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Key points:

1. A bi-particle model is established for simultaneously modeling both electron and proton
energy-dependent deep penetration to low L (<4).

2. Relativistic effect leads to stronger diffusive and convective radial transport of electrons
than protons of the same energy.

3. Scattering due to EMIC waves can prevent penetration of 100s of keV protons to low L
while likely not affecting electrons of the same energy.

Abstract

During active geomagnetic periods both electrons and protons in the outer radiation belt have
been frequently observed to penetrate to low L (<4). Previous studies have demonstrated
systematic differences in the deep penetration of the two species of particles, most notably that
the penetration of protons is observed less frequently than for electrons of the same energies. A
recent study by Mei et al. (2023, https://doi.org/10.1029/2022GL101921) showed that the time-
varying convection electric field contributes to the deeper penetration of low-energy electrons
and that a radial diffusion-convection model can be used to reproduce the storm-time penetration
of lower-energy electrons to lower L. In this study, we analyze and provide physical explanations
for the different behaviors of electrons and protons in terms of their penetration depth to low L. A
radial diffusion-convection model is applied for the two species with coefficients that are
adjusted according to the mass-dependent relativistic effects on electron and proton drift velocity,
and the different loss mechanisms included for each species. EMIC wave scattering losses for
100s of keV protons during a specific event are modeled and quantified; the results suggest that
EMIC waves interacting with protons of lower energies than electrons can contribute to prevent
the inward transport of the protons.

1. Introduction

Earth’s radiation belts are two donut-shaped regions surrounding Earth where energetic charged
particles are trapped by the magnetic field. The outer belt, centered at L ~4 (L represents the
radial distance in Earth radii where the dipole magnetic field line crosses the equatorial plane),
normally consists of 10s of keV to several MeV electrons, while the inner belt, centered near
L~1.5, is made of 10s — 100s of keV, sometimes up to MeV, electrons and multiple MeV to GeV
protons. In between the two belts is the slot region, normally devoid of energetic electrons.
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During active geomagnetic periods, outer belt electrons become more dynamic and may
penetrate to lower L to refill the slot region. Previous studies have shown that such frequently
observed inward transport of outer belt electrons is closely associated with plasmasphere
reduction or erosion (e.g., Baker et al., 2004; Califf et al., 2017, 2022; Khoo et al., 2018, 2021;
Li et al., 2006; Zhao & Li, 2013). In particular, lower energy electrons tend to penetrate to lower
L more frequently than higher energy electrons (e.g., Reeves et al., 2016). These observations
suggest that an energy-dependent mechanism is responsible for the inward transport of lower
energy electrons more efficiently. The characteristics of the electron deep penetration
phenomenon also include frequent occurrence and relatively rapid time response (e.g., Turner et
al., 2017; Zhao et al., 2023). Therefore, the non-diffusive radial transport due to electrostatic
large-scale electric fields are believed to be a potential mechanism (Califf et al., 2017; Zhao et
al., 2017). To quantify the inward transport of electrons due to storm-time enhanced large-scale
electric fields, Mei et al. (2023) added an energy-dependent convection term to the classic radial
diffusion model and used this model to study an electron deep penetration event of June 2015.
Such inward transport is shown to be most effective for 10s to 100s of keV electrons, whose
effect gradually becomes weaker as energy increases, and eventually becomes negligible for > 1
MeV electrons.

Zhao et al. (2023) studied the penetration of energetic electrons and protons to L<4 statistically
and showed that there are systematic differences between the deep penetration of electrons and
protons. More specifically they showed that, while the general trend that lower energy particles
can more readily penetrate inward to lower L still holds true for protons, electrons penetrate to
L<4 more deeply, more frequently, and more quickly than protons. While the drift direction of
electrons and protons are different, both species should experience the same large-scale electric
field as they are drifting around Earth. Motivated by the statistical results of Zhao et al. (2023),
we aim to further investigate whether the radial diffusion-convection model can be used to
describe simultaneously the behavior of both electron and proton populations, while accounting
for the systematic differences as listed above. In particular, this study focuses on investigating
the physical mechanisms responsible for the different penetration depths of electrons and
protons.

Numerous studies have suggested that injection and radial diffusion are the two major transport
and acceleration mechanisms of 10s to 100s of keV protons in near-Earth space (e.g., Gkioulidou
et al., 2014, 2015, 2016; Lyu & Tu, 2022; Sheldon & Hamilton, 1993; Zhao et al., 2015). By
analyzing long-term proton pressure evolution, Gkioulidou et al. (2016) concluded that injection
is the dominant transport and acceleration mechanism for lower energy (<80 keV) protons, while
radial diffusion plays a more important role for higher energy (>100 keV) protons. On the other
hand, charge exchange and Coulomb scattering are regarded as two major loss mechanisms for
protons. Charge exchange is normally seen as the dominant loss mechanism over a wide energy
range for ring current protons (Fok et al., 1991; Hamilton et al., 1988; Keika et al., 2006; Kistler
et al., 1989). In this study, we consider the charge exchange as one loss mechanism that is
continuously active for protons.

