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Abstract

We report the observations of FRB 20220912A using the Five-hundred-meter Aperture Spherical radio Telescope.
We conducted 17 observations totaling 8.67 hr and detected a total of 1076 bursts with an event rate up to 390 hr '
The cumulative energy distribution can be well described using a broken power-law function with the lower- and
higher-energy slopes of —0.38 +0.02 and —2.07 £ 0.07, respectively. We also report the L-band (1-1.5 GHz)
spectral index of the synthetic spectrum of FRB 20220912A bursts, Wthh is —2.6 +0.21. The average rotation

measure value of the bursts from FRB 20220912A is —0.08 £5.39rad m—

2, close to 0 rad m~ 2 and was relatively

stable over 2 months. Most bursts have nearly 100% linear polarization. About 45% of the bursts have circular
polarization with Signal-to-Noise ratio >3, and the highest circular polarization degree can reach 70%. Our
observations suggest that FRB 20220912A is located in a relatively clean local environment with complex circular
polarization characteristics. These various behaviors imply that the mechanism of circular polarization of FRBs likely
originates from an intrinsic radiation mechanism, such as coherent curvature radiation or inverse Compton scattering
inside the magnetosphere of the FRB engine source (e.g., a magnetar).

Unified Astronomy Thesaurus concepts: Radio transient sources (2008)

Supporting material: machine-readable table

1. Introduction

Fast radio bursts (FRBs) are a type of astronomical
phenomenon characterized by brief, intense pulses of radio
waves from unknown sources. Since their discovery in 2007
(Lorimer et al. 2007), FRBs have remained a mystery, and their
origins are still unknown.

To gain further understanding of the origins and radiation
mechanisms involved, it is crucial to conduct statistical analysis
and investigate the properties of a large sample of bursts. FRBs are
empirically classified into two categories: non-repeating FRBs and
repeating FRBs, with the latter accounting for a small fraction of
the entire FRB population, and only a handful of them exhibiting
event rates of several tens to hundreds per hour, such as
FRB 20121102A (Li et al. 2021; Jahns et al. 2023),
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FRB 20200120E (Nimmo et al. 2023), and FRB 20201124A (Xu
et al. 2022; Zhang et al. 2022b). The study of FRB polarization
may reveal the complexity of the local environment.
FRB 20121102A and FRB 20190520B both show exceptionally
high and variable rotation measure (RM; Michilli et al. 2018;
Hilmarsson et al. 2021a; Anna-Thomas et al. 2023), while
FRB 20201124A displays short-time irregular RM oscillations (Xu
et al. 2022). The RM variation of FRB 20180916B also exceeded
40% (Mckinven et al. 2023a). Recently, CHIME reported
measurements of the polarization of 12 repeating FRBs, finding
that a significant proportion of FRBs experience RM changes of
tens to hundreds within months (Mckinven et al. 2023b). These
facts suggest that most FRB progenitors may be located in a
complex, dynamically evolving magnetized environment, such as
a supernova remnant, a pulsar wind nebula, or a binary system
with a massive companion star (Feng et al. 2022a; Wang et al.
2022a; Yang et al. 2023; Zhao et al. 2023).

In October 2022, the CHIME /FRB collaboration reported a
new FRB, named FRB 20220912A (McKinven & Chime/Frb
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Collaboration 2022). Over the course of 3 days, nine bursts
were detected in the CHIME band, leading to the expectation
that this may become a highly active repeating FRB. According
to McKinven & Chime/Frb Collaboration (2022), the disper-
sion measure (DM) of FRB 20220912A is ~220 pc cm >, with
a small RM value of 0.6radm™2 The high activity level of
FRB 20220912A allowed the DSA-110 collaboration to
quickly localize the source in a host galaxy with a redshift of
0.077 (Ravi et al. 2023). It is speculated that this host galaxy
contributes less than 50 pc cm™~ to DM, considering a Galactic
DM contribution of 125 pc cm 3 (Cordes & Lazio 2002) or
122pcem ™ (Yao et al. 2017), plus a Milky Way halo
contribution of 10pc cm (Keating 2020). The low host-
galaxy DM contribution is in contrast to the host galaxies of
FRB 20121102A and FRB 20190520B, which contribute a
significant amount of DM (Chatterjee et al. 2017; Niu et al.
2022). Since FRB 20220912A’s discovery, numerous tele-
scopes and telescope arrays have detected bursts from FRB
20220912A (Bhusare et al. 2022; Fedorova & Rodin 2022;
Herrmann 2022; Kirsten et al. 2022a; Ould-Boukattine et al.
2022; Pelliciari et al. 2022; Perera et al. 2022; Rajwade et al.
2022; Ravi 2022; Sheikh et al. 2022; Yu et al. 2022; Zhang
et al. 2022a; Feng et al. 2023), attesting to its high brightness
and activity.

