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Abstract

Gravitational wave high-energy Electromagnetic Counterpart All-sky Monitor (GECAM), consisting of two micro-
satellites, is designed to detect gamma-ray bursts associated with gravitational-wave events. Here, we introduce the
real-time burst alert system of GECAM, with the adoption of the BeiDou-3 short message communication service.
We present the post-trigger operations, the detailed ground-based analysis, and the performance of the system. In
the first year of the in-flight operation, GECAM was triggered by 42 gamma-ray bursts. The GECAM real-time
burst alert system has the ability to distribute the alert within ~1 minute after being triggered, which enables timely

follow-up observations.
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1. Introduction

On 2015 September 14, the first detection of gravitational
wave (GW) signals from the merger of two stellar-mass black
holes, observed by the Laser Interferometer Gravitational-
Wave Observatory (LIGO) detectors, inaugurated the era of
GW astronomy (Abbott et al. 2016a). This was the first direct
evidence of the predictions of general relativity. On 2017
August 17, the Advanced LIGO and Advanced Virgo
Gravitational-Wave interferometers detected the first GW,
GW170817, from a binary neutron star merger, significantly
promoting the study of gravitational-wave multi-messenger
astronomy (Abbott et al. 2017). Fermi and INTEGRAL
detected a short gamma-ray burst (GRB), GRB 170817A,
1.7 s after the GW events. The electromagnetic (EM) follow-up
observations not only succeeded in localizing the merger to the
host galaxy, NGC 4993, but also provided the first unambig-
uous detection of a kilonova, the broadband signature of rapid
neutron capture nucleosynthesis (r-process) in the merger
ejecta. These detections made by GW and EM observatories,
for the first time, validated the merger model proposed decades
ago to explain the short GRBs (Paczynski 1986).

The identification of EM counterparts to GW events allows
for the precise localization of the GW source, which would
further yield rich scientific rewards (see Nakar 2020 for a
review). The EM counterpart identification is constrained by
the accuracy of the localization of the GW signal, which is
usually expected to be a few hundred square degrees (Abbott
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et al. 2020). In general, we expect that searching for high
energy EM counterparts to a GW event will play a major role in
the discovery of the EM counterpart. This is because, first, the
luminosity of the high-energy counterpart is large and less
likely to be absorbed by the medium; second, in the low energy
bands, there might be few optical candidates localized within
the error region of the GW source (i.e., Abbott et al. 2016b).
Since the high energy sky is less “crowded,” it is more
reasonable to relate a high energy transient to the GW event;
third, the time delay between the high-energy emission and the
GW emission is assumed to be minimal. Therefore, a precise
localization of the high-energy transient could substantially
reduce the localization uncertainty of the GW event, which
further facilitates the follow-up observations at other wave-
lengths. In recent years, a large number of observations have
been made with hard X-ray and ~-ray telescopes, such as
Fermi-GBM (Meegan et al. 2009), Swift-BAT (Barthelmy et al.
2005), INTEGRAL-SPI-ACS (Winkler et al. 2003), Insight-
HXMT (Zhang et al. 2020; Cai et al. 2021) and Konus-Wind
(Aptekar et al. 1995), to search for high energy counterparts to
GW sources.

Gravitational wave high-energy Electromagnetic Counter-
part All-sky Monitor (Li et al. 2020, 2021b) (GECAM, also
known as “HuaiRou-17) is a space-based project proposed for
the detection of high-energy EM counterparts to GW sources,
as well as other high-energy transient sources, i.e., GRBs and
magnetars. GECAM consists of two micro-satellites, GECAM-
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A and GECAM-B, which are designed to operate on identical
orbits (600 km altitude and 29° inclination), on opposite sides
of the Earth, in order to get a simultaneous view of the entire
sky. Each satellite features a dome-shaped array of 25 Gamma-
ray detectors (GRD) and eight Charged particle detectors
(CPD). The GRDs are composed of a LaBr; crystal and silicon
photomultiplier tube (SiPM) array, covering an energy range
from 6 keV to 5MeV (An et al. 2021). The CPDs are used to
monitor the flux of charged particles on the GECAM orbit and
help distinguish between astrophysical events and charged
particle events. The CPDs use plastic scintillators combined
with SiPM, covering an energy range of 300 keV-5MeV (Xu
et al. 2021). In case of a trigger, the flight software (Zhao et al.
2021) catches the in-direction and provides a preliminary
classification to the source, which will be downlinked as a
trigger alert to the ground. In order to carry out rapidly follow-
up observations at other wavelengths, a real-time downlink of
the alert data is required. Considering the current status of the
real-time downlink resources in China, GECAM adopts the
global short message communication service (Li et al. 2021a)
of BeiDou-3 navigation satellite system (Yang et al. 2019) to
downlink the trigger alert data to the ground. GECAM is the
first satellite to use the BeiDou-3 global short message service
on board and the first space astronomy satellite in China
capable of real-time downlink.