Electromagnetic ion cyclotron (EMIC) waves can interact with electrons and protons, causing
rapid pitch angle scattering (Summers et al., 2007). Multi-MeV electrons that satisfy resonance
conditions can also be scattered by EMIC waves leading to rapid local loss and “bite-out”
features (Baker et al., 2021; Engebretson et al., 2018; Ni et al., 2023; Qin et al., 2019; Shprits et
al., 2016, 2017; Xiang et al., 2017). Previous studies analyzed and modeled that EMIC waves
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during geomagnetic storms can lead to precipitation of tens to hundreds of keV protons
(Jordanova et al., 2001, 2008; Lyu et al., 2022; Usanova et al., 2010). In this study, we compute
the proton lifetime due to EMIC wave scattering for a specific storm event, during which EMIC
wave activity has been observed, as reported by Hogan et al. (2023). Proton lifetimes are
estimated by a pure pitch angle diffusion simulation based on observed wave properties, and are
then implemented as a loss term to the radial diffusion-convection model in addition to other
transport and loss mechanisms.

The results point to the following explanations regarding the systematic difference between
electron and proton penetration to low L: 1. The relativistic effect is less significant for protons
than for electrons of the same p (magnetic moment or the first adiabatic invariant), which leads
to weaker radial transport of the protons in both the diffusive and the convective transport
mechanisms. The weaker radial transports of protons result in the smaller penetration depth for
protons than for electrons. 2. EMIC waves can potentially scatter 100s of keV protons rapidly
and prevent their inward transport to a lower L than where the local scattering loss happens,
while they do not affect electrons of the same energies.

2. Data and Observations

In this study, we use electron differential flux data from the Magnetic Electron Ion Spectrometer
(MagkEIS) instrument (Blake et al., 2013) and proton differential flux data from the Radiation
Belt Storm Probes Ion Composition Experiment (RBSPICE) instrument (Mitchell et al., 2013)
onboard the Van Allen Probes (also known as Radiation Belt Storm Probes, or RBSP) (Mauk et
al., 2013). Both particle instruments provide pitch angle resolved particle fluxes.

Two geomagnetic storm events are selected as case studies to quantitatively investigate the
differences in the penetration depth of electrons and protons: the first event is a storm with
minimum Dst=-67 nT that occurred on June 8, 2015, whereas the second event is a storm with
minimum Dst=-44 nT that occurred on November 4, 2014. Figures 1 and 2 present the particle
flux observations for the two events, respectively, at selected energies from ~80 to 500 keV
combining RBSP A&B data as a function of time and L before, during, and after the two storms.
Electron fluxes are shown on the left-hand side and proton fluxes are on the right. The central
energy of each electron channel is given in the upper left corner of each panel. It is noted that for
electrons the central energy is slightly different between RBSP A and B. It is also noted that the
electron and proton energy channels from the MagEIS and RBSPICE instruments do not exactly
overlap; we thus choose to display the energy channels with the closest corresponding energy
ranges. The color scale showing the flux levels is the same for both the electron and proton
energy channels. The Dst index, provided by the WDC for Geomagnetism Kyoto, is plotted on
the bottom (http://wdc.kugi.kyoto-u.ac.jp/wdc/Sec3.html). For electrons, all four energy channels
show a similar trend, with fluxes that are largely enhanced during the storm main phase and
remain elevated after the storm. Electron fluxes at lower energies increased faster and extended
to lower L than those at higher energies. While the pre-storm electron fluxes in the outer belt for
Event 1 were at a lower level than Event 2, the enhanced fluxes looked similar at the end of the
selected period for both events. For protons, only the 82 keV channel shows a clear flux
enhancement at L>~3.5 for the two events. There is no enhancement of higher energy proton
fluxes at L<4, while fluxes at L>4 slightly decreased or remained the same as the pre-storm
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130  levels. Thus, as shown in Figures 1 and 2, electrons and protons of the same energies respond
131 very differently during both storms.
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133 Figure 1. Electron and proton flux measurements by RBSP A & B during a geomagnetic storm on
134 June 8, 2015. (left) Electron fluxes measured by the MagFEIS instrument at selected energies as a
135  function of time and L. (right) Proton fluxes measured by the RBSPICE instrument at similar
136  energies in the same format. Dst index is provided by Kyoto University.
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Figure 2. Electron and proton flux measurements by RBSP A & B in the same format as Figure 1
during a geomagnetic storm on November 4, 2014.

In order to better understand the mechanisms that govern particle dynamics and the different
behavior to the two particle species, in the following we further investigate the two events by
simulating the evolution of phase space density (PSD) of the two species. We convert both
electron and proton differential fluxes j,(E;, a, L) to PSD f;(u, K, L*) using flux data from RBSP

A&B based on the relation f;(u, K, L") = M, where f'is the PSD of the trapped particles, P

p2
is the particle momentum, E; is the particle energy, a is the pitch angle, subscript s represents the
2
particle species (p for protons or e for electrons) L is the Mcllwain L, u = 2::3 =

f m — B(s)ds, L* is the Roederer L: L* = |<1>|R (Roederer 1970), where @ is the third

adlabatlc invariant and M is the Earth’s dipole magnetic moment. K and L* are calculated based
on the TS04 model (Tsyganenko & Sitnov, 2005) provided by the Van Allen Probes Magnetic
Ephemeris files (Spence et al., 2013); u is calculated using the local magnetic field strength. For
this study, we focus on near-equatorial particles, therefore a relatively small K value, K =
0.12 G/?Ry, is selected for both electron and proton PSD. Since the PSD depends on the rest
mass of particles, the electron PSD will be orders of magnitude greater than proton PSD for
similar flux values of the two species.

