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Abstract. The Imaging Electron Spectrometer (IES) on the 1 Introduction

Polar satellite has measured the average characteristics of

the equatorial electron pitch angle distributions (PADS) in

the midnight sector as a function of radial distance out toA butterfly pitch angle distribution (PAD) exists if a popu-
the 9Rg apogee of the Polar satellite. Depressions in thelation of particles that have localised minima in the flux of
observed fluxes of electrons occur with pitch angles aroundParticles that are field-aligned (pitch angles are néao0

90" in the equatorial zone, while the more field-aligned elec- 180°) and equatorially mirroring (pitch angles are neaf)90
trons remain largely unchanged. The orbital precessions of e occurrence of this PAD in the magnetosphere was first
the satellite have allowed much of the inner equatorial mag-described byVest(1966), which was a result of upper atmo-
netosphere to be observed. Statistically, butterfly PADs withSPheric nuclear experimentation in 1962. Since then, the but-
different shapes are observed selectively in different regionsterfly PAD has been found in naturally occurring populations
which can provide insight to their source and possible his-in both electrons and ions and were reportedSylemitsos
tory. Electron paths of varied pitch angles were modelled us{1960, Pfitzer et al(1969, Bogott and Moze(1971), West

ing Runge-Kutta approximations of the Lorentz force in a €t al. (1973, West and BucK1974, Kaye et al.(1978 and
Tsyganenko (T96) simulated magnetosphere. The resulting'itz et al.(2003 among others.

drift paths suggest that the process of magnetopause shad- The dayside compression of the magnetosphere introduces
owing plays a significant role in the loss of these electrons day/night asymmetries of the magnetic field. This deviation
Case studies of the drifting patterns of electrons with var-from a dipole results in particles with non-spherical drift
ied pitch angles were simulated from Polar's orbit when ashells. As particles that are located in the nightside region
butterfly PAD was observed on 3 October 2002 at an altitude?f the magnetosphere drift around to the dayside, the result-
near 9Rg and on 12 September 2000 at an altitude nef.6 ing drift paths can be roughly characterised by their equa-
These two locations represent regions on each side of théorial pitch angle. By approximately conserving adiabaticity,
boundary of stable trapping. The modelling effort strongly certain regions of the equatorial nightside will lose particles
suggests that magnetopause shadowing does play a signiM\lith pitch angles near 90due to contact with the dayside

cant role in the loss of equatorially drifting electrons from Magnetopause. The particles with alonger bounce length will
the outer regions of the inner magnetosphere. drift around to the dayside more closely to the earth and will

not be lost to the magnetopause. The regions of the magne-
' tosphere which contain some patrticles that are stably trapped
while others that will be lost can be callpdeudo-trappedr
quasi-trappedThese trapping regions are discussed in more
detail by Roederer(1967, 1970. It is within these regions
that a butterfly PAD can be created or maintained.
Due to the orbital precession of the Polar satellite over

many years, a large portion of the equatorial magneto-
sphere inside of & was sampled. By using the satellite’s
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Fig. 2. When Polar passed through the nightside equatorial plane,
: s ‘}710 = it was on an outbound trajectory going from the Southern to the
X (Re) Northern Hemisphere into a region where the butterfly PAD is ob-
served.
. pling broad regions of the inner magnetosphere including the

equatorial plane. A typical Polar orbit through the midnight

Fig. 1. The precession of the Polar orbit with apogee progressing h . .
from the North Pole to the Equator from 1997 to 2002. For purposesseCtor of the equatorial plane is shown in FagAs Polar

: : . . crosses the equatorial plane, it is on an outbound trajectory
of comparison, the plane of the orbits were azimuthally rotated into . -
the X—Z plane. moving from the Southern to the Northern Hemispheres. For

many passes through the butterfly PAD region, a wide range
of radial distances are sampled in a single orbital pass.

