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ABSTRACT

Aims. Most pulsar nulling observations have been conducted at frequencies lower than 1400 MHz. We aim to understand the nulling
behaviors of pulsars at relatively high frequencies, and to decipher whether or not nulling is caused by a global change in the pulsar
magnetosphere.
Methods. We used the Jiamusi 66 m telescope to observe 20 bright pulsars at 2250 MHz with unprecedented lengths of time. We
estimated the nulling fractions of these pulsars, and identified the null and emission states of the pulses. We also calculated the nulling
degrees and scales of the emission-null pairs to describe the distributions of emission and null lengths.
Results. Three pulsars, PSRs J0248+6021, J0543+2329, and J1844+00, are found to null for the first time. The details of null-to-
emission and emission-to-null transitions within the pulse window are observed for the first time for PSR J1509+5531, which is
a low-probability event. A complete cycle of long nulls with timescales of hours is observed for PSR J1709−1640. For most of
these pulsars, the K-S tests of nulling degrees and nulling scales reject the hypothesis that null and emission are caused by random
processes at high significance levels. Emission-null sequences of some pulsars exhibit quasi-periodic, low-frequency or featureless
modulations, which might be related to different origins. During transitions between emission and null states, pulse intensities have
diverse tendencies for variation. Significant correlations are found between respectively nulling fraction, nulling cadence, and nulling
scale and the energy loss rate of the pulsars. Combined with the nulling fractions reported in the literature for 146 nulling pulsars, we
find that statistically large nulling fractions are more tightly related to pulsar period than to characteristic age or energy-loss rate.

Key words. pulsars: general

1. Introduction

Pulse profiles obtained by integrating tens of thousands of indi-
vidual pulses are generally stable and represent a unique feature
of each pulsar. However, individual pulses vary considerably in
intensity and phase. For some pulsars, the pulse-by-pulse emis-
sion suddenly ceases and no radio emission can be detected,
but after some periods (one to a few thousand) the emission is
restored and the pulsar can be detected again. This phenomenon
is called nulling and was first reported by Backer (1970). To date,
214 pulsars have been reported to null (e.g., Ritchings 1976;
Biggs 1992; Wang et al. 2007; Gajjar et al. 2012; Basu et al.
2017), which is less than 10% of the known pulsars. The actual
number of nulling pulsars may be more because observations are
restricted by sensitivity and the length of observation sessions.

Pulsars may null over a wide range of timescales from
one rotation to many hours and even as long as months. The
? The pulse sequences of all pulsars are available at the CDS

via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5)
or via http://cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/644/
A73 and at http://zmtt.bao.ac.cn/psr-jms/

most prevalent nulls last for just a single period, such as for
example that of PSR B2021+51, which is generally considered
as a stochastic process within the pulsar magnetosphere (e.g.,
Basu et al. 2017). Long nulls of PSR B1706−16 last for 2−5 h
(Naidu et al. 2018), which might be related to changes in plasma
processes within a pulsar magnetosphere. Nulling for much
longer timescales of days to months has been found for intermit-
tent pulsars, such as PSR B1931+24 (Kramer et al. 2006), which
is closely related to the spin-down energy loss.

To quantify the degree of nulling of a pulsar, the nulling
fraction, fn, has been used to describe the percentage of periods
with no detectable emission (Ritchings 1976), which varies from
about zero to more than 90% (e.g., Naidu et al. 2018). Nulling
pulsars with a similar nulling fraction may have quite different
nulling lengths (Gajjar et al. 2012). It is not clear if nulling is
a random phenomenon. The nonrandomness of nulls suggests
that the emission or null of a pulse is not independent of the
state of the preceding pulse. The nonrandomness assumption
can be tested either by the Waled-Wolframite statistic or using
the Kolmogorov-Smirnov (K-S) test (e.g., Redman & Rankin
2009). Gajjar et al. (2012) argued that the occurrence of nulls
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is not random based on the statistics of the distributions of null
lengths, but speculated that the duration of nulls is random. We
believe that both the occurrence and duration of nulls should
be tested for correlations or randomness. If the nulling of a
pulsar is not random, could it be modulated by periodic pro-
cesses? Some attempts were made in previous studies and the
periodic nulling was identified for pulsars like PSR B1133+16
(Herfindal & Rankin 2007; Basu et al. 2017). Nulling degree
and nulling scale were introduced by Yang et al. (2014) to rep-
resent the angle in a rectangular coordinate for the numbers of
nulls and emission, α = arctan( Nnull

Nemission
), and their square length,

s =

√
N2

null + N2
emission. A null–emission pair with a nulling

degree of 45◦ means that the nulls and emission are of similar
length on average within the nulling cycle, and a nulling degree
of ∼0◦ or 90◦ means that a pulsar has no nulling or is dominated
by nulling, respectively.

Despite the global features of nulling, a zoomed-in view of
transitions between emission and nulls exhibits diverse varia-
tions. Pulse emission generally begins abruptly, but can either
decay exponentially to the nulling state, such as in the case
of for example PSR B0818−41 (Bhattacharyya et al. 2010),
or cease abruptly, which is the case for PSR B0031−07 for
example (Gajjar et al. 2014a). Alternatively, for pulsars like
PSR J1727−2739, the transitions from emission to null can be
either rapid or gradual (Wen et al. 2016). These features of
nulling might be related to a failure to generate particles near
the pulsar polar cap region, to a loss of coherence for emis-
sions (Filippenko & Radhakrishnan 1982), to a change of emis-
sion mechanism (Zhang et al. 1997), or to the geometry of view
(Herfindal & Rankin 2007).

Sensitive single-pulse observations with long observation
times are needed to improve our understanding of pulsar nulling.
But most of the previous observations were carried out at fre-
quencies lower than 1400 MHz. Nulling behaviors at high fre-
quencies may be different, because emission at high frequencies
originates from the low altitude in the magnetosphere where rel-
ativistic particles responsible for the emission would be differ-
ent from those for the low-frequency emission (e.g., Wang et al.
2013). Nulling observations at high frequencies can be used to
verify the broadband feature and distinguish if nulling is phys-
ical or geometrical in origin and whether or not it is caused by
global changes in the magnetosphere of a pulsar.

In this paper, we investigate the nulling behaviors of 20
pulsars from very long-duration pulsar observations carried out
at 2250 MHz using the Jiamusi 66 m telescope. This paper is
organized as follows. In Sect. 2, we briefly describe the obser-
vation details and data-reduction procedures. Nulling analy-
sis methods and nulling behaviors of individual pulsars are
presented in Sect. 3. Discussion and conclusions are given
in Sect. 4.

2. Observations and data reduction

Observations of 20 pulsars were carried out using the Jiamusi
66 m telescope at Jiamusi Deep Space Station, China Xi’an
Satellite Control Center from 2015 June to 2018 September.
The receiver used for observations has a central frequency of
2250 MHz and a bandwidth of about 140 MHz. Intermediate-
frequency signals of left- and right-hand polarization were sam-
pled, channelized, and added together with a digital backend.
Data products from the Jiamusi 66 m telescope generally have
256 spectral channels with a frequency resolution of 0.58 MHz
and a time resolution of 0.2 ms, or 128 spectral channels with

a frequency resolution of 1.16 MHz and a time resolution of
0.1 ms. More details can be found in Han et al. (2016).

Offline data processing was carried out as follows. The total
power is first scaled with respect to flux-calibrator observations
(e.g., 3C286, 3C48) for each frequency channel. The data are
then de-dispersed and binned to form single pulses for each fre-
quency channel according to the ephemeride of a pulsar with
DSPSR (van Straten & Bailes 2011). Radio frequency interfer-
ence (RFI) is then identified and excised from a 2D frequency
and time domain through statistical analysis of off-pulse and
whole-pulse intensities with PSRCHIVE (Hotan et al. 2004).
Further, the dynamic spectra are formed from the data to estimate
the influence of interstellar scintillation by following Wang et al.
(2018). We note that most of the observations are affected by
interstellar scintillation due to small dispersion measures (DMs),
and decorrelation bandwidths of the scintillation of these pul-
sars are larger than or comparable to the observation bandwidth
of 140 MHz. To reduce its influence on our results, only the
scintillation-enhanced blocks of data are chosen for this nulling
analysis.

Observational parameters of the 20 pulsars are listed in
Table 1. The number of frequency channels Nch and time dura-
tion for each observation Tobs in minutes are listed in Cols. 5
and 6. For weak pulsars, consecutive 2n pulses are integrated.
The number of subintegrations Nsub is listed in Col. 7 with the
number of Nint (2n) pulses integrated in each subintegration indi-
cated in Col. 8. If one data section is affected by broad-band
RFIs or faded by interstellar scintillation, these corrupted data
blocks are omitted. The number of total data blocks Nblk is listed
in Col. 9. Plots of pulse sequences are presented in Appendix A
and indicated in Col. 10.

An example of pulse sequences is shown in Fig. 1 for
PSR J1709−1640, with some apparently long nulls. A long block
of scintillation-enhanced data is chosen for the nulling analysis,
as demonstrated in the middle and left plots.

3. Nulling analysis

3.1. Emission-null sequences and nulling fraction

The emission and null states of pulsars are analyzed in a few
steps. Although most of the intense RFIs have already been
excised in a previous data-processing step, some pulsars are still
affected by low levels of RFI. To get a flat baseline, we per-
form a least square fit of a fifth-order polynomial to the off-pulse
regions for each subintegration, and subtract them from the data.
An off-pulse window with the same number of bins (nbins) as the
on-pulse window is selected. The significance of emission from
both the on- and of-pulse windows is calculated for each subin-
tegration:

S on =
1

σ
√

Weq

nbins∑
i=1

Ion,i

S off =
1

σ
√

Weq

nbins∑
i=1

Ioff,i. (1)

Here, σ is the standard deviation of off-pulse emission, Weq is
the equivalent width of a top-hat pulse with the same area and
peak height as the pulse profile integrated from all the subinte-
grations. The significance sequences are obtained for both the on
and off pulses, which are then binned to form the histogram dis-
tributions. The distribution of off-pulse significance can be well
modeled by a normal function with a mean of zero, an amplitude
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Table 1. Observational parameters of 20 pulsars.

JName Name Period Date Nch Tobs Nsub Nint Nblk Figure
(s) (min) (P)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

J0034−0721 B0031−07 0.943 2015-12-12 128 191.1 380 32 2 A.1
J0248+6021 0.217 2015-06-16 256 32.4 280 32 1 A.2

2016-08-11 256 119.4 1032 32 1 A.2
J0304+1932 B0301+19 1.387 2015-12-14 256 55.5 300 8 1 A.3
J0332+5434 B0329+54 0.714 2016-02-21 256 178.5 15 000 1 2 A.4

2016-02-24 256 83.3 7000 1 1 A.5
J0528+2200 B0525+21 3.745 2015-06-18 256 28.7 115 4 1 A.6

2016-01-27 128 32.0 128 4 1 A.6
J0543+2329 B0540+23 0.245 2015-06-25 256 49.3 754 16 1 A.7

2017-11-01 256 250.1 3828 16 2 A.8
J0826+2637 B0823+26 0.530 2015-11-12 128 66.1 1870 4 2 A.9

2015-11-14 256 53.0 1500 4 2 A.10
2015-11-15 256 48.6 1375 4 2 A.11

J0908−1739 B0906−17 0.401 2016-05-23 256 37.4 175 32 1 A.12
J0922+0638 B0919+06 0.430 2015-07-14 256 57.3 4000 2 1 A.13

2015-08-17 128 45.9 3200 2 1 A.14
2015-08-18 256 34.4 2400 2 1 A.14

J0953+0755 B0950+08 0.253 2015-12-12 128 197.3 5850 8 1 A.15
J1136+1551 B1133+16 1.187 2015-09-19 256 10.1 128 4 1 A.16

2017-10-25 256 130.6 1650 4 4 A.17, A.18
2018-09-16 128 23.7 300 4 1 A.16

J1239+2453 B1237+25 1.382 2015-12-12 128 23.0 500 2 1 A.19
2015-12-16 128 46.1 1000 2 1 A.19
2015-12-19 128 276.4 6000 2 1 A.20
2016-02-18 256 69.1 1500 2 1 A.20

