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Abstract

Gravitational wave high-energy Electromagnetic Counterpart All-sky Monitor (GECAM) is a space-borne instrument dedicated

to monitoring high-energy transients, thereinto Terrestrial Gamma-ray Flashes (TGFs) and Terrestrial Electron Beams (TEBs).

We propose a TGF/TEB search algorithm, with which 147 bright TGFs and 4 TEBs are identified during an effective observation

time of $\sim$ 9 months. We show that, with gamma-ray and charged particle detectors, GECAM can effectively identify and
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distinguish TGFs and TEBs, and measure their temporal and spectral properties in detail. Moreover, we find an interesting

TEB consisting of two pulses with a separation of $\sim$ 150 ms, which is expected to originate from a lightning process near

the geomagnetic footprint. We also find that the GECAM TGF’s lightning-association ratio is $\sim$ 80\% in the east Asia

region using the GLD360 lightning network, which is significantly higher than previous observations.
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Key Points:36

• GECAM can well classify and distinguish TGF/TEB, and reveal their fine tem-37

poral and spectral features, e.g. short spikes down to 10 ms.38

• GECAM discovered an interesting two-peaked TEB which is probably from a light-39

ning process near the geomagnetic footprint.40

• TGF-lightning association rate between GECAM and GLD360 in east Asia is found41

to be ∼ 80%, notably higher than previous reports.42
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Abstract43

Gravitational wave high-energy Electromagnetic Counterpart All-sky Monitor (GECAM)44

is a space-borne instrument dedicated to monitoring high-energy transients, thereinto45

Terrestrial Gamma-ray Flashes (TGFs) and Terrestrial Electron Beams (TEBs). We pro-46

pose a TGF/TEB search algorithm, with which 147 bright TGFs and 4 TEBs are iden-47

tified during an effective observation time of ∼ 9 months. We show that, with gamma-48

ray and charged particle detectors, GECAM can effectively identify and distinguish TGFs49

and TEBs, and measure their temporal and spectral properties in detail. Moreover, we50

find an interesting TEB consisting of two pulses with a separation of ∼ 150 ms, which51

is expected to originate from a lightning process near the geomagnetic footprint. We also52

find that the GECAM TGF’s lightning-association ratio is ∼ 80% in the east Asia re-53

gion using the GLD360 lightning network, which is significantly higher than previous ob-54

servations.55

Plain Language Summary56

Terrestrial gamma-ray flashes (TGFs) and Terrestrial Electron Beams (TEBs) are57

one of the most energetic radioactive phenomena in the atmosphere of the Earth. They58

reflect a natural particle accelerator that can boost electrons up to at least several tens59

of mega electron volts (MeV). With novel detection technologies, GECAM is a new pow-60

erful instrument to observe TGFs and TEBs, as well as study their properties. For ex-61

ample, it is difficult for most space-borne high-energy instruments to distinguish between62

TGFs and TEBs. With the joint observation of gamma-ray and charged particle detec-63

tors, GECAM can effectively identify TGFs and TEBs. GECAM can also reveal fine fea-64

tures in the light curves and spectra of these bursts. Interestingly, GECAM discovered65

the first, as far as we are aware of, TEB which consists of two pulses with a separation66

time of about 150 ms. Unlike the case in previous TEBs, the second pulse is not the re-67

turn peak but has the same origin as the first one.68

1 Introduction69

Terrestrial Gamma-ray Flashes (TGFs) are submillisecond intense bursts of γ-rays70

with energies up to several tens of MeV (Briggs et al., 2010; Marisaldi et al., 2010, 2019),71

which was serendipitously discovered by the Burst and Transient Source Experiment (BATSE)72

aboard Compton Gamma-ray Observatory (CGRO) in 1991 (Fishman et al., 1994). Since73

then, TGFs have been routinely observed by space-borne instruments, such as BeppoSAX74

(Ursi et al., 2017), RHESSI (Grefenstette et al., 2009), AGILE (Marisaldi et al., 2010),75

Fermi/GBM (Roberts et al., 2018) and ASIM (Østgaard et al., 2019) during last three76

decades. Occasionally, TGFs can also be observed by ground instruments (Dwyer et al.,77

2012), however, the strong absorption of gamma-rays in the air makes the detection very78

difficult.79

TGFs observed by these space-borne instruments are widely believed to be produced80

through the initial upward leader of positive Intracloud (+IC) lightning (Lu et al., 2010,81

2011). They are the results of relativistic electrons that produce hard X/γ-rays through82

the bremsstrahlung process. These electrons are accelerated in a very high electric field83

by the runaway process (Wilson, 1925) and multiplied by many orders of magnitude through84

the Relativistic Runaway Electron Avalanche process (Gurevich et al., 1992; Dwyer &85

Smith, 2005). Two main models were proposed to explain the production of TGFs. One86

is the lightning leader model, which involves the acceleration of free electrons under the87

localized electric field in front of lightning leader tips (Moss et al., 2006; Dwyer, 2010;88

Celestin & Pasko, 2011; Celestin et al., 2013). The other one is the relativistic feedback89

model (RFD) (Dwyer, 2003; Dwyer, 2008, 2012; Liu & Dwyer, 2013), which considers90

the feedback processes from positrons and photons in a large-scale electric field region.91

–2–
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However, the specific mechanism to produce ∼ 1017 to 1019 electrons is still an open ques-92

tion (Chanrion & Neubert, 2010; Xu et al., 2012, 2015; Skeltved et al., 2017).93

By interacting with the atmosphere during the propagation, the TGF photons can94

produce secondary electrons and positrons. Then they will move along the Earth’s mag-95

netic field line, forming Terrestrial Electron Beams (TEBs) (Dwyer et al., 2008), which96

could be observed by some TGF-detecting instruments (Xiong et al., 2012; Lindanger97

et al., 2020; Sarria et al., 2021).98

In this study, the data of Gravitational-wave high-energy Electromagnetic Coun-99

terpart All-sky Monitor (GECAM) (Li et al., 2022) are utilized for TGFs and TEBs re-100

search. GECAM is a space-based instrument dedicated to the observation of gamma-101

ray electromagnetic counterparts of the Gravitational Waves (Goldstein et al., 2017) and102

Fast Radio Bursts (Lorimer et al., 2007), as well as other high-energy astrophysical and103

terrestrial transient sources, such as Gamma-ray Bursts (GRBs) (Klebesadel et al., 1973),104

Soft Gamma-ray Repeaters (SGRs) (Woods & Thompson, 2004), solar flares, TGFs and105

TEBs.106

(Zhao, Xue, et al., 2022; Zhao, Xue, et al., 2022)107

–3–
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2 Instrument and Search Algorithm108

