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Abstract—The problem of the appearance of extremely large
fluxes of relativistic electrons (“satellite killers”) is analyzed
taking into account the action of both regular andturbulent
mechanisms of particle acceleration. The configuran of storm
time magnetospheric current systems is discussedh& dynamics
of magnetospheric current systems including ring auent and its
high latitude continuation — cut ring current, partial ring current
is considered as a reason for magnetospheric topghp changes.
Storm time decrease of magnetospheric field and itsestore
during storm recovery phase produce adiabatic accetation of
seed population of electrons injected into the regn of weaken
magnetic field. High level of storm time turbulencein wide
frequency range leads to turbulent particle accelation. The
possibility to clarify the contribution of different mechanisms of
the formation of relativistic electron spectra is dscussed.

1. INTRODUCTION

THE problem of the acceleration of relativistic elecis
continues to be one of the main unsolved problefithen

physics of the magnetosphere. Relativistic elestrare
called “satellite killers” due to effects leading satellite
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anomalies and even loss of spacecrafts. Large qluwde
relativistic electrons appear, as a rule, during thcovery
phase of geomagnetic storm. Clarification of theclag@isms

of the acceleration of relativistic electrons isisidered as one
of the major aspects of Space Weather problem.dtso very
important for understanding of the processes omimgay

acceleration. Generally, the magnetosphere of #mthHs a

giant plasma laboratory in which different mecharssof

particle acceleration can be tested.

In this paper we discuss regular and turbuteathanisms
of relativistic electron acceleration and try toowhthat the
solution of the problem of the nature of relatidistlectrons in
the magnetosphere of the Earth is deeply connetteithe
study of the topology of magnetosphere.

2. RADIATION BELTS OF THEEARTH: REGULAR AND TURBULENT
MECHANISMS OF RELATIVISTIC ELECTRON ACCELERATION

Large fluxes of relativistic electrons in thegnatosphere of
the Earth fill the outer radiation belt (ORB). ORBas
discovered in 1958 by Vernov, Chudakov, Gorchakov,
Logachev (discovery No 23 in the list of USSR disary
registration) in the Institute of Nuclear Physiceddow State
University (now SINP MSU) and was studied usingdaéa of
satellites Electron, SAMPEX, Polar, GPS, CRRES, LAN
GOES, HEO etc. Nevertheless, a significant progire$3RB
study was achieved due to CORONAS-F satellite
measurements. Fig. 1 demonstrates averaged meidion
distribution of fluxes of electrons in the radiatibelts of the
Earth obtained due to data of early measurements
(http://Aww.kosmofizika.rit

Two main approaches of the solution for thebpm of
acceleration of relativistic electrons have beeggssted:




stochastic acceleration by fluctuating electritdseand regular neglecting the contribution of some comparativebwprful
acceleration of “seed” population. Both mechanisuggest systems can produce significant discrepancies legtwibe
that “seed” population of electrons with energid6- keV experimental data and the modeling. As an examples i

formed during storm main phase is acceleratedeidtivistic
energies during storm recovery phase.
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Fig. 1. Averaged meridional distribution of fluxekelectrons
in the radiation belts of the Earth obtained dudata of early
measurements (http://www.kosmofizika.ru)

Stochastic mechanisms of acceleration are th&t papular
now. Interactions with ULF [1]-[10] and whistler me waves
[11]-[21] are analyzed. It is not clear which wawede is the
most effective one. It is also necessary to sttéss the
effectiveness of stochastic mechanisms is postibéstimate
only after exclusion of an action of regular medbkiam

Great increase of plasma pressure inside thenetagphere
during magnetic storms leads to decrease of maygfieiti due
to diamagnetic effect of plasma. The effect is emly
pronounced in the asymmetric ring current regioksr
example the decrease Bfcomponent of geomagnetic field till
~0 was observed at the geostationary orbit in [@&ling
magnetic storm 31 March 2001 WitDst max= 350 NnT. This
means that the restore of magnetic field duringnsteecovery
phase can produce considerable regular betatroglesation
of particles. Therefore, it is necessary first bt@analyze the
change of magnetic configuration. It is also neagsgo
analyze particle transport across drift shells padicle losses
due to precipitations into the ionosphere and dftthe
magnetopause. However, this problem is out of ttope of
present review.