J1509+5531 B1508+55 0.739 2017-10-30 256 56.7 4600 1 2 A.21
J1709−1640 B1706−16 0.653 2017-10-27 256 217.7 1250 16 1 1

2017-10-27_A 256 76.2 3500 2 1 A.22
J1844+00 0.460 2018-08-09 128 180.1 734 32 1 A.23
J1932+1059 B1929+10 0.226 2016-02-21 256 275.0 73 000 1 4 A.24, A.25
J2022+5154 B2021+51 0.529 2015-06-15 256 30.9 3500 1 1 A.26

2017-11-01 256 88.2 10 000 1 1 A.26
2017-11-06 256 97.0 11 000 1 1 A.27

J2048−1616 B2045−16 1.961 2015-06-18 256 29.3 448 2 1 A.28
2016-08-08 256 3.8 58 2 1 A.28

J2313+4253 B2310+42 0.349 2017-10-25 256 46.5 8000 1 2 A.29
J2321+6024 B2319+60 2.256 2015-12-17 256 298.4 1984 4 1 A.30

2017-10-30 256 401.9 2672 4 4 A.31, A.32

of A0, and a standard deviation of σoff :

Doff(x) = A0 exp
− x2

2σ2
off

 · (2)

Any excess outside of this distribution for the on-pulse signif-
icance indicates that some pulses are in a nulling state. We fit
the normal function with a mean of zero and a standard devia-
tion σoff to the on-pulse distribution with significances less than
zero to obtain the amplitude A1. The ratio is termed the nulling
fraction fn = A1/A0, which has an uncertainty of

σ fn =

√√(
δA1

A0

)2

+

A1δA0

A2
0

2

· (3)

Here, δA0 and δA1 represent the uncertainties obtained from
the fitting. The scaled off-pulse distribution with fn is then

subtracted from the distribution of on-pulse significance. The
residual distribution generally follows a lognormal distribution,

Don(x) =
B0

x
exp

[
−

(ln x − µon)2

2σ2
on

]
, (4)

where µon and σon are the mean and standard deviation of the
normally distributed logarithm of the on-pulse significance. The
value 3σoff represents the upper limit for the distribution of off-
pulse significance. If exp(µon − 3σon) > 3σoff , then the pulses
in the emission and null states are separated. The estimated fn
represents a real fraction of pulses in nulling states. If exp(µon −

3σon) < 3σoff , the distributions for the emission and null pul-
ses cannot be separated. The obtained fn is then overestimated,
which represents an upper limit. When the possible short nulls
are ignored, every 2n pulses are integrated for the pulse sequence
until exp(µon − 3σon) > 3σoff . The fn obtained in this way repre-
sents a lower limit.
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Fig. 1. Example of pulse sequence taken on 27 Oct 2017 for PSR J1709−1640. Left plots: part of the observation displayed with single pulses. Left
panel: is for intensities of successive pulses. Right panel: is for the significance of on pulse (red) and off pulse (blue) emissions for each pulse.
Middle plots: a much longer part of the observation taken for nulling analysis. The subintegrations are formed every two pulses, with its emission
(1) or null (0) state indicated. Right plots: entire observation with subintegrations formed every 16 pulses.

An example analysis of the nulling fraction is shown in
Fig. 2 for PSR J0908−1739. The distribution of on-pulse signif-
icance is much broader, the lower three-sigma limit of which,
exp(µon − 3σon), is smaller than 3σoff . The nulling pulses
around zero are not well separated from the emission pulses,
and the estimated fn of 29.2% represents an upper limit. In

the bottom panels, every 32 pulses are integrated to improve
the significance of pulses. The histograms for subintegrations
with significance around zero are separated from those for
the emission ones. The estimated fn = 18.8% represents a
lower limit, because nulls shorter than 32 pulses cannot be
resolved.
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Fig. 2. Histograms of the significance of on-pulses (gray hatched step)
and off-pulses (blue no hatched step) for PSR J0908−1739 taken on 23
May 2016. The upper plots are for statistics of single pulses, and the
lower plots are for subintegrations of every 32 pulses. The distribution
of the off-pulse significance can be modeled with a normal function with
a mean of zero and a standard deviation of σoff . The normal function is
scaled with fn and represented by a red dotted line; it is subtracted from
the distribution of on-pulse significance with the residuals indicated by
black “plus” symbols in the panel. The residual distribution is modeled
by a lognormal function with a mean of µon and a standard deviation
of σon. Green solid, dash-dotted, and dashed lines are for the modeled
distribution, the mean, and the lower three-sigma limit.

It should be noted that nulling fractions can be estimated
either from the distributions of on and off pulse energy (e.g.,
Ritchings 1976; Gajjar et al. 2012) or from the distributions of
their significance (Lynch et al. 2013). In previous studies, the
on and off pulse energies were generally scaled by averages of
energies for every 200 pulses to compensate for energy variation
caused by interstellar scintillation, following Ritchings (1976).
For long nulls (e.g., PSR J1709−1640), such robust correction
biases the off-pulse energy distribution from the Gaussian, as

noted by Vivekanand (1995). Identification of the emission or
null state of a pulse or subintegration is often based on artificially
setting a threshold significance, such as for example S/N = 3.
If the energy distribution has a σoff > 1, the threshold S/N = 3
is not enough to discriminate the emission and null states. Our
identification is based on the distribution of pulse significance
with the following criteria:

(1) Any pulse with S on ≥ 4σoff is classified as an emission
state;

(2) Any pulse with S on ≤ 2σoff is classified as a null for
non-detection;

(3) If a pulse is of 2 σoff < S on ≤ 3σoff and the adjacent
following and preceding pulses have S on > 3σoff , it is classified
as an emission state, otherwise a null;

(4) If a pulse has 3 σoff < S on < 4σoff and the adjacent pulses
have S on < 3σoff , it is classified as a null, otherwise an emission
state.

The identified emission or null state for the example pulse
sequence of PSR J1709−1640 is also shown in Fig. 1 with
diverse nulling behaviors. The left and middle panels of the
observation represent the normal states of the pulsar, which usu-
ally stays in an on state with short nulls of several to several tens
of pulses. However, occasionally, the pulsar shows long nulls, as
shown in the right panel of a long null of 6368 pulses for ∼1.2 h.
Moreover, the sequence shows moderate nulls of 640 and 560
pulses before it goes into the long null, similar to those observed
by Naidu et al. (2018).

Using this approach, we analyzed nulling fractions and states
of 20 pulsars, as shown in Fig. B.1 and listed in Col. 3 of Table 2,
with the number of pulses or subintegrations employed for the
analysis listed in Col. 2. For five PSRs, namely J0332+5434,
J1509+5531, J1932+1059, J2022+5154, and J2313+4253, the
fn are obtained because their distributions of on- and off-pulse
significance are separated with single pulses. For the other pul-
sars, only upper and lower limits of fn are estimated. The upper
limits are obtained with single pulses whose distributions of
on- and off-pulse significance are not resolved, and the lower
limits are obtained with subintegrations with the separated distri-
butions of on- and off-pulse significance. The cumulative prob-
ability, Pcri, for the modeled on-pulse distribution at 3σoff is
calculated, as listed in Col. 4 in Table 2, which is the probability
of misidentification of emission as null for the resolved on- and
off-pulses or subintegrations.

3.2. Emission and null lengths

The emission and null lengths represent the durations where a
pulsar remains continuously at a given state. An emission–null
(1–0) sequence is composed of interchanging emission and null
states with lengths of (Ne1 , Nn1 , Ne2 , Nn2 , Ne3 , . . . ). The number
of state-changing cycles, Nc, is listed in Col. 5 of Table 2 for each
pulsar. Its ratio, Nc/Nsub, represents the nulling cadence during
one observation. Distributions of emission and null lengths vary
significantly; their means, 〈Ne〉 and 〈Nn〉, together with stan-
dard deviations given in parentheses are listed in Cols. 6 and 7
of Table 2. Previously, it was suggested that emission and null
states tend to be of short duration (to have small lengths) and
exponential functions were usually employed to model both dis-
tributions (e.g., Gajjar et al. 2012).

The duration of an emission state might be related to
the length of its prior or post nulls. From one emission–null
sequence, the emission and the next null length pairs [(Ne1 , Nn1 ),
(Ne2 , Nn2 ), . . . ], named EN, can be formed together with the
emission and the pre-null length pairs [(Ne2 , Nn1 ), (Ne3 , Nn2 ),
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Table 2. Nulling statistics of 20 pulsars.

JName Nsub fn Pcri Nc Ne Nn α1 α2 s1 s2
(%) (%) (P) (P) (◦) (◦) (P) (P)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

J0034−0721 380 12.4 (†) < fn < 37.4 0.834 – – – – – – –
J0248+6021 1312 0.0 < fn < 34.7 0.125 – – – – – – –
J0304+1932 300 8.9 < fn < 17.5 0.012 16 132.8(76.0) 17.6(7.2) 9.4(4.7) 11.6(9.3) 134(76) 128(72)
J0332+5434 22 000 0.0 ± 0.0 5.2e−04 – – – – – – –
J0528+2200 243 8.1 (†) < fn < 22.3 1.158 – – – – – – –
J0543+2329 4582 0.0 < fn < 16.6 0.003 – – – – – – –
J0826+2637 4745 0.0 < fn < 3.4 0.012 – – – – – – –
J0908−1739 175 18.8 < fn < 29.2 0.008 2 1526.4(992.0) 512.0(32.0) – – – –
J0922+0638 9600 0.0 < fn < 0.06 0.095 – – – – – – –
J0953+0755 5850 0.1 < fn < 11.8 0.193 – – – – – – –
J1136+1551 2078 0.3 < fn < 11.5 0.038 16 374.8(374.0) 4(0) 1.4(1.4) 2.0(1.7) 353(361) 218(159)
J1239+2453 9000 1.1 < fn < 2.8 0.043 161 106.8(107.2) 2.4(1.0) 3.7(6.1) 3.7(6.2) 106(108) 104(97)
J1509+5531 4600 2.0 ± 0.1 0.067 120 36.0(35.3) 1.7(1.2) 8.2(11.3) 8.2(12.2) 36(35) 36(35)
J1709−1640 (‡) 3500 2.1 < fn < 3.4 0.007 36 178.2(178.8) 11.2(9.6) 26.3(31.3) 22.4(26.0) 176(175) 180(180)
J1844+00 734 0.3 < fn < 34.0 4.7e−07 1 11616(4512) 256(0) – – – –
J1932+1059 73 000 0.03 ± 0.01 0.024 243 294.5(430.1) 1.0(0.2) 1.6(3.1) 1.7(3.1) 297(432) 291(431)
J2022+5154 24 500 0.12 ± 0.01 1.2e−03 75 313.0(346.7) 1.2(0.4) 2.7(7.4) 3.3(10.5) 321(351) 310(345)
J2048−1616 506 2.1 < fn < 6.4 0.112 30 29.8(34.2) 3.0(1.6) 14.7(13.5) 14.4(14.8) 27(30) 31(35)
J2313+4253 8000 5.2 ± 0.2 6.2e−05 219 33.2(34.9) 3.0(2.5) 21.9(27.1) 20.4(24.0) 34(35) 34(35)
J2321+6024 4656 8.5 < fn < 18.5 0.053 393 36.4(39.6) 10.8(8.4) 25.8(20.2) 25.5(19.0) 40(39) 40(39)

Notes. (†)Distributions of the significance for emission and null pulses cannot be resolved. (‡)Analysis is for the block-A data from 27 Oct 2017. In
the table, Nsub is from Table 1, fn is the nulling fraction or its upper or lower limits, Pcri is the probability for misidentification of nulls, Nc is the
number of nulling cycles, Ne and Nn are the mean lengths of emission and null with their standard deviations given in the parentheses, and (α1,
α2) and (s1, s2) are the nulling degrees and scales for EN and NE pairs from observations.

