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Abstract During substorms, Earth's magnetotail undergoes rapid dipolarization, driving Earthward plasma
flows that decelerate and dissipate energy upon encountering the dipole magnetic field in the nightside transition
region. This region mediates the interaction between the magnetotail, inner magnetosphere, and the ionospheric
auroral zone, though significant mapping uncertainties obscure the precise link and particle acceleration
processes. Using data from THEMIS, TREx, and ELFIN, we analyze a storm‐time substorm on 4 September
2022, establishing a relationship, that is, not a causation, between magnetospheric and ionospheric dynamics.
Following a dipolarization, the auroral bulge overlapped with the footprints of the electron isotropy boundary
(IB) and the outer radiation belt. Notably, the precipitating electron energies reached at least 2MeV in the bulge,
exceeding previous reports. By comparing the latitudes of the electron IB with respect to the auroral bulge, we
deduce that the sources of both auroral and relativistic precipitation were confined in the dipolarized region.

Plain Language Summary Explosive magnetospheric substorms and beautiful auroral displays are
signatures of rapid reconfiguration of Earth's magnetic field from a stretched to a more dipolar configuration.
The global reconfiguration is known as dipolarization, a phenomenon that occurs simultaneously with bright
auroral displays. The dipolarization, aurora, and the hazardous radiation belt (RB) electrons are likely linked,
though significant magnetic mapping uncertainties obscure the precise link and the particle acceleration
processes involved. Here, we study this system with a fortuitous combination of satellites and ground‐based
auroral imagers. After a dipolarization, the aurora overlapped with the energetic electrons prescribed to the outer
RB. These findings reveal that during the peak of a substorm, the bright part of the auroral oval is sometimes
contained within the newly reconfigured magnetic field, highlighting the intricate relationship between cislunar
space and Earth's atmosphere.

1. Introduction
Substorms are explosive releases of energy routinely occurring in Earth's magnetotail and its embedded current
sheet (e.g., Birn et al., 2012; Sergeev, Angelopoulos, & Nakamura, 2012; Sitnov et al., 2019, and references
within). They are typically characterized by a reconfiguration of magnetotail field lines from a stretched to a more
dipolar geometry (Akasofu, 1964; Kamide & Chian, 2007; McPherron et al., 1973). This dipolarization pro-
cess accelerates and transports plasma sheet (PS) particles Earthward via fast flows and dipolarizing flux bundles
(e.g., Birn et al., 2011; Birn et al., 2012; Gabrielse et al., 2014, 2016, 2017; Runov et al., 2011) toward the
nightside transition region (NTR; Donovan, 2016; Gabrielse et al., 2023, and references within). The NTR is the
interface between Earth's stretched and dipolar field lines, and is where fast flows tend to rapidly break, deflect,
and dissipate their energy (Sergeev, Nishimura, et al., 2012; Shiokawa et al., 1997).

The NTR is highly dynamic during substorms. PS particles are periodically injected through it and outer radiation
belt (RB) electrons are energized to relativistic (>500 keV) energies (e.g., D. Turner et al., 2015; Gabrielse
et al., 2017). Furthermore, during the substorm expansion phase, the NTR and the dipolarized region expand

RESEARCH LETTER
10.1029/2025GL116477

Key Points:
• During a storm‐time substorm, 2 MeV
electron precipitation was associated
with the auroral bulge

• The magnetospheric source region of
the auroral bulge and the radiation belt
(RB) overlapped during this substorm

• We deduce that the source region of the
auroral bulge and RB electrons was in
the newly dipolarized magnetosphere

Supporting Information:
Supporting Information may be found in
the online version of this article.

Correspondence to:
M. Shumko,
msshumko@gmail.com

Citation:
Shumko, M., Artemyev, A., Raptis, S.,
Zou, Y., Turner, D. L., Ukhorskiy, A. Y.,
et al. (2025). On the spatial relationship
between the aurora and relativistic electron
precipitation during a storm‐time
substorm. Geophysical Research Letters,
52, e2025GL116477. https://doi.org/10.
1029/2025GL116477

Received 10 APR 2025
Accepted 5 AUG 2025

Author Contributions:
Conceptualization: M. Shumko,
D. L. Turner, B. Gallardo‐Lacourt
Data curation: A. Artemyev, Y. Zou,
C. Wilkins, E. Tsai, E. Donovan,
V. Angelopoulos
Formal analysis: A. Y. Ukhorskiy,
C. Gabrielse, G. K. Stephens, E. Tsai,
S. Ohtani, K. Sorathia, V. Sergeev,
V. Angelopoulos, A. N. Jaynes
Funding acquisition: M. Shumko,
A. N. Jaynes
Investigation: Y. Zou, G. K. Stephens,
S. Ohtani, K. Sorathia
Methodology: M. Shumko, S. Raptis,
Y. Zou, A. Y. Ukhorskiy, I. J. Cohen
Project administration: M. Shumko
Resources: I. J. Cohen

