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Abstract

We report the properties of more than 800 bursts detected from the repeating fast radio burst (FRB) source FRB
20201124A with the Five-hundred-meter Aperture Spherical radio Telescope (FAST) during an extremely active
episode on UTC 2021 September 25-28 in a series of four papers. In this second paper of the series, we study the
energy distribution of 881 bursts (defined as significant signals separated by dips down to the noise level) detected
in the first four days of our 19 hr observational campaign spanning 17 days. The event rate initially increased
exponentially but the source activity stopped within 24 hr after the 4th day. The detection of 542 bursts in one hour
during the fourth day marked the highest event rate detected from one single FRB source so far. The bursts have
complex structures in the time-frequency space. We find a double-peak distribution of the waiting time, which can
be modeled with two log-normal functions peaking at 51.22 ms and 10.05 s, respectively. Compared with the
emission from a previous active episode of the source detected with FAST, the second distribution peak time is
smaller, suggesting that this peak is defined by the activity level of the source. We calculate the isotropic energy of
the bursts using both a partial bandwidth and a full bandwidth and find that the energy distribution is not
significantly changed. We find that an exponentially connected broken-power law function can fit the cumulative
burst energy distribution well, with the lower and higher-energy indices being —1.22 £ 0.01 and —4.27 £ 0.23,
respectively. Assuming a radio radiative efficiency of 7, = 10~*, the total isotropic energy of the bursts released
during the four days when the source was active is already 3.9 x 10*® erg, exceeding ~23% of the available
magnetar dipolar magnetic energy. This challenges the magnetar models which invoke an inefficient radio
emission (e.g., synchrotron maser models).
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1. Introduction

Fast Radio Bursts (FRBs) are short-duration bright transients
in radio band. Since the first discovery (Lorimer et al. 2007),
more than 600 FRB sources have been detected (Petroff et al.
2016; CHIME/FRB Collaboration et al. 2021). While most of
the FRBs were detected once, more than 20 sources have been
observed to emit repeated bursts.'"' Whether FRBs can be
divided into repeaters and non-repeaters is still an open
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question. The engine to power FRB sources and the physical
mechanism to generate coherent radio emission are subject to
intense study (Zhang 2020).

Emitted energy is a fundamental property of FRBs. For the
FRB population, the luminosity function is usually assumed to
be a power law function with an exponential high-energy cutoff
(also called Schechter function, Schechter 1976). In the
literature, the power law index « of the Schechter luminosity
function (dN/dL) has been constrained by different groups
using different FRB samples (Lu & Kumar 2016, 2019;
Bhandari et al. 2018; Luo et al. 2018, 2020; Macquart & Ekers
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2018; Golpayegani et al. 2019; Zhang et al. 2021; Hashimoto
et al. 2022), with « constrained to the range from —1.5 to —2.2.
Lu et al. (2020) showed that an index ~—1.8 can account for
FRBs down to the low-luminosity Galactic FRB 200418. The
observed FRB population is a convolution of the luminosity
function and redshift distribution. For sources in Euclidean
geometry with constant space density, the observed fluence
distribution should follow a power law distribution with an
index —1.5 (Vedantham et al. 2016). As cosmological sources,
FRBs’ spatial distribution deviates from this simple law and the
unknown redshift distribution may play a role in shaping the
observed population. If the progenitors of FRBs are young, the
number density of FRBs should track the cosmic star formation
history (Madau & Dickinson 2014; Nicholl et al. 2017) toward
redshift about z ~ 2. Some studies have demonstrated that the
FRB samples show the trend of deviating from the star
formation history (Hashimoto et al. 2020b; Arcus et al. 2021;
Zhang et al. 2021; James et al. 2022). In particular, the
Canadian Hydrogen Intensity Mapping Experiment (CHIME)
first catalog sample seems to suggest a redshift distribution that
is delayed from the star formation history (Hashimoto et al.
2022; Zhang & Zhang 2022), hinting that a good fraction of
FRB progenitors are likely old, with the number density
decreasing toward high redshift. In any case, various studies
confirmed that the derived luminosity/energy functions are
consistent with each other regardless of the assumption of
redshift distribution (Lu & Kumar 2016, 2019; Bhandari et al.
2018; Luo et al. 2018; Macquart & Ekers 2018; Golpayegani
et al. 2019; Luo et al. 2020; Zhang et al. 2021; Hashimoto et al.
2022; Zhang & Zhang 2022).