The GECAM Scientific Ground Segment (Chen et al. 2020;
Zheng et al. 2024) thus includes a section that is devoted to
process the BeiDou short messages upon their arrival. In the
following, we describe the onboard triggering and data flow in
Section 2 and the real-time burst alert system in Section 3. We
report the in-flight performance of the first year in Section 4.
Finally, in Section 5 we give a summary.

2. Onboard Triggering and Data Flow
2.1. In-flight Trigger and Localization

The GECAM In-flight Realtime Trigger and Localization
software (GIRTLS) (Zhao et al. 2021) continuously monitors
the background count rates of all GRDs for significant
increases on different energy ranges and timescales, to detect
GRBs and other short-timescale transients. The background is
accumulated over 20 s pre-trigger, excluding the most recent
5's (in default). The event data are binned to 50 ms and eight
energy channels, which means that the trigger timescales are
defined as multiples of 50 ms until reaching 4 s. Except for the
50 ms timescale, all of the triggers include two phases offset by
half of the time bin. GECAM supports 64 different trigger
algorithms, each of which comes with an adjustable threshold.
The trigger algorithms currently implemented include five
energy ranges and seven timescales, a detailed description of
the 64 algorithms can be found in Zhao et al. (2021). A trigger
is only generated when at least three detectors exceed the
threshold at the same time. When there is a trigger, the GIRTLS
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gives an approximate location to the source using the relative
rates recorded in the 25 GRDs that accumulated on 4
timescales. Besides GRBs, there are other events, such as
solar flares and charged particle events that can trigger the alert,
so the GIRTLS further performs a classification by using the
count ratio between CPD and GRD, the localization, the
hardness ratio, and the geographic location of the satellite to
identify the type of source.

Once triggered on board, the GIRTLS produces the trigger alert
data that are downlinked to the ground via BeiDou short message.
The trigger alert data includes information on the trigger
significance, the burst spectrum, on-board localization and
classification, and light curve for improving ground localization.
There are two algorithms to localize the burst on the ground: one
using the relative count rates from the 25 GRDs, which requires a
relatively long-time light curve from each detector; the other one
using the time delay of the burst between the two satellites, which
operates on high temporal resolution light curves (Xiao et al.
2021). Due to the limitation of capacity of single BeiDou short
message (560 bits per message) and downlink capacity of the
BeiDou system (Li et al. 2021a), the high temporal resolution light
curve is only generated for short bursts that are believed to be
related to neutron star mergers (Goodman 1986).

There are two types of trigger alert data: long trigger and
short trigger. If the count rate exceeds the threshold at 4 s and
20 s post-trigger, the trigger will be identified as long trigger.
Each long trigger is comprised of 31 BeiDou short messages.
The first two messages contain the most important parameters
for the rapid follow up observations, i.e., trigger time, burst
localization, classification and spectrum, satellite position and
attitude at trigger time, with backups. The 3rd and 4th
messages contain light curves from three GRDs with the
highest and lowest trigger significance, which is binned by
different trigger timescales and energy ranges. The light curves
provide a quick view of the burst. The 5th message contains the
light curve of eight CPDs, covering from 30s prior to 180s
following the trigger time, which is used to distinguish particle
events from GRBs. The 6th to 30th messages store the light
curves from each GRD from ~50 s before the trigger (divided
into eight time bins) to 185 s after the trigger (divided into 22
time bins) and are binned by timescales from 50 ms to 50s,
with shorter timescales close to the trigger time. The last
message gives the satellite attitude which lasts 120 s after the
trigger time. The BeiDou short messages transmit every 17 s
and take about 10 minutes to finish all 31 messages.

