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A B S T R A C T 

More than 100 rotating radio transients (RRATs) have been disco v ered since 2006. Ho we ver, it is unclear whether RRATs radiate 
in nulling states. PSR J0628 + 0909 has been classified as an RRAT. In this paper, we study the single pulses and integrated pulse 
profile of PSR J0628 + 0909 to check whether we can detect pulsed radio emission in the nulling states. We also aim to study 

the polarization of the RRAT and its relationship to the general pulsar population. We used the Five-hundred-meter Aperture 
Spherical radio Telescope (FAST) to observe PSR J0628 + 0909 in the frequency range from 1.0 to 1.5 GHz. We searched for 
strong single pulses and looked for pulsed emission in the RRAT nulling states. Polarization profiles, the single-pulse energy 

distribution, and waiting-time statistics were measured. The Faraday rotation measure and dispersion measure values are updated 

with the current observation. The single-pulse polarization behaviours show great diversity, similar to the case of pulsars. Based 

on the integrated pulse profile and single-pulse energy statistics, we argue that continuous pulsar-like emission exists in addition 

to the transient-like burst emission for PSR J0628 + 0909. We find that the pulse waiting time is not correlated with the pulse 
energy and conclude that the strong transient emission of RRAT is not generated by the energy store–release mechanism. 

Key words: pulsars: general – pulsars: individual: J0628 + 0909. 
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 I N T RO D U C T I O N  

ver 100 rotating radio transients (RRATs) have been reported 1 

ince the first disco v ery in 2006 (McLaughlin et al. 2006 ). The
efinition of an RRAT is still not rigorous. Burke-Spolaor & Bailes
 2010 , p. 862) defined an RRAT as ‘an object which emits only
on-sequential single bursts with no otherwise detectable emission
t the rotation period’. Another definition was given by Keane &
cLaughlin ( 2011 , p. 340), who referred to ‘a repeating radio source,
ith underlying periodicity, which is more significantly detectable
ia its single pulses than in periodicity searches’, whilst Abhishek
t al. ( 2022 , p. 1 of arXiv version) identified RRATs as ‘radio pulsars
hich can only be detected through single-pulse searches’. In this
aper, we follow the convention of Keane & McLaughlin ( 2011 ); that
s, RRATs, a peculiar subclass of radio pulsars, manifest an extreme
ulse-to-pulse variability with high nulling fractions , namely the
atios when RRATs turn off their radio emission. Long-term RRAT
onitoring enabled coherent timing solutions of RRATs to be found

McLaughlin et al. 2009 ; Keane et al. 2011 ), which showed that
RATs belong to a population of longer-period radio pulsars with
igh magnetic fields. Glitches, a sudden increase of pulsar rotation
requenc y, hav e also been detected in some RRATs (Lyne et al. 2009 ;
hattacharyya et al. 2018 ), and the post-glitch o v er-reco v ery of the
 E-mail: jiangjinchen@bao.ac.cn (JCJ); kjlee@pku.edu.cn (KJL); 
.x.xu@pku.edu.cn (RXX) 
 see RRATalog , a compiled list of RRATs maintained by Bingyi Cui and 

aura McLaughlin at http://astr o.phys.wvu.edu/r ratalog/. 
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requency deri v ati ve indicates a close relationship between RRATs
nd the high-magnetic-field radio pulsar population. 

Two major classes of possibilities have been proposed to explain
he intermittent behaviour of RRATs (Lyne et al. 2009 ), namely
1) radio pulsar models and (2) transient X-ray magnetar models.
n the first class of models, the emission of the RRAT either is
ompletely turned off in the null states (Zhang, Gil & Dyks 2007 )
r is too weak to be detected (Weltevrede et al. 2006 ). In the second
lass of models, the radio emissions may be triggered by X-ray
utbursts of usually quiescent magnetars (Camilo et al. 2007b ), a
lass of neutron star believed to have an extremely strong magnetic
eld B ≥ 10 13 G and where the radiation is powered by the decay
f internal magnetic fields. Both classes of model are supported
y observ ational e vidence. The recent detection of continuous
ulse trains from RRATs J1913 + 1330 and J1538 + 2345 (Lu et al.
019 ) supports the pulsar-like models, while the similar spin-down
roperties between RRATs and magnetars supports the transient X-
ay magnetar hypothesis (Esamdin et al. 2008 ; McLaughlin et al.
009 ; Lyne et al. 2009 ). 
Recently, MJy-level radio bursts from the magnetar SGR

935 + 2154 were detected (CHIME/FRB Collaboration et al. 2020 ;
ochenek et al. 2020 ), and, later, the normal pulsar-like radio pulses
ere disco v ered to be approximately 10 9 times weaker (Zhang et al.
020 ; Zhu et al. 2020 ). The observations indicated a potential link
etween cosmological fast radio burst events (Zhang 2020 ) and
ulsar intermittency, which started to attract attention. A close look
t Galactic RRATs, particularly an investigation of their properties
hen they are in the null state, may help us to understand how FRBs

hannel or store energy to power the radio bursts at a power level of
0 42 ergs s –1 (Luo et al. 2018 ). 
© 2022 The Author(s) 
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Figure 1. Q − U fitting for the rotation measure. The x -axis is the radio 
frequency, and the y -axes are normalized Stokes Q , U and the fitting residuals, 
as labelled. The dots with 68 per cent confidence-level error bars are the 
observed values, and solid curves are from the best-fitting model. Grey shaded 
areas indicate the channels remo v ed in the radio-frequency interference 
mitigation stage. 