For repeating FRBs, the energy/luminosity functions of
individual sources with hundreds of bursts can be studied in
great detail. Detailed studies on the two well-known sources
FRB 20121102A and FRB 20180916B suggested that they can
be modeled by a power law function with the power law indices
ranging from —2.8 to —1.7 for bright bursts (Law et al. 2017,
Gourdji et al. 2019; Wang & Zhang 2019; CHIME/FRB
Collaboration et al. 2020; Aggarwal et al. 2021; Cruces et al.
2021). These results can imply some differences for the two
kinds of FRBs with respect to luminosity/energy functions
(Hashimoto et al. 2020a). Owing to the high sensitivity of the
Five-hundred-meter Aperture Spherical radio Telescope (FAST,
Nan et al. 2011), Li et al. (2021) revealed a detailed energy
function using more than 1600 bursts for the repeater FRB
20121102A. They found that the energy function cannot be
fitted with one single power law, but requires a two-component
model to fit the data. Besides the rough power law component in
the high-energy end, there exists a log-normal low-energy
component with characteristic values at ~4.8 x 10°” erg. It is
unclear whether such a feature is universal among repeaters.

FRB 20201124A was first discovered by the CHIME/FRB
Project on 2020 November 24 and entered a high-active period in
2021 March (CHIME/FRB Collaboration et al. 2021). Hundreds
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of bursts were reported during this period with a variety of
radio telescopes (Hilmarsson et al. 2021; Law et al. 2021;
Marthi et al. 2021; Xu et al. 2021; Kumar et al. 2022; Lanman
et al. 2022). In particular, our previous FAST observations
(Xu et al. 2021) detected 1863 bursts that revealed significant
short-term evolution of the rotation measure (RM). Multiple
independent follow-up observations with radio interferometers
localized this source to a host galaxy, which has a spectroscopic
redshift of z=0.0979, corresponding to a luminosity distance of
451 Mpc with h =0.7, Q4 = 0.7 and €2,, = 0.3 (Fong et al. 2021;
Piro et al. 2021; Nimmo et al. 2022; Ravi et al. 2022). Follow-up
observations using the Keck optical telescope revealed that the
host galaxy is a Milky Way-like, metal-rich, barred spiral galaxy
with the FRB source residing in a low stellar density, interarm
region at an intermediate galactocentric distance (Xu et al. 2021).
This source also shows its diversity in the burst properties, such
as extremely high brightness and complex structure (Marthi et al.
2021; Kumar et al. 2022), high degree of circular polarization,
variation in the polarization position angle (Hilmarsson et al.
2021; Xu et al. 2021; Kumar et al. 2022) and obvious
scintillation (Main et al. 2021). This previous active phase lasted
until the end of May 2021.

CHIME/FRB reported a new burst from FRB 20201124A on
2021 September 21."% Triggered by this event, we started to use
FAST to monitor this source since 2021 September 25. The
observations lasted until October 17 for a total of 17 days,
leading to the detection of more than 700 bursts during the first
four days. In this paper, we mainly focus on the energy
distribution of FRB 20201124A. The morphology, polarization
and periodicity search using the same set of data are discussed in
Paper I (Zhou et al. 2022), III (Jiang et al. 2022) and IV (Niu
et al. 2022a), respectively. Section 2 describes our observations,
burst detection and data reduction procedures. Section 3
elucidates the results of our analysis on the burst energies and
the energetics of this source. Section 4 discusses the comparison
of the luminosity/energy function between this source and other
sources. In Section 5, we present our conclusions.

2. Observations and Data Processing

The observations of FRB 20201124A were carried out from
2021 September 25 to October 17 with a total of 19 hr of observing
time, using FAST 19-beam receiver (Li et al. 2018; Jiang et al.
2020), which covers a frequency bandwidth of 1-1.5 GHz.

2.1. Burst Detection

The data recorded by FAST are in FITS format with 4096
frequency channels and a time resolution of 49.152 us. We first
perform de-dispersion processing on the time-frequency data
according to different DM values to construct new time-DM
data. We then use the trained object detection model to identify
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the arrival time and DM of the bursts in the data. According to
the DM value and burst arrival time, the data on pulse
candidates are cut from the original data, and a binary
classification neural network is utilized to determine whether
they are true bursts or false signals. We also searched for bursts
in dedispersed time series using a matched filtering algorithm
as implemented by the PRESTO program (Ransom 2001). We
combined the bursts detected by the two search methods as the
final sample.