Since the launch in December 2020, GECAM has been operating in low earth or-109

bit (600 km altitude and 29◦ inclination angle) (Han et al., 2020). GECAM consists of110

twin micro-satellites (i.e. GECAM-A and GECAM-B) and each of them comprises 25111

Gamma-ray Detectors (GRDs) (An et al., 2022) and 8 Charged Particle Detectors (CPDs)112

(Xu et al., 2022). It should be noted that only GECAM-B data are utilized in this study113

because GECAM-A has not been able to observe yet (Li et al., 2022).114

With LaBr3 crystals read out by silicon photomultiplier (SiPM) arrays, GRDs can115

detect high-energy photons in a broad energy range of ∼ 15 keV to ∼ 5 MeV (Zhang et116

al., 2022). CPDs are designed to detect the charged particles from ∼ 100 keV to ∼ 5 MeV.117

The joint observation of GRDs and CPDs can distinguish between gamma-rays and charged118

particle bursts, such as TGFs and TEBs (Zhao et al., 2021).119

To detect those extremely short and bright bursts, e.g. TGFs and TEBs, a ded-120

icated anti-saturation data acquisition system (DAQ) is designed for GECAM. The data121

buffer in DAQ can accommodate up to 4092 and 1020 counts for the high-gain and low-122

gain of each GRD, respectively. Since there are usually several hundred counts registered123

for a bright TGF, the GECAM DAQ can guarantee to transfer and save almost all TGFs124

photons that are recorded by detectors (Liu et al., 2021).125

For GRD, the dead time is 4 µs for normal events and > 69 µs for overflow events126

(i.e. events with higher energy deposition than the maximum measurable energy). Each127

GRD detector has two read-out channels: high-gain channel (∼ 15 keV to ∼ 300 keV)128

and low-gain channel (∼ 300 keV to ∼ 5 MeV) (Liu et al., 2021). The design, perfor-129

mance, and other information about GECAM have been reported by Li et al. (2022);130

An et al. (2022); Xu et al. (2022).131

The considerable number of GRD detectors is helpful to locate the source region132

of TGFs. We have proposed a dedicated localization method for all-sky monitor which133

can be used for extremely short-duration TGFs (Zhao et al. 2022a). Despite the low count-134

ing statistics of TGFs, GECAM can still locate TGFs (Zhao et al. 2022b).135

As the main contamination source for TGFs, cosmic-ray events show very similar136

patterns in data as TGFs, but with an even shorter duration. Thanks to the high time137

resolution of GECAM, i.e. 100 ns (Xiao et al., 2022), GECAM can effectively distinguish138

between cosmic-ray events and TGFs. Indeed, a dedicated data product called Simul-139

taneous Events is designed for GECAM. The Simultaneous Events Number (SimEvt-140

Num) is defined as the number of events from different detectors registered in the same141

300 ns time window (Xiao et al., 2022). As the SimEvtNum increases, the probability142

of these events caused by cosmic-rays surges. Here a relatively loose criterion (SimEvt-143

Num > 13) is adopted for basic data selection.144

To unveil TGFs and TEBs in GECAM data, we developed a dedicated burst search145

algorithm, which is very different from normal burst search for gamma-ray bursts (Cai146

et al., 2021, 2022), because the TGF and TEB are so weak that only a few counts are147

registered in each detector, and both GRDs and CPDs are needed in the search. The event-148

by-event (EVT) data of GECAM GRDs and CPDs are used in this study. Only recom-149

mended normal events with SimEvtNum < 13 are utilized. We divide 25 GRDs into four150

groups considering the neighboring position, and it turns out that there are 6 [7] GRDs151

for 3 [1] group(s). All 8 CPDs are treated as a single group.152

Assuming the background follows the Poisson distribution, the probability that the153

counts are from background fluctuation can be calculated as,154

–4–
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Pgroup(S ≥ S
′
|B) = 1−

S=S
′
−1∑

S=0

BS · exp(−B)

S!
, (1)

where S and S
′ are observed counts and threshold counts, respectively, for one group155

in a time window, B is the estimated background for the time window calculated by the156

average counts over Trela ∈ [-5,-1] s and ∈ [+1,+5] s, where Trela is the relative time with157

respect to the end time of the time window.158

For an individual searching bin, the joint probability of at least N
′

trig group(s) out159

of total group number M passing the trigger threshold for a single group Pgroup is,160

Pbin(Ntrig ≥ N
′

trig) =

Ntrig=M∑
Ntrig=N

′
trig

C
Ntrig

M · (Pgroup)
Ntrig · (1− Pgroup)

M−Ntrig . (2)

In this work, seven time scales are utilized to do searching. The widths of time scales161

with the corresponding empirical threshold Ptot are: 50 µs (5.0×10−22), 100 µs (2.0×162

10−21), 250 µs (1.3×10−20), 500 µs (5.0×10−20), 1 ms (2.0×10−19), 2 ms (8.0×10−19),163

4 ms (3.2×10−18). All of them are used for TGF search while only the latter four are164

for TEB search. It should be noted that these empirical criteria are relatively strict so165

that only intense TGFs or TEBs could be identified.166

By setting Ptot = Pbin, the group’s trigger threshold (Pgroup,GRD) can be obtained167

for TGF with GRDs from the following equation (i.e. M = 4, and we set N
′

trig,GRD =168

2),169

Ptot,GRD(Ntrig ≥ 2) = 6 · P 2
group,GRD − 8 · P 3

group,GRD + 3 · P 4
group,GRD, (3)

and the trigger threshold from the following equation of TEB with CPDs (M = 1, and170

we set N
′

trig,CPD = 1),171

Ptot,CPD = Pgroup,CPD. (4)

According to the empirical threshold above, the trigger threshold for each detector group172

can be obtained for each searching window, e.g. for 100 µs, Pgroup,GRD = 1.8× 10−11173

which corresponds to 6.6 σ in standard Gaussian distribution.174

For a candidate to be identified as a TGF/TEB, all criteria below must be met:175

1. The trigger threshold (Equations 3 and 4) must be satisfied.176

2. The candidate should not be SGR. It should be noticed that millisecond-duration177

SGRs can be searched in the time scale of milliseconds with a much softer spec-178

trum than TGFs.179

3. Should not be caused by instrument effects, which are characterized by that there180

is significant excess (Poisson significance > 6 σ) registered in 2 to 3 GRDs while181

no obvious signals (Poisson significance < 3 σ) for most (i.e. > 21) GRDs.182

4. For filtering out cosmic-rays, the ratio of the simultaneous event (Rsim,7
1) should183

be < 20%.184

1 Rsim,7: the total number of simultaneous events registered in > 7 GRDs, divided by the total events
number in the searching bin.

