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Summary. — We focused the attention on the Pc5 geomagnetic pulsations in
response to the solar wind forcing and their relationship with the relativistic elec-
tron flux at geostationary orbit. We present here the results of a correlation analysis
between the Pcb power in the magnetosphere and on the ground, at low and high lat-
itude, and the solar-wind speed and fluctuation power of the interplanetary magnetic
field and solar-wind dynamic pressure through the years 2006 to 2010, also showing
the relative timing between pulsations and solar-wind parameters. The Pcb5 power
appears significantly correlated with simultaneous solar-wind pressure fluctuations
and with the solar-wind speed lagged by several hours. The relative amplitude of
the two correlation peaks depends on the solar cycle phase and on the latitude.
We also show a strong relationship between the Pch power and the > 600 keV and
> 2MeV electron flux at geosynchronous orbit. Clear evidence emerges that the
electron flux follows the Pc5 power by about 2days; the time delay is a bit longer
for the higher-energy electrons.

1. — Introduction

The Earth, and the other planets of the solar system, are continuously invested by
the full ionized gas escaping from the Sun atmosphere. The solar wind (SW), flowing
outward from the Sun, exerts pressure upon interplanetary matter, evident for example
from observations of comet tails [1]. The high conductivity of interplanetary plasma
implies that the motion of matter couples to the deformation of the magnetic field so that
the field lines follow the motion of matter. Alfvén called these field lines “frozen-in” [2].
It follows that the Earth’s magnetic field, originated in the inner core, is confined by the
SW in a circumterrestrial region, also called magnetosphere (see [3] for an introduction).
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Fig. 1. — (a) Schematic representation of the Earth’s magnetosphere in the meridian plane
(figure redrawn from https://ase.tufts.edu/cosmos/). In this figure the Sun is on the left
side. (b) Schematic representation of the inner and outer Van Allen radiation belts (figure
redrawn from http://www.nasa.gov/).

A sketch of the Earth’s magnetosphere is shown in fig. 1(a), together with its different
regions, each characterized by different physical phenomena. We focused our attention
on the radiation belts (fig. 1(b)).

The radiation (or Van Allen) belts were discovered in 1958 based on measurements
from Geiger counters carried by the Explorer 1 spacecraft [4]. These regions comprise
energetic charged particles trapped by the Earth’s magnetic field, with energies that
range from keV to MeV. The inner belt region is located at ~ 1.5-2 Re (1 Re = 6380 km
is the Earth’s radius) and it contains electrons, protons, and ions, while the outer belt
region is located at ~ 3-6 Re and it contains essentially electrons.

Under adiabatic conditions, the energy of each trapped particle is conserved, and
the Earth’s magnetic field guides the particle’s motion (fig. 2(a)). The trajectory of the
guiding center, i.e. the instantaneous center of gyration orbit of a particle around the
local magnetic field, can be divided into three distinct motions (see fig. 2(b)), since each
of them is characterized by frequencies very different with respect to the others [5,6].

Due to the Lorentz force the relativistic particle of mass at rest myg, velocity v and
charge ¢, rotates around the local magnetic field B at the cyclotron frequency f =
qB/2mmgy (gyro motion), where v = (1 — (v/c)?)~1/2 is the relativistic factor and
¢ is the speed of light [6]. This represents the most rapid motion, and the resulting
magnetic moment M = pi /2m B is conserved (first adiabatic invariant), where p is the
component of the relativistic particle momentum p perpendicular to the local magnetic
field B.

If the component of the relativistic particle moment p| parallel to the local magnetic

field B at the magnetic equator is not null, the particles move along the magnetic field line
(fig. 2(a)). In this case, since the magnetic field intensifies when the particle approaches
the magnetic footprints, and the energy is conserved, the direction of the motion is
inverted before the particle precipitation: the particle travels back and forth between
the northern and southern mirror points (bounce motion), and the quantity J = ¢ p|ds
is also conserved (second adiabatic invariant), where s is the curvilinear distance of the
magnetic field line from the equator to its footprint.