The difference between the short and long trigger alert data
is that the short trigger includes a combined high-resolution
(0.4 ms in default) light curve from 25 GRDs with 2500 bins.
Each short trigger contains up to 31 short messages, depending
on the size of the light curve after compression. The first two
messages are the same as the long trigger. The rest of the
messages are the compression method and the compressed light
curve.
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2.2. On-ground Analysis

After being received by the National Space Science Center
on ground, the BeiDou short message is forwarded to Scientific
Ground Segment at the Institute of High Energy Physics and
ingested into the Burst Alert System (BAS). The BAS is
developed to process the trigger alert data in real-time and
transmit the locations and other important information to the
astronomy community via the standard communication channel
(e.g., the GRB Coordinates Network (GCN)®). The types of
GECAM notices generated by the BAS are listed below.

1. GECAM FLIGHT: trigger time, trigger energy range,
trigger significance, on-board localization (R.A. and decl.),
ground refined classification (see Section 3.1), ~1 minute after
trigger.

2. GECAM GROUND: ground localization (R.A. and decl.,
see Section 3.2) and classification (see Section 3.1),
~10 minutes after trigger.

The notices are sent only if the BAS classified the trigger as
an astrophysical transient, such as a GRB. Since 2021 July 15,
we sent a total of 323 notices in 2021, of which 156 were flight
and 167 were ground, containing 205 triggers.

The BAS provides a refined classification by using an
updated algorithm (see Section 3.1). Due to the limitation on
memory and computational resources on board, the GIRTLS
uses a coarser sky grid (3072 grid points), three pre-defined
templates (soft, normal and hard spectra in Band function), and
an averaged pre-burst background level to localize the source.
Compared to GIRTLS, the BAS provides improved locations
by applying a finer sky grid, fitting the burst spectrum, and
estimating the background with pre- and post-trigger data (see
Section 3.2) or with the time delay calculated based on the
Modified Cross-correlation Function (Li—-CCF, Xiao et al.
2021) when a burst is observed by both satellites, or GECAM
and other satellites (see Section 3.3).

Moreover, GECAM produces time-tagged event data that are
transmitted via the X-band ground station. The X-band data are
not downlinked in real-time like the alert data, but delayed up
to several hours based on the passages over the station. The X-
band data are used to determine the final characteristics of the
bursts. The continuous event data also enhances the ground-
based searching for untriggered GRBs by using the coherent
search method, which was initially applied to Insight-HXMT
(Cai et al. 2021).

3. The Burst Alert System (BAS)
3.1. Re-classification of the Trigger

GECAM will detect GRBs, solar flares, particle events, soft
gamma repeaters (SGRs) and earth occultation of bright
sources (e.g., Sco X-1). The GIRTLS in-flight uses the

8 See http://gen.gsfc.nasa.gov /gen.
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background-subtracted counts ratio between CPD and GRD to
identify particle events and further uses the event localization
(the error box is 20) and hardness ratio to distinguish known
sources. Hence, it is only valid when the background is
correctly estimated and a precise location is obtained.

On the other hand, the BAS on-ground provides a refined
classification to each trigger. The relevant data applied are
event localization, hardness ratio, count rate of CPD, count
ratio of CPD and GRD, the location of the spacecraft, and
Mcllwain magnetic L coordinates. Particle events occur
predominantly in trapped particle regions, mostly in the entry
or exit of the South Atlantic Anomaly (SAA) region, or at high
L values. Thus, they are identified when three of the following
four conditions are met: spacecraft geographic location, L
value, CPD count rate and the count ratio between CPD and
GRD. Like in GIRTLS, the BAS compares the event location
with the Sun and other known sources, e.g., SGR 1935+2154,
with the error box set to 30 of the location error and includes
the systematic error. If the hardness ratio is in the predefined
range, and the source (the Sun and other known sources) is not
occulted by Earth, the event is classified as a solar flare or burst
from known sources. Events which are located near the galactic
plane and have a hardness ratio above one will be classified as
generic sources. GECAM can also be triggered by bright
sources rising from the Earth’s limb, and this can be easily
identified since the occultation time for each source can be
calculated precisely.