Table 1. Ephemeris for PSR J0628 + 0909. All the values and errors are from 

Nice et al. ( 2013 ), except for DM and RM, which were measured using data 
in this paper. 

Right ascension (RA, J2000) 06:28:36.183(5) 
Declination (Dec., J2000) + 09:09:13.9(3) 
Reference epoch (PEPOCH, MJD) 54990 
Rotation frequency ( F 0 ) 0.8055282493188(20) Hz 
Frequency deri v ati ve ( F 1 ) −3 . 5552(13) × 10 −16 s −2 

DM 88 . 47 ± 0 . 06 cm 

−3 pc 
RM 140 . 9 + 1 . 5 −1 . 4 rad m 

−2 
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PSR J0628 + 0909 was originally disco v ered as single pulses in
he Pulsar surv e y using the Arecibo L-band Feed Array (PALFA
urv e y; Cordes et al. 2006 ). The pulsar has a pulse period of P =
241.4 ms and a dispersion measure of DM = 88 pc cm 

−3 . Follow-
p PALFA observations reported a burst rate of 141 h −1 and a pulse
idth at half-maximum of W = 10 ms (Dene v a et al. 2009 ). Later,

0628 + 0909 was identified as an RRAT, and its precise position was
easured using the Karl G. Jansky Very Large Array (Law et al.

012 ). 
In this paper, we present an observation of PSR J0628 + 0909 using

he Five-hundred-meter Aperture Spherical radio Telescope (FAST; 
eng, Nan & Su 2000 ; Jiang et al. 2019 ), the high sensitivity of which
rovides a new opportunity to characterize the pulse flux statistics 
f an RRAT at the low end. In Section 2 , we describe the setup of
ur observation. Data analysis, including polarimetry and statistical 
odelling of the single-pulse distribution, is given in Section 3 . We

ote that the morphology of single pulses is very diverse, with some
f them showing very high degrees of polarization resembling that 
f radio magnetars (Camilo et al. 2007a ; Eatough et al. 2013 ) or
epeating FRBs (Luo et al. 2020 ; Xu et al. 2022 ). Our folded data
ndicate a weak radiation mode for PSR J0628 + 0909; that is, the
ulsar can still radiate radio pulses in the ‘nulling’ state, despite the
mission being three orders of magnitude weaker than the transient 
ulse emission. We provide a discussion and present conclusions in 
ection 4 . 

 OBSERVATIONS  A N D  DATA  PROCESSING  

e observed PSR J0628 + 0909 with F AST , for which the ef fecti ve
ain after correcting the aperture efficiency is G � 16 K Jy –1 .
ur observation was performed with the L-band 19-beam receiver 

nstalled at the main focal point (Jiang et al. 2020 ), which co v ers
he frequency range of 1.0 to 1.5 GHz with a typical system-noise
emperature of T sys ≈ 20 K. We recorded the 1.0–1.5-GHz data 
ith a R OA CH2 board-based digital backend (Parsons et al. 2006 ),
here radio-frequency (RF) data were sampled in 8-bit format. 
hannelized filterbank data were formed in the R OA CH2 using Field-
rogrammable Gate Array (FPGA)-based polyphase filterbanks and 

hen transferred to the data recording computer cluster. The data 
ere stored in 8-bit format at the rate of 49.152 μs per sample
ith frequency resolutions of 0.122 MHz (i.e. 4096 channels for 
00-MHz bandwidth). The observation started on 2021 June 4 
7:06:51 UTC and lasted for 29 min. Before the observation, we also
bserved 1 min of the polarization calibration signal from noise diode 
njection. 

We refined the DM by fitting the time-of-arri v als (TOAs) to the
old plasma dispersion relation using TEMPO2 (Hobbs, Edwards & 

anchester 2006 ), where TOAs were generated for eight subbands 
pread equally across the frequency range of 1.0–1.5 GHz. We 
btained DM = (88.47 ± 0.06) pc cm 

−3 . The data were then de-
ispersed at the refined DM value. Our DM measurement is fully
onsistent with the previously published value of DM = 88.3 pc cm 

−3 

Nice et al. 2013 ). After de-dispersion, we performed polarization 
alibration using the noise diode signal, which was injected to mimic 
he 45 ◦ linearly polarized white noise. The polarization calibration 
as performed with the single-axis model (Hotan, van Straten & 

anchester 2004 ), which provided an accuracy of ∼0.5 per cent 
ccording to the lab-measured specification of the feed (Dunning 
t al. 2017 ). We also corrected the Faraday rotation effect with the
otation measure (RM) derived by performing the Q − U fitting 
echnique (Desvignes et al. 2019 ; Luo et al. 2020 ) on the time-
ntegrated data of periods with a single-pulse signal-to-noise ratio 
/N > 7. The best-fitting value is RM = 140 . 9 + 1 . 5 
−1 . 4 rad m 

−2 after
mplementing the ionospheric correction computed with the software 
ackage IONFR (Sotomayor-Beltran et al. 2013 ). The Q − U fitting
nd residuals are shown in Fig. 1 . 