Comprehensive Energetic Particle and Pitch Angle Distri- 1€ Imaging Electron Spectrometer (IES) on Polar, a com-
bution (CEPPAD) instrument packagBléke et al, 1995 ponent of CEPEAD, was used to measure h|gh'spat|al gnd
to detect electrons with energies greater thaB0 keV, the temporal resolution fluxes of electrons with energies ranging
long-term presence of the butterfly PAD in the nightside rom 30keV up to 507 keV. On the sensor, there were nom-
equatorial region can be characterised. A particle tracingn@lly ten energy bins for nine different look direction chan-

model can then be used in conjunction with Polar observall€ls. In total, the instrument could detect electrons with a

tions to examine the cause and stability of the observed popt80° polarx ~ 20° azimuthal field of view. The wide polar
ulations. field-of-view allowed for approximately 7 steradian cov-

erage over a complete six second spin perBldKe et al,
1995.
2 Polar instrumentation

Since about 1997, the apogee of the orbit of the Polar satellit§ Morphology and classification of the butterfly PAD

has moved from the region above the northern pole down to

lower latitudes. This precession of the orbit has consequentiyWhen identifying the presence of butterfly PADs in the Po-
caused the magnetic equatorial crossings of the satellite ttar observations, the flux is plotted as function of both time
progress outward from the earth. In addition to this effect,and pitch angle. Figure3and4 are a demonstration of ob-
the variation in the local time of the orbit throughout a yearly servations measured by Polar for 12 September 2000 and
orbit has allowed for detailed observations across the equa3 October 2002, respectively. Long-term measurements have
torial plane from less than Bg out to almost 1Rg. The shown two distinguishable, characteristic shapes to these
apogee of the orbit approached the equatorial region in thelistributions, a “bowl-shaped” distribution observed in the
middle of 2002, signifying the outermost region of the equa-12 September example, and a “box-shaped” distribution as
torial plane that Polar can measure in situ. Since that time, theshown in the 3 October data. The shape of the butterfly
magnetic equatorial crossings have travelled inward, as th&AD arises from the visual border of depressed flux cen-
line of apsides of Polar moved into the Southern Hemispheretred around 99 pitch angle when plotted in the previously
Figure 1 plots the movement of the orbit in the X—Z plane mentioned form. A time evolution in the observations does
from May 1997 until June 2002. For purposes of compari-introduce both a spatial and temporal dependence. However,
son, all of the orbits have been azimuthally rotated into thethese dependencies may be characterised with the broad sur-
noon-midnight plane. The five displayed orbits estimate thevey of PADs in the nightside equatorial region as discussed
latitude at which Polar reached apogee. These orbital charaén Sect.4. In addition to these two shapes, there is an ad-
teristics of this satellite make it a valuable resource for sam-ditional occurrence of a butterfly PAD that shows hybrid

Ann. Geophys., 31, 305314, 2013 www.ann-geophys.net/31/305/2013/



M. M. Klida and T. A. Fritz: Butterfly PAD statistics 307

Polar IES pitch angle plots (12 September 2000)
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Fig. 3. Electron flux plots from the IES sensor for ten energy channels (indicated by the nominal energy threshold to the left) on Polar for
12 September 2000, with electron flux plotted as functions of pitch angle and time. Butterfly PADs occur between 05:30 UT and 06:30 UT

with a bowl-like shape.

characteristics of both the bowl and box-shaped. Further de3.1 The bowl-shaped PAD

tails of these shapes are discussed in the following subsec-

tions. The bowl-shaped pitch angle distribution is observed primar-
~ The two plots are flux measurements from Polar as funcijy in the inner region of the satellite’s magnetic equatorial
tions of both the electron pitch angle and time for the afore-crssing range. This shape of the distribution is characterised
mentioned days. In the early years, when the equatorialyy the onset of the bite-out beginning at & §itch angle and
crossings were closer to the earth, butterfly bite-outs neapg polar passes through the radiation belt region, the flux de-
90" were not observed. As the crossings moved outward, thgyression progressively spreads outward to more field-aligned
butterfly bite-out was observed by Polar. Slow evolutions inpitch angles. This expansion phase continues until the bite-
the morphology were also noticed. Early bite-outs, such ag,t covers the entire pitch angle range or isotropy is restored
12 September 2000, displayed a bowl-like shape. Later bitey the flux of the distribution.

outs, such 3 October 2002, displayed a box-like shape, with The time progression of the Polar measurement corre-
a rapid onset and return to isotropy. Events in between thesgnonds to a gradual spatial progression of the width of the
two examples can display hybrid characteristics. butterfly PAD. As Polar enters into the equatorial region from
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Polar IES pitch angle plots (3 October 2002)