Finally, since the Earth’s magnetic field (approximated by a dipole field), intensifies
radially earthward in the equatorial plane, the azimuthal drift motion of the guiding
center occurs, and the magnetic flux ® enclosed by the drift shell is conserved (third
adiabatic invariant). Table I summarizes the particle motion and its associated adiabatic
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Fig. 2. — (a) Schematic representation of the guiding-center trajectory of a magnetically trapped
charged particle in the magnetosphere (figure adapted from [7]). (b) Guiding-center motions
(from left to right): gyro, bounce and drift motions associated with the first M, the second J,
and the third ® adiabatic invariants respectively (figure adapted from [3]). The gyro and drift
motion pictures refer to electrons, while for ions the direction is opposite.

TABLE 1. — Characteristic time scales for the three types of trapped-particle motion.

Motion Invariant Electron period [s] Proton period [s]
Gyro M 1073-107* 10711072
Bounce J 107! 10°

Drift P 10*-10° 10

invariants, together with the characteristic periodicities for both protons and electrons
(table from [8]).

2. — The dynamical interaction of the radiation belts with the ULF waves

While the inner belt is very stable, the outer belt exhibits a complex dynamic in
response to SW and magnetospheric conditions, if the adiabatic condition is unsatisfied.
It is now well established that disturbances in a magnetized plasma propagate as mag-
netohydrodynamic (MHD) waves, with frequencies that depend on their origin: in the
SW or from processes within the magnetosphere [9]. Regarding the Ultra-Low-Frequency
(ULF, 1 mHz to 5 Hz) waves, observed on the ground, they are divided into characteristic
frequency ranges reported in table II.

TABLE II. — Ultra-Low-Frequency wave classification associated with continuous pulsations.

Pulsation type Frequency range Period range Source location
[mHz] [s]
Pch 2-7 150-600 solar wind
Pcd 7-22 45-150 solar wind
Pc3 22-100 10-45 solar wind
Pc2 100-200 5-10 magnetosphere

Pcl 200-5000 0.2-5 magnetosphere
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Fig. 3. — ULF waves generated across the magnetopause dawn/dusk flanks by Kelvin-Helmholtz

Instability (left, adapted from [10]), and in the Corotating Interaction Region (right, adapted
from [11]).
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ULF fluctuations of the geomagnetic field have received in recent years considerable
attention as they are involved in the acceleration of magnetospheric electrons in the
radiation belts [9]. In this regard, several studies have shown that intense and persistent
activity of ULF waves in the low-frequency range (1 to 7 mHz, Pc5 pulsations), observed
at auroral latitudes, was followed within 1 to 2 days by enhanced fluxes of relativistic
electrons (approximately MeV) at geosynchronous orbit [12-14].

Indeed, since the frequency of the Pch waves is comparable to the trapped-electron
drift frequency (see table I and IT), an acceleration can occur through resonant interaction
of the ULF electric- and magnetic-field oscillations with the electron drift motion, leading
to violation of the third adiabatic invariant and inward radial transport of accelerated
electrons [6, 15, 16].

Experimental observations showed that ULF waves in the Pc5 frequency band are
generally associated with processes described here and shown in fig. 3 (see also [9] for a
review):

e The Kelvin-Helmholtz Instability (KHI), essentially developed on the magne-
topause flanks, drives ULF waves, which propagate inward in the magnetosphere.
During their inward propagation, the compressional waves transfer energy to the
magnetosphere via coupling with transverse waves, due to the magnetospheric in-
homogeneity (see for example [3] for a review). Such waves propagate along the
magnetic field lines, and can be observed on the ground as Pc5h, essentially at high
latitudes (fig. 3(a)).

e Waves in the Pcb frequency range are also observed in the interplanetary region
between slow and fast SW streams, which are emanated by the Sun’s corona [17].
Since the Sun’s rotation period with respect to the Earth’s reference system, is
~ 27 days, these regions are observed recurrently as Corotating Interaction Regions
(CIR), and can impact on the magnetosphere transferring energy (fig. 3(b)).
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Significant correlation was found between the SW speed and the Pcb power, with a
delay of approximately 1day, i.e., during the rising phase of fast SW speed streams ([18,
14]); such result, which appears somewhat inconsistent with the KHI driving mechanism
(fig. 3(a)), has been explained by [18] still in terms of the KHI, pointing out that, in
addition to the SW speed, the compression at the leading edge of fast SW streams could
increase the growth rate of the instability.

