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Abstract

In this paper, we report the detailed observation of the drift subpulse behavior of PSR J1514-4834 at a central frequency
of 1369 MHz using the Parkes 64-m radio telescope. We have found that individual pulses of this pulsar exhibit distinct
modulation behaviors for different profile components. The leading and middle components display periodic amplitude
modulation with a period of P3 = 37.5 + 0.8 P, and a drifting sub-pulse phenomenon is detected in the phase region of
trailing component with the measured drifting periods P, = 7.0 £0.4 P and P3 = 37.5 4= 0.8 P. Additionally, it was observed
that the leading and trailing components of the pulsar have a clear correlation, the middle and trailing components have
a clear anti-correlation, and there is no apparent correlation between the leading and middle components. Moreover, this
pulsar deviates from the range of most amplitude-modulated pulsars in the E—P; diagram, but it still falls within the
category of subpulse drifting. PSR J1514-4834 exhibits periodic emission modulation and sub-pulse drifting simultaneously
in different profile components, which is difficult to understand with the traditional carousel model. Our observational results
will provide new observation evidence for theoretical studies of single-pulse emission mechanisms in pulsars.
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1 Introduction fields, and radiation (Lorimer 2005). The pulsar emits peri-

odic signals in strict patterns, resembling a lighthouse, due
Pulsars are highly rotating neutron stars that serve as a natu-  to the angle formed between its radiation cone and rotation
ral laboratory for studying extreme physical conditions, in-  axis, a model referred to as the “lighthouse model” (Gold

cluding ultra-high density, temperature, pressure, magnetic 1968). When the pulsar’s beams intercept the Earth, tele-

Lunhua Shang and Habtamu Menberu Tedila contributed equally to 7. Yu
this work. 1257063610@qq.com
< S. Dang C. Wu
dangsj@gznu.edu.cn 1063490546 @qq.com
Q.Li
qyli@gznu.edu.cn 1" School of Physics and Electronic Science, Guizhou Normal
University, Guiyang, 550025, China
L. Shang
lhshang @ gznu.edu.cn 2 Guizhou Radio Astronomical Observatory, Guizhou University,

. Guiyang, 550001, China
H. Menberu Tedila
habtal25@nao.cas.cn Guizhou Provincial Key Laboratory of Radio Astronomy and
Data Processing, Guizhou Normal University, Guiyang, 550025,

X.‘ Xu China
xinxu@gznu.edu.cn

National Astronomical Observatories, Chinese Academy of

:«véitl@gznu cduen Sciences, Beijing, 100101, China

I Ti 5 Xinjiang Astronomical Observatory, Chinese Academy of
ji'ctifr?@gmu educn Sciences, Urumgi, 830011, China

Y. Cai 6 University of Chinese Academy of Sciences, Beijing, 100049,

yqcai@gznu.edu.cn China

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10509-024-04352-0&domain=pdf
mailto:dangsj@gznu.edu.cn
mailto:qyli@gznu.edu.cn
mailto:lhshang@gznu.edu.cn
mailto:habta125@nao.cas.cn
mailto:xinxu@gznu.edu.cn
mailto:weili@gznu.edu.cn
mailto:jietian@gznu.edu.cn
mailto:yqcai@gznu.edu.cn
mailto:1257063610@qq.com
mailto:1063490546@qq.com

90 Page2of10

Q.Lietal.

scopes detect a single pulse. These individual pulses appear
unstable in shape and phase, but by integration of hundreds
of them, a stable pulse profile is obtained. Some pulsars
exhibit intriguing phenomena in their single pulses, such
as giant pulses, mode changing (Tian et al. 2024), pulse
nulling, sub-pulse drifting, and periodic intensity modula-
tion. For instance, the crab pulsar occasionally emits high-
intensity nanosecond pulses known as giant pulses (Hankins
et al. 2003). Pulsars can switch between multiple radiation
states, a phenomenon referred to as mode transformation
(Wang et al. 2007), with timescales ranging from seconds to
hours. Pulse nulling, associated with the sudden disappear-
ance and resumption of the pulse emission within several
periods, has been observed in various pulsars (Rankin 1986;
Wang et al. 2007; Ritchings 1976; Vivekanand 1995; Burke-
Spolaor et al. 2012; Gajjar et al. 2012). Intermittent pulsar
radiation alternates between on and off states, with periods
lasting from days to years (Kramer et al. 2006; Camilo et al.
2012; Lorimer et al. 2012; Lyne et al. 2017).