© 2025. Johns Hopkins University Applied
Physics Laboratory and The Author(s).
This is an open access article under the
terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

SHUMKO ET AL. 1 of 13

https://orcid.org/0000-0002-0437-7521
https://orcid.org/0000-0001-8823-4474
https://orcid.org/0000-0002-4381-3197
https://orcid.org/0000-0002-2425-7818
https://orcid.org/0000-0002-3326-4024
https://orcid.org/0000-0001-6905-2288
https://orcid.org/0000-0002-5961-5582
https://orcid.org/0000-0002-9163-6009
https://orcid.org/0000-0002-6227-6059
https://orcid.org/0000-0002-8697-6789
https://orcid.org/0000-0002-9565-6840
https://orcid.org/0000-0003-3690-7547
https://orcid.org/0000-0002-6011-5470
https://orcid.org/0000-0002-4569-9631
https://orcid.org/0000-0002-7277-9004
https://orcid.org/0000-0001-8003-5091
https://orcid.org/0000-0001-7024-1561
https://orcid.org/0000-0002-1470-4266
mailto:msshumko@gmail.com
https://doi.org/10.1029/2025GL116477
https://doi.org/10.1029/2025GL116477
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2025GL116477&domain=pdf&date_stamp=2025-09-05


azimuthally and radially outward, driving the formation of large‐scale and meso‐scale field‐aligned currents
(FACs), and scattering electrons into the high‐latitude ionosphere (e.g., D. Baker et al., 1981; Lopez et al., 1990;
Reeves et al., 1996; Spanswick et al., 2005, 2010; Dubyagin et al., 2011; Gabrielse et al., 2023). There,
precipitating 1–10 s keV electrons associated with FACs produce discrete auroral arcs, while 10 s keV electrons
generate diffuse aurora (Paschmann et al., 2003; Nishimura et al., 2020, and references within). The radial and
azimuthal expansion of the dipolarized region corresponds to a poleward and westward expansion of the aurora,
with a multitude of diffuse and discrete auroral forms which occur inside a larger region termed the auroral bulge
(Nishimura, Lyons, et al., 2010; L. R. Lyons et al., 2018; Paschmann et al., 2003; Henderson, 2009; Ohtani
et al., 2021).

While the aforementioned phenomena have largely been studied in their magnetospheric or ionospheric contexts,
connecting the two regions is crucial to understand magnetosphere‐ionosphere coupling. Prior studies found that
the aurora associated with substorms is driven by sources on closed magnetic field lines in the vicinity of the NTR
and the inner PS (Donovan, 2016; Baker et al., 1996; Samson et al., 1992; D. N. Sergeev, Angelopoulos, &
Nakamura, 2012; Sergeev, Nishimura, et al., 2012). However, large magnetic field mapping uncertainties often
preclude the association of ionospheric precipitation to its magnetospheric source (Nishimura, Bortnik,
et al., 2010; Shevchenko et al., 2010). Nevertheless, we can use the change in the magnetic topology and particle
scattering characteristics across the NTR to identify the sources of precipitation originating from the inner
magnetosphere or the magnetotail (Paschmann et al., 2003).

In the stretched magnetotail, the magnetic field radius of curvature is smaller, or is on the order of, the electron
gyroradius (RC < ρe). Specifically, where RC/ρe < 8, the first adiabatic invariant is violated, causing particles to
move chaotically and be isotopically scattered and lost in the ionosphere via magnetic field line curvature
scattering (FLCS) (Lyons & Speiser, 1982; Sergeev et al., 1983). In the NTR, RC/ρe rapidly increases in the
Earthward direction as the field becomes more dipolar until RC/ρe > 8 and electrons become trapped (e.g., Ripoll
et al., 2020; Sergeev et al., 1983; Wilkins et al., 2023).

