
1.  Introduction
Pulsating aurora is a type of diffuse aurora that has been well studied as demonstrated in several past review 
articles of Davidson (1990), Johnstone (1978), and Lessard (2012). The measured electron energies associated 
with pulsating aurora cover a large range, from as low as 1 keV (McEwan et al., 1981; Yau et al., 1981), 5–12 keV 
(Samara et al., 2015), to several tens of keV (Jaynes et al., 2013; Yau et al., 1981), and the temporal periods of the 
pulsations range from a few seconds to a few tens of seconds (e.g., Johnstone, 1978; Samara et al., 2017). Such 
a large range of energy and time-period variations is likely an indication of different generation mechanisms for 
the formation of pulsating aurora.

Wave-particle interaction (WPI) processes play the dominant role in the formation of pulsating and diffuse 
aurora (Miyoshi et al., 2013, 2015; Ni, Thorne, Horne, et al., 2011; Ni, Thorne, Meredith, et al., 2011; Thorne 
et al., 2010). Nishimura et al. (2010) suggested that chorus waves interact with equatorial electrons to produce 
pulsating auroras, while Mozer et al. (2017) examined the role of time domain structures in the formation of this 
phenomenon. Pioneering rocket-borne measurements of electron modulations within pulsating aurora by Yau 
et al. (1981) provided a clear indication that electrons of different energies were being injected with temporal 
variability from near the equatorial plane. All these potential scenarios of pulsating aurora driving are presented 
in Figure 1a; however, only chorus waves will be used in the model presented below.

Early in-situ measurements and theoretical work suggest that ∼10%–20% of the precipitated electron fluxes 
get reflected back to the conjugate hemisphere (O'Brien, 1964; Rees, 1968). Recently, Samara et al. (2017), for 
the first time, discussed a case study of a pulsating auroral event imaged optically at high time resolution and 
presented direct observational evidence in agreement with the interhemispheric electron bouncing at Poker Flat, 
AK. They also provided a semi-quantitative analysis of their measurements and found that these results are in the 
agreement with the SuperThermal Electron Transport (STET) model predictions (Khazanov et al., 2014, 2015).
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Figure 1.  (a) Illustration of the magnetosphere-ionosphere-atmosphere coupling driving pulsating aurora; (b) the theoretical pulse function used in the SuperThermal 
Electron Transport (STET) simulation; (c) result for several monoenergetic electron particle fluxes from the STET simulation; (d–e) the 5 keV downward and upward 
electron fluxes calculated for the different STET scenarios in the magnetically conjugate points; (f–h) the behavior of the individual energies selected for display; (i–k) 
the entire energy spectra of precipitated electrons in the energy range of 1–5,000 eV.

uncor
rec

ted
 proo

f



Geophysical Research Letters

KHAZANOV ET AL.

10.1029/2023GL103019

3 of 11

The theoretical studies of aurora we mentioned above were focusing on the magnetospheric driver of electron 
precipitation into the atmosphere. However, as was suggested by Khazanov et al. (2017, 2021b), aurora is not 
only driven by pure magnetospheric processes. Magnetosphere-ionosphere-atmosphere (MIA) dynamics of the 
precipitating electrons and their coupling between the northern and southern hemispheres is also an extremely 
important mechanism in the formation of different kinds of auroras (Khazanov et  al.,  2020, 2021a). In this 
letter we continue to introduce MIA coupling physics of auroral electron precipitation phenomena and apply our 
study to pulsating aurora. The MIA energy coupling that produces electron pulsating aurora and other affiliated 
processes are shown in Figure 1a (adapted from Khazanov et al., 2020) and are elaborated below in the context 
of time-dependent studies of these phenomena using the STET code. To validate the theoretical approach in this 
paper for the analysis of pulsating auroral phenomena, we used the experimental results presented by Samara 
et al. (2017) and the newly developed non-steady state STET code that was employed in a manner similar to that 
recently applied to analyze the electron precipitation temporal dynamics during two substorms on 16 February 
2010 (Khazanov et al., 2022).