1.000
N N
8 1.000 o
) 9 > ¢ 0.100
3 8 g 8
= S ~ N
105 keV ¢ £ 0100 507 keV e £
g 3 g 2 0.010
< 3 < S8
5 0.010 5
o & 0.001
0.001
4:00 5:00 6:00 7:00 4:00 5:00 6:00 7:00
10.000
—~ — 1.000
7 o
[ [
g 1.000 g
g g g g
s 4 3 % 0.100
77 keV  » £ 0100 370 keV = £
2 3 g 3
< S I S a.010
5 0.010 5
g S
0.001 i 0.001
4:00 5:00 6:00 7:00 4:00 5:00 6:00 7:00
Time (UT) Time (UT)
10.000
g g 1.000
g o 1.000 S 3
S K 2 g 0.100
56 keV o 2 oo 270 keV o 2°
H 3 < 3
= 0.010 - 0.010
] ]
ES kS
0.001 0.001
4:00 5:00 6:00 7:00
Time (UT)
- 10.00 -
H g 1.000
g & oo = < 0100
41 keV = £ 197 keV » £
é é 0.10 £ é
5 £ 0.010
S S
0.01 0.001
4:00 5:00 6:00 7:00 4:00 5:00 6:00 7:00
Time (UT) Time (UT)
i i
$ b 1.000
& o & o
S b3 S b
< > = 100 >
30 keV = £ 144 keV o £ 0100
& 3 10 < 3
§ § 50 0.010
g S
0 1 0.001
Time (UT)  4:00 5:00 6:00 7:00 Time (UT)  4:00 5:00 6:00 7:00
LShell (RE)  9.65 9.80 9.83 9.73 LShell (RE)  9.65 9.80 9.83 9.73
MLAT (Deg.)  3.14 6.97 10.20 13.05 MLAT (Deg.)  3.14 6.97 10.20 13.05
MLT (Hours) ~ 23.06 23.12 23.16 23.17 MLT (Hours) ~ 23.06 23.12 23.16 23.17

Fig. 4. Electron flux plot from the IES sensor for ten energy channels (indicated by the nominal energy threshold to the left) on Polar for
3 October 2002, with electron flux plotted as functions of pitch angle and time. Butterfly PADs occur between 05:00 UT and 06:00 UT with
a more box-like shape.

the Southern Hemisphere, a bowl-shaped butterfly PAD indi-by the instrument observing a flux decrease only &t 96e
cates an absence of only locally mirroring°9@itch angle  end of the “box-shaped” distribution is a bite-out again with
particles. Then as Polar continues toward the magnetic equa range of pitch angles centred at’90sually followed by
torial plane, a wider range of pitch angles are lost to the but-an isotropic distribution. In the observations, the width of

terfly PAD. the bite-out may or may not change as the satellite passes
through the equatorial region, but the shape is characterised
3.2 The box-shaped PAD by the distinct onset and turn-off ranges.

) o A sharp appearance of a butterfly PAD in the observed Po-
T_he box-shaped pitch anglle distribution is observed exclyhr pitch angle measurements corresponds to a sharp spatial
sively toward the outer regions of Polar's range of magnetiCy,, jer hetween a region in which there is almost a isotropic
equatorial crossings. This shape of the distribution is reP-pAD without any deviations at 9(pitch angle and a region
resented by a bite-out onset that initially covers a range O(Nith a butterfly PAD that shows a depression over a wide

pitch angles centred at 90This is a fundamental difference range of pitch anales. As Polar passes through the nightside
from the “bowl-shaped” distributions as they always begin g P gies. P g g
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equatorial region, the range of pitch angles included in the Magnetic Equatorial Crossings of 1999-2002
4 o o—————— e
butterfly PAD may change, but there always exists a signif-

+1999
icant range of off 90 particles within the butterfly PAD de- 13900 %
pression. A2002 T

3.3 The hybrid PAD

T
asg
~

Finally, Polar observed butterfly PADs with a hybrid shape. z °
In other words, the beginning and end of the butterfly is able ~
to show different shapes. When apogee is in the Northern
Hemisphere, the onset displays bowl-shaped characteristics s
and the turn-off has box-shaped characteristics. This phe-
nomenon is due to the oblique orbit of the satellite itself.
The butterfly shape is observed for an extended period of ol .« . . . . o 0
time, from tens of minutes, up to a few hours. During this 0 ° y O(R) -° -0
prolonged observation, the altitude of Polar can increase sig- oer
nificantly. When this occurs, the satellite will move from the Fig. 5. The locations of the 384 magnetic equatorial crossings that
bowl-shaped domain out into the box-shaped domain in a Sinwere used for the statistical survey. They are from the months of
gle observed butterfly PAD. August, September and October 1999 through 2002.