Here, we report on the Five-hundred-meter Aperture
Spherical radio Telescope (FAST) observation of the active,
repeating FRB 20220912A. Our observations and data
processing procedures are described in Section 2. Our results
are presented in Section 3. We discuss the circular polarization
expressions in Section 4 and conclude in Section 5.

2. Observations and Data Processing

FRB 20220912A has been observed since October 28th,
2022, using the center beam of the FAST 19 beam receiver
(Dunning et al. 2017) pointing to the coordinate of
R.A. =23"09™0439, decl. = +48°42/25"4 reported by DSA-
110 (Ravi et al. 2023). In 2022, 17 observations with a total of
8.67 hr exposure time were carried out. A high-cadence
calibration signal was periodically injected during the first
minute of observation for the subsequent flux and polarization
calibration. The data were recorded in FITS format with a time
resolution of 49.152 us, covering the frequency bandwidth
from 1 to 1.5 GHz with 4096 frequency channels.

We used the same pipeline in Zhang et al. (2022b) to
perform offline burst searches. According to the CHIME report,
the DM value of FRB 20220912A is ~220 pc cm . The data
were de-dispersed using this DM and then identified by a
binary classification model'” to determine whether a burst
existed in a data segment. Additionally, we employed PRESTO
(Ransom 2001) to cross-verify the search results. A total of
1076 bursts were detected.

We estimated the flux density of each burst using the
radiometer equation with system temperature 7y and telescope
gain G modeled as a function of the zenith angle and
observation frequency in Jiang et al. (2020). The burst profile
is the average flux density that goes over the full observation
frequency band. The peak flux Sp,cqx is the maximum value of
the burst profile. The burst fluence F is computed by integrating
the burst profile with respect to time, and the equivalent width
is computed by dividing the fluence by the peak flux. The

'7 https:/ /github.com/SukiYume/DRAFTS
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energy is calculated using the equation

2
E = 10%%rg 4m ( Dy ) F ( Av ), (1)
1+ 2z\10%cm /) \Jy - ms J\ GHz

where F is the fluence obtained and Av =500 MHz is the
observation bandwidth. D; =360.86 Mpc is the luminosity
distance of FRB 20220912A corresponding to the redshift
z=0.0771 (Ravi et al. 2023) adopting the standard Planck
cosmological model (Planck Collaboration et al. 2016).18

Polarization calibration was achieved by correcting for the
differential gain and phase between the receptors through
separate measurements of a noise diode signal injected at an
angle of 45° from the linear receptors with the single-axis
model using the PSRCHIVE software package.

3. Results
3.1. Burst Rate and Time-series Analysis

Figure 1(F) displays the length of each observation, along
with the number of detected bursts and event rates. Over the
course of 17 observations, we detected a total of 1076 bursts,
details of which can be found in Table 1. The event rates of
eight observations exceeded 100 hr™', with the highest event
rate of 390 hr~' during the first observation, which is only
surpassed by FRB20201124A’s 542 hr~' (Zhang et al. 2022b),
demonstrating that FRB 20220912A is a highly active
repeating FRB.

We calculated the waiting times between bursts for each
observation. Similar to FRB 20121102A and FRB 20201124A,
FRB 20220912A also exhibits a distinctive bimodal distribu-
tion (Figure 2). We utilized two lognormal functions to model
the waiting-time distribution, with peaks located around 18 s
and 51 ms, respectively.

The waiting times of a Poisson process are exponentially
distributed. Here, we use an exponential function to fit the
waiting-time distribution using the waiting times down to the
second valley of the two lognormal distribution (~0.52 s). We
utilize a Kolmogorov—Smirnov (K-S) test to evaluate the
goodness of the lognormal and exponential fits, with p-values
of 0.969 and 0.963, respectively, indicating that both models
effectively describe the distribution. The Poisson process rate
obtained from the exponential distribution is 0.041 & 0.002 s~
or 147 +7 hrfl, which is close to the average observed event
rate of 1076/8.67 ~ 124 hr™'. The right peak of the waiting
time represents the activity of the FRB source during the
statistical period. The lognormal provides a left peak of the
waiting time near S51ms, which is quite similar to
FRB 20201124A (39 ms in Xu et al. 2022 and 51 ms in Zhang
et al. 2022b). The left peak of FRB 20121102A is about 3 ms
(Li et al. 2021), significantly different from FRB 20220912A
here. However, FRB 20121102A appears to have a weak
secondary peak around 51 ms (Figure 3 in Li et al. 2021). The
characteristic waiting time of 51 ms may signify some
fundamental properties of the FRB source emitting the bursts.