Fig. 3. Distributions of emission and null lengths of PSR J1709−1640.
Pairs for the emission and the following null are denoted EN and are
represented by red “o” symbol, while pairs for the emission and the
pre-null are denoted NE and are represented by blue crosses. Nulling
degrees, α1 and α2, and nulling scales, s1 and s2, are indicated for EN
and NE. The correlation coefficients between emission and null lengths
are shown in the top right corner. Histograms for the emission and null
lengths are drawn in the top and right panels. Lengths of the longest
emission or null state and their most probable and mean values are indi-
cated in each panel.

. . . ], named NE. As introduced by Yang et al. (2014), interaction
between the states of emission and null can be demonstrated in
terms of nulling degrees, α1 and α2, and nulling scales, s1 and
s2, which correspond to emission and null length pairs from EN

and NE. Their means and the standard deviations given in paren-
theses are listed in Cols. 8−11 of Table 2.

An example of the distributions of emission and null lengths
is shown in Fig. 3 for PSR J1709−1640, with length pairs of EN
and NE represented by red “o” symbols and blue crosses in the
2D length plan (bottom left). Histograms for the emission and
null lengths are shown in the top and right panels and do not
follow exponential functions. Figure 4 shows the distributions
of nulling degrees and scales for both the EN and NE length
pairs of PSR J1709−1640. It is apparent from the distribution
of nulling degrees that nulls can have variable portions within a
nulling cycle, but more cycles tend to have small nulling degrees.
There are more cycles tending to have small nulling scales, but
the distribution of these does not decay exponentially with the
scale length.

We used this approach to analyze the emission and null
lengths for 10 of the 20 pulsars that have well-distinguished
emission and null states, as listed in Table 2 and shown
in Fig. B.2. A few pulsars have dominant emission states
and nulls generally last for short durations; for example,
PSRs J1932+1059 and J2022+5154. The nulling degrees are
in the range from about 1.4 to 26.3◦. The nulling scales can
have lengths from 27 to 353 pulses with comparable deviations.
For most pulsars, the distributions of emission and null lengths
cannot be well modeled by the exponential functions for the
stochastic Poisson processes except for the emission lengths of
PSRs J1509+5531 and J1932+1059.

3.3. Interactions between emission and null

For nulling pulsars, it was intuitively thought that the duration
of an emission state might be dependent on the duration of
the preceding nulling state, or vice versa. We examined corre-
lations between the emission and null lengths, and correlation
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Table 3. Results for correlations and randomness tests.

JName Corr. Coeff. K-S Statistic deviative/p-value

EN NE α1 vs α2 α1 vs αs
1 α2 vs αs

2 s1 vs s2 s1 vs ss
1 s2 vs ss

2
(1) (2) (3) (4) (5) (6) (7) (8) (9)

J0304+1932 0.62 −0.14 0.15/0.98 0.22/0.44 0.13/0.96 0.11/1.00 0.36/3.0e−02 0.38/2.7e−02
J1136+1551 – – 0.19/0.95 0.31/6.8e−02 0.43/3.3e−03 0.19/0.95 0.31/6.6e−02 0.43/3.2e−03
J1239+2453 −0.06 −0.06 0.03/1.00 0.24/9.6e−09 0.23/5.5e−08 0.02/1.00 0.21/1.5e−06 0.20/3.4e−06
J1509+5531 0.00 0.05 0.05/1.00 0.24/1.7e−06 0.23/3.2e−06 0.02/1.00 0.14/2.2e−02 0.14/1.9e−02
J1709−1640 0.24 0.36 0.19/0.51 0.37/1.3e−04 0.42/6.4e−06 0.17/0.71 0.32/1.5e−03 0.32/1.5e−03
J1932+1059 −0.04 0.00 0.02/1.00 0.67/9.1e−91 0.68/8.2e−93 0.01/1.00 0.67/9.1e−91 0.68/1.1e−91
J2022+5154 0.17 −0.12 0.08/0.97 0.34/3.7e−08 0.33/7.7e−08 0.04/1.00 0.30/2.0e−06 0.31/5.6e−07
J2048−1616 0.30 −0.03 0.10/0.99 0.35/1.2e−03 0.39/2.4e−04 0.09/1.00 0.29/1.2e−02 0.28/2.0e−02
J2313+4253 0.17 0.22 0.07/0.68 0.23/3.8e−10 0.24/2.7e−11 0.05/0.95 0.24/5.8e−11 0.24/5.8e−11
J2321+6024 −0.04 0.12 0.05/0.74 0.33/2.7e−38 0.37/6.4e−48 0.03/0.97 0.14/2.1e−07 0.14/1.2e−06

Fig. 4. Histograms of nulling degrees and nulling scales of emission–
null length pairs of PSR J1709−1640. The left hatched red step and right
hatched blue step represent distributions for the EN and NE length pairs,
respectively. The gray bars are for the EN length pairs of randomly dis-
tributed emission–null sequence from simulation.

coefficients are listed in Cols. 2 and 3 of Table 3 for the EN and
NE length pairs. The correlation coefficients for EN vary from
−0.04 to 0.62 with a pair number weighted average of 0.03.
While for NE length pairs, the coefficients vary from −0.14 to
0.36 with a weighted average of 0.07. This means that the dura-
tion of an emission or null state can be correlated with the dura-
tion of its preceding null or emission for some pulsars, but only
with a marginal significance.

To further quantify the difference between the EN and NE,
two sample K-S tests are carried out for both the nulling degrees
(α1 vs. α2) and nulling scales (s1 vs. s2). Here, the tests are per-
formed on the unbinned nulling degrees and scales, which return
p-values and the statistic deviatives that represent the maximum
difference of cumulative-distribution functions from α1 and α2,
and those from s1 and s2, as listed in Cols. 4 and 7 of Table 3. If
a p-value is larger than the significance level 0.1, the hypothesis
that length pairs of EN and NE come from the same distribu-

tion cannot be rejected. For ten of the 20 pulsars with Nc > 10,
the aforementioned statistics and K-S tests were performed. The
K-S tests of α1 versus α2 of the ten pulsars have p-values larger
than 0.51, this is much larger than the significance level of 0.1.
The p-values of those tests of s1 versus s2 are larger than 0.71,
which is also larger than the significance level. In summary, no
significant difference is found between EN and NE length pairs
from the distributions of α and s. Both the EN and NE may come
from the same processes.

3.4. Randomness tests

To examine whether or not the emission and null interact ran-
domly, the following statistical analysis was carried out. A
sequence with the same size as observations of a pulsar is first
simulated from a uniform distribution [0, 1). A threshold of
nulling fraction is then set to the sequence; any value below that
is denoted as null and vice visa for those above the threshold.
The EN and NE length pairs are extracted from the simulated
1−0 sequence. If observations of a pulsar have more than 10 000
subintegrations or pulses, 1000 sets of randomly distributed 1−0
sequences are simulated to give average estimates for αs and ss.
Otherwise, 10 000 sets of sequences are simulated for the esti-
mation. From the EN and NE length pairs of these simulated
sequences, nulling degrees and scales are calculated, which are
termed as αs

1, αs
2, ss

1, and ss
2.

Two sample K-S tests are taken on the observed and simu-
lated sequences for α1 versus αs

1 and α2 versus αs
2 for the occur-

rence of nulls. The statistic deviative and p-values are listed in
Cols. 5 and 6 of Table 3 for the EN and NE length pairs. The
same is done for s1 versus ss

1 and s2 versus ss
2 to test the dura-

tion of nulling cycles, as listed in Cols. 8 and 9 of Table 3. The
simulated distributions are shown in Fig. 4 as an example and in
Fig. B.2 for the ten pulsars.

(1) For the occurrence of nulls, the randomness hypothesis is
rejected at high significance levels (p-values smaller than 0.1)
for nine pulsars in Table 3 from both EN and NE except for
PSR J0304+1932.

(2) For the duration of nulling cycles, the randomness
hypothesis is rejected at high significance levels (p-values
smaller than 0.1) for all ten of the pulsars from both EN and NE.

In summary, emission and null do not interact randomly
for the occurrence and duration of the nine pulsars. The
occurrence of a null can be random but its duration is not ran-
dom for PSR J0304+1932.
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Fig. 5. Sliding Fourier transform of the emission–null (1–0) sequence
for PSR J1709−1640. The emission or null state of each subintegra-
tion is indicated in the left panel. Discrete Fourier transformation power
from a box car of 1024 points is plotted in the main panel, which slides
across the state sequence every 32 points. The average power is shown
in the bottom panel.

3.5. Nulling periodicity

Blocks of emission and null pulses are generally arranged in
a certain order within a sequence, some of which show quasi-
periodic variations, as demonstrated in Fig. 1. To quantify this
quasi-periodic pattern, a Fourier transform was performed on the
emission–null (1–0) time sequence instead of the sequence for
the total intensity. This is because the method concentrates only
on the states of emission and eliminates the periodicities caused
by subpulse drifting (e.g., Herfindal & Rankin 2007; Basu et al.
2017), mode-changing (e.g., Yan et al. 2020), and amplitude
modulations (e.g., Basu et al. 2020). The discrete Fourier trans-
formation (DFT) length depends on the length of an observa-
tion, which is chosen to ensure that the sequence has more than
or equal to two but less than four DFT lengths. For a given
sequence, the DFT process repeats by sliding 8, 16, or 32 points
until the end. The power of all the DFTs from all the observa-
tions of a pulsar are finally averaged to form the entire spectra.

The DFT of the state sequence of one observation of
PSR J1709−1640 is shown in Fig. 5 as an example. It is appar-
ent that the 1−0 sequence is modulated across a broad range of
periods. There might be a significant periodicity for part of the
sequence, but it could be averaged out for the whole sequence
and lead to the most probable modulations of about 200 peri-
ods. The 1−0 sequences of the ten pulsars show three kinds of
periodic modulations, as shown in Fig. B.3:

(1) Four PSRs J0304+1932, J1509+5531, J1709−1640, and
J2313+4253 have quasi-periodic nulling, with nulling frequen-
cies listed in Col. 2 of Table 4. These behaviors might be
related to the carousel beam patterns, and the nulls repre-
sent empty passes of sight lines through the patterns (e.g.,
Herfindal & Rankin 2007).

Table 4. Nulling periodicity and intensity variations of ten pulsars.

JName Null freq. 〈I2〉

〈I1〉

〈I−1〉

〈I−2〉

(1/P)

J0304+1932 0.011 1.16 0.74
J1136+1551 – 1.52 1.17
J1239+2453 – 0.96 0.90
J1509+5531 0.043 1.64 0.67
J1709−1640 (‡) 0.005 1.73 0.71
J1932+1059 – 1.36 0.78
J2022+5154 – 1.18 0.78
J2048−1616 – 1.18 0.96
J2313+4253 0.022 1.03 0.94
J2321+6024 – 1.28 0.86

Notes. (‡)Analysis is for the block-A data from 27 Oct 2017. 〈I1〉, 〈I2〉,
〈I−1〉, and 〈I−2〉, mean intensities of the first, the second, the last and the
one but last subintegrations of emission.

(2) Emissions of PSRs J1239+2453, J2022+5154, and
J2048−1616 are modulated by nulls with long periodicities,
and the modulation is very strong for PSR J2321+6024. These
pulsars occasionally exhibit frequent nulls, which might result
from a change of pulsar emission mechanism. This can be
caused either by a failure of particle production in the polar
cap region of a pulsar magnetosphere or by loss of coherence
for the relativistic particles (e.g., Filippenko & Radhakrishnan
1982; Zhang et al. 1997).

(3) PSRs J1136+1551 and J1932+1059 tend to have feature-
less modulations, that is, with a “white spectrum”. These pulsars
null at a wide range of pulsar periods with no preferred period-
icities.