3. TOPOLOGY OF MAGNETIC CONFIGURATION

To evaluate the contribution of regular mechanisi
relativistic electron acceleration it is necessdaoy have
comparatively good model of the near Earth magniatid.
The majority of existing models of magnetic fielshgest that
the main sources of the magnetospheric magnetid fee
magnetopause currents, tail current, ring current partial
ring current, field-aligned currents. Adequate ctdtm of
magnetospheric current system is rather importast

possible to mention the difficulties of the latdstyganenko
model — Tsyganenko-2004 [23] in reproducing thetfmrs of
the geomagnetic cutoffs as analyzed in [24].

Recently Tsyganenko and Sithov [25], [26] depelba new
empirical model of the magnetospheric magnetidf{@S07).

In this model the magnetospheric equatorial cusreist
expanded into a sum of orthogonal basis functiorith w
different scales, capable to reproduce variousatadnd
azimuthal distributions of the field, including itaoon-
midnight and dawn-dusk asymmetries. The set oftfons is
built on the basis of the general solution of Angdeequation
for infinitely thin equatorial current layer. Alhé terms are
separately shielded inside the model magnetopausk a
combined with the modules corresponding to Birkélan
currents.

TS07 model reproduces many important features of
magnetospheric structure and its changes duringmsto
However, it does not take into account that -t ags found in
[27] - dayside part of inner magnetospheric trarsveurrent
flows at comparatively high latitudes far from thgquatorial
plane. Fig. 2 helps to understand this statemérsthdws the
results of calculation of isolineB=const (forB=100 nT, 90
nT, ets.) in accordance with Tsyganenko-2004 mdatethe
following parameters: the solar wind dynamic pressgi,=2
nPa, components of interplanetary magnetic fieldH) Bz=-
5uT, By= Bx=0 and zero inclination of Earth’s magnetic
dipole.
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Fig. 2. Example of calculation of isolin@s-const (forB=100
nT, 90 nT, ets.) in accordance with Tsyganenko-200del if
Pgin=2 nPa, and components of INBZ=-5uT, By= Bx=0

Magnetic field value in the internal ring on Figc@rresponds

%o 100 nT. Next curve corresponds to 90 nT etc4dInT at

the external curve. The majority of existing modefsthe
magnetospheric magnetic field reproduces the sapadgy
of the field lines: The magnetic field minima atéfted from
the equatorial plane near noon due to daytime ntagpkeric
compression. Minimal values of magnetic field tgiace far

grom the equatorial plane. Analysis of the confagion of



B=const isolines leads to the conclusion that mast pf L AL AR R I
daytime transverse current can be concentratedrdar the E ]
equatorial plane.

The distribution of transverse current along tieyside
magnetic field lines was analyzed in [28]. Fig. I®ws the
configuration of magnetic field line a¥ = 0 in GSM
coordinate system calculated using Tsyganenko-OHemo
[29], [30] for solar wind magnetic field paramet& = -5 nT,
B, = 0, solar wind dynamic pressure equal to 1.6 afihDst
= -5 nT. It is possible to see the decrease ofwvdilee of
minimal magnetic field with the growth of geoceatdistance
and the increase of Z coordinate of such minima.
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Fig. 4. Transverse current densities in the regafrdaytime
field lines.

The calculation of the integral current between &hd 9.7R
gives integral current +20° A in each hemisphere or the
integral transverse currenfl4® A in both hemispheres during
quite conditions. Simple estimations show that g@me
current value exists at the same geocentric disgafit the
region, which is ordinarily considered the neartkdail. Fig.
5 schematically shows integral current configurati@med in

[27] cut ring current (CRC).
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Fig. 3. The position of magnetic field minima a¢ ithaytime
field lines in accordance with Tsyganenko-01 maigrfegid
model.

The density of transverse curreptat the dayside field lines
was evaluated taking into account weak anisotrdpgylasma
pressure dt > 7. In such a case, transverse current is equal

j, =BxOp/B’ @)
where Op is the plasma pressure gradient. Results of Sun‘/
AMPPTE/CCE plasma pressure measurements obtained in
[31] are used for determinatidfp for geocentric distances till
9 Re. The radial dependence of plasma pressure froith1®t
R: was approximated using exponential dependence. Fig CRC is a high latitude continuation of ordinarygicurrent. It
shows the results of transverse current densitutaions. was shown in [32], [33] that most parts of aurooshl are

mapped into the CRC region. CRC value is greattyeased
during magnetic storm and makes considerable dwtioin to
Dst value.