3.2. Ground Localization Using Relative Rates
3.2.1. Background Estimation

The BAS performs background fittings after the BeiDou
short messages are complete. The method applied here is
recursive non-parametric regression, similar to what is adopted
by Fermi-GBM RoboBA (Goldstein et al. 2020). First, we fit
the data from —49.1 to —4.1s (divided into four time bins,
binned by timescales from 5 to 20 s) pre-trigger and 5-185 s
(divided into ten time bins, binned by timescales from 5 to 50 s)
post-trigger by a polynomial function up to second order for
each GRD, respectively. When at least four detectors exceed
the predefined signal-to-noise ratio thresholds, the corresp-
onding bins will be removed from the background. The
regression will perform repeatedly on the remaining time bins,
until the recursive process converges (see Figure 1). When
there are less than two bins at pre-trigger or post-trigger, the
BAS cannot perform background fitting, and the background is
thereby averaged by pre-trigger. This usually happens during
extreme background fluctuation, i.e., the satellite is close to
SAA, or when the burst duration is abnormally long. There are
6 out of 37 GRBs’ which failed to fit the background. Five

® GECAM detected 42 GRBs in 2021, but 5 of which dropped the data

packets. see Section 4.1.
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Figure 1. Background selection for GRB 211102B (upper panel) and a bright burst from SGR J1935+2154 (TO = 2021 September 11 05:32:38.65 UT, lower panel).
Shown is the data of one GRD in the 15-1020 keV energy range. The orange filled region shows the data chosen to perform the fit and the red line is the background

estimate.

failures result from the long burst duration, the other one is
caused by the background fluctuation. The BAS has a success
rate of about 84%.

3.2.2. Spectrum Fit and Localization

The GECAM on-board localization system operates on three
spectral templates, which leads to an inaccurate localization if
the spectral templates mismatch with the actual spectrum.
Ideally, this can be corrected by simultaneously fitting the
spectrum and location (Burgess et al. 2018). However, the

small number of time and energy bins of the trigger alert data
are not suitable for this fitting. Thus, one needs to fit the
spectrum and location iteratively. The burst spectrum is a
combination of the three detectors with the highest trigger
significance. These detectors usually have a similar incidence
angle and therefore response. We added their response files.
First, we generate the response file using the on-board location
and fit the spectrum with the Band function and cut-off power-
law model (see Figure 2). Then, we construct the template for
each detector in 15-1020 keV range over 12,288 grid points in
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Figure 2. An example (GRB 211204C) of the burst spectrum. Data from GRD 15, 23, and 24 are used. The best-fit model (black solid line) and data are shown in the
upper panel, the residuals are shown in the lower panel.
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Figure 3. An example (GRB 210520A) of the full sky map of the localization. The localization posterior is shown with a red gradient. The detector pointings at the
time of the trigger are shown as light gray circles for all 25 GRDs (Note that the size of the circles do not represent the field of view of the detectors, only the pointing
of the detector normal). The Galactic plane is shown as a black line with a circle denoting the Galactic center. The Earth occultation is shown in blue, and the Sun and
Moon are shown in yellow and blue—gray, respectively. Additionally, several bright sources are shown in different colors.

the payload coordinates,
parameters.

with the best-fitting model and
These are compared to the observed counts

accumulated in the 25 GRDs, to find a X2 minimum. The
position is converted to equatorial coordinates using the

spacecraft attitude. The new position is used as input for the
next iteration, until the position converges. A full sky
HEALPix map of the localization is then produced, see
Figure 3 for an example.
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Figure 4. An example (SGR J1935+4-2154, TO = 2021 February 16 22:20:39.650 UT) of the high time resolution (1 ms) light curve. Shown is the sum of the data from
all GRDs.
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3.3. Ground Localization using Time Delay Method spacecraft positions. The time delay and its uncertainty are usually
calculated by the cross-correlation function (CCF). However,

In addition to the spectral fitting method, GRBs can also be when the classic CCF method is applied to locate GRBs for low-
located via the time delay method or triangulation technique orbit satellites, the localization region becomes too large to give
(Laros et al. 1997). When a GRB arrives at two spacecraft, it can effective constraints. To make an improvement, Xiao et al. (2021)
be localized to an annulus characterized by the time delay and proposed an improved time delay localization method based on a



Research in Astronomy and Astrophysics, 24:104004 (12pp), 2024 October

Huang et al.