2.2. DM Optimization

Since DM is the integral of electron density along the path,
we assume that the DM does not change significantly within an
hour. We first use a uniform DM value of 413 pc cm ° to select
the pulses detected in one day from the data. Under 8§ times
down-sampling of time, bursts with a signal-to-noise ratio (S/
N) greater than 10 are selected. We then change the DM trials
ranging from —5 to Spcem > from the central value for de-
dispersion to maximize the structure of all the burst profiles,
and reapply this DM value to all bursts on this day.

2.3. Flux Calibration

For each burst, we estimate the peak flux density with the
radiometer equation

SNR x Tiys

G n, x BW x tsamp’

where Ty is the system temperature and G is the gain of the
telescope, which is modeled as a function of the zenith angle
and observation frequency in Jiang et al. (2020), n, =2 is the
number of polarizations summed, f,mp is the sampling time
and BW is the bandwidth used for calibration.

Repeating FRBs tend to have a narrow emission bandwidth
compared with apparent non-repeating events (Pleunis et al.
2021). The bandwidth may be related to the telescope
sensitivity. For these narrow band bursts, usually the energy
is calculated using the flux density defined by the full
bandwidth to be multiplied by the full bandwidth. Alterna-
tively, the energy can be calculated using the flux defined with
the narrow band in which the burst is detected and multiplied
by this narrow band. We roughly estimate the emission
bandwidth of each burst by dividing the whole bandpass into
multiple 50 MHz sub-bands and identifying the sub-bands
containing burst emission. If the calculations are performed
correctly, the two methods should result in the same results. In
order to check this, we calculate S, using two ways. The first is
to assume that the burst energy is spread in the full bandwidth
of the telescope BW = 500 MHz for all the bursts. The second
is to use the true BW for each individual burst. When different
bandwidths are adopted, the noise level and the S/N of a pulse
change. Therefore, when utilizing the observed pulse

S, = (1)
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Figure 1. Observation and Detection of FRB 20201124A. A: the cumulative
distribution of burst detection. B: the burst count in each observation day. Gray
bars are the observation sessions without burst detection, and the red line traces
the exponential fitting of the burst detection. C: the length of each observation
session.

bandwidth for flux calibration, we recalculated the S/N and
the T,y and G of the corresponding frequency bandwidth.

3. Results
3.1. Rate and Waiting Time

During the 17 day observing campaign, we detected 35, 72,
232 and 542 bursts from FRB 20201124A in the first four days
respectively (i.e., from September 25 to 28), for a total of 881
bursts. The bursts are defined as significant signals separated by
dips down to the noise level in this paper.'® Properties of these
bursts are listed in the Appendix Table Al. The observation
and detection are depicted in Figure 1. The cumulative
distribution is plotted in the linear-logarithmic scale. The linear
line in the figure suggests that the accumulated number
increases exponentially with time. Interestingly, the bursts
suddenly disappeared the next day, which was unexpected. The
peak burst rate on the third and fourth day reached 232 hr™'
and 542hr', respectively, which exceeded all previously
reported burst rates from this and other repeating FRBs,
including 122 hr' (Li et al. 2021) and 218 hr™ ' (Jahns et al.
2022) for FRB 20121102A, 4.5 hr~ ' for FRB 20190520B (Niu
et al. 2022b) and 45.8 hr ™' for FRB 20201124A itself during
the previous active session (Xu et al. 2021).

