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[11 The loss of relativistic electrons from the Earth’s radiation belts can be described in
terms of the quasi-linear pitch angle diffusion by cyclotron-resonant waves, provided
that their frequency spectrum is broad enough. Chorus waves at large wave-normal angles
with respect to the magnetic field are often present in CLUSTER and THEMIS
measurements in the outer belt at moderate to high latitudes. An approximate analytical
formulation of diffusion coefficients has been derived in the low-frequency limit, leading
to a simplified analytical expression of diffusion coefficients and lifetimes for energetic
trapped electrons. Large values of the wave-normal angles between the Gendrin and
resonance angles are shown to induce important increases in diffusion, thereby strongly
reducing the particle lifetimes (by almost two orders of magnitude). The analytical
diffusion coefficients and lifetimes obtained here are found to be in a good agreement with
full numerical calculations based on CLUSTER chorus waves measurements in the outer
belt for electron energies ranging from 100 keV to 2 MeV. Such very oblique chorus waves

could contribute to a predominantly perpendicular anisotropy of the global equatorial
electron population on the dayside and to a relative isotropization at low energy under
disturbed conditions. It is also suggested that they might play a significant role in

pulsating auroras.

Citation: Mourenas, D., A. V. Artemyev, J.-F. Ripoll, O. V. Agapitov, and V. V. Krasnoselskikh (2012), Timescales for electron
quasi-linear diffusion by parallel and oblique lower-band chorus waves, J. Geophys. Res., 117, A06234, doi:10.1029/2012JA017717.

1. Introduction

[2] Understanding the dynamics of the Van Allen radia-
tion belts is of both theoretical and practical importance.
Intense fluxes of relativistic (MeV) electrons occurring
during periods of important geomagnetic disturbances can
damage satellites electronic components, which has spurred
increasing interest in the field of “space weather” forecasting
[e.g., see Barker et al., 2005]. Different competing acceler-
ation and loss mechanisms can be simultaneously at work,
however, making global belt modeling a very challenging
task. Multidimensional codes have been developed to sim-
ulate the dynamics of the radiation belts, some of them with
a special focus on the outer belt where radial diffusion is
believed to be of major importance [Bourdarie et al., 1996;
Barker et al., 2005; Ukhorskiy et al., 2005; Shprits et al., 2008,
Varotsou et al., 2008; Xiao et al., 2009; Fok et al., 2011]. The
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outer radiation belt exhibits a very high variability, due to
rapidly evolving natural conditions such as convection and
geomagnetic activity levels in response to solar wind changes
[Meredith et al., 2001; Lyons et al., 2005]. In particular, an
important population of plasma sheet low-energy electrons
(E ~ 10 — 100 keV) are injected near midnight in the outer
belt during storms or substorms. Drifting from midnight
through dawn to noon, such low-energy electrons are believed
to excite lower-band chorus waves near the equator through
thermal anisotropy or loss cone instability at small pitch
angles, the generated quasi-parallel whistler waves in turn
accelerating some electrons to relativistic energies at large
pitch angles in the night sector and scattering particles into the
loss cone at small pitch angles on the dawnside, finally leading
to precipitations in the atmosphere and pulsating auroras
[Horne et al., 2005; Li et al., 2007; Summers et al., 2007b; Ni
et al., 2008; Nishimura et al., 2011]. The inferred timescales
for precipitation range from hours to days during periods of
storm-enhanced convection [Horne et al., 2005; Li et al.,
2007]. But these previous studies have focused on parallel
or moderately oblique waves dominant near the equator
[Shprits et al., 2007; Summers et al., 2007b; Ni et al., 2008;
Shprits and Ni, 2009], while recent CLUSTER measurements
have demonstrated that very oblique chorus waves become
statistically predominant at moderate to high latitudes >15°,
especially on the dayside where they reach high amplitudes
[Agapitov et al., 2011; Artemyev et al., 2012]. In order to
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Figure 1. Schematic view of g() distribution.

properly model the outer belt dynamic evolution, it is therefore
important to take into account the dependence of electron-
chorus wave interaction on latitude and wave-normal angle
[Glauert and Horne, 2005; Shprits and Ni, 2009] and to
understand its impact on timescales as a function of electron
energy, plasma density and L-shell.

[3] Chorus waves are intense whistler mode electromag-
netic waves of time-varying frequencies occurring outside
the plasmapause in two distinct frequency bands [ Tsurutani
and Smith, 1977]. Here, we shall focus on the lower-band
chorus waves in the low-frequency limit, i.e. .; < w < 2./2
and Q;L, > (). where w is the wave frequency, and ., Q.
and ), are the local ion gyrofrequency, electron gyrofte-
quency, and plasma frequency, respectively. Occurring
mainly in the dawn sector, they represent the most intense
chorus measured in disturbed conditions and are probably
generated close to the geomagnetic equator by anisotropic
injected electrons [ Tsurutani and Smith, 1977; Goldstein and
Tsurutani, 1984; Muto et al., 1987; Hattori et al., 1991,
Trakhtengerts, 1999; Pokhotelov et al., 2008; Santolik et al.,
2009; Agapitov et al., 2010, 2011; Haque et al., 2011].

[4] Pitch angle scattering by resonant interaction with
whistler waves has long been known as one of the main loss
processes of trapped electrons [Andronov and Trakhtengerts,
1964; Kennel and Petschek, 1966]. Quasi-linear theory can
be used to quantify such losses [Lyons et al., 1971, 1972;
Lyons, 1974] in the limits of moderate amplitude broadband
waves or for ensemble averages of narrowband waves of
space-varying frequencies, such that the trapped particles
displacements can be considered stochastic [Summers et al.,
2007a; Tao et al., 2011]. However, multidimensional simu-
lations require a very large number of diffusion coefficient
evaluations. In order to calculate them as quickly as possible,
Summers [2005] and Albert [2007] have proposed different
useful approximations based on the selection of a given wave
normal angle 8 representative of the average over the whole
distribution. Shprits et al. [2006] showed in particular that for
high-energy electrons (£ > 100 keV), the particle lifetimes
can be estimated from the diffusion coefficients calculated
for first cyclotron resonance with parallel-propagating chorus
waves when 0 < /4.

[5] In the present paper, analytical expressions for the dif-
fusion coefficients and lifetimes are derived after performing
both an analytical wave-normal averaging and a rough
bounce-average, following a method introduced by Mourenas
and Ripoll [2012]. However, the latter work focused on

MOURENAS ET AL.: TIMESCALES FOR OBLIQUE CHORUS DIFFUSION

A06234

moderately oblique very low frequency hiss waves, appropri-
ate for the inner radiation belt [Meredith et al., 2009]. Here,
higher-order terms in yw/$2,. and w/(£2. cos ) are retained to
allow for the treatment of energetic (~MeV, i.e. relativistic
factor v ~ 3) electron interaction with very oblique lower-
band chorus emissions. In addition, the distribution in wave-
normal angle g(f) is written as a sum of two parts
corresponding to small and large 6, allowing us to account for
the large variance and mean value of the measured distribution
of chorus waves in the outer belt [Haque et al., 2010; Agapitov
et al., 2011; Li et al., 2011]. Approximate scaling laws of
electron lifetimes as a function of energy, ambient density and
L-shell are also derived in section 2, and the importance of
electron diffusion by very oblique chorus waves is stressed.
In section 3, the analytical model is compared to electron loss
timescales [Shprits et al., 2007] obtained from numerical
computations of the diffusion coefficients using Summers
[2005] parallel propagation approximation and to full numer-
ical calculations including a realistic wave-normal distribu-
tion. The analytical estimates are found to be in good
agreement with the full numerical results and help to provide
a better understanding of the important reduction of time-
scales obtained when taking into account very oblique waves.
Some potential physical implications concerning the
dynamics of the outer radiation belt are also outlined.

2. Analytical Estimates of Diffusion Coefficients

[6] Observation of oblique whistler wave propagation
[Haque et al., 2010; Agapitov et al., 2011; Li et al., 2011] can
be taken into account for estimates of diffusion rates by
introducing a double #-distribution g(6). Instead of consider-
ing only a narrow distribution around 6 = 0, one should treat a
distribution containing a “heavy” tail (see scheme in Figure 1).
This non-Gaussian tail includes € around the resonance angle
and, as a result, can be responsible for the intensification of
high order resonances in the electron interaction with whistler
waves. In this paper we estimate the role of this tail by sepa-
rating the distribution dependence upon the wave-normal
angle 6 into two parts g(0) = g«(6) + g«(0). The small-0 part
g,(0) is such that its maximum occurs at #,, = 0 with lower and
upper cutoffs at Ay, = 0 and Gyay. The large-0 part is taken as
a step-function g/(f) equal to a constant between its lower and
upper cutoffs (fy;, and (‘)f\,[ax) being zero otherwise. Below we
show that final estimates do not depend on the actual form of
2/6). We further assume that 83, < Oin.

[7] The local pitch angle quasi-linear diffusion coefficient
D of Lyons [1974] has been conveniently rewritten by A/bert
[2007] under the form of a weighted-average between
Omin and Oyay, so that D ~ (D)y. Moreover, Albert [2007]
emphasized that this weighted average of relatively con-
stant factors is expected to be rather insensitive to the exact
form of the weighting function. Therefore, the averaged
function may be taken at a “carefully chosen point” using the
Mean Value Approximation (MVA) [Albert, 2007, 2008],
yielding to D ~ D(6,). The parallel propagation approxi-
mation (PPA) derived earlier [Summers, 2005] essentially
consists in taking 6, = 0.