3.6. Variation of pulse intensity during emission

Pulse intensities vary during an emission state. For emission
states lasting for more than or equal to five pulses or subinte-
grations, the pulse intensity sequences are first normalized by
the averages and sequence lengths, and then averaged across the
normalized length. Systematic variation of pulse intensities, if
it exists, should be revealed. Integrated pulse profiles are also
obtained for the first, the second, and the last two subintegrations
of emission on states, labeled E1, E2, E−2, and E−1, respectively.
Intensity ratios, 〈I2〉/〈I1〉, for E2 to E1, and 〈I−1〉/〈I−2〉 for E−1
with respect to E−2, are listed in Cols. 2 and 3 of Table 4.

The tendencies of intensity variations for the emission states
are shown in Fig. 6 for PSRs J1709−1640 and J2313+4253 as
examples. PSR J2313+4253 is representative of most pulsars; its
pulse intensity increases abruptly from a null at the beginning
and diminishes quickly to null at the end, and the intensities of
these pulses vary little during emission states. PSR J1709−1640
exceptionally rises to a higher intensity than the average at the
start of the emission state, and gradually diminishes to null at the
end.

Variations of pulse shapes and intensities during the tran-
sitions from emission to null states and vice versa are shown
in Fig. B.4. For PSRs J0304+1932, J1239+2453, J2048−1616,
and J2321+6024, the first two subintegrations, E1 and E2, and
the last two subintegrations, E−2 and E−1, are weaker than the
average. For PSRs J1136+1551, J1932+1059, and J2022+5154,
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Fig. 6. Tendency of pulse intensity variation during the emission states
for PSRs J1709−1640 and J2313+4253, normalized by its average
intensity and emission length. Black dots with error bars represent the
average pulse intensity.

these pulses near the transitions are stronger than the aver-
age. PSRs J1709−1640 and J1509+5531 show exceptional tran-
sitions, as demonstrated in Fig. 7. The intensities of E1 and E2 of
PSR J1709−1640 are stronger than the average, and E2 is even
stronger than E1, but intensities of E−2 and E−1 are weaker than
the average with E−1 weaker than E−2. Null-to-emission transi-
tion of PSR J1509+5531 starts with the leading component of
the pulse profile emerging first, and emission-to-null transition
also takes place first with the leading component, as shown in
Fig. 8 for the four transitions. The phase dependency of transi-
tions between emission and null implies that nulling of the pul-
sar is not caused by a global change of pulsar magnetosphere,
but just by density patch changes of relativistic particles in parts
of a magnetosphere.

3.7. Notes for individual pulsars

3.7.1. PSR J0034–0721

PSR J0034−0721 is a famous pulsar with remarkable intensity
and phase modulations. Its nulling state was first noticed by
Huguenin et al. (1970). The nulls typically lasted for several
tens to hundreds of periods, comparable with the duration of
the emission states. There was at least one null separating two
modes with different drifting rates (Smits et al. 2005; Ilie et al.
2020). Its nulling was found to be simultaneous across a broad
range of frequencies (Gajjar et al. 2014b), with nulling fractions
estimated to be 43% at 303 MHz (Gajjar et al. 2014b), 44.6% at
326.5 MHz (Vivekanand 1995), 31.3% at 333 MHz (Basu et al.
2017), 44% at 607 MHz (Gajjar et al. 2014b), 22.8% at 618 MHz
(Basu et al. 2017), 37.7% at 645 MHz Biggs (1992), and 43% at
1380 MHz (Gajjar et al. 2014b). A periodicity of 75 rotations for
the nulling was identified (Basu et al. 2017).

Fig. 7. Pulse profiles of PSRs J1709−1640 and J1509+5531 for the
emission and nulls are represented by the thick solid and thin solid lines
in black. Pulse profiles for the first and second subintegrations of the
emission on states, E1 and E2, are represented by dashed lines in red,
and those for the last and penultimate subintegrations, E−1 and E−2, are
represented by dash-dotted lines in blue.

We made a long observation of 200 min at 2250 MHz, and
integrated every 32 pulses to form subintegrations, as shown by
two blocks of data in Fig. A.1. The nulling fraction is estimated
to be in the range of 12.4% to 37.4%, which is consistent with the
low-frequency estimates at 333 and 618 MHz, but smaller than
those from Vivekanand (1995) and Gajjar et al. (2014b). The dis-
crepancy is caused by the fact that their nulling fractions were
estimated using extreme values instead of the total intensities of
the pulses.

3.7.2. PSR J0248+6021

This is the first time that nulling is reported for this pulsar. Every
32 pulses are integrated to form subintegrations for two observa-
tions of 33 and 120 min, respectively, as shown in Fig. A.2. The
nulling fraction is estimated to be in the range of 0.0% to 34.7%,
as estimated from subintegrations of every 32 pulses and single
pulses.

3.7.3. PSR J0304+1932

The pulse emission of PSR J0304+1932 is modulated by
drifting subpulses and nulls. Its nulling fraction was found
to be 13% and 14% from observations taken at 327 MHz
(Redman & Rankin 2009; Herfindal & Rankin 2009), 8.7% at
333 MHz (Basu et al. 2017), 10% at 430 MHz (Rankin 1986),
and 6.1% at 618 MHz (Basu et al. 2017). The nulling is not ran-
dom (Redman & Rankin 2009), and has a periodicity of 128± 32
or 103± 34 rotations (Herfindal & Rankin 2009; Basu et al.
2017).

We made one observation at 2250 MHz for 56 min; every
eight pulses are integrated to separate the emission and null
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Fig. 8. Pulse sequences for the emission state setup (E1−E4) and the
transition to null (E−4 to E−1) for PSR J1509+5531. Null pulses are rep-
resented by the solid black lines.

pulses, as shown in Fig. A.3. PSR J0304+1932 typically nulls
for about 16 pulses, and an estimated nulling fraction is in
the range between 8.9% and 17.5%, consistent with those
at low frequencies. Occurrence of its nulling is random, but
the duration is not random as shown by the distributions of
nulling scales, confirming the Wald-Wolfowitz run test results by
Redman & Rankin (2009). Quasi-periodic modulation of about
90 rotations is marginally found, which agrees with the findings
of Herfindal & Rankin (2009) and Basu et al. (2017).

3.7.4. PSR J0332+5434

The nulling of PSR J0332+5434 was first reported by Ritchings
(1976) with a nulling fraction below 0.25% at 408 MHz. We
made two observations for 180 and 84 min at 2250 MHz. Only
two pulses may null among the 22 000 periods, as shown in
Figs. A.4 and A.5. Hence, its nulling fraction is about 0%, con-
sistent with the low frequency estimation.

3.7.5. PSR J0528+2200

PSR J0528+2200 has drifting and nulling behaviors, with
nulling fractions of about 25% and 28% at 327 MHz
(Herfindal & Rankin 2009; Redman & Rankin 2009), 14.4% at
333 MHz (Basu et al. 2017), and 25% at 610 MHz (Ritchings
1976). The nulls are not random (Redman & Rankin 2009), with
two bright, probably harmonically related low-frequency struc-
tures as shown by Herfindal & Rankin (2009).

We made two observations for 29 and 32 min at 2250 MHz;
every four pulses are integrated to form subintegrations. The sig-
nificance distributions for the on- and off-pulses remain insepa-
rable, as shown in Fig. A.6. The nulling fraction is estimated to
be in the range of 8.1% to 22.3%, which is roughly consistent
with those at low frequencies listed in Table C.1.

3.7.6. PSR J0543+2329

The nulling reported here is the first for this pulsar. We made
two observations for 50 and 255 min at 2250 MHz. Every 16
pulses are folded to form subintegrations, as shown in Figs. A.7
and A.8. The nulling fraction is estimated to be in the range of
0.0% to 16.6%.

3.7.7. PSR J0826+2637

The nulling of PSR J0826+2637 was first found by Ritchings
(1976) and was not random (Redman & Rankin 2009). The
nulling fraction was estimated to be 7% at 327 MHz
(Herfindal & Rankin 2009), but ≤5 at 430 MHz (Ritchings
1976). Recently, the prominent “quiet” and “bright” modes were
identified, which might be related to the change of the plasma
formation front (e.g., Sobey et al. 2015; Rankin et al. 2020). In
the bright mode, the nulls had a fraction of a few percent, but
more than 90% in the quiet mode (Basu & Mitra 2019).

We made three long observations at 2250 MHz, from which
continuous blocks of pulses that are RFI-free and scintillation-
enhanced (they might also be bright modes) are chosen for the
nulling analysis. Every four pulses are integrated to form subin-
tegrations, as shown in Figs. A.9–A.11. The lower and upper
limits for the nulling fraction are estimated to be 0.0% and 3.4%
from the entire 4745 subintegrations, which agrees with those at
low frequencies for the bright mode, see Table C.1.

3.7.8. PSR J0908–1739

The nulling fraction of PSR J0908−1739 was found to be 26.8%
at 333 MHz and 25.7% at 618 MHz (Basu et al. 2017). We made
one observation for 37.4 min at 2250 MHz, and integrated every
32 pulses to form 175 subintegrations. The two significant nulls
are shown in Fig. A.12. The nulling fraction is estimated to be
in the range of 18.8% to 29.2%, consistent with those at low
frequencies listed in Table C.1.

3.7.9. PSR J0922+0638

A nulling fraction below 0.05% was roughly estimated for
PSR J0922+0638 at 430 MHz (Weisberg et al. 1986). We made
three observations at 2250 MHz; every two pulses are folded, as
shown in Figs. A.13 and A.14. The lower and upper limits of
the nulling fraction are estimated to be 0.0% and 0.06%, respec-
tively, from a total of 9600 subintegrations, consistent with those
at low frequencies in Table C.1.

3.7.10. PSR J0953+0755

This pulsar has interpulse emission with a nulling fraction below
5% at 326.5 and 430 MHz (Ritchings 1976; Vivekanand 1995).
We made one observation for 198 min at 2250 MHz; every eight
pulses are integrated to form 5850 subintegrations, as shown in
Fig. A.15. The lower and upper limits of the nulling fraction are
estimated to be 0.1% and 11.8%, consistent with those at low
frequencies in Table C.1.
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3.7.11. PSR J1136+1551

Quasi-periodic intensity modulations were found for this bright
pulsar (Taylor & Huguenin 1971), and the nulling was iden-
tified by Backer (1970). The nulling fractions are about
20% at 327 MHz (Bhat et al. 2007; Redman & Rankin 2009;
Herfindal & Rankin 2009), 13.7% at 333 MHz (Basu et al.
2017), 14% at 408 MHz (Ritchings 1976) and 11.9% at
618 MHz (Basu et al. 2017). One of the double components of
PSR J1136+1551 was missed at certain times, and the pulsar was
otherwise noted as being partially nulling (Herfindal & Rankin
2009). The nulling is not random (Redman & Rankin 2009),
and has a periodicity of about 30 rotations (Herfindal & Rankin
2007). Multi-frequency observations showed that the nulls do
not always occur simultaneously; some pulses simply null at low
frequencies (Bhat et al. 2007).

We made three observations at 2250 MHz. The second obser-
vation was affected by RFI and was split into four continuous
blocks. Every four pulses of the observations are folded to form
subintegrations, as shown in Figs. A.16–A.18. The nulling frac-
tion is estimated to have a lower limit of 0.3% and an upper limit
of 11.5%, roughly consistent with those at low frequencies. The
occurrence and duration of nulls are not random, confirming the
tests at low frequencies, but no significant periodicity of nulling
is found, which means that the physical origins for its nulling
should be frequency dependent.

3.7.12. PSR J1239+2453

PSR J1239+2453 is also among the first set of pulsars reported to
null (Backer 1970). The amplitudes of its individual components
were found to have different modulations (Taylor & Huguenin
1971), together with mode changing and sub-pulse drifting at
multiple drift rates (e.g., Weltevrede et al. 2006; Naidu et al.
2017). The nulling fraction was estimated to be 7% at 325 MHz
(Naidu et al. 2017), 6% at 327 MHz (Herfindal & Rankin 2009),
2% at 333 MHz (Basu et al. 2017), 6% at 408 MHz (Ritchings
1976), 4% at 610 MHz (Naidu et al. 2017), and 3.1% at 618 MHz
(Basu et al. 2017). Observations at 325 and 610 MHz show that
pulses null simultaneously at these two frequencies (Naidu et al.
2017), but no periodicity was found for the nulling (Basu et al.
2017).

