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M Check for updates

Theeventrate, energy distribution and time-domain behaviour of repeating fast radio
bursts (FRBs) contain essential information regarding their physical nature and central
engine, which are as yet unknown'?. As the first precisely localized source, FRB 121102
(refs.®) has been extensively observed and shows non-Poisson clustering of bursts
over time and apower-law energy distribution® ®. However, the extent of the energy
distribution towards the fainter end was not known. Here we report the detection of
1,652 independent bursts with a peak burst rate 0of 122 h™, in 59.5 hours spanning 47
days. Apeakintheisotropicequivalent energy distributionis found to be
approximately 4.8 x10¥ erg at 1.25 GHz, below which the detection of burstsis
suppressed. The burst energy distribution is bimodal, and well characterized by a
combination of alog-normal function and ageneralized Cauchy function. The large
number of burstsin hour-long spans allows sensitive periodicity searches between1ms
and1,000s. The non-detection of any periodicity or quasi-periodicity poses challenges
for modelsinvolving a single rotating compact object. The high burst rate also implies

that FRBs must be generated with a high radiative efficiency, disfavouring emission
mechanisms with large energy requirements or contrived triggering conditions.

Acontinuous monitoring campaign of FRB121102 with the Five-hundred-
meter Aperture Spherical radio Telescope (FAST®) has been carried
out since August 2019. Between 29 August and 29 October 2019, we
detected1,652independent burst events (Supplementary Table1)ina
total of 59.5 h, covering 1.05 GHz to 1.45 GHz with 98.304-ps sampling
and 0.122-MHz frequency resolution. The total number of previously
published bursts from this source was 347 (refs. ”® and http://www.
frbcat.org). The flux limit of this burst sample is at least three times
lower than those of previous observations. The cadence and depth
of the observations allow for a statistical study of the repeating
bursts, revealing several previously unseen characteristics. The burst
statistics are shown as afunction of time (Fig. 1), with the accumulated
countsinl-hbinsinFig.1aand the day-to-dayaverageburstratesinFig.1b.
The burst rate peaked at 122 h™ on 7 September and at 117 h™ on
10ctober, both measured over the respective averaged 1-h sessions.
Inboth instances, the burst rate dropped precipitously afterwards.
Burst energies are plotted against epoch (Fig. 1c), and together with
the energy histogram (Fig. 1d), demonstrate bimodality that is itself
afunction of epoch.

We measured the peak flux density, pulse width and fluence for each
burst. Given the redshift z= 0.193 (ref.5), we adopted the correspond-
ingluminosity distance D, = 949 Mpcbased on the latest cosmological
parameters measured by the Planck team'®and calculated the isotropic
equivalent energy of each burst at 1.25 GHz (Methods). The derived
energies span more than three orders of magnitude, from below10” erg
tonear10** erg. Figure 2 presents the histogram of the bursts (bottom
panel) and the cumulative counts as a function of energy (top panel).
With a prominent peak and two broad bumps, the distribution cannot
be fit by a single power law or asingle log-normal function (Table1). A
satisfactory fit can be achieved with a log-normal distribution plus a
generalized Cauchy function:

N, -(logE - logkE,)? €
= e + ,
NO= BrgE Xp{ 202 1+ (E/Eg) ®

wheree, = 0for E<10*®ergand e, = 1for E >10*® erg. The characteristic
energy E,is 4.8 x10% ergand is robust against uncertaintiesin detection
threshold and choices of pipelines (Methods). The best-fit distribution
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Fig.1|Detected bursts and temporal energy distribution during the
observation campaign. a, The duration of each observation session (blue bar)
and the cumulative number distribution of the bursts (red solid line). b, The
rate (blue bar) and count (red dashed line) of the bursts detected. The grey
shaded bars show days without observations. ¢, Time-dependent burstenergy

indexisa,=1.85+0.30. At high energies, asimple power law consistent
with the results derived from previous bursts®" can describe the distri-
bution reasonably well. Itis clear that no single functional form can fit
thedatainthefullenergy range. At the low energy end, the log-normal
distributionis consistent with astochastic process. At the high-energy
end, the generalized Cauchy function describes a steepening power
law with an asymptotic slope of a,. Mathematically, a Cauchy distri-
bution, also known as a Cauchy-Lorentz distribution, also describes
theratio of twoindependent, normally distributed random variables.
Thebimodality of the energy distributionis also time-dependent—the
high-energy mode has more events before modifiedJulian date (MJD)
58740—which also helps to rule out that the bimodality is an artefact
due to significant drifts in system calibration over time.