[8] Although the present approach starts from the above
mentioned weighted-average formulation, it is performed
slightly differently to keep at least some of the variations of
the averaged function with 6. As discussed in a previous
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paper [Mourenas and Ripoll, 2012], the diffusion coefficient
for each harmonic can be estimated near the maximum
of each cyclotron resonance n, corresponding to a Bessel
function maximum. However, we shall focus here on life-
times. Albert and Shprits [2009] have demonstrated that
lifetimes are defined by the minima of the total diffusion
coefficient multiplied by tangent of pitch angle . Thus, for
the small-0 part we shall neglect all the resonances except
for the cyclotron ones at small pitch angles and the Landau
resonance at large pitch angles, which should roughly define
the actual lifetimes, since the diffusion coefficient is usually
the smallest either near the loss cone angle a; ¢ or, at large
pitch angles, between the Landau and first cyclotron reso-
nances [Shprits et al., 2006, 2007; Albert and Shprits, 2009;
Mourenas and Ripoll, 2012]. For large-60 waves, it is the
moderate to large pitch angles region which will be more
important. Here, the situation is substantially more compli-
cated and many resonances contribute to diffusion.

2.1.

[9] The local pitch angle quasi-linear diffusion coefficient
D of Lyons [1974] (with dimensions of s™') has been
rewritten by Albert [2005, 2007] as

D:Daa Q B‘vae ZOO: ZD(){I

IR =
O m (1)
/ in(0)d02, GGy

Generalities

o
Dy =

0 min
with

B P2 | sin? () + ch/'yw|2
~ 2cos Ol /el |1 — (8w/oky),/v||

Q. B?
Go= e B G
o B (W)d!

0 max
N(w,0) = / do'sin(6")T'g(0")
O min

(0", w(6))

)
= 11| i+ wop/Ow|

where (i(w, ) = kc/w is the waye refractive index, B is the local
magnetic field amplitude, ®2 accounts for the relationship
between the electric and magnetic field components of the
wave and it is given in equation (9) of Lyons [1974]; it contains
Bessel functions J,,; with argument x = (wy/€). + n) tan «
tan #, which can be approximated by x ~ n tan « tan 6 at
low frequency when wy/€2. << 1 < n, where 7 is the relativistic
factor. B2(w) = exp(—(w — w)?/ AP
tral density, with a half-width Aw < w,,/2 and lower and
upper cut-offs at w; ~ w,,/2 and wy; ~ 1.5w,,. In equation (1),
Go(w, 0) and D, are both evaluated at the resonant
frequency w corresponding to a #, a harmonic number 7,
and a pitch angle o as determined from the cyclotron reso-
nance condition

) is the wave spec-

w+ nfde /vy = kvcos fcos o (5)
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where v denotes the electron velocity. There may be several
roots of w, hence the sum over w in equation (1). An impor-
tant point is that for each n, Dy, and Gy(w, 6) depend only
on 6. Cyclotron resonances occur during the bounce motion
of electrons from the equator to their mirror point, and
bounce averaging is described in the classic paper of Lyons
etal [1972].

2.2. Estimates of Contributing Cyclotron Resonances

[10] In the low- frequency hmlt W/, < min(Q? el /2, 1)
the dispersion relation is 1 Qpe/(wmQ Icos GI — W)
[Helliwell, 1965] where the resonance maximum is hereafter
assumed to always occur at w ~ w,. The first-order
approximation w ~ w,, introduced in Mourenas and Ripoll
[2012] can be justified by: (1) the nearly constant w up to
0 ~ 60°-70° for low-frequency chorus waves [Albert, 2007,
2008] using the full dispersion relation and (2) the narrow
width Aw < w,,/2 assumed for BZ(w), implying that signifi-
cant contributions to the diffusion coefficient will mainly
come from frequencies close to w,,.

[11] In Appendix A we derive the equation for resonant
value of pitch angle o (see equation (Al)) and we note in
Appendix B that most significant contributions to diffusion
at low latitudes come from the maximum of the Bessel
functions of argument x. This condition in turn leads to a
relationship between 6 and « values (see equation (B1) in
Appendix B). Subscript “M” is used throughout the paper to
indicate values taken at the maximum of the Bessel func-
tions. To estimate the input of various resonances we sepa-
rate the domain of € (and «) integration into two subregions:
before and after the maximum of Bessel function. The use of
a + superscript will hereafter differentiate the domains
X = x;7 and x < x4, respectively. The first part of the integral
corresponds to x > x,, i.e. tan agtan # > 1 or wave-normal
angles 6 greater than the value 6;, at the Bessel function
maximum 6 > 0, = n/2 — ag. The second one concerns the
x < xy7 (or tan ag tan 6 < 1) domain (see Appendix B).

[12] In the limit where 6 ~ Oy, the maximum number
of contributing resonances is given by equation (Al) with
cos ag ~ sin Oyp,. We get

EmV/ €OS Oyax Sin 6 Wi
N, = V4 Max l/zMaX + Y (6)
1— Wi Qc

Qe cos Oyax

which is a generalization of equation (22) of Mourenas and
Ripoll [2012]. Here €,, = Qpe/Qecr/wm /e and p is electron
momentum normalized on m.c (see Appendix A). Note that
equation (6) gives the total number of contributing reso-
nances over the whole range of pitch angles. In the special
cases of small equatorial pitch angles near the loss cone at
small-0 and for moderate pitch angles at large-0 we can
derive new estimates concerning the number of contributing
resonances.

[13] For the small-@ part, we show in Appendix B that
only the first cyclotron resonance n = —1 provides a sig-
nificant contribution to the diffusion coefficient near the loss
cone edge In such a case, the J, term is indeed dominant
in ®*,. As concerns the n = +1 resonance, it is negligible
at small 6 < 7/4 as compared to the n = —1 one [Mourenas
and Ripoll, 2012], and still small at higher 6 for typical
distributions such that g«(f,) < g(0) and/or £ < 1 MeV,
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Figure 2. Bounce-averaged pitch angle diffusion coeffi-
cient as a function of equatorial pitch angle aq for 100 keV
electrons interacting with lower-band chorus waves such
that w,, = 0.35Q. and Aw = 0.159),, with a realistic wave
number angular distribution obtained from CLUSTER mea-
surements [Agapitov et al., 2011] at L ~ 4.5 (€2,./CQ2. = 4.5).
The full-numerical solution is plotted (solid black line) with
the solutions for high-frequency waves only (grey line) and
for small-6 (< 45°) part of the distribution only (dashed black
line). Also shown are the n = — 1 and n = 0 resonances solu-
tions (blue and red lines). The main characteristic pitch angles
are displayed, as well as the corresponding wave-normal direc-
tions on the lowest axis. Description of calculations can be
found in Appendix E.

where 0, = arccos(2w,,/{2;) is Gendrin angle. This contri-
bution is essentially equivalent to the Parallel Propagation
Approximation (PPA) proposed by Summers [2005].

[14] For the large-0 part 0 > max(7/4, 0,), full numerical
calculations of the bounce-averaged diffusion coefficients
show that diffusion always increases very strongly toward
small equatorial pitch angles (e.g., see Figure 2). This
increase occurs only at high latitudes, for high values of the
ratio £2.(Ag)/€).o and close to the resonance cone, where the
full Bessel function expressions must be kept (here, as in
the rest of the paper, the subscript “0” indicates that the
variable value is taken at the equator). Variable A\ is the
“resonant” latitude for which the resonance condition (5) is
satisfied for the wave and particle considered. It can be
calculated making use of adiabatic invariance Q.(Ag)/
Q.0 = sin®ag/sin’ay. This means that the upper-bound of the
resonant latitude decreases with increasing «, so that the
considered increase of diffusion toward small o is con-
centrated mainly at sin o < 1/3, as in Figure 2.

[15] Now, Albert and Shprits [2009] have demon-
strated that lifetimes are mainly governed by the minima of
(D)gtan o (Where (D) is the bounce-averaged coefficient)
i.e., the minima of (D) at small pitch angles. Thus, we can
safely neglect the small-oy part of the large-6 diffusion
coefficients and consider only their portion going from about
/12 up to about 7/2, where resonance occurs at moderate
latitudes A < 40°. There and at the equator, 6 at Az = 0 from
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equation (6) may take any value ranging from the Gendrin
angle 04 = arccos(2w,,/{2.0) up to nearly the resonance
angle 60,0 = arccos(w,,/€2.0). A rough estimate of the
maximum Izl for resonance at the equator at (w,,, Og0) is
simply

O W
2 COS QPEmo o + ’;2 07 7)
CH !

Ny (ggo)

[16] In order to have resonance up to nearly 0,9
(at cos O ~ 1.1cos 6,q), equations (7) and (A1) indicate that
w must be diminished by a factor y/2/5 ~2/3. Conse-
quently, the number of resonances at the equator present
over the full f-range from 0, to 6, is simply

2 )N ). ®)

ANVO =~ (

[17] If AN,q <0 at the equator, resonance at 6 close to 6,
for Inl < N,(040) occurs only at higher latitudes. When the
f-range of resonance decreases, D decreases in proportion
(see equation (D2) in Appendix D). The different contribu-
tions to the total diffusion coefficient are calculated in the
following sections. But it is already clear from equation (6)
that near the loss cone edge at L > 4 (o ¢ < 5°), the small-0
part’s most important contributions comes from very small
n resonances (mainly n = —1), while equations (7) and (8)
show that for the large-6 part, higher-n resonances contrib-
ute. This agrees well with full numerical calculations in
Figure 2.

