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Abstract Electron precipitation by chorus whistler-mode waves generated by the same electron population
is expected to play an important role in the dynamics of the outer radiation belt, potentially setting a hard upper
limit on trapped energetic electron fluxes. Here, we statistically analyze the relationship between equatorial
electron fluxes and the power of mid-latitude cyclotron-resonant chorus waves precipitating these electrons,
both inferred from ELFIN low-altitude energy and pitch-angle resolved electron flux measurements in 2020—
2022. We provide clear evidence of a flux limitation coinciding with an exponential increase of precipitation.
We statistically demonstrate that the actual inferred resonant wave power gains are well correlated with
theoretical linear gains, as in the classical Kennel-Petschek model, for moderately high linear gains and high
fluxes. However, we also find a finite occurrence of very high fluxes, corresponding to resonant waves of
moderate average amplitude, implying a softer, more dynamical upper limit than traditionally envisioned.

Plain Language Summary Using high-precision spacecraft measurements of electron fluxes at low
altitude, we experimentally revisit the classical Kennel-Petschek paradigm of electron flux self limitation in the
Earth's outer radiation belt. Our statistical analysis demonstrates that, above a threshold, higher electron fluxes
are associated with the generation of more intense electromagnetic waves, which scatter electrons more
efficiently toward the atmosphere, where they are lost. This leads to a lower occurrence of higher fluxes.
Furthermore, we find that wave intensity increases as predicted by theory. While these results confirm the
classical notion of an upper limit on electron fluxes, we discover that this limit is softer and more gradual than
previously expected. This is probably due to an unforeseen saturation of the wave intensity that reduces the flux-
limiting effects of these waves during a sufficiently strong increase of electron fluxes.

1. Introduction

Electron precipitation into the atmosphere, through pitch-angle diffusion by whistler-mode chorus waves, is a key
mechanism for the loss of energetic electrons from the Earth's outer radiation belt (Agapitov et al., 2018;
Chakraborty et al., 2022; Kasahara et al., 2019; Thorne et al., 2005). Chorus waves are generated outside the
plasmasphere, in the form of rising tone elements, by trapped energetic electrons injected during substorms, and
reach a higher intensity during higher geomagnetic activity (Agapitov et al., 2018; Chakraborty et al., 2022; Fu
et al., 2014; Meredith et al., 2020; Omura et al., 2008; Tsurutani & Smith, 1977). Consequently, an important
question arises regarding the efficiency of electron precipitation driven by these waves in limiting the trapped
electron fluxes that generate them (Hua, Bortnik, & Ma, 2022; Kennel & Petschek, 1966; Mauk & Fox, 2010;
Mourenas et al., 2023, 2024; Olifer et al., 2022; Ozeke et al., 2024; Summers et al., 2009).

The Kennel-Petschek model of flux self-limitation postulates that whistler-mode waves of exponentially
increasing power are generated as the equatorial omnidirectional trapped electron flux J,,,,; ., rises (Kennel &
Petschek, 1966). This leads to an exponentially faster electron precipitation into the atmosphere through pitch-
angle diffusion, while wave-driven energy diffusion is assumed to be negligible (Kennel & Petschek, 1966).

This sets an upper limit, JXP on the trapped flux (Kennel & Petschek, 1966). The Kennel-Petschek limit

omni,eq’
JK P

omnieq  WaS initially assumed to correspond to a maximum theoretical linear wave power gain

Gihmax = f (2y/vy) dz = 6 along magnetic field lines (with y the parallel wave linear growth rate, v, its group
speed, z the field line coordinate). This maximum gain, Gy, . ~ 6, was deemed sufficient for ensuring a balance
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between low-latitude wave generation and high-latitude wave loss, based on an assumed high-latitude reflection
of ~0.25% of the wave power (Kennel & Petschek, 1966). Schulz and Davidson (1988) later revised this estimate
t0 Gy max = 3, a value adopted in subsequent works (Mauk & Fox, 2010; Olifer et al., 2022; Summers
etal., 2009). However, Summers et al. (2009) noted that chorus wave growth from the observed noise level might
require G,x ® 6 — 12 (in agreement with Carlson et al., 1985).

In the case of chorus waves, however, electron energy diffusion is not negligible compared with pitch-angle
up
omni,eq®

attractor for the system dynamics, may be reached when the number of precipitated electrons per second at each

diffusion (Horne et al., 2005). Then, a second, more dynamical upper limit, J which represents an
energy balances the number of electrons injected or accelerated to this energy per second (Hua, Bortnik, &
Ma, 2022; Mourenas, Artemyeyv, et al., 2022; Mourenas et al., 2023; Summers & Stone, 2022).