We folded our data with the timing ephemeris provided by Nice
t al. ( 2013 ), where the ephemeris parameters with an updated DM
alue are reproduced in Table 1 . The software package DSPSR (van
traten & Bailes 2011 ) was used in the folding process. As the timing
phemeris is 10 years old, we validated the ephemerides by checking
he phase drift of pulses during our half-hour observation. As no
ignificant phase drift was found, we believe that the ephemeris is
ccurate enough for the current study. 

We visually inspected the de-dispersed dynamic spectra and folded 
ubinte grations. We remo v ed channels and subinte grations contam-
nated by radio-frequency interference (RFI). We also checked to 
nsure that the individual pulses showed the correct dispersion 
ignatures. To a v oid the possible spectral mirror effect due to the
pectral leakage (Harris 2021 ), 20-MHz band edges on both sides of
he bandpass were remo v ed. 

 RESULTS  

.1 Integrated profile 

he integrated polarization pulse profiles (o v er both frequenc y and
ime) are shown in Fig. 2 , where three different kinds of pulse profile
MNRAS 518, 1418–1426 (2023) 
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M

Figure 2. Integrated profiles and PA for all data (top panel, 28.4-min 
integration), for all single pulses with S/N ≥ 7 (middle panel, 2.4-min 
integration), and for all data removing single pulses with S/N ≥ 7 (bottom 

panel, 26-min integration). The top and bottom parts of each panel show the 
swing of PA and the polarimetric profile as a function of the pulse phase. 
The total intensity ( I ) is represented by black solid curves, while the linear 
polarization ( L ) and circular polarization ( V ) are represented by red dashed 
and blue dash–dotted curv es, respectiv ely. The PA swing shows an abrupt 
orthogonal jump at the pulse phase 0.215. The grey shaded area is the on- 
pulse region, which is defined as twice the width producing the best S/N. 

a  

p  

i  

w  

p  

fi  

J  

p  

a  

Table 2. Rotating vector model fitting results for the PA curves. α is the 
inclination angle between the magnetic pole and the spin axis. ζ is the viewing 
angle between the line of sight and the spin axis. φ0 is the phase offset, and 
� 0 is the PA offset. 

Selection α ( ◦) ζ ( ◦) φ0 � 0 ( ◦) 

All 54 + 11 
−7 126 + 7 −11 −0 . 2922 + 0 . 0003 

−0 . 0004 −46 . 8 + 4 . 2 −3 . 1 

S/N ≥ 7 83 + 4 −9 97 + 9 −4 −0 . 29243 + 0 . 00015 
−0 . 00018 −45 . 2 + 1 . 1 −0 . 7 
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re given: (1) the integrated pulse profile of all data, (2) the integrated
ulse profiles of only the individual pulses with S/N ≥ 7, and (3) the
ntegrated pulse profile of all data excluding the individual pulses
ith S/N ≥ 7, namely the integrated pulse profile of all individual
ulses with S/N < 7. Our S/N is defined using a boxcar-matched
lter (Men et al. 2019 ). Ho we ver, because the pulse phase of PSR
0628 + 0909 is confined nearly in the same phase as the integrated
ulse phase (see below in Section 3.2 ), we fixed the phase range
nd the width of the boxcar filter when computing the subintegration
NRAS 518, 1418–1426 (2023) 
/N, which is defined as 

 / N = 

∑ 

box A i √ 

w σ
. (1) 

ere, the pulse width is w (in the unit of the number of phase
ins), σ is the off-pulse root-mean-square (rms) noise level, and the
ummation for pulse flux ( A i ) is o v er the phase range defined by the
ulse width. 
The optimal parameters of the phase range and w were found

y searching o v er the parameter space to maximize the S/N for the
ntegrated pulse profile using all data . The width ( w) producing the
est S/N is 8 ms or 0.7 per cent in phase, as indicated in Fig. 2 .
e also measured the pulse widths at 50 per cent and 10 per cent

f the pulse profile peak, namely W 50 and W 10 , as 6.7 and 12.9 ms,
especti vely. These v alues roughly agree with pre vious work (Posselt
t al. 2021 ), which found W 50 = 9 . 7 ± 0 . 6 ms centred at 1.27 GHz
ith a bandwidth of 775 MHz. 
We estimate the pulsar phase-average flux using the radiometer

quation: 

 mean = 

T sys S / N 

G 

√ 

n pol t obs �ν

√ 

δ

1 − δ
, (2) 

here T sys � 20 K is the system-noise temperature, G � 16 K Jy −1 

s the gain of the telescope, n pol = 2 represents dual-polarization
ata, t obs is the observation time, δ is the duty cycle, and �ν is the
bserved bandwidth of 362 MHz after e xcluding frequenc y channels
ontaminated by RFIs. The mean flux density o v er the whole spin
hase is therefore 54 ± 10 μJy, considering a 20 per cent systematic
rror (Jiang et al. 2019 ). Nice et al. ( 2013 ) reported a similar value:
he mean flux density at 1.4 GHz S 1400 = 58(3) μJy after fitting four
ubbands’ flux densities to a power-law model. 