[18] According to experimental data [see Agapitov et al.,
2011], g40) is dominant in the vicinity of the equator,
while g/(0) corresponds mainly to moderate magnetic lati-
tudes A > 15°, where gy(0) has a relatively small amplitude.
For analytical estimates we do not take into account the
dependence of g4(f) on magnetic latitude A and assume that
g/(0) bounds vary with latitude like 6, with 2., in rough
agreement with observations. The validity of this approach
is tested by comparisons of analytical formulas with the
full numerical calculations of the diffusion coefficients in
section 3. In numerical calculations, we use the full g(6)
depending on \. For comparison, we also calculate in
Figure 2 the diffusion coefficient for g(#) = g,(#) without any
dependence on A (such wave normal distributions are often
used for calculation of diffusion coefficients [see Glauert
and Horne, 2005; Horne et al., 2005; Shprits and Ni, 2009]).

2.3. Contribution of Cyclotron Resonances

[19] As the electron leaves the equator and moves toward
its mirror point along a magnetic field line, pitch angle
increases due to adiabatic invariance, allowing the resonance
to be restored over some latitudes. The full diffusion coef-
ficient is obtained by integration over the bounce motion
[Lyons et al., 1972]:

/D
ao

where the bounce period is written as 7(cp) =~ 1.38 —
0.64sin**oy [Davidson, 1976].

cos arcos’ A

©)

T(ayp) cos?ay
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Figure 3. Schematic view of the separation of interval [all\/ﬁn, Of\/lax] into two subintervals corresponding

to D~ and D".

[20] Taking into account the weighted-average reformu-
lation of the diffusion coefficient by A/bert [2007], we esti-
mate the bounce-averaged diffusion coefficient coming from
the small-6 part in Appendix C:

7T3/261"f( ) wavemeWO(wm)
4vB2 (pemo) Y T(ayc)

Ade(1 4 3sin AR)W( - %)
A

(D29)y(arc) =

(10)

where Az and A\ are resonance latitude and range of var-
iation of resonance latitudes, respectlvely (see Appendix C).
In equation (10) Q./Quo = (P&mu)*”> can be used for small
values of w,,/Q).o and small to moderate latitudes. The term
Ar + AXg/2 is assumed to be smaller than the upper-bound
in latitude where the considered waves are present.

[21] Let us turn now to the more comphcated large-6 part
of g(6), such that Oy, > max(7/4, 0 ). Important contribu-
tions to diffusion then come from resonant value 6 lying
between the Gendrin angle ¢, and the resonance angle 0,
(cf. Appendix B). These contributions can even be more
important than those of the small-0 range, since A,/I" in
equation (1) shows a singularity at the resonance angle,
which can be seen in equation (A3) and which is absent at
small 6. The large-6 contribution to diffusion must therefore
be calculated very carefully, even if it contains a much
smaller amount of wave intensity than the small-6 range.
Such oblique chorus waves are commonly observed in the
outer belt [Hayakawa et al., 1990; Santolik et al., 2009;
Tsurutani et al., 2009; Haque et al., 2010; Agapitov et al.,
2011]. At the Gendrin angle, the waves remain guided
along the geomagnetic field line as they propagate. How-
ever, density and magnetic field variations from moderate to
high latitude usually increase the wave-normal angle until it
reaches the resonance cone, potentially leading to reflection
at low altitude and tending to fill the radiation belts with
magnetospherically reflected whistlers [Edgar, 1976;
Helliwell, 1995; Boskova et al., 1990; Shklyar and Jiricek,
2000; Jiricek et al., 2001; Chum and Santolik, 2005]. We
need to separate the interval [Gf\/nn, (‘)f\,[ax] into two sub-
intervals (6 < 60, and 6 > 6,,) taking into account relative
positions of 6, 0, (see scheme in Figure 3). Defining

0Max2 = min(ef\/laxa 0,-), HS = min(0M9 eMaxz)a 0S2 = max

(Os, 0g), and Os; = min(fs,, ¢,), the wave-normal angle
integral of diffusion coefficient (see Appendix C) can be
performed by splitting the integral into two parts D" and D™,
the upper-part gomg from fg, to Opaxo and the lower-
part going from 6y, to Og,. Roughly speaking, the upper
and lower parts correspond, respectively, to the x > x,,
and x < xj,; limits in the Bessel series expansions (see
equation (B2)).

[22] At pitch angles larger than 20°, the upper-bound of
latitude for resonance is less than 40° and the D" part is
expected to prevail (see Appendix B). The average latitude
range A)z over which resonance exists over the whole
large-f range (from 6, to 0,) can then be estimated from
equations (6) and (7) where €. is now allowed to vary with
latitude. For a given Inl such that N,(Hgo, 43w, — Aw) <
Inl < Ny(0go, Wi + Aw), (e /QCO) can be increased by a
factor (1 + (2/3)(w + Aw)/(w — Aw))/2 on average. Adiabatic
invariance implies that Q.(Ag)/Quo ~ 1 + 9X%/2 < sin 2oy,

leading to
V2

. 1 2wy + Aw
Amax = \/3 -1, 11
i (3\f 3w, — Aw 3tan oz0> (11)

for the average maximum latitude of resonance. At smaller
n-values (closer to 1), equation (7) is satisfied only away
from the equator. There, the range of resonant latitudes Az
is slightly smaller than ..., while cos «q in equation (7)
should actually be replaced by cos az from equation (Al)
to be more exact away from the equator. From adlabatlc
invariance, one finds cos az ~ (I — sin®aoQ/Q)">
(cos o) with p ranging from Q.(A\pax)/ 2o at small aq to
20 (Amax)/ 2o at large «v, yielding p ~ 2 for ag = 15° to 70°.
Therefore, it is reasonable to consider that roughly
2N, (0g0, wy)cos vy positive and negative resonances exist
over the whole large-0 range with Az ~ Apax for ag > 15°.
The details of the derivation of D" are given in Appendix D.
With ¢-bounds taken as 0, and 0,, this leads finally to the
simplified approximate expression for the sum of resonances
coefficients

(1+ )BmwmewO(wm)N,)\max

yBg(pamo) oS (g Sin vy

(D) = (12)
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[23] At pitch angles larger than 65°, {D") 5 has other max-
ima of comparable magnitude up to g™ given by equation
(B8), coming from the small-0 part contribution, and which
are given by equation (30) and equation (34) of Mourenas
and Ripoll [2012] for n > 0 and n = 0, respectively. This
contribution somewhat compensates the reduction of A, at
pitch angles larger than 60° in equation (11). Moreover, the
high-ay part of (D)5 is much less important than the small-
ap part in the lifetime integral of 1/(D")ztan ap. From
equations (7), (11) and (12), it follows that (D")z varies
roughly like 1/sincy, which is confirmed by full numerical
calculations in section 3. Comparing equation (10) and
equation (12), it is easy to see that large-6 diffusion can be
much stronger than the small-6 diffusion, provided that a
significant amount of wave energy lies inside the large-6
range.

2.4. Total Cyclotron Diffusion Coefficient

[24] Actually, the total D is obtained in equation (1) by
integration over w of the welghted sum of expression (10)
and expression for (D), (see Appendix D). The latter
reads as

tan Oy, tan 9{\4“
D)y JQ T()gwydy+ (D) [ T()gl)ydy
tan By, an (;Mm
(D) = o : (13)
I T0)e)ydy
tan 6,
where y = tan 0.

[25] Apart from g(y), the weighting function I'(y)g(y)y =
\/ 1 +32yg(y) is very rapidly increasing with y for
= tan 6§ > 1. It means that even if the large-0 part of g has
a much smaller value than the small-6 part, its relative
weight in equation (13) will tend to be similar due to factor

V' 1432y > 1, so that

D= (D) + (D)) /2 (14)
is a good first-order approximation at moderate to large pitch
angles for a typical proportion of wave intensity in the large-
0 range lying between 50% and 10% of the total intensity
[Burton and Holzer, 1974; Haque et al., 2010; Agapitov
etal.,2011].

2.5. Landau Resonance

[26] The calculation of the Landau resonance diffusion
coefficient for low-frequency whistler waves has already
been performed in Mourenas and Ripoll [2012], and it
still applies here, at least for the small-0 part (see their
equations (25) and (34)) One finds a maximum near
cos aup ~ 11 — w,/Qol? YWl (Qegp Emo) at the equator,
in agreement with simulation results, which show that
the small-@ diffusion generally dominates (cf. Figure 2). The
bounce-averaging procedure used above applies for the
Landau resonance when sinaz ~ 1 ~ sin ayy, provided
that p > yw,,,/(Qc0&mo) from the resonance condition: it cor-
responds to relatively high energy electrons £ > 10 keV
typically for chorus waves, in agreement with numerical
results from Shprits and Ni [2009]. However, comparing
Landau and cyclotron diffusion for chorus waves shows
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that Landau diffusion is similar to or smaller than cyclotron
diffusion at high energies £ > 300 keV. It can, thus, be
neglected to estimate trapped electron timescales for
E > 300 keV [Albert and Shprits, 2009]. At lower energy
and small w,/Q., it can be included from the Landau
part in equation (36) of Mourenas and Ripoll [2012]. This
is indeed confirmed by different numerical simulations
[Shprits et al., 2006; Shprits and Ni, 2009].