3. — The SW-driven Pc5 power fluctuations

Recently, an analysis has been conducted [19] regarding the ULF waves power, in the
Pch frequency band, simultaneously observed on the ground, at low (L’Aquila, AQU,
A ~ 36°N) and high (Terra Nova bay, TNB, A ~ 80°S) geomagnetic latitude, and in the
magnetosphere at geosynchronous orbit (GOES satellites, L ~ 6.6 Re).

Taking into account that the power P typically undergoes changes of several orders of
magnitude between adjacent measurements, in the average procedure log P is used since
it exhibits a quasi-normal distribution, instead of P. Figure 4 (adapted from [19]) shows
the hourly values of SW speed Vg, SW magnetic and pressure fluctuations power, and
geomagnetic power, from March to April 2006. It clearly emerges that the Vgy maxi-
mum (marked by vertical dashed lines) follows the Pc5 power maximum of the geomag-
netic field (Pchaqu and Pchrng), SW pressure P,y 2, and Interplanetary Magnetic-Field
(IMF) fluctuation power Pp, mostly at time delays of several hours, consistently with
the values also obtained by means of a cross-correlation analysis between SW speed and
SW/IMF fluctuation power and geomagnetic field power.

Since high-latitude Pcb power is stronger at the leading edge of SW streams, in
contrast with the KHI as a driving process, using simulated SW speed and density and

|
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| |
| |
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Day of the Year 2006

Fig. 4. — The SW and geomagnetic time series from March to May 2006. Top panel: The
SW speed. Middle panel: The power in the Pc5 frequency range of the IMF strength (gray)
and SW dynamic pressure (black). Bottom panel: The Pc5 power at TNB (black) and AQU
(gray), obtained from the sum of the power on the H (northward) and D (eastward) horizontal
components, P = Py + Pp. The time series have been converted to zero mean and unitary
variance. The most relevant SW speed peaks are indicated by vertical dashed lines. Figure
redrawn from [19].



6 M. REGI

< 500 ool T~
% 400 1 300

\%
_3)
S
S

56 \ | 6——/\‘\"”/4
‘:'/_\2 —_— ] 2 ) ) . . ]
£4 1 4 ]
£3 13 ]
e I s
s : ]
1 NEEEELE T
=8 \ 18
@ 6 ———— ] 6 —
= 4 , . : 4 ot

25
= 25 1
= \ 15 N
15 e g

5
2 P, 1 2 Py
2 . . i -2 ) , : ;
2 [ —%—Pc5 1 2 —— PeS
5 TS e P 5TNB B Pes
E 085 oot M‘-Xx T 0 )9380\ MM N ]
JOOREX S K < ( IO
2 ‘ ‘ T 2% ‘ ‘ L
126 127 128 129 201 202 203 204
DoY - 2006 DoY - 2007

Fig. 5. — From top to bottom: the SW speed Vsw, particle number density n, dynamic pressure
nV?, IMF strength B, KHI parameter, the Pc5 power of the IMF strength (gray) and SW
dynamic pressure (black), TNB (black) and AQU (gray) power. The Pc5 power time series have
been converted to zero mean and unitary variance. Figure redrawn from [19].

a constant IMF, a KHI parameter has been computed from the instability condition,
to understand if theoretically the KHI has a role in the excitation of Pch power on the
ground.