However, one of the pulse-to-pulse variabilities that will
create pronounced changes in the shape of a single pulse,
is the well-known sub-pulse drifting. The sub-pulse drift-
ing phenomenon was first discovered by Drake and Craft
(1968), and often shows that the single pulse will move
forward or backward regularly within the ON-pulse win-
dow. Since the phenomenon of subpulse drifting was dis-
covered, it has attracted wide attention from researchers. In
1975, Ruderman and Sutherland put forward a theoretical
model to explain the phenomenon of sub-pulse drift (Ru-
derman and Sutherland 1975). They thought that the local
area of spark discharge with equal spacing was formed on
the emission cone of the pulsar, and the emission cone ro-
tated around the magnetic axis. When the line of sight swept
over the local area, we saw the phenomenon of sub-pulse
drift, which was called the carousel model (RS). The RS
model can only explain the simple and obvious sub-pulse
drift phenomenon. It is difficult to explain the complex sub-
pulse drift phenomenon, such as drifting mode changing,
bi-drifting, the coexistence of drift, and periodic amplitude
modulation (Dang et al. 2022; Shang et al. 2022; Basu et al.
2020; Gil and Sendyk 2000; Qiao et al. 2004).

PSR J1514-4834 was first discovered by Noutsos et al.
(2008). Basu et al. (2020) reported that this pulsar belongs
to the class of pulsars that show periodic modulation drift.
However, the previous works only provided basic parame-
ters and did not study the single pulse variation behaviors of
this pulsar in detail. In this paper, we carried out the detailed
single pulse variation behaviors of PSR J1514-4834, using
the two hours of observation data at the central frequency of
1369 MHz with the Parkes 64-m radio telescope. For the first
time, we studied the sub-pulse drift of this pulsar in detail.
We found that its single pulse variation behaviors are differ-
ent in different profile components. Our results will provide
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a new observation sample for the theoretical study of the
pulsar radiation mechanism. The observation and data pro-
cessing process of PSR J1514-4834 is described in Sect. 2,
and the results are present in Sect. 3. Section 4 is a brief
discussion, and Sect. 5 is the conclusion of the paper.

2 Observations and data processing

The data of PSR J1514-4834 were obtained from the Parkes
pulsar data archive' and observed by the Parkes 64-m radio
telescope. The data were received by the UWL receiver at
a center frequency of 1369 MHz and with a bandwidth of
256 MHz. The Parkes Digital Filter Bank Mark-4 (PDFB4)
was used to record the data in search mode, with 8-bit sam-
pling, 4 polarizations, 512 channels across the whole band,
and a 256 ps sampling interval. The duration of the observa-
tion was 2 hours.

We performed basic offline processing of the acquired
data. Firstly, we folded and de-dispersed the data using
the DSPSR software, incorporating the ephemeris from the
ATNF pulsar catalog (PSRCAT-V 5.6) (Manchester et al.
2005). A total of 11,823 single pulses were obtained. Sec-
ondly, we removed the radio frequency interference (RFI)
using the PAZ and PAZI plugins from the PSRCHIVE pulsar
data process software package (Hotan et al. 2004). Finally,
we removed the variable baseline and analyzed the subpulse
drifting characterize using the PSRSALSA software package
(Weltevrede 2016).