3. Methodology and Model Description
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Based on the energy-dependent radial diffusion-convection model by Mei et al. (2023), we
further developed a bi-particle model for electrons and protons:
OF _ 2.3 [Duys O i

of,
T ﬁ]”’“m’t)ﬁ”s_?s

(1)

where, further to the variables defined above, R is the radial distance in Earth’s radii, D+, is the
radial diffusion coefficient, Vz is the convection coefficient representing the transport due to
time-variant large-scale electric fields, S; is the source rate for each species due to local heating
or injection, and 7, is the particle lifetime for each species. This 1-D diffusion-convection model
is then used to quantify the radial transport of trapped particles due to enhanced large-scale
electric fields by assuming: 1. a dipole magnetic field configuration, 2. a symmetric large-scale
electric field which linearly changes within a 1-hr interval, 3. the presence of outward radial
gradients in PSD.

The PSD radial profile derived from flux measurements before the storm is used as an initial
condition for the model. The observed PSD at the highest available L is regarded as the outer
boundary condition throughout the model. Relatively small values of PSD, 1 x 1078 (¢/MeV /
cm)? for electrons and 1 x 10710 (¢c/MeV /cm)3 for protons are respectively set as the inner
boundary condition at L™=1.1 for the two species. For the two moderate storm events that are
simulated in this study local heating effects are not considered. The source term S is set to 0 in
the model, while part of the local heating or injection effects might be implicitly implemented to
the model as the observed PSD at the highest available L is used as the outer boundary
condition.

In the rest of this section, we discuss in further detail the various parameters of the model,
namely the radial diffusion coefficient, the time-varying electric field model, the electron loss
term and the proton loss terms.

3.1 Radial diffusion

A p-dependent empirical radial diffusion coefficient model Dy ;;, (Liu et al., 2016) has been
extended to low p (10-400 MeV/G) as a modified radial diffusion coefficient, Dy} ;i) —moq fOr
electrons (Mei et al., 2023). Based on D;j ;;,-moq for electrons, we analyze the difference
between electron and proton drift periods to estimate the corresponding radial diffusion
coefficients for protons, by assuming that the ULF waves are symmetrically distributed and
propagating in the azimuthal coordinate during the storm. Under this assumption, electrons and
protons will interact accordingly with the ULF waves of the same power spectrum, and radial
diffusion coefficient will be the same for electrons and protons of the same drift frequency.

Due to the lower mass of electrons, they will be affected more significantly by the relativistic

effect than protons of the same kinetic energy, thus drifting slower than the protons. A bounce-

averaged relativistic drift period formula in dipole field is given by (Schulz & Lanzerotti, 1974):
_ 2m|q|BoRE T (ae)

P 3moc?yB?L D(ac)

T

(2)
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where m, is the rest mass of the trapped particle, B, = 31000 nT is the equatorial magnetic
field strength at the Earth’s surface, Ry = 6370 km is the Earth’s radius, ¢ is particle charge, y is
the Lorentz factor, f is the ratio of particle velocity to the speed of light, and 7 and D are pitch
angle-dependent functions.

As an illustration, Figure 3 shows the difference between electron and proton drift speeds at L=3
and L=4. The left column of Figure 3 compares their drift velocities as a function of energy. The
drift velocity of a 1 MeV electron is about 30% slower than a 1 MeV proton. The middle column
of Figure 3 shows the ratio between the electron and proton drift period at the same p for L=3
and L=4. Converting to the pu coordinate, we can see that the background magnetic field strength
plays a role and thus the drift difference of the two species becomes L-dependent. The value of

ZD—‘e increases to 1.7 for L=4 and to 2.35 for L=3 when p increases to 100 MeV/G (corresponds to
D,p

~0.36 MeV at L=4 in dipole field). As electrons and protons are transported inward to lower L
the drift period difference increases. In addition, we show the relation between the p of electron
and proton that result in the same drift period in the right column of Figure 3. Based on equation
(2), electrons and protons of the same drift period should obey the following equation:

.“gEo,e _ .U;%Eo,p
2ueB(L) + Ege 2up,B(L) + Eo,

(3)

where E . and E), are, respectively, the rest energy of an electron and a proton, and y. and x, are
the corresponding magnetic moments of an electron and a proton with the same drift period. The
right column of Figure 3 shows the correspondence of x. and y, at different L. At L=4 an electron
of =100 MeV/G approximately has the same drift period as a 60 MeV/G proton, while this
drift-period alignment shifts to p ~42 MeV/G protons at L=3.
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Figure 3. The drift differences between electrons and protons at L=3 (top panels) and L=4
(bottom panels). (left) Drift velocities of electrons and protons as a function of kinetic energy.
(middle) The ratio between electron and proton drift period as a function of . (right)
Correspondence of electron and proton magnetic moment u with the same drift period.

