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ABSTRACT
How pulsars radiate is a long-standing problem. Detailed polarization measurements of individual pulses

shed light on currently unknown emission processes. Recently, based on supersensitive observations, dwarf
pulses have been recognized as weak narrow pulses often appearing during the nulling state. In this study, we
report the detection of dwarf pulses from ten pulsars, PSRs B0525+21, B1237+25, J1538+2345, J1824−0127,
J1851−0053, B1901+10, J1939+10, B1944+17, B2000+40 and J2112+4058, based on observations conducted
with the Five-hundred-meter Aperture Spherical radio Telescope. Dwarf pulses of five pulsars are clearly dis-
cernible in the two-dimensional distribution of pulse intensity and pulse width. For the other five pulsars, PSRs
J1538+2345, J1824−0127, J1939+10, B2000+40, and J2112+4058, only a few dwarf pulses are detected from
pulse stacks. The dwarf pulses can emerge in both cone and core emission components for PSR B1237+25, and
the polarization angles of these dwarf pulses are mostly in the orthogonal polarization mode of normal pulses
for PSR B1944+17. In general, pulsars with detected dwarf pulses tend to be located within the “death valley”
region of the distribution of pulsar periods and period derivatives.

Keywords: Radio pulsars (1353)

1. INTRODUCTION

The radio emission of pulsars sometimes shows different
modes, in which individual pulses and hence the mean pro-
files appear different for some periods (Backer 1970a). This
is called the “mode changing” of pulsar radio emission. One
mode of some pulsars can be the case that emission is com-
pletely quenched, i.e. no detectable emission for some peri-
ods, that is “nulling” (Backer 1970b). Nulling behavior has
been observed in more than 200 pulsars (e.g., Ritchings 1976;
Wang et al. 2007; Gajjar et al. 2012; Basu et al. 2017; Wang
et al. 2020). In the conventional model, the radio emission
of pulsars is produced by the particles streaming from the
polar caps around the magnetic poles of neutron stars (Ru-
derman & Sutherland 1975). Though the details of physi-
cal processes for the nulling are not clear, the observational
“nulling” is found to be related to the particle generation and
outflows in the pulsar magnetosphere, since pulsars have dif-
ferent spin-down rates in the on and off states (Kramer et al.
2006). During the pulse nulling phases, sporadic weak nar-
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row pulses, i.e., the dwarf pulses, have been detected from
some pulsars, such as PSRs B1237+25 (Srostlik & Rankin
2005) and J1107−5907 (Young et al. 2014). By integrating
nulling pulses, weak emission has been detected from PSRs
B0826-34 (Esamdin et al. 2005) and B1944+17 (Kloumann
& Rankin 2010). These imply that the emission may not be
completely ceased in the nulling periods.

Chen et al. (2023) recently detected a large number
of dwarf pulses in the generally recognized nulling state
of PSR B2111+46 using the supersensitive Five-Hundred-
Meter Aperture Spherical radio Telescope (FAST; Nan
2006). They found that these dwarf pulses are a distinct pop-
ulation from the normal pulses in the two-dimensional dis-
tribution of pulse width and pulse intensity. They suggested
that these dwarf pulses are likely produced by one or few
“raindrops” of particles generated in a fragile gap, while the
normal pulses are produced by copious particles in the “thun-
derstorm”.

We are currently using the FAST to carry out the Galac-
tic Plane Pulsar Snapshot (GPPS) survey (Han et al. 2021).
During survey observations or the follow-up verification ob-
servations for pulsar candidates, known pulsars are often de-
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Table 1. FAST observations of 10 pulsars with detected dwarf pulses. Column (1-3): pulsar name, period and DM; Column
(4-6): FAST observation date, cover and beam name, and observation time; Column (7-8): number of pulsar periods and the
number of dwarf pulses detected.