3 Results
3.1 Thesingle pulse-stack and average profile

To study the subpulse behavior of PSR J1415-4834, a one-
dimensional de-dispersion time series is usually transformed
into a two-dimensional array of pulse longitude - pulse se-
ries (pulse superposition). This transformation is illustrated
in the upper panel of Fig. 1, where 300 consecutive pulses
are stacked on the top panel, and the corresponding inte-
grated pulse profile is shown in the bottom panel. From
Fig. 1, it can be seen that the integrated pulse profile of
this pulsar has multiple peaks, and the trailing component
exhibits significant subpulse drifting behavior. To give a de-
tailed investigation of the subpulse drifting in different pro-
file components, we first separated the components of the
pulse profile. All of the single pulses are vertically added
with the same pulse longitude in continuous pulses to gen-
erate a mean pulse profile. Since the flux calibration was

Uhttps://data.csiro.au/domain/atnf.
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Fig. 1 The single-pulse stack of 300 successive pulses (top panel) and
the corresponding normalized mean pulse profile (bottom panel) for
PSR J1415-4834

not conducted in this pulsar, we normalized the mean pro-
file. After that, we perform Gaussian fitting on the normal-
ized average pulse profile (Fig. 2). As expected, the aver-
age pulse profile of PSR J1514-4834 can be fitted perfectly
by three Gaussian components, which means that the mean
pulse profile of this pulsar is a three-peak structure. In Fig. 2,
the black solid line represents the original mean pulse pro-
file, and the light blue, yellow, and green solid lines repre-
sent the Gaussian fitting curves of each component, respec-
tively. The purple solid line is the total Gaussian fitting curve
and the vertical red dashed lines are the boundary of each
Gaussian component, which divided the mean pulse profile
as the leading, middle, and trailing components.

3.2 Thessingle pulse modulation

The drift behavior can be characterized by the pulse ampli-
tude modulation periodicity (P3, which indicates the repeti-
tion time of the sub-pulse along the radiation window of any
longitude) and the horizontal separation between adjacent
drift bands in pulse longitude (P;). The P, and P3 usually
can be obtained by using the Two-Dimensional Fluctuation
Spectrum (2DFS) (Edwards and Stappers 2002; Weltevrede
et al. 2006) of the pulse stack. Usually, the existence of sub-
pulses is characterized by measuring the degree of intensity
disturbance between different pulses by longitude-resolved

modulation index (Weltevrede et al. 2006). The modulation
index, mj, is defined as follows (Yan et al. 2020):

Oj
mp=—, (1)

i
where u; and o represent the mean intensity and standard
deviation at bin i, respectively. The modulation index serves
as a measure of how much the intensity fluctuates from one
pulse to the next, thereby indicating the presence of sub-
pulses. In subplot (a) of Fig. 3, the black dots with the er-
ror bars represent the m; of PSR J1514-4834. The leading
component has larger m; than the other two components.
However, to determine whether this modulation is chaotic
modulation or quasi-periodic modulation, it is necessary to
give the 2DFS for further analysis, in which the peak po-
sition gives the estimated values of P3 and P,. The plots
(b), (¢), and (d) Fig. 3 show the 2DFS for the leading, mid-
dle, and trailing components of PSR J1514-4834, respec-
tively. The side panels stand for the horizontally (left) and
vertically (bottom) integrated power. The bottom side pan-
els of (b), (c), and (c) clearly show that the leading and
middle components in the pulse window show a peak at
P> = 0, indicating that there is no phase modulation com-
ponent in these two components. However, the peak value
of the trailing component shifts to a direction greater than
zero, which indicates that there is a phase modulation com-
ponent in the trailing component, and its spectral character-
istic is P, = 7.0 &= 0.4 P. For the left side panels of (b), (¢),
and (c), it is clear that the peak values of the three com-
ponents shift to a positive direction in the pulse window,
which indicates that all three components have amplitude
modulation components, and their spectral characteristics
are P3 = 37.5 £ 0.8 P. For a certain pulsar, if both P> and
P3 have nonzero values, it indicates that the pulsar has sub-
pulse drifting. If only P3 is nonzero and P» is equal to zero,
it indicates that the pulsar has periodic amplitude modula-
tion. Otherwise, it is an unidentifiable single pulse variation.
Hence, for PSR J1514-4834, the 2DFS results indicate that
its leading and middle components have quasi-periodic am-
plitude modulation, and the trailing component has subpulse
drifting.