'8 The calculation of an FRB isotropic energy depends on the spectral shape of
the burst (see Zhang 2022a for a discussion). If the spectrum is wide (power
law-like), it is more appropriate to use the central frequency rather than
bandwidth to estimate the energy. If the spectrum is narrow, especially with a
measurable width within the telescope bandpass, it is more appropriate to use
the bandwidth in the calculation. The repeating bursts typically have narrow
spectra, so it is more appropriate to use Equation (1) to perform the
calculations.
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Figure 1. The properties of the bursts from FRB 20220912A observed by FAST. (A), (B), (C), (D), and (E) respectively denote the DM, RM, linear polarization,
circular polarization, and energy of the bursts. Each burst is depicted by a blue point with error bars, the red points represent the daily median, and the light red area
encompasses the 1o range. (F) displays the number of bursts detected (blue) and the event rate (red), while the yellow bar symbolizes the observation length.

Searching for periodicity of FRBs remains an active research
area. There have been three non-repeating FRBs discovered to
have millisecond-level quasi-periods (Chime/Frb Collabora-
tion et al. 2022). For repeating FRBs, however, no reports of
short periods have emerged (Zhang et al. 2018; Li et al. 2021;
Niu et al. 2022; Xu et al. 2022). Here, we also conducted a
period search for FRB 20220912A using two methods: Lomb—
Scargle periodograms (LSPs) and phase folding. The LSP
method has been widely applied to nonuniformly sampled time
series (Lomb 1976; Scargle 1982), making it suitable for
periodic searches in the arrival time series of FRBs. Phase
folding is also a simple and foundational method for period
searches. Here, we assumed MJD 59,880 as the initial phase
and computed the phase of each burst under a preset period,
counting the longest continuous phase interval without burst
existence, i.e., the void fraction. We iterated over periods
ranging from 1 ms to 1000 s and computed the void fraction
under these periods. A larger void fraction means a more
concentrated burst distribution in the phase space, indicating
higher reliability of the corresponding period. This approach is
similar to the statistics used in Rajwade et al. (2020), except
that we directly calculate the phase of the burst, making it more
efficient and accurate. Unfortunately, neither of these two
methods yielded a valid periodicity in the burst arrival times.

Only FRB20121102A and FRB20180916B have been
reported to possess potential periodicities, the former approxi-
mately 157 days (Rajwade et al. 2020; Cruces et al. 2021), the
latter approximately 16 days (Chime/Frb Collaboration et al.
2020). These periodicities are composed of active and
quiescent phases (like square waves), and not all active phases
had burst detection. Bursts from FRB 20220912A have been

detected in all of our observations, precluding exploration of
such active-quiescent periods. However, we can define the
event rate variations over time as a “light curve” to search for
possible periodicities in activity levels. Given the 54 days
duration of FAST observations, we can only search for
periodicities up to 27 days. To avoid observational interference
on a 1 day period, we commence our search from a 2 day
period. Utilizing LSPs, no reliable periodicities were found
within the period range of 2 and 27 days.

3.2. Energy

Energy is one of the basic properties of FRBs, which is a
physical quantity that can directly reflect the radiation
mechanism of FRBs. The energy function of FRBs is typically
modeled as a power-law function, probably with a cutoff at the
high end (e.g., Luo et al. 2018; Lu et al. 2020; Luo et al. 2020;
Zhang et al. 2021). Li et al. (2021)’s detection of the low-
energy outburst of FRB20121102A reveals the multiple
radiation mechanisms that FRBs may possess. Figure 3
displays the energy function of FRB 20220912A, along with
its distribution over time. Due to varying observation lengths,
the energy function is weighted based on the observation time.
Like FRB 20121102A and FRB 20201124A (Aggarwal et al.
2021; Li et al. 2021; Xu et al. 2022; Zhang et al. 2022b; Jahns
et al. 2023), the differential energy function of FRB
20220912A cannot be explained using one single function.
Two lognormal functions are used for the fit, with the
corresponding characteristic energies being 5.29 x 10°° erg and
4.13 x 10*7 erg, respectively. The integral energy function also
cannot be fit with a single power law. Two sections of power-



Table 1
The Properties of the FRB 20220912A Bursts

Burst ID MJD* DM Peak Flux” Width®  Peak Frequency” Bandwidth® Fluence” Energy RM Linear Circular