Waiting time is defined as the difference between the arrival
time of two adjacent bursts. All the waiting times were

13 We note that the definitions of a burst are different among the four papers in
this series, because different groups adopted different criteria for the different
scientific purposes in the respective papers.
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Figure 2. Waiting time distribution of FRB 20201124A. The blue steps and red
line represent the distribution of waiting times and two log-normal fittings
respectively.

calculated in the same observation session to avoid the
observation gap of about 23 hr. The waiting time distribution
of FRB 20201124A is plotted in Figure 2, which can be well-
fitted by two log-normal functions peaking at 10.05 s and 51.22
ms, respectively. Note that the waiting time distribution of FRB
20201124A in the previous active period was also a bimodal
distribution, but the characteristic timescale of the second
(long-duration) peak was 135s (Xu et al. 2021). Our
observation suggests that this characteristic waiting time is
not universal within one source, but rather depends on the
activity level of the source. The bimodal form of waiting time
has also been found in FRB 20121102A (Aggarwal et al. 2021;
Li et al. 2021; Hewitt et al. 2022). The timescale of the second
peak varies also significantly for telescopes with different
sensitivities, with shorter waiting times for more sensitive
telescopes (which detect more bursts).

3.2. Energy Calculation

We calculate the isotropic equivalent burst energy following
the equation

2
E = 10%erg 4m ( Dy ) Fy ( Av ) )
1+ z\10%cm / \Jy - ms /\ GHz

where D; =453.3 Mpc is the luminosity distance of FRB
20201124A corresponding to the redshift z =0.09795 acquired
in Xu et al. (2021), F,, =S, x W, is the specific fluence, S, is
the peak specific flux and Av is the bandwidth of each pulse.
The adoption of Av is more relevant for narrow band FRBs,
which are typically the case for the bursts in repeaters. As
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Figure 3. Specific fluence and energy distribution. Energy is calculated by
Equation (2). Solid blue lines are distribution for full bandwidth, i.e.,
Av = 500 MHz, and red dashed lines are for observed burst bandwidth.

discussed in Section 2.3, we adopt two choices of BW to
calculate S, and compare the derived E values.

Figure 3(A) features the specific fluence (F,) and the energy
distribution of bursts calculated with Ay = 500 MHz and the
observed bandwidth for individual bursts. The specific fluence
derived using the observed narrow bandwidth is greater than
that derived assuming the full bandwidth. This is natural
because the definition of F, is the average over frequency
channels. Since the energy contained in the observed
bandwidth is similar to that in the full bandwidth but the
observed bandwidth is narrower than the full bandwidth, the
average value for the full bandwidth is smaller. Figure 3(B)
presents the energy distribution of the two methods after
multiplying by the respective bandwidth. It can be seen that the
derived energy distributions between the two methods appear
to be similar to each other, as is expected. The p-value from the
Kolmogorov-Smirnov (K-S) test of the energy distribution
calculated with two types of bandwidth is 0.35, which cannot
reject the hypothesis that the two energy distributions are
consistent with each other. Therefore, we conclude that the
energy calculation is not significantly affected by the adoption
of the bandwidth, and the normal method using the full
bandwidth to calculate the energy is reliable.
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Table 1
Energy Budget of Three Repeating FRBs

Name Ob Days Ob Times Total Observed Energy” Averaged Energy® Total Energy®
(day) Tobs (hr) Eradio (Cl‘g) I:rudio (erg Sil) Ebursls (erg)
FRB 20201124A 4 4 1.60 x 10" 1.11 x 10¥ 3.85 x 10%
FRB 20201124A-0928 1 1 1.02 x 104 2.84 x 10¥ 2.46 x 10
FRB 20121102A 47 59.5 3.41 x 10 1.59 x 10% 6.47 x 10%®
FRB 20190520B 11 18.5 1.10 x 10* 1.65 x 10% 1.56 x 10%
Notes.
4 Sum of the observed isotropic radio energies of all bursts.
® Defined as Eradio/ Tobs-
€ Evursis = Eradio X [(( = ObTimes/ObDays)™' x (n = 1075 x (F, = 0.1)].
Li et al. (2021) introduced the detection of 1652 pulses from . I A
FRB 20121102A with FAST and proposed a bimodal energy 1073
distribution. The calculation there follows Equation (9) from o 107 S !
. . . - ower-Law
Zhang (2018), which differs from Equation (3) by a constant VLi é s . { — Band Function
Av, if we calibrate the fluence both with the full bandwidth. 10 3 20201124A Energy CDF E
Aggarwal (2021) claimed that he recalculated the energy using 100§ 77 90% Completeness !
the bandwidth in Table 1 of Li et al. (2021), and the resulting 4] 1 Powerlaw Index a ;i B
distribution did not show a significant bimodality. As we have 3] ' o
demonstrated in Figure 3(A), the specific fluence varies greatly % i J
with the bandwidth selection. The calculation in Aggarwal E 2 : .‘_."
(2021) simply replaced v, with the apparent observed | oo°
bandwidth for individual bursts, but still used the fluence values . W
derived from the full bandwidth to do the calculation. Therefore 801 7 20201124 Energy PDF c
the calculations of Aggarwal (2021) resulted in incorrect results. —— Log-Normal
The bimodal energy distribution for FRB 20121102A as 60
claimed by Li et al. (2021) remains intact. =
S 401
3.3. Energy Distribution 20 -
Energy /luminosity function can provide important hints on
the emission mechanism of the source. As we demonstrated in 0 . r . :
1036 1037 1038 1039