–5–
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(a) (b)

(c) (d)

Figure 1. Illustration of distinguishing between cosmic-rays and TGFs by simultaneous events.
(a) and (c): the light curve and time-energy scatter plot of a cosmic-ray event. (b) and (d): the
light curve and time-energy scatter plot of a TGF. The dot-dashed lines show the time edge of
simultaneous events registered in > 7 GRDs within 300 ns. The horizontal and vertical scales are
the same for the two events.

For the identification of TEBs, more criteria are needed which will be described185

in Section 4. To further illustrate the capability of GECAM to identify cosmic-rays, a186

case is illustrated in Figure 1. The classification of the two excesses can not be distin-187

guished well just according to the light curves. However, the cosmic-ray event (Figure188

1a and 1c has Fsim,7 = 18
28 ≈ 64%, while TGFs have no simultaneous events registered189

in > 7 GRDs (Figure 1b and 1d).190

–6–
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3 GECAM TGFs191

From December 10th, 2020 to August 31st, 2022, the effective observation time of192

GECAM-B is ∼ 274.5 days (∼ 0.75 years). As shown in Figure 2, 147 bright TGFs are193

identified by our search algorithm, corresponding to a discovery rate of ∼ 200 TGFs/year194

or 0.54 TGFs/day. The Global Lightning Dataset (GLD360) is utilized to match light-195

ning for GECAM TGFs in the time window of ± 5 ms corrected for the light propaga-196

tion time and within the distance window of 800 km from GECAM nadirs. The GLD360197

lightning-association ratio is 34
42 ≈ 80% in the east Asia region (EAR, 77◦ E–138◦ E,198

13◦ S–30◦ N) which is ∼ 2.5 times of the results based on the data of the other space-199

borne instruments and the World Wide Lightning Location Network (WWLLN) light-200

ning (∼ 33%) (Roberts et al., 2018; Maiorana et al., 2020). The high lightning-association201

ratio may be attributed to two factors: (1) the detection efficiency of GLD360 is higher202

than the other lightning location network at least in EAR (Said et al., 2013; Poelman203

et al., 2013; Pohjola & Mäkelä, 2013), (2) the current GECAM TGF sample only con-204

tains bright ones, resulting from the very strict searching threshold. The sphere distance205

between the GECAM nadirs and the associated GLD360 lightning inside the EAR ranges206

from ∼ 50 km to 800 km, which is consistent with previous reports.207

The statistical distribution of temporal, intensity and energy properties of this GECAM208

TGF sample are shown in Figure 3. The duration is calculated by the Bayesian Block209

(BB) algorithm (Scargle et al., 2013). Since the relatively strict threshold, faint TGFs210

are dropped from the current sample. Therefore, the GECAM TGF discovery rate would211

increase as we decrease the search threshold in the future. As shown in Figure 3c, TGF212

events with relatively shorter duration tend to have a harder spectrum and thus more213

high-energy electrons in the source region, which is in line with previous observations214

(Briggs et al., 2013). As shown in Figure 3d, the duration and CPD/GRD counts ratio215

is very effective to classify TGFs and TEBs (see Section 4).216

In Figure 4, the light curves and time-energy scatter plots are illustrated for three217

multipeak, three bright, and two short TGFs. The fraction of multipeak TGFs is 3
147 ≈218

2%, which is consistent with that observed by the other instruments (Mezentsev et al.,219

2016; Lindanger et al., 2020). Since the upward leader channel of a lightning discharge220

would generally branch into several channels during propagation, it is widely accepted221

that the temporal structures may reflect the electric field distribution that the leaders222

have passed through. This effect is more pronounced in the multipeak or overlapping struc-223

tures of TGFs.224

It is worth noticing an interesting double-peaked TGF (Figure 4a) which is char-225

acterized by two ∼ 100 µs pulses with very similar temporal and spectral structures. Two226

possible scenarios may explain this double-peaked TGF. For the first, it could be asso-227

ciated with two leader branches propagating in two distinct localized electric fields, which228

could be also responsible for the cases shown in Figure 4b to 4c. However, this double-229

peak TGF (Figure 4a) may require coincidences comparing to other TGFs in Figure 4b230

to 4c, i.e. two intracloud electric fields with similar distribution on the passageway of231

these upward leader channels. For the second, it could be associated with two succes-232

sive steps of one propagating channel. We note that the time interval between the two233

pulses of this double-peak TGF is generally consistent with the typical duration of the234

stepped leader’s step, i.e., ∼ 0.1 ms (Lyu et al., 2016). Meanwhile, the typical length of235

leader steps during intracloud lightning discharge is from several hundred meters to sev-236

eral kilometers (Stolzenburg et al., 2016). Therefore, the second pulse of this TGF was237

also likely generated after the initial leader (which resulted in the first pulse) propagated238

forward for one or several more steps.239

We also find that the overlapping pulse of a TGF could be as short as ∼ 10 µs (Fig-240

ure 4f). These fine structures in light curves provide new insights into the specific elec-241

tric field distribution of lightning discharge. Since the tails of TGFs are usually soft (Nemiroff242

–7–
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(a)

(b) (c)

Figure 2. Geographical distribution of GECAM TGFs. (a) GECAM nadirs of 147 TGFs
(fuchsia pluses) and 4 TEBs (blue circles). The green and orange dashed lines show the east Asia
region (EAR, 77◦ E–138◦ E, 13◦ S–30◦ N) and South Atlantic Anomaly (SAA), respectively.
(b) The red[lime] markers illustrate the TGFs with[without] associated GLD360 lightning inside
the EAR. The blue triangles illustrate the associated lightning within ± 5 ms corrected for the
light travel time and within 800 km from GECAM nadirs. (c) The distribution of sphere distance
between the GECAM nadirs and their associated GLD360 lightning inside the EAR.

et al., 1997; Feng et al., 2002), the high-gain channels of GRDs (down to ∼15 keV) are243

suitable to detect these tails (see Figure 4d to 4f). Furthermore, thanks to the high time244

resolution and a large number of GRD detectors provided by GECAM, some short-duration245

(down to 37 µs) TGFs are found, as shown in Figure 4g to 4h. There are more than 40246

counts registered in such a short duration of 37 µs, indicating an extremely high counts247

rate of ∼ 1.1 million counts/s (see Figure 4g).248
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(a) (b)

(c) (d)