(pc cm™) (mJy) (ms) (MHz) (MHz) (Jy ms) (erg) (rad m™?) (%) (%)
BO1 59,880.497624400 22024+ 176 1174+ 14 4.70 1479.5 + 5.4 1224493 0.552 = 0.007 3.979(49)e+37 —4.37% 95.0 + 1.4 534+ 1.0
B02 59,880.497624673 217.824£29 1155+ 1.4 372 1366.2 + 4.3 2314 £15.0 0.429 =+ 0.005 3.097(38)e+37 —0.3408 985+1.8  —169+13
B03 59,880.497684224 22187 +0.06 2428 +3.0 4.09 1300.0 & 13.7 735748962  0.993 + 0.012 7.161(88)e+37 11343 97.7+ 1.0 33407
B04 59,880.497945389  220.88 + 3.78 174.6 + 2.1 3.54 1381.0 + 6.8 321.4 +28.0 0.619 = 0.008 4.463(55)e+37 0.5792 98.6 + 1.4 —6.7+ 1.0
B05 59,880.497991706  220.91 + 0.24 32.1404 4.06 1095.7 + 11.2 251.7 £ 34.6 0.130 £0.002  9.398(115)e+36 -3.1413 9%45+67  —161+49
B06 59,880.498128495  219.64 + 5.08 952+ 1.2 4.89 1564.0 + 56.7 3384 £ 65.8 0.465 =+ 0.006 3.355(41)e+37 2,143 90.6 + 1.6 72412
BO7 59,880.498199601  22330+0.17 1382+ 17 8.97 1449.5 + 263 332.1 £ 63.9 1240 £0.015  8.942(109)e+37 0.1+04 97.2+09 148 +0.6
BOS 59,880.498605364  222.98 4 1.36 96.5+ 1.2 8.65 1399.0 4 15.2 3742+ 61.9 0.834 £ 0.01 6.019(73)e+37 3.149¢ 978+ 1.5 —274+1.0
B09 59,880.498635029  220.22 4 0.24 345+ 04 0.64 1004.4 +22.4 110.3 £ 34.3 0.022 £ 0.0 1.592(19)e+36
BI10 59,880.498915641 221.35 +0.21 777+ 0.9 8.74 1083.0 +5.5 256.5 + 16.1 0.679 =+ 0.008 4.898(59)e+37 1.975¢ 98.7 +2.2 —38+16

Notes. The full table is available in ScienceDB, doi:10.57760/sciencedb.08058.
 Barycentrical arrival time at 1.5 GHz.

® Calculated within 500 MHz bandwidth.
¢ Equivalent width.

9 Obtained with Gaussian fitting.

¢ FWHM of Gaussian fitting.

(This table is available in its entirety in machine-readable form.)
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Figure 2. The waiting-time distribution of FRB 20220912A. The red solid line
represents the best-fit model with two lognormal functions, and the red dashed
line indicates the best-fit model with a single exponential function.

law fit are utilized, with the power-law exponents being
—0.38 £0.02 and —2.07 £0.07. In Figure 3(C), the energy
appears to exhibit an evolutionary characteristic over time, with
fewer high-energy bursts observed in the latter observations.
After calibrating the time-frequency data, we calculate the
fluence of each burst by integrating the flux with respect to time
in each frequency channel. Then we average the fluence of all
bursts to obtain the synthetic fluence-frequency spectrum of
FRB 20220912A. As the different frequency channels of these
bursts may be masked as radio frequency interference
(RF]) channels, the number of bursts used for averaging
fluence varies in frequency channels. We use Poisson counting
error as the statistical error and use a simple power-law
function to fit the spectral index of the synthetic spectrum:

I=AxF+C )

In Figure 4 one can see large error bars near 1000,
1200 MHz, etc. due to frequent RFI interference, resulting in
fewer effective data points. For the fit, we randomly select 90%
of the data points from the available data and perform 1000 fits,
resulting in the expectation and error of the FRB 20220912A
spectral index being o= —2.60£0.21. This is the first
measurement of the average spectral index of the synthetic
spectrum of an FRB source. Such a spectrum can, in principle,
be used to test against FRB radiation mechanisms (e.g.,
curvature radiation; Yang & Zhang 2018).

Although the synthetic spectrum of all bursts conforms well
to a power-law distribution, it is difficult to describe the
relatively narrow bandwidth of individual bursts using a power-
law model. Based on the current empirical evidence, a
Gaussian function may be a viable alternative to describe the
spectra of individual bursts. Prior research has employed a
Gaussian model to investigate FRB 20121102A, with the fitting
residual demonstrating the potential efficacy of the Gaussian
distribution as a model, as illustrated in Figure 5 of Aggarwal
et al. (2021). Similarly, Zhou et al. (2022) fitted the spectrum of
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Figure 3. Energy distribution of FRB 20220912A. (A) The blue step represents
the cumulative probability distribution of the energy function, while the red
dashed line denotes the best-fit using a broken power-law function. The red
region indicates the lo range of the fitting. (B) The differential probability
distribution of the energy function, with the red line showing the fitting using
two lognormal functions. (C) The time-dependent burst energy distribution.
The blue dots display the energy of 1076 bursts; red dots denote the median
energy; and the blue contours depict a 2D kernel density estimation (KDE) of
the bursts. The gray dashed line represents the 90% detection threshold.
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Figure 4. Power-law fitting (red line) to the synthetic spectrum of FRB
20220912A.