Each pulse time of arrival was transformed to the solar system bar-
ycentre using the DE405 ephemeris. No periodicity between 1 ms to
1,000 could be found in the power spectrum calculated using either
the phase-folding or the Lomb-Scargle periodogram (Methods).

The waiting time between two adjacent (detected) burstsis 6t = ¢;,,—
t, wheret,,;and t;arethe arrival times for the (i + 1)th and (/)th bursts,
respectively. All waiting times were calculated for pulses within the
same session to avoid long gaps of about 24 h. The distribution of the
waiting times (Fig. 3) hasadominant feature that canbe well fitby alog-
normal function centred at 70 + 12 s. Selecting only high-energy pulses
E>3x10* erg, the peak moves to 220 s. The waiting time distribution
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distribution. The blue dots are all of the 1,652 bursts, the red dots represent the
average value for each observation session. The blue contouris the 2D kernel
density estimation (KDE) of the bursts. d, The isotropic energy histogram of
thebursts detected before MJD 58740 (14 September 2019); the red dashed line
represents the KDE of this distribution.

and absence of periodicity are generally consistent with previous find-
ings for FRB121102 (refs.”®>**) and can be reproduced within the uncer-
tainties by simulating bursts arriving randomly in time. For example,
thelocation of the peak of the log-normal distribution can be obtained
with a Monte Carlo simulation mimicking the sampling cadence and
number of detections of the real observations (Methods). The peaks
around 70 s and 220 s in the waiting time distribution are close to the
average values for the respective samples (full and high energy). Thisis
consistent with the waiting time distribution being acombination of a
stochastic process and the lack of sampling for time scales longer than
about 1,000 s. The secondary peak centred at approximately 3.4 ms,
however, is most probably due to substructure of individual bursts,
although some may be closely spaced, independent bursts.

Thewaiting time distributionand absence of a periodicity are insharp
contrast to expectations from standard radio pulsars, which involve
stable rotation and emission in narrow beams from a narrow range of
altitudes. If FRB 121102 involves a rotating object, the periodicity can
be erased if beam directions and altitudes are sufficiently stochastic,
introducing scatter in arrival times and reducing any features in the
power spectrum or waiting time distribution that would signify perio-
dicity. Nevertheless, the 70-s waiting-time peak still places an upper
bound on the underlying period.

The optimal dispersion measure (DM) of the burstsis constrained to
565.8 + 0.9 pccmbetween MJD 58724 and MJD 58776 (Methods). This
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Fig.2|Burstratedistribution of theisotropicequivalentenergyat1.25GHz
for FRB121102 bursts. The bimodal ‘lognormal (LN) (dashed blue) + Cauchy
(solid blue)’ distributionisshowninred and asingle power-law fit for bursts
aboveacertain threshold £> E,=3x10* ergis showninblack. The 90%
detection completeness thresholdis shown by the red dashed line,

suggests that the DM of FRB 121102 has increased by about 5-8 pccm™
(or about 1.0-1.4%) compared to earlier detections™ ™, confirming a
trend seen before” but this time with alarger significance level (Fig. 4).
Combining all of the data, the averge slope is

C“;—tM =+0.85+0.10 pccm 3 yr'L. (2)

The long-term trend relies heavily on earlier measurements, which
is further explored in the Methods. This is inconsistent with the

Table 1| The fitted parameters of the isotropic equivalent
energy distribution

Function Fitting parameter Energy range R®
(erg)
Power law y=-0.61+0.04 4x10%<E<8 0.104(6)°
x 1039
y=-1.37£0.18 3x10%<E<8 0.999(1)
x 1039
log-normal E,=7.62x10% (erg)
Ny=2.20%10% 4x10%°<E<8 0.85(8)
x 1039
0,=0.54
Cauchy E,=8.16 x10% (erg) 4x10%<E<8 0.075(1)
x 1039
a,=3.02+0.5
log-normal + Eo=7.2x10% (erg)
Cauchy
Ny =2.06 x10%® A4x10%<E<8 0.925(8)
x 1039
0,=0.52
0;=1.85+0.3