3.3 The correlation between the pulse profile
components

The above Sect. 3.1 seems to indicate that there is a cer-
tain phase connection between the emission behavior of the
leading, middle, and trailing components. To further con-
firm this, we have obtained the longitude-longitude corre-
lation among these three components in Fig. 4 with zero
delay. The left and top side windows show the normalized
average pulse profile. The main panel shows the correla-
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Fig.2 The black solid line is 1.0
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tion between these three components, and the red diagonal
line shows the auto-correlation results of the components.
The vertical and horizon green dotted lines are the boundary
lines between the three components. The color in the main
panel from blue to red indicates the result of the correlation
from negative to positive. Figure 4 clearly shows a negative
correlation between the middle and trailing components, but
there is no obvious correlation between the middle and lead-
ing components. The leading and trailing components have
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a strong correlation. This means that the emission of the
leading component is inversely correlated with the middle
component but positively correlated with the leading com-
ponent. All three components have a modulation period of
37.5 £ 0.8P, indicating a 37.5P delay between the middle
component and the trailing component, similar to the so-
called phase-locking phenomenon (Kou et al. 2021). The
correlation between different profile components indicates
that the physical mechanisms are related or opposite.
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Fig.4 The longitude-longitude correlation among leading, middle, and
trailing components with zero delay. The left and bottom windows
show the normalized mean pulse profile. the green dashed lines are
the dividing lines of the three components

3.4 Pulse energy distribution

The phenomenon of pulse nulling has been observed in
many pulsars, in which the pulse emission suddenly or
gradually turns off in several pulse periods and then sud-
denly or gradually turns on (Ritchings 1976; Rankin 1986;
Biggs 1992; Vivekanand 1995; Wang et al. 2007; Burke-
Spolaor et al. 2012; Gajjar et al. 2012). The time scale of
nulling varies from seconds to hours. To verify whether PSR
J1514-4834 has potential nulling behavior, we statistically
analyze the energy of a single pulse.

The traditional method used to measure the nulling frac-
tion (NF) is given by Ritchings (1976). In this method, the
threshold used to split the nulling and burst pulse is defined
by noise, and the accuracy depends on the sensitivity of
the telescope. In particular, the on-pulse histogram of pul-
sars with low signal-to-noise (S/N) ratio will approach the
off-pulse histogram, which will lead to an overestimate of
NF, such as Kaplan et al. (2018) and Anumarlapudi et al.
(2023). For PSR J1514-4834, the S/N is low, so we adopt
a more robust mixed model Anumarlapudi et al. (2023) to
verify whether the emissions have a nulling pulse. Similar
to the method of Ritchings (1976), this method relies on the
histogram, but it employs the Markov chain Monte Carlo
(MCMCO) to fit n Gaussian distributions to the on-pulse re-
gion to form null and non-nulling distributions (Anumarla-
pudi et al. 2023). Then, In the budgetary estimate, Gaussian
fitting in the nulling region is compared with Gaussian fit-
ting in the off-pulse region, to estimate NF and get its uncer-
tainty, which the Ritchings method is not easy to provide.

This method is realized by the published software textscpul-
sar_nulling.”

To obtain the energy distribution histogram, we select the
region with an integration pulse profile energy higher than
3 times the standard deviation (30) as the on-pulse win-
dow, and the others as the off-pulse window. The left figure
of Fig. 5 shows the energy distribution histogram of PSR
J1514-4834, we find that the on-pulse histogram is close to
the off-pulse histogram, which makes the pulses with energy
less than zero appear obviously in the on-pulse histogram.
The off-pulse histogram is fit with a simple Gaussian (black
solid line), whereas the on-pulse histogram is fit with a com-
bination of multi-component Gaussian (red solid line). The
multi-component Gaussian is composed of a Gaussian com-
ponent that represents real emission (grey dot-dashed line),
and a nulling Gaussian component (blue dot-dashed line)
that is a scaled version of the off-pulse Gaussian. Due to the
very small NF of this pulsar, which is almost zero, the red
solid line and the gray dashed line are almost overlapping,
making it difficult to distinguish them at the resolution of
this figure. The right figure of Fig. 5 shows the corner plots
for 2-component Gaussian fit to the ON-OFF histograms
parameterized by the means [w, ;t1], standard deviations
[00,01], and the nulling fraction NF. The value of NF is
0.00lfg:ggf, this value is very small and can be regarded as
0. We guess that the reason for this phenomenon may be the
existence of weak pulses in PSR J1514-4834 or Gaussian
random noise caused by telescope noise. To further confirm
this speculation, we extracted 958 pulses with pulse energy
less than zero in the on-pulse window and obtained the cor-
responding normalization integration pulse profile(as shown
in Fig. 6). We can see a clear pulse profile with an S/N ratio
of 9, which further confirms that PSR J1514-4834 has no
nulling.