2.  The STET Code Setting
The Time-Dependent STET code to be used in this paper solves the gyro-average kinetic equation for SE for 
energies above 1 eV and is well documented (Khazanov, 2011; Khazanov et al., 2021a). Applying this kinetic 
equation for the SE in the pulsating aurora, can be presented as
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where Φ = 2Ef/m 2 is the SE flux in the units of cm −2 s −1 eV −1 ster −1, v is SE velocity, t is time, s is the distance 
along the field line, E is the particle energy, and μ is the cosine of the pitch-angle. F is the electric field force, and 
〈S〉, is a symbolic notation of collision integrals representing interactions of SE with thermal electrons and ions, 
scattering with neutral particles, and WPI. A detailed derivation of these collisional and WPI terms is given in 
Khazanov (2011) and Khazanov et al. (2015) and all are explicitly presented in Khazanov et al. (2020, 2021a).

In the model presented above, the time-dependent electron precipitation that initiates the pulsating aurora starts 
near the geomagnetic equator via interactions of whistler chorus waves with the trapped electron plasmasheet 
population. There are two primary ways to introduce time-dependent communication between the trapped plas-
masheet electron population and those electrons that are in the loss-cone and precipitated: (a) Modulation of 
whistler waves by some lower frequency wave activity, (b) Steady-state whistler wave activity with a time vari-
ation of the communication between the trapped and loss-cone populations using an empirical time-dependent 
function. The latter is the most consistent with the observations presented by Yau et al. (1981).

Both approaches have uncertainties because neither the modulation nor the empirical time-dependent functions 
are explicitly known well enough. It should be noted that the primary focus of our study is the exploration of the 
role of MIA energy coupling in the formation of pulsating aurora. Therefore, the second communication scenario 
between the trapped and loss-cone populations was employed with a generalized trapped zone plasmasheet popu-
lation described as:

Φtrap(𝑡𝑡𝑡 𝑡𝑡) = 𝑇𝑇 (𝑡𝑡) ∗ 𝐹𝐹 (𝐸𝐸)� (2)

The setting of Φtrap and its communication with the solution of Equation  1 has been discussed in detail by 
Khazanov et al. (2015). The only difference here is the usage of a time dependent function, T(t) and the selection 
of an arbitrary energy distribution function of F(E) that is assumed to be isotropic for all energies in the STET 
simulations presented and specified below.

The results presented below use the following inputs from different independent models. The neutral atmospheric 
model used in the STET code is the MSIS-90 (Hedin, 1991). The plasma density structure in the ionosphere 
is based on the IRI-2016 model (Bilitza et al., 2017), and is extended into the magnetosphere as Ne ∼ B(s) 3/2, 
where B(s) is the magnetic field as the distance of s along the field line. Cross sections for elastic collisions, 
state-specific excitation and ionization were taken from Solomon et al. (1988).

The electron bounce time between the two magnetically conjugate regions introduces an additional time scale 
within the formation of pulsating aurora that has not been investigated in detail by previous analyses of this 
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phenomenon. Below we investigate how the time-dependent STET code represents electrons bouncing between 
the two magnetically conjugate regions, and how both regions contribute to the peculiarities of electron distri-
bution function formation within the pulsating aurora. The major focus is given to the bouncing of auroral elec-
trons with energies below 10 keV. This phenomenon, however, should occur at all energies. For example, it was 
recently reported to be present in microbursts with electron energies of 200–800 keV (Shumko et al., 2018). This 
paper does not consider any optical time-dependent emissions and assumes that the electron energy flux, the 
major focus of our analysis, is roughly proportional to the total optical intensity of the aurora (Stenbaek-Nielsen 
et al., 1998).

3.  MIA Electron Bouncing Representation in the STET Code
To demonstrate the accuracy of the bounce-period analysis in STET code, we consider the monoenergetic elec-
tron flux bounces using the time function in Equation 2 as the pulse presented in Figure 1b by the following 
expression

𝑇𝑇 (𝑡𝑡) =
1

1 + ((𝑡𝑡 − 𝑡𝑡0)∕𝑊𝑊 )
2� (3)

with the following parameters: t0 is the location of the peak and W is its width. For this study, the STET code sets 
t0 at 6 s and W to be 0.3 s.