Figure 3. Statistical properties of GECAM TGFs and TEBs. (a) The duration distribu-
tion of TGFs. The duration is calculated by the Bayesian Blocks algorithm. The black, red,
and blue lines illustrate the duration distribution of total TGFs (147), TGFs with (34), and
without (8) associated GLD360 lightning in the EAR, respectively. (b) The distribution of the
observed net counts for total TGFs. (c) The scatter plot of the duration of TGF events versus
hardness ratio (energy limitation 500 keV). (d) The scatter plot of duration versus CPD/GRD
counts ratio for TGFs and TEBs. The dashed line shows a tentative threshold of equation
y = −0.18 × log10(x) + 0.72 for TGF/TEB classification, where x is the duration (µs) and y
is the CPD/GRD counts ratio.
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(a) T0 UT 2021-02-01T02:09:25.692 (b) T0 UT 2021-07-10T21:19:04.520

(c) T0 UT 2022-01-22T22:24:49.665 (d) T0 UT 2021-03-07T19:13:49.995

(e) T0 UT 2021-03-29T06:56:37.832 (f) T0 UT 2021-08-14T09:54:29.177

(g) T0 UT 2022-03-29T08:56:28.599 (h) T0 UT 2022-06-25T09:09:44.289

Figure 4. The light curves and time-energy scatters of characteristic GECAM TGFs. (a) to
(c): multipeak TGFs. (d) to (f): bright TGFs with > 150 counts in duration. Note the over-
lapping pulse of (f). (g) to (h): short-duration TGFs (37 µs and 65 µs). The black histograms
and red crosses show the light curves and time-energy scatters, respectively. The vertical and
horizontal for all TGFs are on the same scales except for (b) and (c).
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4 GECAM TEBs249

The GECAM CPDs are mostly used to detect electrons and positrons in orbit, while250

it has low detection efficiency to gamma-ray (Xu et al., 2022). To distinguish between251

TGFs and TEBs, we find a very effective threshold considering the duration and CPD/GRD252

counts ratio (see Figure 3d).253

In this paper, we present four high-confidence TEBs, as shown in Figure 2, Fig-254

ure 3d, and Figure 5. Although TEBs can also produce many counts in GRDs, their du-255

ration and the CPD/GRD counts ratio is remarkably different from TGFs. It is explic-256

itly shown in Figure 3d that the TEBs and TGFs are separated into two groups accord-257

ing to duration and CPD/GRD counts ratio. The CPD/GRD counts ratio for all TGFs258

is < 0.25 and mostly < 0.15, while that of TEBs reaches ∼ 0.35. It should be noticed259

that the negative values of the CPD/GRD counts ratio mean no significant signals reg-260

istered in CPDs. The duration of TGFs (< 1 ms) and TEBs (> 2 ms) are also distinc-261

tively different.262

GECAM-B detected an interesting TEB event with two pulses separated by ∼ 150263

ms (Figure 5a) that occurred over the Southwest Indian Ocean at 18:34:40.552 UTC on264

September 11th, 2021. Unlike the bright main peak and weak return peak in a typical265

TEB, these two pulses have similar brightness. Since TEB electrons will travel along the266

Earth’s magnetic field lines, we trace this line using the International Geomagnetic Ref-267

erence Field (IGRF) 13 model (Alken et al., 2021). As shown in Figure 5e and 5f, there268

is no lightning activity around the GECAM nadir (51.2◦ E, 28.9◦ S, 587.7 km) and the269

southern magnetic footpoint (-31.3◦ E, 52.8◦ N, 40 km) within ± 1 minute of the TEB270

time and a radius of 1200 km. However, there is a cluster of WWLLN lightning around271

the northern magnetic footpoint (44.1◦ E, 45.5◦ N, 40 km) within 400 km and ± 10 sec-272

onds. Moreover, the expected round-trip bounce time between the GECAM-B satellite273

and the southern footpoint is <∼ 17 ms for 100 keV electrons, which is an order of mag-274

nitude lower than the observed time interval between the two pulses, strongly disfavor-275

ing the return peak nature of the second pulse.276

Considering the lack of lightning discharge in the southern part and intense light-277

ning activity in the northern part, as well as the expected time interval for TEB elec-278

trons, bounce from GECAM and the southern footpoint is far less than 150 ms, it is highly279

likely that the TEB electrons of both pulses originate from TGFs occurred around the280

northern footpoint in the same lightning discharge process. Even if they are produced281

by two TGF events, the distance between these two TGFs should not be very far, oth-282

erwise, they would not be detected as TEB at the same location of GECAM-B. As far283

as we are aware of, this TEB is the first reported event with two pulses that originate284

from the same geomagnetic footpoint.285
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(a) T0 UT 2021-09-11T18:34:40.552 (b) T0 UT 2021-07-10T01:46:36.710

(c) T0 UT 2021-10-27T22:49:33.082 (d) T0 UT 2022-07-26T00:16:13.728

(e) (f)

Figure 5. (a) to (d) The light curves of 4 GECAM TEBs. For each TEB, the upper and lower
panels show the light curves of CPDs and GRDs, respectively. It should be noted that there are
two pulses which episode by ∼ 150 ms on subfigure (a). (e) Map of GECAM nadir (red star),
WWLLN lightning (blue triangles and green pluses), the traced magnetic field line (red line),
and their footpoints (red circles) for the TEBs shown in subfigure (a). (f) The latitude-altitude
projected map of the TEBs shown in subfigure (a). The blue triangles illustrate total WWLLN
detections within 60 seconds, and green pluses illustrate the WWLLN lightning around the
northern magnetic footpoint 400 km within 10 seconds. The solid red circle shows the northern
magnetic footpoint and the hollow red circle shows the southern magnetic footpoint.
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5 Conclusion286

With novel designs on detectors and electronics, GECAM is a new powerful instru-287

ment to detect and identify TGFs and TEBs, as well as study their properties. Thanks288

to the high time resolution (100 ns), broad detection energy range (several keV to sev-289

eral MeV), and anti-saturation designs, GECAM can record very bright TGFs and TEBs,290

and reveal their fine structures in light curves and spectrum, which can help us better291

understand the production mechanism of TGFs and TEBs.292

In this paper, a GECAM TGF/TEB search algorithm is proposed, then 147 bright293

TGFs and 4 TEBs are identified. The TGF detection rate for GECAM-B is ∼ 200 TGFs/year,294

which will increase if we loose the search threshold. The GECAM-GLD360 lightning-295

association ratio reaches ∼ 80% in the east Asia region, significantly higher than pre-296

vious results obtained with the other space-borne instruments and the WWLLN data.297

A few interesting structures of TGFs are notable, such as a short spike (down to ∼ 10298