For electrons, the Dy; 1,-moq 18 used as the radial diffusion coefficient (Mei et al., 2023):
Die = Dippiy-moa = 1.115- 1076 - 109Kp*P . [B18%. . g
a=0.35; b =-0.414;
¢ =-0.57;d =0.796
(4)

For protons, a corresponding radial diffusion coefficient according to our assumptions of the
ULF perturbations can be expressed as:

DL*L*.p(H) =Dppre(p') = 1115 1076 - 1097 Kp*h . [8184. .UIC -d
(5)

where the u’ meets the condition 7p,(u") = tp,(1). The value of u’ is given by the positive
2 2B(LW?Eop ,  MEopEoe
2uB(L)+Eq p 2uB(L)+Eop

root of a polynomial equation: Eq o'

3.2 Time-varying electric field induced convection

The energy-dependent convection coefficient V¢ follows the same formulation as the one
introduced by (Mei et al., 2023):

Epets X B|

VR,S(RI t) = BZ

(6)
with

3
2 E, (R, ,t)d
fg (R, ¢ )¢_TD,S

/4 4t

Enet,s -

where B is the magnetic field strength, Ey is the azimuthal component of the large-scale electric

field, which in this case is the modified Volland-Stern model based on Mei et al. (2023), R is the
radial distance, ¢ i1s the azimuthal angle, 7y is the particle drift period, and 7 is the

3n
fEZ E¢ (R,¢,t)d¢

characteristic timescale of the electric field time-variation: 7z (R, t) = |23n—|
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Since the coefficient Vg ¢ is proportional to the particle drift period 7y, the drift period
difference of the same p electron and proton shown in Figure 3 will result in different strength on

. . . TDe - . .
the convective transport. As discussed before, the ratio of —= increases more significantly at
TD,p

lower L, which suggests that for electrons and protons of the same p, the convection coefficient
for proton will decrease faster than that of electron as they are being transported inward to lower
L.

3.3 Electron loss

The dominant loss mechanism for 10s to 100s of keV electrons is pitch angle scattering due to
interactions with plasma waves including chorus and plasmaspheric hiss. In this study, we use
empirical models of electron lifetime due to the chorus and hiss wave scattering (Orlova &
Shprits, 2014; Zhu et al., 2021). Using realistic chorus wave parameters, Orlova and Shprits
(2014) established a parameterized electron lifetime model as a function of geomagnetic activity,
electron energy, and locations. Specifically, in their model, lifetimes for 1 keV-2 MeV electrons
can be calculated in four MLT sectors, including the night, dawn, prenoon, and postnoon, can be
calculated with a given Kp index and radial distance R. Zhu et al. (2021) developed an empirical
model for the lifetime of slot region electrons due to plasmaspheric hiss waves using a
statistically averaged spectrum of RBSP observations. The energy range of the model is from
0.01 to 10 MeV, and model inputs include L and the AE index.

We use the electron lifetime model 7.5,,,s by Orlova and Shprits (2014) outside the plasmapause
to account for chorus wave scattering loss and the electron lifetime model 7, by Zhu et al.
(2021) inside the plasmapause to quantify hiss wave scattering loss. The overall electron lifetime
can be written as:

Tchorus» L> LPP

T =
electron { Thiss:L < LPP

(7)

where Lpp is the L of the plasmapause location, which is considered here as a boundary
separating the two types of electron losses. Lpp is calculated herein based on the Carpenter and
Anderson (1992) empirical model. Since the diffusion-convection model we use in this study is
dependent only on the radial distance, and not on MLT, we use the minimum electron lifetime
among four MLT sectors as calculated by the Orlova & Shprits (2014) model to represent the
drift-averaged lifetime for electrons, considering that the drift periods of outer belt electrons at
100s of keV are ~ 1 hour while their lifetimes are several hours to days. It is noted that the
empirical model of Zhu et al. (2021) for electron loss timescales due to plasmaspheric hiss wave
scattering is applicable in the range 1.8<L<3, while the plasmapause location is sometimes
higher than L=3, as, for example, during geomagnetically quiet times before a storm. In such
cases, we interpolate the electron loss timescale in the logarithmic scale when there is a gap in
the 7;;; model between L=3 and Lpp during quiet time.

3.4 Proton loss

Charge exchange and EMIC wave scattering are the two main loss mechanisms considered in
this study. Unlike the almost ubiquitous loss mechanism of charge exchange which protons are
continuously undergoing, EMIC wave scattering loss largely depends on the spatial presence,

9
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magnitude, and frequency range of EMIC waves, which differ from case to case. Thus, the
computation of loss timescale is nontrivial due to limited spatial and temporal coverage of the
wave measurements. For this study, we only compute the proton loss due to EMIC wave
scattering for Event 1, the June 8 storm in 2015, during which He+ band EMIC wave activities
have been observed and studied by Hogan et al. (2023), to elaborate the contribution of EMIC
wave to the deep penetration difference.