The monoenergetic electrons are driven by whistler mode chorus waves at a magnetospheric equatorial distance 
of L = 5.9. As in Khazanov et al. (2015), the intensities of the magnetic field for the lower band chorus (LBC) 
and upper band chorus (UBC) whistler waves were taken to be 100 pT 2 and they are within the range of the 
observed values presented by Meredith et al. (2009, 2012). We assumed that LBC waves are located within 15° of 
the magnetic equator, while UBC waves were within 10° (Ni, Thorne, Horne, et al., 2011; Ni, Thorne, Meredith, 
et al., 2011). The pitch angle diffusion coefficients for these waves were calculated as described in Khazanov 
et al. (2015).

These waves interact with the plasmasheet symmetrically, providing the identical electron precipitation into both 
magnetically conjugate hemispheres. Figure  1c displays several normalized monoenergetic electron particle 
fluxes that come to the northern hemisphere at the altitude of 800 km and bounce between the northern and 
southern footprints of the dipole magnetic field at an L-value of 5.9.

The biggest normalized particle flux spikes for all energies correspond to the initially injected electrons from the 
trapped population into the loss-cone via WPI processes, shown in Figure 1a as “Precipitating Primary Flux.” 
The smaller spikes in Figure 1c show bouncing electron fluxes coming from magnetically conjugate regions. The 
second spikes represent electron fluxes injected to the southern hemisphere that backscattered to the northern 
hemisphere. The third spikes represent the electrons initially injected into the northern hemisphere that then 
bounced off the southern hemisphere and returned to the northern hemisphere. Additional diminishing spikes, as 
time develops, show the corresponding repeat-bouncing of the electrons.

As the electron energy increases, as seen in Figure 1c, the bouncing time between the northern and southern 
regions decreases, and the number of visible spikes is diminished. The latter effect is the result of deeper pene-
tration into the atmosphere for the higher energy electrons, where they encounter more collisions and absorption.

To better represent the role of the bouncing processes of electrons in the pulsating aurora, Figures 1d and 1e show 
5 keV downward and upward electron fluxes calculated for the different STET scenarios in the magnetically 
conjugate points. The solid lines in these figures represent the cases shown in Figure 1c, where all precipitation 
and scattering processes are taken into account in both magnetically conjugate hemispheres. The dashed and 
dotted lines in these figures represent the artificial STET case scenarios when southern or northern hemispheres 
are completely disconnected from the computation domain, correspondingly. These demonstrate that the bounc-
ing processes are important elements in the formation of the pulsating aurora and must be taken into account in 
future theoretical studies of this phenomenon.

4.  Electron Energy Spectra in Pulsating Aurora
Studying monoenergetic electron bouncing between the magnetically conjugate points presented above was an 
important element of our analysis that justifies properly calculated electron transit time in the STET code for the 
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L = 5.9 case. This will be further analyzed in the next section to explain the Poker Flat observation presented by 
Samara et al. (2017). However, in reality, electron precipitation that is driven by WPI processes at the geomag-
netic equator can have broad energy spectra (Davidson, 1990; Johnstone, 1978; Lessard, 2012), and the final 
optical emissions that are observed in the pulsating aurora are driven by complicated time-dependent electron 
dynamics.

Now we modify the condition Equation 2 leaving T(t) function as given by Equation 3 and presenting the Maxwel-
lian energy distribution function of F(E) as:

Φ(𝐸𝐸) = AEexp

(
−
𝐸𝐸

𝐸𝐸0

)
� (4)

where E0 and A are characteristic energy and normalization constant, that are selected to be 10 3 and 3,000 eV, 
correspondingly. As it was demonstrated by Khazanov et al. (2022), the STET code can operate with any arbitrary 
energy distribution function, and the selection of the function used in Equation 4 in this study is for illustration 
purposes. The choice of Equation 4 is also consistent with the observations presented by Yau et al. (1981).