-%-- GRBs — SGRs XRBs
i
20¢ Iy
I
I
I
I
P
H \
15+ H
oo
oo
e L
g ! i
5 ! i
a 1 i
é 10f ," i
3 / i *
H \ s
! i /
] i s/
I i Y
n / \
5 * VAR i * ! *
P \ "4 3 [ N ’
w i N “
- Re g
demmmmmm *” 2 AN \ NN
\\ ,‘—‘—\4 ’ e ‘\
B / * \i N
0 A T — 4 4] 7 A J—
1 2 3 4 5 6 7 8 9 10 11 12

Month

Figure 6. Monthly bursts for year 2021. GECAM-B detected 42 GRBs (green star), 32 SGRs, 31 of them are from SGR 193542154 and the other one is from SGR
J1555.2-5402 (blue square), and 1 XRB from 4U 0614+09 (light blue triangle) in 2021.

Modified Cross-correlation Function (MCCF, Li—CCF) (Li et al.
1999), from which it provides an accurate time delay from the
high time resolution light curves.

Once all the short trigger alert data are received, BAS
decompresses it to obtain a high time resolution light curve (see
Figure 4). If a burst is observed by both satellites, the light
curves are sent to the MCCEF localization algorithm. Xiao et al.
(2021) provide a full description of the algorithm and an
estimate of the uncertainty (1o: less than 0°3). Consequently,
the annulus is excluded by the Earth occulted part and
combined with the localization derived by comparing the count
rates from different detectors (Xiao et al. 2022).

Because GECAM-A has not turned on yet (see Section 4),
there are no GRBs or other bursts that have been localized with
this method by the two GECAM satellites. However, we have
applied this method to locate a burst from SGR 1935+2154
observed by GECAM-B, Fermi-GBM, and INTEGRAL/API-
ACS (Xiao et al. 2021). The half-width of the annulus region
obtained by GECAM-B and Fermi-GBM is 074 (10).

4. In-flight Performance

The two GECAM satellites were co-launched on 2020
December 10 (Beijing Time) (Li et al. 2021b). GECAM is
scheduled to work in a survey mode, where the GECAM points
opposite to the Earth. Because of the power issue, GECAM-B
was set to the “pointing” mode with the solar panel orienting
toward the Sun since 2021 January 14, in order to provide the
maximum energy to the spacecraft. Unfortunately, at the date
of this writing, GECAM-A failed to turn on the payload, due to

Table 1
The Number of Events Classified by GIRTLS, BAS, and BA

Event Classified by BA

Known
Classified As GRB Source Others
SGR XRB
GIRTLS GRB 666 42 32 1 591
Known Source 185 185
Occult 7 7
BAS GRB 288 34 5 249
Known Source 25 25
Generic Source 8 8
Solar Flare 89 89
Occulta 174 174
Particles 141 141
Instrument Effect 133 2 1 130

Note. Others include solar flares, particles, occulta and instrument effect.

a power supply issue. GECAM-B works for about 10hr
per day.

4.1. Trigger Statistics and Analysis

During its first year (2021) of operation, GECAM was
triggered 858 times'® on a variety of transient events in flight

10 GECAM was initially triggered 1029 times in flight. Due to the dropped
data packets during the real-time communication stream, we received only 858
triggers. See Section 4.2 for details.