Charge exchange loss:

A bounce-averaged lifetime expression by Smith et al. (1976) is used to obtain the charge
exchange lifetime for protons:

Tep = Teq COS3102 2

(8)

with

tea = oy

where 7,4 is the estimated mean lifetime of protons evaluated at the equatorial plane (Smith &

Bewtra, 1978), 4,, is the mirror latitude, o is the charge exchange cross section, 7 is the number
density of neutral atoms, and v is the velocity of the incident particle. The charge exchange cross
section ¢ depends on energy and on the type of charge transfer process. We use the parameterized
cross sections as a function of energy as provided by Lindsay and Stebbings (2005). The
experimentally determined relation between hydrogen atom energy and cross-section area
applies for <250 keV protons. We extrapolate the relation for higher energy. We use the
exospheric density model by Chamberlain (1963) to estimate the neutral density in the inner
magnetosphere:

n(r) = Noe~(Ae2M)g (1)
(9)

GUEM
kT.r
planetary mass (Earth’s mass in this case), M is the atomic mass, k is the Boltzmann constant, 7 is
radial distance, and N, and 7, are respectively the neutral density and temperature at the exobase
which is assumed to be at 500 km, { is a partition function. Knowing that the charge exchange
lifetime depends on the neutral atom species, we compared two main types of charge exchange
in Earth’s magnetosphere, H-H and H'-O, with typical exospheric neutral hydrogen and oxygen
densities. Our results show that the lifetime due to H'-H interaction is orders of magnitude
shorter than that of H'-O type interaction (shown in Supporting Information Figure S1).
Therefore, we use the bounce-averaged lifetime of proton charge exchange with neutral
hydrogen as the dominant charge exchange loss mechanism for protons. The top of Figure 4
shows the charge exchange lifetime of proton interacting with neutral hydrogen atoms as a
function of radial distance and p, assuming that N, = 4 X 10* #/cm3 and T, = 1000 K. We can
see that typically the lifetime is shorter for the same p protons at distances farther away from
Earth.

where A represents the potential energy: A(r) = , G is the gravitational constant, uz is the

10
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During storm times, the two primary parameters determining proton lifetime, namely neutral
hydrogen density and temperature in the exosphere, may experience dynamic changes. To
quantify the influence of exospheric variations, we use the NRLMSIS 2.0 model (Emmert et al.,
2021) to obtain neutral hydrogen density and exospheric temperature at 500 km height for the
two selected storms. Since the exospheric density model by Chamberlain (1963) follows the
assumption of spherical symmetry, we averaged the hydrogen density and exospheric
temperature at different local times to obtain N, and 7, for the selected events, which are
presented at the bottom of Figure 4 (see Figures S2 & S3 in Supporting Information for details).

Charge exchange lifetime (H+—H),Nc=4X1O4cm'3,Tc=1OOO K
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Figure 4. (top) Charge exchange lifetime for protons due to H -H interaction as a function of
radial distance and magnetic moment u assuming fixed density and exospheric temperature at
500 km exobase. (bottom) Averaged hydrogen density and exospheric temperature over
longitudes and latitudes at 500 km during the two selected events provided by the NRLMSIS 2.0
model (Emmert et al., 2021).

EMIC wave scattering loss (only applied to Event 1):

As shown in Figure 3 of Hogan et al. (2023), He+ band EMIC wave signatures were observed by
RBSP near L*=4.1 to 4.3 around 4:45 UT on 8 June 2015. The frequency range of the observed
EMIC wave signatures is ~1.29fo+ to ~1.77fo+, where fo: represents the local oxygen
gyrofrequency.
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The proton lifetime in the presence of EMIC wave scattering can be estimated by conducting a 1-
D pitch angle diffusion simulation (Meredith et al., 2006; Ni et al., 2015; Thorne et al., 2013):

o _ 1 9 | of,
at T(aeq) sin(Zaeq) Oateq [T(aeQ) Sln(z“eq)<Daa> 9

eq
(10)

where a., 1s the equivalent equatorial pitch angle, <D,,> is the bounce-averaged pitch angle
diffusion coefficient, T(a.,) 1s the bounce period approximated by: T(aeq) = 1.3802 —

0.3198 [sin(aeq) + /sin(aeq)l (Lenchek et al., 1961).

The bounce-averaged pitch angle diffusion coefficient <D,,> is computed using the full
diffusion code (Ni et al., 2011; Ni et al., 2008; Shprits & Ni, 2009) at L=4.1, 4.2, and 4.3, based
on assumptions of cold plasma and dipole magnetic field. We use the density model by Sheeley
et al. (2001): Ny = 1390 (3/L)*83 ¢m™3 for determining the electron density at the selected L.
A Gaussian fit is used to provide the power spectra of the EMIC wave. The local plasma
composition is assumed to be 94% H+, 5% He+, and 1% O+ as found by Kersten et al. (2014).
Top left of Figure 5 shows <D,,> for proton computed at L=4.2. The <D,,> for proton at L=4.1
and 4.3 can be found in the Supporting Information Figure S4.

With the calculated <D,,>, we conducted pitch angle diffusion simulations based on equation
(10) for L=4.1-4.3. The right-column panels of Figure 5 show the three examples of the
simulated time variations of proton flux at 136.8, 273.5, and 444.4 keV at L=4.2. The estimation
of proton lifetime is taken after reaching equilibrium and will not be affected by the initial
distribution. Normalized flat pitch angle distribution of proton fluxes is used as the initial
condition. We assume that the EMIC waves with the observed power spectra are evenly
distributed over MLT for simplicity. In reality, EMIC waves might be confined in narrower MLT
ranges, but waves with stronger wave power can still result in similar scattering effect
considering the spatial and temporal uncertainties of observations. The upper boundary condition
0 fp(aeq=90°)
Oaeq
the equatorial bounce loss cone given by sin(a;.) = [L5(4L — 3)]~/* (Summers et al., 2007),
which is around 4.95° at L=4.2 for Event 1. The simulation is conducted for 5000 seconds, and
the proton fluxes reach equilibrium before the end of the simulation. From the right column
panels of Figure 5, we can see that as the proton energy increases, the resonant region shifts to a
higher pitch angle, while diffusion becomes weaker as the <D,,> decreases.