2.6. Estimates of Trapped Electrons Timescales

[27] Albert and Shprits [2009] have derived a simplified
but very useful estimate of electron lifetime 7, which can be
used together with our analytical approximate expressions
for D:

/2

- / coS Qv do
T=Oo _—
2(D) g sin o 0

aLc

(15)

[28] The numerical coefficient o ~ 1/2 in our case allows
to recover precisely numerical simulations where the mini-
mum of (D) is close to the loss cone, or else when a min-
imum occurs at large pitch angles but remains moderately
deep [Albert and Shprits, 2009]. It suggests that a rough
estimate of lifetimes can be obtained by neglecting the
parameter range wherein (D) is large, integrating only the
expression for the small-0 part (D)3 over the domain situ-
ated close to the loss cone angle a;c and the large-0
part (D)% between about /12 and 7/2. For the small-6 part,
T(ag) can be approximated byT(ay;c) ~ 1.3, so that
1/({D)3tan o) o< l/tan oy can be integrated analytically
from the loss cone angle oy ¢ up to an angle . comprised
between oz and 7/2. One can take oy ~ 7 ¢, as numerical
calculations show that the integral does not increase signif-
icantly at larger o for L = 4 to 6.5. Finally, one obtains
respectively for the small-0 part alone and for the total g(6)
distribution:

Nigean
In|{ —
NiNe% el
~0g———————

2(D)y

y 8 = &8s

| .
1 ln( sin oy )
2 sin oz ¢

(D)5 (3) + (D)

(16)

Ttotal = Tlandau + O , 8 =8 T &

where the Landau part (minimum of D) above o™ (n = —1)
is given by Mourenas and Ripoll [2012] with (D0>B/2 and
an additional factor for large w,,/Q.:

B3I 11— wy/Qel 32 <pre>4 o9

Tlandau ~

2. 4fyBaaver0 (wm)Aw Q(:0 SiI‘l3 Qa0
(3o of™ 5 sin(2af™) — gy sinfdad™) o)
)3
gs(eMO) + min(% 7PEmIOHH>

with 0y = tan Af ~ 1 in the small-0 part, where
A0 = Opax — Rain- Term gy(r0) ~ exp(—(tan Oyo/og)’) is
assumed for the Landau part, where tan 6, ~ 1.84/pe,,0
and oy is given in section 2.5. A theoretical estimate of the
threshold for increased lifetimes due to a sufficiently deep
minimum of (D) between the peaks of first cyclotron and
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Figure 4. Lifetimes of 0.1 MeV, 0.5 MeV, 1 MeV, and
2 MeV (from bottom to top) electrons interacting with
small-0 day-side low-frequency chorus waves in the outer
zone of the radiation belts, as a function of L. The numerical
parameterization of equation (3) of Shprits et al. [2007] is
shown (black solid line) as well as analytical estimate (10)
and (16) (blue dashed line).

Landau resonances can be obtained from equations (16)
and (17). It reads as

065 ( O LW

= 02/ ° Qpewz/z < QCO>
giving £ < 100 keV in the case where w,, /(0o = 0.2 and
/820 = 4.5, in good agreement with the full numerical
solution (see Figure 7). This minimum of (D) is deeper
when the pitch angle interval between the maxima of the
Landau and first Cyclotron resonances is wider, for larger
values of cos a9 — cos ay™(n = —1). It corresponds to
small energy, frequency and density, and large magnetic
field, as already apparent in numerical results shown in
Figure 10 of Lyons et al. [1972].

[29] Considering only small-8 diffusion from equation (10)
at L > 4, with electron density N, o< L™* [as in Sheeley
et al., 2001], and with a ratio w,,/Q. kept fixed, we find
that in the relevant regime of interaction with small-6-only
chorus waves, electron lifetimes scale roughly as:

(18)

14/97 ( o
o p3/2’wa/9Qpe/ In( sinoyc) o 52

12/9
QCO/

(19)

for

PEmo > 1.84 /0y

> VT
1204w/

[30] With the ratio w,,/Q2. fixed, lifetimes should vary
roughly like E*/L at high energies and/or L (as actually
observed in Figure 1 of Shprits et al. [2007]) for 1 MeV
electrons scattered by chorus waves such that 6 ~ 0.

[31] This behavior stems from the integrand in (9) being
roughly (Qu/Qc(Mr))* ~ 1/(p€no)** from resonance condi-
tion (A1), corresponding to decreasing (D) at higher reso-
nant latitudes, i.e. at large energy, frequency and density,

MOURENAS ET AL.: TIMESCALES FOR OBLIQUE CHORUS DIFFUSION

A06234

and at smaller magnetic field values, in agreement with
numerical results in Figure 10 of Lyons et al. [1972]. Note
also that lifetimes 7 in equation (19) do not depend upon Aw
and A# at moderate and large E, only increasing with Aw at
very low energies.

[32] An insensitivity of {D_,)} at gy < 50° to the chorus
wave-normal distribution has already been emphasized from
recent numerical simulations [Shprits and Ni, 2009] per-
formed in the special case of small-6 diffusion (<45°). It
leads directly to a similar insensitivity of 7. However,
properly taking into account large-6 diffusion terms (12)
based on CLUSTER chorus wave observations [Agapitov
et al., 2011] leads to more complicated dependencies upon
the parameters at low energy. Nevertheless, at high energy
where 7, < T4, ONE gets

Tioal © Ppe o B2 /L2, (20)

[33] Comparin§ (19) and (20), one can see that
Tl Ts & E7Y?L7! 5o that the reduction of lifetimes is
more important at large L and high energy. A striking new
feature is that the lifetimes are strongly reduced in realistic
cases, by as much as a factor of 10 at high energy. It
is mainly due to the fact that the number of large-0 reso-
nances (7) increases with energy and density.

[34] Momentum and energy diffusion coefficients can
easily be obtained from the above D pitch angle diffusion
coefficients [see Lyons, 1974; Glauert and Horne, 2005].
A significant decrease of acceleration timescales is expected
when large-0 diffusion by lower-band chorus becomes
important at £ > 30 keV on the day-side in the outer belt.
This will be the topic of a future work.

3. Comparisons With Full Numerical Simulations
and Discussion

[35] First, the analytical estimate (16) of electron lifetimes
for small-@ diffusion only, calculated with diffusion coeffi-
cient’s expression (10), is compared with the numerical
calculations of Shprits et al. [2007] for interaction of elec-
trons with the low-frequency band of chorus whistler waves
dominant on the day-side in the outer radiation belt, where
W/ ~ 0.2. We use the same initial conditions: 100 pT
storm-time chorus waves and dayside plasma trough density
N, ~ 100(3/L)* cm 3 for L >3 from Sheeley et al. [2001]. In
order to compare with the small-§ PPA approximation used
in Shprits et al. [2007], we take here Oy < 7/4. Compar-
isons with equation (3) of Shprits et al. [2007] are restricted
to £ > 0.1 MeV because their parameterization is stated to
remain accurate within about 20% for 0.1 MeV < E <2 MeV
only. Note that equation (3) of Shprits et al., 2007 reads
7 =0.039E> + 0.047/L + 1.41E%/L, which is consistent with
their Figures 1 and 2. Moreover, chorus waves are assumed
to be present up to A = 35°, peaking between A = 15° and
A= 30

[36] The numerical solutions are fairly recovered by the
analytical estimate (10) and (16) in Figure 4. In particular,
one finds that lifetimes vary roughly as ~ E%/L, especially
for L >4.5. The discrepancy is most often much smaller than
30%, which is much smaller than the inaccuracies associated
to both the electron density profile and the wave amplitude
models. Figures 5 and 6 display the variation of analytical
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Figure 5. Lifetime variation as a function of the central
chorus frequency w,, at L = 4.5 for E = 1 MeV, with the
same other parameters as in Figure 4. The analytical estimate
(103 and (16) is plotted (black circles) as well as the scaling
w!® from equation (19) (dashed line) and the full numerical
results (red diamonds).

and numerical lifetimes for # < 7/4 as a function of density
and frequency. The rough scaling (19) deduced from (16)
appears approximately correct, with analytical lifetimes
varying like 7 o (Nyw,,)"”® over a large parameter range.
These variations were not provided by Shprits et al. [2007]
in their parameterization based on a large number of
numerical simulations.

[37] We also compare lifetime estimates with or without
the large-0 part (16) with our full numerical calculations
based on the CLUSTER measurements (description of
numerical code can be found in Appendix E). Pitch angle
diffusion coefficients are calculated with g(6) consisting of
2/(0) and g4(0) parts. The comparisons are performed for two
different values of the ratio €2,./€). corresponding to dif-
ferent L values above L = 4 (or different natural conditions)
and also for two different values of the mean chorus fre-
quency w,,/Q.o=0.2 and w,,/Qo = 0.35, with the same other
parameters as before (see Figure 7).