Fig. 5. Sketch illustrating the configuration ofints in CRC.



4.LOCALIZATION OF THE REGION OF RELATIVISTIC ELECTRON
APPEARANSE

The inclusion of CRC into the analysis of reletic
electron acceleration is especially important ie tontext of
the relation obtained in [34], [35]. It was showmat the
position of the peak intensity of fluxes of relatic electrons,
which appear during storm recovery phhgg is connected to
the maximal value of Dst-variatidDsl] max by the following
relation:

|Dst| =27500'/L;,, nT. )

magnetic configuration. It was taken into accourttupper
limit of the inner magnetospheric particle feelingletermined
by the stability of the distribution of the plasqmeessure. This
limit exists in spite of the action of differentcaeration and
transport mechanisms of plasma particles. Suggestiade in
[27] with the introduction of CRC become more rstidi and

helps to understand the coincidence of the lowesttipn of

the westward electrojet center with the positiontted peak
intensity of fluxes of relativistic electrons.

The relation (2) was checked in [39] using dath
CORONAS-F  observations. MKL-device on board
KORONAS-F satellite [40] measured fluxes of pretzEping
electrons in the energy range 0.3-12 MeV at theudl ~500

Lmax coincides with the lowest position of the westwar&m in the nearly circular orbit with an inclinatiaf ~82.5.

electrojet center during the storm. Westward ebgetr is
localized inside the auroral oval. This means thatprocesses
of the acceleration of auroral electrons are deephnected to
the equatorial regions mapped onto the auroral @idlides
and correspondingly to CRC dynamics. Auroral ovalves to
the equator during magnetic storm. The resultsbskovations
presented in [36] support this conclusion as saomeiit is
possible to observe the increase of relativisictbns at low
L without increase at geostationary satellites.

TABLE |
COMPARISON OF THE PARAMETERS OB2 GEOMAGNETIC STORMS WITH
OBTAINED IN [33],[34] RELATION

Data and time of main phase | Dst max Limax
beginning nT exp/calc
25.09.2001/02 -166 3.1/3.6
21.10.2001/19 -187 3.7/13.5
28.10.2001/05 -157 3.2/3.6
05.11.2001/21 -292 3.0/3.1
24.11.2001/18 -221 2.6/3.3
11.05.2002/01 -110 3.7/4.0
23.05.2002/13 -109 3.8/4.0
04.09.2002/01 -109 3.8/4.0
07.09.2002/16 -181 3.0/3.5
01.10.2002/05 -176 3.5/3.6
29.05.2003/20 -131 2.8/3.8
18.06.2003/03 -145 3.0/3.7
18.08.2003/16 -168 3.0/3.6
28.10.2003/17 -363 3.0/3.0
30.10/2003/19 -401 2.5/2.9
20.11.2003/04 -472 2.8/2.8
22.11.2004/06 -149 3.5/3.7
03.04.2004/16 -112 3.5/4.0
22.91.2004/06 -182 2.8/3.5
30.08.2004/02 -125 3.6/3.9
07.11.2004/22 -384 2.9/2.9
09.11.2004/12 -296 2.8/3.1

The dependenctDst|

[37] and the value of the coefficient in the redati(2) in the
paper [38] in the azimuthally symmetric case of gigigole

~ L

Variations of electron fluxes with energies 0.6-IMeV,
during 22 strong magnetic storms (Dst < ~100 nTyewe
analyzed in [39]. It was shown that the relation (&
consistent with observations. Table 1 obtaineddcoedance
with [39] shows the results of such comparison. Ewosy
analyzing Table 1 it is possible to see that samegi a
significant discrepancy betweer,,, values measured by
CORONAS-F and described by relation (2) is observed
Therefore, the relation (2) requires the additiartedcking.