FRB 20201124A with Gaussian functions and identified a
bimodal distribution of central frequencies. Here, we also
attempt to fit the spectrum of individual bursts using a Gaussian
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where we use the fitted p as the center frequency v, and
FWHM (2+/21n2 o) as the bandwidth Awv. It should be noted
that due to the limited bandwidth of FAST, some bursts likely
have emission outside the FAST band not fully recorded. This
introduces additional uncertainties to the bandwidth fitting
results. Nine examples of bandwidth fitting are illustrated in
Figure 5.

Figure 6 presents the distribution of the central frequency
(vp) and bandwidth (Av) of the FRB 20220912A bursts. In
order to mitigate the biases introduced by the limitations of
observational bandwidth, we excluded bursts with 1 falling
outside the range of 1-1.5 GHz and bursts with 1, within
50 MHz of the bandwidth edges (1 and 1.5 GHz) with
bandwidth Av < 100 MHz as these bursts are associated with

high levels of fitting uncertainty. We subsequently analyzed the
distribution of vy and Av for the remaining bursts. The central
frequency of FRB 20220912A bursts mainly concentrates on
the low-frequency range, and the distribution of high and low
frequencies is extremely uneven. We use a single lognormal
function to fit the bandwidth distribution. The mode of the
lognormal function is located at 181 MHz, indicating that FRB
20220912A’s bursts have very narrowband spectra. Further-
more, we did not find significant correlation between central
frequency and emission bandwidth according to the sample we
collected at the L-band. This is different from the power-law
trend found by Kumar et al. (2023) from the bursts detected by
the Parkes ultra-wideband lower receiver from the repeater
FRB 20180301A, which might imply the actual observed
bandwidth matters for this kind of analysis.

A more relevant parameter to describe the narrowness of an
FRB spectrum is Av/v,. We investigate Av/1 in more detail.
Because many bursts have emission outside of the FAST band
(1-1.5 GHz), we limit our analysis to the bursts whose emission
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Figure 6. Distribution of the center frequency () and spectral width (Av) of
the FRB 20220912A bursts fitted by Gaussian functions. The blue dots and
lines in the figure represent bursts with peak frequency falling within the range
of 1-1.5 GHz, and the fitting bandwidth exceeds 100 MHz when the peak
frequency is below 1.05 GHz or above 1.45 GHz. The orange dots correspond
to bursts that do not meet these conditions. (A) The distribution of the center
frequency. (B) The scatterplot of the center frequency and spectral width. The
white contours show the 2D KDE illustrating the spatial distribution of the
center frequency and spectral width. The light yellow and light blue
backgrounds indicate the observed (1-1.5 GHz) and effective (0.5 GHz)
bandwidths of the FAST telescope, respectively. (C) The spectral width
distribution fitted by a lognormal function with a peak value at 181 MHz.

completely falls within the FAST band to avoid the bandwidth-
selection effect. We select bursts based on two stringent criteria,
i.e., the Gaussian fit standard deviation error 6o is smaller than the
standard deviation o itself, and the FWHM of the burst spectrum is
completely within the range of 1.05-1.45 GHz. Figure 7 displays
the distribution 6v//vy of these bursts under these two filtering
criteria. We fit the histogram distributions using lognormal
functions and obtain p=—1.812+0.001 and 0=0475+
0.002 for the blue histogram and p=—1.718£0.002 and
0=0.217£0.003 for the red histogram, respectively. From the
fitting results, we obtain their modes e#~" located at 0.13 and
0.17, respectively. We also fit the cumulative Av/v, distribution
using a power-law function. The results are suboptimal with
significant fitting errors.

3.3. DM and Polarimetry

The DM of each burst was determined using the DM phase
software package (Seymour et al. 2019),"” which maximizes
the coherent power in the pulse across the emission bandwidth.
The median value of the DM is 220.70 pc cm > with a standard
deviation of 1.83 pc cm >, which is consistent with CHIME’s
measurement of ~220pccm > (McKinven & Chime/Frb
Collaboration 2022). Linear fitting indicates the absence of
any trend in the time evolution of DM, where the slope is
dDM/dt < 8 x 10 pcem > day .