the previous subsection, the use of limited bandwidth or full
bandwidth does not change the energy distribution. Therefore,
we uniformly use Equation (2) and the full bandwidth fluence
for energy calculation in the following analysis.

As affirmed in Figure 4(C), the energy distribution of FRB
20201124A also presents a clear bimodal distribution, which
can be well-fitted by two log-normal functions peaking at
2.27 x 10°7 erg and 2.28 x 10°® erg, respectively. This may
indicate the existence of more than one emission mechanism to
generate FRBs. The distribution of FRB 20121102A could be
also fitted by a similar double log-normal distribution
(Extended Data Figure 5 in Li et al. 2021), but the peak
energies are not the same for the two FRB sources.

!4 The method of Zhang (2018) applies to FRBs with emission bandwidth
much wider than the telescope’s bandwidth, which seems to be the case for at
least some non-repeating FRBs.

Energy (erg)

Figure 4. The energy distribution of FRB 20201124A. A: The cumulative
energy distribution of FRB 20201124A (blue) with Band function and single-
power law function fitting. B: The index of single-power law fitting as a
function of energy threshold. C: The energy distribution of FRB 20201124A
(blue) with two log-normal fittings.

For a power law energy/luminosity distribution dN /dE =
AE“®, the cumulative energy distribution can be calculated as

Enax Enax
N(>E):f dN:f AE“dE
E E
A A |po_ pi
_ [ELH—I _ E[;";;l] = —A[E” — E[gax]y (3)
—a —1 —Q

where En,x 1s the maximum energy for a certain sample, and
& = a + 1. One can see that, in general, the cumulative energy
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distribution is also roughly a power law with index &
being & < 0. Different types of astrophysical sources have
different & values. For example, solar flare events have
—0.9 < & < —0.5 (Maehara et al. 2015) and giant pulses of
the Crab pulsar have —2.8 < & < —1.1 (Mickaliger et al.
2012; Lyu et al. 2021). Different repeating FRBs are observed
to have different & values: e.g., —1.8 < & < —0.7 for FRB
20121102A (Law et al. 2017; Gourdji et al. 2019; Cruces et al.
2021), and & ~ —1.3 for FRB 20180916B (CHIME/FRB
Collaboration et al. 2020). For FRB 20201124A, & ~ —1.2
was measured for the uGMRT bursts (Marthi et al. 2021) and
& ~ —3.6 was measured for the CHIME bursts (Lanman et al.
2022). A broken power law was also used to model the
cumulative energy distribution of FRB 20121102A, and the
indexes & = —1.4 and B: —1.8 around the turning point
2.3 x 10°” erg (Aggarwal et al. 2021; Hewitt et al. 2022). The
bursts in our FAST sample also require a two-segment power
law, but the turning point is not obvious. Therefore, we apply
an exponentially connected broken-power law function (which
is called the Band function proposed by Band et al. (1993) to
describe the gamma-ray spectra of gamma-ray bursts), which
reads

AE® o(—E/Eo) E < (& — B)E,

N(>E) = AEé[(d — BE,
e

— B)E,

jo)

a3
[ e

“)

where & = a + 1 and B = [ + 1 are the power law indices of
the lower and higher cumulative energy distributions, and Ej is
a characteristic energy. Note that strictly speaking the
cumulative energy distribution of two log-normal functions
should have a complicated shape. The simple power law
function is insufficient. We therefore adopt the next simplest
function, i.e., a smoothly joined two-segment broken power
law function (the Band function) to fit it. As shown in Figure
4(A), this function fits the data reasonably well. In principle,
the turnover in the low-energy end of the low-energy log-
normal component would demand an additional break in the
function to fit the cumulative distribution and indeed there is a
deviation at the low-energy end between the data and fitting
function. In any case, when considering possible selection
effect near the sensitivity threshold (which would compensate
the deficit of low-energy bursts from the data), we believe that
the Band function presents a reasonable description of the
cumulative distribution function.