At ionospheric altitudes, the separation between the trapped and precipitating particles scattered via FLCS is
called the isotropy boundary (IB). The IB is both energy‐ and species‐dependent, since gyroradii depends on both
(Sergeev et al., 1983). The IB is readily observed in low Earth orbit (LEO), where particle populations (PS vs. RB)
can be differentiated with energy‐resolved omnidirectional fluxes ( j), as well as with the fluxes inside ( j‖), and
just outside ( j⊥), the bounce loss cone. In LEO, the IB appears as an energy‐dependent transition between
electrons with j‖/ j⊥ ∼ 1 (i.e., isotropic) on the poleward side, and j‖/j⊥ < 1 (i.e., anisotropic) on the equatorward
side (Sergeev et al., 1983). During quiet conditions the IB typically has an energy‐latitude pattern with lower
energy electrons isotropically scattering at higher latitudes (Newell et al., 1996; Wilkins et al., 2023, 2024).
Contrary to the proton IB that is often observed at all local times and has been investigated statistically (e.g.,
Sergeev et al., 1983; Sergeev et al., 1997; Shi et al., 2024; Yue et al., 2014), the electron IB has been investigated
much less (see discussion in Imhof et al., 1979; Sergeev, Nishimura, et al., 2012; Gabrielse et al., 2022; Wilkins
et al., 2023). This is partially due to the electron IB being occasionally obscured by wave‐particle scattering on the
Earthward side, driven by waves such as electromagnetic ion cyclotron and chorus (A. V. Artemyev et al., 2024).

Guided by 10s–100 keV X‐ray balloon measurements, Barcus (1965) and Lazutin and Rosenberg (1986),
assumed that the expansion phase aurora maps to the outer RB—Earthward of the NTR. This assumption was
further bolstered by recent studies associating energetic RB precipitation (>30 keV up to 100 s keV) with sub-
storm activity (Gabrielse et al., 2019; Sergeev et al., 2019; Troyer et al., 2022). However, to our knowledge a
direct confirmation of this assumption has yet to be made with aurora and electron precipitation observations. We
provide the most compelling evidence of this assumption here.

We present a fortuitous triple conjunction on 4 September 2022 between the Time History of Events and
Macroscale Interactions during Substorms (THEMIS; Angelopoulos, 2009) mission, the Transition Region
Explorer (TREx; Spanswick & Donovan, 2023) auroral all‐sky imagers (ASIs), and the Electron Losses and
Fields Investigation (ELFIN; Angelopoulos et al., 2019). This conjunction revealed a complete spatial overlap of
the auroral bulge and <2 MeV electron precipitation during a well‐timed dipolarization and poleward expansion
during a moderate storm. By comparing the latitudes of the electron IB with respect to the auroral bulge, we
deduce that the sources of both auroral and relativistic precipitation were confined to the dipolarized region.
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2. Instruments and Methodology
The THEMIS mission consists of three identical satellites launched on 17 February 2007 into highly elliptical
orbits with a 31‐hr orbital period (Angelopoulos, 2009). Each probe spins with a 3‐s period and contains five
instruments that measure ions and electrons from ∼5 eV to ∼1 MeV and electromagnetic fields and waves from
DC to >4 kHz (Angelopoulos et al., 2008; Auster et al., 2008; Bonnell et al., 2009; McFadden et al., 2008; Roux
et al., 2008).

The twin 3U ELFIN CubeSats were launched on 15 September 2018 and ELFIN‐A, which we primarily use here,
de‐orbited shortly after this event on 17 September 2022 (Tsai et al., 2024). During the conjunction, ELFIN was in
a polar LEO at ∼270 km altitude and a 90‐min orbit period (Angelopoulos et al., 2020, 2023). Each CubeSat was
equipped with an energetic particle detector that measured 50 keV to 7 MeV electrons in 16 logarithmically‐
spaced energy channels. ELFIN spun with a nominal 2.7‐s period, during which they observed fluxes in the
bounce and drift loss cones. As we describe in the Text S1 in Supporting Information S1, we binned the spin‐
resolved ELFIN‐EPD fluxes in time, energy, and pitch angle, and calculated j, j‖, and j⊥. With ELFIN we can
identify a multitude of particle populations and scattering mechanisms via their j spectrum and energy‐dependent
j‖/ j⊥ ratio (A. V. Artemyev et al., 2021; A. Artemyev et al., 2022; Angelopoulos et al., 2023; Wilkins et al., 2023;
Tsai et al., 2024; Zhang, Artemyev, et al., 2022). A ratio j‖/ j⊥ ≪ 1 indicates an empty loss cone with only drifting
electrons, while a ratio j‖/ j⊥ ∼ 1 indicates that the loss cone is full of precipitating electrons.