In this study, we utilize energy and pitch-angle resolved measurements of electron fluxes from the Electron
Losses and Fields Investigation (ELFIN) CubeSats, which operate in a nearly polar Low Earth Orbit (Angelo-
poulos et al., 2020, 2023). We investigate how the precipitating-to-trapped flux ratio and the chorus wave power
at cyclotron resonance with electrons near the loss cone, vary with J,,,,;., and linear wave power gain at high
J,

Ol

mmi.eq- A key advantage of using ELFIN measurements (rather than measurements from an equatorial spacecraft)
is that, as will be shown in Section 2, these quantities can be simultaneously inferred from the same data set. This
ensures consistency between all inferred quantities, a crucial point for our statistical study of flux self-limitation,
performed in Section 3.

2. Inferring Equatorial Electron Flux and Resonant Wave Power From ELFIN Low-
Altitude Measurements

ELFIN measurements of precipitating, trapped, and backscattered electron fluxes at ~450 km altitude in 2020—
2022 are used to infer omnidirectional equatorial electron fluxes J,,,,; ., at different energies. The trapped electron
flux, J;qp, is measured by ELFIN just above the bounce loss cone. We calculate the effective net precipitating
flux, Jpec,or» caused by chorus waves, as the difference between the measured precipitating flux averaged inside
the local bounce loss cone and the mean upward flux backscattered by the atmosphere within the same loss cone
(Mourenas et al., 2021, 2023). This calculation assumes that most backscattered electrons remain within a given
energy bin of width AE/E =~ 40% (Marshall & Bortnik, 2018; Selesnick et al., 2004), and that the system is
roughly symmetric with respect to the magnetic equator.

We focus on periods of significant geomagnetic activity, parameterized by the auroral SuperMAG SME index
(Gjerloev, 2012),at L = 4.5 £ 0.25 in the 3-9 MLT sector. In this region, intense chorus waves are present up to
magnetic latitudes 4> 25°, allowing efficient wave-driven 60 — 500 keV electron precipitation (Agapitov
et al., 2018). To obtain a large statistical ensemble, we collect all ELFIN measurements in 2020-2022 that were
preceded by a high time-integrated SME, Int(SME) ~ (2 — 3) x 10* nT-hr, calculated over 72 hr. This elevated
time-integrated activity correlates with maximum 100 — 3000 keV electron fluxes near L = 4.5 (Hua & Bort-
nik, 2024; Hua, Bortnik, Chu, et al., 2022; Mourenas, Agapitov, et al., 2022; Mourenas et al., 2019). Typically, it
corresponds to peaks of 1-min SME above ~800 — 1000 nT, suggesting that the measurements likely occurred
outside the plasmasphere (Agapitov et al., 2019; Hua & Bortnik, 2024; O’Brien & Moldwin, 2003).

We assume a nearly diffusive transport of electrons through resonant interactions with mainly short chorus wave
packets separated by random phase jumps (Artemyev et al., 2021, 2022; Mourenas, Zhang, et al., 2022; Zhang
et al., 2020). Additionally, we consider a quasi-equilibrium pitch-angle distribution at 0.06 — 0.5 MeV after
hours to days of wave-particle interactions (as justified by previous works, see Mourenas et al., 2021; Shane
et al., 2023). In this case, the quasi-linear diffusion theory (Kennel & Petschek, 1966) indicates that the wave-
driven electron pitch-angle diffusion rate near the loss cone can be expressed as follows:

2
_ 4z e (1)
aa — T ) ’
ZO TB
with a,, ; ¢ the equatorial bounce loss-cone angle, 75 the electron bounce period, and z, a function of the average
flux ratio Jyyee,efr/ Jyap- 2o is given by the approximate relationship:
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0 (104 + 260 i) — 100, )
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valid for Jp, e e/ Jirap = 0.001 — 0.85 with less than ~25% error (Mourenas et al., 2023, 2024).