After 2002, the apogee of Polar progressed into the South-

ern Hemisphere, and the hybrids were still observed with reg- The resulting bar chart in Figs indicates the frequency

ularity. During the period of 2002 until 2003, the orbit still al- ¢ ¢ h sh f butterfly PAD. Th ’
lowed for the satellite to cross the equatorial region as before?! OCCUITENCE OF €ach Shape of buttertly - [ N€ Crossings
ere grouped into B R sections, and the number of occur-

except now it is decreasing in altitude. This path transportedN

Polar from the box-shaped region into the bowl-shaped refences of each shape were compared to the total number of

gion. Indeed, the hybrid butterfly PADs appear backwardssate”ite crossings in each section. The bowl-shaped distribu-

in comparison to the earlier versions, due to the reversal ofions ar? the QOmmant type observed .tovyard' the inner range

the temporal sequence for the satellite to encounter these ré)-f Polar's orb|t,_ and the box-shape_d d|str|but|_ons_ toyvar(_j the

gions. puter range, W|_th a strong population of hybnd d|str|b_ut|9ns
in between. With such a strong correlation to the distribu-
tion of the shape with respect to the radial distance from the
earth, the PAD shapes observed in the Polar pitch angle plots

4 The statistics of PAD shape on the nightside can be attributed primarily to spatial characteristics within
the magnetosphere.

With the observations of the three types of butterfly PAD

shape, it is important to determine any patterns that mayg Modelling dependencies of electron pitch angle
arise. A survey of Polar's equatorial passes was conducted

for August, September and October for the yearS from 199%5"']9 the Tsyganenko simulated magnetosphé’ﬁyda_
through 2002. These were the months that the orbital apogegenkq 1995 Tsyganenko and Sitno2005), the differential

was near a local time of mldnlght FigLEBéocateS the nlght- equation of motion of a partide with mass and Charg@
side magnetic equatorial crossings made by Polar in thesg the Lorentz force,

four years. Each point indicates the X and Y GSM coordi-
nates of the crossings. The equatorial crossings of the orbitgi_v =g(E+vxB). (1)
began lower in altitude and moved outward over time. The
number of crossings for each PAD shape is summarised imhe position of the particle has a solution as a function of
Table 1 for different ranges of radial distances from the earthtime and the initial position when given the velocity. These
The presence of the butterfly PAD increased in frequencysolutions can be numerically estimated to yield a path of mo-
outside of 5Rg. For example, in between%Rg and 95 RE, tion for electrons with a given initial pitch angle and energy.
a butterfly PAD was observed in approximately 90 % of the Once the magnetic field topology is estimated using the
equatorial crossings and was observed in at least 80 % of th€96 model and the electric field is estimated using the
crossings in each of the.®Re bins. This PAD is a well-  Volland—Stern modelStern 1975 \Volland, 1978, a Runge—
established feature of the inner magnetosphere. The discretéutta type method is used to estimate the Lorentz force or-
differences in the butterfly PAD shape allow for a distribution dinary differential equation that governs the motion of the
that can characterised as function of radial distance from thelectrons to yield the next point in space in the time se-
earth. quence. These increments can then be compiled over a time

N
S

S R
i
L
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Frequency of Butterfly PAD Shape 100 keV electrons on 3 October 2002
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Fig. 6. The distribution of the occurrences of the different shapes 5

of butterfly PAD, according to the radial distance of the magnetic

equatorial crossing observed for each event. The distances are sep-

arated into (b Rg bins and counting statistics are taken within.

100 keV electrons on 12 September 2000
—10 L e B B B L B B E
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Fig. 8. The differential drift paths of electrons with four different
start | pitch angles are shown. All simulations begin at the location of Po-
lar at 05:00UT and trace backwards in time until the particle is
lost or completes a drift orbit. The paths of the°@ihd 90 pitch
angle electrons are shortened due to contact with the model’s mag-
netopause.