The TREx‐RGB array consists of “true color” ASIs deployed across Canada with overlapping fields of view—
providing regional‐scale observations of the aurora (Gillies et al., 2020). The auroral light first passes through a
fisheye lens that expands each imager's field of view to nearly 180°, and at the end is recorded by a highly‐
sensitive Canon CMOS sensor. Here we use the 480 × 553 pixel, 3‐s cadence images (Liang et al., 2023). To
clearly identify auroral features before and after the substorm we normalized the images using contrast stretching.
To compare the aurora with satellite measurements, we use skymap calibration files, derived by the instrument
team, to map the auroral images from pixel coordinates to geographic coordinates, assuming a 110 km emission
altitude. For each time stamp, we merged the mapped images from each ASI into a mosaic. In the overlapping
region between neighboring ASIs, we only kept the highest elevation pixels.

For this case study, the THEMIS probes are in the PS and thus provide the magnetospheric perspective. On
substorm time scales, THEMIS is effectively stationary and is probing the temporal evolution of the near‐Earth
magnetotail. Similarly, the TREx ASIs are stationary on these time scales and thus observe the time evolution of
auroral precipitation over a large area. In contrast to this, ELFIN rapidly—within five minutes—crossed the high‐
latitude ionosphere, and observed precipitation originating from sources corresponding to L‐shells ranging from
the inner magnetosphere to the distant magnetotail.

3. Results
Figures 1a–1d shows the solar wind conditions and geomagnetic indices around the 4 September 2022 substorm
(Gjerloev, 2012; King & Papitashvili, 2005). Figure 1a shows the z‐component of the interplanetary magnetic
field (Bz) which was predominately negative in the hours preceding the substorm. Figure 1b shows the solar wind
speed increasing from 500 to 680 km/s. The fast solar wind, together with the negative Bz, effectively coupled to
the magnetosphere. Figures 1c and 1d show the SuperMag lower electroject (SML; Newell & Gjerloev, 2011) and
the SuperMag ring current (SMR; Newell & Gjerloev, 2012) indices which show multiple substorms during the
main phase of the storm. Specifically, the vertical dashed black line corresponds to the substorm which is the
focus of this study. The substorm onset occurred at 04:12 UT (Newell & Gjerloev, 2011), during the main phase
of a storm (SMR = − 25 nT at 4 UT, and SMRmin = − 70 nT at 12 UT). During the substorm expansion phase,
the SuperMag lower index dipped to − 880 nT. Lastly, panel (e) summarizes the auroral activity during this time
period with a keogram, constructed from the TREx‐RGB Gillam and Pinawa ASIs along THEMIS‐A's longitude,
with Pinawa's keogram superposed above Gillam's. The resulting keogram is a function of time and λ, the altitude
adjusted corrected geomagnetic magnetic latitude (Shepherd, 2014). The keogram shows multiple poleward
expansions of the aurora between 4 and 7 UT.

The conjunction occurred in the pre‐midnight sector, with Figures 1f and 1g showing the equatorial locations of
the THEMIS probes on field lines traced with the T89 magnetic field model (Tsyganenko, 1989). Of the three
probes, T89 maps THEMIS‐A nearest to the neutral sheet, which is confirmed by the relatively small |Bx|
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component of the magnetic field shown in Figure 2a. Lastly, Figure 1h shows the 110‐km altitude ionospheric
footprints of THEMIS, ELFIN, and a representative TRExmosaic. We annotate ELFIN‐A footprints at four times
to highlight how rapidly it crossed the auroral region.

Figure 2 shows the magnetotail conditions during this substorm. Figure 2a shows that THEMIS‐A was located
near the central PS (Bx ∼ 0). Right before the dipolarization (∼4:17 UT), the magnetic inclination

(Bz/
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

B2x + B2y
√

) in Figure 2b was 0.51 which indicates that THEMIS‐A was near the central PS and the near‐

Earth magnetic field lines were stretched at R = 7 RE (Raptis et al., 2024). Then after the dipolarization
(∼4:21 UT) the magnetic inclination increased to 0.98 and the magnetic field became highly dipolar. During this