Table 2

List of 42 GRBs Triggered on-board of GECAM

Flight Location

BD Ground Location

Reference Location

GRB Name Trigger Time  Duration HTR LC" Reference Source

uT) RA.(°®) Decl.(®) Err(® RA.(°) Decl(®) Er(® RA.(°) Decl(°
GRB 210120A  07:10:48.550 Long N 151.4 55.3 32 171.8 9.4 10.1 163.18 15.40 MASTER (Lipunov et al. 2021a)
GRB 210126A  10:00:10.600 Long N 106.1 -56.3 6.1 112.9 —53.3 52 90.2 —66.0 BALROG (Kunzweiler et al. 2021)
GRB 210204A  06:30:00.600 Long N 123.0 5.1 33 1213 8.3 3.2 117.08 11.41 Swift-XRT (Kennea et al. 2021)
GRB 210228A  06:38:32.600 Long N 85.6 —42.5 1.8 85.5 —41.8 2.1 P
GRB 210307B  05:56:39.100 Short N 125.6 17.5 7.3 131.8 13.2 15.9 B
GRB 210317A 09:08:28.550 Long N 157.1 —70.1 24 153.2 —68.1 2.8 154.2 —64.9 Fermi-GBM (Fermi GBM Team 2021a)
GRB 210330A  12:45:46.600 Long N 168.9 —48.8 4.7 164.3 —55.6 33 ..P
GRB 210401A  23:21:14.350 Long N 269.6 —33.6 5.5 272.0 -37.7 3.9 263.1 -31.6 Fermi-GBM (Fermi GBM Team 2021b)
GRB 210409A  21:28:27.950 Long N 69.4 —59.3 2.8 70.9 —58.3 3.0 B
GRB 210413A 01:07:25.600 Long Y 68.6 11.3 3.6 63.6 8.4 7.4 P
GRB 210425A  07:07:04.200 Short Y 67.5 —51.8 2.7 66.8 —50.1 12.3 0
GRB 210427A  04:57:13.100 Long N 175.3 -59.9 5.8 160.1 —69.1 1.8 177.79 —52.87 IPN (Hurley et al. 2021a)
GRB 210511B 11:26:40.600 Long N 318.0 59.5 32 320.3 60.1 3.7 31291 58.38 IPN (Hurley et al. 2021b)
GRB 210520A  19:07:03.550 Long N 129.0 —72.0 5.6 126.5 —72.9 5.8 123.0 —69.4 Fermi-LAT (Di Lalla et al. 2021)
GRB 210602B  20:46:04.400 Long Y 192.0 —54.4 24.5 165.1 —62.8 19.5 P
GRB 210606B  22:41:08.100 Long N 85.5 —16.5 1.0 87.8 —18.3 1.4 87.99 —16.69 IPN (Hurley et al. 2021c)
GRB 210619B  00:00:00.950° Long N 3347 28.6 31.0 318.8 29.2 7.4 319.71 33.85 Swift-XRT (D’Avanzo et al. 2021)
GRB 210622B 10:33:02.600 Long Y 123.9 —13.8 4.8 .4 126.5 —13.1 Fermi-GBM (Fermi GBM Team 2021c¢)
GRB 210627B 17:57:21.550 Long N 235.3 0.6 3.6 -4 230.5 -5.9 BALROG (Biltzinger et al. 2021a)
GRB 210719A  02:24:59.500 Long Y 73.8 50.7 4.0 74.8 51.4 5.5 ..P
GRB 210822A  09:18:18.000 Long N 310.3 4.5 1.0 298.3 1.0 1.2 304.44 5.28 Swift-XRT (Page et al. 2021)
GRB 210827B 10:10:16.600 Long N 305.31 —16.4 6.2 307.5 —19.2 35 305.1 —-17.3 BALROG (Burgess et al. 2021)
GRB 210909B  20:02:33.600 Long N 358.7 —74.9 1.1 -4 -0
GRB 210919A 00:28:33.800 Short Y¢ 91.2 46.5 6.5 ... 80.25 1.31 Swift-XRT (Goad et al. 2021)
GRB 210925A  19:12:34.600 Long Y 357.8 —24.6 35 - —347.4 -17.1 Fermi-GBM (Fermi GBM Team 2021d)
GRB 210926A  20:52:28.250 Long N 351.5 —18.2 2.9 351.9 —23.6 7.1 ...P
GRB 210927B 23:54:45.600 Long Y 240.3 69.5 9.9 249.6 70.4 33 263.02 73.77 IPN (Kozyrev et al. 2021a)
GRB 211022A  00:47:28.100 Long N 149.1 —57.6 32 164.5 —50.6 2.5 161.61 —51.01 IPN (Kozyrev et al. 2021b)
GRB 211102B 14:05:35.350 Long N 303.4 —4.6 2.8 298.1 29 2.4 315.4 1.5 BALROG (Biltzinger et al. 2021b)
GRB 211105A  04:35:20.200 Long N 68.5 —68.0 2.6 81.9 —57.4 1.3 B
GRB 211109C  07:51:02.200 Long N 169.1 —61.8 8.2 183.6 —55.8 5.6 ..P
GRB 211110A 03:26:29.600 Long N 61.2 —29.5 42 64.5 -30.3 54 .0
GRB 211120A 23:05:20.600 Long N 311.3 41.3 1.0 305.0 41.4 1.3 315.14 42.86 IPN (Kozyrev et al. 2021c)
GRB 211204C  21:37:00.250 Long N 3328 52.7 22 334.1 55.1 1.6 338.95 52.17 IPN (Kozyrev et al. 2021d)
GRB 211211B  21:48:43.050 Long N 225.2 55.3 35 225.8 522 3.8 228.1 484 Fermi-GBM (Fermi GBM Team 2021e)
GRB 211216A  06:45:56.050 Long N 57.2 —63.0 5.7 59.1 —56.0 2.3 51.0 —62.2 BALROG (Biltzinger et al. 2021c)
GRB 211216B 13:21:08.550 Long N 106.2 45.5 5.8 102.0 49.6 4.6 100.8 60.1 Fermi-GBM (Fermi GBM Team 2021f)
GRB 211217A  07:04:30.550 Long Y 356.8 24.1 8.2 52 26.9 10.9 P
GRB 211223A  02:41:18.900 Long N 316.0 —28.9 5.6 320.2 —30.7 4.4 ..P
GRB 211229A  03:30:05.200 Long Y 302.7 27.6 8.7 302.1 30.9 10.5 295.04 23.13 Swift-BAT (Tohuvavohu et al. 2021)
GRB 211229B 22:18:43.150 Long N 179.3 —25.1 2.9 176.6 —243 1.8 185.0 —18.4 Fermi-GBM (Fermi GBM Team 2021g)
GRB 211231A 07:00:35.050 Long N 292.3 —5.8 2.7 289.6 —16.4 2.7 2922 —24.9 Fermi-GBM (Fermi GBM Team 2021h)