The quasi-equilibrium directional electron flux at the equator, J(a,,), is then given by (Kennel & Petschek, 1966;
Mourenas et al., 2023):

1, (z9) sina,,
J(aeq) N 1+ Z010(10) hl(sinaeq’w)
Jtrap 1+ Zoll (z0) ln( Sin”c‘q,rmp) ’

Iy (z0) Sin g, 10

3)

with I, the modified Bessel function of the first kind and @,y = 1.05 @, ;. Using Equations 2 and 3, we can

deduce the directional flux J(a,,) and, after integration over a,,, the equatorial omnidirectional electron flux

eq»
Jomnieqr TTOM Jprec o/ Jirqp and J,,,, measured by ELFIN. When J,,,.¢, o7/ J11qp > 0.85, however, we reach the strong

diffusion regime (Kennel, 1969; Lyons, 1973), which corresponds to z, :\/5 and a strong diffusion rate DSP
given by
22
SD eq,LC
D)) = —;Z , 4)

such that a flat J(@,,) = J;4, can be assumed to infer J,,;, (i.€., equatorial fluxes are essentially isotropic).

The average omnidirectional equatorial electron fluxes J,,,; ., inferred this way from ELFIN measurements at
L ~ 4.5 have been compared with the average omnidirectional electron fluxes recorded by the Van Allen Probes
(Claudepierre et al., 2021) in 2017-2018, following quiet or disturbed periods. These comparisons demonstrated
good agreement from 60 keV to 1.5 MeV, thereby validating the present method (Saint-Girons et al., 2024).

Note that D, in Equation 1 is proportional to the chorus wave magnetic power B2, at the latitude of cyclotron
resonance with electrons (Artemyev et al., 2013; Kennel & Petschek, 1966). Therefore, Equations 1 and 2 can be

used to infer the resonant chorus wave power B%V from Jpec, o7/ Jirqp measured by ELFIN.

Hereafter, we only keep reliable electron flux data from ELFIN, well above the instrument noise level and with at
least 3 consecutive pitch-angle bins with non-null (or non-noisy) fluxes immediately below and above the local
loss cone angle. Jp,yoc o and Ji,,, are calculated over a sliding window of 18-s length, corresponding to 6 full spins
of the spacecraft, to obtain more reliable (i.e., less affected by temporary fluctuations) time-averaged precipi-
tating, backscattered, and trapped fluxes. Data such that J,,,. o/ Jiqp at 1 or 2 MeV is higher than J,,., o7/ Jiyqp at
390 keV or 520 keV are discarded, to only keep data corresponding to whistler-mode wave-driven electron
precipitation (e.g., see Angelopoulos et al., 2023; Tsai et al., 2024). The selected ELFIN measurements represent
a data set of ~2000 pairs (Jpreefr/ Jiraps Jirap) for each energy E € [60,140] keV to ~1000 pairs for
E € [390, 520] keV.

3. Statistical Analysis
3.1. Precipitating-To-Trapped Flux Ratio

Figures 1a and 1b show the median (green), 5" percentile (black), and 957 percentile (red) of the precipitating-to-
trapped flux ratio J,,.c o/ Jirqp measured by ELFIN in 2020-2022 at L = 4.5 and 3-9 MLT, after 3-day periods
with Int(SME) ~ (2 — 3) x 10* nT-hr. The results are shown as a function of the inferred equatorial omnidi-
rectional electron flux J,,,,; ., for 100 and 140 keV electrons, which are the main contributors to the generation of

typical chorus waves near L = 4.5 (Mourenas et al., 2024). Logarithmic J, bins of a factor of 1.2 are used,

mni,eq
discarding bins containing less than 10 pairs (Jyece/ Jiraps Jomnieq)- The median Jpp o/ Jiyqp remains nearly
constant at %0.05 — 0.1 over a wide J,,,,,; ., range, but exhibits a rapid increase at high J,,,,,; .,> reaching a peak of

J

receff/ Jirap = 0.5, followed by a similarly rapid decrease and a second lower peak.
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Figure 1. (a), (b) Median (green), 5th percentile (black), and 95 percentile (red), of precipitating-to-trapped electron flux
1atio Jy e, e/ Jirqp measured by ELFIN, as a function of equatorial omnidirectional electron flux J,,, (in e/cm?/s/MeV)
inferred from ELFIN measurements, at 100 and 140 keV, L = 4.5, and 3-9 MLT, following 3-day periods with

Int(SME) =~ (2 — 3) x 10* nT-hr. (c), (d) Pitch-angle anisotropy parameter s of the electron distribution (blue) and probability
P(Jomnieq) Of measuring J,,,;0, (purple), corresponding to (a), (b).