Figures  1f–1h demonstrate the behavior of the individual energies, and Figures 1i–1k, and the entire energy 
spectra of precipitated electrons in the energy range of 1–5,000 eV. To begin with the initiation of Equation 2, 
the plasmasheet electron energy distribution function (Equation 4) was used only for energies of magnetospheric 
origin, chosen to be 100 to 5,000 eV (Khazanov et al., 2021b). Remarkably, even when using this wide range for 
the energy spectra of Equation 4, the individual energies at the altitude of 800 km, experiencing multiple bounces 
between the magnetically conjugate regions, show very clear bouncing spikes in downward (1f) and upward (1g) 
moving particle fluxes. The ratios between up and down moving electron fluxes presented in Figure 1h are very 
complicated with the tendency of the UP/DN ratio to increase as the energy decreases. These results are consist-
ent with our previous analysis of the energy coupling in the region of the diffuse aurora (Khazanov et al., 2014, 
2015) and FAST observations (Dombeck et al., 2018) in the corresponding auroral region. The higher energy 
range of the precipitated electrons continuously degrades toward the lower energies and produces the secondary 
electron populations. It contributes to the built up of lower energy spectra of precipitating electrons and the 
dominance of lower energy upward fluxes over their downward moving counterpart (Khazanov et al., 2021b).

The energy spectrograms in Figures 1i–1k also show time dependencies that are affiliated with electron bouncing 
between the two magnetically conjugate ionospheres. Because the optical emissions that are initiated by these 
precipitated electrons are proportional to their total energy fluxes, observers at the ground can see similar opti-
cal time dynamics as are shown in the time-dependent electron distribution function development presented in 
Figure 1k.

The STET code simulated results presented above were based on the pulse time function of Equation 3 that appar-
ently corresponds the narrow packet of the chorus wave activity. Now let us move to the time function in Equa-
tion 2 that represents the broad wave activity band as shown in Figure 2a. It should be noted that our discussion 
regarding the narrow or the broad wave activity bands of the chorus waves is a speculative one, because we are not 
considering the specific wave-particle processes that lead to the generation of the time dependent structures like 
those shown in Figures 1b and 2a. This obstacle requires additional studies, but it does not contradict the general 
idea presented in our manuscript that studies the role of the interhemispheric electron bounce processes on the 
formation of the electron distribution functions within pulsating aurora.

We now consider a slightly longer magnetic field line at L  =  7, leaving all waves and plasmasheet electron 
parameters unchanged. It should be noted, however, that further increase of the L-shell parameter could create 
significant non-dipole components of that magnetic field which is out of the scope of this manuscript. The simu-
lation of pulsating aurora in our study is associated with time-dependent precipitating electron dynamics and 
require careful selection of integration time step in the solution of the kinetic Equation 1. Such a requirement is 
driven by multiple processes included in the STET code solution presented in our most recent studies (Khazanov 
et al., 2020, 2021b). Here, without going into the details of the numerical implementation of Equation 1, which is 
presented in the book by Khazanov (2011), we demonstrate the validity of our time step selection for the results 
presented here.

Figures 2b and 2c present the omnidirectional fluxes for the single energies calculated with different time steps, 
0.01 and 0.1 s, for the numerical implementation of Equation 1. In all data presented in Figure 2, the plasmasheet 
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electron energy distribution function was selected to be Equation 4 and to begin with including only electrons 
of magnetospheric origin from 100 to 3,000 eV (Khazanov et al., 2021b). The calculated energy spectra that are 
shown below correspond to the electron fluxes entering the upper ionospheric altitude of 800 km and include the 
electrons of ionospheric origin, secondary electrons, that are created via impact ionization in both magnetically 

Figure 2.  (a) The function representing the broad wave activity; (b–c) the omnidirectional fluxes for selected single energies calculated with timesteps of 0.01 and 
0.1 s; (d–f) the electron energy spectra from the SuperThermal Electron Transport (STET) simulation using time step of 0.01 s; (g–i) the electron energy spectra from 
STET simulation using time step of 0.1 s; (j–l) the spectra for the 0.1 s timestep result up to 60 s.
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conjugate regions. This is consistent with statistical observations reported by Fukizawa et al. (2021) where they 
found electron density enhancements in the F-region associated with most pulsating auroral events and that nearly 
90% of those observed were high enough in altitude that they would correspond to electrons that are less than 
100 eV in energy. This is further evidence that secondary electrons of ionospheric origin are bouncing between 
the hemispheres in regions of pulsating aurora.