µs) lying on the decay phase of the main pulse, an interesting double-peak TGF with299

very similar temporal and spectral distribution, and more than 40 counts are registered300

in an extremely short duration of ∼ 37 µs.301

For mostly gamma-ray space telescopes, determining a TEB is not straightforward,302

e.g. through the 511 keV line of the spectrum and the return peak. With the joint ob-303

servation of GRDs and CPDs, GECAM can directly distinguish between TGFs and TEBs304

according to the duration distribution and CPD/GRD counts ratio. We find an inter-305

esting TEB with two pulses which probably originated from a special lightning discharge306

process.307
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Key Points:36

• GECAM can well classify and distinguish TGF/TEB, and reveal their fine tem-37

poral and spectral features, e.g. short spikes down to 10 ms.38

• GECAM discovered an interesting two-peaked TEB which is probably from a light-39

ning process near the geomagnetic footprint.40

• TGF-lightning association rate between GECAM and GLD360 in east Asia is found41

to be ∼ 80%, notably higher than previous reports.42
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Abstract43

Gravitational wave high-energy Electromagnetic Counterpart All-sky Monitor (GECAM)44

is a space-borne instrument dedicated to monitoring high-energy transients, thereinto45

Terrestrial Gamma-ray Flashes (TGFs) and Terrestrial Electron Beams (TEBs). We pro-46

pose a TGF/TEB search algorithm, with which 147 bright TGFs and 4 TEBs are iden-47

tified during an effective observation time of ∼ 9 months. We show that, with gamma-48

ray and charged particle detectors, GECAM can effectively identify and distinguish TGFs49

and TEBs, and measure their temporal and spectral properties in detail. Moreover, we50

find an interesting TEB consisting of two pulses with a separation of ∼ 150 ms, which51

is expected to originate from a lightning process near the geomagnetic footprint. We also52

find that the GECAM TGF’s lightning-association ratio is ∼ 80% in the east Asia re-53

gion using the GLD360 lightning network, which is significantly higher than previous ob-54

servations.55

Plain Language Summary56

Terrestrial gamma-ray flashes (TGFs) and Terrestrial Electron Beams (TEBs) are57

one of the most energetic radioactive phenomena in the atmosphere of the Earth. They58

reflect a natural particle accelerator that can boost electrons up to at least several tens59

of mega electron volts (MeV). With novel detection technologies, GECAM is a new pow-60

erful instrument to observe TGFs and TEBs, as well as study their properties. For ex-61

ample, it is difficult for most space-borne high-energy instruments to distinguish between62

TGFs and TEBs. With the joint observation of gamma-ray and charged particle detec-63

tors, GECAM can effectively identify TGFs and TEBs. GECAM can also reveal fine fea-64

tures in the light curves and spectra of these bursts. Interestingly, GECAM discovered65

the first, as far as we are aware of, TEB which consists of two pulses with a separation66

time of about 150 ms. Unlike the case in previous TEBs, the second pulse is not the re-67

turn peak but has the same origin as the first one.68

1 Introduction69

Terrestrial Gamma-ray Flashes (TGFs) are submillisecond intense bursts of γ-rays70

with energies up to several tens of MeV (Briggs et al., 2010; Marisaldi et al., 2010, 2019),71

which was serendipitously discovered by the Burst and Transient Source Experiment (BATSE)72

aboard Compton Gamma-ray Observatory (CGRO) in 1991 (Fishman et al., 1994). Since73

then, TGFs have been routinely observed by space-borne instruments, such as BeppoSAX74

(Ursi et al., 2017), RHESSI (Grefenstette et al., 2009), AGILE (Marisaldi et al., 2010),75

Fermi/GBM (Roberts et al., 2018) and ASIM (Østgaard et al., 2019) during last three76

decades. Occasionally, TGFs can also be observed by ground instruments (Dwyer et al.,77

2012), however, the strong absorption of gamma-rays in the air makes the detection very78

difficult.79

TGFs observed by these space-borne instruments are widely believed to be produced80

through the initial upward leader of positive Intracloud (+IC) lightning (Lu et al., 2010,81

2011). They are the results of relativistic electrons that produce hard X/γ-rays through82

the bremsstrahlung process. These electrons are accelerated in a very high electric field83

by the runaway process (Wilson, 1925) and multiplied by many orders of magnitude through84

the Relativistic Runaway Electron Avalanche process (Gurevich et al., 1992; Dwyer &85

Smith, 2005). Two main models were proposed to explain the production of TGFs. One86

is the lightning leader model, which involves the acceleration of free electrons under the87

localized electric field in front of lightning leader tips (Moss et al., 2006; Dwyer, 2010;88

Celestin & Pasko, 2011; Celestin et al., 2013). The other one is the relativistic feedback89

model (RFD) (Dwyer, 2003; Dwyer, 2008, 2012; Liu & Dwyer, 2013), which considers90

the feedback processes from positrons and photons in a large-scale electric field region.91
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However, the specific mechanism to produce ∼ 1017 to 1019 electrons is still an open ques-92

tion (Chanrion & Neubert, 2010; Xu et al., 2012, 2015; Skeltved et al., 2017).93

By interacting with the atmosphere during the propagation, the TGF photons can94

produce secondary electrons and positrons. Then they will move along the Earth’s mag-95

netic field line, forming Terrestrial Electron Beams (TEBs) (Dwyer et al., 2008), which96

could be observed by some TGF-detecting instruments (Xiong et al., 2012; Lindanger97

et al., 2020; Sarria et al., 2021).98

In this study, the data of Gravitational-wave high-energy Electromagnetic Coun-99

terpart All-sky Monitor (GECAM) (Li et al., 2022) are utilized for TGFs and TEBs re-100

search. GECAM is a space-based instrument dedicated to the observation of gamma-101

ray electromagnetic counterparts of the Gravitational Waves (Goldstein et al., 2017) and102

Fast Radio Bursts (Lorimer et al., 2007), as well as other high-energy astrophysical and103

terrestrial transient sources, such as Gamma-ray Bursts (GRBs) (Klebesadel et al., 1973),104

Soft Gamma-ray Repeaters (SGRs) (Woods & Thompson, 2004), solar flares, TGFs and105

TEBs.106

(Zhao, Xue, et al., 2022; Zhao, Xue, et al., 2022)107
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2 Instrument and Search Algorithm108

Since the launch in December 2020, GECAM has been operating in low earth or-109

bit (600 km altitude and 29◦ inclination angle) (Han et al., 2020). GECAM consists of110

twin micro-satellites (i.e. GECAM-A and GECAM-B) and each of them comprises 25111

Gamma-ray Detectors (GRDs) (An et al., 2022) and 8 Charged Particle Detectors (CPDs)112