We fitted the integrated PA curves of all data and periods with a
ingle-pulse S/N ≥ 7 to the rotating vector model (RVM; Radhakr-
shnan et al. 1969 ; Komesaroff 1970 ) using the Bayesian method
Desvignes et al. 2019 ). The best-fitting parameters are in Table 2 .
o we ver, o wing to the limited phase range, we found that the fitting
oes not lead to reasonable constraints for geometrical parameters;
hat is, the inclination angle and impact angle are strongly correlated
n the posterior distributions. 

.2 Single-pulse properties 

his paper uses two single-pulse search schemes to characterize
he single-pulse population. We first carried out a blind single-
ulse search, where the moving boxcar filter was applied to the de-
ispersed time series, and the boxcar widths and centres were allowed
o be the free parameters in searching. The threshold for detecting a
ingle pulse is S/N ≥ 7 (Zhang et al. 2021 ) to reduce coloured noise
rtefacts. To further mitigate the possible RFI contamination, a visual
nspection was performed on all single pulses, where we verified that
hey all had the expected dispersion signatures. In total, 155 single
ulses were detected. Fig. 3 shows the distribution o v er time and the

art/stac3094_f2.eps
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Figure 3. The time and phase distribution of all single pulses with S/N ≥
7. The x -axis is the pulse phase. Top panel: the distribution of the central 
phase of single pulses as a function of the pulse phase. Bottom panel: the 
y -axis is the time. Each horizontal blue bar represents a single pulse and its 
phase co v erage. The colour of each horizontal bar indicates the S/N, and the 
corresponding values can be read off from the colour bar on the right-hand 
side. Except for a few wide pulses, most of the pulses fall in the on-pulse 
region. The pink shaded area is the on-pulse region also shown in Fig. 2 . 

p  

p
w
(  

t

2  

p
A
o  

p
E
8
s
l
1
v
p

 

r  

b
s  

a
s
p
w  

t

e  

m
d
n
n
a  

t
f

f

f

f

f

w  

f  

f
m

f

f

f

f

i  

f  

l  

B  

t
2  

t  

d  

m
S  

p
B  

t  

b  

a  

m
 

r

S

i  

τ  

d

S

w
i  

p  

p

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/518/1/1418/6840068 by Peking U
niversity user on 08 D

ecem
ber 2022
hases of all the detected single pulses. As can be seen, the single-
ulse phases are relatively stable for the RRAT population, consistent 
ith the prediction (Weltevrede et al. 2006 ) and later observations 

Burke-Spolaor & Bailes 2010 ; Cui et al. 2017 ). On the other hand,
he widths of single pulses vary significantly, from 0.3 to 20 ms. 

The polarization pulse profiles and dynamic spectra of the top- 
0 highest S/N single pulses are shown in Fig. 4 . The single-pulse
olarization profiles are notably different from the integrated profile. 
lthough the single-pulse PA curves more-or-less resemble that 
f the integrated pulse profile, there can be great diversity in the
rofile widths, structure morphologies, and polarization properties. 
xamples include: narrow pulse (no. 986) versus wide pulse (no. 
52); single-peak (no. 29) versus double-peak (no. 35) profiles; PA 

wing (no. 1165) versus nearly constant PA (no. 390); high fractional 
inear polarization (no. 604) versus high circular polarization (no. 
175); with and without circular polarization sign change (no. 419 
ersus no. 463). Similar features have been noted in millisecond 
ulsars (Palliyaguru et al. 2021 ). 
The blind search can be affected by random noise in the low-S/N

egime (Zhang et al. 2021 ). To fully characterize the single-pulse
ehaviour in the low-S/N regime, the second single-pulse detection 
cheme was used, where we fixed the boxcar width w and centre
ccording to the on-pulse region and computed the S/N without 
earching. The S/N provides a statistical description for the single- 
ulse strength and noise properties. For a better visual representation, 
e plot the histogram of (S/N) 2 on a logarithmic scale in Fig. 5 . Here,

he square is introduced, as S/N may be ne gativ e in this case. 
We modelled the S/N distribution with four models and then 

 v aluated the goodness of fit. The models are all mixture probability
odels, and the distributions are composed of more than one 
istribution function. The models are mixtures of: (1) Gaussian 
ormal and exponential distributions (N + EXP); (2) Gaussian 
ormal and power-law distributions (N + PL); (3) Gaussian normal 
nd lognormal distributions (N + LN); and (4) Gaussian normal and
wo lognormal distributions (N + 2LN). The probability distribution 
unctions are 

 N + EXP ( x ) = sf N ( x | μ, σ ) + ( 1 − s ) f EXP ( x | λ) , (3) 

 N + PL ( x ) = sf N ( x | μ, σ ) + ( 1 − s ) f PL ( x | x 0 , α) , (4) 

 N + LN ( x ) = sf N ( x | μ1 , σ1 ) + ( 1 − s ) f LN ( x | μ2 , σ2 ) , (5) 

 N + 2 LN ( x ) = s 1 s 2 f N ( x | μ1 , σ1 ) + s 1 ( 1 − s 2 ) f LN ( x | μ2 , σ2 ) 