We made four observations at 2250 MHz; every two pulses
are integrated to form subintegrations, as shown in Figs. A.19
and A.20. Each observation demonstrates significant normal and
abnormal states. The abnormal emissions are relatively strong,
and are less affected by nulling. The most prevalent nulls are one
or two pulses with a nulling fraction estimated to be in the range
of 1.1% to 2.8%. The nulling fraction is consistent with those at
333 and 618 MHz from Basu et al. (2017). Fourier spectra of the
emission-null sequences do not show any significant periodicity,
which agrees with Basu et al. (2017).

3.7.13. PSR J1509+5531

The nulling of PSR J1509+5531 was first reported by
Naidu et al. (2017) from simultaneous observations at 327 and
610 MHz, with a nulling fraction of 7% at 610 MHz. We made
one long observation at 2250 MHz. To avoid RFI and interstellar
scintillation, two blocks of single pulse data were chosen for the
nulling analysis, as shown in Fig. A.21. Nulls occur for one or
two pulses, with a nulling fraction estimated to be 2.0%, which
is smaller than those at low frequencies. The profile components
are not synchronous for null-to-emission and emission-to-null

transitions, with the leading component emerging and diminish-
ing first. The nulls are not random, and have a periodicity of
about 23 rotations.

3.7.14. PSR J1709–1640

The nulling of this pulsar was first reported by Weltevrede et al.
(2007). It usually stays in an active state with short nulls
of less than 150 pulses. The nulling fraction is 3.7% at
333 MHz and 4.9% at 618 MHz (Basu et al. 2017). Occasionally,
PSR J1709−1640 switches to an inactive state for long nulls of 1
to 4.7 h (Naidu et al. 2018). The nulls are found to be concurrent
between 327 and 610 MHz.

We carried out a long observation of 220 min at 2250 MHz,
which shows nulls for short (∼0.01 h), moderate (∼0.1 h), and
long (∼1.2 h) durations; see Fig. A.22. Details of its nulling
behaviors are discussed in Sect. 3. The nulling fraction is 35.6%
for the whole dataset, but in the given scintillation-enhanced and
RFI-free data this fraction is only between 2.1% and 3.4%, con-
sistent with those at low frequencies in the active state. The nulls
are not random, and have a periodicity of about 200 rotations.

3.7.15. PSR J1844+00

The nulling reported here is the first for this pulsar. We made
one observation for 180 min at 2250 MHz; every 32 pulses are
integrated to form subintegrations, as shown in Fig. A.23. Sig-
nificant nulls of 256 pulses are detected. Its nulling fraction is
estimated to be in the range between 0.3% and 34.0%.

3.7.16. PSR J1932+1059

PSR J1932+1059 has an interpulse, and was first reported to null
by Backer (1970), with a nulling fraction below 1% at 408 MHz
(Ritchings 1976). We made one long observation for 275 min at
2250 MHz, and data are separated into four blocks to avoid RFI,
as shown in Figs. A.24 and A.25. PSR J1932+1059 typically
nulls for one pulse and the duration of emission roughly fol-
lows exponential distributions. Its nulling fraction is estimated
to be 0.03%, consistent with the low-frequency one. The occur-
rence and duration of nulls are not random. Its average emission
remains stable and no nulling periodicity is found.

3.7.17. PSR J2022+5154

The nulling of PSR J2022+5154 was first reported by Ritchings
(1976). The nulls generally last for one or two periods with a
nulling fraction below 5% at 408 MHz (Ritchings 1976), or 1.4%
at 610 MHz (Gajjar et al. 2012). We made three observations at
2250 MHz, as shown in Figs. A.26 and A.27. PSR J2022+5154
typically nulls for one pulse with a nulling fraction of 0.12%,
consistent with that at 408 MHz but smaller than that at
610 MHz. The occurrence and duration of nulls are not random,
but no periodicity of nulling can be identified.

3.7.18. PSR J2048–1616

The fluctuation of the three components of PSR J2048–1616 was
investigated by Taylor & Huguenin (1971), which revealed sub-
pulse drifting and nulling. The nulls were found to be broad
band (Naidu et al. 2017) with a nulling fraction of 14% at
325 MHz (Naidu et al. 2017), 10% at 326.5 MHz (Vivekanand
1995), 8.3% at 333 MHz (Basu et al. 2017), 10% at 408 MHz
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(Ritchings 1976), 17% at 610 MHz (Naidu et al. 2017), 9.0% at
618 MHz (Basu et al. 2017) but 22% at 1308 MHz (Naidu et al.
2017). These nulls showed periodic variations of about every 51
rotations (Basu et al. 2017).

We made two observations for 30 and 300 min at 2250 MHz.
The longer observation was seriously affected by RFI, and only
one block of 116 pulses was chosen for the analysis. Every two
pulses of the observations are folded, as shown in Fig. A.28.
The nulls usually last for less than five pulses with a nulling
fraction in the range between 2.1% and 6.4%, which is smaller
than those at low frequencies. The nulls of PSR J2048−1616 are
not random, but no significant periodicity is identified for the
nulling.

3.7.19. PSR J2313+4253

PSR J2313+4253 was reported to null with a nulling fraction of
3.7% at 333 MHz by Basu et al. (2017), and the nulls have a peri-
odicity of about every 32 rotations. We made one observation at
2250 MHz. Two blocks of data were chosen for the nulling anal-
ysis, as shown in Fig. A.29. PSR J2313+4253 typically nulls for
one pulse with a nulling fraction of 5.2%, which is slightly larger
than that at low frequency. Fourier spectra analysis demonstrates
that the emission of PSR J2313+4253 is modulated by nulls with
a periodicity of about 45 rotations, which agrees with the low-
frequency measurement in Table C.1.

3.7.20. PSR J2321+6024

The frequent nulls of PSR J2321+6024 were first reported by
Ritchings (1976), which correlated with the drifting and the
mode-changing (Wright & Fowler 1981). The nulling fraction is
about 35% at 303 MHz (Gajjar et al. 2014b), 25% at 408 MHz
(Ritchings 1976), 33% at 607 MHz (Gajjar et al. 2014b), 29% at
610 MHz (Gajjar et al. 2012), 31% at 1380 MHz, and >30% at
4850 MHz (Gajjar et al. 2014b). Simultaneous observations by
Gajjar et al. (2014b) showed that the nulls were highly concur-
rent across a broad frequency range, and 1−3% of the pulses
deviate from this behavior.

We made two observations for 5 and 7 h. The first obser-
vation and four blocks of the second observation were cho-
sen for the nulling analysis, as shown in Figs. A.30–A.32.
PSR J2321+6024 frequently nulls with a nulling fraction in the
range between 8.5% and 18.5%, smaller than those previous esti-
mates by about 30%. This is because the less significant emit-
ting pulses cannot be modeled by the significance distributions
of off-pulses, as shown by the excess of the residual distribution
in Fig. B.1, but previous studies termed these as nulls. These
nulls are not random, and the emission are modulated by nulls at
long periodicities.

4. Discussion and conclusions

In this paper, we investigate the nulling behaviors of 20 pul-
sars by employing single-pulse observations at 2250 MHz made
using the JMS 66 m telescope. This is the first time that nulling
is reported for three pulsars, PSRs J0248+6021, J0543+2329,
and J1844+00. A set of consistent methods is proposed for
nulling analysis. The nulling fractions are first estimated for
these pulsars at relatively high frequency. The emission-null (1–
0) sequences are then constructed from which the emission and
null lengths, their interactions, randomness, and the periodicity
are analyzed.

Fig. 9. Distribution of the average nulling fraction fn of 146 of the 214
known nulling pulsars. The averages are listed in Table C.1.

In general, the distributions of emission and null lengths
cannot be well modeled by exponential functions for most
of the pulsars. No significant difference is found between the
emission-null and null-emission length pairs from the tests of
both the nulling degrees and nulling scales. The K-S tests of
nulling degrees and scales from the simulated and observed
sequences reject the hypothesis that the occurrence and duration
of nulls are characterized by random variables at high signifi-
cance levels (p-values smaller than 0.1) for most of the pulsars
except PSR J0304+1932. Emission-null sequences of the pul-
sars exhibit quasi-periodic, low-frequency, and featureless mod-
ulations, which might be related to the carousel beam patterns,
changes of emission mechanisms, and random nulls.

During the switching between emission and null states, pulse
intensities show diverse variations, gradual rise with gradual
decay, erratic rise with gradual decay, abrupt rise with abrupt
ceasing, among others. PSR J1709−1640 shows the most signif-
icant rise together with prominent decaying. PSR J1509+5531
demonstrates significant null-to-emission and emission-to-null
transitions within the pulse window. In the following, we
discuss some of the fundamental characteristics of pulsar
nulling.

4.1. Known nulling pulsars and the average nulling fraction

So far, 214 pulsars have been reported to null from obser-
vations from 303 to 4850 MHz, as collected from the litera-
ture detailed in Appendix C. Of these, 146 have nulling frac-
tion measurements as listed in Table C.1, and nulling frac-
tions of 79 pulsars were estimated at multiple frequencies with
some from simultaneous observations (e.g., Gajjar et al. 2014b;
Naidu et al. 2017). These nulling fractions are grouped into five
frequency bands, 303−333, 408−430, 607−645, 1308−1518,
and 2000−4850 MHz, and then averaged. For most pulsars,
these nulling fractions are roughly consistent among observa-
tions (within a factor of two). However, nulling fractions vary
significantly for PSRs J0630−2834, J0820−1350, J0828−3417,
J1559−4438, J1709−1640, and J1901−0906.

Averages of the available nulling fractions at these frequency
bands are calculated for each of the 146 nulling pulsars, as listed
in Table C.1. The distribution of nulling fractions is shown in
Fig. 9. It is apparent that more than half of the pulsars have
nulling fractions of less than 10%.
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Fig. 10. Frequency dependencies of nulling fractions of 22 pulsars.
Nulling fractions of these pulsars were estimated at least three frequen-
cies. Red dots represent nulling fractions estimated at 2250 MHz from
the present work, blue arrows are for the upper or lower limits. Values
of nulling fractions and their references are listed in Table C.1.

4.2. Frequency dependence of nulling

For 22 pulsars for which nulling fractions are available for
at least three frequency bands, their frequency dependencies
are shown in Fig. 10. It is apparent that the nulling frac-
tions are generally consistent across a wide rage of fre-
quencies for PSRs J0814+7429, J0908−1739, J0953+0755,
and J2018+2839, while for PSRs J0630−2834, J0820−1350,
J1107−5907, J1709−1640, and J1946+1805, nulling fractions
vary significantly across frequencies. For PSRs like J1136+1551
and J2048−1616, the estimated nulling fractions at high fre-
quencies are smaller than the low-frequency ones. These diverse

properties mean that the broad-band nulls are produced by phys-
ical processes with a global change of pulsar magnetosphere.
During which, the distributions of relativistic particles may also
have changed. The combined effects of the distributions of rel-
ativistic particles and pulsar geometry could lead to various
nulling features.

As emissions of different frequencies originate from differ-
ent heights of pulsar magnetosphere (see, e.g., Wang et al. 2013).
Relativistic particles emitting at different heights are generated
from different polar cap regions through a sparking process. If
nulls of a pulsar from simultaneous observations are frequency
dependent, this means that parts of the polar cap region are
inactive. In other words, frequency-dependent nulling can help
us to distinguish the sparking polar cap regions. Any global
change of pulsar magnetosphere will cause simultaneous nulling
across a broad frequency band. PSR J1709−1640 has nulls last-
ing for minutes to hours, and observations over such limited
time intervals can lead to different estimates of nulling fractions.
Moreover, different modes might also cause different nulling
fractions. For example, PSRs J0826+2637 and J1107−5907 have
two modes with quite different nulling fractions (Young et al.
2014; Basu & Mitra 2019).