We exclude the bursts that are below the 90% detection
threshold (Eg, = 3.6 x 10°® erg), which make up 1% of the total
sample. We then randomly select 90% of the bursts in the
sample to generate a cumulative energy distribution. We repeat
this process 1000 times and fit these 1000 cumulative energy
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distributions with a power law function and the Band function.
The central limit theorem makes the fitting parameters
converge to a Gaussian distribution. We use the mean and
standard deviation of the Gaussian distribution as the standard
value and error of the fitting parameters. Figure 4(A) plots the
fitting results of the cumulative energy distribution. The power
law index is & = —0.08 £ 0.01. The index values in the Band
function are & = —0.22 £+ 0.01 and B = —3.27 + 0.34, with
the turning point at (1.1 +0.2) x 10*° erg. Note that the power
law indices and the break energy are all different from those
derived from the CHIME bursts. Considering the uncertainties,
the index of the higher energy end is consistent with the
CHIME result.

We repeat the fitting process with a varying energy
threshold. The index & of a single-power law function does
not converge to a single value in panel B of Figure 4. This is
another indication that a single power law distribution is
inadequate to describe the cumulative energy distribution of
this FRB source.

4. Discussion
4.1. Comparison with other Repeating FRBs

FRB 20121102A, FRB 20190520B and FRB 20201124A
are three repeating FRBs which have been extensively studied
by FAST. FRB 20121102A is the first known repeating FRB
(Spitler et al. 2014, 2016). FRB 20190520B is a repeating FRB
detected by Commensal Radio Astronomy FAST Survey
(CRAFTS) (Li et al. 2019; Niu et al. 2022b). Both FRB
20121102A and FRB 20190520B are found to be associated
with a compact persistent radio source (PRS) (Marcote et al.
2017; Chatterjee et al. 2017; Niu et al. 2022b). FRB
20201124A is also associated with persistent radio emission,
but it is not a point source and is rather extended in space (Piro
et al. 2021; Ravi et al. 2022). The FAST-measured energy
distributions of these three FRB sources can be directly
compared against each other to reduce the possible selection
biases caused by using different telescope systems. Figure 5
displays the energy distributions of the three FRBs in the form
of both power density function (PDF) and cumulative density
function (CDF). Both the PDF and CDF show that the energy
distributions of the three FRB sources are not consistent.

Table 1 lists the observed isotropic radio energy and the
inferred burst energy of the three FRBs. The total observed
energy E..qgio 1S the sum of all the observed burst energies in the
radio band, which is corrected to the total energy released
during the bursts via Equation (5).

Evursts = Eragio X Fp % 7771 X Cil, (5)

where Ey,. 1S the total energy emitted by the FRB source
during bursts, F}, is the beaming factor, 7 is the radio efficiency
which is normalized to ~107° (similar order to FRB
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Figure 5. Fluence and energy distribution of FRB 20201124A (green), FRB

20190520B (red) and FRB 20121102A (blue). A is the kernel density

estimation (KDE) of the three FRBs’ fluence. B and C are cumulative

distributions and KDEs of the three FRBs’ energy. The dashed lines are the

detection thresholds.

20200428) and ( is the observation duty cycle. For example,
the observations of FRB 20201124A this time were carried out
in four sessions over 4 days with 1 hr per session. The duty
cycle ¢ is therefore estimated as (4 x 1hr)/(4 x 24 hr) =1/24.