[38] One can see that lifetime estimate (16) for the small-6
part is in fair agreement with the full numerical results for
both w,, and (2,, values. The 7, estimate for the complete
small-6 and large-6 distribution is also in relatively good
agreement with the full numerical results. The discrepancy
between analytical and numerical lifetimes is often much
smaller than a factor of 2, especially at high energy
E > 400 keV. Considering the simplifications done in the
course of the analytical calculations and the rough average
over the small and large f-parts made in (14), it is a satisfactory
result. The discrepancy between the analytical estimates and
the full numerical results is actually much smaller than the
uncertainties stemming from outer-belt density modeling and
intrinsic variability [e.g., see Sheeley et al., 2001; Denton
et al., 2002] as well as from chorus waves intensity models
[Meredith et al., 2001; Horne et al., 2005; Shprits et al., 2007,
Li et al, 2011] which show a large spread of measured
intensities in relation to the highly variable geomagnetic
activity. Since the analytical lifetimes lie well within the
uncertainty range surrounding the full numerical results, they
could prove useful (albeit approximate) substitutes inside
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global radiation belt codes relying on similar density and wave
intensity models for more quickly evaluating energetic elec-
tron fluxes (at least in the parameter range studied here). On
the other hand, full numerical solutions should obviously be
preferred for any simulation aiming at accurately reproducing
specific storm-related events when the different plasma/wave
parameters can be determined more precisely from satellite
measurements.

[39] Lifetimes in Figure 7 are one order of magnitude
smaller with large-6 waves included (red crosses and solid
blue line) than with small-6 waves only (diamonds and
dashed blue line). At large energy E > 400 keV, we observe
a significant input of higher-order cyclotron resonances, as
expected from equation (7). This strong reduction of time-
scales suggests that the storm-time mechanism of energy
transfer from low-energy injected electrons to high-energy
ones through chorus excitation by loss cone instability [e.g.,
see Horne et al., 2005] could become even more efficient at
moderate to high latitudes in the presence of highly oblique
waves. This is left as the topic of a further work. Comparing
lifetimes 7,,,, of electrons to their azimuthal drift period
Taripe [Hamlin et al., 1961], one finds that 70.,/T 45 < 1/4 at
E ~ 15 keV to 200 keV for 100 pT dayside storm-time
chorus waves such that w,,/2.o ~ 0.35 (below 15 keV, the
Landau term (17) leads to a rapidly increasing 7,,,,). Such
electrons should generally be lost during their first drift from
dawn to noon. The actual large-0 lifetimes of low-energy
electrons are therefore such as plotted in Figure 7 and given
by (16), while large-0 lifetimes of higher-energy electrons
and small-f-only lifetimes must be multiplied by a factor
~4 to account for the 25% occurrence rate of the waves
over a full drift period [Shprits et al., 2007]. Let us consider
moderate-latitude chorus of about 140 pT at L = 4.5 and
100 pT at L = 6.5. The corresponding large-0 lifetimes
Troral(8) ~ (yp/L*)(10*/B,,[pT])* are 1 minute at 15 keV and
3 min at 100 keV. Numerical results in Figure 7 imply nearly
3 times smaller lifetimes at £ < 100 keV. It is worth noting
that the resulting minimum timescales of 20 s to 60 s for
15 keV to 100 keV electrons are similar to the observed
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Figure 6. Lifetime variation given by (10) and (16) as
a function of the electron density N, at L = 4.5 for
E =1 MeV, with the same other parameters as in Figure 4,
and the scaling N° from equation (19) (dashed line) and
the full numerical results (red diamonds).
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Figure 7. Lifetime variations given by (16) with large-0
part (solid blue curve), without large-6 part (dashed blue
curve) are compared with those obtained by numerical
scheme (filled circles show results obtained with large-6 part
and Inl <5, black crosses correspond to Inl < 10, red crosses
correspond to Izl <20, and diamonds show results obtained
without large-0 for Inl < 5; 7 is calculated for o, = 7/2).

periods of pulsating auroras, which were recently shown to be
highly correlated with lower-band chorus [Nishimura et al.,
2011]. These timescales are also similar to, or lower than
strong diffusion timescales of isotropization 7y, ~ 1.8LRgy/
(pcagc), where Ry is the Earth’s radius [Lyons, 1973; Schulz,
1974]. Quasi-linear scattering of substorm-injected electrons
in the loss cone by very oblique chorus waves, leading suc-
cessively to enhanced wave growth [Horne et al., 2005], loss
cone filling, and instability quenching on similar timescales
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[Davidson, 1986], might therefore account for the pulsation
periods of some dawnside auroras, lending further credibility
to models of chorus-generated pulsating aurora [see
Nishimura et al., 2011, and references therein]. On a more
global scale, the dayside large-6 diffusion rates plotted in
Figure 8 are much stronger at small pitch angles oy < /4 than
at larger values. As a result, the outer belt eastward-drifting
energetic electron population could exhibit a predominantly
perpendicular anisotropy on the dayside at times of low dis-
turbances, while showing some isotropization in the strong
diffusion regime at low energy during very active periods.
Similar anisotropy variations have actually been observed,
although drift shell-splitting is also believed to produce a
perpendicular dayside anisotropy at large L [see Gu et al.,
2011; Borovsky and Denton, 2011, and references therein].

[40] In Figure 8, bounce-averaged diffusion coefficients
obtained with the full wave-normal angle distribution and
with the small-6 part only, are displayed for different ener-
gies, for the same parameters as before (L ~ 4.5 and 100 pT
chorus). It is worth pointing out in Figure 8 the deep mini-
mum in total diffusion rate between the Landau and first
cyclotron resonances at cig ~ 75° for small mean frequency
w/Qeo = 0.2 and at low energy £ < 200 keV. Such a deep
minimum increases lifetimes [4/bert and Shprits, 2009]. At
E =100 keV, this minimum being slightly wider when large-
0 waves are included, it leads to a total lifetime (including
small and large #-parts and plotted in Figure 7 as red crosses)
climbing slightly above the small-6 lifetime (diamonds
symbols in Figure 7), contrary to what happens in all the
other examples shown. This is in good agreement with
equation (18), which gives a threshold £ ~ 100 keV for this
effect, although the shape and values of the lifetimes are not
precisely recovered by equations (16) and (17).

[41] For w,/Q. = 0.35, the actual minimum of {D)tan oy
in the numerical simulations does occur at o > 20° as
assumed in the analytical developments. For w,,/Q.o = 0.2,
however, improperly neglecting high-order resonances
Inl > 5 leads to a clear minimum at smaller pitch angles,
which increases significantly the numerical lifetimes (for
instance at 100-300 keV in Figure 7). These high-n reso-
nances occur at high latitudes for 6§ ~ 6, near the loss cone.
High-order resonances must therefore always be taken into
account, even at low energy.

[42] To assess the impact of high-n resonances we plot
diffusion coefficients obtained numerically with Inl < 5,
Inl <10 and Inl < 20 in Figure 9. High-n resonances are
involved into diffusion only for particle with small to mod-
erate pitch angles oy < 60°. These particles can reach high-
latitudes where mean value of g(0) distribution is
situated relativel[y close to 6,, ie. 0, + A8 > 6,, where
A0 = e — O\iin. In this case the number of resonances
increases rapidly as seen from equation (7). Note also that
the analytical estimate (D) agrees well with the numerical
solution for ayy > 15° in Figure 9. The ratio II of diffusion
coefficients calculated for Inl < 20 and Inl < 5 is also
plotted in Figure 9, as well as our corresponding analytical
estimate ~ 2N,cos ag(fg0, wy,)/5 (see Appendix D). It
demonstrates that the related increase of diffusion is
more important at oy < 45°, as expected from equation (7).
This increase of diffusion is rather well reproduced by the
analytical estimate. From equation (7), one also finds
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Figure 8. Numerical bounce-averaged diffusion coefficients as a function of equatorial pitch angle for
Inl < 5. The full solution with g(6) = g,(0) + g/6) is plotted (solid line) as well as the full solution with
latitudes bounded at 30° (grey line), and the n = 0 and n = —1 resonances alone (solid red and dashed blue
lines). The solution with g = g,(0) is also shown for 6 < 7/4 (dashed black line).

N, <10 for cg ~ 45° in our test-cases at £ <2 MeV, except
for w,,/Qo = 0.35 and 2,./Q = 7.5 where N, < 14.

4. Conclusions

[43] In this paper, analytical estimates of energetic elec-
tron lifetimes in the radiation belts have been derived, based
on the use of the Lyons et al. [1972] quasi-linear model with
the weighted-average reformulation of A/bert [2007], on the
approximation of the Bessel functions by their envelop
maximum, and on the assumption of a resonance maximum
occurring at the mean frequency w,, (for Aw < w,,/2). We
consider low-frequency (2, < w < QJ2, W), < Qf,e)
oblique chorus whistler waves, such as observed in the outer
belt by CLUSTER [Agapitov et al., 2011]. The analytical
model captures quite well many features of the full-numer-
ical solution, and provides new lifetime scaling laws as a
function of energy, L-shell, density and wave frequency,
bringing a better understanding of the simulations results. In
particular, numerical as well as analytical calculations pre-
sented here demonstrate that timescales can be strongly
reduced when the waves reach large wave-normal angles,
between the Gendrin and resonance angles. Such very
oblique chorus waves are often present at low to moderate
latitudes, where they represent from 10% to 50% of the
occurrences [Hayakawa et al., 1990; Santolik et al., 2009;
Verkhoglyadova and Tsurutani, 2008; Agapitov et al., 2011;
Hagque et al., 2010, 2011]. Chorus waves can be directly
generated with high wave-normal angles inside the source
region [Santolik et al., 2009; Haque et al., 2011] or experi-
ence an increase of their wave-normal angle as they propa-
gate along a geomagnetic field line away from the source
region, believed to be located close to the equator [Lauben

et al., 2002; Chum and Santolik, 2005; Bortnik et al.,
2011]. Scattering of moderate pitch angle electrons into the
loss cone appears to be much more efficient for such very
oblique chorus waves, potentially reaching the strong dif-
fusion limit, which might explain some features of pulsating
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Figure 9. (top) Numerical bounce-averaged diffusion coef-
ficients for @ distribution g(0) = g(0) + g/(0) and (bottom)
ratio of Inl <20 over Inl <5 diffusion coefficients as a func-
tion of equatorial pitch angle for 1 MeV electrons. The ana-
lytical estimates of (D) and 2N,cos ay/5 are also plotted
(dashed black lines).