4.3. Dependence on pulsar parameters

Our observations of ten pulsars have multiple nulling cycles
(Nc > 10), as listed in Table 2. Figure 11 shows correlations of
nulling fraction, the cadence of occurrence of nulling Nc/Nsub,
null-to-emission length ratios Nn/Ne, nulling degrees (α1 and
α2), and nulling scales (s1 and s2) with respect to pulsar age and
Edot for these pulsars. Here, nulling fractions and their uncer-
tainties are taken as the mean and half range of upper and lower
limits when both limits are available. Pulsars with large ages tend
to have large nulling fractions with a correlation coefficient of
0.33, and to have small nulling scales with correlation coeffi-
cients of −0.30 and −0.35. Weak correlations are found for the
other nulling parameters with respect to pulsar age. Pulsars with
large energy loss rates tend to have small nulling fractions, small
nulling cadence, and small null-to-emission length ratios with
correlation coefficients of −0.69, −0.65, and −0.53, but tend to
have large nulling scales with correlation coefficients of 0.49 and
0.61.

Distribution of the nulling pulsars on the period and period
derivative diagram is shown in Fig. 12. The periods of these
nulling pulsars can be seen to range from 0.1 to 7 s and period
derivatives to range from 10−18 to 10−12. The line with constant
rate of loss of rotational kinetic energy (Edot) of 1030 erg s−1

roughly represents the lower boundary for these nulling pul-
sars, which is in parallel with the lines with constant accelerating
potential above the pulsar polar cap. It is generally believed that
pulsars are formed from the upper left part of the diagram and
move down to the right by crossing the constant Edot lines when
pulsars evolve. The particle acceleration process is reduced in
the magnetosphere of aged pulsars, meaning that pulsars start to
null with an increasing nulling fraction and eventually reach the
off state. This scenario is supported by the distribution of pul-
sars with different nulling fractions in Fig. 12. It can be seen
that pulsars with nulling fractions ≤1% are generally located
in the upper left part of the diagram, and pulsars with nulling
fractions >30% are located in the lower right, as divided by the
Edot line of 1032 erg s−1. The intermittent pulsars are exceptions
(Lyne et al. 2017).

Figure 13 shows the correlations of nulling fraction with
respect to pulsar period, period derivative, age, and Edot for this
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Fig. 11. Dependencies of nulling fraction, nulling cadence (Nc/Nsub),
nulling to emission length ratios (Nn/Ne), nulling degrees (α1 and α2)
and nulling scales (s1 and s2) on age and Edot for ten pulsars. Upper
limits are plotted for fn, Nc/Nsub, Nn/Ne and s2 with respect to Edot, and
for s1 and s2 with respect to age. Correlation coefficients are indicated
in the corners of the panels. Values of fn, Nc, Nsub, Ne, Nn, α1, α2, s1 and
s2 are listed in Table 2.

most complete sample of nulling pulsars to date. The nulling
fraction is positively correlated with pulsar period with corre-
lation coefficients of r = 0.26 and rl = 0.36 for both param-
eters in linear and logarithmic scales. No correlation is found
for period derivatives. A marginal positive correlation is found
between nulling fraction and pulsar age with r = 0.15 and
rl = 0.12, which agrees with the understanding that old pul-
sars tend to have large nulling fractions. Moreover, the con-
ventional understanding that pulsars with large Edot tend to

Fig. 12. Period derivative vs. period for 204 of the 214 known nulling
pulsars for which a period and period derivative measurement are avail-
able. These pulsars are classified into five categories, that is, those with-
out a nulling fraction estimation (small black dots), those with a nulling
fraction of less than or equal to 1% (light blue “x”), those with a nulling
fraction larger than 1% but less than 30% (blue “+”), those with a
nulling fraction larger than or equal to 30% (large red dots), and inter-
mittent pulsars. The two sloping lines are the constant rates of loss of
rotational kinetic energy Edot = 1032, 1030 erg s−1.

Fig. 13. Correlations of the nulling fraction with respect to pulsar
period, period derivative, age, and Edot. Coefficients for linear and log-
arithmic correlations are indicated in each panel by r and rl. The nulling
fraction of each pulsar is taken as the average as listed in Table C.1. Val-
ues of pulsar period, period derivative, age, and Edot are obtained from
the ATNF pulsar catalog (Manchester et al. 2005).

have a small nulling fraction is also confirmed with correlation
coefficients of r = −0.08 and rl = −0.30. In summary, large
nulling fractions are more related to long periods than to large
age and small Edot, which agrees with the conclusion obtained
by Biggs (1992).
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Appendix A: Pulse sequences and null or emission
states of 20 pulsars

Fig. A.1. PSR J0034−0721 observed on 12 Dec 2015 (A and B) with
every 32 pulses integrated.

Fig. A.2. PSR J0248+6021 observed on 16 Jun 2015 and 11 Aug 2016
with every 32 pulses integrated.

We present plots here for observations of the 20 pulsars listed
in Table 1. These plots show the pulse intensities of successive

Fig. A.3. PSR J0304+1932 observed on 14 Dec 2015 with 8 pulse inte-
grated for each subintegration.

Fig. A.4. PSR J0332+5434 observed on 21 Feb 2016 (A and B) with
single pulses.

subintegrations formed every 2n pulses, the significance of on-
pulse (red), and off-pulse (blue) emissions for each subintegra-
tion, and the emission (1) or null (0) state of the subintegration,
as in Fig. 1. Here, n ranges from 0 to 5 depending on the signifi-
cance of pulses.
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Fig. A.5. PSR J0332+5434 observed on 24 Feb 2016 with single pulses.

Fig. A.6. PSR J0528+2200 observed on 18 Jun 2015 and 17 Jan 2016
with subintegrations formed every 4 pulses.

Fig. A.7. PSR J0543+2329 observed on 25 Jun 2015 with 16 pulses
integrated for each subintegration.

Fig. A.8. PSR J0543+2329 observed on 1 Nov 2017 (A and B) with 16
pulses integrated for each subintegration.
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Fig. A.9. PSR J0826+2637 observed on 12 Nov 2015 (A and B) with
every 4 pulses folded.

Fig. A.10. PSR J0826+2637 observed on 14 Nov 2015 (A and B) with
every 4 pulses folded.

Fig. A.11. PSR J0826+2637 observed on 15 Nov 2015 (A and B) with
every 4 pulses folded.

Fig. A.12. PSR J0908−1739 observed on 23 May 2016 and integrated
every 32 pulses.
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Fig. A.13. PSR J0922+0638 observed on 14 Jul 2015 and 17 Aug 2015
with subintegrations formed every 2 pulses.

Fig. A.14. PSR J0922+0638 observed on 18 Aug 2015 with every 2 and
pulses folded.

Fig. A.15. PSR J0953+0755 observed on 12 Dec 2015 with every 8
pulses folded.

Fig. A.16. PSR J1136+1551 observed on 19 Sep 2015 and 16 Sep 2018
with 4 pulses folded for each subintegration.
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Fig. A.17. PSR J1136+1551 observed on 25 Oct 2017 (A and B) with 4
pulses folded for each subintegration.

Fig. A.18. PSR J1136+1551 observed on 25 Oct 2017 (C and D) with 4
pulses folded for each subintegration.

Fig. A.19. J1239+2453 observed on 12 Dec 2015 and 16 Dec 2015 with
every 2 pulses folded.

Fig. A.20. J1239+2453 observed on 19 Dec 2015 and 18 Feb 2016 with
every 2 pulses folded.
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Fig. A.21. PSR J1509+5531 observed on 30 Oct 2017 (A and B) with
single pulses.

Fig. A.22. PSR J1709−1640 observed on 27 Oct 2017 with every 2
pulses folded.

Fig. A.23. PSR J1844+00 observed on 9 Aug 2018 with 32 pulses
folded for each subintegration.

Fig. A.24. PSR J1932+1059 observed on 21 Feb 2016 (A and B) with
single pulses.
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Fig. A.25. PSR J1932+1059 observed on 21 Feb 2016 (C and D) with
single pulses.

Fig. A.26. PSR J2022+5154 observed on 15 Jun 2015 and 1 Nov 2017
with single pulses.

Fig. A.27. PSR J2022+5154 observed on 6 Nov 2017 with single pulses.

Fig. A.28. PSR J2048−1616 observed on 18 Jun 2015 and 8 Aug 2016
with every 2 pulses folded.
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Fig. A.29. PSR J2313+4253 observed on 25 Oct 2017 (A and B) with
single pulses.

Fig. A.30. PSR J2321+6024 observed on 17 Dec 2015 with every 4
pulses folded.

Fig. A.31. PSR J2321+6024 observed on 30 Oct 2017 (A and B) with
every 4 pulses folded.

Fig. A.32. PSR J2321+6024 observed on 30 Oct 2017 (C and D) with
every 4 pulses folded.
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Appendix B: Statistical analysis of nulling
behaviors of the 20 pulsars

Statistical analysis on the nulling fractions are shown in Fig. B.1,
emission and null lengths and their correlations in Fig. B.2,

nulling periodicity in Fig. B.3, and intensity variations in
Fig. B.4.

(1) J0034-0721 (2) J0248+6021 (3) J0304+1932 (4) J0332+5434

(5) J0528+2200 (6) J0543+2329 (7) J0826+2637 (8) J0908-1739

(9) J0922+0638 (10) J0953+0755 (11) J1136+1551 (12) J1239+2453

(13) J1509+5531 (14) J1709-1640 (15) J1844+00 (16) J1932+1059

(17) J2022+5154 (18) J2048-1616 (19) J2313+4253 (20) J2321+6024

Fig. B.1. Histograms of the significance of on-pulses and off-pulses for the 20 pulsars. Normal functions with mean zero and standard derivation
σoff are employed to model the distribution of off-pulse significance, scaled with fn and represented by a red dotted line. The residual distribution
of on-pulse significance is plotted below and modeled by lognormal functions with mean µon and standard derivation σon.
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(1) J0304+1932 (2) J1136+1551

(3) J1239+2453 (4) J1509+5531

(5) J1709-1640 (6) J1932+1059

(7) J2022+5154 (8) J2048-1616

(9) J2313+4253 (10) J2321+6024

Fig. B.2. Emission and null lengths and their correlations for ten pulsars. Left panels: distributions of emission and null lengths. Length pairs for
the emission and the following null are denoted as EN, and length pairs for the emission and its pre-null are denoted as NE. Correlation coefficients
of emission lengths with respect to the null lengths are calculated and indicated in the top right corner for EN and NE. Histograms for the emission
and null lengths are drawn in the top and right panels. Right panels: histograms of nulling degrees and scales of emission–null length pairs. The
left hatched red step and right hatched blue step represent distributions for the EN and NE length pairs, respectively. The gray bars are for the
simulated EN length pairs of randomly distributed emission–null sequence.
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Fig. B.3. Average power spectrum for the ten pulsars, calculated
from sliding Fourier transform of the emission–null (1–0) sequence in
Appendix A.

Fig. B.4. Integrated pulse profiles for ten pulsars. Profiles for the emis-
sion and nulls are represented by thick and thin black solid lines. For
emission on states lasting for more than five pulses or subintegrations,
profiles for the first and the second subintegration are represented by the
thin and thick red dashed lines, and profiles for the last two subintegra-
tions are represented by the thin and thick blue dash-dotted lines.
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Appendix C: Nulling pulsars reported hitherto

To date, 214 pulsars have been reported to null at various
frequencies, including those collected from the literature and
those presented in this work. These are classified into those
with nulling fraction measurements, those without nulling frac-
tion measurements, and intermittent pulsars. For each pulsar,

the available nulling fractions are grouped into five fre-
quency bands, 303−333, 408−430, 607−645, 1308−1518, and
2000−4850 MHz, as listed in Cols. (5)−(9). Column (10)
presents the average nulling fractions, which are taken as half
the upper limit if a pulsar has only an upper limit reported,
or as 1.5 times the lower limit if a pulsar has only a lower
limit.