The anisotropy s of the pitch-angle distribution J,,,,; .4 (2eq) = sin 2 @, (Summers et al., 2009) is also estimated
based on quasi-linear theory (Mourenas et al., 2023, 2024), for equatorial pitch-angles a,, € [10°, 90°] cor-
responding to the main population providing free energy for wave growth (Mourenas, Zhang, et al., 2022; Omura
et al., 2008; Tao et al., 2017). Figures 1c and 1d show that the pitch-angle anisotropy s (in blue) remains at a level
of s ~ 0.3 after strong injections, even for the highest J,,,;.,, in agreement with previous studies (Mauk &
Fox, 2010; Mourenas et al., 2024; Olifer et al., 2021; Walton et al., 2023). Another important result in Figures 1c
and 1d is that the probability P(J,y,.,) Of measuring high electron fluxes (purple circles) starts to decrease
roughly when J,, ..ot/ Jirqp Starts to increase toward its peak in Figures 1a and 1b. Such a decrease of P(J,;¢4) at
high J,,; ., may be the result of a flux limitation mechanism—albeit not a very efficient one, since this decrease

is only gradual.

3.2. Chorus Wave Power Gains

The theoretical relativistic linear chorus wave power gain G, was derived by Summers and Shi (2014). Hereafter,
we use a fit to their numerical results for an equatorial electron plasma frequency to gyrofrequency ratio
Q,/Q. ~ 4.5, a typical value at L ~ 4.5 during disturbed periods (Agapitov et al., 2019). This gives
G ® B Jopnieg SPLE, with E a constant and B = max<(0.4/E[MeV])2/5,1>, for 0.1 — 0.8 MeV and
s ~ 0.25 — 0.5 (Mourenas et al., 2024).

The mean and median (red and green circles, respectively) of (/e 5/ J,m[,)2 are displayed in Figures 2a and 2b as
a function of the normalized theoretical linear wave power gain, G,/ (E L4E) = Jomnieq sB for fixed L = 4.5 and
fixed E = 100 keV or 140 keV, using the same data as in Figure 1. Least squares linear fits to 6 consecutive points
of the logarithm of (J,,/cc, e/ J,mp)z, at its peak and immediately before its peak, are shown by solid lines for the
mean (red) and median (green). These fitted increases of the mean and median of (/. e/ J,mp)2 exceed the
global mean and median (shown by horizontal dashed lines), suggesting their statistical significance. The high
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Figure 2. (a), (b) Mean and median (e, e/ J,mp)2 measured by ELFIN (red and green circles, respectively), as a function of
Jomnieq 5B (with Jommi,eq 1N e/cm?/s/MeV) inferred from ELFIN measurements, at 100 and 140 keV, L = 4.5, and 3-9 MLT,
following 3-day periods with Int(SME) = (2 — 3) x 10* nT-hr. Solid lines show least squares fits (their Pearson r and its
p — value are noted). (c), (d) Corresponding inferred time-weighted normalized theoretical linear wave power gain,
P(Jomnieq 55) X (Jomnieq s°) (black circles), and its Cumulative Distribution Function (CDF) (blue circles), with the CDF= 0.5
level marked by a dashed blue line (all CDF values are multiplied by 10°).

Pearson correlation coefficients, r ~ 0.86 — 0.98, along with low p-values (ranging from 0.0006 to 0.0276) from
the Student 7-test (Press et al., 1992), confirm a statistically significant linear relationship between the logarithm
of (Jpreceff/ J,m,,)2 and J i eq sB. This relationship holds at a confidence level greater than 97% for all fits and
exceeding 99.8% for the two best fits to the mean. Since most fitted points are such that (J,,,ec, e/ .l,mp)2 > 0.01,
the fitted (Jyec, o/ Jtm,,)2 is approximately proportional to the pitch-angle diffusion rate toward the loss cone, D,
at fixed L and E (Mourenas et al., 2024).

The Cumulative Distribution Function (CDF) of the inferred time-weighted normalized theoretical wave power
gain, P(J(,mm-,eq sB ) X (J(,m,,,-’eq sB ) (multiplied by 10 for display purposes, with P the normalized probability), is
displayed (blue circles) in Figures 2c and 2d. The best fits in Figures 2a and 2b start when CDF = 0.5 in Figures 2¢
and 2d. Therefore, half of the total time-weighted theoretical linear wave power gain is at lower J ;¢4 sP than the
fits. This lower part of the G, distribution corresponds to the most frequent electron fluxes, which maintain a
significant average wave power at L ~ 4.5, through their presence with different levels at various L-shells and the
spreading of the generated waves to nearby L-shells (Chen et al., 2013). The nearly constant and relatively high
Jorec,eff/ Jirap 1€VEl AL 1OW Jypi g sB in Figure 2 is consistent with the presence of such a significant background

average wave power at all times following 3-day periods with Int(SME) = (2 — 3) x 10* nT-hr.