PSR Name Period DM ObsDate Cover and FAST Beam Name Tobs No. of No. of

(s) (cm−3pc) (yyyy/mm/dd) (minutes) Periods Dwarf pulses

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

B0525+21 3.746 50.87 2022/03/04 J052856+221135 M11P1 15 243 12

B1237+25 1.382 9.25 2020/01/18 J1239+2453 M01P1* 120 5210 191

J1538+2345 3.449 14.91 2020/12/16 J1538+2345 M01P1* 10 171 2

2021/11/22 J1538+2345 M01P1* 15 256 4

J1824−0127 2.499 63.0 2022/09/02 J182457-011722 M11P1 15 361 2

2021/08/22 G28.73+5.08 M16P2 5 124 1

J1851−0053 1.409 24.0 2021/08/22 G32.20-0.25 M04P2 5 220 7

B1901+10 1.856 135.0 2023/05/25 J1904+1011 M01P1 18 584 11

J1939+10# 2.309 74.7 2021/07/02 G47.95-5.51 M08P2 5 134 1

B1944+17 0.441 16.14 2020/10/28 J1946+1805 M01P1* 55 7491 234

2022/01/02 J194648+175659 M17P1 15 2070 84

B2000+40 0.905 131.49 2021/07/17 G76.72+5.34 M05P4 5 367 2

J2112+4058 4.061 129 2021/11/29 G84.79-5.25 M06P1 5 76 3

NOTE—#: New position obtained by multibeam FAST observations is R.A. = 19:39:22.6, decl. = 10:49:54; *: data from the
released FAST archive data.

tected by the FAST. Based on mostly the GPPS survey data
but also some released FAST archive data, we check individ-
ual pulses of known pulsars, and serendipitously find dwarf
pulses in the nulling state of 10 other pulsars, in addition to
PSR B2111+46. Here we present the properties and polariza-
tion of dwarf pulses detected in the nulling state for these pul-
sars. Observation and data processing are briefly presented in
Section 2. In Section 3, we report the results for dwarf pulses
in detail. Discussion and conclusions are presented in Sec-
tion 4.

2. OBSERVATIONS AND DATA REDUCTION

Parameters of FAST observed pulsars and relevant details
of observations are listed in Table 1. The data of most pul-
sars are taken from the GPPS survey (Han et al. 2021). Data
of PSR B1901+10 are taken from a FAST project to study
the narrow pulses of nulling pulsars proposed by the first
author of this paper. Data of PSRs J1538+2345, B1237+25
on 2020 January 18 and B1944+17 on 2020 October 28 are
taken from the FAST released archive, labeled by * in the col-
umn (5) of Table 1. The FAST observations were carried out
by using the L-band receiver, covering the frequency range
from 1000 to 1500 MHz with 2048 or 4096 channels. The
sampling time is 49.152 µs and full polarization signals were
recorded.

We fold the data to obtain both integrated profiles and
single-pulse stacks using the DSPSR package (van Straten &

Bailes 2011). The PSRCHIVE software (Hotan et al. 2004)
is used to estimate and correct the Faraday rotation measure.
Additionally, the radio frequency interference has also been
excised.

The integrated profiles are taken as a pulse emission win-
dow. The boundaries of detected single pulses are then deter-
mined based on the real signal detection in three successive
phase bins exceeding 3σbin, or two bins exceeding 5σbin,
or one bin exceeding 8σbin. Here, σbin represents the stan-
dard deviation of the off-pulse intensity of single-pulse data.
Some very narrow subpulses have one or two phase bins only.
The outermost leading and trailing phases are taken to be the
phase boundaries of single pulses. When no emission is de-
tected by FAST for these bright pulsars, the pulsar is conven-
tionally believed to be in the null state.