+ ( 1 − s 1 ) f LN ( x | μ3 , σ3 ) , (6) 

here s , s 1 , and s 2 are the mixture weights, f N ( x | μ, σ ), f EXP ( x | λ),
 PL ( x | x 0 , α) and f LN ( x | μ, σ ) are the probability density distribution
unctions of Gaussian normal, e xponential, power-la w and lognor- 
al, respectively, defined as 

 N ( x | μ, σ ) = 

1 √ 

2 πσ
exp 

[
− ( x − μ) 2 

2 σ 2 

]
, (7) 

 EXP ( x | λ) = 

{
λ exp [ −λx ] x ≥ 0 , 
0 x < 0 , 

(8) 

 PL ( x | x 0 , α) = 

{ 

C 

( x 2 + x 2 0 ) 
α/ 2 x > 0 , 

0 x ≤ 0 , 
(9) 

 LN ( x | μ, σ ) = 

{ 

1 √ 

2 πxσ
exp 

[ 
− ( ln x−μ) 2 

2 σ 2 

] 
x ≥ 0 , 

0 x < 0 , 
(10) 

n which C = 2 π−1 / 2 x α−1 
0  

(
α
2 

)
/  

(
α
2 − 1 

2 

)
is the normalization

actor, and a corner cut-off x 0 is introduced to regularize the power-
aw distribution at the low end. For each model, we used the standard
ayesian method (Sivia & Skilling 2006 ) to infer the model parame-

ers, and the software package MULTINEST (Feroz, Hobson & Bridges 
009 ) was used to perform the posterior sampling and to compute
he Bayes factors. We understand that it is mathematically not well
efined to compare the Bayes factors here directly, because the four
odels are not nested (Casella et al. 2009 ). Thus, the Kolmogorov–
mirnov (KS) test was also used to check the compatibility of
robability models. The maximal likelihood estimator of parameters, 
ayes factors, and the KS-test p -values are listed in T able 3 . W e find

hat the N + 2LN model describes the S/N distribution substantially
etter than the other three models, although the KS test shows that
ll four models are at the acceptable level given the data set. The
odels are compared with the measured S/N distribution in Fig. 5 . 
We can compute the single-pulse peak flux density S peak using the

adiometer equation 

 peak = 

T sys S / N peak 

G 

√ 

n pol τ�ν
, (11) 

n which T sys , G , n pol and �ν are the same as in equation ( 2 ), whereas
is the sample time. The peak signal-to-noise ratio (S/N peak ) is

efined as 

 / N peak = 

A peak 

σ
, (12) 

here σ is the rms value of the off-pulse profile amplitude, and A peak 

s the maximum within the pulse window (Cui et al. 2017 ). The
eak flux density distribution is drawn in Fig. 6 . We modelled the
eak flux distribution with three mixture models, namely the mixture 
MNRAS 518, 1418–1426 (2023) 
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Figure 4. Sample of single pulses with the top-20 highest S/N. For each panel, the top and bottom parts are for the PA curve and polarization pulse profile, 
where, similar to in Fig. 2 , the solid black curve is for the total intensity, and the blue and red ones are for circular and linear polarizations, respectively. The 
pulse number and S/N are labelled at the top of each panel. Dispersion and Faraday rotation are all corrected here. 
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odels of lognormal and power-law (LN + PL), and two and three
ognormal functions (2LN and 3LN). The models are 

 LN + PL ( x ) = sf LN ( x | μ, σ ) + ( 1 − s ) f PL ( x | x 0 , α) , (13) 

 2LN ( x ) = sf LN ( x | μ1 , σ1 ) + ( 1 − s ) f LN ( x | μ2 , σ2 ) , (14) 

 3LN ( x ) = s 1 s 2 f LN ( x | μ1 , σ1 ) + s 1 ( 1 − s 2 ) f LN ( x | μ2 , σ2 ) 

+ ( 1 − s 1 ) f LN ( x | μ3 , σ3 ) . (15) 

e performed parameter inference similar to the case for S/N, and the
nferred parameters are given in Table 4 . Bayes factor values indicate
hat we should use the mixture of three lognormal functions (3LN) to
escribe the distribution, although, again, the KS test indicates that
ll three models are acceptable for the current data set. 

Scintillation caused by the interstellar medium may affect the
bserved intensity. The Galactic electron-density model NE2001
Cordes & Lazio 2002 ) estimates the scintillation bandwidth to be
7 kHz at 1 GHz, and the scintillation time is 105 s at 1 GHz
or PSR J0628 + 0909. As our channel bandwidth is larger than the
NRAS 518, 1418–1426 (2023) 
cintillation bandwidth, and the full bandwidth is three more orders
f magnitude higher, we expect that the measured single-pulse fluxes
ill not be affected by the dif fracti ve scintillation. On the other hand,

lthough the total observation length is 30 times longer than the
cintillation time, the observation length is still two to three orders of
agnitude shorter than the refractive scintillation time-scale, which
ay lead to bias in the measured single-pulse energy distribution

wing to the current single-epoch observation. 