10 of 17



A06234

auroras as well as translate into a predominantly perpendic-
ular anisotropy of relativistic outer belt electrons on the
dayside. Further work will be needed to examine in details
all the consequences of this increased scattering, concerning
in particular the energization of relativistic electrons [Horne
et al., 2005; Li et al., 2007; Summers et al., 2007b].

[44] Energy diffusion, radial transport, and finite burst
durations must also be taken into account in the highly
variable environment of the outer belt, requiring the use of
global multidimensional codes [Shprits et al., 2008;
Varotsou et al., 2008; Fok et al., 2011]. In this growing field
of space weather forecasting for satellite warning, the pro-
posed analytical estimates might prove useful for quickly
evaluating the sensitivity of particle fluxes calculated by
global radiation belt codes to often insufficiently known
wave and plasma parameters. Nevertheless, one should bear
in mind that the proposed model has only been partially
validated against numerical simulations in a restricted
parameter range. Analytical estimates cannot be expected to
replace full numerical calculations, which are becoming
more and more rapid with the advent of massively parallel
supercomputers and will always remain the gold standard of
radiation belts physics.

[45] Further tests of the accuracy of our analytical esti-
mates are planned in the future. Still, magnetosonic, EMIC
and high-frequency chorus waves are also important above
L ~ 4 [Summers et al., 2007a, 2007b; Li et al., 2007] and
have not been treated here. The full numerical resolution of
the Fokker-Planck diffusion equation is required in the highly
variable environment of the outer radiation belt to take into
account pitch angle diffusion by all these waves as well as
energy diffusion, radial transport and finite burst durations.

Appendix A: Derivation of A,/T’

[46] Here we derive an expression for the resonant value
of pitch angle az. Combining the simplified dispersion
relation with the resonance condition leads to the relation

1/2

| 1+ 2221 - s

PEmV cos 0

with €, (\) = (Q,,e/Qc)\/wm/Qc, where ) is the geomag-
netic latitude, p = vy/(m.c) is the electron momentum, m, the
electron mass, ¢ the speed of light. Considering adiabatic
motion along the bounce trajectory, one can rewrite the
above equation as

cos g =

. 12
YW |1 wn
coS AR |”|’1 +a0 1 Qucos 0

sin*ag PemoV cos Osin’ag

where ¢, is the value of ¢, at the equator and « is the equa-
torial pitch angle (we use the relation sin’ov = sin®ao(Q2/S20)
where 2. is the equatorial value of £2.). We assume in
equation (Al) that the density remains roughly constant
along a geomagnetic field line up to a maximum latitude of
interaction of about 35° [Denton et al., 2002; Horne et al.,
2005]. We use subscript “0” for equatorial values of variables.

[47] In a previous paper [Mourenas and Ripoll, 2012], we
simplified the different relations and the diffusion coeffi-
cients expressions by taking the limits vyw,, /2. < 1 and

(A1)
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cos 6 ~ 1. While these are reasonable and convenient
approximations for moderately oblique plasmaspheric hiss
waves such that w,,/Q.0 < 0.06 and E < 3 MeV, it is not
anymore always correct for outer zone chorus waves inter-
acting with energetic particles, where higher-order terms
must be kept.

[48] Keeping terms ~vw,,/)., we can rewrite the term at
the denominator of equation (2) as

1— Wi
1-2 Q. cos 0
14 2

V&

r

| (0w/aky)
VCOS &

where (Cw/Ok)), is the parallel component of the group velocity at
resonance. We have also I' = 11 413 1€2, cos 6/ (€2 cos 6 — wy, ).
Using the resonance condition, it can be rewritten

r=

21 I’

oy |v“ cosf/c
and it can be further simplified at small 6. Simplified
expressions of ®2 valid at small and large values of 6 can be
derived from the exact formula given in equations (9), (11),
and (12) of Lyons [1974]. To this aim, let us first recall that 6
is necessarily smaller than the (maximum) resonance angle
0, = arccos(w,,/€1.), so that (2 .cos 6/w,, > 1. Assuming further
that (w,/Q)* < 1 and Q./w,, > cos @ at large 6, such that
0 > 0,, with 0, = arccos(2w,,/{2.) the Gendrin angle at which
the waves group velocity in the magnetic field direction
reaches its maximum, the waves being guided along the field
line [Gendrin, 1961]. It yields the desired expressions

2
W W
<(1 + cos070—0>Jn+] + <1 - c0s0+Q—c)J,,,1)

2 b
2 __ Wm
8 cos 0(1 Qccosé)
&2 1
n 0 > max Gg,Zﬂ'

(1 + cos 0)T,s1 + (1 — cos 6)],_1)?
8 cos26 ’

u

0 < max <9g, i
(A2)

[49] The ratio A,/ is readily obtained from equation (A2)
and equation (2) in the limit sin’o < 1n1Q/(Yw,,):

2
W W
71‘((1 + COSG—Q—C)JHH + (1 - cosG—l—Q—c)J,,,l)

nde YW g
81 1
| (1435)

W 2w

h €. cos O

h Q. cos b B YW

I

An B 02 max 0g717l'
r = 2 W
1 0)J, 1-— NI,_1)" |1 —
(1 + cos 0)J, 1 + (1 - cos ) n\ oy
2w, n). YW 2 '
8|1 — — -1 1
‘ Qc.cosl  ywy ( +nQL>)

1
0 < max (Og,zw>

(A3)
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[s0] We recover A,/T ~ (7/2)J5 1w,/ for n=— 1 in the
limits Q2./(yw,,) > 1 and 0 ~ 0, as in Mourenas and Ripoll
[2012]. From equation (A3), it is easy to see that the most
important contributions to diffusion come from the maxima
of the Bessel functions. Examining the denominator of
equation (A3), one can see that three different singularities
may occur, which will be investigated in this paper. It is
already clear from equation (A3), however, that in the large-
0 range, A,/I" can experience a large increase near the res-
onance angle as compared to the small-6 case.

Appendix B: Resonance Domains

[51] It has already been shown in Mourenas and Ripoll
[2012] that the resonant wave-normal angle is linked to the
harmonic number and the pitch angle at the Bessel function’s
maximum, where the contribution to D;,® is dominant at
moderate latitudes. Indeed, the first maximum of the Bessel
functions occurs at x = x,(n) = Inl + 0.811n1"> = Inl + 1,
except when n =0 [Abramowitz and Stegun, 1972]. The error
in the xM(n) ~n+1 appr0x1mat10n is less than 1/n at large n,
which is small. Taking @ oc J? mi—1 and resonance relatlon
one obtains tan « tan 6 ~ 1 at the Bessel maxima, except for
Jo, in which case tan « tan 6 < 1. This gives

1
QR M ~ 571'* HR, |I’Z| > 1

1 (B1)
QR M < z’/‘l’* HR, |I’l| =1

[52] Neglecting the phase terms, classic asymptotic
expansions of Bessel functions for large arguments x > n and
ascending series at small x < n can be used. Since the first
maximum of the J,,(x) functions occurs at x = xy(n) ~ Inl + 1
(except when n = 0), the Bessel functions can be rewritten as

2
|2"|71 = —X—M, x> xy(Inl —1)
rlnl x (B2)
2

‘]Inl—l ~

L\ 22
(—) , x <xy(lnl =1), Inl #1

wlnl \xy,

[53] Also we have J§ = 1.
[54] Let us first consider the domain 6 < min(Ryay, Oq, T/4).

For v/ cosf) ~ 1 and at small equatorial pitch angles close to
loss cone value oy ~ ay ¢ such that sin ao(pgmo/ In + yw,/
Qn'? <1, one finds B(A)/By ~ (sin a/sin a0l ~ (PEmo/
In+ ’ywm/Q 1y*? from equation (A1), with B(\) and B, the
local and equatonal magnetic ﬁeld amplitudes. We have then
roughly sin ag/sin o < (pamo) at resonance for n # —1.

ayc is smaller than 5° for L > 4 in the outer belt and
PEmo < 100 for £ <3 MeV and L < 7 for typical density
profiles [Sheeley et al., 2001]. Moreover, w,,/2o < 0.35
typically for lower-band chorus [Agapitov et al., 2011;
Shprits et al., 2007; Horne et al., 2005], so that for £ <3 MeV
at least, one obtains sin ap < (pf,,,o)1 sin a7 ¢ < 0.5. Conse-
quently, the resonant value of 6 at the Bessel function maxi-
mum, given by 0g ys= /2 — a, is larger than /3 for n # —1.
This means that only the first cyclotron resonance n = —1
provides significant pitch angle diffusion near the loss cone
edge. In such a case, the J, term is indeed dominant in P* .
As concerns the » = +1 resonance, it is negligible at
small 6 < 7/3 as compared to the n = —1 one [Mourenas and
Ripoll, 2012]. Since Jy(x) has a maximum Jo(x) ~ 1 forx <1,
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most of the contribution then comes from x < x,, i.e.
from 0 < 7w/2 — g and thus from D,

[55] In the intermediate domain 7/3 < 6 < 64()\), some
other resonances might contribute for cos 0, < cos Oz <
(pémo) sin ayc. For typical lower-band chorus frequen-
cies w > 0.2Q. [Agapztov et al, 2011], it requires p >
2(w/wL0) Qco/( WpeSIN o) > 2.4, corresponding to hlgh
energies F£ > 1 MeV only. And even at such high energles
equations (A3)-(B2) imply that A,/I" decreases like 1/n°.
This leads to additional contributions smaller than for n = —1
in general, especially for g,(,) < g,(0) at low to moderate
latitudes.