Figure 1. Observatory locations, geomagnetic conditions, and solar wind conditions for the substorm event. Panels (a) and
(b) show the solar wind Bz and speed. Panels (c) and (d) show the SuperMag lower electrojet (SML) and SuperMag ring
current (SMR) indices. Panel (e) shows a TREx‐RGB keogram assembled from the Gillam and Pinawa all‐sky imagers (ASIs).
The vertical dashed line spanning panels (a–e) is at the time of the substorm studied here. Panels (f) and (g) show the x‐y and x–z
projections of the THEMIS probe locations, with their field lines traced using the T89 magnetic field model. For reference, the
dashed curve in panel (f) is a segment of an R = 7 RE circle. Panel (h) shows the 110 km footprints of THEMIS and ELFIN‐A
above a TREx mosaic assembled from the five ASIs at 04:21:24. The orange line shows the ELFIN‐A footprints, with four
locations annotated with circles and time stamps along the footprint.
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four‐minute dipolarization, THEMIS‐A observed typical substorm signatures including fast ion flows and
accelerated low‐ and high‐energy electrons. Furthermore, it observed electric and magnetic field waves with
frequencies below a tenth of the electron gyrofrequency ( f < 0.1fce), as well as structured wave emissions in the
lower‐band chorus frequency range (0.1fce < f < 0.5fce) which can scatter 10 s keV‐MeV electrons (e.g., Chen
et al., 2020; Miyoshi et al., 2020). At this time Figure 1f shows that both THEMIS‐D and ‐E were magnetically
connected further tailward, providing limited additional context to our analysis. Nonetheless, for completeness we
show their observations in Figures S1 and S2 in Supporting Information S1.

The aurora associated with this dipolarization was observed by TREx. Figure 2h summarizes the auroral activity
during the substorm with a keogram in the same format as Figure 1e. The keogram shows the sudden brightening
of a faint arc at 4:17 UT, followed by the poleward expansion of the aurora. As the substorm progressed, the

Figure 2. THEMIS‐A and TREx all‐sky imager (ASI) observations of the substorm. Panels (a–g) show THEMIS‐A data,
while Panel (h) shows the TREx data. Panel (a) shows the magnetic field, panel (b) shows the magnetic field inclination,
panel (c) shows the ion flows, panels (d) and (e) show the energetic and low‐energy electrons, panels (f) and (g) show the
magnetic and electric wave power, as well as lines at fce, 0.5fce, and 0.1fce frequencies. Lastly, panel (h) shows the keogram
assembled with images taken by Gillam and Pinawa TREx‐RGBASIs. SeeMovie S1 for an animated TREx mosaic. All vectors
are in geocentric solar magnetospheric coordinate system and the two vertical dashed gray lines correspond to the approximate
start and end time of the dipolarization.
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aurora consisted of a bright wavy arc at the poleward‐edge, and diffuse‐like aurora with some internal structure
which we refer to as structured diffuse aurora (SDA; Nishimura et al., 2020) equatorward of it. This can be more
clearly seen in the TREx mosaic in Movie S1 which shows diffuse auroral light, structured wavy arcs, and other
dynamic auroral features.

Figure 3, together with Movie S2, show the spatial and temporal evolution of the aurora and the relativistic
precipitation observed by TREx and ELFIN‐A, respectively. During the auroral poleward expansion phase,
ELFIN‐A passed through the eastern edge of the TREx field of view, and observed electron precipitation up to
2 MeV. Figures 3a–3d show TREx mosaics with ELFIN's instantaneous locations at four times. During its five‐
minute pass, ELFIN observed three distinct particle populations: PS, IB, RB, whose approximate locations we
annotated above Figure 3e. These three populations can be distinguished using the omnidirectional j as well as the
j‖/ j⊥ ratio in Figures 3e–3g. Figure 3e shows the spin‐resolved 63 keV fluxes, which we binned according to the
Text S1 methodology, and show the result in Figures 3f and 3g.

Figure 3. Ground and low Earth orbit observations of the substorm made by TREx all‐sky imagers and ELFIN‐A. Panels (a–d) show a montage of TREx mosaics,
mapped to 110 km, for times annotated in the upper‐left corner. The red solid line is the entire ELFIN‐A trajectory mapped to 110 km, and the red dot is the instantaneous
ELFIN‐A location at each time. Panel (e) shows the spin‐resolved 63 keV electron fluxes as a function of pitch angle and time. The solid and dashed white lines and the
loss and anti‐loss cone angles, respectively. Panel (f) shows the omnidirectional > 50 keV electron number fluxes observed by ELFIN‐A. Lastly, panel (g) shows the
j‖/ j⊥ ratio as a function of energy and time. Above panel (e), we annotate the plasma sheet, isotropy boundary and outer radiation belt regions. See Movie S2 for an
animated version of this figure.