(Xu et al., 2022). It should be noted that only GECAM-B data are utilized in this study113

because GECAM-A has not been able to observe yet (Li et al., 2022).114

With LaBr3 crystals read out by silicon photomultiplier (SiPM) arrays, GRDs can115

detect high-energy photons in a broad energy range of ∼ 15 keV to ∼ 5 MeV (Zhang et116

al., 2022). CPDs are designed to detect the charged particles from ∼ 100 keV to ∼ 5 MeV.117

The joint observation of GRDs and CPDs can distinguish between gamma-rays and charged118

particle bursts, such as TGFs and TEBs (Zhao et al., 2021).119

To detect those extremely short and bright bursts, e.g. TGFs and TEBs, a ded-120

icated anti-saturation data acquisition system (DAQ) is designed for GECAM. The data121

buffer in DAQ can accommodate up to 4092 and 1020 counts for the high-gain and low-122

gain of each GRD, respectively. Since there are usually several hundred counts registered123

for a bright TGF, the GECAM DAQ can guarantee to transfer and save almost all TGFs124

photons that are recorded by detectors (Liu et al., 2021).125

For GRD, the dead time is 4 µs for normal events and > 69 µs for overflow events126

(i.e. events with higher energy deposition than the maximum measurable energy). Each127

GRD detector has two read-out channels: high-gain channel (∼ 15 keV to ∼ 300 keV)128

and low-gain channel (∼ 300 keV to ∼ 5 MeV) (Liu et al., 2021). The design, perfor-129

mance, and other information about GECAM have been reported by Li et al. (2022);130

An et al. (2022); Xu et al. (2022).131

The considerable number of GRD detectors is helpful to locate the source region132

of TGFs. We have proposed a dedicated localization method for all-sky monitor which133

can be used for extremely short-duration TGFs (Zhao et al. 2022a). Despite the low count-134

ing statistics of TGFs, GECAM can still locate TGFs (Zhao et al. 2022b).135

As the main contamination source for TGFs, cosmic-ray events show very similar136

patterns in data as TGFs, but with an even shorter duration. Thanks to the high time137

resolution of GECAM, i.e. 100 ns (Xiao et al., 2022), GECAM can effectively distinguish138

between cosmic-ray events and TGFs. Indeed, a dedicated data product called Simul-139

taneous Events is designed for GECAM. The Simultaneous Events Number (SimEvt-140

Num) is defined as the number of events from different detectors registered in the same141

300 ns time window (Xiao et al., 2022). As the SimEvtNum increases, the probability142

of these events caused by cosmic-rays surges. Here a relatively loose criterion (SimEvt-143

Num > 13) is adopted for basic data selection.144

To unveil TGFs and TEBs in GECAM data, we developed a dedicated burst search145

algorithm, which is very different from normal burst search for gamma-ray bursts (Cai146

et al., 2021, 2022), because the TGF and TEB are so weak that only a few counts are147

registered in each detector, and both GRDs and CPDs are needed in the search. The event-148

by-event (EVT) data of GECAM GRDs and CPDs are used in this study. Only recom-149

mended normal events with SimEvtNum < 13 are utilized. We divide 25 GRDs into four150

groups considering the neighboring position, and it turns out that there are 6 [7] GRDs151

for 3 [1] group(s). All 8 CPDs are treated as a single group.152

Assuming the background follows the Poisson distribution, the probability that the153

counts are from background fluctuation can be calculated as,154
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Pgroup(S ≥ S
′
|B) = 1−

S=S
′
−1∑

S=0

BS · exp(−B)

S!
, (1)

where S and S
′ are observed counts and threshold counts, respectively, for one group155

in a time window, B is the estimated background for the time window calculated by the156

average counts over Trela ∈ [-5,-1] s and ∈ [+1,+5] s, where Trela is the relative time with157

respect to the end time of the time window.158

For an individual searching bin, the joint probability of at least N
′

trig group(s) out159

of total group number M passing the trigger threshold for a single group Pgroup is,160

Pbin(Ntrig ≥ N
′

trig) =

Ntrig=M∑
Ntrig=N

′
trig

C
Ntrig

M · (Pgroup)
Ntrig · (1− Pgroup)

M−Ntrig . (2)

In this work, seven time scales are utilized to do searching. The widths of time scales161

with the corresponding empirical threshold Ptot are: 50 µs (5.0×10−22), 100 µs (2.0×162

10−21), 250 µs (1.3×10−20), 500 µs (5.0×10−20), 1 ms (2.0×10−19), 2 ms (8.0×10−19),163

4 ms (3.2×10−18). All of them are used for TGF search while only the latter four are164

for TEB search. It should be noted that these empirical criteria are relatively strict so165

that only intense TGFs or TEBs could be identified.166

By setting Ptot = Pbin, the group’s trigger threshold (Pgroup,GRD) can be obtained167

for TGF with GRDs from the following equation (i.e. M = 4, and we set N
′

trig,GRD =168

2),169

Ptot,GRD(Ntrig ≥ 2) = 6 · P 2
group,GRD − 8 · P 3

group,GRD + 3 · P 4
group,GRD, (3)

and the trigger threshold from the following equation of TEB with CPDs (M = 1, and170

we set N
′

trig,CPD = 1),171

Ptot,CPD = Pgroup,CPD. (4)

According to the empirical threshold above, the trigger threshold for each detector group172

can be obtained for each searching window, e.g. for 100 µs, Pgroup,GRD = 1.8× 10−11173

which corresponds to 6.6 σ in standard Gaussian distribution.174

For a candidate to be identified as a TGF/TEB, all criteria below must be met:175

1. The trigger threshold (Equations 3 and 4) must be satisfied.176

2. The candidate should not be SGR. It should be noticed that millisecond-duration177

SGRs can be searched in the time scale of milliseconds with a much softer spec-178

trum than TGFs.179

3. Should not be caused by instrument effects, which are characterized by that there180

is significant excess (Poisson significance > 6 σ) registered in 2 to 3 GRDs while181

no obvious signals (Poisson significance < 3 σ) for most (i.e. > 21) GRDs.182

4. For filtering out cosmic-rays, the ratio of the simultaneous event (Rsim,7
1) should183

be < 20%.184

1 Rsim,7: the total number of simultaneous events registered in > 7 GRDs, divided by the total events
number in the searching bin.
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(a) (b)

(c) (d)

Figure 1. Illustration of distinguishing between cosmic-rays and TGFs by simultaneous events.
(a) and (c): the light curve and time-energy scatter plot of a cosmic-ray event. (b) and (d): the
light curve and time-energy scatter plot of a TGF. The dot-dashed lines show the time edge of
simultaneous events registered in > 7 GRDs within 300 ns. The horizontal and vertical scales are
the same for the two events.