The electron energy spectra presented in Figures 2d–2f correspond to a STET simulation time step of 0.01 s, and 
Figures 2g–2i, to a time step of 0.1 s. The electrons with the single energies presented in Figures 2b and 2c were 
extracted from these electron energy spectra and demonstrate quantitative differences between the fluxes calcu-
lated using different time steps. The single energies above 100 eV have noticeable time variations that represent 
their bouncing between the northern and southern hemispheres. The corresponding time variations for the lower 
energies are gradually diminished (but still visible) because they are created at the ionospheric altitudes where 
electron collisional processes dominate over interhemispheric bouncing processes.

The further decrease of the integration time steps down to 0.001  s does not change the results presented 
in Figures 2b–2i to within less than 10%. However, if the time step is increased to 1 s (not shown here), the 
time-dependent bouncing structure of the electron energy spectra almost disappears. The empirical selection 
of the integration time step presented here requires at least 0.1 s to resolve the bouncing time scale that is visi-
ble on  the simulated electron energy spectra. The electron energy spectra that are shown on the bottom row of 
Figure 2 demonstrate such a calculation up to 60 s.

5.  Poker Flat Case Analysis
As we mention in the introduction to this manuscript, Samara et al. (2017), using auroral high time optical reso-
lution instrumentation at Poker Flat, AK (geographic: 65.1°N, 147.4°W; geomagnetic: 65.7°N, 96.6°W; L = 5.9) 
location, presented direct first observational evidence of the interhemispheric electron bounces. We used these 
results in this section and applied the non-steady state STET code to verify its performance in this highly variable 
space plasma environment.

Figures 3a and 3b from that paper were used to set up the STET code simulation and for the subsequent verifica-
tion of the theoretical results. Figure 3a shows the keogram extracted along a north-south cut through the optical 
images, covering 35 s of data. Figure 3b shows a time series of normalized emission intensity taken as an average 
of the keogram data in the vertical north-south direction. These data clearly show that immediately following 
each of the main pulsations there are fainter pulsations. These are interpreted as the electron bounce time between 
the hemispheres because they are spaced roughly equally regardless of the spacing between the main pulsations.

In order to further investigate the nature of the relationship between the primary and secondary peaks, the data 
from Figure 3b are shown expanded and annotated showing the consequent energy loses, corresponding peaks 
and the times between their arrival in the Poker Flat location. Assuming that the peaks in Figure 3b are caused 
by reflected electrons, and using the dipole magnetic field configuration, Samara et al. (2017) concluded that the 
travel times are estimated to be between 1.5 and 2.0 s, corresponding to 10–6 keV, respectively. These energies 
are consistent with the electron energies known to exist in pulsating aurora.

The specific wave environment in the magnetosphere during the experiment by Samara et al. (2017) is not known, 
therefore in setting up the STET code, we used the spacing between the primary peaks as presented by experi-
mental data in Figures 3a and 3b. The narrow optical spikes in Figures 3a and 3b are believed to be affiliated with 
the narrow whistler wave band and the time function in Equation 2 should be represented by the pulse function 
(Equation 3) of Figure 1b. There are only three easily visible secondary peaks presented in Figures 3a and 3b. 
For the STET run, the energy range of the plasmasheet energy distribution function (Equation 4) was selected 
to be in the range of 8–10 keV. The electron energy spectrograms corresponding to this simulation are shown in 
Figures 3e–3g with the clear demonstration of electrons bouncing between hemispheres.