3. RESULTS AND ANALYSIS

We then identify dwarf pulses as being sporadic, weak
and narrow pulses, as done by Chen et al. (2023). Here,
the effective emission width of a given single pulse is de-
fined by the number of phase bins exceeding 5σbin. In gen-
eral, dwarf pulses are well separated from normal pulses in
the distribution of pulse width and pulse intensity, as a dis-
tinct single-pulse population (Chen et al. 2023). Following
the work on PSR J2113+4644 by Chen et al. (2023), we
detect dwarf pulses using FAST from other 10 pulsars, as
listed in Table 1, and present the emission and polarization
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Figure 1. Dwarf pulses and polarization profiles of PSR B0525+21 observed by FAST on 2022 March 4. A part of single pulse stack, pulses
Nos. 24-48, is shown in the left panel. The right panels illustrate polarization profiles for the averaged pulses (in dashed fainter lines) and
single pulses (solid lines) with a time resolution of 0.23 ms (16,384 phase bins per period). The linear polarization position angle (PA) curves
and data points are plotted in the upper subpanel, and the total intensity I , linear polarization L and circular polarization V are in the lower
subpanel, and they are scaled with σbin that is obtained from the off-pulse fluctuations. The PA track is plotted twice, once with the original PA
value and once with the “PA value + 180”.
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Figure 2. Distribution of effective pulse width and pulse intensity
for single pulses of PSR B0525+21 observed by FAST on 2022
March 4. Similar to PSR B2111+46 by Chen et al. (2023), the dwarf
pulses are distinctly distributed from normal pulses, and have an in-
dependent peak on distributions of pulse width and pulse intensity.

properties of dwarf pulses in detail in the following subsec-
tions. We present results for five pulsars (PSRs B0525+21,
B1237+25, J1851−0053, B1901+10 and B1944+17) with
many dwarf pulses detected, and for the other five pulsars
(PSRs J1538+2345, J1824−0127, J1939+10, B2000+40 and
J2112+4058) with few dwarf pulses by FAST observations.

3.1. PSR B0525+21
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Figure 3. Energy histogramaaaa of all individual pulses of PSR
B0525+21 observed by FAST on 2022 March 4. As shown in the
insert, the dwarf pulses have a small energy buried in the histograms
for nulling periods, not in the tail for normal pulses.

PSR B0525+21 is a very bright pulsar discovered by
Staelin & Reifenstein (1968). The pulsar is well known
to have nulling (Ritchings 1976; Herfindal & Rankin 2009;
Basu et al. 2017; Wang et al. 2020), mode changing (Basu
et al. 2021) and subpulse drifting (Weltevrede et al. 2006,
2007) behaviors. Backer (1973) found a long-period modula-
tion about 40 rotation periods for all longitude bins across the
pulse. Herfindal & Rankin (2009) found two harmonically
related modulation features related to nulls, and suggested
that the quasiperiodic nulling may be produced by the empty
passes of the sight line through the carousel beam pattern.
This pulsar has two main profile components connected with
a bridge emission. The emission geometry has been derived
by Olszanski et al. (2019), which has a magnetic incline an-
gle α of 21◦ and the sight-line impact angle β of +0.◦6. The
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Figure 4. The mean profiles of total intensity I (solid line), linear
polarization L (dashed line) and circular polarization V (dotted line)
of normal pulses for PSR B0525+21 observed by FAST on 2022
March 4, with the PA distributions. As two dwarf pulses in Figure 1,
the PA distribution of all dwarf pulses are marked by orange ‘x’ if
linear polarization intensity greater than 5σbin, which indicates the
longitude ranges of dwarf pulse detection.

two main profile components are conal emission (Young &
Rankin 2012).

We obtain data of PSR B0525+21 from the verification
observation of a pulsar candidate in the FAST GPPS sur-
vey. The observation was conducted for 15 minutes on 2022
March 4, and 12 dwarf pulses are detected. Figure 1 shows
a part of single-pulse stack from pulses Nos. 24-48, to-
gether with polarization profiles for the averaged pulse and
two dwarf pulses, pulse Nos. 31 and 43.

Though the data are not so rich due to the short observa-
tion, the distributions of the averaged intensity and the effec-
tive width of single pulses in Figure 2 still indicate the prob-
ably distinct population of dwarf pulses with an averaged in-
tensity of less than 4.5σbin and an effective width of less than
2◦.5. The energy distribution for all single pulses is depicted
in Figure 3, showing an obvious bimodal shape and the other
peak for dwarf pulses. The energy is the integrated area under
the single-pulse profile and is scaled by σE, which represents
the standard deviation of the off-pulse energy obtained in the
same size of off-pulse phase window. The lower end of this
distribution is dominated by dwarf pulses and nulls.