GSM Y (R
°
I

L - 1 showed either isotropic or butterfly shaped distributions as
- 8 the satellite crossed the equatorial plane on the nightside.

r | | | ] The data recorded on 12 September 2000 demonstrate a
10

10 s s Zio butterfly bite-out with a well defined bowl-like shape, as
seen in Fig3. The onset of the bite-out begins discretely at

Fig. 7. The differential drift paths of electrons with four different 90° and progressively extends its range until isotropy is re-
pitch angles are shown. All simulations begin at the location of Po-Stored. The observed bite-out occurred from approximately
lar at 06:00 UT and trace backwards in time until the particle is lost05:50 UT until 06:25 UT.
or completes a drift orbit. All four particles drifted around from lo-  Figure7 demonstrates the differential drift paths for elec-
cal noon indicating stably trapped drift orbits. trons with different pitch angles. All simulations begin
at the location of Polar at 06:00 UTX(= —5.55RE, Y =
—1.63Rg, andZ = —0.45Rg [GSM]) and trace backwards
progression to show the suggested path a particle may take. Ifi time for electrons with four different pitch angles. The one
modelled backward in time, the model can suggest possibléour average solar wind conditions (from 05:00 to 06:00 UT)

0
GSM X (R)

origins. used for the model had a solar wind velocity of 361 krh s
and a density of 10.8 cn? with an interplanetary magnetic
5.1 12 September 2000 field (IMF) of By =6.4nT andB, = —1.4nT. Also, the Kp

index was 3 and Dst=-7. When Polar observes bite-outs
In September 2000, Polar was crossing the magnetic equalose to the earth (underRg for this example), the differen-
torial plane near ®Rg. Observations made during this period tial drift shells do not separate significantly. This allows for

Ann. Geophys., 31, 305314, 2013 www.ann-geophys.net/31/305/2013/
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Table 1.The frequency of Butterfly PAD Shape is characterised by separating all of the crossing statisticsRptbids and calculating the
occurrence statistics as a function of radial distance. Along with&ig.can be seen that the bowl and box-shaped butterfly PADs occupy
the inner and outer regions, respectively, of the sampled region.

Number of occurrences within eactb®g Bin with centre at radial distandRg)

Radial distanceKg) 425 475 525 575 625 675 725 775 825 875 925 975
Bowl 0 9 4 39 35 18 11 9 1 0 0 0
Hybrid 0 0 0 1 3 1 5 20 15 8 7 0
Box 0 0 0 0 0 0 1 2 7 11 52 31
No Butterfly 7 22 10 6 6 1 3 4 1 2 9 11
Total crossings 7 31 14 46 44 20 20 35 24 21 68 42

Butterfly occurrence (%) 0.0 29.0 286 87.0 864 950 850 886 958 905 868 738

the particle tracer to allow all four populations to completely ous drift orbit is most likely responsible for producing the
drift around to the dayside, preserving populations from lossbox-like butterfly PADs.

to the magnetopause. The asymmetric drift shell of the 90

electron on the dayside is due to the compression ofthe mag-

netosphere from the solar wind which causes minima in the®  Diffusive effects on butterfly PADs

strength of the magnetic field lines to occur off of the equa-
tor. It may be concluded that during the observed butterfly
PAD, the satellite was inside of the limit of stable trapping
and, therefore, magnetopause shadowing during the previo
drift orbit is not responsible for the bowl-like butterfly PADs.