.3 Weak-pulse analysis 

e vie wing the S/N distribution in Fig. 5 and the peak flux density
istribution in Fig. 6 , both the S/N distribution and the peak flux
istribution are described by a mixture of subpopulations. It is
bvious that the subpopulation with S/N ∼ 1 or flux close to
he detection threshold is due to the radiometer noise, and the
ther subpopulations represent the single-pulse signals from PSR
0628 + 0909. The single-pulse population o v erlaps with that of the
adiometer noise. Thus it is possible that some weak single pulses
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Figure 5. Distribution of (S/N) 2 on a bilogarithmic scale. The best fit using 
a normal plus two log-normals (N + 2LN) is shown by the orange curve, 
whereas the blue, green, and red curves are for N + EXP, N + PL, and N + LN, 
respectively. The error bars on each bin are Poissonian uncertainties. Note that 
our modelling is for S/N, but we show the distribution in the representation 
of ln [(S/N) 2 ] for better visualization of the low-S/N population. The dashed 
curves show individual components of the N + 2LN distribution. 
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Figure 6. Peak flux density distribution on a bilogarithmic scale. The 
lognormal plus a power law (LN + PL, blue) and mixture models of two 
lognormal functions (2LN, green), and three lognormal functions (3LN, red) 
are shown. The error bars on each bin are Poissonian. Similar to in Fig. 5 , we 
convert the distribution functions to the logarithmic scale. The dashed curves 
sho w indi vidual components of the 3LN distribution. 
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ere buried in the noise and were not picked up in the single-pulse
earch process. To examine the weak pulses, we remo v e an y single
ulse with S/N ≥ 5 and form the 192-s subintegration shown in 
ig. 7 . The S/Ns for all the subintegrations are rather low (S/N

2) except for the last subintegration, which has S/N = 6.04. 
hese low-S/N subintegrations, namely the subintegrations 1 to 8, 
roduce a total S/N = 4.29 after time integration, showing that there
re low-amplitude single pulses buried below the radiometer noise 
oor. These weak single pulses seem to be distributed uniformly in 

ime, as the subintegrations 1 to 8 all had a similar level of S/N.
 or subinte gration 9, S/N = 6.04, which is stronger by a factor
f 2–4 compared with subintegrations 1 to 8. This may be caused
y the scintillation amplification, because the scintillation time is 
omparable to the subintegration length (also see the discussion in 
ection 3.2 ). 

.4 Waiting-time distribution 

e measured the waiting time between two successive single 
ulses with S/N ≥ 7. The distribution is shown in Fig. 8 , where
ur modellings with PL, LN, and Weibull (WB) distributions are 
ompared. Here, the WB probability density distribution function is 
Table 3. Inferred model parameters for the S/N distribution. 

N + EXP (
μ σ λ

0 . 31 + 0 . 12 
−0 . 11 1 . 92 + 0 . 09 

−0 . 09 0 . 009 + 0 . 002 
−0 . 002 

N + PL (M
μ σ x 0 α

0 . 27 + 0 . 13 
−0 . 15 1 . 86 + 0 . 10 

−0 . 11 25 . 83 + 24 . 15 
−15 . 83 1 . 77 + 0 . 44 

−0 . 26 
N + LN (M

μ1 σ 1 μ2 σ 2 

0 . 23 + 0 . 14 
−0 . 17 1 . 80 + 0 . 11 

−0 . 10 3 . 18 + 0 . 63 
−1 . 20 1 . 87 + 0 . 69 

−0 . 39 
N + 2LN (

μ1 σ 1 μ2 σ 2 μ3 σ 3

0 . 06 + 0 . 28 
−0 . 42 1 . 74 + 0 . 18 

−0 . 23 1 . 16 + 1 . 81 
−0 . 53 0 . 97 + 1 . 39 

−0 . 72 4 . 61 + 1 . 10 
−0 . 96 1 . 04 +−
Oppermann, Yu & Pen 2018 ) 

 WB ( x | λ, k ) = 

{
λk ( λx ) k−1 exp 

[− ( λx ) k 
]

x ≥ 0 , 
0 x < 0 , 

(16) 

here k is the shape parameter, and λ > 0 is the expected event rate.
Table 5 summarizes the inferred model parameters. We note that 

one of the models can account for the extended tail in the waiting-
ime distribution. Ho we ver, according to the KS-test p -v alues, all
he models are still acceptable, given the limited number of single
ulses. We estimate the event rate from the WB distribution, which is
70 + 35 

−29 h 
−1 . The shape parameter of the WB distribution is very close

o 1, which shows that the occurrence of single pulses follows the
oissonian process; that is, there is no temporal correlation between 

he single pulses. 
We tried to measure the correlation between the energy of single

ulses and waiting time. Two correlations were measured: (1) the 
orrelation between the pulse energy and waiting time from the 
revious pulse to the given pulse ( � T 1 ); and (2) the correlation
etween the pulse energy and waiting time from the given pulse to
he next pulse ( � T 2 ). As shown in Fig. 9 , the correlations are weak,
ith Pearson’s coefficient being r = 0.18 for � T 1 and r = 0.09 for
 T 2 . 
MNRAS 518, 1418–1426 (2023) 

M 1 ) 
s p -value log 10 B 

0 . 91 + 0 . 02 
−0 . 02 0.46 −9.02 (M 1 /M 4 ) 

 2 ) 
s p -value log 10 B 

0 . 89 + 0 . 02 
−0 . 03 0.58 −6.88 (M 2 /M 4 ) 

 3 ) 
s p -value log 10 B 

0 . 88 + 0 . 03 
−0 . 07 0.89 −1.63 (M 3 /M 4 ) 

M 4 ) 

 

s 1 s 2 p -value log 10 B 

 0 . 65 
0 . 83 0 . 94 + 0 . 05 

−0 . 04 0 . 87 + 0 . 11 
−0 . 15 0.92 0 (M 4 /M 4 ) 
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M

Table 4. Inferred model parameters for the distribution of peak flux density. 

