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Key Points
e Magnetospheric relativistic electron fluxes are enhanced during HILDCAAs
e Enhancements of relativistic electron fluxes vary with solar cycle phases

e Enhancements are higher in declining-minimum phases than rising-maximum phases



Abstract

High-intensity, long-duration, continuous AE activity (HILDCAA) intervals during solar cycle
23 (1995-2008) have been studied by a superposed epoch analysis. It was found that HILDCAA
intervals order the solar wind velocity, temperature and density (characteristic of high-speed
solar wind intervals), the polar cap potential and various other geomagnetic indices well. The
IMF Bz is generally negative and the Newell solar wind coupling function is high during
HILDCAA events. The HILDCAA intervals are well-correlated with an enhancement of
magnetospheric relativistic (E > 2 MeV) electron fluxes observed at geosynchronous orbit with a
delay of ~1% days from the onset of the HILDCAAs. The response of the energetic electrons to
HILDCAA:s is found to vary with solar cycle phase. The initial electron fluxes are lower for
events occurring during the ascending and solar maximum (AMAX) phases than for events
occurring during the descending and solar minimum (DMIN) phases. The flux increases for the
DMIN-phase events are > 50% larger than for the AMAX-phase events. Although the solar wind
speeds during the DMIN-phases were slightly higher and lasted longer than during the AMAX-
phases, no other significant solar wind differences were noted. It is concluded that electrons are
accelerated to relativistic energies most often and most efficiently during the DMIN-phases of

the solar cycle. We propose two possible solar UV mechanisms to explain this solar cycle effect.
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1. Introduction

It has been speculated by Tsurutani et al. [2010] and Hajra et al. [2013] that enhanced
magnetospheric relativistic electrons are associated not only with solar wind high-speed streams
(HSSs) [Paulikas and Blake, 1979] but more directly with high-intensity, long-duration,
continuous AE activity (HILDCAA) events at the Earth [Tsurutani and Gonzalez, 1987]. A
simplified version of the hypothesis is as follows: Alfvén waves are generated by supergranule
circulation at the Sun [Alfvén, 1942]. The waves are convected to 1 AU and beyond by the solar
wind [Belcher and Davis, 1971; Tsurutani et al., 1994]. The southward components of the
Alfvén waves cause magnetic reconnection at the Earth’s dayside magnetopause, leading to
substorms/convection events and energetic (10-100 keV) electron injection into the nightside
sector of the magnetosphere [DeForest and Mcllwain, 1971; Tsurutani and Gonzalez, 1987,
Horne and Thorne, 1998]. The temperature anisotropy of the heated electrons leads to plasma
instability, generating electromagnetic plasma waves called chorus [Kennel and Petschek, 1966;
Tsurutani and Smith, 1974, 1977]. Resonant interactions of the chorus waves with the electrons
lead to the acceleration of electrons to relativistic energies [Inan et al., 1978; Horne and Thorne,
1998, 2003; Summers et al., 1998, 2007; Horne et al., 2003a,b; Thorne et al., 2005; Tsurutani et

al., 2009, 2013].



The aim of this effort is to determine if relativistic electron enhancements occur during
HILDCAA intervals, and if so, if more can be learned about the production and loss processes. A
superposed epoch analysis is applied to deduce the general characteristics of the solar
wind/interplanetary parameters, geomagnetic variations and magnetospheric relativistic electrons
during HILDCAA intervals. We will study the entire solar cycle (SC) 23, from 1995 through
2008. This will allow investigation of the solar cycle phase dependence of relativistic electron
acceleration, if there is any. This is the first study of relativistic electron production during

HILDCAA intervals.

2. Data Analyses and Results

HILDCAAs are, by definition, intense auroral activity intervals characterized by peak AE
intensities greater than 1,000 nT, a minimum of 2 days duration, where AE values do not drop
below 200 nT for more than 2 h at a time [Tsurutani and Gonzalez, 1987]. These events are also
defined to occur outside the main phases of geomagnetic storms. These strictly defined
“HILDCAA criteria” are used to separate them from mechanisms that create magnetic storm
main phases. For more detailed discussion on this topic and the process of event selection,
interested readers are referred to Tsurutani et al. [2004, 2011], Guarnieri [2006], and Hajra et al.
[2013, 2014]. From a list of HILDCAA events during ~3% solar cycles (1975-2011) prepared by
Hajra et al. [2013], we selected the 38 events that occurred during the most recent solar cycle
(SC 23) when solar wind/interplanetary and relativistic electron data are almost continuously

available [Hajra et al., 2014].