A dwarf pulse may have structured subpulses, as shown by
the pulse No. 31 in Figure 1. The longitude distribution for
12 dwarf pulses is shown in the PA subpanel of Figure 4, to-
gether with the polarization properties for normal pulses. In
the case of PSR B0525+21, dwarf subpulses are concentrated
in the leading part of two main profile components. The po-
larization angles of dwarf pulses are consistent with the PA
distribution of normal pulses. Although the emission is dom-
inated by the primary polarization mode across the profile
for both normal and dwarf pulses, a small number of normal
pulses have polarization angles in the orthogonal polariza-
tion mode in the outer half longitude range of the two profile
components from the conal emission (Olszanski et al. 2019).

Similar to the results in Young & Rankin (2012), we do de-
tect weak subpulses in the bridge of the two components (see
pulse No. 42 in Figure 1), which are supposed to come from
a core component by Young & Rankin (2012), while these
subpulses are not dwarf pulses according to their pulse width
and intensities.

3.2. PSR B1237+25

PSR B1237+25 is a bright pulsar discovered by Lang
(1969). The pulsar exhibits four states, nulling state (Backer
1970b), “abnormal” mode, “quiet-normal” mode with 2.8-
period modulation, and “flare-normal” mode with a mod-
ulation of about four periods (Backer 1970c,d; Srostlik &
Rankin 2005). This pulsar has five main components, with
the central one from the core emission and other two pairs
from the inner cone and outer cone (e.g. Olszanski et al.
2019). Very weak emission is previously detected by Srostlik
& Rankin (2005) during nulls.

We process FAST achieve data for PSR B1237+25 ob-
served for 2 hr on 2020 January 18, and detect 191 dwarf
pulses (see Figure 5 and Table 1). To diminish the modula-
tion from scintillation, the profiles are scaled by the averaged
intensity of nearby pulses. The distributions of the effective
pulse width and averaged intensity are used to distinguish
dwarf pulses and normal pulses, as shown in Figure 6. The
effective emission width is counted by bins with an intensity
exceeding 5σbin.

Similar to that for PSR B2111+46 in Chen et al. (2023),
the dwarf pulses are obviously a very distinct population in
the left-bottom corner of Figure 6, with a narrower effective
emission width of less than 3◦ and a lower averaged inten-
sity of less than 15σbin. The energy histogram of individual
pulses of PSR B1237+25 is clearly bimodal (see Figure 7).
The peak around zero intensity is contributed by dwarf pulses
and “nulls”. Therefore, “nulls” and dwarf pulses come from
the same population according to the distribution. Notably,
the energy distribution of “nulls” is asymmetric of zero en-
ergy, indicating that the null state may be the very weak
single-pulse emission even not well detected by the FAST.
Details of dwarf pulses of PSR B1237+25 are also intriguing,
as depicted by one example in Figure 5. Some dwarf pulses
are isolated and very narrow, spanning only one or two bins,
such as the subpulse for the individual pulse No. 4138.

As shown in Figure 8, the dwarf pulses of PSR B1237+25
can appear in any emission longitudes within the emission
window defined by the mean profile of both the core and two
conal emission components (Srostlik & Rankin 2005; Young
& Rankin 2012; Olszanski et al. 2019). Polarization prop-
erties of dwarf pulses are somewhat different from normal
pulses in some aspects. For those from the two inner cone
components, the PA distribution of dwarf pulses are consis-
tent with that of normal pulses, but those from the core and
outer cone components are mostly in the orthogonal polar-
ization mode.

For PSR B1237+25, we do detect narrow bright pulses in
the core region of mean profile, and these pulses are not so
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Figure 5. The same as Figure 1, but for a single dwarf pulse for PSR B1237+25 observed by FAST on 2020 January 18. Polarization profiles
have a time resolution of 49.152 µs, with an enlarged version in the panel below.
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Figure 6. The same as Figure 2 but for the effective pulse width
and pulse intensity for single pulses of PSR B1237+25 observed by
FAST on 2020 January 18.
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Figure 7. The same as Figure 3 but for pulse energy of PSR
B1237+25 observed by FAST on 2020 January 18.
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Figure 8. The same as Figure 4 but for dwarf pulses and normal
pulses of PSR B1237+25 observed by FAST on 2020 January 18.