LN + PL (M 1 ) 
μ [mJy] σ [mJy] x 0 [mJy] α s p -value log 10 B 

2 . 26 + 0 . 01 
−0 . 01 0 . 19 + 0 . 01 

−0 . 01 42 . 86 + 34 . 23 
−15 . 81 1 . 76 + 0 . 31 

−0 . 16 0 . 87 + 0 . 02 
−0 . 03 0.35 –15.21 (M 1 /M 3 ) 

2LN (M 2 ) 
μ1 [mJy] σ 1 [mJy] μ2 [mJy] σ 2 [mJy] s p -value log 10 B 

2 . 26 + 0 . 01 
−0 . 02 0 . 19 + 0 . 01 

−0 . 01 4 . 28 + 0 . 28 
−0 . 31 1 . 42 + 0 . 21 

−0 . 16 0 . 87 + 0 . 02 
−0 . 03 0.27 –12.51 (M 2 /M 3 ) 

3LN (M 3 ) 
μ1 [mJy] σ 1 [mJy] μ2 [mJy] σ 2 [mJy] μ3 [mJy] σ 3 [mJy] s 1 s 2 p -value log 10 B 

2 . 25 + 0 . 02 
−0 . 01 0 . 18 + 0 . 02 

−0 . 01 2 . 79 + 0 . 43 
−0 . 25 0 . 44 + 0 . 28 

−0 . 16 5 . 19 + 0 . 66 
−0 . 53 1 . 11 + 0 . 36 

−0 . 42 0 . 93 + 0 . 03 
−0 . 03 0 . 90 + 0 . 05 

−0 . 06 0.96 0 (M 3 /M 3 ) 

Figure 7. Nine pulse profiles of 192-s subintegrations after removing the single pulses with S/N ≥ 5. Subintegration 9 has a higher S/N (6.04) than the other 
subintegrations. If we remove subintegration 9 and add up the remaining eight subintegrations, we still detect a pulse in the integrated pulse profile with S/N = 

4.29. The pulse profiles of each subintegration and the total integration are plotted with different line styles, as denoted in the figure. The grey shaded area is the 
on-pulse region, similar to in Fig. 2 , and the integration time per data point is 9.7 ms, which is eight times the sampling time in the bottom panel of Fig. 2 . 
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 DISCUSSION  A N D  C O N C L U S I O N S  

n this work, we analysed the half-hour FAST observation of PSR
0628 + 0909 with a central frequency of 1250 MHz and a bandwidth
f 500 MHz. We conducted single-pulse studies and measured the
olarization properties of the source. The peak flux distribution of
ingle pulses was measured, and we concluded that three lognormal
omponents are required to describe the distribution. We noted that
here are low-flux pulses buried under the noise floor, and it seems that
hey are continuous in time. We found that the correlation between
he waiting time and the pulse energy is relatively weak. 
NRAS 518, 1418–1426 (2023) 
Prior studies have noted that the pulse energies of the majority of
RATs follow a lognormal distribution, with a few showing power-

aw tails (e.g. Mickaliger et al. 2018 ; Shapiro-Albert, McLaughlin &
eane 2018 ; Meyers et al. 2019 ). Mickaliger et al. ( 2018 ) disco v ered

hat 12 of the 14 RRATs they analysed exhibited ‘bumps’ in their
nergy distributions, which can be fitted with two distinct lognormal
istributions. Ho we ver, Shapiro-Albert et al. ( 2018 ) looked at the
ame RRATs but did not disco v er an y ‘bumps’. According to their
xplanation, analysing data with multiple epochs may bridge the gap
etween two distribution populations. In this paper, the S/N and peak
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Figure 8. Measured waiting-time distribution and the modellings. Our 
models with power-law (PL, blue), lognormal (LN, green), and Weibull (WB, 
red) distributions are also shown. The error bars are Poissonian, i.e. 

√ 

N . 

Table 5. Inferred model parameters for the distribution of single-pulse 
waiting times. 

PL (M 1 ) 
x 0 [s] α p -value log 10 B 

13 . 55 + 1 . 45 
−3 . 29 2 . 89 + 0 . 11 

−0 . 46 0.31 –0.23 (M 1 /M 2 ) 

LN (M 2 ) 
μ [s] σ [s] p -value log 10 B 

2 . 04 + 0 . 15 
−0 . 15 1 . 09 + 0 . 12 

−0 . 10 0.20 0 (M 2 /M 2 ) 