For the identification of TEBs, more criteria are needed which will be described185

in Section 4. To further illustrate the capability of GECAM to identify cosmic-rays, a186

case is illustrated in Figure 1. The classification of the two excesses can not be distin-187

guished well just according to the light curves. However, the cosmic-ray event (Figure188

1a and 1c has Fsim,7 = 18
28 ≈ 64%, while TGFs have no simultaneous events registered189

in > 7 GRDs (Figure 1b and 1d).190
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3 GECAM TGFs191

From December 10th, 2020 to August 31st, 2022, the effective observation time of192

GECAM-B is ∼ 274.5 days (∼ 0.75 years). As shown in Figure 2, 147 bright TGFs are193

identified by our search algorithm, corresponding to a discovery rate of ∼ 200 TGFs/year194

or 0.54 TGFs/day. The Global Lightning Dataset (GLD360) is utilized to match light-195

ning for GECAM TGFs in the time window of ± 5 ms corrected for the light propaga-196

tion time and within the distance window of 800 km from GECAM nadirs. The GLD360197

lightning-association ratio is 34
42 ≈ 80% in the east Asia region (EAR, 77◦ E–138◦ E,198

13◦ S–30◦ N) which is ∼ 2.5 times of the results based on the data of the other space-199

borne instruments and the World Wide Lightning Location Network (WWLLN) light-200

ning (∼ 33%) (Roberts et al., 2018; Maiorana et al., 2020). The high lightning-association201

ratio may be attributed to two factors: (1) the detection efficiency of GLD360 is higher202

than the other lightning location network at least in EAR (Said et al., 2013; Poelman203

et al., 2013; Pohjola & Mäkelä, 2013), (2) the current GECAM TGF sample only con-204

tains bright ones, resulting from the very strict searching threshold. The sphere distance205

between the GECAM nadirs and the associated GLD360 lightning inside the EAR ranges206

from ∼ 50 km to 800 km, which is consistent with previous reports.207

The statistical distribution of temporal, intensity and energy properties of this GECAM208

TGF sample are shown in Figure 3. The duration is calculated by the Bayesian Block209

(BB) algorithm (Scargle et al., 2013). Since the relatively strict threshold, faint TGFs210

are dropped from the current sample. Therefore, the GECAM TGF discovery rate would211

increase as we decrease the search threshold in the future. As shown in Figure 3c, TGF212

events with relatively shorter duration tend to have a harder spectrum and thus more213

high-energy electrons in the source region, which is in line with previous observations214

(Briggs et al., 2013). As shown in Figure 3d, the duration and CPD/GRD counts ratio215

is very effective to classify TGFs and TEBs (see Section 4).216

In Figure 4, the light curves and time-energy scatter plots are illustrated for three217

multipeak, three bright, and two short TGFs. The fraction of multipeak TGFs is 3
147 ≈218

2%, which is consistent with that observed by the other instruments (Mezentsev et al.,219

2016; Lindanger et al., 2020). Since the upward leader channel of a lightning discharge220

would generally branch into several channels during propagation, it is widely accepted221

that the temporal structures may reflect the electric field distribution that the leaders222

have passed through. This effect is more pronounced in the multipeak or overlapping struc-223

tures of TGFs.224

It is worth noticing an interesting double-peaked TGF (Figure 4a) which is char-225

acterized by two ∼ 100 µs pulses with very similar temporal and spectral structures. Two226

possible scenarios may explain this double-peaked TGF. For the first, it could be asso-227

ciated with two leader branches propagating in two distinct localized electric fields, which228

could be also responsible for the cases shown in Figure 4b to 4c. However, this double-229

peak TGF (Figure 4a) may require coincidences comparing to other TGFs in Figure 4b230

to 4c, i.e. two intracloud electric fields with similar distribution on the passageway of231

these upward leader channels. For the second, it could be associated with two succes-232

sive steps of one propagating channel. We note that the time interval between the two233

pulses of this double-peak TGF is generally consistent with the typical duration of the234

stepped leader’s step, i.e., ∼ 0.1 ms (Lyu et al., 2016). Meanwhile, the typical length of235

leader steps during intracloud lightning discharge is from several hundred meters to sev-236

eral kilometers (Stolzenburg et al., 2016). Therefore, the second pulse of this TGF was237

also likely generated after the initial leader (which resulted in the first pulse) propagated238

forward for one or several more steps.239

We also find that the overlapping pulse of a TGF could be as short as ∼ 10 µs (Fig-240

ure 4f). These fine structures in light curves provide new insights into the specific elec-241

tric field distribution of lightning discharge. Since the tails of TGFs are usually soft (Nemiroff242
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(a)

(b) (c)

Figure 2. Geographical distribution of GECAM TGFs. (a) GECAM nadirs of 147 TGFs
(fuchsia pluses) and 4 TEBs (blue circles). The green and orange dashed lines show the east Asia
region (EAR, 77◦ E–138◦ E, 13◦ S–30◦ N) and South Atlantic Anomaly (SAA), respectively.
(b) The red[lime] markers illustrate the TGFs with[without] associated GLD360 lightning inside
the EAR. The blue triangles illustrate the associated lightning within ± 5 ms corrected for the
light travel time and within 800 km from GECAM nadirs. (c) The distribution of sphere distance
between the GECAM nadirs and their associated GLD360 lightning inside the EAR.

et al., 1997; Feng et al., 2002), the high-gain channels of GRDs (down to ∼15 keV) are243

suitable to detect these tails (see Figure 4d to 4f). Furthermore, thanks to the high time244

resolution and a large number of GRD detectors provided by GECAM, some short-duration245

(down to 37 µs) TGFs are found, as shown in Figure 4g to 4h. There are more than 40246

counts registered in such a short duration of 37 µs, indicating an extremely high counts247

rate of ∼ 1.1 million counts/s (see Figure 4g).248
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(a) (b)

(c) (d)

Figure 3. Statistical properties of GECAM TGFs and TEBs. (a) The duration distribu-
tion of TGFs. The duration is calculated by the Bayesian Blocks algorithm. The black, red,
and blue lines illustrate the duration distribution of total TGFs (147), TGFs with (34), and
without (8) associated GLD360 lightning in the EAR, respectively. (b) The distribution of the
observed net counts for total TGFs. (c) The scatter plot of the duration of TGF events versus
hardness ratio (energy limitation 500 keV). (d) The scatter plot of duration versus CPD/GRD
counts ratio for TGFs and TEBs. The dashed line shows a tentative threshold of equation
y = −0.18 × log10(x) + 0.72 for TGF/TEB classification, where x is the duration (µs) and y
is the CPD/GRD counts ratio.