is set as = 0, while the lower boundary condition is set as f, (aeq < aLC) =0, orc1s

. 5} cp - . .
By assuming % = — T;ﬁ, the lifetime of K=0.12 G*Rg; protons is estimated by:

At
1 ( Jp(ag, ty) )

n|-
Jp(ag, tn + At)

Temic =

(11)

where jj, is the proton flux converted from proton PSD f,,, ak is the corresponding pitch angle of
K=0.12 G"*Rg protons, At is the time step of the pitch-angle diffusion simulation, and ¢, denotes
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a simulation time stamp after reaching the equilibrium state. At L=4.2, ak is around 51° for
Event 1. For protons outside of the resonant region with EMIC waves, tzyc 1s infinite.
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Figure 5. Estimations of proton lifetime due to EMIC wave scattering loss during Event 1 (2015
June 8 storm) based on wave observations of Hogan et al. (2023). (Top left) The bounce-
averaged pitch angle diffusion coefficient <D,,> at L=4.2; (Middle left) Minimum resonant
energy of the EMIC wave with electron (in blue) and proton (in red) at L=4.2; (Right) From top
to bottom we show the pitch angle diffusion simulation results of protons at the selected energies
at L=4.2; (Bottom left) The estimated proton lifetime at L=4.1, 4.2, and 4.3 as a function of
magnetic moment for K=0.12 G"’Rg protons.

The bottom left panel of Figure 5 shows our estimate of the p-dependent proton lifetimes
considering EMIC wave scattering effects at L=4.1, 4.2, and 4.3 during Event 1. Protons of
<35 MeV/G are outside of the resonant region for the observed EMIC waves; for >35 MeV/G
protons, gy increases from ~0.1 to >0.5 day as p increases. The difference between zzc at
different Ls is not obvious. Additionally, the middle-left panel of Figure 5 compares the
minimum resonant energies of electrons and protons with the observed EMIC waves, showing
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that the minimum resonant energy for electrons is higher than 10 MeV. Thus, there is no EMIC
wave scattering loss for <100 MeV/G electrons that we focus on in this study.

To summarize, the proton lifetime model we use in this study is expressed as:

min(Tgpc, Teg) , 41 < L < 4.3 for Event 1

T =
proton { Tcg, Other

(12)

where the minimum between zzy;c and z¢g 1s taken as the proton lifetime for the L range of 4.1 to
4.3 from 04:30 to 19:00 on June 8, 2015. In the absence of EMIC wave effects, only charge
exchange loss contributes to the loss of protons.

4. Results
4.1 Event 1 (2015 June 8 storm)

We first present the results of radial diffusion and convection modeling conducted for p=10-100
MeV/G, K=0.12 G"?Rg electrons and protons for the 2015 June 8 storm. Figure 6 and Figure 7
respectively compare the observed and modeled results for 20 MeV/G and 50 MeV/G electrons
(left) and protons (right). The top row shows the PSD converted from RBSP A & B flux
observations. The second row of panels displays the modeled PSD of the bi-particle model.
Black dashed curves indicate the empirical plasmapause location (Carpenter & Anderson, 1992).
The third to fifth panels respectively present the radial diffusion coefficient Dy, radial
convection coefficient Vg, and particle lifetime during the simulated period for electrons and
protons. The last four panels at the bottom of Figure 6 display comparisons between observed
(blue circle) and simulated (orange curve) 20 MeV/G electron and proton PSD at =3, 3.5, 4, and
4.5. In Figure 7, comparisons for 50 MeV/G and 0.12 G"?Rg particle PSD at L=3.5, 4, and 4.5
are shown in the same format.

Overall, the bi-particle model captures the rapid inward penetration feature for both electrons and
protons. The radial diffusion coefficient D;; and convection coefficient Vz for electrons and
protons significantly enhanced at the storm main phase. The timescale of the loss process is
largely different for the two particle species. For low p (e.g., 20 MeV/G) protons not resonating
with the observed EMIC waves, charge exchange dominates their losses. Generally, electron
lifetimes are >1 order of magnitude shorter than those of protons without the presence of EMIC
waves. Considering EMIC wave scattering loss, proton lifetime can be shortened to the order of
hours. The line plots at the bottom of Figures 6 & 7 display detailed different deep penetration of
the two particle species reproduced by the model. For 20 MeV/G, a relatively low p, both species
show similar deep penetration characteristics at L=4 & 4.5, in which PSD rapidly enhanced for
nearly 2 orders of magnitude. At L=3 & 3.5, the relativistic effects on the radial diffusion and
convection of electrons are more significant, resulting stronger radial transport of them. Modeled
electron PSD there showed consistently more enhancements than the proton PSD, which matches
the observation. When p increases to 50 MeV/G, the difference between electron and proton
deep penetrations enlarges as both the relativistic effect and EMIC wave scattering play
significant roles. Across a wide L range from 3.5 to 4.5, while electron PSD largely increased for
more than two orders of magnitude, the proton PSD remained at the same level as pre-storm.
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Figure 7. Modeled results for 50 MeV/G electrons (left column) and protons (right column)
during Event 1 in the same format as Figure 6.