Figures 2c¢ and 2d show that the inferred time-weighted normalized theoretical wave power gain,
P(Jomnieq 5%) X (Jomnieq $°) (black circles), rapidly increases as J,,,,;., s° increases, before saturating at a nearly
constant level. This saturation corresponds to a decrease of the probability P(Jomm«,eq sB) of measuring a high
Jomnieq sB, approximately like 1/ (Jm,m,-,eq sB). The strong increase of (J,rec, o/ J,mp)2 in Figures 2a and 2b co-
incides with this saturation of P(ngm«,eq sB ) X (JU,,,,”«,eq sB ) in Figures 2c and 2d. This suggests that the trapped
electron flux may be limited by increased wave-driven electron loss into the atmosphere.
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Figure 3. (a) Wave power gain variation, AG, inferred, using Equation 5, from the variation of {(J,cc,e/ J,ml,)z) between two
Jomnieq SPLE values separated by A(Jyumieq SLYE) (With J .4 in e/cm?/s/MeV and E in keV), for 100 keV (blue) and
140 keV (green) at L = 4.5 and 3-9 MLT, following 3-day periods with Int(SME) = (2 — 3) x 10* nT-hr. We use six-point
series of ((Jpyec,efr/ Jw,,,)z) fitted in Figure 2. A black line shows a least squares linear fit (its formula, the Pearson correlation
coefficient r and its p — value, are provided in the panel). (b) Same as (a) for wave power gains G inferred, using Equation 6,
from the measured {(Jpyec,efr/ J,mp)z) values.

While these findings could be linked to the Kennel-Petschek limit, it is worth noting that the Kennel-Petschek
mechanism should a priori result in a more abrupt upper limit on J,,,;., than what we observe in Figures 1
and 2. The Kennel-Petschek mechanism indeed anticipates an exponential increase in both wave power and wave-
driven electron loss when J,,,,.,; ., €xceeds the presumed flux limit, Jf,ﬁnm (Kennel & Petschek, 1966; Summers &
Shi, 2014). The observed gradual saturation of J,,,,; ., could therefore be due to a more dynamical flux limitation
mechanism, corresponding to an increase of J,,,,,; ., until the total numbers of injected and precipitated electrons

per second balance each other (Etcheto et al., 1973; Mourenas et al., 2023).

To check this conjecture, we estimate the variation of the actual wave power gain G as a function of J,, and

mni,eq
G,;,- G can be inferred from ELFIN measurements, using a method proposed by Mourenas et al. (2024) based on
quasi-linear diffusion theory (Kennel & Petschek, 1966). We assume that Q,,/Q,., and the wave frequency to
gyrofrequency ratio, w/€,,, remain approximately constant at L = 4.5 and 3-9 MLT during periods of similar
geomagnetic activity, as in statistical observations (Agapitov et al., 2018, 2019). The variation of the actual wave

power gain G between two values of Gy, = Jyuieq sBL*E can then be expressed as

D Z 2
AG=G, — G = 1n<—"“’2> =In <ﬂ) , )
D1 202

with D, the wave-driven pitch-angle diffusion rate near the loss-cone, which is proportional to the chorus wave
power B2 at the latitude of cyclotron resonance with electrons (Mourenas et al., 2024). Equation 5, with the help
of Equation 2, directly provides AG as a function of two values of the measured J,,c, of¢/ Jirq COrresponding to two
different values of Gy, = E Jieq sBL*E (Mourenas et al., 2024).

To derive the actual wave power gain G, we further assume that it is roughly proportional to the theoretical linear
wave power gain Gy, as in the derivation of the Kennel-Petschek flux limit (Kennel & Petschek, 1966; Summers
& Shi, 2014). This gives G,/ Gy = Gy, 5/ Gy, 1, allowing us to express G = G in terms of AG as (Mourenas
et al., 2024):

G -1
G=GleG-<£—1) ) (6)
Gth,l

Figure 3a shows wave power gain variations AG, inferred from the variation of ((Jpec,e/ J,mp)z) between two
different J,,,;0, s°L*E values, as a function of their difference A(J,; e, S°L*E), for 100 and 140 keV electrons
at L = 4.5 and 3-9 MLT, following 3-day periods with Inf(SME) = (2 — 3) x 10* nT-hr. We use the six-point
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series of {(Jprec,efr/ J,mp)z) values which have been fitted in Figure 2. Figure 3b shows the actual wave power gains
G inferred from the same six-point series. In this case, we only use pairs of points separated by a third point in the
abscissa, preventing the term (Gy,»/ Gy — 1)™! in Equation 6 from taking on arbitrarily large values, which
would yield less reliable estimates (Mourenas et al., 2024).

