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Oscillating Particle Precipitation (OPP)

Article
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Lightning-induced relativistic electron
precipitation from the inner radiation belt
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Max Feinland®' |, Lauren W. Blum? Robert A. Marshall, Longzhi Gan®,
Mykhaylo Shumko® & Mark Looper ®°

The Earth’s radiation belts are maintained by a number of acceleration, loss
and transport mechanisms, and the electron fluxes at any given time are highly
variable. Microbursts, which are rapid (sub-second) bursts of energetic elec-
trons entering the atmosphere from the magnetosphere, are one of the key
loss mechanisms controlling radiation belt fluxes. Such rapid bursts are typi-
cally observed from the outer radiation belt and driven by interactions with
whistler mode chorus waves, but they can also occur in the inner belt and slot
region, driven by lightning-generated whistlers. This lightning-induced elec-
tron precipitation is typically observed at 10s-100s keV, but here we present
direct observations of this phenomenon at MeV energies. This unveils a cou-
pling between near-Earth processes, such as lightning, and radiation belt
processes, such as relativistic electron microbursts, bridging the gap between
Earth weather and space weather.

Electron count rate (#/20 ms)

2500

2000

1500

1000

T

500 -

0

16:42:00

16:42:02

16:42:04

GECAMERJLATE=S a8 S A IFEEE(ER!

16:42:06
Time (UTC)

16:42:08

16:42:10 16:42:12

18

Jan 30, 2003



YRR SR

(TJ- lﬁﬁﬁd‘b




GRD Energy (keV) All CPD count rate All GRD count rate

CPD Energy (keV)

Y GECAMRYIZHIRANE

50000

40000

30000

20000

4000

2000 -

600

400

200

250

200

150

100

50

-1

0 1
Time (s) since 2024-07-19T20:01:30

1000

900

800

700

600

500

400

300

200

100

Counts in 50ms

GRD BTIME Counts
= ~ w
=) =3 =]
o o o

w
o
S o

N
f=4
=]

100

GRD BTIME Counts

300

200

100

GRD BTIME Counts

= =
w ~
=] wn

=
N
w

~
ol

Incident Angle (Deg)

N
v

T-To TTo T-To T,

100

wu
o

GRDO1 GRD02 GRD03 GRD04 GRD0O5 GRD06 GRDO7 GRD08 GRD09 GRD10 GRD11l GRD12
Detector

FIA “W+{pE" aJLASSIASSARNE

Top dome

20



10% | 3
= Kyt h g ' ]
D¢ — | i
GECAM +VLFStRiR/RZINSR = 1o *
| 1 T T T | T T T T | T T T T | 1 T | T T T | ﬁ i
[ ME GECAM-C ] N .
35000 Peakl Peak? =S SRR Flare —— GRDO1 Low Gain ] + 102k : ]
L (400 - 6000 keV) E : GRB 130427A ]
3 TO + (220~250) 5 ] ¥ - GRB 2210094 ]
30000 TO + (250~290) s | W 107 Flre E
TO + (500~520) s 1 i T cone
25000 | N 10° L L L L
" 108 10-6 104 102
~ 1 e —
" 1 Fluence [erg-cm~?] = =F ==
£ 20000 | : =E (&)
3 72000 0 2000 4000 6000 8000 10000 12000 14000 ] ]-04 E T T - 3
o i 1 E O > T 3
© 15000 | ] : ' :
] > 103 ¢ > k]
[ ] O E &
10000 [ ] ~ ¢
] + o107 ¢ 3
5000 F h ; : . Y GRB 221009A Full burst
f : i Lo
1 W : ® oo
Y AN - S x = =
200 300 400 500 600 700 100 B . . * SR !
. 1047 1049 1051 1053 55
Time since TO (2022-10-09T13:17:00.000) 10

| e oo IR SR
- EfF LEMERRIZOWN, BRNEHENSENSHRLERUTBRNSRER T oo

. BANESIESIR, ENERARRRE | o e ~_/\ |
. BIRIE R RIS AAEE et breakiSMiEL

. RIT GRBAE S LRI

. EIREAH TSRS RIS EE A MIEE

(300, 320) s %2
oooooo

[ —— (320, 360} s x1

10° E -".__._:

10% b 3

vF, [keV?:Photons:-cm~2.57 1 - kev™!]