2Coefficient of determination. R?=1- S(res/S,,) * [(n - 1)/(n - p - 1)], where S,y is the total sum
of squares from data and S, is the minimum fitting residual sum of squares.
Uncertainties in parentheses refer to the last quoted digit.

corresponding to Fo,=2.5x10% erg for anassumed pulse width of 3ms and
scaling asthe squareroot of the pulse width (Extended Data Fig. 6). The missed
weak bursts below E,, as indicated by the upward arrow, will make the
log-normal distribution wider, but will not affect the location of the peak E,
(Methods).

decreasing trend predicted for a freely expanding shell (for example,
asupernovaremnant) around the FRB source’®, but is consistent with
such ashell during the deceleration (Sedov-Taylor) phase”.

We detected no polarizationintheburstsat1.4 GHz, in contrast with
higher frequency observations® but consistent with previous results
atsimilar frequencies” (Methods).
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Fig.3|Waiting time distribution of the bursts. The grey bar and solid red
curve show the distribution of waiting time and its log-normal (LN) fit. The
high-energy component (£ >3 x10*® erg) is shown by asolid purple line. The
threefitted peak waiting times (blue dashed verticallines) from left to right
are3.4+1.0ms,70+12s,and 220 +100s. The peaks around 70 s and 220 sin the
waiting time distribution are close to the average values for the respective
samples (full and high energy). Thisis consistent with astochastic process

(see the main text and Methods for further discussion).
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Fig.4 |DMevolution of FRB121102. a, Temporal DM variation for FRB121102
overa9-year period. The solid grey line denotes the linear fit with slope
+0.85+0.10 pccmyr. b, The distribution of DM estimates for the brightest

The large sample of bursts sheds new light on theoretical models
of FRBs. The isotropic equivalent energy distribution (or energy
function) necessitates a bimodal fit, suggesting possibly more
than one emission mechanism or emission site or beam shape. The
log-normal distribution characterizes the weaker bursts, the gen-
eration of which may become less efficient below the characteristic
energy scale of £, ~ 4.8 x10¥ ergs. Some magnetar models do predict
aluminosity lower bound for producing FRBs**?, and the reported
E, value may be interpreted by adjusting parameters within these
models.

As shown in Fig. 3, the distribution of the time intervals between
bursts (henceforth referred to as the waiting times) is log-normal in
form. This behaviour is similar to that observed in other astrophysical
bursting events such as soft gamma-ray repeaters? 2, The extremely
high burst rate revealed by our observational campaign poses chal-
lenges to some models invoking emission?>? or persistent magne-
tosphere interactions?” are attractive options but require masking of
the rotational periodicity by stochastic beaming, by large variations
in emission altitude, or by propagation delays.

The frequent triggers of bursts also constrain coherent radia-
tion models. In particular, the popular synchrotron maser models
demand well-ordered magnetic field lines in the upstream regions
of the shock?®®. Clustered FRBs require successive shocks propagat-
inginto the previously shocked medium, which is hot and probably
with distorted magnetic field lines. The short waiting times therefore
challenge these models regarding whether coherent emission can be
emitted with such short waiting times.

The synchrotron maser mechanism is also very inefficient®®?’, The
total isotropic energy emitted in the 1,652 bursts that we report is 6.4
x10%* erg. Adopting a typical radiative efficiency, the total isotropic
energy output during our 47-day observational campaign is already
about 37.6% of the available magnetar energy. The estimation would
not change significantly even considering beaming effect (Methods).
Conversely, coherent emission mechanisms thatinvoke aneutronstar
magnetosphere?**° can radiate in the radio band much more efficiently,
and are therefore preferred by the data.

Online content

Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information,
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burst on each day of FAST observations. Thered dashed line indicates the
average DM of 565.6 pc cm™ during the FAST observations, and the grey region
shows the 95% confidencelevel.
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Methods

Search procedures and burst energetics

We carried out blind searches using two separate software pack-
ages, Heimdall*' and Presto®, with the same search parameter space
(DM =400 to 650 pc cm™, DM step of 0.2 pc cm ™, and threshold S ../
Noise > 7). Burst candidates resulting from both searches were kept
for further inspections. The dynamic spectra of all candidatesin both
the DM =0 time series and the de-dispersed time series at 565 pccm™
were generated and then manually checked to ensure that the surviv-
ing candidates have a plausible dispersion sweep and tofilter out radio
frequency interference (RFI) events.