The high Pearson correlation coefficients, »r = 0.77 and » = 0.57, of the least squares linear fits in Figures 3a and
3b, and the low p-values of ~2.9 X 107%and 2.2 x 1072 from the Student #-test, indicate a statistically significant
linear relationship between the actual gain G and the normalized theoretical linear gain G,/ E. The corresponding
confidence levels are 99.999% and 97.8%, respectively. The two best fits in Figure 3 give
G125 X 1072 X Jyppieg SPL*E, with J,,,,,; ., in e/cm?/s/MeV and E in keV. This linear relationship between
G and G, implies an exponential increase of the wave power va a8 Jomnieq sBLAE increases from ~ 1.5 x 10" up
to at least 3.6 x 10'2. Actual gains reach values of G = 4.5 — 8.5 at high Jomni,eq» cOnsistent with results from a
previous case study (Mourenas et al., 2024).

3.3. Saturation of Electron Flux and Resonant Chorus Wave Power

We now examine the saturation of equatorial electron fluxes, observed in Figures 1 and 2. Figure 4a presents the
probability P(J(,mm-,eq sBL4E) of measuring electron fluxes J,,,;., that correspond to a normalized theoretical
linear wave power gain Gy/E = Jopieq sPLAE. P(Jomni,eq sBL4E) is shown as a function of J,,;eq sBLAE for
energies from 60 to 520 keV at L = 4.5 and 3-9 MLT, following 3-day periods with Int(SME) = (2 — 3) x 10*
nT-hr in 2020-2022. Initially, P(J,,,;., S°L*E) slowly increases as J,,,,; ., s°L*E rises. However, it then steeply

decreases by a factor of ~5, following a trend resembling ~ 1/ (e sBL“E)H, a8 Jynieq SPL*E increases from
1.6 X 10'? to 7 x 10'2. This indicates a progressive saturation of 60 — 520 keV electron fluxes above a
threshold Jmieq SPLYE % 1.6 X 10'2. P(J,104 S°L*E) reaches its lowest value at J,,,,,;., s°L'E ~ 8 x 10!

and remains at this level up t0 J,;,eq SBLAE = 5 x 105,

Figure 4b displays the average and median magnetic amplitudes B,, (circles and crosses, respectively) of the
chorus waves that precipitate 100 keV (blue) and 140 keV (green) electrons, inferred from the mean or median of
Uprec,ef/ J[,.ap)2 measured by ELFIN. We assume that electron scattering into the loss cone occurs via cyclotron
resonance at magnetic latitudes Az[°] = 80-(0.35 — w/Q,,), where parallel chorus waves of average wave-
power-weighted frequency w/Q,. are predominantly observed in Van Allen Probes statistics (Agapitov
et al., 2018). By combining this empirical formula for iz with the cyclotron resonance condition, we find
g ~ 13° —16° and w/Q ~ 0.18 — 0.15 for 100 — 140 keV electrons (assuming Q,./Q, = 4.5 at
L = 4.5). Substituting these parameters in D,, = A X B%v (Albert, 2005; Artemyev et al., 2013; Glauert &
Horne, 2005) provides the coefficient A. Using Equations 1 and 2, we can finally express B,, as a function of
Joreceff/ Jirap- The inferred B,, depends only weakly on Q,./Q,., and w/€Q,, (Artemyev et al., 2013).

The global mean and median inferred amplitudes, B,, ~ 35 — 65 pT, are consistent with statistical time-averaged
chorus wave amplitudes measured by the Van Allen Probes at latitudes A = 13° — 16° and 4-12 MLT during
disturbed periods with Kp =~ 4 — 5 (Agapitov et al., 2018). In Figure 4b, the inferred average wave amplitude
remains nearly constant at B,, & 65 pT up t0 Jyieq sBL*E ~ 2 x 10'2. Above this threshold, the average B,,
steeply increases, reaching B,, & 250 pT at J,ie, S°L*E & 3.6 x 10'2. This behavior aligns with the expo-
nential increase B, [pT] = 55 X exp(6.25 X 107 (Jynieq S°L'E — 1.8 x 10'?)) (red curve) derived from the
best fits in Figure 3. This exponential increase of B,, with the theoretical linear gain Gy, = E J,upieq sPLAE,
coupled with the concurrent decline in the probability P(Jo,,,,,,-,eq sBL4E) of observing such high fluxes in
Figure 4a, is consistent with the Kennel-Petschek model.