Table C.1. Nulling fractions for 214 pulsars.

JName BName Period DM fn (%) 〈 fn〉 Reference
(s) (pc cm−3) 303−333 MHz 408−430 MHz 607−645 MHz 1308−1518 MHz 2000−4850 MHz (%)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

J0034−0721 B0031−07 0.943 11.3 44.6(1.3), 43(2), 31.3(2.3) ≤16, 44(2), 22.8(1.8) 43(2) 24.9(13.3) 36.2 Big92, Viv95, GJK+14,
BMM17, our

J0048+3412 B0045+33 1.217 39.9 21(3), 21 21 HR09, RR09
J0151−0635 B0148−06 1.464 25.6 ≤5 2.5 Big92
J0152−1637 B0149−16 0.832 11.9 ≤2.5 1.3 Viv95
J0248+6021 0.217 370.0 17.3(17.9) 17.3 Our
J0304+1932 B0301+19 1.387 15.7 14(4), 13, 8.7(1.2) 10 6.1(0.6) 13.2(4.9) 10.8 Ran86, HR09, RR09,

BMM17, our
J0332+5434 B0329+54 0.714 26.7 ≤0.25 0.0 0.0 Rit76, our
J0452−1759 B0450−18 0.548 39.9 ≤0.5 ≤0.9 0.4 Rit76, Big92
J0458−0505 1.883 47.8 69 63 66 LBR+13, WSE07
J0525+1115 B0523+11 0.354 79.4 <0.06 0.03 WAB+86
J0528+2200 B0525+21 3.745 50.9 28(2), 25, 14.4(1.2) 25(5) 15.2(7.7) 21.5 Rit76, HR09, RR09, BMM17,

our
J0529−6652 B0529−66 0.975 103.2 83.3(1.5) 83.3 CALL13
J0536−7543 B0538−75 1.245 17.5 32.5(6.5) 32.5 CALL13
J0540+3207 0.524 61.9 54(1), 53 53.5 HR09, RR09
J0543+2329 B0540+23 0.245 77.7 8.3(8.5) 8.3 Our
J0629+2415 B0626+24 0.476 84.1 <0.02 0.01 WAB+86
J0630−2834 B0628−28 1.244 34.4 13.6(1.9) ≤2 ≤0.3 13.6 Rit76, Big92, BMM17
J0659+1414 B0656+14 0.384 14.0 12(4) 12 WAB+86
J0738−4042 B0736−40 0.374 160.8 ≤0.4 0.2 Big92
J0742−2822 B0740−28 0.166 73.7 ≤0.25 ≤0.2 0.13 Rit76, Big92
J0754+3231 B0751+32 1.442 39.9 38(6), 39 34(0.5) 37 WAB+86, HR09, RR09
J0814+7429 B0809+74 1.292 5.7 1.4(0.3) ≤5,1.42(0.02) 1.0(0.4), 1.6(0.4) 1.2(0.2) >1 1.3 Rit76, LA83, GJK12, GJK+14
J0820−1350 B0818−13 1.238 40.9 9.8(1.2) 1.5(0.25),1.01 1(0.5),0.9(1.8), 0.8 2.5 Rit76, LA83, Big92, GJK12,

BMM17
J0820−4114 B0818−41 0.545 113.4 30 30 BGG10
J0823+0159 B0820+02 0.864 23.7 <0.06 0.03 WAB+86
J0826+2637 B0823+26 0.530 19.4 7(2), 7 ≤5 1.7(1.7) 5.2 Rit76, HR09, RR09, our
J0828−3417 B0826−34 1.848 52.2 >70 ≤12 – – DLL+79, Big92, BJB+12
J0837+0610 B0834+06 1.273 12.8 7.0(2.0), 9.3, 9(1), 9, 3.9(0.3) 7.1(1) 4.7(0.7) 7.1 Rit76, Viv95, RW07, HR09,

RR09, BMM17
J0837−4135 B0835−41 0.751 147.2 ≤1.2, 1.7(1.2) 1.7 Big92, GJK12
J0908−1739 B0906−17 0.401 15.8 26.8(1.7) 25.7(1.3) 24.0(6.1) 25.5 BMM17, our
J0922+0638 B0919+06 0.430 27.2 <0.05 0.03(0.03) 0.03 WAB+86, our
J0934−5249 B0932−52 1.444 100 5(3) – 5 BJB+12, NJMK17
J0942−5552 B0940−55 0.664 180.2 ≤12.5 6.3 Big92
J0943+1631 B0940+16 1.087 20.3 8(3) 8 WAB+86
J0944−1354 B0942−13 0.570 12.5 ≤7, 14.4(0.9) 14.4 Viv95, BMM17
J0953+0755 B0950+08 0.253 2.9 ≤5 ≤5 5.9(6.1) 5.9 Rit76, Viv95, our
J1049−5833 2.202 446.8 47(3), –, 33(35) 40 WMJ07, BJB+12, CALL13
J1057−5226 B1055−52 0.197 30.1 ≤11 5.5 Big92
J1115+5030 B1112+50 1.656 9.1 – 60(5) 64(6) 62 Rit76, WSE07, GJK12
J1116−4122 B1114−41 0.943 40.5 3.3(0.5) 3.3 BMM17
J1136+1551 B1133+16 1.187 4.8 19.8(4.5) (]),20.6, 20, 13.7(2.1) 15(2.5) 18.3(5.8) (]),11.9(2.3) 5.9(6.2) 15.7 Rit76, BGK+07, HR07,

RR09, BMM17, our
J1239+2453 B1237+25 1.382 9.2 6(1), 2.0(0.1), 7(3) 6(2.5) 3.1(0.4), 4(1) 2.0(0.9) 4.3 Rit76, HR09, BMM17,

NJMK17, our
J1243−6423 B1240−64 0.388 297.2 ≤4 – 2 Big92, BJB+12
J1326−6700 B1322−66 0.543 209.6 9.1 9.1 WMJ07
J1328−4921 B1325−49 1.478 118 4.0 4.4 4.2 BMM17
J1359−6038 B1356−60 0.127 293.7 0.1(2.3) 0.1 CALL13

Notes. (†)Intermittent pulsars. (‡)The observation were taken at 820 MHz. (]) fn and uncertainties were taken as the mean and half the difference
between the upper and lower limits.
References. Rit76: Ritchings (1976), DLL+79: Durdin et al. (1979), LA83: Lyne & Ashworth (1983), WAB+86: Weisberg et al. (1986), Ran86:
Rankin (1986), DCHR86: Deich et al. (1986), Big92: Biggs (1992), Viv95: Vivekanand (1995), LCX02: Lorimer et al. (2002), LWF+04:
Lewandowski et al. (2004), FSK+04: Faulkner et al. (2004), KLO+06: Kramer et al. (2006), BGK+07: Bhat et al. (2007), WMJ07: Wang et al.
(2007), RW07: Rankin & Wright (2007), HR07: Herfindal & Rankin (2007), WSE07: Weltevrede et al. (2007), MR08: Mitra & Rankin (2008),
RW08: Rankin & Wright (2008), HR09: Herfindal & Rankin (2009), RR09: Redman & Rankin (2009), JML+09: Joshi et al. (2009), KR10:
Kloumann & Rankin (2010), BGG10: Bhattacharyya et al. (2010), FR10: Force & Rankin (2010), BB10: Burke-Spolaor & Bailes (2010),
BBJ+11: Burke-Spolaor et al. (2011), GJK12: Gajjar et al. (2012), CRC+12: Camilo et al. (2012), LEM+12: Li et al. (2012), BJB+12:
Burke-Spolaor et al. (2012), LLM+12: Lorimer et al. (2012), KEK+13: Knispel et al. (2013), LBR+13: Lynch et al. (2013), RWB13: Rankin et al.
(2013), CALL13: Crawford et al. (2013), RSM+13: Rosen et al. (2013), GJW14: Gajjar et al. (2014a), GJK+14: Gajjar et al. (2014b), KHS+14:
Kerr et al. (2014), YWS+14: Young et al. (2014), YWS+15: Young et al. (2015), DSM+16: Deneva et al. (2016), WWY+16: Wen et al. (2016),
LSF+17: Lyne et al. (2017), BMM17: Basu et al. (2017), NJMK17: Naidu et al. (2017), GYY+17: Gajjar et al. (2017), NJMK18: Naidu et al.
(2018), BM18: Basu & Mitra (2018), BFRS18: Brinkman et al. (2018), ZLH+19: Zhang et al. (2019).
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Table C.1. continued.

JName BName Period DM fn (%) 〈 fn〉 Reference
(s) (pc cm−3) 303−333 MHz 408−430 MHz 607−645 MHz 1308−1518 MHz 2000−4850 MHz (%)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