4 Discussions

Various theoretical models explaining the drift subpulses
have been proposed shortly after their discovery. Currently,
the most comprehensive theoretical model is the well-known
carousel model proposed by Ruderman and Sutherland
(1975). Ruderman proposed that the binding energy of ions
on the surface of neutron stars is as high as 14kev under
a strong magnetic field (Ruderman and Sutherland 1975).
Because of the large ion binding energy on the surface of
the neutron star, positively charged particles can’t leave the
neutron star freely, so in the magnetosphere near the surface
of the neutron star in the polar cap region, a region where
the charge is evacuated will be formed, which is called gap.
There will be a strong electric field in it, which is paral-
lel to the magnetic field. y photons from the background

Zhttps://github.com/AkashA98/pulsar_nulling.
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Fig.5 Left: two-component Gaussian model fits for the ON and OFF
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of the Milky Way galaxy enter the vacuum gap, produc-
ing positive and negative electron pairs. Positive and nega-
tive electrons are accelerated in the electric field to become
high-energy electrons, thus generating y photons, which in
turn generate electron pairs, and so on, forming a cascade
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avalanche process until the gap is “broken down” (Ruder-
man and Sutherland 1975). The secondary particles leaving
the gap produce radio emissions. The carousel model pro-
poses that E x B # 0 in the inner gap, and the radiation
area rotates around the magnetic axis like a “Carousel”, and
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the sub-pulse will move forward or backward regularly in
the radiation window, thus forming the phenomenon of sub-
pulse drifting. The carousel model proposed that the radi-
ation cone is hollow, so the central radiation beam cannot
be obtained. However, the carousel model can only be used
to explain single, regular sub-pulse drifting phenomena, but
cannot explain “Bi-drifting”” and drift mode switch. For PSR
J1514-4834, its leading and middle components have am-
plitude modulation and the trailing component has sub-pulse
drifting, which will challenge the carousel model.

A large sample study of pulsars with subpulse drifts re-
veals two important characteristics of subpulse drifts: the re-
lationship between the drift period (P3) and the energy loss
rate (E) is negatively correlated; the drift pattern evolves
with the geometry of the line-of-sight (LOS), and the drift of
each component in the pulse sequence is different. (Rankin
1986; Gil and Sendyk 2000; Deshpande and Rankin 2001;
Weltevrede et al. 2006, 2007; Basu et al. 2016; Basu and
Mitra 2018; Basu et al. 2019, 2020; Song et al. 2023). Basu
et al. (2019) found that P53 is inversely correlated with E, and
low E typically with a larger P53 value. Especially, pulsars
with a cone component typically with E < 5 x 1032 ergs—!,
are more likely to have drifting subpulses (see also Rankin
(1986)). Pulsars with E > 5 x 10%? ergs~! have a core-
dominated pulse profile and amplitude modulation (no de-
tectable drift), with a larger P3 value. To further discuss the
radiative properties of the pulsar PSR J1514-4834, we give
the E — P3 relationship diagram in Fig. 7 utilized data of
474 pulsars from Basu et al. (2020) and Song et al. (2023).
The magenta square error bar corresponds to drift, the red
star error bar corresponds to PSR J1514-4834, the green
square error bar corresponds to periodic amplitude modula-
tion, the black square error bar corresponds to periodic mod-
ulation, and the blue square error bar corresponds to peri-

E(erg/s)

odic nulling. Periodically modulated pulsars are widely dis-
tributed in E — P3 diagram and their amplitude modulation
does not depend on E. Song et al. (2023) further explained
that the relationship between Pz and E was weaker, and
showed that the correlation ratio was stronger in the combi-
nation of P and P values closer to the death line. Basu et al.
(2020) also show that the sub-pulse drift is different from
other periodic modulations, but there are overlapping behav-
iors among the three groups of periodic modulations. PSR
J1514-4834 is a pulsar with higher E = 3.9 x 1032 ergs~1
and P3 = 37.5 £ 0.8 P. Although it deviates from the range
of most amplitude-modulated pulsars, it still falls within the
category of subpulse drifting. Moreover, subpulse drifting
varies greatly between different profile types. Classification
of pulse profile types can help us understand the evolution-
ary relationship between the drift pattern and the geometry
of the LOS.