To obtain high-quality flux density and polarization calibration
solutions, alKequivalent noise calibration signal was injected before
each session, which was used to scale data to T, units. The off-pulse
brightness (mKs) of the first pulse in each session is shownin Extended
DataFig.1(bottom). The standard deviation of off-pulse brightnessis
constant within 6% for all observations. The variation in the off-pulse
level comes mainly from the zenith angle dependence of the tele-
scope gain. Kelvin units were then converted to mJy using the zenith
angle-dependent gain curve, provided by the observatory through
quasar measurements. The zenith-angle-dependent gain applied for
each pulseis shownin Extended Data Fig.1(top). Thered dots denote
the average gainineach day. For most days, the pulses that have bright-
ness closest to the average value were taken at zenith angles <15 degrees,
which corresponds to a stable gainof 16 K Jy™.

We calculated the isotropic equivalent burst energy, E, following

equation 9 inref. *:
am ( D, ( F, v,
14211028 o ( ) 3)
1+2{10*° ¢cm ) \Jy-ms )\GHz

where F, =S, x W,, is the specific fluence in units of erg cm™> Hz ™" or
Jy-ms, S, isthe peak flux density that has been calibrated with the noise
level of the baseline, with the amount of pulsed flux above the baseline
then measured, giving the flux measurement for each pulse at a central
frequency of v, =1.25GHz, W, isthe equivalent burst duration, and the
luminosity distance D, = 949 Mpc corresponds to aredshift of z=0.193
for FRB 121102 (ref.’).

E=(10* erg)

Detection threshold and completeness

The combined effect of the sometimes bandwidth-limited structure
of FRB bursts and RFI events, particularly the satellite bands around
1.2 GHz, affects the actual sensitivity of detection. The representative
7-o detection threshold in the FAST campaign is 0.015 Jy ms assuming
al-ms-wide burst in terms of integrated flux (fluence), which is a few
times more sensitive than that previously available from Arecibo.

To quantify the detection completeness, we differentiate two kinds
of signal-to-noise ratios (SNR), namely, the peak flux SNR,and the flu-
ence flux SNR(corresponding to integrated flux and in turn energy).
Evenforthe same pulses, SNR,and SNR;behave differently (Extended
DataFigs. 3, right, 4). The complexities and the deviation from the
radiometer equation mainly arise from two ‘non-Gaussian’ aspectsin
the detection processes. First, the detection software (for example,
Heimdall or Presto) uses the pulse peak SNR,, as the initial selection
criterion. Then downsampling approximate matched filtering (often
justabox-car sum) in time is used to maximize the SNR,by compar-
ing a series of trial-smoothing results with different widths in time.
The candidates are then subject to visual inspection. Second, the
instrumental background is often RFI-limited (Extended Data Fig. 2),
particularly when the pulse is weak and/or bandwidth-limited (where
the the dispersed pulse covers only a fraction of the passband); for
example, a ‘weak’ (peak flux < 7¢) but more ‘complete’ pulse, with a
sweep covering the full band and a larger pulse width, is more easily
identified through visual inspection.

To quantify these effects, we carried out an experiment by adding
simulated pulses into real data (Extended Data Fig. 3, left). All pulses
were generated assuming DM = 565 pccm™and a Gaussian pulse profile
(in frequency) and then sampled in time and frequency in exactly the
same fashion as for the FAST data. The frequency bandwidth of pulses
is sampled from a normal distribution, similar to that of the observed
pulses. The pulse width (intime) was sampled fromalog-normal distribu-
tion, similar to that of the observed FRB bursts. The SNR, of the injected
pulses was defined as the peak flux divided by the measured RMS of the
realdata. More than1,000 mock FRB bursts were injected into 20 min of
FAST data. We then processed the simulated datasets through the same
pipelines and procedures. As shown in Extended Data Fig. 3 (left), the
simulated pulses with sufficient SNRrcan be distinguished from RFland
thus detected, whereas weaker ones cannot. Histograms of the peak flux
SNR,andtheintegrated flux SNR;are shownin Extended DataFig. 3 (right).
The behaviours were similar to the previously published simulations®.