For the superposed epoch analyses, we have used the solar wind/interplanetary and geomagnetic
data from the OMNI2 database and the integrated fluxes (in the unit of cm? s™* sr™) of electrons
with energy > 2 MeV from the Geostationary Operational Environmental Satellites (GOES) 8, 11
and 12. The satellites carry Space Environment Monitor (SEM) instrument subsystems onboard
that provide magnetometer, energetic particle, and soft X-ray data. The electron fluxes used in
the present study were measured by solid-state detectors with pulse-height discrimination in the
Energetic Particle Sensor (EPS). The data were corrected for secondary responses from other
energies (e.g., protons > 32 MeV) and from directions outside the nominal detector entrance

aperture.

We separated the events according to their occurrence in different solar cycle phases, namely the
ascending phase (1998-1999), solar maximum (2000-2002), the descending phase (2003-2005)
and the solar minimum phase (1995-1997, 2006-2008). Figure 1 shows the distribution of the
events of this study divided into different solar cycle phases. For our statistical studies, we
combine the events occurring during the ascending and solar maximum and call them the
AMAX-events. We also combine the events occurring during the descending phase and solar
minimum and call them the DMIN-events. The present study involves 11 AMAX-events and 27
DMIN-events. We formed these two groupings for two reasons: first, it was shown by Hajra et
al. [2013] that the properties of HILDCAAs, like AE intensity and duration, are comparable
during the descending phase and solar minimum and likewise during the ascending phase and
solar maximum. DMIN-phase events are > 20% longer in duration than the AMAX-phase
events. The second reason is that there is a lack of sufficient number of events to conduct

statistical study if we consider the phases separately (see Figure 1).



2.1. Solar wind dependences

Figure 2 shows superposed solar wind parameter profiles for all of the HILDCAA intervals. The
reference time (t = 0) is the time of HILDCAA initiation (based on the criteria stated previously).
From top to bottom, the panels are: the solar wind speed (Vsw), density (Nsw), temperature
(Tsw), the interplanetary magnetic field magnitude (IMF Bo) and Bz component (in GSM
coordinates), the solar wind dawn-to-dusk electric field (Esw) and the solar wind “driver
function” given by the Newell parameter (NF): Vsw**B1%%sin®3(0/2), where Bt is the IMF
perpendicular to the Sun-Earth line and 0 is the IMF clock angle [Newell et al., 2007]. The
DMIN-events are shown in red and the AMAX-events are shown in blue. Esw is a proxy for the
coupling between the solar wind and the magnetosphere. According to Newell et al. [2007], the
NF parameter has been shown to correlate with the geomagnetic indices better than other solar

wind-magnetosphere coupling functions.

The variations of solar wind/interplanetary data show typical signatures of corotating interaction
regions (CIRs) [Smith and Wolfe, 1976; Tsurutani et al., 1995], i.e., compressions in plasma and
magnetic fields at the interface between the HSS and slow stream in the antisolar direction
(upstream) of the HSS. One can note several interesting features in this figure. The HILDCAA
interval starts at the positive gradients of high-speed streams (top panel) and temperatures (third
panel). The magnetic field magnitude still crests slightly to the right of t = 0 because some CIRs
which did not cause magnetic storms are included in this plot (a superposition of many

HILDCAA events). The t = 0 time clearly defines the sharp southward turning of the IMF Bz,



and the enhancements of the interplanetary electric field Esw and the NF coupling term. It is
quite remarkable how well the superposed HILDCAA events order the various different

interplanetary parameters.