When LOS passes through the periphery of the radiation
beam, it will show an obvious drift band and large phase
(>100°) change and organized coherent phase modulation
sub-pulse drift, which is usually related to the pulse pro-
file types of conal single (Sq) and conal double (D) (Basu
et al. 2019). When the LOS passes through more internal
radiation beams, the sub-pulse drift behavior will be more
complicated. The slope of the phase will be reversed, and
the switching phase modulation sub-pulse with sudden 180°
jump of adjacent components will drift, which usually corre-
sponds to two pulse profile types: conal triple (. T) and conal
quadruple (.Q) (Basu et al. 2019). When the LOS passes
through the center of the radiation beam, the core compo-
nent has no drift, and it is observed that the significant drift
behavior of the cone component usually has a low phase
change (Basu et al. 2019). For PSR J1514-4834, its lead-
ing and middle components have no phase modulation, only

@ Springer
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significant amplitude modulation, but its trailing component
has phase modulation, and the phase change (<100°) is
shallower than the coherent phase drift. The drift character-
istics of each component of PSR J1514-4834 are similar to
low-mixed phase modulation, which usually corresponds to
two pulse profile types: T and M (Basu et al. 2019). Further-
more, from Fig. 4, we can see that there are important dy-
namic connections between the various components of this
pulsar. Firstly, the three components share a 37.5 0.8 P in-
tensity modulation period. Secondly, the leading and trailing
components have a strong positive correlation, while the in-
termediate component has a strong negative correlation with
the trailing component and no significant correlation with
the leading component. According to previous theories, sub-
pulse drift usually occurs in the cone component, while in-
tensity modulation can occur in both the cone and core com-
ponents, indicating that the leading and trailing components
may be cone components, while the middle component is
a core component. Rankin (Rankin 1986) proposed that the
sub-pulse drifting is mainly a cone phenomenon, while the
low-frequency periodic modulation seen in the core com-
ponent belongs to different physical phenomena. Therefore,
we look forward to using more sensitive radio telescopes
(such as the SKA) in the future to conduct polarization ob-
servations of PSR J1514-4834. It would be interesting to
investigate whether the leading and trailing components of
this pulsar are indeed cone components and whether the in-
termediate component is a core component. This could pro-
vide valuable insights into the physical mechanisms behind
the unique subpulse behavior of this pulsar.

5 Summary

In this paper, we investigated the single pulse emission prop-
erties of PSR J1514-4834 based on two hours of observa-
tions with the Parkes 64-m radio telescope at 1369 MHz for
the first time. Our main results are as follows:

1. We employed the 2DFS technique to obtain the sub-
pulse variation behavior of the leading, middle, and trail-
ing components of PSR J1514-4834. The leading and
middle components display amplitude-modulated, while
the trailing component exhibits subpulse drifting. The
three components share an intensity modulation period,
P3; =37.5+£0.8P, and the trailing component has a sep-
aration period, P, =7 + 0.4 P.

2. Using the longitude-longitude correlation among these
three components, we found that the intensity of the
leading component is strongly correlated with the trail-
ing component, but strongly inverse correlated with the
middle component. There is no obvious correlation de-
tected between the leading and the middle components.

@ Springer

The correlation between different profile components in-
dicates that the physical mechanisms are related or oppo-
site.

The unique subpulse variation behaviors of PSR J1514-4834
will provide new observation evidence for theoretical stud-
ies of single-pulse emission mechanisms in pulsars. Unfor-
tunately, due to the lack of polarization observation data, we
cannot provide a more detailed analysis of its radiation vari-
ation behavior. We expect to use more sensitive radio tele-
scopes, such as SKA, to conduct polarization observations
of PSR J1514-4834 in the future. This is crucial for studying
the physical mechanisms underlying its single pulse varia-
tion behavior.
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