To quantitatively show the impact of relativistic effect on the radial transport of electrons and
protons, we compare the maximum radial diffusion and convection coefficients for the two
species during Event 1 in Figure S5. As indicated by the dashed lines in the third and fourth
panels of Figure 6, diffusion coefficients D;; reach their maximum values around 07:30 UT,
while the convection coefficients Vz peak at around 05:30 UT. In Figure S5, the ratio of the
convection coefficient of proton over that of electron, Vg 5, /Vg , is shown by the left panel, while
the ratio of the diffusion coefficient, Dy ,/Dy,, ., is plotted on the right. The coefficients for 10,
20, and 50 MeV/G are compared and presented as a function of L. A general trend for both
Di1,p/Dir,e and Vi ,/ Vi 1s that the ratios continuously decrease when moving to lower L. For 10
MeV/G, at L=5, the ratios of diffusion and convection coefficients are close to 1, which is
consistent with the observation that ~80 keV electrons and protons experience flux enhancement
at a similar level. As p increases from 10 to 50 MeV/G, V, and D;; for protons become
significantly smaller than those for electrons at all Ls. For u=50 MeV/G, V%, drops from 80% of
Vie to 35% moving from L=5 to 2, while D;;, is consistently lower, less than 40% of Dy .
across the L range from 1.5 to 5. Note that the values of Dy . and V. also experience a dramatic
decrease moving to lower L. This indicates that as p increases the radial diffusion and convection
processes for protons decrease faster than those for electrons. Thus, protons cannot be radially
transported to a low L as electrons.
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Figure 8. Comparison between the observed and modeled u=10-100 MeV/G proton phase space
density (PSD) during Event 1. Proton PSD is displayed as a function of L and U for a specific
period or epoch. For proton PSD observations on the left, the period marker corresponds to the
shaded area in the bottom panel, while the epoch marker for the modeled proton PSD
corresponds to the dashed line during the shaded period.

EMIC wave scattering loss contributes to weakening the deep penetration of ~40-100 MeV/G
protons while the same p electrons are not affected. In Figure 8, we present the comparison
between observed and modeled proton PSD of multiple p values from 10-100 MeV/G before,
during and after the June 8 storm. In each subplot, the proton PSD is displayed as a function of
L and p. The time of the observations and simulations proceeds from top to bottom panels. The
left column shows the observed proton PSD variations, the middle and right columns present the
simulated proton PSD without or with EMIC wave losses, respectively. The Dst index is shown
in the bottom panel. The labels ‘tl’ to ‘t4’ denote the averaged period for proton PSD
observations, which are indicated by the shaded region in the bottom panel; ‘t1”> to “t4"
represent the simulation instants selected within the period of observations, which are marked by
the black dashed lines. From t2 to t3, lower p protons experience stronger inward transport than
higher p protons. The ‘no-EMIC-loss’ model performed well reproducing the p-dependent storm-
time enhancement and inward transport of proton PSD. However, as shown by the ‘t2’ and ‘t3’ of
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the observed proton PSD, there are some ‘bite-out’ losses for >60 MeV/G protons happening at
L" ~4.2 on 8 June 2015, which cannot be explained by the ‘no-EMIC-loss’ model. With the
EMIC wave effects included, the right column of Figure 8 reproduces such local losses. While
<35 MeV/G protons still undergo significant inward transport, the scattering loss due to EMIC
waves becomes effective for protons > 35 MeV/G. PSD of >35 MeV/G protons decreased
rapidly at L'~4.2 from 12" to t3" and a clear local ‘bite-out’ feature formed for >60 MeV/G
protons, which matches the observation well. As the modeling results suggest, in the absence of
EMIC wave scattering loss, ~70 MeV/G protons might still experience inward deep penetration
to L'<4; while EMIC scattering effect leads to rapid local loss for relatively high p protons that
deter the deep penetration from extending to L'<4.

4.2 Event 2 (2014 November 4 storm)

A second event, the 2014 November 4 storm, is also selected and modeled to verify that the bi-
particle model can reproduce the different deep penetration of electrons and protons during other
periods. Unlike Event 1, He+ band EMIC wave activities were not observed by RBSP during the
November 4 storm. Therefore, EMIC wave scattering loss is not considered for this event and
charge exchange loss is treated as the only loss mechanism for protons. Figure Al in the
appendix shows the model results for 20 MeV/G electrons and protons in the same format as
Figure 6. The model captured the electron and proton inward penetrating dynamics to L<4 during
the storm main phase. Distinctly from Event 1, the electron and proton PSD values at the
beginning of the storm were at a relatively higher level, while the PSD radial profiles at the end
of the modeled period became similar for both events. The different deep penetration of electrons
and protons is clear from both observation and modeling results at L=3-3.5. In this L range, the
electron PSD is enhanced by more than one order of magnitude, while proton PSD is not
affected. This shows that the modeled 20 MeV/G electrons can penetrate inward to L<3.5 while
protons at the same p stop inward penetration at L>4. Figure A2 presents the proton model
results from 10 to 100 MeV/G in a similar format as Figure 8. Observed PSD is shown in the left
column and modeled PSD without EMIC scattering loss is on the right side. The deeper
penetration of lower p protons is well reproduced by the radial diffusion-convection model.