The bottom panels show that the solar wind/interplanetary variations exhibited more or less
similar trends during both solar cycle phase intervals. IMF Bo and Tsw show some systematic
differences between the DMIN- and AMAX- phases, although the differences were less than the
1-c levels. However, some significant differences can be noted in the solar wind velocity panel
(top panel). The peak HSS speed was higher for the DMIN-events (~650 km/s) than the AMAX-
events (~590 km/s). The HSSs also persisted for longer time in DMIN-phases than in AMAX-

phases on average (not shown).

2.2. Geomagnetic and radiation belt effects

Figure 3 shows the variations of the polar cap index (PCI), and the geomagnetic indices: Kp, Dst,
AL and AE along with the fluxes of magnetospheric relativistic (> 2 MeV) electrons for the
HILDCAAs occurring during the DMIN- (red) and AMAX- (blue) phases. The PCI values are
closely related with the dayside reconnection rate by IMF Bz southward components. Kp is a
midlatitude geomagnetic index and a proxy for global magnetospheric convection, Dst gives a
quantitative measure of the ring current or partial ring current, and the AL and AE indices
indicate auroral region substorm activity. All of the above parameters are likewise well-ordered
by the HILDCAA intervals. We found no obvious/significant differences in the geomagnetic

indices variations during the DMIN- and AMAX- phase events.



The most interesting results of the analyses are shown in the bottom panel, the relativistic
electron flux variations. For the DMIN-events, the fluxes decreased from their average initial
flux levels of > 1000 cm™ s™ sr™ to the lowest values (“flux dropout” ~254 cm™ s™ sr*) ~4 h
after HILDCAA event initiation. The fluxes recovered to the pre-event values within ~10 h of
the dropout. For the AMAX-events, the fluxes decreased from the average initial levels of ~800
cm? s sr to their lowest values (~32 cm™ s™ sr') at t ~15 h. They took longer (> 1 day) to

recover to the pre-event flux values than for the DMIN-events.

The relativistic electron fluxes for both grouped solar cycle phases (DMIN and AMAX) start to
increase approximately 1% days after the onset of the HILDCAA event (t = 0). A maximum flux
of ~6379 cm? s sr was recorded during the DMIN-events. It is ~5 times the value of pre-event
fluxes. The maximum enhanced flux value for the AMAX-events was ~2884 cm? s™ srt, ~3.5
times the corresponding pre-event values. The AMAX-event peak flux was less than 50% of the
value of peak fluxes for the DMIN-events. To test if the differences in the superposed fluxes in
two groupings are statistically significant, we calculated the standard (1-c) deviations of the
mean fluxes (shown in the figure by vertical bars). During the HILDCAA intervals, the mean
fluxes in the DMIN- and AMAX- phases are outside of the 1-c levels of one another. This can be
interpreted to mean that there are statistically different values in the two phases. The other solar
wind and geomagnetic parameters in Figures 1 and 2 were likewise tested for their statistical
significances. It was found that for all cases there was overlap between the 1-c levels of the

AMAX-phase and DMIN-phase parameters (not shown).



3. Discussion and Conclusions

This study reports, for the first time, that HILDCAA intervals are characterized by enhanced
magnetospheric relativistic electrons. The intense substorms/convection events that comprise the
high-intensity, long-duration and continuous AE intervals of the HILDCAAs are responsible for
frequent and intense injections of anisotropic 10-100 keV electrons into the magnetosphere.
These electrons are source for the acceleration to even higher MeV energies. Although most
HILDCAAs are part of high-speed solar wind streams (HSSs) emanating from coronal holes
[Hajra et al., 2013], not all HSSs are HILDCAA events. Thus, the identification and use of
HILDCAA events is a more direct link to MeV electron acceleration. The enhancement of the
fluxes is delayed by ~1% days from the onset of the HILDCAAs. The initial fluxes before and at
t = 0 are lower for the events during the solar cycle ascending phase and solar maximum
(AMAX) than for those during the solar cycle declining phase and solar minimum (DMIN). The
flux increases for the DMIN-phase events are much larger (> 50%) than for the AMAX-phase
events. Although the solar wind speed was slightly higher and lasted longer during the DMIN-
phases on average, the difference seems to be insignificant with respect to that of the large flux
increases. Moreover, no other solar wind or magnetospheric parameter shows any major
difference between the solar cycle phases. Thus, although the hypotheses that HILDCAAs lead
to relativistic electron enhancements (more than just solar wind high-speed streams), a new
feature is the much greater relativistic electron fluxes during the DMIN-phases than during the