The minimum of P(J,,;0, s°L*E) is observed in Figure 4a at J,,,;., s°L*E ~ 8 X 10'2. This nearly coincides
with the point in Figure 4b where the fitted B,, (red curve) reaches the strong diffusion level (shown by blue or
green dashed lines), corresponding to the shortest electron lifetime, min(z;) = 1/ Dme ~50—-70 s at
100 — 140 keV (Kennel, 1969; Lyons, 1973). However, when J,,,,; ¢ sBL*E increases above 4 X 10'2, the
actual average B,, does not attain the strong diffusion level. Instead, it gradually decreases from 150 to 80 pT at
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Jomnieq sPL*E = 2.5 x 10"3. Meanwhile, the probability P(ngm«,eq sBL4E) of measuring such high fluxes re-
mains relatively low and stable in Figure 4a.

The observed saturation of the average B,, when G;,/E = J,ieq SBL*E > 4 x 10'% implies that electron losses
cannot increase faster than J,,,; ., anymore. As aresult, J,,,,; ., can exceed any predetermined upper limit, such as
the Kennel-Petschek limit, during sufficiently strong electron injections (Etcheto et al., 1973; Mourenas
et al., 2023; Schulz, 1974). This is consistent with the existence of a second, more dynamical upper limit,
P e

pitch-angle and energy diffusion, regardless of the wave amplitude B,, (Hua, Bortnik, & Ma, 2022; Mourenas
et al., 2023). In this case, J,;., May continue to increase as long as J,,,,; .,(E) decreases more steeply toward

(E), which represents an attractor for the system dynamics in the presence of both chorus wave-driven

higher energy than the steady-state attractor shape J;, ; ., (E) ~ 1/E, and the total number of precipitated 0.1 — 1
MeV electrons per second does not yet balance the total number of injected electrons per second (Mourenas

et al., 2023). This could explain the finite residual probability of observing very high trapped fluxes in Figure 4a.

The observed saturation of the average B,, may be ascribed to various physical processes. First, the time-averaged
B,, is expected to remain sensibly below the strong diffusion level, because strong diffusion would otherwise
flatten the pitch-angle distribution (s — 0), suppressing the growth of resonant waves at w/Q.. >s/(1 + s)
(Summers & Shi, 2014). Second, nonlinear chorus wave growth should lead to a saturation of B,, near an optimum
amplitude B,, ,,, proportional to J,,,,; ., (Omura & Nunn, 2011), potentially limiting the average B,,. Third, when
chorus waves are simultaneously generated at different frequencies (Katoh & Omura, 2016), resonance overlap
should occur at sufficiently high B,,, leading to a stochastization of particle trajectories and quenching nonlinear
wave growth (Mourenas, Zhang, et al., 2022). Fourth, Landau damping may limit the mid-latitude B,, at 3-9 MLT
during the strongest injections (Chen et al., 2013).

Figure 4c shows the average fluxes J,;.,(E) inferred from ELFIN measurements for three selected normalized
theoretical gains G/ E = Jppieq SL'E =~ 8.2 x 10 (blue circles), 6.6 x 10'? (orange circles), and 1.6 x 10'3
(green circles) in Figure 4a. Each J,,,,,; ., (E) profile is averaged over roughly 100 individual measurements at each
E. For a low theoretical linear gain, Jo,,;eq SBLAE ~ 8 x 10', Jomnieq(E) is low and steeply decreases with
increasing energy (blue circles). For J,,; 4 SL*E = 6.6 x 10'2, that is, above the flux saturation threshold,

Jomni,eq(E) is much higher and decreases less steeply at higher energies (orange circles). At 100 — 300keV, J,n,q

JKP

now reaches the Kennel-Petschek limit omnieq

G = B Jomnieq SBLAE = 2for L = 4.5, Q,./ Qe ~ 4.5,and s ~ 0.3 (Summers & Shi, 2014). However, J,; ¢

still remains much lower than this limit at 390 — 520 keV. Finally, for a very high J,,,,.»; . SL'E = 1.6 x 10%3,

KP
omni,eq

line) from 100 to 520 keV, with a scaling J,;.0,(E) ~ JEP . (E) ~ 1/E (Summers & Shi, 2014).

omni,eq

(black dashed line) corresponding to a theoretical linear gain

Jomni,eq (green circles) reaches the Kennel-Petschek limit J corresponding to a linear gain G, = 5 (red dashed

The results in Figure 4 provide clear statistical evidence of a saturation of the equatorial electron flux J,,,; ., at