Due to the Faraday effect, the polarization plane of the FRB
signal undergoes rotation during propagation. We employed
the RM synthesis method to fit the RM of the burst using

' hitps: //github.com/danielemichilli/DM_phase
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Figure 7. The Av/y, distribution of FRB 20220912A. (A) The cumulative
distribution function of Av/v,. (B) The differential probability distribution of
Av/vy. For both panels, the blue lines and red lines are defined under two
filtering criteria, i.e., the Gaussian fit standard deviation error §o is smaller than
the standard deviation o itself (blue), and FWHM of the burst spectrum is
completely within the range of 1.05-1.45 GHz (red).

Equation (4),

I 10 0 011
O'| |0 cos20 sin20 0|0
u'l |0 —sin20 cos20 O||U
74 00 0 1 J\Vv

, “)

where § = RM\?. We selected bursts with RM errors less than
10rad m 2 (881 in total) for presentation.

The mean value of the RM is —0.08 rad m72, close to O,
indicating that the RM contribution from FRB 20220912A’s
host galaxy is comparable to that of the Milky Way, which is
about —16 rad m 2 (Hutschenreuter et al. 2022). The low value
of RM indicates that the FRB 20220912A may be in a very
clean environment. The linear fit also suggests that there is no
trend in the evolution of RM with time, with a slope of
0.017 £ 0.018 day . Furthermore, several other active repeat-
ing FRBs, such as FRB 20121102A (Hilmarsson et al. 2021a),
20201124A (Xu et al. 2022), 20190520B (Anna-Thomas et al.
2023), 20180916B (Mckinven et al. 2023a), and several other
bursts (20181030A, 20181119A, 20190117A, 20190208A,
20190303A, 20190417A; Mckinven et al. 2023b) exhibit large
RM values and show variations in RM on the timescale of
months. In contrast to these repeating FRBs with large RMs,
which suggest that all repeaters may have associated
synchrotron-emitting persistent radio sources (a supernova
remnant, a magnetar wind nebula or a mini-AGN) with a dense
and highly magnetized environment, the polarization data of
FRB 20220912A suggest that a large and varying RM is not the
necessary condition to make active repeaters.

The linear polarization that is measured can be subject to
overestimation when noise is present. As a result, we employ
the frequency-averaged total linear polarization that has been
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Figure 8. Two bursts with the highest circular polarization degrees. The black,
red, and blue lines respectively represent the burst’s total intensity, linear
polarization, and circular polarization profiles.

de-biased (Everett & Weisberg 2001),

2
oy (E) -1 é > 1.57
Le—pias = % o P (5)
0 Li < 1.57
o

where o, represents the off-pulse standard deviation of Stokes I,
while L; is the frequency-averaged linear polarization that has
been measured for time sample i. The degree of linear and
circular polarization are calculated with

L e—bias,i Vl
= 72’ de bl and V= —Z’ ,
> 2l

where V; is defined similarly to L;. The uncertainties on the
linear polarization fraction and circular polarization fraction are

calculated as
o= %/N + N(p/1?), 7)

where N is the number of time samples of the burst and p is
> iLge-bias.i OF 2_;V;, depending on whether we are calculating
the linear or circular polarization fraction.

Most of the bursts from FRB 20220912A exhibit almost
100% linear polarization, with a noticeable fraction of bursts
exhibiting significant circular polarization. Figure 8 displays
the two bursts with the highest circular polarization degrees,
which are —78.0% 4 10.8% and —69.4% + 1.4%, respectively.

Additionally, the circular polarization dynamic spectra of
FRB 20220912A show various morphologies. We display 16
bursts in Figure 9. It can be seen that some bursts that cannot be
distinguished in Stokes I appear as multiple bursts in Stokes V,

L (6)
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such as bursts 1, 2, 7, 11, and 16. The bursts that show sign
changes in circular polarization also have sub-pulse structures,
so that the sign change may be caused by sub-pulses with
different circular polarization modes at different times. The
mechanism responsible for circular polarization is still under
extensive discussion and no definitive conclusion has been
reached (Qu & Zhang 2023). Curvature radiation by emitting
bunches can be circularly polarized if the line of sight (LOS) is
not confined in a beaming angle (Wang et al. 2022c). A sign
change of circular polarization can be seen if the opening angle
of the bunch is not much larger than 1/, where 7 is the
Lorentz factor of the bunch (Wang et al. 2022b). The curvature
radiation mechanism predicts an average circular polarization
fraction smaller than 55% when a sign change of circular
polarization occurs. Another intrinsic radiation mechanism is
the coherent inverse Compton scattering through charged
bunches (Zhang 2022b; Qu et al. 2023). The scattered waves
can be circularly polarized by adding up linearly polarized
waves with different phases and polarization angles (Qu &
Zhang 2023). When the LOS sweeps across the bunch’s central
axis, the sign of circular polarization can change, and the
maximum circular polarization fraction can be larger than that
of curvature radiation. The observation of FRB 20220912A
could be understood within either scenario.