One of the main predictions of theory developed37],
[38] is the storm time dependence of radial plagressure
distribution. Theory predicts the dependepi.”.
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Fig. 6. The electron precipitating fluxes (a), fied-aligned
current densities and field-aligned potential dr@ps the ion
precipitating fluxes (c), the ion concentration #te
ionospheric altitudes and the ion temperature {dg ion
concentration in the magnetosphere and the plasessyre
(e), obtained during the March 2, 1982 auroral avassing.

=« NTwas explained in the paper Such dependence was found experimentally in them&6]

using data of high apogee Polar satellite obsemati for
magnetic storm 10.01.1997 willDstl ;,,=300 nT and in [41]



using data of auroral Aureol-3 satellite for thegmetic storm

Nonstationary diffusion equation with losses foreraged

March 1-8, 1982with |Dsfl e=211 nT. Fig. 6 shows the gyer pitch angle distribution functioffp,t).was analyzed in

results of Aureol-3 observations near the end ofnstmain
phase. Fig. 7 shows the results of plasma presstofie
fitting by the dependencplL® with $=6.30.5. Analyzing
Fig. 7 it is possible to see that in spite of netry good
accuracy of observations real plasma pressurelgrodis the
theoretically predicted dependence.
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Fig. 7. Fitting of the radial plasma pressure dstion by the
dependencelL,

It is necessary to stress, that the events tegan [36], [41]
are the unique radial plasma pressure profilesimddato date
during magnetic storms, and it is necessary to icoat
working in this direction to obtain a significantagstic to
make final conclusions.

3. STOCHASTIC ACCELERATION AND LOSSES

The acceleration of relativistic electrons ine tlegion
mapped onto the auroral oval produces the reatdtions in
the action of stochastic mechanisms of acceleratiuch
mechanisms must be connected to the propertiesriofilent
fluctuations at the auroral field lines. The mostpplar
mechanisms of electron interaction with whistlerdmavaves
have no such feature. It is necessary to mentisn #iat
discussed mechanisms of stochastic relativisticctiela
acceleration have definite problems connected ¢otithe of
acceleration, as amplitudes of observed waves
comparatively small. Very large amplitude of wtestinode
waves ~240 mV/m in Earth’s radiation belts wereesbad in
STEREO experiment (see [42]). This observation wily
change obtained estimations. However, such largditaies
are not typically observed. At the same time plasetectric
and magnetic field parameters significantly fluttuat the
auroral field line even during quite conditionsarvery wide
frequency range (see review [43]). This meansttiee exists
a possibility of stochastic relativistic electroocaleration by
different waves. Some features of such acceleratam be
studied using formalism described in [44].

[44]. It has the form

o1 ol ]t
ol |-

2= 3
ot  p?op - ®)

where p=ev/c is dimensionless momentumg = /1+ p° is

dimensionless full energy)(p) is the diffusion coefficient in
the momentum spacés; is the averaged time of losses. The
coefficient of diffusion determines time of acceléon
t.=p*/D(p). Power low spectrum of turbulence leads to power
low dependence of the coefficient of diffusion fohne
momentum

(4)
where the quantitg depends on the power low of the spectra

of the turbulence, the constab, reflects the rate of the
acceleration and depends on the spectrum of turbele

plasma density and magnetic field. Introduction of
dimensionless variables
r=Dt, a=(D_t.)"
)
leads to the expression
A N ©)
ot p°op ap
Analytical solution of the equation (6) in the casden
particle injection has the form of delta-functiondag<2 has
the form
_3 pZ-q
f(p,q)=f,r *"exg-————-ar|. 7
(pa)=f, r{ C-ar } )
If the source of accelerated particles acts dutimg time
intervalty and the power of the sour€¥t)=Qy,=const wheri<
to and Q(t)=0 whent> t, the distribution functiorf(p,T) is
d é\nsformed intd-(p, 1), where
Qo i
F(p7)= S [flpydy if =<z, (8)

o0

where 1;=Dgto. The lower limit in the integral (8) is changed
from0on n) if >0, If >>1

F(p,r)=% jf(p,y)dy=%rof(p,r)- ©)

0 7-Tg 0

Differential flux dJ/dE is connected tb by the expression



Examples of electron precipitations at high latitudes
ERB

dJ/dE= (4rme) *p*, (10)

where m is the electron mass, is the speed of light. The 1B+
developed in [44] theory gives the possibility tady relative
roles of acceleration and losses in the formatibmeasured
particle spectra and their dynamics. Fig. 8 shdwesform of
the solution obtained. Herg=Qq(4rmcDy) ™.
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Fig. 9. Results of CORONAS-F observations 15 Sepém
2003.