[s6] Let us turn now to the complementary domain
0> Ohsin > max(0,, m/4). We shall consider only moderate
latitudes <40° corresponding to equatorial pitch angles larger
than 15°-20°. Then, the main contributions to diffusion
mainly come from the first maximum of the Bessel functions
so that equation (B1) applies. From equation (6), it looks like
N, might go to +oo at the resonance angle. However, we shall
see below that # actually never reaches 6,, so that the actual
number of the contributing resonances depends on how fast
the Dy coefficients decrease with n. To derive analytical
expressions for these coefficients, bounds of integration are
needed. These bounds for resonance can be obtained from
equation (A1) rewritten as a function of 6 only:

_ wm

Q. cos Or
Y|\
Q.
which is a second-order equation in cos 6. Real solutions

exist only for positive discriminant, which is equivalent to
1< Q./(4w,,). The solution cos O smaller than cos 0, reads as

VARSI

2

COSGR = T ~ Q_c (1 +w§;;77+2(u;;l:]) ) (B4)
from which it can be shown that the resonant angle 65 is
comprised between the Gendrin angle 0, and the resonance
angle 0,, being always strictly smaller than the latter since 7 is
finite for finite frequency at a finite distance from mirror
points. Actually keeping the ion terms in the dispersion
relation would lead to a minimum frequency equal to the
lower-hybrid frequency [Smith and Brice, 1964]. It follows
immediately that

cosfp =n! (1
(B3)
n+

n= (pam cos ag/

3

Wn W
0<l—m nm+2(n2<) 1
W

. cos Op -

where the value 1/2 is obtained for 0z = 0,. The estimate
equation (B5) stands as a good approximation, since it always
remains within less than 45% of the exact value. Now, since
0r < 0,, significant diffusion occurs only for ap > 7/2 — 6,
(except for Inl = 1) and ag < 7/2 — 0, It follows from

equation (B1) at the Bessel function’s maximum that diffu-
sion is important at low to moderate latitudes only for

w ) w
2 < sinapy < —=, for Inl > 1

o ns g (B6)
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[57] Rewriting equation (B6) with (sin o /sin ap)’ =
Q./Q.o from adiabatic invariance, one gets

2/3 2/3
Win Q. 2wy,
— <\ =— for Inl >1 (B7
(QUO sin O(0> < QcO - (QUO sin Oé()) , Tor [nl > ( )

[s8] Equations (B7), (A3), and (Bl) imply that for
sin ap > sin agadly) = 2w,/Q, one has ag > ag >
ag(0g) > ag ad(0), equivalent to x > x,,. From equation (B2),
A, should therefore decrease like x)/x = tan ag/tan ag
at larger equatorial pitch angles. The largest contribution to
diffusion corresponds to the largest f-integration range,
going from 6, to 0,. Since Oz > 0, taking 0 ~ 0, therefore
defines a point of maximum contribution. The location of
the maximum of each D;“ may then be estimated as the
value of o  for the nth resonance, with equation (A1) taken
for 0, at the equator. It is valid for ag, g > g (8,). For
ap larger than both agr and g a(0,), the peak diffusion
value must decrease at least like 1/tan oy, as the f-integration
range decreases (0g > 0, then tends toward 0, to fulfil
equation (Al), with 7 going down). Actually, bounce-
integration only broadens the maxima reached at the equator
when x > x,,, as already noticed in Mourenas and Ripoll
[2012]. This gives an upper-bound on equatorial pitch
angle, above which diffusion coefficient D ~ D" decreases:

. 2w
sin o™ = Max[ -, smap} (B8)

QL‘O
Cosap = 4 l%
4UJU

[59] At equatorial pitch angles larger than the limit given
by equation (B8), D;,* actually decreases faster than 1/tan o,
because ay > .

[60] On the other hand, 6, < 0, defines the upper-bound of
resonant ag. Therefore, if ag(fy) given by the resonance
condition (A1) becomes smaller than g (0,) given by the
first inequality in equation(B7), then for Inl > 1 one gets
x < xp; and D' should decrease very quickly as equatorial
pitch angle decreases. This happens for

| 4w, 174 < | W 2/3
max max P e—
A ’ QCO a ’ QCO sin (&%)

(B9)

where

max(O; Inl — ”Qﬂ)
0

PEvo

COS Qg (9g )pemo

‘n-i— Qm)

which for Inl > 2 and not too high energy (such that yw,,/

InlQ), < 1) leads to
5/8 3/4
W [ W Inl
QcO7 (QCO) (ngmo) :| ' (Blo)

[61] Inthe domain defined by (B10), it is the D™ part of D
which becomes dominant. It is evaluated in Appendix C in
the small-0 range where (D) tan ay is small at small «y and
therefore of major importance for lifetime estimates [A/bert

sin g < sin aOM“’ = min
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and Shprits, 2009]. Conversely, it is neglected in lifetime
calculations when the large-6 part of g(6) is included,
because ((D)gtan o)~ ' is then always small in the full
numerical calculations for the considered parameter range
,0/820> 3, L >4, and E > 100 keV (see Figure 7).

Appendix C: Small-6 Part g(0) Contribution
of Cyclotron Resonances

[62] Making use of the very convenient weighted-average
re-formulation of the diffusion coefficient by Albert [2007],
one has

Omax

[ sinfg(0)A,G.do

Dy = T = A"FG'W‘> (C1)
[ sinfg(6)Tdo g
Orin

with a weighting function I'sin 6g(6). Let us treat here the
small-0 part of g(6), such that Oy, < min(7/4, 6,), allowing
us to take cos 6 ~ 1 in general. Such small-6 waves are
actually predominant at low latitudes [Burton and Holzer,
1974; Agapitov et al., 2011; Li et al., 2011]. Then, I" o< 1/
(wmeos 0)%, and we have Tsin 0d ~ T'pptan O/cos> 0dO =
Ty—o ydy with the new variable y = tan . As discussed in
Appendix B, for small to moderate equatorial pitch angles
(ag < T2 — Opax ~ 45° to 60°, where D' is also small
[Mourenas and Ripoll, 2012]), we just need to evaluate
the n = —1 resonance’s contribution. Moreover, taking
(Jo(1 + cos 6) + T_5(1 — cos 0))* ~ (21p)* is then a reli-
able first-order approximation. Neglecting the phase terms,
it is reasonable to assume that the Bessel function is nearly
constant (Jo(x) ~ 1) for x ~ tan oy tan 6 ~ 0 to 1, for
0 < Bax < 7/3 and ay lying between 3° and 25°, not too
far from the loss cone. As shown in Appendix B, only the
x < X part is actually contributing. This allows us to write

Tl — Ym
A_1G, ~ 2 1 Qe Go (CZ)
r 1 2wy Q (] — 2 2
T Q.cos b + Vi 0

which is nearly a constant as a function of 6 (it is justified for
0 < 7/3 and Aw < w,,/2: see the discussion at the start of
section 2.2 and Mourenas and Ripoll [2012]). The term
A_1G/T can therefore be taken outside of the integral
in equation (C1). One obtains the remarkable result that
the O-integrals at the numerator and denominator of
equation (C1) cancel each other. This means that the precise
shape of g() is unimportant there. One may use a Gaussian
or a step-function, the final result will be the same,
essentially equivalent to taking 6 ~ 0 as in the PPA
scheme [Summers, 2005].

[63] This leads to the following expression at the equator
for the principal cyclotron harmonic diffusion coefficient
near the loss cone edge:

3/2 w

b~ OB, w2 2erf (1) Gy (wp) |1 — 22

! 72B? alp — 29w 0| (] _aen >
— o T ( - )

13 of 17



A06234

[64] One singularity might occur in (C3) for yw, /2. = 1
Nevertheless, the constraint of the resonance relation (Al)
must be taken into account to find the latitude at which
resonance eventually occurs, which is equivalent to finding
Q.0/Q.. Numerically solving (iteratively) for the solution in
a dipolar geomagnetic field with a typical trough density on
the dayside [Sheeley et al., 2001] for L > 4, E < 8 MeV, and
0 < 7/3, it appears that yw,,/Q). < 1/3 for w,/Q < 1/3.
It remains true for other resonances n < 1. Thus, the term
/(1 + yw,/nf.) does not lead to a singularity.

[6s] In  equation (C3) we take  Gu(wy) =
QB (wn)/ fw‘/Bz (W)dw =Q./(/TAwerf (1)) and (G_),, ~
(7" 2/2)erf(1)Gw(w,,,) Taking directly # = 0 gives in this case
essentially the same result as the weighted-average over
0 =0 to Af as already noticed by Shprits et al. [2006], Albert
[2007], and Mourenas and Ripoll [2012]. One can check
also that equation (20) from Mourenas and Ripoll [2012]
is recovered from equation (C3) in the limit (p&,,0)*>Qo/
(Ywm) > 1 — 2w,,/Q..