Notes.

4 HTR LC: High temporal resolution light curve. There are 10 out of 42 GRBs, which had this light curve.

® No other detection or location.

¢ The bursts have multiple peaks. GECAM triggers at the latter peak. The trigger time of GECAM is 2021-06-20T00:00:00.950.

4 No ground location due to dropped data packets.

¢ We do not receive the high temporal resolution light curve from BeiDou due to the dropped data packets.
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Figure 7. Sky distribution of triggered GRBs by GECAM in-flight from 2021, in celestial coordinates. Crosses indicate long GRBs; asterisks indicate short GRBs.
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Figure 8. The fraction of GECAM in-flight (42 GRBs) and ground (37 GRBs) localizations lying within a given offset from the real position. The vertical dotted—

dashed line indicates the 68% containment radius.

(see Figures 5 and 6): 42 of these are verified as GRBs, 32 as
bursts from SGRs, 1 as Type-I X-ray burst (XRB) from X-ray
binary 4U 0614409 (Chen et al. 2022), and 783 as others
(solar flares, charged particles, earth occultation, or instru-
ment effect) by Burst Advocate (BA). Table 1 shows the
number of events classified by the GIRTLS, BAS, and BA.
For example, 666 triggers are classified as GRBs by the
GIRTLS. Among them, 42 are “real” GRBs, 32 are SGRs, 1
is an XRB, and 591 are Others. The GIRTLS has a 100%
success rate classifying GRBs, but only a 24% success rate of
not identifying other events as GRBs. Compared to GIRTLS,

288 triggers are classified as GRBs by the BAS, and 34 of
these are “real” GRBs. Eight “real” GRBs were misclassified
as Generic sources by the BAS, as they were located near the
galactic plane. The BAS has an 80% success rate classifying
GRBs, and a 70% success rate of not identifying other
events as GRBs. Most of those mis-classified as GRBs are
particle events and instrument effects. We will continue to
investigate additional improvements to the classification
algorithms.

The monthly trigger statistics over the first year of the
mission is shown in Figure 5. The higher rate of triggers in the
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Figure 9. Histogram of the time delays between the trigger time and the receiving time of the first or second short message of the trigger.
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Figure 10. Total number (blue) of messages and lost messages (red) per day.

beginning six months is due to the temperatures of the SiPM
exceeded the design specifications (—20°C #+ 3°C) when the
spacecraft adjusted its attitude mode. This leads to an increase
of the thermal noise and may give false triggers. The SiPM is
also prone to significantly increased thermal noise caused by
on-orbit radiation damages, thereby decreasing its signal-to-
noise ratio. This is clearly suggested by a significant decrease

10

in the rate of detected triggers on the occulation of Sco X-1
after April, which has a soft spectra (see Figure 5). Thus, we
raised the low-energy threshold of GRD on 2020 December 30,
2021 January 5 and 18, and 2021 February 19, and the current
low-energy threshold of GRD is about 15 keV. In addition, on
2021 January 27, we presented the first report of the
reactivation of SGR J1935+2154 (Huang et al. 2021).
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GECAM also detected a series of bursts from this source in
July and September of 2021.