AMAX-phases.
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What can be the explanation of this solar cycle phase dependence? One would expect that with
higher solar wind speeds during the DMIN-phases, this would lead to higher solar wind electric
fields and polar cap potentials. However, this appears not to be the case from the data analyses

portion of this statistical study. No such PCI or electric field relative enhancements were noted.

One important clue might be the lower flux base during the AMAX-events. The average initial
flux level before HILDCAA initiation for the AMAX-events was ~800 cm™ s sr?, while the

1 sr!. The possible factor controlling the

same for the DMIN-events was > 1000 cm? s
initial/pre-event flux level is the time between two consecutive events. If the time between
geoeffective events is shorter, as will be the case during the declining phase of the solar cycle,
when there are often two corotating HSSs per solar rotation, then the relativistic electron flux

may not have sufficient time to return to the same quiet time level as the AMAX-events. This

may lead to higher pre-event fluxes during the DMIN-phases.

There are at least two possible reasons for observed differences in relativistic electron
acceleration between the DMIN- and AMAX- phases. Either the relativistic electron loss rates
are higher during the rising and maximum phases or the acceleration process is more efficient
during the declining and minimum phases. In either case, the answer probably lies with the
chorus wave properties, since chorus is believed to be both a source of electron acceleration
[Horne and Thorne, 1998; Summers et al., 1998, 2004; Roth et al., 1999; Meredith et al., 2002,
2003; Horne et al., 2003a, 2005] and losses [Nakamura et al., 2000; Lorentzen et al., 2001,
Thorne et al., 2005; Tsurutani et al., 2013]. One thought is that with higher solar irradiance

during solar maximum, the dayside magnetosphere will be populated with higher thermal plasma
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densities [Jentsch, 1976]. These higher plasma densities could act to reduce local wave phase
speeds and enhance particle pitch angle scattering [Tsurutani and Smith, 1977], thus reducing the
“seed” population of 10-100 keV electrons for relativistic electron growth. Another possibility is
that with the higher thermal plasma densities during solar maximum, the ratio of the electron
plasma frequency to the electron gyro-frequency wpe/Qe Will also be higher. This will reduce the
amount of acceleration, since the electron acceleration by whistler-mode waves is more efficient
for smaller wpe/Qe ratio [Summers et al., 1998; Horne et al., 2003b]. It is possible that both
mechanisms are contributing to the greater relativistic electron acceleration during the DMIN-

phases.
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Figure captions

Figure 1. Histograms show the number of HILDCAA events during each year of observations
(left y-axis). The solid line shows the annual averaged Fio7 solar flux (10% W m? Hz™") (right y-
axis). The phases of the solar cycle are separated by vertical dotted lines and mentioned in the

figure.

Figure 2. Superposed time series of solar wind parameters for HILDCAA events. From top to
bottom, the panels are: the solar wind speed (Vsw in km/s), the density (Nsw in cm™), the proton
temperature (Tsw in 10* K), the IMF strength (Bo in nT), the north-southward component of the
IMF (Bz in nT), the interplanetary dawn-to-dusk electric field (Esw in mV/m) and the solar wind
driver given by Newell Function (NF). The zero epoch time (indicated by vertical line)
corresponds to the initiation of HILDCAAs. The red and blue lines stand for HILDCAA events

occurring during DMIN-phases and AMAX-phases, respectively.

Figure 3. Superposed time series of: the polar cap index (PCI), Kp, Dst (nT), AL (nT) and AE
(nT) indices, and relativistic electron fluxes (cm? s™ sr*) from GOES during HILDCAAs. The
red and blue lines correspond to DMIN- and AMAX- phases, as before. The horizontal dashed
line in the AE panel indicate the AE = 200 nT level. In the bottom panel, vertical bars indicate

the standard deviations of the mean fluxes.