10°

sl P P PPN

(An et al., 2023, Zheng et al., 2023, Zhang et al., 2024...... ) o

Energy (keV)




GECAM +VLFISEtRkixRAZ ISR

Cheng et al., 2024

North pole

GRB 221009A

peaki

peak2

(

b) GECAM-C ] »

1
iy

() VTX-SYS

(d) JII-SYS

50 100

150

Seconds from 13:19:50 UT

200 250

(a) VTX-SYS
measurement

)
2
[+F]
g
=
=
E
]
=
4]
(=]
=
o
=
(=]
o
=

(b) JJI-SYS

=

|
—
T

Net change in amplitude (dB)

|
L)
T

40 50 60 70

80

g0 100

Seconds from 13:19:50 UT

110

120

130

o

]
W
(o]

:

;

|
N

~l
Amplitude (dB) Amplitude (dB) Light Curve x 1

Initial conditions at 13:19 UT
(a)

90

Cnnnte/e
(2] ~ (0]
o o o

o
o

Altitude (km)

i
o

30¢ — JJI-SYS

— VTX-SYS
100
Electron density (cm™)

20
10=

50

* GRB 221009A SHHEELRZERIZHN

(b) VTX-SYS

70
Seconds from 13:19:50 UT

90

110

(c) JJI-8YS

130 50

70 90 110
Seconds from 13:19:50 UT

- EFVLRIBEEESEMNE, LIRGECAMMISEERES

{247 GRB 221009AHY(E

abab s
BeBelg

PRl

130

« ZFEEALRTFISHMRRERIESR (NX45%ER) RGeS

Bk ARLIRABEER

22

10¢

2 2
(¢-w0) Aysuap uo4109|3

—
<
)

o
1

10°¢



et & "I’fﬂ phe JL?
?’(’HMW /f‘%lfzq”’ﬁ( &) o
Institute flfgfL Hy;/’_y

Chinese Academy of Sc

'E\?E - GECAMEZ—ZRJEERTFSHEXRFYIEAFRILTNES, (BRIEFEAZEIRHRM TISTHIWE
« GECAMOJ USSR A RBARE LAAKRERIHAS, LARItESR. BRFBHEIHR O
« GECAMIFNZEI Y KETGFSTEBHFSE
« GECAMBEIXMNE 7 ZIETEB-like, FMFit LIBR T ZIETEB-like 51968, i RAYKERTE
- GECAMITYZ (EF ) FNEIN—XR BB I S E R R RS G
« GECAME—ERMH T LSS RFBFAIER. IREAMNNE

U=k EE V]
AR (R GECAMEIE T =S IR S5

BEA: E28 cwwang@ihep.ac.cn o
GECAMEJE: #RDMARR xiongsl@ihep.ac.cn I1p A

P ERFRA %%‘7\ VEERLRE



Back up



s GECAMAYH

400

300

200

GRD Channel

100

300
250
200
150

CPD Channel

100
50

—100 =75 =50 -25

.?R uﬁF%ﬁm

3000

1200
2500
3 1000
2000 ., € 800 £
£ 5 <
1500 2 = 600 3
o Iod
1000 o 400
500 200
0
0
1000
800 60
T
600 o £ "
< © 40 £
3 5 3
400 ©O o S
S
20
200
0 0
0 25 50 75 2500 2520 2540 2560 2580

Time since 2023-03-07T15:44:06

Time since 2022-10-09T13:06:44

CPD

AEE
FiE

2 ZikEn|

FIREFEREDRNERTLL

TR FE5

25



=114
dJdlt
d

AL F A R AEE]