84 polar crossings with electron precipitationsestaed during
December 2003 and January 2004 were compared wih n
simultaneous Meteor-3M satellite observations tntidy the
location of studied regions in comparison with guesition of
auroral oval. Meteor-3M satellite measures electflomes

il “~4 4 with energies in the energy range from 0.1 to 20, kehich
, , ‘ ‘ . . ‘ gives the possibility to identify the position dietauroral oval.
1 2 3 4 5 6 7 T The time of observations, coordinates and MLT-@&ctvere

available for 32 events, identified by KORONAS-Fher
position of only one event could be identified asalized in
the polar cap. Other 31 events are situated insideauroral
val. Fig. 10 shows an example of nearly simultaseo
ORONAS-F and Meteor-3M observations.

Fig. 8. The dependence of differential fluxelS/dE of
electrons with energy 1 MeV on dimensionless timand
fixed Dy in the case of instantaneous injection of see
population if zg=Dgtg=4 (firm lines) andry =1 (dotted lines)

and a=(Do tesc )" =0, 0.5, 2 and 4. Dotted line is the flux of
electrons with energy 0.5 MeV dé=4. Upper horizontal axes RN
is realt=1/D, if Dg=10°c¢™. :

L=16 _

The developed theory was especially effective lier dnalysis
of the formation of the plateau in electron paetidluxes
observed by the geostationary EXPRESS-A2 satellite.

It is necessary to mention that developed thelmscribe

Je (00600 kewd, War2s )

wide class of events and is applicable to differgpies of R s
turbulence. e UT,si (01101/230?104)
3.LOCAL RADIATION BELTS ST (CimEen), 1 2 2004 .
The most interesting latest findings in the stuélelectron ;—- - .
radiation belts are KORONAS-F observations of theréase .h:,
of electron flux to the pole of the outer radiatioelt (ORB) = [

boundary [45]. Fig. 9 shows variations of electfloxes with
energies 300-600 keV and 0.6-1.5 MeV along thellgate
orbit September 15, 2003. 412 crossings of pagion at
altitude 400-450 km were analyzed using low algtysblar O U U

LT 2019 19.99 1156 1028
AT 5760 6529 7489 7489 7a89 7489
& 17

orbiting Russian satellite CORONAS-F data. CORONAS- - : '

measured fluxes of relativistic electrons at thituale ~500

km. Increases of fluxes of precipitating relatidstlectrons at Fig. 10. Nearly simultaneous CORONAS-F and Metedr-3
L>8 were observed in 248 cases. observations for the event 01.01.2004.

Events of increased relativistic electron precijptss to the



pole from the outer boundary of ORB can be idesdifas a plasma traps. They form local radiation belts.

result of local increase of pitch-angle diffusianas a result of
local acceleration of electrons in the plasma shgéaduction
electric fields. Nevertheless, some features ofenies
phenomena require to find some other explanatioor F
example, Fig. 11 shows the
measurements during three consecutive crossingseabuter
ORB boundary. It is possible to see that obseregibn of the
increase of electron precipitations maintains fcally at the
same position for ~4.5 hours. This means that ve¢ wéh a
guasi-stationary phenomenon.
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Fig. 11. Electron precipitations observed to th&e goom the
ORB outer boundary during 3 consecutive crossings(
hours) July 15-16, 2003.

Analysis of plasma pressure distribution alongectyries
of high apogee satellite shows an inhomogeneityragfial
profile of plasma pressure at the equatorial plan@ number
of cases. Fig. 12 shows an example of the resfdateglasma
pressure profile using data of Interball/Tail praleservations
for the event November 17, 1995 [46]. It is possiiol see that
regions of increase of plasma pressure coincidd it
regions of decrease of the magnetic field. It isgilde to see
the same features analyzing the results of CRE$Slitea
observations (see [47]). They show the presence
diamagnetic plasma cavities in the regions mapped the
auroral oval latitudes. Such regions can be a soafdocal
plasma traps. Isolines of constant magnetic figdatonst in
such traps do not surround the Earth and do ndaisctoe
magnetopause. Such traps in accordance with Fighal2
scales of ~1-R:. Energetic particles drift along isolines
B=const. Therefore, local plasma traps can be forchexto
pressure inhomogeneity. Energetic electrons cdnlddal

results of CORONAS-F
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Fig. 12. Results of Interball/Tail probe observatio
November 17, 1995. Upper panes show satellite pdsition.
Low panels show particle and magnetic pressureulcatd
along the satellite trajectory [46].