“dwarf”, and therefore are not included in the analyses for
the dwarf pulses.

3.3. PSR J1851−0053

PSR J1851−0053 is a southern pulsar discovered by the
Parkes telescope during the multibeam pulsar survey (Hobbs
et al. 2004). It was observed by chance during a FAST GPPS
survey observation on 2021 August 22 for 5 minutes. We
detect seven dwarf pulses from some nulling periods. See
Figure 9 for two examples. The distribution of the effective
width and the averaged intensity is shown in Figure 10, and
this distinct group of dwarf pulses has an effective width of
less than 3◦ and an averaged intensity of less than 3σbin.

3.4. PSR B1901+10

PSR B1901+10 is a bright pulsar discovered by Arecibo
(Hulse & Taylor 1975) and is known for nulling (Lorimer
et al. 2002). This pulsar was observed for 18 minutes by
FAST on 2023 May 25 in an applied project by the first au-
thor to study narrow pulses of nulling pulsars. As depicted in
Figure 11, individual pulses often exhibit nulling behavior.
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Figure 9. The same as Figure 1, but for two dwarf pulses of PSR J1851−0053 observed on 2021 August 22. Polarization profiles have a time
resolution of 0.34 ms, i.e. 4096 bins per period.
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Figure 10. The same as Figure 2 but for the effective pulse width
and the averaged intensity for single pulses of PSR J1851-0053 ob-
served on 2021 August 22.

The sensitive FAST observation detects individual pulses
with varying pulse width and intensity, and gives the dis-
tribution of pulse intensity and the effective width of single
pulses in Figure 12. The 11 dwarf pulses belong to a distinct
group with an intensity of less than 1.5σbin and a width of
less than 3◦. Because of the low signal-to-noise ratio, these
dwarf pulses are hidden in the nulling phase (see Figure 13).

3.5. PSR B1944+17

PSR B1944+17 is a bright pulsar (Vaughan & Large 1970)
which also has nulling, drifting and mode-changing phe-
nomena (Deich et al. 1986) and has four emission modes
(Kloumann & Rankin 2010). About two-thirds of periods
are nulling, some nulls are short, and some nulls last for
many periods. Kloumann & Rankin (2010) found that the
integration of short nulls of less than eight periods gives a
weak emission, but that for longer nulls there is no measur-
able emission. They suggest that short nulls are produced
by the sight line passing through the empty area of rotating

“carousels” of subbeams, and long nulls are caused by emis-
sion cessation.

We got PSR B1944+17 observed for 15 minutes during a
verification observation on 2022 January 2 for a pulsar candi-
date in the FAST GPPS survey, and detect 84 dwarf pulses. In
order to study the nature of dwarf pulses, we process archived
data from a FAST observation conducted on 2020 October 28
for 55 minutes, and identify 234 dwarf pulses (see Figures 14
and 15). The statistic results on the dwarf pulses from these
two observations are consistent, and longer observation pro-
vides a better concentration of data distributions. The distri-
butions of effective width and averaged intensity for individ-
ual pulses from the two observations are shown in Figure 15.
The dwarf pulses are obviously in a distinct group of a low
average intensity of less than 2σbin and a narrow emission
width of less than 5.◦9. Again, as seen in Figure 16, these
dwarf pulses have a small energy hidden in the histogram
peak for nulling periods.

Some dwarf pulses have only one narrow weak subpulse,
but some are composed of two or more discrete subpulses.
They can appear in any period in either short- or long-
duration nullings, suggesting that the nulls with a long du-
ration are also not the case of real emission cessation, in con-
trast to Kloumann & Rankin (2010).

Figure 17 shows the averaged polarization profile of 2828
normal pulses, as well as the PA distribution of normal pulses
and the dwarf pulses. The dwarf pulses are more likely to ap-
pear in the central part of profile components, corresponding
to the strongest component in the averaged profile. Polariza-
tion properties of normal pulses and dwarf pulses are very
distinct. Most of normal pulses in the longitude range from
-15◦ to 25◦ have one polarization mode, while most dwarf
pulses in this longitude range are on the orthogonal polariza-
tion mode, the same mode for the normal pulses in the two
edges beyond the phase range.