Geophysical Research Letters 10.1029/2025GL116477

SHUMKO ET AL. 6 of 13

 19448007, 2025, 17, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025G

L
116477 by M

ykhaylo Shum
ko - Johns H

opkins U
niversity , W

iley O
nline L

ibrary on [05/09/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Between 04:17:30‐04:20:10 UT (65 ° < λ< 75°) Figures 3f and 3g shows isotropic<200 keV electrons which are
consistent with the PS region with a small Bz ≤ 5 nT that ensures electron scattering via FLCS. Similarly, at
∼04:20:12, Figure 3f shows a sharp transition between two electron populations with maximum energies rising
from 200 keV to >2 MeV. This intense isotropic (presumably FLCS‐type) precipitation continues until 04:20:25
UT (64° < λ< 65°). At this time precipitating flux and flux ratio j‖/ j⊥ dropped down during one spin at
energies above ∼250 keV, indicating the steep IB in this energy range. This may occur due to crossing of large
equatorial gradient of magnetic field, that one can visualize as the outer boundary of the dipolarization region
(A. V. Artemyev et al., 2024). This is not an unusual observation. Indeed, A. V. Artemyev et al. (2024) showed
that 45% of IBs observed by ELFIN had such steep IB in this limited energy range. Earthward of this boundary,
the relativistic electrons remained anisotropic (except for a short spike of isotropic fluxes at ∼04:20:45 UT),
consistent with the enhanced equatorial Bz in the dipolarized region inside of the auroral bulge.

Throughout the entire auroral bulge, until ∼04:21:20 (60° < λ< 64°) the sub‐relativistic electrons have high
fluxes and isotropic precipitation, likely a whistler‐mode driven precipitation (but definitely not FLCS, as proved
by empty loss‐cone of relativistic electrons). While the relativistic electron loss‐cone was empty, ELFIN detected
the presence of quasi‐trapped <2 MeV electrons. These electrons have energies atypical for the PS (<200 keV)
and were not solar energetic particles (Wilson et al., 2024). They are, however, characteristic for the outer RB
(Ripoll et al., 2020). The energy‐dependent j‖/ j⊥ in the poleward section of the RB—with j‖/ j⊥ ∼ 1 at the sub‐
relativistic energies and j‖/ j⊥ < 1 at relativistic energies—is a signature of a scattering mechanism that becomes
less efficient with increasing energy (Lee et al., 2012; Tsai et al., 2023; Zhang, Angelopoulos, et al., 2022). This is
in contrast to the equatorward region of the outer RB, observed after 04:21:24, which had j up to relativistic
energies but a low j‖/ j⊥ across all energies, indicative of a trapped RB population.

The four TREx mosaics in Figures 3a–3d, together with the ELFIN data in Figures 3f and 3g, relate the locations
of the aurora and relativistic electron precipitation. Figure 3a shows that TREx did not observe the bright aurora in
the δλ = 10° latitude range where ELFIN observed the PS. Further equatorward, Figure 3b shows a wavy arc that
overlapped with the IB. Then in the time range between Figures 3b and 3c, TREx observed SDA as ELFIN
observed the RB precipitation overhead. Lastly, Figure 3d shows the most equatorward snapshot in which TREx
did not observe bright aurora, and ELFIN only observed trapped electrons. Combined, this data clearly shows that
the bright auroral bulge overlapped with the IB and RB precipitation. ELFIN observed the IB and RB electron
spectrum with energies spanning from the instrument's 50 keV lower‐limit, up to 2 MeV (which, considering
ELFIN's sensitivity, is a lower bound of the upper‐limit). This overlap is further supported by a Polar Orbiting
Environmental Satellites (POES) pass above TREx a few minutes later, which we show in Figure S3 in Sup-
porting Information S1 and Movie S3.

4. Discussion and Conclusions
In the magnetosphere between 4:17 and 4:20 UT, THEMIS‐A was in the pre‐midnight sector at R = 7 RE as it
observed a dipolarization, injected energetic electrons, electromagnetic waves, and ion flows. Since the ion flow
directions alternated between Earthward and anti‐Earthward, THEMIS‐A was likely in the braking region in the
NTR (e.g., Birn et al., 1999; Panov et al., 2010). After 4:20 UT, the magnetic field dipolarized and the substorm
activity subsided at THEMIS‐A. Taken together, THEMIS‐A was initially near the NTR which retreated tailward
during the dipolarization (Donovan et al., 2008; Lu et al., 1999).