The effects of the highly dynamic solar wind on the global
structure of the magnetosphere must be considered when
u%nalysing the temporal structure of the PADs. When non-
adiabatic variations in the magnetosphere occur over short
enough time scales, some of the adiabatic invariants may be
violated, allowing diffusion mechanisms to occur. Pitch an-
52 3 October 2002 gle and radial diffusion arising from the respective violations
in the second and third adiabatic invariants will be examined
in the following sections. When this occurs, the population
As time progressed, and the apogee of Polar moved to loweof electrons with a butterfly PAD will encounter pitch angle
latitude, the equatorial crossings correspondingly moved outand radial diffusion.
ward as well, which allowed for the sampling of new regions  Although there is a generalised decrease in particle fluxes
of the magnetosphere. This example day demonstrates a buds the radial distance increases, this is not true for all popu-
terfly bite-out with a well-defined box-like shape. The onsetlations. The scope of work here is electrons with energies in
of the bite-out begins immediately for a range of pitch anglesthe tens to hundreds of keV. The radial profile of these spe-
and remains constant until isotropy is restored with a suddertific electrons can often be somewhat flat or have a peak near
drop-off. The observed bite-out occurred from approximatelygeostationary orbit@oroniti and Thorngl1973 Fritz et al,
05:00 UT until 06:00 UT. 2003. The shape of the profiles are highly-dependent on the
Figure8 demonstrates the differential drift paths for elec- species and energy. Figure 1 frdfritz and Chen(1999 is
trons with different pitch angles. All simulations begin at the an exemplification of such a profile measured by the ISEE-1
location of Polar at 05:00 UTY = —9.26Rg, Y = 2.24Rg, satellite during a radial pass very close to the magnetic equa-
andZ = —1.13Rg [GSM]) and trace backwards in time for torial plane 8/Bg ~ 1) demonstrating these features.
electrons with four different pitch angles. The one hour av- While it is true that the drift shell splitting process would
erage solar wind conditions (from 04:00 to 05:00 UT) usedseparate co-located dayside particles of different pitch an-
for the model had a solar wind velocity of 481 kmisand a  gles, this alone would not produce a butterfly pitch angle dis-
density of 7.9cm?® with an IMF of By = 0.8nT andB, = tribution. If one were to track a dayside isotropic distribution
10.5nT. Also, the Kp index was-3 and Dst=—62. When as it drifts to the nightside, the particles with°98quato-
Polar observes bite-outs farther away from the earth (almostial pitch angles would be located at a lesser radial distance
10RE for this example), the differential drift shells separate than the more field-aligned particles. This would create ar-
significantly more than the previous, lower altitude example.eas of the equatorial nightside where® Qtarticles would
Electrons with pitch angles near 9@xhibit sizable lateral be void. This example only includes a dayside population
drift, which allows for contact with the magnetopause. Theseat a single point. Particles with 9@quatorial pitch angles
drift characteristics allow for the loss of electrons with pitch at radial distances outward of this initial group will fill in
angles near 90 creating the well-defined butterfly effect. the 90 voids on the nightside that were created by the drift
This means that magnetopause shadowing within the previshell splitting of the original population. This effect would

www.ann-geophys.net/31/305/2013/ Ann. Geophys., 31, 3854, 2013
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continue outward until the dayside populations are near thevas determined, it is reasonable to extrapolate this relation to
magnetopause. Outside this boundary of stable trapping, than average expression for all times. This would indicate that
butterfly is caused by magnetopause shadowing via drift shelbn average, electrons in the outer regions of the coverage of

splitting. Polar (i.e., outside the boundary of stable trapping), would
o require on the order of a few days to migrate inward to a
6.1 Radial diffusion region where electrons of all pitch angles are stably trapped.

The modelling demonstrated a viable loss mechanismto prog.2  Pitch angle diffusion
duce box-like butterfly PADs in the outer region of the radi-
ation belts (outside of about#&:), but there was no such A pitch angle distribution on the nightside comprises a popu-
mechanism inward of that region. The simulations would lation of particles that are not co-located at any other local
suggest that populations of electrons with any pitch angletimes, as particles with different pitch angles drift on dif-
will drift around the earth in complete and stable orbits. Onferent shells. It is not appropriate to think of a population
the other hand, the observed data from Polar indicates thatf particles drifting around and changing its pitch angle dis-
the 90 pitch angle electrons are also depleted in this region.tribution. In a region of stable trapping, a nightside particle
This contradiction leaves two possible resolutions to ex-will drift around to the dayside and return to the nightside at
plain butterfly PADs inside of Bg: there is either another un-  a roughly similar location and bounce length. If any scatter-
known loss mechanism that is still effective at these lower lat-ing occurs along the drift orbit, then the bounce length may
itudes, or the distribution are remnants of losses that occurredhange and the particle is either lost or it returns to the night-
further outward and have since diffused radially inward. Thatside at a different radial distance. The net result of the pitch
is, the equatorially mirroring electrons were stripped from angle scattering will be a net loss of electrons and a flattening
the outer populations and then over time, the remaining elecef the PAD over time at a particular local time.
trons diffused inward and somewhat preserved their pitch an- As the conservation of the second adiabatic invaridnt,
gle distribution. breaks down, particle mirror points are shifted along field
To test the validity of the second possibility, the rate at lines. This violation of the second adiabatic invariant,
which the electrons typically diffuse inward must be ex-

amined more rigorously. When the third adiabatic invariant j = myﬁvnds , (4)
given as,

wherev)| is the component of the velocity parallel to the mag-
D= %Aodx , (2) netic field line and/s is the particle bounce path, is known as

pitch angle diffusion. In other wordd, ~ 0 whenT, B < B,

where Ag is the area encompassed by the drift shell of theWhereT is the bounce period of the particle.