5. Discussion

In this study, we extend the energy-dependent convection-diffusion model for electrons by Mei et
al. (2023) for protons using the same model but with different coefficients considering the
relativistic effect and different loss mechanisms on electrons and protons. The bi-particle model
performs well for both electrons and protons for the same events, capturing not only the p-
dependence of each species, but also the difference between the two species. To quantitatively
compare how the relativistic effect will affect electrons and protons and lead to different inward
transport, we assume that the ULF perturbations interacting with electrons or protons through
drift resonance and leading to radial diffusion, are at the same level of intensity. Tong et al.
(2024) statistically studied m>0 (eastward propagating) and m<0 (westward propagating) ULF
waves based on GOES 13 and 15 measurements: their results showed that the peak values of
power spectral density of the two waves are similar. We also considered the relativistic effect on
radial convectional transport caused by time-varying large-scale electric fields. In Mei et al.
(2023), such electric-field-induced inward transport was quantified by assuming symmetric
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large-scale electric fields, like the Volland-Stern model. We mainly discussed the contribution of
symmetric large-scale electric fields to the different deep penetration of electrons and protons.
More localized DC electric fields, like Subauroral Polarization Streams (SAPS) electric fields in
radial direction (Califf et al., 2016; Califf et al., 2022; Lejosne et al., 2018; Lin et al., 2022; Zhao
et al., 2017), might influence electrons and protons differently and are beyond the scope of this
study.

Charge exchange and EMIC wave scattering are the two major loss mechanisms considered in
the bi-particle model for protons. Charge exchange loss depends on the type of charge exchange,
cross section area of protons as a function of energy, and neutral density in exosphere. We
compared two types of charge exchange loss, H'-H and H'-O, and showed that the former
dominates for radiation belt protons. We used the NRLMSIS 2.0 model to obtain the average
hydrogen density at the exobase. Our results suggested that the neutral density variation during
storm time does not significantly influence the loss timescales of proton at a fixed p since the
energy-dependence of charge exchange cross section dominates. Loss due to EMIC wave
scattering is analyzed and quantified for a particular storm event, during which a localized ‘bite-
out’ feature is clearly observed. EMIC wave activity at the same L range have been observed and
reported by Hogan et al. (2023), thus we calculated the corresponding pitch angle diffusion
coefficients and estimated proton lifetime to quantify the timescale of EMIC wave induced loss.
Results suggest that EMIC waves play a significant role in scattering relatively higher p (>60
MeV/G) protons, which prevent them from further penetrating to lower L, while lower p (<30
MeV/G) protons below the minimum resonant energy are not affected. This is consistent with the
decreased occurrence of events where deep penetration of protons is observed as p increases
revealed by Zhao et al. (2023), which showed that while ~70 deep penetration events of 10
MeV/G protons to L<4 were observed over 6 years, very few deep penetration events could be
identified for p > 20 MeV/G. Such a drastic decrease does not exist in electron observations at
the same p, which is consistent with our results that these electrons are outside the resonant
region with the observed EMIC waves. Therefore, EMIC wave scattering loss contributes to the
sudden drop of proton deep penetration occurrence at high p.

6. Conclusion

As suggested by previous statistical studies, electrons and protons respond differently to
geomagnetic storms in terms of their inward penetration depth, time scale and energy-
dependence. Considering that the radial transport due to enhanced large-scale electric fields is a
significant mechanism for trapped particles to penetrate to L<4, one would expect that the
electrons and protons will equally respond to the electric fields and behave similarly. In this
study, we considered the relativistic effects on radial transport and different loss mechanisms for
electrons and protons in a bi-particle convection-diffusion model and showed that this model can
be used to reproduce both deep penetrations of electrons and protons. Based on our modeling
results, here we provide explanations for the different dynamic variations for electrons and
protons:

1. Due to the relativistic effect, electrons drift slower than protons at the same energy, which
results in stronger radial diffusion and convection that the protons experience. The drift period

19



560
561
562
563
564

565
566
567
568
569
570
571

572
573
574

575

576
577

difference becomes greater as p increases or L decreases, thus protons at u>50 MeV/G tend to
stop their inward transport at higher L than the electrons, while 10 MeV/G electrons and protons
have more similar dynamics. This is consistent with the statistical results from a previous study
which showed that 10 MeV/G proton deep penetration to L<4 is less frequently than electron but
still happens, while >20 MeV/G proton deep penetration to L<4 is very rare (Zhao et al., 2023).

2. EMIC wave scattering loss is quantified and applied to the model for a specific event, during
which EMIC wave activity has been observed by RBSP and reported by previous studies.
Modeling results suggest that during the event, EMIC waves can rapidly scatter 100s of keV
protons at L~4.2 on timescales of ~0.1-0.7 day. Such a rapid local loss process prevents the high-
energy protons from being inward transported to lower L and creates a local ‘bite-out’ feature.
On the other hand, 100s of keV electrons are shown to be outside of the resonant region with the
observed EMIC wave, based on computed minimum resonant energies.
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Figure Al. Modeling results for 20 MeV/G electron (left column) and proton (right column)
during event 2.
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580  Figure A2. Comparison between the observed and modeled proton phase space density (PSD) for
581  u=10-100 MeV/G during Event 2 in the same format of Figure 8. Modeled PSD < 107’
582 (c¢/MeV/em)’ is not shown.
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