Compared with other repeaters, FRB 20201124A has the
largest averaged energy, especially on September 28. Taking the
nominal values of 7= 10" and F,, = 0.1, the total burst energy
released on September 28 reached (2.46 x 10% erg)nLF, ;.
Compared with the total dipolar magnetic energy of a
magnetar Emge = (1/6)B;R> ~ (1.7 x 10% erg)B; sR;, the
burst energy emitted on this day already exceeded
14.3% 77:;Fb,71 of the available magnetar energy. This raises
an even more severe energy budget problem compared with
FRB 20121102A (Li et al. 2021). This requires that the radio
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emission efficiency should be quite high for the magnetar model
or that the magnetar engine does not apply. For magnetar
models, since the synchrotron maser models invoking
relativistic shocks are quite inefficient, the data favor magneto-
spheric models for FRBs, which can have a higher efficiency as
observed in radio pulsars (Kumar et al. 2017; Yang & Zhang
2018; Lu et al. 2020; Zhang 2022). The synchrotron maser
model may be still relevant if the central engine is not a
magnetar, but rather an accreting black hole system (e.g.,
Sridhar et al. 2021), whose total energy budget is not limited by
the total magnetic energy of a magnetar.

4.2. Comparison of Different Burst Definition Schemes

To quantify the specific morphological characteristics of the
bursts, we differentiate two kinds of pulse profile classification
schemes. The first classification scheme is based on a judgment
of pulse flux threshold, taking the pulse profile above the
detection threshold as a separated burst. For conservative
considerations, we take the detection threshold using a 3¢ noise
level of the baseline due to the complicated effect on the actual
sensitivity, e.g., the bandwidth limited structure of the bursts
and radio frequency interference (RFI) events. This definition is
also the pulse definition used in previous work, and is the same
as the definition used for FRB 20121102A (Li et al. 2021) and
FRB 20190520B (Niu et al. 2022b). In the following text, we
call this definition Combined Bursts Definition (CBD).

For another method, we try to differentiate the bursts by
referring to the morphological clustering characteristics of the
pulses in the dynamic spectrum, which means that pulses that
can be distinguished in the time-frequency diagram are treated
as different bursts, like Figure 6. We call this definition
Separated Bursts Definition (SBD). As a result, the event in
Figure 6 contains two bursts under SBD but one burst under
CBD. All bursts under SBD are artificially isolated and flux
calibration is performed independently.

Figure 7(A) depicts the waiting time distribution of bursts
with SBD, which is still a bimodal distribution and can be
modeled with two log-normal functions peaking at 13.56 ms
and 10.05 s, respectively. The second peak time around 10 s is
consistent with the waiting time distribution of CBD. However,
the first peak time is significantly reduced. The distributions of
specific fluence and energy exhibit distinct distributions under
the two burst definitions. We apply the K-S test to check
whether the energies calculated from the two burst definition
schemes belong to the same distribution. The p-value is 0.2%,
meaning we could rule out the hypothesis that they were from
the same distribution. We also use the Band function to fit the
cumulative energy distribution of the bursts with SBD. The
index values in the Band function are & = —0.18 &£ 0.01 and
(8 = —3.27 + 0.16. The index in the high energy regime is the
same with CBD, while the index in the lower energy regime is
slightly smaller than that of CBD. The turning point is
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Figure 6. A burst event example detected on September 26.

(6.4 +£0.1) x 10°® erg, which is smaller than that for CBD.
While we still do not know the true nature of FRBs, different
definitions of bursts may lead to somewhat different analysis
results. We caution that when studying burst energy
distributions of FRBs, one needs to specify a burst definition
scheme.

5. Conclusions

FRB 20201124A is a repeating FRB discovered by CHIME
(CHIME/FRB Collaboration et al. 2021). FAST monitored this
source multiple times. Besides an earlier observational
campaign reported by Xu et al. (2021), we study a very active
4 day emitting episode that occurred on 2021 September
25-28, in this series of papers. The main results of this paper
are as follows.

1. Using our CBD definition method, a total of 881 bursts
were detected between September 25 and 28.

2. The apparent event rate increased exponentially in 4 days
and then dropped to zero after September 29.

3. The waiting time of FRB 20201124 A shows a bimodal
structure, which can be well-fitted by two log-normal
functions. The longer waiting times peak around 10s.
This peak waiting time is insensitive to the burst
definition criterion. It is much shorter than that of the
previous epoch (Xu et al. 2021), suggesting that it is
related to the activity level of the source.

4. The shorter waiting times peak around either 51 ms or
14 ms, depending on the definition of burst separation
(see Section 3).

5. The peak event rate of 542 hr~! exceeds all the detected
FRBs in the past, including 122 hr~' of FRB 20121102A
(Li et al. 2021), and FRB 20201124A itself, which was
45.8 hr~' during the last active period (Xu et al. 2021).
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The total burst energy released during this epoch is a
significant fraction of magnetar total energy unless the
radio emission frequency is high. This challenges the
synchrotron maser mechanism for FRBs and even the
magnetar source model.