=MEEiER -

1. ElhE, BEFEHA~1 ms o TR
2. 390k, FABIFHA~1 s D %
3. i=1g, BAYEHE~10 min ORFTOEY N

PROTOMNS &

» DRIFT OF

ELECTOMS
MAGMETIC FIELD LIMNE

26



uts = S A2
() l? I)‘b =F Wave power in the Earth’s environment
0 —
ULF 246 \ 64%\

10°

Electron ]

! G 3 10

ENfe: BFEMSRSHBNES  ° iy
SRR EEN SR — ; :
<~ 5 10 gu'
B EE R AR é y ]

r'—é / Aurora Hiss q 10

:_é j/ ‘ Kilometric f
42

radiation _|
g 10

Rk ISR TF—EENRTRERE :
------------------------ EETRFRMAASE, BRFTE CEE T

1

« BTN, IERTLAERF RIS RAEE
FHNIRKHE

ENHANCED
EMIC WAVES

 FFERIREIEARRERRREN SHR AT
[olnE. 3HHE. FBLERR

DRIFT PATH OF
RELATIVISTIC
ELECTRONS

S WHISTLER-MODE
% g 27 CHORUS

RING CURRENT DRIFTS



RIS IubE

Z 2500
£ 2000
2 1500 1
2 3000
gzooo-
S 1000 1
@ 5000
=
Z 2500 1
(5]
L, 1500
£ 1000
z
3 500
o
Z 200
=
2 150 1
L]
<200
=
=
[=]
[¥]

counts/s

counts/s

= EnergyRungeikeVi: [7, 16]

| = EnergyRange(keV): [16, 25]

+4 = EnergyRange(keV): [25, 60]

| =—— EnergyRange(keV): [50, 130]

= EnergyRangeikeV): [140, 240]

| = EncrgyRangeikeV): [240, 430]

TO=Trigtime:168460394.95 s

BEAFNERBNREENEREINE

28



I
st

%

=1i

ig

104
1{}4.\.. b —

I_l
o
9

Protons-m?.sr l.s 1. Mey!

I_l
o
&

H
o
.

=5

[
o

Differe

nt CR Proton Mc}dels_

HEAQ 3

AMS

5015390 mission epoch

IS015390 solar min

Nyrmmik mission epoch

Mymmik solar min

CREMEBE galactic cosmic rays anly
CREMEBG 90% worst case cosmic ray level

CREMESE solar min

-
o
=

10T

102

10° 107

Energy [MeV]

srt.s . (MeV/4) !

2

Helions-m

10%

= [ = =
o ] o O =2
| I I | [

s Ll 48] = ]

=
9

(b)

5 D L E T Y P T

Differer]t CR Heliqns Mc}delg

CREMESS solar min

IS015390 mission epoch

15015390 solar min

Nymmik mission epoch

Nymmik salar min

CREMEBG galactic cosmic rays only
CREMEBG 90% waorst case cosmic ray lewvel

102

10°

Energy [MeV/4]

29




EFIR" : WMAFESFIREBSERARIS

B LEBGECAMEAE

AN Sl o | Ori e AN A ) AT W s o e e e A €

OO 40404040404040«04040«0.040“0u0— — —0—0—0—0—0—0— — —0—0—.

NMN“NNNMNM”MNMMQH h»ﬂ»N)NQHDMDMNMNMNMNWNWNW 9a%8% %% WO.OO&O000,000000000.0000000“0"0000004000000"0“000’&
i S e A L D O LR N AN
X X EEIIEIEIEICXS —
™~
n
ORIK R KK HKHHKHKHKHK K KA AR KA AR RRIRHIHI AR
IOXXXIKIHESEHEHOXEHEROHEHOA

Q

O

G0, 0. 0. 90,090,000 VsV AV AT AT AT s T 0 800 O
IR PR RLRLRKLRHXHK

Pt e e e v avavavavaVa ViV VPPV VPV V.V VVVV.VV.9.9.9.9.9.