Partial ring current can be considered as the most
pronounced diamagnetic cavity in the magnetospliees
[22], [48], [49]).

== V' direction

Fig. 13. Sketch, illustrating directions of plasmaessure
gradients in the region of asymmetric ring current.



Fig. 13. Shows the averaged partial ring curremd)(r
configuration (see [50]) obtained using data of IGEA
satellite and simultaneous plasmasphere locatioee(y.
Arrows show the direction of plasma pressure gradie

Untiearthward directed plasma pressure gradiergslen
accordance with (1) to the appearance of eastwargverse
current (see the discussion in [51]). Simultanesxistence of
azimuthally
currents means the possibility of the formation abdsed
current loops. Such current loops decrease magfiefit
inside the loop and increase the magnetic fielcsidat the
loop. Such magnetic field changes can lead todhadtion of
closed localized contours BEconst.

Results of modeling of changes of magnetic coniian
due to changes of plasma pressure support thebgitgspf
the formation of local contours witB=const in the high
latitude magnetosphere. The modeling of the distidim of
particle pressure, electric fields and field-aligneurrents in
the high latitude magnetosphere was made in acooedaith
scheme described in [52].

Fig. 14. Preliminary results of the modeling of thstortion of
the Earth’s dipole magnetic field by convecting pdésma.

Modification of magnetic field by increased plasprassure
was taken into account suggesting the validityhef ¢ondition
of magnetostatic equilibrium. Fig. 14 shows thelipri@ary
results of such modeling. It was suggested thatnelduek
potential drop is increased from 20 to 100 kV artasma
density is increased from 1 till 6 éhrfor 10 min and then

again decreased till 1 ¢iMiddle energy was equal to 5 keV

at the boundary of modeled region atRiOlnitial magnetic
field had dipole configuration. Red line iRig. 14 shows

the formation closed loops d@=const in the high latitude
magnetosphere. It is interesting to mention thagexd loops in
Fig. 14 surround region of increased magnetic field
Produced analysis shows the possibility of the &iom of
local plasma traps in high latitude magnetospheitkng such
traps by energetic electrons will lead to the faforaof local
radiation belts to the pole from the outer boundafifORB.

localized enhanced westward and eadtwafhe formation of such local radiation belts canlaixpshown

on Fig. 10-11 results of CORONAS-F observations.isit
necessary to stress that only preliminary resutspaesented.
Future studies will help to clarify the situation.

6. DISCUSSION AND CONCLUSIONS

Presented analysis shows that:

* Regular and stochastic acceleration mechanisms can
produce definite contribution to the acceleratidn o
relativistic electrons. The contribution of stodias
mechanisms can be obtained only after extraction of
the contribution of regular mechanisms.

« The solution of the problem of acceleration of
relativistic electrons requires proper models of
magnetic field taking into account the distributioh
plasma pressure inside the magnetosphere.

 Dayside part of inner magnetosphere transverse
currents flow at high latitudes. Such currents are
closed inside the magnetosphere by nighttime
transverse currents and constitute the high latitud
continuation of ordinary ring current.

» Local plasma traps filled by relativistic electrons
(local radiation belts) can be formed in the high
latitude magnetosphere

The solution of the problem of the formation of thiifuxes of
relativistic electrons — “satellite killers” - urtoinately is not
received till now in spite of 50-years history tf study. One
of the major problems is the problem of proper dpson of
the topology of magnetic configuration. Obtainedsutts
demonstrate the importance of some effects, whiak not
included into the existing magnetic field modelenftration
of solar cosmic rays into the magnetosphere (trstipn of
the penetration boundary) gives now and will givéhe future
very important information about the magnetic field
configuration. However, at the end, it is necessarstress the
importance of new experimental observations ancbrthe
development for better understanding of the phemame
leading to the relativistic electron acceleration.
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