6. The energy distribution cannot be described by a single
power law. The cumulative distribution of energy can be
well modeled by an exponentially connected broken
power law known as the Band function. The slopes at low
and high energy regimes are & = —0.22 £ 0.01 and
B = —3.27 + 0.23, respectively.

7. The energy distributions of three active repeating FRBs,
namely FRB 20121102A, FBR 20190520B and FRB
20201124A, do not appear to be identical. This suggests
that repeating FRBs may have diverse emission
properties.
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Bursts Properties

Table A1l displays the properties of all 881 bursts. The full
table can be found online as supplementary material.
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Table Al
The Properties of the FRB 20201124A Bursts
Burst
D Obs Date MJD* DM Width® Peak Flux Fluence Energy.* Energy,'  Bandwidth Width® Peak Flux Fluence Energy,,°
Full Limited Limited Limited
Barycentric Band Full Band Full Band Full Band Full Band Band Limited Band Band Band
(pc cm ™) (ms) (mJy) (Jy ms) (erg) (erg) (MHz) (ms) (mJy) (Jy ms) (erg)
1 20210925  59482.944514719 412.97 3.31 1239 £ 0.26  0.04 + 0.01 1.148(1) 4.590(1) 200 3.81 22.50 +0.74 0.09 + 0.01 4.210(45)
e+37 e+36 e+36
2 20210925  59482.946731974 412.97 3.78 28.61 £0.05 0.11 £0.01 3.023(28) 1.209(11) 150 3.55 79.38 £ 0.36 0.28 £ 0.01 1.038(10)
e+37 e+37 e+37
3 20210925  59482.947007613 412.97 4.34 5.99 +0.07 0.03 +£0.01 7.278(1) 2.911(1) 50 5.18 32.52 +0.22 0.17 £ 0.01 2.071(22)
e+36 e+36 e+36
4 20210925  59482.947121260 412.97 2.70 7.41 +£0.09 0.02 £ 0.01 5.598(1) 2.239(1) 100 3.54 20.05 + 0.42 0.07 £ 0.01 1.747(22)
e+36 e+36 e+36
5 20210925  59482.947355910 412.97 4.47 9.61 £ 0.1 0.04 +0.01 1.204(1) 4.814(1) 100 4.00 38.02 + 0.22 0.15 +£0.01 3.740(45)
e+37 e+36 e+36
6 20210925  59482.947576756 412.97 2.85 10.89 +£1.93  0.03 £ 0.01 8.677(1) 3.471(1) 150 3.17 22.96 + 4.26 0.07 £ 0.01 2.687(34)
e+36 e+36 e+36
7 20210925  59482.947690227 412.97 8.46 211,11 £ 1.1 1.79 £ 0.01 5.002(45) 2.001(18) 300 7.82 462.35+239  3.62+0.03 2.668(25)
e+38 e+38 e+38
8 20210925  59482.950048429 412.97 5.77 68.47 +£0.64  0.40 £ 0.01 1.106(11) 4.422(45) 450 5.26 75.19 £ 0.71 0.40 &+ 0.01 4.373(40)
e+38 e+37 e+37
9 20210925  59482.952261654 412.97 4.83 29.58 £0.28  0.14 £0.01 4.003(28) 1.601(11) 200 4.79 67.06 + 0.66 0.32 £ 0.01 1.581(13)
e+37 e+37 e+37
10 20210925  59482.953261568 412.97 5.96 38.59 +£0.37 0.23 +0.01 6.438(56) 2.575(22) 150 5.30 104.79 £1.05  0.56 +0.01 2.049(20)
e+37 e+37 e+37
Notes.
* At 1.5 GHz.

b Equivalent width.

1quada zz0z (dd11) 2001z ‘so1sAydonsy pue AWOUONSY UL OIBSAY

¢ Energy calculated with center frequency.
d Energy calculated with bandwidth.

(This table is available in its entirety in the online supplementary material. The full table can be found at the ISM/CRAFTS website http://groups.bao.ac.cn/ism/CRAFTS/FRB20201124A/ and
ScienceDB https://doi.org/10.57760/sciencedb.06762.)
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