J1401−6357 B1358−63 0.842 98.0 1.6 1.6 WMJ07
J1430−6623 B1426−66 0.785 65.3 ≤0.05 0.03 Big92
J1456−6843 B1451−68 0.263 8.6 ≤3.3 1.7 Big92
J1502−5653 0.535 194.0 93(4), 93.6, –, 70(9) 85.5 WMJ07, LEM+12, BJB+12, CALL13
J1509+5531 B1508+55 0.739 19.6 7(2) 2.0(0.1) 4.5 NJMK17, our
J1525−5417 1.011 235 16(5), 26(5) 21 WMJ07, CALL13
J1527−3931 B1524−39 2.417 49 5.1(1.3) – 5.1 BJB+12, BMM17
J1532+2745 B1530+27 1.124 14.6 6(2) 6.0 WAB+86
J1534−5334 B1530−53 1.368 24.8 ≤0.25 0.13 Big92
J1543−0620 B1540−06 0.709 18.3 2(1) 4(2) 3.0 NJMK17
J1559−4438 B1556−44 0.257 56.1 ≤0.01, 0.24 0.24 Big92, BMM17
J1607−0032 B1604−00 0.421 10.6 ≤1 ≤0.1 0.05 Rit76, Big92
J1614+0737 B1612+07 1.206 21.3 10 <5 10.0 WAB+86, RR09
J1634−5107 0.507 372.8 90(5) 90.0 YWS+15
J1639−4359 0.587 258.9 ≤0.1 0.05 GJK12
J1644−4559 B1641−45 0.455 478.8 ≤0.4 0.2 Big92
J1645−0317 B1642−03 0.387 35.7 ≤0.5 ≤0.25 0.13 Rit76, Viv95
J1648−4458 0.629 925 1.4 1.4 WMJ07
J1649+2533 1.015 34.4 25(5), 20 30 25 LWF+04, HR09, RR09
J1701−3726 B1658−37 2.454 303.4 19(6) 14(2), – 16.5 WMJ07, GJK12, BJB+12
J1702−4428 2.123 395 26(3) 26 WMJ07
J1703−3241 B1700−32 1.211 110.3 1.6 0.4 – 1.0 BJB+12, BMM17
J1703−4851 1.396 150.2 1.1 1.1 WMJ07
J1709−1640 B1706−16 0.653 24.8 3.7(1.3), 31(2) 4.9(0.3) 2.7(0.8) 10.6 BMM17, NJMK18, our
J1715−4034 2.072 254 ≥ 6 9.0 GJK12
J1717−4054 B1713−40 0.887 306.9 >95, 80(15), 77(5) 78.5 WMJ07, KHS+14, YWS+15
J1722−3207 B1718−32 0.477 126.0 1(1) 1 NJMK17
J1725−4043 1.465 203 ≤70 – 35.0 GJK12, BJB+12
J1727−2739 1.293 147 57.0(2.3) 48.3(1.8) 52(3), –, 68.2(1.1) 56.4 WMJ07, BJB+12, WWY+16, BMM17
J1731−4744 B1727−47 0.829 123.3 ≤0.1 0.05 Big92
J1733−3716 B1730−37 0.337 153.5 52.4(3.5) 52.4 BMM17
J1738−2330 1.978 99.3 ≥69, 85.1(2.3) – 85.1 GJK12, BJB+12, GJW14
J1740+1311 B1737+13 0.803 48.6 ≤0.02 0.04 0.04 WAB+86, FR10
J1741−0840 B1738−08 2.043 74.9 15.7(1.7) 15.8(1.4), 30(5) – 20.5 BJB+12, BMM17, GYY+17
J1744−3922 0.172 148.1 75, – 75 FSK+04, KEK+13
J1745−3040 B1742−30 0.367 88.3 40.2(1.9) ≤17.5, 24.8(1.0) – 32.5 Big92, BJB+12, BMM17
J1751−4657 B1747−46 0.742 20.4 2.4(0.5) 2.4 2.4 BMM17
J1752+2359 0.409 36.2 81, <89 75(5) (]) 78 LWF+04, RR09, GJW14
J1752−2806 B1749−28 0.562 50.3 0.2 ≤0.75 ≤1.4, 1.7(0.4) 0.9 Rit76, Big92, BMM17
J1801−0357 B1758−03 0.921 120.3 –, 27.7(1.3) 26.1(2.6) 26.9 WSE07, BMM17
J1808−0813 0.876 151.2 –, 12.8(1.3) 8.2(1.0) – 10.5 WSE07, BJB+12, BMM17
J1812−1718 B1809−173 1.205 255.1 5.8 5.8 WMJ07
J1817−3618 B1813−36 0.387 94.3 16.7(0.7) – 16.7 BJB+12, BMM17
J1819+1305 1.060 64.8 36.74, 41(6) 38.9 RW08, HR09
J1820−0427 B1818−04 0.598 84.4 ≤0.75 ≤0.25 0.13 Rit76, Big92
J1820−0509 0.337 104 67(3), – 67 WMJ07, BJB+12
J1822−2256 B1819−22 1.874 121.2 4.7(0.9), 5.5(0.2) 5.5(0.7), 10(2) – 6.4 BJB+12, BMM17, NJMK17, BM18
J1823+0550 B1821+05 0.752 66.7 ≤0.4 0.2 WAB+86
J1831−1223 2.857 342 4(1), – 4.0 WMJ07, BJB+12
J1833−1055 0.633 543 7(2) 7 WMJ07
J1834−0010 B1831−00 0.520 88.6 <2 1 HR09
J1840−0840 5.309 272 50(6) – 50 BJB+12, GYY+17
J1841+0912 B1839+09 0.381 49.1 <2 <5 1 WAB+86, HR09
J1843−0211 2.027 441.7 6(2) 6 WMJ07
J1844+00 0.460 345.5 17.2(17.5) – Our
J1844+1454 B1842+14 0.375 41.4 <0.15 0.08 WAB+86
J1847−0402 B1844−04 0.597 141.9 3(1) 3 NJMK17
J1848−1952 B1845−19 4.308 18.2 27(6) 19(4) – 23 BJB+12, NJMK17
J1851+1259 B1848+12 1.205 70.6 51(2), 54 52.5 HR09, RR09
J1853+0505 0.905 279 67(8) 67 YWS+15
J1900−2600 B1857−26 0.612 37.9 20(3), 5.1(0.8) 10(2.5) 8.1(0.5) 10.8 Rit76, MR08, BMM17
J1901+0413 2.663 352 ≤6 3 GJK12
J1901−0906 1.781 72.6 2.9, 29(4) 5.6(0.7), 30(1) 16.9 BMM17, NJMK17
J1910+0358 B1907+03 2.330 82.9 4(0.2) 4 WAB+86
J1913−0440 B1911−04 0.825 89.3 ≤0.5 0.3 Rit76
J1916+1023 1.618 329.8 47(4) 47 WMJ07
J1919+0021 B1917+00 1.272 90.3 ≤0.1 0.05 Ran86
J1920+1040 2.215 304 50(4) 50 WMJ07
J1921+1948 B1918+19 0.821 153.8 9(2), 8.9, 2.0 6.6 HR09, RWB13, BMM17
J1921+2153 B1919+21 1.337 12.4 ≤1.2 ≤0.25 0.13 Rit76, Viv95
J1926−0652 1.608 84.7 75 75 ZLH+19
J1926−1314 4.864 40.8 72.7(2.5) 75.7(1.9) (‡) 74.2 RSM+13
J1926+0431 B1923+04 1.074 102.2 <5 2.5 Rit76
J1932+1059 B1929+10 0.226 3.1 ≤1 0.03(0.003) 0.03 Rit76, our
J1935+1616 B1933+16 0.358 158.5 ≤0.25 ≤0.06 0.03 Rit76, Big92
J1944+1755 B1942+17 1.996 175 ≥ 60 90 LCX02
J1945−0040 B1942−00 1.045 59.7 28 21(1) 24.5 WAB+86, RR09
J1946+1805 B1944+17 0.440 16.1 50(7),66.67, 29.7(1.4) 64 55(5),37.9(2.3) 66.67 52.8 Rit76, DCHR86, Viv95, KR10, BMM17
J1948+3540 B1946+35 0.717 129.3 ≤0.75 0.4 Rit76
J2006−0807 B2003−08 0.580 32.3 15.6(1.0) 24.2(1.5) 19.9 BMM17
J2018+2839 B2016+28 0.557 14.2 ≤1.0, 1(2) ≤0.25 2(2) 1(3) 1.0 Rit76, Viv95, NJMK17
J2022+2854 B2020+28 0.343 24.6 ≤3 0.2(1.6) 0.2 LA83, GJK12
J2022+5154 B2021+51 0.529 22.6 ≤5 1.4(0.7) 0.12(0.01) 0.76 Rit76, GJK12, our
J2033+0042 5.013 37.8 48 56 (‡) 52 LBR+13
J2037+1942 B2034+19 2.074 36.8 44(4) ≥26 44 HR09, GJK12
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Table C.1. continued.

JName BName Period DM fn (%) 〈 fn〉 Reference
(s) (pc cm−3) 303−333 MHz 408−430 MHz 607−645 MHz 1308−1518 MHz 2000−4850 MHz (%)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

J2046+1540 B2044+15 1.138 39.8 <0.04 0.02 WAB+86
J2048−1616 B2045−16 1.961 11.4 10(2.5),8.3(1.4), 14(3) 10(2.5) 9.0(0.5), 17(6) 22(5) 4.3(2.7) 11.8 Rit76, Viv95, BMM17,

NJMK17, our
J2055+3630 B2053+36 0.221 97.4 <0.7 0.35 WAB+86
J2113+2754 B2110+27 1.202 25.1 30, – 30.0 WSE07, RR09
J2113+4644 B2111+46 1.014 141.2 12.5(2.5) 21(4) 16.8 Rit76, GJK12
J2116+1414 B2113+14 0.440 56.2 <1 0.5 WAB+86
J2124+1407 B2122+13 0.694 30.2 21(6), 22 21.5 HR09, RR09
J2157+4017 B2154+40 1.525 71.1 7.5(2.5) 7.5 Rit76
J2208+5500 0.933 101.0 >7.5 11.3 JML+09
J2219+4754 B2217+47 0.538 43.5 ≤2 1 Rit76
J2253+1516 0.792 29.2 49 49 RR09
J2305+3100 B2303+30 1.575 49.5 11(2), 11, 5.3(0.5) 1 7.1 Ran86, HR09, RR09,

BMM17
J2313+4253 B2310+42 0.349 17.2 3.7(0.5) 5.2(0.2) 4.5 BMM17, our
J2317+2149 B2315+21 1.444 20.8 2.3(0.5), 3 3(0.5) 2.8 WAB+86, HR09, RR09
J2321+6024 B2319+60 2.256 94.5 35(5) 25(5) 29(1), 33(3) 31(2) >30,13.5(5.4) 27.8 Rit76, GJK12, GJK+14, our
J2330−2005 B2327−20 1.643 8.4 9.6(0.9) 12(1),13.1(1.5) 11.6 Big92, BMM17
J2346−0609 1.181 22.5 42.5(3.8) 28.7(1.8) 35.6 BMM17
J0014+4746 B0011+47 1.240 30.4 – WSE07
J0726−2612 3.442 69.4 – BJB+12
J0855−3331 B0853−33 1.267 86.6 – BJB+12
J0941−39 0.586 78.2 – BB10
J0943+2253 0.532 27.2 – BFRS18
J1012−5830 2.133 294 – BJB+12
J1055−6905 2.919 142.8 – BJB+12
J1059−5742 B1056−57 1.184 108.7 – BJB+12
J1129−53 1.062 77.0 – BJB+12
J1133−6250 B1131−62 1.022 567.8 – BJB+12
J1157−6224 B1154−62 0.400 325.2 – BJB+12
J1225−6035 0.626 176.1 – BJB+12
J1255−6131 0.657 206.5 – BJB+12
J1307−6318 4.962 374 – BJB+12
J1322−62 1.044 733.6 – KEK+13
J1326−5859 B1323−58 0.477 287.3 – BJB+12
J1326−6408 B1323−63 0.792 502.7 – BJB+12
J1406−5806 0.288 229 – BJB+12
J1423−6953 0.333 123.9 – BJB+12
J1428−5530 B1424−55 0.570 82.4 – BJB+12
J1453−6413 B1449−64 0.179 71.0 – BJB+12
J1457−5122 B1454−51 1.748 37 – BJB+12
J1514−4834 B1510−48 0.454 51.5 – BJB+12
J1514−5925 0.148 194.0 – BJB+12
J1534−46 0.364 64.4 – BB10
J1559−5545 B1555−55 0.957 212.9 – BJB+12
J1624−4613 0.871 224.2 – BJB+12
J1633−4453 B1630−44 0.436 474.1 – BJB+12
J1646−6831 B1641−68 1.785 43 – BJB+12
J1647−3607 0.212 224 – BJB+12
J1649−4349 0.870 398.6 – BJB+12
J1653−3838 B1650−38 0.305 207.2 – BJB+12
J1707−4729 0.266 268.3 – BJB+12
J1726−31 0.123 264.4 – KEK+13
J1736−2457 2.642 170 – BJB+12
J1738−3211 B1735−32 0.768 49.5 – BJB+12
J1741−3016 1.893 382 – BJB+12
J1742−4616 0.412 115.9 – BJB+12
J1749+16 2.311 59.6 – DSM+16
J1750+07 1.908 55.4 – DSM+16
J1750−3157 B1747−31 0.910 206.3 – BJB+12
J1757−2223 0.185 239.3 – BJB+12
J1758−2540 2.107 218.2 – BJB+12
J1809−2109 B1806−21 0.702 381.9 – BJB+12
J1819−1458 4.263 196 – BJB+12
J1823−1126 1.846 607 – BJB+12
J1825−1446 B1822−14 0.279 357 – BJB+12
J1825−33 1.271 43.2 – BB10
J1827−0750 0.270 381 – BJB+12
J1830−1135 6.221 257 – BJB+12
J1837−0653 B1834−06 1.905 316.1 – BJB+12
J1837−1243 1.876 300 – BJB+12
J1840−1419 6.597 19.4 – BJB+12
J1841−0310 1.657 216 – BJB+12
J1852−0635 0.524 171 – BJB+12
J1854−1557 3.453 160 – BBJ+11
J1857−1027 3.687 108.9 – BJB+12
J1904+1011 B1901+10 1.856 135 – LCX02
J1935+1159 1.939 188.7 – BFRS18
J2050+1259 1.221 52.4 – BFRS18
J1107−5907 (†) 0.252 40.2 93(4) 48(5),91.5(0.5),88.9(0.3) 89(5) BJB+12, YWS+14
J1832+0029 (†) 0.533 28.3 50 LLM+12
J1841−0500 (†) 0.912 532 30 CRC+12
J1910+0517 (†) 0.308 300 70(4) LSF+17
J1929+1357 (†) 0.866 150.7 94.5(0.7) LSF+17
J1933+2421 (†) B1931+24 0.813 106.0 80 KLO+06
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