Figure 5 shows two events (from [19]), occurring during 2006 and 2007. In both
cases the KHI parameter (obtained following the procedure indicated in [18]) attains
maximum values between maximum values of Vgw and of SW particle density n. The
KHI parameter peaks follow those observed in the ULF activity index (P) for both
ground and interplanetary observations. The largest values of the KHI parameter occur
when Vgyy is still rising and follow the peak of Pryp and Paqu with a time delay of few
hours. It is worth noting that the pulsation power at TNB persists high, longer than at
AQU and in the SW and IMF fluctuations; this feature corresponds to persisting high
values of the KHI parameter.

This simulation shows that the KHI is not the primary cause of the geomagnetic
ULF activity in the Pcb band, which rather seems to be due to the direct transfer of
compressional waves into the magnetosphere; however, at TNB, the KHI seems to amplify
the fluctuations during the whole SW high-speed period.

The experimental evidence of the dynamic response of the outer radiation belt with
ULF waves generated in the CIR, is showed by [19], comparing the Pc5 power P of
geomagnetic fluctuations with the relativistic electron flux observed at geosynchronous
orbit by GOES 10 and 11 satellites. The results are shown in fig. 6. Recurrent, almost
simultaneous enhancements of the electron flux and Pcb power characterize the years
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Fig. 6. — The relativistic electron flux and the Pch power. Top: The relativistic electron flux
(> 600keV) at geosynchronous orbit (gray) and the geomagnetic power at TNB (black). Bottom:
The cross-correlation of the E > 600keV (solid) and E > 2MeV (dashed) electron flux with the
Pch power at TNB (left), AQU (middle), and GOES 12 (right) during 2007 to 2008, together
with the 95%confidence levels (solid gray lines). Figure redrawn from [19].

2006 to 2008 and 2010, in correspondence to the occurrence of SW streams; they tend to
disappear during 2009, at the solar-cycle minimum, when the average values of the flux
and power strongly decrease, often becoming negligible. In the bottom panels of fig. 6,
the results of the cross-correlation analysis between the geosynchronous > 600keV and
> 2MeV electron flux and the Pc5 fluctuation power at AQU, TNB, and GOES 12 are
shown; the analysis was restricted to the interval 2007 to 2008, during which the electron
flux data coverage is almost continuous and the values are significantly high. The overall
result is that, in both the energy ranges, the electron flux is well correlated with the Pc5
power at the three sites, more strongly at TNB, with the maximum correlation at a time
delay of approximately 2 days. In more detail, the results show also a dependence on the
energy; in particular, the electrons with energy > 600keV are more correlated and at a
shorter time delay (1.8 to 2 days) with respect to the > 2MeV electrons (2 to 2.4 days),
with an approximately 9h difference.

4. — Summary

A strong correlation is observed between the IMF and SW pressure fluctuation power
and the Pch pulsation power, slightly time delayed. Such result indicates an almost
instantaneous response of the magnetosphere to the IMF and SW pressure fluctuations,
generated in the CIRs, confirming their primary role in generating Pch pulsations.

Some difference is observed, however, between GOES 12, AQU and TNB observa-
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tions. While at geosynchronous orbit and at low latitude, the correlation with the IMF
and SW pressure fluctuations is predominant; at TNB the solar-wind speed is also im-
portant. These features indicate that, with respect to the inner magnetosphere, the KHI
is important on the geomagnetic field lines at the boundary of the magnetosphere, where
it keeps the pulsation power level high as long as the SW speed remains high.

The energization of radiation belt electrons through the interaction with Pch fluctu-
ations is demonstrated by the clear correlation of the energetic electron flux at geosyn-
chronous orbit with the Pcb power in the magnetosphere and at high and low latitude,
at a time delay of approximately 2 days [12,20,13,14, 21].

The lower correlation peak and longer time delay observed for higher-energy elec-
trons [22, 23], indicates an energy-dependent time delay, with the > 2MeV electron
enhancement somewhat time-delayed relative to the > 600keV electron enhancement,
probably due to the time scales of the acceleration processes.
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