Circular polarization in some bursts also appears to vary with
frequency (Figure 10). An oscillation of polarization para-
meters as a function of wavelength may be an indication of
Faraday conversion (Xu et al. 2022; Qu & Zhang 2023).
However, the polarization degree of FRB 20220912A oscillates
without an obvious oscillation frequency like FRB 20201124A
(Xu et al. 2022). Furthermore, the conditions for significant
Faraday conversion are usually quite stringent (Qu &
Zhang 2023), requiring special magnetic field reversal
environments, e.g., in a binary star system (Wang et al.
2022a) or when the source is surrounded by a supernova
remnant (Yang et al. 2023). Such a required environment is not
consistent with the very clean environment inferred from the
small and non-variable RM of FRB 20220912A.

4. Discussion
4.1. Total Energy Budget

By utilizing the isotropic energies derived from each burst, it
is possible to impose limitations on the total energy allocation
of the intrinsic FRB source, which can be employed to restrict
the various models of FRB sources. When deducing the total
source energy based on the energy of each burst, various
factors must be considered, including radio radiation
efficiency 7),, beaming factor f;, and observation duty cycle ¢
(Zhang 2022a).

We use Equation (1) for energy calculation with the isotropic
emission assumption. However, coherent radiation from FRB
bursts generally has a small solid angle 6€2. Therefore, the true
burst energy should be 6Q/4x of the isotropic burst energy.
Additionally, bursts may exist in directions that are not
observable. Assuming the global emission beam to be A(,
we can get the global beaming factor f;, = AQ /4.

Due to the limitation of the observation duty cycle, we
cannot observe all bursts emitted by the FRB source during the
observation period. For example, our observations of FRB
20220912A were conducted over 17 days with a total
observation time of only 8.67 hr, which does not imply that
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Figure 10. Four bright bursts from FRB 20220912A with circular polarization
oscillating over frequency. (A) Polarization degree. (B) PA.

there was no activity at other hours. Therefore, to estimate the
total source energy during the observation period, we can use
duty-cycle scaling to compensate for the unobserved periods of
FRB radiation energy. If the total radio energy of the observed
bursts is Ej, the total source energy should be E, x f, x
! x ¢l

Table 2 presents our estimates of the total source energy for
FRB 20121102A (Li et al. 2021), FRB 20190520B (Niu et al.
2022), FRB 20201124A (Xu et al. 2022; Zhang et al. 2022b),
and FRB 20220912A (this paper) using FAST observations. In
our calculations, we assumed typical values for 7, and f; of
10~* and 0.1, respectively. It should be noted that the burst
energies reported in the literature for FRB 20121102A and
FRB 20190520B were calculated using a center frequency of
1.25 GHz, rather than the bandwidth Awv. Therefore, we have
divided the total energies of these two FRBs by 2.5 to allow for
comparison with the other FRBs (see footnote 18 for
more discussion). FRB 20220912A emitted an energy of
3.49 x 10* erg during the 17 day period, which exceeds 2% of
the total dipolar magnetic energy (Eg~ 1.7 x 10*’ erg) of a
magnetar. This implies that the dipolar magnetic energy of the
magnetar would be completely depleted in only ~850 days if
the radio efficiency is indeed as low as 10~*. Certain magnetar
models (e.g., low-efficiency models invoking relativistic
shocks) would suffer from an energy budget problem.

4.2. Circular Polarization and Environment

FRB 20201124A was the first repeating FRB discovered
with circular polarization (Hilmarsson et al. 2021b). Prior to
this, only some non-repeating bursts were found to have
significant circular polarization (Cho et al. 2020; Day et al.
2020; Feng et al. 2022a). Recently, FRB20121102A and
FRB 20190520B were detected by FAST with very few bursts
exhibiting circular polarization (Feng et al. 2022b). Here, we
present that FRB 20220912A has a large number of bursts
exhibiting circular polarization, suggesting that this may be a
common feature of repeating FRBs.

10
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Figure 11. The proportion of bursts with circular polarization from repeating
FRBs varies with RM. The red error bars are given by the Poisson counting
error of the statistical counts. The error bar on FRB 20121102A is smaller than
the symbol size.

All the above-mentioned four repeating FRBs have a large
number of detected bursts by FAST. We counted the proportion of
bursts exhibiting significant circular polarization (circular degree
>10%) for each of these four repeating FRBs. FRB 20121102A
exhibited 12 out of 1652 detected bursts with circular polarization
(Li et al. 2021; Feng et al. 2022b). Similarly, FRB 20190520B
displayed circular polarization in 3 out of 75 detected bursts (Feng
et al. 2022b; Niu et al. 2022). FRB 20201124 showed circular
polarization in 302 out of 1863 detected bursts (Xu et al. 2022),
while FRB 20220912A exhibited circular polarization in 303 out
of 1076 detected bursts (this paper).

