df 2 1886 ;89:2 X m, df dx as the test particle model.
and 100 different value of frequency, 2 %, 2dx;
Xmp 2dx . Thus, the total number of wavesh ¥4 10°.
The distribution of wave intensity along Peld lines is set in In this subsection, we compare quasi-linear diffusion
agreement with spacecraft observatioR  expd k=3 Bb  coefbcients with diffusion coefbcien{®5) obtained from
for magnetic latitudgkj < 3 , andP %0 forjkj > 3 . test particle simulations. In the test particle simulations, we
Two examples of particle trajectories calculated byuse the wave power distributioi23) and approximate it by
solving numerically the systei22) are shown in Fig2. One  10* waves with initially random phases distributed uniformly
bounce period contains two time intervals with variations ofwithin the 8; 2p range. Fig.3 shows the resulting diffusion
particle energyc and equatorial pitch-angla,: small ampli-  coefpcients. One can see that fog. ¥4 10, the quasi-linear
tude variations correspond to the nonresonant passage tifeory gives results in very good agreement with test particle

A. Wide wave spectrum

1.1959 1 r76.15 2.9572
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FIG. 2. Two examples of particle trajectories are displayed for 100 keV and 1 MeV. Black curves show time prapiesilef grey curves show time probles

of equatorial pitch-angle,. Dotted boxes show an int%rval of time corresponding to one bounce period. The background magnetic beld correlsystradls to
equal to 4.5x pe ¥44:5, wave amplitude i8y ¥2100= 2 pT. To integrate the trajectory for many bounce periods, we consider waves propagating in the
same direction below and above the equatorial plane, i.eh zo8.





