Both detection and fluence completeness are shown in Extended Data
Fig. 4, which shows the recovered fraction of injected ‘FRB’ pulsesas a
function of burst fluence and duration. For reference, the 90 per cent
detection completeness threshold for a characteristic width of 3 ms
occurs at a fluence of 0.02 Jy ms, roughly corresponding to Eq, = 2.5 x
10* erg. Atagiven fluence, the longer durations tend to be more incom-
plete. Extended Data Figure 4 shows that the search has a high detection
completeness (>95%) for burst durations of <20 ms when the burst flu-
ence is >0.06 Jy ms, which corresponds to an energy of >7.5 x 10% erg.
Below thisenergy, the survey will begin to miss wider bursts. The current
detections are consistent with event rate starting to drop below £,,.

We produce a ‘reconstructed’ energy distribution, by adding the
missing fraction back into the sample (Extended Data Fig. 5a) based
onthesimulated recovery rate. The reconstructed energy distribution
hasawider log-normal distribution for the low-energy pulses, but the
same peak E,. We reaffirm the existence and robustness of the peak
location in this simulation.

Energy distribution

The histogram of burst energies exhibits two clearly separable
bumps, which can be well fit by two log-normal functions (Extended
DataFig. 5b, top).

Theburstrate versus burstenergy distribution shows abroad bump
centred around 4.8 x 10¥ erg and a power-law-like distribution with a
slope close to -2 for the high-energy tail. We first fit the distribution
withasingle power law, Cauchy, and log-normal function, respectively.
The x*and R*tests in Table 1show that these single-component models
cannot adequately describe the data.

We then test the hypothesis that the energy distribution can be
described by apower-law function N(E) = ;£ “£in certain energy range
E;<E<E.Thatis,

N,,(1-ag)

N = W, @
where N, is anormalization constant, and N,, is the total number of
bursts included. For 3 x10*® < £ < 8 x10* erg, the energy function is
consistent with a power law with a;=1.85 + 0.3. Previous studies also
found power-law energy distributions for the Australian square kilome-
tre array pathfinder (ASKAP) sample and all of the bursts from the FRB
catalogue®?**38 A bimodal distribution is clearly needed to prop-
erly cover the full energy range. A log-normal function plus a Cauchy
function for the high-energy range can achieve a satisfactory fit, with
a coefficient of determination R? = 0.928.

Giant pulsesfromthe Crab pulsar show apower-law amplitude distribu-
tion combined with alongtail of ‘supergiant pulses™ due to underlying
magnetospheric physics that mighthelp to elucidate the energy distribu-
tion of FRB121102. However, the Crab’s giant pulses are manifestly tied
tothespinofthe neutronstar, whereas the bursts discussed here are not



periodic. Therefore, amechanismis needed to erase the periodicity in
detected bursts; this could be caused by large variations in altitude or
beaming that are not strictly tied to the rotating neutron star. It could
also be caused by propagation effects in the circumsource medium.

The low-energy component is similar to distributions seen in many
radio pulsars. At the high-energy end, the trend towards a power law
with slope a; is reminiscent of giant pulses from the Crab pulsar. The
bimodality of the energy distributionis also clearly time dependent, with
the high-energy mode having more events before MJD 58740. The fewer
high-energy events after that epoch may signify that the bimodality is
duetotime-dependentlensing but more plausibly might be ananalogue
of ‘mode changes’ commonly seen in long period radio pulsars where
pulse components change their relative amplitudes and occurrence
rates. Further observations can distinguish between these possibilities.

InFig. 1, temporal variations are seen for the collective behaviour
of each session. There are days with significantly brighter averages,
although weak bursts are always present.

Analysis with a modified Cauchy function
A common Cauchy distribution is

&)

Cauchy distribution can also be obtained from the distribution of the
ratio of twoindependent normally distributed random variables with
zero mean.

Assume that Xand Yareindependent of each other and obey anormal
distribution:

_ L
jj(ly(x)—me" (6)

Then the probability density of Z=X/Yis:
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Hence, if we change theindex 2 of the normal distribution to alpha, then
the Cauchy distribution will be the general Cauchy function:

p(x) (8)

- m(x*+1)

Thegeneralized Cauchy function can describe theratio between two nor-
mally distributed variables. The best-fitindex of 1.85is close to 2 with g~
0.3, whichcould suggest correlated events for generating strong bursts.