In the ionosphere, TREx ASIs initially observed a faint pre‐breakup arc, which suddenly brightened and then
expanded poleward beginning at 4:17 UT, when THEMIS‐A observed the dipolarization. The auroral bulge
consisted of a dynamic arc at the poleward edge and SDA equatorward of it. During the auroral expansion phase,
ELFIN‐A passed through the TREx field of view between 4:19‐4:22 UT. The poleward arc overlapped with the
electron IB precipitation spanning 50 keV ‐ 2 MeV energies, and the equatorward SDA overlapped with the outer
RB precipitation spanning similar energies. While prior results show that pulsating aurora, proton aurora, patchy
aurora, and omega bands can be associated with relativistic electrons (Kawamura et al., 2021; Miyoshi
et al., 2021; Shumko et al., 2021; Shumko, Gallardo‐Lacourt et al., 2022), to our knowledge this is the first report
of ≤2 MeV electron precipitation associated with the substorm auroral bulge. The 2‐MeV energy limit is about a
factor of 10 higher than reported by Sivadas et al. (2019) and a factor of 10 to a hundred higher than reported by
Gabrielse et al. (2019), Kellerman et al. (2015), and Spanswick et al. (2007). While the 2 MeV number fluxes are
much lower than the auroral number fluxes, the relativistic electron energy flux may be comparable since their
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energies are much higher. The relative contributions of auroral and energetic electrons, and their impacts on the
ionosphere and atmosphere, will be investigated in a follow‐on study.

To map the precipitation to its magnetospheric source region we use the IB as a low‐altitude tracer of the NTR.
Figure 3g shows an abrupt electron IB with j‖/ j⊥ ∼ 1 spanning 50 keV‐2 MeV energies at its high‐latitude edge,
and a monotonically decreasing j‖/ j⊥ at its low‐latitude edge, suggesting that wave‐particle interactions partially
obscured the IB's energy‐latitude dependence. In addition to wave‐particle interactions, A. V. Artemyev
et al. (2024) suggest that sharp IB energy‐latitude patterns arise from FLCS with a large equatorial gradient of
magnetic field. Furthermore, Figure 3f shows that this IB demarcated the footprints of two starkly different j
populations: <200 keV consistent with the PS, versus <2 MeV consistent with the RB. When combined, the j‖/ j⊥
ratio and j spectra support the interpretation that the electron IB mapped to the NTR. Specifically, the IB mapped
to the region separating the dipolar region where MeV electrons were trapped (at least before the dipolarization),
and the stretched region where they were rapidly lost via FLCS.

Since the IB and the poleward arc overlapped, and the IB mapped somewhere in the NTR, it follows that the
sources of both the IB and the poleward arc originated from the NTR. Furthermore, since the SDA was equa-
torward of the poleward arc, the SDAmust have mapped Earthward of the NTR. Thus, auroral bulge precipitation
originated from the newly‐dipolarized field lines that threaded the RB and IB. While the precipitation originated
from the same region, we cannot comment on how electrons were accelerated to relativistic energies in the first
place. It is likely that the precipitating relativistic electrons were already trapped in the inner magnetosphere, and
that the dipolarization generated numerous instabilities—such as lower‐band chorus waves—which rapidly
scattered the trapped RB electrons (e.g., Thorne et al., 2005).

Our results support the long‐standing assumption made by Barcus (1965) and Lazutin and Rosenberg (1986) that
during a substorm expansion phase, the same magnetic field lines thread both the auroral bulge and the outer RB
precipitation regions. Furthermore, although the presented substorm occurred during a geomagnetic storm,
Sergeev et al. (2019) used particle data to reach a similar conclusion for a non‐storm time substorm, providing
evidence that the flux tubes within the auroral bulge are dipolarized enough trap 100 s keV electrons, evident via
the partially filled loss‐cone. We support these results for the first time using direct measurements of relativistic
electrons and the aurora. The 1 − 10s keV electrons contributed to the auroral light emission, while the rela-
tivistic electrons produced X‐rays which were absorbed before they reached the ground (e.g., Berland et al., 2023;
Woodger et al., 2015). Furthermore, since our result occurred during the substorm expansion phase, it comple-
ments (Sivadas et al., 2019) who found that a growth‐phase arc marks the outer edge of the outer RB during the
substorm growth phase.

We summarize our results with an illustration in Figure 4. Right before the dipolarization, the magnetic field lines
were highly stretched and the NTRwas near R = 7 RE. The NTRwas also near the origin of the faint pre‐breakup
arc (Sergeev, Nishimura, et al., 2012). Right after the dipolarization the region near R = 7 RE became highly
dipolar and the NTR retreated tailward, trapping a part of the original PS in the dipolarized region (Donovan, 2016;
Zou et al., 2024). Thus, during the expansion phase, the source(s) of the poleward arc and IB precipitationwere near
the NTR, and source(s) of the SDA and RB precipitation were Earthward of the NTR.