The large initial peaks presented in Figures 3a and 3b have clear separation in time and slightly different magni-
tudes. We ran STET code assuming that their magnitudes are identical, because the magnetospheric drivers 
are not known. We did use the observed separations in time between the larger peaks as presented by Samara 
et al. (2017). Because the STET kinetic Equation 1 is linear, the four peaks that are shown in Figure 3c were 
running independently and were separated in time identically with data in Figures 3a and 3b. Figure 3d represents 
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Figure 3.  (a–b) Figures extracted from Samara et al. (2017) used to guide the SuperThermal Electron Transport (STET) code simulation; (c) the four peak functions 
independently simulated; (d) the summation of the four individual peak functions demonstrates a clear correspondence between observations and theoretical results; 
(e–f) the electron energy spectrogram in the energy range of 8,000–10,000 eV showing electrons bouncing between hemispheres; (h–j) demonstrate STET calculations 
covering energies of 1–5,000 eV showing clear signs of electron time dependencies in the energy range well below 1 keV.
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the summation of Figure 3c results demonstrating a clear correspondence (within 10%–15%) between the obser-
vations (Figure 3b) and the theoretical results (Figure 3d), in terms of the times were these multiple secondary 
and tertiary peaks are located. This simulation result of four independently driven spikes highlights the commu-
nication between themselves, represented by the slight growth of their intensities at the bottoms of their origins, 
which is also clearly demonstrated in the observational data presented in Figure 3b. Moreover, the relative differ-
ences between the magnitudes of the large and small peaks, and their positions in time match remarkably well 
between the observational and simulated theoretical data.

The quantitative assessment of the role of atmospheric collisions in the simulation data presented above is in 
line with our previous studies (Khazanov et al., 2014, 2017, 2020, 2021a) and experimental results by Samara 
et al.  (2017). Specifically, within the energy range of the pulsating aurora, 6–10 keV, about 14%–50% of the 
energy flux from the primary precipitating electrons gets reflected back up.

Most of the discussions regarding the analysis of different pulsating aurora events have focused on the auroral 
electrons in the keV energy range (e.g., Michell & Samara, 2015; Samara et al., 2017). Figures 3h–3j demonstrate 
STET calculations covering energies of 1–5,000 eV and we see the clear signs of electron time dependencies 
in the energy range well below 1  keV (also noted in the STET results of Figure  2). Optical features caused 
by electrons with energies of less than 1 keV are not observed to show significant temporal variations for two 
reasons. First, they typically do not contain enough total energy flux to create significant visible auroral struc-
tures. Second, they deposit their energy at higher altitudes where the Oxygen red line (630.0 nm) would be more 
predominantly produced. In addition, the red line has a long lived (110 s) excited state and therefore would not 
show any temporal variations on these shorter (few to 10 s) timescales.

6.  Summary
Wave-particle interactions in the equatorial magnetosphere initiate time-dependent electron precipitation, caus-
ing pulsating aurora. A fraction of both the precipitating and secondary electrons are reflected upward toward the 
conjugate hemisphere. A subset of these upgoing electrons will bounce between the two magnetically conjugate 
hemispheres, collide with the atmospheric constituents, and introduce an additional time scale in the electron 
precipitation dynamics. In this letter we presented the preliminary results of the formation of the electron pulsat-
ing aurora, using the time-dependent STET code that considers MIA energy coupling between the two magneti-
cally conjugate regions. Their contribution to the peculiarities of electron distribution function formation within 
the pulsating aurora is also discussed.

In this manuscript, we do not consider any optical time-dependent emissions generated by the STET code simu-
lations and assume that the electron energy flux, the major focus of our analysis, is roughly proportional to the 
total optical intensity of the aurora (Stenbaek-Nielsen et al., 1998). In fact, these results show that the relative 
differences between the magnitudes of the primary and secondary peaks in the optical emissions are closely 
correlated with those in the precipitating electron energy flux, to within 15%–25% (Figures 3b–3d). Therefore, 
the assumption that the electron energy flux is proportional to the total optical intensity of the aurora is strongly 
validated by these results.

In the results presented above and shown in Figures  1–3, it was clearly demonstrated that electrons bounce 
between the two magnetically conjugate hemispheres and that they show some of the energy spectral features that 
demonstrate an additional time scale that must be taken into account in the analysis of the formation of pulsating 
aurora. Comparison of the optical observations by Samara et al. (2017) to STET code simulations, in particular, 
shows a remarkable agreement of the time scales as well as the relative magnitudes of the reflected electron flux 
features resulting from the electrons bouncing between hemispheres multiple times. This provides an additional 
validity for the usage of this code to study such a highly time-dependent phenomena as magnetic substorms 
(Khazanov et al., 2022).

Data Availability Statement
The STET code simulation data used to make some of the figures in this study are available at http://doi.
org/10.5281/zenodo.7566034.
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