Width distribution

The pulse width W, is shown against flux density and the pulse width
distribution of the bursts (Extended Data Fig. 6, left and right, respec-
tively). The equivalent width W, is defined as the width of a rectangu-
lar burst that has the same area as the bursts, with the height of peak

flux density denoted as S, In our sample, several pulses might be
described as multiple componentsin asingle burst, if there is ‘bridge’
emission (higher than 50) between pulses for the bursts with acomplex
time-frequency structure. This results in some bursts having overes-
timated equivalent widths. The computed equivalent widths range
from 0.43 ms to about 40 ms, consistent with alog-normal distribution
centred around approximately 4 ms. This is consistent with the known
statistical properties of repeating FRBs***.,

Monte Carlo simulations of the waiting time distribution
Following the exact setup of the observations, including starting time,
duration, sampling rate and pulse burst rate, we generate random times
of arrival through Monte Carlo simulations. The simulation was per-
formed three times, with numbers of generated pulses of 100 x 1,652 ~
1.6€5,1x1,652=1652and 0.2 x1,652~330. The distributions of different
waiting time sets are shown in Extended Data Fig. 7. The log-normal
distribution appearsinthe randomly generated waiting time distribu-
tion, and centred at 0.62 s, 61.89 sand 272.04 s.

The peak waiting time of the log-normal distribution increases as
the number of bursts in the simulated sample decreases. Among the
1,652 pulses of FRB 121102, 296 have higher energy than 3 x 10 erg,
which accounts for about one-fifth of the total pulses. The peak wait-
ingtime of these 296 pulsesis 220 s, which s close to the peak waiting
time from the generated 0.2 x 1,652 ~ 330 pulses. The main feature of
waitingis thelog-normal distribution centred at 70 s, whichis close to
the simulated distribution with 1,652 generated pulses.

Our simulations suggest that the observed log-normal distributions of
waiting time centred at 70 sand 220 s, though not aninstrumental effect,
are nevertheless consistent with emission from a source that emits
FRBs randomly or other ‘masking’ factors, such as rotating attitudes.

Periodicity search
The Lomb-Scargle periodogram metho iswidely used toidentify
periodicities in data that are not uniformly sampled.

We apply this method to the times of arrival of FRB121102 to deter-
mine whether thereis a possible period. If the bursts of FRB121102 do
have a period, folding the burst arrival times according to this period
would show clustering in burst phase.

Periodograms of bursts from FRB121102 for periods ranging from1ms
to100d areshownin Extended Data Fig. 8; the left panel covers periods
from 0.01dto100 d and theright panel periodsfrom1msto1,000s. Of
the five peaks in the left panel, four are at periods 0f 0.998 d, 0.499 d,
0.333d and 0.153 d, corresponding to the daily sampling and its higher
harmonics. Thefifth peak at about 24 d yields anon-random butbroad
distribution of burst phases (Extended Data Fig. 8, bottom left) that
most probably reflects non-uniform detections over the 47-d dataspan.
The marginally significant peak at 10.575 + 0.008 ms in the top-right
panelappearstoberelated toalarge multiple of the original 98.304-ps
sampleinterval of the data. Folding with that period does not show any
concentration in pulse phase (Extended Data Fig. 8, bottom right).

Inadditiontoasearchforaconstant period over the 47-d dataset, we
alsosearched for periods (P) between1ms and1,000 s accompanied by
aperiod derivative (P) between10"2and 10 2ss 'and the same negative
Prange to fold all of the pulses. This also did not reveal any underlying
period.Inaddition, we divided the pulses according to energy with divid-
ing lines at 5 x10¥ erg and 3 x 10* erg, and found that the pulses in dif-
ferentenergy intervals do not have significant periodicity. Allobserving
sessions fallin the predicted active phase of FRB 121102 (refs. ***%), thus
the addition of this sample does not alter the 157-d period found there.

d 42,43

DM variation

Before we can study the detailed emission characteristics of the bursts,
the optimum DM should be determined. De-dispersed pulse profiles
were created for each DM trial between 500 and 650 pc cm™ with a
step size of 0.05 pc cm3, using the single pulse search toolsin Presto®.
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Gaussians (multiple when necessary) were fitted to the profiles. The
derivative of each Gaussian was then squared. For multiple compo-
nents, the squared profiles were summed. The optimum DM was then
identified according to the maximization of the areaunder the squared
derivative profiles, thus maximizing the structures in the frequency
integrated burst profile. The typical DM optimization method and
de-dispersed profiles are shown in Extended Data Fig. 9.