In summary, a well‐timed triple conjunction during a storm‐time substorm expansion phase revealed three
insights:

1. During a storm‐time substorm, 2 MeV electron precipitation was associated with the auroral bulge,
2. The magnetospheric source region of the auroral bulge and the RB overlapped during this substorm, and
3. We deduce that the source region of the auroral bulge and RB electrons was in the newly dipolarized
magnetosphere.

Two follow‐up questions arise from these findings. First, why was the dipolarization limited to the inner PS,
sparing the Δλ = 10° segment tailward of the NTR? This configuration is similar to the hybrid state of the
magnetotail during steady convection events investigated by Sergeev et al. (1994, 2018). In this configuration, the
near‐Earth tail is highly‐stretched, while it is modestly‐stretched tailward. A thin current sheet can form in the
near‐Earth tail, which is unstable to reconnection and the subsequent near‐Earth dipolarization (Sitnov
et al., 2019). This interpretation is supported by Beyene and Angelopoulos (2024) who found two very near‐Earth
reconnection events a few hours after this substorm.
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Second, is the overlap between the RB and substorm aurora common? If it is, then during the substorm onset and
early expansion phase, the auroral bulge maps to the region where the RB and PS overlap. But we suspect that this
is a storm‐time effect, and that normally the RB is equatorward of the substorm aurora. The enhanced storm‐time
ring current likely moved the RB outward, the so‐called Dst effect (e.g., D. L. Turner et al., 2012; Ukhorskiy
et al., 2015), just enough that it overlapped with the PS. In the overlapping region, multiple acceleration and
scattering mechanisms, including wave‐mediated Fermi acceleration, could have led to the auroral bulge pre-
cipitation (Nakajima et al., 2012). This may be complemented by the tailward shift of the high‐energy electron
drift shells, which Gabrielse et al. (2019) argued is a result of the changing dBz/dr during a dipolarization.
However, a complicating factor is magnetopause shadowing, which will lead to the loss of the RB electrons on
minute time scales (e.g., D. L. Turner & Ukhorskiy, 2020, and references therein). In other words, it remains to be
seen if this event is typical and we leave these questions for future work. These questions can be thoroughly
addressed with repeated flyovers with satellites equipped with auroral imagers and ELFIN‐like particle

Figure 4. Illustration of the near‐Earth magnetic field reconfiguration during this substorm. At R = 7 RE , THEMIS‐A
observed the plasma sheet (PS) before (panel a) and after (panel b) the dipolarization. Since the field lines dipolarized at
THEMIS‐A, this indicates that the NTR, which is represented by the cyan box, retreated tailward. A representative field line
connecting the NTR to the ionosphere is colored purple. Before the dipolarization, the NTR mapped to the pre‐onset arc. As
the NTR retreated, the PS and newly injected electrons inside the dipolarization were accelerated and scattered in the
atmosphere, leading to SDA and relativistic radiation belt precipitation observed by TREx and ELFIN‐A. The NTR of the
dipolarized configuration mapped to the bright poleward arc and the relativistic electron isotropy boundary. Thus, the source
of the auroral bulge was at—and Earthward of—the NTR. The illustration is not to scale.
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instruments, similar to the proposed Cross‐Scale INvestigation of Earth’s Magnetotail and Aurora (CINEMA)
Small Explorer mission concept (Millan & Ukhorskiy, 2024).

Data Availability Statement
The data utilized for this study are publicly available from the following repositories.

1. THEMIS ‐ Angelopoulos (2025b),
2. ELFIN ‐ Angelopoulos (2025a),
3. TREx ‐ Spanswick and Donovan (2023),
4. POES ‐ Rodriguez et al. (2025),
5. SuperMag and OMNI ‐ Gjerloev (2025).

To analyze the satellite data we used the pyspedas library (Grimes et al., 2022) version 1.7.0. To analyze the TREx
data we used the asilib library (Shumko, Chaddock et al., 2022) version 0.26.5 which was developed for this study
with support from the NASA Heliophysics Tools and Methods Program grant #80NSSC24K0723. Since the
Shumko, Chaddock, et al. (2022) publication, asilib includes new features that we summarize in Text S2 in
Supporting Information S1. The scripts are organized in a package and archived at Shumko (2025).
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