[66] Provided that pe,, is not too small, as it is usually
the case, the contribution to the bounce averaged integral (9)
is negligible except over only a small A-domain around
resonant latitude Az. The bounce-integral can therefore be
appr0x1mated by (D)g = D(AR)Amax — Amin)COS QCOS’ A/
(T(cvo)cos’cvg). The domain (Amax — Amin) 1S approximated
by Amax.min = Az £ 6Ag. Using equation (Al) the resonant
1at1tude )\R is given by cosAg/(1 + 3sm /\ )12 ~ (sinay/
sinag)'”? ~ (11 — wwm/Q /pemocos ar)'”’. 5)g is obtained
from the same expression evaluated at w,, + Aw. Series
expansions near the first cyclotron resonance assuming small A,

small Aw/w,,, and moderate ay, finally give Apax — Amin =

260 = Adg = z<\/ X2 420w/ (27wn)/(pEmo)* — Ag) where

we have Ao = (2/32)/1 — (11— /1 pen)” . 1
leads to a first-order estimate of the diffusion coefficient near
the loss cone edge:

3/2erf( ) wave
4783 (penn) T (curc)
Ax(1+3sin2x) " (1= 2)

Wi Gy (Win)

(D29)ylac) =

o 4/9
wwew

where Q./Qu0 = (pemo)>” is generally a good approximation.
Appendix D: Large-0 Part g,(6) Contribution
of Cyclotron Resonances

[67] Since I' < (w,, cos A) 11 — w,,/(Q. cos O)I " we have
I'sin 0d6 =~ T gy tan 0/(cos® 011 — w,,/(Q.cos O))dd =T p_qvdy/
(1 — w,/(Q2. cos O) with the new variable y = tan . Using
equation (Al) to replace the term 1 — w,, /(€2 . coS )l by
a term proportional to cos § = (1 + y*)~"?, DI can then
be analytically integrated with respect to y, pr0V1ded the
Bessel function is conveniently approximated.

[68] Now, we integrate from fg, to Oyaxo (see scheme in
Figure 3). Let us examine first the singularity in equation (A3)
occurring at 1 — w,,/(2.cos #) = 0. The latter expression
must actually be taken at its value for (6, wr(6r)) satisfying
the resonance condition (Al). This additional constraint
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allows substituting the value of 1 — w,,/(€2.cos 0) by its finite
expression given by equation (A1l). Now, the ®,, term can be
approx1mated using ((Mane1 + (Mans1)? = (£ — w,/

Q) J|2,,|_1 at its maximum value for 6 ~ 0, since the largest
Bessel function is that of the smallest index. Further using
equation (B2), the integration of A,G,, with respect to 6
in equation (C1) can then be carried out with the assump-
tion that the term 11 — 2w, /(Q. cos 0) — n{./(yw,,)! is only
weakly dependent on 6, actually taking it at 0, since 0, < Op.
With the variable y = tan 6, it is equivalent to 1ntegrat1ng
1+ y in the numerator of equation (C1) with respect to y.
This leads to

2
VAR (1)B 1, Qe G(won)nl (17572
832 nQ

(DL, e = x

<| (ypem cos )’ tan
tan 9Max2(3 + tanz 6Max2)

(1 + tan2 Hi\/Iax)3/2 (1 + tan2 gi\/[in>

tan 95‘2(3 + tan? 932)
32

(D1)

[69] The diffusion coefficient (D1) can be large at mod-
erate to large pitch angles given by equation (8), since the
n-resonances levels in equation (D1) are nearly independent
of n, so that many resonances can contribute. Nevertheless,
pitch angle ay is limited by condition (Al) with cos
ag < sind,, showing that 6(\) can take any value smaller
than 6,(\g) only if Inl < N(0,0) given in equation (7). At
larger n-values, Ox(\z) tends toward 6,(\z) so that the inte-
gration range cos Og(\g) — cos O(\g) = n o< 1/n? from
equation (B3), leading in equation (D1) to DS® cc 1/n* at
large n, shrinking quickly at higher Izl and/or €. (or higher
latitudes). Consequently, the D" diffusion coefficient may
be rewritten as

ZD,, = 2N, (040) (D41 + D_y).

[70] Aside from the #-bounds, the 1ntegrand in equation (9)
with equation (D1) is propottional to 02%cos’\ ~ QY2
meaning it is only slowly varying with latitude. As con-
cerns the f-bounds, it is reasonable to expect mean value
0, ~ (Bhin + O\ax)/2 to increase as the waves propagate
away from the equator, varying roughly like (or slightly
more than) the Gendrin angle, leading to 1/tan 6, o< cos Oy o<
W/ Day51de chorus waves observations seem to conﬁnn
this, showmg in addition that variance ~@\g.x — i also
increases in a similar fashion with latitude [Agapitov et al.,
2011; Burton and Holzer, 1974; Artemyev et al., 2012].
Assuming for simplicity that the bounds of integration
Onmax2 ~ 0,-and O, o< 0, vary similarly too, the total variation
of the integrand is Weaker than 2. Since Apqy is small, the
bounce-integral (9) can then be approximated by the value of
its integrant at Az ~ 0 multiplied by the domain Apax — Amin-
It leads to a first-order estimate:

Vrerf (1) B2 wpGo(wWin) A max (1 + 2 (22 )
8vB3T () cos? ayp sin ayg (PEmo)’
, tan Ontax2 (3 4 tan? Oypayo) — tanfsy (3 + tan®sy)
32 32
(1+ a2y, )" ~ )

<Dln>;(a0) =~

(1 + tan® 6}y,
(D2)
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[71] In equation (D2), the f-bounds are evaluated at
Az = 0. The magnitude of large-§ D’ ,, is almost independent
of n in equation (D2), so that the contributions of many
resonances can lead to large increase in diffusion in the
domain of moderate to large equatorial pitch angles
ap > g™ with o™ given by equation (B10). This is
indeed confirmed by full numerical calculations of the dif-
fusion coefficients (see Figures 2 and 8 and Artemyev et al.
[2012]). The lower-part of integration from @4, to O, has
yet to be evaluated. But the latter term, which leads to inte-
gration of J|2,,|,1(y)y(1 + »%) in the numerator of equation
(Cl1), is negligible by construction as compared to D" at
moderate to large pitch angles. The small-§ part of D",
which becomes important above 60° has already been esti-
mated in equations (30) and (34) of Mourenas and Ripoll
[2012], which remain approximately valid here when
@m0 Qeo/ (Ywn) > 11 = 20,/Q.

Appendix E: Numerical Calculation of the Diffusion
Coefficients and Lifetimes

[72] In this paper we use the scheme of calculation of the
diffusion coefficients (1) described by Glauert and Horne
[2005]. However, we also take into account significant
improvements for distribution g(d) based on CLUSTER
statistics of whistler wave propagations [Agapitov et al.,
2011]. We use a Gaussian function g(6) = exp(—(tan 6§ —
tan 6,,)*/tan’A@) with tan 6,, and tan Af depending on the
magnetic latitude . These dependencies are obtained from
CLUSTER statistics and approximated by polynomials of A
[see details in Artemyev et al., 2012]. The calculation of local
pitch angle diffusion coefficient D, for given ), electron
energy and pitch angle o consists in the following steps:

[73] 1. For each value of 0 € [0in, Omax] We solve the
system consisting of the resonance condition (5) and dis-
persion relation w = 2. cos 6/(1 + Qf,c,/(kc)z) to obtain reso-
nant frequency w;, and corresponding wave number £k;,,.
Here # is the order of cyclotron harmonic resonance and i is
the index of the resonant root.

[74] 2. For all obtained sets {w;, k;,} we calculate
the corresponding power density G,(w;,, k;,) according to
equation (3).

[75] 3. Then we integrate over 6 with function Gy, where
2(0) = exp(—(tan 0 — tan6,,)*/tan’Af) is obtained for a
given \.

[76] As a result, we obtain D, depending on A\, « and
electron energy. Then we sum all cyclotron harmonics and
integrate over bounce oscillations according to equation (9),
recalculating pitch angle by using conservation of the mag-
netic moment:

sina = sin®agb()\)

where b(\) = V/1 4 3 sin®\/ cos® . We average over bounce
oscillations up to A = min(Ayjrror, 40°), where A COI-
responds to mirror points, i.e. sinzoagqb(/\m,-rm,) = 1. This
gives the final diffusion coefficients (D). We also use these
pitch angle diffusion coefficients (D) to calculate lifetimes
according to Albert and Shprits [2009].

[77] In some cases, we also calculate diffusion coeffi-
cients with constant parameters tan 6,, = 0, tan Af = 0.577

MOURENAS ET AL.: TIMESCALES FOR OBLIQUE CHORUS DIFFUSION

A06234

with Oyax = 45°. These parameters are the same as used by
Glauert and Horne [2005] and Horne et al. [2005]. Results
obtained for these parameters are named in the paper as
calculation without large-6 part.

[78] According to CLUSTER observations the mean value
tan 6,, as well as the variance tan Af grow with magnetic
latitude [Agapitov et al., 2011]. As a result, for moderate to
large values of A one has significantly oblique direction of
wave propagation (tan 6,, > 1) and distribution g(6) is more
dispersive (i.e. tan Af > 1). This effect leads to the inten-
sification of higher order cyclotron harmonics [see, e.g.,
Shklyar and Matsumoto, 2009] and results in an increase
of pitch angle diffusion [Shprits and Ni, 2009; Artemyev
etal., 2012].
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