The resulting histogram distribution of DMs are shown in Extended
DataFig.10 (left), the optimal valueis 565.8 + 0.3 + 0.76 pccm >, between
MJD 58724 and MJD 58776. The two uncertainties are statistical error and
systematic error. The latter is estimated by measuring the ADM that results
in a DM time delay across the whole band equal to half the equivalent
width of the bursts (the typical value is 1.5 ms). This suggests that the
DM of FRB121102 hasincreased by 5-8 pc cm™ (1.0-1.4%) with more than
200significance compared with earlier detections from MJD 57364; ref.™*
reported the optimal value tobe 558.6 + 0.3 + 1.4 pc cmwith similar meth-
odology. Furthermore, the measured DM values and their uncertainties
ofthebursts are shown in Fig. 4 as afunction of individual observations.
DM apparently increased over the past 6 years™* and is found to be con-
sistent witha DM growth rate of +0.85 + 0.10 pc cm 2 yr'in equation (2).

To inspect the reliability of this DM variation trend, we divided
the DM measurement into three time bins according to the dates of
theeventand generated mock DM valuesin eachbin, based onthe mean
and the standard deviation of the measured DMsin the respective time
bins. The null hypothesis was then tested based on the generated DMs
under the assumption that DM does not change over time. For each set
ofgenerated DM, aslope was fitted. Based on 20,000 trials, the g of the
resultingslope distributionis 0.38 pccm™yr™, shown in Extended Data
Fig.10 (right). Thus, the fitted DM growth rate of 0.85 could result from
anull hypothesis sample at a 2.6% probability, slightly better than 2¢.
Thisis apparently less significant than the simple fitting, but probably
more realistic.

Polarization characteristics

The polarization was calibrated by correcting for differential gains
and phases between the receivers through separate measurements
of anoise diode injected at an angle of 45° from the linear receivers.
The circular polarization is consistent with noise, lower than a few
per cent of the total intensity, which agrees with ref. ©. We searched
for the rotation measure (RM) from —6.0 x 10°t0 6.0 x 10°radm2, a
range that is much larger than the RM - 10° rad m 2 reported in ref. ¢,
but nosignificant peak was found in the Faraday spectrum. The linear
polarization becomes negligible at L band compared to almost 100%
linear polarizationat C band reported inref.¢. For our data, we estimate
the depolarization fraction fy,, using

sin(46)
jijepol =1- A0 4 (9)
where the intra-channel Faraday rotation A@is given by
2RM %A
IVE % (10)
c

wherecisthe speed of light, Avis the channel width, and v, is the central
channel observing frequency. TakingRM,,, =10°rad mreportedinref.®,
Av=0.122 MHz and v.=1.25 GHz for our data, we get fy.,, =20%.
Although the depolarization fractionis not negligible, the non-detec-
tion of the linear polarization cannot be caused by depolarization
assuming RM,, <10°rad m™.

We are confident about the non-detection. We have applied the same
analysis procedures to bright pulsars and retrieved expected results.
The same procedure has been used in multiple publications*¢ ™%, Our
non-detection does not conflict with the previous almost 100% lin-
ear polarization because all previous polarization detections were

accomplished at frequency bands higher than Lband (about1.4 GHz).
Polarization measurements at 4-8 GHz were published in ref.  and at
3-8 GHzinref.*., Unless the RM was somehow much larger during the
FAST observations compared to previous determinations, the non-
detection appears to require strong frequency evolution of the linear
polarization.