This pulsar has a very weak interpulse in the mean pro-
file, as identified by Kloumann & Rankin (2010) which is
suggested to be core emission. Based on the highly sensi-
tive observations by FAST, we have detected the interpulse
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Figure 11. The same as Figure 1, but for two dwarf pulses of PSR B1901+10 observed on 2023 May 25. Polarization profiles have a time
resolution of 1.81 ms, i.e. 1024 bins per period.
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Figure 12. The same as Figure 2 but for the effective pulse width
and the averaged intensity for single pulses of PSR B1901+10 ob-
served by FAST on 2023 May 25.
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Figure 13. The same as Figure 3 but for pulse energy of PSR
B1901+10 observed by FAST on 2023 May 25.

which has two or three profile components (see Figure 18),
all highly polarized. We also detect some individual sub-
pulses in the longitude range of the interpulse with a good
signal-to-noise ratio, and they have a pulse width and inten-
sity similar to dwarf pulses in the main pulses. They are
highly polarized, as seen for examples in Figure 18. The
high linear polarization and not significant circular polariza-
tion are indications of the conal emission in nature, rather
than the core emission.

3.6. Five pulsars with few dwarf pulses detected

3.6.1. PSR J1538+2345

PSR J1538+2345 was discovered as a RRAT at 350
MHz in the drift-scan survey of the Green Bank Telescope
(Karako-Argaman et al. 2015). Zhou et al. (2023) reported
the source to be just a pulsar with nulling features in the
FAST observation. Using this 15 minute data on 2021
November 22, we detected four dwarf pulses. A dwarf pulse
is displayed in Figure 19. We also processed the released
archive data observed by FAST for 10 minutes on 2020 De-
cember 16, and another two dwarf pulses are detected.

3.6.2. PSR J1824−0127

PSR J1824−0127 is a southern pulsar discovered by
the Parkes telescope during the multibeam pulsar survey
(Lorimer et al. 2006). We get two FAST observations for this
pulsar. The 5 minute FAST GPPS survey observation was
made on 2021 August 22, and the 15 minute tracking obser-
vation was made on 2022 September 2 during a verification
of a pulsar candidate. We detect the nulling phenomenon of
this pulsar for the first time, and find three dwarf pulses dur-
ing the nulling phases. One example is shown in Figure 20.

3.6.3. PSR J1939+10

PSR J1939+10 was discovered by the Arecibo telescope
(Camilo et al. 1996). The exact position is not known, proba-
bly because of lack of timing observations. We detect this
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Figure 14. The same as Figure 1, but for a normal pulse and a dwarf pulse of PSR B1944+17 observed on 2020 October 28. Polarization
profiles have a time resolution of 0.11 ms, i.e. 4096 bins per period.
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Figure 15. The same as Figure 2 but for the effective pulse width
and the averaged intensity for single pulses of PSR B1944+17 ob-
served by FAST on 2020 October 28 and 2022 January 2. Dwarf
pulses are a distinct group from normal pulses.
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Figure 17. The same as Figure 4 but for dwarf pulses and normal
pulses of PSR B1944+17 observed on date 2020 October 28.

pulsar by chance during a 5 minute session of the FAST
GPPS survey on 2021 July 2, and we get a coarse position
R.A.=19:39:22.6 and decl.=+10:49:54, with a position uncer-
tainty of 1.5 arcminutes (Han et al. 2021). We detect only one
dwarf pulse (see Figure 21) during a nulling period, which in
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Figure 18. Two examples for weak single pulses in the longitude
range of the interpulse for PSR B1944+17 observed on 2020 Octo-
ber 28. The mean polarization profiles of the interpulse are plotted
in the background, and all data have a time resolution of 0.43 ms,
i.e. 1024 bins per period.

fact has a very narrow width but similar intensity to normal
pulses.