particle, is violated, the gradient in the phase space density If the inner butterfly PADs are indeed remnants of those
gives rise to a diffusive force. If the effects of pitch angle Produced at higher altitudes, then the distributions would un-
scattering are neglected, the force on the particles can béergo some degree of pitch angle diffusion while radially dif-
characterised in the form of the radial-diffusion equation (cf., fusing inward over the time-scales described in the previous

Schulz and Lanzerottl974 Eq. 3.01), section. This combination of diffusion processes would then
alter the shape of the butterfly PADs. While the distributions

af B af 29 [1 af are observed in the region of magnetopause shadowing, the

ot 50 [Dwﬁ] = 5L [ﬁDLL B_L] : (3) borders of the bite-out are constant throughout the region,

indicated by the box-shaped distributions that were observed
This allows for an estimation of the time required for an en- on Polar. However, the older, inner distributions have under-
ergetic electron to move inward via a diffusion coefficient gone significant pitch angle scattering since they left the re-
Drr. In Eq. @), f is the distribution function with respect gion of magnetopause shadowing. The consequence of this
to the third adiabatic invariant®| = 27a2Bg/L. For par- interaction is that the width in pitch angle of the flux depres-
ticles mirroring at the equator, the diffusion coefficient can sions centred at 90s no longer constant across the butterfly
be estimated (cf.Schulz and Lanzerottil974 Sect. 111.2)  PAD. This effect would lead to a more rounded distribution
with magnetic spectral densities in a model magnetic field.measured by the Polar satellite, indicated by a bowl-shaped
Additionally efforts to model radial diffusion (e.dSelesnick  PAD distribution.
et al, 1997 Brautigam and Albert200Q Li et al., 200]) can Outside the boundary of stable trapping, the butterfly
lead to average estimates of the diffusion coefficient and conPADs remain uniform throughout the depression, indicated
sequent particle transport times. From modelling diffusionby the box-like shape. The electrons will radially diffuse
for all of 1998, Barker et al.(2009 characterised the elec- inward until all particles at certain L-shell can stably drift,
tron lifetime as a function of L-shell as= 3(6/L)>2 days.  regardless of pitch angle. The diffusive effects on the pitch
Because of the long timescales over which this expressiorangles of the electrons will then alter the PAD to give a
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bowl-like shape. Because of the orbital geometry of Polarpush drifting electrons an adequate distance outward on the
during the studied times, the satellite entered the nightsidelayside to cause any significant losses.
equatorial zone from the south. As it extended through the Since butterfly PADs are still observed inward of the sta-
equatorial zone where the butterfly PADs occur, it also ex-ble trapping boundary and away from the effects of mag-
tended further away from the earth, and the initial narrownetopause shadowing, these distributions may likely be the
onset occurs when Polar was at lower altitude. The narrowemnants of butterfly PADs that were created on populations
pitch angle range of the butterfly PAD is a consequence ofof electrons that were originally at greater radial distances
longer exposure to pitch angle diffusion. As the butterfly and have radially diffused inward. The many drift orbits that
PAD widens out, the depression occurs over a wider rangehe populations would make while diffusing inward would
of pitch angles with centre at 90This is because these por- also imply that the electron distributions are only beginning
tions of the population have radially diffused inward from to become isotropic through pitch angle diffusion, indicated
the boundary of stable trapping more recently. As a conseby their rounded shape, consequently preserving their distri-
quence, pitch angle diffusion has had less of an effect than obutions longer than previously thought. It may also be possi-
the more inward electrons. Additionally, when only a portion ble the magnetopause is just one of multiple loss mechanisms
of the observed butterfly PAD volume is in the stable trappingfor electrons with pitch angles near9@ach of which may
region, a hybrid shaped distribution can then be measured biave a different effectiveness in the various regions of the
Polar. magnetosphere.

Pitch angle diffusion will tend to smooth out any features
in the PAD, which over time will decrease the severity and
spatial extent of the butterfly PAD. The rate of pitch angle AcknowledgementsThe authors wish to thank Brian Walsh for
diffusion is not constant for all particles, dependent on geo-many useful discussions. This research has been supported by
magnetic activity and energy. The pitch angle diffusion con-NASA grant NNX08AL60G and USAF AFRL contract FA9453-
stants have a fall off as they approach 8@ch angles. While ~ 10-C-0221. _
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