Table 2 summarizes all 42 in-flight triggered GRBs from the
first year’s operation of GECAM. Figure 7 shows the sky
distribution of the GRBs in celestial coordinates. There are 27
GRBs that are localized by other instruments (e.g., Swift-BAT,
Fermi-GBM) or the IPN. These reference locations are also
listed in Table 2. Figure 8 shows the fraction of GECAM in
flight and ground localizations within a given offset from the
reference location. The vertical dotted—dashed line shows that
68% of the reference locations are contained in a ~9° region
for both in-flight and ground locations.

4.2. BeiDou Short Message Performance

The performance of the BeiDou-3 short message service is
presented in this section. The time latency and the success rate
of message transmission are given.

Figure 9 shows the time delay between the trigger time and
the receiving time of the first or second short message of the
trigger. The average time delay is 45 s and the minimum time
delay is 25s. About 95% of the triggers have time delays of
less than 67 s. This is necessary for follow-up observations and
has led to several observations, e.g., Lipunov et al. (2021b),
DeLaunay et al. (2021). The time delay includes two parts. The
first one is the delay from on-board signal processing. For short
triggers, it takes ~5s to process the data, while for long
triggers, it takes about 20s. The second one is the delay
between the message sending on-board and receiving on
ground via the BeiDou short message service. Since the
message is transmitted every 17 s, there will be an extra 17s
delay if the previous message failed to be received.

The BeiDou short messages are not only transmitted in real-
time, but also stored in the on-board storage and transmitted via
the X-band ground station. We can thereby estimate the success
rate of transmissions by comparing the data from the two
methods. Figure 10 shows the total number and the lost number
of BeiDou short messages per day in 2021. Around January 15,
most of the messages failed to be transmitted due to the attitude
of the satellite. Because of the power supply issue, the satellite
has to be frequently turn-off, which makes some messages fail
to be timely sent before the satellite shut down. Regardless of
the satellite status, the success rate is 94.6%, which is
consistent with the official result given by the BeiDou system
which has a theoretical and test success rate of 95% and 97.1%
(Li et al. 2021a).

5. Conclusions and Perspectives

GECAM is China’s first transient explorer with a real-time
alert system, which is capable of distributing GRB coordinates
to ground observers within minutes using the BeiDou-3 short
message service. During the first year of operation, GECAM
had been triggered 858 times in flight, of which 42 are GRBs.

Huang et al.

The BAS processes the trigger alert data and provides refined
classifications and localizations. The burst alert data can be
transmitted to our collaborations within ~1 minute. As of this
writing, we are also collaborating with the GCN team on
disseminating the notices via GCN. The in-flight performance
shows that GECAM real-time BAS based on the BeiDou-3
short message service operates stably and efficiently. It has
been applied to the subsequent GRB mission High Energy
Burst Searcher, which is a gamma-ray burst monitor on-board
an experimental satellite to be launched in 2022 (Xiao et al.
2022).

GECAM mission aims to detect and localize GRBs
associated with GW events. However the low luminosity and
flux of GRB 170817A suggest that a population of short GRBs
may be missed due to the lack of on-board triggers. In addition
to the automated flight triggers, GECAM will also provide a
targeted coherent search for GRBs associated with GW events,
and search the sub-threshold short GRBs which can be used to
search for low-significance GW signals. Moreover, further
efforts are being made to improve the ground localization,
classification, and automatic alerting procedure. GECAM is
going to play a crucial role in the LIGO, Virgo, and KAGRA
forthcoming fourth observing run (O4) to search for and
characterize the EM counterparts of GW events. It is also
necessary to fully exploit the scientific potential of neutrinos
and fast radio bursts, since these events also require high-
energy EM observations for identification and further study.
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