3.6.4. PSR B2000+40

PSR B2000+40 was discovered by Stokes et al. (1985)
using 92 m Green Bank Telescope at the frequency of 390
MHz. The pulsar has subpulse drifting and periodic nulling,
as reported by Basu et al. (2020). In the FAST GPPS sur-
vey, this pulsar is detected by chance. We identify two dwarf
pulses from the single-pulse stack of the 5 minute observa-
tion on 2021 July 17, and one of them as well as a normal
pulse, is displayed in Figure 22.

3.6.5. PSR J2112+4058

PSR J2112+4058 was discovered by the FAST at 500 MHz
(Cruces et al. 2021). This pulsar is detected from the 5
minute data of the FAST GPPS observation on 2021 Novem-
ber 29. From the single-pulse stack, PSR J2112+4058 shows
nulling and subpulse drifting behaviors. Three dwarf pulses
are detected, and Figure 23 presents detailed information of
a dwarf pulse and a normal pulse.

4. DISCUSSION AND CONCLUSIONS

We have detected dwarf pulses in their nulling state for
10 pulsars, in addition to the previously studied cases of
PSR J1107-5907 (Young et al. 2014) and PSR B2111+46
(Chen et al. 2023). A good number of dwarf pulses
from PSRs B0525+21, B1237+25, J1851-0053, B1901+10
and B1944+17 have been detected and they are well dis-
tinguished from the normal pulses in the distribution of
pulse intensity and pulse width. For the other five pul-
sars, PSRs J1538+2345, J1824−0127, J1939+10, B2000+40
and J2112+4058, a few pulses are detected. In general
dwarf pulses have one or more discrete subpulse compo-
nents. Dwarf pulses usually have a very small energy, of-
ten hidden in the distribution peak for nulling periods in the
energy distribution histogram of individual pulses. It is pos-
sible that very weak emission, even undetectable by FAST,
still radiates during the visually nulling periods for some pul-
sars. Note that the nulling behavior of PSRs J1824-0127,
J1939+10 and J2112+4058 is reported here for the first time,
with dwarf pulses detected during nulling periods.

Besides the distinct pulse width and intensity of dwarf
pulses from normal pulses, polarization angles of dwarf
pulses are often in the orthogonal polarization mode with re-
spect to that of normal pulses. Most dwarf pulses have a very
high linear polarization percentage, as seen from the exam-
ples presented in plots. The dwarf emission could appear in
any longitude of the on-pulse region defined from the profile
of normal pulses, both the core and cone components, as seen
for PSR B1237+25.

As depicted in the diagram of pulsar period (P ) and pe-
riod derivative (Ṗ ) in Figure 24, all these pulsar with such
nulling and dwarf pulses are located in the death valley (PSR
J1939+10 is not included due to lack of period derivative).
This indicates that the nulling and hence the dwarf pulses
are probably related to the pair production in a fragile gap of
these nearly dead pulsars.

This work is based on observation data from the FAST. FAST
is a Chinese national mega-science facility, built and oper-
ated by the National Astronomical Observatories, Chinese
Academy of Sciences. The authors have been supported by
the Natural Science Foundation of China: No. 11988101,
11833009, 12203093 and National SKA Program of China
2020SKA0120100.
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Figure 19. The same as Figure 1, but for two dwarf pulses of PSR J1538+2345 observed on 2021 November 22. Polarization profiles have a
time resolution of 0.84 ms, i.e. 4096 bins per period.
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Figure 20. The same as Figure 1, but for a single dwarf pulse and a normal pulse of PSR J1824-0127 observed on 2021 August 22. Polarization
profiles have a time resolution of 0.61 ms, i.e. 4096 bins per period.
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Figure 21. The same as Figure 1, but for a dwarf pulse and a normal pulse of PSR J1939+10 observed on 2021 July 2. Polarization profiles
have a time resolution of 0.56 ms, i.e. 4096 bins per period.
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Figure 22. The same as Figure 1, but for a dwarf pulse and a normal pulse of PSR B2000+40 observed on 2021 July 17. Polarization profiles
have a time resolution of 0.22 ms, i.e. 4096 bins per period.
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Figure 23. The same as Figure 1, but for a dwarf pulse and a normal pulse of PSR J2112+4058 observed on 2021 November 29. Polarization
profiles have a time resolution of 0.99 ms, i.e. 4096 bins per period.
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