Figure 11 shows a tentative relationship between the fraction of
bursts with circular polarization degree >10% and the absolute
value of each FRB’s RM. It appears that there is a negative
correlation. The larger the RM value, the lower
the fraction of bursts with circular polarization. If such a correlation
is physical, it may be related to the intrinsic radiation mechanism
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and complicated environments of repeating FRB sources. First, the
larger fraction of circular polarization in the clean-environment
FRB 20121102A suggests that the origin of circular polarization
may be more related to intrinsic radiation mechanisms than
environment effects. According to Qu & Zhang (2023), significant
circular polarization can be made from magnetospheric radiation
mechanisms such as coherent curvature radiation or inverse
Compton scattering by bunches. Relativistic shock models
invoking synchrotron maser radiation mechanism, on the other
hand, mostly emit bursts with nearly 100% linear polarization
(Metzger et al. 2019; Plotnikov & Sironi 2019; Qu & Zhang 2023).
The detection of circular polarization from all four sources favors
the magnetospheric origin of the bursts. Second, in case of both
curvature and inverse Compton scattering processes, given a
random viewing angle, the fraction of bursts that have high circular
polarization degree is high if the bunch shape is point-like. In order
to reduce the fraction of circularly polarized bursts, the cross
section of the bunches should be large so that most emitting
leptons are viewed on beam (e.g., Wang et al. 2022b). The
correlation seen in Figure 11 would then require that the FRB
engine residing in a more magnetized environment (e.g., a younger
magnetar) should be able to generate bunches with larger cross
sections. Such a scenario may predict that the bursts from a more
magnetized environment are systematically brighter, which is not
observed. An alternative, possibly a more likely, scenario is that
the circular polarization fraction is modified by environments. Qu
& Zhang (2023) showed that polarization-mode-selected synchro-
tron absorption tends to convert circular polarization to linear
polarization. The observed trend in Figure 11 then suggests that
there is more significant synchrotron absorption in more
magnetized environments. More repeater data are needed to
confirm whether the circular polarization fraction and RM
correlation is physical.

5. Conclusions

We report the observation of FRB 20220912A by FAST
in 2022.

1. A total of 1076 bursts were detected, with the highest
event rate of 390 hr~'. No periodicity in the range of
1 ms—1000 s or 2-27 days was detected.

2. The energy distribution of FRB 20220912A cannot be
described by a single function. The differential energy
distribution was described using two lognormal func-
tions, with characteristic energies 5.29 x 10°® erg and
4.13 x 10*7 erg. The cumulative energy distribution was
described using a broken power-law function, with
power-law indices —0.38 +0.02 and —2.07 £ 0.07.

3. We report, for the first time, the synthetic spectrum of many
bursts of FRB 20220912A. It can be fitted by a power-law
function with an L-band spectral index of —2.6.

4. The RM of FRB 20220912A is close to 0 and did not
show any evolution during the 2 month observation
period, indicating that the contribution of the Milky Way
and the host galaxy to RM is comparable. The
contribution of the Milky Way is estimated to be
—16 rad m ™2, suggesting that FRB 20220912A is located
in a relatively clean local environment. This FRB
suggests that a high and variable RM is not the necessary
condition for making an active FRB repeater.

5. Most bursts of FRB 20220912A in the L-band exhibit nearly
100% linear polarization, and a large fraction of the bursts
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exhibit circular polarization, with a maximum of 70%. Some
of the bursts had their circular polarization changing sign
over time or frequency. The high circular polarization degree
of the bursts is likely related to the intrinsic radiation
mechanisms. Likely models include coherent curvature
radiation and inverse Compton scattering by bunches within
the magnetosphere of the FRB source.

6. We found a tentative anticorrelation between |RM| and
the circular polarization fraction, i.e., a larger |RM]|
corresponds to a smaller fraction of circularly polarized
bursts. If such an anticorrelation is real, it may imply
more mode-selected synchrotron absorption in more
magnetized environments.

Multiwavelength observations of FRBs are essential to under-
standing their origins and environments. FRB 20220912A is
located in a host galaxy with z ~ 0.077, making it the third-closest
repeating FRBs after FRB 20200120E (Kirsten et al. 2022b) and
FRB 20180916B (Marcote et al. 2020). Its proximity means that
multiwavelength observations will be more efficient. Furthermore,
FRB 20220912A is a very active repeating FRB, which makes it
an ideal target for multiwavelength observations. We encourage
further multiwavelength observations of FRB 20220912A to
unravel the mystery of FRBs.
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