Energy budget constraint on the synchrotron maser magnetar
model

The total isotropic energy emitted in the 1,652 bursts reported in this
paper is 6.4 x10* erg. We consider that each FRB has abeaming factor
of f,=6Q/4m <1 (where 6Q is the solid angle of the emission of indi-
vidual burst). Ifthese individual bursts are isotropically distributedin
sky, eventhough the energy budget for each FRBis smaller by afactor
of f,,, there would be also approximately f;l more undetected bursts
(whose emission beams elsewhere) so that the total energy is not
changed?. Adopting a typical radiative efficiency ~10™5_, from
numerical simulations®® (which could be even lower in view of the very
rapidrepetitionrate), the total energy emitted solely during the approx-
imately 60 h of observation spanning 47 d is already -2 x 107} erg
(considering FAST only observed about 60 h during these 47 d and
assuming that the observed rate applies to the epochs of no observa-
tions as well). The total magnetic energy of amagnetar with a surface
magnetic field strength B=10"B,; G is ~(1/6)B*R3 ~ 1.7 x 10* erg. The
total energy emitted during our observational campaign is already
about 37.6% of the available magnetar energy. One possible way to
avoid this criticism is to argue that there is a ‘global beaming factor’
F,=AQ/4mthatis smaller than unity but greater thanf,to describe the
beaming angle of all emitted FRBs. This factor could be of the order
0.1for pulsar-like emission due to the geometry defined by the mag-
netosphere configuration of the central source. However, for relativ-
isticshocks invoked inthe synchrotron maser models, F, would notbe
much less than unity due to the lack of a collimation mechanism for a
Poynting-flux-dominated outflow.

Inview of the fact that FRB 121102 has already been active for nearly a
decade and that many faint bursts such as the ones reportedin this paper
have escaped detection from previous telescopes, we believe that the syn-
chrotronmaser modelis significantly challenged from the energy budget
pointof view. A previous analysis using data observed by the Green Bank
Telescope’ obtained asimilar result®.Even if this global beaming factor F,
=0.lisassumed, thereleased energy during this active periodis already
3.8% of the total magnetar energy budget. This disfavors the synchrotron
maser model and any model thatinvokes alow radio radiative efficiency.

Dataavailability

Allrelevant dataforthe 1,652 detected burst events are summarizedin
Supplementary Table 1. Observational data are available from the FAST
archive (http://fast.bao.ac.cn) 1year after data collection, following
FAST data policy. Owing to the large data volume for these observa-
tions, interested users are encouraged to contact the corresponding
author to arrange the datatransfer. The data that support the findings
of this study are openly available in Science Data Bank at https://doi.
org/10.11922/sciencedb.01092 or https://www.scidb.cn/en/detail?da
taSetld=f172ff40142c4100855724b80a085deb.

Code availability

Computational programs for the FRB121102 burst analysis and observa-
tionsreported here are available at https://github.com/NAOC-pulsar/
PeiWang-code. Other standard datareduction packages are available at
their respective websites: PRESTO (https://github.com/scottransom/
presto), HEIMDALL (http://sourceforge.net/projects/heimdall-astro/),
DSPSR (http://dspsr.sourceforge.net), PSRCHIVE (http://psrchive.
sourceforge.net).
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Extended DataFig.5|Upper panel (a): The burst rate distribution of the
isotropicequivalentenergy. Detailsas per Extended DataFig.2. Theredline
represents therecovered distribution by adding back the missing fraction
based onthe simulation. The grey shaded regionis the uncertainty for a 95%
confidence based onthe Poisson statistical assumptionin the “reconstructed”
fitting. Bottom panel (b): The fluence-width distributionat1.25 GHz for
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Extended DataFig.7|MCsimulations of the waiting time distribution. The 1652=1652,and 0.2 x1652~330. The peak times of the three log-normal
three figures correspond to three different simulations, and the number of distributionsare 0.62s,61.89s,and 272.04 s, respectively.
randomly generated pulsesin each simulationare100 x1652~1.6e5,1x
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Extended DataFig.8|Lomb-Scargle periodograms of FRB121102 burst
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original sampling time and also yields no distinct concentrationin burst phase.



Article

1.0 v

Start with
UTC 58709.01858 DM = 560.0 pc/em *

1500

1400

Amplitude

1300

0 20 40 60 80
Time (ms)

Freq(MHz)

[
N
o
(=]

1.0 . . .
Start with
UTC 58709.01858 DM = 563.5 pc/cm ®

1100

Amplitude

1000
0.00
Time(s) 3 i - l e
Time (ms)
1.0 1 r .
Start with
UTC 58709.01858 DM = 569.0 pc/cm ™
0.9
o
<
2
= a
= g os
0.7
L
Time sample 0 20 0 0 o
Time (ms)

Extended DataFig. 9| Example of the DM optimization method for FRB121102. The complex time-frequency structures for the burst of MJD 58729.01858 was
revealed withan optimal DM of 563.5pccm™.
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Extended DataFig.10|Left panel: Histogram and cumulative distribution of dispersion measure for FRB121102. Right panel: Slope distribution of null
hypothesis test.
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