–9–



manuscript submitted to Geophysical Research Letters

(a) T0 UT 2021-02-01T02:09:25.692 (b) T0 UT 2021-07-10T21:19:04.520

(c) T0 UT 2022-01-22T22:24:49.665 (d) T0 UT 2021-03-07T19:13:49.995

(e) T0 UT 2021-03-29T06:56:37.832 (f) T0 UT 2021-08-14T09:54:29.177

(g) T0 UT 2022-03-29T08:56:28.599 (h) T0 UT 2022-06-25T09:09:44.289

Figure 4. The light curves and time-energy scatters of characteristic GECAM TGFs. (a) to
(c): multipeak TGFs. (d) to (f): bright TGFs with > 150 counts in duration. Note the over-
lapping pulse of (f). (g) to (h): short-duration TGFs (37 µs and 65 µs). The black histograms
and red crosses show the light curves and time-energy scatters, respectively. The vertical and
horizontal for all TGFs are on the same scales except for (b) and (c).
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4 GECAM TEBs249

The GECAM CPDs are mostly used to detect electrons and positrons in orbit, while250

it has low detection efficiency to gamma-ray (Xu et al., 2022). To distinguish between251

TGFs and TEBs, we find a very effective threshold considering the duration and CPD/GRD252

counts ratio (see Figure 3d).253

In this paper, we present four high-confidence TEBs, as shown in Figure 2, Fig-254

ure 3d, and Figure 5. Although TEBs can also produce many counts in GRDs, their du-255

ration and the CPD/GRD counts ratio is remarkably different from TGFs. It is explic-256

itly shown in Figure 3d that the TEBs and TGFs are separated into two groups accord-257

ing to duration and CPD/GRD counts ratio. The CPD/GRD counts ratio for all TGFs258

is < 0.25 and mostly < 0.15, while that of TEBs reaches ∼ 0.35. It should be noticed259

that the negative values of the CPD/GRD counts ratio mean no significant signals reg-260

istered in CPDs. The duration of TGFs (< 1 ms) and TEBs (> 2 ms) are also distinc-261

tively different.262

GECAM-B detected an interesting TEB event with two pulses separated by ∼ 150263

ms (Figure 5a) that occurred over the Southwest Indian Ocean at 18:34:40.552 UTC on264

September 11th, 2021. Unlike the bright main peak and weak return peak in a typical265

TEB, these two pulses have similar brightness. Since TEB electrons will travel along the266

Earth’s magnetic field lines, we trace this line using the International Geomagnetic Ref-267

erence Field (IGRF) 13 model (Alken et al., 2021). As shown in Figure 5e and 5f, there268

is no lightning activity around the GECAM nadir (51.2◦ E, 28.9◦ S, 587.7 km) and the269

southern magnetic footpoint (-31.3◦ E, 52.8◦ N, 40 km) within ± 1 minute of the TEB270

time and a radius of 1200 km. However, there is a cluster of WWLLN lightning around271

the northern magnetic footpoint (44.1◦ E, 45.5◦ N, 40 km) within 400 km and ± 10 sec-272

onds. Moreover, the expected round-trip bounce time between the GECAM-B satellite273

and the southern footpoint is <∼ 17 ms for 100 keV electrons, which is an order of mag-274

nitude lower than the observed time interval between the two pulses, strongly disfavor-275

ing the return peak nature of the second pulse.276

Considering the lack of lightning discharge in the southern part and intense light-277

ning activity in the northern part, as well as the expected time interval for TEB elec-278

trons, bounce from GECAM and the southern footpoint is far less than 150 ms, it is highly279

likely that the TEB electrons of both pulses originate from TGFs occurred around the280

northern footpoint in the same lightning discharge process. Even if they are produced281

by two TGF events, the distance between these two TGFs should not be very far, oth-282

erwise, they would not be detected as TEB at the same location of GECAM-B. As far283

as we are aware of, this TEB is the first reported event with two pulses that originate284

from the same geomagnetic footpoint.285
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(a) T0 UT 2021-09-11T18:34:40.552 (b) T0 UT 2021-07-10T01:46:36.710

(c) T0 UT 2021-10-27T22:49:33.082 (d) T0 UT 2022-07-26T00:16:13.728

(e) (f)

Figure 5. (a) to (d) The light curves of 4 GECAM TEBs. For each TEB, the upper and lower
panels show the light curves of CPDs and GRDs, respectively. It should be noted that there are
two pulses which episode by ∼ 150 ms on subfigure (a). (e) Map of GECAM nadir (red star),
WWLLN lightning (blue triangles and green pluses), the traced magnetic field line (red line),
and their footpoints (red circles) for the TEBs shown in subfigure (a). (f) The latitude-altitude
projected map of the TEBs shown in subfigure (a). The blue triangles illustrate total WWLLN
detections within 60 seconds, and green pluses illustrate the WWLLN lightning around the
northern magnetic footpoint 400 km within 10 seconds. The solid red circle shows the northern
magnetic footpoint and the hollow red circle shows the southern magnetic footpoint.
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5 Conclusion286

With novel designs on detectors and electronics, GECAM is a new powerful instru-287

ment to detect and identify TGFs and TEBs, as well as study their properties. Thanks288

to the high time resolution (100 ns), broad detection energy range (several keV to sev-289

eral MeV), and anti-saturation designs, GECAM can record very bright TGFs and TEBs,290

and reveal their fine structures in light curves and spectrum, which can help us better291

understand the production mechanism of TGFs and TEBs.292

In this paper, a GECAM TGF/TEB search algorithm is proposed, then 147 bright293

TGFs and 4 TEBs are identified. The TGF detection rate for GECAM-B is ∼ 200 TGFs/year,294

which will increase if we loose the search threshold. The GECAM-GLD360 lightning-295

association ratio reaches ∼ 80% in the east Asia region, significantly higher than pre-296

vious results obtained with the other space-borne instruments and the WWLLN data.297

A few interesting structures of TGFs are notable, such as a short spike (down to ∼ 10298

µs) lying on the decay phase of the main pulse, an interesting double-peak TGF with299

very similar temporal and spectral distribution, and more than 40 counts are registered300

in an extremely short duration of ∼ 37 µs.301

For mostly gamma-ray space telescopes, determining a TEB is not straightforward,302

e.g. through the 511 keV line of the spectrum and the return peak. With the joint ob-303

servation of GRDs and CPDs, GECAM can directly distinguish between TGFs and TEBs304

according to the duration distribution and CPD/GRD counts ratio. We find an inter-305

esting TEB with two pulses which probably originated from a special lightning discharge306

process.307
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