WB (M 3 ) 
λ [1/s] k p -value log 10 B 

0 . 08 + 0 . 01 
−0 . 01 0 . 97 + 0 . 08 

−0 . 02 0.09 –1.35 (M 3 /M 2 ) 
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Figure 9. Every single pulse is plotted with a solid dot with a bi v ariate 
distribution of waiting times and S/N. The top panel is for the waiting time 
� T 1 , the time from the previous pulse to the given pulse we compute energy; 
the lower panel is for the waiting time � T 2 , the time from the given pulse to the 
next pulse. The blue solid line is the linear regression, and the shaded region 
represents the 95 per cent confidence interval. The correlation coefficient and 
corresponding p value are given in the plots. No significant correlation is 
detected in either case. 
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ux distributions for PSR J0628 + 0909 were computed. We note that
ultiple components are required. In our case of PSR J0628 + 0909,
e found that the mixture model of a lower -S/N distrib ution (the
aussian normal) and two lognormal distributions is fa v oured. The 

ower-energy population is identified as a noise contribution, and the 
wo lognormal populations are from the RRAT emission. The Bayes 
actor ratio indicates that the mixture of two lognormal populations 
s preferred o v er one population ( log 10 B = 1 . 63), although the KS
est could not discriminate between the two models. In this case, the
robability models are nested, and the Bayes factor is well defined. 
t is not surprising that Bayes analysis is more sensitive than the
on-parametric statistics, namely the KS test. 
Similarly, we note that multiple components are required to 

t the distribution of peak flux; that is, the model with three
ognormal components is significantly preferred to that with two 
ognormal components (Bayes factor log 10 B = 12 . 51). Previous 
esearch found that the peak flux of RRAT pulses may follow a
ower -law distrib ution or a lognormal distrib ution (e.g. McLaughlin 
t al. 2006 ; Brylyakova & Tyul’bashev 2021 ; Tyul’bashev et al.
021 ), although Cui et al. ( 2017 ) compared a power-law model with
 lognormal model and found that the latter had a better fit. Our
esults do not conflict with those of previous studies. The FAST 

 σ sensitivity for the sampling time of 49 μs and bandwidth of
00 MHz is 16 mJy, which is approximately the central value of the
istribution components we detected, as shown in Figs 5 and 6 . The
omponents we detected are at least a few times weaker than the
revious results. Our results hint that the intrinsic pulse peak flux
r energy distributions are more complex if observed with higher 
ensitivity. We hypothesize that the requirement for the mixture of 
ultiple populations is merely the consequence of approximating 

he more complex intrinsic distribution. 
We noticed weaker pulse signals (below the 5 σ threshold of 28
Jy) buried under the radiometer noise floor. An integrated pulse 

rofile can be found once we fold the data. Surv e ys such as that
onducted by Cui et al. ( 2017 ) and Tyul’bashev et al. ( 2021 ) reported
imilar weak pulses in other RRATs, and all of these provide evidence 
o support the view that RRATs are low-flux pulsars (Weltevrede et al.
006 ). Furthermore, our detection of the weaker pulse population 
nd the related integrated pulse profile show that the RRAT does
ot stop emission in the radio between the strong pulses with S/N

5. The average flux of the weaker pulse is, indeed, much weaker
han the strong pulses. In our sample, the 30-min integration of
eaker pulses produces S/N = 5.32 (see Fig. 7 ), and the average flux
ill be approximately 3000 times weaker than the bright burst we
etected (single pulse S/N � 800). Ho we ver, as our detected single-
ulse distribution also extends to the low-S/N regime, we cannot 
onclude, at this stage, if the weaker pulses form another independent 
opulation or if the weaker-pulse population can be separated from 

he single-pulse population. 
The event rate for single pulses with S/N ≥ 7 is 270 + 35 

−29 h −1 .
he burst rate of PSR J0628 + 0909 was previously measured at

he Arecibo Observatory (Deneva et al. 2009 ), where 42 single
ulses with S/N ≥ 5 were detected in the 1072-s observation. The
orresponding event rate was 141 h −1 . The difference is probably
aused by the selection bias induced by the telescope sensitivity. 
he Arecibo Observatory parameters are: an ef fecti ve gain of G ≈
0.4 K Jy –1 , a typical system-noise temperature of T sys ≈ 30 K,
 bandwidth of �ν = 100 MHz with a central frequency of ν =
MNRAS 518, 1418–1426 (2023) 
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440 MHz, and n pol = 2. Correcting the flux density difference due
o the central frequency offset with S ν ∝ ν−0.75 (Nice et al. 2013 ),
nd recomputing S/N by fixing the boxcar width w as 10 ms as
dopted in Dene v a et al. ( 2009 ), the single pulses with S/N ≥ 5 of
ene v a et al. ( 2009 ) approximately correspond to S/N ≥ 20 at F AST .

f we raise the detection threshold to S/N ≥ 20, the burst rate will be
72 h −1 , roughly compatible with the Arecibo results, considering
he Poissonian error. 

We note that among the PL, LN and WB distributions, LN
escribes the waiting time best according to the Bayes factor, similar
o the case of soft gamma-ray repeaters in the high-energy band
G ̈o ̆g ̈u S ¸ et al. 1999 ). Ho we ver, unlike in the case of soft gamma-ray
epeaters, we find little correlation between pulse waiting time and
ulse energy, as shown in Fig. 9 . The RRATs may have different
echanisms to produce the strong single pulses rather than via the

nergy store–release scenario. Similar analyses on three RRATs
Shapiro-Albert et al. 2018 ) and one on nulling pulsars (Gajjar,
oshi & Kramer 2012 ) have yielded consistent conclusions. 
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