L ~ 4.5 after prolonged disturbed periods. However, they also demonstrate that J,

KP
Jumm',eq

mnieq CaN significantly exceed

the traditional Kennel-Petschek limit for Gy max = 3. A few recent works have similarly shown that
equatorial 30 — 100 keV electron fluxes can sometimes exceed this limit (Chakraborty et al., 2022; Olifer
etal., 2023; Walton et al., 2023). But Figure 4 additionally provides a potential explanation, based on the resonant
chorus wave power simultaneously inferred from ELFIN measurements. Indeed, the average amplitude of the

resonant chorus waves precipitating these electrons remains the same (B, ~100 pT) between
Jomnieg SPLYE = 6.6 X 102 and  J,pueq S°L*E = 1.6 X 10" in Figure 4b, when the linear gain G,

Figure 4. (a) Probability P(Jomm»’eq SBL4E) of measuring electron fluxes J,,,,,;, corresponding to a normalized theoretical linear wave power gain Jp,,,; ¢, sBLAE (with
Jomnieq e/cm?/s/MeV and E in keV), as a function of Jomnieq SBLAE, for 60520 keV (colored crosses) at L = 4.5 and 3-9 MLT after prolonged disturbed periods,
inferred from ELFIN 2020-2022 measurements, with least squares fits (black lines). (b) Average amplitude B,, (in pT) of chorus waves precipitating these electrons into
the atmosphere, inferred from mean or median (circles and crosses, respectively) measured (J, e, o/ J,mp)z, for 100 keV (blue) and 140 keV (green). A red curve shows the
exponential increase deduced from Figure 3. Dashed lines show the strong diffusion limit. (c) Average J,,,;.,(E) inferred from ELFIN measurements, for three values of
Jomnieq sBL*E in (a). The Kennel-Petschek limit Jf,fni’eq(E) for Q,./Q., ~ 4.5 and s =~ 0.3 is shown for G, max = 2 and Gy, ;max = 5 (black and red dashed lines),

corresponding to B,, ~ 110 pT and B,, ~ 100 pT in panel (b), respectively.
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simultaneously increases from 2 to 5. In such a case, the Kennel-Petschek mechanism should become less
effective, consistent with the soft flux limitation observed in Figure 4a.

4. Conclusions

Various works suggest that 0.1 — 0.5 MeV electron fluxes are capped at the Kennel-Petschek limit in the outer
radiation belt (Olifer et al., 2021, 2022; Summers et al., 2009). In the present study, we used low-altitude pitch-
angle resolved ELFIN measurements of 60 — 520 keV electron fluxes, following strong substorm-related in-
jections, to infer both equatorial omnidirectional electron fluxes and wave-driven electron pitch-angle diffusion
rates near the loss cone. This enabled for the first time a fine simultaneous analysis of equatorial electron fluxes
and of the amplitude of the middle-latitude cyclotron-resonant chorus waves directly responsible for the pre-
cipitation of these electrons, providing novel information on the flux limitation process. We notably demonstrated
that the main drop of the probability of measuring high fluxes coincides with an exponential increase of the
resonant chorus wave power, at a rate proportional to the theoretical linear wave power gain. This represents the
first statistical corroboration of two key elements of the Kennel-Petschek model (Kennel & Petschek, 1966;
Summers & Shi, 2014).

But we also found that when the theoretical linear wave power gain increases from 2 to 5, both the probability of
measuring high fluxes and the inferred average amplitude of the resonant chorus waves precipitating these
electrons remain nearly constant. This unexpected saturation of chorus wave amplitudes corresponds to a softer
flux limit than in the traditional Kennel-Petschek model. It may lead to another, more dynamical upper limit,
which represents an attractor for a system with both wave-driven pitch-angle and energy diffusion, regardless of
the wave amplitude (Hua, Bortnik, & Ma, 2022; Mourenas et al., 2023). This might allow for extreme fluxes
during extreme events (Etcheto et al., 1973; Mourenas et al., 2023). Future research should explore nonlinear
effects (Mourenas et al., 2018; Mourenas, Zhang, et al., 2022; Summers et al., 2012) and strong diffusion
(Kasahara et al., 2019) to improve our understanding of flux saturation mechanisms.

Data Availability Statement

ELFIN data is freely available at https://data.elfin.ucla.edu/. The SME index (Gjerloev, 2012) is available at the
SuperMAG data archive at https://supermag.jhuapl.edu/indices/. Data access and processing was done using
SPEDAS V3.1 (Angelopoulos et al., 2019).
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