5711

IXXXXX XXX XXX x B X XX XX XXX XX XXX X
e O e T A e T e T T T T 0T T 26 2070 6 6767076 62672070 6262676 16 6 26

KRKXXRXXX

L9 9.9, 0.9.9,.9.8

KRR ARKARKRXXRXXRXAS

5.710

VW V.V, V-V VPN

© S A A AT AT AV AV AVAVAVAVAVAYAVAYAY.

A A A A A AL

5.709

&% High Latitude Area and SAA 3

QRIS

B S e aiae KRS
AXZXLEXLLLELESLLLLLXAXXXXXXXXXXXXXXXXA

ISTTTSOY

XX T ¢ PRERARRRARRRRRRIR I IKIKIIK KKK KKXKXKS

eSSV,

7/ “0‘0‘0‘0‘0‘0‘0‘0‘0‘040‘0‘0‘04“

> X (0]

NN NN N NN \/
LRI RS S RIS m
A oosooond B

KRR R IORE e X
XXX Xk VRV A R RV RV RS d
i A A A A A A AN

00 AVAVAVA ST st

SR

5 3. 70°07077670707070°07070700-02070-0-070-0-0-07070-0070°0°0-0=0-0°0-0=0-0-00=0,

EREEEEEERRRRRRRRRRRRRRERRERERERREREEREREERRRRERERIRERRKK
»»»»»»»»»» = |(‘“------

.............................. ——— . coTTrETTTTETT

0@00‘0‘0‘0‘00'1’!}

QX654

The available interval for revisiting the orbi

SO R RHR

SN - e
SRS 9.9 0. 9.9.9.9.9999%%%

0“0“00 400N’WOM04040104‘4‘4O""‘D‘D‘V‘P{Nthtﬁ(ﬂQM¢M¢N¢N¢n¢nﬂ.‘0«..n<b4010¢0404040

JAVAVAVAVAVAVAVAVAVAVAVA VA A VAVAVAYAVAVAVAYAVAYAVEYAVAYEYEYEYS

HRRHHHHAMAARR LR LR KR RIRRRRRRS
0000000 s 7070782207620 %60%%%

GRS R R R RRRRRRRERERRRRIERERRRRIIRRRN

COSOSSSSS8 854 S ta A A ATATAVAYAVAY V.Y,

:A...44.‘-‘4444444444(.44444«44«44444444
IR RREREEREEREIRRLRRERERLRRRRKRERLRRRRRRLRRRRKRKRELKKS

AAALDEDE ‘:..!5:»5%&&»#«»«*

S5 0 0 0 000 Vot oA A A AT a AT AYATATATA A A A AR AR AR AAA A

5.705

2" o e TAVAV AV AV AV AV AV AV AV AW oW W VPV V. V. V.

N N AT A AV

—— High Gain light curves

SOOI RSN

105}

103#

104-
102

s91ey SIUNo"

GECAM-C MET TIME

=2i%40%

A RITEIER S Eb

30



2.1TEB

'\
Satellite

N

Optical emissions
produced by TGFs

Pair
production Compton
scattering
Bremsstrahlung e

photons

e
Photoelectric
absorption

+ +

Runaway
+IC lightning ¢ electrons

A

Earth

4000

30007

20001

km)

SN

1000+

Z

0-

1000+
2000\ ___
5000 600070008000

r (km)

1 1 1 1 1 1 h
' 2
100- 114 3
£ iy ‘ i
w80 J' 122
o 3 ‘10-0
. 60- =
& =
2 404 3
| = @)
5 2o~ 8
u . _—
1U’“1;nﬂrWL\ﬂ -z
0 1 ] 0 !:‘f

. ‘1.0 :

0

» Duration: tens of milliseonds
> Energy: tens of keV to tens of MeV

A\

10 20 30 40
Time (ms)

one mirroring from the conjugate hemisphere

31

Two peaks with one directly from TGFs and the other
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Fermi GBM positron event
Dec. 14, 2009, 11:53 UT

Magnetic field line

Main peak

TGF 091214

» Terrestrial electron beams (Dwyer et al., 2008; Briggs et al., 2011; Sarria et al., 2021) 32



